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Preface

Despite all the progress being made in the fi elds of molecular and cellular biology, the role and 

effects of metal ions on cellular homeostasis in the various organs of mammals are only beginning 

to be truly defi ned. Working with divalent and trivalent metals and metals with higher valency in 

biological systems can be particularly challenging because of the complex and, under certain condi-

tions, transient bonding interactions that metal ions can undergo. It is particularly challenging to 

follow metal ions in their complex biological journey from the environment in tissues and cells. 

That journey commonly involves association of metals with extracellular ligands that are either 

specifi c to particular metal species or promiscuous in their associations with metals, then entry into 

the cytosolic compartment of target cells. Cell entry requires metals to traverse the cellular plasma 

membrane, often through the interaction of metals, their ligands, or both, with transporter mole-

cules or by mechanisms independent of transporters. Intracellular metal ions then associate with 

intracellular molecules in specifi c compartments to signal their presence and trigger cellular 

responses to that presence, and to carry out physiological functions as essential components of cel-

lular enzymes and structural molecules.

Moreover, without the availability of radioactive forms of certain metal ions, accurate measure-

ment of metal content within target cells and their subcellular compartments and organelles 

exceeds the sensitivity, accuracy, and reproducibility of current quantitative and qualitative ana-

lytical methods to measure these metallic species. With the continued decrease in commercially 

available isotopes of various metals, new challenges are being imposed on the next generation of 

molecular and cellular biologists. We rely on them for new methods and experimental strategies 

to discover how mammalian cells detect, take up, use, and excrete metals to maximize their 

extraordinarily valuable reductive and oxidative capacity for cellular function while minimizing 

their capacity for harm—and to exploit that knowledge for therapeutic benefi t and to avoid metal-

induced damage.

Our rationale for this volume stems from the ever-shifting sands of opportunity to compile a 

written summary of the state of knowledge in metal metabolism and homeostasis in target cells. We 

have compiled the current perspectives of experts in the areas of transport and handling, metabo-

lism, and transcriptional regulatory activity of a number of metal ions of high current interest in the 

scientifi c literature.

Unlike our previous volume (Molecular Biology and Toxicology of Metals, published in 2000 by 

Taylor & Francis), which focused on the toxicology effects of a number of metals, the present volume 

concentrates primarily on physiological mechanisms underlying metal ion handling with respect to 

homeostasis, enzyme activity, transcriptional regulation, and other events designed to avoid toxicity 

and enhance cellular function. In view of the long life (indeed, the immortality) of metal ions, their 

capacity to both nurture and damage living systems, and their exceptional value as molecular redox 

tools in the hands of cellular molecules, the subject continues to both fascinate and generate new 

knowledge with the potential to reframe our understanding of cellular function.

James Koropatnick
Rudolfs K. Zalups
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2 Cellular and Molecular Biology of Metals

1.1 INTRODUCTION

Cells and organisms require many different metal ions. As many as 3000 proteins in the human 

proteome utilize Zn2+ for structural or catalytic purposes [1,2]. Hundreds of proteins employ iron 

and copper [3,4]. When these and other metal ions are unavailable nutritionally or their metabolism 

is deranged, the consequences can be severe.*

Several nonessential, toxic metals consistently appear in the list of environmental pollutants of 

most concern for human health [5–7]. Still, some of the best anticancer therapeutic agents are metal-

lodrugs or otherwise interact with metals as part of their mechanism of action [8–11]. Nevertheless, 

despite the challenges and opportunities, surprisingly few scientists study metal ions in biological 

systems. Fewer still focus on questions in metallobiology from a chemical perspective, striving to 

link chemistry with biology. Thus, physiological or pathological studies may conclude that a metal 

ion or complex causes a particular cellular outcome and delineate changes that ensue upon pertur-

bation of the metallic species but never defi ne the actual site where the inorganic chemistry takes 

place. For example, zinc defi ciency causes defects in immune response, causes apoptosis, and 

inhibits cell proliferation, but the molecular sites that undergo depopulation of Zn2+ and start com-

plex cascades of reactions leading to these outcomes are largely unknown [12–14]. Or, Pb2+ and 

CH3Hg+ induce neurotoxicity that exhibits well-established phenotypes [15,16]. However, relatively 

little is known about the specifi c binding sites occupied by these ions and how such interactions 

initiate and perpetuate toxicity.

This chapter offers an excursion into metallobiochemical research aimed at revealing the impor-

tance of the chemical perspective for studying and understanding metallobiological processes. The 

topics refl ect the authors’ interests in relation to subjects addressed in this monograph. The discus-

sion begins with a general introduction to inorganic reaction classes. Then several topics are used 

to illustrate a combined chemical-cellular approach to investigating metallobiological problems 

related to metal ion metabolism.

1.2  INTRODUCTION TO INORGANIC BIOCHEMISTRY RELATED 
TO METAL ION TRAFFICKING

Cells present themselves to researchers as remarkably complex, endlessly integrated entities. Until 

recently, biochemists gained information and understanding about cellular chemistry by studying 

individual metabolic reactions and cellular structures. As new technologies emerged, scientists 

began studying collectives such as the genome and the proteome, with the aim of comprehending 

how cell structures interact and work together to generate the basic living system, the cell.

The “omics” perspective now extends to virtually any grouping of molecules within the metabo-

lome (all of the metabolites in the cell), including the glycosylome, the lipidome, and the metalome 

[1–4]. At fi rst sight, one wonders what rationale might justify grouping diverse metal ions into the 

metalome. In a sentence: All are small, positively charged ions that are metabolized by a small set 

of general inorganic reaction mechanisms.

Metabolism means the collection of reactions that govern the organized cellular uptake, distri-

bution, and effl ux of metal ions (M) that link their presence in cells to their localization in spe-

cifi c sites, where they participate in a huge array of structures and reactions. Used in this way, the 

metabolism of metal ions is called traffi cking. As charged entities, metal ions exist in aqueous 

* Abbreviations: CA, carbonic anhydrase C; DEA/NO, diethylamine nonoate; DTNB, 5,5N-dithio-bis(2-nitrobenzoate); 

EGTA, (2,2′-oxypropylene-dinitrilo)tetracetic acid; FRET, fl uorescent resonance energy transfer; green fl uorescent protein; 

ICPMS, inductively coupled plasma mass spectrometry; MT, metallothionein; PAGE, polyacrylamide gel electrophoresis; 

PYR, pyrithione, 2-mercaptopyridine-N-oxide; SNAP, S-nitrosyl-acetylpenicillamine; TPEN [N,N,NNNN-tetrakis(2-

pyridylmethyl)-ethylenediamine]; TSQ, N-(6-methoxy-8-quinolyl)-p-toluensulfonamide.
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Cellular Inorganic Chemistry Concepts and Examples 3

solution either in aquated form neutralized by an equivalent number of negatively charged ions or 

as complexes with charged or polar ligand molecules that bind metal ions through electron-rich 

metal ion binding sites involving N, O, and/or S atoms. Traffi cking of biologically essential metal 

ions from outside the cell to the fi nal sites of functional activity such as metalloproteins consists 

conceptually of a series of directed reactions that involve metal-ligand species at every step along 

each pathway.

The grand conceptual problem in metal ion traffi cking may be posed as follows:

A substantial number of metal ions or metallic species play key roles in cellular processes. Their 

properties range from those of alkali metal ions to the left of the periodic table to transition metal 

ions such as Fe2+,3+, Zn2+, and Cu1+,2+. In cells, they confront a multitude of metal ion binding ligands, 

both their natural binding sites and many other potential sites that compete for binding. The latter 

exist simply because proteins (amine, imidazole, carboxyl, and thiol groups) and nucleic acids 

(phosphate and base nitrogen and oxygen substituents) are replete with groups that display signifi -

cant affi nity for metal ions. In this heterogeneous environment, how are specifi c pathways that 

deliver metal ions from outside the cell to their ultimate binding sites favored?

The entrance into the cell and the pathological activity of toxic or therapeutic metal ions or metal 

complexes, such as Cd2+, Pb2+, and cis-diamminedichloro-Pt(II), must also be based on similar 

principles of metal ion traffi cking, involving intracellular binding sites and the formation of metal-

ligand complexes that are not normally part of the cellular milieu.

1.2.1 METAL-LIGAND BINDING

The generalized traffi cking reactions consist of the following processes, in which M and L are metal 

ion and metal binding ligand, respectively [17]. Each reaction is characterized by an equilibrium 

(stability) constant (K) and rate constants (k1, k−1) for the forward and reverse reactions:

 M + L  M-L, K, k1, k−1, (1.1a)

 iM + ΣLi  ΣM-Li. (1.1b)

Reaction 1.1a describes the association of the metal ion with a ligand. This reaction and its equi-

librium constant, K, and rate constants for formation and dissociation, k1 and k−1, comprise funda-

mental information about biological M-L complexes that can be used to assess the comparative 

energetic favorability of binding sites for particular metal ions and the kinetic stability of the prod-

uct complexes. As one moves from left to right in the periodic table, metal ions progressively prefer 

to bind to oxygen, then nitrogen, and fi nally sulfhydryl ligands [18]. The same trend operates on 

moving down the table within elemental families.

Alkali (Na+, K+) and substantial concentrations of alkaline earth (Mg2+, Ca2+) metal ions exist 

in cells as free metal ions because the equilibrium constants with cellular ligands are relatively 

small to modest and the rates of formation (k1) and dissociation (k−1) are rapid [19]. As such, the 

succession of formation and dissociation reactions, conceived for a variety of ligands (ΣLi, sum 

of many intracellular ligands, Reaction 1.1b), constitutes a primary means of distributing M among 

binding sites (ΣM-Li) according to equilibrium stability. In contrast, for transition metal ions such 

as Fe2+,3+, Zn2+, or Cu1+,2+ and toxic, heavy metal ions including Cd2+, Hg2+, or Pb2+, the concentra-

tion of free metal ion may be vanishingly small because cells contain many natural metal ion 

binding sites with large equilibrium constants for M as well as an abundance of lower affi nity 

sites that, nevertheless, represent a very large combined affi nity for M [20]. In this situation, it 

becomes paramount to understand the mechanisms by which native metal ions (metal-ligand 

complexes) reach specifi c sites and toxic metal ions either localize selectively or distribute non-

specifi cally within the cell.
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4 Cellular and Molecular Biology of Metals

1.2.2 LIGAND SUBSTITUTION

 M-L + L  M-L + L, K, k1, k−1, (1.2a)

 M-L + ΣLi  L + ΣM-Li, K, k1, k−1. (1.2b)

Reaction 1.2a represents the most general means by which transition and toxic metal ions move 

from one site to another. For transition metal ions, M-L complexes that have large equilibrium 

 constants (Reaction 1.1a) may still be kinetically reactive in Reaction 1.2a (large k1). As such, their 

Rate of distribution among ligands would not be rate limited by small dissociation rate constants 

in Reaction 1.2a, implied by the large thermodynamic stability of M-L or the inherent inorganic 

properties of the metal ion. For example, the documented traffi cking of Cu from cell membrane to 

metalloprotein binding site is characterized by a series of ligand substitution reactions that succes-

sively transfer Cu(I) from one thermodynamically stable binding site to another (Figure 1.1) [21]:

 Cu(I)-L1 + L2  Cu(I)-L2 + L1, (1.3)

 Cu(I)-L2 + L3  Cu(I)-L3 + L2, (1.4)

 Cu(I)-L3 + apo-protein → Cu(I)-protein + L3. (1.5)

Each of these reactions must be thermodynamically favorable and kinetically feasible. Moreover, 

since each Cu-protein terminates a specifi c pathway of copper traffi cking, there would seem to be 

kinetic barriers to interpathway Cu(I) transfer as in Reaction 1.6:

 Cu(I)-L1,pathway 1 + L2,pathway 2  Cu(I)-L2,pathway 2 + L1,pathway 1. (1.6)

A particularly stringent test of the forbidden nature of such reactions occurs when the metal binding 

protein metallothionein is present in cells as a metal-unsaturated protein (apo-MT) [22]. The very 

large affi nity of apo-MT for Cu(I) suggests that Reaction 1.6 is thermodynamically favorable when 

L2,pathway 2 represents apo-MT. Yet, the metal-unsaturated pool of MT contains little, if any, Cu(I). 

Nor does its presence seem to perturb Cu metabolism.

Ligand substitution reactions also provide a general route by which nonessential metal ions and 

metal ion complexes, either toxic contaminants or pharmacological agents, gain access to target 

molecules and, on binding to them, modify their biological activity. On examining the Hg2+ and 

CH3Hg+ stability constants with molecules containing N, O, and S ligating groups, each species 

displays enormous preference for sulfhydryl group-containing ligands [23]. Nevertheless, the 

Apo-protein

Cu-protein

Cu-protein¢

Apo-protein¢

Out

Cuout Cu-Lin

In

L2 

L2¢

Cu-L2¢

L3
Cu-L2 Cu-L3 

(1.3)
(1.4) (1.5)

FIGURE 1.1 Generalized copper traffi cking by ligand substitution with chaperones (L). Numbers in paren-

theses refer to reactions in text.
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Cellular Inorganic Chemistry Concepts and Examples 5

 affi nities of an array of sulfhydryl ligands for mercury are similar and the ligand substitution rates 

are rapid [24]. Thus, CH3Hg+ readily distributes among competing sulfhydryl-containing sites:

 CH3Hg-SR + R′SH  CH3Hg-SR′ + RSH. (1.7)

In this case, mercurial localization must depend on other factors such as the contribution of the 

methyl group to the equilibrium or kinetic stability of CH3Hg-SR′ species.

Similarly, the antitumor drug cis-dichlorodiammine Pt(II) reacts with DNA guanine bases 

through ligand substitution reactions, leading to cytotoxic DNA adduct species [25,26]:

 (NH3)2PtCl2  (NH3)2PtCl(H2O)  (NH3)2Pt(H2O)2, (1.8)

 (NH3)2Pt(H2O)2 + N-N (adjacent N7-nitrogens of guanine) → (NH3)2Pt(N-N). (1.9)

In this case, the rate limiting reactions are the dissociation of Cl− ions, followed by the rapid substi-

tution of guanine nitrogens for bound water molecules. Studies of the reactivity of the platinum drug 

with alternative ligand binding sites in the cell, for example, demonstrate that cis-dichlorodiammine 

Pt(II) reacts faster with metallothionein than with DNA because the thiolate compound can directly 

attack the dichloro species [27–29]. Thus, mechanisms of drug resistance may involve sulfhydryl-

containing molecules such as metallothionein or glutathione that react with the drug and inactivate 

it toward further reaction with DNA or other sites [30,31]:

 (NH3)2PtCl2 + 2RS−  (NH3)2Pt(SR)2 + 2Cl−. (1.10)

1.2.3 METAL ION EXCHANGE

 M1 + M2-L2  M1-L2 + M2, K, k1, k−1, (1.11a)

 M1-L1 + M2-L2  M2-L1 + M1-L2. (1.11b)

Metal ion exchange Reactions 1.11a and 1.11b represent a class of reactions that essential metal 

ions must and do avoid during traffi cking so that the selective binding of specifi c metals to par-

ticular sites is achieved. But in the face of exposure to toxic metal ions, this type of reaction 

becomes a primary consideration. Competition between essential and toxic metal ions for 

 physiologically important metal ion binding sites is thought to comprise a major category of 

reaction leading to cell injury. Thus, acute Pb2+ exposure in humans causes anemia due to the 

lack of protoporphyrin IX for heme synthesis and hemoglobin formation [32]. Pb2+ or a Pb-ligand 

 complex inhibits δ-amino-levulenic acid dehydratase (ALAD) by displacing active site Zn2+ 

from the enzyme, resulting in a Pb-enzyme that is inactive and unable to participate in porphy-

rin synthesis [33]:

 Pb2+ + Zn-ALAD  Pb-ALAD + Zn2+. (1.12)

In the case of Cd2+, its metal ion exchange reaction with Zn-metallothionein (Zn-MT) serves as 

the primary means to protect cells from Cd2+ toxicity [34–36]:

 Cd2+ + Zn-MT  Cd-MT + Zn2+. (1.13)

Indeed, in some cases, Cd-substituted Zn-proteins can undergo direct metal ion exchange 

with Zn-MT, resulting in reactivation of the Cd-impaired protein, as has been seen in the case 
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6 Cellular and Molecular Biology of Metals

of a Cd-modifi ed Zn-fi nger protein, tramtrack, and Cd-carbonic anhydrase (CA) (Figure 1.2) 

[37,38]:

 Cd-tramtrack + Zn-MT  Zn-tramtrack + Cd-MT. (1.14)

1.2.4 ADDUCT FORMATION

 M-L + L′  L′-M-L, K, k1, k−1. (1.15)

Reaction 1.15 symbolizes the association of metal ion binding ligands with metal ion centers of 

M-L complexes to form ternary complexes. The importance of this type of reaction for cellular 

chemistry remains to be seen. Nevertheless, the presence of millimolar concentrations of glutathi-

one with its prominent sulfhydryl group begs the question of whether it interacts with metallopro-

tein metal binding sites that are ligand unsaturated (e.g., Zn-CA).

Considering the reactions of some xenobiotic metal complexes or metal ion binding ligands with 

cells, the formation of adduct species is an attractive means of bringing these species into associa-

tion with particular sites and molecules in the cell. For instance, in the reaction of pyridoxal- 

thiosemicarbazonato-Cu(II) (Cu(II)-PTSC) with cells, electron spin resonance (ESR) spectroscopy 

provides clear evidence that the metal complex initially forms an adduct species and then undergoes 

redox chemistry that may account for its strong cytotoxic behavior [39]:

 Cu(II)-PTSC + L′ → L′-Cu(II)-PTSC. (1.16)

The cellular adduct can be modeled by GS-Cu(II)-PTSC, in which GS is glutathione. Once formed, 

it may undergo internal oxidation reduction, resulting in the formation of GSSG and Cu(I)-PTSC 

that reacts with O2 to initiate the production of reactive oxygen species and regenerate Cu(II)-PTSC 

for further reaction with the reduction equivalents of the glutathione pool.

1.2.5 REDOX REACTION

 M-Loxidized + Creduced → M-Lreduced + Coxidized, K, k1, k−1. (1.17)

The redox reactions generalized in Reaction 1.17 play key roles in the chemistry of metal ions 

with multiple, accessible oxidation states such as Fe2+,3+ and Cu1+,2+ as well as metal complexes that 

involve redox-active thiolate ligands. In this context, unregulated oxidation–reduction reactions 

Out

Cdout

In

Cdin
Zn-protein 

Cd-protein

Zn-MT

Cd-MT

(1.11)

(1.14)

FIGURE 1.2 Metal ion exchange between metalloprotein and metallothionein. Numbers in parentheses refer 

to reactions in text.
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commonly lead to a cell injury center, such as metal-catalyzed O2 activation in the Fenton 

reaction,

 H2O2 + Fe(II) → OH− + OH• + Fe(III),  (1.18)

 Fe(III) + e− → Fe(II), (1.19)

and chromate, Cr(VI)O4
2−, reduction to redox-active Cr(V) and DNA binding Cr(III) [39–41]:

 Cr(VI) + nRSH → Cr(VI)(SR)n, (1.20)

 Cr(VI)(SR)n + RS− → Cr(V)(SR)n + RS• (1/2RSSR), (1.21)

 Cr(V)(SR)n + RS− → Cr(IV)(SR)n + RS• , (1.22)

 Cr(IV)(SR)n + RS− → Cr(III)(SR)n + RS• . (1.23)

With this general introduction to cellular inorganic chemistry in hand, several topics will be 

considered in more depth, with the aim of illustrating how cellular and chemical perspectives can 

work effectively together to gain enhanced understanding.

1.3 METAL-LIGAND BINDING AND LIGAND SUBSTITUTION CHEMISTRY

1.3.1 CELLULAR Zn2+ TRAFFICKING IN RELATION TO APO-METALLOTHIONEIN

Zn2+ is utilized as structural or catalytic elements of many proteins [1,2]. It is increasingly recog-

nized that changes in Zn2+ concentration or distribution contribute to dynamic organismic pro-

cesses. Nutrient Zn2+ depletion inhibits cell proliferation, growth, and normal development [14,42]. 

Zn2+ redistributes during the generalized stress response [43]. Glutamatergic neuron fi ring is accom-

panied by the release of Zn2+ [44]. Apoptosis is associated with intracellular Zn2+ reorganization 

[45]. All these phenomena involve facets of Zn2+ traffi cking, broadly understood.

The conceptual problem of Zn2+ traffi cking is imposing. Bertini et al. estimate that the human 

genome includes sequence information for about 150 Cu-proteins, 250 nonheme Fe-proteins, and 

2800 Zn-proteins [1–4]. How organized, controlled movement of Zn2+ from the cell’s exterior to 

nearly 3000 nascent apo-Zn-proteins takes place is unknown (Figure 1.3). Nor is there much insight 

into how organismal Zn2+ is reorganized in response to physiological or pathological stimuli.

A primary Zn2+ traffi cking requirement is to make available suffi cient Zn2+ to populate apo-Zn2+ 

protein binding sites, so that the reaction

 iZn + Σapo-Zn-proteinsi → ΣZn-proteinsi (1.24)

Out

Znout

In

Znin

(2800) Apo-Zn-proteins

(2800) Zn-proteins

FIGURE 1.3 Intracellular formation of the Zn-proteome.
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8 Cellular and Molecular Biology of Metals

takes place under demand conditions (i.e., synthesis of apo-Zn-proteins), because cells may con-

tain virtually no free Zn2+ [20]. Coupling this reaction to an extracellular source through Zn trans-

porters would allow the biosynthesis of new apo-Zn-proteins to energetically “pull” the appropriate 

amount of Zn2+ into cells and cellular compartments (Reactions 1.25 and 1.26) and into Zn-proteins 

(Reaction 1.24):

 Zn2+
out → Zn2+

in,cytoplasm, (1.25)

 Zn2+
in,cytoplasm → Zn2+

in,compartment a. (1.26)

Even this is a complicated chemical process, because extracellular Zn2+
out exists at least in part in the 

form of Zn-ligand complexes. Nevertheless, when dividing cells are bathed in a medium containing 

a basal concentration of Zn2+, they accumulate Zn2+ commensurate with the need to constitute the 

Zn-proteome in the new cells.

Mammalian metallothionein is a small protein that is distinguished by the presence of 20 

cysteinyl residues within its 60–70 amino acid composition [46]. They are positioned along the 

sequence such that seven Zn2+ or Cd2+ or combinations of these metal ions bind to the 20 sulfhy-

dryl groups to form two metal-thiolate clusters that each comprise the interior of one of the pro-

tein’s two domains (Figures 1.4 and 1.5) [47]. Because the protein was viewed as a potent binding 

site for these and other metal ions, for many years little thought was given to the possibility that 

metal-unsaturated MT (apo-MT) might exist in cells. Nevertheless, several studies show that a 

Cd Cd

Cd
Cd

Cd
Zn

Zn

FIGURE 1.4 X-ray crystallographic structure of Cd5, Zn2-MT (Data from Robbins, A.H. et al., J. Mol. Biol., 
221, 1269, 1991). Metal ions (Cd2+, larger; Zn2+, smaller) and sulfhydryl ligands (light gray).

Cd3S9 Cluster Cd4S11 Cluster 

13S 
S15 

7S CdIII 
CdII 

CdIV 

S29 

S24 

S21

S5 

S19 

S26

41S 

59S 

37S 

S60 

CdVI 

CdV 

CdI 

CdVII 

S33 

S34 

S36

S50 

S57 

S44 

S48

FIGURE 1.5 Metal-thiolate cluster structure of a metallothionein binding site.
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substantial pool of apo-MT can exist in the steady state in a variety of mammalian cells under a 

variety of conditions (normal tissues, basal cell culture, tissues, and cells after induction of MT 

protein synthesis with Zn2+, Cd2+, Bi2+, or dexamethasone, and in the hearts of MT-transgenic 

mice) [22,48,49].

Apo-MT’s mere existence indicates that the above reactions and mechanism to draw Zn2+ into 

the cell based on newly synthesized apo-Zn-proteins acting as the energetic sink are insuffi cient to 

explain Zn2+ traffi cking [50]. Its presence also signals that MT does not behave like a typical mem-

ber of the Zn-proteome (Figure 1.6). Otherwise, apo-MT with its equilibrium constant in the range 

of 1011.2 per Zn2+ (Reaction 1.1a) would surely act as a thermodynamically favorable Zn2+ acceptor 

from the extracellular medium or in competition with other apo-Zn-protein sites as they are synthe-

sized (Reaction 1.11a) [51–54]. Indeed, even induction of metallothionein synthesis by Zn2+ itself, 

which generates large increases in cellular Zn-MT, results in an MT pool that is about one-third 

unsaturated in Zn2+ [22]. Thus, an intracellular pool of Zn2+-unsaturated MT can exist even in the 

presence of an elevated reservoir of extracellular Zn2+. Evidently, the external and internal Zn2+ 

pools are not in steady state based on equilibrium properties of Zn2+ transport, Zn-proteins, and 

Zn2+ binding ligands in the two compartments:

 Zn2+
out → Zn2+

in, k1, k−1, (1.27)

 Zn2+
in + apo-proteinin → Zn-proteinin, (1.28)

 Zn2+
in + apo-MTin → Zn-MTin, K = 1011.2. (1.29)

Otherwise, Reaction 1.29, which is highly favorable, would readily take place.

If an equilibrium argument does not apply, perhaps there is a kinetic explanation, involving k1 or 

k−1, where these rate constants probably refer to independent infl ux and effl ux transport processes, 

not to the binding of Zn2+ to apo-MT, which occurs in milliseconds (Figure 1.6) [55]. Here, one 

would need to posit that there is an effective effl ux process that competes with apo-MT for Znin
2+ and 

prevents the accumulation of Zn2+ in the MT pool. Although plausible, these explanations make it 

more diffi cult to understand Reaction 1.24 and how cellular Zn2+ uptake can be coupled with the 

continual constitution of Zn-proteins from biosynthesized apo-protein as cells divide and require a 

new Zn-proteome complement. If the Zn2+ transport systems, themselves, limit Zn2+ availability to 

apo-MT, would they not also do so to other apo-Zn-proteins? Furthermore, would not apo-MT be a 

formidable competitor of Zn2+ traffi cking mechanisms for Zn2+
in and Zn2+ bound to proteins, ensuring 

in the steady state that MT gained its complete complement of Zn2+? Alternatively, to avoid this 

problem, it might be argued that MT is not a terminal repository of Zn2+ but instead participates in 

the traffi cking of Zn2+
in, resulting in Zn-protein constitution [22]. In that case, MT’s Zn2+ saturation 

Out

Znout

Znout

Znin 

Zn-proteins 

Zn-MT
+

Apo-MT

In

(1.28)
(1.2)

(1.29)

FIGURE 1.6 Zn2+ proteomic traffi cking and metallothionein: MT as a unique Zn-protein.
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state would refl ect the relative rates of accumulation of Zn2+ from the external medium and transfer 

to other Zn2+ binding sites. This option is considered in Section 1.3.4.

1.3.2 APO-MT REACTIVITY WITH THE Zn-PROTEOME

The demonstration of apo-MT in a variety of cells poses the fundamental question: how is the 

intracellular array of Zn-proteins maintained in the midst of a large pool of high-affi nity, unsatu-

rated Zn2+ binding sites in MT [50]? Why does not the following aggregate ligand substitution 

reaction occur?

 apo-MT + ΣZn-proteinsI → Zn-MT + Σapo-proteinsI, K, k1, k−1. (1.30)

The reactivity of the isolated Zn-proteome (100 μM Zn2+) from U87 cells with apo-MT (stability 

constant 1011.2) was compared with a series of multidentate ligands for Zn2+ that vary in stability 

constant at pH 7.4 from 1015.6 for TPEN [N,N,N′,N′-(2-pyridylethyl)ethylenediammine] to 108.8 for 

EGTA [(2,2′-oxypropylene-dinitrilo)tetraacetic acid], a relative of EDTA, all present at 200 μM 

Zn2+ binding sites [50]. Strikingly, 30-min incubation of the Zn-proteome with apo-MT resulted in 

little or no reaction (0–5%), whereas TPEN and EGTA extracted about 30% of proteomic Zn2+. 

According to the listed stability constants, apo-MT is thermodynamically competent to react with 

at least 30% of the proteome Zn2+. Since it did not undergo much, if any, reaction, the explanation 

must be that for kinetic reasons (i.e., there is no feasible pathway of reaction) apo-MT is unable to 

undergo ligand substitution with the Zn-proteome, a remarkable conclusion.

Also surprising was the large fraction of proteomic Zn2+ that is accessible to a ligand like EGTA 

that displays intermediate affi nity for Zn2+. This result suggests that on a thermodynamic basis, 

substantial proteomic Zn2+ might be available to glutathione (GSH), a Zn2+ binding ligand present 

in millimolar concentrations in cells. However, in the actual experiment as above with GSH concen-

tration set at 4 mM, only 0–10% of the proteome’s Zn2+ underwent reaction. Thus, it seems that the 

stability of the observed Zn-proteome array is dependent on its pervasive lack of reactivity with 

apo-MT, GSH, and, perhaps, other possible Zn2+ binding sites. Conversely, the maintenance of the 

apo-MT pool is a result of apo-MT’s lack of kinetic reactivity in Reaction 1.30. That being the case, 

if there are regulated ligand substitution pathways that deliver Zn2+
out to newly synthesized apo-Zn-

proteins and do not interact with apo-MT, one could rationalize the dual existence of apo-MT and 

a growing pool of intracellular Zn-proteome as cells divide. These experiments provide a chemical 

hypothesis to rationalize the coexistence of apo-MT and Zn-proteome. It will be necessary to devise 

discerning cellular experiments to test this idea.

1.3.3  IN VITRO REACTIONS OF APO-MT AND GSH WITH Zn-PROTEINS: A MODEL FOR 
LIGAND SUBSTITUTION DEACTIVATION

Apo-MT (10–30 μM) and GSH (2 mM), like TPEN (5 μM), readily react with the Zn-fi nger tran-

scription factor, Zn-Sp1 (50 nM Zn2+) [50]. Zn-Sp1 is a representative of the most common type of 

eukaryotic DNA binding protein that binds to Zn2+ through two cysteinyl sulfhydryl groups and two 

histidinyl imidazole nitrogens and interacts with DNA primarily through its helical element 

(Figure 1.7) [56,57]. Yet, cells that contain apo-MT and mM GSH also possess active Zn-Sp1. One 

explanation supported by in vitro studies is that Zn-Sp1, bound to its cognate DNA binding sites (GC 

rich), is unreactive with either apo-MT or GSH at these same concentrations (e.g., Reaction 1.31):

 apo-MT + Zn-Sp1-DNAGC rich → Zn-MT + apo-Sp1 + DNAGC rich. (1.31)

Zn-Sp1-DNAGC rich displays increasing reactivity with TPEN in the reaction mixture between 10 and 

1000 μM that still does not match that of free Zn-Sp1 with 5 μM TPEN [50].
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Structures of Zn-fi nger-DNA complexes reveal that bound Zn2+ is accessible to the solvent, and 

thus might be expected to be reactive with competing ligands such as apo-MT. This suggests that 

the lack of reactivity of Zn-Sp1-DNAGC rich with apo-MT and other ligands has a thermodynamic, 

not kinetic, origin. The energetic problem can be seen by decomposing the overall reaction into two 

reactions:

 Zn-Sp1-DNAGC rich → Zn-Sp1 + DNAGC rich, (1.32)

 Zn-Sp1 + apo-MT → Zn-MT + apo-Sp1. (1.33)

The favorability of the second reaction is overcome by the unfavorability of the fi rst, the dis-

sociation of Zn-Sp1 from its DNA binding site. Thus, part of the ligand substitution unreactivity 

of the Zn-proteome with apo-MT may be due to Zn-protein binding interactions with other 

molecules.

1.3.4 NUTRIENT Zn2+ DEFICIENCY AND APO-MT: IMPLICATIONS FOR Zn2+ TRAFFICKING

Cells encountering a Zn2+-defi cient extracellular medium might release Zn2+ to the extracellular 

medium as proteins degrade and Reactions 1.27 through 1.29 shift to the left. This does not occur in 

a variety of mammalian tissues or cells. Instead, at the level of overall proteomic Zn2+, the only 

major pool of Zn2+ that declines in the liver or kidney of juvenile male rats during the course of a 

30-day feeding of a Zn2+-defi cient diet is Zn-containing metallothionein (Table 1.1) [58,59]. On 

reintroduction of Zn2+ to the diet, the full complement of Zn2+ is rapidly restored to the kidney pro-

tein [58]. Based on such results, metallothionein is a unique, labile depot of Zn2+ that is rapidly 

responsive to extracellular Zn2+ status (Figure 1.6).

Similar behavior has been observed in mouse Ehrlich ascites carcinoma [60,61]. The MT pool 

contains about 15% of proteomic Zn2+ [62]. When animals were maintained on a Zn2+-defi cient 

diet for 35 days, tumor growth halted, in agreement with earlier studies showing the stringent 

FIGURE 1.7 Generic Zn-fi nger motif in the DNA binding region of Sp1 and other transcription factors. Two 

cysteine sulfhydryl groups in the β turn and two imidazole nitrogens of histidine within the helix bind Zn2+. 

Based on Zn-Sp1 structure (Data from Narayan, V.A., Kriwacki, R.W., and Caradonna, J.P., J. Biol. Chem., 
272, 7801, 1997).
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requirement that cancerous tumors have for dietary Zn2+ [63]. Nevertheless, quiescent Ehrlich cells 

remained viable. Their gross proteomic Zn2+ was unchanged except for the complete loss of 

MT-bound Zn2+. Unexpectedly, the cells contained a concentration of apo-MT protein that was 

equivalent to the Zn-MT concentration of untreated control cells.

Related results have been seen in cultured cells. When Ehrlich cells were incubated in a Zn2+-

depleted medium, Zn2+ left MT with a halftime of 1 h, leaving a pool of apo-MT that degraded 

with a halftime of 6 h [64]. The much faster halftime for Zn2+ loss indicates that active metal 

chemistry, not simply protein biodegradation, governs the loss of Zn2+ from the protein. We 

hypothesize that MT-bound Zn2+ becomes available for other apo-Zn-proteins through ligand 

substitution Reaction 1.34 (Figure 1.8) or as a participant in a chain of ligand substitution reactions 

as portrayed in Figure 1.1:

 Zn-MT + apo-Zn-protein → apo-MT + Zn-protein. (1.34)

An inquiry into the steady-state fl ux of Zn2+ through the MT pool under Zn2+ normal conditions 

demonstrates a similar halftime for the residence of Zn2+ in Zn-MT in LLC-PK1 cells as observed 

in Ehrlich cells under Zn-defi cient conditions [22]. In this experiment, the movements of stable Zn2+ 

isotopes into and out of Zn-MT were analyzed:

 66Zn2+
out + 67Zn-MT → 66Zn-MT + 67Zn2+

in. (1.35)

Occurring under steady-state conditions of Zn2+ traffi cking, this experiment also supported the 

remarkable kinetic lability of Zn2+ with respect to MT, consistent with MT serving as an active 

intermediate in Zn2+ traffi cking.

Out

Znin

Znout

Znout

In

V1

V2 V3 (1.36) (1.38)
(1.37)

Apo-MT 

Zn-MT 

Zn-proteins

Apo-proteins 

FIGURE 1.8 Zn2+ traffi cking and metallothionein: metallothionein as a participant in traffi cking.

TABLE 1.1
Male Rat Kidney Cytosolic Distribution of Zna

Zn-Proteome (I) Superoxide Dismutase (II) Metallothionein (III)

Zn+b 4.5 ± 0.1c 2.1 ± 0.2 2.9 ± 0.3

Zn− 4.2 ± 0.8 2.2 ± 0.5 0.7 ± 0.2

a Sephadex G-75 separation of cytosol. Fraction I contains most of Zn-proteome, frac-

tion II includes superoxide dismutase, and fraction III represents metallothionein.
b Zn+, 30-day treatment with semipurifi ed diet containing 20 μg Zn/g diet; Zn−, the 

same treatment with diet containing less than 1 μg Zn/g diet.
c μg Zn/g wet weight tissue.
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Another reaction suggests the close connection between MT-bound Zn2+ and cell proliferation. 

U373 cells normally contain a measurable amount of apo-MT [65]. Its Zn2+ status was readily 

modulated by fi rst blocking cell division with the cell cycle inhibitor thymidine, leading to the 

appearance of fully saturated Zn-MT. Once the thymidine block was lifted and cells begin to 

divide, MT returned to its Zn2+ free state. These events were interpreted in terms of the differential 

requirement of dividing and stationary cells for Zn2+. Considering Reactions 1.36 through 1.38, if 

the rate of uptake of Zn2+ into MT is slower than the rate of Zn2+ transfer to other Zn-proteins 

(V1,V2 > V3), apo-MT will be observed. If these relative rates reverse, Zn-MT will be detected 

(Figure 1.8):

 Zn2+
out → Zn2+

in                V1, (1.36)

 Zn2+
in + apo-MT → Zn-MT           V2, (1.37)

 Zn-MT + apo-protein → apo-MT + Zn-protein  V3. (1.38)

The relative rates of these reactions would determine whether Zn- or apo-MT is present in particular 

cells, which vary in their concentration of apo-MT [22,48,49]. If V1,V2 > V3, Zn-MT would predomi-

nate; if V3 > V1,V2, apo-MT would be observed.

These results point to a conspicuous role for MT in Zn2+ traffi cking in proliferative cells. It 

remains to reconcile the emerging experimental information about Zn-MT as a major, kinetically 

reactive pool of Zn2+ with the MT gene knock-out results that indicate that MT is not necessary for 

cell proliferation during development [66,67]. That conclusion itself needs to be tempered by the 

observation that modest as well as severe zinc defi ciency in MT-null mice conspicuously raises the 

level of birth defects, suggesting that MT is important for Zn2+ traffi cking in proliferative cells and 

tissues [68–70].

1.3.5  UTILIZATION OF METAL BINDING LIGANDS TO INDUCE INTRACELLULAR 
METAL ION DEFICIENCY

This discussion of Zn2+ traffi cking has included considerations of Zn2+ defi ciency as well as the 

reactivity of the Zn-proteome with competing metal binding ligands. At an organismic level, metal 

defi ciency results from the lack of availability of extracellular nutrient metal ion for uptake and 

incorporation into cells. Models for this condition should similarly withhold the metal ion from 

cells. Ideally, establishment of metal ion defi ciency would utilize a defi ned growth medium that is 

constituted of reagent grade chemicals that can be further purifi ed as needed, so that the target 

metal ion can be selectively removed from the medium. Unfortunately, many cells do not grow in 

the absence of serum and are not amenable to induction of metal ion defi ciency by this method.

An alternative approach is to introduce a powerful metal chelating agent into the cell culture 

medium as a substitute for extracellular metal ion defi ciency in order to selectively deplete media 

of a particular metal ion (Figure 1.9). For this approach to be successful, one of two conditions 

need to be met. First, the competing ligand must be confi ned to the extracellular medium where it 

binds the target metal ion and sequesters it in that compartment, preventing its transport into cells. 

Second, the ligand may enter the cell where it selectively competes only for the transit pool of the 

metal ion that is moving from the plasma cell membrane to its specifi c sites of binding in 

metalloproteins.

       M-Lextracellular nutrient source + L′ → M-L′extracellular + Lextracellular nutrient source, (1.39)

      M-Lintracellular traffi cking + L′ → M-L′intracellular + Lintracellular traffi cking. (1.40)
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Ligands used for this purpose include TPEN for Zn2+ defi ciency and desferrioximine for iron 

defi ciency [71,72]. In the case of TPEN, which is recognized and used as a cell-permeant ligand, the 

implicit assumption is that TPEN does not disturb intracellular Zn2+ distribution but only intercepts 

Zn2+ that is undergoing traffi cking. The results summarized above clearly show that TPEN com-

petes successfully for a substantial fraction of the proteome’s Zn2+ (Section 1.3.2). It does not inno-

cently confi ne its ligand substitution reactions to Zn2+ in the traffi cking pathway to intracellular 

Zn-proteins. Thus, it not only deprives cells of Zn2+, but also disrupts the functional activities of 

Zn-proteins. As a result, its cellular effects such as the induction of apoptosis cannot be equated 

readily to nutrient Zn2+ defi ciency [73].

Incubation of cells with desferrioxamine has been employed as an agent that induces cellular Fe 

defi ciency because it has been assumed to be localized in the extracellular medium, where it com-

petes with transferrin (Tr) for Fe(III) [74,75]. However, desferrioxamine gains entrance to cells as 

well [76]. Once inside, it may behave like TPEN and attack functional Fe-proteins. To the extent that 

this happens, the mechanistic linkage between cells deprived of a nutrient metal ion and cells treated 

with a potent metal ion chelator is broken.

An approach that appears to meet the objective of inducing nutrient Fe defi ciency is based on an 

observation from many years ago that a facile way of liberating Fe(III) from transferrin is to reduce it 

with a mild reductant in the presence of a ligand that stabilizes Fe(II), such as bathophenanthroline-

disulfonate (4,7-ρ-sulfonyl-phenyl-1,10-phenanthroline, BPS) [77]. A key in the process is the much 

lower affi nity of Fe(II) for the transferrin ligand set than Fe(III) [78,79]. Another is the use of a high-

affi nity Fe(II) binding ligand, BPS, in the reaction to overcome the highly unfavorable reduction poten-

tials of the two Fe(III) ions bound to Tr that fall below −0.5 V [80]. Using ascorbate as the reducing 

agent, Fe(III)-Tr in serum-containing culture media releases transferrin-bound Fe to BPS, which is 

rigorously localized in the extracellular medium because of its overall negative charge [81]:

 Fe(III)2-Tr + ascorbatereduced + 6BPS2− → 2Fe(III)(BPS)3
3− + apo-Tr + ascorbateoxidized. (1.41)

Cells treated with ascorbate and BPS remain viable, rapidly lose ferritin-Fe, see their Tr-receptor 

mRNA increase, and maintain their ferritin mRNA concentration as expected for the Fe-defi cient 

state [81]. Iron defi ciency established in this way inhibits the cytotoxicity of doxorubicin, thereby 

demonstrating the requirement of intracellular Fe for the activity of this anticancer agent in cell 

culture [81]. The ambiguities associated with using chelating agents in this fashion extend beyond 

the authenticity of the metal-defi cient states that they induce (Figure 1.9). The distinct possibility 

exists that ligands interact with other metal ions or participate in other reactions that are unrelated 

to metal ions and their traffi cking. TPEN binds other transition metal ions as well, such as Fe2+ and 

OutM-Lcompetitor

M-Lcompetitor

M-Lcell source

Lcompetitor Lcompetitor

In

(1.39)
(1.40)

Other
reactions

Min M-protein

FIGURE 1.9 Use of metal binding ligands to induce metal ion defi ciency: possible sites of reaction that 

mimic nutrient metal ion defi ciency.
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Cu2+. Does TPEN’s presence in cells impinge on the traffi cking and function of metal ions other 

than Zn2+? In the case of desferrioxamine, its potential to participate in oxidation– reduction reac-

tions provides a caution that it might serve as a site for redox chemistry that contributes to oxidative 

stress [82,83].

The problem of nonspecifi city of metal chelation properties is emphasized by the multiple ways 

in which 1,10-phenanthroline (PHEN) has been used, each one presented as if PHEN were a spe-

cifi c ligand for a single metal ion [84]. PHEN is said to bind Zn2+ and alter Zn-dependent enzyme 

activity, protein kinase signaling, and apoptosis [85–88]; it binds Fe, perturbing energy metabolism, 

associating with mitochondrial “chelatable” Fe2+, modulating oxidative stress, and downregulating 

Fe-dependent macrophage activity [89–92].

Another serious question arises: do the resultant metal complexes of competing ligands such as 

TPEN and desferrioximine, themselves, display biological activity [83]? A variety of antitumor 

ligands such as thiosemicarbazone and bleomycin ligands acquire metal ions and their cytotoxic 

capability on interacting with organisms [93,94]. Might that happen with ligands designed to extract 

metal ions from cells?

1.3.6 PHARMACOLOGIC LIGANDS THAT COMPETE FOR TOXIC METAL IONS

Substantial effort has been devoted to developing ligands that remove toxic metal ions from tissues. 

For example, dithiol ligands such as BAL (2,3,-dimercaptopropanol) and 2,3-dimercaptopropane 

sulfonate have been used to chelate Hg2+; 2,3-dimercaptosuccinate was developed for Pb2+; and 

dithiocarbamates (DTCs) have been synthesized for Cd2+ [95,96].

DTC ligands effectively remove Cd2+ previously deposited in rodent kidney, presumably by 

extracting Cd2+ from MT. Forming a neutral Cd(DTC)2 complex, the product could readily escape 

from cells and be excreted. However, experiments also revealed that DTC ligands can modulate 

organ concentrations of essential trace metals such as zinc and iron and enhance the excretion of Cu 

[97]. These effects might follow the intermediate formation of the respective DTC metal complexes. 

Indeed, an early study had shown that diethyldithiocarbamate is toxic to cells to the extent that it can 

complex Cu(II) and probably undergo intracellular redox reaction, producing oxidative stress [98]. 

Later, a related compound, pyrrolidine dithiocarbamate, was also described as a reagent that deliv-

ers Cu into cells and causes related cytotoxic responses, including apoptosis [99,100]. Such pleotro-

pic effects of DTCs represent an alert that various metal binding ligands may not display specifi city 

of reaction with cells and tissues and that ligands can be activated by reaction with essential transi-

tion metal ions.

1.3.7 METALLOTHIONEIN AND INTRACELLULAR COMPETITION FOR TOXIC METAL IONS

The biosynthesis of the powerful ligand, apo-MT, in response to Cd2+ exposure represents the cell’s 

effort to compete for Cd2+ that otherwise becomes bound to sensitive sites and causes injury [101]. 

For example, Cd2+ causes kidney failure, characterized by the inability to resorb essential nutrients 

from the glomerular fi ltrate [102]. Among these is glucose, transported by sodium–glucose cotrans-

porters (SGLT) I and II. Cd2+ downregulates transporter activity by inhibiting the synthesis of SGLT 

I and II mRNA [103–105]. Underlying this effect is the loss of the DNA binding capacity of a key 

transcription factor for the SGLT genes, the zinc-fi nger protein, Zn-Sp1 [106]. The chemical site of 

reaction of Cd2+ might be Zn-Sp1 or some other protein that controls the activity of Zn-Sp1. In either 

case, in kidney cortical cells exposed to Cd2+, downregulation of SGLT mRNAs progresses in par-

allel with the synthesis of metallothionein and the sequestration of most of the cell’s Cd2+ load in the 

protein [36]. In contrast, preinduction of MT with Zn2+ completely prevents inhibition of SGLT-

mediated uptake of glucose [36]. Evidently, MT cannot reverse the inhibitory process, but, if it is 

present to intercept incoming Cd2+, toxicity can be prevented. Section 1.4.2 considers the reaction of 

Cd2+ with Zn-fi nger proteins and why the product might be unreactive with metallothionein.
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In another study, the ligand (L) substitution reactions of apo-MT and EDTA with Cd-CA were 

compared [38]:

 Cd-CA + L → Cd-L + apo-MT. (1.42)

These reactions are bimolecular and involve the direct attack of the competing ligand on the Cd2+ 

binding site. Thus, it was surprising that apo-MT, which is much bulkier than EDTA, nevertheless 

reacts considerably more rapidly with Cd-CA than EDTA. Indeed, considering the lack of reactiv-

ity of apo-MT with the Zn-proteome (Section 1.3.2), it is striking that apo-MT reacts with Cd-CA 

at all.

It was speculated that the C-terminal region of the apo-MT peptide chain might be particularly 

active in ligand substitution chemistry. Residues 49–61 contain the only four cysteines that bind to 

a single Cd2+ in the fully saturated protein (Figure 1.10). According to computational studies, pep-

tide49–61 can bind and fold around Cd2+ in the same conformation that exists in Cd7-MT [107]. 

Furthermore, being located at one end of the molecule, the 49–61 sequence should experience less 

steric hindrance than other parts of the molecule as apo-MT interacts with Cd-CA. In fact, synthetic 

peptide49–61 extracts Cd2+ from Cd-CA at the time of mixing, confi rming its effi cacy as a competing 

ligand and indicating that the rest of the peptide chain in the holoprotein offers a signifi cant steric 

barrier to reaction.

1.4 METAL ION EXCHANGE CHEMISTRY

Cells contain myriad metal ion binding sites that are occupied by essential metals as well as by 

many other adventitious sites that might accommodate metal ions should they present themselves. 

Foreign metal ions entering cells either compete with essential metal ions for binding to metallopro-

teins or bind to vacant sites. Common metalloenzymes are relatively inert to metal ion exchange 

[51]. Thus, the halftime for exchange for the reaction of Zn-carboxypeptidase with Cd2+ is 23 h even 

though the product, Cd-carboxypeptidase, is more stable than the Zn-protein. The same kinetic 

reluctance to react applies to the reaction of Cd-CA with Zn2+. Such results suggest that Cd2+ metal 

ion exchange reactivity may not be widespread within the Zn-proteome.

1.4.1 Zn-PROTEINS THAT UNDERGO METAL ION EXCHANGE WITH Cd2+: METALLOTHIONEIN

Mammalian metallothionein was discovered as a Cd2+ binding protein [108]. Interestingly, the 

Cd-containing protein is generally isolated as a mixed Cd,Zn-MT with variable ratios of the two 

metal ions. Why this occurs when the formation of homogeneous Cd-MT would suffi ce to protect 

cells from exposure to Cd2+ has not been experimentally resolved [101]. How it occurs is quite 

remarkable.

Experimental animals injected with Cd2+ rapidly accumulate the metal ion in liver and promptly 

form Cd-MT [109]. Over time, Cd-MT is replaced with Cd,Zn-MT, which remains as the product 

for an indefi nite period of steady-state biosynthesis and degradation of the MT protein. The fi rst 

process may involve the reaction of newly synthesized apo-MT with Cd2+ or the metal ion exchange 

Cd III Cd IV Cd II Cd V Cd VII Cd VI Cd I 

– C C C C C C C C C C C C C C C C C C C C – X X X X X5 X3 X2 X2 X3 X3 X3 X2 X6 X X X 

FIGURE 1.10 Metal-thiolate connectivities in metallothionein. Cd numbering refers to NMR resonance num-

bering as in Figure 1.5. Encircled are the only four contiguous cysteine residues that bind to the same Cd2+.
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reaction of apo-MT that has acquired Zn2+ with Cd2+. The latter reaction in vitro is a prime example 

of facile metal ion exchange that results in the sequestration of Cd2+ within the two metal-thiolate 

clusters that defi ne the MT structure (Figure 1.5):

 Zn7-MT + 7Cd2+ → Cd7-MT + 7Zn2+. (1.43)

The reaction is a multistep process: the Zn3S9 cluster reacts more rapidly and undergoes exchange 

as a unit [110]. In contrast, the Zn4S11 cluster experiences complete exchange in three separable 

kinetic steps:

 Zn4S11 + 2Cd2+ → Zn2,Cd2S11 + 2Zn2+, (1.44)

 Zn2,Cd2S11 + Cd2+ → Zn,Cd3S11 + Zn2+, (1.45)

 Zn,Cd3S11 + Cd2+ → Cd4S11 + Zn2+. (1.46)

According to the kinetic analysis, each reaction involves the formation of a Cd2+-bound interme-

diate that breaks down to yield the product. For example,

 Zn2,Cd2S11 + Cd2+ → Cd-Zn2,Cd2-MT, (1.47)

 Cd-Zn2,Cd2-MT → Zn,Cd3S11 + Zn2+. (1.48)

As described above, the structures of Cd7-MT and Cd5,Zn2-MT reveal that the two metal-thiolate 

clusters comprise the interior of the two independent metallothionein domains and that peptide 

 folding depends on the positions of clustered sulfhydryl groups with respect to the peptide backbone 

(Figures 1.4 and 1.10). This is a highly unusual situation. The clusters are partially buried by the back-

bone and side chains but also retain some sulfur atom solvent accessibility (Figure 1.11). The extent 

of solvent accessibility is thought to contribute to the capacity of each cluster to undergo reactions 

such as metal ion exchange [111,112]. Thus, it is hypothesized that Cd2+ competes for solvent- available 

FIGURE 1.11 Solvent accessibility of metal-thiolate cluster sulfhydryl groups in Cd4,S11 domain. The large, 

central, light gray atoms are sulfurs.
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sulfhydryl groups that are bound to Zn2+, binding weakly to some of them and then proceeding to 

fully exchange thiolate ligands with Zn2+. Although Zn2+ is very strongly bound to MT (K = 1011.2), 

a rapid reaction with Cd2+ ensues [51,113]. Possibly, the presence of thiolate ligands that bridge two 

Zn2+ ions in the cluster is the key to its metal exchange reactivity. Such bridging ligands may be 

particularly reactive with Cd2+ and potentially able to undergo bond breaking that makes them 

accessible to Cd2+:

 -Zna-Sbridging-Znb- + Cd2+ → Zna-S-Cd + Znb-, (1.49)

 Zna-S-Cd + Znb- → -Zna-Sbridging-Cdb- + Zn2+. (1.50)

These reactions generate homogeneous Cd7-MT. To form the mixed metal species, the obvious 

hypothesis is that the Cd2+-Zn2+ exchange illustrated in Reactions 1.44 through 1.46 is truncated at 

some intermediate point, leaving the mixed metal protein. But that reaction does not give rise to 

native distribution of the metal ions among the MT binding sites [114]. Instead, the reaction of 

Cd7-MT with Zn7-MT results in the steady-state form of the protein that is observed in tissues [114]. 

The reaction involves interprotein metal ion exchange on an unprecedented scale:

 nCd7-MT + mZn7-MT → (n + m)Zn7m/(m+n),Cd7n/(m+n)-MT. (1.51)

Metal ion exchange results in mixed metal clusters with Cd2+ favored in the four-metal cluster and 

Zn2+ in the three-metal cluster. In this reaction, it is thought that clusters within the two proteins 

interact through thiolate exchange modeled after Reactions 1.52 through 1.54:

 -Zn-S-α-domain, protein 1 + -Cd-S-β-domain, protein 2 → -Zn-Sα,1-Cd-Sβ,2, (1.52)

 -Zn-Sα,1-Cd-Sβ,2 → -Cd-Sα,1-Zn-Sβ,2, (1.53)

 -Cd-Sα,1-Zn-Sβ,2 → -Cd-S-α-domain, protein 1 + -Zn-S-β-domain, protein 2. (1.54)

Supporting this model is the fact that in the crystal, metallothionein protein monomers align head 

(α) to tail (β) and appear to establish dimer interactions. Indeed, the protein does form a dimer in 

solution that is detected physically and perturbs the protein’s reactivity by altering accessibility to 

the clusters [115,116].

1.4.2 Zn-PROTEINS THAT UNDERGO METAL ION EXCHANGE WITH Cd2+: Zn-FINGER PROTEINS

Zn-fi nger proteins also display substantial reactivity with Cd2+. In at least one instance, described in 

Section 1.3.7, direct reaction of Cd2+ with a Zn-fi nger transcription factor may lie at the heart of the 

mechanism of kidney toxicity of Cd2+. The most common type of Zn-fi nger transcription factor, in 

which Zn2+ binds to two cysteinyl sulfhydryl groups and two histidinyl imidazole nitrogens, readily 

exchanges its Zn2+ for Cd2+. Zn-tramtrack mentioned above (Reaction 1.14), Zn-MTF-1, the metal 

response element binding transcription factor that regulates MT synthesis, transcription factor IIIA 

(TFIIIA), the original Zn-fi nger transcription factor prototype, and Zn-Sp1, a protein widely involved in 

eukaryotic promoter activity, all readily react with Cd2+, resulting in diminution in DNA binding activity 

[37,50,117,118]. In each case, the reaction is presumed to be simple metal ion exchange, for example,

 Cd2+ + Zn-TFIIIA → Cd-TFIIIA + Zn2+. (1.55)

In terms of possible physiological signifi cance, it must at least be shown that Zn2+ displacement 

occurs under approximately stoichiometric concentrations of Cd2+ and the Zn-fi nger protein. The 
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need for a large excess of Cd2+ would bring into question whether such concentrations could be 

attained in viable cells. Even if the reaction occurs at comparable concentrations of reactants, the 

problem of site selectivity for cellular metal ion exchange is a diffi cult one to address. Why this 

reaction when Cd2+ might react with a huge number of Zn-fi nger proteins of similar structure (ca. 

103) as well as multiple adventitious metal binding sites [1]?

Cd2+ lies just below Zn2+ in the periodic table and, as a result, displays similar chemical proper-

ties to Zn2+. Indeed, comparing the affi nity of the Zn2+ and Cd2+ complexes of fi nger 3 (F3) of 

TFIIIA with its DNA binding site, Zn-F3 binds only 10 times stronger than Cd-F3 [119]. This result 

suggests that the substitution of Cd2+ for Zn2+ induces only minor structural perturbations in the 

fi nger conformation.

Two-dimensional NMR spectroscopy was used to determine the structures of Zn- and Cd-mF3, 

in which mF3 is a peptide closely related to F3 that forms a suffi ciently stable complex with Cd2+ so 

that its NMR structure can be defi ned [119]. Figure 1.12 compares the two structures. Each metal 

ion is coordinated to two thiolate groups and two imidazole nitrogens. However, the conformation 

of the imidazole planes is markedly different in the two structures. Both structures exhibit the ββα 

peptide structure that is typical for C2H2 Zn-fi nger peptides with the cysteinyl ligands located in the 

β strand segments and the histidine imidazole side chains in the α-helix[120]. The helix serves as 

the primary DNA binding element. Nevertheless, because the imidazole ligands interact with Zn2+ 

and Cd2+ in somewhat different orientations, the two helices, themselves, are differentially folded. 

By projecting their DNA binding side chains in different directions (e.g., the arginine side chain in 

Figure 1.12), the two peptides display differential DNA binding affi nities.

Interestingly, when native Zn9-TFIIIA reacts with Cd2+, the product contains less than stoichio-

metric concentrations of Cd2+ that are refractory to reaction with EDTA [117]. When more than one 

tandem Zn-fi nger (Zn-FN) is present in a peptide, it is hypothesized that the following pair of 

 reactions occurs:

 Cd2+ + (Zn-FN)-(Zn-FN+1) → (Cd-FN)-(Cd-FN+1) + 2Zn2+, (1.56)

 (Cd-FN)-(Cd-FN+1) → FN-Cd-FN+1 + Cd2+. (1.57)

In the fi rst, Cd2+ displaces Zn2+ and maintains the C2H2 coordination environment. In the second, 

Cd2+, which in comparison with Zn2+ favors sulfhydryl over nitrogen ligand coordination, estab-

lishes a more stable CdS4 site by binding to the thiolate groups of two adjacent fi ngers, FN and FN+1. 

Cd
HIS

HIS

ARG

Zn
CYS

CYS
HIS

HIS

ARG

CYS

CYS

Cd-mF3 Zn-mF3

FIGURE 1.12 NMR two-dimensional spectral structures of Zn-fi ngers containing Zn2+ and Cd2+. Structures 

based on modifi cation of fi nger 3 of transcription factor IIIA (Data from Krepkiy, D., Försterling, F.H., and 

Petering, D.H., Chem. Res. Toxicol., 17, 863, 2004). Cysteine and histidine ligands shown along with key DNA 

binding residue (arginine) in a helix side chain.
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The possibility that Cd2+ reorganizes the Zn2+ metal binding site as in Reaction 1.57 suggests that 

another metal ion, Pb2+, which also inactivates Zn-fi nger proteins and has high affi nity for sulfhy-

dryl groups, might do so in a similar way [117,121].

Zn-MT participates in metal ion exchange reactions with other metalloproteins besides its self-

exchange reactions (Reaction 1.51). As indicated in Section 1.2.3, Zn-MT undergoes reaction with 

Cd-tramtrack to form Cd-MT and Zn-tramtrack and, in the process, restores the specifi c DNA bind-

ing capacity of tramtrack [37]. Zn-MT metal exchange does not occur with Cd-Sp1 and at best very 

slowly with Cd-transcription factor IIIA, possibly because hypothetical interfi nger CdS4 sites are 

suffi ciently stable to render the reaction energetically unfavorable [50,122].

1.5 ADDUCT FORMATION

The role of adduct formation in cellular inorganic chemistry has received less attention than other 

categories of inorganic reactions. Nevertheless, in many ligand substitution reactions, the formation 

of adduct species comprises part of the mechanistic pathway:

 M-L1 + L2 → L2-M-L1  (adduct), (1.58)

 L2-M-L1 → M-L2 + L1  (substitution). (1.59)

For example, in the reaction of Cd7- or Zn7-MT with EDTA, each cluster initially forms an adduct 

species with EDTA, in which one or more EDTA ligand atoms replace sulfhydryl groups in the 

metal-thiolate clusters [123]. Conceivably, in some reactions, ligand substitution stops at the stage of 

adduct formation. In this context, whenever a metal binding ligand is used, the possibility should be 

considered that adduct formation plays a key role in the observed cellular effects of certain metal 

binding ligands, as well as or perhaps instead of complete substitution.

1.5.1 FLUORESCENT Zn2+ SENSORS IN RELATION TO Zn2+ TRAFFICKING

Recently, Zn2+ traffi cking has been invoked in a variety of physiological processes such as apoptosis 

and neuronal synapse activity, suggesting that it plays dynamic roles in cells beyond its responsibili-

ties when bound to proteins [124–128]. In order to provide chemical tools to observe such time-

dependent activities, increasing effort has been invested in synthesizing and using fl uorescent Zn2+ 

sensors. In principle, these sensors are accumulated by cells and, once inside, innocuously report on 

“chelatable” Zn2+ distribution and changes in its distribution during cellular activities and their per-

turbations [124–133]. This approach to observing cellular Zn2+ localization and traffi cking follows 

the highly successful development and application of fl uorescent Ca2+ sensors [134,135].

The ideal sensor is a passive observer of Zn2+ status that does not signifi cantly perturb Zn2+ traf-

fi cking or distribution [136]. In the parlance of the fi eld, Lsensor reacts with “free,” “labile,” “chelat-

able,” or “accessible” Zn2+ (Zn-Lreactive).

 Zn-Lreactive + Lsensor → Zn-Lsensor + Lreactive. (1.60)

These adjectives suggest readily available Zn2+ that is weakly or modesty associated with binding 

sites. Nevertheless, it is evident that the extent of formation of Zn-Lsensor depends on the properties 

of particular Lsensors and Zn-Lreactive, their equilibrium affi nity for Zn2+, kinetic reactivity with one 

another, as well as intracellular concentration. Thus, in principle, each chemically distinct type of 

sensor might access different pools of intracellular Zn2+ and, in so doing, alter facets of steady-state 

or transient Zn2+ distribution.

Typically, reports of experiments that utilize such sensors describe cells initially stained with a 

Zn2+ fl uorophore that undergo a change in fl uorescence intensity after some stimulus. An increase 
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in fl uorescent emission intensity is ascribed to the liberation of “free” or “accessible” Zn2+ within 

the cells. The repertoire of experimental methods employed with such sensors may be quite sophis-

ticated and include, for example, kinetic measurements [137]. And that is about as much as fl uores-

cent measurements can reveal when employed alone to monitor Zn2+ traffi cking. Left unresolved is 

the basic chemical question: what is being imaged?

1.5.2 FLUORESCENT Zn2+ SENSOR TSQ

The prototypical Zn2+ sensor is N-(6-methoxy-8-quinolyl)-p-toluensulfonamide (TSQ), a molecule 

linking a metal binding domain with a fl uorescent moiety (Figure 1.13) [138,139]. Together with its 

close relative Zinquin, the two sensors comprise the most commonly used type of Zn2+ fl uorescent 

probe [129,140]. TSQ reacts with Zn2+, resulting in a drastic increase in the intensity of its fl uores-

cence emission. On incubation with cells, TSQ produces an asymmetric pattern of fl uorescence that 

is characterized by the appearance of punctate bodies, thought to contain high concentrations of 

Zn2+ (Figure 1.14). In the absence of TSQ, the entire microscopic fi eld would be black.

To understand what TSQ, Zinquin, or other types of Zn2+ sensors image in cells, it is necessary 

to understand their relevant chemistry. Two studies of the widely used Zn2+ sensor Zinquin exam-

ined what the authors considered to be the plausible or potential cellular chemistry of this sensor 

that needs to be considered in order to interpret its cellular behavior [131,132]. Zn (Zinquin)2’s log 

apparent stability constant is 13.5 at pH 7.2 and 25°C, and its log adduct formation constant with a 

number of Zn-Lreactive species ranges from 1 to 8 [130,141]. On a competitive equilibrium basis 

 therefore, Zinquin cannot compete for Zn2+ bound to metalloproteins such as CA (log K ~ 12) [142]. 

It was concluded that this sensor could image nM–pM concentrations of cellular free Zn2+. 

Alternatively, adduct species at the upper end of the stability range might be stable in cells.

1.5.3 WHAT IS TSQ IMAGING IN CELLS?

Pig kidney, LLC-PK1 cells exposed to TSQ display an intense punctate staining surrounding the 

nucleus, extending out into the cytoplasm (Figure 1.14). Determination of cell TSQ-Zn2+ concentration 

by quantitative fl uorescence spectrophotometry demonstrated that approximately 8% of the cellular 

complement of Zn2+ was detected as a TSQ complex (total: 200 nmol/108 cells or ca. 500 μM, based 

on literature values for volumes of cultured mammalian cells) [143]. This is a remarkably large per-

centage and incommensurate with the view that TSQ detects nM–pM concentrations of Zn2+ [130].

The common assumption has been that TSQ gains access to Zn2+
reactive (Reaction 1.61),

 Zn-Lreactive + 2TSQ → Zn(TSQ)2, (1.61)
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FIGURE 1.13 Structure of Zn-fl uorophore, TSQ, and its Zn2+ complex.
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and forms the low-molecular-weight product Zn(TSQ)2. The speciation of cytosolic Zn-TSQ species 

was probed using gel fi ltration chromatography to separate Zn2+ high molecular weight (Zn-proteome 

pool), metallothionein (MT), or low molecular weight (LMW) fractions [143]. Although Zn(TSQ)2 

would be anticipated to migrate with the LMW fractions, all of the Zn-TSQ fl uorescence localized 

with the Zn-proteome, consistent with the reaction of TSQ with Zn-proteins to form ternary 

adducts [141]:

 Zn-proteinreactive + TSQ → TSQ-Zn-proteinreactive. (1.62)

Confi rmation of this hypothesis came from the demonstration that cellular and isolated Zn-proteome 

fl uorescence was not due to free Zn(TSQ)2, which has its fl uorescence emission maximum at 

492 nm, but stemmed from adducts that exhibit blue-shifted emission maxima near 470 nm, as 

previously described [141]. The conclusion that TSQ images Zn-proteins and not “accessible” Zn2+, 

at least in some cells, completely changes the interpretation of TSQ cellular fl uorescence and brings 

into question what other sensors are imaging.

1.6 REDOX REACTIONS

The fi nal category of reactions focuses on oxidation–reduction processes. As with other facets of 

cellular inorganic chemistry, there is still much to be learned about these reactions.

1.6.1 IRON TRAFFICKING AND PHARMACEUTICAL LIGANDS FOR Fe OVERLOAD DISORDER

Fe-traffi cking mechanisms, like those for Zn2+, remain largely unresolved. The single exception is 

the transferrin-dependent uptake of Fe from the extracellular medium into mammalian cells. That 

set of reactions is summarized as

 Fe(III)2-Tr • Tr-receptorextracellular → Fe(III)2-Tr • Tr-receptorextracellular, (1.63)

FIGURE 1.14 Fluorescent image of LLC-PK1 cells stained with TSQ. Nucleus (N) and punctate staining 

about the nucleus.
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 Fe(III)2-Tr • Tr-receptorextracellular → Fe(III)2-Tr • Tr-receptorvesicle, (1.64)

 Fe(III)2-Tr − Tr-receptorvesicle + nH+ → apo-Tr(H+)n − Tr-receptorvesicle + 2Fe3+
vesicle, (1.65)

 2Fe3+
vesicle + 2e − → 2Fe2+

vesicle, (1.66)

 2Fe2+
vesicle → 2Fe2+

cytosol. (1.67)

Fe(III) in the extracellular medium is presented to the cell primarily as Fe(III)1-2-Tr [144]. Fe-loaded 

Tr binds to the exterior of the cell by associating with the transferrin receptor [145,146]. The adduct 

is internalized as the plasma membrane invaginates and forms an endosomal vesicle such that the 

complex is located inside the vesicle [147,148]. How Fe(III) dissociates from Tr has been the subject 

of much study since each Fe(III) bound to Tr is characterized by a very large stability constant that 

is greater than 1022 [149]. Initially, it was thought that the lower internal pH of the vesicle was suf-

fi cient to reduce the strength of association as H+ competed for binding to Fe(III) ligands [147,148]. 

Indeed, given enough time, the pH of the vesicle, on the order of 5.5, is suffi cient to shift the binding 

equilibrium toward free Fe3+:

 Fe(III)2-Tr + nH+ → apo-Tr(H+)n + 2Fe3+. (1.68)

But the reaction occurs too slowly to explain the cellular turnover of Fe(III)2-Tr, which can be on the 

order of 102 s [150,151]. That is, the reaction as written was kinetically too sluggish to account for 

the observed cellular dynamics.

Studies of this reaction carried out with Fe(III)2-Tr bound to the transferrin receptor either in 

endosomes or in synthetic vesicles reveal that Reaction 1.65 occurs one to two orders of magnitude 

faster than Reaction 1.68 at acidic pH, which would qualify it as a kinetically competent step in the 

cellular turnover of transferrin-bound iron [152,153]. Once released, Fe3+ would then be reduced in 

the endosome by some unidentifi ed mechanism and transported to the cytoplasm by the divalent 

metal ion transporter one [152,154,155]. The apparent rates of reduction and transport of Fe3+ exper-

imentally dissociated from the transferrin • transferrin receptor complex with different reductants 

are considerably slower than the H+-dependent release of Fe(III) from the complex and might not 

qualify as a kinetically feasible step in the transferrin-iron cycle [155].

An appealing alternative hypothesis is based on the fi ndings that under some circumstances, 

transferrin-bound Fe(III) can be reduced and dissociated [77,150]. Might Fe3+ reduction that is pos-

ited to occur after dissociation of Fe3+ from Tr actually take place with Fe(III)2Tr • Tr-receptorvesicle 

bound Fe(III)? Perhaps, Reactions 1.63 through 1.67 are combined into a single process:

   Fe(III)2-Tr • Tr-receptorvesicle + nH+ + 2e− → apo-Tr(H+)n • Tr-receptorvesicle + 2Fe2+
vesicle. (1.69)

Reaction 1.69 involving the N-terminal lobe of transferrin occurs fi ve times faster at pH 6.0 than 

at pH 7.4, indicating that acidifi cation of the endosome speeds up Fe(III) reduction as well as 

Fe(III) dissociation from transferrin [156]. However, the need for a strong Fe(II) acceptor such as 

BPS to drive the reaction in the face of the very unfavorable reduction potentials of Fe(III)Tr 

makes this a problematic cellular mechanism [80]. Recently, Crumbliss and colleagues determined 

that Fe(III)2Tr binding to its receptor raises its reduction potential at pH 5.8 of about 200 mV to 

greater than −300 mV, placing it within reach of reduced nicotine adenine dinucleotide (NADH) 

[150]. Clearly, the interaction between Tr and Tr-receptor alters the

   Fe(III)2-Tr • Tr-receptorvesicle + nH+ + 2e− → apo-Tr(H+)n • Tr-receptorvesicle + 2Fe3+
vesicle (1.70)
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properties of the Fe(III) binding sites under acidic conditions. Whether this extends to enhancing 

the kinetics of Reaction 1.69 suffi ciently to qualify it as a dual mechanism for iron dissociation and 

reduction remains to be established.

Considerations of Fe traffi cking mechanisms suggest approaches to addressing the problem of 

iron overload, which results largely from the treatment of the genetic disease of thalassemia [157]. 

Extensive effort has been devoted to encouraging the discovery of drugs that chelate Fe and facili-

tate its excretion [157]. A measure of success has been achieved with the siderophore desferrioxam-

ine in humans and other agents in experimental model systems [157]. Still, strategies to address this 

issue have focused almost exclusively on Fe(III) chelating agents because the primary molecules 

involved in Fe transport and storage, transferrin and ferritin, are Fe(III) binders. Given the discus-

sion above, it seems that molecules that can intercept and bind Fe(II) deserve equal attention. For 

example, 2-formylpyridine thiosemicarbazone forms a relatively redox-stable Fe(II) complex and its 

derivative, 5-hydroxy-2-formylpyridine thiosemicarbzone (L), mobilizes substantial amounts of Fe 

from cancer patients as what appears to be Fe(II)L2 [158,159].

1.6.2 Zn-METALLOTHIONEIN AND SULFHYDRYL GROUP REDOX CHEMISTRY

1.6.2.1 Reactions with Disulfi des
A common ligand in biometal complexes is the sulfhydryl group (RSH) of cysteine. Besides its 

large affi nity for transition and other heavy metal ions, it is redox active and its sulfhydryl groups 

are readily oxidized to the level of disulfi de or beyond. Should an oxidizing agent target metal-

bound thiol, for example, its conversion to an oxidized form would be accompanied by substan-

tially reduced metal binding affi nity and the increased likelihood that the metal ion will 

dissociate.

Because of its unique complement of Zn2+ and cysteinyl thiolate groups as well as its signifi cant 

concentration in many cells, metallothionein has been singled out as a probable, prominent site of 

sulfhydryl group reaction with oxidizing agents. For example, reaction of the thiol groups of Zn-MT 

with DTNB [(5,5N-dithiobis(2-nitrobenzoate), RS-SR], a thiol-disulfi de interchange reaction that is 

formally a redox process, results in the release of Zn2+ from the protein [160]:

 Zn-SMT + RS-SR → MTS-SR + RS− + Zn2+. (1.71)

It has been proposed that this reaction has physiological signifi cance as a means to mobilize 

MT-bound Zn2+ when glutathione disulfi de (GS-SG) replaces DTNB [161]. However, an early study 

showed that this redox process occurs with very slow kinetics, presumably because GSH’s bulky 

structure presents a formidable steric barrier to effi cient reaction with Zn-MT [162]. Even at milli-

molar concentrations of GS-SG, the reaction halftime is on the order of 24 h. Thus, it is unclear how 

this reaction might contribute to ongoing Zn2+ traffi cking.

1.6.2.2 Reactions with Nitric Oxide Species
A second example offers a more complicated cellular picture. Zn2+ fl uorescent sensors such as TSQ 

have been employed to investigate the impact of NO donors on cells [163,164]. Typically, exposure 

to NO results in fl uorescence enhancement that has been interpreted as reaction of the sensor with 

Zn2+ lost from MT upon reaction of its thiol groups with an NO metabolite. The thiol groups (RH−) 

might have been modifi ed to form S-nitrosothiolate (RS-NO) or disulfi de species. In one experi-

ment, the kinetics of Zn2+ release detected by the sensor (Zinquin) were very fast, with the reaction 

going to completion in about 50–100 s [163].

The fast reaction observed in this cellular study seems inconsistent with in vitro experiments that 

reveal much slower kinetics of reaction of Zn7-MT (isoform 2) with NO donors [165]. In summary, 

under anaerobic conditions, Zn-MT (Zn7-MT 2) is unreactive with NO supplied by the rapid 
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 decomposition of DEA-NO (diethylaminenonoate) or the photochemical decay of SNAP (S-nitrosyl-

acetylpenicillamine, RS-NO) (Reaction 1.72). Moreover, Zn-MT fails to react with similar concen-

trations of SNAP under aerobic conditions in the absence of light (Reaction 1.73):

 RS-NO + light → RS• + NO•, (1.72)

 RS−
MT + R′S-NO → RSMT-NO + R′S−. (1.73)

Zn-MT slowly reacts and releases its Zn2+ in the presence of aerobic DEA-NO or aerobic, light- 

activated SNAP or S-nitrosylglutathione (Reactions 1.74 through 1.76). Each of these reactions 

involves the liberation of NO followed by its reaction with O2 to produce NO2 and N2O3. Spectral 

analysis of the product did not detect the presence of S-nitrosyl groups (340 nm absorbance maxi-

mum), suggesting that the reaction, instead,

 2NO• + O2 → 2NO2
•
, (1.74)

 RS−
MT + NO2

•
 → RS

•
MT (½RS-SR) + NO2

−, (1.75)

 RS
•
MT + NO• → RSMT-NO (1.76)

produced disulfi des (Reactions 1.74 and 1.75). Thus, at best, Zn-MT sluggishly reacts with large 

concentrations of NO under aerobic conditions. In contrast, apo-MT reacts very rapidly with both 

anaerobic NO and SNAP, in agreement with the expected higher reactivity of free than Zn2+-bound 

sulfhydryl groups.

The argument that Zn-MT is a target of NO is bolstered by clever experiments in which cells 

were transfected with a plasmid that expressed metallothionein linked at N and C termini to two 

mutant green fl uorescent proteins (GFPs) [166,167]. When present in the Zn2+-bound form, the 

GFPs underwent fl uorescent resonance energy transfer (FRET) that could be observed in cells. On 

exposing these transfected cells to NO, the FRET was lost, indicative of the reaction of the Zn-MT 

chimeric protein to unfold the protein, lengthening the average distance between the fl uorophores 

and abrogating the FRET.

Other experiments exposed cells in cell culture to DEA-NO and then determined its impact on 

the Zn2+ and thiol content of the proteome, MT, and glutathione pools after gel fi ltration chromatog-

raphy [165]. No evidence of Zn-MT reaction was obtained but apo-MT underwent extensive modi-

fi cation. Strikingly, both the proteomic and glutathione pools of sulfhydryl groups were reactive 

with the NO donor. Indeed, the extent of reaction in each pool paralleled its respective concentration 

in the cell. These analytical measurements emphasize that even if cellular Zn-MT reacts with NO 

metabolites, it does so in the midst of a bewildering, global reaction of the cell’s thiol complement 

with NO donors. It is diffi cult to assign cellular target specifi city to Zn-MT when much of the entire 

thiol metabolome reacts with DEA-NO.

1.7 CONCLUSIONS

Initial inquiries into the content of the metal-dependent proteome confi rm its great size and suggest 

comparable complexity of its metal traffi cking mechanisms [1–4]. Defi ning the roles and actions of 

cellular essential metals is especially diffi cult because generally they operate through their associa-

tion with macromolecules and not as independent entities. Investigators are presented with added 

challenges when attempting to understand how xenobiotic metallic species, toxic metals and metal-

lodrugs, react in the cellular milieu because one cannot presume the existence of established path-

ways of reaction. In this context, complementary chemical and cellular studies are useful to test 

proposed hypotheses: model chemical experiments probe whether cellular observations can be 
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attributed to particular chemical reactions. More diffi cult but equally important, experiments with 

cells offer the opportunity of determining whether chemical models resemble actual cellular chem-

istry. Together, they offer an effective strategy in order to understand cellular metal traffi cking and 

function.
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2.1 INTRODUCTION

Of the toxic heavy metals, mercury is unique in that it can exist in several physical states and 

 chemical forms. For instance, elemental (metallic) mercury is a liquid at room temperature. 

Additionally, at room temperature or higher temperatures, elemental mercury is readily converted to 

mercury vapor at normal atmospheric pressure (760 torr). Mercury can also exist in cationic form, 

with an oxidation state of 1+ (mercurous) or 2+ (mercuric). However, the most common cationic form 

of mercury encountered in occupational and environmental settings is the mercuric form, which can 

exist with a valence of 0, 1+, or 2+. In general, the valence of a mercuric ion depends on whether the 

ion is covalently bonded to a carbon atom of an organic group, such as a methyl, ethyl, or phenyl 

group. Monomethylmercury (CH3Hg+) is, without question, the most prevalent organic form of 

 mercury encountered in the environment. Methylation of inorganic mercuric ions by microorganisms 

in soil and water accounts for the preponderance of methylmercury in the environment [1].

Global expansion of industrialization along with corresponding increases in environmental 

 contamination during the twentieth century have led to the increased risk of humans and animals 

being exposed to the various forms of mercury. Even in present-day society, where environmental 

issues are of great concern to many, mercury continues to be an environmental toxicant that is dis-

seminated ubiquitously throughout the world, largely due to the burning of fossil fuels and changing 

atmospheric conditions.

Although mercuric ions have adverse effects in a number of organs and tissues, the kidneys are 

one of the primary targets where mercuric species are taken up and accumulated, especially follow-

ing exposure to inorganic forms of mercury (Hg2+). More importantly, the kidneys are particularly 

at risk of becoming intoxicated following exposure to mercury due to both the burden of mercury 

taken up by the kidneys and the level of oxygen consumption that occurs along the nephron. Both 

inorganic and organic forms of mercury are potentially nephrotoxic, with the organic forms of mer-

cury being somewhat less nephrotoxic (on a per mole basis) than inorganic mercurous or mercuric 

compounds. The corporal distribution of organic mercury is more diffuse than that of inorganic 

forms. In addition to its adverse effects in the kidneys, organic forms of mercury have signifi cant 

adverse effects in other tissues, organs, and systems, such as in hematopoietic tissues and the central 

and peripheral nervous systems [1,2]. It should be stressed that there are signifi cant differences in 

systemic distribution, and patterns of biological and toxicological effects, between inorganic and 

organic forms of mercury. These differences are most likely related to mechanisms participating in 

the transport and metabolism of these species of mercury in target cells [3,4].

Regarding the biological impact of mercuric ions in target tissues and organs, one must take into 

account the bonding characteristics of these ions. After exposure to mercury vapor or an organic 
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mercuric compound, oxidation of these forms of mercury is promoted in systemic circulation and/

or in target cells. Once these forms undergo oxidation, mercuric ions are able to bond to nucleo-

philic groups on a number of molecules. In fact, mercuric ions have the greatest predilection to bond 

to reduced sulfur atom(s) on endogenous thiol-containing molecules, such as glutathione (GSH), 

cysteine (Cys), homocysteine (Hcy), N-acetylcysteine (NAC), metallothionein (MT), and albumin. 

The affi nity constant for mercuric ions bonding to reduced sulfur atoms and thiolate anions is on the 

order of 1015–1020. By contrast, the affi nity constants for mercuric ions bonding to oxygen- or 

 nitrogen-containing ligands (such as carbonyl or amino groups) are about 10 orders of magnitude 

lower. Accordingly, it is reasonable to consider much, if not all, of the biological effects of inorganic 

and organic forms of mercury in terms of their interactions with molecules possessing one or more 

sulfhydryl (SH) group(s).

Experimental evidence indicates that in the presence of an excess of a low-molecular-weight 

thiol-containing molecule in aqueous solution, mercuric ions have a tremendously high propensity 

toward linear II coordination with two of these molecules. For example, when GSH inorganic and 

mercuric ions are in a ratio as little as 2:1 in aqueous solution (at room temperature), each mercuric 

ion forms a linear II coordinate covalent complex with two molecules of GSH by bonding to the 

sulfur atom on the cysteinyl residue of each of the two GSH molecules. Organic mercurials, such as 

monomethylmercury, have the propensity to form a linear I coordinate covalent complex with thiol-

containing molecules. Despite the thermodynamic stability of the (linear I or II) coordinate cova-

lent bonds formed between mercuric ions and various thiol-containing molecules in aqueous 

solution, the bonding characteristics between mercuric ions and these thiol-containing molecules 

appear to be more labile within biological systems [5]. A host of complex factors, such as thiol and/

or other nucleophilic competition and exchange, likely serve as cogent arguments for the apparent 

labile nature of bonding that occurs between mercuric ions and certain thiol-containing molecules 

in certain tissues and cellular compartments. For example, once mercuric ions enter systemic 

 circulation after exposure, most of the ions in plasma bond to albumin, which is the most abundant 

protein in plasma and contains a single SH group that can bond readily to a mercuric ion [6–9]. 

However, these mercuric ions do not remain bonded to these proteins for very long, as evidenced by 

40% of the body burden of inorganic mercury being taken up within the kidneys in as little as 1 h 

after exposure. Current evidence indicates that this uptake is due to transport mechanisms involving 

low-molecular-weight thiol S-conjugates or mercury [4].

As mentioned above, the rapid decrease in plasma mercury occurs concurrently with a rapid rate 

of uptake of mercuric ions in the kidneys (and liver). Because current evidence indicates that small 

endogenous thiol S-conjugates form with mercuric species and that these complexes are involved in 

the transport of mercury in the kidneys, one can only conclude that mercuric ions must be trans-

ferred from the plasma proteins (mainly albumin) to these low-molecular-weight thiols by one or 

more ligand-exchange mechanism(s) that have yet to be defi ned. Additional support for this notion 

comes from both experimental and clinical studies demonstrating the effectiveness of certain 

 thiol-containing pharmacological agents, such as penicillamine, N-acetylpenicillamine, meso-2,3- 

dimercaptosuccinic acid (DMSA), 2,3-dimercapto-1-propanesulfonic acid (DMPS), dithioerythritol, 

and dithiothreitol, in reversing or protecting against toxic effects of mercury-containing compounds. 

The therapeutic action of these thiol-containing mercuric chelators is fundamentally premised on, 

and best explained by, the ability of these agents to compete for inorganic or organic mercuric ions 

from endogenous ligands via nucleophilic competition and exchange, thereby forming new 

 thiol–mercury complexes.

The dose-dependent toxic effects of inorganic mercury are extremely high in various renal 

 systems, including rats and rabbits treated with mercuric chloride [10–12], renal cortical slices [13], 

isolated segments of rabbit proximal tubules [14,15], freshly isolated proximal tubular cells from 

rats [16], and primary cultures of renal cortical cells from rats [17,18]. A threshold effect is generally 

observed in these systems, in that cellular death occurs rapidly and extensively over a narrow dose- 

or concentration-range. Above the dose or concentration where renal cellular death begins to be 

© 2010 by Taylor and Francis Group, LLC



38 Cellular and Molecular Biology of Metals

induced, the level of cellular death progresses rapidly. In some systems, an all-or-none response is 

observed. This does not mean that subtoxic doses of mercury do not have biochemical or physiologi-

cal effects. A possible explanation for the threshold effect and the subsequent steep dose–response 

curve is that endogenous protective ligands, such as GSH, which likely behave as intracellular buf-

fers preventing functional changes, are depleted as a result of binding to mercuric ions. Above the 

dose or concentration of mercuric ions where renal cellular injury is induced, it is likely that the 

pools of intracellular thiol buffers become depleted, thus permitting mercuric or mercurous ions to 

bind to critical nucleophilic groups in target cells. Bonding of mercuric ions to critical nucleophilic 

groups on vital cellular proteins ultimately leads to oxidative events resulting in functional impair-

ment and death in the target renal epithelial cells. Intracellular SH-containing proteins such as MT 

(especially newly synthesized apothionein) likely also play protective roles by potentially bonding 

to mercuric ions entering into target renal epithelial cells. Accordingly, designing therapeutic regi-

mens to treat the nephropathy induced by mercuric ions is of great importance. In order to design 

these therapeutic regimens, it is essential to understand the mechanisms involved in the uptake, 

intracellular binding, and cellular elimination of mercuric ions in target renal epithelial cells, namely 

those lining the proximal tubule. In addition to seeking a better understanding of the chemical 

 properties of mercury-containing compounds and the intracellular buffering capacity in cells of 

target and nontarget organs, other factors must be considered to better defi ne the biochemical and 

molecular mechanisms of action of mercury-containing compounds in the kidney. Particular atten-

tion needs to be paid to the potential role of “molecular mimicry” and the species of mercury 

involved in the renal (proximal) tubular uptake and transport of mercuric ions.

Susceptibility to the injurious effects of mercury can be modifi ed by a number of intracellular 

and extracellular factors. These very factors serve as the theoretical basis for most of the currently 

employed therapeutic strategies. Physiological or pathological alterations in cellular function, par-

ticularly in the kidney(s) and liver, also play important roles in modifying susceptibility to mercury-

induced renal injury.

2.2 MOLECULAR TRANSPORT OF MERCURY IN THE KIDNEYS

In most (if not all) mammals, the kidneys are principal organs where mercuric ions accumulate, 

especially following exposure to elemental or inorganic forms of mercury [10,11,19–31]. Experimental 

evidence indicates that mercuric ions are taken up in the kidneys very rapidly. As much as 50% of 

a non-nephrotoxic, intravenous dose (0.5 μmol kg−1) of inorganic mercury localizes in the kidneys 

of rats within a few hours after exposure. Mercuric ions also accumulate in the kidneys after expo-

sure to organic forms of mercury [26,32–39] However, the level of accumulation is much less than 

that after exposure to inorganic or elemental forms of mercury. For example, only about 10% of an 

intravenous dose of mercury has been shown to be present in the combined renal mass of rats 24 h 

after the administration of a non-nephrotoxic (5 mg kg−1) dose of methylmercury [40].

2.2.1 RENAL DISPOSITION OF MERCURY

Previous fi ndings from numerous studies indicate that both inorganic and organic forms of mercury 

accumulate primarily in the cortex and outer stripe of the outer medulla of the kidneys 

[10,12,19,22,29,30,41–51]. Histochemical and autoradiographic data from mice and rats [30,51–57] 

and tubular microdissection data from rats and rabbits [19,29] provide evidence that the majority of 

the renal burden of mercury can be accounted for by mercuric ions being taken up by, and accumu-

lated in, the epithelial cells lining the three segments (S1, S2, and S3) of the proximal tubule. 

Deposits of mercury have also been localized along the renal proximal tubule of monkeys exposed 

to elemental mercury from dental amalgams [58]. Although the segments of the proximal tubule 

appear to be the primary sites where mercuric ions are taken up and accumulated, one cannot 
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exclude, at present, the possibility that other segments of the nephron and/or collecting duct may 

take up, accumulate, and transport inorganic and/or organic forms of mercury.

Presumed mercuric deposits have also been demonstrated in the renal proximal tubules of rats and 

mice treated with organic forms of mercury, such as methylmercury [52,56,57]. Additionally, there 

are fi ndings demonstrating that a signifi cant fraction of the mercury in the kidneys of animals exposed 

to methylmercury is in the inorganic form [32,33,40,59,60]. This indicates that organic mercuric ions 

are oxidized to inorganic mercuric ions prior to and/or after they localize in the proximal tubular 

epithelial cells. Furthermore, there is evidence indicating that intracellular oxidation of methylmer-

cury occurs [61], although the precise nature of this intracellular conversion of methylmercury 

remains uncertain.

2.2.2 PROXIMAL TUBULAR UPTAKE AND TRANSPORT OF MERCURY

2.2.2.1 Role of Endocytosis in the Proximal Tubular Absorption of Mercury
A number of theories about the mechanism(s) by which inorganic and organic forms of mercury 

gain entry into epithelial cells of the three segments of the renal proximal tubule have been exam-

ined over the past several decades. Nearly three decades ago, Madsen [62], and then later Zalups and 

Barfuss [63], put forth the hypothesis that some mercuric ions gain entry into proximal tubular cells 

by a process involving endocytosis of fi ltered mercury–albumin complexes. As stated above, albu-

min is the most abundant protein in plasma and it has an SH group on a terminal cysteinyl residue. 

This SH group can serve as a binding site for both inorganic and organic mercuric ions. However, 

other nucleophilic sites on albumin may also serve as binding sites for mercuric ions. Previous fi nd-

ings show that the largest percentage of mercury in plasma, shortly after intravenous exposure to 

inorganic mercury, is bound to acid-precipitable proteins, such as albumin [6–8,64]. Since endocy-

totic processes occur primarily at the luminal plasma membrane of proximal tubular cells, both 

mercuric ions and albumin would have to be fi ltered at the glomerulus before they could enter into 

the lumen of the proximal tubule. In most mammals, there is normally a very low sieving coeffi cient 

for albumin at renal glomeruli. Interestingly, though, signifi cant amounts of protein, mainly albu-

min, are indeed fi ltered during each day. Thus, the notion of albumin–mercury complexes being 

fi ltered at the glomerulus is reasonable. In fact, Madsen [62] showed that when rats were made pro-

teinuric by the proximal tubular toxicant gentamicin, subsequent exposure to inorganic mercury 

resulted in signifi cant urinary excretion of mercury, where mercuric ions were bonded mainly to 

excreted molecules of albumin. Assuming that the proteinuria (induced by gentamicin) was not due 

to increased glomerular permeability, these data would suggest that a signifi cant fraction of inor-

ganic mercury fi ltered into the proximal tubular lumen is bound to albumin.

Zalups and Barfuss [63] later attempted to implicate an albumin conjugate of inorganic mercury 

in the luminal uptake of inorganic mercury. In their study, the simultaneous renal disposition of 

inorganic mercury and albumin was studied after administering mercuric conjugates of albumin 

containing both [125I]-albumin and [203Hg2+]. Unfortunately, the data provided insuffi cient evidence 

to implicate endocytosis of a mercuric conjugate of albumin as a primary mechanism in the luminal 

uptake of mercury. Conversely, there remain insuffi cient data to exclude endocytosis of a mercuric 

conjugate of albumin as a minor mechanism in the proximal tubular uptake of mercuric ions.

2.2.2.2  Role of Low-Molecular-Weight Thiols in the Proximal Tubular 
Absorption of Mercury

Recent studies have provided substantive evidence implicating several membrane transporters and 

low-molecular-weight thiol S-conjugates of mercury in the proximal tubular uptake of mercuric 

ions. Data from these studies indicate that the proximal tubular uptake of mercuric ions involves 

two distinct pathways: at the luminal membrane [65–73] and at the basolateral membrane 

[67,70–72,74–85].
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2.2.3 MECHANISMS PARTICIPATING IN THE LUMINAL UPTAKE OF MERCURY

2.2.3.1 Role of γ-Glutamyltransferase
There is convincing evidence linking the activity of the brush-border enzyme γ-glutamyltransferase 

in the luminal uptake of inorganic mercury, and to a lesser extent organic forms of mercury. Within 

the kidneys, γ-glutamyltransferase is localized predominantly, if not exclusively, in the luminal 

(brush-border) membrane of the epithelial cells lining all three segments of the proximal tubule. 

The principal, if not sole, role of this extracellular-facing luminal plasma enzyme is to cleave hydro-

lytically the γ-glutamylcysteine bond on molecules of GSH in the proximal tubular lumen.

An important consideration in the degradation of GSH in the lumen along the length of the proxi-

mal tubule is that there is signifi cant axial heterogeneity in the amount of enzyme present in the 

luminal plasma membrane among the three segments. This heterogeneity appears to correlate with 

the surface area and surface density of the luminal plasma membrane in the epithelial cells lining 

each of the three portions of the proximal tubule. The implication of this heterogeneity is that dif-

ferential levels of degradation of GSH along the proximal tubule have a profound impact on thiol 

metabolism along the three segments of the proximal tubule, which most likely impacts the manner 

in which mercuric ions are handled in both the intracellular and extracellular compartments in these 

proximal tubular segments.

Much of the evidence implicating the activity of γ-glutamyltransferase in the renal tubular uptake 

of mercury comes from in vivo experiments in which γ-glutamyltransferase was inhibited by alkyla-

tion with L-(αS,5S)-α-amino-3-chloro-4,5-dihydro-5-isoxazoleacetic acid (acivicin). Data from 

these experiments show clearly that when the activity of γ-glutamyltransferase is inhibited in the 

kidneys by pretreatment with acivicin, profound effects occur in the renal disposition of adminis-

tered mercury. More specifi cally, pretreatment with acivicin signifi cantly decreases renal tubular 

uptake and/or accumulation of mercury, which correspondingly results in enhanced urinary excre-

tion of mercury in mice [86,87] and rats [75,88,89] treated with inorganic mercury, in mice given 

methylmercury [87], or in mice exposed to mercury vapor [90,91]. Enhanced urinary excretion of 

GSH has also been documented in acivicin-pretreated rats that were subsequently injected with 

inorganic mercury [88].

Cannon et al. [65,66] provided the most direct evidence to date implicating the role of 

γ- glutamyltransferase in the luminal uptake of mercury in the proximal tubule. They demonstrated, 

in isolated perfused S2 segments of the rabbit proximal tubule, that inhibition of γ- glutamyltransferase 

(by direct application of acivicin to the luminal plasma membrane) causes signifi cant reductions in 

the luminal uptake (disappearance fl ux, JD) and cellular accumulation of mercuric ions when they 

are in the form of linear II, coordinate covalent, GSH S-conjugates.

Collectively, both the in vivo and in vitro data described above provide strong evidentiary  support 

for the hypothesis that a signifi cant fraction of the mercuric ions taken up by proximal tubular 

 epithelial cells is accomplished by a luminal absorptive mechanism dependent on the actions of 

γ-glutamyltransferase. Figure 2.1 summarizes mechanisms in the luminal uptake of mercuric ions 

that involve the activity of γ-glutamyltransferase.

2.2.3.2 GSH S-Conjugates of Mercury in the Lumen of the Proximal Tubule
One implication of the data obtained during in vivo inhibition of γ-glutamyltransferase is that some 

pool of mercuric ions present in the lumen of the proximal tubule exists in the form of a GSH 

S-conjugate of inorganic mercury (GSH-Hg-GSH) just prior to being taken up. Although it remains 

unclear at present where these mercuric conjugates of GSH are formed prior to arriving in the lumen 

of the proximal tubule, one must consider the possibility that some of these conjugates are formed 

outside the kidneys and enter into the lumen of the proximal tubule via glomerular fi ltration. There 

are a few reasons to suspect that this may occur. First, the formation of mercuric conjugates of GSH 

in the plasma (after exposure to mercuric compounds) is theoretically possible because the 

 concentration of this thiol-containing molecule in the plasma of rats has been estimated to be 
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FIGURE 2.1  Mechanisms involved in the luminal uptake of inorganic mercury in renal proximal tubular 

 epithelial cells. The fundamental premise underlying this scheme is the presence of mercuric GSH S-conjugates 

of mercury (GSH-Hg-GSH) in the proximal tubular lumen. What remains unclear at present is how these 

conjugates gain entry into the luminal compartment. At present, one cannot exclude the possibility that these 

mercuric complexes enter the tubular lumen by glomerular fi ltration, tubular secretion, and/or formation in the 

luminal compartment. The primary mechanism involved in the luminal uptake of mercuric ions along proximal 

tubular segments involves the participation of the brush-border enzyme γ-glutamyltranspeptidase (also known 

as glutamyltransferase). When there is near-complete inhibition of the enzyme (with the alkylating agent 

acivicin), luminal uptake of mercury decreases signifi cantly, while urinary excretion of mercury and GSH 

increases signifi cantly. γ-Glutamyltranspeptidase is believed to hydrolytically cleave the γ-glutamylcysteine 

bond on molecules of GSH bonded to mercuric ions (via the sulfur atom of the cysteinyl residue). There is also 

the possibility that mixed mercuric conjugates may be present in the tubular lumen, but that these have not 

been included in this fi gure. According to evidence gathered to date, the resulting cysteinylglycine S-conjugate 

of mercury (CysGly-Hg-CysGly) can potentially enter proximal tubular epithelial cells by two pathways. The 

most likely pathway involves the additional catalytic cleavage of the cysteinylglycinyl bond on molecules of 

cysteinylglycine bonded to a mercuric ion by the dehydropeptidase-1, cysteinylglycinase, which is also present 

in the luminal membrane. The second pathway may involve the transport of a mercuric S-conjugate of cystei-

nylglycine into the proximal tubular cell by one of the sodium-dependent peptide transport systems. However, 

due to the abundance of dehydropeptidase activity on the luminal membrane of proximal tubular epithelial 

cells, it seems unlikely that any appreciable amount of transport of a mercuric conjugate of cysteinylglycine 

would occur under normal circumstances. Subsequent to the actions of cysteinylglycinase, a Cys S-conjugate 

(Cys-Hg-Cys) remains in the lumen. Strong evidence indicates that this resulting mercuric S-conjugate of 

Cys is taken up by proximal tubular epithelial cells via amino transporters in the luminal plasma membrane. 

Both sodium-dependent and sodium-independent amino transport systems appear to be involved. One cannot 

exclude, however, the possibility that some type of a mercuric conjugate of GSH is also taken up intact by one 

of the luminal transport systems. This scheme also shows the potential for endocytosis of mercuric conjugates 

of albumin, although if this occurs, this mechanism does not likely account for an appreciable fraction of the 

uptake of mercuric ions. GSH is synthesized in proximal tubular epithelial cells and may be secreted into the 

tubular lumen of proximal tubular segments, where GSH may compete for the mercuric ions (by a mechanism 

of thiol competition) carried into the tubular lumen by albumin or other plasma proteins. Mercuric conjugates 

of Cys formed in blood may also be fi ltered into the tubular lumen.
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 approximately 10 μM [92], which provides a pool of GSH to form conjugates with mercuric ions in 

plasma. Second, the liver is a major source for GSH in the body, and mercuric conjugates of GSH 

have been shown to form in hepatocytes. Once formed, these conjugates may enter into systemic 

circulation along with GSH, where they can then be delivered to the kidneys. Third, the size and 

shape of GSH S-conjugates of inorganic mercury are such that they can pass through the glomerular 

fi ltration barrier unimpeded.

Another important consideration is that a signifi cant fraction of the pool of GSH S-conjugates of 

mercury present in the luminal compartment of proximal tubules is actually formed in the lumen of 

the proximal tubule via mechanisms involving some form of thiol competition. Support for this 

notion comes from isolated perfused tubule data demonstrating that approximately 75% of the GSH 

synthesized de novo in pars recta segments of proximal tubules is secreted into the tubular lumen 

[93,94]. This pool of secreted GSH could theoretically provide a high enough concentration of GSH 

to permit the formation of GSH S-conjugates of mercury in the lumen of the proximal tubule by a 

mechanism involving thiol competition.

An additional possibility deserving consideration is that mercuric conjugates of GSH are formed 

within the cytosolic compartment of proximal tubules and that a fraction of these formed conjugates 

are actually secreted intact into the proximal tubular lumen. There are data from mice that tend to 

support this hypothesis [87]. The localization of the multidrug resistance associated proteins, MRP2 

and MRP4, in the kidneys also tends to support the possibility of luminal secretion of mercuric 

S-conjugates of GSH. These proteins are present in the brush-border membrane of epithelial cells 

lining the proximal tubule of rats [95] and humans [96]. Both MRP2 and MRP4 are ATP-binding 

cassette (ABC) transport proteins, which have been shown to be involved in the intracellular to extra-

cellular transport of GSH S-conjugates of various metabolites and xenobiotics at the canalicular 

membrane of hepatocytes [97]. Based on what is currently known about MRP2 and MRP4, it seems 

reasonable to hypothesize that intracellular mercuric S-conjugates of GSH are also transported (in a 

secretory manner) by these proteins in both hepatocytes and proximal tubular epithelial cells.

In a recent series of studies, we provide strong evidence supporting a role for MRP2 in the proxi-

mal tubular secretion of species of both inorganic mercury and methylmercury. In particular, we 

demonstrated, in MRP2-defi cient (TR−) rats and in inside-out membrane vesicles from sf9 cells 

transfected with hMRP2, that DMPS S-conjugates of inorganic mercury or methylmercury and 

S-conjugates of DMSA are substrates that can be transported from the intracellular environment of 

proximal tubular epithelial cells into the tubular lumen by MRP2. As referred to above, the luminal 

plasma membrane of proximal tubular epithelial cells also contains MRP4.

2.2.3.3 Role of Cysteinylglycinase
Inasmuch as cysteinylglycine is a product of GSH degradation by γ-glutamyltransferase, one must 

consider the possibility that a cysteinylglycine S-conjugate may serve as a transportable substrate at 

the luminal plasma membrane of proximal tubular epithelial cells. In a recent study, Cannon et al. 

[65,66] examined this possibility in isolated perfused S2 segments of the rabbit proximal tubule. 

Their fi ndings show that near-complete inhibition of cysteinylglycinase with the dehydropeptidase-1 

inhibitor cilastatin signifi cantly reduced the luminal uptake of inorganic mercuric ions when cystei-

nylglycine S-conjugates of inorganic mercury were delivered into the luminal compartment. These 

fi ndings are apparently the fi rst to support the hypothesis that when inorganic mercuric ions are 

conjugated to cysteinylglycine, much of the luminal absorption of mercury is also linked to the 

actions of the dehydropeptidase-1 (cysteinylglycinase), which cleaves the peptide bond between the 

cysteinyl and glycinyl residues.

Cannon et al. [65,66] discovered, however, that inhibition of luminal dehydropeptidases did not 

completely prevent the luminal uptake of mercury when it was perfused through the lumen in the 

form of a mercuric conjugate of cysteinylglycine. These fi ndings indicate that some level of trans-

port of mercuric conjugates of cysteinylglycine may actually occur at the luminal membrane when 

luminal dehydropeptidases are inhibited. However, before one can make any defi nitive conclusions 

© 2010 by Taylor and Francis Group, LLC



Molecular and Cellular Biology of Mercury in the Kidneys 43

about potential transport of mercuric conjugates of cysteinylglycine in the proximal tubule in vivo, 

additional factors need to be considered, such as axial heterogeneity in the handling of GSH, cystei-

nylglycine and mercuric conjugates of GSH, and cysteinylglycine along the entire length of the 

proximal tubule. In fact, as referred to above, recent fi ndings from isolated perfused tubule studies 

demonstrate that there is signifi cant heterogeneity in the synthesis, secretion, and/or transport of 

GSH along the length of the rabbit proximal tubule [93,94].

2.2.3.4  Cleavage Products of GSH S-Conjugates of Mercury as Transportable Forms 
at the Luminal Plasma Membrane

Since a considerable fraction of the luminal uptake of mercuric ions by proximal tubular cells is 

linked to the activity of γ-glutamyltransferase and the presence of GSH S-conjugates of mercury in 

the tubular lumen, the actual luminal uptake of mercuric ions likely involves the transport of some 

cleavage product formed by the action of γ-glutamyltransferase. As mentioned above, one such 

product might be a cysteinylglycine S-conjugate, which could be transported potentially by one of 

the small-peptide transport systems in the luminal plasma membrane. However, because of the high 

level of activity of luminal membrane dehydropeptidases (such as cysteinylglycinase), one would 

predict that little, if any, of such a mercuric species could serve as a transportable substrate in vivo. 

Accordingly, based on the abundance of both γ-glutamyltransferase and cysteinylglycinase in the 

luminal plasma membrane of proximal tubular epithelial cells, a Cys S-conjugate of mercury is the 

most likely species of mercury taken up at the luminal membrane.

It should be stressed that sequential enzymatic degradation of GSH to cysteinylglycine, and then 

to Cys, has been demonstrated in vitro, while mercuric ions were bonded to the sulfur atom of the 

cysteinyl residue of GSH molecules that were being degraded enzymatically [98].

2.2.3.5  Mercuric Conjugates of Cys as a Primary Transportable Form of Mercury 
at the Luminal Plasma Membrane

Numerous sets of recent fi ndings indicate that mercuric conjugates of Cys, such as Cys-Hg-Cys, are 

likely one of the primary species of mercury transported across the luminal plasma membrane into 

the cytosolic compartment of proximal tubular cells. For example, there are in vivo data showing 

that the renal uptake and accumulation of inorganic mercury [69,70] and the level of renal tubular 

injury induced by inorganic mercury [99] were increased in animals when the inorganic mercury 

was administered as a mercuric conjugate of Cys. In addition, there are in vitro data showing that 

mercuric ions gained entry into renal brush-border membrane vesicles far more readily when they 

were in the form of mercuric conjugates of Cys than when they were in the form of mercuric conju-

gates of GSH or even mercuric chloride [71]. Subsequently, Cannon et al. [65,66] provided isolated 

perfused tubular data showing that Cys S-conjugates of inorganic mercury are transportable species 

of mercury at the luminal plasma membrane of proximal tubular epithelial cells. More specifi cally, 

these investigators demonstrated that the rates of luminal uptake (disappearance fl ux) of mercuric 

ions in isolated perfused proximal tubular segments were approximately twofold or more greater 

when Cys S-conjugates of inorganic mercury were present in the luminal compartment than when 

either GSH or cysteinylglycine S-conjugates of inorganic mercury were present in the lumen. They 

also showed that mercuric conjugates of Cys are taken up by at least two separate amino acid 

transport systems, with at least one of them being sodium dependent and the other being sodium 

independent [66].

Additional data by Cannon and colleagues [65,66] indicate that one or more of the same trans-

port systems involved in the luminal uptake of the disulfi de amino acid cystine may be involved in 

the luminal uptake of Cys S-conjugates of inorganic mercury. Additionally, these investigators dem-

onstrated that addition of an excess of l-lysine to a perfusate containing a low micromolar concen-

tration of newly formed Cys S-conjugates of inorganic mercury caused an approximate 50% decrease 

in the net rate of luminal uptake of inorganic mercury in the S2 segments of the rabbit proximal 

tubule. To put these fi ndings into context, Schafer and Watkins [100] established previously in 
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 isolated perfused S2 segments that l-lysine (3 mM) inhibits the luminal uptake of cystine (300 μM) 

by approximately 50%. Their fi ndings suggest that some component of the luminal absorption of 

cystine occurs through a transporter shared by the dibasic amino acid lysine. Overall, the aforemen-

tioned fi ndings indicated that a signifi cant fraction of the luminal uptake of Cys S-conjugates of 

inorganic mercury is transported into proximal tubular epithelial cells by one of the same transport 

systems involved in the luminal absorptive transport of cystine and lysine. Current knowledge of the 

mechanisms involved in the luminal uptake of mercuric conjugates of Cys by proximal tubules is 

outlined in Figure 2.2.

2.2.3.6  Mercuric Conjugates of Hcy as a Transportable Form of Mercury at 
the Luminal Plasma Membrane

The SH-containing amino acid Hcy is an important nonprotein thiol that is present in plasma. In 

fact, elevations in the plasma concentration of Hcy (known as hyperhomocysteinemia) can occur 

Lumen

GSH-Hg-GSH γ-GT
GSH-Hg-GSH

(Filtered, secreted, or
formed in lumen)

Gly-Cys-Hg-Cys-Gly

Cys-Hg-Cys
Cysteinylglycinase

Na+Cys-Hg-Cys ?Cys-Hg-Cys

Present in
brush-border

membrane

?Cys-Hg-Cys Cys-Cys
Cys-Hg-Cys

Neutral
amino acid

transporters
(possibly

system ASC) 

System b0,+ has
been implicated. Other

neutral and/or basic
amino acid transporters

may also be involved

Cys-Cys (Cystine)

Na+-dependent transport Na+-independent transport

Proximal tubular cell

Na+

FIGURE 2.2 Additional details on the mechanisms involved in the luminal uptake of the Cys S-conjugates 

of mercury (Cys-Hg-Cys) in proximal tubular segments that are outlined in Figure 2.1. At least two amino 

acid transporters have been implicated by isolated perfused tubule studies. One of these appears to be a 

sodium-dependent transporter, and at least one of them is a sodium-independent transporter. A potential can-

didate for the sodium-dependent transporter involved in the uptake of Cys-Hg-Cys is system ASC. Among the 

sodium-independent transporters, system b0,+ has been implicated in the absorptive transport of Cys-Hg-Cys. 

A current hypothesis regarding the mechanism by which Cys-Hg-Cys can gain entry into the proximal tubular 

epithelial cells is by a mechanism involving molecular homology (also referred to as “molecular mimicry”). 

According to this hypothesis, Cys-Hg-Cys is homologous to the amino acid cystine and enters proximal tubu-

lar epithelial cells through one of the primary sodium-independent transporters involved in the absorption of 

the disulfi de amino acid, cystine. Recent evidence from Xenopus laevis oocytes microinjected with the cRNA 

for, and from renal epithelial cells transfected stably with, system b0,+ indicates that system b0,+ is capable of 

transporting Cys-Hg-Cys.
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from abnormalities in the metabolism of methionine (Met) or Hcy, which can have serious 

 deleterious effects.

Normally, Hcy forms from the intracellular metabolism of Met and is broken down by one of two 

pathways: remethylation or transsulfuration. In the remethylation pathway, a methyl group, from 

N5-methyltetrahydrofolate or betaine, is transferred to Hcy to re-form methionine. Alternatively, 

Hcy can enter the transsulfuration pathway, where it is broken down into Cys and α-ketobutyrate via 

the sequential actions of cystathionine-β-synthase and γ-cystathionase [101]. Alterations in the 

metabolism of Hcy or Met leading to hyperhomocysteinemia are important clinically in that chronic 

elevation in the plasma levels of Hcy can play a contributory role in the induction of cardiovascular 

disease in some humans [102].

A number of studies have implicated the kidney as a major site of Hcy metabolism [101,103–107]. 

The enzymes involved in both the remethylation and transsulfuration pathways of Hcy metabolism 

have been identifi ed in the kidney [108]. However, in vivo and in vitro studies have demonstrated 

that the primary route by which Hcy is broken down is via transsulfuration and that this metabolism 

occurs primarily in proximal tubular epithelial cells [104,105].

Interestingly, proximal tubular cells are also the primary sites where inorganic mercury (Hg2+) 

accumulates and exerts its toxic effects. Owing to the strong electrophilic properties of Hg2+, mer-

curic ions are carried around in the plasma as conjugates of thiol-containing biomolecules. Some of 

the extracellular thiols that have been implicated in binding Hg2+ include Cys and GSH. In vitro 

studies from our laboratory have demonstrated that mercuric conjugates of Cys, 2-amino-3-(2- 

amino-2-carboxy-ethylsulfanylmercuricsulfanyl)-propionic acid (Cys-Hg-Cys), which are structur-

ally similar to the amino acid cystine (Cys-S-S-Cys), are taken up at the luminal plasma membrane 

of proximal tubular cells by the amino acid transporter, system b0,+ [109]. This heterodimeric amino 

acid transporter is comprised of a light chain, b0,+AT, and a heavy chain, rBAT. In the renal proximal 

tubular epithelium, it is found on the apical plasma membrane [110] and has been shown to transport 

cystine as well as a variety of neutral and cationic amino acids [111,112]. Figure 2.3 illustrates how 

system b0,+ is believed to be involved in the luminal uptake of Cys S-conjugates of mercury in proxi-

mal tubular epithelial cells.

Indirect evidence from in vivo studies indicates that when the mercuric conjugate of Hcy, 2-amino-

4-(3-amino-3-carboxy-propylsulfanylmercuricsulfanyl)-butyric acid (Hcy-Hg-Hcy), is administered 

intravenously to rats, some of the administered Hg2+ is taken up at both the luminal and basolateral 

plasma membranes of renal (proximal) tubular epithelial cells as Hcy-Hg-Hcy [70]. Although the 

mechanism for this uptake has not yet been defi ned, the participation of luminal amino acid trans-

porters appears to be a logical possibility. Some support for this notion comes in part from recent in 
vitro data showing that the transport of Hcy and homocystine (Hcy-S–S-Hcy) in the kidneys is 

mediated by a high-affi nity transporter with a substrate specifi city similar to that characterized for 

the cystine transporter, system b0,+ [113]. Moreover, recent in vitro studies in retinal pigment epithe-

lial (RPE) cells have demonstrated that Hcy is a substrate of system b0,+ [114]. As homocystine and 

cystine are structural homologs, it is logical to postulate that homocystine may be transported by the 

same transporter (i.e., system b0,+) that facilitates the uptake of cystine and the mercuric conjugate 

Cys-Hg-Cys. Given this and the structural similarity between Cys-Hg-Cys and Hcy-Hg-Hcy, we 

hypothesize that system b0,+ can mediate the uptake of Hcy-Hg-Hcy in renal epithelial cells express-

ing this transport system.

Bridges and Zalups [115] tested the hypothesis that mercuric conjugates of Hcy, primarily as 

2-amino-4-(3-amino-3-carboxy-propylsulfanylmercuricsulfanyl)-butyric acid (Hcy-Hg-Hcy), are 

taken up by the same system that mediates the uptake of Cys-Hg-Cys, that is, the sodium-independent 

transporter, system b0,+. To test this hypothesis, we analyzed the saturation kinetics, time depen-

dence, temperature dependence, and substrate specifi city of the transport of Hcy-Hg-Hcy in Madin-

Darby canine kidney (MDCK) II cells stably transfected with both subunits of system b0,+ (b0,+AT 

and rBAT). These data show that Hcy-S-Hg-S-Hcy is taken up at the luminal plasma membrane of 

renal epithelial cells by the amino acid transporter, system b0,+. Furthermore, our data indicate that 
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this transporter likely plays a role in the nephropathy induced following exposure to inorganic forms 

of mercury. Our data are the fi rst to implicate a specifi c membrane transporter (present in the lumi-

nal plasma membrane of proximal tubular cells) in the transport and toxicity of mercuric conjugates 

of Hcy.

2.2.3.7 Molecular “Mimicry” and Homology
Based on the structural similarities between cystine and the linear II coordinate covalent complex 

formed by the bonding of two molecules of Cys to a single mercuric ion, the laboratories of Zalups 

and Barfuss hypothesized that the absorptive luminal transport of this mercuric complex occurs by 

a mechanism involving molecular homology (or “mimicry”). They postulated that Cys S-conjugates 

of inorganic mercury act as a molecular homolog or “mimic” of the amino acid cystine at the site of 

one or more transporter(s) responsible for the luminal uptake of cystine [65,109]. Moreover, Bridges 

and Zalups [115] recently provided evidence that the Hcy S-conjugate of Hg2+ (Hcy-Hg-Hcy) dis-

plays some form of molecular homology at the binding site of one or more luminal amino acid 

transporters in proximal tubular epithelial cells.

One of the more likely participating amino acid transporters believed to participate in the 

absorptive transport of the Cys and Hcy S-conjugates of Hg2+ is system b0,+, which is a sodium-

independent transporter involved in the proximal tubular absorption of cystine and lysine. Bridges 

Cystine Cys-S-Hg-S-Cys

Cys-S-Hg-S-Cys

–S–S–
“Molecular mimicry” at
system b0,+ in the luminal
plasma membrane of a
proximal tubular cell

Cytosolic
compartment

Cystine

COOH NH2
NH2

rBAT

b0,+ AT

FIGURE 2.3 Model of a portion of the luminal plasma membrane containing the sodium-independent, 

 heterodimeric (consisting of the subunits rBAT and b0,+AT), amino acid transporter, system b0,+ (consisting of 

the subunits rBAT and b0,+AT). Three-dimensional space-fi ll renderings of cystine and the complex formed by 

two molecules of Cys bonded to an inorganic mercuric ion are provided. This fi gure illustrates the homology 

between these two molecular species and provides a putative pathway by which Cys-Hg-Cys gains entry into 

the cytosolic compartment of proximal tubular epithelial cells.
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et al. [115] provided the most defi nitive evidence implicating system b0,+ in the luminal absorption 

of Cys-Hg-Cys, (R)-2-amino-3-((R)-2-amino-2carboxy-ethylsulfanylmercuricsulfanyl)-propionic 

acid. In addition, Bridges and Zalups [115] provided similar evidence implicating system b0,+ in the 

luminal absorption of Hcy-Hg-Hcy, 2-amino-4-(3-amino-3-carboxy-propylsulfanylmercuricsulfanyl)-

butyric acid.

System b0,+ is a heterodimeric amino acid transporter comprised of a light chain, b0,+AT, and a 

heavy chain, rBAT [111,112]. More importantly, this amino acid transporter has a high affi nity for 

cystine and, in the kidneys, is localized exclusively in the luminal plasma membrane of the target 

epithelial cells, that is, proximal tubular cells [110,116,117]. Based on these characteristics, Bridges 

et al. [109] and Bridges and Zalups [115] provided evidence supporting the hypothesis that system 

b0,+ is capable of transporting mercuric ions, in the form of Cys-S-Hg-S-Cys or Hcy-S-Hg-S-Hcy, 

into the intracellular compartment of proximal tubular epithelial cells.

The data of Bridges et al. [109] and Bridges and Zalups [115] show that in type II, MDCK cells 

transfected stably with the human isoform of system b0,+, Cys-Hg-Cys and Hcy-Hg-Hcy are trans-

ported readily across the luminal plasma membrane. Moreover, substrate specifi city data suggest 

strongly that Cys-Hg-Cys acts as a molecular mimic of cystine. The substrate specifi city data of 

Bridges and Zalups [115] suggest that Hcy-Hg-Hcy acts as a molecular mimic of cystine and/or 

homocystine. Overall, these data provide the fi rst direct line of molecular evidence implicating the 

participation of a specifi c membrane luminal transporter of proximal tubular cells in the transport 

of thiol S-conjugates of Hg2+.

Molecular homology, or what some have referred to as “molecular mimicry,” is not a novel con-

cept. In a previous review, Clarkson [118] discusses the concept of mercury, and other divalent met-

als, forming complexes with biological molecules that can mimic endogenous molecules structurally. 

For example, the complex formed between methylmercury and Cys has been hypothesized to 

“mimic” the amino acid methionine, as a means to gain entry into the central nervous system via 

specifi c amino acid transporter(s) handling methionine. Evidence supporting this specifi c hypoth-

esis comes largely from studies on the uptake and/or transport of methylmercury by astrocytes 

[119–121] and the endothelial cells lining the blood–brain barrier [119,122].

Another potential transportable molecular homolog may occur when inorganic mercury or 

 methylmercury binds to GSH. The complex formed when two molecules of GSH bind to a single 

mercuric ion may also prove to be a functional molecular homolog of GSH disulfi de (GSSG).

2.2.4 MECHANISMS OF BASOLATERAL UPTAKE OF MERCURY

2.2.4.1 Role of Organic Anion Transport Systems
In addition to the large body of evidence indicating that mercuric ions are taken up at the luminal 

membrane of proximal tubular cells, there is substantial evidence indicating that mercuric ions are 

also taken up at the basolateral membrane of these cells. Approximately 40% of the dose of inor-

ganic mercury is normally taken up by the total renal mass of rats during the initial hour after the 

intravenous injection of a nontoxic dose of mercuric chloride [11,31,63,68–70,72,82,83,123,124]. 

Current evidence indicates that approximately 40–60% of this renal burden of mercury can be 

attributed to a basolateral mechanism [70–72,75–78,81,82,84,99]. It should be stressed that this 

applies only to doses of inorganic mercury that are non-nephrotoxic. Under conditions where the 

dose is increased to levels that induce renal tubular injury, the percentage of the dose found in the 

kidneys (at various times after exposure) decreases. This is due in part to the necrosis of tubular 

epithelial cells and the subsequent release and excretion of cytosolic mercury [11,99].

One of the fi rst lines of substantial evidence indicating a basolateral mechanism in the renal 

tubular uptake of inorganic mercury comes from a study by Zalups and Minor [72]. In this study, 

the uptake and disposition of administered inorganic mercury were evaluated in rats in which glom-

erular fi ltration had been reduced to negligible levels in one or both kidneys, by using pretreatment 

with mannitol in combination with ureteral ligation [72]. It was demonstrated that induction of 

© 2010 by Taylor and Francis Group, LLC



48 Cellular and Molecular Biology of Metals

“stop-fl ow” conditions by these pretreatments caused an approximate 40% decrease in the net 

uptake and accumulation of inorganic mercury during the fi rst hour after the administration of a 

0.5 μmol kg−1 intravenous dose of mercuric chloride. These fi ndings indicate that a major fraction of 

the renal tubular uptake of inorganic mercury occurred via a basolateral mechanism. They also 

demonstrated that pretreatment with para-aminohippurate (PAH), which is a specifi c competitive 

substrate for the renal organic anion transporter (OAT) [125–130], caused signifi cant reductions in 

the acute renal tubular uptake and accumulation of inorganic mercury in normal animals and in 

animals that had one or both ureters ligated. In fact, the combination of ureteral ligation and pre-

treatment with PAH caused an approximate 85% reduction in the net uptake and accumulation of 

inorganic mercury during the fi rst hour after injection of mercuric chloride. These fi ndings suggest 

that the majority of the basolateral uptake of inorganic mercury was being inhibited by PAH, which 

implicates the OAT as the primary mechanism in the basolateral uptake of inorganic mercury. Data 

from other recent studies have confi rmed that the basolateral uptake of inorganic mercury occurs in 

the kidneys and that the primary mechanism involved is linked to the activity of the organic anion 

transport system [67,70–72,75–84].

There are also data implicating the activity of the OAT in the basolateral uptake of organic mer-

curic compounds. These data show that the renal uptake and/or accumulation [131] and toxicity 

[132] of methylmercury are reduced signifi cantly in mice pretreated with probenecid, which is 

another competitive substrate and inhibitor of the OAT in renal proximal tubules. The most con-

vincing data implicating the role of one or more OATs in the basolateral uptake of certain thiol 

S-conjugates of Hg2+ and CH3Hg+ come from a series of recent studies utilizing MDCK cells or 

oocytes from Xenopus laevis expressing the human or rat isoform(s) of the organic anion transporter 

1 (hOAT1) or 3 (hOAT3) [67,74,78–81].

2.2.4.2 Role of the Dicarboxylate Transporter
In an early study, Clarkson and Magos [24] demonstrated that pretreatment with the dicarboxylate 

maleate caused dose-dependent reductions in the net renal accumulation of inorganic mercury when 

it was given as a Cys–mercury complex (100 μg Hg kg−1). Unfortunately, it is not clear from this 

study whether the changes in the renal disposition of mercury were due to the inhibitory effects of 

maleate on renal cellular metabolism [133–135] or whether they were due to direct effects at the site 

of a transporter of mercury. Interestingly, they found that fumarate (an isomer of maleate) did not 

have the same effects as maleate, which suggests isomer specifi city.

More recently, Zalups and Barfuss [83] demonstrated that pretreatment with small (4–6 carbon) 

aliphatic dicarboxylates, such as succinate, glutarate, or adipate (but not malonate), inhibited the 

renal (basolateral) uptake of intravenously administered inorganic mercury in a dose-dependent 

manner both in normal rats and in rats that had their ureters ligated. Zalups and Barfuss put forth 

hypotheses by which dicarboxylates infl uence the renal tubular uptake, transport, and accumulation 

of inorganic mercury. Some of the details of these hypotheses are provided below.

Current evidence indicates that the OAT is driven by an organic anion/dicarboxylic acid 

( dicarboxylate) exchange (reviewed by Pritchard and Miller [136] and Dantzler et al. [137–139]). It 

appears that intracellular generation of α-ketoglutarate (from normal metabolic processes) contrib-

utes to the creation of an intracellular chemical gradient favoring the movement of this dicarboxylate 

out of the cell. α-Ketoglutarate is transported out of proximal tubular cells at the basolateral mem-

brane by exchanging with organic anions at the site of the organic anion exchanger when the gradient 

becomes suffi ciently high enough. There is evidence indicating that a signifi cant fraction of the 

α-ketoglutarate (and other dicarboxylic acids) that exits proximal tubular cells at the organic 

exchanger reenters the cells across the basolateral membrane via a sodium-dicarboxylic acid cotrans-

porter. This cotransport system is driven by the sodium gradient generated by the (Na+ + K+)-

stimulated ATPase. Although it is not exactly clear by which mechanism(s) succinate, glutarate, or 

adipate inhibits the renal tubular uptake of inorganic mercury, it seems likely that an excess of any of 

these dicarboxylates in the extracellular compartment creates competition for the sodium- dependent 
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entry of α-ketoglutarate at the site of the dicarboxylic acid cotransporter. Reduction in the basolateral 

uptake of α-ketoglutarate would likely cause a decrease in the intracellular concentration of this 

dicarboxylate. This, in turn, would decrease the chemical gradient favoring the movement of α-keto-

glutarate out of the proximal tubular epithelial cell in exchange for the uptake of an organic anion 

from the plasma. The net result would be a decreased rate of uptake of organic anions and presum-

ably mercuric conjugates of Cys and/or GSH that are transported at this site. Since dicarboxylates are 

themselves organic anions, an excess of these molecules in the extracellular fl uid likely also creates 

direct competition with whatever form of mercury that is putatively transported by the OAT, and thus 

contributes to a decreased rate of uptake of mercury at the basolateral membrane. There is evidence 

that both adipate and glutarate, but not succinate or malonate, can compete with α-ketoglutarate at 

the site of the organic anion transport system [127–130,136].

2.2.4.3  Mercuric Conjugates of GSH as Possible Transportable Forms of 
Mercury at the Basolateral Membrane

Molecules of GSH have a net negative charge at physiological pH. Because of this charge and its 

size, GSH has been postulated to be a substrate at the site of the OAT. Support for this comes in 

part from the studies of Lash and Jones, who demonstrated transport of GSH (as an intact 

 tripeptide) in basolateral membrane vesicles (isolated from the renal cortex of rats) by a mecha-

nism that was sodium dependent and that could be blocked by probenecid [140,141]. They have 

also demonstrated the basolateral transport of certain organic S-conjugates of GSH, such as 

S-(1,2-dichlorovinyl)glutathione, into proximal tubular epithelial cells by a probenecid-sensitive 

mechanism [142].

Since both GSH and certain S-conjugates of GSH appear to be transported across the basolateral 

membrane of proximal tubular cells by the organic anion transport system, it seems plausible that 

mercuric S-conjugates of GSH may also be transported across the basolateral membrane by this 

same transport system. There are some fi ndings from a recent study, in which mercuric conjugates 

of GSH were administered to rats that had undergone bilateral ureteral ligation, that support this 

contention [77]. The data show that the basolateral uptake of inorganic mercury was greater when it 

was administered in the form of a mercuric conjugate of GSH than when it was administered as 

mercuric chloride.

2.2.4.4  Mercuric Conjugates of Cys as Transportable Forms of Mercury 
at the Basolateral Membrane

Despite the fact that Cys has a net neutral charge at physiological pH, it has become highly relevant 

to consider that inorganic or organic mercuric conjugates of Cys are transportable species at the site 

of the OAT. The relevance for this consideration comes from studies in which organic S-conjugates 

of Cys have been shown to be taken up at the basolateral membrane of proximal tubular cells by a 

mechanism consistent with the activity of the OAT. For example, Lash and Anders [143] demon-

strated that organic S-conjugates of Cys [such as S-(1,2-dichlorovinyl)-l-cysteine] were taken up by 

isolated proximal tubular epithelial cells from rats by a sodium-dependent, probenecid- and PAH-

sensitive transport system. More recently, Dantzler et al. [144], using isolated proximal tubules from 

rabbits, also demonstrated that certain organic S-conjugates of Cys were taken up at the basolateral 

membrane by a probenecid- and PAH-sensitive transport mechanism.

Based on these fi ndings, it seems logical to believe that mercuric conjugates of Cys are trans-

ported into proximal tubular epithelial cells at the basolateral membrane by the organic anion trans-

port system. Several sets of data tend to support this hypothesis. For example, one set of data shows 

that the rates of association and transport of inorganic mercury in basolateral membrane vesicles 

(isolated from the kidneys of rats) tend to be greater when the vesicles are exposed to mercuric con-

jugates of Cys than when they are exposed to mercuric chloride [71]. Additional support for this 

hypothesis comes indirectly from an in vivo study [76]. First of all, data from this study show that 

bilateral ureteral ligation caused an approximate one half reduction in the net renal accumulation of 
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mercury in control rats treated with a low 0.5 μmol kg−1 dose of mercuric chloride and in rats 

 coadministered this dose of inorganic mercury with a fourfold greater (2.0 μmol kg−1) amount of 

l-Cys. More importantly, the fi ndings also show that the net renal accumulation of mercury was 

greater in animals treated with inorganic mercury plus Cys than in animals treated with mercuric 

chloride, while the relative intrarenal distribution of mercury was similar in both groups of rats. 

Furthermore, pretreatment with PAH was shown to cause a signifi cant decrease in the renal uptake 

of mercury in rats that had their ureters ligated and that were administered inorganic mercury plus 

Cys [77]. The most reasonable explanation for these fi ndings is that by injecting mercuric conjugates 

of Cys in animals that have had their ureters ligated, more of these conjugates, than are formed 

normally when inorganic mercury is administered as mercuric chloride, are made available at the 

site of the OAT (and possibly other basolateral transporters, such as basolateral amino acid trans-

porters) to promote the uptake of mercury.

2.2.4.5  Mercuric Conjugates of Hcy and NAC as Transportable Forms of Mercury 
at the Basolateral Membrane

Although a considerable body of experimental evidence points to mercuric conjugates of Cys and 

GSH being highly relevant species of mercury involved in the luminal and basolateral uptake 

of inorganic mercury along the proximal tubule (after exposure to mercuric chloride), previous 

in vivo studies have provided evidence that other thiols, especially homologs of Cys, such as 

Hcy and NAC, can signifi cantly infl uence the manner in which mercuric ions are handled in the 

kidneys [70,77]. For example, when inorganic mercury was administered with Hcy, a much lower 

level of uptake of mercury occurred at the luminal membrane relative to that which occurred at 

the basolateral membrane. Even greater differences in the levels of luminal uptake versus baso-

lateral uptake of mercury were detected when rats were treated with inorganic mercury and NAC. 

When inorganic mercury was administered with this negatively charged molecule (NAC), virtu-

ally the entire renal tubular uptake of mercury occurred at the basolateral membrane, and the 

majority of this uptake could be inhibited by pretreatment with PAH. In fact, irrespective of how 

inorganic mercury was administered, the majority of the basolateral uptake of mercury was 

inhibited by pretreatment with PAH, which implicates the activity of the organic anion transport 

system in the basolateral uptake of inorganic mercury under all of the experimental conditions 

studied.

In addition to the high level of basolateral uptake of mercury in the kidneys of the animals 

treated with inorganic mercury and NAC, the amount of mercury excreted in 24 h was shown to be 

at least 45–50% greater than that in groups of rats treated with any other nonprotein thiol or mercu-

ric chloride. The overall fi ndings from these rats indicate that the negative charge on NAC likely 

promotes the rapid transport of mercuric conjugates of NAC into proximal tubular cells at the site 

of the OAT, while it prevents or impedes the uptake of these mercuric conjugates at the luminal 

plasma membrane, which promotes the urinary excretion of mercury.

2.2.4.6  Membrane Transporters Implicated in the Basolateral Uptake of Thiol 
S-Conjugates of Mercury in Proximal Tubular Cells

At present, it appears that inorganic mercuric and methylmercuric conjugates of low-molecular-

weight thiol ligands are the most likely species of mercury taken up at the basolateral membrane 

by the organic anion transporters 1 (OAT1) and 3 (OAT3). Current molecular evidence, from 

MDCK cells transfected with hOAT1 and oocytes from Xenopus laevis microinjected with cRNA 

for hOAT1, rOAT, or rOAT3, indicates that Cys, Hcy, and NAC S-conjugates of Hg2+ and CH3Hg+ 

are the most likely mercuric substrates transported by OAT1 and/or OAT3 [67,74,78–81]. More 

specifi cally, when MDCK cells or Xenopus laevis oocytes were manipulated genetically to 

express OAT1 or OAT3 protein, the cells gained the ability to transport the aforementioned 

 mercuric species. Figure 2.4 summarizes the mechanisms involved in the basolateral uptake of 

mercuric species.
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2.2.5 ROLE OF MRP PROTEINS IN THE LUMINAL EXPORT OF MERCURIC IONS

Only recently have investigators been able to examine the question of whether mercuric species are 

transported out of proximal tubular epithelial cells into the tubular luminal membrane. With the 

development and progress of molecular technologies, investigators are better equipped to evaluate 

which chemical forms of mercury serve as potential substrates for export transporters on the  luminal 

membrane.
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FIGURE 2.4  Diagram outlining the putative roles of both the organic anion and the dicarboxylic acid trans-

port systems in the basolateral uptake of both methylmercury and inorganic mercury along the proximal 

tubule. Based on the current state of knowledge regarding the organic anion transport system, intracellular 

generation of α-ketoglutarate (from normal metabolic processes) creates a chemical gradient facilitating the 

movement of this dicarboxylate out of the cell. When intracellular concentrations of α-ketoglutarate become 

high enough, α-ketoglutarate exits proximal tubular cells at the basolateral membrane by exchanging with 

organic anions at one of the organic anion transporters (OATs). After being transported into the extracellular 

compartment, a signifi cant fraction of α-ketoglutarate molecules is taken back up into proximal tubular cells 

via a sym-port carrier protein driven by the extracellular to intracellular sodium gradient generated by the 

Na+–K+–ATPase. According to the scheme presented, methylmercury and inorganic mercury enter proximal 

tubular epithelial cells as Cys, Hcy, and NAC S-conjugates via the organic anion transport system in exchange 

for intracellular α-ketoglutarate. Support for this notion comes from the fact that the basolateral uptake of 

mercury can be inhibited by PAH, probenecid, and dicarboxylic acids. The scheme presented also shows that 

succinate, glutarate, and adipate compete with α-ketoglutarate at the site of the dicarboxylic acid transporter. 

It appears that both glutarate and adipate, but not succinate, can infl uence the basolateral uptake of mercury 

by theoretically acting at two sites. Evidence indicates that these two dicarboxylic acids can compete for the 

uptake of substrates transported by the OAT and other dicarboxylic acids (such as α-ketoglutarate) transported 

by the sodium-dicarboxylic acid sym-port system. Succinate, on the other hand, appears to infl uence the baso-

lateral uptake of mercury by competing only at the site of the dicarboxylic acid transporter. Preferential uptake 

of succinate over α-ketoglutarate would result in a decrease in the intracellular concentration of α-ketoglu-

tarate, which would decrease the driving force behind the activity of the OAT.
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The use of certain dithiol chelators of mercury, such as DMSA and DMPS, has proved to be 

useful in the study of mercury secretion along the proximal tubule. It is well established that treat-

ment of humans (and rats) with DMPS or DMSA signifi cantly reduces the content of mercuric 

species within the kidneys, while it increases the urinary excretion of mercury [85,145–149]. 

Experimental evidence indicates that DMPS, but not a mercuric S-conjugate of mercury, is taken 

up from the peritubular compartment (or circulation in vivo) by proximal tubular cells by one or 

more of the OATs [85]. Once in the cytosolic compartment, DMPS or DMSA binds to accessible 

mercuric ions; and then the DMPS or DMSA S-conjugate(s) of mercury formed is/are extracted 

from the proximal tubular cells in a unidirectional manner into the tubular lumen. Both reduced 

and oxidized forms of native DMPS appear to be substrates of one or more of the OATs in the 

basolateral membrane of proximal tubular cells [85,150,151]. On the other hand, DMSA appears to 

be taken up mainly by the sodium-dependent dicarboxylate transporter (NaC2), which is also 

localized in the basolateral membrane of these cells and serves as a component of the organic 

anion transport  system [152].

Owing to experimental data implicating the multidrug resistance protein 2 (MRP2) in the hepa-

tobiliary transport of mercuric species [153], we have suggested that this carrier protein participates 

in the secretory transport of DMPS and DMSA S-conjugates of Hg2+ and CH3Hg+ from the intra-

cellular compartment of proximal tubular cells into the tubular lumen [154−156]. MRP2 is a  member 

of the ABC transporter superfamily and is localized in the luminal plasma membrane of proximal 

tubular cells [95,96,157]. This carrier protein has been hypothesized to play a role in the excretion 

of metabolic wastes and xenobiotics that have been extracted from blood [4,158]. The activity of 

MRP2 appears to be dependent on the cotransport of GSH in the secretion of certain compounds. 

Interestingly, Tanaka-Kagawa et al. [87] suggest that the secretion of Hg2+ from proximal tubular 

cells also appears to require the cotransport of GSH. These data suggest that MRP2 may be respon-

sible for at least part of the proximal tubular elimination of Hg2+.

We have demonstrated recently that the export protein MRP2 participates in the process of 

secreting DMPS and DMSA S-conjugates of Hg2+ from the intracellular compartment of proximal 

tubular cells into the lumen [154,155]. MRP2 has also been implicated in the transport of NAC 

S-conjugates of CH3Hg+ [159]. Moreover, recent fi ndings from both MRP2-defi cient (TR-) rats and 

membrane vesicles isolated from Sf9 cells transfected with hMRP2 indicate that MRP2 is also 

capable of transferring DMPS or DMSA S-conjugates of CH3Hg+ from the intracellular compart-

ment of proximal tubular segments into the luminal compartment [154].

Although recent data provide evidence for MRP2 being capable of transporting mercuric species 

into the luminal compartment of proximal tubules, other transporters such as MRP4 may also play 

an important role in the secretion of mercuric compounds. Further research is clearly needed to 

examine this possibility.

2.2.6 ROLE OF THE LIVER IN THE RENAL TUBULAR UPTAKE OF MERCURY

Interestingly, certain aspects of yet unknown hepatic function appear to play roles in the renal 

uptake and transport of mercuric compounds. For example, Tanaka et al. [86] showed that when 

the hepatic content of GSH was depleted with 1,2-dichloro-4-nitrobenzene, and mercuric chloride 

was administered subsequently, there was a signifi cant diminution in the renal uptake and/or accu-

mulation of mercuric species in mice. In addition, we have shown in a series of studies that biliary 

ligation or cannulation, prior to the administration of a nontoxic dose of mercuric chloride, 

resulted in a decrease in the renal tubular uptake and accumulation of inorganic mercury in rats 

[160–163]. Overall, these fi ndings indicate that some aspects of hepatic function are linked to the 

renal tubular uptake and/or accumulation of inorganic forms of mercury. The hepatic synthesis 

and secretion of GSH seems to be linked strongly to the renal tubular uptake of mercuric species. 

Additional studies are clearly needed to better understand the role of the liver in the renal tubular 

uptake of mercuric species.
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2.2.7 INTRACELLULAR DISTRIBUTION OF MERCURY IN RENAL EPITHELIAL CELLS

Once inorganic forms of mercury gain entry into proximal tubular cells, they distribute appar-

ently throughout all intracellular pools [60,62,88,164,165]. Subcellular fractionation studies 

using the renal cortical tissue from rats treated acutely or chronically with mercuric chloride 

indicate that mercury distributes in nuclear, lysosomal, mitochondrial, brush-border and super-

natant fractions, with the nuclear fraction containing the greatest amount of mercury among 

the organelle fractions [62,166]. Similar fi ndings have also been obtained using homogenates of 

renal cortical tissue from normal and uninephrectomized rats treated with mercuric chloride 

[62,164–166]. In these studies, however, the cytosolic fraction was found to contain the greatest 

content of mercury.

Interestingly, the relative specifi c content of mercury was shown to increase more in the renal lyso-

somal fraction than in other cellular fractions of the renal tissue of rats when the animals were made 

proteinuric with an aminoglycoside [62] or when they were treated chronically with mercuric chloride 

[166]. Increases in the lysosomal content of mercury may refl ect the fusion of primary lysosomes with 

endocytotic or cytosolic vesicles containing complexes of mercuric ions bound to proteins.

2.3 URINARY EXCRETION OF MERCURY

Urinary excretion and fecal excretion of mercury are the principal means by which humans and 

other mammals eliminate the different forms of mercury from the body. Under most circum-

stances, a greater fraction of a dose of mercury is excreted in the feces than in the urine early after 

exposure [3,4,149,167,168]. In rats, more than twice as much inorganic mercury is excreted in the 

feces than in the urine during the initial days after exposure to a non-nephrotoxic dose of mercuric 

chloride [4]. Less than 10% of the administered dose is excreted in the urine during this time. In 

one study, rats injected intravenously with a non-nephrotoxic dose of mercuric chloride had 

excreted about 20% of the dose in the urine and 30% of the dose in the feces during the initial 54 

days after injection [4]. The low level in the urinary excretion of mercury is due to two principal 

factors: the avid uptake of mercuric ions and the retention of accumulated mercuric ions in 

 proximal tubular segments.

Following exposure to organic forms of mercury, even less mercury is excreted in the urine than 

after exposure to inorganic forms of mercury. For example, both normal and uninephrectomized 

rats were shown to excrete only about 3% of the dose of mercury in the urine after the initial 7 days 

following the intravenous injection of a low dose (5 mg × kg−1) of methylmercury [40]. By contrast, 

greater than 15% of the administered dose was excreted in the feces during the same period of 

time. In a study by Smith et al. [169], the cumulative fecal excretion of mercury over 70 days was 

much greater than the cumulative urinary excretion of mercury in seven adult, male, human 

 subjects who received a tracer amount of 203Hg-labeled methylmercury intravenously. More spe-

cifi cally, about 30% of the dose was excreted in the feces, while only about 4% of the dose was 

excreted in the urine.

In a couple of early reports [170,171], mercury was stated to have appeared in the urine prior to 

administered inulin (a plant sugar that is freely fi ltered, but is neither absorbed nor secreted along 

the nephron). Clarkson and Magos [24] interpreted these fi ndings to indicate that aspects of the 

urinary excretion of mercury represented mercury that had been secreted from the blood into the 

tubular lumen by a transepithelial mechanism. This was a reasonable view, considering that there 

had been a published report claiming that approximately 99% of the mercury in plasma was not 

fi lterable [22]. Based on recent data, however, it appears that much more than 1% of the mercury in 

plasma is fi ltered into the proximal tubule lumen [4] and that the mechanisms involved in the  urinary 

excretion of mercury are less clear than once thought. However, a signifi cant body of recent experi-

mental evidence indicates that Hg2+ and CH3Hg+ can indeed be transported from the peritubular 

blood to the luminal compartment of proximal tubular segments by mechanisms involving the 
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organic anion transport system on the basolateral plasma membrane and one or more MRP proteins 

in the luminal plasma membrane [4,67,70,75–84,155–157]. What remains unclear at present is the 

nature of bonding interactions that occur as inorganic and organic forms of mercury are secreted 

from the blood into the proximal tubular lumen.

It should be emphasized that although 95–99% (depending on animal species and experimental 

conditions) of the mercury in plasma is bound to albumin (and other plasma proteins), a signifi cant 

fraction of albumin is fi ltered at the glomerulus. Thus, substantial amounts of mercury could theo-

retically gain access to the luminal compartment of proximal tubules by fi ltration of a mercury–

albumin complex. There is some indirect in vivo evidence supporting this notion. Madsen [62] 

demonstrated, in rats made proteinuric by gentamicin (presumably by decreasing the absorptive 

capacity of the proximal tubular epithelium by cellular necrosis), that a preponderance of mercury 

excreted in the urine was associated with albumin. A fundamental assumption in these fi ndings, 

however, is that the preponderance of albumin associated with mercury in the urine came from 

glomerular fi ltration rather than intercellular leak. In contrast to the fi ndings of Madsen [62], 

Clarkson and Magos [24] found that about 70% of the mercury excreted in urine by rats treated 

with sodium maleate, subsequent to the exposure of inorganic mercury, was not bound to protein. 

This fi nding is actually not that surprising, because much of the mercury excreted in the urine 

probably originated from cellular stores, and thus was likely bound to low-molecular-weight thiols 

(such as GSH).

Some insight into the mechanisms involved in the urinary excretion of mercury has been gained 

by experimental maneuvers that cause the urinary excretion of mercury to increase. In most cases, 

the increased urinary excretion of mercury is associated with decreased luminal absorption of 

 mercury and/or luminal elimination or extraction of accumulated mercury along the proximal tubule 

(and/or other segments of the nephron). Some examples of these maneuvers are listed below.

In an early study by Clarkson and Magos [24], pretreatment of female rats with sodium maleate, 

prior to the injection of a low 100 μg kg−1 dose of mercury in the form of mercuric chloride or a 

mercury–Cys complex, was shown to cause the urinary excretion of mercury to increase and the 

renal accumulation of mercury to decrease. Sodium maleate was used because it caused “profound 

metabolic disturbances in renal cells.” They also found that administration of sodium maleate after 

treatment with mercury caused the renal content of mercury to decrease and the urinary excretion 

of mercury to increase.

As mentioned above, the urinary excretion of mercury also increases dramatically when renal 

γ-glutamyltransferase is inhibited prior to the administration of inorganic mercury [75,88,162,163]. 

Much of the mercury excreted in urine following the inhibition of γ-glutamyltransferase appears to 

be associated with GSH, which suggests that mercuric conjugates of GSH are present in the proxi-

mal tubular lumen [172]. Current evidence indicates that the increased urinary excretion of mercury 

associated with the inhibition of γ-glutamyltransferase is due mainly to decreased luminal absorp-

tion and transport of mercury along the proximal tubule [65,75,86,88,89,91].

When inorganic mercury is applied to the luminal membrane of proximal tubular epithelial cells 

as a mercuric conjugate of NAC [70,85], DMPS [85], 2,3-dimercaptosuccinic acid (DMSA) [149] 

or MT [173], urinary excretion of mercury increases greatly due to the lack of luminal uptake of 

these mercuric conjugates. In general, it appears that when mercuric ions are bound to organic 

ligands possessing a net negative charge, the mercuric conjugates of these molecules are not taken 

up readily at the luminal membrane and, in turn, are excreted in the urine. When DMPS is adminis-

tered after exposure to mercury, the urinary excretion of mercury also increases greatly. Recent 

evidence (obtained from isolated perfused proximal tubular segments) indicates that the increased 

urinary excretion of mercury that occurs under these conditions results from unidirectional extrac-

tion of mercury from within or on proximal tubular epithelial cells into the tubular lumen. It is likely 

that the increased urinary excretion of mercury induced by treatment with DMSA occurs by a  similar 

mechanism.
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Urinary excretion of mercury has been shown to increase after proximal tubular necrosis is 

induced by mercury or other agents [24,174,175], This is due largely to mercury being released from, 

or not being absorbed by, necrotic or degenerating proximal tubular epithelial cells [31,62]. More 

studies are needed to better defi ne the factors and mechanisms involved in the urinary excretion of 

mercury and mercury-containing compounds.

Despite all the studies that have been carried out to date, very little is really known about the 

mechanisms involved in the urinary excretion of inorganic and organic forms of mercury. The 

major questions that still need to be addressed include the following: (1) What are the magnitudes 

and rates at which mercury is fi ltered at the glomerulus? (2) To what extent is fi ltered mercury taken 

up by proximal tubular epithelial cells? Alternatively, to what extent is fi ltered mercury excreted in 

the urine? (3) What is/are the chemical form(s) of mercury excreted in the urine? (4) Is some of the 

mercury that is excreted in the urine added to the luminal fl uid by a trans-epithelial secretory 

mechanism (as has been suggested previously) [4,24,63,68,70,75,77,176,177]?

2.4 SUBCELLULAR MOLECULAR INTERACTIONS IN RENAL EPITHELIAL CELLS

2.4.1 MERCURY AND INTRACELLULAR MT METABOLISM

After gaining entry into the intracellular compartment of target cells, mercuric ions are effective 

inducers of MT 1 and 2 [178,179]. MTs are a group of small intracellular metal-binding proteins 

with an approximate molecular weight of 6000–7000 Da. Each MT 1 or 2 molecule contains numer-

ous cysteinyl residues and can bind up to seven atoms of various divalent cations, including ionic 

forms of mercury, cadmium, zinc, copper, silver, and platinum. Administration of a single, daily, 

nontoxic dose of mercuric chloride over several days has been shown to cause a near doubling in the 

concentration of MT in the renal cortex or outer stripe of the outer medulla in rats [41]. Induction of 

the synthesis of MT 1 and 2 proteins in renal epithelial cells in vivo has also been demonstrated in 

rats exposed to elemental mercury vapor over the course of several days [23]. The nature of induc-

tion of MTs by mercury appears to be tissue selective [179].

After exposure to mercury vapor, this form of mercury is eventually converted into inorganic 

mercury in the body, which accumulates predominantly in the kidneys, suggesting that the induction 

of MT in the kidneys following exposure to elemental mercury may actually be mediated by  inorganic 

mercury. The induction of MTs in the kidney by inorganic mercury likely involves increased tran-

scription of MT-1 and MT-2 genes via interaction of zinc-dependent metal transcription factor(s) 

[MTF(s)] and cis-acting DNA elements termed metal-responsive elements (MREs) resident in the 

promoter region of the MT genes. Additionally, there is post-transcriptional control of translation of 

new messenger RNA into MT 1 and MT 2 proteins, especially in renal epithelial cells [4].

New insights into the relationships between the cellular content of mercury and the expression of 

MT have been recently discovered in both the kidneys and the liver [179]. Evidence indicates that 

the retention of inorganic mercury by renal tubular epithelial cells is associated with the continual 

induction of MT. More specifi cally, the rate of transcription of MT-1 and MT-2 genes was as great at 

2 weeks after treatment with mercury as it was 1 day after treatment (a single 0.5 μmol kg−1 dose of 

mercuric chloride given to rats). In addition, renal levels of MT 1 and MT 2 proteins remained ele-

vated throughout 2 weeks post-treatment, during which time the renal burden of mercury decreased 

by only about 26% and the cumulative urinary excretion of mercury was equal to about 24% of the 

dose of mercury. By contrast, hepatic levels of mercury, MT proteins, and rates of transcription of 

MT-1 and MT-2 genes were shown to decrease continually over the initial 2 weeks after treatment. 

The rates of transcription of MT genes in the liver correlated highly with the amount of MT proteins 

in the liver. In the kidneys, however, no correlation between the rates of transcription of MT genes 

and MT proteins was detected, suggesting that some form of post-transcriptional events is involved 

in the expression of MT protein in the kidneys subsequent to exposure to inorganic mercury.
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2.4.2 MERCURY AND INTRACELLULAR GSH METABOLISM

GSH is one of the more important antioxidants found in the intracellular compartment of cells. The 

molecule is very unique inasmuch as it is the only peptide containing a peptide bond involving the 

γ-carbon of a glutamyl residue. Another importance of GSH metabolism is that the γ-glutamyl 

bond can be broken or cleaved only by enzymatic hydrolysis mediated by the membrane enzyme 

γ-glutamyltransferase. GSH is generally present in millimolar concentrations in both hepatocytes 

and proximal tubular epithelial cells, but is also present in the extracellular environment at much 

lower concentrations [92].

In addition to a host of other toxicants, both inorganic and organic forms of mercury can also 

signifi cantly affect intracellular GSH metabolism in the kidneys. Effects on GSH homeostasis can 

be observed acutely after single treatments with mercuric compounds, and are concentration depen-

dent. Several sets of in vivo and in vitro data demonstrate increases in the intracellular contents of 

GSH in renal tubular epithelial cells after the administration of relatively low toxic or nontoxic 

doses of either methylmercury [180] or inorganic mercury [12,16,181–183]. At higher doses of inor-

ganic mercury, decreases in the renal content of GSH (which are often substantial) are observed, 

likely because of induction of apoptotic and/or necrotic events in proximal tubular epithelial cells.

Dose-dependent effects of inorganic mercury on renal GSH metabolism have been demonstrated 

in male Sprague-Dawley rats that received one of several intravenous nontoxic or nephrotoxic doses 

of mercuric chloride [12]. At the level of the whole kidney, or in the renal cortex or the outer stripe 

of the outer medulla, nontoxic (0.5 μmol kg−1) or moderately nephrotoxic (2 μmol kg−1) doses of 

mercuric chloride apparently induce signifi cant increases in the renal cellular concentration of GSH. 

This effect is most marked in the outer stripe of the outer medulla, where the concentration of GSH 

increases by as much as 85%. The toxicological signifi cance of this fi nding relates to the fact that 

the outer stripe of the outer medulla is an important zone in which mercuric species are taken up 

and induce deleterious effects in the terminal portions of the pars recta of proximal tubules. At a 

3 μmol kg−1 nephrotoxic dose of mercuric chloride, the concentrations of GSH in the renal cortex 

and outer stripe of the outer medulla have been shown to be similar to those in saline-treated control 

rats [12].

Since the cellular content of GSH is under feedback control, the large increases in renal GSH 

observed after treatment with inorganic mercury suggest that subtoxic or moderately toxic doses of 

inorganic mercury induce the synthesis of GSH via the activity of γ-glutamylcysteine synthetase 

(GCS), which is the rate-limiting enzyme involved in the intracellular synthesis of GSH. The data 

of Lash and Zalups [184] support this hypothesis. They found that the activity of GCS was increased 

in renal proximal tubular epithelial cells isolated from rats treated with inorganic mercury, relative 

to that in proximal tubular cells isolated from control rats. Further support for the hypothesis comes 

from a study by Woods et al. [180]. They showed that the mRNA for GCS increased (by 4.4-fold) in 

kidneys of male Fischer 344 rats treated with methylmercury hydroxide for 3 weeks. Thus, both 

inorganic and organic mercury appear to be capable of inducing the synthesis of GSH via the 

 activity of GCS.

In addition to causing upregulation of GCS, inorganic mercury alters, in a dose-dependent 

 manner, the activity of other GSH-dependent enzymes. The effects of inorganic mercury on these 

enzymes differ, depending on whether a nontoxic, a moderately toxic, or a highly toxic dose is 

administered. Nontoxic doses of inorganic mercury apparently cause increases in the activities of 

GSH disulfi de reductase and GSH peroxidase in isolated epithelial cells from both proximal tubular 

and distal tubular regions of the rat nephron [184]. In contrast, one group of investigators [185] 

observed marked decreases in the activities of renal GSH disulfi de reductase and GSH peroxidase 

in male rats treated chronically (15 days) with a relatively high dose of mercuric chloride (5 mg 

HgCl2 day−1, per os). They also found apparent adaptive increases in catalase activity. Similarly, 

others have found signifi cant decreases in the activity of GSH disulfi de reductase after the admin-

istration of highly nephrotoxic doses of mercuric chloride (10 μmol HgCl2 kg−1, subcutaneously (sc) 
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[181]; 15 μmol HgCl2 kg−1, sc [182]; and 4 mg HgCl2 kg−1, sc [186]). While two groups of investiga-

tors found small (20–35%), but statistically signifi cant, decreases in the activity of GSH peroxidase 

[181,186], another group did not detect any change in the activity of this enzyme [182]. It is important 

to keep in mind, however, that it becomes nearly impossible to interpret in vivo data obtained from 

renal tissue in which there has been extensive cellular injury and death. When there is extensive 

renal tubular necrosis, decreases in the content of an enzyme or molecule of interest (in samples of 

renal tissue) can be accounted for simply by the release and excretion of the cytoplasmic contents 

from dead epithelial cells.

2.4.3 LIPID PEROXIDATION, OXIDATIVE STRESS, AND MERCURY

Findings from several studies suggest that an important mechanism involved in renal cellular injury 

induced by either in vivo or in vitro exposure to inorganic or organic forms of mercury involves 

oxidative stress. The high affi nity of mercuric ions binding to thiols naturally suggests that the ensu-

ing depletion of intracellular thiols (especially GSH) either directly causes or predisposes proximal 

tubular cells to oxidative stress. Furthermore, other cellular antioxidants, including ascorbic acid 

and vitamin E, have been reported to be depleted in the kidneys of rats treated with mercuric chlo-

ride [182]. The activities of several antioxidant enzymes also appear to be markedly diminished 

after in vivo exposure of rats to nephrotoxic doses of mercuric chloride. For example, it has been 

reported that administration of mercuric chloride to male Sprague-Dawley rats caused marked 

decreases in the activities of superoxide dismutase, catalase, GSH peroxidase, and GSH disulfi de 

reductase in the renal cortex [186].

Decreases in the activities of these protective enzymes would be expected to enhance the suscep-

tibility of renal epithelial cells to oxidative injury. There has been some disagreement as to whether 

mercuric ions themselves cause oxidative injury or whether they merely predispose renal epithelial 

to other factors that produce oxidative stress. Fukino et al. [182] found that thiobarbiturate reactants, 

which indicate the occurrence of lipid peroxidation, were markedly increased in renal cortical 

homogenates obtained from rats 12 h after a subcutaneous injection of a nephrotoxic (15 μmol kg−1) 

dose of mercuric chloride. Gstraunthaler et al. [186] observed increases in the formation of malondi-

aldehyde in renal cortical homogenates obtained from mercuric chloride-treated rats (relative to 

homogenates generated from control rats treated only with cumene hydroperoxide). Because the two 

groups of rats were administered similar doses of mercuric chloride, concentration dependence can-

not be invoked to explain the difference in observed responses. Based on these fi ndings, it appears 

that inorganic mercury can enhance the ability of other agents to induce lipid peroxidation.

There are close relationships between the maintenance of normal renal function, renal cellular 

content of GSH, and cellular redox status and the generation of ATP in mitochondria. These 

 relationships served as an impetus for Lund et al. [187] to investigate the role of mercury-induced 

oxidative stress in the mitochondria of renal epithelial cells as a mechanism for mercury-induced 

renal cellular injury. More specifi cally, they investigated the effects of inorganic mercury on the 

production of hydrogen peroxide by renal cortical mitochondria isolated from rats. Depending on 

the supply and coupling site specifi city of respiratory substrates, variable increases in the formation 

of hydrogen peroxide were observed; incubation of isolated mitochondria with 30 nmol mercuric 

chloride mg protein−1 increased the formation of hydrogen peroxide fourfold at the ubiquinone-

cytochrome b region and twofold at the NADH dehydrogenase region. Additionally, iron-dependent 

lipid peroxidation was increased 3.5-fold at the NADH dehydrogenase region and by 25% at the 

ubiquinone-cytochrome b region. Intramitochondrial GSH was decreased in a time- and concentra-

tion-dependent manner by mercuric chloride. In fact, at a concentration of 12 nmol mercury mg 

protein−1, the content of GSH in mitochondria was depleted completely within 30 min, suggesting 

that targeting of mitochondrial GSH by mercury may be responsible for the intramitochondrial 

oxidative stress. Lund et al. [188] also demonstrated that production of hydrogen peroxide, depletion 

of GSH, and lipid peroxidation increased in mitochondria (isolated from renal cortical  homogenates 
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of rats treated in vivo with mercuric chloride) after the addition of an appropriate respiratory 

 substrate. These fi ndings support in vitro data and lead one to suggest that mercury- induced oxida-

tive stress within mitochondria is an important mechanism involved in renal tubular injury induced 

by mercury.

2.4.4 RENAL MITOCHONDRIAL FUNCTION AND MERCURY

As described above, Lund et al. [187,188] demonstrated that inorganic mercury interferes with mito-

chondrial respiratory function, causing increased production of hydrogen peroxide in the mitochon-

dria, particularly at coupling site II of the electron transport chain. Their fi ndings indicate that an 

oxidative stress localized in the mitochondria may be responsible for mercury-induced inhibition of 

various energy-dependent processes in renal epithelial cells.

In an earlier series of studies, Weinberg et al. [189,190] compared the effects of mercuric chloride 

on mitochondrial function in vitro after either in vivo or in vitro treatment with mercuric chloride. 

When mitochondria were isolated from male Sprague-Dawley rats and then treated in vitro with 

inorganic mercury [189,190], a marked uncoupling of respiration (i.e., an increase in state 4 rate of 

oxygen consumption) and a signifi cant decrease in the rate of substrate-stimulated respiration (i.e., 

state 3 respiration) were observed. Additionally, uptake of atractyloside-insensitive ADP and the 

activities of both basal- and Mg2+-activated oligomycin-sensitive ATPase were markedly increased 

by inorganic mercury. These in vitro effects occurred with a threshold concentration of mercuric 

chloride of 2 nmol mg−1 protein. Similarly, when renal cortical mitochondria were isolated from rats 

treated in vivo with mercuric chloride (5 mg kg−1, sc), the most prominent effects detected were 

inhibition of ADP uptake and decreases in the rates of state 3 and uncoupler-stimulated respiration 

[189,190]. These effects were not attributed to interaction of mercury with mitochondria during the 

isolation procedure. However, with both in vivo and in vitro treatment, inorganic mercury was not 

readily washed out of mitochondria, suggesting binding between mercuric ions and thiol-containing 

molecules in the mitochondria.

Chavez and Holguin [191] and Chavez et al. [192] also reported uncoupling of mitochondrial 

respiration after either in vivo or in vitro treatment of male Wistar rats with mercuric chloride. 

Consistent with this fi nding, they found that inorganic mercury induced calcium effl ux from mito-

chondria, oxidation of pyridine nucleotides, and a collapse of the membrane potential. Chavez and 

Holguin [191] found that inorganic mercury bonded to mitochondrial protein in a concentration-

dependent manner, with saturation at approximately 9 nmol Hg2+ mg protein−1. The fi nding sup-

ports the notion that a mechanism by which mercury induces mitochondrial injury is by the formation 

of complexes between mercuric ions and mitochondrial SH groups.

Jung et al. [193] employed ATP depletion by different chemical agents in microdissected nephron 

segments to localize the nephron site specifi city of injury. They found that 1 μM mercuric chloride 

produced a signifi cant depletion of intracellular ATP exclusively in S2 segments; nephron segments 

derived from the other regions of the proximal tubule (i.e., S1 or S3) or distal nephron (such as the 

distal convoluted tubule or the medullary thick ascending limb of the loop of Henle) were not as 

sensitive to ATP depletion after incubation with inorganic mercury. This pattern agrees with histo-

pathological data, which demonstrate that the pars recta of the proximal tubule is the primary target 

of inorganic mercury, although the S3 segment is also part of the pars recta and becomes intoxi-

cated by mercury in vivo. These data tend to support the conclusion that renal mitochondria are 

early intracellular targets of inorganic mercury. This is logical considering the extremely high con-

tent of SH-containing proteins in both the mitochondrial matrix and the inner mitochondrial 

membrane.

Zalups et al. [15] studied the effects of inorganic mercury on mitochondrial function in suspen-

sions of isolated segments of renal proximal tubules from the rabbit. When proximal tubular seg-

ments were exposed to mercuric chloride, in the absence of extracellular thiols, marked time- and 

concentration-dependent inhibition of nystatin-stimulated oxygen consumption was demonstrated 
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in association with mitochondrial toxicity in an intact in vitro renal cellular model. Additionally, 

inhibition of oxygen consumption by mercuric chloride preceded the development of irreversible 

cellular injury, as assessed by release of LDH from the tubular segments, suggesting that inhibition 

of cellular energetics is a critical component of the nephrotoxic response to inorganic mercury.

2.4.5 INTRACELLULAR DISTRIBUTION OF CALCIUM IONS AND MERCURY

Effl ux of calcium ions from the renal mitochondria of rats has been demonstrated following in vivo 

and in vitro exposure to inorganic mercury [191,192]. The importance of maintaining appropriate 

intracellular concentrations of calcium for proper cellular function is well documented, suggesting 

that the prominent effects of mercury on mitochondrial calcium status may play an important role 

in the acute nephropathy induced by mercury.

Smith et al. [18] used primary cultures of renal tubular cells from rabbits (mostly of proximal 

tubular origin) as an in vitro model system to study the effects of inorganic mercury on the intracel-

lular distribution of ionic calcium. They used the fl uorescent dye FURA 2 to quantitate the cytosolic 

content of free ionized calcium. Treatment of cells with low concentrations (2.5–10 μM) of inor-

ganic mercury produced a 2–10-fold increase in the intracellular content of calcium. In contrast, 

exposure of cells to higher concentrations (25–100 μM) of inorganic mercury produced an initial, 

rapid, 10–12-fold increase in intracellular calcium, and then the levels of calcium returned quickly 

to about twice those in control cells. This was followed subsequently by a second, more gradual 

increase in the intracellular content of calcium that was dependent on the presence of extracellular 

calcium. Cytotoxicity was also associated with this phase of increase in intracellular calcium and 

was similarly dependent on the presence of extracellular calcium. Increases in the cytosolic content 

of calcium that were independent of extracellular concentrations of calcium were primarily due to 

the release of intracellular calcium ions from nonmitochondrial intracellular stores, presumably 

derived from the endoplasmic reticulum. The subsequent decrease in intracellular calcium may be 

due to buffering processes, such as uptake through microsomal (Ca2+ + Mg2+)-ATPase or through 

the mitochondrial uniporter. The dependence of the slow, late phase increase in cytosolic calcium 

on extracellular calcium associated with higher concentrations of inorganic mercury suggests that 

nonlethal effects of inorganic mercury in renal cells are associated with redistribution of intracel-

lular stores of calcium. However, the toxic effects of inorganic mercury are associated with changes 

in the permeability of the plasma membrane.

2.4.6 ALTERATIONS IN (NA+ + K+)-STIMULATED ATPASE INDUCED BY MERCURY

Cellular plasma membranes contain a large number of proteins possessing SH groups that are criti-

cal for enzymatic activity and membrane structure [194]. Among these is the well-studied (Na+ + K+)-

stimulated ATPase, which is situated in the basolateral membrane of epithelial cells in both the 

proximal and distal regions of the nephron. This membrane enzyme has been shown to be inhibited 

markedly by alkylation or oxidation of its SH group. Anner and colleagues [195–197] conducted a 

detailed series of studies on the interaction between mercury-containing compounds and purifi ed 

and reconstituted ATPase protein from the renal outer medulla of the rat, rabbit, and sheep. To 

determine molecular details of the interaction between mercury-containing compounds and 

(Na+ + K+)-stimulated ATPase, studies with purifi ed and reconstituted enzymes rather than intact 

renal epithelial cells or renal tubules had to be conducted.

Anner et al. [197] showed that a number of mercury-containing compounds, including mercuric 

chloride, mersalyl, and p-mercuribenzene-sulfonic acid, potently inhibited the activity of ATPase 

by binding to a site distinct from that at which the cardiac glycosides (e.g., digoxin and ouabain) 

bind. The binding of inorganic mercury was concentration dependent and was modulated by the 

addition of chelators of heavy metal ions, such as EDTA or DMPS, indicating that the binding of 

inorganic mercury to the enzyme is reversible.

© 2010 by Taylor and Francis Group, LLC



60 Cellular and Molecular Biology of Metals

Imesch et al. [196] showed that the inactivation of (Na+ + K+)-stimulated ATPase by mercuric 

chloride (0.1–100 μM) apparently loosens the interaction between subunits of the ATPase molecule, 

thereby altering the sensitivity of the enzyme to extracellular drugs, hormones, and antibodies.

Moreover, Anner and Moosmayer [195] showed that the binding of inorganic mercury to the 

(Na+ + K+)-stimulated ATPase molecule occurs primarily at the cytosolic surface. Binding of mer-

cury was closely correlated with inhibition of uptake of 86Rb, indicating that the metal-binding site 

is critical to the active transport function of the ATPase.

An important extension of these studies will be to design experiments that investigate the effects 

of mercury on (Na+ + K+)-stimulated ATPase function in more intact renal systems, such as isolated 

perfused tubular segments or isolated cells. Considering the potency of the interaction and the fact 

that the plasma membrane is a very early target site for mercury, it is likely that this interaction will 

be important in the mechanism of mercury-induced renal cellular injury. It is also likely that SH 

groups on other membrane proteins, particularly those in the epithelial cells lining the proximal 

tubule, interact with mercury and may play a role in the nephropathy induced by mercury.

2.4.7 MOLECULAR INTERACTIONS BETWEEN MERCURIC IONS AND WATER CHANNELS

Based on the current body of knowledge, virtually all of the aquaporins (water channels) found in 

mammals, except for AQP4, have been shown to be sensitive to the action of mercury [198]. AQP1 

is present in the proximal tubule, the thin descending limb of the loop of Henle and vasa recta; 

AQP2, which is the vasopressin-regulated water channel, AQP3, and AQP4 are found in the collect-

ing duct; AQP6 is found in the papilla; and AQP7 is found in the proximal tubule [199]. The binding 

of mercuric ions to these aquaporins results in the blockade of their function. This blockade is likely 

one of the mechanisms by which mercuric compounds, including mercurial diuretics, induce polyu-

rea or diuresis. Levy et al. [200] hypothesized that mercurial diuretics functioned by having the 

mercuric ion in the diuretic molecule bond to critical SH and other nucleophilic groups on the tubu-

lar epithelial cells following the cleavage of the mercury–carbon bond in the diuretic molecule. A 

likely target is one of the cysteinyl residues in one or more of the different types of aquaporin 

molecules.

It is currently thought that the blockade of water channel function is indeed due to a critical 

change in the conformation of the protein, which results after the binding of mercury to the SH 

group of one or more cysteinyl residue(s) in that protein. Recent data collected using site-directed 

mutagenesis in Xenopus oocytes provide evidence that Cys-11 is the mercury-sensitive residue in 

AQP3 [201] (which is found in the basolateral membrane of the collecting duct) and is involved in 

the transport of water and small molecules like urea. The effects of mercury on water channel 

 function have been shown to be reversible using chelators such as 2-mercaptoethanol [198]. It 

is currently unclear, however, whether the molecular interactions that occur between mercuric 

ions and aquaporins play a mechanistic role in the nephropathy induced by mercury-containing 

compounds.

2.4.8 INFLUENCE OF MERCURY ON HEME METABOLISM

Porphyrinuria has been shown to occur following in vivo exposure to inorganic mercury [202]. The 

porphyrinogenic properties of mercury-containing compounds were initially attributed to metal-

induced alterations in the regulation of enzymes involved in heme biosynthesis or degradation in 

target cells. However, since the magnitude of porphyrin excretion during prolonged exposure to 

either methylmercury or inorganic mercury is greater than can be accounted for by changes in heme 

metabolism alone, Woods et al. [202,203] invoked alternative biochemical mechanisms to explain 

their fi ndings. They showed that mercuric ions promoted free radical-mediated oxidation of reduced 

porphyrins. The mechanism involved depletion or interference of normal antioxidants in renal epi-

thelial cells, such as endogenous thiols like GSH. Furthermore, the ability of inorganic mercury and 
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GSH to react with endogenously produced reactive oxygen metabolites, from both hepatic and renal 

mitochondria of rats, was correlated with porphyrinogen oxidation.

An important clinical application of this effect of mercury is illustrated in a study by Bowers 

et al. [204], who evaluated patterns of urinary excretion of porphyrin in male Fischer 344 rats as a 

diagnostic tool to assess exposure to inorganic mercury or methylmercury. Evaluation of the urinary 

excretion of porphyrins is a noninvasive method that can be applied to human populations suspected 

of being exposed to mercury-containing compounds [205].

2.4.9 EXPRESSION OF STRESS PROTEINS INDUCED BY MERCURY

Various environmental stimuli, including toxic chemicals, increase the synthesis of a class of 

 proteins known as stress proteins. Goering et al. [206] evaluated the effect of a nephrotoxic dose of 

mercuric chloride (1 mg kg−1) on patterns of protein synthesis in the kidneys of male Sprague-

Dawley rats. Enhanced de novo synthesis of 70 and 90 kDa molecular mass proteins were detected 

as early as 2 h after exposure to inorganic mercury, and maximal increases in protein levels were 

observed at 4–8 h post-treatment. By 16 h postinjection, the rates of synthesis of the stress proteins 

decreased back toward basal levels. Changes in protein expression also occurred in the liver, but 

were of smaller magnitudes and were not observed until 16–24 h postinjection.

Goering et al. [206] concluded that alterations in the expression of stress proteins precede overt 

renal injury and are target organ specifi c, suggesting that they may serve as biomarkers of renal 

injury. Furthermore, once the biological functions of these proteins are identifi ed, a more complete 

understanding of the early effects of mercury can be obtained.

The 65 and 70 kDa heat shock proteins were shown to be associated with renal tubular necrosis 

in rats treated with mercuric chloride [207]. In control rats, the 65 kDa heat shock proteins were 

present in the cytoplasm of podocytes and proximal convoluted tubules, while the 70 kDa heat 

shock proteins were found in the cytoplasm and nuclei of podocytes, cortical convoluted tubules, 

and collecting ducts. Increased expression of the 65 kDa protein was seen in mitochondria, nuclear 

chromatin, and nucleoli, and overexpression of the 70 kDa heat shock protein was seen in the cyto-

plasm, mitochondria, lysosomes, cytoskeleton, nuclear chromatin, and nucleoli in cortical tubular 

epithelial cells. During the postregenerative phase after treatment with mercuric chloride, the level 

of expression of the 65 and 70 kDa heat shock proteins was similar to that found in control animals. 

These fi ndings appear to indicate that induction of 65 and 70 kDa heat shock proteins is a signifi cant 

component of the nephropathy induced by inorganic mercury.

2.4.10 INTERACTIONS BETWEEN MERCURY AND THE CYTOSKELETON

Very little is known about the interactions between inorganic or organic mercuric ions and the cytoskel-

eton in renal epithelial cells. However, there are data from nonrenal cells indicating that mercury can 

have a signifi cant effect on the cytoskeleton. Miura et al. [208] demonstrated that  inorganic mercury 

and methylmercury inhibit the in vitro polymerization of tubulin. They also demonstrated, in mouse 

glioma cells, that methylmercury disrupts the microtubular network at an early stage of growth inhibi-

tion. Sager and Syversen [209] also demonstrated that disruption of microtubules occurs in the neuro-

blastoma, glioma, and fi broblast cell-lines when they are exposed to methylmercury. Neuroblastoma 

cells appear to be particularly sensitive to the microtubular  disruption induced by methylmercury. 

Microtubular damage has also been reported in lymphocytes exposed to methylmercury [210]. It was 

suggested by Vogel et al. [211] that methylmercury inhibits microtubular assembly by binding to free 

SH groups on the ends and surface of the microtubules. Addition of the chelator DMSA appears to 

promote the reassembly of microtubules in cells exposed to methylmercury [209], presumably by 

removing mercuric ions from critical SH groups.

The potential for the various forms of mercury mediating some form of toxic effect(s) in renal 

epithelial cells via interactions with cytoskeletal elements remains a possibility. Inasmuch as 
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there are numerous homeostatic functions, in addition to providing structural integrity to cells, 

which are carried out by various cytoskeletal components, one must consider the potential effects 

of mercury on the cytoskeleton when evaluating the mechanisms involved in the nephropathy 

induced by mercury.

2.5 MERCURY AND AUTOIMMUNITY

Evidence from experiments utilizing rabbits [212], inbred Brown-Norway rats [213], and a genetic 

cross between Brown-Norway [214,215] and Lewis rats indicates that multiple exposures to inor-

ganic forms of mercury can lead to the production of antibodies against the glomerular basement 

membrane and results in an immunologically mediated membranous glomerular nephritis [215,216]. 

This glomerular nephropathy is characterized by the binding of antibodies to the glomerular base-

ment membrane, followed by the deposition of immune complexes in glomeruli [212,213,217]. 

Additional evidence from several strains of both mice and rats exposed repeatedly to inorganic 

mercury indicates that deposition of immune complexes can occur in the mesangium and glome-

rular basal lamina, which leads to an immune-complex glomerulonephritis [54,55,215,218,219]. 

Whether mercuric compounds can induce an autoimmune glomerulonephritis in humans is not 

clear at present.

It should be pointed out that a majority of the cases of glomerulonephritis (of immunological 

origin) in humans are classifi ed as idiopathic. Thus, until research proves otherwise, it remains 

 possible that some forms of glomerulonephritis may be linked to exposure to mercury or other 

 environmental and occupational toxicants.

The autoimmunity induced by mercury likely refl ects some complex effects of mercuric ions on 

cell signaling and gene expression events in immune cells, such as in monocytes and lymphocytes. 

For example, Koropatnick and Zalups [220] recently demonstrated that exposure of human mono-

cytes to low, nontoxic doses of the inorganic mercury causes a rapid suppression of activation sig-

naling events that are normally induced in these cells by lipopolysaccharide or phorbol ester.

2.6 FACTORS MODIFYING THE RENAL HANDLING OF MERCURY

2.6.1 INTRACELLULAR THIOLS AND THE RENAL ACCUMULATION AND TOXICITY OF MERCURY

Two major intracellular thiols, GSH and MT, appear to be important in regulating the renal accu-

mulation of mercury and, ultimately, the susceptibility to mercury-induced renal cellular injury. It 

is likely that other molecules within cells, including the large supply of non-MT, protein-SHs, play 

some role in the renal cellular accumulation and toxicity of mercury.

Intracellular concentrations of GSH can be manipulated readily within a relatively brief period 

of time. Several investigators have employed diethyl maleate to conjugate GSH, thereby lowering 

the amount of intracellular GSH available to interact with mercuric ions. Johnson [221], Baggett and 

Berndt [222], Berndt et al. [88], Zalups and Lash [223], and Lash and Zalups et al. [17,162,163] dem-

onstrated that depletion of intracellular GSH or nonprotein thiols is accompanied by decreases in 

the renal accumulation of inorganic mercury in animals treated with mercuric chloride. In studies 

by Berndt and colleagues [88,172], depletion of intracellular GSH appeared to increase the severity 

of renal injury induced by treatment with mercuric chloride. Zalups and Lash [12] also found a close 

correlation between intrarenal concentrations of GSH and the accumulation of inorganic mercury. 

There are some confl icting fi ndings on the effects of diethyl maleate from the laboratory of Girardi 

and Elias [224], who reported increases in the renal accumulation of inorganic mercury in mice 

treated with this compound. Recently, Zalups and Lash [223] and Zalups et al. [17,162,163] demon-

strated, in rats, that acute depletion of GSH in the kidneys and liver by treatment with diethyl 

maleate caused signifi cant decreases in the renal uptake and accumulation of mercury during the 

initial hour after the administration of a low nontoxic dose of mercuric chloride. Interestingly, while 
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the renal accumulation of mercury decreased following treatment with diethyl maleate, the net 

hepatic accumulation of mercury increased. Thus, the depletion of renal and hepatic GSH has mixed 

effects on the disposition of mercury.

In other experiments, Tanaka-Kagawa et al. [87] lowered the intracellular content of GSH in the 

kidneys of mice by administering buthionine sulfoximine (BSO) (a potent inhibitor of GCS, which 

is the rate-limiting enzyme in the intracellular synthesis of GSH) and then inhibited the extra-

cellular degradation of GSH by γ-glutamyltransferase using acivicin. They observed no changes in 

accumulation of either inorganic mercury or methylmercury when compared with control animals. 

Zalups and Lash [223] and Zalups et al. [163] also showed, in rats, that acute depletion of renal GSH 

with BSO does not affect the early aspects of the accumulation of inorganic mercury in the kidneys. 

By contrast, Zalups et al. [162,163] demonstrated that pretreatment with BSO did cause signifi cant 

decreases in the net renal content of mercury 24 h after treatment with inorganic mercury [162,163]. 

These fi ndings indicate that there are signifi cant temporal factors with respect to the effects of BSO 

on the renal disposition of mercury.

In studies where acivicin was used to inhibit γ-glutamyltransferase, Berndt et al. [88] and Zalups 

[75] showed in rats, and Tanaka et al. [86] showed in mice, that the urinary excretion of GSH and 

inorganic mercury increased after inhibition of GSH degradation. Tanaka-Kagawa et al. [87] also 

found that the urinary excretion of inorganic mercury increased while the renal accumulation of 

either inorganic mercury or methylmercury decreased.

Tanaka et al. [86] found that when mice were pretreated with 1,2-dichloro-4-nitrobenzene to 

deplete the hepatic content of GSH (prior to injection of mercuric chloride), there was a marked 

reduction in the renal accumulation of mercury and a signifi cant decrease in the level of renal cel-

lular injury induced by inorganic mercury. These fi ndings suggest that hepatically synthesized GSH 

and the activity of γ-glutamyltransferase are involved in the renal uptake of mercury. Additional 

fi ndings from a set of recent studies, in which bile fl ow was either diverted or prevented from enter-

ing the small intestine of rats, demonstrate that some aspect of hepatic function is linked to a com-

ponent of the renal uptake and accumulation of mercury [160,161].

Increases in the intracellular contents of GSH and other nonprotein thiols can be achieved by 

several means. Girardi and Elias [224] reported that treatment of mice with NAC caused decreased 

intracellular accumulation of inorganic mercury in both the kidneys and liver. Inasmuch as hepatic 

transport of inorganic mercury with GSH has been established in the liver, higher intracellular con-

tents of GSH would be expected to provide increased numbers of ligands for binding to inorganic 

mercury. The seemingly paradoxical results of Girardi and Elias [224] and the discrepancies 

described above suggest that the intrarenal disposition of mercury-containing compounds must be 

regulated by a more complex array of factors than the availability of reduced GSH.

Acute biliary ligation has also been shown to cause signifi cant increases in the renal and hepatic 

content of GSH in rats [162,163]. Zalups et al. [162] suggested that the observed increased renal 

concentration of GSH induced by biliary ligation was due to a hepatic mechanism. They believed 

that as the concentration of GSH in the biliary canaliculi increased (after biliary ligation), the trans-

port of GSH out of the hepatocytes was redirected down a concentration gradient into sinusoidal 

blood. They also believed that as GSH was continually added to the blood, plasma concentrations 

of this thiol increased, which provided more GSH to be taken up at the luminal and basolateral 

membranes of proximal tubular epithelial cells in the kidneys. Interestingly, biliary ligation was 

shown to cause the net accumulation of mercury in the liver to increase and the net accumulation of 

mercury in the kidneys to decrease during the initial 24 h after intravenous injection of 0.5 μmol 

HgCl2 kg−1. What makes these fi ndings interesting is that the renal accumulation of mercury was 

decreased despite an increased renal cellular content of GSH, which is contrary to what one might 

expect. It was postulated that the decreased renal accumulation of mercury in animals that had 

undergone biliary ligation was not due to the content of GSH in the kidney, but rather to the content 

of GSH in the liver, where the accumulation of mercury had increased. These fi ndings also confi rm 

that some aspects of hepatic function play a role in the renal disposition of mercury.
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Additional experiments by Tanaka-Kagawa [87], in which intracellular levels of MT were modu-

lated, may provide some clarifi cation of the contradictory reports on the effects of GSH depletion on 

the renal accumulation of mercury. These investigators found that induction of renal MT with 

Bi(NO3)3 diminished the ability of acivicin to decrease the intrarenal accumulation of either inorganic 

mercury or methylmercury. They interpreted this as indicating that inorganic mercury or methylmer-

cury that is bound to ligands other than MT in renal cells can be secreted readily into the tubular 

lumen with intracellular GSH. Other studies [41,42,182,225] have documented that induction of renal 

MT is associated with increased intrarenal accumulation of mercury and decreased severity of the 

nephropathy induced by either organic or inorganic mercury. Thus, it appears that there is a complex 

interplay between protein and nonprotein thiols in the renal  disposition of mercury.

2.6.2 EXTRACELLULAR THIOLS AND THE RENAL ACCUMULATION AND TOXICITY OF MERCURY

While manipulation of intracellular thiols is sometimes used therapeutically to alter the accumulation 

of mercury and to modulate the effects of mercury once it enters target sites, administration of thiol-

containing compounds can be applied prior to, or simultaneously with, mercury-containing compounds 

to alter the pharmacokinetics and pharmacodynamics of mercury. Both DMPS and DMSA are becom-

ing two of the more commonly used metal chelators employed as antidotes for mercury poisoning, and 

their chemical and pharmacological properties have been reviewed by Aposhian [145,147]. Examples 

of some of their most distinguishing features are that in contrast to the earlier chelator dimercaprol 

(also known as British Anti-Lewisite or BAL), DMPS and DMSA are fairly nontoxic, very water sol-

uble, not very lipid soluble, and effective if administered orally. The two compounds are quite versatile, 

being capable of chelating arsenic, lead, cadmium, and mercury. However, they differ in potency and 

specifi city; for example, DMPS is generally more effective of the two in chelating inorganic forms of 

mercury [149,226]. Additional extracellular thiol reagents that have been used clinically for the removal 

of methylmercury are d-penicillamine and N-acetyl-dl-penicillamine [145]. Some of the reported 

variability in effectiveness and potency of the various chelators of mercury may be attributed to species 

differences, routes of administration, and doses of chelators given.

Zalups et al. [167] demonstrated dose-dependent protection with DMPS in rats from the neph-

ropathy induced by inorganic mercury. Their data suggest that the protective effects of DMPS are 

attributed to decreases in the renal burden of mercury and increases in the urinary excretion of mer-

cury. Furthermore, Maiorino et al. [227] demonstrated a high correlation between effectiveness of 

DMPS and urinary excretion of both inorganic mercury and DMPS in humans. In a recent study 

[149], the same dose of DMPS or DMSA, when administered to rats 24 h after the animals had 

received an intravenous nontoxic dose of mercuric chloride, was shown to reduce the renal burden of 

mercury signifi cantly during the subsequent 24 h after treatment with the respective chelator. 

Treatment with DMPS caused a reduction in the renal burden of mercury by more than 80%, while 

DMSA caused a reduction in the renal burden of mercury by about 50%. These fi ndings indicate that 

DMPS is more effective (on a per mole basis) in reducing the renal burden of mercury when given 

after exposure to inorganic mercury. The kinetics involved in the rapid reduction of the renal burden 

of mercury, after treatment with DMPS or DMSA, appear to indicate that transport of both these 

chelating agents by epithelial cells along the proximal tubule is involved in the reduction of the renal 

tubular burden of mercury. It is well established that proximal tubular epithelial cells transport 

organic anions, such as certain sulfonates and dicarboxylic acids.

In a recent mechanistic study using isolated perfused proximal tubular segments, Zalups et al. 

[85] provided data indicating that DMPS is taken up rapidly at the basolateral membrane by the 

PAH-dependent organic anion transport system. Figure 2.5 summarizes these data. The fi ndings 

also show that once inorganic mercury binds to DMPS, the mercuric conjugates are not taken up 

readily at either the luminal or basolateral membranes. These particular fi ndings are contrary to the 

commonly held presumption that mercuric conjugates of DMPS might be transported by the organic 

anion transport system [149]. Perhaps the most important fi ndings from this study are those 
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FIGURE 2.5  1,2-Dimercaptopropane-1-sulfonate (DMPS) is a very effective chelating agent for the removal 

of mercuric ions from the kidneys. The mechanisms by which DMPS reduces the renal tubular burden of mer-

cury have been elucidated only recently. This fi gure shows the role of the organic anion transporters (OATs) 

in the basolateral membrane and multiple resistance proteins (MRP2) in the luminal membrane in proximal 

tubular epithelial cells in the manner by which DMPS extracts mercuric ions from within the cytosolic com-

partment of proximal tubular epithelial cells into the luminal compartment. Following systemic treatment 

with DMPS, both DMPS and mercuric conjugates of DMPS (DMPS-Hg, 2DMPS-2Hg, and/or other forms) 

are present in the blood. These compounds are fi ltered readily at the glomerulus and delivered to the luminal 

compartment of proximal tubules. They are also delivered to the basal compartment of proximal tubules 

via blood fl ow. Because of the polar negative charge associated with the sulfonate group of DMPS, neither 

DMPS nor mercuric conjugates of DMPS are absorbed readily at the luminal plasma membrane of proximal 

tubular cells. Interestingly, despite the fact that reduced and oxidized forms of DMPS are readily transported 

into proximal tubular cells, isolated perfused tubule data indicate that mercuric conjugates of DMPS are not 

transportable species of mercury at the basolateral membrane. Current evidence indicates that the therapeutic 

actions of DMPS involve the following steps: (1) DMPS (in a reduced and/or oxidized state) is taken up avidly 

at the basolateral membrane by one or more transport systems. (2) Intracellularly, reduced DMPS interacts 

with, competes for, and then extracts mercuric ions bonded to a host of molecules, including structurally and 

enzymatic proteins, low-molecular-weight proteins such as the MTs, and small nonprotein thiols such as GSH, 

Cys, and others (R-Hg-R). (3) Once a mercuric ion becomes bonded to one or two DMPS molecules, and a suf-

fi cient intracellular concentration of mercuric conjugates of DMPS has formed to generate a gradient favoring 

the outward movement of these complexes, DMPS S-conjugates are transported out of the proximal tubular 

epithelial cells by select luminal transport proteins, such as MRP2 and MRP2. (4) Finally, the conjugates 

are excreted into the urine because they cannot be taken up by any segment of the nephron or collecting duct 

due to the polar nature of the complexes.
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 indicating that DMPS can extract accumulated inorganic mercury from proximal tubular cells while 

it is being transported in a secretory manner from the basolateral to the luminal side of  proximal 

tubular epithelial cells. Figure 2.5 illustrates the mechanisms involved in the renal cellular transport 

of DMPS and the mechanisms by which DMPS reduces the renal tubular burden of mercury. 

Additional support for the hypothesis that transport of DMPS and intracellular chelation of mercury 

occur along segments of the proximal tubule after treatment with DMPS comes from the study by 

Klotzbach and Diamond [228]. Using isolated perfused kidneys from male Long-Evans rats, they 

showed that DMPS undergoes net tubular secretion by a kinetically saturable process that is inhib-

ited by PAH and probenecid. They also found that DMPS produced a dose-dependent decrease in 

the retention of inorganic mercury and an increase in the urinary excretion of inorganic mercury. 

Furthermore, both effects were blocked by probenecid, suggesting that the mechanism of protection 

by DMPS is by chelation of inorganic mercury within proximal tubular cells. Many investigators 

have observed that DMPS is readily oxidized in perfusates or in plasma to the disulfi de form. To 

enable interaction with metals, DMPS is reduced back to the dithiol form within proximal tubular 

cells by a GSH-dependent thiol-disulfi de exchange reaction [228,229].

Other low-molecular-weight thiols have been employed experimentally to modulate the nephro-

toxicity of mercury. Because of its prominence as the primary intracellular, nonprotein thiol, exo-

genous GSH is a logical choice as a modulatory agent. Work by Jones and colleagues [230] has 

demonstrated that oral administration of GSH can signifi cantly increase the content of GSH in the 

lung, kidney, heart, brain, small intestine, and skin, but not in the liver, under conditions where GSH 

is depleted. This suggests that GSH taken orally may supplement cellular GSH in some tissues under 

certain toxicological or pathological conditions. A large body of data from both in vivo and in vitro 

systems indicates that exogenous GSH can protect against mercury-induced renal injury. Zalups et al. 

[73] perfused isolated rabbit proximal tubules with 18.4 μM mercuric chloride and various thiols, 

including GSH or Cys. Both thiols, when present in the perfusate at a fourfold higher concentration 

than inorganic mercury, either prevented or signifi cantly decreased the extent of acute tubular injury 

induced by unbound mercuric ions. An ultrafi ltrate of rabbit plasma was similarly protective. The 

mechanism of protection by GSH, Cys, or plasma ultrafi ltrate appeared to involve decreased uptake 

of inorganic mercury across the luminal membrane and subsequent accumulation. Houser and Berndt 

[165] administered GSH monoethyl ester to rats and found that both the renal cortical accumulation 

of inorganic mercury and the severity of mercury-induced renal injury were diminished.

The protective effects of exogenous GSH and DMPS have also been demonstrated in suspensions 

of isolated proximal tubular cells from rats [16]. Proximal tubular cells were fi rst incubated for 

15 min in an extracellular buffer containing bovine serum albumin and various concentrations of 

GSH or DMPS. They were then incubated for an additional hour in the presence of 250 μM mercuric 

chloride, which was found to be the threshold concentration of inorganic mercury that produced 

cellular injury under the incubation conditions being studied. GSH provided concentration- 

dependent protection from mercury-induced cytotoxicity, as assessed by decreases in the activity of 

total cellular lactate dehydrogenase. A GSH concentration of 500 μM, or twice that of inorganic 

mercury, was required to completely protect proximal tubular epithelial cells. DMPS, in contrast, 

provided complete protection against 250 μM mercuric chloride at a concentration (175 μM) that 

was less than that of inorganic mercury. Differences in the level of protection afforded by GSH and 

DMPS likely arise from differences in the chemistry and renal handling of the two compounds. 

Additional fi ndings obtained from isolated proximal tubular epithelial cells from both normal and 

uninephrectomized rats have recently confi rmed the protective effects of both GSH and DMPS 

against the cytotoxic effects of inorganic mercury in vitro [17].

In contrast to the in vitro data described above, Tanaka et al. [86] found that coadministration of 

GSH and mercuric chloride to mice caused the renal content of mercury to increase relative to that 

in mice that were given mercuric chloride alone. These investigators concluded that transport of 

inorganic mercury to the kidney may occur as a mercury–GSH complex and that the simultaneous 

presence of GSH enhances the uptake of mercury. Zalups and Barfuss [68,69,231] observed similar 
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effects in rats coadministered a nontoxic dose of inorganic mercury with GSH or Cys. Consistent 

with these fi ndings, Miller and Woods [231] showed recently that complexes of GSH and Hg2+ or 

GSSG and Hg+ promoted uroporphyrinogen oxidation and catalyzed the decomposition of hydrogen 

peroxide, indicating that mercury–GSH (or other thiol) complexes likely contribute to mercury- 

induced toxicity. Some of these results have also been confi rmed in rats by Zalups (unpublished 

fi ndings). Zalups and Barfuss [99] have very recent data from rats indicating that when a toxic 

2.0 μmol kg−1 dose of mercuric chloride is coadministered with Cys, the nephropathy induced by 

the inorganic mercury becomes more severe. Resolution of the marked contrast between these fi nd-

ings and the in vitro fi ndings described above will require a detailed mechanistic description of the 

renal transport of inorganic mercury. Although advances have been made in understanding the 

mechanisms of the renal transport of mercury, the role of thiols in the renal cellular uptake of mer-

cury is still somewhat unclear.

In contrast to the highly effective protective effects of DMPS and DMSA against mercury-

induced renal cellular injury, less defi nitive results have been obtained with two other dithiols, such 

as dithioerythritol and dithiothreitol. On the one hand, Barnes et al. [232] observed, in rats, evidence 

of protection against morphologic lesions and losses of activities of key marker enzymes for plasma 

membrane and mitochondria induced by mercury with dithiothreitol. Weinberg et al. [190] provided 

evidence of protection for isolated renal mitochondria from mercuric chloride-induced dysfunction 

by dithioerythritol, but only if the dithiol was added in vitro simultaneously with mercuric chloride; 

when the dithiol agent was added in vitro after the rats had been treated with mercuric chloride in 
vivo, no protection or reversal of toxicity was observed. To complicate further the understanding of 

how dithiols interact with mercury-containing compounds in biological systems, Chavez and 

Holguin [191] reported that the addition of dithiothreitol to renal mitochondria isolated from the rat 

that had been treated with inorganic mercury actually increased the degree of mitochondrial injury 

induced by mercury. They suggested that the dithiol made additional SH-sensitive sites available for 

interaction with mercury, thereby enhancing the toxic response. In the same study, the investigators 

also reported that the monothiol 2-mercaptoethanol also enhanced mercuric chloride-induced mito-

chondrial injury; however, higher concentrations than those of the dithiol were required to repro-

duce the effect.

Chavez et al. [192] also reported that the angiotensin converting enzyme inhibitor captopril 

[1-(3-mercapto-2-methyl-1-oxopropyl)-1-proline] was an effective protective agent both in vivo and 

in vitro against mercuric chloride-induced mitochondrial injury and morphological damage.

Besides low-molecular-weight thiols, administration of inorganic mercury complexed to the 

small SH-containing protein MT, although not providing protection against the toxicity induced by 

inorganic mercury, altered the renal site of injury [233]. Whereas the primary target of renal injury 

induced by mercuric chloride is the pars recta (S2 and S3 segments) of the proximal tubule, the 

primary target of renal injury induced by mercury-MT appears to be the pars convoluta and early 

pars recta (S1 and S2 segments) of the proximal tubule. Intrarenal accumulation and urinary excre-

tion of inorganic mercury in rats were also greater when mercury was administered with MT than 

when mercury was administered by itself [173].

2.6.3  REDUCTIONS IN FUNCTIONING NEPHRONS AND COMPENSATORY TUBULAR HYPERTROPHY 
AND THE RENAL DISPOSITION AND TOXICITY OF MERCURY

Reduction in the number of functioning nephrons, which can occur as a consequence of aging, renal 

disease, or surgical removal of renal tissue, has profound effects on renal cellular function and, 

consequently, on the renal handling of exogenous chemicals and on the susceptibility of renal tissue 

to chemically induced injury. Following a signifi cant loss of renal mass, the remnant renal tissue 

undergoes compensatory growth, which is predominantly due (i.e., >85%) to cellular hypertrophy 

(rather than cellular hyperplasia), particularly in segments of the proximal tubule. One of the more 

prominent changes in renal function that occurs as a result of compensatory renal growth includes 
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marked increases in mitochondrial metabolism, which may lead to an enhanced susceptibility of 

renal tissue to oxidative stress [234].

Numerous animal studies have shown that rats that have undergone a signifi cant reduction in renal 

mass, such as unilateral nephrectomy, are more susceptible to the nephropathy induced by inorganic 

mercury than rats with two normal kidneys [11,12,16,165,168]. The biochemical changes that occur 

as a consequence of reduced renal mass and compensatory renal growth are retained in vitro when 

proximal tubular cells are isolated from rats [16]. Furthermore, the enhanced susceptibility of hyper-

trophied proximal tubular cells to the toxic effects of inorganic mercury is also retained in vitro. In 

the absence of exogenous thiols in the extracellular incubation medium, proximal tubular cells iso-

lated from unilaterally nephrectomized (NPX) rats, in which compensatory renal growth had 

occurred, exhibited irreversible cellular injury at signifi cantly lower concentrations of mercuric chlo-

ride than proximal tubular cells isolated from sham-operated rats.

Although the mechanism(s) for the enhanced susceptibility of proximal tubular cells from NPX 

rats to injury induced by mercury is/are not well characterized, it appears that enhanced accumula-

tion of mercury is a contributing factor. Findings from studies with both mercuric chloride [10,12,168] 

and methylmercuric chloride [40] indicate that greater amounts of mercury, on a per gram tissue 

basis, accumulate in the remnant kidney of NPX rats than in the kidneys of sham-operated or con-

trol rats. Moreover, the fi ndings indicate that the greatest increase in the accumulation of mercury 

occurs in the outer stripe of the outer medulla, and specifi cally in pars recta segments of proximal 

tubules [10], which coincides with the site where the toxicity of mercury is expressed in the kidney. 

Other factors, such as changes in intrarenal handling of mercury, are also probably involved in 

changing the cellular response to mercury exposure. Some of the altered accumulation of mercury 

that occurs in the remnant kidney is probably related to alteration in the renal concentrations of 

intracellular thiols. Recent fi ndings show that the intracellular metabolisms of both GSH [12] and 

MT [41,42,235] are altered signifi cantly after the renal mass is reduced following unilateral nephre-

ctomy and compensatory renal growth. Zalups and Lash [12] showed that the cellular content of 

GSH in the remnant kidney increases following uninephrectomy, especially in the outer stripe of the 

outer medulla. This increase in renal cellular GSH has recently been shown to be linked to the 

increased activity of GCS [184], which is the rate-limiting enzyme involved in the intracellular 

synthesis of GSH. With respect to MT, recent molecular biological data indicate clearly that the 

increased renal cellular contents of MT that occur following uninephrectomy are linked directly to 

the increased transcription of the genes for MT-1 and MT-2 [235].

Despite the signifi cant progress that has been made in defi ning the biochemical and physiologi-

cal changes that occur during compensatory renal growth, much more research is needed to under-

stand the precise mechanisms responsible for the increased proximal tubular uptake of, and 

susceptibility of renal injury to, inorganic mercury that occurs when renal mass has been reduced 

signifi cantly.
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3.1 INTRODUCTION

The liver plays a central role in the whole-body homeostasis of essential trace metals and in the 

disposition of toxic heavy metals. A major hepatic function involves uptake of metals from portal 

blood, their intracellular metabolism, storage, incorporation into apometalloproteins, and distribu-

tion of the resulting metal complexes either into the bloodstream for delivery to other tissues, or by 

excretion into bile. Biliary excretion is a principal pathway for the elimination of a number of metals 

from the body, including copper, manganese, lead, mercury, silver, and arsenic.

Signifi cant progress has now been made in the identifi cation of the molecular mechanisms by 

which metals traverse the liver cell sinusoidal (basolateral) and canalicular (apical) plasma 

 membranes. For the sinusoidal membrane, several candidate metal transporters have been described, 

including the high-affi nity copper transporter CTR1, the zinc transporter ZIP2, and a multispecifi c 

divalent metal ion transporter DMT1, a member of the natural-resistance-associated macrophage 

protein (Nramp) family of membrane proteins. DMT1, a divalent cation transporter with unusually 

broad metal substrate specifi city, is expressed in rat liver in moderate amounts, although expression 

is low when compared to that of intestine or kidney. In contrast, CTR1, the human gene for a high-

affi nity copper uptake transporter, is expressed at its highest levels in the liver. Another key sinusoi-

dal metal uptake system is the transferrin-receptor-mediated endocytosis of iron and possibly of 

other metals that bind to transferrin. Two transferrin receptors have now been identifi ed (TfR1 and 

TfR2). Hepatic metal uptake also occurs by other receptor-mediated pathways (e.g., ferritin and 

asialoglycoprotein), and by adsorptive and fl uid-phase endocytosis. Metals that are present as 

 oxyanions, such as arsenate, vanadate, chromate, and selenate, are transported in large part by the 

phosphate or sulfate transporters, whereas transport of organometallic complexes may occur via 

some of the sinusoidal organic solute carriers (the OATPs, OATs, OCTs, etc.).

The release of metals from liver cells into blood plasma or bile is also mediated by both metal-

selective membrane transport proteins and membrane recycling. Important insights into mecha-

nisms for cellular export of metals were provided by the identifi cation and characterization of 

several putative metal transporters, including the Wilson’s disease and Menkes’ syndrome genes, 

some members of the cation diffusion facilitator (CDF) family of transporters (e.g., ZNT1–ZNT9), 

and of some of the canalicular organic solute effl ux pumps (of the MDR and MRP families). The 

Wilson and Menkes disease genes encode transmembrane P-type ATPases that are required for 

copper export. ZNT1, a member of the CDF family, appears to localize to the sinusoidal membrane 

where it may function to release zinc into the extracellular space. Additional mechanisms for the 

export of metals from liver cells into bile involve the canalicular ATP-dependent, multispecifi c 

organic solute transporters MDR1 and MRP2. These multispecifi c transport proteins are members 

of the ATP-binding cassette (ABC) superfamily of proteins, and are expressed at high levels on the 

liver cell canalicular membrane. Although their preferred substrates are amphiphatic organic mol-

ecules, they also transport organometallic complexes. MRP2 mediates biliary transport of metals 

complexed with glutathione (GSH), including arsenic and cisplatin, and possibly copper, cadmium, 

and mercury. Cells overexpressing MDR1 are more resistant to cationic lipophilic metal complexes, 

indicating transport of the metal complexes on MDR1.

The present discussion will provide an overview of the mechanisms that the liver cell utilizes to 

transport metals to and from the bloodstream, and into bile, with an emphasis on recent work on the 

characterization of metal-selective transporters. Previous studies of hepatic uptake and biliary 

excretion of specifi c metals are described in several comprehensive reviews (Ballatori, 1991a, 1991b, 
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1994, 2002; Ballatori and Madejczyk, 2006; Klaassen, 1976; Klaassen and Watkins, 1984), and are 

only discussed briefl y in the present report.

3.2 MODELS USED TO STUDY HEPATIC TRANSPORT

The liver’s complex microanatomy and reticuloendothelial system create a specialized epithelial 

barrier separating blood from bile. This complexity poses a special challenge in the design of exper-

iments to investigate mechanisms of hepatobiliary transport of solutes, including metals. The intact 

animal and the isolated perfused liver model are the only systems that permit the simultaneous 

measurement of sinusoidal transport and biliary excretion; however, it is often diffi cult to obtain 

detailed kinetic data using these model systems. Other in vitro models are most often chosen; how-

ever, all in vitro models share a major limitation, namely the inability to reproduce the ionic and 

ligand composition of blood and blood plasma, a critical factor in regulating metal uptake. Metals 

differ from most other transported solutes in that they generally do not exist in their “free” form in 

biological fl uids and tissues, but are normally complexed with amino acids, peptides, proteins, phos-

pholipids, and other tissue constituents. As a consequence, their disposition, including their mem-

brane transport, is regulated by the availability and relative concentrations of competing ligands 

(Ballatori, 1991a, 1994).

Despite the limitations of in vitro systems, isolated hepatocytes in culture have provided 

invaluable information on the characteristics of uptake of a variety of metals. Isolated hepato-

cytes have been used to determine the apparent Km and Vmax values and the driving forces for 

metal uptake, as well as the effects of individual ligands, metals, and other drugs on uptake. In 

contrast, isolated hepatocytes have not been as useful for studying the export of metals and other 

solutes from the cell. Mammalian hepatocytes rapidly lose their transport polarity upon isolation, 

which makes it diffi cult to distinguish excretion via the sinusoidal versus the canalicular mem-

branes. Although several hepatoma and immortalized hepatocyte cell lines have been developed 

that display some features of the adult polarized hepatocyte phenotype, the conservation of the 

hepatocyte differentiation program is incomplete in these cell lines (Ballatori et al., 2006). The 

hepatocyte couplet system obviates some of these diffi culties in that it retains a bile canalicular 

space (Graf et al., 1984), but has additional limitations, including the relative inaccessibility of the 

small bile canalicular space. Collagen entrapment, coculture of hepatocytes with extracellular 

matrix, and spherical multicellular aggregates (spheroids) are some of the techniques that have 

been used to improve the performance of hepatocytes in primary culture. Among these, hepato-

cyte spheroids have been shown to exhibit extended functional activity, indicating a close link 

between cellular architecture and tissue-specifi c functions (Ambrosino et al., 2005). A three-

dimensional (3D) culture of hepatocytes is therefore essential for the reconstruction of functional 

hepatic tissues in vitro. Another method for 3D culture uses scaffolds, such as paper (Mizuguchi 

et al., 2000), poly-l-lactic-acid (Jiang et al., 2002; Mooney et al., 1995), or 3D-perfused micro-

array bioreactors (Powers et al., 2002). The hepatocytes in the scaffolds tend to form spheroids. 

More recently, Sudo et al. (2005) has reported using a stack of cells composed of rat small hepa-

tocytes (SHs; hepatic progenitor cells) created by inverting one  membrane of an SH monolayer on 

top of another to form an SH bilayer. The cells within the bilayer exhibited mRNA transcription 

of the hepatic-differentiation markers. Transmission electron microscopy also revealed that the 

SHs of the upper and lower layers adhered to one another, and that bile canaliculi formed between 

them. Furthermore, bile canalicular proteins were localized to the lumina of the tubular struc-

tures. Although 3D cultures may be promising reconstructions of tissue-engineered livers, addi-

tional research is needed to establish the usefulness of this model to study hepatobiliary transport, 

and metal transport in particular.

In the early 1980s, another useful model system was introduced, a technique for the separation 

of plasma membrane vesicles derived from the liver cell sinusoidal and canalicular membrane 

domains (Meier et al., 1984). This made it possible to examine transport at both poles of the cell 

© 2010 by Taylor and Francis Group, LLC



82 Cellular and Molecular Biology of Metals

separately, without interference from cell metabolic functions. With this system, the electrogenic 

features, energy dependence, and ion requirements could be determined with relative ease. The 

limitations of this system include cross-contamination with other intracellular or plasma mem-

branes, orientation of the vesicles, functional integrity of the transport proteins or the vesicles them-

selves, and the relatively high degree of nonspecifi c binding that is often observed with metals 

(Ballatori, 1994).

However, the most signifi cant progress in the characterization of hepatic transport systems, 

including metal transporters, has come from studies that utilized molecular biological approaches. 

In particular, the use of complementation strategies in bacteria and yeast and the use of the Xenopus 
laevis oocyte expression system have allowed for the identifi cation of several candidate hepatic 

metal transport proteins.

It is becoming increasingly apparent that most cell functions, including membrane transport 

functions, are highly conserved throughout evolution. Several mammalian transporters have recently 

been identifi ed after structurally homologous proteins were fi rst characterized and identifi ed in 

either bacteria or yeast, as described in more detail below. For example, the human gene for the 

high-affi nity copper uptake transporter CTR1 was identifi ed by functional complementation in 

yeast (Zhou and Gitschier, 1997). A second strategy involves the use of Xenopus oocytes, which 

have become a standard tool for the cloning and functional expression of integral membrane pro-

teins (Sigel, 1990; Soreq and Seidman, 1992). Gunshin et al. (1997) used this strategy to clone the 

cDNA for Dmt1, a multispecifi c divalent cation transporter of the Nramp family. Xenopus oocytes 

allow for the study of biogenesis, functional structure, modulation, and expression of plasma mem-

brane proteins (Sigel, 1990; Soreq and Seidman, 1992). Oocytes effi ciently translate exogenous 

mRNA injected into their cytoplasm, and are generally able to correctly post-translationally modify 

and target heterologously expressed proteins to the appropriate cellular compartment. This system 

has been used to clone and express membrane proteins of several classes, including transporters, 

channels, receptors, and enzymes (Sigel, 1990; Soreq and Seidman, 1992).

3.3 DETERMINANTS OF HEPATIC METAL TRANSPORT

3.3.1 HEPATIC MICROANATOMY

Mammalian hepatocytes are arranged in plates or sheets that are only one cell thick, and are sur-

rounded by capillaries (sinusoids), thus maximizing the surface area for exchange. The sinusoidal 

endothelium is highly fenestrated and has little if any basement membrane (Disse space). The sieve-

like plates in the endothelial cells permit solutes up to the size of chylomicrons to pass from blood 

into the Disse space. As a result, metals associated with particles of this size or smaller in blood 

plasma have direct access to the basolateral surface of hepatocytes.

Three distinct plasma membrane domains are present on hepatocytes: the sinusoidal, lateral, and 

canalicular membranes. The sinusoidal or “basal” surface is covered with numerous irregular 

microvilli that increase the surface membrane area, thereby facilitating hepatic uptake. The lateral 

domain is a relatively smooth and straight extension of the sinusoidal membrane that projects 

between neighboring hepatocytes and lines the intercellular cleft. It contains gap junctions, desmo-

somes, and tight junctions, but no microvilli. In analogy with other epithelial cells, the sinusoidal 

and lateral domains together form the basolateral membrane. The apical or canalicular membrane 

differs histochemically and biochemically from the basolateral surface. Although the lumen of the 

canalicular space is only ~1 μm in diameter, the surface area is enlarged by an extensive network of 

microvilli, which often fi ll the lumen. The canalicular membrane constitutes approximately 13% of 

the plasma membrane surface.

Separation of blood spaces from the lumen of biliary spaces is accomplished largely by two 

 belt-like junctional complexes that encircle each hepatocyte, enclosing the canaliculi and linking 

adjacent hepatocytes within the hepatic plate. The canalicular wall is therefore a specialized part of 
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the hepatocellular plasma membrane. The tight junctions that separate bile from plasma were 

 initially considered to be impermeable; however, it is now accepted that the paracellular pathway is 

the major route for the movement of certain solutes and water between plasma and bile. Studies in 

perfused rat liver demonstrate that greater than 75% of biliary Na+, K+, Cl−, and water come directly 

from plasma via the paracellular pathway (Graf et al., 1984, 1987). Hepatocyte junctional complexes 

are of low electrical resistance and somewhat cation selective, suggesting the presence of negative 

charges. Studies by Graf et al. (1987) in isolated rat hepatocyte couplets indicate that the cation 

selectivity of the paracellular pathway is relatively weak. Paracellular permeability appears to be 

regulated by hormones, Ca2+, and other endogenous factors and is altered by some drugs or chemi-

cals or during hepatic injury. The role of this pathway in the hepatobiliary transport of metals 

remains obscure.

3.3.2 FUNCTIONAL POLARITY

Differences in lipid and protein composition among the three plasma membrane domains generate 

the hepatocyte’s functional polarity (Meier, 1988). The sinusoidal membrane is rich in receptors, 

enzymes, and transport proteins. Receptors for hormones and transmitters such as insulin, glucagon, 

vasopressin, and α-adrenergic agonists, and for metabolites, such as lipoproteins, asialoglycopro-

teins, transferrin, and IgA, are concentrated on this membrane domain. Hormone-sensitive adeny-

late cyclase and Na+, K+-ATPase enzyme activity are also localized to the sinusoidal membrane. 

Its high phagocytic and endocytic properties are revealed by the presence of clathrin-coated and 

noncoated vesicles.

Transport proteins are also abundant on the sinusoidal membrane. These proteins facilitate the 

uptake of ions, nutrients, bile acids, and organic anions and cations, including certain drugs and 

xenobiotics from blood plasma (Figure 3.1). Hepatic uptake of organic solutes across the sinusoidal 

membrane is mediated by multiple transport systems, and several classes of transporters have now 

been identifi ed, including the following: the Na+-coupled bile acid transporter NTCP (SLC10A1) 

(Hagenbuch et al., 1991), the electrogenic cation transporters OCT1-3 (SLC22A1-3), the cation and 

carnitine transporters OCTN1 (SLC22A4), OCTN2 (SLC22A5), and OCT6 (SLC22A16), and the 

proton/cation antiporters MATE1, MATE2-K, and MATE2-B (Grundemann et al., 1994; Koepsell 

et al., 2007), as well as the OATP (SLC0) multispecifi c transporters (Jacquemin et al., 1994; Kullak-

Ublick et al., 1994; Noe et al., 1997). The driving force for uptake of rat Oatp1 has been suggested 

to be the GSH electrochemical gradient (Li et al., 1998). In contrast to this rat Oatp, human 

 OATP1B3/ OATP-8 and OATP1B1/OATP-C most likely function as bidirectional facilitated diffu-

sion transporters and GSH is not a substrate or activator of their transport activity (Mahagita et al., 

2007). The sinusoidal membrane also has transport systems that facilitate effl ux of H+, Ca2+, amino 

acids, and possibly other solutes from liver cells back into blood plasma, and some of these are 

illustrated in Figure 3.1.

The lateral membrane participates in cell–cell interaction, but has not yet been shown to contain 

specifi c transport processes. Desmosomes and tight junctions within lateral membranes link adja-

cent hepatocytes and create the canalicular space, whereas its gap junctions are specialized for 

cell–cell communication.

On the other hand, the canalicular membrane is replete with membrane transport proteins. Some 

of these are illustrated in Figure 3.2. Transport systems for organic anions (MRP2/ABCC2), organic 

cations (MDR1/ABCB1), phospholipids (MDR3/ABCB4), and bile acids (BSEP/ABCB11), along 

with high specifi c activities of the enzymes γ-glutamyl transpeptidase, leucylnaphthylamidase, 

Mg2+-ATPase, and alkaline phosphodiesterase, are localized to the canalicular membrane. MDR1 

and MRP2 have been implicated in biliary excretion of metals complexes, as discussed further 

below. A Cl−/HCO3
− exchanger and a Cl−-selective channel have also been identifi ed (Meier, 1988). 

Lysosomes and endocytic vesicles fuse with the canalicular membrane and discharge their contents 

(including metals) into bile (Renston et al., 1980).
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3.3.3 BILE SECRETION AND BILIARY-HEPATIC CYCLE

Hepatic bile is an isosmotic electrolyte solution containing mixed lipid micelles of bile acids, cho-

lesterol, and phospholipids, along with porphyrins, proteins, peptides, amino acids, metals, and a 

variety of other endogenous and exogenous compounds (Boyer, 1986; Klaassen and Watkins, 1984). 

Bile is secreted largely in response to the osmotic gradient between bile, liver tissue, and plasma, 

generated by active secretion of impermeant solutes into the canalicular spaces. Water, electrolytes, 

and other solutes move across the canalicular membrane as well as through the tight junctions to 

dissipate the osmotic gradient created by active secretion of bile acids (Sperber, 1959), glutathione 

(Ballatori and Truong, 1989, 1992), and possibly other solutes.

After its secretion, canalicular bile winds its way through the labyrinth of canaliculi toward the 

periphery of the hepatic lobule, and drains into the hepatic ductules and ducts, and fi nally into the 

common duct and gallbladder. At each of these sites, canalicular bile may be modifi ed by both 

absorptive and secretory processes, and some of its components metabolized by membrane-bound 

ectoproteins (Ballatori et al., 1986b, 1988), demonstrating that biliary epithelia are not inert  conduits 
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for bile, but are actively involved in its postsecretory processing. In analogy with the enterohepatic 

circulation, there is a biliary-hepatic cycle for amino acids (Ballatori et al., 1986a, 1988; Moseley 

et al., 1988), and an organometallic compound, methylmercury (Dutczak and Ballatori, 1991). Thus, 

metals that are secreted by hepatocytes into bile canaliculi may be reabsorbed at more distal sites 

within the biliary tree (Ballatori, 1994).

3.3.4 PARACELLULAR PATHWAY FOR BILIARY EXCRETION

Rather than traversing the hepatocyte basolateral and canalicular membranes, metals may also enter 

bile via either the paracellular pathway (Figure 3.2) or the “transhepatocellular” pathway (i.e., a 

transepithelial route across bile ductular epithelia). However, because bile cannot be sampled simul-

taneously at its source (canaliculus) and within bile ductules, it is diffi cult to quantitate the role of 

the ductular epithelium in solute transport into bile or solute reabsorption from bile.

Movement of substances between blood plasma and bile is restricted and regulated primarily by 

the hepatocellular junctional complex. This junction is normally impermeable to solutes as large as 

proteins, but as already indicated, it appears to be the predominant route for entry of small ions and 

water into bile (Graf et al., 1984, 1987). Hepatic junctional complexes are considered relatively 

“leaky” since the shunt conductance accounts for a large fraction of the total tissue conductance. In 

freeze-fracture replicas, tight junctions normally contain 3–5 parallel strands that line the perime-

ters of the canaliculi, but the strand number may vary between 1 and 8. The junctional complexes 

are also relatively cation selective, suggesting a negatively charged barrier. Thus, movement of 

negatively charged compounds is impeded relative to cationic compounds of similar size; however, 

both readily cross the junction. Studies in rat hepatocyte couplets indicate a relatively low ion selec-

tivity of the paracellular pathway (Graf et al., 1987).

Of importance to the present discussion, the Ca2+ and Mg2+ concentrations in bile are similar to 

those in blood plasma; these cations apparently enter bile via the paracellular pathway (Boyer, 1986). 
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It is reasonable to expect that other free divalent metal cations in plasma could also use the shunt 

pathway, but there is no direct evidence for this hypothesis. For most heavy metals, the role of the 

paracellular pathway appears minimal, probably because these metals are bound to plasma 

 constituents that are normally excluded from the paracellular pathway. On the other hand, if the 

junctional complexes that line the paracellular pathway are damaged, paracellular fl ux might 

increase. By analogy, massive renal Mg2+ and Ca2+ wasting is observed in a hereditary disease 

called hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC), and this is suggested 

to originate from a defect in paracellular permeation in the kidneys (Schmitz et al., 2007). The gene 

responsible for this disorder was identifi ed by positional cloning and named paracellin-1 (PCLN-1) 

(Simon et al., 1999).

3.3.5 PLASMA AND INTRACELLULAR PROTEIN BINDING

Because formation of metal complexes is highly favored thermodynamically, most heavy metals are 

present in biological tissues and fl uids as complexes, rather than as free cations. Although the ther-

modynamic stability of coordinate-covalent bonds is typically quite high, they are kinetically labile, 

so that a given metal may rapidly exchange from one ligand to another. This kinetic lability has 

proven to be the greatest stumbling block to the isolation and identifi cation of metal complexes in 

biological fl uids and tissues. For example, during tissue homogenization or chromatographic sepa-

ration, additional binding sites may be exposed (or some eliminated), thus altering the distribution 

of the metal among various ligands. Reactivity varies between metals and is infl uenced by the 

nature of the ligand, whether mono- or multi-dentate, and the pH and ionic strength of the media. 

Copper for example forms relatively low-affi nity complexes with albumin or amino acids, but is 

tightly bound to ceruloplasmin. Similarly, mercury and cadmium form kinetically labile complexes 

with amino acids, glutathione, or albumin, but more stable complexes with metallothionein (MT). 

Chelating agents normally display low specifi city for metals: they bind a wide range of metals and 

differ in their effi cacy for various forms of the same metal.

For the heavy metals, detoxifi cation or protection from toxicity usually involves binding to spe-

cifi c proteins, including the following: MTs, which form complexes with copper, zinc, cadmium, 

mercury, and other metals; ferritin, transferrin, and hemosiderin, which are predominantly iron-

binding proteins, but also have some affi nity for other metals; and ceruloplasmin, which chelates 

copper and possibly other metals. Similarly, the biological activity of the essential trace metals is 

due to their ability to attach to specifi c prosthetic groups on proteins and other biological molecules. 

Manganese may be an exception to this generalization, since at least some of its biological functions 

are related to the free divalent metal.

Conversely, metal-induced toxicity is usually attributed to the reactivity of the “free” metal and 

is most often observed in tissues involved in their transport, such as intestine, liver, and kidney. 

Toxic metals, or an excess of trace metals, cause injury by binding to and perturbing the functions 

of cellular ligands. For example, mercury binds avidly to reduced sulfhydryl groups on cysteine 

moieties, and interferes in the function of all sulfhydryl-dependent proteins that have been exam-

ined (Clarkson, 1972). Because of the shared physicochemical properties between Ca2+, Pb2+, and 

Cd2+, lead and cadmium probably exert some of their toxic effects by replacing Ca2+ on essential 

proteins or lipids. Similarly, vanadate and arsenate are structurally similar to phosphate and are able 

to displace phosphate from critical binding sites.

3.4  SINUSOIDAL UPTAKE OF METALS FROM BLOOD PLASMA, AND 
SECRETION BACK INTO THE BLOODSTREAM

As with other cell types, the major determinants of the chemical interaction that will ensue following 

exposure of a liver cell to a given metal are the type and speciation of the metal in the extracellular 

medium (blood plasma), and the presence and activation state of a given metal transport pathway. 
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Metal binding to the membrane and penetration into the cells are regulated by the affi nity and 

accessibility of a specifi c chemical form to various membrane ligands, including metal-selective 

transport systems.

It is becoming increasingly apparent that hepatocytes and other cells possess effi cient uptake 

systems for procuring essential metals, and that these uptake systems are under tight regulatory 

control (Eide, 1997; Thiele, 2003). Recent evidence indicates the presence of several distinct fami-

lies of metal transport proteins (see below). The nonessential metals frequently mimic the essential 

metals and gain access via the same pathways, or enter via less selective pathways (Ballatori, 1994, 

2002; Dawson and Ballatori, 1995).

3.4.1  TRANSPORT DURING MEMBRANE RECYCLING: ROLES OF TRANSFERRIN 
AND CERULOPLASMIN

Endocytotic and exocytotic mechanisms play a critical role in hepatic metal homeostasis. The 

importance of receptor-mediated endocytosis in the transport of iron and copper has long been 

recognized, and many of the individual steps in this process have been characterized at the molecular 

level (Aisen, 1998). However, the role of receptor-mediated endocytosis in the transport of other 

metals and the general roles of fl uid-phase and adsorptive endocytosis in metal transport have not 

been examined to a signifi cant extent.

It is likely that the overall contribution of membrane recycling to metal transport has been under-

estimated. In rat hepatocytes, the volume of fl uid taken up (and released) via the fl uid phase 

pathway(s) is quite large, and far greater than by receptor-mediated pathways (Oka et al., 1989). The 

total rate of fl uid internalization in rat liver cells is between 1 and 6 pL/cell/h (Oka et al., 1989; 

Scharschmidt et al., 1986), or greater than 20% of their volume each hour. From this rate it can be 

estimated that between 5 and 50 times the hepatocytes’ plasma membrane is endocytosed each hour 

(Blomhoff et al., 1989; Oka et al., 1989; Scharschmidt et al., 1986). This phenomenal rate of plasma 

membrane and fl uid internalization has obvious implications for the transport of substances across 

the membrane, yet little information is available on its role in hepatic metal transport. The rapid rate 

of membrane and fl uid transport may be particularly important in facilitating movement of metals 

that either have a high affi nity for plasma membrane binding sites or are bound to ligands that are 

selectively cleared via their hepatic receptors. Because the process is bidirectional, membrane recy-

cling functions to transport metals to and from blood plasma (Figure 3.1) and to and from bile 

(Figure 3.2). A recent report has demonstrated endocytotic uptake of MT by HepG2 (human hepa-

tocellular carcinoma) cells via a lipid raft-dependent endocytosis (Hao et al., 2007). Subcellular 

fractionation after MT uptake revealed signifi cant amounts of MT in vesicular fractions, including 

lysosomes but virtually no MT in the cytosol. However, metals bound to MT are released into the 

cytosol. By implication, the fi ndings may defi ne an endocytotic pathway for cellular metal acquisi-

tion in hepatocytes in vivo.

Internalized endocytotic vesicles move rapidly (within minutes) to lysosomes and the pericanali-

cular Golgi area. The entrapped metal complexes may be metabolized, released to other intra-

cellular compartments, or transferred in coated and noncoated vesicles to bile canaliculi. As in other 

epithelia, canalicular membrane biogenesis fi rst requires insertion of integral membrane proteins 

into the basolateral plasma membrane followed by their selective endocytosis and delivery to the 

canalicular domain (Bartles et al., 1987). A tubulovesicular transport process has been suggested to 

function in the transcellular movement of certain proteins into bile (Coleman, 1987; Sakisaka et al., 

1988). Although vesicular exocytosis into bile makes only a minimal contribution to the total  volume 

of fl uid secreted into bile, <4%, it is the predominant mechanism for biliary excretion of proteins 

and certain other macromolecules. Similar endocytotic/exocytotic mechanisms are probably quite 

important in hepatic metal transport, particularly for metals that are complexed with high-molecular-

weight plasma constituents that are cleared by the liver. Even if only a small fraction of the metal in 

plasma were bound to such ligands, the effi ciency of the process could make it the predominant 
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pathway. Additional studies are needed to assess the relative contributions of these ubiquitous trans-

port pathways.

The transferrin endocytotic process is relatively well characterized. Most investigators agree that 

the predominant mechanism of iron transport from blood plasma into hepatocytes is via the trans-

ferrin receptors (Graham et al., 2007; Morgan and Baker, 1988), as illustrated in Figure 3.1. Nearly 

all of the iron in plasma (~99%) is normally associated with transferrin, a protein that binds iron in 

the Fe(III) oxidation state. Oxidation of Fe(II) to Fe(III) is catalyzed by the copper-containing 

enzyme ceruloplasmin (Figure 3.1).

The interaction of transferrin with its receptors promotes iron uptake by two mechanisms. First, 

receptor-mediated endocytosis leads to the internalization of diferric transferrin, followed by release 

of iron within acidic vesicles, and extrusion of iron-depleted transferrin (apotransferrin). The mech-

anism by which the released iron is subsequently transferred from the endosome/lysosome to the 

cytosol is discussed in Section 3.5.2 (namely, it appears to be mediated by DMT1). A second and 

more speculative uptake mechanism involves the possibility that iron is released at the plasma mem-

brane without internalization of the transferrin–receptor complex (Jordan and Kaplan, 1994; 

Thorstensen and Romslo, 1988; Thorstensen et al., 1995). In this model, transferrin-bound ferric 

iron or non-transferrin-bound iron is reduced to ferrous iron extracellularly, removed from the 

transferrin molecule, and transported into the cell via DMT1 or possibly one of the ZIP proteins 

(e.g., ZIP14) (Figure 3.1).

In addition to transferrin receptors, ferritin receptors play a major role in hepatic iron uptake 

(Mack et al., 1983; Osterloh and Aisen, 1989). Kupffer cells release a substantial fraction of the iron 

acquired by erythrophagocytosis in the form of ferritin, which is effi ciently internalized by hepato-

cytes, via their ferritin receptors. It has been suggested that ferritin may be more important than 

transferrin in mediating hepatic iron uptake at physiological concentrations of these ligands (Aisen, 

1998; Fisher et al., 2007). This issue remains to be resolved.

A third receptor-mediated endocytotic mechanism involves the asialoglycoprotein receptors 

(ASGP-R) (Oka and Weigel, 1983; Regoeczi et al., 1984; Stockert et al., 1980; Young et al. 1983). 

Galactose-specifi c ASGP-R are unique to hepatocytes, and have been identifi ed in every mammalian 

species examined. One substrate for these receptors is asialotransferrin. Sinusoidal endothelial cells 

appear to be able to desialate transferrin (Tavassoli, 1988); the iron carried by these sialic acid-

depleted molecules can be rapidly cleared from the blood by receptor-mediated endocytosis. Hepatic 

iron uptake is faster from asialotransferrin than from fully sialylated transferrin (Rudolph et al., 

1986). Prata et al. (2006) demonstrated the hepatic receptor-mediated endocytotic uptake of the 

lanthanide(III) chelates of DOTA-type glycoconjugates in HepG2 cells and in rats. In vitro studies 

show high uptake of radiolabeled [153Sm]-DOTAGal2 by HepG2 cells containing the ASGP-R, which 

is decreased to less than 50% by the presence of its high-affi nity ligand asialofetuin. Similarly, in 
vivo pharmacokinetic studies on Wistar rats using the [153Sm]3+-labeled glycoconjugates show a high 

uptake in the receptor-rich organ liver of the radiolabeled compounds containing terminal galactosyl 

groups, but very little uptake for those compounds with terminal glycosyl groups. Blocking the 

receptor in vivo reduced liver uptake by 90%, strongly suggesting that the liver uptake of these com-

pounds is via receptor-mediated endocytosis by their binding to the ASGP-R (Prata et al., 2006).

Although the relative contributions of these auxiliary pathways of iron uptake are unknown, it is 

becoming quite clear that these pathways are important not only in iron-overload states, but work in 

parallel with the transferrin receptors to mediate normal hepatic iron uptake (Morley and 

Bezkorovainy, 1985).

Interestingly, iron-binding proteins may also be involved in the transmembrane movement of 

other metal cations, including manganese, zinc, and vanadium. Most of the manganese in plasma is 

bound to transferrin, a fi nding that may explain the rapid hepatic clearance of Mn from plasma. 

Similarly, a substantial fraction of vanadium in rat plasma is associated with transferrin. Vanadium 

accumulates preferentially in tissues that are also abundant in iron (liver, spleen, and kidney). 

Chromatographic separation of vanadium in liver homogenates reveals that the metal coelutes with 
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fractions corresponding to transferrin and ferritin. It has been speculated that ferritin may serve as 

a general metal detoxicant because of its ability to bind to a variety of metal cations, including Cd, 

Zn, Be, and Al (Joshi et al., 1989). Metals also bind to albumin, and this complex may also be trans-

ported by vesicular mechanisms (Tibaduiza and Bobilya, 1996).

The role of membrane turnover in biliary excretion of metals is discussed in Section 3.6.

3.4.2 SINUSOIDAL METAL TRANSPORTERS AND PROTEIN MODIFIERS OF TRANSPORT

3.4.2.1 Uptake on Phosphate or Sulfate Transporters
One of the earliest metal transport mechanisms to be described was the transport of metal oxyan-

ions on phosphate and sulfate carriers (Clarkson, 1993; van Veen et al., 1994; Wetterhahn-Jennette, 

1981). Vanadate and arsenate are structurally similar to phosphate and can compete with phosphate 

for transport, as well as intracellular binding sites. Indeed, their toxicity is thought to be directly 

related to this competition. Similarly, chromate, selenate, and molybdate are structurally similar to 

sulfate, and are substrates for sulfate transporters.

Hepatic phosphate or sulfate transporters have been characterized functionally, and some of the 

key proteins have been identifi ed at the molecular level. Hepatic phosphate uptake is mediated in 

part by a Na+-dependent mechanism (Ghishan et al., 1993), and genes have been identifi ed that 

mediate Na+-dependent phosphate uptake when expressed in Xenopus oocytes (Chong et al., 1993; 

Kavanaugh and Kabat, 1996; Miyamoto et al., 1995; Norbis et al., 1997; Virkki et al., 2007). Two 

unrelated families of Na+-dependent Pi transporters transport different Pi species in vertebrates: the 

type II Na+/Pi cotransporters (SCL34) prefer divalent HPO4
2−, and the type III Na+/Pi cotransporters 

(SLC20) transport monovalent H2PO4
−. The SCL34 family comprises both electrogenic and electro-

neutral members that are expressed in various epithelia and other polarized cells. These proteins 

play a role in modulating the Pi content of luminal fl uids. The two SLC20 family members PiT-1 and 

PiT-2 are electrogenic and ubiquitously expressed and may serve a housekeeping role for cell Pi 

homeostasis (Virkki et al., 2007). Phosphate transporter protein expression was recently confi rmed 

by Western blotting in basolateral and canalicular membranes and by immunofl uorescence in rat 

intact liver (Frei et al., 2005). Transport studies in canalicular membrane vesicles demonstrated 

sodium-dependent Pi uptake and this was compatible with transport characteristics of sodium- 

phosphate cotransporters NaPi-IIb, PiT-1, and PiT-2, of which the mRNAs were detected in rat liver 

(Frei et al., 2005). On the protein level, NaPi-IIb was detected at the canalicular membrane of hepa-

tocytes and at the brush-border membrane of cholangiocytes. In contrast, PiT-1 and PiT-2 were 

detected at the basolateral membrane of hepatocytes. In addition to these plasma membrane trans-

porters, phosphate transporters are also present in intracellular organelles, including mitochondria 

(Pratt et al., 1991). Arsenate and vanadate most likely enter hepatocytes and their organelles on 

these phosphate transporters (Wetterhahn-Jennette, 1981).

Hepatic sinusoidal sulfate uptake also appears to be mediated by a Na+-dependent mechanism, 

and Na+-sulfate cotransporters (the SLC13 transporters) have now been identifi ed at the molecular 

level (Markovich and Murer, 2004; Pajor, 2006). The SLC13 gene family consists of fi ve members 

in humans: two of the transporters, NaS1 and NaS2, carry substrates such as sulfate, selenate, and 

thiosulfate, and the other members of the family (NaDC1, NaDC3, and NaCT) are transporters for 

di- and tri-carboxylates, including succinate, citrate, and α-ketoglutarate. Functional properties of 

NaS2 have been characterized in human and rat as well as mouse (Markovich et al., 2005; Dawson 

et al., 2005, 2006). These sulfate transporters likely mediate hepatic uptake of chromate, selenate, 

and molybdate; however, additional research is needed to establish this possibility.

3.4.2.2 CTR1 and CTR2, the Copper Uptake Transporters
Although it has long been recognized that the liver is the central organ of copper homeostasis, the 

molecular basis for hepatic copper uptake was not identifi ed until the mid-1990s (Bull and Cox, 

1994; Vulpe et al., 1993; Vulpe and Packman, 1995; Yamaguchi et al., 1996). Important insights into 
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this process were provided by studies in several laboratories, many of which took advantage of the 

remarkable similarities between yeast and mammalian cells in terms of copper and iron metabo-

lism, and the relative ease with which genetic manipulations can be carried out in yeast. A great deal 

is now known about how lower eukaryotes, such as yeast, and prokaryotes defend themselves against 

toxic metals, whereas relatively little is known about defense strategies utilized by mammalian 

cells. In yeast, resistance to metals is usually due to genes whose products function to sequester 

metals in intracellular compartments, whereas bacterial defenses are mainly attributed to plasmid-

encoded genes whose products function to export metals out of the cell (Silver, 1996; Solioz et al., 

1994; Tsai et al., 1997).

Models illustrating the normal pathways of copper metabolism in hepatocytes are provided in 

Figure 3.3, and those of the yeast Saccharomyces cerevisiae in Figure 3.4. As depicted in these 

fi gures, there is a remarkable evolutionary conservation in the overall mechanisms of copper homeo-

stasis from yeast to humans (Kaplan and O’Halloran, 1996; Kim et al., 2008; Perego and Howell, 

1997; Solioz et al., 1994; Valentine and Grella, 1997).

S. cerevisiae acquire copper as Cu(I) through the action of a plasma membrane-associated 

Cu(II)–Fe(III) reductase (Fre1), two high-affi nity copper transport proteins (Ctr1 and Ctr3), and a 

low-affi nity copper transporter (Ctr2) (Figure 3.4). Of the three transporters, only the Ctr1 protein 

is indispensable for high-affi nity copper uptake (Dancis et al., 1994). Once within the yeast cell, 

Cu(I) is transferred to small cytoplasmic proteins that function as intracellular transporters or chap-

erones. These intracellular copper-binding proteins deliver the copper to selected intracellular 

 proteins or organelles (Figure 3.4). The Atx1 protein, for example, delivers copper to Ccc2, a P-type 

ATPase that pumps copper into endosomal/lysosomal compartments. Ccc2 is structurally and 

 functionally similar to the gene products defective in Wilson’s disease (ATP7B) and Menke’s 

 syndrome (ATP7A), and is localized to the same intracellular compartment (Figures 3.3 and 3.4). 

Ccc2 functions to deliver copper into this space for storage, as well as for insertion into Fet3, a 

 multicopper oxidase that is similar to ceruloplasmin (Yuan et al., 1995).
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FIGURE 3.3 Model of hepatocellular copper uptake and utilization.
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The similarity between yeast and mammalian copper homeostasis is quite striking, and extends 

to the membrane transporters, the cytoplasmic chaperones, and the terminal copper acceptors 

(Figures 3.3 and 3.4). Of signifi cance, Zhou and Gitschier (1997) isolated a human gene involved in 

copper uptake by complementation of the yeast high-affi nity copper uptake mutant, Ctr1. The 

human gene product (CTR1; Figure 3.3) exhibits 29% amino acid identity with yeast Ctr1. A data-

base search by Zhou and Gitschier (1997) revealed an additional human gene that was named CTR2. 

By Northern blot analysis, CTR1 and CTR2 were expressed in all the tissues examined, but the liver 

exhibited the highest level of expression. Ctr1 mRNA levels in cells and animal models do not 

appear to change as a function of Cu status. Interestingly, an induction in traffi cking of a functional 

epitope-tagged version of Ctr1 from the plasma membrane to endosomal compartments has been 

demonstrated in response to elevated Cu levels (Petris et al., 2003), suggesting a potential mecha-

nism for regulating high-affi nity Cu1+ uptake. Ctr1 is found both at the plasma membrane and in 

association with intracellular vesicles in some cultured cell lines and mouse tissues (Lee et al., 

2002; Klomp et al., 2002). Although the mechanism for Ctr1 traffi cking elicited by increasing Cu 

concentrations is still unclear, it may be that Ctr1 may function in Cu uptake at both the plasma 

membrane and from intracellular compartments (Kim et al., 2008). Western immunoblot analyses, 

using immunopurifi ed antibody, detected monomeric (23 kDa) and oligomeric forms of Ctr1 in the 

membrane fraction of several mouse organs, and immunohistochemical analyses detected abundant 

Ctr1 protein in liver canaliculi (Kuo et al., 2006).

Once internalized, some of the copper is incorporated into ceruloplasmin, a protein that plays 

a dual role in facilitating iron uptake into hepatocytes. In addition to catalyzing the oxidation 

of Fe(II) to Fe(III) for incorporation into transferrin, ceruloplasmin stimulates iron uptake by a 

transferrin-independent mechanism (Mukhopadhyay et al., 1998). Mukhopadhyay et al. (1998) 

reported that although ceruloplasmin had no effect on iron uptake or release in iron-replete HepG2 

cells, it stimulated iron uptake in iron-depleted cells by increasing the apparent affi nity of iron for 

a  trivalent cation-specifi c transporter (Attieh et al., 1999). Ceruloplasmin-stimulated iron uptake 

was  completely blocked by unlabeled Fe3+ and by other trivalent cations including Al3+, Ga3+, and 

Cr3+, but not by divalent cations (Attieh et al., 1999). The induction of ceruloplasmin-stimulated 

iron uptake by iron defi ciency was also blocked by actinomycin D and cycloheximide, consistent 
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FIGURE 3.4 Yeast copper uptake mechanisms, and intracellular distribution to various copper acceptors.
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with a transcriptionally induced or regulated transporter. Transcriptional activation of Cp by iron 

 defi ciency was later identifi ed to be by hypoxia-inducible factor-1 (HIF-1) that binds to the 

hypo xia-responsive elements (HREs) at the 5′-fl anking region of the human ceruloplasmin gene 

(Mukhopadhyay et al., 2000).

This requirement of a copper-containing protein for iron transport in yeast and mammalian cells 

provides at least a partial explanation for the observation that animals that have low ceruloplasmin 

levels due to either copper defi ciency or the inability to synthesize the holoprotein are unable to mobi-

lize iron from tissues (Kaplan and O’Halloran, 1996). Delivery of hepatocellular copper to apoceru-

loplasmin requires the endosomal transporter ATP7B (Figure 3.3), the protein that is defective in 

Wilson’s disease. Other tissues utilize the homologous transporter ATP7A, the protein defective in 

Menkes’ syndrome, to transport copper into intracellular compartments. Since the liver is a major site 

of ceruloplasmin synthesis, most Wilson’s disease patients have diminished ceruloplasmin levels, yet 

these levels are nevertheless adequate to maintain iron homeostasis.

Interestingly, CTR1 may mediate cellular uptake of cisplatin (DDP), carboplatin (CBDCA), and 

oxaliplatin (L-OHP), whereas the effl ux of these drugs may be mediated by the two Cu effl ux trans-

porters ATP7A and ATP7B (Safaei and Howell, 2005).

3.4.2.3 DMT1/SLC11A2, a Multispecifi c Metal Transporter of the Nramp Family
An additional mechanism for cellular uptake of ferrous iron and of other divalent metal ions was 

described by Gunshin et al. (1997). These investigators cloned and characterized a mammalian iron 

and divalent cation transporter that is expressed in a number of tissues, including liver. DMT1 

(NRAMP2, DCT1, SCL11A2), a member of the Nramp family of membrane proteins, is able to 

transport a variety of divalent metal cations (Fe, Zn, Mn, Co, Cd, Cu, Ni, and Pb), by a proton-

coupled and membrane potential-dependent mechanism. Although DMT1 likely contributes to the 

uptake of toxic metals, more work is needed to establish this possibility. Suzuki et al. (2008) reported 

that cadmium uptake in Dmt1-defi cient mice is similar to control mice, indicating that other trans-

port pathways are mediating cadmium transport.

The Nramp family of membrane-associated proteins displays a high sequence conservation from 

yeast to humans, with many species expressing at least two discrete gene copies (Cellier et al., 

1995). In the intestine, this protein mediates metal uptake at the lumenal surface by cotransport with 

protons (with a stoichiometry of 1H+:1M2+), although uncoupled divalent metal transport has also 

been demonstrated in vitro (Mackenzie et al., 2006). Insights into the role of Dmt1 in iron and man-

ganese homeostasis were obtained from studies in the microcytic anemia (mk) mouse and the phe-

notypically similar Belgrade (b) rat (Chua and Morgan, 1997; Fleming et al., 1997, 1998), which 

have orthologous mutations (glycine 185 to arginine) in the Dmt1 gene. In the liver, Dmt1 appears 

to be localized to the sinusoidal membrane of rat hepatocytes (Trinder et al., 2000), where it is likely 

to function as an uptake mechanism for non-transferrin-bound iron, manganese, and other divalent 

metals. There are four predicted splice variants of DMT1, which result from two alternative fi rst 

exons (1A and 1B), combined with one of two 3′ UTR variations with or without an iron-response 

element (IRE) (Hubert and Hentze, 2002; Lee et al., 1998). The predominant form present in the 

liver is the 1B+IRE, although a small amount of the 1B−IRE form is also present. Studies examining 

the different isoforms indicated that the +IRE isoform is predominantly localized to the plasma 

membrane, has a relatively slower rate of internalization compared to the –IRE isoform, and is 

 targeted to lysosomes, while the –IRE isoform is more effi ciently endocytosed and targeted to recy-

cling endosomes (Lam-Yuk-Tseung et al., 2005, 2006).

3.4.2.4 ZIP/SLC39 and ZNT/SLC30 in Zinc Uptake and Effl ux, Respectively
Cellular zinc uptake is mediated in part by members of the Zrt/Irt-like protein (ZIP/SLC39) super-

family of metal ion transporters in mammals (Eide, 2006; Kambe et al., 2004, 2008). There are at 

least 14 ZIP transporters in human cells. The fi rst member of this family to be identifi ed from 

Arabidopsis was iron-regulated transporter-1 (Irt1), which preferentially imports iron, but can also 
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transport manganese, cadmium, and zinc (Dufner-Beattie et al., 2003). Two other members of this 

superfamily (zinc-regulated transporter-1 [Zrt1] and Zrt2) were subsequently identifi ed in yeast. 

Zinc uptake by S. cerevisiae is mediated by a high-affi nity system that is required for growth in zinc-

limited medium (Zrt1) and a lower-affi nity system that is active in zinc-replete cells (Zrt2) (Eide, 

1997; Zhao and Eide, 1996). One feature shared by all zinc transporters is a histidine-rich domain 

that probably functions as a coordination site for zinc (Eide, 1997).

Zinc effl ux from cells is mediated in part by the ZNT/SLC30 proteins (Liuzzi and Cousins, 

2004; Palmiter and Huang, 2004), which belong to the CDF family of metal ion transporters (Paulsen 

and Saier, 1997; Silver, 1996). There are at least nine ZNT transporters in human cells, and these 

play critical roles in maintaining zinc homeostasis through effl ux and sequestration mechanisms 

during zinc excesses (Kirschke and Huang, 2003).

Palmiter and Findley (1995) isolated a cDNA encoding a zinc transporter (Znt1) from a rat kid-

ney expression library by complementation of a mutated, zinc-sensitive baby hamster kidney (BHK) 

cell line. The transporter was localized to the plasma membrane of these cells and was found to 

mediate both uptake and effl ux of zinc, although effl ux was considered the physiolo gical direction 

of transport. The energetics of transport was not identifi ed: zinc transport was unaffected by meta-

bolic poisons, or by the ionic composition of the culture medium (Palmiter and Findley, 1995).

ZnT1, ZnT4, and ZnT5 have been reported to be ubiquitously expressed, whereas ZnT2 is limited 

to small intestine, kidney, and placenta (Kambe et al., 2002; Liuzzi et al., 2001; McMahon and Cousins, 

1998). In a study on the expression of intestinal and hepatic ZnT1 in an intact animal model, McMahon 

and Cousins (1998) demonstrated that intestinal ZnT1 was most abundant at the basolateral surface 

of enterocytes lining the villi of the duodenum and jejunum. Dietary zinc supplementation elevated 

the level of intestinal ZnT1 mRNA and protein but had no effect in the liver. In response to an acute 

oral zinc dose, the level of intestinal ZnT1 mRNA was increased eightfold, without a  corresponding 

increase in ZnT1 protein. Conversely, the acute oral dose did not affect liver ZnT1 mRNA, but resulted 

in a fi vefold increase in liver ZnT1 protein. Thus, despite the zinc responsiveness of the ZnT1 

gene,  additional factors may be regulating the steady-state level of ZnT1 transporter protein.

Palmiter et al. (1996a) have also identifi ed a related transporter that is localized to intracellular 

endosomal/lysosomal vesicles, ZnT2. This transporter is relatively selective for zinc, but is not 

expressed in the liver (Palmiter et al., 1996a). This same group has also identifi ed a related protein, 

ZnT3 whose expression is restricted to brain and testes (Palmiter et al., 1996b). Immunohistochemical 

analysis of murine brain suggests localization of ZnT3 to synaptic vesicles (Palmiter et al., 1996b). 

Huang and Gitschier (1997) identifi ed another member of this group of transporters, ZnT4, as the 

protein that is defective in the inherited zinc defi ciency in the lethal milk mouse. ZnT4 was shown 

to confer zinc resistance on a zinc-sensitive yeast strain, and was abundantly expressed in mam-

mary epithelia and brain (Huang and Gitschier, 1997). Other ZnT proteins have been recently iden-

tifi ed, including ZnT5–ZnT9. Human ZNT5 immunoreactivity was found to be associated with 

secretory granules by electron microscopy and was shown to play an important role in transporting 

zinc into secretory granules in pancreatic beta cells (Kambe et al., 2002). ZnT6 was predominantly 

detected in the chief cell of the stomach, columnar epithelial cells of the jejunum, cecum, colon, and 

rectum, whereas ZnT7 was observed in all epithelia of the mouse gastrointestinal tract with the 

highest expression in the small intestine (Yu et al., 2007). Expression of ZnT proteins in the absorp-

tive epithelial cell of the gastrointestinal tract suggests that ZnT proteins may play important roles 

in zinc absorption and endogenous zinc secretion.

3.4.2.5 Ferroportin, Hephaestin, and Hepcidin in Hepatic Iron Export
As illustrated in Figure 3.1, cellular export of iron appears to be mediated by the complementary 

action of two proteins: a ferroxidase enzyme called hephaestin and a transporter called ferroportin 

(FPN1, SLC40A1, MTP1, IREG1) (Anderson et al., 2007; Andrews and Schmidt, 2007; Deugnier 

et al., 2008; Frazer et al., 2002; Graham et al., 2007; Nemeth, 2008). Ferroportin was reported 

 independently by three groups (Abboud and Haile, 2000; Donovan et al., 2000; McKie et al., 2000) 
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and appears to be the sole mediator of iron release from hepatocytes (Donovan et al., 2005). 

Ferroportin appears to transport ferrous iron, although this has not been shown directly, nor has the 

driving force for transport been identifi ed (Graham et al., 2007).

Hephaestin is a transmembrane-bound ceruloplasmin homologue that functions as a multicopper 

ferroxidase (McKie et al., 2001). All residues involved in copper binding and disulfi de bond forma-

tion in ceruloplasmin are conserved in hephaestin; however, unlike ceruloplasmin, hephaestin is an 

integral membrane protein with a single transmembrane domain. Under normal conditions, iron is 

taken up in the small intestine by DMT1 and is either stored bound to ferritin or is transported to 

the systemic circulation by ferroportin, while being oxidized by hephaestin to be incorporated into 

transferrin. Hephaestin is mutated in the sex-linked anemic mouse (sla mouse), is highly expressed 

in the intestine, and is necessary for iron egress from intestinal enterocytes into the circulation 

(Vulpe et al., 1999). Both ferroportin and hephaestin are expressed in hepatocytes at the mRNA 

level (Zhang et al., 2004). The specifi c mechanism by which hephaestin and ferroportin interact to 

mediate cellular metal export has not yet been defi ned.

Ferrportin function is also regulated by hepcidin, a small peptide synthesized by the liver that 

can sense iron stores, and inhibits iron export by inducing ferroportin degradation (Mena et al., 

2008; Nemeth et al., 2004; Nemeth, 2008). In enterocytes, hepcidin may also inhibit apical iron 

uptake by decreasing DMT1 transcription (Mena et al., 2008).

3.4.2.6  Organic Solute Carriers: OATPs, OCTs, NTCP, and Amino Acid and 
Peptide Transporters

Sinusoidal uptake and effl ux of metals may also occur on organic solute carriers, although to date 

there is relatively little evidence for this possibility. As already mentioned, metals are normally 

present in biological fl uids as complexes with endogenous molecules such as amino acids, peptides, 

or phospholipids, substances that are themselves transported across cell membranes by carrier 

 proteins. These proteins also appear to be able to transport metal–substrate complexes (Ballatori, 

1994; Dutczak and Ballatori, 1994; Kerper et al., 1992). Organic solute carriers are generally multi-

specifi c, that is, they accept substrates that differ considerably in their chemical structures, and most 

are not able to discriminate between substrates whose only modifi cation is the presence of a metal 

ion. This mode of transport appears to be particularly important for toxic metals, given the absence 

of selective transport systems for these metals.

Several organic solute transporters have been identifi ed on the sinusoidal membrane of hepato-

cytes, including the organic anion transporting polypeptides OATP (Jacquemin et al., 1994; Kullak-

Ublick et al., 1994; Noe et al., 1997), the organic cation transporter OCT (Grundemann et al., 

1994) and the Na+-taurocholate (bile acid) cotransporting polypeptide NTCP (Hagenbuch et al., 

1991) (Figure 3.1). Amino acid transporters (Malandro and Kilberg, 1996) and peptide transporters 

(Fei et al., 1994) have also been identifi ed that could function both for hepatic uptake and release 

of these organic solutes. Theoretically, these sinusoidal carriers may facilitate transport of metals 

bound to their respective substrates (Figure 3.1). For example, an OATP protein appears to mediate 

hepatic uptake of an MRI contrast agent, the gadolinium complex Gd-B 20790 (Jigorel et al., 2005; 

Pascolo et al., 1999). Several groups have provided evidence for cellular copper or zinc uptake as 

histidine complexes (Aiken et al., 1992; Harris, 1993; Horn et al., 1995; Horn and Thomas, 1996), 

and our laboratory has demonstrated transport of methylmercury as a cysteine complex (Ballatori, 

1994; Ballatori and Truong, 1995b; Dutczak and Ballatori, 1994; Kerper et al., 1992; Mokrzan 

et al., 1995). In erythrocytes, zinc also appears to be taken up as an anionic complex ([Zn(HCO3)2 

Cl]−) through the anion exchanger (Torrubia and Garay, 1989).

3.4.3 UPTAKE AND EFFLUX ON SINUSOIDAL MEMBRANE CHANNELS AND PUMPS

The role of ion channels and primary active pumps in facilitating hepatic sinusoidal metal transport 

appears to be minimal, although these pathways may be important for metal transport in other cell 
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types. For example, in excitable tissues Cd2+ and Pb2+ may enter cells via voltage-sensitive channels 

(Hinkle et al., 1987; Reuter, 1983; Simons and Pocock, 1987). Studies by Hinkle et al. (1987) in a 

pituitary cell line demonstrate that one route of cadmium uptake in these cells is via voltage-gated 

dihydropyridine-sensitive calcium channels. The voltage-gated calcium channels also admit Ba2+ 

and Sr2+ and are inhibited by a number of divalent metal cations.

In hepatocytes however, voltage-sensitive calcium channels have not been identifi ed (Hughes and 

Barritt, 1989; Kawanishi et al., 1989). Calcium uptake by hepatocytes occurs largely through recep-

tor-activated calcium channels, which could theoretically allow other divalent cations to enter the 

cell. Support for this possibility is provided by the observation that hepatocyte receptor-activated 

calcium channels are inhibited by Zn, Cd, Ni, Co, and Mn (Hughes and Barritt, 1989); however, the 

nature of the inhibition by the metals is unknown. Crofts and Barritt (1990) indicate that Mn2+ can 

move into hepatocytes through the receptor-activated Ca2+ infl ow system, identifying a potential 

regulated mechanism for hepatic manganese uptake.

Several other interactions between hepatic uptake of calcium and other metals have been 

described. Studies in vivo (Tang et al., 1987) and with isolated rat hepatocytes (Sorensen, 1988) 

demonstrate higher cadmium uptake as the concentration of calcium is lowered. However, this effect 

is probably indirect since cadmium has no effect on 45Ca infl ux (Sorensen, 1988). This investigator 

describes several mechanisms whereby changes in Ca2+ may alter the plasma membrane’s physico-

chemical properties, and indirectly infl uence its transport properties. In contrast to these fi ndings in 

intact hepatocytes, passive Ca2+ infl ux in isolated plasma membrane vesicles is inhibited by Zn2+, 

Cu2+, Ni2+, Co2+, Hg2+, and p-chloromercuribenzoate (Bygrave et al., 1989). The involvement of 

sulfhydryl groups in this interaction has been suggested by Bygrave et al. (1989).

Metals also interact with plasma membrane Ca2+-ATPases, the predominant proteins for hepatic 

Ca2+ effl ux (Blitzer et al., 1989; Pavoine et al., 1987; Suzuki and Kawakita, 1993), raising the pos-

sibility that other metals may utilize these ATPases to exit the liver cell and enter blood plasma 

(Figure 3.1). Distinct Ca2+-ATPases may be present on the canalicular and basolateral membranes 

(Blitzer et al., 1989). However, the existence of a Na+-dependent hepatic Ca2+ effl ux system (i.e., 

Na+/Ca2+ exchanger) has not been established, although its existence and a hypothetical role in 

metal transport remain (Figure 3.1).

3.4.4 PERMEATION AS LIPID-SOLUBLE FORMS OR BY CONVECTION

Although often invoked to explain the “nonsaturable” component of metal transport in in vitro 

hepatocyte systems, it is unlikely that simple diffusion and convection play a role in metal transport 

across the plasma membrane. Diffusion denotes the nonmediated movement of a solute down its 

electrochemical gradient, leading to the dissipation of free energy in that gradient. Convection or 

bulk fl ow is the vectorial movement of an assembly of molecules under an imposed external poten-

tial such as hydrostatic pressure.

Most metals and metal complexes are polar, hydrophilic, and quite often charged, properties that 

would exclude them from the hydrophobic interior of the plasma membrane. Simple diffusion 

through a membrane protein matrix or ion channel is also highly unlikely. The reason for the pre-

ponderance of “nonsaturable” components of transport in in vitro systems is unclear. It is most 

likely an artifact of either the cell or tissue isolation procedure, or of the experimental conditions 

used to examine transport. Kinetics consistent with simple diffusion may be obtained if (1) the con-

centration of metal substrate is below the Km of the transport system. The effective metal substrate 

concentration in the incubation media is often artifi cially lowered by extensive binding to nonsub-

strate ligands; (2) there is a large component of nonspecifi c high-affi nity (or essentially irreversible) 

binding to cellular constituents; (3) transport occurs across a cell membrane damaged either during 

cell isolation or by increasing concentrations of the metal itself. For example, protease contaminants 

in the collagenase used for hepatocyte isolation can degrade transferrin receptors, thereby inhibiting 

the predominant iron uptake mechanism and accelerating other nonspecifi c transport pathways 
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(Morgan and Baker, 1986). Finally, (4) uptake occurs via vesicular endocytosis/exocytosis. In this 

case, the metal would be transported nonspecifi cally along with the entrapped fl uid and/or mem-

brane vesicle components. All of these mechanisms need to be considered before attributing a 

 particular component of transport to “simple diffusion.”

Studies of metal transport in isolated hepatocyte systems are particularly susceptible to these arti-

facts. First, since a given metal normally binds to many endogenous ligands, some of which may be 

unidentifi ed, it is diffi cult to reproduce in vivo conditions in a cell culture system. As discussed above, 

metals are normally complexed with amino acids, peptides, proteins, phospholipids, and other tissue 

constituents, and are distributed among all competing ligands on the basis of concentrations and rela-

tive affi nities of available ligands. Because it is diffi cult to reproduce in vivo conditions in a culture 

dish, interpretation of transport studies performed in vitro should be performed with care.

Second, the propensity of metals to bind to things such as culture dishes, fi lters, components of 

the culture media, or more importantly cell membranes, creates both a practical and theoretical 

dilemma. This “nonspecifi c” attachment is diffi cult to eliminate and even more diffi cult to quanti-

tate. When metal salts are added to protein- and amino acid-free culture media, the metal frequently 

associates rapidly with the cells. This rapid uptake is not due to the presence of an effi cient “trans-

port system” as often suggested, but may simply refl ect the absence of competing ligands.

Third, as already indicated, the loss of hepatocyte polarity, the dedifferentiation, and the damage 

that may occur during cell isolation and culture may alter the hepatocyte’s basic transport mecha-

nisms. Many investigators using isolated hepatocytes tacitly assume that the transport that they 

observe is localized to the basolateral membrane. While this is usually a good approximation, there 

are exceptions. Loss of cell polarity in isolated hepatocytes implies that all plasma membrane 

domains contribute to the transport processes.

3.5 INTRACELLULAR BINDING, SEQUESTRATION, AND METABOLISM

3.5.1 INTRACELLULAR LIGANDS

Intracellular sequestration of essential metals is a regulated process. As discussed above for copper 

(Figure 3.3), there are specifi c metal-binding ligands that direct essential intracellular metals to 

their appropriate destination within the cell, or that control the reactivity (toxicity) of both essential 

and nonessential metals. However, only a few of these intracellular metal chaperones or transporters 

have been characterized at the molecular level (Aballay et al., 1996; Cousins, 1985; Koch et al., 

1997; MacKenzie et al., 2008). In addition to these relatively selective ligands, there are a number 

of other compounds that play a more general role in metal disposition, including MT, ferritin, cit-

rate, ascorbate, GSH, and amino acids. The relative abundance and affi nity of these ligands are an 

important determinant of the transport of metals to various intracellular organelles, or back into the 

extracellular space (bile or blood plasma).

3.5.2  METAL UPTAKE AND RELEASE FROM ENDOSOMAL/LYSOSOMAL COMPARTMENTS: 
ATP7A, ATP7B, DMT1, AND ZNT2

As already indicated, endosomal and lysosomal vesicles are key intracellular organelles for the stor-

age and metabolism of copper, iron, and possibly other metals (Kim et al., 2008). For example, 

normal hepatocytes transport copper into the trans-Golgi network using the ATP-dependent trans-

porter ATP7B, the transporter that is defective in Wilson’s disease (Figure 3.5). ATOX1 delivers 

bound Cu+ to ATP7B at the secretory compartment, where it is then transferred from the chaperone 

to an N-terminal binding domain on the transporter, although it is still unclear how the metal is 

subsequently transferred to the transmembrane domain for movement across the membrane 

(Anastassopoulou et al., 2004; Banci et al., 2007; González-Guerrero et al., 2008; Pufahl et al., 

1997; Wernimont et al., 2000). This same mechanism is also utilized in other cells for ATP7A 

© 2010 by Taylor and Francis Group, LLC



Essential and Toxic Metal Transport in the Liver 97

(Kim et al., 2008). Within this intracellular compartment, copper is then used for the synthesis of 

copper-containing proteins such as ceruloplasmin, or it is stored for subsequent excretion (Davis 

et al., 1996). Some of the intravesicular copper is presumably sorted into vesicles destined for the 

 lysosomal–biliary excretory pathway. According to this model, fusion of exocytic vesicles with 

the canalicular membrane delivers copper into bile (Figure 3.2); however, neither the site nor the 

 mechanism by which this vesicular sorting occurs is known.

In tissues other than the liver, a comparable P-type ATPase (ATP7A) pumps copper into 

 endosomal/lysosomal compartments. The Wilson and Menkes disease genes have 56% overall iden-

tity. The Menkes gene (ATP7A) is ubiquitously expressed in adult tissues, with little or no expression 

in the liver (Kuo et al., 1997), whereas the Wilson disease gene is expressed in only a few cell types, 

notably liver and certain neuronal cells. Mutations in ATP7A leads to signifi cant copper accumula-

tion in intestinal mucosa, kidney, and selected other tissues. This inability to deliver copper from 

sites of its absorption and storage results in a systemic copper insuffi ciency in Menkes patients. In 

contrast with the copper insuffi ciency of Menkes patients, Wilson’s disease patients accumulate 

excess copper in many tissues (e.g., liver, brain, kidney, and cornea) due to the inability to excrete 

copper into bile, the main route of its elimination. At the cellular level, copper accumulates in the 

cytosol and the cell eventually succumbs to copper toxicity.

Cells utilize different mechanisms to transfer Fe to and from intracellular vesicles (Figure 3.5). 

Transferrin receptor-mediated endocytosis leads to the internalization of ferric iron, and acidifi cation 

of the organelle by V-ATPases promotes the dissociation of ferric iron from transferrin and the dis-

sociation of transferrin from its receptor (Figure 3.5). The mechanism utilized to transport iron and 

other metals from these compartments back into the cytosol has only recently been defi ned. Namely, 

DMT1 appears to be a major contributor to metal effl ux from the endosomal compartments. DMT1 

colocalizes with TFR1 and cycles through the endosomal compartment, appearing in acidic endo-

somes (Canonne-Hergaux et al., 2001; Su et al., 1998; Tabuchi et al., 2002; Touret et al., 2003). In 

addition, DMT1 transports iron optimally at pH 5.5 (Garrick et al., 2006), consistent with its presence 

in acidic endosomes and suggesting that the energy for iron transport may be provided by a proton 

gradient. Furthermore, work with the Belgrade rat, which is defi cient in Dmt1, has implicated Dmt1 

in endosomal Fe transport (Fleming et al., 1998; Garrick et al., 1993). Recently, the gene STEAP3 has 

been identifi ed as a candidate vesicular ferrireductase (Ohgami et al., 2005). STEAP3 (“sixtrans-

membrane epithelial antigen of the prostate 3”) is one of four genes wholly or partially deleted in the 
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nm1054 iron defi ciency anemia mouse. It is highly expressed in the liver and colocalizes in endo-

somes with TFR1 and DMT1. Of interest, iron uptake and ferrireductase activity were reduced in 

reticulocytes obtained from nm1054 and steap3 knockout mice. In addition, overexpression in 

HEK293T cells resulted in increased ferrireductase activity. The other three members of the Steap 

family (STEAP1, 2 and 4) have also been shown to be ferri- and cupric-reductases (Ohgami et al., 

2006). The four genes are ubiquitously expressed; however, adult liver expresses predominantly 

STEAP3 with a small amount of STEAP1 (Ohgami et al., 2005, 2006). Like STEAP3, the other Steap 

proteins colocalize, at least partially, in an endosomal compartment with transferrin and TFR1.

An additional metal transporter that is localized to these intracellular vesicles is Znt2 (Palmiter 

et al., 1996a), a member of the CDF family of metal transporters (Figure 3.5). Palmiter et al. (1996a) 

reported that BHK cells that express Znt2 are able to accumulate zinc to levels that are much higher 

than are tolerated by cells that lack this gene product. Znt2 was able to confer resistance on zinc, but 

not to cadmium, cobalt, or copper, indicating that it is relatively specifi c for zinc. Zinc accumulation 

into endosomal/lysosomal vesicles was unaffected by bafi lomycin, an inhibitor of the vacuolar-type 

H+-ATPase, indicating that zinc uptake does not depend on the proton gradient. As with Znt1, Znt2 

does not have recognizable nucleotide-binding domains, indicating that ATP is not directly required 

for transport function. Znt2 is expressed in many tissues, including kidney, intestine, seminal vesi-

cles, and testes, but not liver (Palmiter et al., 1996a). Other speculative possibilities for lysosomal 

export of metals include transport as citrate complexes (Figure 3.5).

3.5.3 NUCLEAR UPTAKE OF METALS

Nuclear metal homeostasis is probably also regulated by transport pathways, but few studies have 

examined this issue. Gurgueira and Meneghini (1996) demonstrated the presence of an ATP-

dependent iron uptake system in isolated rat liver nuclei. Nuclear iron accumulation was mediated 

by an ATP-dependent mechanism when nuclei were incubated with either Fe(III)-citrate or Fe(III)-

ATP, two physiologically important iron complexes. The characteristics of uptake indicate that a 

P-type ATPase mediates iron uptake, and that this ATPase is distinct from the nuclear membrane 

Ca2+-ATPase (Gurgueira and Meneghini, 1996).

3.5.4 MITOCHONDRIAL METAL UPTAKE

Mitochondria have regulated calcium transporters that are important for Ca2+ homeostasis; however, 

the molecular mechanisms for transport of other metals in mitochondria have not been elucidated. 

One possibility is that the calcium transporters participate in mitochondrial uptake of heavy metals, 

but this has not been tested directly. A number of metals can be taken up via the mitochondrial Ca2+ 

uniporter and can thus be sequestered in mitochondria (Sr2+ > Mn2+ > Ba2+ >> La3+) (Gavin et al., 

1999). Ca2+ effl ux occurs via both Na+-dependent and Na+-independent mechanisms. However, Mn2+ 

transport out of the mitochondria is a much slower process, and occurs via the Na-independent 

effl ux mechanism, which is the most important mechanism in liver mitochondria. In addition, 

intramitochondrial Mn2+ inhibits Ca2+ effl ux via both the Na+-dependent and Na+-independent mech-

anisms (Gavin et al., 1999). The existence of a Na+-dependent hepatic Ca2+ effl ux system (i.e., Na+/

Ca2+ exchanger) has been reported, although the rate of transport in the liver mitochondria is much 

lower compared to heart mitochondria (Chiesi et al., 1987; Goldstone and Crompton, 1982).

A cobalt transporter (COT1) was identifi ed in mitochondria from the yeast S. cerevisiae (Conklin 

et al., 1994). COT1 confers resistance on cobalt, and to a lesser extent on zinc, presumably by 

sequestering the metal in the mitochondria. COT1 is homologous to yeast ZRC1 and mammalian 

ZNT transporters, proteins that confer resistance on zinc. Each of these proteins has six membrane-

spanning domains, a large histidine-rich intracellular loop, and long C-terminal tails; however, the 

energetics of metal ion transport have not been established for any of these proteins (Conklin et al., 

1994; Palmiter et al., 1996a, 1996b).
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3.6 TRANSPORT ACROSS THE CANALICULAR MEMBRANE INTO BILE

A model illustrating the mechanisms of metal transport at the liver cell bile canaliculus is provided 

in Figure 3.2, and the individual transport systems are described below.

3.6.1  TRANSPORT DURING MEMBRANE RECYCLING: ROLE OF THE GENE PRODUCTS DEFECTIVE 
IN WILSON’S DISEASE (ATP7B) AND MENKES’ SYNDROME (ATP7A)

Biliary excretion is the most important route for the elimination of copper, and three mechanisms 

for copper transport across the canalicular membrane have been identifi ed: direct transport via 

ATP7B across the canalicular membrane, ATP7B-mediated transport into lysosomes followed by 

exocytosis into bile, and transport as a GSH complex (Ballatori, 1994; Deugnier et al., 2008; Graham 

et al., 2007; Hernandez et al. 2008; Kim et al., 2008; La Fontaine and Mercer, 2007; Lutsenko et al., 

2007; Roelofsen et al., 2000). In copper overload conditions, the ATP7B protein that is normally 

retained in the trans-Golgi network is inserted into the bile canalicular membrane for direct trans-

port of copper into bile, and there is also an increase in lysosomal exocytosis into bile (Hernandez 

et al., 2008; La Fontaine and Mercer, 2007). Sternlieb et al. (1973) found that the specifi c activity of 

copper in hepatic lysosomal fractions from a patient with Wilson’s disease was similar to that in 

bile, suggesting that lysosomes might be the source of biliary copper. However, Gross et al. (1989) 

suggest that this process may not be as important when hepatocytes contain a normal amount of 

copper. Nevertheless, copper is normally present in relatively high concentrations in lysosomes and 

could contribute to its basal excretion.

Evidence in support of this mechanism was provided by the demonstration that the gene products 

defective in Wilson’s disease (ATP7B) and Menkes’ syndrome (ATP7A) are localized largely to 

intracellular vesicles (Dierick et al., 1997; Nagano et al., 1998; Yang et al., 1997), but traffi ck to the 

plasma membrane in the presence of excess copper (Hernandez et al., 2008; La Fontaine and Mercer, 

2007). ATP7A, ATP7B, and other ATP-driven heavy metal pumps appear to form a separate branch 

of the ion-transporting P-type ATPases, the CPx-type ATPases, based on a common conserved 

intramembraneous cysteine–proline–cysteine or cysteine–proline–histidine motif (Solioz and 

Vulpe, 1996). The major defect in Wilson’s disease is the inability to excrete copper into bile, which 

causes an accumulation of copper in various tissues, including liver and brain. Most Wilson’s dis-

ease patients also have a reduction in serum ceruloplasmin activity. The Wilson’s disease gene is 

expressed predominantly in the liver, whereas the Menkes’ syndrome gene is expressed at low levels 

in the liver and higher levels in many other tissues. Menkes’ syndrome patients accumulate copper 

at high levels in many tissues, but liver copper concentrations are normal.

The third mechanism of copper export involves transport as a GSH complex on the ATP-

dependent canalicular membrane pump MRP2, or possibly on a related transporter (Figure 3.2; 

Ballatori, 1994), as discussed further below. Interestingly, patients with Wilson’s disease have mark-

edly lower hepatic concentrations of GSH (Summer and Eisenburg, 1985). Whether this is a conse-

quence or a cause of hepatic copper accumulation is unknown.

Vesicular exocytosis may also be involved in biliary excretion of iron and possibly other metals 

(LeSage et al., 1986; Ramm et al., 1994; Regoeczi and Chindemi, 1995). Regoeczi and Chindemi 

(1995) measured the translocation of different forms of transferrin from blood to bile in the rat, and 

found that only a small fraction of the metal-containing protein is excreted in bile.

3.6.2 CANALICULAR MEMBRANE TRANSPORTERS AND PUMPS

3.6.2.1 MRP2-Mediated Excretion of GSH Complexes and Other Complexes
Among the metal-binding ligands, GSH is one of the most versatile and pervasive (Ballatori, 1994). 

GSH is the most abundant nonprotein sulfhydryl-containing compound within cells, at concentra-

tions of 1–10 mM. The sulfhydryl group on the cysteine moiety has a high affi nity for metals, forming 
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thermodynamically stable but kinetically labile mercaptides with a number of metals including 

 mercury, silver, cadmium, arsenic, lead, gold, zinc, and copper. Studies have demonstrated that the 

abundance of GSH, along with the high turnover rate for this tripeptide, and its adducts via both intra- 

and interorgan cycles play key roles in metal transport and metabolism (Ballatori, 1994; Ballatori and 

Clarkson, 1982, 1983). Of signifi cance, membrane transport of several metals is accomplished by 

effl ux of the corresponding GSH mercaptides on membrane proteins that normally transport either 

glutathione S-conjugates or GSH itself (Ballatori, 1994; Ballatori and Truong, 1995a; Dijkstra et al., 

1995; Dutczak and Ballatori, 1994). The transporters for the glutathione S-conjugates have been 

identifi ed at the molecular level (Cole et al., 1994; Deeley and Cole, 1997; Ito et al., 1997; Keppler 

et al., 1997; Kool et al., 1997; Paulusma et al., 1996, 1997), whereas GSH transporters remain poorly 

characterized (Ballatori et al., 2005).

GSH export is required for the delivery of its constituent amino acids to other tissues, detoxifi ca-

tion of drugs, metals, and other reactive compounds of both endogenous and exogenous origin, 

protection against oxidant stress, and secretion of hepatic bile. Recent studies indicate that some 

members of the multidrug resistance-associated protein (MRP/CFTR or ABCC) family of ABC 

proteins, as well as some members of the organic anion transporting polypeptide (OATP or SLC0) 

family of transporters, contribute to this process (Ballatori et al., 2005). The ABCC family has 12 

functional members, including nine MRP genes in humans (MRP1–MRP9), and much progress has 

been made in the functional characterization of these transporters (Bera et al., 2002; Borst et al., 

1997; Buchler et al., 1996; Cole et al., 1994; Deeley and Cole, 1997; Hopper et al., 2001; Ito et al., 

1997; Keppler et al., 1997; Kool et al., 1997, 1999; Paulusma et al., 1996, 1997; Tammur et al., 2001; 

Wijnholds et al., 1997). Five of the 12 members of this family appear to mediate GSH export from 

cells, namely, MRP1, MRP2, MRP4, MRP5, and CFTR. Additionally, two members of the OATP 

family, rat Oatp1 and Oatp2, have been identifi ed as GSH transporters (Li et al., 1998, 2000). For 

the Oatp1 transporter, effl ux of GSH may provide the driving force for the uptake of extracellular 

substrates. In humans, OATP-B and OATP8 do not appear to transport GSH (Mahagita et al., 2007); 

however, other members of this family have yet to be characterized in regard to GSH transport. 

Because transport is a key step in GSH homeostasis and is intimately linked to its biological 

 functions, GSH export proteins are likely to modulate essential cellular functions.

MRP1 is found on the plasma membrane of many cell types, but not in the liver (Kool et al., 

1997), whereas MRP2, which is also referred to as cMOAT (canalicular multispecifi c organic anion 

transporter) or cMRP (canalicular MRP), is selectively localized to the apical plasma membrane of 

specifi c transporting epithelia, including the hepatocyte canalicular membrane (Figure 3.2), and the 

apical membrane of kidney proximal tubules. Both MRP1 and MRP2 have a broad specifi city for 

conjugates formed from GSH, glucuronides, or sulfate. Staining for MRP3 in normal human liver 

revealed high levels in the bile duct epithelial cells and lower levels in the basolateral membranes of 

hepatocytes (Kool et al., 1997). Although levels in the liver appear to be low across species, MRP4/

Mrp4 has been localized to the basolateral membrane of human, mouse, and rat hepatocytes, and of 

HepG2 cells, providing an alternative pathway for these cells to transport GSH and monoanionic 

bile salts across the sinusoidal membrane into the blood (Rius et al., 2003).

There is now considerable evidence that MRP1, MRP2, and related membrane proteins also 

mediate cellular effl ux of glutathione–metal complexes. First, cells overexpressing MRP1 are more 

resistant to arsenite, antimonite, and cisplatin, consistent with accelerated metal effl ux, although 

resistance to the metals is relatively low (Borst et al., 1997; Chen et al., 1997; Deeley and Cole, 

1997). These metals can form divalent and trivalent complexes with GSH in vitro, and presumably 

are forming these GSH complexes in vivo as well. Cells expressing mammalian MRP2 are also 

more resistant to arsenic toxicity (Kojima et al., 2006; Lee et al., 2006; Liu et al., 2002). Zaman 

et al. (1995) demonstrated MRP-mediated extrusion of [35S]cysteine-containing compounds after 

addition of arsenite, suggesting coupled effl ux. Second, Ishikawa et al. (1996, 1997) demonstrated 

enhanced transport of a glutathione–platinum complex in membrane vesicles prepared from a tumor 

cell line overexpressing MRP. Third, mutant rats that lack Mrp2 activity (TR−, GY, or EHBR rats) 
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exhibit impaired ability to transport several metals into bile, including zinc, excess copper, silver, 

cadmium, and methylmercury (Ballatori et al., 1995; Dijkstra et al., 1996, 1997; Houwen et al., 

1990; Madejczyk et al., 2007; Sugawara et al., 1997). In contrast, basal excretion of endogenous 

copper is unaffected in these mutant rats (Houwen et al., 1990). Fourth, the predicted MRP1 protein 

shows 43% amino acid identity with the YCF1 protein of S. cerevisiae, a protein that confers cad-

mium resistance by transporting and sequestering the glutathione–cadmium complex [Cd(GS)2] in 

the yeast vacuole (Li et al., 1996, 1997; Szczypka et al., 1994; Wemmie et al., 1994). Of signifi cance, 

human MRP1 cDNA can complement the loss of cadmium resistance in YCF1-disrupted yeast cells 

(Tommasini et al., 1996). The predicted MRP1 protein sequence also shows 34% amino acid iden-

tity with the Leishmania PgpA, ltpgpA (Cole et al., 1994), a transporter involved in resistance to 

arsenite and antimonite (Callahan and Beverley, 1991; Dey et al., 1996). LtpgpA confers resistance 

to arsenite and trivalent antimonials, but not to pentavalent antimonials, zinc, cadmium, or the typi-

cal MDR substrates vinblastine and puromycin (Callahan and Beverley, 1991). Dey et al. (1996) 

demonstrated ATP-dependent transport of the As(III)–glutathione complex [As(GS)3] in membrane 

vesicles of Leishmania tarentolae. In addition, a family of four MRP-related proteins has been 

identifi ed in the nematode Caenorhabditis elegans, one of which (ceMRP1) confers resistance to 

cadmium and arsenite (Broeks et al., 1996). C. elegans MRP1 is 47% identical to human MRP1 at 

the predicted amino acid level (Broeks et al., 1996).

3.6.2.1.1 Intrabiliary Degradation of GSH–Metal Complexes
Once secreted across the canalicular membrane into bile, GSH, glutathione S-conjugates, as well as 

glutathione complexes are degraded by γ-glutamyl transpeptidase and dipeptidase activities on the 

canalicular membrane of hepatocytes and the luminal surface of bile ductular epithelia (Figure 3.2; 

Ballatori et al., 1986a; Hinchman et al., 1991; Hinchman and Ballatori, 1994; Simmons et al., 1991), 

and the resulting products are partially reabsorbed from bile back to liver (Ballatori et al., 1986b, 

1988; Hinchman et al., 1991; Moseley et al., 1988; Simmons et al., 1992). Species differences in 

biliary glutathione degradation result from differences among species in γ-glutamyl transpeptidase 

activity and localization within the liver (Ballatori et al., 1988; Hinchman and Ballatori, 1990).

Studies in γ-glutamyl transpeptidase-defi cient mice provide direct evidence for a major role of 

this enzyme in regulating the metabolism, tissue distribution, and elimination of methylmercury and 

inorganic mercury (Ballatori et al., 1998a). These fi ndings provide direct evidence for a major role 

of γ-glutamyl transpeptidase in regulating the tissue distribution and elimination of methylmercury 

and inorganic mercury (Ballatori et al., 1998a), and provide strong support for the observation that 

N-acetylcysteine may be an excellent antidote in methylmercury poisoning (Aremu et al., 2008; 

Ballatori et al., 1998b).

3.6.2.1.2 Reabsorption of Metals from Bile
The methylmercury that is secreted into bile is extensively reabsorbed from the gallbladder (Dutczak 

et al., 1991), and from intrahepatic biliary spaces (Dutczak and Ballatori, 1992). Reabsorption dimin-

ishes the amount excreted in bile, the main route of methylmercury elimination, and may account for 

the relatively long biological half-life and toxicity of this metal. Methylmercury reabsorption from 

guinea-pig biliary spaces back into the liver is facilitated by the γ-glutamyl transpeptidase-mediated 

conversion of the GSH complex to the cysteine complex (Figure 3.2). The guinea-pig liver has rela-

tively high γ-glutamyl transpeptidase activity (Hinchman and Ballatori 1990), such that nearly all of 

the GSH (Ballatori et al., 1988) and GSH conjugates (Hinchman et al., 1991) secreted into bile are 

catabolized within the biliary tree. Dutczak and Ballatori (1992) demonstrated that γ-glutamyl 

transpeptidase also catalyzes the initial step in the conversion of the biliary methylmercury– 

glutathione complex to the cysteine complex and that in the latter form methylmercury is readily 

reabsorbed from the biliary tree.

Similarly, methylmercury reabsorption from guinea-pig gallbladder was more extensive when the 

metal was given as a cysteine or GSH complex, as compared with an albumin complex (Dutczak et al., 
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1991). Because the gallbladder also has γ-glutamyl transpeptidase activity (Hinchman and Ballatori, 

1990), a similar mechanism may be involved; however, there is as yet no evidence for this hypothesis.

3.6.2.2 Additional Organic Solute Carriers: MDR1, MDR3, and BSEP
MDR are constitutively expressed in several epithelial and endothelial tissues, including the liver cell 

bile canalicular membrane. Bile canalicular membranes contain MDR1, which transports cationic 

drugs into bile, and MDR3, which transports phospholipids into bile (Oude Elferink and Paulusma, 

2007; Smit et al., 1993) (Figure 3.2). Sharma et al. (1996) demonstrated that cationic organometallic 

complexes are also substrates for MDR1. These investigators demonstrated that human epidermal 

carcinoma KB cells overexpressing MDR1 P-glycoprotein are more resistant to the cytotoxic activities 

of Al(III), Fe(III), and Ga(III) complexes of (ethylenediamine)-N,N′-bis[propyl[(2-hydroxy-4,6-

dimethoxybenzyl)-imino]]. Broeks et al. (1996) reported that the C. elegans equivalent MDR protein 

(cePGP) also contributes to heavy metal (cadmium and arsenite) resistance in this organism, but the 

mechanism involved is unknown. These observations raise the possibility that MDR proteins on the 

canalicular membrane may be involved in the transport of metal complexes into bile.

An additional canalicular transporter that might be involved in biliary metal excretion is the 

ATP-dependent bile acid transporter, BSEP (Figure 3.2), although its role is probably minimal. Bile 

acid–metal complexes may form under certain conditions, and these would most likely be substrates 

for the multispecifi c BSEP protein.

3.6.2.3 Sulfate Exchanger
As noted earlier, vanadate and arsenate are structurally similar to phosphate and can compete with 

phosphate for transport, whereas chromate, selenate, and molybdate are structurally similar to 

 sulfate, and are substrates for sulfate transporters. A sulfate transporter has been identifi ed on the 

liver cell canalicular membrane (Sat1; Bissig et al., 1994), providing a mechanism by which these 

oxyanions may be secreted into bile, although this has not been tested directly. Canalicular sulfate 

effl ux on Sat1 is driven by exchange with bicarbonate; the latter is secreted into bile by a chloride-

bicarbonate exchanger (Figure 3.2).

3.7 SUMMARY

Several metal-selective transport mechanisms on hepatocyte cell membranes allows the liver to 

effi ciently extract metals from plasma, metabolize, store, and redistribute them in various forms 

either back into the bloodstream or into bile. Bidirectional transport across the sinusoidal plasma 

membrane allows the liver to regulate plasma concentrations, and therefore availability to other tis-

sues. Transport across the canalicular membrane is largely but not exclusively unidirectional, and is 

a major excretory pathway for excess metals and/or potentially toxic metals.

Some of the key transport mechanisms have now been identifi ed at the molecular level, providing 

an unprecedented opportunity to examine their structure, function, and regulation. Additional studies 

are required to defi ne the cellular and subcellular localization of key transport proteins in the liver, 

their functional orientation in the membrane (uptake or effl ux), driving force, substrate selectivity, or 

regulation under physiological and pathophysiological conditions. It is likely that additional families 

of metal-specifi c transporters may also be present, but have not yet been identifi ed. This more com-

plete picture of metal transport systems will provide a solid framework for understanding metal 

homeostasis in both health and disease.
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4.1 INTRODUCTION

Lead is a ubiquitous toxic metal found in virtually all living organisms including man. The toxic 

properties of this element from elevated exposures have been known for several thousand years. In 

recent decades, the ability of lead to produce toxic effects in a number of target organ systems, and 

essential cellular and molecular pathways at low dose levels has been increasingly appreciated as a 

result of the advent of modern and more sensitive and specifi c toxicological tools derived from basic 

cell and molecular biology. Molecular (omic) biomarkers are excellent examples of these modern 

tools, which provide insights into the impact of low-dose lead exposures on basic biological processes 

and also the infl uence of factors such as mixture exposures and genetic inheritance on health out-

comes and delineation of populations at special risk. The ability to detect and interpret low-dose lead 

effects is of increasing importance since lead is now being incorporated into nanomaterials [1–3] that 

can be expected to increase biological exposures in new ways. These new uses of lead means that 

there will be an increasing need for evaluation of how and why this metal may exert effects on target 

cell populations in essential organ systems and delineation of key-sensitive molecular pathways.

This chapter will attempt to provide a concise overview of current understandings regarding how 

lead is taken up into cells, molecular binding patterns of lead in the circulation and in target cell 

populations in relation to known effects of lead on sensitive molecular systems in those cells such 

as the heme biosynthetic pathway, intracellular signaling systems, alterations in gene expression 

patterns, and mechanisms of cell death and replacement. The role of genetic inheritance as a factor 

in mediating sensitivity to lead will be taken up in relation to defi ning populations at special risk for 

low-dose lead toxicity.

4.2 LEAD TRANSPORT AND CELLULAR UPTAKE

The heme biosynthetic pathway enzyme, delta-aminolevulinic acid dehydratase (ALAD), which is 

found in red blood cells, has been shown [4] to be the major carrier protein for lead in blood. As 

discussed below, this enzyme exists as two polymorphic forms that vary in their affi nity for lead. In 

addition to lead bound to ALAD, there is a smaller “diffusible” fraction of lead that appears to be 

important in mediating the bioavailability of lead to cells in target organ systems.

4.3 CELLULAR UPTAKE

Uptake of lead from the circulation may occur as a result of ionic lead binding to the surface coat 

proteins of target organ cells such as kidney proximal tubule cells [5] with subsequent intake via 

endocytosis secondary to cell membrane turnover. Other investigators [6] reported that lead as well 

as a number of other nephrotoxic metals damaged the integrity of isolated renal brush-border and 

basolateral membrane vesicles during in vitro exposure studies. No active transport mechanisms for 

lead at the cell membrane have been demonstrated. A second possible mechanism involves endocy-

tosis of lead bound to proteins or low-molecular-weight molecules with subsequent lysosomal hydro-

lysis of the protein moiety and release of lead into the cytoplasm with subsequent rebinding to 

proteins such as ALAD, or low-molecular-weight proteins (PbBPs) as discussed in Section 4.4.

4.4 INTRACELLULAR BINDING

The intracellular binding patterns of lead vary by tissue and dose level of lead exposure. At high dose 

levels of lead, lead inclusion bodies that are pathognomonic indicators of lead poisoning and contain the 

highest intracellular concentrations of lead are formed in target organs such as the brain [7] and kidney 

[8–11]. At low-dose or environmental exposure levels of lead, soluble low-molecular-weight proteins 

(PbBPs) are the major binding sites for lead in target organs such as the brain [12–14] and kidney [12–18]. 

Studies on lead binding indicate that these low molecular weight proteins demonstrate consistent dis-

sociation constants (Kds) of 10−8 M for lead across species, apparently as a result of highly conserved 
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non-SH-based binding sites that normally also bind zinc. These proteins are hence distinct from 

 metallothionein, which does not bind lead to any appreciable degree but binds zinc via SH–multidentate 

binding sites. Both the PbBPs and metallothioneins are capable of donating zinc to zinc-dependent 

proteins such as ALAD, as discussed below.

4.4.1 DELTA-AMINOLEVULINIC ACID DEHYDRATASE

As noted earlier, the heme biosynthetic pathway enzyme ALAD is the major binding component for 

lead in blood and it exists as two polymorphic alleles (1 and 2) that also vary in their binding affi nity/

stability such that general terms, and depending on lead exposure level, persons possessing the ALAD 

2 allele experience higher blood lead values than those possessing the ALAD 1 allele [19]. This 

genetic difference in lead-binding patterns has important implications for the target organ cellular 

toxicology of lead. In addition, both PbBPs and metallothionein discussed earlier may infl uence lead 

binding to ALAD by donating zinc to this zinc-dependent/zinc-activated enzyme [20–25].

4.5 TARGET ORGANS

It has been appreciated for many years that lead is a broad-spectrum toxic agent that affects a number 

of major organ systems in different ways and at different dose levels. Further, lead may selectively 

damage specifi c cell types in these organs as a function of a number of different mitigating factors as 

discussed below. Brief summaries of lead toxicity to a number of these major organ systems at the 

cellular and molecular levels of biological organization are provided latter and will hopefully be of 

value to the reader in accessing the voluminous literature on lead toxicity in a focused manner.

4.6 NERVOUS SYSTEM

The central nervous system (CNS) and the peripheral nervous system (PNS) components of the 

nervous system may each be affected by lead toxicity as a function of dose level and duration of 

exposure. In general, the known mechanisms of lead toxicity to specifi c cell types in these indi-

vidual nervous system components will vary in part on the basis of the normal biological functions 

conducted by these cell types.

In the CNS, loss of cognitive abilities (e.g., IQ) may occur in some individuals at low lead dose 

levels and amplify at higher dose levels and extended periods of exposure to overt clinical neuro-

logical disease [26–28]. The effects of lead on neurogenesis have been extensively studied since the 

developing nervous system is particularly sensitive to lead, and children are generally regarded as 

being a population at special risk. At the cellular level, numerous studies conducted in experimental 

systems have suggested lead effects on a number of nerve cell developmental processes [29–33] but 

with variable demonstration of linkages to cognitive development depending on the behavioral test 

method system utilized. A number of molecular processes including alterations in various signaling 

pathways [34], changes in neuronal cytoskeletal proteins [35,36] and cell adhesion molecules [37,38]. 

Alterations in nervous cell signaling pathways may infl uence neuronal cell growth [39–42] as well 

as changes in gene/protein expression [42–44]. These various effects may overlap and will vary as 

a function of specifi c cell type, lead dose level, and duration of exposure.

In the PNS, decrements in nerve conduction velocities have been reported at lower lead dose 

levels while persons with high-dose/long-term exposures may experience overt neuromuscular 

symptoms such as “wrist drop” or “ankle drop” [45].

4.7 KIDNEYS

There are several specifi c cell types in the kidney that may be damaged by lead exposure including the 

cells of the proximal tubules and interstitial capillaries. Damage to these cells may contribute to changes 

in a number of other organ systems such as the cardiovascular system with regard to blood pressure.
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4.7.1 PROXIMAL TUBULE CELLS

The epithelial cells of the renal proximal tubules are a major target cell population for lead toxicity 

and the effects on several organelle and molecular systems have been demonstrated by a number of 

investigators [7–11].

4.7.1.1 Mitochondria
Lead disturbances of mitochondrial energy production [9] and inhibition of mitochondrial heme 

pathway enzymes [9] are among the important metabolic disturbances produced by lead in this 

organelle.

4.7.1.2 Nuclei
The formation of lead intranuclear inclusion bodies as noted earlier is pathognomonic of lead poi-

soning and is associated with alterations in DNA and protein synthesis patterns. The low-molecular-

weight lead-binding proteins discussed below appear to play an important role in mediating the 

intranuclear movement of lead and binding to chromatin at low dose levels. These alterations in 

nuclear function have been associated with increased cellular division of renal proximal tubule cells 

in rodents [46] and may be related to the development of renal adenocarcinomas in rodents following 

chronic lead exposure. Other in vitro studies [15,16] showed that the cytosolic low-molecular-weight 

PbBPs were capable of translocating into purifi ed isolated nuclei and binding to chromatin. It was 

observed that cadmium and zinc were more effective than cold lead in displacing radioactive lead 

from these proteins in vitro.

Such data are consistent with in vivo lead–cadmium–arsenic interaction studies described below 

that demonstrated that concomitant exposure to cadmium attenuated the formation of lead intra-

nuclear inclusion bodies.

4.7.1.3 Cytoplasm
There are a number of cytoplasmic enzymes (e.g., ALAD) that have been shown to be altered by lead 

exposure both in vivo [9–11] and in vitro [20–25]. Data from these studies point to a major infl uence 

of cytosolic PbBPs and metallothionein in mediating the interaction of lead with these enzymes.

4.7.1.4 Glomerular and Interstitial Capillaries
Fibrosis of the glomerular and interstitial capillaries has extensively documented in both workers 

with high-dose lead exposure [45] and in experimental animals (7). These fi brotic changes undoubt-

edly play a role in the development of increased BUN and creatinine in lead-exposed workers [45]. 

Other studies on the molecular level [47] have reported induction of the stress protein HSPA5 

(GRP78) following in vitro incubation of rat glomerular mesangial cells (rGMCs) with lead at 1 or 

10 M Pb, indicating that this class of stress protein is activated by lead exposure perhaps secondary 

to lead-induced oxidative stress [48] that may play an important role in lead-induced glomerular/

interstitial fi brosis [49].

4.8 CARDIOVASCULAR SYSTEM

Lead exposure has been extensively linked to the development of hypertension in humans [19,40,50–53]. 

The underlying mechanisms for the effects of lead on blood pressure are complex and appear to 

involve lead-induced reactive oxygen species (ROS) and nitric oxide (NO) signaling [50,52,53]. 

Biphasic alterations of angiotension converting enzyme (ACE) activity in rats as a function of dura-

tion of exposure have also been reported [40]. In addition, the activation of antioxidant enzyme sys-

tems such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) have 

also been reported by several groups of investigators [54–56] and the interplay of these antioxidant 

systems may well provide an explanation for variability in the degree to which lead induces hypertension. 
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Other effects such as reduced β-adrenergic receptors and plasma catecholamine levels [57,58], 

endothelial cell damage, and atherosclerosis have also been reported in relation to lead exposure in a 

variety of clinical and experimental reports [51]. These effects appear to be mediated at least in part 

by lead binding to ALAD in blood with differences noted between ALAD 1 and 2 isoforms [19]. 

There is an ongoing discussion as to whether the hypertensive effects of lead are secondary to lead 

effects in the kidney noted earlier, a result of lead interaction with signaling pathways that regulate 

blood pressure as discussed below or some combination of these effects. Further research is clearly 

needed to delineate the complex underlying mechanisms by which produces hypertension.

4.9 LEAD-INDUCED ALTERATIONS OF CELLULAR SIGNALING PATHWAYS

As noted earlier, lead is a broad-spectrum toxic agent that produces effects on a number of organ, 

cell, and molecular systems. More recent studies have identifi ed that lead is capable of producing 

changes in important cellular signaling pathways such as the nitric oxide synthase (NOS) system 

[50,53] molecular signaling pathways. Some of these changes appear to be related to increased pro-

duction of ROS via inhibition of mitochondrial respiration [9]. It is clear that further research is 

needed to understand the interrelationships between lead effects observed in these complex pathways, 

alterations in other organelle or molecular systems, and the mediating factors discussed below.

4.10 LEAD AND THE IMMUNE SYSTEM

There is an extensive and well-documented literature concerning the effects of lead on the immune 

system both in terms of humoral [59–61] and cellular [62–70] aspects of immune function. In gen-

eral, lead exposure, both in vivo and in vitro, has been shown to exert a variety of immunomodulating 

effects on various aspects of immune function suggesting multiple points of interaction with cellular 

machinery [69]. The mechanisms underlying these effects appear to involve the same organelle and 

basic molecular systems discussed earlier, but the health consequences in terms of susceptibility to 

infection, autoimmune reactions, and cancer are clearly important.

4.10.1 HUMORAL IMMUNE EFFECTS

Lead exposure has been shown to alter production of circulating antibodies to a number of antigens 

and microorganisms. The obvious potential health risks to lead-exposed organisms for infection or 

increased susceptibility to cancer cannot be understated. Miller et al. [60] reported differential effects 

of oral lead exposure in Fischer 344 rats with increases in several humoral parameters but depression 

of cell-mediated immune responses. Ercal et al. [61] demonstrated a linkage between lead-induced 

oxidative damage and suppression of serum levels of IgA, IgM, and IgG in Fischer 344 rats.

4.10.2 CELLULAR IMMUNE EFFECTS

Lead-induced suppression of cellular immunity is also an important aspect of lead toxicity since it 

can also have important impacts on both the ability of fi ght infection and immune surveillance for 

cancerous cells in major organ systems. McCabe et al. [59] reported fi ndings of studies on lead-

induced increases of major histocompatibility complex (MHC) class II molecules (Ia) on the sur-

face of mouse B lymphocytes. These alterations appeared to be related to either increased translation 

or post-translational events since changes in messenger RNA for these proteins were not observed. 

Miller et al. [60] showed that developmental exposure of Fischer 344 rats produced chronic immune 

alterations in type 1 and type 2 immune responses and suggested that these effects may be related 

to a lead-induced shift in T helper cell development or functioning. Subsequent studies by Bunn 

et al. [63,64] reported gender differences as a result of embryonic exposure of Sprague-Dawley rats 

to lead [63] or as a result of oral lead exposure of juveniles or adult Fischer 344 rats [64] to lead in 
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drinking water. In general, females were found to be more sensitive than males with regard to 

delayed-type hypersensitivity (DTH) responses. McCabe et al. [65] and Shen et al. [66] reported 

on the in vitro effects of lead on CD4(+) T cells. McCabe et al. [65] showed that lead stimulated 

proliferation and expansion of alloantigen-reactive T helper cells at culture lead concentrations 

down to 0.1 μM Pb. Shen et al. [66] reported that lead-induced cytokine responses at concentra-

tions that did not affect T cell proliferation. Data from these studies indicate that immune response 

profi les are lead concentration dependent. Subsequent studies by Farrer and coworkers [68] led 

enhanced CD4+ proliferation by indirectly affecting antigen presenting cells and antigen interac-

tion. These investigators recently showed that myeloid suppressor cell-produced NO provides at 

least one mechanism for producing the observed CD4+ T cell proliferative response. Lynes and 

coworkers [69] highlighted the importance of lead-induced alterations in gene expression as an 

overarching set of interrelated mechanisms that regulate observed changes in the various aspects 

of lead-induced changes in immune function.

4.10.3 HEMATOPOIETIC SYSTEM/HEME BIOSYNTHETIC PATHWAY

Lead-induced inhibition of a number of enzymes in the heme biosynthetic pathway has been docu-

mented in a number of major organ systems and at high-dose exposures to produce anemia as a 

result of suppression of the hematopoietic system [26,45]. The most well-studied enzymes in the 

pathway documented to show inhibition are discussed below.

4.10.3.1 ALA Synthetase
ALA synthetase (ALAS) is the fi rst and rate-limiting enzyme in the heme biosynthetic pathway. It 

is located loosely bound to the mitochondrial inner membrane and has been known for many years 

to be sensitive to the inhibitory effects of a number of metals including lead [9]. This enzyme is also 

known to be inducible by decreases in cellular heme levels and so may exhibit differential responses 

to lead inhibition depending on dose and duration of exposure [71].

4.10.3.2 ALA Dehydratase
ALA dehydratase (ALAD) is the second enzyme in the heme biosynthetic pathway and is located in 

the cellular cytoplasm. It is a zinc-dependent enzyme and regarded as the most sensitive enzyme to 

lead inhibition with an IC50 on the order of 10−7 M [20–25]. As noted earlier, this enzyme exists as 

two isoforms (1 and 2) that vary in their binding affi nity for lead with isoform 2 having the stronger 

binding affi nity for lead. Lead inhibition of ALAD and the increased presence of ALA in the urine 

of exposed individuals have been used for many as sensitive and relatively specifi c biomarkers for 

elevated lead exposure.

4.10.3.3 Uroporphyrinogen Decarboxylase
Uroporphyrinogen decarboxylase (UROD) is located at the fourth step in the heme biosynthetic 

pathway and is sensitive to oxidative stress from a number of trace elements [72]. This inhibition 

results in the increased presence of uroporphyrin in urine of lead-exposed individuals. Lead-induced 

oxidative stress may be the underlying mechanism for inhibition of this cytosolic enzyme.

4.10.3.4 Coproporphyrin Oxidase
Coproporphyrin oxidase (CO) is a mitochondrial enzyme, which is the penultimate enzyme in the 

heme biosynthetic pathway. It is also sensitive to lead inhibition [72] and results in the increased 

presence of coproporphyrin in the urine of lead-exposed individuals perhaps in concert with lead 

inhibition of ferrochelatase (FC) as discussed below.

4.10.3.4.1 Ferrochelatase
FC is the fi nal enzyme in the heme biosynthetic pathway that catalyzes the insertion of ferrous (Fe2+) 

iron into the protoporphyrin ring to form heme. This enzyme that is located as an integral protein in 
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the mitochondrial inner membrane is also sensitive to lead inhibition [73–75]. The mechanism of 

this that may be secondary to lead inhibition of mitochondrial respiration and energy-linked mito-

chondrial transformations [76] leading to a decrement in the reduction of Fe3+ to Fe2+ during trans-

port across the mitochondrial inner membrane and prior to insertion of Fe2+ into the protoporphyrin 

ring to form heme. If Fe2+ is not inserted into the porphyrin ring, then Zn2+ is inserted leading to an 

increase in Zn-protoporphyrin (ZPP) concentration. Increased ZPP in circulating red blood cells has 

also been used as a biomarker for lead toxicity and decreased iron intake [75,77].

4.11 REPRODUCTIVE SYSTEM

As noted earlier, lead is a broad-spectrum toxic agent that exerts toxic manifestations in a number of 

organ systems including the reproductive system. Lead is capable of crossing the placenta and exert-

ing deleterious effects on the developing embryo leading to increased risk of spontaneous abortion 

[78,79] and has been demonstrated to decrease sperm counts and alter sperm morphology/motility in 

males with moderate to elevated lead exposures [80–92]. The mechanisms underlying these effects 

also appear to be complex and may involve the interplay of a number of cellular and molecular bio-

chemical systems. Lead-induced oxidative stress has been reported by a number of investigators 

[93–95] as an early and consistent fi nding in both lead-exposed experimental animals and humans. 

Other investigators have reported alterations in endocrine functions affecting the testes [96–98], 

altered DNA/protein synthesis [90], and DNA protamine binding [99,100]. Finally, other investiga-

tors have reported direct lead-induced cytotoxicity to male germinal cells in mice [101], decreased 

testes weights associated with decreased sperm concentrations [102] in lead-treated rats, and that 

neonatal lead exposure reduced fertility in adult males, which was associated with increased numbers 

of apoptotic cells and decreased numbers of testicular macrophages. As with the other organ systems 

reviewed in this chapter, it is clear that lead may exert a broad spectrum of cellular effects related to 

oxidative stress and which appear to be mediated by a complex interplay of molecular systems.

4.12 LEAD AND CANCER

Chronic exposure of rodents to lead in drinking water has been demonstrated to produce elevated rates of 

renal cancer. Epidemiological studies in workers with elevated occupational exposures to lead have pro-

duced inconsistent results with regard to cancer rates [103]. Results from experimental cellular/molecular 

systems have demonstrated evidence of DNA damage that may be secondary to lead-induced oxidative 

stress [104,105] produced by ROS. International Agency for Research against Cancer (IARC) has clas-

sifi ed lead as a possible human carcinogen (Class 2B) based on these lines of evidence. Further research 

is clearly needed to determine what molecular mechanisms are underlying the observed positive effects 

in rodents and more equivocal fi ndings in humans and the interactive effects of DNA repair mechanisms 

such as ERK1/2 [106] metallothionein expression [107] and expression of the ALAD2 allele [108].

There are several possible interrelated mechanisms by which lead can elicit the carcinogenic 

response. One involves the known binding of lead to DNA transcription factor zinc fi nger proteins 

[109–111] that can alter normal DNA replication. Lead induced oxidative stress [112–114], which 

could produce direct DNA damage, and lead induced apoptosis [115,116], which could produce a 

cell’s death and replacement scenario that may give rise to damaged replacement cells. Finally, it 

has been hypothesized [117] that the renal lead-binding proteins (PbBPs) act in a manner similar to 

hormonal receptors. They normally bind/transport zinc into target cell nuclei, bind to chromatin 

and alter gene expression patterns leading to cell proliferation.

4.13 MITIGATING FACTORS

As with many toxic agents, the mechanistic effects of lead on the various organs and biochemical 

systems discussed earlier will vary in part as a result of a number of mitigating factors such as those 

discussed below.

© 2010 by Taylor and Francis Group, LLC



120 Cellular and Molecular Biology of Metals

4.14 PHARMACOLOGICAL CONSIDERATIONS

4.14.1 DOSE AND DURATION OF EXPOSURE LEVEL

The various effects of lead will vary as a function of dose and duration of exposure with some toxic 

manifestations occurring at chronic low dose levels and others occurring at elevated and more acute 

or intermediate exposures [118]. This also means that the operative underlying mechanisms may 

also vary in prominence under a given set of exposure conditions. It is also important to note that 

lead is a cumulative toxic agent that is predominately deposited in the skeleton and it may be redis-

tributed from this depot under conditions that produce demineralization/or mobilization of calcium 

from the skeleton, such as osteoporosis or pregnancy, respectively [119].

4.14.2 DIET AND NUTRITION

It has been appreciated for many years that diet and nutritional status may exert pronounced effects 

on susceptibility to lead toxicity [120]. The underlying factors are related to infl uencing the uptake 

of lead from the gastrointestinal tract and infl uencing the bioavailability of essential metals such as 

zinc and iron to lead-sensitive enzymatic processes such as those found in the heme biosynthetic 

pathway. Treatment of animals with zinc [23–25] has been shown to attenuate the inhibitory effects 

of lead on ALAD and iron defi ciency has been shown to increase the formation of ZPP [75]. More 

recent studies [67] have reported that in vivo administration of alpha-tocopherol protects against the 

immunotoxic effects of lead in mice apparently via antioxidative effects.

4.14.2.1 Age
Age is a well-known factor that infl uences susceptibility to lead toxicity; the very young developing 

organisms and older individuals are at special risk [26]. As noted earlier, lead is capable of crossing 

the placenta and producing effects in developing offspring. In addition, lead may be mobilized from 

the skeletal stores in older individuals such that lead accumulation from a lifetime may be returned 

to an individual in later years from this internal compartment.

4.14.2.2 Gender
Males and females may vary in susceptibility to lead as a function of the factors discussed earlier 

with different organ systems manifesting responses. The issue of osteoporosis for females and the 

possible effects of lead on this process have been extensively debated [119]. For males, the issue of 

decreased fertility due to alterations in spermatogenesis is also an important consideration in the 

gender-specifi c issue.

4.14.2.3 Genetics
It has been appreciated for many years that individuals with similar lead exposure and other equiva-

lent risk factors will vary in susceptibility to lead toxicity suggesting that genetic factors may also 

play an important role. The most well-studied of these genetic risk factors for susceptibility to lead 

toxicity involves the role of ALAD polymorphisms in mediating lead bioavailability to sensitive 

biochemical processes. As noted earlier, ALAD in humans exists as 2 alleles (1 and 2) such that 

individuals may have 1, 1–2, or 2 polymorphic forms of this enzyme. In most populations, ALAD1 

is the most prevalent isoform (~85%) while ALAD-1–2 and ALAD2 together comprise ~15%). 

These latter individuals will, depending on exposure level, have generally higher blood lead values 

due to the higher binding affi nity of lead to the ALAD2 allele. The dynamic interaction of lead from 

this carrier protein in blood with other molecular processes is a subject of ongoing research [19].

4.14.2.4 Mixtures Exposures
Lead exposure in combination with other toxic trace elements such as cadmium and arsenic is a 

common phenomenon under a number of occupational and environmental situations (e.g., Superfund 
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sites). The issue of lead interactions in these mixture situations is a major concern for risk assess-

ment purposes since additive, synergistic, or antagonistic interactions from combined exposures 

may greatly infl uence the shape of the dose–response curve and expected toxic outcome mea-

sures. The following brief review of the published literature on interactions between lead and 

other common toxic elements such as arsenic and cadmium is intended to only act as a stimulus 

for research in this important area. The issue of lead-based nanomaterials will be introduced 

since these materials are only now being produced for commercial applications, but it is clear that 

the small size of these materials may greatly infl uence the absorption and distribution of lead in 

humans.

4.14.2.5 Pb × As Interaction Studies
The early Pb × Cd × As factorial design interaction studies by Mahaffey and coworkers [121–123] 

using stressor dose levels of these elements demonstrated an additive interaction for a number of 

parameters in rats exposed to these elements in a semipurifi ed diet at 10 weeks. More recent studies 

[124] also showed synergistic interactive immunotoxic effects of concomitant lead and arsenic treat-

ments in mice following acute administration of these elements.

4.14.2.6 Pb × Cd
The studies by Mahaffey and coworkers noted earlier, also examined Pb × Cd interactions and 

found that concomitant exposure to Cd eliminated formation of the pathognomonic lead intra-

nuclear inclusion bodies in kidneys, which was associated with an approximate 60% reduction 

in total renal lead concentrations but additive increases in urinary porphyrin excretion patterns 

[122,123]. More recent studies [125] demonstrated a positive lead–cadmium interactive effect on 

the responsiveness of rat mesenteric blood vessels to norepinephrine and angiotension II. These 

data indicate that the blood vasculature effects related to lead exposure discussed earlier may also 

be altered by concomitant exposure to cadmium, which is also well known to produce vascular 

alterations.

4.14.2.7 Pb × Cd × As
The above studies [121–123] included a Pb × Cd × As exposure group, which also showed elimina-

tion of the renal lead intranuclear inclusion bodies, marked reduction of total renal lead burden, and 

further additive effects on urinary porphyrin excretion patterns. More recent Pb × Cd × As studies 

using LOEL dose levels of these elements in drinking water [126] demonstrated similar effects on 

the heme biosynthetic pathway, which showed a marked time-course pattern with more pronounced 

effects at a 30-day time point, attenuation of the effects at 90 days apparently as a result of induction 

of antioxidant systems, and the appearance of oxidative damage markers at 180 days apparently as 

a result of prolonged oxidative stress. Taken together, data from these studies demonstrate the value 

of biomarker endpoints in elucidating interactions between lead and other common toxic trace ele-

ments and the alterations that may occur between tissue concentrations of lead and expected bio-

logical effects under mixture exposure conditions.

4.15 NANOMATERIALS

A rapidly expanding area to toxicological concern involves the use of toxic metals such as lead in 

nanomaterials. At present, little is understood about the toxic properties of materials such as 

Pb-based nanomaterials [1–3], but it is clear that the synthesis of these materials may easily posi-

tively alter expected relationships between inhalation or ingestion exposures to a given concentra-

tion of lead and uptake of this element. These concerns clearly support the need for further research 

into the bioavailability of Pb from such materials and a rigorous examination of health risks from 

both the particle size and combined elemental exposures perspective.
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5 Transport and Biological 
Impact of Manganese

Keith M. Erikson, Khristy J. Thompson, 
and Michael Aschner

5.1 OVERVIEW

Manganese (Mn) is an essential nutrient and, unlike other trace elements (e.g., iron), toxicity is 

more prevalent than dietary defi ciency. This chapter will commence with a discussion on the essen-

tiality of Mn and its general biological functions. We will then discuss putative Mn transport mech-

anisms with a particular emphasis on the lung and brain, the primary organs involved in the etiology 

of Mn neurotoxicity (manganism). We conclude the chapter with several sections focusing on the 

neuro biology of manganism. Special emphasis is placed on the neurochemical and biochemical 

aspects of Mn-induced neuropathology and the biochemical similarities it shares with Parkinson’s 

disease (PD).

5.2 Mn: ESSENTIALITY AND TOXICITY

Mn is found in many foods (e.g., legumes and green leafy vegetables) and is required for proper 

growth and development. Current guidelines suggest that adults consume 2–5 mg Mn/day.1 Mn is 

an important component of many key enzymes involved in the detoxifi cation of reactive oxygen 

species referred to as ROS (Mn superoxide dismutase), amino acid synthesis (glutamine synthetase, 
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GS), the urea cycle (arginase), and energy production (pyruvate carboxylase).2–4 Both defi ciency and 

excess of this metal result in health problems, although Mn toxicity is more common. Too little 

dietary Mn can lead to growth retardation, alterations in glucose and high-density lipid (HDL) cho-

lesterol levels, and even reproductive failure.5 On the other hand, excess Mn can lead to the onset of 

a movement disorder, termed “manganism,” which is similar to PD.

Manganism is often associated with occupations such as Mn mining,6–8 steel production, 

welding,9–12 and the dry cell battery industry. Indeed, the characteristics of Mn neurotoxicity are 

best studied in persons from these groups. In general, symptoms of Mn poisoning can be broken 

down into three stages. The fi rst stage involves behavioral changes, such as increased anxiety or 

nervousness, apathy, loss of memory, and/or decreases in concentration. In the second phase, par-

kinsonian features (an expressionless face, impaired writing ability, and diffi culty in walking back-

wards) become apparent. Finally, dystonia of the trunk and extremities, expressed characteristically 

as “cock-walk” gait, is observed. Interestingly, tremor, a typical feature of PD, is not commonly 

associated with manganism.13,14 However, once the disease progresses to the latter stages, mangan-

ism is generally irreversible even if the patient is removed from the source of Mn.

Ingested Mn is effi ciently cleared from the body through the bile, resulting in the subsequent 

excretion of approximately 95–97% of the metal. Clearance is much lower if liver function is 

impaired, such as in chronic liver disease or cirrhosis, or if Mn is injected directly into the blood 

stream, as in parenteral nutrition. Thus, persons in either group are at an increased risk for Mn 

intoxication. Following absorption in the intestines, Mn is transported throughout the body bound 

to various proteins (transferrin, Tf), plasma macroglobulin, (and/or albumin) and small molecules 

(citrate).15–19 As Mn and iron share transporter systems (Tf/Tf receptor and divalent metal 

 transporter-1 [DMT1]), recent studies have examined whether iron defi ciency and anemia could also 

be risk factors for Mn neurotoxicity.20

Few reports exist on brain Mn concentrations upon Mn intoxication. The concentrations of Mn 

in human striatum and globus pallidus (GP) (primary target areas) are unknown. Cerebellar con-

centrations of Mn are available from Japanese accident victims, and at the time of autopsy they 

ranged between 9 and 10 μM.21 However, these values are likely lower than those in the striatum 

and GP, both of which are known to accumulate more Mn than the cerebellum. A study performed 

almost three decades ago examined Mn concentration in the striatum and GP (two regions in the 

nonhuman primate known to accumulate Mn) of monkeys dosed for three months with Mn diox-

ide.22 Striatal Mn concentration reached 264 μM, while Mn concentration in GP peaked at 334 μM. 

In rats, Mn concentrations can reach up to 200 μM depending on the brain region and dosing 

regimen.23–25 Thus, during Mn toxicity, it is possible for brain levels to exceed 350 μM. Mn con-

centrations in various parts of the rat striatum have been reported to range from 4.4 to 18 μM, and 

in exposed rats, the levels of Mn in the striatum increase to 23–70 μM.23–25 Notably, these studies 

suggest that both in primates and rodents, homeostatic control of brain Mn concentrations is tight, 

because even in conditions of relatively high exposures, levels of brain Mn increase only several 

(3–4) fold.

The Mn fuel additive, methylcyclopentadienyl manganese tricarbonyl (MMT), has antiknock 

properties. When combusted, the Mn from MMT is in the form of several aerosolized salts, the 

most abundant species being manganese phosphate and manganese sulfate.26,27 Pharmacokinetic 

studies have shown that the salt characteristics will determine the rate of transport into the brain 

with the following rank order: MnCl2 > MnSO4 > MnPO4.
28,29 Nonetheless, it is important to note, 

that regardless of exposure, once absorbed and within biological media (e.g., blood and cerebrospi-

nal fl uid), Mn would be expected to bind to the same ligands and behave in an analogous pharma-

cokinetic fashion irrespective of portal of entry. Thus, the physical and chemical properties of these 

aerosolized salts will only govern their absorption and elimination properties, but overall the tissue 

distribution and their mechanisms of toxicity would be expected to be similar, yet on a differential 

temporal scale (e.g., attainment of toxic concentrations of Mn in target tissue would be reached 

faster for the more soluble Mn salts).
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Mn neurotoxicity (manganism) shares neurological symptoms with several clinical disorders 

commonly described as “extrapyramidal motor system dysfunction,” and in particular, PD.30 

Evidence for the involvement of oxidative stress in the etiology of PD exists, supported by the 

 following observations: (1) Monoamine oxidase (MAO) activity, which catabolizes intraneuronal 

dopamine and yields hydrogen peroxide (H2O2), increases with age.31 (2) Pharmacological manipu-

lations that enhance dopamine turnover cause an increase in oxidized glutathione (GSH), which 

can be suppressed by simultaneous treatment with the MAO inhibitors clorgyline and deprenyl, 

indicating that MAO activity is a source of oxidative stress.32 (3) In postmortem studies of PD 

brains, the activity of glutathione peroxidase and the amounts of GSH in the substantia nigra 

are reduced.33 (4) Oxidative stress is one of the proximate causes of 1-methly-4-phenyl-1,2,3,6-

tetrahyrdopyridine (MPTP)-induced dopaminergic (DAergic) neuronal degeneration, and trans-

genic mice overexpressing copper/zinc superoxide dismutase are resistant to the neurotoxic action 

of MPTP.34 Common features in the etiologies of manganism-like PD and idiopathic PD are 

 discussed in Section 5.5.

5.3 Mn TRANSPORT IN THE LUNGS

The respiratory system is the fi rst entry point for inhaled Mn. Deposition of Mn particles is 

dependent on particle size where larger particles are deposited in the upper airway and smaller 

size particles reach the lower airways.35,36 Upper airway particles are more readily cleared through 

mucociliary actions unlike the lower airways. The biological availability of the Mn is then depen-

dent on the form of Mn, exposure time, and liberation of the Mn  following engulfment by alveolar 

macrophages.37 The lung facilitates two exit mechanisms for Mn: the mucociliary elevator clear-

ance mechanism to the gastrointestinal system or absorption via alveolar epithelial cells directly 

to the blood stream. Clearance of Mn from the lung through the mucociliary elevator mechanism 

results in the same fate as dietary Mn, which is rapidly cleared and nontoxic. Absorption/ transport 

into circulation across the alveolar epithelium plays a more signifi cant role in Mn neurotoxicity.

The mechanisms involved in Mn absorption by the lung are unclear. Uptake of Mn by alveolar 

epithelial cells, more specifi cally Type II cells, is believed to occur through the Tf/Tf receptor/

DMT1 mechanism or through Tf-independent pathways.38 In either case, lung Mn absorption and 

clearance have been shown to be altered by manipulating iron status. Pharmacokinetic analyses 

found that iron defi ciency by diet or phlebotomy altered blood clearance on Mn following intratra-

cheal instillation,39,40 whereas lung iron loading either by direct instillation of iron oxide particles or 

through a diet of 1% carbonyl iron or decreased transport from the lung to circulation.39,41 In these 

studies, neither DMT1 nor Tf receptor mRNA levels were altered in the lung despite the change in 

iron status. Studies using the Belgrade rat found that DMT1 does not play a role in lung Mn trans-

port, leading to a search for other transport mechanisms for Mn to the circulatory systems outside 

of the Tf/TfR/DMT1 pathway.42

There is increasing evidence that nonselective calcium channels transport divalent Mn in the 

heart, liver, and brain.42 Mn2+ uptake by cardiomyocytes in vitro43 and uptake into the liver44 have 

been shown to be altered by L-type voltage-gated channels. Analysis of isolated blood–brain-barrier-

derived cells and in situ brain perfusion assays indicate regulation of Mn2+ uptake by store-operated 

calcium channels.45 Several members of the transient receptor potential (TRP) family of receptor- 

and store-operated calcium channels have also been implicated in the transport of Mn.46,47 Uptake 

studies of 54Mn by A549 cells suggest that metal uptake by Type II alveolar epithelial cells is associ-

ated with both L-type Ca2+ channels and TRPM7, a member of the TRP melastatin subfamily. Mn 

seems to be absorbed by the pulmonary epithelium through  different pathways. A putative role for 

nonselective calcium channels in lung metal clearance is rapidly emerging.42

Mn can also cause damage to the lung tissue itself, perhaps due to the reactive oxygen species 

generated.48 The subsequent events may lead to epithelial damage, increases in  permeability, and 

infl ammatory responses leading to decreased lung function.49–51 Vascular endothelial growth factor 
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(VEGF), regulated through the hypoxia inducible factor-1/hypoxia-response element mechanism, 

has recently been shown to increase in response to just short-term Mn exposure.52 It is suggested 

that alternation of pulmonary gene expression will lead to increased susceptibility of the lung to 

respiratory disease. A study examining school-age children who had been exposed to airborne 

metal particles found a correlation between exposure to Mn-containing particles and a decline in 

peak expiratory fl ow rate (PEFR).53 Long-term exposure of miners to Mn has been implicated in 

decreased pulmonary function; however, the compounding factor of active smoking by the workers 

presents some diffi culty in the interpretation of the results.54

5.4 Mn TRANSPORT AND BIOLOGY IN THE BRAIN

5.4.1 TF/TF RECEPTOR IN Mn TRANSPORT

A series of studies has shown that Mn infl ux to the brain, but not effl ux, is carrier mediated.55,56 In 

plasma, Mn is bound to small molecular weight carriers such as albumin and citrate or proteins like 

Tf. Tf is the primary iron binding/transport protein in plasma and is also known to bind Mn. Mn 

does not avidly complex with sulfhydryl (-SH) groups or amines, and it shows little variation in its 

stability constants for endogenous complexing ligands such as glycine, cysteine, ribofl avin, and 

guanosine. In the absence of Fe, the binding sites of Tf can accommodate a number of other metals 

raising the possibility that Tf functions in vivo as a transport agent for many of these metals. Mn 

binding to Tf is time dependent.15,57,58 When complexed with Tf, Mn is exclusively present in the 

trivalent oxidation state, with two metal ions tightly bound to each Tf molecule.59 At normal plasma 

iron (Fe) concentrations (0.9–2.8 μg/mL), normal Fe-binding capacity (2.5–4 μg/mL), and normal 

Tf concentration in plasma, namely 3 mg/mL, with two metal-ion- binding sites per molecule (Mr 

77,000) of which only 30% are occupied by Fe3+, Tf has available 50 micromoles of unoccupied 

Mn3+-binding sites per liter.15

Since Tf receptors are present on the surface of the cerebral capillaries60–62 and endocytosis of 

Tf is known to occur in these capillaries,62 it has been suggested that Mn (in the trivalent oxidation 

state) enters the endothelial cells complexed with Tf. Mn is then released from the complex in the 

endothelial cell interior by endosomal acidifi cation and the apo-Tf/TfR complex is returned to the 

luminal surface63,64 without the assistance of DMT1.65 Mn released within the endothelial cells is 

subsequently transferred to the abluminal cell surface for release into the extracellular fl uid. The 

endothelial Mn is delivered to brain-derived Tf for extracellular transport and the Mn is subse-

quently taken up by neurons that possess both Tf receptors and DMT1.66 A recent study by Moos 

et al.65 indicates that Tf-bound metal gains access to the brain through the blood–CSF barrier where 

the metal then diffuses into neurons from the ventricles and subarachnoid space. Support for 

 receptor-mediated endocytosis of an Mn–Tf complex in cultured neuroblastoma cells (SH-SY5Y) was 

recently demonstrated by Suarez and Eriksson.67 Sloot and Gramsbergen have demonstrated antero-

grade axonal transport of 54Mn in both nigrostriatal and striatonigral pathways.68 Furthermore, in 
vivo, intravenous administration of the ferric-hydroxide dextran complex signifi cantly inhibits Mn 

brain uptake, and high Fe intake reduces central nervous system (CNS) Mn concentrations, cor-

roborating a relationship between Fe and Mn transport.15,69

The basal ganglia; including pallidum, thalamic nuclei, and substantia nigra, contains the high-

est Mn concentrations.70 Interestingly, Fe concentrations in these structures are the highest as well.71 

Although the areas with dense Tf distribution72 do not correspond to the distribution of Mn (or Fe), 

the fact that Mn-accumulating areas are efferent to areas of high Tf receptor density suggests that 

these sites may accumulate Mn through neuronal transport.68 For example, the Mn-rich areas of the 

ventral pallidum, GP, and substantia nigra receive input from the nucleus accumbens and the cau-

date-putamen, two areas abundantly rich in Tf receptors.73,74

Experiments examining Tf’s role in Mn transport are often conducted with Mn-bound Tf 

 complexes. However, experiments using the hypotransferrinemic mouse, which lacks functional Tf, 
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have shown that Mn transport to the brain is not affected, indicating that Tf is not necessary for 

brain Mn acquisition across the blood–brain barrier.75 Tf gains access to the cell by binding to its 

receptor, the TfR, where the complex is endocytosed. DMT1 is a component of the endosome and 

functions to acidify the endosome to allow for release of Tf-bound metal and then functions to pump 

the metal into the cytosol. It is presumed that Mn also is released from Tf–Mn complexes by the 

same mechanism76,77; however, more studies are needed. This mechanism was elucidated in reticu-

locytes where TfR is abundant, and Tf–Fe complexes (and perhaps Tf–Mn complexes) were able to 

enter cells, but the metal could not be released into the cytosol.78 Several in vitro studies have shown 

that Mn3+ does not accumulate intracellularly to any signifi cant amount to cause neurotoxicity. 

Gunter et al. found no evidence of stabilization of Mn3+ complexes in human neuroteratocarcinoma 

(NT2) cells79 and primarily rat astrocyte cultures or in nerve growth factor-treated PC12 cells.80 The 

cause of Mn neurotoxicity is suggested to be due to Mn2+ inhibition of Ca2+ activation and control 

of ATP production.77

5.4.2 DMT1 IS AN Mn TRANSPORTER

A prominent Mn transporter is the DMT1 [also known as NRAMP-2 and divalent cation transporter 

1 (DCT-1)]. It is best known for its role as an intestinal interluminal protein responsible for Fe regu-

lation.81,82 Indeed, gene transcription for this protein is actually regulated by Fe concentration via an 

iron-response element (IRE) located on the mRNA.78 There is growing evidence that DMT1 is 

involved in brain Mn deli very. It has been well established that DMT1 has an affi nity for Mn.76 In 

the microcytic anemia (mk) mouse and the phenotypically similar Belgrade (b) rat,83,84 orthologous 

mutations (glycine 185 to arginine) in the DMT1 gene result in signifi cantly reduced dietary iron 

(Fe) absorption. The role of the defective DMT1 allele in the transport of Mn across the BBB has 

been evaluated in homozygous Belgrade (b/b) rats that exhibit hypochromic anemia and in heterozy-

gous (+/b) Belgrade rats.85 Plasma clearance and uptake by the CNS after intravenous injection of 

radioactive 54Mn bound to Tf or mixed with serum have demonstrated that plasma clearance of 

Mn–Tf was much slower than Mn serum, but both were faster than the clearance of Fe–Tf. Uptake 

of 54Mn as well as 59Fe by the brain was less in b/b compared with +/b rats, suggesting that the 

defective DMT1 allele affects the metabolism of both metals and that Mn and Fe might share DMT1 

transporters in the BBB.85 Other in vitro works also strongly support a role for this transporter in Mn 

movement across the BBB. Interestingly, DMT1 activity is pH dependent, and likely Fe dependent 

as well. Additionally, because metal transport via DMT1 is an active process, it is likely to be tem-

perature dependent. This is interesting because data suggest that Mn transport across rat brain 

endothelial (RBE4) cells in culture is, among other things, temperature, pH, and Fe dependent.4 

While the mammalian data are probably more germane to human Mn transport, it is also known 

that mutations in NRAMP-2, the DMT1 homologue in bacteria and yeast, disrupt Mn transport.86–88 

However, it is clear that DMT1 is not the sole transporter of Mn across the BBB, since in the 

Belgrade rat Mn is effi ciently transported into the CNS.18 This is not altogether surprising since 

many metals and other molecules are dependent on numerous transporters and other proteins to 

facilitate their movement across various barrier systems. For an extensive review on the role of 

DMT1 in mammalian transport of multiple metals, refer to Garrick et al.78

5.4.3 OLFACTORY BULB

The nasal passage component of the respiratory system offers another uptake pathway for Mn via the 

olfactory neurons of the olfactory pathway. In the nose, the olfactory epithelium is constituted by 

primary olfactory neurons, sustentacular (supporting) cells, and Bowman’s glands that provide mucus 

to cover the epithelial surface. Axons of the olfactory neurons extend through the cribiform plate of 

the ethmoid bone to project into the olfactory bulb. There they form synaptic connections with sec-

ondary olfactory neurons called mitral and tufted cells. Axons from the latter neurons  project into the 
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olfactory cortex, which include the anterior olfactory nucleus, the olfactory tubercle, and the pyri-

form, amygdaloid, and entorhinal cortices. The structural architecture and neuronal connections of 

the olfactory system are reviewed by Shipley and colleagues (Figure 5.1).90

While the brain is largely protected by the blood–brain barrier, the presence of primary olfactory 

neurons that are in close contact with the external environment allows the nasal cavity to provide a 

unique window to the CNS. Axonal transport in the olfactory system occurs with solvents, metals, 

and even larger particles.91–94 Sunderman has argued for the importance of understanding rhinotox-

icity in studies of metal exposure.91 Over the past decade, strong evidence has been accumulating 

that inhaled Mn can be directly transported from the nose to the brain via the olfactory tract. 

Studies of olfactory transport of Mn in fi sh95 and rats96 show that 54Mn travels rapidly (~2 mm/h) 

along primary olfactory neurons to reach regions of the olfactory cortex. One proposal has been that 

Mn(II) acts as a calcium ortholog to enter neurons through channels and become packaged into 

vesicles that travel anterograde and in a microtubule-dependent (colchicine-sensitive) manner.68 

After release from presynaptic neurons, Mn would cross the synapse to be taken up by postsynaptic 

neurons and thus be distributed throughout interconnecting regions of the brain.97

These early studies mapping olfactory metal uptake relied on autoradiographic imaging of brain 

tissue slices from 54Mn-instilled animals.68,96,98 However, more recent efforts have established that 

the paramagnetic features of Mn(II) can be used for in vivo imaging. Paramagnetic Mn(II) ions 

shorten T1 relaxation of water protons to increase T1-weighted MRI signals.99 This technique has 

been exploited to map the mouse hippocampus after intracerebral injection of MnCl2,
100 to study the 

neuronal connections in the basal ganglia of monkeys,101 and to follow odorant stimulation of the 

e
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FIGURE 5.1 The olfactory tract and uptake into the brain. Using 54Mn as a tracer, Henriksson et al.89 mapped 

the following route: uptake from the nasal cavity by primary olfactory neurons (a), transport along these neu-

rons (b), uptake and transport by secondary (mitral and tufted) neurons in the olfactory bulb (c), uptake and 

transport by tertiary neurons of the olfactory cortex (d), and into the rest of the brain (e). At increasing doses, 

radioisotopes crossed the septal window (SW) into the chamber opposite (contralateral) to the instillation 

chamber (ipsilateral).

© 2010 by Taylor and Francis Group, LLC



Transport and Biological Impact of Manganese 133

mouse olfactory system.102 More recently, Cross and colleagues have used this approach to map rat 

olfactory connections,103 and the results of their study agree remarkably well with early work by 

Tjalve and coworkers.94–96 Recently, Thompson et al. have identifi ed that DMT1 is expressed in the 

olfactory bulb and is present in the sustentacular cells of the olfactory epithelium.104 The levels of 

DMT1 increased in response to anemia. Consistent with this increased expression of DMT1 was an 

increase in the amount of Mn transported to the brain following intranasal instillation of Mn includ-

ing the key areas of the basal ganglia and hippocampus. Transport was signifi cantly reduced also in 

Belgrade rats intranasally instilled with Mn. The results suggest that the neurotoxicity of Mn can be 

modifi ed by iron status due to the iron-responsive regulation of DMT1.

5.4.4 OTHER POTENTIAL TRANSPORTERS OF BRAIN Mn

As mentioned above, the mechanism by which Mn is transported across the BBB has recently come 

to light. It appears that facilitated diffusion,105 active transport,17,105,106 DMT1-mediated transport,20,78 

ZIP8-, store-operated calcium channels, as well as Tf-dependent transport mechanisms are all 

involved in shuttling Mn across the BBB.17 Although non-protein-bound Mn enters the brain more 

rapidly than Tf-bound Mn,105,106 it is unclear as to which form represents the predominant mecha-

nism of transport in situ.

A small fraction of Mn is found in plasma as Mn citrate.19,55 The same authors have suggested 

that an Mn citrate tridentate complex with a noncoordinated central carboxylate recognition moiety 

is likely a substrate for the organic anion transporter or a monocarboxylate transporter (MCT). 

Candidates for transport of Mn citrate may include MCT and/or members of the organic anion 

transporter polypeptide (OATP) or ATP-binding cassette (ABC) superfamilies.

5.4.5 ZIP TRANSPORTER PROTEINS

Recent evidence implies a role for the zrt-irt-like (ZIP) transporter proteins in Mn transport, although 

whether it is functional at the BBB is yet to be determined. The ZIP transporter proteins, members 

of the solute-carrier-39 (SLC39) metal-transporter family, having 14 members—highly conserved 

orthologs—between mouse and human.107 Zip proteins have been originally divided into two sub-

families, referred to as subfamily I, consisting mostly of fungal and plant sequences, and subfamily 

II, which consists of insect, nematode, and mammalian sequences. More recently, PSI-BLAST 

(position-specifi c iterative-basic local alignment search tool) analysis uncovered two additional sub-

families, referred to as gufA and the LIV-1 or LIV-1 subfamily of ZIP transporters (LZT). Zip4–8, 

Zip10, and Zip12–14 belong to the LZT subfamily. Zip1–3 are from the Zip II subfamily; Zip9 is 

from the Zip I subfamily; and Zip11 clusters within the gufA subfamily. In general, Zip proteins 

contain eight transmembrane domains (TMDs), yet LIV-1 has only six. The fourth and fi fth TMDs 

are highly conserved along the phylogenetic chain and likely form the pore through which metals 

pass. In plants, several ZIP proteins have been implicated in divalent metal transport, including Zn, 

Fe, and Mn.

A recent in vitro study in mouse fetal fi broblast cultures established that ZIP8 has a high affi nity 

for Mn.108 The Km for Mn2+ of 2.2 μM is close to physiological concentrations and within the same 

range determined in many cell lines or tissues. However, whether Slc39 and organic transporters 

function in Mn transport remains to be examined under physiologically relevant conditions. 

Defi nitive studies to assess other protein functions (Slc39, MCT) in physiological roles are needed.

5.4.6 DOPAMINE TRANSPORTER (DAT): PUTATIVE Mn TRANSPORTER?

Why and by what means Mn specifi cally accumulates in brain regions rich in dopamine remains 

unclear. The neurotoxins 1-methyl-4-phenylpyridium (MPP+) and paraquat are known to be 

 selectively lethal to DAergic neurons due to the fact that they are transported by the DAT.109,110 
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Ingersoll et al. examined the effect on Mn uptake by inhibiting DAT.23 Cocaine, a DAT inhibitor, 

and reserpine, which depletes extracellular dopamine concentrations by inhibiting vesicular reuptake 

in the synapse, were administered to rats injected with Mn intrathecally. A signifi cant decrease in 

Mn accumulation in the ventral pallidum was seen in rats treated with both. This suggests a poten-

tial role for the DAT and dopamine metabolism in the transport of Mn. However, both cocaine and 

reserpine are known to affect other neurotransmitters, most notably serotonin and norepinephrine.111 

Therefore, it was unclear if this decrease in ventral pallidum Mn concentrations is directly related 

to the DAT being inhibited or is related to the inhibition of the serotonin transporter and/or the 

norepinephrine transporter.

A recent study by this laboratory examined the potential role of the DAT in Mn accumulation in 

the brain using a knockout mouse model.112 Homozygous DAT-KO and WT mice were exposed to 

an acute dose of 50 mg/kg of MnCl2 via intraperitoneal injection. After 15 min, brains were removed 

for metal analysis. No difference in basal Mn levels was seen between the DAT-KO mice and the 

WT mice. However, there was a signifi cant 40% decrease in Mn accumulation in the striatum of the 

DAT-KO mice receiving Mn injection compared to the WT mice receiving Mn injection. These data 

were followed up in rats enduring chronic Mn exposure; upon blockade of the DAT with a specifi c 

inhibitor (GBR 12909), Mn uptake was attenuated in the GP.113 This suggests that the DAT may not 

play a central role in normal Mn transport in the brain, but may become relevant in a toxicological 

paradigm in terms of Mn exposure.

5.4.7 ASTROCYTES REGULATE BRAIN Mn CONCENTRATIONS

TfR and DMT1 are both associated with the foot processes of astrocytes and play an integral role 

in maintaining extracellular concentrations of Mn in the brain.38,75,76,114 Astrocytes maintain brain 

homeostasis through precise regulation of extracellular constituents. Astrocytes perform several 

functions that are essential for normal neuronal activity, including glutamate uptake, glutamate 

release, ionic buffering, and water transport. Mn is one such constituent in which astrocytic control 

is critical for normal neurological function. The astrocyte effi ciently transports Mn, and an astro-

cyte-specifi c manganoprotein critical for ammonia metabolism, GS, accounts for about 80% of the 

total brain Mn.115

5.5 BIOLOGICAL CONSEQUENCES OF ABNORMAL Mn LEVELS

The fi rst reported cases of Mn defi ciency were in chickens suffering from perosis, which later was 

discovered to be due to inadequate glycosyltransferase activity causing the malformed bones. This 

symptom of Mn defi ciency manifests itself during the formation and growth of bones and connec-

tive tissues during development. In adult animals, including humans, Mn defi ciency, which is 

extremely rare, is characterized by weight loss and blood clotting problems. Therefore, in humans, 

pathologies associated with abnormal Mn biology revolve around exposure to excessive Mn and not 

its defi ciency. The next section will focus on the consequences of Mn overexposure on neurochem-

istry and oxidative stress-related pathologies.

5.5.1 NEUROCHEMICAL ALTERATIONS ASSOCIATED WITH Mn TOXICITY

γ-Aminobutyric acid (GABA) is the most abundant inhibitory neurotransmitter in the adult 

brain.116,117 Glutamate is converted to GABA by decarboxylation via glutamate decarboxylase (GAD) 

and is degraded via GABA-transaminase. Cortical glutamate afferents project into the striatum 

where, in concert with GABA and dopamine, motor behaviors are controlled.118 Reports of GABA 

concentrations in the rat brain upon Mn exposure are inconsistent. For example, exposure to 6 mg 

Mn/kg/day led to a signifi cant increase in brain Mn concentrations and signifi cant decrease in 
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GABA concentrations.119 Another report showed that rats exposed to 20 mg Mn/kg/day had signifi -

cantly increased brain Mn and GABA concentrations.120 Gwiazda et al. found a signifi cant 16% 

increase in striatal GABA concentrations resulting from cumulative low-dose Mn exposure in a pre-

Parkinsonian rat model.121 Consequently, it appears that a relationship exists between the severity of 

Mn exposure and GABA concentrations, with lower Mn exposure leading to decreased GABA and 

high Mn exposure leading to increased GABA concentrations.

Recent studies suggest that changes in GABA metabolism precipitate dopamine-related changes 

due to Mn exposure.121,122 These changes in GABA metabolism due to accumulating Mn in GABA-

rich brain regions are caused by altered reuptake of GABA.122 The motor pathologies and character-

istic behaviors associated with manganism revolve around the consequences of altered GABAergic 

inhibitory fi ring in the basal ganglia.

Glutamate is the most prevalent excitatory neurotransmitter,123 whereas GABA is the most abun-

dant inhibitory neurotransmitter.117 Cortical glutamate afferents project into the striatum where, in 

concert with GABA and dopamine, motor behaviors are controlled.118 Glutamate is converted to 

GABA by decarboxylation via GAD and is degraded via GABA-transaminase. Altered glutama-

tergic and GABAergic functioning can contribute to altered striatal dopamine metabolism.124,125 

Therefore, we have postulated that the neurotoxic effects of Mn on striatal dopamine may be indi-

rectly mediated via abnormal striatal glutamate and/or GABA metabolism, and that temporally, 

changes in areas that are known to avidly accumulate Mn precede the well-described effects of Mn 

on DAergic function. Specifi cally, it is hypothesized that Mn accumulation in the GP causes 

decreased GABAergic efferent fi ring from the GP into the subthalamic nuclei. Consequently, gluta-

matergic projections into the substantia nigra that originate from the subthalamic nuclei will fi re in 

an uncontrolled manner, causing dysregulation of DAergic output into the striatum from the sub-

stantia nigra (Figure 5.2).

5.5.2  MITOCHONDRIA AND OXIDATIVE STRESS IN PD AND Mn-INDUCED 
DAERGIC NEURODEGENERATION

Several hypotheses on the loss of DAergic neurons in PD suggest that mitochondrial damage is a 

primary cause of cell death. It has been postulated that (1) mitochondria of DAergic neurons are 

selectively vulnerable to a number of environmental contaminants that can lead to mitochondrial 

dysfunction; (2) DAergic neurons can, under certain circumstances, produce endogenous mitochon-

drial toxin; or (3) mitochondria possess various enzyme defects (complex-I, for example) that may 

result in impaired energy metabolism. The centrality of mitochondria in these postulates arises 

from observations that mitochondrial toxins (MPP+ ions, rotenone, 6-hydroxydopamine (6-OHDA), 

etc.) can mimic a parkinsonian-like syndrome in multiple animal species. They are potent inhibitors 

of mitochondrial respiration and model many of the features inherent to human PD.

The mitochondrial complex-I inhibitors, MPTP and rotenone (model toxins for PD), damage 

nigral neurons by mechanisms involving oxidation.126 Oxidative damage also plays a signifi cant role 

in 6-OHDA-induced DAergic neuronal cell death. H2O2, superoxide ions, and hydroxyl radicals127 

are generated by nonenzymatic breakdown of 6-OHDA and the direct inhibition of complex-I activity, 

leading to lipid peroxidation, protein denaturation, and a decrease in GSH, all hallmark features of 

postmortem PD.128–130

There are many parallels between the aforementioned features of PD and Mn-induced neuro-

toxicity. Intracellular Mn2+ is sequestered by mitochondria via the Ca2+ uniporter, and intrastriatal 

Mn injections result in loss of DAergic neurons, resembling toxicity caused by the mitochondrial 

poisons, aminooxyacetic acid, and MPP+. MPTP-induced DAergic neurodegeneration involves 

glutamate-mediated toxicity; noncompetitive or competitive N-methyl d-aspartate (NMDA) antag-

onists protect nigral neurons from this effect.131 Consistent with increased production of ROS, Mn 

inhibits mitochondrial complex-I, a feature inherent to PD and its experimental models (MPP+, 

6-OHDA, rotenone, and paraquat).132
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5.6 CONCLUSIONS

Mn-induced neurotoxicity arises over a prolonged period of time and when Mn intake via either 

portal (lung and GI tract) exceeds its elimination. While concentrations of Mn (1 mg Mn/m3) in air 

that are associated with overt Mn neurotoxicity are rarely, if ever, found in the modern workplace, 

subtle neurological effects in people exposed to signifi cantly lower levels, whether from air or food 

sources, are likely to continue to occur. Studies over the last few decades have not only greatly 

improved the understanding of the health risks associated with exposure to Mn and its symptoms, 

but have also refi ned the understanding of Mn transport and neurotoxicity mechanisms. Specifi cally, 

much has been learned about Mn transporters such as DMT1 and Tf, the relationship between Mn 

and Fe, as well as shared mechanisms of neurotoxicity between Mn and several mitochondrial poi-

sons. Combined, these studies have just begun to scratch the surface on the relationship between Mn 

and other divalent metals and the primary biological mechanisms implicated in its toxic effects on 

select brain regions. It seems that future experimental emphasis would be most profi table if directed 

at a better understanding of the many facets of Mn homeostasis, both in health and disease.
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GLU = glutamate (excitatory)

GABA = γ-amino butyric acid (inhibitory)
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FIGURE 5.2 During manganism, it is hypothesized that Mn accumulates primarily in the GP. In turn, 

increased Mn concentrations in the GP cause neurodegeneration leading to decreased GABAergic output into 

the subthalamic nuclei. Glutamatergic input into the substantia nigra from the subthalamic nuclei is unregulated 

leading to DAergic dysfunction in the striatum. The thickness of the lines illustrates the strength of neurotrans-

mission. GP: globus pallidus, STN: subthalamic nuclei, Thal: thalamus, and SN: substantia nigra. (Adapted from 

Graybiel, A., Trends Neurosci., 13, 244–254, 1990 and Verity, M.A., Neurotoxicology, 20, 489–497, 1999.)
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6 Metallothionein and Metal 
Homeostasis

James Koropatnick

6.1 INTRODUCTION

Every environmental and biological niche on earth is accessible to heavy metals. They enter into, 

and accumulate in, many of those compartments as the most long-lived product of both natural and 

man-made sources [1]. Metal ions are undoubtedly toxic to cells and organs in varying degree, but 

they are also required for viability by all living systems. For example, copper is essential for the 

function of oxidative enzymes (including catalase, peroxidase, cytochrome oxides, and others) but 

is also a cellular toxicant through its capacity to generate oxygen and other radicals that react with 

and diminish or destroy the function of essential cellular macromolecules [2]. The dual capacity to 

both induce damage and mediate essential physiological events is refl ected in the development of 

cellular mechanisms to (a) transport metals into cells and subcellular compartments, (b) secrete 
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metals into the extracellular environment, and (c) associate metal ions with chaperone  macromolecules 

that aid in those transport processes, control or abrogate their toxicity, and regulate metal ion avail-

ability for physiological processes. These events have been assumed to function to control metal 

toxicity, but recent evidence indicates that they also regulate the function of proteins that associate 

with metals (because those proteins depend on metal ions for function and/or they act as metal ion 

sensors important in regulating cellular events triggered by high or low metal ion levels in cells and 

cellular compartments). For metal ions that are essential and with low capacity to induce damage 

under normal circumstances (e.g., zinc) this may be especially true. More than 3% of the human 

genome encodes proteins with zinc-binding domains important for function and the fraction may be 

as high as 10% [3,4]. The large fraction of the human genome devoted to proteins encoding zinc-

binding proteins is refl ected in the absolute requirement of zinc for life in a broad range of organ-

isms. Like other Group IIB metal ions, zinc is capable of mediating redox reactions for biological 

purposes. It has the advantage of being relatively (but not completely) nontoxic compared to other 

metal ions, and that advantage is refl ected in the many proteins that utilize zinc to coordinate 

 protein–protein and protein–nucleic acid interactions (zinc fi ngers and zinc clusters, and nuclear 

hormone receptors) [5,6]. Severe zinc defi ciency, although rare in humans, contributes to growth 

retardation, hypogonadism, dermatitis, and immune dysfunction [7]. Mild zinc defi ciency, which 

has been suggested to be a health crisis of global proportions [8], has been linked to poor neuropsycho-

logical performance, abnormal fetal development (low birth weight and increased incidence of 

childhood disease in developing countries [9]), increased cancer risk [10–12], and overall increases 

in disease and resulting mortality [13,14]. Zinc availability, and zinc participation in physiological 

events mediated by zinc-binding proteins, is homeostatically regulated in organisms by controlled 

and mutually responsive interactions among an array of transporters that effl ux and import zinc 

(reviewed by Haase and Maret, this volume), transcription factors (including metal-responsive tran-

scription factor-1 [MTF-1]) that both require zinc for activity and mediate cellular response to alter-

ations in levels of biologically available zinc, and zinc storage vesicles (zincosomes) [15]. Mutations 

in zinc transporter genes aggravate the consequences of dietary zinc defi ciency, or lead to pathologi-

cal conditions arising from inadequate zinc regulation, independent of the amount of zinc in diet. 

For example, Acrodermatitis enteropathica is a rare condition involving zinc defi ciency and is due 

to the presence of a mutated human Zip4 (SLC39A4) zinc importer [16,17]. Transient neonatal zinc 

defi ciency (caused by low zinc levels in maternal milk) is caused by a mutation in the human ZnT2 

zinc exporter [18]. Transport systems shuttle zinc into and out of cells and organs at a relatively high 

rate: in humans, approximately 1% of zinc in the body is replaced daily by the zinc obtained from 

dietary sources [19]. The primary site of zinc uptake is through intestinal enterocytes, while zinc 

excretion is by pancreatic acinar cells and other intestinal secretions. The expression of specifi c zinc 

transporters (and the rate of zinc uptake and excretion) is responsive to dietary zinc levels and is 

coupled to regulated expression and action of intracellular proteins that associate with zinc, particu-

larly metallothioneins (MTs). MTs have been implicated in a variety of functions, foremost of which 

is homeostatic regulation of zinc. In this chapter, we review the function and regulation of expres-

sion of MTs in the context of other proteins important in zinc regulation and the evidence for a 

homeostatic role for MTs in zinc metabolism.

6.2 MT PROTEINS

MTs collectively comprise a family of small (typically less than 10 kDa), cysteine-rich, metal- binding 

proteins found in all eukaryotes. All MTs contain 61–62 amino acids organized into single α and β 

domains (one α and one β domain per MT molecule). The high number of cysteine residues (11 in the 

C-terminal α domain and 9 in the N-terminal β domain) are responsible for a high capacity of MTs 

to coordinate covalent binding of divalent metal cations in metal/thiolate clusters. For example, MT 

molecules can bind up to a total of seven zinc or cadmium ions, or up to 12  copper ions, in aggregate 

between the two domains. MTs can bind a variety of metals but (under normal conditions and in the 
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absence of exposure to unusually high levels of other metal ions in the  environment or diet) they are 

bound primarily to zinc and secondarily to copper [20]. Although MTs from different species differ 

in some respects, they retain a high degree of similarity at the protein level [21] and that similarity 

implies conserved and important biological function. Essential  functions for the MT family of 

 proteins have not yet been identifi ed, but a number of roles in response to cellular and tissue stress, 

and in physiological function under normal conditions, have been attributed to MTs. These include 

detoxifi cation of heavy metals, homeostatic regulation of metals essential for life (primarily zinc 

and copper) and important in growth, differentiation, and function of a variety of specialized cells 

and organs, and protection of tissues against various forms of oxidative injury [22].

Four different MT isoforms (MT-1, MT-2, MT-3, and MT-4) have been described in mammals. 

MT-1 and MT-2 are present in virtually all mammalian cells and organs, with the highest expression 

in liver tissue. MT-3 and MT-4 are limited to specifi c cells and tissues. MT-3 was fi rst identifi ed as 

a molecule that suppressed growth of rat neuronal cells in culture [23] and later as an MT [24]. MT-3 

is expressed in brain and primarily in glutaminergic neurons, with additional very low levels 

reported in pancreas and intestine [25]. MT-4 is expressed, apparently exclusively, in squamous 

epithelial cells in skin and tongue [26]. MT-3 and MT-4 are constitutively expressed in the organs 

where they are expressed but do not appear to be inducible by exogenous agents (although MT-4 

may increase, to a limited extent, in response to stress [27]). MT-1 and MT-2, on the other hand, are 

both constitutively expressed and highly inducible, and events and agents capable of enhancing 

MT-1 and MT-2 expression generally do not increase MT-3 and MT-4. Increased levels of different 

MT isoforms are associated with proliferation of human tumor cells in culture [28,29] and MT is 

transiently increased in the nuclei of rapidly proliferating cells during G1-to-S phase transition and 

after cell injury, possibly to meet a high intranuclear demand for zinc for DNA repair and synthesis 

by zinc-associated MT [30]. Furthermore, in mice with genetically ablated MT-1 and MT-2 genes, 

proliferation of liver cells after chemical injury using thioacetamide (a liver toxin) or partial hepa-

tectomy was reduced by approximately 50% [31]. In rats undergoing compensatory renal growth in 

response to uninephrectomy, transcription of MT-1 and MT-2 genes (particularly in the cortex and 

the outer stripe of the outer medulla) and the amount of MT protein (in renal cortex and whole kid-

ney) were increased [32]. MTs are therefore associated with cellular proliferation and hypertrophy 

in vitro and in vivo and may mediate components of those events. The levels of MT isoforms vary 

and intracellular localization of MTs changes during differentiation [27,33–37] and during  monocyte 

differentiation and macrophage activation [38–41]. Regulation of genes responsible for different MT 

isoforms, leading to variations in MT levels and differential cellular localization, is associated with 

a broad range of physiological events.

Among the many conspicuous features of MTs, the broad range of agents and conditions capable 

of inducing MT-1 and MT-2 genes is among the most remarkable. MT biosynthesis is regulated 

primarily at the level of transcription through the action of transcription factors (directly or indi-

rectly responsive to zinc) on regulatory DNA elements linked to MT gene open reading frames 

(ORFs). The many factors and physiological and stress events that directly or indirectly induce MT 

genes provide insight into the potential physiological roles of MT genes.

6.3 MT GENE STRUCTURE AND FUNCTION

Although only four MT proteins have been identifi ed in mammals (including humans), at least 11 

MT-1 genes have been identifi ed in humans (MT1A, B, E, F, G, H, I, J, K, L, and X), some of which 

appear to encode RNAs incapable of directing the production of MT protein. The 11 MT-1 genes are 

clustered within the q13 region of chromosome 16, along with one MT-2 gene (also known as 

MT-2A), one MT-3 gene, and one MT-4 gene. An MTL-5 gene (MT-like, directing the production 

of tesmin protein and a marker of early male germ cell differentiation) has been reported on chro-

mosome 11 (in the q13.2–q13.3 region) [42]. Human MT-M and MT-E genes (chromosomal location 

unknown) have been reported by direct submission to the National Center for Biotechnology 
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Information (NCBI). In mice, one copy each of MT-1, MT-2, MT-3, and MT-4 are clustered in a 

60 kb region of chromosome 8. A mouse MTL-5 gene on chromosome 19 is, like MT-1 and MT-2, 

induced by heavy metals [43]; and a gene sequence termed “MT-1 activator” (MT-1A, on mouse 

chromosome 15, and similar to mouse MT-1) has been reported to the NCBI.

Multiple genes in the MT family, multiple genes in the MT-1 subfamily in humans, and the 

 possible existence of novel additional MT genes (MT-M, MT-E) hint at complexity in terms of func-

tion and expression. Detailed comparative analysis has not been undertaken and remains an area 

with great potential to illuminate MT protein function. To date, the study of transcriptional control 

of MT genes has focused on MT-2 in humans and MT-1 and MT-2 in mice.

6.3.1 MT GENE PROMOTER ELEMENTS

6.3.1.1 Basal MT Gene Transcription
Multiple signals regulate both low-level, basal MT expression and MT induced by developmental 

and environmental signals. MT-1 and MT-2 genes contain classical TATA boxes and initiator regions 

(InR) that recruit transcription factor IID (TFIID) as the initial step in gene transcription, and both 

are required for basal and inducible MT gene transcription. In addition, a series of metal regulatory 

elements (MREs; with the consensus sequence CTNTGC(G/A)CNCGGCCC, and present in non-

identical copies MREa to MREg), initially described as required for induction by metals, are also 

essential for MT expression in the absence of exogenous metal ions [44]. The MREs act in conjunc-

tion with the zinc-dependent, zinc-responsive transcription factor MTF-1. Therefore, MREs, MTF-1, 

and the essential zinc ions that associate with MTF-1, all contribute to both basal and inducible MT 

expression. Basal expression, in the absence of added MT inducers, is not uniform in all cells and 

varies considerably among cultured mammalian cell lines: those levels correlate well with differ-

ences in basal MTF-1 activity [45].

MREs associating with MTF-1, although important, are not the only cis elements responsible for 

basal MT transcription. MREc′ (MREc plus an additional contiguous 11 base pairs) binds C′-binding 

proteins 1 and 2 (C′BP-1 and C′ BP-2, closely related to the C/EBP family of CCAAT/enhancer 

binding proteins) and may partially mediate basal transcription [46]. Further, mouse and hamster 

MT-1 genes contain an MLTF (adenomajor late transcription factor) binding site overlapping an 

antioxidant response element (ARE) necessary for both basal and cadmium-induced MT-1 gene 

expression [47,48]. Many MT gene promoters contain a perfect consensus ARE in addition to the 

hybrid MLTF/ARE present in mouse MT-1 genes [49]. AREs are found in genes responsive to free 

radicals (redox-cycling xenobiotics and H2O2) and are stimulated by interaction with NF-E2-related 

factor 2 (Nrf-2) [50]. Although Nrf-2 enhances transcription, Fos and Fra-1 transcription factors can 

also interact with AREs to repress transcription. The combination of control by both positive (acti-

vator) and negative (repressor) interactions between DNA and regulatory proteins appears to con-

tribute to basal MT gene transcription in the absence of inducers.

6.3.1.2 Induced MT Gene Transcription
MT genes are induced by exogenous inorganic agents, including transition metal ions and other 

stress-inducing, redox-active species, and by organic molecules that transmit receptor-mediated 

 signals (cytokines; steroid hormones including glucocorticoid, progesterone, and vitamin D3; bacte-

rial lipopolysaccharide [LPS]; and others). Many heavy metals (including zinc, cadmium, mercury, 

copper, and bismuth; all of which bind to MT) induce MT-1 and MT-2 (but not MT-3 and MT-4) in 

mammalian cells [22]. Nickel and cobalt ions also induce MT gene transcription, but do not bind to 

the resulting protein. The potency of induction of MT gene transcription and protein synthesis 

 varies among inducing metals [51], but zinc and cadmium are among the most potent. MREs are 

essential for MT gene inducibility (as they are for basal MT transcription) and are present in all 

mammalian MT genes regardless of their inducibility by metals. MREd is the most powerful 
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 mediator of metal induction [52] but all six MREs are fully engaged with regulatory proteins during 

metal-induced induction of transcription [53]. Although functional MREs are essential for MT gene 

transcription, their distribution and orientation in promoter/enhancer gene regions are of little or no 

consequence [54].

6.3.1.3 Metal Response Element-Binding Transcription Factor-1 (MTF-1)
MTF-1 is an MRE-binding protein that binds optimally to DNA and stimulates MT gene trans-

cription when available zinc levels are high [55]. MTF-1 binding to DNA is reversibly induced by 

direct binding to zinc, and only zinc. It is expressed in all mammalian cells and is required for 

both basal and induced MT expressions [56,57]. MTF-1 gene knockout in mice is lethal, and 

mouse embryos lacking MTF-1 expression do not survive beyond the embryo stage: the protein is 

essential for liver development and adequate response to stress [57,58]. In humans, the MTF-1 

gene is located on chromosome 1 (1p33) [59] and the 753-amino-acid protein it encodes contains, 

in the N-terminal region, six Cys2His2 (cysteine, histidine) zinc fi nger regions that mediate bind-

ing to DNA. Although the majority of zinc fi ngers are constitutively associated with zinc, they do 

not appear to modulate their DNA-binding capacity in response to variable intracellular zinc 

levels. At least one, however, has characteristics (including substantially lower affi nity for zinc 

than is typical for canonical Cys2His2 zinc fi ngers [6]) consistent with a novel ability to modulate 

the transcription-inducing activity of MTF-1 as available zinc levels increase or decrease [57]. 

Although attention has focused on this region with respect to responsiveness to variations in zinc, 

there are differences in metal ion homeostasis and stress response among species in which MTF-1 

has been identifi ed that may be attributable to additional, as yet uncharacterized, regions in 

MTF-1 orthologues that also participate in responses to zinc or other heavy metals [6]. Three 

distinct transcription activation domains (acidic; proline-rich; and serine/threonine-rich) exist 

in the MTF-1 C-terminal region. Interaction among all three is required for metal-inducible 

MT induction.

The capacity of MTF-1 to mediate MT gene transcription in response to metals other than zinc, 

and to induction by agents and events other than exposure to exogenous metals, suggests that an 

indirect zinc redistribution mechanism (ultimately leading to increased zinc association with 

MTF-1) may be responsible for that versatility in responsiveness. Although MT-mediated associa-

tion of zinc with an inhibitor molecule leading to release of the inhibitor and subsequent activation 

of MTF-1 has been suggested [60], demonstration of a zinc-sensitive inhibitor has not been reported. 

Direct activation of MTF-1 by zinc, or by introduction of zinc to MTF-1 by a chaperone molecule 

or molecules, remains the strongest possibility.

MTs themselves have been suggested to be regulatory molecules (chaperones) that provide zinc 

(and only zinc) directly or indirectly to MTF-1: an attractive concept, since MTs exhibit a hierar-

chy of metal-binding affi nities. The affi nity of MT for copper and cadmium is approximately 

 100-fold greater than for zinc [61]. MTs are predominantly associated with zinc in cells and tissues 

not exposed to high levels of other metals for which MTs have high affi nity, and that difference in 

affi nity leads to displacement of zinc ions from MT in the presence of added copper or cadmium, 

leading to local release of zinc [62]. Released zinc would then be available for binding to, and 

activation of, MTF-1, particularly if the released zinc were present in the nucleus. In fact, MT 

(which is preferentially located in the cytoplasm in resting mammalian cells) [30,33] has been 

localized to the nucleus under conditions of toxic metal overload [63], during mammalian develop-

ment [64], and in some human tumors [65,66]. Furthermore, cadmium-induced transcription of 

MT-1 genes in vitro, mediated by MTF-1, requires the presence of zinc in the form of zinc-loaded 

MT-1 protein (zn7-MT), not free zinc [67], suggesting a role for MT as an MTF-1-regulating metal-

lochaperone. On the other hand, such a role might not be universal for all MTs regardless of 

 species. In Drosophila, for example, MT proteins are not necessary for copper-induced activation 

of MT promoters in vivo [68]. Nevertheless, current evidence favors the concept that regulation 

of zinc transfer to MTF-1 could be regulated by a zinc chaperone. MTs are candidates for zinc 
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chaperone status in mammals and might be particularly important under conditions where zinc 

availability is limited (i.e., when zinc is likely to be preferentially associated with cellular mole-

cules with particularly high affi nity for zinc, including zinc fi nger- and zinc cluster-containing 

transcription factors, and MT).

Although MTF-1 regulates basal and inducible expression of MT genes, it also integrates multi-

ple environmental signals and indirectly or directly modifi es transcription of a large number of 

genes [69,70]. MTF-1 directly associates or cooperates with multiple factors associated with cellular 

response to stress and resistance to toxicity. These include gamma glutamyl-cysteine synthetase 

heavy chain (γGSChc), a key enzyme for synthesis of glutathione and implicated in resistance to a 

number of chemotherapeutic agents [14]. In addition, genes encoding the transcription factor C/

EBPα (induced during acute phase response [71,72] in response to stress), embryonic alfafetoprotein 

(AFP; which, in addition to other functions, scavenges heavy metal ions and reactive oxygen [73]), 

the zinc transporter ZnT-1, and placental growth factor (PlGF; a member of the vascular endothelial 

growth factor [VEGF] family of angiogenic factors [74] the gene for which is, in addition, regulated 

by nuclear factor κB [NFκB] [75] [see below]) are likely targets of MTF-1 [76]. In addition, MTF-1 

appears to be involved in tumor development and modulation of malignant characteristics. Loss of 

MTF-1 leads to increased activity of transforming growth factor β1 (TGF-β1) and tissue transglu-

taminase (tTG), both of which are involved in production of extracellular matrix capable of enhanc-

ing tumor growth, and delayed tumor growth and reduced vascular density in mouse embryonic 

fi broblasts transformed with ras [77].

MTF-1, in addition to directly controlling the expression of target genes, also interacts with other 

transcription factors or cooperates with them to modulate their activity in controlling gene tran-

scription. MTF-1 has been reported to interact with the p65 subunit of NFκB (which interacts with 

the PlGF promoter to enhance transcription) and, under hypoxic conditions stimulating transloca-

tion of p65 to the nucleus, to stimulate transcription of PlGF [75]. On the other hand, hypoxia leads 

to suppression rather than stimulation of PlGF expression in some cells and, in that situation, 

decreased MTF-1 levels and decreased MTF-1 association with the PlGF promoter occur [78]. Thus, 

increased and decreased MTF-1 levels, and MTF-1 association with promoter regions of regulated 

genes, correlate with up- and down-regulation of PlGF expression (respectively) under hypoxic con-

ditions in different cell types, strengthening the causal connection of MTF-1 with transcription of 

stress genes other than those directing production of MTs.

The connection between NFκB and MTF-1 can be extended to a connection between NFκB and 

MT. NFκB transcription factors are dimers, with the p50/p65 complex being the most abundant 

form in mammals [79]. NFκB interacts with an inhibitory IκB family member protein in the cyto-

plasm [80] or nucleus [81] under conditions when it is required to be inactive. A variety of stimuli, 

including cellular stress, stimulate degradation of IκBs, release of NFκB and its entry into the 

nucleus, binding to target gene promoter/enhancers, and regulation of genes involved in immune 

response, growth, and apoptosis [79]. Active, nuclear NFκB activates antiapoptotic genes and pro-

tects cells from death induced by tumor necrosis factor (TNF) and other stimulators of apoptosis 

[38,82,83]. MTs, like NFκB, are antiapoptotic: antisense downregulation of MT increases apoptosis 

[82]. Literature reports are contradictory with respect to the role of MT in NFκB (reviewed in refer-

ence [84]). However, clonal fi broblastic cell lines from mice with genetically ablated MT-1 and 

MT-2 genes (MT knockout cells) have lower levels of NFκB subunit p65 (the same subunit reported 

to interact with MTF-1 [75]) than wild-type mouse fi broblasts, lower levels of NFκB-induced 

reporter gene transcription, and increased sensitivity to apoptosis. Reconstitution of MT by stable 

incorporation of mouse MT-1 expression in multiple clonal population of MT knockout cells 

increased NFκB subunit p65, NFκB-dependent reporter activity, and resistance to apoptosis [84]. 

Association of both MTF-1 and MT with NFκB, combined with the requirement of MTF-1 for zinc-

associated MT to mediate its activity under certain conditions, raises the intriguing possibility that 

the three molecules/molecular complexes associate to coordinately regulate zinc availability to 

NFκB to regulate its activity under stress conditions.
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6.3.1.4 Oxidative Stress Induction
Chemical agents (e.g., diethyl maleate, paraquat, and menadione) that mediate the production of free 

radicals (reactive oxygen species [ROS]) have been reported to induce rodent liver MT [85,86]. Mouse 

Hepa cells exposed to generators of hydroxyl radicals or superoxide anions (hydrogen peroxide, tert-
butyl hydroquinone [tBHQ], or menadione), at concentrations that do not reduce viability, have 

increased expression of MT-1 and heme oxygenase. Mitochondria-specifi c ROS generators (anti-

mycin A and 2,4-dinitrophenol) also induce MT [87]. Oxidative stress of various types induces MT.

Both MREs and the hybrid MLTF(USF)/ARE (described above) mediate MT gene oxidative 

stress response. Mouse MREd responds to metals (zinc and cadmium) and ROS generators (hydro-

gen peroxide and tBHQ) [47]. On the other hand, the MLTF/ARE motif is responsive to cadmium 

and hydrogen peroxide, but not zinc or tBHQ [88]. Optimal induction of highly redox-active  species 

(cadmium or hydrogen peroxide) appears to depend on both MRE and MLTF/ARE elements in the 

mouse MT-1 promoter, with induction with relatively redox-inactive zinc, and tBHQ, requiring 

only MREs [56]. Induction with zinc, hydrogen peroxide, or tBHQ led to association of trans- 

acting factors over all six MREs, although induction of transcription by hydrogen peroxide was 

transient (30 min or less) compared to more sustained transcription in response to zinc or tBHQ 

(several hours).

6.3.1.5 Glucocorticoid Induction
Glucocorticoid hormones (GCs) induce MT [89]. GC receptors in the cytoplasm are associated with 

heat shock proteins (HSPs) to suppress glucocorticoid receptor (GR) activity. GC binding to the 

inactive GR monomer induces dissociation of HSPs, binding of monomers into active GR homodi-

mers, and translocation of the active GR dimer into the nucleus. GR dimers bind to glucocorticoid 

response elements (GREs) adjacent to MT-1 and MT-2 gene ORFs to activate transcription [90]. 

GREs are present as single copies upstream of the transcription start site in human MT-2 genes, and 

as two tandem copies in mouse MT-1 and MT-2 genes. Where tandem copies are present, each GRE 

can independently (alone and without the second GRE) mediate transcription in response to endog-

enous glucocorticoids (e.g., hydrocortisone) or synthetic glucocorticoid agonists such as dexametha-

sone (dex). The GR receptor antagonist RU-486 abolishes GC-induced MT expression. Glucocorticoid 

inductions of MT-1 and MT-2 in mouse cells are approximately equal, while MT-2 is more strongly 

induced than MT-1 [61]. The GRE(s) upstream of human and rodent MT-2 genes (upstream of MT-1 

genes) appear to mediate responsiveness of both MT-1 and MT-2 to glucocorticoids [90]. Considering 

the role of glucocorticoids in infl ammatory response and infectious disease, and the contribution of 

dysregulation of glucocorticoid action in the development of autoimmune and infl ammatory disease 

[91], GC induction of MT expression and the potential capacity of MTs to mediate GR activity 

(Section 6.4.1) and immune cell activity (Section 6.5.1), further investigation of the connection 

between MTs and GR activity is warranted.

6.3.1.6 Cytokine and Stress-Mediated Induction
Infl ammation, bacterial infection, and physical/physiological stress strongly induce intracellular 

MT protein in liver [92], similar to induction of other acute phase proteins (including C-reactive 

protein, fi brinogen, and mannan-binding lectin) that increase in serum during infection or infl am-

matory reaction [93]. Induction is mediated by glucocorticoids and cytokines. Acute phase proteins 

(including MTs) are induced in hepatocytes by interleukin-6 (IL-6), TNFα, and IL-1α and IL-1β 

secreted by macrophages, of which IL-6 is the most potent [94,95]. Secreted IL-6 associates with 

IL-6 receptor on hepatocytes and induces receptor clustering to activate Janus kinases (JAK). 

Activated JAK phosphorylates signal transducer and activator of transcription (STAT) kinases that 

then form homodimers, translocate to the nucleus, and induce transcription by binding to STAT 

response elements [96]. Restraint stress can also induce both MT-1 and MT-2 in mice [97] and it is 

clear that both glucocorticoids (elevated by activation of the hypothalamus–pituitary–adrenal gland 

axis) and IL-6 are responsible, since either treatment with the glucocorticoid antagonist RU-486 
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[98] or assessment in mice with genetically ablated IL-6 genes [99] leads to defi cient MT induction 

in response to restraint. Overlapping IL-6 response elements (IL-6-REs; which bind to STAT tran-

scription factors) are present in the mouse MT-1 promoter and these, in close proximity with GREs 

and other cis elements responsive to STAT3 (also called APRF), are responsible for synergistic 

induction of MT by glucocorticoid and IL-6 [100]. It appears, therefore, that physical interaction 

between STAT3 and glucocorticoids, either directly or through intermediate protein(s), can enhance 

MT gene transcription in response to stress.

IL-1α, IL-1β, TNFα, IFNβ, and bacterial LPS also induce MT in liver in a concentration- 

dependent manner [92]. Direct treatment of human fi broblasts with TNFα and IFNβ also induces 

MT-2, indicating that combined treatment with other cytokines or signaling molecules from 

 specialized nonfi broblasts is not needed for them to induce MTs [101].

6.3.1.7 Epigenetic Events: Chromatin Structure and DNA Methylation
Chemical agents that induce changes in chromatin organization can also alter MT gene transcrip-

tion. Rodent tumor cells treated in vitro with sodium butyrate (which relaxes tight chromatin 

 conformation by inhibiting deacetylation of chromatin-associated histones [102,103]) have increased 

basal MT gene transcription, and increased sensitivity to induction with heavy metals [104]. MT-1 

is also developmentally regulated in a pattern that correlates well with the conformation of chroma-

tin in which the gene resides: MT-1 and alfafetoprotein genes undergo reversible changes in 

 chromatin structure in step with changes in the degree of developmentally regulated expression 

[34], possibly rendering MT genes available to transcription factors under inducing conditions.

The role of DNA methylation and chromatin structure in inhibition of MT expression has been 

investigated. CpG islands (methylated in higher eukaryotes as a mechanism for gene silencing in a 

tissue-specifi c manner [105]) are present in rodent MT genes, and they are highly methylated and 

transcriptionally repressed in rodent tumor cell lines derived from liver and thymus tumors. Normal, 

nontumor liver and thymus cells with low methylation levels had elevated levels of MT transcription 

[106]. Overall, these data suggest a role for DNA methylation in regulating the sensitivity of MT 

genes to induction by metals and other agents and conditions.

DNA methylation can lead to recruitment of HDACS (corepressor histone deacetylase com-

plexes) that deacetylate histones in chromatin and promote close order packing that inhibits access 

by transcription factors. Hypoacetylation of histones leads to silencing of MT-1 and MT-2 in mouse 

lymphosarcoma cells [107], supporting a model of transcriptional control of MT genes where DNA 

hypermethylation leads to loss of acetylation in histones to favor close order chromatin packing and 

transcriptional silencing. Developmental or other events would lead to inhibition of histone deacety-

lases and/or activation of histone acetylases, enhanced histone acetylation, and relaxed chromatin 

structure. Subsequent demethylation would lead to loss of association of methylated CpG binding 

proteins and sets the stage for association of transcription factors to induce or repress MT gene 

transcription. In this scenario, regulation of MT gene transcription would be a layered process 

where changes in methylation status and chromatin structure would be prerequisites to allow the 

action of transcription factor mediation of transcription.

6.3.1.8 Post-Transcriptional Regulation
The preponderance of evidence indicates that MTs are transcriptionally regulated, but post- 

transcriptional events may also mediate expression under certain circumstances. Transcription of 

MT genes and MT protein levels in mice in response to treatment with inorganic mercury varies 

between organs. In liver, the rate of MT gene transcription and MT protein levels are closely 

 correlated with each other and the content of mercury. In kidney, however, those correlations were 

weak or absent. Overall, it appears that hepatic levels of MT protein in response to mercury induc-

tion are  determined primarily by MT gene transcription, but post-transcriptional events are impor-

tant in determining the renal content of MT protein after mercury treatment [108]. Furthermore, 

while transcription of human MT-1 and MT-2 genes, and mRNA accumulation, are similar after 

© 2010 by Taylor and Francis Group, LLC



Metallothionein and Metal Homeostasis 151

cadmium or zinc induction of human cells in vitro, the stability of MT mRNA differs considerably 

[109]. In rats treated with cadmium or copper, MT-1 mRNA was recruited into translational polyri-

bosomes in parallel with the increase in MT-1 gene transcription; however, MT-2 mRNA was 

recruited into polyribosomes at a rate lower than the increase in MT-2 mRNA [110]. This suggests 

that MT mRNA translation is regulated and that post-transcriptional events can determine MT 

protein levels under certain circumstances. Although post-transcriptional events may mediate MT 

levels to some degree, their nature remains largely unknown and requires further investigation.

6.3.1.9 Developmental and Tissue-Specifi c MT Expression
MT transcription and protein accumulation are regulated according to differentiation state, and cell 

and tissue type. Cell-specifi c activation of MT genes occurs during mammalian embryo development 

[111], and MT genes are constitutively and coordinately expressed in embryos prior to implantation. 

MT-1 genes in early mouse embryos prior to implantation are not responsive to metal induction and 

become so only at later stages [37]. MT is expressed at high levels in endoderm of yolk sac early in 

development and, when metal responsiveness develops, is regulated by MTF-1 and MLTF/USF I 

response to zinc [111]. Before birth, MT mRNA and protein levels in many tissues are higher than in 

adults, including lung, spleen, pancreas, kidney, heart, and testes, although the  primary site of MT 

synthesis is in prenatal and perinatal liver [112]. There is a rapid decline in tissue MT levels following 

birth, falling to adult levels within two weeks postpartum. Maternal liver,  kidney, and duodenum MT 

levels, however, remain elevated during lactation in the absence of  external induction [113].

MTs are also differentially expressed in different cell types of varying physiological function. 

They are highly expressed during growth and proliferation in a human prostate tumor cell line [28], 

in rat kidney undergoing compensatory hypertrophy [32], and in cells on the proliferating edge of 

epithelial cells in situ [114]. The intracellular location of MTs depends on the stage of tissue devel-

opment, and MTs are located in the nuclei of parenchymal cells in fetal and newborn liver but 

 primarily in cytoplasm in adult liver [33]. Mouse MT isoforms change in skin layers during differ-

entiation. As inner layer keratinocytes in stratifi ed epithelium differentiate into outer stratum spino-

sum and switch keratin isoform production, they also switch from MT-1 to MT-4 gene trans cription 

and mRNA accumulation [27]. MTs are therefore associated with proliferation and hypertrophy, 

differentiation, and activation. The complete range of molecular signaling events responsible for 

MT gene expression associated with proliferation and differentiation is not clearly delineated, but 

the broad range of cells with different proliferation and replication status, and MT expression, 

 provides useful models for exploration.

6.4 MT FUNCTION

6.4.1 MTS AS ZINC BUFFERS

Interestingly, apometallothioneins with reduced thiolate residues capable of binding zinc or other 

metals, but with at least some available thiolates remaining unassociated with those metals (apoMT 

in the form of “reduced thionein” or TR), have been reported in vivo and in tumor cell lines [115,116] 

and have been shown to be metal ion donors and acceptors that regulate the in vitro activity of zinc-

dependent proteins [117–119]. The donor/acceptor capacity of MTs has been suggested to be active 

in living cells and implicates MTs as proteins that link zinc availability and redox metabolism. In 

addition to TR, oxidized apoMT (thionin or TO) is generated and zinc is released when MTs, when 

reacted with oxidants, present cells and tissues undergoing oxidative stress. The dynamic interplay 

between MT proteins associated with zinc; MT proteins unassociated with zinc due to oxidation of 

zinc-bearing MTs (TO); MT proteins unassociated with zinc but capable of sequestering zinc ions 

(TR); and zinc unassociated with MT protein (“free” or “available” zinc) has been suggested to con-

stitute a zinc buffering system that homeostatically regulates zinc availability to zinc-requiring and 

zinc-sensing proteins [120]. The regulation of intracellular free/available zinc to within a relatively 
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small range may be important in maintaining normal physiological function and avoiding patho-

logical conditions, and MTs may be central to that process.

There is evidence supporting the concept that MT (associated with metals and conceivably in the 

form of TO and TR) can mediate zinc availability to zinc-binding cellular macromolecules. DNA 

metabolizing proteins and signal transduction molecules require zinc [121]. GRs and ERs (estrogen 

receptors), respectively require zinc for stability and activity [122]. Although MTs have not been 

shown to be required for hormone receptor function in vivo, MT genes are induced by glucocorti-

coids and their analogs [89,123]. The cellular level of Zn–MT is correlated with GR activity in 

rodent cells [20] and MTs donate and sequester zinc to and from ER in vitro [22].

With respect to MT structure and its capacity to mediate zinc transfer, MT-1 and MT-2 bind 

seven zinc atoms and the majority are deep within α and β domains and unavailable for exchange 

with other molecules without disruption of zinc–thiol coordinate covalent bonds. However, two 

zinc-binding sites allow relatively simple transfer without destruction of MT protein [124]. Evidence 

suggesting that MTs with an incomplete complement of zinc (apoMT, or TR) may sequester zinc 

when it is scarce, lowering its availability to other proteins—although moderate overexpression of 

MT-2 in a human breast cancer-derived cell line (MCF-7) enhanced transcriptional activity of the 

zinc-dependent transcription factor p53, expression at higher levels suppressed p53 activity [125]. 

Cultured mouse fi broblast cells selected for survival under low zinc conditions have high MT expres-

sion, but transcription of a transfected reporter gene construct responsive to activation by MTF-1 

was suppressed, consistent with the concept that MT sequestered scarce zinc ions away from zinc-

requiring/sensing MTF-1 [126]. MT with an incomplete complement of zinc has also been reported 

to selectively activate enzymes that are inhibited by zinc association, implying that zinc sequestra-

tion by MTs can also enhance activity of target proteins [117].

In addition to the capacity of glucocorticoids to induce MTs (as mentioned above), the role of 

MTs in regulating the activity of the zinc-dependent GR itself has been investigated. In vitro treat-

ment of mouse mammary tumor 2305 cells harboring a GR-responsive reporter gene with zinc, 

mercury, or heat (to induce heat shock) enhanced dex-induced reporter transcription. This vector 

responds to the artifi cial glucocorticoid dex by translocating to the cell nucleus to mediate target 

gene transcription. The level of enhancement correlated, not with the absolute level of MT protein, 

but with the amount of MT associated with zinc [20,127]. For example, treatment of 2305 cells with 

cadmium or copper increased CdMT and CuMT but had no effect on dex-induced reporter gene 

transcription. Heat shock did not increase absolute levels of MT protein, but increased both the 

amount of MT associated with zinc and dex responsiveness of the reporter. Together, these data 

strengthen the concept that MT mediates GR activity by regulating zinc.

These reports are consistent with the hypothesis that, as zinc levels decrease, zinc-dependent 

transcription factor activity may become increasingly dependent on zinc-associated MTs capable of 

transferring metal ions to those transcription factors. Conversely, zinc-activated protein function 

may decrease under conditions where apoMT is present and free zinc is low.

A critical question with respect to zinc availability to cellular macromolecules, and a potential 

role for MT as a donor/acceptor of zinc, is with respect to the direct availability of zinc to cellular 

macromolecules without the need for intermediate “chaperone” donors/acceptors. For such interme-

diates to be needed, the availability of zinc in cells must necessarily be limited. If there were a 

“free” zinc pool readily available for all proteins requiring them, strategies to control access to zinc 

ions would be circumvented. However, virtually all cellular zinc is associated with macromolecules 

and “free” zinc is consequently limited [121]. Although the large number of cellular and extracel-

lular species associated with zinc exhibit a broad range of affi nities for zinc, where the supply of 

dietary zinc is limited and suboptimal, zinc would presumably be preferentially associated with 

species with the highest affi nity. In that scenario, storage of zinc ions in high-affi nity molecules, 

coupled with direct or indirect transfer from those species to zinc-requiring (and possibly zinc-

regulated) molecules, would be a strategy to homeostatically regulate zinc availability, particularly 

where zinc supplies are limited. Chaperone-mediated regulation of other metals has been reported, 
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suggesting that a similar regulatory strategy could apply to zinc. Copper, for example, is regulated 

by transporters and chaperones fi rst described in yeast, but which imply analogous metal ion regula-

tion in higher eukaryotes including humans [128]. MTs (and thioneins partially or completely unas-

sociated with zinc) may be intracellular zinc chaperones capable of regulating zinc availability to 

proteins that mediate physiological events and cellular response to stress.

6.5 MT IN HEALTH AND DISEASE

6.5.1 MT IN IMMUNE FUNCTION

Zinc and other metal ions (selenium, copper, and iron among them) are leading elements in mainte-

nance of immune function in mammals [129–131]. Subclinical and overt zinc defi ciency reduces the 

functions of macrophages (including phagocytosis and capacity to kill target cells), neutrophils 

(chemotaxis and respiratory burst), NK cells, and complement [129]. Zinc defi ciency in patients 

with acrodermatitis enterohepatica (mediated by a genetic defect resulting in abnormal zinc trans-

port) is associated with atrophy of the thymus, poor lymphocyte proliferation in response to mito-

gens, poor thymulin activity, altered CD4 + /CD8+ T cell ratios, and decreased NK and monocyte 

activity, all of which are ameliorated by zinc supplementation [132]. Zinc is required for proteins 

mediating activation of monocyte/macrophages [133]. Activation of monocytes by a variety signal-

ing molecules proceeds through a G-protein pathway, with phosphorylation of protein kinases lead-

ing to cytokine production and arachidonate release. Protein kinase C (PKC) and inositol 

1,4,5-triphosphate (IP3) are activated, and active PKC leads to degradation of IκBα and release of 

NFκB. Released NFκB translocates to the nucleus to control transcription of multiple activation 

genes, including IL-1α, IL-1B, and TNFα [134,135]. Evidence exists implicating MTs in innate 

immunity (including monocyte/macrophage and other innate immune activities). Mice with geneti-

cally ablated MT-1 and MT-2 genes (MT knockout mice) are protected against TNF-induced 

 systemic infl ammatory response syndrome (SIRS) and MT-1-overexpressing mice are sensitized to 

the lethal effects of TNF [136,137], consistent with the hypothesis that MTs may mediate zinc- 

requiring proteins required for monocyte activation.

MT is expressed at a high level in primary human monocytes and is increased in a human mono-

cytic leukemia cell line (THP-1) after activation [41]; and administration of antisense RNA to sup-

press basal, cadmium, and LPS-induced MT in THP-1 cells abolishes subsequent activation by LPS 

and GM-CSF without reducing viability [40]. Loss of activation potential as a result of MT down-

regulation suggests a role for MT in monocyte activation. In addition, it has been proposed that 

increased MT in lymphocytes from aged human subjects and Down syndrome patients may be 

responsible for decreased immune cell function associated with age (immunosenescence), because 

of sequestration of zinc in an unavailable form in MT through mechanisms that have not yet been 

described [138].

MT-1/MT-2 knockout (MT KO) mice provide a model to study the role of MT in immune cells. 

MT KO mice are phenotypically normal under nonstress conditions, but are sensitive to cadmium 

and oxidant insult and have reduced zinc uptake, suggesting that zinc homeostasis is disturbed 

[139]. Innate immune function (monocyte/macrophage activation) is compromised in MT KO mice, 

consistent with reduced sensitivity to SIRS [39], and MT KO mouse peritoneal macrophages have 

been reported to have reduced response to activation [140] due to a lack of MT interaction with 

NFκB [38]. Characterization of the effects of MT on innate immune cell function, with an emphasis 

on a potential role in zinc homeostasis, will be important areas for future investigation of MT.

6.5.2 MT AND CANCER

In humans, MTs (MT-1 and MT-2) have been reported to have aberrant expression in a number of 

human tumors. For those arising in breast, kidney, lung, salivary gland, ovary, testes, leukemia, 
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urinary bladder, nasopharyngeal tissue, and non-Hodgkin lymphoma, an association with increased 

MT levels (compared to nontumor surrounding tissue) has been reported [141–143]. In view of 

increased MT levels in rapidly proliferating cells (see Section 6.2) and the association between MT 

and resistance to toxicity-induced cell death [22,57,58], these data have been suggested to support a 

role for MTs in tumor cell proliferation and resistance to cytotoxicity induced by radiation or 

 chemotherapeutic drugs. On the other hand, decreased levels of MT-1 and MT-2 in human liver, 

prostate, thyroid, central nervous system, and testicular tumors have been linked to increased malig-

nancy and poorer prognosis [66,141,144–149] and, in acute lymphoblastic leukemia, lack of change 

in MT level associated with transformation has been reported [149]. The overall role of MTs in 

tumors, therefore, is not completely clear.

MTs may contribute to tumor cell treatment resistance by directly sequestering chemotherapeutic 

drugs to prevent their cytotoxicity. For example, platinum-containing cis-diamminedichloroplatin(II) 

(CDDP or cisplatin) and its metabolites can bind to MT-1 or MT-2 [141,146,150], thereby preventing 

CDDP association with DNA and contribution to production of reactive oxygen intermediates, and 

resulting cell death. Indirect binding of reactive oxygen species to MTs [151] may also reduce 

 chemotherapy-induced oxidative stress and tumor cell death. Direct evidence supporting a role for 

MTs in tumor cell resistance to therapy has been reported, at least in mice: MT knockout mice and 

cell lines derived from them are sensitive to death induced by cisplatin, bleomycin, melphalan, 

ara-c, and cytarabin [143,152]. In human tumors, an inverse relationship between MT-1 and MT-2 

levels and sensitivity to chemotherapeutic agents (including carboplatin, etoposide, doxorubicin, 

methotrexate, and adriamycin) and to radiotherapy-induced damage has been reported [146,147,153–

155]. Overall, targeted reduction in MT level is associated with increased susceptibility to toxins, 

and increased MT, as a single factor, is correlated with resistance to damage. In spite of the potential 

role that MTs might play in mediating resistance to treatment, MT levels in human tumors are not a 

reliable clinical prognostic tool [142]. For example, higher (not lower) MT protein level correlated 

with improved response to cisplatin treatment in testicular germ cell tumors [144]. In addition, 

in vitro analysis of cisplatin sensitivity in a panel of cells from human pancreatic tumors did not 

reveal any correlation between MT level and drug resistance [156], and other factors (including 

glutathione-S-transferase-II, c-glutamylcysteine synthetase, and topoisomerase-I and II) may be 

more important than MTs in mediating cisplatin resistance [142]. In fact, cellular characteristics 

other than differences in MT levels may be paramount in mediating resistance to a variety of toxic 

agents in mammalian cells. MT knockout cells are, paradoxically, less sensitive to toxicity mediated 

by zinc, cadmium, or cisplatin than wild-type cells [157], although zinc induction of MT in  wild-type 

cells, but not in MT knockout cells, increased the resistance to these agents (indicating an  increasing 

role for higher level, induced MTs, but not low-level, basal MT content).

The potential for MTs to mediate zinc availability to and from proteins that are important in 

malignancy has been supported by several lines of evidence. For example, mutations in the p53 gene 

leading to inactivation of zinc-containing p53 protein have been reported in a majority of human 

tumors [158]. There is a strong association between increased MT and mutated p53 in human tumors 

[159] and MT knockout cells have higher levels of functional p53 than wild-type cells [152]. ApoMT 

(TR) has been reported to remove zinc from p53 and inactivate it, and direct interaction of apoMT 

(and not zinc-containing MT) with p53 has been reported in human breast tumor cells [160]. These 

data support the possibility that MTs may reduce p53 function by sequestering zinc, leading to 

reduced p53-mediated transcription of genes mediating reduced malignancy and apoptosis. MTs 

may be oncogenic factors in this scenario. On the other hand, there is no obvious correlation between 

MT protein levels and p53 levels in malignant carcinoma [161] and, in p53-positive cells, MTs are 

inducible to higher levels than in p53-negative cells [162]. Overall, it is likely that the potential for 

MTs to mediate zinc availability to multiple proteins in addition to p53, which mediate a broad 

range of functions (e.g., glucocorticoid receptor and NFκB subunits), the possibility (still  unresolved) 

for zinc-containing MT to increase (not decrease) p53 activity, and the potential for differences in 

levels of MT isoforms and subcellular location to introduce variation into the ultimate physiological 
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effects of MTs in tumor cells lead either to decreased or increased malignancy and is not clearly 

predictable given current information.

6.5.3 MT AND CARDIAC TOXICITY

Cardiac tissue is particularly sensitive to oxidative stress due to low antioxidant activity in that 

organ. Rats fed a copper-defi cient diet to induce oxidative stress-induced lipid peroxidation 

 selectively in liver, without altered peroxidation in liver, indicating organ-selective heart damage. In 

addition, the basal activities of enzymes protective against active oxygen (superoxide dismutase, 

catalase, and glutathione peroxidase) were lower in heart than in liver, suggesting that a weak 

 antioxidant defense system is responsible for the relatively high degree of oxidative damage in heart, 

at least by copper defi ciency [163]. Anthracyclines (daunorubicin, doxorubicin, epirubicin, and 

 others) are widely used in the treatment of a variety of human tumors, including leukemia, lympho-

mas, and breast, uterine, ovarian, and lung cancers (including pediatric tumors), but irreversible 

cardiotoxicity in patients treated with them has limited their effectiveness [164].

Transgenic mice overexpressing human MT-2A [165] or catalase [166] in heart tissue, both of 

which mediate antioxidant protection, have been generated. Transgenic MT or catalase expres-

sion was targeted to the heart and localized exclusively in cardiomyocytes [167]. Both suppressed 

acute and chronic anthracycline (doxorubicin)-induced cardiotoxicity, as evidenced by fewer 

pathological changes in histology, ultrastructure, and function [165,166,168,169]. Although trans-

genic MT had a direct antioxidant effect, the authors suggest that MT regulation of zinc avail-

ability to mitochondrial aconitase (an enzyme with reduced activity under conditions of oxidative 

stress) and post-translational modifi cation of CCO-Va (the cytochrome c oxidase subunit Va, 

decreased under oxidation conditions) by MT may also play a role. Overall, the induction and 

expression of MTs in the heart may be important in reducing cardiac toxicity induced by thera-

peutic agents, and possibly under other circumstances (infection, exposure to environmental 

 toxins, diabetes, and aging).

6.5.3.1 MT, Diabetes, and Cardiac Toxicity
Cardiovascular disease, and particularly congestive heart failure, poses a signifi cantly higher risk 

for patients with type 2 diabetes mellitus than for those without the disease [170]. Hyperglycemia in 

diabetic patients is associated with myocardial changes characteristic of diabetic cardiomyopathy 

and heart failure. In studies with diabetic mice (induced by streptozotocin) exposed to high levels of 

glucose, hyperglycemia directly induced apoptotic cell death in the myocardium in vivo. The apop-

tosis was mediated, in part, by cytochrome c-activated caspase-3, potentially triggered by oxidative 

stress concomitant with high glucose exposure [171]. Increased oxidative stress results in increased 

lipid peroxidation, F2-isoprostanes, nitrotyrosine, and DNA damage and (in diabetes) release of 

superoxide anions. Supplementation with antioxidants (α-tocopherol, α-lipoate, and ascorbic acid) 

has been shown to be benefi cial in diabetic patients and antioxidant therapy may be a productive 

approach to treatment. Nevertheless, experimental approaches have been inconsistent due to diffi -

culty in maintaining therapeutically effective antioxidant levels, both in circulation and in tissues at 

risk for oxidative damage, and suffi ciently effective, nontoxic exogenous antioxidants [172,173]. 

Endogenous antioxidants (including MTs) have been proposed as appropriate agents to reduce 

 oxidative damage in heart. MT has been shown to reduce diabetic cardiomyopathy (manifested by 

protein nitration, lipid peroxidation, and increased mitochondrial mixed glutathione in conjunction 

with decreased mitochondrial reduced glutathione) in streptozotocin-induced type 1 diabetes in 

wild-type mice, but not in transgenic mice expressing high levels of human MT2A in cardiac tissue 

[174]. Furthermore, treatment with zinc salts that induced increased MT in the cardiac tissue of 

wild-type mice ameliorated cardiomyopathy (morphological abnormalities, fi brosis, LV systolic and 

diastolic dysfunction, and catecholamine desensitization) [175]. The protective effect of MT was 

applicable to other mouse diabetic models. Diabetic mice (OVE26, a transgenic mouse developing 
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severe early-onset type 1 diabetes) that were mated with transgenic mice specifi cally expressing 

elevated MT in the heart generated diabetic offspring with elevated cardiac MT (OVE26MT mice). 

OVE26MT mice exhibited cardiomyopathy, reduced morphological abnormalities, and reduced 

impairment of ischemic contractility exhibited in diabetic mouse hearts [176,177], suggesting a 

protective effect of MT on heart tissue in this diabetic model.

In addition to cardiac dysfunction, renal pathologies are also associated with diabetes and are a 

signifi cant factor in morbidity and mortality. OVE26 transgenic mice that were mated with Nmt 

transgenic mice specifi cally expressing MT in podocytes (critical cells integrated into the selective 

fi ltration barrier of the glomerulus and susceptible to oxidative damage) resulted in double- transgenic 

offspring (OVE26Nmt) that overexpressed MT specifi cally in podocytes under conditions modeling 

human diabetes. OVE26Nmt mice developed diabetes similar to OVE26 mice, but the enhanced 

expression of MT in renal cells reduced podocyte damage. OVE26Nmt mice had more podocytes, 

less glomerular cell death, and a higher density of podocyte foot processes than OVE26 mice with-

out enhanced podocyte MT levels. Moreover, expansion of glomerular and mesangial volume was 

signifi cantly less in OVE26Nmt mice than in OVE26 animals. Thus, MT can protect glomerular 

podocytes in diabetic mice and reduce or delay diabetic nephropathy [178]. The observation that 

both constitutive high-level MT in mouse cardiac and kidney tissue, and zinc-induced MT in heart, 

attenuates impaired cardiac and kidney function in two models of diabetes suggests that enhanced 

MT expression (likely by nontoxic treatment with essential metals such as zinc) may be an area for 

therapeutic development in diabetes, and further work in this important area is warranted.

6.5.4 MT AND NEUROLOGICAL FUNCTION

MTs are closely associated with astrocyte response to central nervous system (CNS) injury. The 

most abundant MT isoforms in brain (and primarily in astrocytes, with possible trace amounts in 

some neurons) are MT-1 and MT-2 [179]. MT-3 is found almost exclusively in the brain, with much 

lower levels in other tissues, and MT-4 is not found in the brain at all. Both MT-1 and MT-2 are 

 correlated with reactive astrogliosis [180]: a state entered into by resident astrocytes after neuronal 

damage (induced by stroke, physical trauma, and neurodegenerative disease) involving cellular 

hypertrophy, proliferation, and alterations in gene expression [181]. Both MT-1 and MT-2 are also 

increased in neurodegenerative diseases [179,180].

MTs are clearly involved in protecting against CNS injury. MT-1/MT-2 knockout mice recover 

poorly from cortical cryolesion wounding, have elevated levels of neuronal apoptosis [182], and have 

impaired response to a wide range of other experimental CNS damage, including kainic acid lesions 

[183] and focal ischemia [184]. Transgenic mice overexpressing MT-1 (TgMT1*) respond better to 

cortical cryolesion, with reduced oxidative stress and neuronal apoptosis [185]. Remarkably, exo-

genous administration of MT-2A (injected intraperitoneally into both wild-type and MT-1/MT-2 

knockout mice) had a similar effect. Direct application of recombinant human MT-2A in the brain 

after focal cortical lesion to the adult rat neocortex similarly enhanced regeneration of axons [186]. 

Thus, in spite of relatively little evidence that endogenous MTs are localized extracellularly (except 

under conditions where dying cells may release MTs bound to toxic metals such as cadmium [187]), 

MT-1 and/or MT-2 applied outside cells can have benefi cial effects similar to those exerted by 

endogenous, intracellular MT. There is growing evidence to support a role for extracellular MT. 

For example, exogenous MT-1 and MT-2 applied in vitro to dopaminergic and hippocampal 

 neurons [188] and cortical neurons [186] promote neurite outgrowth. Retinal ganglion cells are 

similarly affected [189] and MT-1/MT-2 protect dopaminergic neurons from the toxic effects of 

6- hydroxydopamine, and hippocampal neurons from β amyloid peptide-induced neurotoxicity 

[188]. Although extracellular MT could, conceivably, mediate events leading to increased de novo 

production of endogenous MT to exert such effects, an obvious possibility is that extracellular 

MT is capable of acting as a ligand for cell surface molecules (MT “receptors”) to carry out protec-

tive functions.

© 2010 by Taylor and Francis Group, LLC



Metallothionein and Metal Homeostasis 157

In fact, MT-1 and MT-2 have been reported to interact specifi cally with members of the low-

density lipoprotein (LDL) family of receptors in neurons, specifi cally LRP1 and LRP2 (megalin) 

[190], to activate mitogen-activated protein kinase (MAPK) and PI3 kinase/Akt signaling. Both 

these pathways are well recognized as mediators of neuronal  survival and neurite outgrowth in 

response to cyclic adenosine monophosphate (cAMP) response element binding protein (CREB) 

[191]. CREB signaling is also important in overriding the inhibition of neuron regeneration induced 

by myelin-associated glycoprotein (MAG) and myelin [192], and MT treatment boosts axon regen-

eration in injured adult cortex where MAG levels are elevated [186]. Taken together, these results 

raise the possibility that MT might induce axonal regeneration by activating CREB to overcome 

MAG  inhibition by activating CREB [193,194].

Cellular uptake of MT associated with LDL receptors in the brain is an unresolved possibility, 

although it is well established that LDL receptors participate in classical endocytosis of extracellu-

lar ligands. Specifi cally, LRP2 can mediate uptake of cadmium-MT in the kidney [195], although it 

is not clear whether a similar uptake of zinc-MT by LRP2 occurs in neurons. Considering the neu-

roactive roles of zinc (a signaling ion released by neural activity at excitatory synapses, and a modu-

lator of the neuronal death associated with transient global ischemia and sustained seizures [196]), 

it is an attractive hypothesis that LRP2 acts to increase intracellular zinc levels by mediating uptake 

of extracellular zinc-MT. A model incorporating this concept has been proposed [197] in which 

MT-1 and MT-2 induced in astrocytes by stress or infl ammation would be actively or passively 

released by those cells, taken up by LDL receptors on neurons, which, in turn, activate PI3 kinase/

Akt, MAPK, and CREB to enhance neuronal survival and neurite outgrowth [193]. Overall, the role 

of MTs (and, in particular, extracellular MTs) appears to have potential as therapeutic proteins in 

CNS damage and recovery. In particular, peptides modeled on motifs recognized in linker domains 

as responsible for MT binding to megalin (so-called Emtin peptides, C19 KCK [190] or S24CKKSCC 

[198]) may be a major step in identifying MT-based therapeutic molecules to treat CNS injury and 

neurodegenerative diseases.

6.6 SUMMARY AND PERSPECTIVE

Although many metal ions, including zinc, have toxic effects that diminish cell viability, they are 

also essential for hundreds of cellular macromolecules. These macromolecules carry out a myriad 

of metal-associated functions, including sensing the presence of metals to homeostatically regulate 

them for functions essential for life or for appropriate responses to external stimuli, resistance to 

damage, or differentiation. MTs are candidates as modulators of the function of metal-dependent 

and metal-responsive transcription factors, enzymes, and structural proteins through regulation of 

the availability of zinc, especially under conditions of restricted access to zinc because of low 

dietary or extracellular zinc levels, or binding of zinc to molecules of relatively high affi nity. 

Although the viability and apparent normality of MT knockout mice under low stress conditions 

indicates that not all metal-requiring proteins are obliged to be regulated by MT under all circum-

stances, the impaired response of MT knockout cells and animals under stress conditions (including 

stresses imposed in models of chronic human diseases including diabetes, cardiac defi ciencies 

induced by stress, cancer, and CNS damage trauma-associated or not) and improved response when 

MTs are endogenously upregulated (or, remarkably, applied extracellularly) suggest protective roles 

for MTs in circumstances of particular importance in the health of humans. The potential for MTs 

to be therapeutic agents is emerging as an exciting area for development.
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7 Cellular and Molecular Biology 
of Iron-Binding Proteins

Danuta S. Kalinowski and Des R. Richardson

7.1 INTRODUCTION

Iron (Fe) is an essential element involved in a variety of cellular processes critical for life, including 

oxygen transport, energy generation, and DNA synthesis.1–3 This is due to the unique redox activity 

of iron, which is able to act as an electron donor or acceptor by cycling between the ferric (Fe3+) 

and ferrous (Fe2+) states. Importantly, iron can participate in the oxidation–reduction process known 

as the Haber–Weiss reaction where hydrogen peroxide reacts to form the hydroxide anion and the 

reactive oxygen species (ROS), the hydroxyl radical.4

The properties that make iron intrinsic for life also make it potentially deleterious. Excess free 

iron participating in the Haber–Weiss reaction can generate the highly reactive hydroxyl radical 

with toxic side effects.4,5 This ROS is able to induce oxidative cell damage to a number of signifi cant 

biomolecules, resulting in lipid peroxidation, mitochondrial damage, and DNA oxidation.5,6 In fact, 

such oxidative reactions lead to the impairment of cellular functions, resulting in tissue and organ 
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damage evident in the iron-loading diseases, β-thalassemia and Friedreich’s ataxia (FA).7–10 

Consequently, to prevent the toxic side effects of the Haber–Weiss reaction, an intricate system of 

proteins involved in iron transport, storage, and homeostasis has evolved.

7.2 IRON METABOLISM

7.2.1 DIETARY IRON UPTAKE

7.2.1.1 Inorganic Iron
Iron absorption in the gut from dietary sources occurs predominantly within the duodenum of the 

small intestine. Enterocytes take up iron from two sources, namely inorganic iron and heme.11 

Inorganic iron must be in the ferrous (Fe2+) state to be absorbed (Figure 7.1). Thus, any Fe3+ in the 

diet must be reduced to the Fe2+ state at the apical surface of enterocytes before absorption. This role 

was thought to be carried out by the membrane-bound duodenal cytochrome b (Dcytb) protein that 

possesses ferrireductase activity.12 However, no iron-defi cient phenotype was observed after the 

ablation of the murine Dcytb homolog, Cybrd1.13 These results suggest that Dcytb is not critical for 

dietary iron uptake in mice and that another undiscovered ferrireductase may be responsible.13 

Irrespective of the ferriductase involved, Fe2+ is then transported across the enterocyte cell mem-

brane by the divalent metal transporter 1 (DMT1) that is found to be crucial for intestinal inorganic 

iron uptake (Figure 7.1).14–16 The expression of DMT1 is regulated by intracellular iron levels through 

the binding of iron regulatory proteins (IRPs) to an iron-response element (IRE) in its 3′-untrans-

lated region (UTR) (see Section 7.4.2).
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Iron-binding chaperone
proteins?

Low molecular weight
iron complexes?

Receptor-mediated
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DMT1
Fe2+ Fe2+

Fe2+ Fe2+
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FIGURE 7.1 Diagram of iron uptake from dietary sources: Inorganic ferric iron is reduced to the ferrous 

state before being transported into the enterocyte by DMT1. Dietary heme is thought to be transported into the 

enterocyte by the HCP1 and is internalized into an endosome. However, the identity of HCP1 as a physiologi-

cal heme transporter remains controversial. Iron in heme is released by HO1. Once liberated, iron can enter 

the putative LIP or be exported from the enterocyte in the ferrous state by FPN1 located in the basolateral 

membrane. This ferrous iron is then thought to be oxidized by hephaestin, which can then be bound by Tf and 

is transported through the circulation.
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7.2.1.2 Heme
The other major source of dietary iron is heme, a protoporphyrin ring that binds iron and is 

derived from the breakdown of hemoglobin and myoglobin of meat products. Heme is thought to 

be internalized by the receptor, heme carrier protein-1 (HCP1), which is expressed at high levels 

in the duodenum.17 Once heme binds to HCP1 on the cell surface, the complex is internalized via 

receptor-mediated endocytosis (Figure 7.1). This endosome is thought to migrate to the endoplas-

mic reticulum, where heme is metabolized by heme oxygenase-1 (HO1), located on the reticulum 

surface, to liberate iron (Figure 7.1).17

Studies examining HCP1 also demonstrated that heme transport is regulated post- transcriptionally 

by iron stores.17 How iron levels regulate heme transport remains unclear. However, during iron 

depletion HCP1 is localized to the apical membrane, while in iron-replete mice HCP1 is located 

within endosomal vesicles.17 Although HCP1 appears to transport heme, there is no strong evidence 

as yet that this is the physiologically relevant mechanism. In addition, a latter study demonstrated 

that HCP1 was a folate transporter,18 questioning its role in heme metabolism19 or suggesting that it 

transports both heme and folate and potentially other lipophilic substrates.

7.2.1.3 The Labile Iron Pool (LIP)
Once dietary iron has been imported into the enterocyte, it is then thought to enter the hypothesized 

LIP (Figure 7.1). The precise character of the LIP is unknown, but may comprise small-molecular-

weight iron complexes or high-molecular-weight intermediates. While the exact identity of these 

 components is elusive, it was once believed to consist of iron bound to amino acids, nucleotides, and 

sugars.20 Clearly, the presence of low-molecular-weight iron within the cell would have disastrous con-

sequences due to the generation of ROS. However, low-molecular-weight iron is present at exceedingly 

low levels in the cell, suggesting that if such a pool exists it must be in very low concentrations or may 

not be present.21,22 Other models of intracellular iron transport do not involve low-molecular-weight iron 

complexes and propose that iron is transported within the cell without entering a chelatable LIP.21,23

7.2.1.4 Iron Export from Enterocytes
The exact proteins, compartments, or mechanisms of iron transport within the enterocyte to the 

basolateral membrane remain unknown. Iron in the Fe2+ state is exported by ferroportin 1 (FPN1) 

through the basolateral membrane to the interstitial space and may be oxidized by hephaestin, a 

transmembrane ferrioxidase (Figure 7.1).24,25

Hepcidin, a peptide hormone secreted by the liver, acts as an iron-regulatory hormone and nega-

tively regulates FPN1 expression that controls mammalian systemic Fe metabolism.26 Under condi-

tions of iron overload, hepcidin is expressed at high levels in the liver.27 Hepcidin in the circulation 

can bind to FPN1 on the cell membrane, causing FPN1 to be internalized and degraded. This leads 

to a reduction of iron effl ux from enterocytes, thus regulating iron levels.26

FPN1 is critical in cellular iron export and was demonstrated to be the only known mechanism 

for iron effl ux as found in transgenic mice.28 In fact, deletion of FPN1 was embryonically lethal.28 

Once exported by FPN1, iron is then bound with high affi nity by the serum iron-transport protein, 

transferrin (Tf), and then carried in the circulation (Figure 7.1).

7.2.2 CELLULAR IRON UPTAKE

7.2.2.1 Transferrin
In the serum, iron is found in a highly soluble form, bound to Tf to prevent its deleterious interac-

tions with hydrogen peroxide. This transport molecule can bind two iron ions in their ferric state 

with high affi nity at iron-binding sites located in its N- and C-termini (Figure 7.2).29 Two molecules 

of diferric Tf are then bound to its cell surface receptor, transferrin receptor 1 (TfR1; Figure 7.2). 

A second receptor, transferrin receptor 2 (TfR2), has also been identifi ed, although its precise 
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role in  iron metabolism and uptake remains unclear. In fact, TfR2 does not appear to play a role in 

quantitative iron uptake30,31 and appears to be involved in regulating iron homeostasis.

This Tf–TfR1 complex undergoes receptor-mediated endocytosis and is internalized into an 

endosome (Figure 7.2).29,32 Iron is subsequently released from Tf following a decrease in endosomal 

pH, mediated by a membrane-bound proton pump (Figure 7.2).29

7.2.2.2 Iron Export from the Endosome
It has been observed that Tf undergoes a conformational change after binding to TfR1, where each 

lobe opens and may possibly allow other proteins, such as endosomal DMT1, to access the bound 

iron within the vesicle.33,34 If such a direct iron transfer occurs from protein to protein, this would 

prevent the precipitation of iron and allow highly effi cient Fe transport from the endosome. Indeed, 

studies using the mk/mk mouse model that suffers hypochromic microcytic anemia have demon-

strated that DMT1 is the physiologically relevant Fe transporter.15,35

7.2.2.3 Endosomal Ferrireductase
While Tf binds iron in the ferric state, it is released from the endosome by DMT1 in the ferrous 

state. It is unclear whether the ferric iron is reduced prior to or after its release from Tf, and this 

suggested that a ferrireductase must exist within the endosomal vesicle.36 The identity of this ferri-

reductase was recently determined through the characterization of the nm1054 mutant mouse model. 

This mouse model of iron defi ciency has a phenotype of hypochromic microcytic anemia, where 

there is impaired hemoglobin synthesis due to decreased iron uptake.36 Using this model, the 

recently reported six-transmembrane epithelial antigen of the prostate-3 (Steap3) was determined 
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FIGURE 7.2 Erythroid iron uptake: Diferric Tf binds to its receptor, the TfR1, and the resulting complex 

is internalized into an endosome. A proton pump-mediated endosomal pH decrease releases ferric iron from 

Tf. In erythroid precursors, iron is then reduced by the six-transmembrane epithelial antigen of the prostate-3 

(Steap3) in the endosome before being exported by DMT1. It is thought that the Sec15l1 protein plays a role in 

Tf-containing endosome cycling and may also dock to mitochondria to directly deliver iron to this important 

organelle. Apo-transferrin and TfR1 are then returned to the cell surface.
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to be the endosomal ferrireductase responsible for iron reduction in the endosomes of erythroid 

precursors for iron utilization (Figure 7.2).36 Steap3 is highly expressed on erythroid cells and is 

localized to Tf–TfR1-containing endosomes.36 However, Steap3 is not needed for effi cient iron 

uptake in other cell types. In light of the discovery of Steap3 and the potential role of Dcytb in 

iron absorption in the gut, it is possible that several ferrireductase systems may be utilized in iron 

metabolism, some of which are probably yet to be identifi ed.13,36

Once iron is released into the hypothesized LIP, the endosome undergoes exocytosis returning 

the TfR1 to the cell surface and releasing apo-Tf back into the serum to further facilitate cellular 

iron uptake (Figure 7.2).29,32

7.2.2.4 Endosomal Docking to the Mitochondrion, Sec15l1
Another mouse model of hypochromic microcytic anemia enabled an increased understanding of Tf 

cycling.37,38 A mutation of the Sec15l1 gene in hemoglobin-defi cit (hbd) mice was found to contribute 

to their anemic state, whereby the mice appeared to lack effective cycling of Tf-containing endosomes 

in erythroid cells.37–39 The Sec15l1 gene product, which is part of the mammalian exocyst complex, is 

thought to play a role not only in the cycling of Tf-containing endosomes, but also in the docking of 

endosomes to the mitochondrion for the direct delivery of iron to this compartment (Figure 7.2).39 

However, it has yet to be demonstrated whether there is reduced iron levels in the mitochondria of 

reticulocytes in hbd mice. This system would enable iron released from the endosomal vesicle to be 

directly delivered to the mitochondrion and is consistent with reticulocyte studies suggesting that iron 

is transported directly from protein to protein and/or compartment to compartment.21 These models, 

which bypass the LIP, question the existence of this compartment. However, its existence in other cell 

types, such as hepatocytes and macrophages, cannot be ruled out. It is speculated that iron in the LIP 

is distributed to specifi c organelles within the cell by an iron-traffi cking system to be incorporated into 

the active sites of proteins or for storage in the iron storage protein, ferritin.40

7.2.3 THE IRON STORAGE PROTEIN, FERRITIN

Iron is stored within cells in the storage protein, ferritin, which is composed of two types of subunits, 

namely the heavy (H) and light (L) chains.41 This protein acts both as an iron storage and detoxifi ca-

tion system, sequestering free iron and preventing it from reacting deleteriously in the Haber–Weiss 

reaction.41 Under conditions of excess iron, ferritin synthesis is upregulated, while ferritin levels are 

reduced when iron availability is low, contributing toward overall iron homeostasis.6

All ferritins have 24 subunits, with varying H-to-L ratios found in different species.41 These are 

arranged to form a hollow protein shell that can accommodate over 4500 atoms of iron in the ferric 

state as inorganic complexes in the core.42,43 Importantly, the H-chain is associated with the oxida-

tion of ferrous iron to the ferric state through a ferrioxidase site composed of seven conserved 

amino acid residues.41,44 The L-chain contains a nucleation site that is thought to assist in core for-

mation.41 It is believed that iron is taken up through channels that transverse the ferritin protein 

shell45–51 and is initially oxidized at specifi c sites to the ferric state, being laid down as inorganic 

iron (ferrihydrite) in a preformed cavity.41

Little is understood regarding the mechanisms involved in the release of iron from ferritin. 

Traditionally, the mobilization of iron from ferritin is believed to occur via two possible mecha-

nisms. Present knowledge favors the lysosomal degradation pathway for the reutilization of ferritin 

iron.52,53 Iron release from ferritin has been suggested to occur through the degradation of ferritin 

within lysosomes52–54 and in vitro studies have demonstrated this.53,55 On the other hand, studies 

in vitro have shown that biological reductants, such as superoxide,56 ascorbate,57 and fl avins58 can 

promote iron release from ferritin. In fact, it has been speculated that structural fl uctuations in 

 ferritin may allow for the access of small reductants to enter the protein and directly interact with 

its iron core.58 After being released from ferritin, the stored iron can then be incorporated into 

iron-containing proteins including those located within the mitochondrion.
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7.3 MITOCHONDRIAL IRON METABOLISM

7.3.1 IRON TRANSPORT INTO THE MITOCHONDRION

The mitochondrion is a critical compartment in iron metabolism that is responsible for heme 

synthesis and iron–sulfur ([Fe–S]) cluster biosynthesis.2 It has recently been suggested that iron 

is transported into the mitochondrion of murine erythroblasts by the iron transporter, mitofer-

rin1 (Figure 7.3).59 Mutations in murine mitoferrin1 and its zebrafi sh homolog, frascati, was 

found to result in the impairment of heme synthesis due to defects in mitochondrial iron 

uptake.59,60 Also, the mutations in the yeast homologs, MRS3 and MRS4, showed impaired heme 

and [Fe–S] cluster biosynthesis.61 Given that mutations in mitoferrin1 do not lead to a deleterious 

phenotype, it can be speculated that other mechanisms of mitochondrial iron transport must also 

exist (Figure 7.3).

7.3.2 HEME TRANSPORT FROM THE MITOCHONDRION

Once in the mitochondrion, iron can be utilized for a wide range of metabolic processes, including 

heme biosynthesis (Figure 7.3). Newly synthesized heme is transported out of the mitochondrion for 

incorporation into proteins, but the mechanism by which it is exported remains elusive. A number of 

protein candidates have been identifi ed as possible mitochondrial heme exporters. The breast cancer 

resistance protein (ABCG2)62 and the ABC-mitochondrial erythroid (ABC-me) transporter,63 mem-

bers of the ATP-binding cassette superfamily of membrane transporters, are thought to be candidates 

in the traffi cking of heme from the mitochondrion (Figure 7.3). Ablation of ABCG2 in mice studies 

was found to lead to an accumulation of protoporphyrin IX, a heme synthesis intermediate.62 This 

result indicated that ABCG2 may have a role in the export of heme from the mitochondrion to be 
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may play a role in determining whether this iron is utilized for heme and/or [Fe–S] cluster biosynthesis. 

Alternatively, iron can also be stored by mitochondrial ferritin. Heme is hypothesized to be exported from the 

mitochondrion by ABCG2, ABC-me, or FLVCR, while [Fe-S] clusters are thought to be exported by ABC7 

for incorporation into proteins.
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incorporated in  proteins. Additionally, ABC-me overexpression was found to enhance hemoglobin 

synthesis in erythroleukemia cells and, thus, is speculated to facilitate mitochondrial transport 

functions that are related to heme biosynthesis (Figure 7.3).63 The feline leukemia virus subgroup C 

receptor (FLVCR) is also speculated to be another protein involved in the transport of heme.64 

Studies using human FLVCR demonstrated that it was involved in the export of cytoplasmic heme 

and was hypothesized to protect developing erythroid cells from heme toxicity.64 More recently, 

ablation of FLVCR in mice was found to lead to a lack of defi nitive erythropoiesis with these 

 animals dying in mid-gestation, further demonstrating the possible role FLVCR plays in heme 

transport and iron homeostasis (Figure 7.3).65 However, the precise roles of ABC-me and FLVCR in 

mitochondrial heme traffi cking remain uncertain.

7.3.3 FRATAXIN

The role of other proteins involved in the traffi cking of iron in the mitochondrion has been identifi ed 

through a number of disease states. For example, the expression of frataxin (Figure 7.3), an inner 

mitochondrial protein, is decreased in the disease, FA, which leads to iron loading in the 

mitochondrion.66,67 The decrease in frataxin expression correlates with iron deposits seen in the 

mitochondria of the liver, heart, and spleen of FA patients68 and decreased respiratory chain activity 

of the [Fe–S] cluster-containing complexes I, II, and III.69 While the form of this excess mitochon-

drial iron is unknown, it may be an unbound macromolecular precipitate, or less likely, stored in 

mitochondrial ferritin (Figure 7.3). Frataxin is believed to play a role in the regulation of mitochon-

drial iron utilization and was hypothesized to act as a switch between heme synthesis and the pro-

duction of [Fe–S] clusters (Figure 7.3).70 However, the exact role that frataxin plays in mitochondrial 

iron traffi cking and metabolism has yet to be determined.

A recent investigation has examined the physiological role of frataxin by utilizing the muscle cre-

atine kinase (MCK) conditional frataxin knockout (mutant) mouse model that reproduces the classical 

traits associated with cardiomyopathy in FA.67 This study examined the mechanisms responsible for 

the increased cardiac mitochondrial iron loading in mutants. These experiments showed that increased 

mitochondrial iron in the myocardium of mutants was due to marked transferrin–iron uptake, which 

was the result of enhanced TfR1 expression.71 In contrast to the mitochondrion, cytosolic ferritin and 

FPN1 expression as well as the proportion of cytosolic Fe were decreased in mutant mice, indicating 

cytosolic iron deprivation and markedly increased mitochondrial iron targeting.71 These studies dem-

onstrated that loss of frataxin alters cardiac iron metabolism due to pronounced changes in iron traf-

fi cking away from the cytosol to the mitochondrion. Hence, frataxin defi ciency leads to decreased 

[Fe–S] synthesis, which results in a compensatory increase in iron transport to the mitochondrion.71 

This response may be an attempt to rescue the decreased [Fe–S] synthesis that is vital for energy 

 generation. A model summarizing the altered iron traffi cking observed is presented in Figure 7.4.

7.3.4 EXPORT OF [FE–S] CLUSTERS FROM THE MITOCHONDRION

A mutation in the membrane transporter, ABC7, found in X-linked sideroblastic anemia with ataxia, 

demonstrated its function in the maturation of cytosolic [Fe–S] cluster-containing proteins.72 

Expression of the mutated ABC7 protein product was found to lead to a low effi ciency of cytosolic 

[Fe-S] protein maturation and thus the functional ABC7 protein was hypothesized to be involved 

in the transfer of [Fe–S] clusters from the mitochondrion to the cytoplasm (Figure 7.3).72 The result-

ing iron accumulation in the mitochondria of neural cells in patients affected with X-linked 

 sideroblastic anemia leads to cellular damage and eventually death.72

7.4 IRON HOMEOSTASIS

The regulation of Fe metabolism is complex and can be divided into those mechanisms that occur 

at the cellular and systemic levels.
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7.4.1 REGULATION OF CELLULAR IRON METABOLISM: THE IRPS

The uptake, metabolism, and storage of iron in cells are regulated, at least in part, by IRP1 and 

IRP2 (Figure 7.5). These cytosolic proteins have been identifi ed as key iron sensors that form a 

 post-transcriptional regulatory network by which iron homeostasis is controlled.73 Both IRP1 and 

IRP2 are able to recognize and bind in a structure- and sequence-specifi c manner to the IRE, a highly 

conserved 28-nucleotide sequence motif present in the UTR of a range of mRNAs encoding proteins 

involved in iron metabolism. These IRE-containing mRNAs include the TfR1, ferritin, DMT1, and 

FPN1 (Figure 7.5).73,74 As described below, the IRP–IRE mechanism plays an important role in 

 regulating the expression of these molecules via sensing intracellular iron levels in almost all cells.75
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FIGURE 7.4 Alterations in iron traffi cking in the MCK conditional frataxin knockout (mutant) mouse: 

Ablation of frataxin causes decreased [Fe–S] synthesis that is critical for energy generation. Increased TfR1 

and decreased ferritin and FPN1 levels are evident in the mutant compared to the wild-type mice, which are 

thought to be mediated by increased IRP2–RNA binding. There is a cytosolic iron defi ciency in mutant ani-

mals and increased traffi cking of iron to the mitochondrion leading to iron-loading of this organelle. (Adapted 

from Whitnall et al.  Proc. Natl. Acad. Sci. USA, 105, 9757, 2009.)
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Both IRP1 and IRP2 bind to the fi ve IREs in the 3′ UTR of TfR1 mRNA under conditions of low 

iron levels resulting in mRNA stabilization (Figure 7.5). This leads to the subsequent translation of 

the mRNA. When iron levels are high, there is a loss of the mRNA-binding activity of IRPs, which 

leads to mRNA degradation. As the IRE-containing DMT1 transcript also contains a single 3′ IRE, 

a similar mechanism is also involved in its regulation by iron.35,76 While IRP1 and IRP2 play similar 

roles in post-transcriptional regulation of DMT1 expression, these two proteins act through different 

mechanisms.73,77 In fact, in the case of IRP1, IRE binding is regulated by the presence of an [Fe–S] 

cluster that forms only when iron is abundant,75 whereas IRP2 is regulated via iron-mediated 

 degradation by the proteasome (Figure 7.5).78

7.4.2  REGULATION OF SYSTEMIC IRON METABOLISM: THE IRON REGULATORY 
HORMONE, HEPCIDIN

At the systemic level, regulation of iron metabolism is achieved by the peptide, hepcidin, that 

is  primarily synthesized by the liver79 and maintains iron homeostasis.80 Indeed, hepcidin is the 
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FIGURE 7.5 The role of IRP1 and IRP2 in iron homeostasis: Intracellular iron levels regulate the binding 

of IRP1 and IRP2 to their IREs. Under conditions of low intracellular iron levels, IRP1 and IRP2 are able to 

bind to the fi ve IREs at the 3′ end of TfR1 mRNA, resulting in mRNA stabilization and increased TfR1 levels. 

Simultaneously, the translation of FPN1 and ferritin is repressed by the binding of IRP1 and IRP2 to the 5′ 
IRE, leading to decreased iron export and storage. Under high iron levels, the formation of a [4Fe-4S] cluster 

prevents the binding of IRP1 to IREs, while IRP2 is targeted for proteasome degradation. Hence, TfR1 mRNA 

undergoes degradation, leading to decreased iron uptake, while FPN1 and ferritin mRNA are translated, 

resulting in increased export and storage.
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hormone of iron metabolism and is induced by iron loading.81 Furthermore, it has been found to be 

the key modulator of iron release, regulating the iron export molecule, FPN1.82 It also functions as 

a signal inhibiting intestinal iron absorption and sequestering iron in macrophages.83

The level of liver hepcidin expression is infl uenced by hemojuvelin (HJV)84 and a range of other 

molecules including TfR285 and the hemochromatosis protein, HFE.86,87 Mutations in these mole-

cules and β2-microglobulin88 that interacts with HFE lead to a phenotype of hemochromatosis, in 

which hepcidin expression is either decreased or unresponsive to dietary iron loading.85,88,89 

Understanding how these molecules interact may provide important insights into a spectrum of iron 

overload diseases. Signifi cantly, HJV is highly expressed in skeletal muscle and heart,90 which sug-

gests that these tissues may be important in the regulation of systemic iron metabolism.

It has been suggested that HJV, a member of the bone morphogenetic protein (BMP) coreceptor 

family and the transforming growth factor-β superfamily, may use the BMP signaling pathway to 

upregulate hepcidin expression.86 In this model, it is proposed that HJV binds BMP ligands to induce 

BMP signaling that in turn activates the SMAD signaling pathway to directly increase hepcidin gene 

expression.86 Indeed, mice whose hepatocytes were defi cient in SMAD4 had reduced hepcidin 

expression and a phenotype of iron overload.91 This pathway is not used by HFE or TFR292 and the 

precise mechanism of these upstream regulators remains unclear. HJV is typically membrane bound 

by a glycosylphosphatidylinositol anchor, although a soluble HJV (sHJV) form does exist.93 

Interestingly, it is hypothesized that sHJV competes with membrane-bound HJV for receptor binding 

on the cell surface, with sHJV inhibiting the signaling cascade that induces hepcidin expression.93

Hepcidin also acts as an acute phase protein and its expression can be markedly induced by 

interleukin-6 (IL-6).81 IL-6 is a myokine, that is, a cytokine secreted from active skeletal muscle.94 

Thus, in summary, increased HJV or increased IL-6 leads to increased expression of the iron 

metabolism hormone, hepcidin.

7.5 CONCLUSION

Although iron is essential for life owing to its role in a variety of critical cellular processes, excess 

iron can have severe health consequences. Thus, tight regulation of iron levels through the imple-

mentation of a vast array of transport, storage, and regulatory proteins is necessary. Recently, a wide 

range of new molecules involved in iron metabolism and homeostasis have been discovered, many 

of their roles being highlighted through their involvement in a number of disease states. These new 

fi ndings have answered a number of questions regarding the regulation and transport of iron at a 

cellular level and have ultimately altered our previous perceptions of iron metabolism. Although 

many gaps in our knowledge have been recently fi lled, numerous facets of iron metabolism have yet 

to be fully characterized. Only through further investigation can we begin to complete the picture 

of iron metabolism and homeostasis.
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8.1 INTRODUCTION

Zinc is important for virtually all aspects of cellular functions. Two recent developments  signifi cantly 

advanced our understanding of human zinc biology: the recognition that zinc is a constituent of 

several thousand proteins and the discoveries that cellular zinc homeostasis requires at least three 

dozen proteins and a high degree of regulation and integration into cellular signaling networks. This 

chapter focuses on yet another development, namely emerging general and cell-specifi c functions of 

zinc ions beyond their roles in established zinc proteins. How zinc is controlled in human cells will 

be the basis for discussing the functions of zinc ions in cellular regulation and signal transduction, 

especially in phosphorylation cascades, and their transient interactions with some proteins that are 

generally not recognized as zinc proteins. Comparative and specifi c aspects of the zinc biology in 

plants, single-cell eukaryotes, or microorganisms are beyond the scope of this chapter. New func-

tions of zinc can be summarized under a role of zinc ions as intercellular and intracellular signals, 

although they embody quite different principles of action. In essence, these functions establish addi-

tional biological activities and a much broader role of zinc in biology than previously acknowledged.

8.2 ZINC PROTEINS AND THE ZINC PROTEOME

At least 10% of the human genes encode proteins with zinc-binding motifs [1]. Among the 

 approximately 3000 putative human zinc proteins, about 1000 are enzymes with catalytic functions 

of zinc and the rest are proteins in which zinc primarily has a structural function in domains that 

interact with other proteins, nucleic acids, or lipids. The count of zinc proteins includes 397 hydro-

lases; 302 ligases; 167 transferases; 43 oxidoreductases; 24 lyases/isomerases; 957 transcription fac-

tors; 221 signaling proteins; 141 transport/storage proteins; 53 proteins with structural zinc sites; 19 

proteins involved in DNA repair, replication, and translation; 427 zinc fi nger proteins of unknown 

function; and 456 additional proteins of unknown function. This estimate of the human zinc pro-

teome is based on ligand signatures for zinc-binding sites in protein/nucleotide sequences and the use 

of these signatures for homology searches in databases [1,2]. However, the actual number of zinc-

dependent proteins could be considerably larger because this approach fails to account for some 

types of zinc–protein interactions [3]. The estimates do not include proteins to which zinc ions bind 

transiently and which have not been recognized as zinc proteins because zinc is not present when the 

proteins are isolated and characterized. A distinction was made between metalloproteins that bind 

metals tightly, and hence are isolated with the metal, and metal-activated proteins that bind metals 

less tightly and hence lose their metal during isolation [4]. For zinc, it is known that this metal inhibits 

the activity of a number of proteins by binding with relatively high (nanomolar) affi nity. These pro-

teins have to be isolated in the presence of a chelating agent in order to remain active, and therefore 

their nature as potential zinc metalloproteins is not noticed. Another example is zinc binding at pro-

tein interfaces in homologous and heterologous protein–protein interactions [5]. In this case, the 

individual isolated proteins lack zinc, but their assembly to complexes depends on zinc binding.

With few exceptions, the building blocks of zinc coordination environments in proteins are the 

side chains of histidine, cysteine, and glutamate/aspartate. However, permutations of these ligands 

and the use of ligand bridges in multizinc sites provide a remarkably rich variation of zinc-binding 

sites [5]. The use of zinc in so many proteins raises several issues. How does the cell ensure that all 

these proteins obtain the zinc they need for their function? How does it redistribute zinc without 
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interfering with the metabolism of the other essential metal ions? How does it avoid zinc overload 

that could cause unspecifi c interactions and side effects? How can it maintain regulatory and 

 signaling functions of zinc in addition to supplying zinc to zinc-requiring proteins? Answers to 

these questions are forthcoming from studies of the proteins that control cellular zinc homeostasis.

8.3 ZINC HOMEOSTATIC PROTEINS AND CELLULAR ZINC HOMEOSTASIS

Both thermodynamics and kinetics have a role in the way zinc is redistributed in the cell and in the 

body but the relative contributions of each are a matter of debate. If one considers thermodynamics 

only, every metal ion is available at concentrations commensurate with its binding affi nity to 

 metalloproteins [6]. When isolated, most eukaryotic zinc proteins contain zinc and no other metal 

ions in the zinc-binding site. Thus, rarely is there any promiscuity of metal binding in eukaryotic 

proteins, indicating high specifi city in providing a metalloprotein with the correct metal ion. For 

example, in a protein that requires different metal ions, such as cytosolic super oxide dismutase, 

zinc is always in the structural site, while copper is always in the catalytic site. A specifi c copper 

chaperone, the copper chaperone for superoxide dismutase (CCS) protein, inserts copper into the 

catalytic site [7]. However, a specifi c chaperone for zinc is not known. One can argue that too many 

chaperones would be needed to supply the structurally quite variable sites in zinc proteins with 

zinc and that control of zinc ion insertion into proteins requires different mechanisms. Such mech-

anisms can entail controlling the insertion of other metals via specifi c chaperones and insertases, 

but making a suffi ciently high concentration of zinc ions available for zinc sites in proteins and 

controlling their availability tightly. Minimally, control of cellular zinc involves the coordination 

properties of zinc-binding sites in proteins, membrane transporters for zinc, and proteins that bind 

and distribute zinc within the cell. Insights into how zinc is handled within the cell began to 

emerge with the identifi cation of proteins involved in cellular zinc homeostasis and traffi cking. 

The very existence of these proteins and a zinc homeostatic system that is at least as complex as 

those for iron or copper attests to the importance that the cell places on controlling zinc. Two 

dozen mammalian zinc transport proteins have been described so far. They are differentially local-

ized within cells and mediate uptake and intracellular distribution of zinc. Zinc sensors, such as 

metal-response element-binding transcription factor-1 (MTF-1), and at least a dozen metallothion-

eins (MTs) complement these zinc transporters (Figure 8.1). Regulation of these zinc homeostatic 

proteins by various mechanisms affords a high degree of integration into cellular signaling 

 networks, suggesting that control of zinc ion concentrations and zinc distribution is critical for 

many cellular functions. Compromised functions of these proteins in the presence of suffi cient 

zinc perturb zinc metabolism and are a cause for diseases. A mutation in the Zip4 (SLC39A4) gene 

causes acrodermatitis enteropathica, a rare disorder that is based on impaired intestinal zinc 

absorption and results in severe zinc defi ciency [8,9]. In transient neonatal zinc defi ciency, low zinc 

concentrations in the mother’s milk are due to a mutation in the ZnT-2 (SLC30A2) gene [10]. 

Individuals with a mutation in the pancreatic β-cell-specifi c zinc transporter protein ZnT-8 

(SLC30A8) have a higher risk for type 2 diabetes [11–15]. A polymorphism in the MT-1A gene also 

has been associated with diabetes and its cardiovascular complications [16,17].

A critical question in zinc biology is how cellular zinc ions are distributed, specifi cally whether 

they are transferred between proteins by protein–protein interactions without ever being free 

( associative mechanism) or whether zinc dissociates fi rst and then associates with another protein 

(dissociative mechanism). An associative mechanism works well for zinc exchange reactions 

between proteins in which zinc is bound to sulfur ligands [18]. In a dissociative mechanism, how-

ever, the metal is free, at least for a limited time. Measuring cellular free zinc ion concentrations and 

determining whether they are suffi cient for providing zinc to zinc-requiring proteins is one way of 

testing whether a dissociative mechanism could be operative. In prokaryotic organisms, there is 

virtually no free zinc [19]. While certainly true in the sense of the word that zinc ions without any 

ligands do not exist in the biological milieu, the conditions are different in eukaryotic cells. Estimates 
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of the concentrations of free zinc ions under steady-state conditions are in the range of hundreds 

of picomolars in rabbit skeletal muscle, 24 pM in erythrocytes, and 500 pM in leukemia and 

 neuroblastoma cells [20–23]. More recent estimates for eukaryotic cells are 5–10 pM for pheochro-

mocytoma (PC12) cells, 170 pM and 350 pM for primary human monocytes and lymphocytes, 

respectively, between 625 pM and 1.25 nM for human colon cancer (HT29) cells depending on the 

state of the cells, and 1.07 nM for cortical neurons [24–27]. These concentrations are at least six 

orders of magnitude lower than the total cellular zinc concentration, which is about 200–300 μM. 

At which picomolar concentrations zinc ions are available in the cell will depend on the binding 

constants of the proteins that bind zinc tightly and the concentrations of any additional ligands that 

buffer zinc. For cytosolic zinc enzymes, the affi nity for zinc is in the picomolar range, for example, 

carbonic anhydrase, superoxide dismutase, and sorbitol dehydrogenase [28]. The affi nities of 

secreted zinc enzymes for zinc are also in the picomolar range [3]. Epithelial cells have an intracel-

lular zinc buffering capacity of 20–30 μM with picomolar affi nity for zinc [27]. Clearly, the overall 

zinc buffering capacity is much higher, but only the capacity that determines physiological zinc 

concentrations is important in this regard. How chemical buffering and mechanisms other than 

physicochemical buffering, referred to as muffl ing [29], interact determines the amplitudes of zinc 

ion fl uctuations that can be used for cellular functions. Free zinc ion concentrations can change from 

picomolar to single-digit nanomolar under a variety of conditions, prompting the question of what 

the targets of such zinc ion fl uctuations are [30–37]. One target of increased free zinc ion concentra-

tions is the cellular zinc sensor, MTF-1, which is essential for basal and zinc-induced expression of 

MT [38–40]. Other targets will be  discussed later in this chapter.
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FIGURE 8.1 Cellular zinc homeostasis. 14 Zip (Zrt, Irt-like proteins, SLC39 gene family) and 10 ZnT  proteins 

(SLC30 gene family) control zinc transfer across cellular membranes into or out of the cytosol. MTs sequester 

zinc in two zinc/thiolate clusters and supply zinc to zinc-requiring apoproteins. MT also transports zinc into 

the nucleus and into the intermembrane space of mitochondria. Zinc activates the zinc sensor MTF-1, which 

translocates to the nucleus and activates transcription of its target genes. All these proteins control free zinc ion 

concentrations that are critical for general as well as specifi c cellular, subcellular, and extracellular functions.
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8.3.1 ZINC TRANSPORTERS

Zinc transporters belong to two major protein families. So far, there are 14 Zip (Zrt/Irt-like)  proteins, 

designated as SLC39A1-A14, which transport zinc into the cytosol, and 10 ZnT transporters, desig-

nated as SLC30A1-A10, which generally transport zinc out of the cytosol. Some of these proteins 

also transport metals such as manganese and iron, and therefore, it is not clear whether or not all of 

them are bona fi de zinc transporters.

The regulation and the driving forces by which the different transporters maintain zinc homeo-

stasis remain poorly characterized. Potential mechanisms include the passive facilitation of diffu-

sion through membranes following a concentration gradient, active transport driven by hydrolysis of 

ATP through an ion pump, or secondary active transport coupled to the concentration gradient of 

another ion.

ZnT proteins are the mammalian subgroup of the cation diffusion facilitators (CDF). The name 

suggests a passive mechanism of transport. However, cation diffusion cannot be the sole driving 

force for transport, because in some cases zinc is transported against remarkable concentration 

gradients. Thus, zinc accumulates to millimolar concentrations in vesicles in the presence of only 

pico- to nanomolar concentrations in the cytosol. No ATP-binding motifs have been identifi ed in the 

sequences of either vesicular importers ZnT-2 or -3 or in Zip proteins [41–43]. While zinc- transporting 

P-type ATPases exist in other organisms such as ZntA in Escherichia coli and HMA2 and HMA4 

in Arabidopsis thaliana, none have been reported for mammalian cells [44–46].

In other CDF proteins from nonmammalian sources, namely the CzcD protein in Bacillus 
 subtilis, ZitB and YiiP in E. coli, and Zrc1 in Saccharomyces cerevisiae, antiport with H+ or K+ is 

the driving force for zinc transport [47–50]. Thus, ZnT proteins can also function as active, second-

ary transporters. For some Zip proteins, it was already shown that they transport zinc ions together 

with hydrogen carbonate [51,52]. In addition, evidence for a Na+/Zn2+ exchange activity mediating 

active zinc export on the plasma membrane of mammalian cells has been presented [53].

A crystal structure of the bacterial YiiP Zn2+/H+ exchanger provides a fi rst glimpse at possible 

mechanisms of zinc transport through membranes [54]. Zinc ions may be delivered by a putative zinc 

metallochaperone to the C-terminal domain and then transported through the intracellular cavity, 

 perhaps along a thermodynamic gradient provided by different binding sites, to the periplasmic space.

There is considerable cell-specifi c expression of some of the transporters in response to zinc 

status and endocrine signaling. Their regulation and their changing protein levels seem to be critical 

for zinc-dependent functions of a cell. Regulation includes heterodimerization, alternative splicing 

and different localization of the proteins, and control of their RNA stability [55,56]. While mem-

brane zinc transporters are discussed in a separate chapter in this book, the following discussion 

will focus on the events in the soluble fractions of the cell.

8.3.2 ZINC SENSORS

The only cytosolic proteins so far identifi ed in controlling cellular zinc are MTs and the zinc sensor 

MTF-1. MTF-1 senses high zinc ion availability and induces the expression of thionein (T), the 

 apo-form of MT, and ZnT-1 to bind and export zinc. Sensing is based on the coordination chemistry 

of at least two of its six zinc fi ngers with a Cys2His2 coordination motif. The affi nities of the fi ngers 

for zinc are thought to vary about 10–50-fold even though the donor atoms in the fi ngers are identi-

cal [57]. The affi nities are in the nanomolar range, which is lower than in “classic” zinc fi ngers that 

typically have picomolar affi nities [40]. It is worth noting that these affi nities are in the range where 

zinc sensing is expected based on the observed cellular free zinc ion concentrations.

On the other hand, zinc deprivation can also change gene expression, including differential 

expression of MTs and zinc transporters, as well as hundreds of genes that are not directly related 

to zinc homeostasis [58–60]. How such a reduced intracellular availability of zinc ions is sensed is 

not known.
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8.3.3 METALLOTHIONEINS

MTs bind zinc, and under specifi c circumstances, they bind copper in addition to zinc. In humans, 

they are a family of at least 10 proteins, which are classifi ed into MT-1 with multiple forms, and 

single MT-2, MT-3, and MT-4 proteins [61]. Zinc ions in MT are bound exclusively to the sulfur 

donors of cysteines in Zn3S9 and Zn4S11 clusters that have characteristic thiolate ligand bridges 

between the zinc ions [62,63]. This structure of MT, in which 20 reduced cysteinyl residues bind the 

seven zinc ions buried inside the protein, has been the accepted model in discussions of the func-

tions of MT. However, this model does not represent the physiologically important state, because 

MT occurs in the holoform, “MT,” in the apo-form, “thionein,” and in oxidized forms collectively 

called “thionin” in tissues and cells [64,65]. Under physiological conditions, MT neither is fully 

loaded with zinc ions nor has fully reduced cysteines. In this regard, it differs from many zinc pro-

teins that are usually saturated with zinc. In rat liver, 20% of MT is in the apo-form and 7% is oxi-

dized. The distribution of these forms changes when cells are incubated with zinc ions or when the 

cellular thiol/disulfi de redox balance is perturbed [64]. This variation of the structure of MT is at 

the center of its mechanism of action.

Although all seven zinc ions are formally in similar tetrathiolate (Cys4) coordination environ-

ments in the two clusters, the affi nities of the sites for zinc differ by four orders of magnitude [66]. 

Four zinc ions are bound tightly (log K = 11.8), two are bound with intermediate strength (log 

K ~ 10), and one is bound relatively weakly (log K = 7.7). Based on these data, MT is described with 

Zn4T, Zn5T, Zn6T, and Zn7T species. Such a description has signifi cant implications for the functions 

of MT. It suggests that the species Zn7T does not exist under physiological conditions, because there 

are not enough free zinc ions available in the cell to saturate the weak binding site. With these prop-

erties, MT can participate actively in zinc metabolism rather than trapping zinc ions in a thermody-

namically stable complex. Its coordination environments with fi ne-tuned affi nities for zinc make 

picomolar to nanomolar concentrations of free zinc ions available.

A new aspect of zinc biology became evident from the studies of MT. A characteristic chemical 

feature of MT and many intracellular zinc proteins is the interaction of zinc with sulfur ligands [3]. 

For one, according to Pearson’s Hard Soft Acid Base (HSAB) principle, zinc ions are at the border-

line between hard and soft cations and therefore can accommodate both hard donors, such as  oxygen, 

and soft donors, such as sulfur. The sulfur coordination environments provide thermodynamic sta-

bility for zinc, but kinetically they allow fast ligand exchange. In addition, the sulfur donors from 

the cysteines permit reversible redox reactions with concomitant release and binding of zinc [67]. In 

this way, the availability of zinc ions can be controlled by using metabolic energy in the form of 

redox changes to mobilize zinc from its tight binding sites under oxidizing conditions and to bind 

zinc under reducing conditions [68]. This redox chemistry of the ligands of redox-inert zinc differs 

from that of copper and iron, where the central atom is redox-active and changes its valence state. 

Coupled redox reactions establish a redox cycle for MT, in which the protein can be either a zinc 

donor or a zinc acceptor (Figure 8.2) [69].

The reactivity of the sulfur ligands in MT demonstrates how reactive compounds can affect zinc 

metabolism. Chemically different compounds react with the sulfur donors in zinc proteins and 

release zinc ions [67]. For example, MT can be nitrosylated in vitro or in cultured cells by agents 

that elevate cytoplasmic calcium and thereby activate calmodulin-dependent nitric oxide (NO) syn-

thase [70,71]. In this process, zinc released from MT activates MTF-1-dependent gene transcription 

[72]. This Ca2+–NO–Zn2+ pathway is cytoprotective in the lung, but can be cytotoxic in the brain 

when calcium infl ux into neurons activates the synthesis of NO and superoxide, which combine to 

form peroxynitrite and release cytotoxic levels of zinc ions [73,74]. The threshold of free zinc ion 

concentrations that separates pathology from physiology depends on both the redox and zinc buffer-

ing capacities and has not been defi ned clearly.

Another group of compounds that react with MT and other proteins with zinc–sulfur coordina-

tion environments is reactive carbonyls. Aldehydes introduced through environmental exposures, or 
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formed under a variety of conditions, such as oxidative stress, lipid peroxidation, hyperglycemia-

induced glycations, and ethanol metabolism, modify the cysteine ligands in MT and release its zinc 

ions [75].

Thionylation of MT, such as glutathionylation or homocysteinylation, releases zinc ions [76,77]. 

The consequences of these reactions are at least twofold. First, the released zinc activates gene 

transcription [76]. Second, the modifi ed cysteines in MT can no longer scavenge reactive species, 

thus lowering cellular antioxidant capacity. Given that some cells have micromolar concentra-

tions of MT and that MT is a highly inducible protein, the reducing capacity of the 20 thiols in 

MT is signifi cant. A function of MT as an antioxidant and scavenger of reactive species is 

acknowledged [78,79]. As a zinc-dependent redox system, MT can complement other cellular 

thiol/disulfi de redox systems as has been demonstrated for a coupling between thionein, thionin, 

thioredoxin, and methionine sulfoxide reductase [80]. However, when such functions are dis-

cussed, attention is rarely given to the fact that the zinc ions released in these reactions are potent 

cellular effectors. Perturbation of cellular free zinc ion concentrations is necessarily linked to 

antioxidant functions of MT and scavenging of reactive species. The capacity of zinc to protect 

the cell against oxidative damage has been recognized for many years and has led to the notion 

that zinc itself is an antioxidant [81,82]. Chemically, this concept is not well founded, because 

zinc is redox-inert in biology. An antioxidant function must be indirect, that is, “pro-antioxidant” 

by a mechanism that links zinc and biochemical processes with an antioxidant potential [83]. One 

basis for such a function of zinc is that part of the cellular zinc buffering capacity depends on 

thiols [84]. These thiols are protected against oxidation when they bind zinc, but unprotected 

when there is not enough zinc, such as in zinc defi ciency, which is a pro-oxidant condition [85–87]. 

Pro-antioxidant functions of zinc involve the activation of MTF-1, which induces thionein with 

high reducing capacity owing to its 20 cysteines. If the cellular zinc buffering capacity is exhausted 

at high concentrations of zinc, concentrations of free zinc ions will increase and zinc will bind to 

other targets and also generate a pro-oxidant condition by depleting cellular energy and increas-

ing mitochondrial production of reactive oxygen species [88]. Thus, whether zinc is cytotoxic or 

cytoprotective is a matter of the concentrations of zinc ions, the state of MT, and the cellular zinc 

and redox buffering capacity [89,90].
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FIGURE 8.2 MT redox cycle in cellular signaling pathways. One redox couple controls zinc release from 

MT, the zinc-loaded state of the protein, to a partially oxidized and partially zinc-depleted state (thionin). 

Another redox couple controls the equilibrium between this state and a fully reduced and partially zinc-

depleted state (thionein). Zinc binding to this state completes the cycle. In the presence of catalytic selenium 

compounds, the redox cycle of MT couples with the glutathione/glutathione disulfi de redox pair (Data from 

Chen, Y. and Maret, W. Eur. J. Biochem., 268, 3346, 2001). In this way, zinc can be transferred from zinc 

donors to zinc acceptors and redox reactions can control free zinc ion concentrations.
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8.3.3.1 Regulation of MT
Not only the expression of the zinc transporters, but also that of the T genes is tightly controlled by 

a host of chemical and physical events [91,92]. In this way, many cellular pathways can affect zinc 

availability and distribution. The total amount of MT varies over 400-fold in different cell lines 

[93]. T is induced by increased concentrations of zinc, various forms of stress, the acute phase 

response, and infl ammation, with isoform- and tissue-specifi c expressions [94]. Interferons, cyto-

kines, growth factors, and agents that act on nuclear hormone receptors or through the adenylate 

cyclase, phospholipase C, and Jak/Stat pathways all exert some control over MT [95,96]. Control at 

the gene and protein levels establishes that the zinc and redox functions of MT and T are an integral 

part of cellular biology to control the availability of zinc ions for regulatory functions. At low 

 cellular free zinc ion concentrations, any newly synthesized T will equilibrate with any MT already 

existing and it can acquire additional zinc only if zinc is available. Therefore, the functions of these 

inducers can relate primarily to the properties of T as a zinc acceptor and reductant.

Zinc ion fl uctuations must be tightly controlled to avoid unspecifi c reactions. For example, 

 proteins must fold in an environment of low zinc availability, because zinc ion concentrations in the 

nanomolar range can lead to misfolding [97]. The different species of MT are ideal candidates for 

such a control, because they can be either zinc donors or zinc acceptors and, in this way, control a 

variety of zinc-dependent biological processes. MT can activate the apo-form of sorbitol dehydro-

genase, which has a log K of 11.2 for zinc, or reactivate zinc-inhibited protein tyrosine phosphatase 

1B (PTP1B), which has a log K of 7.8 for zinc [28]. Whether or not these cytosolic enzymes with 

zinc affi nities that differ by at least three orders of magnitude receive zinc from MT or MT receives 

zinc from them depends on the cellular redox poise and the metal load of MT, which is described 

by the T/(MT + T) molar ratio. At ratios between 0.08 and 0.31 prevailing in tissues and cells, pico-

molar concentrations of free zinc ions are available from MT for reconstituting apo-enzymes with 

zinc but such ratios will not allow zinc inhibition of PTP1B. Under conditions of decreased ratios, 

such as those found during oxidative stress, nanomolar concentrations of free zinc ions become 

available from MT/T and affect enzymes that are not zinc metalloenzymes, such as PTP1B.

8.3.3.2 MT Traffi cking
MTs are both extracellular and intracellular proteins, are distributed among different compartments 

in the cell, and interact with other proteins. The extensive traffi cking of MT provides ways of 

 distributing zinc. The driving forces for this traffi cking are not known, however.

Within the cell, MT is imported into the intermembrane space of liver mitochondria. MT inhibits 

mitochondrial respiration in a zinc-dependent manner, while T activates respiration by removing 

zinc from the inhibitory site(s) [98]. Translocation of MT into the nucleus requires energy (ATP) and 

depends on phosphorylation signaling, the state of the cell, and the oxidation of a cytosolic factor 

[99–103].

Cells secrete MT and take it up from the extracellular space [104,105]. Secretion of MT from the 

exocrine pancreas does not seem to occur via a classic vesicular secretory pathway [106]. Uptake 

was fi rst shown for kidney cell lines as an endocytotic process that involves the scavenger receptors 

megalin/cubilin and receptor-associated protein [107–109]. In hepatocarcinoma (HepG2) cells, 

uptake is cholesterol dependent, and the metals, but not the protein, are translocated to the cyto-

plasm [110]. MT-1 and MT-2 bind megalin and the lipoprotein receptor-related protein-1 on cerebel-

lar granule neurons, suggesting that MT secreted from astrocytes affects neurons by promoting 

neurite outgrowth and survival [111–113]. In this regard, the biological activities of MT-1 and MT-2 

are opposite to the one of MT-3, which prevents neurite outgrowth [114].

MT-3 has been isolated from brain tissue [115]. Extracellular MT-3 is a growth inhibitory factor 

(GIF) for neurons [115]. This activity is specifi c for the MT-3 isoform and has been mapped to a 

characteristic 6CPCP motif in the N-terminal β-domain [116]. The molecular basis for the growth 

inhibitory activity of MT-3 is unknown. MT-3 is released from cultured astrocytes and functions in 

a pathway that loads neuronal synaptic vesicles with zinc ions [114,117]. In this process, MT-3 
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 interacts with the small GTPase Rab3a, which in turn interacts with docking and traffi cking 

 proteins in the exo-endocytotic cycle of synaptic vesicles [118].

In the remaining discussion, the cell will continue to be the focus because zinc is basically an 

intracellular ion and used for cell-specifi c functions. The cytoplasm and organelles of hepatocytes 

contain 50% of cellular zinc, 30–40% are in the nucleus, and the remainder is in the microsomal 

fraction. The lowest concentrations are in mitochondria [119]. In general, not much is known about 

subcellular concentrations of total and free zinc. Given the intracellular distribution of transporters, 

the concentrations are likely to be different. Specifi c vesicles, such as lysosomes and zincosomes, 

are believed to have millimolar concentrations of zinc. Studies with zinc radioisotopes demon-

strated uptake of the metal ion in the cytosol, mitochondria, and nuclei [120,121]. In several types 

of cells, the resting levels of free zinc ions are signifi cantly lower in the nucleus than in the cytosol 

[122,123]. However, nuclear and mitochondrial zinc transporters are not known. MT translocates to 

both mitochondria and the nucleus and can serve as a zinc shuttle for these cellular compartments. 

In mitochondria, MT localizes to the intermembrane space [98]. Zinc transported into the mito-

chondrial matrix by the calcium uniporter is a very potent inhibitor of redox enzymes [124]. Whether 

or not zinc is required for physiological processes in the matrix is not known.

8.4 ZINC IN INTRACELLULAR SIGNAL TRANSDUCTION

The biology of calcium has shown that even the smallest chemical entity, namely an ion, can be an 

effi cient regulator of cellular signal transduction. A similar function has been proposed for zinc 

[125]. For zinc ions to qualify as carriers of information, certain criteria should be met. Four condi-

tions seem to be both suffi cient and necessary.

8.4.1 GENERATION AND OCCURRENCE OF A ZINC SIGNAL

As the most basic condition, the concentrations of cytosolic free zinc ions should change in response 

to a stimulus. A cellular activator would have to trigger such a change either by an exchange of zinc 

with the extracellular environment or by release of zinc from an intracellular store. Alternatively, a 

translocation of free zinc ions between different cellular compartments could establish a subcellu-

larly restricted signal.

8.4.2 INVOLVEMENT OF THE ZINC SIGNAL IN A BIOLOGICAL PROCESS

A change in the concentrations of free zinc ions should elicit a biological response to the stimulus 

that triggered it. The response does not need to elicit a global change of cellular function. Rather, it 

can be limited to just one specifi c aspect of metabolism or signaling, or it can establish crosstalk 

between pathways by modulating the effect of a different stimulus on another pathway. Specifi c 

chelation of zinc ions should inhibit such a signal, while increases in zinc ions should amplify it.

8.4.3 ACTION OF THE ZINC SIGNAL VIA SIGNAL TRANSDUCTION PATHWAYS

Zinc is a permanent structural and enzymatic cofactor in a signifi cant number of proteins, most of 

which are not involved in signal transduction. The zinc activation of such proteins can be mistaken 

for a biological signal. Therefore, zinc should either be part of, or modulate, a signaling pathway.

8.4.4 IDENTIFICATION OF THE MOLECULAR TARGETS OF THE ZINC SIGNAL

The fi nal proof of principle is the identifi cation of interactions of zinc with specifi c molecular 

elements of a signaling pathway. Specifi city, a hallmark of signaling, can be provided by the 

coordination chemical features of a zinc-binding site. At least three modes of actions of zinc have 
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been observed (Figure 8.3). Zinc stabilizes structural zinc-binding motifs that infl uence the pro-

tein’s biological activity, such as DNA binding and transcriptional activation (example A); zinc 

modulates the enzymatic activity of a signaling protein, such as inhibition of PTPs (example B); 

zinc affects the assembly of signaling complexes through binding at interfaces between proteins 

(example C).

Without being comprehensive, the following selected examples provide strong evidence that the 

fi rst two conditions for zinc ions being biological signals are fulfi lled. With regard to the generation 

and occurrence of zinc signals, it is recognized that zinc coordination environments in proteins with 

cysteine ligands can transduce redox signals into zinc signals [126]. Specifi cally, reactive species 

and oxidizing agents can react with the sulfur ligands of zinc in proteins and release zinc ions. For 

example, nitric monoxide (NO) reacts with zinc-bound thiols to form S-nitrosothiols or disulfi des 

with concomitant release of zinc [36,71,127]. When cytokines stimulate endothelial cells, MT trans-

locates to the nucleus and releases its zinc in an NO-dependent reaction, generating a transient 

nuclear zinc signal [35]. Furthermore, stimulation of protein kinase C (PKC) signaling causes a 

 cellular redistribution of zinc and a rise of intracellular free zinc ions [128,129]. Another way of 

generating zinc signals is the release of zinc ions from intracellular compartments [130,131]. While 

relatively fast zinc signals can be generated by transducing redox signals or releasing compartmen-

talized zinc ions, different cellular free zinc ion concentrations can also result from altered expres-

sion of MTs and zinc transporters, a process that is much slower. In conclusion, a distinction is made 
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FIGURE 8.3 Mechanisms of intracellular zinc signaling. Three molecular mechanisms of how low nanomo-

lar concentrations of zinc ions reversibly affect cellular signaling are known. (a) Structural stabilization. Zinc 

ions bind to the zinc fi ngers of the sensor MTF-1, which is translocated to the nucleus and activates gene tran-

scription. (b) Regulation of enzymatic activity. Zinc ions inhibit PTPs and affect phosphorylation cascades. (c) 

Assembly of ternary complexes. Two zinc-dependent steps are essential for early TCR activation. First, upon 

contact with the MHC on an antigen-presenting cell, the kinase Lck is recruited to the complex of the TCR by 

binding to the costimulatory molecules CD4 or CD8 via a zinc ion at the interface of the two proteins. Second, 

a zinc-dependent dimerization through the interfaces between the SH3 domains brings Lck in close proxim-

ity, thereby promoting autocatalytic activation. Only after these two steps involving bridging zinc ions have 

occurred, Lck phosphorylates tyrosine residues in the CD3 signal transduction component of the TCR and 

zeta-chain (TCR) associated protein 70 kDa (ZAP70) kinase, thus initiating downstream TCR signaling.
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here between stimuli that trigger zinc signals and stimuli that lead to adaptations of a cell to  different 

levels of free zinc ions and concomitant changes of the functions of zinc-sensitive proteins.

The involvement of zinc signals in biological processes is treated in a rather extensive body of 

literature on the role of zinc in cellular proliferation, differentiation, and apoptosis [132]. Proliferation 

of baby hamster kidney cells depends on uptake of zinc, which is required for signals that lead to 

DNA synthesis [133]. In addition, zinc is required for creatine kinase expression during differentia-

tion of myoblasts [134]. These effects of zinc may be mediated by MT, which undergoes nuclear 

translocation during proliferation of hepatocytes and during differentiation of myoblasts and adipo-

cytes [99,100,135]. The basis for these growth factor-like activities of zinc ions will be explored 

further in the next section.

The two remaining conditions are similarly strongly supported by the effects of zinc ions on 

phosphorylation cascades, although the evidence is less widely appreciated.

8.4.5 EFFECT OF ZINC ON SIGNAL TRANSDUCTION PATHWAYS

8.4.5.1 Insulin Signaling
It has been known for 70 years that the zinc content of the diabetic pancreas is lower than that of the 

normal pancreas and it has been known for over 40 years that zinc has a role in insulin signaling, 

because zinc-defi cient laboratory animals are much less sensitive to insulin [136,137]. Zinc is insu-

lin-mimetic, meaning that incubation of cells or tissues with zinc ions has the same effects on lipid 

and glucose metabolism as insulin itself [138,139]. The insulin-mimetic properties of zinc ions are 

clearly seen in cell cultures where zinc ions can completely replace insulin [140]. In the insulin 

signaling pathway, zinc ions affect the phosphorylation of the insulin receptor (IR) β subunit at the 

activating tyrosines 1158, 1162, and 1163 [141,142]. Because the effect is all the way upstream in the 

pathway, proteins downstream in the pathway are affected, as well. This point is important because 

the actions of zinc ions may appear pleiotropic, while in fact only a small number of upstream tar-

gets or even a single target may be affected. Thus, zinc ions infl uence the phosphorylation of tyrosine 

856 on the IR substrate-1 protein, phosphatidyl inositol-3-kinase (PI3K)-mediated Akt phosphory-

lation, and hence glucose transport, and the activating phosphorylation of p21-activated kinases 1 

and 2 and extracellular signal-regulated kinase (ERK) 1/2 [130,142].

8.4.5.2 EGF Signaling
Another receptor tyrosine kinase affected by zinc is the epidermal growth factor receptor (EGFR). 

Exposing human bronchial epithelial cells to zinc ions enhances mitogen-activated protein kinase 

(MAPK)-mediated cytokine expression by causing a dimerization-independent phosphorylation of 

EGFR at tyrosines 845, 1068, and 1173, which is mediated by the kinase Src [143,144]. The phos-

phorylation activates downstream signaling in the Ras/MEK/ERK and PI3K/Akt pathways by pro-

moting the degradation of the negative regulator, the phosphatase and tensin homolog (PTEN) 

[145,146].

8.4.5.3 Mitogen-Activated Protein Kinase
Signaling pathways originating from membrane receptors other than the IR and the EGFR also 

involve MAPKs and are affected by zinc ions. Thus, ERK was activated when the growth factor-like 

effects of zinc ions on fi broblasts were examined [147]. Likewise, MEK-mediated phosphorylation 

of ERK was observed in the zinc-induced expression of the zinc fi nger transcription factor Egr-1 in 

neurons, and in the zinc-induced activation of the p70S6 kinase in neuroblastoma cells [148,149]. 

ERK is also activated when peroxynitrite releases zinc in oligodendrocytes [150]. However, from 

these experiments, one should not infer that zinc invariably stimulates MAPKs. In rat glioma cells, 

only low concentrations of zinc activate ERK. Higher concentrations are inhibitory [130]. In 

Caenorhabditis elegans, the ZnT-1 homolog CDF-1 is a positive regulator of EGFR signaling. Here, 

CDF-1-mediated zinc effl ux activates the Ras/Raf/MEK/ERK pathway [151]. A potential molecular 
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mechanism involves an effect of zinc on the phosphorylation of KSR (kinase suppressor of Ras), a 

scaffolding protein that stabilizes the interaction of Ras, Raf, and MEK [152]. A similar mechanism 

may occur in higher eukaryotes, but only at zinc concentrations that are signifi cantly higher than the 

ones that activate MAPKs.

8.4.5.4 Protein Kinase C
PKC is part of signaling pathways that are activated by many different receptors. Chelation of free 

zinc ions inhibits the activation of PKC by different stimuli, such as activation of the NMDA recep-

tor, the calcium ionophore A23187, phorbol esters, or antigen stimulation of lymphocytes [153–155]. 

One step in the activation of PKC, which can be induced by zinc ions, is its translocation to the 

plasma membrane [156]. Zinc ions increase the interaction of PKC with actin fi laments [157,158]. In 

the zinc fi nger domain of PKC, zinc is required for the binding of phorbol esters [154,155].

8.4.6 MOLECULAR TARGETS OF ZINC IN SIGNAL TRANSDUCTION

There are at least three different paradigms for the targets of zinc signals (Figure 8.3). In all three 

instances, free zinc ions must be tightly controlled to achieve suffi cient biological specifi city. Only 

selected examples are discussed because the extent to which zinc ions are employed in this capacity 

is unknown. Observations of zinc ion fl uctuations in the heart support the notion that intracellular 

zinc signals are used more widely. When subcellular distribution of zinc in cardiomyocytes was 

investigated, transverse striations of millimolar concentrations of zinc (and iron) were found with a 

periodicity of sarcomers [159]. It was suggested that these intracellular zinc stores can be released 

into the cytosol within seconds [159].

8.4.6.1 Transient Binding of Zinc to Structural Sites
MTF-1 is a cellular zinc ion sensor [40,160]. MTF-1 controls the expression of proteins that are 

essential for zinc homeostasis, such as MTs, in particular the isoforms MT-1 and MT-2, the trans-

porter ZnT-1, and at least 40 additional proteins that are not directly involved in zinc metabolism 

[39,161,162]. Increased zinc ion availability effects its nuclear translocation and DNA binding, and 

activation of gene expression. MTF-1 binds with six highly conserved Cys2His2 zinc fi nger domains 

to the promoters of several genes that contain metal-response elements (MREs) with a core consen-

sus sequence TGCRCnC [163]. Interaction with DNA is mediated by reversible binding of zinc to 

some of these structural motifs and stabilization of the zinc fi nger domains. Which zinc fi nger(s) 

bind zinc constitutively, which ones are sensitive to changes in free zinc ion concentrations, and 

which other structural motifs are involved in fi ne-tuning zinc binding to MTF-1 is widely discussed 

[40,57,164–166].

While zinc binding controls the interaction between MTF-1 and DNA, zinc also infl uences 

MTF-1-mediated transcription by an indirect mechanism that involves phosphorylation of MTF-1 

at serine and tyrosine residues by PKC, c-Jun N-terminal kinase (JNK), PI3K, casein kinase II, 

tyrosine kinases, and calcium signaling [167,168]. Reactive oxygen species can also activate MTF-

1-dependent  transcription. In this case, zinc ions are the mediators of redox signals. In cell-free 

experiments, hydrogen peroxide releases zinc from MT, which then binds to MTF-1 and activates 

transcription [169]. In intact cells, NO has the same effect [72].

How many other proteins bind zinc reversibly in zinc fi nger domains with consequences for their 

functions is not known.

8.4.6.2 Transient Binding of Zinc to Sites that Affect Enzymatic Activity
8.4.6.2.1 Zinc and PTP Activity
Zinc ions inhibit many enzymes, in particular those with cysteines in the active site, such as PTPs 

[170]. Zinc inhibition of PTP1B, the main phosphatase controlling tyrosine phosphorylation of the 
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IR, enhances phosphorylation signaling and demonstrates how zinc ions can be insulin-mimetic and 

have growth factor-like activities. Chelation of free zinc ions inhibits insulin- and insulin-like 

growth factor-1 (IGF-1)-dependent intracellular signals, an effect that has been attributed to a loss 

of PTP inhibition by zinc [130,141].

Many reported zinc inhibition constants for proteins are not within the physiological range of 

cytosolic free zinc ion concentrations. However, low nanomolar concentrations of zinc inhibit 
 several enzymes [171]. Measurement of such low inhibition constants is not straightforward because 

enzymes must be free of chelating agents, such as DTT and EDTA, and they need to be active in the 

absence of these agents. Furthermore, low free zinc ion concentrations must be controlled by appro-

priate metal ion buffers. Employing such controlled conditions, a Ki value of 15 nM for zinc inhibi-

tion of PTP1B was measured [28,141]. The zinc-binding site has not yet been identifi ed, but the 

strong zinc inhibition of the enzymatic activity of the truncated catalytic domain of PTP1C (=SHP-1) 

indicates that it is on this domain and likely involves the catalytic cysteine [130].

8.4.6.2.2 Zinc and Phosphodiesterase (PDE) Activity
Several isoforms of cyclic nucleotide PDEs are activated at low zinc concentrations, because they 

require a catalytic zinc ion [172]. On the other hand, slightly higher concentrations of zinc ions than 

those necessary for activation inhibit PDEs [173,174]. For example, zinc inhibition of PDEs causes 

an increase in cyclic nucleotides and subsequent PKA-mediated inhibition of proinfl ammatory 

cytokine signaling in monocytes [175,176].

8.4.6.2.3 Zinc and Mitogen-Activated Protein (MAP) Kinase Phosphatase (MKP) Activity
A third group of phosphatases that are sensitive to zinc ions is MKP. They are dual specifi city phos-

phatases that dephosphorylate both tyrosine and threonine residues in activated MAPKs. Zinc inhi-

bition of MKPs is one mechanism of how zinc stimulates the expression of interleukin-8 (IL-8) in 

epithelial cells [177]. However, not all of the zinc effects on MAPK phosphorylation and activation 

can be explained only by zinc inhibition of MKP, because zinc also affects targets upstream of the 

MAPKs. For example, a combined effect of zinc on PTP and MKP is thought to modulate IL-8 

expression in airway epithelial cells [177].

Inhibition of phosphatases is not a classic signal because it complements kinase activity. Zinc 

inhibition of a phosphatase sustains increased phosphorylation initiated by activation of a receptor 

tyrosine kinase. In this way, variations of the cellular zinc status can infl uence the intensity and 

duration of phosphorylation signaling and control the responsiveness of a cell toward growth fac-

tors. A loss of zinc modulation results in constitutively active phosphatases and compromises phos-

phorylation signaling. This interaction between zinc and phosphorylation signaling is an important 

aspect of zinc signaling and may explain the association between zinc defi ciency and loss of growth 

and differentiation.

8.4.6.3 Zinc in the Assembly of Signaling Complexes
The T cell receptor (TCR) has no intrinsic kinase activity and depends on a Src-family tyrosine 

kinase, Lck, for signal transduction. Signal transduction of the TCR is initiated by the specifi c inter-

action with an antigen-loaded major histocompatibility complex (MHC) molecule on the surface of 

a neighboring antigen-presenting cell, followed by the assembly of a multiprotein signaling com-

plex. The costimulatory membrane proteins CD4 or CD8 also bind to MHC with their extracellular 

domains and are recruited to the vicinity of the TCR signaling complex. Lck is bound to the intra-

cellular domains of CD4 or CD8 in a complex that is stabilized by a zinc ion bound to two cysteine 

residues from each protein at the interface site between Lck and CD4/CD8 [178]. In addition, the 

homodimerization of the SH3 domains of Lck is also zinc-dependent. In this case, two zinc ions at 

the dimer interface of the two SH3 domains stabilize the complex, and zinc coordination does not 

involve cysteines [179]. The estimated Kd value for zinc is ≤100 nM. The activation of Lck is a com-

plex event that involves autocatalytic transphosphorylation of the activating tyrosine 394 between 
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neighboring Lck molecules. Zinc-induced homodimerization may bring two Lck molecules into 

close proximity, thereby facilitating its full activation. This mechanism is supported by the observa-

tion that zinc increases phosphorylation of purifi ed Lck [180]. It is worth noting that the overall 

effect of zinc ions in this system is similar to the ones described for phosphatases, namely  establishing 

and sustaining a phosphorylation signal.

8.5 ZINC IN INTERCELLULAR SIGNAL TRANSDUCTION

Although this chapter started with a discussion of the concept of zinc ions as an intracellular signal, 

secretion of zinc ions from neuronal vesicles as an intercellular signal was critical in developing the 

concept of zinc signaling (Figure 8.4).

8.5.1 SPECIALIZED CELLS THAT SECRETE ZINC

The total cellular zinc concentration of a few hundred micromolar is an average value that includes 

all cellular compartments. Signifi cant variations in zinc concentrations of tissues have been reported, 

indicating that zinc is not distributed randomly. The evidence presented in this chapter suggests that 

zinc is not only a static component of 10% of the proteome, but rather has multiple regulatory func-

tions that require dynamic changes in its concentrations, distribution, and interactions with 

proteins.

A special aspect of the cell biology of zinc is the role of zinc ions that are not tightly bound to 

proteins and can be detected with chromophoric and fl uorescent chelating agents. As discussed in 

Section 8.2, free zinc ions are maintained at very low concentrations in the cytosol to avoid unspe-

cifi c interactions with proteins. Thus, zinc signaling in the cytosol must occur with tight control of 
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FIGURE 8.4 Intra- and intercellular zinc signaling. Aspects of intracellular zinc signaling are illustrated for 

the cell shown on the left, where [Zn2+]i increases due to release of zinc from vesicles, transport into the cell, 

or release from cellular or endocytosed MT. The increase of [Zn2+]i is an effector of many proteins (Figure 

8.3). The generation of extracellular zinc signals is illustrated for the cell shown on the right, where [Zn2+]i 

decreases due to sequestration of zinc in vesicles, vesicular secretion,  MT exocytosis, or transport of zinc out 

of the cell. The extracellular free zinc, [Zn2+]e, is a paracrine messenger and binds to proteins on the cytoplas-

mic membrane of neighboring cells and triggers intracellular signaling events. For simplicity, processes in 

the cell on the left are shown only with the involvement of Zip transporters, while processes in the cell on the 

right are shown only with the involvement of ZnT transporters. Clearly, both types of transporters are active 

in each cell.
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low concentrations of locally generated zinc signals. However, in certain cellular compartments, 

such as secretory vesicles, lysosomes, and vesicles that may or may not be identical to lysosomes 

and have been called “zincosomes,” the concentrations of free zinc ions can be relatively high (esti-

mated to be millimolar). Hence, zinc in these compartments can be readily visualized by autometal-

lographic methods and fl uorescent chelating agents. The vesicular sequestration occurs through 

transporters of the ZnT family. This vesicular sequestration of high concentrations of zinc ions and 

their release allows physiological actions of zinc ions at concentrations that are quite different from 

those in the cytosol. Free zinc ions are present in synaptic vesicles of zinc-enriched nerve terminals, 

secretory vesicles of somatotrophic cells in the pituitary gland, zymogene granules in pancreatic 

acinar cells, β-cells of the islets of Langerhans, Paneth cells of the crypts of Lieberkühn, and secre-

tory cells of the tubuloacinar glands of the prostate, the epithelium of parts of the epididymal ducts, 

and osteoblasts [181]. Zinc ions can be released from these vesicles—or the vesicles released together 

with their zinc ions—to the extracellular space and serve a variety of functions. Zinc-secreting cells 

also include the submandibular salivary gland, mast cells, and granulocytes [182].

Like in the case of the chelatable iron pool, for which terms such as “labile iron,” “intracellular 

transit iron,” “free iron,” “low molecular weight iron,” “exchangeable iron,” and “metabolically active 

iron” have been used, a similar terminology has been adopted to methodically defi ne pools of zinc 

ions [183]. Thus, depending on the method used, different results may be obtained. How the introduc-

tion of a chelating agent into the cell affects intracellular equilibria and which specifi c reagents are 

employed for visualization of zinc may affect the outcome of the measurements. To account for pos-

sible interference of the chelating agent, it has been suggested to perform measurements at different 

concentrations of the chelating agent and then extrapolate the data to a zero concentration of the agent 

[27]. A comparison of histochemical and histofl uorimetric determination of chelatable zinc in the 

developing mouse embryo demonstrated general agreement of the methods but also revealed signifi -

cant differences [184]. Chelatable zinc was found in many rapidly proliferating tissues with a broad 

distribution, suggesting a specifi c role of zinc in those tissues. Quantitative determinations are not 

possible with these histological methods. Thus, whether or not chelatable zinc ions correspond to the 

free zinc ions discussed above is an issue that needs further investigation.

8.5.1.1 Prostate
Prostate epithelial cells accumulate high levels of zinc, making this organ the one with the highest 

zinc concentration [9.2 mg/g (ash)] [185]. One physiological role of high zinc in the prostate is 

thought to be the inhibition of the Krebs cycle enzyme m-aconitase [186]. A consequence of this 

inhibition is the accumulation of citrate, the substrate of aconitase [187]. Zinc ions are localized to 

the secretory granules in the lateral lobe and secretory ducts of the epithelial cells. They are secreted 

into the prostatic fl uid where their concentrations are millimolar, that is, at least about 100 times 

higher than in the blood. One of the functions of the secreted zinc may be to provide suffi ciently 

high concentrations for the inhibition of proteolytic enzymes. Low micromolar concentrations of 

zinc inhibit proteinases that do not depend on zinc as the catalytic metal ion, such as the human 

kallikrein (hK) family of serine proteinases. The Ki(app) values (μM) are 3–5 (pH 7.5) for hK2; 6 (pH 

7.5) for hK3; 16 (pH 7, IC50) for hK4; 8 (pH 7) for hK5; 10 (pH 7.5) for hK7; and 0.01 (pH 8) for hK14 

[188–193]. The kallikrein hK4 binds zinc with a histidine ligand and a glutamate ligand [191]. In the 

rat kallikrein tonin, the zinc ligands are three histidines and a glutamate from a neighboring protein 

molecule. In hK5, two histidine ligands bind the zinc ions, and a third histidine ligand may also be 

recruited for zinc binding [192]. Since zinc concentrations in seminal plasma and prostate fl uid are 

around 10 mM, the zinc inhibition is believed to be signifi cant for those of the hKs that function in 

prostate physiology, such as hK3 [prostate-specifi c antigen (PSA)] and hK4 (prostase), and those 

that are found in seminal plasma (hK2, -3, -5, and -14). Activation of hKs in seminal plasma is 

thought to occur through a proteolytic cascade and to involve a drop in the available zinc following 

ejaculation and zinc chelation by semenogelins in the semen coagulum. Activation results in semen 

liquefaction and release of motile sperm cells [188].
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8.5.1.2 Pancreas
Both the exocrine and endocrine pancreas need signifi cant amounts of zinc for their functions 

(Figure 8.5). Autometallography provided information about pancreatic distribution of zinc. The 

highest vesicular zinc content is in the β-cells, but vesicular zinc is also present in the α-cells and 

in the zymogen granules of acinar cells [194]. The amount of zinc secreted from the exocrine pan-

creas corresponds to about the amount taken up by the intestine [195]. Zinc is needed for the many 

proteolytic enzymes that require zinc and are secreted from the pancreas. In addition, zinc inhibi-

tion may be a mechanism to control the activity of secreted pancreatic proteins. Thus, the zinc-

proteinase carboxypeptidase A binds an additional, inhibitory zinc ion with a Ki value of 0.5 μM 

[196]. The only protein ligand involved in binding the inhibitory zinc is a glutamate, but the interac-

tion is stabilized by a hydroxide ion that bridges the inhibitory zinc and the catalytic zinc [197].

The islets of Langerhans are in the endocrine component of the pancreas. Within these islets, 

β-cells produce insulin and release it via exocytosis in response to elevated blood glucose. The 

result is a stimulation of glucose uptake into insulin-sensitive cells in target tissues and thus a lower-

ing of blood glucose. Inside the secretory vesicles, insulin is stored as a crystalline hexamer with 

two bound zinc ions and one bound calcium ion [198]. The concentrations of insulin and zinc in the 

β-cell granules are both millimolar, and zinc is present at a 1.5-fold molar excess over the amount 

required to saturate the binding sites in insulin [199]. Because of the roles of zinc in both the exo-

crine and endocrine pancreas, the pancreas has a very active zinc metabolism as refl ected by the 

expression of a total of 16 ZnT and Zip zinc transporters [200]. Two zinc transporters, ZnT-5 and 

ZnT-8, are abundantly expressed, especially in β-cells, and seem to transport zinc into the secretory 

vesicles [201–203]. Zinc is released together with insulin, and the islet staining for zinc is reduced 

signifi cantly after insulin secretion [204,205]. An average of 0.2 amol of free zinc ions per single 

event is released from one vesicle and generates a local concentration of 150 nM [204]. Hence, a 

considerable amount of zinc can be released during high secretory activity. With the release rates of 

insulin [206] and the stoichiometry of the zinc/insulin hexamer, a daily release of 0.265 μmol 

(17.2 μg) zinc from the endocrine pancreas is calculated for a 70 kg human. This amount is a minute 
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FIGURE 8.5 Zinc signaling of the pancreas. The exocrine pancreas stores zinc in acinar cells and secretes 

zinc-dependent proteases. In the endocrine pancreas (islets), insulin is stored as a crystalline Zn2–insulin 

hexamer in β-cells and secreted together with zinc. Secreted zinc ions inhibit the secretion of glucagon from 

α-cells. In enterocytes, zinc is taken up from the apical side by Zip4 and secreted by ZnT-1 at the basolateral 

membrane into the blood.
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fraction of total plasma zinc and is certainly not high enough to be an endocrine signal. However, 

approximately 75% of insulin is secreted in pulses with a mean interval of 5 min [206]. During one 

pulse, 0.6 μmol (0.04 μg) zinc is released from the endocrine pancreas. This amount can elicit local 

oscillating concentrations within the islets, and potentially in the pancreas. The released zinc is 

thought to serve as a paracrine signal for islet α-cells that secrete the hormone glucagon, which 

antagonizes insulin actions by raising blood glucose levels. Glucagon release could be regulated 

directly by blood glucose levels, or β-cell activation could suppress α-cell activity by a paracrine 

mechanism. In the perfused rat pancreas, zinc, but not zinc-free insulin, mediates this paracrine 

effect of β-cells on inhibition of glucagon secretion [207,208]. However, the signifi cance of this 

fi nding is not undisputed [209]. In rodent and human pancreatic islets, ATP-sensitive potassium 

channels (KATP) mediate inhibition of glucagon secretion in response to elevated glucose concentra-

tions [210]. Because zinc affects KATP channels, the results are not mutually exclusive: A combina-

tion of glucose levels and zinc released from β-cells may regulate glucagon release from α-cells 

[208,211].

8.5.1.3 Neurons
Zinc was fi rst visualized with a chromophoric chelating agent (dithizone) in the cornu ammonis (CA) 

region of the hippocampus [212]. Subsequently, it was localized to the presynaptic giant terminals 

(“boutons”) of the hippocampal mossy fi ber synapses by electron microscopy [213]. Total zinc con-

centrations of up to 15 μg/g have been measured in the human hippocampus [214]. The “ zinc- containing 

neurons” featured prominently in developing the concept that zinc ions are stored in synaptic vesicles 

and released as neurotransmitters/neuromodulators [215]. Upon electric stimulation, the zinc-rich 

vesicles fuse with the cell membrane on the axonal terminals and release zinc ions into the synaptic 

cleft with subsequent effects on the dendritic spines of the postsynaptic neuron (Figure 8.6). One 

major target of zinc is the NR1-NR2A subunits of the NMDA receptor where zinc binds with high 

affi nity (IC50 value of 10 nM) and inhibits calcium entry into the cell [216,217]. The mossy fi bers are 

just one example of many cerebrocortical pathways where zinc is sequestered in the axon terminals 

[182]. Effects of zinc ions on purinergic, glycine, and nicotinic acetylcholine receptors have been 

observed [218–220]. Zinc is also translocated into the postsynaptic neuron [221]. In a neuronal 

activity-dependent way, zinc transactivates the neurotrophin receptor TrkB  (tropomyosin-related 

kinase) signaling pathway. The protein tyrosine kinase Csk, which has an IC50 value of 500 nM for 

zinc, has been suggested to be the target of zinc [222,223]. Zinc inhibition of Csk in turn inhibits the 

Src kinase, which normally activates TrkB. Another possible site of action of zinc is the postsynaptic 

Presynaptic neuron

Zn2+

Zn2+

Zn2+

Zn2+

PSD

Signaling:
Transactivation/inhibition

Postsynaptic neuron

FIGURE 8.6 Intercellular signaling. Specialized neurons secrete zinc ions into the synaptic cleft (presyn-

aptic neuron). The released zinc ions affect proteins on the cytoplasmic membrane of dendrites (postsynap-

tic neuron) and/or are translocated into the cytosol where they can affect gene transcription, signaling, and 

assembly of the scaffolding proteins of the postsynaptic density (PSD).
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density. Zinc is coordinated tetrahedrally with two histidines, one glutamate, and a chloride ion 

between protomers of the scaffolding protein Shank3-SAM, whose fi ber assembly and packaging are 

remarkably enhanced by zinc ions [224]. Zinc is also a constituent of cypin (cytosolic PSD-95 inter-

actor), which promotes dendrite branching [225]. One of the functional consequences of released 

neuronal zinc is long-lasting synaptic modifi cations in the neural circuitry of learned behavior [226]. 

The biochemistry of zinc at the synapse requires many steps in addition to the ones shown in Figure 

8.6. For example, the presynaptic vesicles have to be loaded with zinc. ZnT-3 and MT-3 are involved 

in this process. In addition, astrocytes secrete MT, which is taken up by neurons [113].

8.5.1.4 Osteoblasts
Bone contains 29% of human body zinc. Zinc is essential for formation of skeletal tissue, and it 

stimulates osteoblastic bone formation and inhibits osteoclastic bone resorption [227]. Extracellular 

matrix vesicles are the initial sites of mineral deposition in epiphyseal cartilage, dentine, and other 

mineralizing tissue [228]. Zinc is conspicuously high in matrix vesicles and regulates the onset 

of mineralization [228]. During bone growth in the epiphyseal growth plate, the chondrocytes 

 differentiate, undergo spontaneous apoptosis, and release matrix vesicles [229].

8.5.1.5 Paneth Cells
Paneth cells are located at the bases of the crypts of Lieberkühn in the small intestine. Granular zinc 

in these cells is detectable with fl uorescent chelating agents and secreted upon stimulation with a 

secretagogue, such as pilocarpine [230]. Paneth cells secrete microbicidal defensin peptides (cryp-

tidins). The secretion of zinc is thought to be an “adjuvant” to this microbicidal function.

8.5.1.6 Eye
When compared with other tissues, the zinc concentration is particularly high in the retina (464 μg/g 

dry weight), retinal pigment epithelium, and choroid (472 μg/g dry weight) [231,232]. Zinc is essen-

tial for vision. Aside from its role in vitamin A metabolism, at least two functions that are specifi c 

for the retina have been identifi ed. Among the three putative zinc ions of the rhodopsin monomer 

and an additional zinc ion at the interface between two monomers, the zinc-binding site in the 

 transmembrane region is critical for the function and structure of the protein [233]. Zinc is released 

from photoreceptor terminals, where it is involved in neural processing at the fi rst visual synapse in 

vertebrates [234].

Zinc ions are also secreted from other cells for purposes that are not linked to known signaling 

 functions. Whether packaging of zinc ions into vesicles and vesicular exocytosis or export of non-

vesicular zinc is the major route of secretion is not known.

8.5.1.7 Mammary Gland Epithelial Cells
The zinc concentration in human milk is 3–5 mg/L. Concentrations in the colostrum are about 3–5 

times higher [235]. Thus, in a lactating woman, about 0.5–1 mg zinc per day are secreted into the 

milk [236]. Relocalization of zinc transporters in the cell is believed to be a mechanism for control-

ling zinc secretion, a process in which the hormone prolactin is involved. Mammary gland epithelial 

cells are highly specialized and employ Zip3 for transporting zinc into the cell. In addition, ZnT-2 

has a major role in zinc secretion into the milk and a mutation in the ZnT-2 gene leads to transient 

neonatal zinc defi ciency [10].

8.5.1.8 Intestine
Zip4 was identifi ed as a major transporter responsible for intestinal uptake of zinc because a muta-

tion in this gene causes acrodermatitis enteropathica, a genetic disease that is fatal if not treated 

with zinc [8,9,237]. Zip4 localizes to the luminal (apical) surface, while Zip5 is expressed on the 

basolateral surface of enterocytes, possibly mediating zinc uptake from the blood [238,239]. ZnT-1 

also localizes to the basolateral membrane and is thought to participate in secretion of zinc into the 
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blood, although it is likely that also other transporters participate in this process [240]. As discussed 

above, Paneth cells secrete zinc into the lumen.

8.5.1.9 Skin
The zinc physiology of skin demonstrates another principle, namely the control of extracellular 

zinc by chelation. The S100 protein psoriasin (S100A7) is secreted from keratinocytes and pro-

tects the human skin from E. coli infections. Its antimicrobial activity has been linked to zinc 

chelation [241]. In the crystal structure, the protein forms a dimer, in which a zinc ion is sand-

wiched between two molecules with an aspartate and a histidine from one molecule and two 

histidines from another [242]. An antimicrobial activity of zinc (and manganese) chelation has 

also been demonstrated for calprotectin (S100A8/S100A9). Neutrophil-derived calprotectin inhib-

its the growth of Staphylococcus aureus in tissue abscesses as a critical factor in the innate 

immune response [243].

8.6 ZINC SIGNALING IN THE IMMUNE SYSTEM

Zinc defi ciency is the fi fth leading health risk in developing countries with high mortality [244]. 

Characteristically, zinc-defi cient individuals suffer from recurrent infections and parasitic diseases, 

highlighting the particular requirement of zinc for immune function [244]. In fact, the immune 

system critically depends on zinc [245–247]. Zinc defi ciency increases the risk for several infectious 

diseases, such as diarrhea, pneumonia, and malaria [248].

The immune system employs mainly two mechanisms to combat an infection. The fi rst one is 

innate immunity with an immediate response to conserved molecular structures of pathogens. The 

second one is adaptive immunity with a delayed, but more specifi c response to a particular patho-

gen. It is based on clonal expansion of antigen-specifi c cells and production of soluble factors, such 

as antibodies. Zinc homeostasis is crucial for the function of both kinds of immune cells, but the 

effects of zinc are specifi c for each cell type. In addition to its role in the generation and effective-

ness of immune cells, zinc is also vital for the communication between them by soluble factors, such 

as cytokines [249]. Investigations of zinc-defi cient mice and humans provided comprehensive 

insights into both intracellular and intercellular signaling functions of zinc in immunity.

8.6.1 CELLS OF THE ADAPTIVE IMMUNE SYSTEM

In zinc-defi cient mice, there is atrophy of thymic and lymphoid tissue, resulting in depressed T and 

B lymphocyte reactions [250]. While zinc defi ciency impairs lymphocyte development and aug-

ments apoptosis, it does not affect the relative composition of major lymphocyte subpopulations in 

the spleen [251–253].

T lymphocytes are highly sensitive to zinc status. T cell development takes place in the thymus, and 

thymic atrophy is a result of zinc defi ciency in humans, for example, in acrodermatitis enteropathica 

[237]. Consequently, zinc defi ciency is associated with reduced T cell activity and T cell numbers in 

the periphery [254]. These events may be mediated by thymulin, a thymic nonapeptide hormone that 

binds zinc with an affi nity of 5 ± 2 × 10−7 M and regulates T cell formation and function [255]. Zinc 

supplementation restores thymulin activity in zinc defi ciency, demonstrating that suffi cient hormone is 

made but it is not active in the absence of zinc [256]. The zinc status also impacts T helper (TH) cell 

populations, skewing the balance between TH1 cells, which have a function in cell-mediated immu-

nity, and TH2 cells, which are important for humoral immunity [257,258].

In vivo, zinc defi ciency suppresses T cell functions. Zinc supplementation improves the delayed-

type hypersensitivity reaction and stimulates the in vitro response to mitogens [259]. Improvement 

requires longer periods of time, usually several weeks, because new T cells need to be produced. 

However, a rapid zinc activation of T cells occurs in vitro. It depends on cytokines secreted by 

monocytes and is not mediated by a direct effect of zinc on T cells [247]. Higher, supraphysiological 
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concentrations of zinc suppress T cell function. Zinc inhibition of the IL-1 type I receptor- associated 

kinase is involved in this suppression [260].

The zinc status also affects B lymphocytes. Zinc defi ciency increases the rates of apoptosis 

in precursor and immature B cells and it reduces total B cell numbers, but apparently not their 

functions [245,261]. Thus, while B cells are not affected on a per cell basis, the production of anti-

bodies can decrease as a consequence of reduced B cell numbers. Results of zinc supplementation 

on antibody production in response to vaccination are variable but indicate that an optimized 

supplementation protocol can improve the effi cacy of vaccinations [259,262]. However, successful 

vaccination is a complex process, in which several types of immune cells participate. So far, there 

is no evidence that the functions of mature B cells depend on zinc. The observed effects on B cells 

could be based on zinc modulation of TH cell activity, because antibody production in response to 

T cell-dependent antigens is more affected than that in response to T cell-independent antigens 

[263,264].

8.6.2 CELLS OF THE INNATE IMMUNE SYSTEM

In natural killer (NK) cells, the interaction between the killer cell Ig-like receptors (KIR) and MHC 

class I depends on zinc [265–267]. In addition, the lytic activity of NK cells is lower in zinc-defi cient 

individuals [251,268].

As mentioned above, mast cells contain granules that are rich in zinc [269]. These zinc stores can 

be depleted upon activation, indicating that mast cells can release signifi cant amounts of zinc into 

their environment. The function of the released zinc is unknown. It may regulate activation of pro-

caspases in the granules or may be a paracrine signal for other immune cells [270].

In zinc-defi cient mice, myeloid precursor cells have a higher rate of proliferation and are 

found in higher absolute numbers, while the generation of lymphoid cells is reduced [271]. 

In contrast to adaptive immunity, innate immunity responds to zinc defi ciency with increased 

production of new cells, pointing toward a “reprogramming” of the immune system rather than 

a general loss of function [245]. In addition to their effects on granulopoiesis, zinc ions at a con-

centration that is not realized in vivo (0.5 mM) have a chemotactic activity on granulocytes 

[272]. However, if zinc acts synergistically with chemokines, lower concentrations of zinc may 

be effective.

8.6.3 CYTOKINE PRODUCTION

Zinc affects T cells by altering their ability to secrete cytokines. The balance of TH cells is main-

tained by a set of cytokines expressed in each cell type. Zinc defi ciency reduces TH1 cytokines, 

mostly interferon-γ (IFN-γ) and IL-2, while TH2 cytokines are not affected [257,258]. IL-2 affects 

T cell growth, but also NK cell activity, while IFN-γ is important for macrophage activation. In this 

way, the action of zinc on T cells compromises the functions of other immune cells.

While the functions of most immune cells, such as T and NK cells, are suppressed in response 

to elevated zinc concentrations, monocytes/macrophages respond with elevated production 

and release of proinfl ammatory cytokines [247], and intracellular zinc signals are involved in 

the LPS-induced production of these cytokines [273]. However, this effect is concentration depen-

dent as high zinc concentrations can inhibit lipopolysaccharide-induced production of the same 

cytokines [175].

Unlike in the case of monocytes, in vitro zinc supplementation does not stimulate secretion of 

cytokines from mast cells. However, cytokine secretion of mast cells in response to physiological 

stimuli seems to depend on zinc. Thus, crosslinking of the high-affi nity immunoglobulin E receptor 

releases zinc from an intracellular store in mast cells. The process is dependent on calcium infl ux 

and MAPK/ERK activation. Chelation of zinc impairs nuclear factor κB (NF-κB) activation and 

abrogates proinfl ammatory cytokine production triggered by crosslinking FC-receptors [270,274]. 
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A comparable effect was observed in epithelial cells, which also produce cytokines. Here, chelation 

of zinc inhibits the production of several chemokines in response to tumor necrosis factor-α (TNF-α) 

stimulation [275].

In conclusion, many studies during zinc defi ciency and zinc supplementation support the signifi -

cance of zinc and zinc signaling for the immune system in vivo. They are supported by in vitro 

observations that demonstrate the requirement of zinc for the development and function of immune 

cells, and for a coordinated defense based on cellular communication via cytokines. The direct 

effects of zinc on the immune system infl uence the susceptibility toward infections, allergies, auto-

immunity, and tumor surveillance, with serious consequences of zinc defi ciency for an individual’s 

health. In addition, the zinc status has poorly understood, long-term consequences on the immune 

system. Thus, gestational zinc defi ciency results in measurable immunological changes in the 

 offspring but also in subsequent generations, indicating that epigenetic effects of zinc on the immune 

system extend over several generations [276].

8.7 SYSTEMIC ZINC HOMEOSTASIS

This chapter would be incomplete without a discussion of systemic zinc homeostasis. The human 

body (70 kg) contains 2–3 g of zinc [277]. Zinc concentrations in tissues vary by at least one order 

of magnitude, from approximately 100 μg/g wet tissue in bone to approximately 10 μg/g in brain. 

Per gram of ash, there is also a 10-fold difference, with brain being lowest (0.8 mg/g) and prostate 

being highest (9.2 mg/g). In blood plasma, the zinc concentration is yet another order of magnitude 

lower, that is, 1 μg/g, 10–100 times lower than in most tissues, suggesting that an active transport 

process is necessary for maintaining higher cellular zinc concentrations. Together, skeletal muscle 

(57%) and bone (29%) account for 86% (2.3 g) of body zinc. Skin (6%) and liver (5%) add another 

11%, leaving only about 3% for the remaining tissues [278]. The uneven zinc distribution in organs 

refl ects the specialization of cells with regard to zinc.

Zinc is mainly an intracellular ion. Zinc in blood plasma accounts for less than 3 mg of body 

zinc, about 0.1%. The range that is considered normal is 12–18 μM (78–117 μg/dL). In zinc defi -

ciency or in disease due to an acute phase response associated with infection, these values can be 

lower, but acute catabolism increases the plasma concentrations. In blood, 84% is bound to albumin, 

15% to α2-macroglobulin, and an estimated 1% to amino acids. Because total zinc in blood plasma 

represents only such a minor fraction of the total body zinc and cellular zinc is under the control of 

additional homeostatic mechanisms, measurements of serum or plasma zinc are not reliable indica-

tors of the adequate zinc status in tissues.

At present, the recommended dietary allowance (RDA) of zinc is 11 mg for men and 8 mg for 

women (age 19–71+). With an absorption effi ciency of less than 50%, the net requirement is about 

3–4 mg [estimated average requirement (EAR)]. RDA and EAR are based on endogenous secretion, 

namely a linear correlation between excretion and uptake. Thus, only about 0.1% of body zinc, 

roughly the zinc in whole blood, is replenished every day and effi cient homeostatic mechanisms 

control the maintenance of body zinc. Only approximately 24% of the zinc content of whole blood 

is found in the plasma. The major fraction (~74%) is in the erythrocytes, while leukocytes contribute 

only a minor fraction (~2.5%). The predominance of erythrocyte zinc results from the relative high 

numbers of these cells in blood. On a per cell basis, the zinc content of leukocytes is more than 20 

times higher than that of erythrocytes [279].

Zinc from pancreatic and intestinal secretions and from digesting food is absorbed downstream 

in the jejunum, ileum, cecum, and perhaps ascending colon. The downstream absorption is crucial 

for the maintenance of zinc homeostasis. Absorption effi ciency is the primary control of total body 

zinc [280]. This regulation allows the body to respond to relatively large fl uctuations of zinc in the 

diet. However, indigestible zinc-binding ligands have a major effect on bioavailability.

During development, considerable redistribution of zinc occurs among bone, liver, and muscle. 

The liver is thought to be a central organ in zinc metabolism. Kinetically, there are at least two 
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major metabolic pools, one with rapid turnover (12.5 days) and one with slow turnover (300 days) 

[280]. Kinetically fast tissues are primarily the liver, but also the kidney, pancreas, and spleen. 

When the sources for zinc under zinc defi ciency were investigated in fully grown rats, the skele-

ton was identifi ed as the major source [281]. Several phases were observed. First, fecal losses 

were counterbalanced by mobilization of zinc from the skeleton. Second, mobilization of zinc 

changed transiently to soft tissue (muscle and adipose tissue). Third, mobilization from the skel-

eton resumed until stores from which zinc can be mobilized are exhausted, resulting in severe 

zinc defi ciency.

Little is known about hormonal regulation of zinc metabolism. Administration of adrenocortico-

tropic hormone (ACTH), which stimulates the production of glucocorticoids in the adrenal cortex, 

lowers serum zinc concentrations by 30–40% within 3–4 h with concomitant uptake in the liver 

[282]. An IL-6-mediated mechanism induces Zip14 on hepatocytes during the acute phase response 

[283]. A variety of other stresses lower plasma zinc, increase zinc uptake in tissues, and cause 

hypozincemia. During anabolism, tissues take up zinc, but during catabolism, zinc is lost from tis-

sues and excreted in the urine. A possible relationship to intermediary metabolism is further indi-

cated by a cyclic eating pattern in zinc defi ciency accompanied by cyclic changes of zinc in blood 

plasma [284].

8.8 CONCLUSION

The science of zinc biology appears to undergo a paradigm shift. For many decades, the focus has 

been on the discovery of zinc proteins and the characterization of their structures and functions. 

The multiple consequences of zinc defi ciency were considered to be the result of a loss of function 

of these zinc-binding proteins. However, symptoms of zinc defi ciency often precede a measurable 

reduction of protein-bound zinc or even a reduction of plasma zinc levels. The idea is taking hold 

that the free zinc ion pool is not just needed for supplying apoproteins with zinc, but that it is tightly 

regulated and serves a role in intracellular and intercellular signaling in neurotransmission, immune 

responses, and cellular proliferation, differentiation, and death.

What are the next questions to be addressed? The molecular structures of regulatory zinc- binding 

sites are virtually unknown and so are the number of targets of zinc ions. The concentrations of 

signaling zinc ions are many orders of magnitude lower than the total concentrations of structural 

and catalytic zinc sites in proteins. Hence, their characterization continues to be a major analytical 

challenge, although exceptional progress has been made recently through the applications of fl uo-

rescent chelating agents that distinguish total from free zinc. It will be necessary to defi ne further 

the amplitudes and durations of physiological zinc signals and the processes that trigger them. The 

signifi cance of zinc signals will need to be demonstrated in vivo, because cultured cells encounter-

ing concentrations of several hundreds of micromolar zinc in the presence of only a fraction of the 

physiological concentrations of zinc-binding serum proteins are clearly not conditions that pertain 

in vivo. To what extent zinc ions entering cultured cells mimic zinc signals that are generated by 

physiological processes needs to be established. Yet, results from studies with cultured cells will 

continue to direct our attention to additional physiological roles of zinc ions. We now know that free 

zinc ions have a paracrine but likely not an endocrine effect. The interactions of zinc ions with many 

cellular signaling pathways indicate regulatory functions that critically contribute to the physiology 

in every cell of the human body. Perturbation of such a system is likely the cause for many diseases 

with at present poorly defi ned etiologies.
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9 Glutathione, Protein Thiols, 
and Metal Homeostasis

Lawrence H. Lash

9.1 INTRODUCTION

The underlying chemical basis for much of the biological activity of heavy metals, such as mercury 

(Hg)*, cadmium (Cd), and arsenic (As), is their strong reactivity with sulfhydryl groups on both 

 low-molecular-weight thiol compounds and the cysteinyl residues of proteins. Because of its pre-

dominance as the major intracellular nonprotein thiol compound, glutathione (GSH) is of particular 

importance in the disposition of many metals. Besides its presence in cells, GSH is also found extra-

cellularly in plasma [1–7]. This presence suggests that metals are likely to be bound to GSH and 

translocated through the plasma to various tissues. Although GSH binds tightly to metals, Oram and 

colleagues [8] calculated that the formation constant of the 1:2 complex between Hg2+ and GSH is 

actually substantially smaller than what was originally thought. This has important implications for 

metal ion disposition, because it suggests that metals bound to GSH may exchange with other 

ligands. Such exchanges are, of course, necessary for the metal ions to interact with cellular mole-

cules to produce their biological effects.

* When the precise speciation of the metal is not known or when a general reference is made to the metal without regard to 

its specifi c form, only the symbol (e.g., Hg, Cd, and As) is used.
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Besides GSH, other low-molecular-weight thiols that are present in plasma, and thus may infl u-

ence the interorgan distribution of metal ions such as Hg2+ and Cd2+, include l-cysteine (l-Cys) and 

l-homocysteine [4,5,9]. By far, the most predominant thiol groups in plasma, however, are those 

present in albumin [10]. The ligand to which the metal ion is bound when it is presented to a target 

tissue is critical in determining the mechanism by which the metal ion enters cells. Thus, whereas 

metal ions bound to albumin typically enter target cells, such as hepatocytes or renal proximal tubular 

cells, by endocytosis or by exchanging with other ligands, metals ions bound to low-molecular-

weight thiols can be transported directly into cells by specifi c membrane carrier proteins, as 

described later in this chapter and elsewhere in this book. For the kidneys as the target organ, the 

ligand to which the metal is bound will infl uence the proportion of exposure of the tissue that occurs 

by glomerular fi ltration as compared to that in renal plasma.

This chapter summarizes the current state of knowledge on the interactions between GSH and 

protein thiols with metals, focusing on Hg, Cd, As, and Se. The fi rst three metals are nonessential 

metals to which humans and animals are typically exposed in environmental contaminations, 

although As is also a component in some therapeutic agents. Se is an essential trace metal that 

serves as a prosthetic group for a selected number of enzymes, is toxic in excess, and plays impor-

tant roles in cellular responses to oxidative stress. After a review of how GSH and GSH S-conjugates 

are handled in the body and how complexes of GSH with metals mimic other GSH S-conjugates, the 

next section presents the interaction between metals and thiols, focusing on the infl uence of thiols 

on metal ion disposition and toxicity. This includes both the effect of exogenous GSH as well as the 

infl uence of different intracellular GSH concentrations on metal ion disposition and toxicity. The 

fi nal section considers the infl uence of these metals on GSH and thiol status in cells, both in terms 

of effects on target tissue concentrations as well as effects on gene expression that lead to changes 

in cellular GSH status.

9.2 INTERORGAN METABOLISM OF GSH AND METAL TRANSPORT

9.2.1 GSH SYNTHESIS AND DEGRADATION

To understand the functions of GSH in metal ion disposition and modulation of metal ion toxicity, 

it is fi rst important to understand how GSH concentrations and redox status are determined in cells 

and some of the basic functions of GSH. Accordingly, this section summarizes how GSH is synthe-

sized and degraded, how these processes are regulated, how GSH and GSH S-conjugates are trans-

located from certain tissues (primarily the liver) and taken up by other tissues (primarily the 

kidneys), specifi c pathways for GSH and GSH S-conjugate transport in the two major target organs 

of interest in this chapter (viz., the liver and kidneys), and how complexes between metals and GSH 

are essentially handled like other GSH S-conjugates.

GSH is the predominant nonprotein thiol in most cells, being present at concentrations of 

1–7 mM, depending on cell type and physiological state. As such, it plays numerous, critical roles 

in the metabolism of reactive electrophiles, peroxides, various hormones and prostaglandins, and in 

the thiol–disulfi de status of cysteinyl sulfhydryl groups of proteins. GSH is a tripeptide containing 

the amino acids l-glutamate (l-Glu), l-Cys, and glycine (Gly) (Figure 9.1). The two key features of 

its structure are the thiol group on the cysteinyl residue and the linkage of the l-Glu and l-Cys resi-

dues through the γ-carboxyl group of l-Glu and the α-amino group of l-Cys. The fi rst feature, the 

thiol group, is what gives GSH its biochemical functions, as it imparts on the molecule the proper-

ties of being a reductant and nucleophile. The second feature, the so-called γ-glutamyl or isopeptide 

bond, stabilizes the GSH molecule, preventing it from being degraded by proteases. Moreover, the 

resistance to proteolysis or degradation by all but a specifi c enzyme, γ-glutamyltransferase (also 

called γ-glutamyltranspeptidase; GGT; EC 2.3.2.2), enables GSH to be secreted from tissues 

( primarily the liver) and travel via the circulation to other tissues for extraction (see below discus-

sion on interorgan transport pathways).
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GSH synthesis and degradation occur by two separate pathways, which enable more effi cient 

control of the two processes and maintain tight control of GSH levels. GSH is synthesized from its 

precursor amino acids by two ATP-dependent reactions that occur predominantly, if not entirely, 

within the cytoplasm [11,12]. The fi rst reaction is catalyzed by γ-glutamylcysteine synthetase (also 

called glutamate–cysteine ligase; GCS; EC 6.3.2.2), is the rate-limiting step in GSH synthesis, and 

produces l-γ-glutamyl-l-cysteine. The second step attaches Gly to a peptide bond to form GSH and 

is catalyzed by GSH synthetase (GS; EC 6.3.2.3). Because l-Glu and Gly are usually present at 

concentrations equal to or above the Km values and are readily obtained by conversion from other 

amino acids, they are not limiting for GCS. In contrast, l-Cys is an essential amino acid that can 

only be obtained from dietary l-Cys or l-Met and is typically present in the cell at concentrations 

below the Km value of 0.3 mM, making it limiting for GCS [13]. Thus, the two major factors that 

regulate GSH biosynthesis are the availability of l-Cys for GCS and feedback inhibition of GCS by 

GSH (Ki = 2.3 mM).

Modulation of GSH synthesis activity is an effective means of altering cellular GSH concentra-

tions to investigate its role in a given process of interest. For example, a series of sulfoximine deriva-

tives were developed by Meister and colleagues [14–16] as potent and selective inhibitors of GCS. 

Among these, buthionine sulfoximine (BSO) is the most potent and selective inhibitor and has 

become a standard reagent for the depletion of cellular GSH levels. Other ways of depleting cellular 

GSH include the addition of substrates for GSH S-transferases (GSTs), such as diethyl maleate 

(DEM) or N-ethylmaleimide (NEM). Because GCS expression and activity are tightly regulated, 

including the aforementioned feedback inhibition by GSH, approaches to increase cellular concen-

trations of GSH are more limited. As discussed below, addition of GSH or l-γ-glutamyl-l-cysteine 

can be used to increase GSH content of renal proximal tubular cells. Other cell types, such as 

(GSH)
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L-Cys-Gly
+ L-Glu
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FIGURE 9.1 Summary scheme of GSH metabolism and GSH-dependent functions. GSH synthesis occurs by 

the sequence of two reactions on top, whereas degradation occurs by the reactions catalyzed by GGT and DP. Reac-

tions of GSH can be divided into the fi ve categories as shown in the fi gure. Abbreviations: Ac, acceptor for GGT 

transpeptidation reaction; DP, dipeptidase; GCS, γ-glutamylcysteine synthetase; GGT, γ-glutamyltransferase; 

GLRX, glutaredoxin; GPX, glutathione peroxidase; GS–Cd–SG, diglutathionyl complex with Cd2+; GS–Hg–SG, 

diglutathionyl complex with Hg2+; GS–R, GSH S-conjugate; GST, GSH S-transferase; PrSH, protein sulfhydryl; 

PrS–SG; glutathionylated protein; ROH, alcohol; and ROOH, organic peroxide.
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hepatocytes or cardiac myocytes, for example, cannot use exogenous GSH because they lack trans-

port systems for uptake of GSH [17].

The GCS enzyme from rat kidney is a heterodimer, with a heavy subunit of Mr 73 kDa and a light 

subunit of Mr 28 kDa. The heavy subunit (also called the glutamate–cysteine ligase catalytic or 

GCLC subunit) provides the catalytic function for the enzyme whereas the light subunit (also called 

the glutamate–cysteine ligase modulatory or GCLM subunit) modulates the kinetic properties of 

the catalytic subunit [18–21]. Although GCLM is catalytically inactive, it functions in a modulatory 

manner, as the name suggests, by lowering the Km for l-Glu and by increasing the Ki for GSH. This 

results in increased catalytic effi ciency and less feedback inhibition by GSH. GCLM, although 

important, however, is not essential as Gclm–/– knockout mice are viable but have markedly reduced 

levels of cellular GSH [22].

In contrast with synthesis, GSH degradation occurs exclusively extracellularly and is mediated 

by GGT and a membrane-bound dipeptidase (DP; cysteinylglycine dipeptidase—EC 3.4.13.6 or 

aminopeptidase M—EC 3.4.11.2). In the kidneys, GSH degradation occurs almost exclusively in 

the proximal tubules and is localized on the luminal or brush-border plasma membrane (BBM). 

GGT is an integral membrane glycoprotein that is constitutively expressed at high levels in adult 

animals in tissues such as kidneys, intestine, choroid plexus, and epididymus. Although GGT is 

highly expressed in perinatal liver, it is almost undetectable in adult liver. Conversely, a perinatal 

kidney exhibits very low levels of GGT, whereas an adult kidney expresses very high levels of 

GGT [23,24]. In fact, although the ratio of GGT activity in the kidneys to that in the liver varies 

considerably among species (ranging from ~800:1 in rats to ~400:1 in rabbits to ~100:1 in pigs and 

humans), the kidneys have by far the highest GGT activity of any tissue. As described below, this 

fact plays a major role in determining patterns of interorgan translocation of GSH and GSH 

S-conjugates.

GGT cleaves the γ-glutamyl peptide bond of GSH, transferring the glutamyl residue either to 

water (hydrolysis reaction) or to an amino acid or peptide acceptor (transpeptidation reaction) 

(Figure 9.1). Some dipeptides and most neutral amino acids are good acceptors, whereas branched-

chain, acidic, and basic amino acids are poor substrates and d-amino acids and l-proline are inac-

tive. Besides GSH, various S-substituted derivatives of GSH, including GSH S-conjugates of reactive 

electrophiles, GSH complexes with metal ions, and various γ-glutamyl amino acids and peptides, 

are also substrates. The importance of GGT in overall maintenance of GSH and sulfur amino acid 

homeostasis is highlighted by the observations that both treatment of animals with a potent GGT 

inhibitor and a patient with a severe GGT defi ciency exhibited profound glutathionuria, l-γ- glutamyl-

l-cysteinuria, and cysteinuria [25,26].

The fi ve major categories of GSH-dependent functions are also shown in Figure 9.1, and they 

include detoxication of reactive electrophiles, as mediated by GSTs, peroxide reduction, as medi-

ated by GSH peroxidase (GPX; EC 1.6.4.2), glutathionylation of proteins, as mediated by enzymes 

such as glutaredoxin (GLRX), function as a coenzyme in various drug metabolism and hormone 

biosynthetic reactions, and in conjugation or complexation of divalent metal ions.

9.2.2 PATHWAYS FOR INTERORGAN TRANSPORT OF GSH AND GSH S-CONJUGATES

Being degraded only by GGT and being resistant to other proteases, GSH and GSH S-conjugates 

can translocate as the intact tripeptide or conjugate through the circulation. For GSH, this capability 

allows it to serve as a reservoir for l-Cys for protein synthesis or resynthesis of GSH. For GSH 

S-conjugates, this capability enables movement from the primary site of synthesis to the primary site 

of further metabolism and/or excretion. Because of its high biosynthetic capacity and high activity 

of GST, liver is the primary source of extracellular GSH and GSH S-conjugates, respectively. 

In turn, because it is the predominant site of GGT activity in the body, kidneys are the primary tissue 

that extracts GSH and GSH S-conjugates from the circulation. As shown in Figure 9.2, there are 

both enterohepatic and renal–hepatic circulations that are involved in the turnover and interorgan 
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distribution of GSH S-conjugates. Thus, GSH S-conjugate that is formed in the liver is exported 

across the canalicular plasma membrane (CPM) to either bile or plasma; the former is degraded by 

biliary and/or small-intestinal GGT and DP to yield the corresponding cysteine S-conjugate, which 

returns to the liver. Some of the hepatic cysteine S-conjugate is converted to the mercapturate (i.e., 

N-acetylcysteine S-conjugate) and these two forms, along with any GSH S-conjugate, can be 

exported across the sinusoidal plasma membrane (SPM). These three forms enter the renal circula-

tion where a portion (~30% during a single pass through the renal circulation) is fi ltered by the 

glomerulus and enters the tubular lumen. Luminal GSH S-conjugate is degraded by GGT and DP on 

the BBM to the cysteine S-conjugate, which is taken up into the proximal tubular cell for further 

metabolism. The nonfi ltered fraction can be taken up by specifi c transporters on the basolateral 

plasma membrane (BLM). Intracellular GSH S-conjugate is readily exported into the lumen by 

transport across the BBM.

The classic view of GSH and GSH S-conjugate interorgan metabolism included effl ux from the 

liver and renal extraction by glomerular fi ltration, degradation on the BBM by GGT and DP, and 

uptake into proximal tubular cells of the constituent amino acids and the corresponding cysteine 

S-conjugate [13,27–31]. The concept that GSH or GSH S-conjugates were transported into cells as 

the intact molecules was considered an artifact [32–34] despite the observation that most of the renal 

extraction occurs at the BLM and not at the BBM. However, studies in the isolated perfused rat 

kidney [35–38], isolated proximal tubular cells from rat kidney [39], isolated proximal tubules from 

rabbit kidney [40], and isolated BLM vesicles from rat renal cortex [41,42] provided the defi nitive 

proof that GSH could indeed be transported across the BLM from renal plasma into the proximal 

tubular cell as the intact tripeptide.
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Cys–R NAcCys–R
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GS–R
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Bile/
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NAcCys–R
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FIGURE 9.2 Interorgan pathways for transport and metabolism of GSH S-conjugates. The scheme sum-

marizes the interorgan fl ux, via enterohepatic and renal–hepatic circulations, and metabolism of GSH 

S-conjugates (GS–R). Abbreviations: AcCoA, acetyl-CoA; BBM, brush-border membrane; BLM, basolateral 

membrane; Cys–R, cysteine S-conjugate; NAcCys–R, N-acetyl-l-cysteine S-conjugate; and R-X, electrophilic 

substrate for GST.
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9.2.3 HEPATIC GSH AND GSH S-CONJUGATE TRANSPORT

Liver is the predominant site of GSH conjugation as up to 5% of total cytoplasmic protein is GST 

[43]. Although GSH conjugation can occur in several other tissues, including the kidneys (cf. Figure 

9.2), the primary fl ux of GSH S-conjugate is from the liver to the kidneys, either by direct transport 

across the SPM into plasma or by transport across the CPM into bile, subsequent enterohepatic 

circulation, and effl ux into plasma. The membrane carriers identifi ed as transporting GSH 

S-conjugates across the SPM and CPM are illustrated in Figure 9.3. On the CPM, one member of 

the multidrug resistance-associated protein (Mrp) family of transporters, Mrp2 (Abcc2), can trans-

port GSH and GSH S-conjugates [44,45]. On the SPM, the organic anion polypeptide transporter 

1a1 (Oatp1a1; Slco1a1) has been shown to transport both GSH and GSH S-conjugates in exchange 

for other organic anions [44–46]. There are also two Mrp proteins, Mrp1 and Mrp4 (Abcc1 and 

Abcc4, respectively), that may function in GSH S-conjugate effl ux.

Despite the presence of several putative transporters on the SPM, most of the fl ux of GSH 

S-conjugates of halogenated solvents from hepatocytes appears to be across the CPM into bile, 

except at relatively high concentrations [47]. What is clear, however, is that under all physiological 

conditions, there is a very specifi c directionality of fl ux of GSH or GSH S-conjugates from the liver 

[48–50]. It is not clear, however, whether the fl ux of GSH complexes with metal ions exhibits a simi-

lar directionality with fl ux predominantly into bile. It is likely, however, that even if such complexes 

are handled similarly as those with halogenated solvents, metabolism and enterohepatic and renal–

hepatic circulation would end up delivering the metal ion to the kidneys in the form of complexes 

with either GSH, l-Cys, or N-acetyl-l-cysteine (NAC) for ultimate excretion.

9.2.4 RENAL GSH AND GSH S-CONJUGATE TRANSPORT

In the case of kidneys, most of our attention focuses on the proximal tubules, because this cell popu-

lation is the primary target for nephrotoxic GSH S-conjugates and heavy metals. Additionally, the 

proximal tubule is also the cell population along the nephron with the most highly developed array 

of membrane transporters for uptake and effl ux of a broad range of chemicals, including organic 

anions and cations and amino acids [17,51].

As indicated in Figure 9.4, there are potentially three carriers on the BLM that may mediate 

uptake of GSH S-conjugates. These include Oat1 (Slc22a6), Oat3 (Slc22a8), and the sodium- 

dicarboxylate 2 carrier (NaC2; Slc13a3). Evidence is only correlative for the specifi c function of 

these carriers in the transport of GSH S-conjugates and direct evidence is limited for their function 

CPM SPM

GS–R

ATP + H2O

ATP + H2O

ADP + Pi

Mrp2

GS–R GS–R

OA–

GSH + R–X

Oatp1a1

ADP + Pi

Mrp1/4

Bile Plasma

FIGURE 9.3 Hepatic transport of GSH S-conjugates. The scheme summarizes the known pathways for 

transport of GSH S-conjugates (GS–R) across the CPM and SPM. GS–R are transported across the CPM by 

the ATP-dependent Mrp2 and are transported across the SPM by both Mrp1 or Mrp4 and the organic anion 

polypeptide transporting protein 1a1 (Oatp1a1).
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in transporting GSH. Early studies in isolated BLM vesicles from rat kidney cortex [41,42] showed 

that GSH uptake was mediated by both Na+-coupled and Na+-independent processes and was inhib-

ited by the nonspecifi c organic anion transport inhibitor probenecid. It was further shown in renal 

BLM vesicles and isolated proximal tubular cells from rat kidney [52] that a GSH S-conjugate com-

petes with GSH for uptake and exhibits similar properties with respect to Na+ ion dependence, 

energetics, and substrate specifi city, suggesting that they are transported, at least in part, by the 

same carrier(s). Other studies in proximal tubular cells from rat kidneys [53,54] showed that in addi-

tion to probenecid, p-aminohippurate (PAH) and dimethylsuccinate inhibited GSH uptake. PAH 

inhibition implicates function of either Oat1 or Oat3 whereas dimethylsuccinate inhibition and the 

direct coupling to Na+ ions implicate the additional function of NaC2. The only BLM carrier for 

which direct evidence of function in GSH transport exists is Oat3; bacterial expressed, purifi ed, and 

reconstituted rat Oat3 transported GSH in exchange for both PAH and 2-oxoglutarate (2-OG) and 

the latter two in exchange for GSH [55].

Although GSH uptake into BBM vesicles of rat kidney cortex can be measured [56], the direc-

tionality of transport under physiological conditions is from cell to lumen rather than from lumen to 
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FIGURE 9.4 Renal proximal tubular transport and metabolism of GSH S-conjugates. Renal proximal tubu-

lar cells are exposed to GSH S-conjugates (GS–R) either at the BBM by glomerular fi ltration or at the BLM 

from the renal plasma. In the tubular lumen, GS–R are sequentially degraded by GGT and DP activity to yield 

the corresponding cysteine S-conjugate (Cys–R), which is subsequently taken up into the proximal tubular cell 

by Na+-dependent amino acid transporters such as System b0+. Once inside the proximal tubular cell, Cys–R 

are N-acetylated to form the mercapturate, which is generally readily excreted into the urine after effl ux 

across the BBM. GS–R in the renal plasma is transported across the BLM by either the Oat1/3 in exchange for 

2-oxoglutarate (2-OG) or by the sodium-dicarboxylate carrier 2 (NaC2) with two sodium ions in a cotransport 

process. Once inside the proximal tubular cell, GS–R is effi ciently transported across the BBM into the tubu-

lar lumen by either the organic anion transporting polypeptide 1a1 (Oatp1a1) or the Mrp2/4, whereupon it is 

processed like the fi ltered GS–R.
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cell [25,57]. Because of the selective localization of GSH uptake carriers on the renal BLM and the 

predominance of GGT on the renal BBM, GSH degradation of both fi ltered GSH and intracellular 

GSH is critical for GSH and sulfur amino acid homeostasis in the body [25]. The presence of the 

GGT active site facing into the lumen necessitates the need for effl ux of intracellular GSH across 

the BBM but also prevents intracellular GSH from being degraded without the transport step. This 

is important both in terms of preserving intracellular GSH concentrations and also in separately 

regulating synthesis and degradation.

There are several putative carriers that may mediate GSH and GSH S-conjugate effl ux into the 

tubular lumen (cf. Figure 9.4). While there is no direct evidence for the function of any single carrier 

on the BBM, the best indirect evidence is for Oatp1a1; while its function in the renal proximal tubule 

has not been directly investigated, hepatic Oatp1a1, which is expressed on the SPM, does transport 

GSH in exchange for an organic anion (OA−) [44–46], as noted above. The other two potential car-

riers are Mrp2 and Mrp4. Whereas Mrp2 is expressed on the luminal membrane (BBM in the proxi-

mal tubule and CPM in the hepatocyte) in both liver and kidney, Mrp4 is expressed on the BBM in 

kidney but on the SPM in liver.

After the GSH S-conjugate is pumped out into the tubular lumen or arrives there by glomerular 

fi ltration, it is readily degraded to the cysteine S-conjugate, which is then taken back up into the 

proximal tubular cell by amino acid transporters such as system b0+. Inside the proximal tubular 

cells, cysteine S-conjugates are readily N-acetylated to form mercapturic acid, which is typically 

secreted back into the lumen for urinary excretion. This step thus completes the interorgan pathway 

by which GSH S-conjugate that is synthesized in the liver is metabolized in the biliary/small intes-

tinal epithelium or kidneys and is excreted into the urine.

9.2.5 METALS AS GSH S-CONJUGATES: IMPLICATIONS FOR TISSUE DISTRIBUTION

Although heavy metal ions such as Hg2+, Cd2+, and As3+(5+) are not metabolized per se and they do 

not exist to any appreciable extent as the free metal ion, they do undergo metabolism in the sense 

that they are bound to various ligands that affect their interorgan translocation and ultimate interaction 

with target tissues or excretion and the ligand can be metabolized. Because of the predominance of 

GSH and its high metal ion binding affi nity, complexes of heavy metals with GSH should be readily 

formed and found in various locations throughout the body. As discussed above, GSH S-conjugates 

undergo interorgan metabolism involving enterohepatic and renal–hepatic circulations and several 

discrete transport steps. Although the coordination complexes formed between metal ions and GSH 

are not chemically identical to the thioether conjugates formed between GSH and reactive electro-

philes of organic molecules, they appear to be largely functionally treated in the same manner [58]. 

This idea that complexes between GSH and metal ions are handled by the body in a manner analo-

gous to that for other GSH S-conjugates because of structural similarities is expressed as part of the 

concept of “molecular and ionic mimicry” [59–61].

The molecular mimicry concept has other important implications for the mechanism by which 

GSH–metal ion complexes are distributed in the body. It suggests that GSH–metal ion complexes 

are ultimately metabolized to cysteine or N-acetylcysteine conjugates and are transported out of the 

liver and taken up by renal proximal tubular cells by the same carriers as those identifi ed to function 

in the transport of other thioether S-conjugates, including Mrps, Oat1/3, and Oatp1a1. Another 

important consideration is that pathological or toxicological conditions that modify cellular GSH 

status, including oxidative stress or the presence of inducers of GSTs or other GSH-dependent 

enzymes, may alter the extent to which heavy metals can gain access to their target tissues. The 

extent of metabolism of the GSH moiety in the GSH–metal ion complex is important because 

cysteine and N-acetylcysteine S-conjugates for the most part use different transporters than GSH 

S-conjugates in both liver and kidneys. As discussed below, rates of metal ion conjugate transport 

also differ substantially as the thiol ligand varies.
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9.3  MODULATION OF TISSUE ACCUMULATION AND EXCRETION 
OF METALS BY GSH AND PROTEIN THIOLS

9.3.1 HEPATIC AND BILIARY GSH AND METAL TRANSPORT AND DISPOSITION

Liver functions not only as a potential target organ for, but also as an intermediary depository of, 

heavy metals. Hence, there are transport mechanisms for both uptake and effl ux of metals. Several 

studies by Ballatori and Clarkson [62–64] showed that hepatic secretion of both Hg2+ and methyl-

mercury (MeHg) into bile was dependent on the presence of GSH, forming a thiol–Hg2+ or thiol–

MeHg complex. They later showed that rats with a congenital defect in biliary GSH excretion also 

had impaired biliary excretion of MeHg [65]. Similarly, Sugawara et al. [66] found that the Eisai 

hyperbilirubinemic rat, which lacks hepatic canalicular organ anion transport, also exhibits markedly 

decreased rates of hepatobiliary secretion of Hg2+. Dutczak and Ballatori [67] also found that isolated 

canalicular membrane vesicles from rat liver transported a GSH–MeHg complex on the same carrier(s) 

as GSH, providing further evidence that hepatic Hg2+ or MeHg transport is linked with that of GSH.

The importance of biliary effl ux of Hg2+ in terms of overall disposition and the renal accumula-

tion of Hg2+ was highlighted in studies by Zalups and colleagues [68,69]. In these studies, either 

diversion of biliary fl ow from the liver to the intestines or biliary ligation markedly reduced renal 

accumulation of Hg2+, particularly in the cortex and outer stripe of the outer medulla. Furthermore, 

modulation of both hepatic and renal GSH by in vivo treatment with either l-buthionine-S,R-sulfox-

imine (BSO) or DEM to deplete GSH or l-(αS,5S)-α-amino-3-chloro-4,5-dihydro-5-isoxazole ace-

tic acid (acivicin) to inhibit GGT, had varying effects on the renal and hepatic accumulation of Hg2+. 

Modulation of GSH status in conjunction with biliary ligation had additive effects in causing reduc-

tions in net renal accumulation of Hg2+. At the same time, such manipulations increased hepatic 

retention of Hg2+. These results provide further support for the concept that some fraction of the 

renal accumulation of Hg2+ is linked mechanistically to the hepatobiliary and GSH systems.

Other potential thiol ligands for heavy metals, such as lipoic acid, also appear to infl uence biliary 

excretion, although their effect is likely through modulation of GSH status. For example, studies by 

Gregus et al. [70] found that lipoic acid reduced biliary effl ux of MeHg, Cd, zinc, and copper by 

forming a dihydrolipoic acid–GSH mixed disulfi de in the liver. The mixed disulfi de thus formed 

prevented GSH from forming a complex with the metals, thereby inhibiting their biliary effl ux. This 

further supports the importance of GSH in the hepatic effl ux of these metals.

9.3.2 PLASMA THIOLS AND METAL DISPOSITION

Although the thiol–disulfi de redox status in plasma is considerably more oxidized than that inside 

cells [5], there is a large pool of protein and nonprotein thiols/sulfhydryl groups to which metals 

such as Hg and Cd can bind. Quantitatively, the cysteinyl sulfhydryl groups on serum albumin rep-

resent the largest metal-binding entity, with albumin containing eight cysteinyl residues per mole-

cule. With albumin being a large protein (Mr = 66 kDa), however, metal ions bound to it are not 

normally fi ltered at the glomerulus to a large extent and cannot be directly transported across cel-

lular membranes. As noted in the studies by Oram et al. [8], however, the existence of high binding 

affi nity does not preclude exchange reactions occurring between albumin and other ligands. Both 

GSH and l-Cys are present in plasma at concentrations ranging from 1 to 20 μM, whereas the 

respective disulfi des, glutathione disulfi de (GSSG), and l-cystine are present at similar to higher 

concentrations [1–7].

As described in Section 9.2.2 about interorgan metabolism of GSH and GSH S-conjugates, the 

presence of an isopeptide bond between the γ-carboxyl group of the glutamyl residue and the 

α-amino group of the cysteinyl residue is a critical feature of the GSH molecule, making it resistant 

to the various proteases in plasma and cells. Being degraded only by GGT, GSH and GSH 

S-conjugates, which derive primarily from the liver, can translocate as the intact molecule through 
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circulation and move to other target tissues. Because the kidneys are the predominant site of GGT 

activity in the body, they are the primary tissue that extracts GSH and GSH S-conjugates from the 

circulation. These facts suggest that the major transportable forms of metals such as Hg or Cd in the 

plasma will be complexes with either GSH or l-Cys. Besides GSH and l-Cys, l-homocysteine is 

also involved in the translocation and renal cellular uptake of Hg2+ [71]. Because of the importance 

of plasma l-homocysteine in different pathophysiological states, variations in l-homocysteine may 

alter metal ion distribution and, therefore, susceptibility to metal-induced toxicity.

9.3.3 RENAL GSH AND TRANSPORT, DISPOSITION, AND TOXICITY OF MERCURY

This section discusses how variations in GSH status can directly and markedly infl uence the renal 

transport, disposition, and toxicity of Hg. The fi rst subsection reviews the data on how administra-

tion of exogenous GSH can directly impact the renal handling of Hg and the consequences of expo-

sure to this metal. The second subsection focuses on how preexisting changes in renal GSH status 

impact Hg handling and toxicity in the kidneys. Although one would intuitively think that adminis-

tration of GSH or the existence of a condition in which intracellular GSH concentrations are elevated 

would automatically result in protection from mercury-induced nephrotoxicity, this is not necessar-

ily the case because of what can be seen as a dual role for GSH in the handling of Hg. As described 

below, it will become clear that under certain conditions, addition of GSH is protective by forming 

a complex with Hg, thereby preventing the metal from interacting with critical sulfhydryl groups on 

structural proteins or enzymes that could lead to their inactivation or altered structure and confor-

mation. Under other conditions, however, formation of a GSH–Hg complex promotes the renal cel-

lular uptake and accumulation of Hg, thereby enhancing cytotoxicity.

9.3.3.1 Exogenous GSH
There are four distinct mechanisms by which Hg and GSH have been reported to interact in the 

kidneys to explain the infl uence of exogenous GSH on Hg transport, disposition, and toxicity (Figure 

9.5): (1) Exogenous GSH can increase intracellular GSH, which can then act as a sink for Hg, pre-

venting it from interacting with other cellular thiols, such as those on critical enzymes and struc-

tural proteins, thereby diminishing toxicity; (2) extracellular GSH can increase intracellular GSH, 

which can then act as a sink for Hg, enhancing intracellular accumulation of the metal, thereby 

enhancing toxicity; (3) extracellular GSH can bind to Hg, preventing its interaction with membrane 

or intracellular protein thiol groups, thereby diminishing toxicity; and (4) extracellular GSH can 

bind Hg, forming a complex that serves as a transport form of Hg, thereby enhancing its intracel-

lular accumulation and enhancing toxicity.

The key to understanding how exogenous GSH infl uences Hg accumulation and toxicity by such 

diverse mechanisms depends on a clear defi nition of the conditions of exposure of renal cells to Hg 

and GSH in terms of time and relative concentrations. The following will summarize the literature 

on the infl uence of exogenous GSH, acting both as an extracellular and intracellular ligand for Hg, 

focusing primarily on Hg2+, because most of the available literature has studied this form rather than 

MeHg or other forms.

9.3.3.1.1 Exogenous GSH Infl uencing Intracellular GSH Levels
Berndt and colleagues [72,73] investigated the effects of modulation of renal GSH metabolism on 

the renal disposition of administered HgCl2 in mice. Inhibition of GSH degradation with acivicin 

led to increased urinary excretion of both GSH and Hg2+ whereas GSH depletion with either DEM 

or BSO increased Hg2+-induced nephrotoxicity but decreased renal accumulation of Hg2+. Hepatic 

GSH was not similarly altered with the GSH-depleting agents. Thus, these data suggested that the 

relationship between renal accumulation of Hg2+ and Hg2+-induced nephrotoxicity is not straightfor-

ward. Zalups and Lash [74] performed similar studies in rats, with the important difference being 

that the infl uence on Hg2+ disposition of modulation of renal and hepatic GSH status was studied 
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with a nontoxic dose of HgCl2. Rats received an injection of 0.5 μmol HgCl2/kg after pretreatment 

with either acivicin to inhibit GGT, BSO to inhibit GSH synthesis, or DEM to deplete GSH by con-

jugation. Whereas acivicin and DEM decreased renal GSH and renal Hg2+ content, BSO decreased 

renal GSH content but had no signifi cant effect on renal Hg2+ content. Pretreatment with both BSO 

and DEM together signifi cantly increased hepatic Hg2+ content, which was interpreted as being due 

to a decreased ability of hepatocytes to export Hg2+ as the Hg2+–GSH complex.

Tanaka et al. [75] and Tanaka-Kagawa et al. [76] pretreated mice with acivicin and found that 

after administration of HgCl2, renal Hg2+ content decreased, Hg2+ and GSH excretion in urine 

increased, and nephrotoxicity decreased. These fi ndings suggested that renal Hg2+ uptake and accu-

mulation is linked to GSH and is dependent on GGT activity. Similar fi ndings were found for MeHg 

disposition [76]. de Ceaurriz et al. [77] similarly found that rats pretreated with acivicin exhibited 

decreased renal accumulation of Hg2+, increased urinary Hg2+ excretion, and decreased HgCl2-

induced nephrotoxicity. However, GSH content was increased in both kidneys and plasma. Thus, 

despite the increase in renal GSH content, Hg2+ accumulation and nephrotoxicity were decreased, 

suggesting that GSH degradation was required for Hg2+ uptake. As discussed below, this is consis-

tent with complexes of Hg2+ with either cysteinylglycine or l-Cys, and not GSH, being the primary 

transport forms for Hg2+.
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FIGURE 9.5 Potential modes of interaction of Hg with GSH in renal proximal tubular cells. The scheme 

illustrates four potential modes of interaction between Hg and GSH, two each for intracellular and extracel-

lular GSH, respectively. (a) Left panel: For intracellular GSH, intracellular GSH may serve as a sink for Hg, 

resulting in the formation of a complex between Hg and GSH [Hg-(GS)2], thereby preventing reaction of Hg 

(likely in the form of Hg2+ ions) with protein sulfhydryl (PrSH) groups, which would otherwise form a complex 

(PrS–Hg). This mode of interaction leads to cytoprotection. Right panel: Intracellular GSH forms a complex 

with Hg, leading to increased intracellular accumulation of Hg, which can then form complexes with PrSH, 

leading to increased cytotoxicity. (b) Left panel: Extracellular GSH forms a complex with Hg, thereby prevent-

ing Hg from interacting with membrane protein sulfhydryl groups. The Hg from the Hg–(GS)2 complex thus 

formed may also be transported into the proximal tubular cell but would not appreciably interact with PrSH 

groups. This mode of interaction leads to cytoprotection. Right panel: Extracellular GSH forms a complex with 

Hg, thereby facilitating its uptake into the proximal tubular cell. Once inside the cell, Hg on the Hg–(GS)2 com-

plex can undergo an exchange reaction forming complexes with PrSH, thereby leading to cytotoxicity.
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Both Girardi and Elias [78] and Johnson [79] similarly treated rats with DEM prior to treatment 

with HgCl2, and found that this led to decreased renal GSH content. However, whereas Girardi and 

Elias [78] found that this produced increased renal accumulation of Hg2+ with decreased urinary 

Hg2+ excretion and increased renal toxicity, Johnson [79] found that the decrease in renal nonprotein 

sulfhydryl content was associated with a decrease in renal Hg2+ content and less of an impairment 

in renal function as compared with rats administered HgCl2 alone. Consistent with their results with 

DEM, Girardi and Elias [78,80] found that pretreatment with NAC resulted in increases in renal 

nonprotein sulfhydryl content, increased urinary Hg2+ excretion, decreased renal Hg2+ accumula-

tion, and decreased nephrotoxicity.

There have been fewer studies on the relationship between GSH status and MeHg disposition. 

Adachi et al. [81] administered three different diets to mice: a low-protein diet, a normal protein 

diet, and an amino acid-supplemented diet that contained sulfur amino acids. They found that the 

amino acid-supplemented diet resulted in increased levels of GSH, l-Cys, and l-homocysteine in 

plasma. This was accompanied by decreases in hepatic MeHg, marked decreases in renal MeHg, 

but increased uptake of MeHg in the brain.

9.3.3.1.2  Exogenous GSH as an Extracellular Ligand for Mercury and the Function of 
Mercury–GSH Complex as a Transport Form

A number of investigators have coadministered GSH or other thiols with Hg to assess the require-

ment for these thiols in transport and renal cellular accumulation. As with the studies described 

above on prior manipulations of renal GSH status, these studies often revealed differing results, 

depending on the particulars of the experimental design. In a second series of experiments, Tanaka 

et al. [75] coadministered GSH with HgCl2 and found that renal content of Hg2+ was increased as 

compared to mice administered HgCl2 alone. Their interpretation was that renal Hg2+ uptake occurs 

as a Hg2+–GSH complex that is dependent on GGT activity. Zalups and Barfuss [82] conducted a 

similar study in rats, but with a nontoxic dose of HgCl2 of 0.25 μmol/kg and a twofold higher 

amount of GSH. This coadministration of GSH and HgCl2 resulted in increases in plasma and renal 

Hg2+ content as compared to administration of HgCl2 alone. This was also interpreted as supporting 

a role for a Hg2+–GSH complex as a transport form for renal accumulation of Hg2+.

Several other studies have used other types of in vivo and in vitro renal models and have provided 

evidence that either a Hg2+–GSH complex or a complex of Hg2+ with another low-molecular-weight 

thiol promotes the renal proximal tubular uptake and accumulation of Hg2+. For example, in an in vivo 

study, Zalups [83] performed ureteral ligation on rats to reduce the glomerular fi ltration rate (GFR) 

to essentially zero, to examine the basolateral uptake of Hg2+ coupled to thiols. Hg2+ was administered 

as either HgCl2 or as Hg2+–GSH or Hg2+–Cys complexes. Coadministration of Hg2+ with GSH or 

l-Cys resulted in signifi cant increases in renal Hg2+ uptake. Pretreatment with the Oat inhibitor PAH 

decreased renal Hg2+ accumulation, consistent with Oat carrier proteins (Oat1 and/or Oat3) function-

ing in the renal proximal tubular uptake of both Hg2+–GSH and Hg2+–Cys complexes.

Other studies, however, are consistent with Hg2+–GSH complexes playing at best a minor role in 

transport but Hg2+–Cys complexes being the more likely transport forms. Studies in renal basolat-

eral and brush-border membrane vesicles from rat kidneys showed that when compared to HgCl2 

alone, incubation of membrane vesicles with Hg2+ and l-Cys in a 1:3 ratio resulted in a signifi cant 

increase in the binding and transport of Hg2+, whereas incubation with Hg2+ and either GSH or 2,3-

dimercapto-1-propanesulfonate (DMPS) in a 1:3 ratio resulted in only a minimal association of Hg2+ 

with the membranes [84]. Similarly, incubation of freshly isolated proximal tubular cells from rat 

kidney with either HgCl2 or Hg2+ and different thiol-containing compounds (l-Cys, GSH, bovine 

serum albumin (BSA), or DMPS) in a 1 mol Hg2+ to 4 mol thiol ratio showed that cellular accumula-

tion was found to be, in order of decreasing amount, Hg2+–Cys > HgCl2 > Hg2+–GSH > Hg2+–BSA, 

and Hg2+–DMPS [85]. In another study with freshly isolated proximal tubular cells from rat kid-

neys, Lash et al. [86] compared the effects of preloading cells with GSH and coadministration with 

GSH; preloading GSH resulted in increased HgCl2-induced cytotoxicity, consistent with the higher 
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levels of intracellular GSH acting as a sink for Hg2+; in contrast, coadministration of Hg2+ with GSH 

resulted in cytoprotection as compared with administration of HgCl2. Studies with acivicin to inhibit 

GGT activity had no effect on cytotoxicity. Coadministration with BSA resulted in complete cyto-

protection. Coadministration of Hg2+ with GSH in the renal proximal tubular cell line LLC-PK1 

cells signifi cantly protected against Hg2+-induced cytotoxicity [87] as did coadministration of GSH 

monoethyl ester in rats [88]. Other in vivo studies in rats [89], in vitro studies in basolateral mem-

brane vesicles from rat kidneys [90], and in vitro studies in rabbit proximal tubule fragments [91,92] 

provided evidence consistent with Hg2+–Cys being the most active and, under most conditions, pre-

dominant transport form of Hg2+ across renal plasma membranes.

From the large number of studies described above, we are left with the question of the involve-

ment of GSH in renal proximal tubular transport, accumulation, and toxicity of Hg2+ being unre-

solved. On the one hand, several studies have shown enhanced uptake and accumulation of Hg2+ 

with GSH coadministration. Other studies, however, have found little enhancement of uptake with 

GSH and much more enhancement with l-Cys. Some of the differences can be linked to the use of 

nontoxic concentrations of Hg2+ as compared with toxic concentrations of Hg2+. Other differences, 

however, are not clearly rationalized. The infl uence of GSH and other thiols, therefore, appears to 

be highly complex and variable. It is thus likely that all four mechanisms illustrated in Figure 9.5 

are operative under different conditions.

9.3.3.2 Uninephrectomy and Compensatory Renal Growth (NPX) Model
The NPX model of reduced renal mass illustrates further the complex relationship between renal 

cellular GSH status and the disposition and toxicity of Hg2+. Within a short period of time after 

functional renal mass is reduced by uninephrectomy, the remnant renal tissue undergoes a series of 

compensatory physiological, morphological, and biochemical changes [93–95]. This compensatory 

response is predominantly a cellular hypertrophy and, among tubular epithelial cells, occurs pri-

marily in the proximal tubules. At the tissue level, characteristics include increases in GFR, renal 

blood fl ow (RBF), and single-nephron GFR (SNGFR), while maintaining the tubuloglomerular 

feedback mechanism. The hypertrophied remnant kidney can thus be described as being in a state 

of hyperperfusion and hyperfi ltration, which is often accompanied by some degree of hypertension 

[93,96–98]. At the cellular and biochemical levels, characteristics include increases in cellular con-

tent of protein, BBM and BLM membrane surface area, rates of cellular energy metabolism, activi-

ties of various enzymes, and activities of membrane transporters involved in the uptake and effl ux 

of inorganic anions and cations, organic anions and cations, and various intermediary metabolites.

Although many processes or parameters increase in proportion to the increase in cellular protein, 

other processes increase disproportionately to protein, suggesting that they may have particular 

signifi cance for cellular function in the hypertrophied state. One such parameter is cellular GSH 

content, which was shown in several studies to be signifi cantly higher in renal homogenates from 

NPX rats, particularly in tissue from the outer stripe of the outer medulla, which is primarily com-

posed of proximal straight tubules [99,100]. One might expect that this increased GSH content 

would diminish oxidative stress and susceptibility to various forms of chemically induced nephro-

toxicity. This, however, is not the case as NPX rats in vivo and renal cells in vitro from NPX rats are 

actually more susceptible than normal rats or renal cells from normal rats to many toxicants, includ-

ing HgCl2. Some of these studies will be summarized here, with an emphasis on the relationship 

between renal GSH status and Hg2+ transport and toxicity.

Early studies comparing susceptibility of rats that had undergone uninephrectomy and compen-

satory renal growth (NPX rats) with that of control or sham-operated rats to Hg2+ universally found 

the NPX rats to be markedly more sensitive to Hg2+-induced nephrotoxicity [101–104]. Moreover, 

the increased toxicity was clearly associated, at least at the moderately toxic doses, with increased 

renal accumulation of Hg2+, particularly in the outer stripe of the outer medulla [100,104,105]. The 

same increase in susceptibility was retained in several in vitro models of proximal tubular cells 

from NPX rats [86,106,107]. The enhanced susceptibility to Hg2+-induced nephrotoxicity and 
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cytotoxicity is, as noted above, accompanied by increases in renal GSH content, especially in 

the nephron segment that primarily accumulates and becomes intoxicated by Hg2+, namely the 

pars recta or straight (S2) segment of the proximal tubules. Besides increases in cellular GSH 

content in kidneys from NPX rats as compared to those from control or sham-operated rats, activi-

ties of several GSH-dependent enzymes, including GCS and GSSG reductase (GRD), are signifi -

cantly increased [108–110]. Additionally, activities of several enzymes that are associated with 

mitochondrial energy metabolism and prominent, energy-dependent processes such as the 

(Na+ + K+)-stimulated ATPase, are also signifi cantly elevated in proximal tubules from NPX rats 

as compared to those from control rats [106,108–110]. Hence, in addition to changes in GSH 

redox status, compensatory renal hypertrophy is associated with profound changes in cellular 

energetics, and has been interpreted as the hypertrophied proximal tubule existing in a hypermeta-

bolic state [109–112].

Besides HgCl2, the hypertrophied proximal tubule, relative to that from normal kidneys, also 

accumulates more MeHg [113] after exposure to methylmercuric chloride and more Cd2+ after expo-

sure to either Cd-metallothionein (CdMT) [114] or CdCl2 [115]. Thus, despite signifi cant elevations 

in GSH content in the hypertrophied proximal tubule, both nephrotoxicity or in vitro cytotoxicity 

and accumulation of multiple metals, in multiple forms, are increased. This suggests that in this 

case, the enhanced intracellular GSH levels are functioning as a sink for the metals, thereby increas-

ing their intracellular accumulation, as shown in the right-side panel of Figure 9.5a.

9.3.4 CADMIUM TRANSPORT AND DISPOSITION

GSH has long been regarded as important in the cellular response to Cd, being considered a fi rst 

line of defense [116]. As with Hg, there is a complex interplay between GSH and Cd that can vary 

considerably with concentration, whether GSH is coadministered with Cd, and tissue. Whereas the 

kidney, in particular the proximal tubules, is the primary target organ for Hg2+, the kidney is only 

one of several major target organs for Cd2+. As with Hg2+, Cd2+ binds avidly to low-molecular-weight 

thiols and protein sulfhydryl groups. As one would expect, therefore, many of the specifi c molecular 

targets for Cd2+ that have been identifi ed are sulfhydryl-containing proteins. For example, in a series 

of studies, Prozialeck and colleagues [117–120] identifi ed intercellular junctions and E-cadherin in 

particular, as specifi c targets in renal and other epithelial cells. In part, the mechanism of action 

involves the displacement of endogenous Ca2+ ions by Cd2+, but sulfhydryl groups exist on many of 

the proteins that comprise the cellular cytoskeleton.

Sabolic et al. [121,122] demonstrated that the very early effects of exposure of proximal tubules 

to Cd2+ or CdMT involve direct interactions with BBM transporters, shortening and loss of microvilli, 

and the loss of specifi c transporters. These changes were linked to alterations in cytoskeletal protein 

polymerization, losses of actin, megalin, and villin, and increases of α-tubulin, all of which contain 

cysteinyl residues that are essential for their structure and conformation. Consistent with these fi nd-

ings, Kinne et al. [123] showed a potent inhibition by CdCl2 of Na+-dependent uptake of l-Glu in 

rabbit renal BBM vesicles. Interestingly, the same potent effect was not elicited by CdMT. This may 

be explained by the suggested mechanism of CdMT-induced nephrotoxicity involving uptake of 

CdMT by endocytosis, accumulation within lysosomes, with subsequent intracellular release of 

Cd2+ ions into the cytoplasm [124].

Pearson and Prozialeck [125] went on to hypothesize further that besides directly causing disrup-

tion of cell–cell junctions and acute cytotoxicity, Cd2+-induced disruption of E-cadherin-mediated 

cell adhesion and effects on cytoskeletal proteins can trigger the β-catenin signaling pathway, which 

can result in activation of oncogene expression in epithelial cells and an increase in the invasiveness 

of existing epithelial-derived cancers. In this manner, the authors proposed that Cd2+-induced dis-

ruption of E-cadherin-dependent cell–cell junction may be the initial, pivotal step in induction of 

cancer and/or tumor promotion. Cd is a well-established human carcinogen [126], including the 

induction of malignant transformation of prostate epithelial cells [127].
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Not surprisingly, therefore, coadministration of GSH or altered intracellular levels of GSH have 

been demonstrated to modulate proximal tubular accumulation and toxicity of Cd, although not 

always in predicted ways. Tang et al. [128] found that administration of either GSH or Zn2+ pro-

tected MT-null mice from CdMT-induced nephrotoxicity. The primary mechanism of protection 

was shown to involve a decrease in renal accumulation of Cd. Similarly, Wispriyono et al. [129] 

found that preincubation and coincubation of LLC-PK1 cells with NAC completely protected from 

CdCl2-induced cytotoxicity, which was associated with a twofold increase in cellular content of 

GSH and a decrease in Cd2+ uptake. Addition of BSO to inhibit GSH synthesis, however, did not 

abolish the protection, suggesting that NAC-dependent protection was independent of GSH status.

In an analogy with studies on renal Hg2+ uptake, Zalups [130] coadministered Cd2+ with GSH or 

l-Cys in either a 1:4 or 1:2 ratio, and found that both thiols resulted in enhanced renal accumulation 

of Cd2+. This suggested that complexes of Cd2+ with low-molecular-weight thiols are transport forms 

for Cd2+, much in the same manner that mercuric complexes with GSH or l-Cys are transport forms 

of Hg2+. Shaikh et al. [131], however, found distinctly different results exploring the relationship 

between GSH status (both extracellular and intracellular) and accumulation and nephrotoxicity of 

Cd in the form of CdMT. In their study, administration of BSO to deplete intracellular GSH enhanced 

CdMT-induced nephrotoxicity whereas administration of GSH protected against CdMT. In the case 

of BSO treatment, this was accompanied by no change in renal Cd accumulation, whereas the GSH-

dependent protection was associated with decreased renal Cd content. These results were inter-

preted as indicating the existence of two GSH-dependent mechanisms of protection, one being 

intracellular and the other being extracellular. The intracellular mechanism would involve GSH act-

ing as a sink for Cd2+, preventing its interaction with cellular proteins, or acting as an antioxidant to 

detoxify Cd2+-induced formation of reactive oxygen species (ROS). The extracellular mechanism 

would involve formation of a Cd2+–GSH complex that would not be transported into the renal proxi-

mal tubule, thereby decreasing intracellular Cd2+ accumulation.

A recent study [132] on the protective effects of GSH against Cd2+-induced cytotoxicity in a 

small-cell lung cancer-derived cell line (SR3A cells and SR3A cells that overexpress GCLC) pro-

vides a more detailed insight into the complex mechanisms that exist. While one mechanism of 

GSH-dependent protection is thought to involve GSH serving as a cofactor for MRP1-mediated Cd2+ 

effl ux, this study found a more indirect effect relating to Cd2+ transport. These authors found that 

the SR3A-GCLC cells, which had markedly higher intracellular levels of GSH, were more resistant 

to Cd2+ than the parent cells. This resistance was due to decreased intracellular accumulation of 

Cd2+ due to a downregulation of the Cd2+ transporter ZIP8 (Slc39a8) rather than effects on Ca2+ 

channels. The ZIP8 gene has a binding site for the Sp1 transcription factor in its proximal promoter 

region that is sensitive to GSH levels. Sp1 binding is decreased by increased levels of GSH.

The Sp1 transcription factor contains three zinc fi nger domains that are critical for DNA binding. 

Each zinc fi nger domain is composed of two cysteinyl and two histidinyl residues that are coordi-

nated by zinc in a tetrahedral conformation. The structure of the zinc fi nger, particularly the cystei-

nyl residues, is very sensitive to redox status, with its stability being affected by intracellular thiol/

disulfi de pools such as the GSH/GSSG pool [133–135]. GSH has also been shown to suppress Sp1 

binding to DNA promoters by inhibiting components of the mitogen-activated protein kinase 

(MAPK) pathway [136]. Thus, more complex effects of GSH that involve thiol-sensitive signaling 

pathways may also regulate Cd2+ disposition.

Certainly, as is the case with Hg2+, the interaction between GSH and Cd2+ is multifaceted and can 

either be protective and sometimes associated with decreased renal Cd2+ accumulation, but can also 

serve as a means to transport Cd2+ into the renal proximal tubule. The existence of CdMT as a physi-

ologically important form to which the kidneys or liver are exposed and some of the reported 

mechanistic differences between effects of Cd2+ when it is bound to MT as opposed to being either 

the free ion or complexed with a low-molecular-weight thiol, provides another layer of complexity 

in understanding the functions of GSH in Cd2+ transport, disposition, and toxicity. GSH-dependent 

modulation of signaling pathways may be another mechanism that can alter the disposition, and 
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hence toxicity, of Cd2+. A summary scheme (Figure 9.6) is presented that illustrates these diverse 

and sometimes competing effects of GSH on Cd2+ disposition and toxicity. Further work is needed 

to defi ne the precise conditions under which each pathway operates and to what extent each pathway 

functions in different target tissues.

9.3.5 ARSENIC METABOLISM AND DISPOSITION

Arsenic (As) is not only a metal contaminant of drinking water, but also a component of a limited 

number of therapeutic agents and traditional medicines [137]. It exists in both inorganic and organic 

forms with a valence charge of either +3 or +5. While As-V is well known to inhibit mitochondrial 

respiration, most of the toxic effects are associated with As-III. Like Hg and Cd, As also has a high 

affi nity for thiols and sulfhydryl groups. The involvement of GSH in As metabolism and disposi-

tion, however, differs substantially from how it infl uences those processes for Hg and Cd. While 

there is evidence that complexes between As and GSH are transported by MRP1 [138,139], addition 

of GSH to incubations of rabbit renal cortical slices with sodium arsenite does not alter cellular As 

accumulation [140]. Thus, although complexes between As and GSH appear to be transport forms, 

modulation of GSH status does not directly infl uence As accumulation or toxicity in the same 

 manner as it does for Hg and Cd.

One clear function for GSH is in As metabolism. As discussed in studies of As metabolism 

[141,142] and summarized in a recent review by Aposhian and Aposhian [143], GSH is involved in 

reduction of As-V compounds to As-III compounds and potentially in formation of several GSH 

conjugates. A scheme showing the known and proposed intermediates in the GSH-dependent metab-

olism of As compounds is shown in Figure 9.7. GSH is involved not only as a direct substrate in 

glutathionylation reactions, but also as a cofactor in several methylation reactions. The omega-class 

of GSTs (GSTO in humans, GSTω in rodents) has been identifi ed as the specifi c isoform responsi-

ble for GSH-dependent As metabolism. hGSTO isoenzymes have thioltransferase and dehydroas-

corbate reductase activities, as well as reductase activity, toward arsenate, monomethylarsenate, and 
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FIGURE 9.6 Modes of transport and cytotoxicity of Cd in renal proximal tubular cells. The renal proximal 

tubular cell is exposed to Cd2+ in the form of complexes with either the small, cysteine-rich protein metal-

lothionein, forming CdMT, or as a complex with GSH [Cd-(GS)2]. CdMT is taken up into the cell at the BLM 

primarily by endocytosis and accumulates in lysosomes, where the free Cd2+ ion is released. Intracellular Cd2+ 

can interact with mitochondria, producing reactive oxygen species (ROS), or can be transported across the 

BBM out into the tubular lumen by either MRP1 or ZIP8. An arrow with ⊝ shows an inhibitory effect of GSH. 

In the case of Cd2+-induced ROS formation, GSH functions as an antioxidant to detoxify the ROS. In the case 

of ZIP8, GSH downregulates expression of the ZIP8 gene.
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dimethylarsenate (which all contain As in the +5 valence form). Other methyltransferases are thought 

to be involved as well as a purine nucleoside phosphorylase, but a specifi c enzyme has not been 

unequivocally identifi ed in most cases.

9.4 METAL-INDUCED CHANGES IN GSH STATUS

9.4.1 METAL-INDUCED CHANGES IN CELLULAR GSH STATUS

Whereas the previous section considered how exogenous GSH or changes in intracellular GSH sta-

tus modulate or regulate metal ion disposition and toxicity, this section summarizes our knowledge 

of how metals affect GSH status in target cells. The fi rst subsection considers how exposure to 

 metals alters intracellular GSH levels while the second subsection considers how metals can regu-

late the expression of GSH synthesizing enzymes and other GSH-dependent drug metabolizing 

enzymes.

Exposure of kidneys to a subtoxic dose of HgCl2 was found to markedly increase intrarenal levels 

of GSH [100,144]. The increases were observed in both the cortex and outer stripe of the outer 

medulla, but were most prominent in the latter region. A composite of results from studies on the 

infl uence of a range of doses of HgCl2 on renal levels of GSH and on activity of GCS in proximal 

tubular and distal tubular cells from rat kidneys is shown in Figure 9.8. Inasmuch as GCS is the 

rate-limiting enzyme for GSH synthesis, the approximately 100% increase in activity in proximal 
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FIGURE 9.7 Metabolism of arsenic in mammalian cells. GSH is involved in the interconversion of various 

As-containing species. While some of the steps are well established, others, such as formation of various 

mono-, di- and tri-glutathionyl conjugates are hypothesized. GSH S-transferase omega (GSTO in humans, 

GSTω in rodents) is thought to be involved in several steps. Additionally, a purine nucleoside phosphory-

lase and methylation reactions involving S-adenosyl-l-methionine (SAM) are also involved in several of the 

reactions. Ultimately, As-containing species are oxidized to mono- and dimethylarsenate species (both +5 

valence), which are excreted in the urine.
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tubular cells, normalized to cell number, indicates a dramatic upregulation of GSH synthesis. 

Moreover, it was found that even a moderately nephrotoxic dose of HgCl2 (2.0 μmol/kg) caused a 

signifi cant increase in GSH content. At a higher, more nephrotoxic dose (3.0 μmol/kg), however, 

GSH levels decreased due to massive tubular necrosis. Consistent with this high-dose effect, Addya 

et al. [145] found that chronic administration of a high dose of HgCl2 decreased renal levels of GSH 

as well as activities of GPX and GST. Induction of acute renal failure in rats by administration of 

HgCl2 increased lipid peroxidation and decreased renal GSH content in one study [146] and 

decreased renal nonprotein sulfhydryl content but increased GPX activity in direct proportion to 

decreases in renal Hg2+ accumulation [147].

The compensatory increase in renal GSH levels observed with low doses of Hg2+ has also been 

observed with MeHg [148,149]. Low doses of MeHg increased expression of GCS mRNA and 
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FIGURE 9.8 Effects of inorganic mercury on GSH synthesis rates and renal GSH contents. The data are 

derived from Zalups and Lash (Data from Zalups, R.K. and Lash, L.H., J. Pharmacol. Exp. Ther. 254, 962–970, 

1990) and Lash and Zalups (Data from Lash, L.H. and Zalups, R.K., J. Pharmacol. Exp. Ther. 261, 819–829, 

1992; Lash, L.H. and Zalups, R.K., Arch. Biochem. Biophys. 309, 129–138, 1994), and summarize studies on 

the infl uence of HgCl2 incubated with either proximal tubular (PT) or distal tubular (DT) cells from rat kid-

neys on activity of γ-glutamylcysteine synthetase (GCS) activity (a) or of various doses of HgCl2 injected in 

rats on GSH content in homogenates of whole kidney (b), renal cortex (c), or renal outer medulla (d). (a) Rats 

were given an i.p. dose of either saline (=Control) or 0.5 μmol Hg/kg body weight. After 24 h, PT and DT cells 

were isolated and GCS activity was measured. (b–d) Rats were given an i.p. dose of either saline (=0 Hg) or 

0.5, 2, or 3 μmol 203HgCl2/kg body weight. After 24 h, content of 203Hg and GSH were measured in homoge-

nates of whole  kidney, renal cortex, and renal outer stripe of the outer medulla. Results for GCS activity are 

the means ± SEM of measurements from three separate cell preparations and for Hg and GSH, contents are 

the means of values from four separate animals.
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increased intracellular GSH content in NRK-52E cells, a renal proximal tubular cell line. GSTα1/

α2 expression is also induced by low-dose Hg2+ exposures in both mouse kidney [150] and rat kid-

ney [151]. Thus, a compensatory response to low-dose exposures of either Hg2+ or MeHg occurs in 

which a battery of antioxidants, including several components of the GSH system, is induced.

Several studies [152–154] have implicated effects on the GSH redox system of divalent metal 

ions, including Hg2+, Cd2+, and arsenite, as being mediated through modulation of the nuclear 

 factor-kappa B (NF-κB) transcription factor. NF-κB is a prosurvival, pleiotropic transcription factor 

that is a heterodimer, typically composed of p50 and p65 subunits. In its inactive form, NF-κB is 

found in the cytoplasm bound to a protein called inhibitory factor-κB (IκB). Upon stimulation by 

various agents, including diverse agents such as tumor necrosis factor-α, lipopolysaccharide, vari-

ous oxidants, and heavy metals, IκB is released, which allows NF-κB to translocate to the nucleus 

where it can bind to various sites on the promoter regions of different genes, leading to increased 

expression of numerous genes. While ROS and oxidants promote activation and nuclear transloca-

tion of NF-κB, they inhibit binding to DNA; conversely, thiols and other reductants decrease activa-

tion and nuclear translocation of NF-κB but promote its binding to DNA [153]. Hg2+ has been shown 

to inhibit NF-κB activation and DNA binding [152,154], leading to apoptosis of renal proximal 

tubular cells [154].

Much in the same manner that subtoxic doses of HgCl2 cause renal GSH concentrations to 

increase, injection of mice with a sublethal dose of CdCl2 (3 mg/kg iv) produced modest increases 

in renal GSH levels, no change in hepatic GSH levels, but signifi cant decreases in pulmonary and 

brain GSH [155]. High-dose Cd2+, like high-dose Hg2+, disrupts cellular thiol–disulfi de homeostasis 

and causes oxidative stress and cell injury [156].

Similarities between effects on the GSH system elicited by Hg and other metals have been noted as 

well. For example, Di Simplicio et al. [157] noted similar effects of MeHg and sodium selenite on 

expression and activity of several GSH-dependent enzymes. Inhibition of enzymes of GSH metabolism 

by high doses of HgCl2, however, can be reversed by selenium, which stimulates GSH synthesis at low 

concentrations [158]. Incubation of human keratinocytes for 24 h with subtoxic concentrations of As-III 

resulted in increases in intracellular GSH levels, which were associated with increases in activity and 

mRNA expression of GCS [159]. Activity and mRNA expression of GRD were also increased. The 

authors suggested that low levels of inorganic As-III elicit compensatory responses that are associated 

with its tumor-promoting effects; this is related mechanistically to As-III-induced increases in ROS, 

which result in activation of certain cell signaling and transcriptional pathways [160].

A fi nal metal that infl uences GSH status, but that differs from those discussed above is Se. 

Unlike Hg, Cd, and As, Se is an essential macronutrient, although it does cause toxicity at high 

levels. Its biological functions are largely attributed to its presence in selenoproteins, for which 25 

genes have been identifi ed in humans [161]. Se is present in these proteins as selenocysteine, which 

is more reactive than l-Cys as it has a lower pKa and stronger nucleophilicity. While biological func-

tions are unclear for all the known selenoproteins, those that are known function as oxidoreductases, 

in redox signaling, antioxidant defense, thyroid hormone metabolism, and in immune response.

Important selenoproteins that utilize GSH or infl uence thiol redox status include GPX and thi-

oredoxin reductase (TrxR). The so-called GSH redox cycle, involving GPX and GRD, is illustrated 

in Figure 9.9. Organic peroxides or H2O2, generated from lipid peroxidation or other forms of oxida-

tive stress, are reduced by the action of GPX. The selenocysteinyl moiety of GPX plays a critical role 

in the catalytic cycle, with transient formation of a selenoglutathione intermediate. The glutathionyl 

moiety is eventually removed by reaction with another molecule of GSH to generate GSSG and 

regenerate the active GPX enzyme. GSH is then regenerated by GRD, which uses NADPH, itself 

generated from the activity of various substrate dehydrogenases. Transcription of several selenopro-

teins, including TrxR and GPX, is regulated by the redox-sensitive transcription factor NE-F2-

related factor (Nrf2) and its modulator protein Kelch ECH Associating Protein 1 (Keap1). Because 

of the redox sensitivity of the Nrf2/Keap1 system, other metals such as Hg2+ can alter the function 

of Nrf2 and thus infl uence expression levels of key redox proteins such as GPX and TrxR.
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9.4.2 REGULATION OF GENE EXPRESSION BY METALS

Thus, as with the effects of GSH on disposition and toxicity of metal ions, the converse relationship, 

that of effects of metal ions on GSH status, is complex, dose-dependent, and involves both direct 

and indirect effects. An important aspect of the infl uence of metal ions on GSH and thiol–disulfi de 

redox status that has only recently been investigated is the infl uence of metals on transcription 

 factors. The next section briefl y discusses the regulation of GSH synthesis and how metal ions can 

both directly and indirectly impact transcription.

GCLC and GCLM are encoded by two separate genes in most species, including humans and 

rodents, although yeast and bacteria have only a single gene [162]. Although there is often coordi-

nated regulation of the two genes, they are regulated by distinct mechanisms [163,164]. The two 

GCL subunits are coordinately upregulated by many inducers of oxidative stress and treatment with 

antioxidants. There are several examples, however, where they are differentially regulated. Several 

transcription factor binding sites have been identifi ed on both GCLC and GCLM promoters [164–

167]. The most prominent feature on both genes is the presence of multiple antioxidant response 

elements (AREs; also called electrophile response element, EpRE). The importance of the ARE in 

modulation of enzyme expression is highlighted by three recent reviews [168–170]. Besides Gclc 

and Gclm, AREs are present in the promoters of numerous drug metabolism enzyme genes, such as 

those for GSTs, NAD(P)H: quinone oxidoreductase, superoxide dismutase 1, heme oxygenase-1, 

and aldo-keto reductases, among others.

One of the major differences between the promoter regions for Gclc and Gclm is that the former 

has a binding sequence for NF-κB (position –2391) but the latter does not. Cai et al. [163] showed 

that whereas transcription of both subunits is regulated by oxidative stress, only that of Gclc is 

mediated through NF-kB. Additionally, only Gclc is hormonally regulated (being responsive to 

insulin and hydrocortisone) and responsive to growth phase in cell culture. These differences are 

consistent with the “modulatory,” although nonessential, function of GCLM.

The interaction between Hg2+ and MeHg+ with NF-κB was noted above. Moreover, induction of 

oxidative stress by various forms of Hg and Cd, with the consequent increases in levels of ROS, can 
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FIGURE 9.9 GSH redox cycle showing involvement of Se in the active site of GPX. Lipid peroxidation, 

induced by ROS, generates lipid peroxides (ROOH) that are reduced by GPX to the corresponding alcohol, 

ROH. The selenocysteine moiety of GPX initially forms a selenic acid (GPX-Se-OH) intermediate, which 

interacts with GSH to form a seleno-GSH conjugate intermediate. Reaction with an additional molecule of 

GSH generates GSSG and regenerates the active GPX enzyme. GSH is regenerated from GSSG by action of 

the NADPH-dependent GRD. NADPH levels are in turn maintained by the function of various substrate-level 

dehydrogenases (DH’ase).
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be associated with changes in a number of redox-sensitive transcription factors and transcription 

factor binding sites on the promoter region of Gclc, Gclm, and other genes. Thus, both direct and 

indirect alterations in transcription can occur due to exposure to metals.

9.5 SUMMARY AND CONCLUSIONS

This chapter has reviewed some of the key interactions between GSH, other selected thiols, and four 

metals: Hg, Cd, As, and Se. The fi rst two metals, Hg and Cd, are environmental contaminants that 

can both modulate GSH status and have their disposition and toxicity modulated by GSH. Interactions 

between the metal ions and the GSH system are complex. The complexity arises from the multitude 

of interactions that occur, some of which produce opposing effects in terms of cellular accumulation 

and/or toxicity. Thus, while higher concentrations of GSH often result in cytoprotection in vitro or 

prevention of nephrotoxicity or other target-organ toxicity in vivo, there are other scenarios that 

result in increased metal ion accumulation and enhancement of toxicity. Similarly, exogenous GSH 

can have opposing effects, sometimes serving as a cytoprotective agent but other times, when it 

forms a complex or conjugate with the metal (particularly Hg or Cd), this can serve as a transport 

form that enhances renal cellular accumulation and toxicity of the metal. A central concept for 

understanding the disposition and toxicological consequences of formation of complexes between 

GSH and metals is that of “molecular mimicry.” This chapter also summarized the other side of the 

interactions between metals and GSH, namely that of how metals affect GSH status. Earlier studies 

described the effect of exposures to metal ions at a range of doses, comprising both subtoxic to toxic 

doses, on levels of GSH and activity and/or expression of GSH-dependent enzymes. More recent 

studies have shown that metal ions can also affect GSH status by modulation of transcription factor 

activation and/or nuclear translocation. Such studies have revealed a complex array of effects that 

both illustrate the compensatory mechanisms that exist in cells in response to perturbations such as 

oxidative stress and suggest possible molecular targets for pharmacological agents in the design of 

new, therapeutic agents. The trace nutrient Se plays a signifi cant role in modulation of GSH status 

and in the response of cells to oxidative stress. As a component of selenoproteins such as GPX and 

TrxR, selenium status plays a central role in the functions of GSH and related redox systems, such 

as the thioredoxin and GLRX pathways.
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10.1 INTRODUCTION

Toxic, nonessential metals, such as mercury, cadmium, and lead, have no known nutritive value. 

Accordingly, in most animal species, there appear to be no dedicated mechanisms for the uptake 

of these metals into target cells. Yet, many studies have proven that these toxic metals do indeed 

gain entry into various target cells in affected tissues and organs [1–5]. In recent years, the con-

cepts of molecular mimicry and ionic mimicry have been postulated as mechanisms by which 

certain toxic metal species can gain entry into target cells. Molecular mimicry has been defi ned 

previously as “the phenomenon whereby the bonding of metal ions to nucleophilic groups on 

certain biomolecules results in the formation of organo-metal complexes that can behave or serve 

as structural and/or functional homologs of other endogenous biomolecules or the molecule 

to which the metal ion has bonded” (Figure 10.1) [1–4]. Molecular mimicry appears to play a 

signifi cant role in the entry of certain metals into cells that become intoxicated by one or more of 

these metals.

Ionic mimicry has been defi ned as “the ability of an unbound, cationic species of a metal to 

behave or serve as a structural and/or functional mimic of another (usually an essential) element at 

the site of a carrier protein, ion channel, enzyme, transcription factor, and/or metal-binding protein” 

[1,3,5,6]. Molecular and ionic mimics may be classifi ed as structural and/or functional mimics. 

A structural mimic refers to an elemental or molecular species that is similar in size and shape 

to another element or molecule. A functional mimic is one that can elicit the same effect (i.e., physi-

ological response) as the native element or molecule. Structural and functional mimicry will be 

discussed in relation to molecular and/or ionic mimicry and the specifi c metal involved in these 

phenomena.

A considerable amount of scientifi c data on molecular and ionic mimicry has been published in 

recent years. Even so, there are many unanswered questions. This chapter will focus on known and 

putative mechanisms by which several toxic metals gain access to the intracellular compartments of 

target cells affected adversely by these metals. Evidence supporting the phenomena of molecular 

and/or ionic mimicry for selected toxic metals will be outlined individually by species of metal and 

the organs, tissues, and cells involved in the process.

Phosphate Homocystine Methionine

Cys-S-Hg-S-Cys Hcy-S-Hg-S-Hcy Cys-S-CH3Hg

FIGURE 10.1 Space-fi lled models of selected mercuric conjugates implicated in molecular mimicry. There 

are signifi cant similarities in chemical structure and molecular shape between the cysteine (Cys) S-conjugate 

of methylmercury (CH3Hg-S-Cys) and the amino acid methionine. Also, note the similarities between the 

Cys S-conjugate of inorganic mercury (Cys-S-Hg-S-Cys) and the amino acid cystine, and the homocysteine 

(Hcy) S-conjugate of inorganic mercury (Hcy-S-Hg-S-Hcy) and homocystine. A signifi cant body of evidence 

supports the hypothesis that mercuric conjugates of certain amino acids (such as Cys, Hcy, or Met) may act as 

molecular mimics of naturally occurring amino acids that are similar in structure and shape to the mercuric 

complexes.
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10.2 ARSENIC

Arsenic (As) is a highly toxic element found naturally in the earth’s crust. Organic As is formed 

when As ions combine with carbon and hydrogen; inorganic As is formed when As combines with 

the anionic species of oxygen, chlorine, or sulfur [7]. Data from animal studies have shown that 

organic forms of As are less toxic than the same dose of inorganic As [7]. There are few data on the 

effects of organic forms of As in humans. Inorganic As has long been recognized as a human poi-

son and carcinogen [7,8] and the toxicological effects of inhalation and oral exposure to this metal 

are well documented. Numerous studies have shown that As has deleterious effects in the respira-

tory [9–14], neurological [9,15–18], and cardiovascular [19–22] systems. The most common and 

well-characterized symptom of As poisoning is the development of skin lesions and warts 

[10,13,21,23–26]. Interestingly, As, as arsenic trioxide (As2O3) has been shown to be an effective 

chemotherapeutic agent for the treatment of acute promyelocytic leukemia [27,28] and certain 

autoimmune diseases [29].

Human exposure to As occurs through environmental, dietary, and occupational sources [30]. In 

areas with rocky terrains, contamination of drinking water with inorganic As is a major environ-

mental issue. The signifi cance of this issue was emphasized after millions of Bangladesh residents 

were poisoned by consumption of well water contaminated with As [31]. In the United States, con-

tamination of soil with inorganic As is also a concern, especially in mountainous areas. Childhood 

exposure to inorganic As may result from playing in, and/or accidentally ingesting, contaminated 

soil. Many people in the United States, however, are exposed to As via ingestion of certain fi sh and 

various types of seafood containing high levels of inorganic and/or organic As [30]. With regard to 

occupational sources of As in the United States, approximately 90% of all As used in industry is 

utilized in the “pressure treatment” of wood. Workers involved in the treatment process or exposed 

to dust produced when the wood is cut are at higher risk for As poisoning [7].

10.2.1 ENDOCRINE DISRUPTION AND AS

Interestingly, As in the form of sodium arsenite (NaAsO2) appears able to act as a functional mimic 

of estrogen (estradiol) at the site of the estrogen receptor. Experiments in human breast cancer 

(MCF-7) cells have demonstrated that following exposure to NaAsO2, As interacts with the hor-

mone-binding domain of the estrogen receptor and results in activation of this receptor [32]. In 

addition, As has been shown to increase the transcription of the progesterone receptor gene and 

increase the rate of cell growth. Furthermore, As blocked the binding of estradiol to the estrogen 

receptor, suggesting that As and estradiol are binding to the same site. These data suggest that expo-

sure to As may be a signifi cant risk factor for the development of breast cancer and other hormone-

related diseases. In contrast, more recent studies utilizing MCF-7 cells exposed to NaAsO2 were 

unable to show that As activates the estrogen receptor [33,34]. In these studies, exposure of cells to 

NaAsO2 resulted in a downregulation of the estrogen receptor, and subsequently a reduction in the 

growth-stimulatory effect of estrogen. Clearly, additional studies are necessary to elucidate fully the 

effect of As on the estrogen receptor.

10.2.2 INTESTINAL TRANSPORT OF AS

The molecular mechanisms responsible for the absorption of inorganic As following ingestion of 

contaminated food and water remain unclear. Studies in human intestinal (Caco-2) cells exposed 

to As2O3 indicate that absorption of As is a carrier-mediated process [35]. Possible carriers 

involved in this process include organic anion transporting polypeptides (OATP), phosphate 

transporters, and the divalent metal transporter (DMT1). Intestinal isoforms of OATP have not 

been implicated in the transport of As; however, OATP-C, which is present on the sinusoidal 
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membrane of hepatocytes, has been shown to play a role in the hepatic uptake of As [36,37]. 

Given the similarity among members of the OATP family, it is plausible that one or more intesti-

nal isoforms of OATP are capable of mediating the transport of As in the intestine in a manner 

similar to that of OATP-C in the liver.

Another possible mechanism for the intestinal uptake of inorganic As is the divalent metal trans-

porter (DMT1/DCT1/Nramp2). This carrier is localized in the luminal plasma membrane of entero-

cytes [38] and has been implicated in the uptake of other toxic metals, such as cadmium (Cd2+) 

[39,40]. Recent studies in mice showed that the decreased expression of DMT1 in the intestine cor-

responded to a decrease in the content of As in the intestine, serum, and liver [41]. Although these 

studies did not test directly the ability of DMT1 to transport As, they provide the strongest support, 

to date, for the hypothesis that As is a transportable substrate of DMT1.

10.2.3 RENAL TRANSPORT OF AS

Studies of As transport within the kidney suggest that As is transported actively across the apical 

and basolateral plasma membranes of certain renal tubular epithelial cells. It has been suggested 

that the multidrug resistance-associated protein 1 (MRP1) is involved in this process. In vivo experi-

ments using BALB/c and C57BL/6 mice showed that the renal expression of MRP1 increased after 

exposure of mice to sodium arsenite (NaAs) [42]. MRP1 is a multispecifi c transporter that is local-

ized in the basolateral membrane of proximal tubular cells [43], and thus may play a role in the 

transport of As from within the intracellular compartment of cells into the blood. Administration of 

MK-571 (an inhibitor of MRP1) to mice resulted in a signifi cant increase in NaAs-induced renal 

injury. Kimura and colleagues [42] concluded that MRP1 is critical for both the renal elimination of 

As and the prevention of renal injury induced by acute exposure to As. The molecular mechanisms 

by which MRP1 expression was enhanced following exposure of mice to As were examined later 

using BALB/c mice [42]. It was shown that exposure to NaAs activates the expression of interfer-

on-γ [44]. Kimura and colleagues [44] hypothesized that the induction of interferon-γ protects renal 

epithelial cells against the toxic effects of As by inducing the expression of MRP1, which can then 

transport As out of tubular epithelial cells into the peritubular blood.

The actual species of As that is transported by MRP1 has been examined in several studies. It 

has been shown that As can form bonds with cysteine (Cys) [45], including the Cys moiety of gluta-

thione (GSH). When three molecules of GSH bond to one As atom, arsenic triglutathione (As(GS)3) 

is formed [46,47]. Since GSH is present in blood at micromolar concentrations, it is likely that 

As(GS)3 is formed and present in blood. Given this, it is not surprising that As(GS)3 and methyl-

arsenic diglutathione (CH3As(GS)2) are present in the urine of mice exposed to As [48]. These data 

correlate with a recent study suggesting that As(GS)3, CH3As(SG)2, and dimethylarsinous glutathi-

one ((CH3)2As(SG)) are key species of As delivered to the kidney for excretion in urine [49]. 

Interestingly, it has been suggested that the speciation of As is dependent on the route of exposure, 

dose, and form of As to which one is exposed [50]. Intracellular concentrations of GSH are also in 

the micromolar range; thus As(GS)3 may also be formed within cells and subsequently transported 

across the basolateral membrane by MRP1 into the peritubular blood. Indeed, Leslie and colleagues 

[51] demonstrated that As(GS)3 is a transportable substrate of MRP1.

In addition to MRP1, another isoform of the MRP family, MRP2, may play a role in the export 

of inorganic As from within proximal tubular cells. MRP2 is localized in the luminal plasma 

membrane of proximal tubular cells [52] and has been shown to mediate the export of a broad 

range of substrates [53]. Based on in vivo experiments in killifi sh showing that upregulation of 

MRP2 expression increased the tolerance of proximal tubules to As, it was suggested that MRP2 

was capable of removing As from proximal tubular cells [54]. Experiments in cultured human 

embryonic kidney cells (HEK-293) demonstrated that enhanced expression of MRP2 reduced the 

cellular accumulation of As [55]. These data suggest that MRP2 is capable of removing As from 

the intracellular compartment of proximal tubular cells. P-glycoprotein, which is encoded by the 

© 2010 by Taylor and Francis Group, LLC



Ionic and Molecular Mimicry and the Transport of Metals 245

multidrug resistance 1 (mdr1) gene, may also play a role in the export of As complexes [56]. Indeed, 

mdr1 knockout mice are more susceptible to arsenic toxicity [57]. Findings from studies of HEK-

293 cells suggested that aquaporin 3 (AQP3) plays a role in the uptake of As into renal tubular cells 

[55]. AQP3 is localized in the basolateral plasma membrane of cortical, outer medullary, and inner 

medullary collecting ducts [58].

Less is known about the mechanisms by which As is taken up by renal tubular cells. Recent stud-

ies in cultured porcine proximal tubular cells (LLC-PK1) suggest that OATP-C and MRP2 work in 

tandem to transport organic anions from the basolateral to the apical membrane of proximal tubular 

cells [59]. These carriers have been shown individually to transport As, and thus may work together 

to mediate the transepithelial transport and eventual urinary excretion of this metal. Other members 

of the OATP family are also expressed in proximal tubular cells [60] and may participate in As 

transport, although this theory has yet to be tested.

10.2.4 HEPATIC TRANSPORT OF AS

The ability of hepatocytes to export As has been the focus of numerous studies. In vivo studies 

in rats indicate that the urinary and biliary excretion of As is dependent on the intracellular level 

of GSH [61–63]. When GSH levels were depleted, the amount of As excreted in urine and bile 

was reduced signifi cantly [61]. Furthermore, when the activity of γ-glutamyltranspeptidase was 

inhibited, thereby preventing the breakdown of GSH and its metabolites, the excretion of As 

remained unchanged. This lack of effect suggests that As is not transported as a conjugate of one 

of the products formed by the catalysis of GSH (e.g., Cys or cysteinylglycine), but rather it is 

transported as an As–GSH complex [61]. Based on these data, we can postulate that one or more 

transporters capable of mediating the transport of GSH and GSH complexes are involved in the 

transport of As.

Numerous studies have provided strong evidence for a role of the MRPs in the transport of 

As–GSH complexes [64–68]. Hepatocellular carcinoma (HeLa) cells overexpressing MRP1 were 

found to be more resistant to the effects of As than corresponding control cells [64]. Since MRP1 is 

an export protein and is localized in the sinusoidal membrane of hepatocytes [69], it is therefore 

possible that MRP1 may mediate the transport of As out of hepatocytes into blood. In support of this 

theory, studies in the soil nematode Caenorhabditis elegans showed that inactivation of the mrp1 

gene increases the sensitivity of these organisms to As [70]. Additional studies in a line of lung 

cancer (SW-1573/S1) cells transfected stably with MRP1 provided strong evidence that arsenic and 

GSH are cotransported by this carrier, possibly as an As–GSH complex [68]. Indeed, additional 

studies in HeLa cells overexpressing MRP1 suggest that As, as As(SG)3, is a transportable substrate 

of this carrier [51]. Other studies showed that rat hepatocytes cultured in arsenic-containing 

media for 18 weeks became tolerant to As and this tolerance was due, in part, to an increase in the 

expression of MRP1 [67].

The elimination of As–GSH compounds at the canalicular membrane of hepatocytes appears to 

involve MRP2. In vivo studies in rats showed that hepatocellular necrosis following exposure to As 

was worse when MRP2 expression was lowered, while overexpression of MRP2 resulted in increased 

excretion of As [66]. In addition, long-term exposure of cultured hepatocytes to As resulted in an 

increase in the expression of MRP2 [71]. Indeed, experiments using Wistar and MRP2-defi cient rats 

(TR−) with cannulated bile ducts demonstrated that MRP2 is involved in the transport of As–GSH 

complexes across the biliary canaliculus of hepatocytes [65].

Since MRP1 and MRP2 have been shown to transport a growing number of various substrates, 

the role of molecular mimicry in the MRP-mediated transport of As is unclear. There are two pos-

sible explanations for the transport of As by MRPs. First, As complexes may act as mimics of one 

or more substrates that are transported normally by the MRPs. Alternatively, as As contamination 

in the environment has become more prevalent, MRPs may have adapted to the changing needs of 

the cells in which they are localized, consequently broadening their substrate specifi cities.
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The mechanisms by which As is taken up by hepatocytes remain unclear. One possible candidate 

for this transport is OATP-C. This carrier is localized in the sinusoidal membrane of hepatocytes 

[72], and has been implicated in the uptake of As by renal tubular cells [37]. A role for OATP in the 

hepatic uptake of As has not yet been examined.

10.3 CADMIUM

Cadmium (Cd) is a group IIB element that is found naturally in the environment. The ionic form of 

Cd (Cd2+) usually combines with oxygen (cadmium oxide, CdO), chlorine (cadmium chloride, 

CdCl2), or sulfur (cadmium sulfate, CdSO4). An estimated 30,000 tons of Cd are released into the 

atmosphere each year; approximately 4000–13,000 tons come from human activities. Cd2+ in the 

environment does not break down; therefore, there is increasing risk of human exposure to this 

metal [73].

Human exposure to Cd2+ occurs primarily through the ingestion of contaminated food or water 

and/or the inhalation of cigarette smoke. Major sources of dietary Cd2+ include fi sh, liver, grains, 

leafy vegetables, potatoes, and other root vegetables. On average, a person in the United States will 

consume approximately 30 μg of Cd2+ per day, with 1–3 μg of that absorbed by the gastrointestinal 

tract. Of a more serious nature is the Cd2+ inhaled from cigarette smoke, most of which is in the 

form of CdO [73,74]. Each cigarette contains approximately 1–2 μg of Cd2+. Forty to sixty percent 

of inhaled Cd2+ is absorbed within the lungs directly into the systemic circulation [73,75,76]. 

Exposure to Cd2+ on a chronic basis can cause adverse effects in numerous tissues and organs, 

including the kidneys, liver, lung, pancreas, testis, placenta, and bone [5,72,77–94].

Cd may act as a functional mimic of certain biomolecules such as estrogen or may act as a struc-

tural mimic in order to gain access to target cells. One possible route of Cd2+ entry into cells is via 

membrane transporters involved normally in the uptake of nutritive metals, such as calcium, iron, 

and zinc. This uptake has been proposed recently to occur through a mechanism of ionic mimicry 

[5], whereby Cd2+ mimics the divalent cationic species of one or more of these nutritive metals at the 

binding site of one or more carrier proteins and/or channels that transport these metals.

There is also experimental evidence supporting the hypothesis that Cd2+ can form linear II coor-

dinate covalent complexes with certain sulfhydryl-containing biomolecules, such as GSH, Cys, or 

Hcy [95,96]. These complexes may serve or behave as molecular mimics of endogenous amino 

acids, oligopeptides, organic anions, or organic cations at the site of membrane transporters of these 

types of substrates.

Cd2+ may also gain access to some epithelial cells via receptor-mediated endocytosis of a Cd2+–

protein complex (e.g., Cd2+–metallothionein (MT), Cd2+–albumin). Each of these potential mecha-

nisms of uptake will be discussed in relation to individual organs in the following sections.

10.3.1 ENDOCRINE DISRUPTION AND Cd2+

In the breast, Cd2+ has been characterized as an endocrine-disrupting chemical (EDC). An EDC is 

defi ned as a natural or synthetic agent that can mimic the action of an endogenous compound [97]. 

Indeed, several studies have shown that Cd2+ acts as a mimic of estrogen at the site of the estrogen 

receptor [98–100]. Studies utilizing a breast cancer cell line (MCF-7) showed that exposure of cells 

to either CdCl2 or estradiol elicited the same physiological effect. These fi ndings suggest that Cd2+ 

and estradiol can independently activate the estrogen receptor [98]. Interestingly, exposure of cells 

to CdCl2 also increased the transcription and translation of DNA and mRNA, respectively, encod-

ing the progesterone receptor and increased the growth rate of the exposed cells [98]. Cd2+ appears 

to activate the estrogen receptor by interacting with cysteine residues in the hormone-binding 

domain of the receptor [99–101]. It is important to note that since Cd2+ does not normally exist in an 

unbound state in physiological solutions [5], studies in which cells were treated directly with CdCl2 

may not be accurate representations of the physiological environment found in vivo. However, 
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 subsequent in vivo studies in rats provided strong support for the previous in vitro studies by dem-

onstrating that Cd2+ behaves as a functional mimic of estrogen in the uterus and mammary gland 

[102]. Intraperitoneal injection of rats with CdCl2 resulted in a 1.9-fold increase in uterine weight 

and an increase in milk protein synthesis in the mammary gland. Both these effects are consistent 

with normal estrogen receptor activation. The addition of an antiestrogen (estrogen antagonist) 

blocked the effects of Cd2+ on these tissues, suggesting that Cd2+ and estradiol utilize the same path-

way [102]. Collectively, these data indicate that Cd2+ may act as a functional mimic of estrogen at 

the site of the estrogen receptor. The ability of Cd2+ to act as a mimic of estrogen is important clini-

cally in that overstimulation of the estrogen receptor may lead to estrogen-related diseases such as 

breast cancer [103–105].

Interestingly, Cd2+ has been shown to activate the androgen receptor [106], possibly via a mecha-

nism similar to that of the estrogen receptor [107].

10.3.2 INTESTINAL TRANSPORT OF Cd2+

The majority of ingested Cd2+ is absorbed by the duodenum and the proximal jejunum [108]. 

Interestingly, Cd2+ (1.71 Å) and Fe2+ (1.72 Å) ions have nearly identical ionic radii. Considering this 

similarity and the fact that the duodenum is a major site of Fe2+ [109–112] and Cd2+ absorption, it is 

logical to postulate that these two cations may be taken up by enterocytes, and perhaps other target 

cells, via one or more of the same transport mechanisms. Support for this theory comes from in vivo 

experiments in rats showing that Cd2+ interferes with the intestinal absorption of Fe2+ [113–117].

In recent years, DMT1 has been identifi ed in the luminal plasma membrane of enterocytes as a 

major mechanism for the intestinal uptake of iron (Fe2+) [38,118–123]. It is clear that dietary Fe2+ 

status has a signifi cant effect on the expression of DMT1 [124–129] and the uptake of Cd2+ in the 

intestine [130–134]. Given this fi nding, it was hypothesized that DMT1 participates in the uptake of 

Cd2+ [5,40,135,136]. However, DMT1 has been characterized as an ion transporter [120]. Cd2+ is not 

found normally as an unbound cation anywhere in the body. Yet, it is important to note that Cd2+ can 

dissociate from its bound ligands under certain conditions [137]. Considering this, we can hypoth-

esize that when Cd2+ is presented to a stronger electrophilic ligand, it is released from the carrier 

ligand to bind to DMT1 or other transporters at the plasma membrane of the enterocyte. This release 

could theoretically provide an explanation for Cd2+ being transported across the luminal plasma 

membrane as a cationic species. Indeed, numerous studies have provided evidence for the transport 

of Cd2+ by DMT1 [39,40,136,138–141].

Tallkvist and colleagues [141] carried out experiments in an immortalized line of colonic (Caco-2) 

cells in which exposure to Fe2+ reduced the expression of DMT1. Interestingly, the reduction in 

DMT1 expression corresponded to a reduction in the uptake of Cd2+. These data suggest that the 

expression of DMT1 is a determining factor in the uptake of Cd2+. These data were confi rmed by in 
vivo studies in rats [40,142]. Rats were fed a diet defi cient or supplemented with Fe2+ for four or eight 

weeks, following which they were given an oral dose of CdCl2. The mRNA levels of DMT1 and the 

content of Cd2+ in the small intestine of the animals fed the Fe2+-defi cient diet were signifi cantly 

greater than those in animals that received the Fe2+-supplemented diet. These data provide strong 

evidence supporting the hypothesis that DMT1 mediates the intestinal uptake of Cd2+. In vitro stud-

ies in Caco-2 cells provided additional support for the hypothesis that Cd2+ is a substrate of DMT1 

[143]. Experiments utilizing Caco-2 cells in which the expression of DMT1 was “knocked down” 

showed a decrease in the uptake of Fe2+, lead (Pb2+), and Cd2+. The most direct evidence for a role 

of DMT1 in the transport of Cd2+ comes from experiments using oocytes from Xenopus laevis 

oocytes [39,120]. In oocytes expressing DMT1, the presence of Cd2+ in the extracellular medium 

was shown to invoke a large inward current, indicating that Cd2+ is a substrate of DMT1 [120]. 

Additional studies also utilizing oocytes expressing DMT1 showed that the inward fl ux of Cd2+ is a 

saturable process and was signifi cantly greater than that in control oocytes [39]. These data indicate 

that DMT1 plays an important role in the uptake of Cd2+ in enterocytes. Although DMT1 is likely 
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not the sole mechanism for the uptake of Cd2+ by the intestine [144], it appears that it plays a major 

role in the intestinal uptake of this metal.

Interestingly, studies carried out in human epithelial cells from intestinal crypts (HIEC) suggest 

that DMT1 does not participate in the uptake of Cd2+ in crypt cells [145]. Rather, the uptake of Cd2+ 

by these cells appears to occur through a zinc (Zn2+)-activated pathway [146]. This pathway, how-

ever, is not thought to contribute signifi cantly to the overall intestinal absorption of Cd2+ [146].

A Zn2+ transporter has also been implicated in the uptake of Cd2+ in surface enterocytes. Studies 

using apical membrane vesicles from pig small intestine indicate that Zn2+ and Cd2+ share a binding 

site on a transporter that does not take up Ca2+ [147,148]. It has also been shown that Cd2+ competes 

with Zn2+ for a transporter that is independent of DMT1 [136]. It has been hypothesized that Cd2+ 

may enter surface enterocytes by acting as a mimic of Zn2+ at the site of a Zn2+ transporter, such as 

the human, zinc-regulated zinc transporter 1 (hZTL1). This transporter, which is present in the 

luminal plasma membrane of enterocytes, is responsible for the inward transport of Zn2+ in these 

cells [149]. In addition, three other Zn2+ transporters, ZIP8, rZIP10, and ZIP14, have been localized 

recently in the intestine and have been implicated in the uptake of Cd2+ in other tissues [150–155]. 

The role of these carriers in the intestinal uptake of Cd2+ has not yet been examined.

Calcium (Ca2+) channels present on the luminal plasma membrane may also play a role in the 

uptake of Cd2+ by enterocytes. Since the atomic radius of Cd2+ (1.71 Å) is signifi cantly smaller than 

that of Ca2+ (2.23 Å) [156], it seems possible that Cd2+ can act as a mimic of Ca2+ at the site of Ca2+ 

channels in order to gain entry into hepatocytes. We postulate that Cd2+ may serve or behave as a 

mimic of Ca2+ at the site of one or more Ca2+ transporters as a means to gain entry into enterocytes. 

The ability of Cd2+ to compete with Ca2+ at the site of membrane Ca2+ channels has been well estab-

lished in numerous in vitro models [157–161]. In addition, in vivo studies in rats demonstrated that in 

conditions where dietary Ca2+ is restricted chronically, the intestinal uptake of orally administered 

Cd2+ is increased greatly [162,163]. Min and colleagues [164] proposed that Cd2+ uptake in the intestine 

may be mediated by the intestinal calcium transporter 1 (CaT1). This carrier is present on the apical 

plasma membrane of enterocytes [165] and may play a role in the absorption of ingested Cd2+.

The actual process by which ionic Cd2+ is transported into intestinal epithelial cells has been pos-

tulated to be a two-step process [166–169]. The fi rst step is thought to involve binding of Cd2+ to the 

plasma membrane. This binding was susceptible to chelators, such as EDTA, but was insensitive to 

changes in temperature. The second step was shown to be sensitive to temperature, but not to chelators, 

and likely represented the actual entry of Cd2+ across the luminal plasma membrane into the intracel-

lular compartment of the enterocytes. This second step is thought to be a carrier-mediated process.

In addition to transport of Cd2+ as an ion, this metal may be taken up by enterocytes as a conju-

gate of a thiol-containing molecule. Cd2+ readily forms linear II coordinate covalent complexes with 

thiol-containing biomolecules such as Cys (Cys-S-Cd-S-Cys) or GSH (G-S-Cd-S-G) [95]. Since 

ingested food contains an abundance of such molecules, it is likely that some of the ingested Cd2+ is 

presented to the plasma membrane of enterocytes as a complex of one or more of these molecules. 

Although a certain amount of ligand exchange occurs with Cd2+ ions (allowing the transport of the 

cationic species of Cd2+), it is highly probable that a substantial fraction of the Cd2+ taken up at 

the luminal plasma membrane of enterocytes is, at least initially, bound to thiol-containing ligand. 

The transport of S-conjugates of Cd2+ has not been studied directly in the intestine; however, we 

hypothesize that since the molecules Cys-S-Cd-S-Cys and G-S-Cd-S-G are structurally similar to 

cystine and glutathione disulfi de (G-S-S-G), which are found endogenously, these complexes may 

serve as mimics of cystine and G-S-S-G at the site of membrane transporters for these molecules. It 

should be noted that numerous studies have shown that mercuric conjugates of GSH are transported 

out of the liver into the biliary tree, where they are broken down to form mercuric conjugates of Cys 

before entering the duodenum [170–172]. Experimental evidence suggests that Cd conjugates of 

GSH are likely handled in the same manner. Indeed, the fi ndings of Cherian and Vostal [173] 

 indicate that the hepatobiliary transport of Cd2+ involves a Cd2+ conjugate of GSH. Based on these 

fi ndings and the fact that duodenal contents are rich in amino acids and peptides, it is reasonable to 
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suggest that a signifi cant fraction of absorbed Cd2+ is taken up as a conjugate of these ligands by one 

or more amino acid and/or peptide transporters. To our knowledge, the involvement of these amino 

acid  carriers in the transport of Cd2+–thiol complexes has not been investigated.

Endocytosis of Cd–protein complexes may also be a route of intestinal uptake of Cd2+. Cd2+ can 

bind to the metal-binding protein MT in the intestinal lumen [137,174,175]. These Cd–MT com-

plexes are taken up as intact complexes by enterocytes [176], most likely by an endocytic pathway. 

It appears that the accumulation of Cd2+ is lower when animals are administered Cd–MT than when 

animals are exposed to CdCl2 [176].

Owing to the similarities in the uptake of Fe2+ and Cd2+ at the luminal plasma membrane of 

enterocytes, we postulate that the basolateral transport of these two metals may involve a common 

mechanism. One candidate is the metal protein transporter 1 (MTP1, Ferroportin 1, Ireg1). This 

carrier has been identifi ed in the basolateral membrane of enterocytes, and is thought to mediate the 

export of Fe2+ across the basolateral plasma membrane into portal circulation [177–180]. Recent 

studies in rats and mice indicate that an increase in the expression of MTP1 is associated with an 

increase in the absorption of Cd2+ [142,181]. These studies suggest that the transport of Cd2+ out of 

cells at the basolateral membrane occurs via MTP1.

An additional mechanism for the exit of Cd2+ across the basolateral membrane of enterocytes is 

a Zn2+ transporter. Recent studies have provided strong evidence supporting the theory that Zn2+ and 

Cd2+ can utilize a common transporter [136,182–184]. One possible mechanism for the basolateral 

effl ux of Cd2+ is the Zn2+ transporter, ZnT [185,186]. This carrier is thought to mediate the baso-

lateral export of Zn2+ from within enterocytes into the circulation [187]. Owing to the basolateral 

localization of this transporter and the association between Zn2+ and Cd2+ transport, we hypothesize 

that this carrier may play a role in the outward fl ux of Cd2+ across the basolateral membrane of 

enterocytes. Multiple isoforms of ZnT (1, 4, 5, 6, and 7) have been localized in the intestinal tract 

and may play a role in the absorption of Cd2+; however, the ability of the individual carriers to 

 transport Cd2+ remains untested [185,187].

Cd2+ may also utilize Ca-ATPase as a mechanism for basolateral export from enterocytes. In 
vitro evidence suggests that Cd2+ is a competitive inhibitor of Ca2+ at the site of the intestinal 

Ca-ATPase present on the basolateral plasma membrane of enterocytes [188,189]. It has been sug-

gested that Cd2+ utilizes this carrier for its transport out of the enterocyte into portal and systemic 

circulation. Since Cd2+ has been shown to act as an ionic mimic of Ca2+ in other organs and cellular 

models [157–161], it is reasonable to suggest that it may also do so at the site of the intestinal 

Ca-ATPase.

10.3.3 RENAL TRANSPORT OF Cd2+

The kidney is one of the primary organs affected adversely following chronic exposure to Cd2+ 

[73,190]. The majority of Cd2+ entering the nephron is absorbed by the epithelial cells lining the 

proximal tubule. Studies in rats have shown that as much as 95% of the administered dose of Cd2+ 

is taken up by proximal tubular cells [191,192]. The mechanisms by which Cd2+ is taken up by these 

cells, however, remain unclear. Cd2+ has a strong affi nity for thiol-containing biomolecules, such as 

GSH and Cys; therefore, it is likely that Cd2+ is presented to the luminal membrane of proximal 

tubular cells as G-S-Cd-S-G or Cys-S-Cd-S-Cys. G-S-Cd-S-G conjugates are likely not taken up as 

intake complexes. The brush-border enzymes γ-glutamyltransferase and cysteinylglycinase, which 

are responsible for the catabolism of intraluminal GSH, are abundant in the luminal plasma mem-

brane of proximal tubular cells. Cys-S-Cd-S-Cys, which is the primary product formed by the 

actions of these enzymes on G-S-Cd-S-G, is the most likely species of Cd2+ that is taken up at the 

luminal plasma membrane of proximal tubular epithelial cells. Indeed, in vivo microperfusion of rat 

proximal tubules demonstrated that tubular absorption of Cd2+ increased by 82% when Cd2+ was 

coperfused with Cys [193]. Additional in vivo studies in rats have also shown that when CdCl2 is 

coadministered subcutaneously with excess Cys, there is greater accumulation of Cd2+ in the epithelial 
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cells lining the proximal tubule [194,195]. Similarly, other in vivo studies in rats showed that when 

Cd2+ and GSH or Cys were injected simultaneously, the renal uptake of Cd2+ increased signifi cantly 

[196]. These studies also demonstrated that there is at least one luminal and one basolateral mecha-

nism involved in the renal uptake of Cd2+ [196]. Specifi c mechanisms for the uptake of Cys-S-Cd-

S-Cys by proximal tubular cells or any other type of epithelial cell have not been characterized 

directly. However, since both Cd2+ and Hg2+ (which are both group IIB metals) have similar proper-

ties, similar mechanisms may be involved in their uptake by target cells. Cys-S-Hg-S-Cys is a 

structural mimic of cystine, and is transported across the luminal plasma membrane of proximal 

tubular epithelial cells by the cystine transporter, system b0,+ [197]. Given that Cd2+ appears to form 

complexes with Cys, which are similar structurally to Cys-S-Hg-S-Cys, we can hypothesize that 

Cys-S-Cd-S-Cys and Cys-S-Hg-S-Cys may be taken up by the same or similar mechanism. Indeed, 

studies utilizing isolated perfused proximal tubules indicate that Cd2+, as a conjugate of Cys, is 

taken up readily at the apical membrane of proximal tubular cells [198]. This uptake was inhibited 

by the addition of cystine or lysine, suggesting that at least part of this uptake occurs via an amino 

acid transporter, such as system b0,+ [198].

Another possible route of Cd2+ entry into proximal tubular cells is receptor-mediated endocytosis 

[5,199,200]. Within the body, Cd2+ may exist as a Cd–MT complex, which may originate from the 

liver [201] or intestinal tract [202,203]. Cd–MT is fi ltered freely at the glomerulus and may be taken 

up by the epithelial cells of the proximal tubule via an endocytotic mechanism [202,204–208]. 

Indeed, the cells of the proximal convoluted tubule are the primary sites affected adversely by 

Cd–MT [94,192,193,200,204,205,209,210]. This pathway is likely the major route of entry for Cd2+ 

into proximal tubular cells [211]. Megalin, a receptor involved in the absorption of fi ltered proteins 

[212], is thought to be involved in the proximal tubular absorption of Cd–MT complexes. Indeed, 

MT has been shown to bind to megalin [213]. Recent studies using cultured cells from S1 proximal 

tubules suggest that megalin is involved in the endocytosis of Cd–MT [214]. In addition, the GTPase 

ADP-ribosylation factor, ARF6, which regulates endocytosis and vesicular traffi cking, appears to 

be involved in the uptake of Cd–MT [215]. Once internalized, it is thought that Cd–MT is delivered 

to endosomes or lysosomes, where Cd2+ dissociates from MT and is subsequently transported into 

the cytosol via the lysosomal isoform of DMT1 [216].

Cd2+ may also be taken up into proximal tubular cells in a cationic form, as evidenced by studies 

in isolated perfused proximal tubules from rabbits [217] and cultured proximal tubular cells 

 [218–223]. As these experiments utilized CdCl2, the data obtained may not accurately represent 

physiological processes that occur in vivo. This pathway probably represents a small fraction of the 

total uptake of Cd2+.

A Zn2+ transporter has also been implicated in the proximal tubular uptake of Cd2+. In vivo 

studies in rats demonstrated that administration of Zn2+ protects the kidney from the nephrotoxic 

effects that occur following exposure to Cd2+ [224,225]. Data from micropuncture studies in rats 

showed that the addition of Zn2+ reduced the accumulation of Cd2+ in proximal tubules. It was 

hypothesized that the Zn2+ transporters ZIP1, 2, and 3 may play a role in the uptake of Cd2+ into 

proximal tubules [191]. These transporters are localized in the apical plasma membrane of proxi-

mal tubular cells and their activity can be blocked by the presence of Cd2+ [226]. Recently, another 

Zn2+ transporter, ZIP8 (SLC39A8), has been identifi ed as a carrier of Cd2+ [155]. Overexpression 

of this carrier, which is localized in the apical plasma membrane of proximal tubular cells, was 

found to enhance Cd2+-induced damage to proximal tubules [155]. A second Zn2+ transporter has 

also been implicated recently in the uptake of Cd2+ at the luminal membrane of proximal tubular 

cells. Girijashanker and colleagues [151] have identifi ed ZIP14 (SLC39A14) (splice variants ZIP14A 

and ZIP14B) in the apical membrane of Madin-Darby canine kidney (MDCK) cells and have 

implicated it in the transport of Zn2+, Cd2+, and manganese (Mn2+). In addition to ZIP8 and ZIP14, 

rZIP10 (SLC39a10) has been identifi ed as a Zn2+ transporter in the luminal plasma membrane of 

proximal tubular cells. When overexpressed in LLC-PK1 cells, the ability of rZIP10 to take up Zn2+ 

was inhibited by Cd2+ [153]. Although the uptake of Cd2+ by these carriers has not been characterized 
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directly, inhibition studies provide strong evidence for a role of these transporters in the uptake of 

Cd2+ by proximal tubular cells.

Another possible mechanism for the uptake of Cd2+ by proximal tubular cells is a Mn2+ trans-

porter. Studies in various lines of cultured cells, including osteoblasts, proximal and distal convo-

luted tubular cells, HeLa cells, PC12 cells, and Caco-2 cells, indicate that a high-affi nity Mn2+ 

transporter, distinct from DMT1, is involved in the uptake of Cd2+ [227–229]. Interestingly, the abil-

ity of Mn2+ to protect cells against toxicological effects of Cd2+ was most pronounced in cells derived 

from the proximal convoluted tubule [228], which is a major site of Cd2+ accumulation.

In other organs, DMT1 has been identifi ed as a mechanism for the uptake of Cd2+ [135]. Since 

the uptake of Cd2+ by the proximal tubule can be blocked by Mn2+ and Zn2+, which are both sub-

strates of DMT1, it is logical to suggest that DMT1 may play a role in the uptake of Cd2+ into proxi-

mal tubular cells. Within proximal tubular cells, DMT1 has been localized in the apical plasma 

membrane [230] and cytoplasm [231], specifi cally in late endosomes and lysosomes [216,232]. It has 

been shown recently that alternative splicing of DMT1 regulates the subcellular localization of this 

carrier [233]. Both isoforms of DMT1 appear to be present in proximal tubular cells, with one local-

ized in the apical plasma membrane and the other present in late endosomes and lysosomes 

[216,233,234]. It has been hypothesized that this pattern of expression for DMT1 is important for the 

intracellular handling of Cd–MT complexes. Following uptake by receptor-mediated endocytosis 

and subsequent delivery to endosomes and lysosomes, it appears that Cd2+ is dissociated from MT 

and transported into the cytoplasm via DMT1 [199,216].

Not all of the Cd2+ present in the luminal compartment of the nephron is taken up by the proxi-

mal nephron; a fraction is absorbed by the distal nephron. However, the distal tubular uptake of 

Cd2+ probably represents a small percentage of the total amount of absorbed Cd2+. Indeed, immu-

nolocalization experiments demonstrate that DMT1 is present in the luminal plasma membrane of 

epithelial cells lining the ascending thick limb of the loop of Henle, the distal convoluted tubule, 

and the principal cells of the cortical collecting duct [231]. Additional support for this hypothesis 

comes in part from experiments demonstrating that Cd2+ is a potent inhibitor of Fe2+ uptake in cells 

derived from the distal nephron [159,235]. Using an immortalized line of mouse distal convoluted 

tubular cells, Friedman and Gesek [159] demonstrated that Fe2+ is able to signifi cantly inhibit the 

uptake of Cd2+. Olivi and colleagues [235] used MDCK cells to show that Cd2+ and Fe2+ are able to 

competitively inhibit the uptake of each other. In addition, these investigators showed that the 

uptake of Cd2+ was greater in renal fi broblasts (HEK-293) that overexpress DMT1 than in corre-

sponding wild-type cells. Collectively, these fi ndings suggest that Cd2+ may act as an ionic mimic 

of Fe2+ at the site of the luminal transporter, DMT1, in epithelial cells of the distal nephron and 

collecting duct.

Ca2+ channels may also play a role in the absorption of Cd2+ into epithelial cells lining the distal 

tubule. In other organs such as liver and intestine, Cd2+ appears capable of utilizing Ca2+ channels 

to gain entry into cells [157–161]. Therefore, it is reasonable to suggest that the Ca2+ channels present 

in the distal nephron may serve as a route of entry for Cd2+. Indeed, in vitro studies in an immortal-

ized line of mouse distal tubular cells have implicated Ca2+ channels in the transport of Cd2+ [159]. 

Exposure of these cells to parathyroid hormone, which promotes Ca2+ absorption in the distal 

nephron [236,237], markedly increased the cellular uptake of Cd2+. Furthermore, the observed Cd2+ 

uptake was inhibited by the Ca2+ channel antagonist nifedipine and was enhanced by the Ca2+ chan-

nel agonist BAY K 8644 [159]. These data suggest that Cd2+ may enter distal tubular epithelial cells 

via mechanisms of ionic mimicry whereby Cd2+ mimics Ca2+ at the site of Ca2+ channels. In addi-

tion, studies using MT knockout cells suggested that the T-type calcium channel Cacnα1G is respon-

sible for the uptake of Cd2+ [238]. This subunit is localized in the apical plasma membrane of cells 

of epithelial cells along the distal nephron [239]. Additional in vivo studies from rats also found that 

the presence of Cd2+ inhibited the absorption of Ca2+ in the distal nephron [191]. The authors of this 

study suggested that the epithelial Ca2+ channel (ECaC) may be involved in the uptake of Cd2+ into 

epithelial cells of the distal nephron [191]. Even so, a previous study suggested that Cd2+ does not 
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compete directly with Ca2+, but rather binds to a high-affi nity inhibitory site on the transporter 

[240]. Clearly, additional studies are necessary to elucidate fully this route of entry.

The basolateral membrane of proximal tubular cells also serves as a point of entry for Cd2+. A 

plausible mechanism for this transport may be Ca2+ channels. When LLC-PK1 cells were grown on 

permeable supports and their basolateral surfaces were exposed to Cd2+ in the presence of high 

concentrations of Ca2+, the accumulation of Cd2+ was reduced signifi cantly [241]. It is also thought 

that Cd–thiol conjugates present in the blood may be transported across the basolateral membrane 

of proximal tubular epithelial cells. Although specifi c mechanisms for this route of uptake have not 

yet been identifi ed, potential candidates for this transport are members of the organic anion trans-

porter (OAT) family. OAT1 and OAT3 are present in the basolateral membrane of proximal tubular 

cells [242–244] and have been shown to mediate the transport of Hg2+ as a conjugate of Cys, Hcy, 

or NAC [245–247]. It is believed that at least some of the Cd2+ in blood, especially after acute expo-

sures, is conjugated to GSH, Cys, and/or NAC. These Cd2+ complexes are structurally similar to 

those of Hg2+; therefore, we hypothesize that OAT1 and OAT3 play a role in the uptake of thiol 

conjugates of Cd2+. Interestingly, Cd2+ absorbed by proximal tubular cells may be transported across 

the basolateral membrane from within the cells back into circulation. It has been proposed that a 

Zn2+ transporter, possibly Znt1 [248] or ZIP5 [249], on the basolateral plasma membrane plays a role 

in this process [250].

Cd2+ may also be secreted from within renal tubular cells into the tubular lumen for elimination 

in the urine. In vivo studies in mice exposed to Cd2+ demonstrated that treatment with various chela-

tors resulted in extraction of Cd2+ (as measured by the appearance of Cd2+ in urine and the disap-

pearance of Cd2+ from the kidney) [251]. Calcium disodium diethylenetriaminepentaacetic acid 

(DTPA), disodium ethylenediaminetetraacetic acid (EDTA), 2,3-dimercaptosuccinic acid (DMSA), 

pencillamine (PEN), and N-acetylcysteine (NAC) were all effective chelators of Cd2+ [251,252]. The 

specifi c mechanisms by which these chelators mediated the extraction of Cd2+ from renal tissue 

were not determined; however, possible candidates involved in this extraction are MRP2 and MRP4. 

In the kidneys, these export proteins are localized exclusively in the apical plasma membrane of 

proximal tubular cells [52,253]. MRP2 and MRP4 have broad substrate specifi cities and have been 

shown to transport large, bulky substrates [254]. Given these fi ndings, it seems likely that these 

 carriers may play a role in the renal excretion of Cd2+ complexes.

10.3.4 HEPATIC TRANSPORT OF Cd2+

Upon absorption of Cd2+ by the intestine, it is delivered to the liver via portal blood, where it is then 

taken up avidly by hepatocytes [73]. As much as 60% of a nontoxic dose of Cd2+ (5 μmol/kg) has been 

shown to accumulate in the liver of rats within 1 h after intravenous administration [196]. Although 

the mechanisms by which Cd2+ is taken up across the sinusoidal membrane of hepatocytes remain 

unclear, several hypotheses to explain this transport have been proposed. One possibility is that Cd2+ 

may mimic other elements or metals at the site of membrane transporters or channels (via some form 

of ligand exchange reaction) in the sinusoidal membrane of hepatocytes. It is also thought that Cd2+ 

may bind to proteins that are taken up into hepatocytes via receptor-mediated endocytosis.

One membrane transporter that may be involved in the sinusoidal uptake of the cationic form of 

Cd2+ is DMT1, an ion transporter that is involved in the uptake of Fe2+ [119,120]. In hepatocytes, 

DMT1 is localized in the sinusoidal membrane [123]. Although DMT1 has not been implicated 

directly in the uptake of Cd2+ in hepatocytes, competition studies suggest that it is involved in the 

hepatic uptake of this metal [163]. In vivo studies in mice with iron-defi ciency anemia showed that 

the hepatic uptake of Cd2+ was signifi cantly greater in these mice than in control animals [163], 

which is most likely due to an increase in the expression of DMT1. Also, DMT1 has been shown to 

mediate the uptake of Cd2+ in enterocytes [40,136,141] and distal tubular cells [159,235]. Given the 

role of DMT1 in the uptake of Cd2+ in other organs, it is logical to hypothesize that this carrier may 

also mediate the uptake of Cd2+ in hepatocytes. The participation of DMT1 in the hepatic uptake of 
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Cd2+ suggests that this transport involves a mechanism of ionic mimicry, whereby Cd2+ mimics Fe2+ 

to gain access to the cytosolic compartment of hepatocytes.

The metal transport protein 1 (MTP1), which has been detected in liver and has a function simi-

lar to that of DMT1 [177], may also be involved in the hepatocellular uptake of Cd2+. Recent in vivo 

studies have suggested a role for MTP1 in the uptake of Cd2+ [181]; however, no direct evidence 

 supporting this notion was provided.

Up to 30% of the hepatocellular uptake of Cd2+ may involve Ca2+ channels [161]. In vitro studies 

utilizing primary cultures of rat hepatocytes [157,158,255] and cultured immortalized hepatocytes 

(WRL-68) [161] indicate that Cd2+ may be transported through Ca2+ channels. Not surprisingly, 

treatment of cells with the Ca2+ channel antagonists diltiazem or verapamil blocked the uptake of 

Cd2+ into the hepatocytes. Blazka and Shaikh [157] concluded that Cd2+ gained entry into these cells 

via voltage-gated L-type Ca2+ channels.

In addition to Ca2+ channels, Cd2+ may also be taken up into hepatocytes via a Zn2+ transporter. 

In vitro studies have shown that the uptake of Cd2+ into primary cultures of rat hepatocytes can be 

inhibited by Zn2+ [255]. ZIP8 has been identifi ed recently in the liver and appears to play a role in 

the uptake of Cd2+ in the testes and kidney [150]. This carrier has not been localized to a specifi c 

membrane of hepatocytes, but it is likely responsible for some of the Cd2+ transport that occurs in 

these cells [256]. In addition, ZIP14, a Zn2+ and Mn2+ transporter present in the liver, may also medi-

ate a fraction of Cd2+ uptake by hepatocytes [151].

Receptor-mediated and fl uid-phase endocytosis account for a large amount of membrane turn-

over and fl uid absorption in hepatocytes [257]. The endocytosis of transferrin and ferritin is one of 

the best-characterized forms of receptor-mediated endocytosis in hepatocytes and represents a 

major pathway in the hepatic uptake of Fe2+ [258–260]. It is thought that Cd2+ can substitute for Fe2+ 

at the site of DMT1; therefore, one would not be surprised to fi nd that this substitution may also 

occur at the site of one or more Fe2+-binding proteins, such as ferritin. Indeed, ferritin has been 

shown to bind Cd2+ [261,262]. Therefore, it has been hypothesized that Cd–ferritin complexes may 

be endocytosed by hepatocytes by a means similar to that characterized for Fe2+–ferritin [5]. It is 

also important to note that albumin, which is the most abundant plasma protein, is a potential car-

rier of Cd2+ in blood, and thus endocytosis of albumin–Cd2+ complexes may serve as a route for the 

hepatic entry of Cd2+. Furthermore, Cd–MT complexes formed in the intestine [137,174,175] may 

also be taken up by hepatocytes via receptor-mediated endocytosis.

It is important to note that within hepatocytes, much of the absorbed Cd2+ becomes bound to MT. 

When hepatocellular necrosis and/or apoptosis is/are induced, Cd2+–MT complexes are thought to 

be released into systemic circulation [202]. Some of this Cd2+ is delivered to the kidneys, where it 

is fi ltered by glomeruli and is then reabsorbed by the epithelial cells of the proximal tubule 

[202,206,208]. Importantly, Cd2+–MT has been implicated as the primary form of Cd2+ that causes 

the nephropathy induced by Cd2+ [94,192,193,200,204,205,209,210,263].

A number of other transporters may also be involved in the transport of Cd2+ across the sinusoi-

dal membrane of hepatocytes. These include the organic anion transporting polypeptides OATP1, 

OATP2, and OATP4 [264–266], the organic cation transporter OCT1 [267], MRP1, and amino acid 

or peptide transporters that are localized to the sinusoidal plasma membrane. Although these carri-

ers have not been implicated in the transport of metals into or out of hepatocytes, most of them are 

multispecifi c transporters and may be able to carry metal ions or conjugated forms of metals.

Various lines of evidence indicate that a fraction of the Cd2+ that enters into hepatocytes is 

secreted into the bile, which is subsequently delivered to the duodenum for excretion in the feces 

[173,268,269]. Thin-layer chromatographic analyses of bile from CdCl2-treated animals showed 

that Cd2+, as a conjugate of GSH, is transported from the hepatocyte into bile via a carrier-mediated 

process [173]. Although a specifi c carrier has not been identifi ed for this transport, the most likely 

candidate is MRP2. G-S-Cd-S-G is structurally similar to G-S-S-G, which is a substrate of MRP2. 

Considering this and the fact that MRP2 is localized in the canalicular membrane of hepatocytes 

[268–271], we hypothesize that G-S-Cd-S-G may act as a mimic of G-S-S-G at the site of MRP2.

© 2010 by Taylor and Francis Group, LLC



254 Cellular and Molecular Biology of Metals

10.3.5 TESTICULAR HANDLING OF Cd2+

Exposure to Cd2+ in males may also have detrimental effects in the testes [272–276]. Acute testicular 

necrosis and the destruction of seminiferous tubules have been shown to occur in rats and mice after 

a single injection of Cd2+. Until recently, the mechanisms by which Cd2+ enters testicular cells were 

unclear. It appears that in order to gain access to these cells, Cd2+ acts as a mimic of Zn2+ at the site 

of one or more Zn2+ transporters [150,277–279]. Experiments using interstitial cells isolated from 

the testes of rats have demonstrated that Cd2+ uptake by cells could be inhibited by Zn2+ and 

N-ethylmaleimide, a sulfhydryl-alkylating agent [278]. These fi ndings suggest that the testicular 

uptake of Cd2+ may not only be due to the activity of a Zn2+ transporter, but may also be mediated by 

a transporter that carries thiol conjugates of Cd2+ (possibly as G-S-Cd-S-G or Cys-S-Cd-S-Cs). The 

latter may be an amino acid transporter, of which many have been identifi ed in the testes [280]. 

Additional studies examining the interaction between Zn2+ and Cd2+ have shown that there are pas-

sive and active mechanisms involved in the uptake of Cd2+. Although the passive uptake of Cd2+ was 

not affected by Zn2+, the addition of Zn2+ was able to inhibit signifi cantly the active component of 

Cd2+ uptake [279]. Subsequent in vivo experiments in mice demonstrated that the uptake of Cd2+ in 

the testes was a saturable process that was competitively inhibited by Zn2+, but not by Ca2+ [277]. 

More recently, the Zn2+ transporter ZIP8 (SLC39A8) has been identifi ed in vascular endothelial cells 

of the testes and is thought to be one of the mechanisms by which Cd2+ gains entry into testicular cells 

[150,256]. Additional support for this theory comes from in vivo studies using a line of cells from 

transgenic mice overexpressing ZIP8. In these mice, testicular necrosis was enhanced (compared to 

normal mice) following exposure to Cd2+, suggesting that the overexpression of ZIP8 may mediate 

increased accumulation of Cd2+ [155]. A second ZIP transporter, rZIP10, has been identifi ed in the 

testes and, although uptake of Cd2+ by this carrier has not been shown directly, its activity can be 

blocked by Cd2+, suggesting that this carrier may also be involved in the uptake of Cd2+ [153].

A number of other xenobiotic transporters, including DMT1, MRPs, OAT2, and a zinc trans-

porter (Znt1), have been detected in the testes [181,281,282]. Although there are no data directly 

implicating any of these carriers in the testicular transport of Cd2+, it is possible that one or more of 

these transport proteins may play a role in the entry of Cd2+ into cells of the testis.

10.3.6 INTERCELLULAR MIMICRY WITH Cd2+

In vitro exposure of epithelial cells to nontoxic doses of Cd2+ has been shown to disrupt junctional 

complexes between cells [283–287]. Studies using LLC-PK1 cells demonstrated that following 

exposure to Cd2+, cells separated from each other but did not lose their attachments to the surface 

upon which they were cultured [283–285]. In addition, the transepithelial resistance of the mono-

layer was lowered signifi cantly, suggesting that junctional complexes between cells were disrupted 

[283–286]. Numerous studies have since identifi ed E-cadherin, a Ca2+-dependent adhesion molecule 

and component of adhering junctions, as a primary target of Cd2+ toxicity [285,288–291]. It appears 

that Cd2+ acts as a structural mimic of Ca2+ at a Ca2+-binding site on the E-cadherin molecule 

[289,291], leading to an inability to form functional junctional complexes. The ability of Cd2+ to 

disrupt junctional complexes between cells may play a role in the ability of Cd2+ to induce 

 carcinogenesis in various tissues [292].

10.4 LEAD

Lead (Pb) occurs naturally in the earth’s crust and may exist as a lead salt (Pb2+) or as metallic Pb. 

Occupational exposure to Pb2+ can occur as a result of welding, manufacturing Pb-containing 

batteries, Pb smelting and refi ning, and the production of pottery. It is estimated that between 0.5 

and 1.5 million workers are exposed to Pb2+ each year in their workplaces [293]. Children are 

particularly sensitive to the effects of Pb2+, and are usually exposed by playing with and ingesting 
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soil contaminated with Pb2+. Exposure to paints containing Pb2+ occurs either via ingestion or by 

dermal contact.

Exposure to Pb2+ can be detrimental to the nervous, circulatory, skeletal, renal, hematopoietic, 

and endocrine systems [293–296]. Pb2+ poisoning is more common in children than in adults and is 

characterized by neurological symptoms such as headache, convulsions, ataxia, learning disorders, 

and hyperactive behavior [295,297,298]. The skeletal system, specifi cally bone, is a major site for 

the accumulation of Pb2+. This accumulation appears to alter the ability of bone cells to respond to 

hormones and may also result in alterations in the plasma levels of 1,25-dihydroxy-vitamin D3 

[295,299]. Nephropathy or renal adenocarcinoma may also result from long-term exposure to Pb2+ 

[295,300–306].

Even though the clinical consequences of Pb2+ exposure are serious, little is known about the 

mechanisms by which Pb2+ enters target cells. Based on the information available currently, we can 

identify several potential routes of Pb2+ entry into cells. Associations between the uptake of Pb2+ and 

Fe2+, and Pb2+ and Ca2+ have been reported in the literature, suggesting that ionic mimicry plays a 

role in the cellular uptake of Pb2+. In addition, anion exchangers and receptor-mediated endocytosis 

have also been implicated in the cellular uptake of Pb2+.

An inverse relationship between plasma levels of Fe2+ and Pb2+ has been shown by several stud-

ies. Exposure of Fe2+-defi cient rats and humans to Pb2+ results in a higher accumulation of Pb2+ 

[307–309]. This accumulation may be due to DMT1. This carrier is upregulated in Fe2+-defi cient 

conditions and may be capable of mediating the uptake of Pb2+ into cells.

DMT1 is a likely candidate for the uptake of Pb2+ into tissues. Indeed, in cultured human fi bro-

blasts and yeast, overexpression of DMT1 increased the uptake of Pb2+ into these cells [310]. This 

Pb2+ transport was inhibited by iron, which is a known substrate of DMT1 [119,120]. In contrast, 

studies carried out in Caco-2 cells in which the expression of DMT1 had been “knocked down” 

showed that the uptake of Pb2+ into these cells was not altered [143]. Interestingly, in one study in 

which DMT1 was knocked down, the uptake of Pb2+ was not affected [143]. The authors of these 

studies suggest that, in addition to DMT1, there is another transporter responsible for the uptake of 

Pb2+. Indeed, studies in rat astroglial cells indicate that there are at least two mechanisms involved 

in the uptake of Pb2+ [311]. At an extracellular pH of 5.5, the predominant transport mechanism 

appeared to be DMT1, while at pH 7.4, uptake of Pb2+ appeared to involve an anion transporter. 

Additional support for DMT1 as a mechanism for entry of Pb2+ comes from studies of metal trans-

port following neuronal injury [312]. After neuronal injury, an increased expression of DMT1 has 

been observed [313], which in turn leads to an increase in the accumulation of divalent metals, such 

as Pb2+, in neurodegenerative areas of the brain [312]. Considering these collective fi ndings, it 

appears that Pb2+ is a transportable substrate of DMT1, probably via a mechanism of molecular 

mimicry where Pb2+ mimics Fe2+ at the site of this transporter.

Pb2+ may cross the basolateral plasma membrane of various types of epithelial cells and enter the 

blood via MTP1 (Ireg1; Ferroportin) [135]. This carrier is present on the basolateral plasma mem-

brane of epithelial cells in organs involved in iron homeostasis (kidney, intestine, liver, and pla-

centa) [177,179]. Given the role of MTP1 in the transport of Fe2+ and the ability of Pb2+ to be carried 

by other Fe2+ transporters (e.g., DMT1), it seems likely that Pb2+ is also a substrate for MTP1 at the 

basolateral surface of cells.

There is a clear association between Pb2+ and Ca2+, as has been shown in numerous in vivo and 

in vitro models [314–324]. Studies in rats [311,313,314,316], ligated intestinal loops of the chicken 

[325], and perfused intestinal loops of the mouse [326] have shown that Pb2+ absorption is inversely 

related to dietary Ca2+. Interestingly, it has also been shown that high dietary intake of Ca2+ can 

lead to lower plasma levels of Pb2+ [314–316]. High doses of Ca2+ were associated with lowered 

blood levels of Pb2+ in rats [314,316] and humans [315]. The interaction between Pb2+ and Ca2+ 

leads to the hypothesis that Pb2+ may gain entry into cells through one or more of the different 

types of Ca2+ channels expressed in various cells in the body. Moreover, since the ionic radius of 

Pb2+ (1.19 Å) is similar to that of Ca2+ (1.00 Å), it is possible that this Pb2+ may mimic Ca2+ at the 
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site of Ca2+ transporters. Indeed, it has been shown that Pb2+ can be carried into cells via Ca2+ 

channels [327–331]. In cells isolated from bovine adrenal medulla, it was shown that compounds 

that depolarize the cell and subsequently open Ca2+ channels promote the uptake of Pb2+ [331]. 

These studies also showed that the fl ux of Pb2+ through Ca2+ channels is at least 10-fold greater 

than that observed for Ca2+. This difference in fl ux is not surprising since the ionic radius of Pb2+ 

is smaller than that of Ca2+. Additional experiments in cultured rat pituitary GH3 cells, rat C6 

glioma cells, 301 cells (a subclone of human embryonic kidney (HEK) 293 cells) [327], and bovine 

brain capillary endothelial cells [332] indicate that Pb2+ enters these cells via channels that are 

activated by the reduction of intr acellular stores of Ca2+. These experiments also showed that the 

uptake of Pb2+ was a time- and concentration-dependent process and was inhibited signifi cantly 

by the addition of Ca2+. The opposite is also true. Studies utilizing rainbow trout found that the 

accumulation of Ca2+ within the gills of trout was reduced signifi cantly by the presence of Pb2+ 

[329]. Increasing the concentration of Ca2+ in the water had a protective effect and reduced the 

accumulation of Pb2+, suggesting that Pb2+ and Ca2+ compete for the same mechanism(s). Other 

studies utilizing cultured HEK-293 cells transfected with either L-, N-, or R-type Ca2+ channels 

suggest that the ability of these channels to take up Ca2+ is inhibited by the presence of Pb2+ 

[333,334]. The most direct evidence supporting a role for Ca2+ channels in the uptake of Pb2+ 

comes from a recent study using PC12 (rat pheochromocytoma) and HeLa (human cervical 

 adenocarcinoma) cells [335]. Using live cell imaging, the authors of this study showed that Pb2+ 

enters cells via store-operated Ca2+ channels (SOCs) that are associated with the structural/ 

regulatory elements of these channels, Orai1 and STIM1. A recent study also showed that Pb2+ 

binds to the binding site of the Ca2+ transporter in an opportunistic manner, and can adapt to 

structurally diverse binding geometries [336].

The Ca2+-ATPase may also play a role in the uptake of Pb2+. Experiments in human erythrocytes 

indicate that Pb2+ may substitute for Ca2+ as a ligand for Ca2+-ATPase [337]. Additional studies in 

human red blood cell ghosts provided direct evidence indicating that Pb2+ is actively transported by 

a Ca2+-ATPase [338].

Anion exchangers have also been implicated in the transport of Pb2+ [311,330,339,340]. Using 

resealed erythrocyte ghosts, Simons [340] demonstrated that over 90% of the uptake of Pb2+ could 

be attributed to transport via an anion exchanger. The rate of Pb2+ uptake was shown to be propor-

tional to the external concentrations of Pb2+ and HCO3
−. This was not surprising considering recent 

evidence showing that the export of organic anions (via OATP) is accompanied by HCO3
− [341]. 

Compounds known to block anion exchangers (DIDS, 4-acetamido-4′-isothiocyanostilbene-2,2′-
disulfonic acid (SITS), phloretin, furosemide, and bumetanide) effectively inhibited the uptake of 

Pb2+; therefore, it was concluded that the transport of Pb2+ into erythrocytes is most likely mediated 

by an anion exchanger [322,330]. This conclusion was supported by subsequent studies in human 

erythrocytes [339]. In contrast, the uptake of Pb2+ into MDCK cells appeared to be an active process 

that was not affected by the addition of DIDS. Therefore, it was suggested that the transport of Pb2+ 

into erythrocytes occurs via an anion exchange mechanism while the uptake of Pb2+ by MDCK cells 

is thought to utilize a different mechanism [339]. Interestingly, the uptake of Pb2+ into cultured rat 

astroglial cells was inhibited by DIDS, and thus appears to occur via anion exchange [311].

Endocytosis of Pb2+–protein complexes may also serve as a route for the entry of this metal into 

cells. The cytosolic protein α-2-microglobulin has been shown to bind Pb2+ [342,343]. In addition, 

diazapine-binding inhibitor (DBI) and thymosin β-4 have been identifi ed as Pb2+-binding proteins 

(PbBPs) in the human kidney [344,345]. It has been proposed that Pb2+–PbBP complexes enter cells, 

such as proximal tubular cells, by endocytosis. Once inside the cell, it is thought that these Pb2+–

PbBP complexes are delivered fi rst to lysosomes and then to the nucleus. It is unclear if mimicry is 

involved in the internalization of Pb2+–PbBP complexes.

Pb2+ also appears to be transported as a conjugate of GSH [346]. Experiments in rats with can-

nulated bile ducts indicate that Pb2+ can be transported as a conjugate of GSH [346]. Rats treated with 

compounds that reduce the intracellular levels of GSH (diethylmaleate (DEM), cyclohexene oxide, or 

© 2010 by Taylor and Francis Group, LLC



Ionic and Molecular Mimicry and the Transport of Metals 257

methyliodide) secreted signifi cantly lower levels of Pb2+ into the bile. Although the transport of a 

GSH S-conjugate of Pb2+ was not demonstrated directly, these data suggest that such a complex may 

be a transportable form of Pb2+, possibly at the site of a G-S-S-G transporter such as MRP2.

Pb2+ may also act as a functional mimic of endogenous ions at intracellular binding sites for cer-

tain endogenous ions. Several studies have shown that Pb2+ can act as a functional mimic of Ca2+ at 

the site of calmodulin [347–349], a protein that plays a role in the regulation of intracellular Ca2+ 

[350]. Pb2+ may also act as a substitute of Ca2+ at the site of a calcium–calmodulin-dependent phos-

phodiesterase [351] and at the site of Ca+2-binding proteins (CaBP I and II) [352]. The interaction 

between Ca2+ and Pb2+ at sites of cellular junctions is also of signifi cant importance. Many junc-

tional complexes require Ca2+ in order to maintain their integrity. At these sites, Pb2+ may act as a 

structural and/or a functional mimic of Ca2+. If acting as a structural mimic only, one would expect 

the functionality of cellular junctional complexes to be compromised. Interestingly, exposure to 

high levels of Pb2+ has been shown to result in the disruption of the blood–brain barrier [353], lead-

ing to edema and possibly brain damage. Importantly, the endothelial cells in the brain accumulate 

Pb2+ preferentially [354], which can account, in part, for the severe neurological symptoms observed 

with Pb2+ poisoning.

10.5 MERCURY

Mercury (Hg) is a toxic metal pollutant that is found in numerous environmental and occupational 

settings. It can exist in elemental (metallic), inorganic, and/or organic forms. Elemental mercury 

(Hg0) is unique among all metals in that it is a liquid at room temperature. Hg0 can be released read-

ily into the atmosphere as Hg vapor because of its high vapor pressure. Inorganic forms of Hg, as 

mercurous (Hg1+) or mercuric (Hg2+) ions, commonly combine with anionic species of chlorine, 

sulfur, or oxygen to form mercurous or mercuric salts. The primary cation of Hg found in environ-

mental settings is Hg2+. Organic mercuric compounds form when mercuric ions bind covalently 

with carbon atoms of certain small organic functional groups such as methyl, ethyl, or phenyl 

groups. The most frequently encountered form of organic Hg in the environment is methylmercury 

(CH3Hg+). It is formed primarily via methylation of inorganic mercuric ions by microorganisms 

present in soil and water [4,355–357].

All forms of Hg are toxic to humans. However, the extent of the adverse effects induced by Hg 

depends on the form of Hg at the time of exposure, the duration of exposure, and the route of expo-

sure. Exposure to all forms of Hg has been shown to cause deleterious effects in the cardiovascular 

system [358–361], gastrointestinal system [362–365], liver [365–367], kidneys [365,367–369], and 

neurological system [366,370–372].

Humans are exposed to Hg in numerous occupational and environmental settings as well as from 

dental amalgams, and medicinal and dietary sources [4,355,356,373]. However, the majority of 

human exposure results from the ingestion of food and water contaminated with CH3Hg+. Major 

predatory freshwater and saltwater fi sh, such as northern pike, salmon, swordfi sh, and shark, can 

contain high levels of CH3Hg+, largely related to the longevity of fi sh in contaminated waters. On 

ingestion of contaminated tissue of fi sh, CH3Hg+ is released and absorbed readily by the gastroin-

testinal tract of humans and other mammals [355]. After entering systemic circulation, mercuric 

ions can then be delivered to target organs.

It is important to note that within biological systems, mercurous or mercuric ions do not exist as 

inorganic salts or in an unbound, “free” ionic state [374]. Mercuric ions have a very high affi nity for 

thiol-containing biomolecules, such as GSH, Cys, Hcy, NAC, and albumin. Thus, in biological sys-

tems, mercuric ions are always bound to one or more of these compounds. Several studies have 

shown that in the presence of excess low molecular weight, thiol-containing molecules, mercuric 

ions will bind to these molecules in a linear II, coordinate covalent manner (Figure 10.1) [375–377]. 

Mercuric–thiol conjugates formed under these conditions appear to be stable in an aqueous environ-

ment from pH 1 to 14 [376].
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Numerous studies have implicated a mechanism of molecular mimicry in the uptake of thiol 

conjugates of inorganic and organic mercuric ions in selective target cells. Interestingly, mercuric 

conjugates of some nonprotein thiols, such as Cys, Hcy, or GSH, are structurally similar to endog-

enous compounds such as cystine, homocystine, glutathione disulfi de (GSSG), or methionine. 

Consequently, it is thought that some mercuric species access target cells by serving as molecular 

mimics of endogenous compounds at the sites of carrier proteins involved in the transport of these 

compounds.

10.5.1 INORGANIC MERCURY

10.5.1.1 Intestinal Transport of Hg2+

Gastrointestinal absorption of Hg2+, although ineffi cient, occurs following the consumption of 

contaminated food and/or liquids. Foulkes [168] suggested that the uptake of Hg2+ from the intes-

tinal lumen is dependent on the composition of the contents of the intestinal lumen. In other 

words, the mechanisms by which Hg2+ is taken up are dependent on the ligands to which Hg2+ is 

bound. Ingested food contains a great number of thiol-containing molecules, such as amino acids 

and peptides, to which Hg2+ may bind. Hg2+–thiol complexes formed in the gastrointestinal tract 

may serve as structural or functional mimics of some of the endogenous molecules (such as 

amino acids and/or polypeptides) that are absorbed along the small intestine. Given the preva-

lence of amino acid and peptide transporters in enterocytes along the entire length of the intestine 

[378,379], it is reasonable to hypothesize that Hg2+–thiol complexes may be taken up by one or 

more of these carriers. Not surprisingly, the duodenum appears to be the initial site of Hg2+ 

absorption [380].

Studies of the intestinal handling of Hg2+ in blue crabs demonstrated that there are passive and 

active mechanisms involved in the uptake of Hg2+ across plasma membranes of enterocytes [381,382]. 

In addition, studies in isolated perfused intestine of rainbow trout showed that there are two distinct 

mechanisms involved in the absorption of Hg2+: an active pathway and an amiloride-sensitive path-

way [383]. Based on experiments in which HgCl2 was added directly to everted sacs of rat jejunum, 

Foulkes and Bergman [384] suggested that the intestinal absorption of Hg2+ is a two-step process in 

which Hg2+ fi rst binds to the plasma membrane in the form of an anion such as HgCl3
−. Second, Hg2+ 

traverses the plasma membrane and is internalized. Possible mechanisms for this uptake include 

amino acid and peptide carriers, Fe2+ transporters, and Zn2+ transporters.

Within the lumen of the intestine, ingested Hg2+ likely becomes bound to amino acids or peptides 

found in digested food. The complexes formed by this binding may be taken up by active and/or 

facilitated mechanisms involving amino acid and/or peptide transporters. Given the prevalence of 

amino acid transporters in the luminal plasma membrane of enterocytes and recent evidence impli-

cating amino acid transporters in the transport of Cys S-conjugates of Hg (Cys-S-Hg-S-Cys) in renal 

proximal tubular cells, it is reasonable to postulate that amino acid and/or peptide transporters play 

a role in the intestinal absorption of Hg2+. Unfortunately, there is no direct evidence to support this 

theory.

A small fraction of Hg2+ uptake may occur following ligand exchange where the mercuric ion is 

removed from its thiol carrier and is taken up by ion transporters such as DMT1. This transporter 

has been identifi ed on the apical membrane of enterocytes [38] and may be able to mediate the 

transport of mercuric ions. Studies in mice showed that a decrease in the expression of intestinal 

DMT1 corresponded to a decrease in the intestinal accumulation of Hg2+ [41]. The ability of DMT1 

to transport Hg2+ has not been shown directly.

Another possible mechanism for the intestinal absorption of Hg2+ is ZIP8. This Zn2+ carrier, 

which is localized in the intestine, is inhibited by Cd2+ and Hg2+ [150,152,154]. The exact localiza-

tion of ZIP8 in the intestine and its ability to transport Hg2+ have not been determined.

The intestine also plays an important role in the elimination of Hg2+. Two mechanisms appear to 

be involved in the fecal elimination of Hg2+: (1) transcellular and/or paracellular secretion of Hg2+ 
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across enterocytes [385] and (2) delivery of Hg2+ from bile [383,385,386]. Data from in vivo studies 

in rats with cannulated or ligated bile ducts indicate that a substantial fraction of the total pool of 

Hg2+ that is excreted in the feces is due to intestinal secretion of Hg2+ from the blood into the intes-

tinal lumen [387]. Secretion of Hg2+ by enterocytes may involve the transport of a Hg2+–thiol com-

plex, which could act as a mimic or a structural homolog of an endogenous molecule that is secreted 

normally by enterocytes. Amino acid transporters are potential mechanisms for this secretion. 

Given that many of these transporters are actually counter-exchangers, they have the potential to 

transport substrates both into and out of cells. Consequently, Hg2+–thiol complexes, such as Cys-S-
Hg-S-Cys, may utilize these carriers to enter and exit enterocytes, possibly through a mechanism 

involving molecular mimicry. Additionally, members of the MRP family may be involved in this 

transport. MRP3 is localized in the basolateral membrane of enterocytes and may participate in the 

transport of Hg2+ from blood into the intracellular compartment of enterocytes [388–391]. On the 

luminal membrane, MRP2 may mediate the export of Hg2+ from within cells into the intestinal 

lumen. Both these carriers have been shown to be involved in the intestinal secretion of organic 

anions [392]. Owing to the multispecifi c nature of these carriers and their subcellular localization, 

it is possible that they are involved in the intestinal secretion of Hg–thiol complexes. Transcripts 

encoding other members of the MRP family, including MRP4, MRP5, MRP6, and MRP7, have also 

been identifi ed in enterocytes [393]; however, the cellular localization of these proteins has not been 

determined. Furthermore, the ability of these isoforms to transport Hg2+ has not been examined.

10.5.1.2 Renal Transport of Hg2+

The primary site of uptake and accumulation of Hg2+ is the kidney, specifi cally the proximal tubule 

[4]. The accumulation of this metal in the kidneys is very rapid, with as much as 50% of a nontoxic 

dose present there within a few hours after exposure [394]. Until recently, the mechanisms by which 

Hg2+ is taken into renal tubular epithelial cells were largely unknown.

Experimental evidence indicates that there are luminal and basolateral mechanisms involved in 

the uptake of Hg2+ by proximal tubular cells [197,245–247,395–409]. On the luminal membrane, the 

majority of uptake appears to be dependent on the actions of γ-glutamyltransferase and cysteinyl-

glycinase. Numerous in vivo experiments have demonstrated that inhibition of γ-glutamyltransferase 

signifi cantly reduces the renal uptake and accumulation of systemically administered Hg2+ [396,410–

413]. Therefore, it was hypothesized that GSH S-conjugates of Hg2+ (G-S-Hg-S-G) entering the 

luminal compartment of the proximal tubule are degraded rapidly and effi ciently by γ-glutamyl-

transferase and cysteinylglycinase to yield thiol S-conjugates of Hg2+, primarily Cys-S-Hg-S-Cys. 

Indeed, studies in brush-border membrane vesicles (isolated from the renal cortex and outer stripe 

of the outer medulla of rats) indicate that mercuric ions are taken up more readily when they are in 

the form of Cys-S-Hg-S-Cys than when they are conjugated to GSH or 2,3-dimercaptopropane-1-

sulfonate (DMPS) [406]. Moreover, studies in suspensions of rabbit proximal tubules [414,415] and 

isolated perfused proximal tubules from rabbits [416,417] provide additional evidence for the lumi-

nal uptake of Cys-S-Hg-S-Cys. Given the similarities in size and shape between Cys-S-Hg-S-Cys 

and the amino acid cystine, we have hypothesized that Cys-S-Hg-S-Cys can mimic cystine at the 

site of one or more cystine transporters located in the luminal plasma membrane of proximal tubu-

lar epithelial cells. Subsequent experiments in isolated, perfused proximal tubules from rabbits 

showed that there is at least one Na+-dependent and one Na+-independent amino acid carrier involved 

in the transport of Cys-S-Hg-S-Cys [417].

System b0,+ is a heterodimeric transporter comprised of two subunits: b0,+AT and rBAT [418,419]. 

Owing to its high affi nity for cystine and neutral and basic amino acids, it is an excellent target for the 

uptake of Cys-S-Hg-S-Cys. In vitro studies utilizing type II Madin-Darby canine kidney (MDCKII) 

cells stably transfected with system b0,+ indicate that Cys-S-Hg-S-Cys is a transportable substrate of 

this carrier [197]. The uptakes of Cys-S-Hg-S-Cys and cystine were each inhibited by the same amino 

acids, indicating that these two molecular species are substrates for the same carrier, that is, system 

b0,+. This study also demonstrated that mercuric conjugates of GSH (G-S-Hg-S-G), N-acetylcysteine 
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(NAC-S-Hg-S-NAC), and cysteinylglycine (CysGly; CysGly-S-Hg-S-CysGly) are not readily trans-

ported by this carrier [197]. A subsequent study utilizing the same experimental system indicated that 

Hcy S-conjugates of Hg2+ (Hcy-S-Hg-S-Hcy), which are structurally similar to Cys-S-Hg-S-Cys and 

homocystine, are also substrates for system b0,+ [197]. Together, these data provide strong evidence 

supporting the hypothesis that Cys-S-Hg-S-Cys and Hcy-S-Hg-S-Hcy are molecular mimics of the 

amino acids cystine and homocystine, respectively, at the site of system b0,+.

Uptake of Hg2+ at the basolateral plasma membrane accounts for approximately 40–60% of 

proximal tubular uptake [396–399,404,405,407,420]. In experiments where glomerular fi ltration of 

rats was reduced to negligible levels, a 40% decrease in the renal tubular uptake of Hg2+ was 

observed, indicating that the remaining 60% of total Hg2+ uptake occurs at the basolateral mem-

brane [407]. Data from these experiments also demonstrated that the addition of para-aminohippu-

rate (PAH), which specifi cally inhibits members of the OAT family [421–426], effectively inhibited 

the uptake of Hg2+. These fi ndings indicate that the majority of the basolateral uptake of Hg2+ is 

likely mediated by one or more OATs. There is a substantive body of experimental evidence indicat-

ing that mercuric conjugates of Cys, Hcy, and NAC are taken up by OAT1 and OAT3 via a mecha-

nism involving molecular mimicry. Both these transporters have been localized to the basolateral 

plasma membrane of proximal tubular epithelial cells [243,244]. The majority of current evidence 

indicates that OAT1 is the major mechanism for the uptake of Hg2+ at the basolateral plasma mem-

brane of proximal tubular cells [396–399,404,405,409,420,427]. Indeed, recent fi ndings from 

MDCK cells (stably transfected with OAT1) showed that Cys-S-Hg-S-Cys [246], NAC-S-Hg-S-

NAC [245], and Hcy-S-Hg-S-Hcy [247] are substrates of this transporter. In addition, experiments 

utilizing X. laevis oocytes expressing either OAT1 or OAT3 have implicated each of these carriers 

in the uptake of Cys-S-Hg-S-Cys [245,246]. Collectively, these data strongly support a role for 

OAT1 and OAT3 in the basolateral uptake of certain mercuric complexes.

It is well documented that mercuric ions can be extracted from renal tubular cells following treat-

ment with a metal chelator, either DMPS or DMSA [94,428–431]. This extraction process appears 

to involve a direct secretory process whereby mercuric ions move directly from the blood into the 

tubular lumen [432]. Interestingly, the secretion of Hg2+ from proximal tubular cells was shown to 

be dependent on the cotransport of GSH [413]. MRP2 is a member of the ATP-binding superfamily, 

is localized in the luminal plasma membrane of proximal tubular cells [51,433], and has been shown 

to transport some substrates in a GSH-dependent manner [254]. Indeed, indirect evidence from 

MRP2-defi cient rats (Eisai hyperbilirubinemic) suggests that MRP2 plays a role in the hepatobil-

iary secretion of Hg2+ [386]. It was therefore hypothesized that MRP2 plays a similar role in the 

epithelial cells of the proximal tubule. A recent study utilizing proximal tubules isolated from 

 killifi sh suggests that exposure to HgCl2 increases the expression of MRP2 [269]. This study, 

 however, did not directly measure the ability of MRP2 to transport Hg2+. Moreover, the tubules were 

exposed to HgCl2, which is not an accurate representation of normal in vivo conditions, wherein 

Hg+2 is usually bound to thiol-containing molecules. Recent fi ndings from studies in MRP2-defi cient 

rats (TR−) exposed to HgCl2 and treated subsequently with DMPS or DMSA provide strong evi-

dence for a role of MRP2 in the DMPS- and DMSA-mediated extraction of mercuric ions [434,435]. 

It appears that DMPS and DMSA are taken up at the basolateral membrane of proximal tubular 

cells via OAT1 and the sodium-dependent dicarboxylate transporter, respectively [436–438]. It is 

hypothesized that once internalized, DMPS and DMSA form complexes with intracellular Hg2+; 

these complexes are thought to then utilize MRP2 for transport across the luminal plasma mem-

brane of proximal tubular cells into the tubular lumen. Indeed, studies using membrane vesicles 

prepared from Sf9 cells transfected with human MRP2 provided direct evidence for the ability of 

MRP2 to transport both DMPS- and DMSA-S-conjugates of Hg2+ [434,435].

10.5.1.3 Hepatic Transport of Hg2+

The transport of Hg2+ across the sinusoidal membrane into hepatocytes is not understood com-

pletely. Since hepatocytes possess some of the same transporters that have been implicated in the 
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transport of Hg2+ in other organs, it can be postulated that a transporter of G-S-S-G or one or more 

amino acid transporters may be involved in the transport of Hg2+ across the sinusoidal membrane of 

hepatocytes. It is well established that Hg2+ forms complexes with GSH and/or amino acids, such as 

Cys and Hcy. Various amino acid carriers have been identifi ed in the liver [280,439]; however, it is 

presently unclear which, if any, of these carriers are present on the sinusoidal membrane. In addi-

tion, several members of the MRP family, which transport conjugates of GSH, have been identifi ed 

in the sinusoidal membrane of hepatocytes [440], but these isoforms have not been implicated in the 

transport of Hg2+.

Much more information is available on the transport of Hg2+ across the canalicular plasma mem-

brane of hepatocytes. Early studies of Hg2+ transport suggested that the hepatobiliary transport of 

Hg2+ is dependent on hepatocellular concentrations of GSH [171,385,441–445]. In in vivo studies in 

which rats were pretreated with buthionine sulfoximine (BSO) or DEM, each decreasing the cellu-

lar levels of GSH, the uptake and/or retention of intravenously administered Hg2+ increased in hepa-

tocytes [445]. It appears that in the absence of adequate levels of cytosolic GSH, mercuric ions are 

unable to exit hepatocytes and consequently accumulate in the intracellular compartment. Based on 

these data, it appears that the cellular levels of GSH play an important role in the transport of Hg2+ 

out of hepatocytes. Although the specifi c mechanisms responsible for the transport of mercuric ions 

from within hepatocytes into the biliary canaliculus have not been demonstrated directly, experi-

mental evidence indicates that Hg2+ forms conjugates with GSH, which appear to be transported 

into the biliary canalicular compartment. G-S-Hg-S-G is structurally similar to glutathione disul-

fi de (G-S-S-G); therefore, this mercuric complex may serve as a molecular mimic of G-S-S-G at the 

site of a G-S-S-G transporter. Indeed, the multidrug resistance protein 2 (MRP2), which is a carrier 

of G-S-S-G, has been identifi ed on the canalicular membranes of hepatocytes [270,271,446,447]. 

Recently, MRP2 has been implicated in the transport of DMPS- and DMSA-S-conjugates of Hg2+ 

[435]; therefore, it is likely that it acts as a carrier for other conjugates of Hg2+.

10.5.1.4 Transport of Hg2+ in the Placenta
Mercuric ions have been shown to accumulate in the placentas of pregnant women exposed to this 

metal [448–450]. Surprisingly, the mechanisms that mediate the transport of Hg2+ across the pla-

centa are poorly understood. Experiments in brush-border membrane vesicles from human placenta 

suggest that an amino acid transporter may be involved in the uptake of Hg2+ in this organ [451]. 

These experiments demonstrated that the Na+-dependent uptake of alanine was inhibited signifi -

cantly by HgCl2; it was therefore suggested that one or more amino acid transporters may be involved 

in this uptake. As these studies used HgCl2 rather than a Hg–thiol complex, such as Cys-S-Hg-S-

Cys, the results may not accurately refl ect physiological processes that occur in vivo. They do, 

 however, provide valuable preliminary data. Based on these data and the prevalence of amino acid 

transporters in the placenta [452,453], we can postulate that Hg2+, as a thiol conjugate, may mimic a 

structurally similar amino acid and may be utilized as a substrate by one or more amino acid trans-

porters. This proposed mechanism of molecular mimicry may be similar to that demonstrated in 

other tissues (e.g., system b0,+ in proximal tubular cells, system L in endothelial and glial cells of the 

blood–brain barrier).

10.5.1.5 Intracellular Mimicry with Hg2+

Just as some Hg–thiol complexes can mimic endogenous molecules at the site of membrane proteins 

present in the plasma membrane, these complexes may also mimic molecules in the intracellular 

compartments of cells. Since Cys-S-Hg-S-Cys appears to mimic cystine at the site of an amino acid 

transporter on the plasma membrane [197], it is not surprising to fi nd that this conjugate also acts as 

a mimic of this amino acid at binding sites of intracellular molecules that utilize cystine as a sub-

strate. An example of this mimicry has been demonstrated by the preliminary fi ndings of Cooper 

and colleagues [454]. These fi ndings showed that Cys-S-Hg-S-Cys mimics cystine at the binding site 

of the intracellular enzyme γ-cystathionase, which is activated normally by the binding of cystine or 

© 2010 by Taylor and Francis Group, LLC



262 Cellular and Molecular Biology of Metals

cystathionine. Interestingly, Cys-S-Hg-S-Cys may interact with the binding site of γ-cystathionase 

and inactivate the enzyme. Because of this inactivation, it was concluded that Cys-S-Hg-S-Cys 

behaves as a structural, but not a functional, intracellular mimic of cystine and cystathionine. These 

fi ndings suggest that the ability of molecular species of metals to mimic endogenous molecules may 

have serious, deleterious effects on intracellular processes.

10.5.2 METHYLMERCURY

10.5.2.1 Transport of CH3Hg+ in the Brain
The brain and central nervous system (CNS) are the primary target sites where the adverse affects 

of CH3Hg+ are manifested [355,455]. Accordingly, a large number of studies have focused on 

mechanisms by which CH3Hg+ gains access to the CNS and, more specifi cally, how it crosses the 

blood–brain barrier. Like Hg2+, CH3Hg+ does not exist as a free, unbound cation in biological 

systems [374], but rather is found conjugated to thiol-containing biomolecules such as GSH, Cys, 

Hcy, or NAC [1]. Initial studies utilizing homogenates of rat cerebrum have demonstrated that the 

primary nonprotein thiol bound to CH3Hg+ is GSH [456]. This may be one route by which CH3Hg+ 

gains access to cells. Subsequent studies in rats and primary cultures of bovine brain endothelial 

cells have revealed a possible role for Cys in the transport of CH3Hg+ across the blood–brain bar-

rier [457–459]. Specifi cally, coadministration of Cys with CH3Hg+ has been shown to increase the 

uptake of CH3Hg+ into capillary endothelial cells of the blood–brain barrier. Interestingly, experi-

ments in rats have demonstrated that the uptake of CH3Hg+ is inhibited signifi cantly by the neu-

tral amino acid phenylalanine [459–462]. The data from these experiments led to the hypothesis 

that Cys S-conjugates of CH3Hg+ (CH3Hg-S-Cys) are transportable substrates of a neutral amino 

acid transporter in the capillary endothelium of the blood–brain barrier. In vivo studies in 

rat brain [457] and in vitro studies in bovine cerebral capillary endothelial cells [457] have dem-

onstrated that the uptake of CH3Hg-S-Cys is inhibitable by neutral amino acids, providing 

 additional support for the theory that CH3Hg-S-Cys is taken up by a neutral amino acid carrier. 

The investigators in these studies suggested that CH3Hg-S-Cys behaves as a “mimic” of an amino 

acid in order to cross the blood–brain barrier. Indeed, CH3Hg-S-Cys is structurally similar to 

the amino acid methionine [463,464], which is a substrate of the neutral amino acid carrier, 

 system L [280].

System L is present in the basolateral plasma membrane of many types of transporting epithelia 

[280]. Interestingly, in endothelial cells lining the blood–brain barrier, this carrier is found in both 

apical and basolateral plasma membranes [465]. This transporter has a broad substrate specifi city 

[466], which may allow it to utilize CH3Hg-S-Cys as a substrate. Indeed, in vivo studies in rats [467] 

and in vitro studies utilizing primary cultures of rat astrocytes [468,469] provided evidence that 

CH3Hg-S-Cys is a transportable substrate of system L. Additional studies have shown that Hcy 

S-conjugates of CH3Hg+ (CH3Hg-S-Hcy) may also be substrates of system L [470].

Since these initial studies were carried out, investigators have cloned two isoforms of system L: 

LAT1 and LAT2 [471–473]. These transporters are heterodimeric proteins, comprising a heavy 

chain, 4F2hc, and a light chain, LAT1 or LAT2, bound together by a disulfi de bond [280,474]. With 

this knowledge it has become possible to characterize further the role of system L in the uptake of 

CH3Hg-S-Cys. X. laevis oocytes expressing LAT1 or LAT2 were utilized to study directly the 

involvement of each carrier in the transport of CH3Hg-S-Cys [475]. These data provided the fi rst 

line of direct molecular evidence showing that CH3Hg-S-Cys is a transportable substrate of LAT1 

and LAT2 [475]. These data also provide substantive evidence for the phenomenon of molecular 

mimicry in that CH3Hg-S-Cys appears to mimic methionine at the site of system L.

10.5.2.2 Transport of CH3Hg+ in Erythrocytes
Additional data related to the cellular handling of GSH S-conjugates of CH3Hg+ (CH3Hg-S-G) have 

been obtained from studies in erythrocytes. When experiments were performed at 5°C, it appeared 

© 2010 by Taylor and Francis Group, LLC



Ionic and Molecular Mimicry and the Transport of Metals 263

that multiple systems were involved in the transport of CH3Hg-S-G. The primary mechanism was 

thought to involve one or more OATs. In addition, a d-glucose diffusive transporter, a cysteine 

facilitated transporter, and a Cl− transporter may also play a role in the transport of CH3Hg-S-G 

[476]. Based on these fi ndings, it appears that CH3Hg-S-G mimics an endogenous substrate of each 

of these transporters in order to gain access to the erythrocyte. The authors of this study acknowl-

edged that the systems involved in the uptake of CH3Hg-S-G at 5°C may differ from those respon-

sible for this uptake at physiological temperatures. In later studies, Wu [477] measured the uptake 

of CH3Hg-S-G at 5°C and 20°C and concluded that OAT is the primary mechanism of CH3Hg-S-G 

uptake at both temperatures. Additional studies in which probenecid inhibited the uptake of CH3Hg-

S-G confi rmed previous data indicating that this conjugate is a transportable substrate of OAT [478]. 

It was also reported that system N, system y+, and the oligopeptide H+ transport system were not 

involved in this process [478]. These data support the hypothesis that molecular mimicry at the site 

of one or more transporters plays a role in the transport of CH3Hg-S-G in erythrocytes.

10.5.2.3 Intestinal Transport of CH3Hg+

Oral consumption of food and water contaminated with CH3Hg+ is the primary route by which 

humans are exposed to this form of mercury. Thus, a thorough understanding of the mechanisms 

involved in the intestinal absorption of CH3Hg+ is important in order to understand fully the trans-

port and toxicity of CH3Hg+ in the body. Studies in ligated rat intestinal segments have demon-

strated that the uptake of CH3Hg-S-Cys and CysGly S-conjugates of CH3Hg+ (CH3Hg-S-CysGly) 

was 1.5 times greater than the uptake of CH3Hg-S-G [479]. Interestingly, when γ-glutamyltrans-

ferase was inhibited, the uptake of CH3Hg-S-G by enterocytes was reduced by 50%, suggesting that 

some CH3Hg-S-G is not absorbed as an intact molecule. CH3Hg-S-CysGly, which is produced by 

the action of γ-glutamyltransferase on GSH, is likely degraded further at the luminal plasma mem-

brane of enterocytes to yield CH3Hg-S-Cys. Any CH3Hg-S-CysGly, however, that escapes degrada-

tion to CH3Hg-S-Cys may be transported by a peptide transporter present in the luminal membrane. 

In the intestine, di- and tripeptide transporters are the primary means for the uptake of amino acids. 

Given this, and the similarity between CH3Hg-S-CysGly and a small peptide, it is possible that this 

complex mimics an endogenous di- or tripeptide to gain access to enterocytes. Alternatively, CH3Hg-

S-Cys has been identifi ed as the primary species of CH3Hg+ that is secreted into the intestine from 

bile and appears to be reabsorbed rapidly by enterocytes [480]. CH3Hg-S-Cys is structurally similar 

to methionine and may mimic this amino acid at the site of one of the intestine’s many amino acid 

carriers.

Additional data from experiments in ligated segments of rat intestine demonstrated that treat-

ment with probenecid and acivicin signifi cantly reduced the luminal uptake of CH3Hg+ [479]. It was 

concluded that there are two independent transport systems for the uptake of CH3Hg+, as CH3Hg-

S-G, across the luminal plasma membrane of enterocytes. One of these mechanisms is dependent 

on the activity of γ-glutamyltransferase, while the other appears to be inhibited by probenecid. 

These fi ndings lead one to postulate that one or more OATs, which are inhibited by probenecid, may 

be involved in the intestinal uptake of CH3Hg+. It is important, however, to note that probenecid is 

not a specifi c inhibitor of OAT, and may act upon other transporters. To date, OAT2 and OAT10 are 

the only members of the OAT family that have been detected in the intestine [481,482]. In addition, 

several members of the OATP family [482], in addition to a novel organic anion transporter-like 

protein (OATLP1), have been identifi ed in the intestine [483]. Currently, there are no published data 

regarding the ability of any of these carriers to transport Hg2+.

The effl ux of CH3Hg+ across the basolateral membrane of the enterocyte is less clear. Studies 

using isolated, perfused catfi sh intestines showed that CH3Hg-S-Cys is taken up rapidly by entero-

cytes and transported across the wall of the intestine [484]. The investigators in this study suggest 

that there are one or more active-transport carrier proteins involved in this transport. Competitive 

inhibition experiments provided indirect evidence that a neutral amino acid transporter, possibly 

system L, plays a role in the fl ux of CH3Hg-S-Cys across the basolateral membrane of intestinal 
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enterocytes. This transport is probably the result of molecular mimicry wherein CH3Hg-S-Cys 

mimics methionine at the site of system L.

Another possible mechanism for the basolateral export of Hg2+ may relate to GSH. Foulkes [485] 

suggested that the intracellular concentrations of GSH are responsible for regulating the effl ux of 

CH3Hg+ from the enterocyte into the blood. There are few data available to characterize this step of 

CH3Hg+ uptake. The apparent similarities between the structures of CH3Hg-S-G and GSH lead one 

to postulate that the basolateral transport of CH3Hg-S-G may utilize a GSH transporter.

10.5.2.4 Renal Transport of CH3Hg+

Although the primary target of CH3Hg+ is the CNS, this form of mercury also induces signifi cant 

detrimental effects in other organs, such as the kidney [94,486–493]. Until recently, it was unclear 

as to how this organo-metal complex is taken up by renal tubular epithelial cells. Richardson and 

Murphy [494] suggested that the renal tubular uptake of CH3Hg+ is dependent on the cellular con-

centration of GSH. Moreover, several studies have shown that the renal uptake and accumulation of 

CH3Hg+ increase after coadministration of CH3Hg+ and GSH [495,496]. It is thought that γ-glutam-

yltransferase and cysteinylglycinase, present in the luminal membrane of proximal tubular cells, act 

on CH3Hg-S-G to yield CH3Hg-S-Cys [4]. It should be noted that the methylmercuric ion remains 

bound to the sulfur atom of Cys during the catabolism of GSH [497]. Inhibition of γ-glutamyltrans-

ferase by acivicin decreased the uptake of CH3Hg+ into renal tubules and increased the urinary 

excretion of GSH and CH3Hg+ [410,412,496–503]. Furthermore, data from mice defi cient in γ-glu-

tamyltransferase also showed that less CH3Hg+ is absorbed by renal tubular cells [170]. These data 

indicate that the catabolism of the CH3Hg-S-G complex is required for the luminal absorption of 

CH3Hg+ by proximal tubular cells.

Given the structural similarities between CH3Hg-S-Cys and methionine, it is likely that this 

conjugate is taken up into proximal tubular cells by an amino acid transporter. Indeed, studies uti-

lizing oocytes from X. laevis provided direct evidence for the ability of the amino acid transporter, 

system B0,+, to transport CH3Hg-S-Cys and Hcy S-conjugates of CH3Hg+ (CH3Hg-S-Hcy) [504]. 

This carrier is present on the luminal plasma membrane of proximal tubular cells [505] and has 

been shown to mediate the Na+-dependent transport of many neutral and cationic amino acids, 

including methionine (Met) [506,507]. Interestingly, the substrate specifi city of system B0,+ is simi-

lar to that of system b0,+, which has been shown to transport conjugates of Hg2+ [197,395].

Tanaka and colleagues [496] showed that in addition to luminal mechanisms, there are baso-

lateral mechanisms involved in the renal tubular uptake of CH3Hg+. Uptake of CH3Hg+ at the baso-

lateral membrane appears to involve a multispecifi c carrier, such as OAT1. In the kidneys, this 

transporter is localized exclusively in the basolateral membrane of proximal tubular epithelial cells 

[243,245], and it has been shown to mediate the uptake of NAC and DMPS S-conjugates of CH3Hg+ 

(CH3Hg-S-NAC and CH3Hg-S-DMPS, respectively) [508]. Recently, the uptake of CH3Hg+ has been 

characterized in a line of MDCK cells stably transfected with human OAT1. These data provide 

direct evidence for the ability of OAT1 to mediate the uptake of CH3Hg-S-Cys, CH3Hg-S-Hcy, and 

CH3Hg-S-NAC [400–402].

Interestingly, it appears that a fraction of CH3Hg+ present in systemic circulation is oxidized to 

Hg2+ before and/or after it enters the proximal tubular epithelial cells of the kidney [94,491,492,509–

511]. These fi ndings lead one to suggest that at least some of the mercuric ions taken up in the 

 kidneys after exposure to CH3Hg+ may be due to the transport of some chemical form of Hg2+ rather 

than CH3Hg+.

As with Hg2+, it is well documented that chelators are able to extract mercuric ions following 

exposure to CH3Hg+. The mechanisms by which CH3Hg+ is extracted from proximal tubular cells, 

however, were unclear until recently. In vivo studies using TR− rats have implicated MRP2 in chelator-

mediated extraction of mercuric ions. Studies in TR− rats exposed to CH3Hg+ and treated subse-

quently with NAC provide support for the hypothesis that MRP2 mediates the transport of 

CH3Hg-S-NAC from within proximal tubular cells into the tubular lumen [512]. Experiments using 
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membrane vesicles from TR− rats provided direct evidence suggesting that CH3Hg-S-NAC is a 

transportable substrate of MRP2 [512]. Additional studies in TR− rats indicate that MRP2 plays a 

role in the DMPS- and DMSA-mediated elimination of CH3Hg+ from proximal tubular cells [513]. 

Findings from experiments using inside-out membrane vesicles from Sf9 cells transfected with 

human MRP2 provide direct evidence indicating that DMPS- and DMSA-S-conjugates of CH3Hg+ 

are transportable substrates of MRP2 [513]. Collectively, these data provide strong support for the 

hypothesis that MRP2 plays an important role in the renal elimination of mercuric ions following 

exposure to CH3Hg+.

10.5.2.5 Hepatic Transport of CH3Hg+

CH3Hg+, absorbed by the intestine, is delivered to the liver via portal blood. Little is known about 

the mechanisms by which CH3Hg+ in the blood crosses the sinusoidal membrane of hepatocytes. In 
vivo studies in rats have shown that the uptake and accumulation of CH3Hg+ is enhanced when Cys 

or GSH is either coadministered or subsequently administered with CH3Hg+ [462]. A subsequent 

study in cultured human hepatocytes (HepG2 cells) demonstrated that hepatocellular uptake of 

CH3Hg+ is faster when it is presented to cells as CH3Hg-Cys [172]. These studies suggest that 

CH3Hg-Cys is the most likely species of CH3Hg+ taken up at the sinusoidal membrane of hepato-

cytes and that this uptake occurs via system L.

Current evidence regarding the transport of CH3Hg+ from hepatocytes into the biliary canalicu-

lus indicates that this metal is transported in association with GSH [441,443,514–516]. Indeed, early 

studies in hepatic tissues indicate that the majority of CH3Hg+ within hepatocytes is bound to GSH 

[517]. Magos and colleagues [518] demonstrated that increasing hepatic levels of GSH increased the 

excretion of GSH and CH3Hg+ into bile. Refsvik [519] showed that when the hepatic and biliary 

levels of GSH are reduced, the accumulation of CH3Hg+ in the liver is also reduced. It appears that 

the intracellular concentration of GSH has a signifi cant effect on the transport of CH3Hg+. It is plau-

sible to suggest that CH3Hg-S-G is formed within hepatocytes and transported subsequently into 

bile at the canalicular membrane. CH3Hg-S-G is structurally similar to GSH; therefore, it is possible 

that this conjugate may mimic GSH at the site of a GSH transporter on the canalicular membrane. 

Indeed, it has been suggested that a GSH transport system on the canalicular membrane serves a 

primary role in the biliary secretion of CH3Hg-S-G [520]. MRP2 has since been identifi ed as a GSH 

transporter on the canalicular membrane of hepatocytes [521–525] and likely plays an important 

role in the export of CH3Hg+. Indeed, recent data from TR− rats suggest that MRP2 plays a role in 

the hepatobiliary elimination of mercuric ions following exposure to CH3Hg+ [434,435,512].

After being secreted into the bile, CH3Hg+ may be reabsorbed along the biliary tree as a conju-

gate of GSH or one of its metabolites, CysGly and/or Cys [526]. Indeed, CH3Hg+ appears to be 

absorbed by ductal epithelial cells more readily when it is administered as a complex of GSH or Cys 

[527]. Once in the biliary tree, it appears that CH3Hg-S-G is catabolized sequentially by γ-glutam-

yltransferase and cysteinylglycinase to yield CH3Hg-S-Cys, which can be reabsorbed, both by cells 

lining the bile ducts and by enterocytes in the intestine [171]. Although the actual mechanisms 

involved in the uptake of CH3Hg+ conjugates along the biliary tree have not been determined, it is 

reasonable to hypothesize that CH3Hg-Cys is acting as a mimic of an amino acid at the site of an 

amino acid carrier such as system L. A number of various amino acid transporters, including system 

L (LAT3) [528], have been identifi ed in the liver and biliary tree [280,439]; however, the exact 

 localization of each transporter has not been determined.

10.5.2.6 Transport of CH3Hg+ in the Placenta
One of the most publicized and serious toxicological consequences of CH3Hg+ exposure is the del-

eterious neurological effect observed in fetuses whose mothers were exposed to this form of mer-

cury during pregnancy [529–536]. CH3Hg+ crosses the placenta readily and accumulates in the fetus 

[450,533,537] and placenta [448] at levels higher than those in maternal tissues and blood. Yet, little 

is known about the mechanism(s) by which this metal is taken up and transported across this organ. 
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Kaijiwara and colleagues [538] have shown that CH3Hg+ is transported across the rat placenta by a 

neutral amino acid carrier in a time- and dose-dependent manner. They demonstrated that coinjec-

tion with methionine increased the uptake of CH3Hg+. It was proposed that this increase may be the 

result of the intracellular conversion of methionine to Cys, which may subsequently combine with 

CH3Hg+ to form the readily transportable conjugate CH3Hg-S-Cys. This conjugate may then mimic 

methionine at the site of system L to gain access to the placenta. Accordingly, the authors concluded 

that the uptake of CH3Hg+ in placenta is mediated by the neutral amino acid carrier system L [538]. 

The exact species of CH3Hg+ that was transported was not determined in this study, nor was there 

direct evidence supporting the conclusion that system L was involved in this transport. However, 

since the two isoforms of system L, LAT1 and LAT2, have been shown to mediate the transport of 

CH3Hg-S-Cys across the epithelial cells of and the astrocytes associated with the blood–brain bar-

rier [467,468,470,475], it is logical to hypothesize that this same carrier is also involved in the 

uptake of CH3Hg-S-Cys in placenta. In the placenta, LAT1 is localized in the apical (maternal) 

plasma membrane of the trophoblasts while LAT2 is found in the basolateral (fetal) membrane 

[453]. These transporters are important participants in the transfer of nutrients from the maternal to 

the fetal circulation. It should be noted that a number of other protein carriers, including OATs, have 

been identifi ed in the placenta [539]. The role of these other transporters in the transport of CH3Hg+ 

has not been examined; however, they should be considered as possible mechanisms for this 

transport.

In pregnant rats exposed to CH3Hg+, Aremu and colleagues [540] demonstrated that treatment 

with NAC facilitated the removal of mercuric ions from fetal and placental tissues. Similarly, in a 

separate study in which rats were exposed to CH3Hg+ and subsequently treated with DMPS or 

DMSA, it was shown that these two chelators were capable of extracting mercuric ions from placen-

tal and fetal tissues [541]. MRP2, present in the maternal (apical) membrane of trophoblasts [542], 

may play a role in this extraction. The mechanism on the basolateral membrane of trophoblasts that 

mediates the uptake of mercuric ions from fetal circulation into the placenta has not been identifi ed. 

One possible mechanism is OAT4, which has been localized in the basolateral membrane of placen-

tal trophoblasts [542,543]. The ability of OAT4 to transport mercuric ions has not yet been 

examined.

10.6 SELENIUM

Selenium (Se) is an essential element that is commonly found in rock formations and soil. It is rarely 

found in its elemental form in the environment; rather it is usually present as sodium selenite and 

sodium selenate. Although Se, with a recommended daily allowance for Se of 55 μg/day, is essential 

for the proper function of intracellular antioxidant enzymes, it can be harmful to humans when 

consumed in excess [544,545]. Se is often found in paint, certain types of glass, vitamin supple-

ments, plastics, and fungicides [544]. In addition, the ash released from the burning of coal is a 

major source of Se contamination in the environment.

Exposure to Se compounds, such as hydrogen selenide and selenium dioxide, results in serious 

injury to the respiratory tract [546,547], cardiovascular system [548], gastrointestinal tract [548–

550], liver [546,547], and nervous system [549,551]. In addition, ingestion of excess selenium has 

been shown to cause vision impairment, paralysis, and respiratory failure in livestock [544].

Little is known about the mechanisms by which Se enters mammalian cells. Data from everted 

sacs of rat ileum indicate that the uptake of selenate across the luminal plasma membrane of entero-

cytes may be driven by a Na+ gradient [552]. Since selenate is structurally similar to sulfate, this 

uptake may be mediated by the sodium/sulfate symporter NaSi-1, which is found at high levels in 

the ileum [553]. Indeed, additional studies have demonstrated that Se is a transportable substrate of 

NaSi-1 [554,555]. Similarly, another sodium/sulfate cotransporter, NaS2, has been identifi ed in 

other organs, including the kidney, liver [556,557], and placenta [558], and may be involved in the 

transport of Se.
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Studies in isolated rat enterocytes have shown that the uptake of Se is stimulated by intracellular 

and extracellular GSH [559]. Interestingly, when the catabolism of GSH was inhibited, the uptake 

of Se was reduced. These studies suggest that the transport of Se in enterocytes is dependent on the 

products of GSH metabolism [559]. In the liver, it appears that Se is transported from hepatocytes 

into bile as a conjugate of GSH (GS-Se-SG) [560]. Additional in vivo studies have demonstrated that 

Cys, in addition to GSH, stimulates the uptake of Se into isolated perfused segments of distal jeju-

num [561,562] and ligated intestinal loops [563]. Interestingly, in in vitro studies using the mucosal 

surface of isolated jejunum, GSH inhibited the uptake of Se while Cys stimulated its uptake. The 

authors of this study suggested that the catabolism of GSH occurs more effi ciently in in vivo sys-

tems. They concluded that the transportable species of Se are not GSH S-conjugates, but rather Cys 

S-conjugates of Se [562]. Indeed, subsequent studies in primary cultures of enterocytes isolated 

from sheep showed that Se–Cys complexes are transported readily across the luminal plasma mem-

brane of these cells [564]. This transport was inhibited by the presence of various amino acids, 

indicating that an amino acid transporter is probably involved in the uptake of this metal, perhaps 

by a mechanism involving molecular mimicry, similar to that utilized in the proximal tubular uptake 

of Cys-S-Hg-S-Cys. Additional studies in cultured human intestinal cells (Caco-2) indicate that the 

addition of GSH increased the uptake of selenite (SeO3
−2) [565]. These studies also showed that 

 cystine and Met conjugates of Se were taken up by these cells. Interestingly, the uptake of Se–Met 

conjugates was inhibited by Met, which suggests that a common carrier is involved in the transport 

of both compounds. The uptake of Se–cystine complexes was not inhibited by Cys [565]. The effect 

of cystine on the uptake of Se–cystine complexes was not examined in this study.

Se, like Cd, has been shown to behave as a functional mimic of estrogen at the site of the estrogen 

receptor. Studies in MCF-7 cells have shown that Se, in the form of sodium selenite, binds to the 

hormone-binding domain of the estrogen receptor and activates this receptor [566]. Exposure to Se 

was also found to increase the transcription of the progesterone receptor [566]. These fi ndings have 

many important implications for the treatment and prevention of hormone-related diseases.

Another important function of Se is its role as an insulin mimic. According to Stapleton [567], 

an insulin mimic is any agent that can effectively elicit the effect of insulin on cells. The ability of 

Se to act as a mimic of insulin was fi rst examined in isolated rat hepatocytes [568]. Data from these 

experiments showed that selenate is capable of stimulating the transport of glucose in hepatocytes 

in a dose-dependent manner. This transport was thought to be associated with the insertion of the 

glucose transporters GLUT-1 and GLUT-2 into the plasma membrane of hepatocytes, a response 

similar to that induced by insulin. The effect of selenate on the uptake of glucose has also been 

studied in rat soleus muscle [569]. The results of these studies indicate that selenate stimulated the 

uptake of glucose and increased the rate of aerobic and anaerobic glycolysis. Subsequent in vivo 

studies in streptozotocin-induced diabetic rats [570–572] and mice [572] showed that treatment with 

selenate effectively lowers the plasma levels of glucose.

Insulin is also involved in the regulation of cellular metabolic processes, such as carbohydrate 

and fatty acid metabolism [573], glycogen synthesis [574], glycolysis [575], gluconeogenesis 

[576,577], fatty acid biosynthesis [578,579], and the pentose phosphate pathway [580]. Several stud-

ies have provided evidence for the ability of selenate to act as a mimic of insulin in the above meta-

bolic processes [572,575,581,582]. Indeed, oral administration of selenate to diabetic rats restored 

the expression of enzymes involved in glycogen synthesis and gluconeogenesis to normal levels 

[582]. Similarly, treatment of diabetic rats with selenate also restored the expression of enzymes 

involved in fatty acid biosynthesis and the pentose phosphate pathway to normal levels [572,575]. 

One of the characteristic signs of diabetes is hyperlipidemia. Interestingly, selenate has been shown 

to reduce the plasma levels of glucose, lipids, triglycerides, cholesterol, and free fatty acids in 

 diabetic rats [581,583]. Furthermore, treatment of diabetic rats with sodium selenite prevented meta-

bolic defects, such as increases in lipid peroxidation and nitric oxide products, and myocardial 

alterations that are observed in diabetic animals [584–587]. Studies using chick-embryo hepato-

cytes indicate that Se is not an insulin mimetic under all conditions [588]. The clinical implications 
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of these collective fi ndings have yet to be determined. Indeed, some of the effects of Se may be due 

to the ability of this metal to increase the expression of GSH-peroxidase [589]. Data from a recent 

study showed that mice overexpressing GSH-peroxidase had higher levels of insulin than control 

mice [590].

10.7 OXYANIONS OF TOXIC METALS

It has been noted that endogenous oxyanions, such as monovalent phosphate and sulfate, are struc-

turally similar to oxyanions of several toxic metals [1,6]. The molecular structures of arsenate and 

vanadate are very similar to that of monovalent phosphate, while the molecules chromate, molyb-

date, and selenate are similar in shape and size to sulfate (Figure 10.2). Therefore, it is not surprising 

that the oxyanionic forms of toxic metals have been found to mimic monovalent phosphate or  sulfate 

at the site of some membrane carrier proteins.

10.7.1 ARSENATE

Arsenate has been shown to interact with monovalent phosphate at the sites of several different car-

riers. Experiments in osteosarcoma cells (ROS 17/2.8 [591]), bovine and rabbit renal brush-border 

membrane vesicles [592,593], vesicles from the matrix of chicken cartilage [594], and the luminal 

plasma membrane of rat intestine [595] have shown that arsenate will compete with phosphate at the 

site of the sodium-dependent phosphate cotransporter. Additionally, arsenate has been shown to 

competitively inhibit phosphate at the site of an uncharacterized sodium-independent transporter 

[596,597]. The ubiquitously expressed phosphate transporters (PiT-1 and PiT-2) had a low affi nity 

for As; however, the intestinal sodium-phosphate transporter (NaPi-IIb) appears to have a very high 

affi nity for this metal. In addition, the renal isoforms of the sodium–phosphate carrier (NaPi-IIa and 

NaPi-IIc), which are localized in the luminal plasma membrane of proximal tubular cells [598,553], 

may also be involved in the uptake of arsenate from the lumen of proximal tubular cells into the 

intracellular compartment [599]. However, since NaPI-IIa and NaPI-IIc have a low affi nity for As, 

they likely do not represent a major pathway of As uptake. In earthworms, As toxicity was reduced 

by adding phosphate to the soil in which earthworms were raised. These fi ndings suggest that phos-

phate competes with As for uptake into cells [600]. Interestingly, arsenate does not inhibit the trans-

port of phosphate at the sodium-dependent phosphate exchanger in human erythrocytes [601], 

indicating that As does not act as a mimic of phosphate under all conditions.

Arsenate has also been shown to act as a mimic of phosphate at intracellular sites. For example, a 

phosphate molecule is donated normally to 3-phosphoglyceraldehyde to form 1,3-diphosphoglycerate, 

which in turn donates a phosphate molecule to ADP to form ATP. Arsenate has been shown to 

 substitute for the molecule of phosphate that is donated to 3-phosphoglyceraldehyde, which results in 

the disruption of ATP synthesis [602].

10.7.2 CHROMATE

Chromium has been shown to be a competitive inhibitor of sulfate at the site of sulfate transporters 

in human erythrocytes [603,604], placenta [558,605,606], and kidney [607,608]. In kidney, chro-

mium strongly inhibited the uptake of sulfate via the sodium–sulfate cotransporter (NaSi-1) [608, 

609] and via the kidney sulfate transporter (SAT-1) [607], which are both localized in the brush-

border membrane of renal tubules. This inhibition was hypothesized to occur through a competitive 

mechanism. Chromium has also been shown to interfere with the transport of sulfate via the placen-

ta-specifi c sulfate transporter (NaS2) [558]. Taken together, these data indicate that chromium can 

act as a mimic of sulfate at the site of transporters that mediate the uptake of sulfate.
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10.7.3 MOLYBDATE

Molybdate has a tetrahedral structure that is similar to the structures of sulfate (Figure 10.2). Early 

studies of sulfate transport in rat ileum indicate that molybdate competitively inhibits the uptake of 

sulfate, suggesting that these two compounds are substrates for the same transporter [610,611]. 

Subsequent studies in membrane vesicles from human placenta have shown that molybdate is a 

competitive inhibitor of sulfate [606]. Furthermore, data from brush-border membrane vesicles 

from the proximal tubules of sheep demonstrate that molybdate and sulfate utilize the same trans-

port system [611]. Additional support for these fi ndings comes from in vivo studies in the renal 

proximal tubules of rats showing that molybdate is transported by luminal and basolateral sulfate 

transporters [612,613]. Collectively, these fi ndings suggest that molybdate can act as a functional 

mimic of the oxyanion sulfate at the sites of several different extracellular transport proteins.

10.7.4 VANADATE

The oxyanion of vanadium, vanadate (VO4
3−), appears to interfere with the transport of monobasic 

phosphate at the sites of several different carriers. According to Clarkson [1], studies of vanadate in 

erythrocytes indicate that the inward fl ux is inhibitable both by phosphate and by agents that inhibit 

the Cl−/HCO3
− exchanger. More recent fi ndings from studies of vanadate in HEK-293 cells demon-

strated that vanadate can inhibit the renal uptake of phosphate at the site of the NaPi-3 cotransporter 

[614]. In addition, vanadate may act as a mimic of a phosphate molecule on the cytoplasmic side of 

Na+-K+ ATPase [615–617]. The binding of a phosphate molecule, derived from ATP, is essential for 

the activity of this exchanger. Substitution of this phosphate with vanadate results in the inhibition 

of Na+-K+ ATPase [615–617]. Another possible carrier for vanadate is DMT1. In vivo studies in 

mouse pups indicate that higher brain levels of vanadium were associated with an increase in the 

expression of DMT1 [618].

Phosphate Arsenate Vanadate

Sulfate Chromate Molybdate Selenate

FIGURE 10.2 Space-fi lled models of selected oxyanions implicated in molecular mimicry. Note the simi-

larities in structure between monovalent phosphate and the oxyanionic forms of the toxic metals arsenic 

(arsenate) or vanadium (vanadate). Both arsenate and vanadate have been shown to mimic phosphate at the 

site of phosphate transporters. In addition, the structure of sulfate is shown in comparison with the structures 

of selenate, molybdate, and chromate, which are homologous to sulfate. There is evidence indicating that these 

oxyanions can mimic sulfate at the site of transporters responsible for its uptake.
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Interestingly, vanadate has insulin-like effects, but the mechanisms by which it mediates these 

effects are unclear. Vanadate lowers serum glucose levels, improves insulin sensitivity, and increases 

glucose uptake into cells [619–621]. The effects of vanadate on insulin sensitivity may be due more 

to the ability of this metal to increase intracellular levels of Mg, which are determinants of insulin 

action, than to the ability of vanadate to mimic insulin [622]. Furthermore, vanadate also induces 

the recruitment of the glucose transporter GLUT-4 to the plasma membrane of adipocytes [623].

10.8 SUMMARY

As humans are becoming exposed to greater amounts of toxic metals in the workplace and environ-

ment, it is imperative that we understand how these metals affect essential cellular processes and, 

ultimately, human health. Molecules containing toxic metals have found ways of mimicking endo-

genous molecules in order to gain access to cells via essential transporters. Furthermore, some 

 metals have been shown to mimic endogenous intracellular molecules, thereby interfering with 

essential cellular processes. Understanding how toxic metals interact with extracellular and intrac-

ellular  proteins will prove to be important to the development of treatment regimens of diseases 

induced by exposure to these metals.
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11 Heavy Metal Transport 
and Detoxifi cation in 
Crustacean Gastrointestinal 
and Renal Epithelial Cells

Gregory A. Ahearn

11.1 INTRODUCTION

Potentially toxic environmental heavy metals may enter animals across the integument [1,2], by way 

of the gills [3–5], or through the gut in food [6,7]. Elimination of metals from the animal may occur 

across the same tissues and by way of the kidneys. Trace amounts of certain metals (e.g., zinc, cop-

per, iron) are needed by most animals for a variety of metabolic processes, but high concentrations 

of all metals can be toxic and must be regulated. Aquatic invertebrates possess a variety of organ 

and cellular detoxifi cation processes that reduce the concentrations of potentially toxic metals cir-

culating in the blood, while maintaining proper concentrations of those metals needed for specifi c 

physiological and biochemical functions. These regulatory mechanisms include (1) physiological 
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transport processes balancing metal excretion rates with uptake rates from the environment, (2) 

intracellular sequestration mechanisms for metals involving high-affi nity binding sites on low- 

molecular-weight peptides known as glutathione and metallothionein and their subsequent excretion 

through the lysosomal endomembrane system, and (3) intracellular sequestration processes for met-

als involving specifi c vacuoles or lysosomes producing solid metallic phosphate or sulfate granules 

that may subsequently undergo exocytosis for elimination. This review will focus on metal trans-

port, sequestration, and detoxifi cation processes associated with three regulatory organs in selected 

crustaceans: (1) the hepatopancreas; (2) the intestine; and (3) the kidneys (antennal glands).

Figure 11.1 illustrates the possible fates of ingested monovalent, divalent, or trivalent cationic 

metals that pass across the brush-border or luminal membrane of a lobster hepatopancreatic epithe-

lium. Similar fates and processes are likely to occur for metal uptake and handling by integumen-

tary, gill, and renal epithelial cells. In these epithelial cells, cytoplasmic metallic ions (X) may (1) 

associate with glutathione or metallothionein [8], (2) be transported into mitochondria [9], (3) 

undergo effl ux across the basolateral cell membrane to the blood [10], (4) be accumulated by lyso-

somes [11,12], or (5) be transferred into the ER [13]. Environmental heavy metals may be trans-

ported across crustacean epithelial cells either by using transport proteins normally accommodating 

ions such as sodium or calcium or by employing specifi c undefi ned metal transport proteins. This 

review will address the hypothesis that epithelial cells of crustacean hepatopancreas, intestine, and 

kidneys represent tissues of heavy metal homeostasis and act as an ensemble to help regulate appro-

priate organismic concentrations of metals for physiological and biochemical requirements.

11.2 GASTROINTESTINAL SYSTEM

The digestive system of crustaceans is a simple tube that is divided into functional regions with 

accessory organs arising from the tube at anterior or posterior locations. The arthropods exhibit a 

digestive tract divided into foregut, midgut, and hindgut. The fi rst two areas are chitin lined and 

derived from embryonic ectoderm, while the midgut is without a chitinous lining and develops from 

endoderm. The crustacean midgut is further separated into the hepatopancreas and the intestine. 

The former is a complex organ composed of a multitude of epithelial-lined, blind-ended, tubules 

that perform a variety of functional roles in the living animal, including secretion of digestive 

enzymes, digestion of dietary elements, absorption of the resulting digestion products, emulsifi ca-

tion of lipids, storage of carbohydrates, lipids, and heavy metals, and synthesis of the blood pigment, 

hemocyanin. The intestine, by contrast, is a simple epithelial-lined tube connecting the stomach 

with the rectum. This structure receives the digestion products of both the stomach and hepatopan-

creas prior to fecal formation and excretion from the organism.
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FIGURE 11.1 Possible fates of luminal heavy metals (X) in crustacean hepatopancreatic epithelial cells. 

Metal (X) crosses the apical membrane and may complex with metallothionein or glutathione (GSH), enter 

mitochondria, lysosomes, endoplasmic reticulum, or be transferred to the blood across the basolateral mem-

brane. Other fates are possible. (From Ahearn, G.A., Mandal, P.K., and Mandal, A., J. Comp. Physiol. B 174, 

439, 2004. With kind permission from Springer Science + Business Media.)
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11.2.1 HEPATOPANCREAS

The arthropod hepatopancreas is composed of an epithelium with four major cell types, E-cells, 

F-cells, B-cells, and R-cells, and each is believed to contribute to the overall functions of digestion, 

absorption, secretion, emulsifi cation, osmoregulation, and detoxifi cation. Hepatopancreatic E-cells 

are mitotic and function much like mammalian intestinal crypt cells, giving rise to two distinct cell 

lines: an absorptive line generating new R-cells that act much like intestinal columnar cells, and a 

secretory line composed of F-cells manufacturing and secreting digestive enzymes like pancreatic 

acinar cells or stomach chief cells [14–16]. A second type of digestive cell, B-cells, is derived from 

F-cells and appears to play a signifi cant role in the intracellular digestion and excretion of digestive 

breakdown products and xenobiotics [17].

11.2.1.1 Role of Metallothionein and Glutathione in Metal Detoxifi cation
Metallothioneins and glutathione are proteins that are found in virtually all major invertebrate 

phyla as well as in all vertebrates. The former proteins are water soluble, heat stable, and have a 

molecular mass of approximately 6000–7000 Da. They generally possess about 60 amino acids, 

which are rich in cysteine and essentially lack aromatic amino acids, histidine, and methionine. 

Because of the high cysteine content, this group of proteins exhibits a high affi nity for metal ions 

and can selectively bind them from very low intracellular concentrations. Glutathione is a tripep-

tide, composed of the amino acid residues glycine, glutamate, and cysteine. An increase in envi-

ronmental metal concentrations leads to the induction of metallothionein and glutathione content 

through genomic stimulation so that the cytoplasmic level of these proteins keeps pace with the 

accelerated uptake of xenobiotics [18]. A major physiological role for metallothioneins is to serve 

as a reservoir of cations (such as copper and zinc), which are used in synthesizing apoenzymes 

[8,19–21]. In the lobster (Homarus americanus) and the blue crab (Callinectes sapidus), three met-

allothionein encoding genes have been identifi ed as a result of their interaction with copper, zinc, 

and cadmium and have been designated as CuMT-I, CuMT-2, and CuMT-3 [22,23]. While all 

three isoforms may be involved in regulatory processes involving metal binding in the cytoplasm, 

only the CuMT-3 form appears to play a role in the activation of hemocyanin through the transfer 

of copper to apohemocyanin. These studies went on to show that the blue crab has four genes 

encoding different metallothioneins that individually become activated by the presence of copper, 

zinc, or cadmium [24]. Finally, there appears to be a tissue specifi city to the expression of metal-

lothionein isoforms in crustaceans. Crabs exposed to cadmium in the water accumulate the metal 

in the gills bound to MT-2, while MT-1 is absent [25]. In contrast, when crabs were fed diets con-

taining cadmium, both hepatopancreatic isoforms MT-1 and MT-2 are present and both have a role 

in binding the metal.

In addition to their critical role in passing essential metals to enzymes involved in a variety of 

catalytic and respiratory functions, metallothioneins and glutathione, by their inductive capabilities, 

serve a key role in heavy metal detoxifi cation when intracellular metal concentrations exceed those 

necessary for metabolic functions. In this detoxifi cation role, metallothioneins and glutathione are 

intimately involved with the lysosomal system of cells. It has long been appreciated that lysosomes 

in mollusks [18,19,26–28], crustaceans [29], and annelids [30] contain high concentrations of heavy 

metals [8]. The mechanism by which metals bound to metallothioneins or glutathione are able to 

cross lysosomal membranes and become sequestered there from the rest of the cytoplasm is not 

 currently understood. In lysosomes the metals are generally associated with an insoluble polymer of 

lipid peroxidation processes called lipofuscin. In one instance approximately 80% of copper accu-

mulated in lysosomes of the mussel digestive gland (i.e., hepatopancreas) is bound to SH-rich 

 proteins, which likely are remnants of cytoplasmic metallothioneins or glutathione [19]. Therefore, 

metallothioneins and the tripeptide glutathione bind metals in the cytoplasm by processes that show 

both metal and tissue specifi city followed by transfer of these metal–protein associates into lyso-

somes where the amino acid sequences of proteins may be degraded and the freed metals are able 
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to associate with a variety of trapped anionic elements simultaneously transferred there as part of a 

metal detoxifi cation process.

11.2.1.2 Role of Precipitation Granules in Metal Detoxifi cation
Epithelial cells of the gastrointestinal tract, kidneys, and gills of freshwater, marine, and terrestrial 

invertebrates, of virtually every phylum, ubiquitously contain heavy metal-containing solid concre-

tions or granules within membrane-enclosed organelles such as lysosomes or vacuoles [8,31–33]. 

While these structures appear universal in distribution among the invertebrates, the physiological/

biochemical events responsible for their formation are largely unknown [8]. The compositions of 

many of these concretions in representative invertebrates from several phyla have been examined 

using x-ray microprobe analysis. These studies have shown that the granules contain either calcium 

or heavy metal cations, such as zinc, copper, and iron, complexed with sulfur and phosphorus 

[27,33–37]. As a result of this complex formation between cationic metals and polyvalent inorganic 

anions, a potentially toxic heavy metal cation is removed from the cytoplasm and sequestered within 

the organelle membrane in an insoluble, detoxifi ed form. Subsequent long-term storage or exocy-

totic events may extrude the concretions from the cell followed by organismic excretory mecha-

nisms that deposit the metal back into the environment.

Figure 11.2 is a generic representation of four types of concretions that have been identifi ed in 

invertebrate epithelial cells by microprobe analysis [38]. As indicated in this fi gure, metals appear 

to be sequestered into three different types of intracellular concretion vacuoles that may or may not 

include the chemical components of metallothionein (M). Type A vacuoles appear to accumulate 

zinc and phosphorus, Type B vacuoles contain cadmium, copper, mercury, and silver along with 

sulfur, and Type C vacuoles are restricted to iron and the respective anion associated with these 

iron-containing vacuoles is undetermined. A fourth type of concretion (Type D) is extracellular and 

is composed of calcium and carbonate. These apparent distinguishing properties between vacuoles 

and concretion compositions suggest that specifi c transport proteins may occur on membranes of 

the different vacuoles for both metals and complexing anions.

Viarengo [8] suggests that detoxifi cation vacuoles may possess a similar calcium sequestering 

mechanism for storing this divalent cation as occurs in the ER. In this instance calcium, and related 

heavy metal divalent cations, could be transported from the cytoplasm to the vacuolar contents 

by an ATP-dependent, calcium-ATPase active transport protein. This calcium pump would be 
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FIGURE 11.2 Types and composition of cellular vacuolar- or lysosomal-enclosed concretions in invertebrate 

cells. Four types of intracellular (Types A, B, C) and extracellular (Type D) concretions involving both cations 

and anions have been described with elemental analysis. Cationic metals associate with concretions that appear 

to illustrate specifi city toward both cations and anions. M = metallothionein. (From Hopkin, S.P., Ecophysiology 
of Metals in Terrestrial Invertebrates, Elsevier Applied Science, London, 1989. With permission.)
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 accompanied by one or more anion transporters on the vacuolar membrane to accumulate sulfate, 

phosphate, or oxalate within the vacuole and thereby provide the complexing negatively charged ion 

needed for an insoluble precipitate to be formed. Other transport proteins have been described in the 

literature for copper, zinc, and iron transport across cellular plasma membranes and organellar 

membranes, and some of these specifi c metal carrier systems may also occur on concretion vacuolar 

membranes [39–42]. Until recently, there have been no experimental studies examining the nature 

of the metal transport systems present in vacuolar membranes that are responsible for the accumula-

tion of metal cations within these membrane systems. Similarly, there are no published studies 

describing the physiological processes responsible for the transfer of sulfur, phosphorus, or any 

other multivalent anions, such as oxalate, across concretion vacuolar membranes. As a result, details 

of the processes responsible for sequestration, and therefore detoxifi cation by concretion formation, 

within invertebrate epithelial cells have remained unclear.

11.2.1.3 Cation Transport Processes of Crustacean Digestive Tract and Renal Organs
A wide variety of epithelial and nonepithelial vertebrate cell types possess a Na+/H+ exchange pro-

tein in their plasma membranes that catalyzes the net uptake of extracellular sodium for the net 

extrusion of cytoplasmic protons [43,44]. Reported biological functions of this antiport mechanism 

include the regulation of intracellular pH, cell volume, and transcellular transport of sodium and 

bicarbonate [43–45]. In the cells of vertebrate animals this plasma membrane protein is highly 

 conservative in its physiological properties across a range of cell types, universally displaying an 

electroneutral 1Na+/1H+ exchange stoichiometry, which is energized by the cation illustrating the 

predominant transmembrane driving force. Sodium/proton antiporter processes in brush-border 

epithelial membrane vesicles of the gill, hepatopancreas, and antennal glands (kidneys) from fresh-

water and marine crustaceans, and from pyloric caeca of asteroid echinoderms signifi cantly depart 

physiologically from the mammalian 1Na+/1H+ transport paradigm, exhibiting an electrogenic cat-

ion exchange with a transport stoichiometry of 2Na+/1H+ [46–51]. This invertebrate transport pro-

tein shares an amiloride sensitivity with antiporters of vertebrate cells, but the mechanism of 

amiloride inhibition of cation exchange is very dissimilar between the animal groups. In lobster 

(H. americanus) hepatopancreas and kidney brush-border membrane vesicles (BBMV), amiloride 

blocks 2Na+/1H+ exchange by binding to two external cation sites, while only single monovalent 

cation binding sites are inhibited in vertebrate cells [48,50].

Exchanges of calcium in crustaceans take place between the hemolymph and environment across 

epithelial cell layers of the integument, gill, gut, and antennal gland. As shown in Figure 11.3, the 
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FIGURE 11.3 Apical and basolateral calcium transport processes of lobster (H. americanus) hepatopancreatic 

epithelium. Two carrier-mediated transport systems and a cation channel occur on both membranes. Calcium 

and metals may be stored within vacuoles or lysosomes complexed with sulfur or phosphorus. (Data from 

Ahearn, G.A. and Zhuang, Z., Physiol. Zool. 69, 383, 1996; Ahearn, G.A. et al., J. Exp. Biol. 196, 319, 1994.)
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hepatopancreatic epithelium of the lobster (H. americanus) possesses three independent  brush-border 

membrane transport proteins, which control the uptake of calcium from the gastro intestinal lumen 

[52–54]: (1) an amiloride-sensitive, electrogenic 2Na+/1H+ antiporter (see earlier) exchanging either 

2Na+/1H+ or 1Ca2+/1H+; (2) an amiloride-insensitive, electroneutral, cation antiporter exchanging 

1Ca2+/2Na+ or 1Ca2+/2H+; and (3) a verapamil- and amiloride-inhibited calcium channel. The baso-

lateral membrane of this digestive organ also possesses three calcium transfer processes for cation 

exchange between cytoplasm and blood [54]: (1) an electrogenic 1Ca2+/3Na+ antiporter with rela-

tively low apparent calcium binding affi nity; (2) a high-affi nity calcium ATPase for cellular effl ux; 

and (3) a verapamil-inhibited calcium channel for possible calcium uptake from the blood during 

premolt. The contribution of each transport system to calcium uptake by epithelial cells of this 

organ and its transfer from one side of the epithelium to the other during different molt stages have 

been described [54]. Similar calcium transport processes for the brush-border membrane of kidney 

epithelial cells in the lobster were also described [48,55]. Calcium uptake by BBMV from starfi sh 

(Pycnopodium helianthoides) pyloric caeca or lobster (H. americanus) hepatopancreas was signifi -

cantly reduced by the addition of zinc or cadmium to the external medium [56,57]. Both metals 

acted as competitive inhibitors of calcium uptake by the respective membrane preparations and 

 suggested that both calcium and the metal cations shared at least one of the carrier processes previ-

ously described for ion uptake at this cell border. Since the apparent affi nity constants (Km) for 

calcium infl ux in lobster vesicles was approximately 300 μM, while that for cadmium inhibition 

of calcium infl ux (Ki) was 66 μM, the conclusion was reached that the divalent cation transport 

systems exhibit a higher apparent binding affi nity for metals than for calcium.

11.2.1.4  Metal Transport Mechanisms of Crustacean Hepatopancreatic Plasma 
Membranes and Intracellular Organelles

11.2.1.4.1 Epithelial Brush-Border Membrane
Copper and iron uptakes across the apical membrane of lobster hepatopancreatic epithelial cells 

have been investigated using the fl uorescent dye Phen Green and isotopic iron (55Fe2+), in conjunc-

tion with purifi ed epithelial cell types and both BBMV and basolateral membrane vesicles (BLMV). 

Centrifugal elutriation was used to generate purifi ed suspensions of the four hepatopancreatic 

 epithelial cell types (E, F, B, and R cells) and copper infl ux into each cell type was measured after 

equilibrating the cells with Phen Green [11]. All four cell types absorbed copper from external 

concentrations ranging from 0.1 to 8 μM, but signifi cant differences in transport rate occurred 

between the cell types. External calcium (0–10 mM) stimulated the uptake of external copper in a 

saturable fashion, suggesting the occurrence of carrier-mediated metal uptake. Addition of the 

Ca2+ channel blocker verapamil (30 μM) to the external medium reduced the uptake rate of copper 

by all four cell types. External zinc (0–1000 nM) was a competitive inhibitor of copper infl ux in E 

and R cells, suggesting that the two metals shared the same binding and transport mechanism. A 

model was proposed which suggested that copper may enter all hepatopancreatic epithelial cell 

types by a divalent cation antiport process that exchanges intracellular Ca2+ (or other cations) with 

either external copper or zinc (Figure 11.4). Verapamil-sensitive Ca2+ channels may allow access 

of external calcium to cytoplasmic exchange sites on the antiporter or to activator sites on the same 

transport protein.

Further evidence for a brush-border divalent cation exchanger, facilitating the uptake of metals 

from the gastrointestinal lumen, was described for iron uptake in lobster hepatopancreatic BBMV 

[58]. In one experiment, BBMV preloaded with calcium were found to display greater uptake rates 

of 55Fe2+ than vesicles lacking internal calcium, suggesting antiport between the divalent cations. In 

another experiment, BBMV were preloaded with 59Fe2+ and subsequently transferred to media con-

taining mannitol, Fe2+, or Cd2+. In this instance, effl ux media containing either iron or cadmium 

increased the effl ux of 59Fe2+ from the preloaded vesicles by trans-stimulation compared to the 

medium with mannitol, suggesting that metal exchange occurred via a common carrier protein.
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Additional support for a broad-spectrum, heavy-metal antiporter in apical membranes of inverte-

brate gastrointestinal epithelial cells was reported for pyloric caecal cells of the starfi sh Pycnopodia 
helianthoides [57]. In this study, 45Ca2+ uptake by purifi ed BBMV of the pyloric caeca was stimulated 

by an outwardly directed H+ gradient and this stimulation was enhanced by the simultaneous presence 

of an induced membrane potential (inside negative; K+/valinomycin). Zn2+ was a mixed inhibitor of 
45Ca2+ infl ux by carrier-mediated transport, and Mn2+, Cu2+, Fe2+, and Mg2+ were also effective inhibi-

tors of 45Ca2+ uptake, but the mechanism(s) of inhibition by these other cations was(were) not disclosed. 

An equilibrium shift experiment showed that both Na+ and Zn2+ were able to exchange with equili-

brated 45Ca2+ in these vesicles, suggesting that both monovalent and divalent cations were able to enter 

pyloric caecal cells through a common carrier-mediated transport system (Figure 11.5).

Plasma membrane
In Out Verapamil

Ca2+

1

2
Ca2+

– +

1Ca2+

1Cu2+(1Zn2+)

Plasma membrane
In Out

–

Verapamil

Ca2+

1

2
Ca2+

– +

1Ca2+

1Cu2+(1Zn2+)

FIGURE 11.4 Model for the involvement of external calcium and zinc in copper infl ux into lobster 

hepatopancreatic epithelial cells. External calcium may enter hepatopancreatic cells across the plasma mem-

brane through a verapamil-sensitive cation channel and then this cation may serve as an antiport substrate, 

exchanging (process #1) with external Cu2+ in an electroneutral fashion or allosterically activating (process 

#2) the antiport of external Cu2+ with Ca2+ or other intracellular cations (e.g., Mg2+, Na+, H+, etc.). External 

Zn2+ acts as a competitive inhibitor of Cu2+ infl ux in the presence of external calcium and probably shares the 

external binding site on the transport protein with Cu2+. (From Chavez-Crooker, P., Garrido, N., and Ahearn, 

G.A., J. Exp. Biol. 204, 1433, 2001.)
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Zhuang, Z. and Ahearn, G.A., J. Exp. Biol. 198, 1207, 1995.)
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These studies as a group suggest that calcium and metal uptake by digestive tract epithelial cells 

from dietary constituents in invertebrates likely include an exchange carrier protein as shown in 

Figure 11.4, which facilitates the uptake of a wide variety of luminal metals (e.g., Zn2+, Fe2+, Cd2+, 

Cu2+) in exchange for cytoplasmic H+, Na+, or Ca2+ ions. Once inside the epithelial cells, these met-

als may be sequestered and detoxifi ed by a variety of physiological and biochemical processes as 

described below, or transferred across the basolateral epithelial cell membrane to the blood where 

they may infl uence biological events in many tissues.

11.2.1.4.2 Epithelial Basolateral Membrane
Heavy metals accumulated in crustacean epithelial cells and not bound to cytosolic metallothion-

eins and glutathione or sequestered and detoxifi ed within organelles such as mitochondria, ER, or 

lysosomes may exit the cell across the basolateral cell membrane and enter the blood for distribution 

throughout the animal, where excessive concentrations may lead to pathological effects. As dis-

played in Figure 11.3, crustacean epithelial cells possess at least three potential basolateral proteins 

that may interact with cytosolic divalent heavy metal cations: a plasma membrane calcium ATPase 

(PMCA), a sodium–calcium exchanger (NCX), and a verapamil-sensitive calcium channel. In addi-

tion, metal-specifi c transport proteins may also be present on this membrane. A study was under-

taken, using purifi ed BLMV and 65Zn2+, to assess whether the heavy metal zinc was capable of using 

any of the reported hepatopancreatic basolateral calcium transport systems [10]. In the absence of 

sodium, 65Zn2+ infl ux was a hyperbolic function of external zinc concentration and followed carrier-

mediated, Michaelis–Menten kinetics (Figure 11.6). This carrier transport was stimulated by the 

addition of 150 μM ATP and inhibited by the simultaneous presence of 150 μM ATP and 250 μM 

vanadate. Calcium ion was shown to be a competitive inhibitor of 65Zn2+ transport in the presence 

of ATP but in the absence of sodium, with an inhibitory constant (e.g., Ki) of 205 nM calcium. These 

data suggest that zinc was transported across the basolateral membrane by a vanadate-inhibited 

ATPase carrier system that may be the same system transporting calcium across this part of the cell 

(e.g., PMCA). Alternatively, it is also possible that a Menkes-type copper-transporting ATPase 

[42,59–62] that accepts both copper and zinc may be responsible for the effl ux of metals across this 

cell border in crustaceans. In mammals, this ATPase protein transports copper out of the intestine 

to the blood, and impairment of its function leads to a metal buildup within the gut and a defi ciency 

in this metal for metal-requiring enzymes.
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In the absence of ATP, 65Zn2+ infl ux into hepatopancreatic BLMV was a sigmoidal function of 

preloaded vesicular sodium concentration and exhibited a Hill coeffi cient of 4.03 ± 1.14, consistent 

with an exchange of 3 Na+/1 Zn2+ (Figure 11.7). This transporter was also competitively inhibited by 

calcium in the absence of ATP, illustrating a Ki of 2.47 μM calcium. Both this experiment and the 

previous one suggest that 65Zn2+ is transported by a basolateral calcium-ATPase (PMCA) and 

3Na+/1Ca2+ exchanger (NCX) and that calcium and zinc may compete for binding and transport 

from cytoplasm to hemolymph by these processes in vivo.

11.2.1.4.3 Metal Transport and Sequestration by Epithelial Mitochondria
As Figure 11.1 indicates, once an external metal is transported into a crustacean epithelial cell, it 

may be complexed with metallothionein or glutathione in the cytoplasm, or be transported into 

three organelles: mitochondria, ER, and lysosomes. Within each of the organelles the metal may 

associate with organic or inorganic compounds and be retained there for various periods of time. In 

many cases these complexes involving the cationic metal form insoluble precipitates that are not 

free to leave the organelle, and thereby effectively detoxify the metal. In some instances the buildup 

of these precipitates may interfere with the normal functioning of the organelle and present separate 

problems that are not associated with systemic metal toxicity.

The mitochondrion is an organelle that removes heavy metals from epithelial cytoplasm and 

detoxifi es them by sequestering it as an insoluble precipitate. In the 1970s Lehninger and his colleagues 

showed that blue crab hepatopancreatic mitochondria could store large amounts of calcium phosphate 

in the organellar matrix (Figure 11.8), and at extreme concentrations these precipitates formed needle-

like deposits that destroyed the organelles [63–66]. The calcium transport processes of lobster hepato-

pancreatic mitochondria were characterized in 1999 [9], and the effects of copper on these calcium 

transporters were examined in 2002 [67]. Pure hepatopancreatic mitochondria displayed 45Ca2+ uptake 

by an apparent electrogenic, ruthenium red-inhibited transport process that was sensitive to cytoplasmic 

pH and heavy metals such as zinc [9]. 45Ca2+ effl ux from mitochondria took place by an apparent 

 diltiazem-inhibited, electroneutral 2Na+/1Ca2+ antiporter and an apparent diltiazem-insensitive 2H+/ 

1Ca2+ antiporter. Both antiporters were capable of exchanging preloaded calcium for external zinc.
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The copper-specifi c fl uorescent dye Phen Green was used to investigate the mechanisms of cop-

per uptake by dye-equilibrated hepatopancreatic mitochondria [67]. This study showed that all the 

mitochondrial calcium transport systems previously characterized were able to transport the heavy 

metal as well (Figure 11.9). Once inside hepatopancreatic epithelial cells, a mitochondrial ruthe-

nium red-sensitive uniporter transport system removes either calcium or metal from the cytoplasm 

and accumulates the cations within the organelle. Metals, such as copper, may also enter or leave 

mitochondria by diltiazem-sensitive and diltiazem-insensitive antiporters that exchange the metal 

for either monovalent or divalent cations such as sodium or calcium. The conclusion of this study 

was that hepatopancreatic mitochondria are capable of serving as metal sequestration depots, with 

metals replacing calcium on uniporter and cation-exchange transport systems.

11.2.1.4.4 Metal Transport and Sequestration by Epithelial ER
In vertebrates [68] and invertebrates [69–71], the Sarco/ER Ca2+-ATPase (SERCA) transporter 

transfers calcium ion from the cytoplasm to the respective organellar lumen against steep concentra-

tion gradients. It is not known to what extent this calcium ATPase transports other ions, such as 

heavy metals, into these organelles when they accumulate in the cytoplasm. In order to assess the 

FIGURE 11.8 Crab hepatopancreas mitochondria massively loaded in vitro with calcium and phosphate, and 

fi xed with glutaraldehyde and OsO4. Almost every mitochondrion contains several large, discrete electron-

dense deposits and a few exhibit needle-like deposits (n) that increase in frequency with an elevation in ion 

concentration. Sections were stained with uranyl acetate and lead. ×21,000. (© Chen, C.H. et al., originally 

published in J. Cell Biol. 61, 301–315, 1974. With permission.)
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possibility that the SERCA was capable of transporting metals, a study was undertaken, using a 

centrifugation method to purify hepatopancreatic ER, and the uptake processes of this preparation 

for 45Ca2+ and 65Zn2+ were subsequently investigated [13]. The time course of 45Ca2+ uptake by ER 

vesicles was stimulated by the addition of 1 mM ATP, and was subsequently sharply reduced in the 

presence of both 1 mM ATP and 100 μM vandate, suggesting that a P-type ATPase may be involved 

with calcium accumulation by the vesicles. 45Ca2+ infl ux into ER vesicles was a sigmoidal function 

of external calcium activity and displayed a Hill coeffi cient of approximately 2. External ATP 

(1 mM) increased calcium infl ux Jmax, whereas addition of either 250 μM vanadate or 10 μM thapsi-

gargin signifi cantly (P < 0.01) reduced calcium infl ux Jmax while retaining a Hill coeffi cient near 

2.0. The maximal transport velocity of sigmoidal 45Ca2+ infl ux by ER vesicles was also signifi cantly 

lowered by the addition of either 25 μM Zn2+ or Cu2+ to the external medium.

Infl ux of 65Zn2+ into ER vesicles was also a sigmoidal function of external zinc concentration, 

exhibiting a Hill coeffi cient of approximately 2.0 [13]. The addition of 1 mM ATP signifi cantly 

(P < 0.01) increased infl ux Jmax, whereas the addition of 1 mM ATP plus 250 μM vanadate, or 1 mM 

ATP plus 10 μM thapsigargin, signifi cantly (P < 0.01) reduced sigmoidal infl ux Jmax. A summary of 

the kinetic constants of 45Ca2+ and 65Zn2+ infl uxes into lobster ER vesicles is shown in Table 11.1 and 

suggests that calcium and zinc appear to be handled by the ER in similar ways, but with the apparent 

transport binding affi nity greater for calcium than for the metal. Thapsigargin is a SERCA inhibitor, 

while vanadate inhibits P-type ATPases. Since both inhibitors were effective in reducing the infl uxes 

of both 45Ca2+ and 65Zn2+, it is likely that the SERCA transporter was responsible for accumulating 

the two cations.

11.2.1.4.5 Transport and Sequestration by Epithelial Lysosomes
11.2.1.4.5.1  Transport of Ionic Metals While electron microscopic and x-ray microanalysis 

studies of invertebrate epithelia have shown the presence of a variety of heavy metals in epithelial 

vacuoles and lysosomes [13,33], little direct experimental evidence has been published describing 

the mechanisms by which metals may cross vacuolar or lysosomal membranes. Havelaar et al. [72] 

described a vanadate-insensitive heavy metal transporter on lysosomal membranes from rat liver 

that resembled a P-type cation ATPase and had a specifi city for silver, copper, and cadmium. In 

mammals Wilson’s copper ATPase [73–76] is involved with copper transport from liver to bile and 

is localized on organellar membranes. Patients with Wilson’s disease have impaired excretion of 

copper from the liver due to impaired ATPase activity.

Three studies have recently been conducted with lobster hepatopancreatic lysosomal membrane 

vesicles (LMV) to assess the nature of heavy metal transport by membranes of these organelles and 

the characteristics of independent transport processes for complexing anions that form detoxifying 

TABLE 11.1
Effect of 1 mM ATP on 45Ca2+ and 65Zn2+ Infl ux Kinetic Constants in Hepatopancreatic ER 
Membrane Vesicles

Ion Treatment Km
n (μM)

Jmax (pmol/mg 
prot. × s)

Hill 
Coeffi cient (n)

Ca2+ Control 10.38 ± 1.01 14.75 ± 1.27 2.53 ± 0.46

Ca2+ +ATP 12.76 ± 0.91 25.46 ± 1.45a 1.96 ± 0.15

Zn2+ Control 38.63 ± 0.52 19.36 ± 0.17 1.81 ± 0.13

Zn2+ +ATP 43.85 ± 4.68 29.28 ± 1.43a 1.58 ± 0.19

Values are means ±1 SEM. Kinetic constants were obtained using Sigma Plot software. Each constant was obtained using 

3–5 replicates per point and the experiment was repeated once with similar qualitative results.
a Signifi cantly different from the control condition (P < 0.05).
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concretion precipitates with the metals within the organelles [12,77,78]. In the fi rst paper, the cop-

per-specifi c fl uorescent dye Phen Green was used to quantify transmembrane fl uxes of copper [77], 

as described for the plasma membranes of isolated hepatopancreatic epithelial cells in suspension 

[58] and for purifi ed mitochondrial suspensions from the same tissue [68]. Results of this study 

indicated the presence of a vanadate-sensitive, calcium-stimulated copper ATPase in membranes of 

these organelles that displayed high-affi nity Michaelis–Menten, carrier-mediated transport kinet-

ics, in contrast to the sigmoidal infl ux kinetics disclosed for zinc transport into hepatopancreatic ER 

vesicles discussed previously [13]. Together with a putative bafi lomycin-sensitive V-ATPase in the 

membrane of the same organelles, importing hydrogen ion into the organellar interior, the copper 

ATPase may function as part of a physiological mechanism for precipitate formation between metal-

lic cations and imported anions. These ionic precipitate complexes may then act as a sink for excess 

metals and thereby reduce the circulating concentrations of these elements.

The second, more recent paper [12] characterized the transport processes responsible for 65Zn2+ 

uptake by lobster hepatopancreatic lysosomal vesicles and extended the functional information dis-

closed in the preceding paper using Phen Green to study lysosomal copper uptake. This study con-

fi rmed the Michaelis–Menten kinetics of metal infl ux into lysosomal vesicles, but in addition showed 

that the zinc transporter was stimulated by the addition of 1 mM ATP to the external medium and 

this stimulation was markedly reduced when either 250 μM vanadate or 10 μM thapsigargin was 

added to the incubation medium with 1 mM ATP. Cadmium and copper were shown to be competi-

tive inhibitors of 65Zn2+ infl ux with inhibitory constants (e.g., Ki) of 68 and 33 μM, respectively. 

Because of the basic kinetic differences for metal infl uxes between lobster hepatopancreatic lyso-

somal and ER vesicles, in conjunction with their shared sensitivities to both vanadate and thapsi-

gargin, a paper was published that suggested that both lobster organelles may display organelle-specifi c 

isoforms of the same SERCA-like transporter capable of transporting a wide variety of divalent 

cations, including calcium, copper, zinc, and cadmium [79].

A working model was proposed in 2006 that described the nature of divalent cation infl ux into 

hepatopancreatic lysosomal vesicles as deduced from the results of the papers described above 

(Figure 11.10). This model suggests that zinc, copper, calcium, and cadmium can be transported into 

hepatopancreatic lysosomes by a SERCA-like, proton antiporter that is energized by both the 
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FIGURE 11.10 Working model of 65Zn2+ transport by lobster hepatopancreatic LMV. Model suggests that 

zinc, copper, calcium, and cadmium are transported into lysosomes in epithelial cells by a proton antiporter 

protein that is energized by both the transmembrane proton gradient and cytoplasmic ATP. Lysosomal hydro-

gen ions are delivered to the interior of this organelle in vivo by a bafi lomycin-sensitive V-ATPase, creating 

an acidic interior compared to that of the cytoplasm. A transmembrane proton gradient, directed outward, 

stimulates the uptake of metals in the absence of ATP and therefore appears to provide a driving force for 

cation exchange in the absence of a direct energy source applied to the metal transporter. In the presence of 

ATP, the P-type ATPase inhibitor vanadate all but abolishes metal accumulation by lysosomal vesicles, and 

thapsigargin signifi cantly reduces the uptake of zinc under these conditions. (From Mandal, P.K., Mandal, A., 

and Ahearn, G.A. J. Exp. Biol. 305A, 203, 2006.)
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 transmembrane proton gradient and cytoplasmic ATP. Lysosomal hydrogen ion is delivered to the 

organelle interior by a bafi lomycin-sensitive V-ATPase [77], creating an acidic interior compared to 

the cytoplasm. A transmembrane proton gradient, directed outward, stimulated the uptake of metals 

in the absence of ATP and could provide the sole driving force for cation exchange. In the presence 

of ATP, the P-type ATPase inhibitor vanadate signifi cantly reduced metal accumulation in the 

absence of a pH gradient [12]. The ER SERCA-specifi c inhibitor thapsigargin also signifi cantly 

reduced zinc uptake in the absence of other driving forces [12]. It was tentatively suggested that 

metal transport by hepatopancreatic lysosomal vesicles occurred by a lysosomal-specifi c isoform of 

the ER SERCA calcium ATPase. This identify can only be confi rmed with molecular studies.

While the model in Figure 11.10 suggests a means by which divalent cationic metals can be 

transferred from the hepatopancreatic epithelial cytoplasm to the lysosomal interior, it does not 

clarify how complexing anions, which form insoluble precipitates with the transported metals, enter 

lysosomes and associate there with the cations. Recently, a study was reported that helped defi ne the 

means by which anions move into lysosomes and complex with metallic cations, effectively detoxi-

fying them [78]. In this study hepatopancreatic lysosomal vesicles loaded with SO4
2− or PO4

3− had a 

threefold greater steady-state accumulation of 65Zn2+ than similar vesicles loaded with mannitol, 

Cl−, or oxalate2−. Zinc uptake in the presence of ATP was proton gradient enhanced and electro-

genic, exhibiting an apparent exchange stoichiometry of 1Zn2+/3H+. 35SO4
2− and 14C-oxalate2− uptakes 

were both enhanced in vesicles loaded with intravesicular Cl− compared to vesicles containing man-

nitol, suggesting the presence of anion countertransport. 35SO4
2− infl ux was a sigmoidal function of 

external [SO4
2−] with 25 mM internal [Cl−] or with several intravesicular pH values (e.g., 7.0, 8.0, and 

9.0). In all cases Hill coeffi cients of approximately 2.0 were obtained, suggesting that two sulfate 

ions exchange with single Cl− or OH− ions. 36Cl− infl ux was a sigmoidal function of external [Cl−] 

with intravesicular pH values of 7.0 and 9.0. A Hill coeffi cient of 2.0 was also obtained, suggesting 

the exchange of two Cl− for one OH−. 14C-oxalate infl ux was a hyperbolic function of external 

[oxalate2−] with 25 mM internal [Cl−], suggesting a 1:1 exchange of oxalate2− for Cl−. As a group, 

these experiments suggest the presence of an anion exchange mechanism in lysosomal membranes 

exchanging monovalent for polyvalent anions.

Polyvalent inorganic anions (SO4
2− and PO4

3−) are known to associate with metals inside vesicles 

from microprobe analysis; a detoxifi cation model that summarizes the above functional results in 

this chapter, and those publications preceding it, was presented, which suggests how these anions 

may contribute to concretion formation through precipitation with metals at appropriate vesicular 

pH (Figure 11.11). As outlined in this model, at least three membrane proteins are associated with 

the transport of metals and complexing anions into hepatopancreatic epithelial lysosomes. Protein 

1 is a V-ATPase that transfers protons into the vesicle interior, creating a decrease in pH, an accu-

mulation of hydrogen ions, and an inside-positive membrane potential. The outwardly directed pro-

ton gradient and positive vesicular interior provide the driving force for the asymmetric exchange of 

cytosolic divalent metals for intravesicular hydrogen ions by an ATP-dependent Zn2+-ATPase or a 

3H+/1Zn2+ exchanger (Protein 2). Polyvalent cytosolic anions such as sulfate or phosphate exchange 

with intravesicular monovalent anions such as Cl− or OH− by a second asymmetric antiporter 

(Protein 3), which uses the membrane potential as a driving force for exchange. Both divalent metals 

and polyvalent anions increase in concentration inside vesicles at acidic pH and are retained because 

they cannot be accommodated on the intravesicular binding sites of the exchangers. Divalent metals 

and polyvalent anions form precipitates (concretions) as V-ATPase decreases in activity and intra-

vesicular pH rises.

11.2.1.4.5.2  Transport of Heavy Metal–Thiol Conjugates The regulation of blood metal con-

centrations in mammals is partially due to secretory activities of the renal proximal tubule. In this 

location a mechanism for the secretion of divalent metals as conjugates with thiol-containing mole-

cules such as glutathione or the amino acid cysteine has been documented (Figure 11.12, [80]). As 

shown in Figure 11.12, metals such as mercury, bound to thiol agents in the blood, are transferred 
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across the basolateral epithelial cell membrane of the proximal tubule epithelium by way of the organic 

anion transporter (OAT1) in exchange for intracellular dicarboxylates, such as α-ketoglutarate. The 

α-ketoglutarate can be generated by metabolism within the cell or can be brought into the cell from 

the blood by a colocalized Na+-dependent dicarboxylate symporter that uses the  transmembrane 

sodium gradient, established by the basolateral ATP-dependent, Na+/K+-ATPase, to accumulate the 

dicarboxylate against a concentration gradient. In this model, the α-ketoglutarate is recycled through 

the membrane as a means of transferring the metal across the cell layer for its eventual elimination 

in the urine. The OAT1 transport protein identifi ed in mammal renal proximal tubule epithelial baso-

lateral membranes is also localized in other vertebrate tissues where it serves a variety of transport 

functions related to a relatively broad substrate specifi city [81].

Recent evidence suggests that an OAT-like transport system may occur on crustacean hepatopan-

creatic lysosomal membranes and serve as an alternative mechanism for sequestering and detoxifying 

heavy metals bound to cytosolic thiol agents. Hepatopancreatic LMV from the American lobster 

(H. americanus) were loaded with 1 mM α-ketoglutarate and used to study the effects of metal-

binding compounds on zinc uptake (Roggenbeck and Ahearn, unpublished observations). Transport 

studies using 65Zn2+ indicated that the addition of 1 mM l-cysteine to outside media caused a three-

fold increase in zinc uptake. Inhibition studies with 1 mM p-aminohippuric acid (PAH) in the 

 presence of either 1 mM l-cysteine or 1 mM glutathione caused a twofold decrease in zinc uptake 

(Figure 11.13). These data suggested the possible presence of an OAT in lobster lysosomal 

 membranes. Western blot results, using antibodies to mammalian OAT transporters, showed the 

presence of an orthologous OAT-like protein (approximate MW of 80 kDa) signal from the lobster 

(Roggenbeck and Ahearn, unpublished observations) (Figure 11.14). A cross-reacting signal from 
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FIGURE 11.11 Working model of the role of polyvalent anions in hepatopancreatic lysosomal heavy metal 

sequestration and detoxifi cation. Membrane-bound ATP-dependent, V-ATPase (Protein 1) transfers protons 

into the vesicle interior, creating a decrease in pH, an accumulation of hydrogen ions, and an inside-positive 

membrane potential. The outwardly directed proton gradient and positive vesicular interior provide the driving 

force for the asymmetric exchange of cytosolic divalent metals for intravesicular hydrogen ions by an ATP-

dependent Zn2+-ATPase or a 3H+/1Zn2+ exchanger (Protein 2). Polyvalent cytosolic anions such as sulfate2− or 

phosphate3− exchange with intravesicular monovalent anions such as Cl− or OH− by a second asymmetric anti-

porter (Protein 3), which uses the membrane potential as a driving force for exchange. Both divalent  metals 

and polyvalent anions increase in concentration inside vesicles at acidic pH and are retained because they 

cannot be accommodated on the intravesicular binding sites of the exchangers. Divalent metals and polyvalent 

anions form precipitates (concretions) as the V-ATPase decreases in activity and the intravesicular pH rises. 

(From Ahearn, G.A. et al., J. Comp. Physiol. B 174, 439, 2004.)
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FIGURE 11.12 Diagrammatic representation of the putative roles of both the dicarboxylate/organic anions 

exchanger (OAT1) and the sodium-dependent dicarboxylate transporter in the basolateral uptake of inorganic 

mercury (Hg2+) along the pars recta of the proximal tubule. Metabolically produced intracellular α-ketogl-

utarate (AKG) creates a chemical gradient facilitating the movement of this dicarboxylate out of the cell at 

the basolateral membrane by exchanging with organic anions in the peritubular blood at OAT1. Some of the 

exchanged AKG re-enters the epithelial cell once again across the basolateral membrane by symport with 

sodium and provides additional intracellular substrate for further exchange with organic anions in the blood. 

Inorganic mercury may complex with the amino acid l-cysteine or the tripeptide glutathione in the blood and 

employ the OAT1 exchanger to enter the proximal tubular epithelial cell across the basolateral membrane as 

part of a secretion process regulating the blood concentration of this metal. The exchange of these mercury 

conjugates with AKG can be blocked with other substrates of the OAT1 transporter such as p-aminohippurate 

(PAH), probenecid, glutarate, and adipate. (From Zalaps, R.K. and Barfuss, D.W., Toxicol. Appl. Pharmacol. 
182, 234, 2002. With permission.)
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FIGURE 11.13 Effect of 1 mM PAH on 1 mM glutathione-stimulated (GSH) 25 μM 65Zn2+ uptake by lobster 

(H. americanus) hepatopancreatic LMV. Vesicles were preloaded with 1 mM α-ketoglutarate (Roggenbeck 

and Ahearn, unpublished observations).
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LMV of approximately 50 kDa was also observed, which is believed to correspond to the unglyco-

sylated form of the lobster OAT-like protein. These preliminary observations suggest a possible role 

of an OAT-like transport system in the long-term sequestration of metal–thiol conjugates in 

 invertebrates via lysosomes as a means of heavy metal detoxifi cation. Localization of an OAT-like 

protein in lobster hepatopancreas lysosomal membranes is in agreement with a report of an approxi-

mately 48 kDa, presumably unglycosylated, OAT family protein (OAT3) residing and functioning 

in the lysosomal membrane of rat liver [82].

11.2.2 INTESTINE

The crustacean intestine is an epithelial-lined tube linking the pyloric region of the stomach with 

the hindgut. It consists of a single layer of columnar, mitochondrial-rich epithelial cells surrounded 

by circular and longitudinal muscles [83–85]. A large, dorsal artery extending from the heart sup-

plies it with oxygen and nutrients from the blood side of the organ. It is derived from embryonic 

endoderm and is unchitinized, distinguishing it from either the foregut (stomach) or hindgut, which 

arise from embryonic ectoderm and contain a luminal chitin layer. Because of its simple tubular 

structure, this organ is easily manipulated in an experimental setting.

11.2.2.1 Sodium and Chloride Transport and Intestinal Electrophysiology
Perfused tubular preparations (Figure 11.15, [86–89]) and fl attened tissue sheets mounted in Ussing-

type chambers [90] of freshwater and marine crustacean intestine have been studied for their ion 

transport capabilities. These studies showed that the intestine of the freshwater prawn, Macrobrachium 
rosenbergii, exhibits net mucosal to serosal (MS) fl uxes of both sodium and chloride [86] as a result 

of a strict coupling of an apical uptake process that transfers two sodium ions across the mucosal 

membrane for each chloride ion. This coupling process was shown to involve an allosteric coopera-

tive cotransport of sodium, chloride, and calcium from intestinal lumen to epithelial cytosol [87,88]. 

It was proposed that this route of salt uptake in this freshwater crustracean likely signifi cantly con-

tributed to its hyperosmotic regulation.

Intestines from freshwater, brackish-water, and marine crabs, and from marine lobsters all exhibit 

a small transepithelial electrical potential, with the serosal side of the tissue being positive relative 

to the lumen [90–92]. Coincident with this transmural potential difference in the blue crab 

(Callinectes sapidus), the intestine also illustrates a signifi cant net fl ux of sodium from lumen to 

blood [92]. However, the net fl ow of sodium across the intestine of this crab appears too small to 

contribute signifi cantly to the ion balance of the animal [92]. On the other hand, in the lobster (H. 
americanus), the small transmural potential difference across its perfused intestine co-occurred 

with a net absorption of water, and the suggestion was made that this water transfer was likely 

coupled with the movement of a positively charged ion, likely sodium [91].
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FIGURE 11.14 Western blot using a rabbit antirat OAT1 antibody on lobster (H. americanus) LMV. 

CH = crude homogenate; PM = total membranes; LMV = pure lysosomal membrane vesicles; RSI = rat small 

intestine control at 80 kDa (Roggenbeck and Ahearn, unpublished observations).
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11.2.2.2 Heavy Metal Transport across Perfused Crustacean Intestine
Perfused tubular intestines, using an apparatus similar to that shown in Figure 11.15, were used to 

characterize heavy metal transport into, and across, isolated organs from the crab (Callinectes 
sapidus) [93,94] and the lobster (H. americanus) [6,7,95]. Mercury and methylmercury were 

 transported into, and across, perfused crab intestine by a variety of pathways that were both pas-

sive and active. A number of organic ligands added to the perfusate signifi cantly affected the 

transfer of Hg across the organ from lumen to blood. l-Cysteine (1 μM) signifi cantly increased 

250 nM Hg fl ux to the blood, while thiourea (100 μM) and humic acid (9 μM) both decreased 

metal uptake [94]. Several other metals including arsenic, cadmium, zinc, lead, and selenium used 

independently or as a mixture were shown to either decrease (arsenic, zinc, selenium) or increase 

(cadmium and lead) the accumulation of Hg in intestinal tissues of this animal.

Perfusion of isolated lobster (H. americanus) intestine with a physiological saline containing 

20 μM 65Zn2+ led to a small, but signifi cant, MS fl ux of the metal (Figure 11.16, [6]). Addition of 

20 μM l-histidine to the perfusate, along with the labeled metal, doubled the transmural transport 

rate of 65Zn2+ from lumen to bath. Lastly, when a potentially competing metal, Cu2+, was added to 

the perfusate along with l-histidine, the 65Zn2+ fl ux returned to control levels. Because the addition 

of Cu2+ reduced the stimulation of 65Zn2+ transport caused by luminal l-histidine, the involvement 

of a carrier process in this activity was considered likely. Additional experiments showed that the 

transmural MS fl ux of 65Zn2+ was a hyperbolic function of luminal zinc concentration and followed 
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FIGURE 11.15 Experimental apparatus used to measure transmural electrical potential differences, ionic 

fl uxes, and transmural transport of organic solutes across perfused intestines of shrimp and lobster. A peri-

staltic pump (P) was used to perfuse saline solution from a mucosal reservoir through glass capillary tubing 

or 16-gauge hypodermic needles to ligated intestine. Following passage through the gut, saline was collected 

by way of a second tube or needle emptying into a mucosal effl uent container. Saturated KCl-agar salt bridges 

connected both mucosal effl uent and serosal media via 3 M KCl solutions and calomel electrodes to a voltage 

amplifi er (VA)-dual-pen recorder (R) complex for electrical estimations. Serosal medium was kept aerated (A) 

throughout incubation and its temperature was controlled (24°C) using a surrounding water bath (WB) and 

temperature regulator (TR). (From Ahearn, G.A., Am. J. Physiol. 239, C1, 1980. Used with permission from 

the American Physiological Society.)

© 2010 by Taylor and Francis Group, LLC



312 Cellular and Molecular Biology of Metals

the Michaelis–Menten equation for carrier-mediated transport [6], and luminal addition of the 

amino acid increased the maximal transport velocity of the metal by 30% over control values lack-

ing the amino acid [7].

Detailed investigation of the effect of l-histidine on transmural transport of 65Zn2+ involved the 

comparison of MS and SM (serosa to mucosa isotope movement) fl uxes of the metal in the presence 

and absence of luminal stimulating amino acid to determine the direction and magnitude of net metal 

fl ux across the tissue [7]. The results of these experiments are displayed in Figure 11.17a and b and 

indicate the zinc fl uxes in both directions across lobster intestine that occurred by carrier-mediated 

transport. Figure 11.17a suggests that the addition of l-histidine to the perfusate signifi cantly increased 

the MS fl ux of the metal. Figure 11.17b indicates that there was a signifi cant net absorptive fl ux of 

zinc across the intestine to the bath both in the presence and in the absence of l-histidine, but addition 

of the amino acid strongly stimulated the magnitude of this metal absorption.

A separate set of experiments in the studies with lobster intestine showed that the transmural MS 

fl ux of 3H-l-histidine was a hyperbolic function of luminal l-histidine concentration and followed 

the Michaelis–Menten relationship [6]. The addition of luminal zinc tripled the maximal transport 

velocity of the transporter for the amino acid, whereas the addition of l-leucine reduced the maxi-

mal transport velocity to control levels.

The results displayed in Figures 11.16 and 11.17 strongly suggest a coupling in the absorption of 

zinc and l-histidine across lobster intestine. These data, and other experiments reported in Conrad 

and Ahearn [6,7], led to a working model for the synergistic interaction between the transports of 

these two substrates (Figure 11.18). This model proposed that the metal and amino acid were 

cotransported across the intestine as a functional unit on an apical membrane carrier protein that 

had binding sites for both substrates. An assumption for this model was that zinc and l-histidine 

formed a bis complex (Hist–Zn2+–Hist) in solution and approached the binding sites on the trans-

porter in this confi guration. In the above publications it was shown that the dipeptide glycylsar-

cosine only inhibited the MS fl ux of 3H-l-histidine when zinc was present and bis complexes were 

formed [6]. It was proposed that cotransport of the bis complex occurred on a dipeptide transport 
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FIGURE 11.16 Effect of 20 μM l-histidine and 50 μM Cu+ on the time course of transmural transport of 

20 μM 65Zn2+ across perfused intestine of American lobster (H. americanus). Values displayed are means ±1 

SEM of three replicates per time point. Slopes of lines were calculated as regression lines using Sigma Plot 

software and the m-values on the fi gure as the slopes obtained from these analyses. (From Conrad, E.M. and 

Ahearn, G.A., J. Exp. Biol. 208, 287, 2005.)
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carrier such as PEPT1 or PHT1 [96]. Under these conditions zinc in the bis complex acted as a 

mimic for a peptide bond and held the two amino acids in a confi guration that resembled that of the 

normal substrates of the dipeptide carrier. Enhanced MS and net fl uxes of both amino acid and 

metal occurred because when both substrates were present, the movement of each across the tissue 
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FIGURE 11.17 (a) Components of transmural 65Zn2+ transport across perfused lobster (H. americanus) intes-

tine in the presence and absence of luminal 20 μM l-histidine. Mucosal to serosal (M to S) and serosal to 

mucosal (S to M) fl uxes of 65Zn2+ were measured as functions of their respective cis substrate concentrations 

over 30-min incubations at each metal concentration. Readings were taken every 5 min during M to S fl uxes 

and every 1 min for S to M fl uxes. Slopes of the 30-min M to S uptake curve were used to determine fl uxes 

toward the blood, while S to M fl uxes toward the lumen at each concentration were assembled from the 

mean ± SEM of 1-min perfusate collections over the 30-min incubation. Vertical lines on the fi gure are SEM 

values of the respective means at each zinc concentration. Curves through the data were drawn using Sigma 

Plot software and the Michaelis–Menten equation for carrier transport (Data from Conrad, E.M. and Ahearn, 

G.A., J. Comp. Physiol. B 177, 297, 2007). (b) Effect of luminal 20 μM l-histidine on the magnitude of net M 

to S transport of 65Zn2+ across perfused lobster (H. americanus) intestine. Net fl ux values at each concentration 

of zinc were calculated from the numbers shown in (a) by subtracting the S to M fl ux from the M to S fl ux of 

the metal in the presence and absence of luminal l-histidine. In both instances a signifi cant (P < 0.01) net fl ux 

was toward the blood and was linear in the absence of luminal l-histidine and hyperbolic in the presence of 

the amino acid. (From Conrad, E.M. and Ahearn, G.A., J. Comp. Physiol. B 177, 297, 2007.)
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by cotransport added to the separate fl uxes that took place by their respective independent transport 

systems. More recent experimental research has shown that the amino acid l-leucine may also use 

the intestinal dipeptide carrier to cross the tissue from lumen to blood when zinc is present in the 

perfusate as a result of bis complex formation as seen with l-histidine [95].

11.3 KIDNEYS

Crustacean kidneys are called antennal glands. They are paired structures that are located at the 

base of each antenna. They are composed of several regions that are anatomically and physiologi-

cally distinct and overall superfi cially resemble the microscopic mammalian nephron tubules 

except that the crustacean organs are far larger. The drawing in Figure 11.19 illustrates the parts of 

a crayfi sh antennal gland and the histological differences between the major segments [97]. As 

indicated in this fi gure, the antennal gland has a fi ltering apparatus called the coelomosac that 

functions much like the individual glomeruli of mammalian nephrons. The coelomosac removes 

soluble materials from the hemolymph and passes them to the labyrinth, proximal tubule, and 

distal tubule, where urine modifi cation takes place. The distensible bladder is both a storage organ 

and a fi nal site of urine modifi cation. Each antennal gland terminates in a nephropore, through 

which passes the fi nal urine product. As Figure 11.19 shows, the coelomosac possesses podocytes 

with few mitochondria, while cells of the labyrinth and tubule possess an extremely large number 

of these organelles to supply the power for active transport processes needed for essential nutrient 

return to the blood.

A number of historical and recent anatomical reviews of crustacean antennal glands at the histo-

logical, cytological, and ultrastructural levels have been published on a wide variety of species, and 

the interested reader is encouraged to review them for in-depth discussions of the structural varia-

tions that occur in these organs in animals from several different environments [97–111].
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FIGURE 11.18 Working model of transmural MS transport of 3H-l-histidine (His) and 65Zn2+ across the 

perfused intestine of the American lobster (H. americanus). Three mucosal membrane carrier proteins are 

involved in the movement of these two solutes across the tissue: (1) a relatively specifi c l-histidine carrier 

that is not inhibited by l-leucine; (2) a relatively nonspecifi c dipeptide transporter that accepts two histidine 

molecules (His) linked to a zinc ion in an apparent bis-complex; and (3) a relatively specifi c zinc transporter 

that is inhibited by luminal cupric ion (Cu2+). Luminal l-leucine (Leu) and glycyl-sarcosine (Gly-Sar) inhibit 
3H-l-histidine transport by interacting with the dipeptide carrier in a mixed type inhibition. Luminal copper 

(Cu+ and Cu2+) inhibits 65Zn2+ transport by interacting with the dipeptide carrier in a mixed type inhibition. 

The model assumes that the three independent carriers are localized to the brush-border membrane (BBM) of 

intestinal epithelial cells. (From Conrad, E.M. and Ahearn, G.A., J. Exp. Biol. 208, 287, 2005.)
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11.3.1  TRANSPORT OF WATER, SODIUM, AND CHLORIDE, AND ROLE IN 
OSMOREGULATION, BY THE KIDNEY

For at least 50 years the different structural components of the crustacean kidney have been studied 

with respect to their excretory functions [111]. In addition, specifi c portions of the antennal glands 

have been compared to analogous regions of the vertebrate nephron in water and ion transport and 

in osmoregulatory activities. As with the vertebrate glomerulus, crustacean antennal glands are 

believed to form urine as a result of hemolymph fi ltration by the coelomosac [97,112]. In crayfi sh, 

the antennal gland is able to fi lter molecules with a molecular mass below 20 kDa, while the limit-

ing molecular mass ranges between 50 and 100 kDa [113].

Like the vertebrate nephron, following fi ltration, the antennal glands appear to selectively 

absorb and secrete a wide variety of substances, tightly regulating their hemolymph concentrations 

in the process and producing a urine that may vary in composition and osmolarity. Early studies of 

the ion- and osmoregulatory role of different regions of the crustacean antennal glands were 

 performed by micropuncture on the crayfi sh by Riegel [114–118]. In freshwater crayfi sh, the anten-

nal gland proximal tubule and labyrinth brush-border membranes demonstrate isosmotic NaCl 

absorption [98,115], while the long distal segments and bladder absorb NaCl without water transfer 

Labyrinth Proximal tubule
Proximal distal tubule

Distal distal tubule
Bladder

DDT

(b)

(c)

(d)

(e)

(a)

PDT
L

PT
C B

Coelomosac

FIGURE 11.19 Structure of the antennal gland of the crayfi sh. (a) Different regions of the dissected tubule. 

(b) Spatial relationships in situ. Histology of the epithelial cells: (c) Podocytes of the labyrinth. (d) Cells of the 

labyrinth and proximal tubule. (e) Cells of the distal part of the distal tubule. B, bladder; C, coelomosac; DDT, 

distal region of the distal tubule; L, labyrinth; PDT, proximal part of the distal tubule; PT proximal tubule. 

(From Kirschner, L.B., Annu. Rev. Physiol. 29, 169, 1967. With permission.)
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[114,115,119,120]. As a result of these activities, a dilute, hyposmotic urine is produced under these 

conditions that aids in organismic osmotic regulation in freshwater [105,121,122].

In intermolt crayfi sh, three enzymes or transport systems aid in reabsorbing more than 90% of 

fi ltered extracellular ions, carbonic anydrase, Na+/K+-ATPase, and Ca2+-ATPase. The unidirectional 

ion infl uxes produced by these processes may be threefold greater than those displayed by the gills 

of the respective species even though the absorptive surface of the kidneys may only be  one-fortieth 

that of the gills [120,123–126]. High Na+/K+-ATPase immunoreactivity has been found in the cray-

fi sh distal tubule, which contains cells with numerous mitochondria and extensive basal infoldings, 

while little or no enzyme labeling is associated with the coelomosac, suggesting a role of the former 

region in producing a dilute urine [101,107–109]. In contrast, marine crustacean kidneys exhibit a 

much lower Na+/K+-ATPase activity or lack the distal tubule part of the antennal gland, and there-

fore produce an isosmotic urine [123,127,128].

11.3.2 ANTENNAL GLAND SECRETION OF MAGNESIUM AND SULFATE

A major role of the antennal glands in marine species is the secretion of magnesium and sulfate, two 

divalent ions in high concentration in seawater [97,99,105,109c,110,129]. The secretion rates of these 

ions are regulated by the levels encountered in the environment, being lower in 50% seawater than 

in full-strength seawater [128]. The labyrinth of the fi ddler crab Uca mordax [99] and the bladder in 

the crab Cancer magister [130] appear to be the respective locations of the secretory processes in 

the two species.

11.3.3 CALCIUM REABSORPTION BY CRUSTACEAN ANTENNAL GLANDS

Crustacean antennal glands regulate hemolymph calcium concentrations through reabsorption of 

this cation from the fi ltrate throughout the molt cycle [125,131–133]. Membrane vesicle and immuno-

localization studies of antennal glands from both marine (H. americanus) and freshwater 

(Procambarus clarkii) species have identifi ed a number of distinct membrane proteins on both epi-

thelial brush-border and basolateral membranes in each species that appear to be involved in mov-

ing calcium across the respective renal epithelia [48,55,120,133–135]. Figure 11.20 shows a working 

generic model of a crustacean epithelial cell from the antennal gland (or other ion regulatory struc-

tures of the gills and the gut), indicating the consensus view of calcium-regulating membrane 

 proteins and intracellular structures that interact with calcium during its transcellular transfer or 

transient sequestration [135]. The apical membrane of these calcium-transporting epithelial cells 

exhibits the combination of a verapamil/nifedipine-sensitive calcium channel that allows the pas-

sive uptake of the cation from luminal contents. In addition, this cell border possesses amiloride-

sensitive and amiloride-insensitive NCXs that may be electrogenic or electroneutral. The basolateral 

membrane also displays a calcium channel and NCXs, but in addition exhibits a high-affi nity, ATP-

dependent, calcium ATPase (PMCA) for extrusion of the cation from the cytosol. Within the cyto-

plasm, several structures may sequester divalent cations such as calcium or zinc, thereby helping to 

maintain very low intracellular ionic activities. These divalent cation-sequestering organelles 

include mitochondria [9], ER [13], and lysosomes [12].

Evidence has been presented showing that the epithelium of freshwater crustacean antennal 

glands exhibits greater calcium fl ux rates by the combination of the membrane transporters listed 

above than occur across gills or other epithelial structures in the same animal [132,134]. These large 

fl uxes usually occur when the animal undergoes ecdysis, or molting, during which time they must 

rapidly recalcify a new exoskeleton and cannot afford to lose this cation in the urine [79,132]. To aid 

in this active reabsorption of fi ltered hemolymph calcium during the premolt phase of the molt 

cycle, there is evidence in crayfi sh (Procambarus clarkii) for a 10-fold increase in expression of 

the PMCA and a twofold increase in expression during postmolt, compared to its presence during 

 intermolt [120].
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11.3.4 SECRETION OF ORGANIC ANION AND CATION METABOLITES BY ANTENNAL GLANDS

The secretion of organic metabolites from the blood and their eventual excretion by crustacean 

antennal glands have been investigated for much of the last century [113,119,136–143]. In recent 

years much attention has been devoted to defi ning the cellular mechanisms present in crustacean 

antennal gland urinary bladder for the active secretion of organic anions and cations (reviewed in 

Refs. [142,143]). These studies have shown that the crustacean urinary bladder functions much as 

does the vertebrate renal proximal tubule in its handling of organic metabolites and xenobiotics.

Figure 11.21 displays a published model for the active secretion of the representative organic 

anion PAH by the urinary bladders of the crab Cancer borealis or the lobster H. americanus 

[139,141–143]. This model shows that several distinct carrier systems are linked in the bladder 

 epithelial cells to bring about the net movement of PAH from blood to bladder lumen. In this model, 

the basolateral Na+/K+-ATPase creates a resting potential of approximately −65 mV, which is used 

as a driving force for the symport of sodium and α-ketoglutarate (aKG2−) from the hemolymph to the 

bladder cytosol. Once inside the cell, aKG2− acts as an antiport substrate that exchanges with PAH− 

from the blood, again using the membrane potential for the electrogenic transport event. Cytoplasmic 

PAH− exits the cell across the apical membrane by facilitated diffusion down the electrochemical 

potential into the bladder lumen. In this collection of transporters, the Na+-di-carboxylate sym-

porter, importing metabolic substrate from the blood, is a secondary active transport system, and the 

aKG2−/PAH− exchanger demonstrates tertiary coupling to the ATP-dependent Na + /K+-ATPase. 

The overall result of this coupled process is the secretion of PAH− from blood to bladder lumen.

The urinary bladders of crabs (Cancer borealis, Cancer irroratus) and lobsters (H. americanus) 
similarly possess an excretory process for organic cationic metabolites that are indirectly linked to 

the basolateral Na+/K+-ATPase in this organ. Figure 11.22 illustrates the basic components of organic 

cation secretion by crustacean antennal gland urinary bladder [140–143]. A common experimental 

substrate for this transport system is tetraethylammonium (TEA+) [140]. TEA+ transport by 
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FIGURE 11.20 Crustacean epithelial model for apical-to-basolateral transcellular calcium transport and 

suggested subcellular calcium storage compartments. Pharmaceutical inhibitors are shown in parentheses. 

SR, sarcoplasmic reticulum; ER, endoplasmic reticulum; CaBP, calcium-binding protein; CaM, calmodulin; 

Mit, mitochondria, Vac, vacuole, FW, freshwater; SW, seawater; RyR, ryanodine receptor. (From Wheatly, 

M.G., Zanotto, F.P., and Hubbard, M.G., Comp. Biochem. Physiol. B. 132, 163, 2002. With permission.)
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 crustacean urinary bladder across the basolateral membrane occurs by a facilitated diffusion pro-

cess using the transmembrane potential (e.g., −65 mV) as a driving force and is inhibited by quinine, 

which acts as a competitive inhibitor. A secondary active transport apical Na+/H+ exchanger is 

maintained by the basolateral Na+K+-ATPase and controls intracellular pH by extruding protons. 

The extruded hydrogen ions exchange with intracellular TEA+ by tertiary active transport, resulting 

in the secretion of the organic cation into the bladder lumen. The overall result of this coupled trans-

port suite of proteins is the secretion of TEA+ from blood to urinary bladder lumen.

PAH–

Lumen

Hemolymph

–65 mV

PAH– aKG2– Na+

Na+

K+

+ATP

aKG2–

FIGURE 11.21 Proposed model for tertiary coupling of organic anion (p-aminohippuric acid, PAH−) secre-

tion to ATP-dependent ion transport. A sodium gradient established by Na+/K+-ATPase is used to drive the 

secondary uptake of α-ketoglutarate (aKG2−). Effl ux of aKG2− is then coupled to uptake of PAH−. Transapical 

movements of PAH− are driven by the electrical gradient between cell and lumen. (From Pritchard, J.B. and 

Miller, D.S., Am. J. Physiol. 261, R1329, 1991. With permission.)
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FIGURE 11.22 Suggested model for excretion of organic cations such as tetraethylammonium (TEA+). The 

basolateral carrier is inhibitable by quinine and driven by the inside negative cell potential. TEA+ is exchanged 

for H+ across the apical membrane and protons are recycled through a Na+/H+ exchanger. (From O’Donnell, 

M.J. In: W.H. Dantzler (Ed.), Comparative Physiology, Vol. II, Section 13, Chapter 17, pp. 1207–1289, Am. 

Physiol. Soc., New York, 1997. With permission.)
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11.3.5 HEAVY METAL REGULATION BY THE RENAL OAT1

As discussed above, in vertebrates OAT1 has been localized to the renal proximal tubule basolateral 

cell membrane and, in that position, functions not only to secrete organic anions from the blood to 

the urine, but also to bind and transport heavy metals, such as mercury, from the blood to the epi-

thelial cytosol as a thiol conjugate with l-cysteine and glutathione ([80], Figure 11.12). Evidence 

was presented above that this transporter may also be localized on crustacean hepatopancreatic 

lysosomal membranes and function to sequester and detoxify metals in this organelle as a result of 

conjugate formation between cytoplasmic zinc and either l-cysteine or glutathione (Figures 11.13 

and 11.14).

Figures 11.23 and 11.24 suggest that an organic anion transport carrier protein may occur on the 

antennal gland urinary bladder basolateral cell membrane and transfers metabolites such as PAH 

from the blood to the renal epithelium cytosol via a transport process that appears identical to the 

vertebrate OAT1 suite of transport proteins (Figure 11.12). A series of experiments were conducted 

with lobster (H. americanus) antennal gland BLMV, using a centrifugation method previously 

applied to the hepatopancreas of the same animal [144,145], that examined the possible use of this 

crustacean organic anion transporter as a vehicle for heavy metal secretion as displayed by the 

OAT1 transport system (Roggenbeck and Ahearn, unpublished observations).

In the fi rst experiment, these BLMV were preloaded with 1 mM α-ketoglutarate and were incu-

bated for 40 min with 25 μM 65Zn2+ in the presence and absence of 1 mM glutathione. As shown in 

Figure 11.23, those vesicles incubated with the tripeptide displayed a signifi cantly greater uptake of 
65Zn2+ than did the control membranes, suggesting that conjugate formation between metal and 

glutathione may have occurred followed by enhanced zinc uptake. Addition of 1 mM PAH to gluta-

thione-stimulated vesicles signifi cantly decreased 65Zn2+ uptake (data not shown). These results sug-

gest the possible presence of an OAT1-like transport system on the basolateral antennal gland 

membrane, which may facilitate the secretion of metals from blood to urine.

Further evidence for the potential presence of an OAT1-like transporter in crustacean kidneys is 

presented as a Western blot in Figure 11.24, where an orthologous protein comigrating with the 

control rat small intestine (RSI) signal is observed using a mammalian anti-OAT1 antibody to probe 
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FIGURE 11.23 65Zn2+ uptake by American lobster (H. americanus) antennal gland BLMV preloaded with 

α-ketoglutarate and incubated with and without 1 mM glutathione (Roggenbeck and Ahearn, unpublished 

observations).
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antennal gland crude homogenate. In this blot the bands above and below that corresponding to the 

control band are likely unglycosylated and glycosylated forms of the protein.

These two sets of preliminary data extend the physiological studies previously performed on 

crustacean urinary bladder epithelium, as shown in Figure 11.21, suggesting the presence of an 

OAT1 in this organ performing a regulatory function for organic metabolites. The preliminary data 

also suggest that this transport system may function as a regulatory process for heavy metals as 

described for vertebrate renal tissues (Figure 11.12, [80]). Additional experimental information with 

this invertebrate renal organ will be needed to confi rm these tentative results.
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12 Metals and Cell Adhesion 
Molecules

Alan R. Parrish and Walter C. Prozialeck

12.1 INTRODUCTION

The importance of cell adhesion molecules as determinants of tissue architecture has long been 

recognized. These molecules mediate cell–cell and cell–substrate adhesion and thereby play critical 

roles in a variety of biological processes including development, tumorigenesis, and infl ammation. 

Our understanding of cell–matrix and cell–cell adhesion has increased signifi cantly in the last 

decade with the identifi cation of the molecular components of adhesion complexes, as well as their 

structure and organization. Importantly, it has become apparent that adhesion molecules are not 

merely cellular “glue” but highly dynamic complexes that can play important roles in cell signaling. 

This chapter will highlight the growing volume of evidence showing that cell adhesion complexes 

may be important molecular targets for a variety of toxic metals such as manganese, cadmium, 

mercury, copper, lead, and arsenic. Specifi c examples of metal-induced disruption of adhesion com-

plexes will be included, as well as the latest information on molecular mechanisms by which metals 

may infl uence cellular adhesion. While disruption of cell adhesion is a relatively new mechanistic 

CONTENTS

12.1 Introduction .......................................................................................................................... 327

12.2 Overview of Cell Adhesion Molecules ................................................................................. 328

12.2.1 Integrins: Cell–Matrix Interactions .......................................................................... 328

12.2.2 Homotypic Cell–Cell Adhesion ................................................................................ 330

12.2.2.1 Tight Junction............................................................................................. 330

12.2.2.2 Cadherin Complex ..................................................................................... 330

12.2.2.3 Gap Junctions ............................................................................................. 331

12.2.3 Heterotypic Cell–Cell Adhesion: Infl ammation ....................................................... 332

12.3 Metal-Induced Disruption of Cell Adhesion ........................................................................ 332

12.3.1 Integrins .................................................................................................................... 332

12.3.2 Tight Junctions and Cadherin/Catenin Complexes .................................................. 333

12.3.3 Gap Junctions ............................................................................................................ 334

12.3.4 Infl ammatory Adhesion Molecules .......................................................................... 335

12.4 Potential Mechanisms ........................................................................................................... 335

12.4.1 Gene Expression ....................................................................................................... 335

12.4.2 Protein–Protein Interactions ..................................................................................... 336

12.4.3 Protein Phosphorylation............................................................................................ 336

12.4.4 Protein Degradation .................................................................................................. 337

12.4.5 Disruption of the Actin Cytoskeleton ....................................................................... 338

12.4.6 Oxidative Stress ........................................................................................................ 338

12.5 Conclusions ........................................................................................................................... 338

References ...................................................................................................................................... 339

© 2010 by Taylor and Francis Group, LLC



328 Cellular and Molecular Biology of Metals

consideration in metal toxicology and fewer studies have been conducted in this area than in other 

topics discussed in this book, it is clear that the actions of metals on cell adhesion molecules must 

be evaluated when considering the impact of metal exposure on human health.

12.2 OVERVIEW OF CELL ADHESION MOLECULES

Cell adhesion molecules are usually classifi ed according to the types of cellular interactions that 

they mediate (cell–matrix, homotypic cell–cell, and heterotypic cell–cell). The following section 

provides a general overview of some of the more important molecules in each of the categories that 

have been implicated as possible targets of metal toxicity.

12.2.1 INTEGRINS: CELL–MATRIX INTERACTIONS

The integrins are cell-surface glycoproteins that were fi rst identifi ed as receptors for extracellular 

matrix proteins such as collagen, fi bronectin, and laminin. Integrin receptors are heterodimers con-

sisting of an α and β subunit (Figure 12.1). Each of these subunits has a large extracellular domain, a 

single transmembrane domain, and a short cytoplasmic domain that is ultimately linked to the actin 

cytoskeleton [1,2]. One notable exception is β4 integrin, which has an atypical cytoplasmic domain. 

Integrins are capable of regulating cell shape, behavior, and fate. Interestingly, integrin signaling is 

bidirectional, with both inside–out signaling, which regulates ligand affi nity, as well as the classic 

outside–in signaling that regulates the cellular response to matrix adhesion [3–5]. At least 18 α and 

8 β subunits have been identifi ed in vertebrates, forming 24 unique integrin receptors with overlap-

ping patterns of cellular expression and ligand affi nity [1,2]. Our understanding integrin function has 

been facilitated, in part, by the generation of null mutations of each of the integrin subunits in mice 

[6]. While integrins are essential components of the focal adhesions that maintain cell–matrix con-

tact, at least one integrin, α3β1, infl uences cell–cell adhesion as well [7]. In addition, a role for inte-

grins in host cell–pathogen interaction is emerging [8,9]. These recent fi ndings suggest that there are 

still much to learn about the diverse roles of integrins in normal and pathological conditions.

The cytoplasmic domain of integrin receptors is part of a large complex of signaling- and cytoskel-

etal-related proteins. Clustering of integrins and these proteins at sites of cell–extracellular matrix 

adhesion forms a specialized structure commonly referred to as a focal adhesion that attaches the cell 

to the extracellular matrix (Figure 12.1). Ligand binding stimulates the activity of several signaling 

pathways, including Rho GTPases, tyrosine phosphatases, cAMP-dependent protein kinase, protein 

kinase C (PKC), mitogen-activated protein kinase (MAPK), NFB, JNK, and Wnt [10–15]. Two of the 

more well-characterized integrin signaling molecules are focal adhesion kinase (FAK) and integrin-

linked kinase (ILK). FAK is a nonreceptor tyrosine kinase that is tyrosine phosphorylated and acti-

vated by integrin-mediated adhesion, even though the protein does not directly associate with 

integrins [16,17]. Conversely, dephosphorylation occurs rapidly when cells are detached from the 

extracellular matrix. FAK is capable of binding to a number of other proteins, including c-src, PI-3-

kinase, paxillin, talin, and p130cas. FAK has been demonstrated to play a critical role in the regula-

tion of cell motility and apoptosis [1]. ILK was discovered based on its ability to interact with the β1 

integrin subunit [18]. While it is a critical regulator of the protein:protein interactions that link integ-

rins to the actin cytoskeleton [19], ILK can also regulate the activity of signaling pathways involved 

in cell cycle control, cell–cell adhesion, migration, and motility [20,21].

Integrin function is regulated by extracellular divalent cations, particularly calcium and magne-

sium; magnesium facilitates ligand binding, while calcium is inhibitory. Importantly, titration stud-

ies revealed that integrin activation infl uences metal ion affi nity, demonstrating the bidirectional 

nature of integrin signaling [22]. Manganese and magnesium are functionally interchangeable in a 

number of systems [23]. Thus, it is not surprising that low concentrations of manganese induce 

adhesion and cell spreading [24,25]. Manganese-dependent neuronal differentiation of PC-3 cells is 

integrin dependent [26]. This process primarily involves αv integrin, as evidenced by the fi ndings 
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that manganese failed to induce neurite outgrowth in αv-defi cient PC12 cells and that neurite out-

growth induced by manganese was associated with αv upregulation [27]. By using GRGDS 

 integrin-blocking peptides, Walowitz and Roth [28] showed that ERK1 and ERK2 phosphorylation 

is required for this manganese-induced effect. This positive effect on integrin activation by manga-

nese is specifi c; cadmium, copper, nickel, and zinc do not induce neurite outgrowth in PC12 cells, 
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FIGURE 12.1 Representation of the cell adhesion complexes present in proximal tubular epithelial cells. 

Most proximal to the apical membrane is the tight junction that is composed of transmembrane (occludin and 

claudins) and cytosolic proteins (ZO-1 and ZO-2). ZO-1 binds directly to occludin, and is in turn bound by 

ZO-2; cingulin links the complex to the actin cytoskeleton. The adherens junction (cadherin/catenin complex) 

is located basal to the tight junction. Cadherins (E-, K-, and N-) are single transmembrane proteins whose 

cytoplasmic domain is bound by β- (or γ-catenin). α-Catenin does not directly bind cadherins; the complex 

requires the actin cytoskeleton via an unknown mechanism at this time. p120-Catenin regulates cadherin 

stability at the membrane. Gap junctions comprise connexins; six connexins form a connexon that is coupled 

to a connexon in an adjacent cell. Integrin receptors are heterodimers of α- and β-subunits that are linked to 

the actin cytoskeleton via a number of proteins including α-actinin, vinculin, or talin, and bind extracellular 

matrix proteins within the basement membrane.
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while cobalt only partially mimics the effect of manganese [29]. This is a clear demonstration that 

metal-induced effects on adhesion molecules are not restricted to toxicological outcomes, but may 

also involve modulation of the normal homeostatic roles of the complexes.

12.2.2 HOMOTYPIC CELL–CELL ADHESION

12.2.2.1 Tight Junction
Tight junctions (zonula occludens) were fi rst described as election dense plaques near the apical 

surface of polarized cells in which the plasma membranes of adjacent cells appeared to fuse. They 

are thought to be the main determinant of the epithelial barrier. The tight junction has three critical 

functions. The “fence” function restricts intradomain movement of membrane proteins and 

 phospholipids and is essential for the development and maintenance of epithelial polarity. The 

“gate” function blocks the paracellular movement of solutes and is essential for the barrier proper-

ties of the epithelium. In addition, the tight junction is also a cell signaling nexus that regulates 

proliferation, differentiation, and dedifferentiation, cytoskeletal modulation, and vesicular traffi ck-

ing within the epithelium [30–32].

Occludin, claudins, and junctional adhesion molecule (JAM) are all transmembrane components 

of tight junctions [33] (Figure 12.1). Occludin has four transmembrane domains, two extracellular 

domains, and a long cytoplasmic (carboxy-terminal) domain. Occludin is a phosphoprotein, and the 

hyperphosphorylated form is the main component within a functional tight junction [34]. Claudins 

are a multigene family of transmembrane proteins that are structurally similar to occludin (four 

transmembrane domains and two extracellular domains). At least 23 claudins have been identifi ed 

in human tissues, although the potential for additional claudins exists via splice variants [35]. All 

carboxy-terminal tails of claudins contain a PDZ binding motif that may promote interaction with 

the cytoplasmic protein constituents of tight junctions. Importantly, claudin expression has been 

identifi ed as the predominant regulator of tight junction permeability [35].

JAM is a member of the IgG superfamily that is structurally distinct from occludin and claudins. 

Based on homology with IgG family members, it is thought that JAM may play a role in the trans-

migration of infl ammatory cells during infl ammation [36]. CAR (coxsackievirus and adenovirus 

receptor) is a tight junction component that mediates homotypic cell adhesion, as well as infection 

by coxsackie β viruses and certain adenoviruses [37].

ZO-1, ZO-2, and ZO-3 are cytoplasmic proteins that are members of the membrane-associated 

guanylate kinase (MAGUK) gene superfamily. Common structural features of the ZO family of 

proteins include three PDZ domains, an SH3 domain, and a guanylate kinase homology region 

(GUK) [38]. ZO-1 can bind occludin, while both ZO-2 and ZO-3 bind to ZO-1, but not each other. 

It is thought that ZO-1 interacts with actin to link the tight junction complex to the cytoskeleton 

[39,40]; however, the ZO proteins also regulate gene transcription [33,41].

12.2.2.2 Cadherin Complex
The cadherin gene superfamily encodes transmembrane proteins that regulate calcium-dependent 

cell–cell adhesion [42–44]. Type-I (classical) cadherins comprise a large family of proteins that 

share signifi cant structural conservation and include E-(epithelial) cadherin (liver cell adhesion 

molecule [L-CAM] or uvomorulin), N-(neuronal) cadherin (A-CAM), and P-(placental) cadherin 

[45]. The extracellular domain contains four highly conserved calcium-binding “cadherin repeats” 

(EC1–4) and one membrane proximal extracellular domain (EC5). Type-II (atypical) cadherins 

have a similar structure, but lack a conserved His-Ala-Val (HAV) sequence in the EC1 domain. The 

desmocollins and desmogleins are cadherin-like molecules that are components of desmosomes, a 

cell adhesion complex. The remaining cadherin molecules have low homology to type-I cadherins 

(less than 44% at the amino acid level) and have from 6 to 34 cadherin repeats. A functional cad-

herin adhesion complex requires interaction with cytoplasmic catenin proteins (Figure 12.1). 

α-Catenin does not directly bind to cadherins; rather, it interacts with the cytoplasmic domain of 
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cadherins via β- or γ-catenin. p120-Catenin binds to the cadherin cytoplasmic domain and shares 

sequence homology with β- and γ-catenin, but does not bind α-catenin [46]. p120-Catenin has been 

demonstrated to regulate cadherin stability; the binding of p120 stabilizes cadherins, whereas the 

absence of p120 is associated with cadherin endocytosis and degradation [47,48]. It was long thought 

that α-catenin linked the cadherin/catenin complex to the cytoskeleton [49], a conclusion that was 

based on the observation that α-catenin was able to interact with a variety of actin-binding proteins, 

including α-actinin, vinculin, and actin [50–53]. However, this mechanism has recently been chal-

lenged based on recent studies suggesting that α-catenin does not stably interact with the actin 

cytoskeleton and cadherins simultaneously, but may regulate actin dynamics [54,55]. While the 

mechanism is still unclear, a connection between the cadherin/catenin complex and the actin 

cytoskeleton certainly exists [56]. Cadherin/catenin complexes play an important role in  cytoskeletal 

organization and are critical for the establishment of epithelial cell polarity [57,58]. In addition, the 

actin cytoskeleton regulates cadherin function, as evidenced by the fi nding that cytochalasin D, an 

inhibitor of actin polymerization, weakens cell–cell contacts and reduces intercellular adhesion 

[59]. Therefore, the relationship between the cadherin/catenin complex and the actin cytoskeleton is 

bidirectional, with each participating in the regulation of the other.

β-Catenin also functions as a component of the wingless or Wnt nuclear signaling pathway and 

plays an important role in the regulation of gene expression [60–63]. Activation of Wnt signaling 

results in inhibition of GSK-3β activity via phosphorylation at ser9 [64,65] causing an accumulation 

of cytoplasmic β-catenin, which may then translocate to the nucleus and regulate transcription via 

the Tcf/Lef family of transcription factors [60]. Several genes regulated by β-catenin have been 

identifi ed, including cyclin D1, c-myc, c-jun, and E-cadherin [66]. Conversely, phosphorylation of 

β-catenin by active GSK-3β targets the protein for ubiquitination and degradation [67]. In this con-

text, GSK-3β activity is a key regulator of β-catenin transcriptional activity. In an elegant study, 

Gottardi and Gumbiner [68] showed that the balance between cadherin-mediated adhesion and Wnt 

signaling is not dictated by simple competition, but rather by the regulation of distinct forms of 

β-catenin. These data further suggest that the regulation of β-catenin transcriptional activity may 

involve much more than the simple dissociation from the cadherin/catenin complex and accumula-

tion in the nucleus.

Even though tight junctions and cadherin/catenin complexes are distinct molecular structures, 

they are functionally interrelated. For example, the cadherins play important roles in the formation 

of tight junctions and the establishment of the epithelial barrier [58,69].

12.2.2.3 Gap Junctions
While technically not cell adhesion complexes, gap junctions are specialized structures comprising 

connexins (Cx) that allow for communication between cells. Connexins are a multigene family with 

21 members in humans, ranging in size from 25 to 50 kDa [70]. The connexins have tissue- and/or 

cell-type specifi city; however, most cells and organs express multiple connexins [70]. Each  connexin 

has four transmembrane domains and two extracellular loops, each containing three critical cysteine 

residues that can form disulfi de bonds. Six connexins assemble into a hemichannel (connexon) that 

interacts with a connexon on a neighboring cell to form a channel between the cells [71] (Figure 12.1). 

The channel (gap junction) allows for intercellular communication via the exchange of nutrients, 

metabolites, ions, and small molecules less than 1 kDa. Important molecules transported by gap 

junctions include ATP, glutamate, NAD+, and prostaglandin E2 [72]. Recent work indicates that 

additional proteins are also present in gap junctions. The innexins were originally identifi ed as 

structural components of gap junctions in Drosophila, but vertebrate homologues called pannexins 

have been identifi ed [73,74]. The specifi c functions of these proteins are yet to be elucidated.

Gating is the mechanism by which the movement of ionic or nonionic molecules is restricted due 

to structural alterations of gap junctions. A number of mechanisms have been shown to regulate gap 

junction gating, including external (mechanical and shear stress, and voltage) and internal (cytoplas-

mic calcium) pathways [72,75,76]. Protein phosphorylation is also a critical regulator of gap junction 
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function; connexins can be phosphorylated by a number of tyrosine (src) and serine/threonine 

kinases (protein kinases A, C, and G) [77,78].

12.2.3 HETEROTYPIC CELL–CELL ADHESION: INFLAMMATION

A variety of cell adhesion molecules including ICAMs, PECAM, VCAM, selectins, and integrins 

mediate the leukocyte-to-endothelial cell–cell interactions [79,80]. ICAMs are members of the Ig 

CAM superfamily and are ligands for the β2 integrin present on leukocytes [81]. ICAMs have two 

or more Ig-like repeats in the extracellular domain, a single transmembrane domain and a short 

cytoplasmic tail. Selectins play a major role in the adhesion of leukocyte-to-endothelial cells and 

platelets during infl ammation. L- (leukocyte), E- (endothelial), and P- (platelet) selectin have 

 conserved structures and mediate heterotypic cell adhesion via calcium-dependent mechanisms [1]. 

The recruitment of leukocytes and subsequent infl ammatory processes involves intricate changes in 

the expression of a variety of leukocyte adhesion molecules. Given their role in infl ammation it is 

not surprising that cytokines, including tumor necrosis factor α (TNFα) and interleukin-1β, are 

potent inducers of these molecules [82]. In the context of metals, it is noteworthy that desferrioxam-

ine, an intracellular iron chelator, and neocuproine, an intracellular copper chelator, were found to 

inhibit TNFα-induced E-selectin, ICAM-1, and VCAM-1 expressions in endothelial cells, puta-

tively via inhibiting SP-1 activation [83]. This suggests that endothelial activation during infl amma-

tion may be dependent on intracellular transition metal ions.

12.3 METAL-INDUCED DISRUPTION OF CELL ADHESION

12.3.1 INTEGRINS

Several studies have demonstrated that integrins are molecular targets of several metals. In animal 

models of mercury-induced autoimmune disease, sublethal doses of inorganic mercury adminis-

tered over a two week period resulted in the generation of antibodies to the glomerular basement 

membrane and proteinuria [84–86]. Antibodies targeting the α4 integrin subunit attenuated mercury-

induced proteinuria [84]. However, antibodies to the β1 integrin subunit did not alter proteinuria, 

although they inhibited the autoimmune effects of mercury by reducing the circulating concentra-

tions of antiglomerular basement membrane antibodies [85]. Interestingly, following subchronic 

cadmium intoxication in animals, antibodies to one integrin ligand, laminin, appeared in the blood 

[87]. However, unlike mercury, these cadmium-induced changes were not associated with the pro-

duction of antibodies against the glomerular basement membrane.

Copper has also been show to have effects on integrin expression and localization. This has been 

demonstrated primarily through studies on uterine expression of integrins in women using intrauter-

ine devices (IUDs) for the purpose of birth control. Initial studies demonstrated that the expression 

of αvβ3, but not α4, was decreased in biopsies of IUD users [88]. These results are supported by the 

fi nding that the expression of α3 and αv integrin subunits was decreased as assessed by immunofl uo-

rescence of biopsy samples of women using the T380 IUD [89]. In a set of in vitro experiments 

designed to examine the molecular basis of these fi ndings, copper ions increased β3 integrin expres-

sion as assessed by fl ow cytometry [90]. There has been limited followup on these results, and the 

long-term impact of copper IUDs on integrin expression in the uterus—following cessation of birth 

control—has not yet been established. In addition, the mechanism underlying these clinical fi ndings 

has not been explored.

In coculture experiments, zinc, nickel, and cobalt had a biphasic effect on polymorphonuclear 

leukocyte–endothelial cell adhesion, that is, enhancement at both low and high molar concentra-

tions [91]. Keratinocyte migration, an integrin-dependent process, is enhanced by zinc, copper, and 

manganese [92]. Results of studies employing integrin-blocking antibodies indicate that the zinc 

and copper effect is mediated by α3, αv, and β1, while the manganese-induced migration requires 
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α3 and β1 [93]. Inorganic lead inhibits FAK signaling in NRK cells as assessed by both cell adhe-

sion and disassembly of focal adhesions [94]. Millimolar concentrations of manganese inhibit the 

spreading of human osteoblasts (MG-63 cell line) [95], suggesting that while low concentrations of 

manganese promote integrin function [24,25], inhibition of integrin function may contribute to 

manganese toxicity. Another recent study has shown that noncytotoxic concentrations of sodium 

arsenite disrupted focal adhesion in H9C cells and that this effect was associated with a decrease in 

the phosphorylation of FAK [96]. In addition, Lee et al. [97] have shown that arsenic alters the 

expression of β1 integrins in cultured human keratinocytes.

An interesting aspect of the metal–integrin connection is demonstrated by a series of studies by 

Conrad and Umbreit elucidating the role of integrins in iron absorption. In the initial studies, it was 

shown that radiolabeled iron was concentrated in integrins, and that mobilferrin coprecipitated with 

integrins [98]. Pulse chase studies suggest sequential passage of iron to integrin, mobilferrin, and 

ferritin. A monoclonal antibody against β3 integrin also immunoprecipitated the radiolabeled iron 

[99]. Interestingly, the authors also demonstrated that immunoprecipitates contained β1 integrin 

and radiolabeled zinc, suggesting that zinc absorption may also be integrin dependent. Using a 

blocking antibody strategy, Conrad et al. [100] established a defi nitive role of β3 integin in the 

absorption of ferric iron. However, the transport of ferrous iron did not appear to be integrin depen-

dent [101]. Taken together, these results demonstrate a critical role of integrins in the absorption of 

metals, including zinc and iron, and suggest that the role of adhesion molecules in metal transport 

may be an important, yet overlooked, area of research.

12.3.2 TIGHT JUNCTIONS AND CADHERIN/CATENIN COMPLEXES

A number of studies have focused on the effects of metals on both tight junctions and the cadherin/

catenin complex. Much of this work has come from investigations of the mechanisms of metal- 

induced nephrotoxicity. Previous publications have, in fact, reviewed the targeting of adhesion com-

plexes in the kidney by metals and other nephrotoxicants [102–104].

Cadmium has been shown to disrupt E-cadherin-dependent cell adhesion in a number of cell 

lines, putatively via displacement of calcium from the extracellular binding domain. This hypothesis 

is supported by the fi nding that cadmium binds to synthetic and recombinant analogs of E-cadherin 

with a higher affi nity than calcium [105,106]. Zimmerhackl et al. [107] have shown that cadmium is 

more toxic to LLC-PK1 cells (proximal tubule) than to MDCK cells (distal tubule/collecting duct), 

putatively via disruption of E-cadherin linkage to the actin cytoskeleton. In vivo, cadmium alters the 

pattern of N-cadherin localization in the kidneys of rats subchronically exposed to cadmium [108]. 

This effect occurs in the absence of changes in N-cadherin gene or protein expression [109]. In both 

in vitro and in vivo studies, the effects of cadmium on the cadherins occurred at doses and durations 

of exposure that did not produce overt evidence of necrotic or  apoptotic cell death [103,108,110]. 

Jacquillet et al. [111] have also recently reported that endothelial cell–cell junctions may be disrupted 

during cadmium exposure. Expression of the endothelium-specifi c tight junction protein, claudin-5, 

was irregular and diminished in the glomeruli and small blood vessels of the kidneys from cadmium-

treated rats. In an interesting in vitro study, cadmium caused translocation of β-catenin to the nucleus 

in a rat proximal tubular epithelial cell line [112]. In addition, several Wnt responsive genes, including 

c-myc, were upregulated; however, these studies used high doses (50 μm) that are associated with 

eventual cell death. Together these fi ndings strongly suggest that the cadherins are relatively specifi c 

early targets of cadmium-induced renal injury and that cadmium interferes with the function of the 

cadherins without affecting the expression of the protein.

The ability of cadmium to disrupt cadherin/catenin complexes is not limited to the kidney. For 

example, cadmium caused alterations in the spatial distribution of VE-cadherin in endothelial cells, 

which was associated with inhibition of both migration and tubulogenesis [113]. Duizer et al. [114] 

demonstrated that the cellular localization of E-cadherin, as well as ZO-1 and occludin, was altered 

in an intestinal epithelial cell line (IEC-18) following cadmium challenge. The alterations in the 
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distribution of these proteins correlated with loss of epithelial barrier function as assessed by trans-

epithelial resistance and paracellular transport of mannitol and PEG-400. In the mouse lung, intra-

tracheal administration of cadmium was associated with the rapid development of pulmonary edema 

and decreased E-cadherin in alveolar epithelial cells and decreased VE-cadherin in endothelial 

cells [115]. Importantly, these changes were not due to cell death as assessed by ethidium  homodimer-1 

staining in the lungs from the cadmium-treated animals. Cadherins may also be targeted by 

 cadmium during development. Cadmium increased E-cadherin in yolk sacs, an effect that was not 

linked with alterations in the actin cytoskeleton, but was associated with embryotoxicity [116]. 

Thompson et al. [117] have recently shown that challenge of chick embryos with cadmium induced 

ventral body wall defects. These changes did not involve alterations in the expression or localization 

of E-cadherin, but were associated with the redistribution of β-catenin from the membrane to the 

cytoplasm, with some evidence of nuclear staining.

Other metals have also been shown to disrupt homotypic cell–cell adhesion. Potassium dichro-

mate caused loss of E-cadherin, and disruption of actin cytoskeleton in cultured human keratino-

cytes [118]. In Caco-2 cells, copper caused a loss of epithelial permeability; interestingly the staining 

of occludin, ZO-1, or E-cadherin was not reduced, but there was a dramatic loss of F-actin staining 

[119]. In addition, bismuth, a nephrotoxic metal, was shown to specifi cally alter the cellular localiza-

tion of N-, but not E-, cadherin in the mouse proximal tubular epithelium [120]. Interestingly, no 

changes in tight junction constituents were seen. Mercuric chloride also causes alterations in the 

cadherin/catenin complex in mice following in vivo challenge. These changes occurred prior to 

renal dysfunction and were associated with loss of proximal tubular epithelial cell polarity [121].

12.3.3 GAP JUNCTIONS

Results of several studies have demonstrated that certain metals can disrupt gap junctional intercel-

lular communication (GJIC). Methylmercury (20 min, 30 μm) inhibited GJIC in primary cultures 

of rat proximal tubular cells as assessed by a dye coupling assay [122]. In primary cultures of rat 

proximal tubular cells exposed to 100 M cadmium chloride for 60 min, dye coupling revealed a 

decrease in GJIC that was associated with an increase in intracellular calcium [123]. It has been 

proposed that decreased GJIC represents an early event in mercuric chloride toxicity in MDCK 

cells as well [124]. In that study, 0.1 μM mercuric chloride (4 h) reduced GJIC by approximately 

50% as measured by dye transfer between cells. Cadmium chloride also inhibited GJIC in the 

absence of cytotoxicity in liver epithelial cells (WB-344) [125]. These in vitro results are supported 

by the fi nding that in vivo challenge of mice with cadmium inhibited GJIC in the liver, concomitant 

with decreased Cx32 and Cx26 expressions [126].

While these studies suggest that gap junctions may be targets of metals such as mercury and 

cadmium, a number of studies suggest that gap junctions are not targets of lead toxicity. In primary 

cultures of osteoblast-like cells, it was shown that lead, either applied to the cells extracellularly or 

intracellularly, had no effect on GJIC [127]. The fi nding that lead does not affect GJIC is also sup-

ported by studies in astroglia, where lead did not affect intracellular communication [128], and REL 

liver cells, where lead acetate, chloride, monoxide, or sulfate did not inhibit GJIC [129]. In keratino-

cytes, lead acetate did not inhibit GJIC; however, both mercuric chloride (10 nM) and monomethyl-

mercury (250 nM) inhibited gap junction function [130]. However, one study suggests that lead may 

inhibit GJIC. Using metabolic coupling, as assessed by metabolism of 6-thioguanine, of wild-type 

and mutant V79 cells, Trosko and coworkers demonstrated that arsenate, mercuric chloride, and 

lead acetate all inhibited GJIC [131]. While the weight of the evidence suggests that inhibition of 

GJIC is not a general mechanism of lead toxicity, there may be some cell- and/or organ-specifi city 

of this response that needs to be explored further.

One of the earliest studies of metal-induced disruption of GJIC deserves mention. Salts of lead 

[Pb(CH3CO)2], cadmium [Cd(CH3COO)2], nickel [NiSO4], and chromium [K2CrO4 and CrCl3] only 

decreased GJIC at concentrations that elicited cell death [132]. This illustrates two important 
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 considerations for studies of metal-induced alterations in cell adhesion complexes. First, the specia-

tion of the metal, especially in vitro, is an important, yet often overlooked, variable and, secondly, 

both concentration and time dependence must be considered in the entire context of effects (i.e., 

lethal versus nonlethal insult).

12.3.4 INFLAMMATORY ADHESION MOLECULES

Several lines of evidence suggest that upregulation of infl ammatory adhesion molecules may be an 

important mechanism of metal toxicity. Cadmium and mercury increased ICAM-1 expression in 

immortalized proximal tubule epithelial cells [133]. Importantly, both metals caused a decrease in 

secreted TGFβ-1 and addition of exogenous TGFβ-1 to the culture media attenuated the metal- 

induced increases of ICAM-1, suggesting that TGFβ-1 signaling may regulate inducible ICAM-1 

levels in the kidney. The fi nding that cadmium induces ICAM-1 is not kidney specifi c; cadmium 

also enhanced ICAM-1 expression in brain endothelial cells [134,135] and in liver sinusoidal 

endothelial cells [136]. In the latter study, cadmium also induced E-selectin expression, suggesting 

that multiple infl ammatory adhesion receptors may be targeted by this metal. However, in normal 

human keratinocytes, nickel, but not cobalt, chromium, or cadmium, increased ICAM-1 expression 

[137]. This suggests that cadmium-induced ICAM-1 exhibits organ specifi city and that ICAM-1 is 

not induced by all metals. Zinc has also been shown to induce ICAM-1 gene expression in both 

fi broblasts and hematopoietic cells [138].

Much less is known about the impact of metals on other infl ammatory adhesion molecules. In 

endothelial cells, nickel and cobalt, but not zinc and chromium, increased E-selectin expression, 

putatively via the NF-κB and AP-1 transcription factors [139]. In rats receiving a single injection of 

cadmium chloride (3 mg/kg), sinusoidal endothelial cells had a signifi cant decrease in PECAM-1 

expression 48 h postinjection followed by a marked increase in PECAM-1 expression 7 days postin-

jection [136]. In this study, increased PECAM-1 expression was thought to be linked to infi ltration 

of infl ammatory cells within the liver following cadmium exposure. While it is clear that a variety 

of metals increase the expression of ICAM-1, and E-selectin, the molecular pathways regulating 

these effects are poorly defi ned. Given the importance of infl ammation in pathophysiology, future 

study of the impact of metals on these complexes will be an important component to our under-

standing of metal-induced toxicity.

12.4 POTENTIAL MECHANISMS

Studies on the impact of metals on cell adhesion molecules are a relatively new area of investigation. 

Consequently, the mechanisms underlying the effects of metals on these molecules are not well 

understood. Nevertheless, several potential mechanisms can be postulated (Figure 12.2).

12.4.1 GENE EXPRESSION

It is well established that metals can impact gene expression [140–146] raising the possibility that 

metals could regulate gene expression of cell adhesion molecules. In the context of metal-induced 

expression of infl ammatory adhesion molecules, this appears to be a major mechanism, as demon-

strated by the studies cited in the previous section. However, the cadmium-induced changes in 

N-cadherin localization in the rat kidney are not associated with signifi cant changes in the level of 

N-cadherin gene expression [110]. Another study using gene microarray technology revealed no 

signifi cant changes in cadherin expression following cadmium exposure in rats [147]. This suggests 

that alterations in gene expression may be a minor mechanism in acute metal-induced alterations in 

function and localization of homotypic cell adhesion molecules. However, it is still possible that 

regulation of adhesion molecule expression may be important in the metal-induced carcinogenesis 

and this is currently an area of active investigation.
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12.4.2 PROTEIN–PROTEIN INTERACTIONS

Cell–matrix and cell–cell adhesion requires complexes consisting of a large number of proteins 

[148–152]. Therefore, disruption of protein–protein interactions is an attractive hypothesis for the 

metal-induced disruption of cellular adhesion. One relatively simple possibility is that metals have 

a higher affi nity for sulfhydryl groups and could disrupt critical disulfi de bonds that serve as scaf-

folds for protein–protein interactions and subsequent function [153]. For example, both integrins 

[153] and cadherins [154] have disulfi de residues that must be preserved for function. Metals such 

as nickel [155] and mercury [156] can disrupt disulfi des. While to date we know of no studies that 

have shown that metals can specifi cally target cell adhesion molecules, cadmium and mercury can 

disrupt the cadherin–catenin complex via alterations in cadherin–catenin interactions [107,121,157]; 

however, the cause-and-effect relationship in this process is not yet clear. Investigation of this mech-

anism will require careful attention to the speciation of metals, as well as the concentration of the 

metal that can access the adhesion complex.

12.4.3 PROTEIN PHOSPHORYLATION

Phosphorylation is a key mechanism regulating the function of many cell adhesion molecules 

including integrins [158–160], the cadherin/catenin complex [161–163], and tight junctions [164–

166]. Phosphorylation of proteins, at both tyrosine and serine/threonine, modulates the normal 

protein:protein interactions required for adhesive complexes and metals infl uence the activity of a 

number of kinases (Table 12.1).

1. Alterations in protein expression or protein cleavage

2. Disruption of protein:protein interactions
       Direct via sulfhydryls
       Secondary to phosphorylation

3. Disruption of actin cytoskeleton

β
α

FIGURE 12.2 Potential mechanisms of metal-induced disruption of cell adhesion. Using a cadherin/catenin 

complex as a prototype, metals can disrupt adhesion complexes at several levels. As seen following cadmium  

(Data from Zimmerhackl, L.B., et al., Am. J. Physiol., 275, F143, 1998) and mercury (Data from Jiang, J., et al., 

Toxicol. Sci., 80, 170, 2004) challenge, metal exposure can result in the loss of adhesion proteins (1). In addition, 

metals could disrupt the critical protein–protein interactions required for cell adhesion (2); this could  happen 

directly or indirectly via metal–induced kinase activation and subsequent protein phosphorylation. As such, both 

cadmium (Data from Zimmerhackl, L.B., et al., Am. J. Physiol., 275, F143, 1998; Weidner, W.J., Waddell, D.S., and 

Sillman, A.J., Arch. Toxicol., 74, 578, 2000) and mercury (Data from Jiang, J., et al., Toxicol. Sci., 80, 170, 2004) 

have been demonstrated to disrupt cadherin:catenin protein interactions. Finally, disruption of the actin cytoskel-

eton could lead to loss of both cell–cell and cell–matrix adhesion (3); actin is disrupted by cadmium (Data from 

Lozsekova, A., et al., Bratisl. Lek. Listy, 103, 254, 2002; Mills, J.W. and Ferm, V.H., Toxicol. Appl. Pharmacol., 
101, 245, 1989; Wang, Z., Chin, T.A., and Templeton, D.M., Cell Motil. Cytoskel., 33, 208, 1996; and Wang, Z. and 

Templeton, D.M., Toxicol. Appl. Pharmacol., 139, 115, 1996), chromium (Data from Lozsekova, A., et al., Bratisl. 
Lek. Listy, 103, 254, 2002; Lee, K.W., et al., Ann. N. Y. Acad. Sci., 1030, 258, 2004; and Gunaratnam, M. and 

Grant, M.H., Toxicol. In Vitro, 18, 245, 2004), and nickel. (Data from Lozsekova, A., et al., Bratisl. Lek. Listy, 103, 

254, 2002; Gunaratnam, M. and Grant, M.H., Toxicol. In Vitro, 18, 245, 2004). It is important to note that each of 

these mechanisms may be a primary effect, or secondary to metal-induced oxidative stress.
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PKC represents a family of serine/threonine kinases that are well established as regulators of 

cadherin-mediated cell–cell adhesion, cytoskeletal organization, and cell permeability [167–170]. 

PKC also affects integrin adhesive and signaling activity [171–174] and PKC activation is associated 

with disruption of tight junctions [169,175]. Activation of PKC is often associated with a loss of cell–

cell adhesion and an increase in permeability [176–181], as well as inhibition of GJIC [182–184]. 

Cadmium can activate PKC in a variety of cell types both in vitro [185,186] and in vivo [187–189]. 

A number of studies have also demonstrated that lead can stimulate PKC activity, particularly in 

neuronal cells [190–193]. Additional studies have shown that activation of PKC by sodium arsenite 

is associated with a loss of VE-cadherin from vascular endothelial cell–cell junctions [194].

The src family of tyrosine kinases has been well established as regulators of cell adhesion activ-

ity. Activation of src is associated with disruption of the cadherin/catenin complex [195–198], but 

may appear to have a lesser effect on tight junctions [199,200]. Activation of src is also associated 

with decreased endothelial permeability [201–204] and inhibition of GJIC [205–208]. Mercury has 

been shown to activate Hck, a src family member, in human mylomonocytic cells; this was postu-

lated to be important in metal-induced immune dysfunction [209]. In addition, mercury can activate 

c-src via a novel redox-related mechanism [210,211].

The mitogen-activated protein kinase (MAPK) superfamily of serine/threonine kinases is com-

posed of three major sets of kinases: the extracellular-receptor kinases (ERK1 and ERK2); the c-Jun 

N-terminal kinases/stress-activated protein kinases (JNK/SAPK), which include JNK1, JNK2, and 

JNK3; and the p38 MAPKs. Aberrant activity of MAPKs is linked to disruption of cadherin- and/or 

tight junction-regulated epithelial permeability [34,168,179,212–216], as well as inhibition of GJIC 

[217,218]. Cadmium is associated with activation of ERK [219], JNK [220], and p38 [221], while 

mercury is linked to activation of p38 [222,223]. Manganese has been demonstrated to activate JNK 

[224] and p38 [225] and both copper [226] and nickel [227] can activate JNK. Given the ubiquitous 

nature of the MAPK pathway, two important factors to consider in future studies of metal-induced 

activation of these kinases are the cell specifi city of the response and the duration of activation; both 

of these variables have a tremendous impact on the overall response to kinase activation [228–234].

12.4.4 PROTEIN DEGRADATION

Studies of the metastatic phenotype of tumor cells have shown proteolytic degradation of adhesion 

molecules to be a mechanism of disruption of cell adhesion. Cadherins have been identifi ed as sub-

strates for several matrix metalloproteinases, including MMP-3 [235,236], MMP-7 [237,238], and 

MMP-14 (MT1-MMP) [239]. Disruption of tight junctions, including cleavage of occludin, is also 

 mediated by MMPs [240–242]. While integrin subunits do not appear to be major substrates for MMPs, 

MMP-7 can cleave the β4 subunit [243]. It is clear, however, that integrins can regulate the expres sion 

and activity of these proteinases [244–246]. In the context of metals, nickel is associated with induction 

TABLE 12.1
Metal-Induced Kinase Activities

Metals Effects

Arsenic Activate PKC in vitro [194]

Cadmium Activate PKC in vitro and in vivo [185–189]

Activate ERK, JNK, and p38 in vitro [219–221]

Copper Activate JNK in vitro [226]

Manganese Activate JNK and p38 in vitro [224,225]

Mercury Activate c-src and Hck in vitro [209–211]

Activate p38 in vitro [222,223]

Nickel Activate JNK in vitro [227]

© 2010 by Taylor and Francis Group, LLC



338 Cellular and Molecular Biology of Metals

of MMP-2 expression and activity [247], cadmium inhalation in vivo increased MMP-2 and -9 activity 

in bronchoalveolar lavage fl uid [248], and lead infl uenced MMP-9 expression in glial cells [249].

Caspases also are capable of cleaving cadherins and catenins [250–252]. As with the MMPs, rela-

tively little is known about integrins as caspase substrates. However, integrins can regulate caspase 

localization and activity [253–255]. Several metals, including cadmium [256,257], lead [258], 

 mercury [259], and chromium [260,261], have been shown to activate capases. However, in investi-

gating metal-induced capsase activation, and subsequent cadherin or catenin cleavage, care must be 

taken to determine if alterations in cell adhesion are simply a manifestation of apoptotic cell death.

12.4.5 DISRUPTION OF THE ACTIN CYTOSKELETON

A fundamental characteristic of cell adhesion complexes is the intricate interaction between the 

complex and the cytoskeleton. In most cases this interaction involves predominantly the actin 

cytoskeleton. While the mechanism underlying this interaction may not be as simple as the linear 

protein–protein interactions originally hypothesized, it is undeniable that an intact actin cytoskele-

ton is essential for the normal adhesive function of integrins [14,262–264], tight junctions [39,40,265], 

and the cadherin/catenin complex [43,266,267]. A number of studies have demonstrated that metals 

can disrupt the actin cytoskeleton. Cadmium is associated with disruption of actin in MDCK cells 

[268], mesangial and vascular smooth muscle cells [269], skeletal muscle [270], and keratinocytes 

[118]. Hexavalent chromium has been shown to reorganize the actin cytoskeleton in fi broblasts 

[271], hepatocytes [272], and keratinocytes [118], while nickel affects the cytoskeleton in hepato-

cytes [272] and keratinocytes [118]. One of the challenges in establishing disruption of the actin 

cytoskeleton as a mechanism of underlying alterations in cell adhesion complexes is the fact that the 

relationship is bidirectional; disruption of both integrins and cadherins leads to actin reorganiza-

tion. Therefore, a cause-and-effect relationship may become a chicken-or-the egg proposition.

12.4.6 OXIDATIVE STRESS

Oxidative stress is a signifi cant and well-investigated mechanism involved in metal toxicity. As of 

the writing of this chapter, over 80 review articles alone on metals and oxidative stress are cited on 

PubMed. Importantly, each of the metals addressed in this book has the potential to interfere with 

normal redox status and induced oxidative stress. This is true for lead [273–275], manganese 

[276–278], copper [226,279,280], cadmium [281–283], zinc [284,285], iron [286–288], and mercury 

[289–291]. A number of studies have associated oxidative stress with disruption of integrins 

[292–294], tight junctions [152,294,295], and cadherin/catenin complexes [152,296,297]. It is 

important to note that oxidative stress may also be a component of each of the previous postulated 

mechanisms, oxidative stress can affect gene expression [298–300], protein–protein interactions 

[301], protein phosphorylation via ERKs, MAPKs, PKC, and src [302–307], MMP [308,309] and 

caspase activity [310–312], and actin cytoskeleton organization [306,313,314]. The appeal of this 

mechanism is that the literature clearly supports the hypothesis that metals can induce oxidative 

stress, which in turn can disrupt cell adhesion directly, or indirectly via the previously described 

mechanisms. However, it will require extensive studies to determine if this mechanism can account 

for the organ-, cellular- and complex-specifi city of the disruption of cell adhesion by metals.

12.5 CONCLUSIONS

A great deal of evidence indicates that cell adhesion molecules and their associated proteins and 

signaling pathways may be primary targets in many types of metal-induced injury (Table 12.2). 

However, several important questions remain in this emerging fi eld of research. One of the greatest 

gaps in our knowledge concerns the relevance of the many reported effects of metals on cell  adhesion 

molecules in vitro to the toxic actions of metals in vivo. Resolving this issue will require additional 

studies utilizing in vivo models as well as in vitro models that more closely mimic the patterns of cell 
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adhesion molecule expression and the doses and durations of metal exposure in vivo. For  example, 

many of the in vitro studies with toxic metals such as cadmium and mercury involved exposure of 

cells to micromolar concentrations of the free metal ions in physiological saline solutions. In vivo, 

target cells would usually be exposed to much lower concentrations of the metals in the physiological 

milieu of serum ultrafi ltrates. Under these conditions, the metals would not exist in their free forms, 

but would exist in the form of complexes with molecules such as cysteine,  glutathione, and even low 

molecular weight proteins [315,316]. It is also important to note that the specifi c patterns of cell adhe-

sion molecule expression in many cell lines do not exactly mimic the patterns of expression in the 

corresponding tissue in vivo. For example, most of the proximal tubule-derived cell lines used for 

toxicity studies mainly express E-cadherin [317], whereas N-cadherin is the primary classical cad-

herin that is expressed in the proximal tubule in vivo [108,318–320]. Moreover, most of the proximal 

tubule-derived cell lines do not express the tight junction protein claudin-2 [317], which is the pri-

mary claudin that is present in the proximal tubule in vivo [321]. Finally, changes in cell adhesion 

molecule function occur in response to nonspecifi c cellular injury and infl ammation. This makes it 

very diffi cult to determine if observed metal- induced changes in cell adhesion molecule function 

represent primary toxic effects or occur secondarily to the general metabolic derangement or even 

death of the injured cells. In light of this fi nding, it is clear that much work remains to be done in 

order to clarify the role of cell adhesion molecules in metal-induced injury.
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13 Iron Metabolism and Disease

Giada Sebastiani and Kostas Pantopoulos

13.1 PHYSIOLOGY OF IRON HOMEOSTASIS

Iron is an indispensable constituent of virtually all cells, but also a potential biohazard [1,2]. The 

adult human body contains 3–5 g of iron (45–55 mg/kg of body weight in females and males, 

respectively). The vast majority (~60–70%) is distributed in erythroid cells within the heme pros-

thetic group of hemoglobin and serves in oxygen binding. Likewise, signifi cant amounts of iron are 

localized in muscle cells within myoglobin, which also binds oxygen. Other cell types contain lower 

quantities of heme or nonheme iron (such as iron–sulfur clusters) in cytochromes and various other 

metalloproteins. Excess of body iron is stored in liver hepatocytes and Kupffer cells, within ferritin 

and its degradation product hemosiderin.

Even though iron is the second most abundant transition metal on the Earth’s crust (after alumi-

num), its bioavailability is limited, partly due to the low solubility of oxidized ferric (Fe3+) ions 

under aerobic conditions. Thus, it is not surprising that humans (and mammals in general) lack any 

specifi c mechanisms for iron excretion and iron homeostasis is regulated at the level of acquisition 

[3–5]. During prenatal development, the fetus acquires iron from the mother. The transport of iron 
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across the placental syncytiotrophoblasts is mediated by ferroportin, a ferrous (Fe2+) ion exporter. 

Developing children and adults absorb heme and inorganic iron from the diet by duodenal entero-

cytes (Figure 13.1). The absorption of heme may involve the folate transporter HCP1 [6,7], while 

inorganic ferric iron is reduced in the intestinal lumen to ferrous by ferric reductases (such as Dcytb) 

and absorbed by the apical divalent metal transporter 1 (DMT1). Internalized heme is degraded by 

heme oxygenase 1 (HO-1) and absorbed iron is released at the basolateral site into the bloodstream 

by ferroportin. Ferrous iron is then oxidized to ferric by the ferroxidases hephaestin and ceruloplas-

min, and captured by circulating transferrin for delivery to tissues upon binding to transferrin recep-

tor 1 (TfR1). In adulthood, a healthy individual absorbs 1–2 mg/day of dietary iron to compensate 

either for nonspecifi c losses by cell desquamation in the skin and the intestine or for bleeding. 

Menstruating females physiologically lose iron from the blood and tend to have lower body iron 

stores than males and postmenopausal females.

Erythropoiesis requires ~30 mg/day of iron, primarily provided by recycling from effete red 

blood cells. These undergo phagocytosis by reticuloendothelial macrophages, which in turn metab-

olize hemoglobin and heme and release iron into circulation via ferroportin, to replenish the dynamic 

transferrin pool. Circulating transferrin is ~30% saturated and contains, at steady state, ~3 mg of 

iron, which is recycled >10 times/day.

l        l      l      l       l       l      l      l    
  

l        l      l      l       l       l      l      l    
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FIGURE 13.1 Dietary iron absorption by duodenal enterocytes. Ferric (Fe3+) iron is reduced to ferrous (Fe2+) 

in the intestinal lumen, possibly by the ferric reductase Dcytb and transported across the apical membrane of the 

enterocyte by DMT1. Heme is transported possibly via the folate transporter HCP1 and iron is liberated enzymati-

cally within the enterocyte, following heme degradation by heme oxygenase 1 (HO1). Ferrous iron is exported 

from the basolateral membrane to the circulation by ferroportin and undergoes reoxidation by hephaestin.
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13.2 HORMONAL REGULATION OF IRON TRAFFIC

The effl ux of iron from enterocytes and macrophages to the bloodstream via ferroportin is critical 

for maintenance of iron homeostasis. This process is negatively regulated by hepcidin, a circulating 

hormonal peptide that binds to ferroportin and promotes its internalization and lysosomal degrada-

tion [8]. The hormone is synthesized in hepatocytes as a propeptide precursor, which is converted to 

a cysteine-rich bioactive molecule of 25 amino acids by proteolytic processing [9]. Mature hepcidin 

is secreted into plasma and controls iron traffi c in response to alterations in iron stores, erythropoi-

esis, hypoxia, and infl ammation. Hepcidin levels increase by iron intake and infl ammation [10,11], 

inhibiting duodenal iron absorption, and promoting iron retention within macrophages (Figure 

13.2). By contrast, hepcidin levels decrease in iron defi ciency, hypoxia, or phlebotomy-induced 

anemia [12], facilitating duodenal iron absorption and iron release from macrophages (Figure 13.2). 

In iron defi ciency or hypoxia, duodenal iron absorption is also stimulated independently of the hep-

cidin/ferroportin axis, by a mechanism involving the hypoxia-inducible factor HIF-2α-mediated 

transcriptional activation of DMT1 and Dcytb [13].

The expression of hepcidin is transcriptionally regulated by iron- and cytokine-dependent path-

ways. The infl ammatory cytokines IL-6 and IL-1 induce hepcidin transcription via STAT3 [14–16]. 

The iron-dependent pathway involves proximal and distal promoter elements [17–19] and bone mor-

phogenetic protein (BMP) signaling [20]. BMP-2, -4, -6, and -9 are potent inducers of hepcidin 

transcription, in conjunction with the BMP coreceptor hemojuvelin [21–24], which may assemble 
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FIGURE 13.2 Regulation of iron effl ux from duodenal enterocytes and reticuloendothelial macrophages 

by hepcidin. Enterocytes absorb heme or inorganic dietary iron and macrophages phagocytose iron-loaded 

senescent red blood cells. Both cell types release ferrous iron (Fe2+) into plasma via ferroportin, which is 

incorporated into transferrin following oxidation into the ferric form (Fe3+) via hephaestin or ceruloplasmin. 

The secretion of the iron-regulatory hormone hepcidin from the liver in response to high body iron stores or 

infl ammatory signals results in internalization and degradation of ferroportin, and retention of iron within 

enterocytes and macrophages. A decrease in body iron stores, a requirement of iron for erythropoiesis, or 

hypoxia inhibits hepcidin expression, permitting dietary iron absorption by enterocytes and iron release from 

macrophages.
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into a putative iron-sensing complex, possibly also consisting of BMP receptors, transferrin receptor 

2 (TfR2), and the hemochromatosis protein HFE [25] (see below). Basal hepcidin transcription 

involves the CCAAT/enhancer-binding protein (C/EBPα) [26].

13.3 MALREGULATION OF IRON HOMEOSTASIS

In healthy subjects, the rate of dietary iron absorption and the levels of body iron are tightly con-

trolled [3–5]. Disruption of iron homeostasis can lead to pathological conditions, including iron 

defi ciency, defective iron traffi c, or iron overload [27].

13.3.1 IRON DEFICIENCY

A failure to meet physiological requirements of iron for erythropoiesis by dietary absorption results 

in depletion of iron stores and culminates in iron defi ciency anemia (IDA) [28]. This is caused by 

diminished availability of dietary iron, malabsorption of iron, or chronic blood losses related to 

confounding disorders. IDA can lead to adverse effects, such as disability, impaired thermoregula-

tion, immune dysfunction, and neurocognitive defects. Nutritional iron defi ciency affects an esti-

mated 2 billion people worldwide, mostly in developing countries, and poses a serious health care 

problem [29]. The management of IDA involves iron supplementation and fortifi cation of foods.

13.3.2 DEFECTIVE IRON TRAFFIC

In prolonged infl ammation, encountered in infectious or autoimmune disorders or cancer, iron may 

become limiting for erythropoiesis even in the presence of adequate stores. The anemia of chronic 

disease (ACD) is characterized by the retention of iron within reticuloendothelial macrophages and 

by decreased dietary iron absorption [30]. The ensuing diversion of iron from circulation into stor-

age sites leads to hypoferremia. In the context of the infl ammatory response, this may constitute 

part of the organism’s strategy to deplete pathogens from an essential nutrient. The development of 

ACD is to a large extent based on a pathological increase in hepcidin levels via IL-6/STAT3 signal-

ing [14–16], which blocks iron egress from macrophages and enterocytes via ferroportin. Other 

factors contributing to the disease progression include the altered expression of iron metabolism 

genes and the inhibition of proliferation of erythroid progenitor cells, triggered by infl ammatory 

cytokines. ACD is the most frequent anemia among hospitalized patients in industrial countries. It 

is not life-threatening per se, but deteriorates the patient’s quality of life. Treatment of the underly-

ing disease poses the best therapeutic option. Pharmacological correction of ACD can be achieved 

by administration of recombinant erythropoietin and, in acute cases, by blood transfusion. Iron 

therapy is controversial because it may promote bacteremia; however, it may be useful if ACD is 

combined with IDA. The development of pharmacological inhibitors of the hepcidin pathway is 

promising for the treatment of ACD, especially in the subset of patients that poorly responds to 

erythropoietin.

A rare, hereditary form of IDA has been described that is refractory to oral iron supplementation 

and partially unresponsive to parenteral iron therapy. The molecular defect is based on mutations in 

the transmembrane serine protease matriptase (TMPRSS6), which is associated with aberrant iron 

traffi c due to pathological increase in hepcidin levels [31,32]. A similar phenotype was observed in 

mice with targeted [33] or chemically induced [34] disruption of the TMPRSS6 gene.

13.3.3 IRON OVERLOAD (HEMOCHROMATOSIS)

The accumulation of excess iron in tissues is toxic and promotes oxidative stress and cell damage. 

Excessive iron deposition in the liver predisposes for fi brosis, cirrhosis, and hepatocellular carci-

noma (HCC) [35–37], and may exacerbate other types of liver disease [38,39]. Iron overload is also 
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associated with cardiomyopathy, diabetes mellitus, hypogonadism, arthritis, and skin pigmentation 

[27]. Primary iron overload is linked to hereditary defects in the hepcidin pathway. On the other 

hand, secondary iron overload develops as a side effect of another disease. Transfusional siderosis 

results from repeated blood transfusions required for the treatment of various anemias, while mild 

to moderate secondary iron overload is common in chronic liver diseases. The phenotypes of iron 

overload disorders and the underlying pathogenic mechanisms are described below.

13.4 HEREDITARY HEMOCHROMATOSIS

The term “hereditary hemochromatosis” (HH) comprises a heterogeneous group of disorders char-

acterized by chronic hyperabsorption of dietary iron at a rate that may reach 8–10 mg/day [40,41]. 

This results in gradual saturation of transferrin with iron (from physiological ~30% up to 100%) and 

the buildup of a pool of redox-active non-transferrin-bound iron (NTBI) in plasma. The toxic NTBI 

is eventually taken up by tissues and iron accumulates within parenchymal cells. Organ damage can 

be easily prevented by therapeutic phlebotomy, which reduces the iron burden. Early diagnosed 

patients undergoing phlebotomy have a normal life. In the absence of treatment, clinical symptoms 

are manifested in the fourth or fi fth decade.

The most frequent type of HH (also known as HH type 1) is an autosomal recessive disease, 

related to mutations in the hemochromatosis gene HFE [40,41]. This was elucidated in 1996 by link-

age disequilibrium and haplotype analysis from a large cohort of patients with hereditary iron over-

load [42]. Previous genetic studies provided evidence that the HFE gene is located close to the major 

histocompatibility complex (MHC) locus on the short arm of chromosome 6 [43,44]. In fact, HFE 

encodes an atypical MHC class I molecule, which interacts with β2-microglobulin for processing via 

the Golgi network and expression on the cell surface. In contrast to typical MHC class I proteins, 

HFE forms a smaller groove between the α1 and α2 subunits, which is thought to be insuffi cient for 

peptide antigen presentation [45]. HFE is expressed in a wide range of cell types, including hepato-

cytes, macrophages, and enterocytes.

The majority of HH patients bear an HFE C282Y point mutation. This disrupts a disulfi de bond 

that is necessary for the association of HFE with β2-microglobulin. Consequently, HFE C282Y fails 

to reach the plasma membrane [46,47]. Unprocessed mutant HFE is trapped in the endoplasmic 

reticulum (ER) and eventually gets degraded by the proteasome [48]. Further, HFE mutations and 

polymorphisms (such as H63D and, to a smaller extent, S65C substitutions) have been linked to HH, 

especially in the compound heterozygous state with C282Y. Homozygosity for the HFE C282Y 

genotype is highly prevalent (1:200) in populations of Northern European ancestry; however, it is 

questionable whether the high prevalence is accompanied by comparatively high clinical penetrance 

[35,40,41,49,50]. It appears that apart from HFE mutations, the manifestation of hemochromatosis 

requires the contribution of additional, yet incompletely understood environmental, genetic, and/or 

epigenetic factors [51].

Nevertheless, the ablation of HFE [52,53] or β2-microglobulin [54,55] is suffi cient to promote 

iron overload in mice. A similar phenotype has been documented in orthologous HFE C282Y [56] 

and H63D [57] knock-in mice. Interestingly, the degree of iron overload depends on the genetic 

background of the animals [58–60]. Some of the differences have been attributed to variable expres-

sion of Mon1, a protein involved in the traffi cking of ferroportin [61]. Taken together, the animal 

studies corroborate genetic and clinical data on the signifi cance of HFE in the control of body iron 

homeostasis.

Clearly, HFE dysfunction accounts for the vast majority of HH cases in Caucasians. It should, 

however, be noted that some rare forms of hereditary iron overload are unrelated to pathogenic HFE 

mutations [62]. A clinical phenotype indistinguishable from that of HH type 1 is caused by muta-

tions in the TfR2 gene, at the chromosome 7q22 [63,64]. Unlike its related homologue TfR1, TfR2 

does not have a physiological role in the acquisition of transferrin-bound iron and its expression is 

restricted mainly to hepatocytes [65]. The fi rst reported case of TfR2-related HH (classifi ed as HH 
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type 3) was due to a nonsense mutation leading to a premature termination codon (Y250X) [66]. 

A TfR2 knock-in mouse model with the orthologous Y250 substitution recapitulates the hemochro-

matosis phenotype [67], while mice with liver-specifi c disruption of TfR2 also develop iron over-

load [68]. A wide range of additional TfR2 mutations have been associated with HH type 3 [64].

13.5 JUVENILE HEMOCHROMATOSIS

Juvenile hemochromatosis (JH) is a rare form of hereditary iron overload with autosomal recessive 

transmission pattern (classifi ed as HH type 2), characterized by early onset [69,70]. While the pat-

tern of iron deposition is similar to that observed in HH of type 1 or 3, the rate of dietary iron 

absorption is higher. This results in early iron overload with clinical manifestations of hypogonad-

ism, cardiomyopathy, and diabetes in the late teens and early twenties. The major locus of the JH 

gene was mapped to the 1q chromosome [71,72], but 1q-unlinked genotypes were also identifi ed 

[73,74].

The molecular basis of the 1q-unlinked JH (HH subtype 2B) was elucidated fi rst. The disease is 

caused by complete silencing of the iron-regulatory hormone hepcidin due to mutations in the hep-

cidin gene (called HAMP) on chromosome 19 [75]. The fi rst reported cases were caused by either a 

nonsense mutation leading to a premature termination codon (R56X) or a frameshift mutation giv-

ing rise to aberrant prohepcidin [75]. Likewise, the disruption of hepcidin is suffi cient to promote 

severe tissue iron overload in mice [76,77].

The 1q-linked subset of JH (HH subtype 2A) is due to pathogenic mutations in the HFE2 gene, 

encoding hemojuvelin (HJV) [78,79]. The most common is a G320V substitution. HJV is identical 

to repulsive guidance molecule c (RGMc). The RGMa and RGMb family members are expressed in 

neuronal cells and control the patterning of retinal axons during development [80]. By contrast, 

HJV is expressed in striated muscles and the liver [78], and apparently exerts an important regula-

tory function in systemic iron homeostasis. This view is also reinforced by the iron overload pheno-

type of HJV–/– mice [81,82], which represent another animal model for JH.

HJV-associated JH patients [78] and HJV–/– mice [81,82] fail to mount an iron-dependent increase 

in hepcidin expression despite pathological iron stores, indicating that HJV acts upstream of hepci-

din and positively regulates its expression. Further experiments revealed that HJV is a BMP core-

ceptor and mediates signaling via the BMP pathway [21–24]. It appears that physiologically relevant 

iron-dependent signaling is primarily mediated by BMP6. Thus, BMP6−/− mice have low hepcidin 

levels and develop iron overload [83,84]. Moreover, a similar phenotype is observed in mice bearing 

liver-specifi c disruption of SMAD4, which acts downstream of BMPs [20]. HJV also interacts with 

neogenin [85], but this appears not to affect BMP signaling [24].

HJV is expressed on the cell surface and in perinuclear compartments and associates with mem-

branes via a glycosylphosphatidylinositol (GPI) anchor [85,86]. It is glycosylated at Asn residues 

[86] and undergoes processing by complex mechanisms, possibly also including autocatalytic cleav-

age [85]. Differentiating muscle cells release a soluble isoform of HJV in extracellular media [86], 

which is also present in human serum and plasma [87]. It appears that the release of soluble HJV 

results from a cleavage at the C-terminus of the protein by furin [88,89]. A treatment of primary 

human hepatocyte cultures with preparations of recombinant soluble HJV decreased hepcidin 

mRNA levels [87]. Moreover, the administration of a soluble HJV.Fc fusion protein to mice 

decreased hepcidin expression in vivo [23], suggesting that cellular and soluble HJV have opposing 

functions. It appears that TMPRSS6, which is mutated in patients with iron refractory IDA [31,32], 

inhibits signaling to hepcidin by degrading cellular HJV [90].

13.6 A UNIFYING CONCEPT FOR THE PATHOGENESIS OF HH

The clinical, genetic, and biochemical studies with JH patients and mouse models demonstrated that 

JH is etiologically linked to severe hepcidin defi ciency. Soon thereafter, it became clear that milder 
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conditions of hereditary iron overload are also associated with misregulation of hepcidin. Thus, HH 

patients with mutations in the HFE [91,92] or TfR2 [93] genes exhibit inappropriately low hepcidin 

levels or blunted hepcidin responses to iron challenge [94], despite high transferrin saturation and 

elevated body iron stores. Similar results were obtained with HFE–/– [95–98] and TfR2–/– mice [99].

Taken together, the above fi ndings suggest that the common denominator in the pathogenesis of 

all types of HH is defective hepcidin expression. Interestingly, the impairment of the hepcidin path-

way quantitatively correlates with the degree of iron loading. Thus, complete genetic disruption of 

the HAMP gene or severe hepcidin defi ciency, secondary to HJV mutations, led to early onset JH, 

the most aggressive form of hereditary iron overload. On the other hand, relatively milder hepcidin 

insuffi ciency, secondary to HFE or TfR2 mutations, leads to HH of types 1 or 3, respectively. 

Considering that pathological overexpression of hepcidin contributes to the development of ACD, 

the function of hepcidin is analogous to that of a rheostat that controls systemic iron traffi c and 

homeostasis and needs to be maintained within a physiological window (Figure 13.3).

Evidently, the understanding of the pathogenesis of HH requires the elucidation of the mecha-

nism for iron-dependent signaling to hepcidin, which involves HFE, TfR2, HJV, and BMPs. HFE, 

TfR2, and HJV may constitute part of a putative “iron-sensing complex” that responds to alterations 

in transferrin saturation and conveys BMP (primarily BMP6) signals to downstream targets, lead-

ing to transcriptional induction of hepcidin. Initial experimental evidence for this concept was pro-

vided by the capacity of HFE to physically interact with TfR2 [100], by analogy to the earlier 

established HFE–TfR1 interaction [101]. TfR2 is expressed in hepcidin-producing hepatocytes, and 

its stability increases in response to holo-transferrin [102,103]. Importantly, HFE controls hepcidin 

synthesis only when expressed in hepatocytes and not in other cell types [104,105]. Genetic experi-

ments based on the modulation of the HFE–TfR1 interaction in transgenic mice suggested that HFE 

stimulates hepcidin expression when it is free of TfR1 [106]; importantly, the iron-mediated induc-

tion of hepcidin requires the physical interaction of HFE with TfR2 [107]. Further evidence sup-

porting the hypothesis of a putative “iron-sensing complex” was provided by the interaction of HJV 

with BMP2 [21] and BMP6 [83].

These fi ndings can be accommodated in the following working model: Under conditions where 

there is no need for hepcidin synthesis by the iron-dependent pathway (low serum iron), hepatocyte 

HFE is predominantly bound to TfR1 (Figure 13.4a). An increase in serum iron and transferrin 

saturation promotes the dissociation of HFE from TfR1 and concomitantly stabilizes TfR2 [102,103]. 
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FIGURE 13.3 Hepcidin, a rheostat for systemic iron homeostasis. Physiological hepcidin levels indicate 

normal iron metabolism. Pathologically low hepcidin is associated with mild to severe hemochromatosis; the 

degree of iron loading is indirectly proportional to hepcidin levels. Pathologically high hepcidin is associated 

with the anemia of infl ammation or ACD.

© 2010 by Taylor and Francis Group, LLC



358 Cellular and Molecular Biology of Metals

Liberated TfR1 becomes accessible for the binding of holo-transferrin, resulting in cellular iron 

acquisition. At the same time, HFE associates with stabilized TfR2 to form a putative “iron-sensing 

complex” that may also include HJV, BMP6 (possibly also other BMPs), and BMP receptors 

(BMPR). This results in recruitment of SMAD proteins and induction of hepcidin mRNA transcrip-

tion (Figure 13.4b). According to this model, HFE senses alterations in transferrin saturation and 

controls iron uptake by hepatocytes, which indirectly triggers a systemic regulatory response via 

hepcidin. Excessive iron uptake by hepatocytes may be prevented by the degradation of TfR1 

mRNA following iron-dependent inactivation of the iron-regulatory proteins IRP1 and IRP2 [108]; 

this would terminate signaling to hepcidin in a feedback loop. The assembly of the putative “iron-

sensing complex” may be negatively regulated by matriptase-mediated degradation of HJV. Defects 

in this signaling pathway are predicted to result in systemic iron overload. The model illustrates a 

unifying concept for the pathogenesis of HH. Nevertheless, further biochemical experiments are 

required to dissect the putative “iron-sensing complex” and explore the validity of this model.
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FIGURE 13.4 A model for HFE-mediated signaling to hepcidin in hepatocytes. (a) At low plasma iron 

concentration, HFE is bound to TfR1, and other proteins involved in signaling to hepcidin remain silent. (b) 

An increase in plasma iron levels results in displacement of HFE from TfR1, followed by iron uptake. This 

triggers the assembly of a putative “iron-sensing complex,” comprising HFE, TfR2, BMP6, the BMP receptor 

(BMPR), and HJV, which mediates signaling to activate hepcidin transcription via SMAD proteins. Signaling 

to hepcidin is negatively regulated by the matriptase, which degrades HJV. According to this model, the hepa-

tocyte integrates signals for regulation of iron metabolism at the cellular and systemic levels.
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13.7 FERROPORTIN DISEASE

Considering the signifi cance of the hepcidin pathway in the control of systemic iron homeostasis, 

it is also expected that mutations affecting the capacity of its target ferroportin to export iron are 

incompatible with health. The “ferroportin disease” defi nes a distinct form of hereditary iron 

overload (HH type 4) that is caused by mutations in the SLC40A1 gene on chromosome 2q32, 

encoding ferroportin [109]. It is more frequent than HH of types 2 or 3 and exhibits autosomal 

dominant transmission. The fi rst reported cases were caused by missense mutations leading to 

N144H [110] and A77D [111] substitutions. Several additional missense mutations and deletions 

were subsequently documented. The ferroportin disease is heterogenous and its phenotypic hall-

marks range from macrophage iron loading and low transferrin saturation (HH subtype 4A), to 

parenchymal iron loading and relatively high transferrin saturation (HH subtype 4B). Patients 

with HH subtype 4A show reduced tolerance to phlebotomy and become anemic on therapy, 

despite persistently elevated serum ferritin levels (marker of iron overload; see below). The phe-

notypic diversity refl ects the effects of the mutation on ferroportin function. In subtype 4A, the 

mutations are associated with inappropriate ferroportin traffi cking, which results in macrophage 

iron loading. In subtype 4B, the mutations impair the binding of hepcidin, promoting parenchy-

mal iron loading. The autosomal dominant inheritance is probably linked to a dominant negative 

effect of mutations on the ferroportin dimer [112]. The fl atiron mouse, carrying an H32R substitu-

tion in one allele of the SLC40A1 gene defi nes an animal model of the (subtype 4A) ferroportin 

disease [113].

13.8 OTHER RARE HEREDITARY CAUSES OF SYSTEMIC IRON OVERLOAD

Hereditary hypotransferrinemia or atransferrinemia due to mutations in the gene encoding the 

plasma iron carrier transferrin (on chromosome 3q21) is associated with microcytic anemia, 

increased dietary iron absorption, and tissue iron overload [114,115]. Similar symptoms have been 

observed in hypotransferrinemic (hpx) mice, which express inappropriately low levels of transferrin 

due to a spontaneous splicing defect [116]. As erythroid cells completely depend on the transferrin 

cycle for iron supply [117], hypotransferrinemia or atransferrinemia leads to ineffective erythropoi-

esis, which in turn triggers increased iron absorption. Excess iron accumulates in tissue parenchy-

mal cells by mechanisms independent of the transferrin cycle.

Hereditary aceruloplasminemia is caused by mutations in the gene encoding ceruloplasmin, on 

chromosome 3q25 [118]. This plasma blue copper ferroxidase is necessary for iron effl ux from macro-

phages and intestinal enterocytes via ferroportin, and the loading of transferrin. Aceruloplas-

minemia shows some phenotypic similarities with ferroportin disease (subtype 4A) such as iron 

overload in visceral organs (pancreas, spleen, and liver) with low serum iron and mild microcytic 

anemia. However, aceruloplasminemia is also characterized by neurological symptoms due to iron 

deposition in the brain [119]. It should be noted that in all other forms of hemochromatosis, the 

central nervous system (CNS) is spared from iron overload, as excess of iron does not cross the 

blood–brain barrier. In aceruloplasminemia, the brain iron accumulation may be related to the inac-

tivation of an astrocyte-specifi c GPI-anchored ceruloplasmin isoform, which appears to control iron 

effl ux from the CNS by stabilizing ferroportin [120,121]. The disease phenotype is recapitulated in 

mouse ceruloplasmin knockout models [122,123].

Defi ciency in HO-1 may also lead to systemic iron overload. This enzyme catalyzes the catabo-

lism of heme from senescent erythrocytes in macrophages (and other cell types) and therefore plays 

a key role in iron recycling [124]. In a single case report of HO-1 defi ciency, a six-year-old Japanese 

boy presented with severe growth retardation, persistent hemolytic anemia, and infl ammation and 

succumbed soon thereafter [125]. Iron deposits in the liver and kidney were documented at biopsy 

and autopsy. Mice with targeted disruption of HO-1 survive to adulthood, but display severe 

 pathological features, including hepatic and renal iron overload [126].
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In another single case report, an autosomal dominant form of systemic iron overload in a Japanese 

pedigree was associated with a point mutation (A49U) in the iron-responsive element (IRE) of 

H-ferritin mRNA [127]. The mutation is predicted to promote translational silencing of H-ferritin 

mRNA via increased binding of the iron-regulatory proteins IRP1 and IRP2 to the IRE (see 

Chapter 7). However, more work is required to establish whether there is any causative relationship 

between this effect and the disease phenotype.

13.9 IRON OVERLOAD IN THE CNS

Iron levels tend to increase in the aging brain, and iron imbalance correlates with the development 

of major neurodegenerative conditions, such as Parkinson’s and Alzheimer’s diseases [128]. The 

former is associated with iron deposition in the substantia nigra, and the latter, in neuritic plaques. 

The excess of redox-active iron promotes oxidative stress and renders the cells vulnerable to oxida-

tive damage, contributing to neurodegeneration. It is possible that iron accumulation in these cell 

types is not an initial pathogenic event, but rather a secondary effect. Nevertheless, studies in ani-

mal models suggest that genetic or pharmacological reduction of the iron burden offers therapeutic 

benefi ts [129].

A hereditary etiology for brain iron overload has been established in aceruloplasminemia (dis-

cussed above), in neuroferritinopathy and, possibly, also in pantothenate kinase 2 (PANK2)-

associated neurodegeneration. Neuroferritinopathy exhibits a dominant pattern of inheritance and 

is caused by a frameshift mutation in the gene encoding the L-ferritin chain [130]. The predicted 

C-terminal expansion of mutated L-ferritin may impair the assembly of holo-ferritin and iron stor-

age; the accumulation of unshielded, redox-active iron eventually leads to neuronal cell death. A 

mouse model of neuroferritinopathy has been reported [131].

PANK2-associated neurodegeneration (formerly known as the Hallervorden–Spatz syndrome) is 

linked to defi ciency in PANK2 [132]. This enzyme catalyzes the phosphorylation of pantothenate, 

which interacts with cysteine to form an intermediate metabolite in the coenzyme A biosynthesis 

pathway. The absence of phosphorylated pantothenate results in accumulation of cysteine, an amino 

acid with iron chelating capacity, and this may underlie the observed local iron overload in the glo-

bus pallidus of patients.

13.10 MITOCHONDRIAL IRON OVERLOAD

Several rare hereditary conditions are associated with local iron deposition in mitochondria. The 

diseases are caused by mutations in proteins involved in the biosynthesis of heme [133] or iron–

sulfur clusters [134]. These pathways represent the major routes for cellular iron utilization and take 

place, at least partly, in mitochondria.

Sporadic and familial forms of X-linked sideroblastic anemia (XLSA) are linked to mutations in 

the erythroid-specifi c isoform of δ-aminolevulinic acid synthase (ALAS2) [135], the enzyme cata-

lyzing the fi rst step in the heme synthesis pathway. The disease is characterized by the presence of 

iron-loaded erythroblasts (sideroblasts), where excess iron is deposited in ring-shaped granules 

within mitochondria. Patients with mutations around the binding site of the ALAS2 cofactor 

5′-pyridoxal phosphate usually respond to treatment with pyridoxine. By contrast, mutations in 

other domains of ALAS2 are refractory to pyridoxine treatment. Systemic iron overload may 

develop in severe cases requiring chronic blood transfusions (transfusional siderosis). Ineffective 

erythropoiesis, combined with increased iron absorption, may also lead to primary iron overload. 

The zebrafi sh sauternes (sau) mutant represents an animal model for XLSA [136].

Friedreich’s ataxia (FRDA) is an autosomal recessive neurodegenerative disorder, caused by 

expansion of the GAA triplet repeat in the gene encoding frataxin; this results in diminished expres-

sion of the protein [137]. Clinical features include early onset gait and limb ataxia, muscle weak-

ness, and cardiomyopathy, which are related to mitochondrial iron overload [138]. Frataxin is a 
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nuclear encoded mitochondrial iron-binding protein that is involved in iron–sulfur cluster assembly, 

possibly as an iron donor [134]. The mitochondrial iron overload phenotype observed in FRDA 

patients is recapitulated in frataxin-defi cient yeast [139] and mice [140]. Studies in a conditional 

frataxin knockout mouse model showed that the decrease in mitochondrial iron load by 

 mitochondrial-specifi c chelators offers a potential therapeutic strategy [141].

X-linked sideroblastic anemia with ataxia (XLSA/A) is a rare condition, caused by missense 

mutations in the ATP-binding cassette of the mitochondrial transporter ABCB7 [142]. In addition to 

sideroblastic anemia, patients develop early onset cerebellar ataxia. Experiments in the yeast 

Saccharomyces cerevisiae suggest that the ABCB7 orthologue (Atm1) is involved in the transport 

of iron–sulfur cluster intermediates from the mitochondria to the cytosol for further processing 

[143]. The expression of human ABCB7 reverses mitochondrial iron overload in Atm1-defi cient 

yeast [144]. The targeted disruption of mouse ABCB7 is embryonically lethal [145].

A splicing defect reducing the levels of glutaredoxin 5 (grx5) was recently linked to a sideroblas-

tic-like form of microcytic anemia, and blood transfusion-related systemic iron overload [146]. 

Defi ciency in grx5, which is required for iron–sulfur cluster assembly, was earlier associated with 

severe anemia and early embryonic lethality in the shiraz zebrafi sh mutant [147]. The shiraz 

 phenotype is caused by a defect in the assembly of the iron–sulfur cluster of IRP1 in erythroid cells; 

the excess of apo-IRP1 represses expression of ALAS2 mRNA and thereby inhibits heme 

biosynthesis.

Finally, a hereditary myopathy with exercise intolerance and lactic acidosis is related to aber-

rant mitochondrial iron metabolism and mitochondrial iron overload. The disease is caused by low 

expression of the ISCU protein due to splicing defects [148,149]. ISCU functions as a scaffold in 

the complex pathway of iron–sulfur cluster assembly [134]. The levels of IRP1 in the muscles of 

patients were reduced, possibly as a result of iron-dependent destabilization of the apo-protein 

[150,151].

13.11 TRANSFUSIONAL SIDEROSIS AND CHELATION THERAPY

Repeated blood transfusions, applied for the treatment of various anemias (such as thalassemias, 

sideroblastic, aplastic, or hemolytic anemias, congenital dyserythropoietic anemias, or myelodys-

plastic syndromes) eventually lead to transfusional siderosis, a form of secondary iron overload 

[152]. Transfused red cells add substantial amounts of iron to the recipient’s organism (~1 mg/mL of 

red cells). Ineffective erythropoiesis also triggers silencing of hepcidin and increased dietary iron 

absorption. In thalassemias, the transcriptional inhibition of hepcidin is mediated by upregulation 

of growth differentiation factor 15 (GDF15), a member of the transforming growth factor β (TGFβ) 

superfamily [153]. As a result of multiple red blood cell transfusions, iron deposits are primarily 

formed within reticuloendothelial macrophages. However, excess iron may also progressively accu-

mulate within parenchymal cells, where it is thought to be more toxic. Iron deposition in myocardial 

fi ber cells eventually leads to cardiomyopathy and heart failure, a common complication of second-

ary iron overload. Iron chelation therapy [154] can improve rapidly progressive heart failure and 

arrhythmias.

Iron chelating compounds consist of bidentate, tridentate, or hexadentate ligands, in which two, 

three, or six atoms, respectively, coordinate iron in an octahedral orientation [155,156]. Chelators 

neutralize the metal’s redox capacity by occupying its coordination sphere and sterically inhibiting 

its interaction with free radicals. Hexadentate chelators tend to be more effi cient than chelators with 

lower denticity, because they form more stable complexes and one chelator molecule fully occupies 

the coordination sites of one iron atom [157]. The full occupation of iron’s coordination sites requires 

two or three molecules of tri- or bi-dentate chelators, respectively.

Desferrioxamine (DFO) is a clinically applied hexadentate chelator of the hydroxamate class 

[155]. It is naturally produced by Streptomyces pilosus as a siderophore, to capture iron for 

 metabolic purposes. Over the past 40 years, DFO is being widely employed for the treatment of 
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secondary iron overload. While the drug is generally safe and effi cient, it has the disadvantage of 

not being orally active, and its delivery involves prolonged subcutaneous infusions. The poor oral 

bioavailability of DFO is due to its relatively large molecular size (mw 561) and hydrophilicity, 

which prevents it from crossing the plasma membrane of cells by passive diffusion. Cellular uptake 

of the drug is mediated by fl uid phase endocytosis [158]. Iron-loaded DFO is excreted by the urine 

and stool.

Hundreds of compounds with iron chelating properties have been evaluated for their capacity to 

reduce iron burden in cell culture and animal models. However, only few of them have been approved 

for clinical use. Deferiprone (L1) is an orally administrable, lipophilic bidentate chelator that has 

been employed as an alternative to DFO therapy, but has also been associated with side effects, such 

as agranulocytosis, neutropenia, and liver dysfunction. Combined treatment with DFO and L1 poses 

a promising alternative to monotherapy [159]. Deferasirox is a recently developed lipophilic triden-

tate oral chelator, and long-term (3.5 years) clinical studies have validated its effi cacy and safety for 

the treatment of transfusional siderosis [160].

13.12 IRON OVERLOAD STATES SECONDARY TO CHRONIC LIVER DISEASES

HH and transfusional siderosis are paradigms of heavy iron overload that can eventually lead to 

multiple organ failure, including liver disease. Interestingly, nonhemochromatotic chronic liver dis-

eases are frequently associated with minimal to modest secondary iron overload, which may aggra-

vate liver injury and predispose to hepatic fi brosis [161]. This has been documented in several 

conditions including chronic infection by hepatitis C (HCV) and B (HBV) viruses, alcoholic and 

nonalcoholic fatty liver diseases, the insulin-resistance hepatic iron overload syndrome, and por-
phyria cutanea tarda. Clinical studies suggest that secondary iron overload may have signifi cant 

implications, particularly in the context of chronic HCV infection and alcoholic and nonalcoholic 

fatty liver diseases, which are highly prevalent in the general population. Progression toward end-

stage liver disease is often unpredictable and depends on many cofactors. Iron overload has been 

suggested as such a cofactor, but the exact role of iron in disease pathogenesis remains unclear and 

awaits further investigation [39,162]. Table 13.1 summarizes the main features of primary and 

 secondary iron overload states that lead to liver disease.

TABLE 13.1
Primary and Secondary Iron Overload States with Liver Disease: 
Etiopathogenetic and Clinical Differences

Primary

1.  Pathogenetic role of genetics (HFE, hemojuvelin, ferroportin, transferrine receptor 2)

2.  Primary regulatory role of hepcidin 

3.  Parenchymal distribution of hepatic iron in most cases (except HH subtype 4A)

4.  Severe hepatic iron overload, systemic involvement of other target organs

5.  Severe elevation of serum iron indices 

6.  Phlebotomy dramatically improves the course of disease

Secondary
1.  Possible role of genetics (HFE mutations) as cofactor of the main liver disease

2.  Role of hepcidin as secondary to HCV and alcohol-induced oxidative stress 

3.  Mixed distribution of hepatic iron (parenchymal and reticulo-endothelial)

4.  Moderate hepatic iron overload in most cases, rarely severe iron overload; no systemic iron overload

5.  Modest to severe elevation of serum iron indices 

6.  Phlebotomy possibly improves the course of disease and response to antiviral/metabolic therapy
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13.13 IRON OVERLOAD IN CHRONIC HEPATITIS C

Chronic hepatitis C (CHC) constitutes a major health care issue with around 200 million individuals 

affected worldwide [163,164]. The natural course of CHC is characterized by progressive fi brosis in 

the infl amed liver, which may eventually lead to cirrhosis and end-stage liver complications includ-

ing HCC. The progression of fi brosis in CHC is highly variable and several factors may be involved 

including alcohol, age, and gender (prognosis is worse for males infected at a young age). The role 

of iron in the progression of CHC is debatable. Several studies reported elevated iron indices in 

CHC patients [165–167]. Increased serum ferritin levels have been reported in 20–60%, while stain-

able hepatic iron deposits were detected in 3–38% of patients [166,168,169]. Furthermore, many 

cases of CHC, including those with elevated serum ferritin and/or transferrin saturation, showed no 

signifi cant increase in hepatic iron concentration [166,169–171]. Generally, CHC-related iron over-

load is mild to moderate, with variable distribution (parenchymal [172–174], reticulo-endothelial 

[175–177], or mixed [168,178,179]), and often not suffi cient to be hepatotoxic per se [39,170].

In clinical practice, the discrepancies between serum iron indices and hepatic iron concentration 

may be related to association of CHC with several conditions, in the absence of iron overload. Serum 

ferritin can be elevated as an acute phase protein because of the cytolytic necroinfl ammation that is 

common in CHC. Moreover, hepatic steatosis is frequent [180,181] and has been associated with 

raised serum ferritin [182,183]. Increased serum ferritin in CHC may be due to diabetes mellitus, 

which is commonly associated with HCV infection [184], but may also be multifactorial [185].

A large-scale study with 242 consecutive CHC patients showed hepatic iron deposition in 38.8% 

of cases, and signifi cant iron deposition (≥ grade II on a four-grade scale) in only 10.7% of cases 

[168]. A cutoff of serum ferritin of 450 μg/L for males and 350 μg/L for females could exclude 

 signifi cant hepatic iron with high negative predictive value (93.4%). The role of HFE mutations in 

causing iron overload in HCV chronic infection has been studied in different studies, with some-

what discordant results (Table 13.2). A recent study deriving from the hepatitis C anti-viral long-

term treatment to prevent cirrhosis (HALT-C) Trial investigated the relationship between HFE 

mutations, serum iron indices, hepatic iron concentration, and severity of liver disease [186]. To 

date, this is the largest study on this topic and it enrolled 1051 patients with CHC, mostly of white 

non-Hispanic ethnicity. The authors reported that HFE mutations were present in 34.5% of patients. 

TABLE 13.2
Relationship between Liver Fibrosis, Iron Overload, and HFE Mutations in Chronic  Hepatitis C

Reference # Cases Ethnicity

Association of 
Serum Iron 

Indices and HFE

Association of 
Hepatic Iron 

and HFE

Association of 
Liver Fibrosis 

and HFE

[172]  206 Italian Yes Yes Yes

[173]  120 Mostly Swiss and Italian No No No

[178]  242 Mostly Caucasian No No No

[179]  164 Mostly Caucasian No No No

[237]  137 Caucasian Yes Yes Yes

[238]  135 Brazilian Yes Yes Yes

[239]  119 Mostly Caucasian, 

non-Hispanic

Yes Yes Yes

[240]  316 Mostly White Yes Yes Yes

[241]  401 Mostly German Yes Yes Yes

[242]  184 White, non-Hispanic Yes No No

[186] 1051 Mostly White, 

non-Hispanic

Yes Yes No
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Patients with any HFE mutations had signifi cantly higher hepatic iron concentration and serum iron 

indices than those without HFE mutations. However, fi brosis stage, necroinfl ammation, and steato-

sis grade were not signifi cantly different between patients with and without HFE mutations.

Clinical data suggested that higher serum ferritin or hepatic iron may be associated with a dimin-

ished likelihood of response to antiviral therapy [174,175,186]. In an Italian multicenter study, iron 

removal by phlebotomy improved the rate of response to interferon [187]. On the other hand, a study 

of 242 patients found that the HFE C282Y mutation positively correlated with sustained response in 

a multivariate analysis [178]. Data deriving from the HALT-C Trial confi rmed the increased suscep-

tibility to antiviral therapy in patients carrying HFE mutations [186]. In this study, subjects harbor-

ing HFE mutations, particularly H63D, had signifi cantly higher likelihood of both on-treatment 

virological responses (at 24 and 48 weeks) and sustained virological responses (24 weeks after the 

end of lead-in therapy) to retreatment with PEGylated interferon α-2a plus ribavirin. This could be 

due to effects of HFE mutations on protein structure and function, but other yet unidentifi ed factors 

may also account for this fi nding. Interestingly, in a cell culture model, iron was shown to suppress 

subgenomic HCV replication by inactivating the viral polymerase NS5B [188,189]. Nevertheless, 

further work is required to examine whether this mechanism is relevant to clinical fi ndings.

Considering the central role of hepcidin in the control of systemic iron homeostasis, it is reason-

able to hypothesize that iron deposition in the liver of CHC patients may be related to effects of 

HCV on the hepcidin pathway. In clinical studies, hepcidin expression was found signifi cantly 

lower in HCV- as compared to HBV-infected patients and HCV-negative controls [190]. Importantly, 

hepcidin expression was reversed upon HCV eradication with pegylated interferon plus ribavirin 

therapy, with a concomitant improvement of iron indices. A mouse model expressing an HCV 

polyprotein transgene exhibits iron accumulation in the liver with decreased hepcidin mRNA and 

serum prohepcidin levels, resulting in increased expression of ferroportin in the duodenum, spleen, 

and liver [191]. Nishina et al. proposed a model for HCV-induced iron overload where HCV, oxida-

tive stress, and iron act in a “ménage á trois”: HCV promotes oxidative stress, upregulating the 

C/EBPα homology protein (CHOP), an inhibitor of the transcription factor C/EBPα. Thus, the 

upregulation of CHOP prevents C/EBPα from binding to the hepcidin promoter and reduces 

 hepcidin expression, leading to increased iron fl uxes from the duodenum and macrophages and, 

eventually, hepatic iron deposition. Further experiments in an HCV replicon cell culture model 

showed that HCV-induced oxidative stress suppresses hepcidin expression through increased his-

tone deacetylase activity [192].

13.14 IRON OVERLOAD IN ALCOHOLIC LIVER DISEASE

Alcoholic liver disease (ALD) is among the leading causes of end-stage chronic liver disease. Only 

a minority of heavy drinkers, estimated at 10–30%, develop advanced ALD [193,194]. Other factors 

are considered to act synergistically to enhance alcohol hepatotoxicity. Many patients with ALD 

present with elevated serum iron indices and hepatic iron deposition [195–197]. However, most 

ALD patients have normal or slightly elevated hepatic iron levels, frequently with a mixed paren-

chymal and reticuloendothelial pattern of distribution [198,199]. A mild degree of iron overload is 

suffi cient to enhance alcohol-induced liver injury. Indeed, patients with HH and signifi cant alcohol 

intake have a higher incidence of cirrhosis and HCC [200,201]. In a French trial that included 268 

alcoholic patients, hepatic iron was positively correlated with fi brosis in a multivariate analysis of 

risk factors [202].

Clinical data suggest a genetic component to disease susceptibility. Signifi cant associations have 

been reported between development of signifi cant ALD and polymorphisms of the genes encoding 

cytochrome P450 and TNFα [203,204]. Studies assessing a possible role of HFE mutations to ALD 

susceptibility have yielded confl icting results and did not provide compelling evidence that the HFE 

genotype affects the severity of ALD [198,199,205]. A recent prospective study investigated the 

infl uence of HFE gene mutations and hepatic iron overload on HCC occurrence in patients with 
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alcohol- and HCV-related cirrhosis [206]. Interestingly, hepatic iron overload and C282Y mutation 

were associated with a higher risk of HCC in patients with alcohol- but not HCV-related cirrhosis. 

Conceivably, in patients with alcoholic cirrhosis, liver iron overload is a major risk factor for the 

development of HCC.

Potential causes of hepatic iron overload in ALD include increased ingestion and intestinal absorp-

tion of dietary iron, upregulation of hepatic TfR1, secondary anemia due to hemolysis, hypersplenism, 

ineffective erythropoiesis, and hypoxemia due to intrapulmonary and portosystemic shunts 

[162,207,208]. Increased intestinal iron absorption may result from increased reduction of luminal 

ferric to ferrous iron, upregulation of DMT1 in duodenal enterocytes, and upregulation of ferroportin 

in duodenal enterocytes. Experiments in animal models suggest that the hepcidin/ferroportin path-

way has a major role in the regulation of iron absorption in ALD. Thus, alcohol intake decreased 

hepcidin mRNA transcription in mice by an oxidative mechanism involving the downregulation of 

the transcription factor C/EBPα [209,210], by analogy to the effects of the HCV polyprotein [191].

13.15 IRON OVERLOAD IN NONALCOHOLIC FATTY LIVER DISEASE

Nonalcoholic fatty liver disease is increasingly recognized as the most prevalent liver disease in 

Western countries. It affects 31% of males and 16% of females in the US adult population [211]. The 

spectrum of the disease ranges from fatty liver alone to nonalcoholic steatohepatitis (NASH). 

Although fatty liver alone is considered nonprogressive, up to 20% of patients with NASH may 

develop cirrhosis and end-stage liver complications [212].

The pathogenic mechanisms leading to fatty liver or NASH are not completely understood. A 

prevalent theory implicates insulin resistance as a key contributor to nonalcoholic fatty liver dis-

ease, leading to hepatic steatosis, and perhaps also to NASH. Obesity, type 2 diabetes, hyperlipi-

demia, and other conditions associated with insulin resistance are generally present in patients with 

nonalcoholic fatty liver disease. A “two-hit” hypothesis was proposed, involving the accumulation 

of fat in the liver (“fi rst hit”), together with a “second hit” that produces oxidative stress. Hepatic 

steatosis has been recognized as the fi rst of two hits in the pathogenesis of NASH, since the pres-

ence of oxidizable fat within the liver is enough to trigger lipid peroxidation [213]. However, many 

patients with fatty liver do not progress to steatohepatitis. Potential second hits for the evolution 

toward NASH include all mechanisms contributing to the development of infl ammation and fi bro-

sis. The presumed factors initiating second hits are oxidative stress and subsequent lipid peroxida-

tion, proinfl ammatory cytokines (particularly TNFα), and hormones derived from adipose tissue 

(adipokines) [214,215].

Elevation of serum iron indices has been found in several studies, while hepatic iron concentra-

tion was rarely elevated [203,204,216–219]. Iron has been proposed to contribute to the develop-

ment or exacerbation of insulin resistance, which is the most important risk factor for development 

of fatty liver and NASH [182,183]. Clinical support for an important role of iron in NASH was 

provided by studies on iron-depletion therapy, which improved both transaminases and insulin 

sensitivity [220,221]. In a cohort of 153 patients with NASH-related cirrhosis, hepatic iron deposi-

tion was more frequent among cirrhotic patients with HCC than in HCC-free controls, suggesting 

a potential role of iron in the development of HCC [222]. A potential association of HFE mutations 

with the pathogenesis of NASH has also been investigated but with discordant results [183,217–

219,223,224]. Explanations for the discrepancies include ascertainment bias, varied power of the 

studies, and possible ethnic differences in the study populations. HFE mutations may be part of a 

genetic pattern contributing to the progression of NASH in populations of Celtic origin.

13.16 HEREDITARY HYPERFERRITINEMIA-CATARACT SYNDROME

The hereditary hyperferritinemia-cataract syndrome (HHCS) is an autosomal dominant disorder, 

characterized by a marked (up to 20-fold) increase in serum ferritin levels in the absence of iron 
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overload (or any abnormalities in body iron homeostasis) and early onset cataract. Ferritin is an 

intracellular iron storage protein, composed of H- and L-subunits [225]. Iron stimulates H- and 

L-ferritin mRNA translation by inactivating the repressors IRP1 and IRP2 from binding to their 

respective IRE [108]. A secreted form of L-ferritin circulates in the bloodstream but does not store 

iron and its function is unclear. The concentration of serum ferritin (normally <200 μg/L in females 

and <300 μg/L in males) serves as a marker for body iron. However, it is not always reliable because, 

apart from the translational derepression by iron, ferritin is also transcriptionally activated by 

infl ammatory cytokines as an acute phase protein [226].

HHCS is etiologically linked to mutations in L-ferritin IRE that prevent the binding of IRP1 and 

IRP2 and results in unrestricted L-ferritin mRNA translation [227]. A series of HHCS-associated 

mutations in L-ferritin IRE, including deletions and point mutations, have been reported [228]. The 

severity of the HHCS phenotype correlates well with the degree of inhibition of IRP1 and IRP2 

binding [229]. Nevertheless, clinical variability among individuals sharing the same mutation sug-

gests the involvement of additional factors in disease progression [228]. Experiments in lympho-

blastoid cell lines and in lens from HHCS patients (recovered from surgery) suggest that the 

overproduction of L-ferritin shifts the H-/L-equilibrium in holo-ferritin; this leads to the accumula-

tion of L-homopolymers, which may underlie the pathogenesis of cataract [230]. The development 

of animal models may shed more light into this issue.

13.17  STEPWISE DECISIONAL TREE FOR THE CLINICAL MANAGEMENT 
OF IRON OVERLOAD STATES

The management of iron overload states should be a sequential process that initiates with the clini-

cal suspicion for iron overload (Figure 13.5). Clinical features include asthenia, fatigue, arthralgias, 

skin pigmentation, impotence, diabetes, osteopenia, hepatomegaly, cardiac symptoms including 

rhythm disturbances and heart failure. The age at presentation may be indicative of non-HFE- 

related hemochromatosis that may be early or late, with symptoms mostly related to heart, liver, and 

endocrine glands. The most common clinical presentation of an iron overload state, which may 

result from a systematic screening or from a suspected iron overload, is an elevated serum ferritin 

value (>200 μg/L in females and >300 μg/L in males).

Before considering the possibility for primary iron overload, it is essential to exclude other fre-

quent unrelated causes of hyperferritinemia, including metabolic syndrome (obesity or increased 

body mass index associated with one or more of the following: hypertension, non-insulin-dependent 

diabetes, hyperlipidemia, and hyperuricemia), and infl ammatory or neoplastic conditions. The rare 

possibility of HHCS should also be excluded. The third step is to exclude causes of secondary iron 

overload, especially the most frequent ones that include iron-loading anemias and chronic liver 

diseases (see Table 13.1); the latter usually manifest with mild to moderate hyperferritinemia. Rare 

causes of iron overload may be suspected in the absence of any secondary iron overload state and 

when the classical presentation of HH is lacking.

The following step is to evaluate visceral iron excess using noninvasive techniques (magnetic 

resonance imaging) or, where not available, liver biopsy with Perls’ staining. The absence of severe 

liver fi brosis can be predicted on the basis of clinical and biochemical variables; these are a combi-

nation of absence of hepatomegaly at clinical examination, normal aspartate aminotransferase, and 

serum ferritin <1000 μg/L [231]. In CHC, a cutoff of serum ferritin of 450 μg/L for males and of 

350 μg/L for females could exclude signifi cant hepatic iron overload (≥ grade II on a four-grade 

scale) with high certainty [168]. Liver biopsy serves not only for the diagnosis and quantifi cation of 

hepatic iron deposition, but also for staging liver disease through semiquantifi cation of liver fi brosis 

and necroinfl ammatory activity. Recently, many efforts have been dedicated to noninvasive diagno-

sis of liver fi brosis in chronic liver diseases using either instrumental devices or serum biochemical 

markers [232]. A widely employed instrumental approach involves the measurement of liver stiff-

ness by transient elastography [233]. The Fibroscan device (Echosens, Paris) is composed of an 
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ultrasound transducer probe mounted on the axis of a vibrator. Vibrations are transmitted by the 

transducer, inducing an elastic shear wave that propagates through the underlying tissues. Pulse-

echo ultrasound acquisition is used to follow the propagation of the shear wave and to measure its 

velocity, which is directly related to tissue stiffness: the stiffer the tissue, the faster the shear wave 

propagates. Liver stiffness values range from 2.5 to 75 kPa. Noninvasive staging of liver fi brosis is 

defi ned by cutoff values; according to various studies, the presence of cirrhosis is diagnosed by a 

cutoff value of 12.5–14.5 [234,235]. The overall accuracy ranges from 77% to 90%. The Fibrotest–

Fibrosure test, which combines fi ve serum parameters plus age and gender of the patient, has also 

been employed in CHC patients with an overall accuracy of 70–85%. To date, these new methods 

have mostly been used for CHC patients and only little data are available for HH. In a recent pro-

spective study, HH patients had high Fibroscan values more often than controls, suggesting that 

noninvasive methods for liver fi brosis may also be applicable in the context of HH [236]. Nevertheless, 

longitudinal, prospective studies are necessary to validate these preliminary fi ndings.

If primary iron overload is suspected, a careful familial anamnesis and the determination of all 

serum iron indices are necessary. Familial anamnesis, especially related to fi rst degree relatives, may 

permit us to fi nd other cases with late or early onset. In the case of elevated transferrin saturation 

(>60% in males and >50% in females) in Caucasians, the most likely diagnosis is HH of type 1, which 

can be confi rmed by genotyping (C282Y homozygosity or other less frequent mutations, such as 

C282Y/H63D compound heterozygosity). If typical HFE-related genotypes are absent or the patient 

is not Caucasian, other types of HH must be considered: JH (HH of subtype 2A or 2B) in younger 

patients (<30 years) and HH type 3 or HH subtype 4B in older patients. When normal or low transfer-

rin saturation is found (<45%), plasma ceruloplasmin should be determined to examine the possibil-

ity for hereditary aceruloplasminemia, especially in patients with anemia and/or neurological 

Elevated serum ferritin

Considering other causes of hyperferritinemia

Considering secondary iron overload

Considering visceral iron excess

Evaluating type of primary iron overload

Rule out alcoholism, metabolic syndrome,
inflammatory or neoplastic conditions

Rule out iron-loading anemias
and chronic liver diseases

MRI, liver biopsy with Perls’ staining
fibroscan/noninvasive methods?

Familial anamnesis, transferrin saturation

Elevated transferrin saturation
(type 1, 2, 3, and 4B hemochromatosis)

Normal transferrin saturation
(type 4A hemochromatosis, aceruloplasminemia)

Genetic testing

FIGURE 13.5 Stepwise decisional tree for the clinical management of iron overload states.

© 2010 by Taylor and Francis Group, LLC



368 Cellular and Molecular Biology of Metals

symptoms. If ceruloplasmin levels are normal, the most likely diagnosis is HH type 4A. Once the 

type of primary hemochromatosis has been defi ned, a family screening should be performed.

13.18 CONCLUDING REMARKS

The regulation of systemic and cellular iron metabolism is critical for health and its disruption leads 

to disease. We provided an overview of the various iron-related disorders from the perspective of 

the basic scientist and the clinician. Over the past few years, genetic and biochemical studies with 

hemochromatosis patients and animal models have uncovered the regulatory circuit that controls 

body iron homeostasis, which is dominated by the iron-regulatory hormone hepcidin. The over-

whelming majority of clinically relevant cases of HH are characterized by inappropriately low 

hepcidin responses, while a pathological increase in hepcidin expression is associated with the 

ACD. Importantly, misregulation of the hepcidin pathway also appears to contribute, at least par-

tially, to transfusional siderosis and to iron overload secondary to chronic liver disease. The devel-

opment of drugs to pharmacologically control this pathway is expected to fi nd applications in the 

management of iron-related disorders.
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14.1 INTRODUCTION

Essential metals can have benefi cial infl uences on immune activities when present in appropriate 

concentrations, but can disturb the normal functions of the immune response when present in 

 suboptimal amounts or in excess. Metal toxicants can also alter immune activities, in some cases 

depressing protective defenses against pathogens and biological toxins and in others producing 

excessive and damaging immune activities. The consequences of these alterations can be dramatic: 

conditions that diminish immune capacity can render an individual susceptible to signifi cant 
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 infectious disease, while other conditions that produce inappropriate activation of immunity may 

result in chronic infl ammation, hypersensitivities, debilitating autoimmune disease, and neoplasia. 

These changes arise from a variety of fundamental infl uences that metals can have on cellular 

 biochemistry, gene regulation, and cellular homeostasis. This chapter is designed to explore the 

roles played by metals in both normal and dysfunctional immune activities.

14.2  EXAMPLES OF ESSENTIAL METAL INFLUENCES ON 
IMMUNE MECHANISMS

14.2.1 SELENIUM

Selenium (Se) was fi rst discovered in 1817 by Berzelius [1] but was not classifi ed as an essential 

metal until 1957 when selenium was found to prevent the onset of vitamin E-induced liver cirrhosis 

in rats [2]. The amount of selenium recommended for adult human consumption is 55 μg/day. Up to 

300 μg/day may be benefi cial in reducing the risk of certain cancers, but higher amounts are toxic 

[3]. Selenium is incorporated into selenoproteins as selenomethionine (SeMet) or selenocysteine 

(Sec) cotranslationally by special SeMet and Sec-specifi c tRNAs, and is found in at least 30 differ-

ent selenium-dependent proteins [4]. Glutathione peroxidase (GPx) is an example of a selenium-

containing protein that has an antioxidant role in the enzymatic management of hydrogen peroxide 

and the lipid hydroperoxides. There are fi ve known forms of GPx in mammals, four of which are 

intracellular proteins, while the fi fth, GPx3, is a secreted isoform [2,5]. GPx defi ciencies can be 

associated with defective management of oxidants resulting in increased oxidative stress and 

 functional defects in the immune response. Other important selenium-containing proteins include 

thioredoxin reductase, selenoprotein P, and selenoprotein W, which can also each contribute to the 

management of the cellular redox environment [6].

Immunological changes associated with selenium defi ciency include increased susceptibility to 

viral and bacterial infections [7], decreased IgG and IgM titers [6], and other immunological abnor-

malities. Keshan’s disease is associated with a cocksackievirus (CVB3/0) [7] and is endemic in 

certain parts of China where there are low levels of naturally occurring selenium. Selenium defi -

ciency not only leads to immune defi cits but is also linked to increased rates of mutation in some 

RNA viruses. This effect may be related to increased oxidative stress in the absence of suffi cient 

GPx and can lead to decreased effi cacy of the immune response to viral infection. A study of infl u-

enza infection in a selenium-defi cient model showed that virus infection was associated with 

increased oxidative stress, decreased antioxidant enzyme activity, an increase in IL-6 production 

(indicative of infl ammatory processes), and with reduced leukocyte counts [7,8]. In contrast, sele-

nium supplementation can improve the immune response against viral infection. Supplementation 

studies have shown improved CD4+ cell counts and decreased viral burdens in HIV-1 infections [7]. 

In the mid-1980s, recognition of selenium defi ciency-associated disorders led the government of 

Finland (where dietary selenium was known to be among the lowest in the world) to mandate the 

addition of sodium selenate to agricultural fertilizers. Within a few years, dietary selenium levels 

were elevated across the country [9], with presumed benefi ts to the population [10].

14.2.2 IRON AS AN IMMUNE REGULATOR

While iron is critical for many cellular and physiological functions, it can also be quite toxic due to 

its capacity to generate reactive oxygen species (ROS) via the Fenton reaction. Of the normal amount 

of dietary iron consumed per day (12–18 mg), only 1–2 mg of the iron is absorbed [11]. The immune 

system specifi cally regulates iron metabolism with two outcomes: to arm innate immune cells with 

ROS-producing capacity and to restrict iron access from pathogens. Immune cells can specifi cally 

contribute to this regulation of iron availability. As an example of this phenomenon, mice that carry 

a defect in the adaptive immune response (e.g., a mutation in the β2-microglobulin gene that is 
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essential for major histocompatibility complex [MHC] class I expression) are defi cient in the ability 

to manage cellular iron levels (reviewed in Ref. [12]). Iron can be used by cells to activate NF-κB (a 

central transcription factor that acts in the infl ammatory cascade of signal transduction) via the 

production of ROS and activation of IκB kinase (IKK) [13]. Iron levels also regulate the activity of 

inducible nitric oxide synthase (iNOS), an enzyme responsible for producing the oxidant nitric 

oxide. iNOS transcription is reduced when iron levels are high, which presumably serves to reduce 

oxidative stress. Excess iron has also been shown to impede the assembly of NADPH  oxidase, 

another ROS-producing enzyme that is critical for innate immune functions [11].

The modulation of bioavailable iron is also thought to limit accessibility to iron for invading 

pathogens. Hepcidin, originally known as LEAP-1 (liver-expressed antimicrobial protein; [14]), is a 

peptide hormone regulator of iron [15] with important roles to play in infl ammation [16]. Hepcidin 

can be upregulated by proinfl ammatory cytokines such as IL-6 and IL-1, and by stimulation through 

the Toll-like receptor 4 (TLR4) pathway.

Due to the increase in oxidative stress associated with iron overload, immune activities have the 

potential to become severely disrupted. For example, infection with hepatitis C virus (HCV) is 

associated with iron accumulation in the liver. This occurs because HCV can suppress the expres-

sion of hepcidin and prevent iron sequestration [13]. Excess iron in the liver has also been shown to 

increase HCV gene expression [13]. Because of the damaging affects associated with iron overload, 

iron chelators are currently being developed as antiviral therapies [13].

14.2.3 THE ROLE OF ZINC IN IMMUNOLOGICAL FUNCTION

The relationship between zinc and the immune system is probably the most well documented of all 

the metals. It was fi rst shown to be important in biological systems in 1869, when Raulin showed 

that it was required for the growth of Aspergillus niger [17]. There are over 300 enzymes that 

require zinc for enzymatic activity and at least 2000 transcription factors that incorporate zinc in 

their structure [17,18]. Zinc often interacts with proteins via interactions with cysteine and histidine 

resides. Zinc fi nger structural motifs are found in transcription factors that utilize zinc to form sec-

ondary structures that can interact with DNA.

Eukaryotic cells have been estimated to contain about 250 μM zinc. Uncomplexed or labile cyto-

solic zinc in the cell has been measured to be in the nanomolar to picomolar range [19,20] and is 

tightly regulated. While the biology of zinc proteins and enzymes is well established, the role of the 

labile zinc in the immune system is less well understood. Zinc is believed to participate in the regu-

lation of cellular redox status. This is performed in concert with a number of zinc-binding proteins 

including metallothionein (MT) [21].

Zinc traffi cking is complex. The transport of zinc in and out of cells and cellular compartments 

is mediated by two families of zinc transporter proteins called Zips (import) and ZnTs (export). As 

is the case with iron, the restriction of zinc availability to pathogens during infection can diminish 

the severity of infection. This is accomplished in the acute phase that follows initial infection and 

results from the production of IL-6. IL-6 upregulates Zip14 expression in the liver, causing plasma 

zinc levels to fall while liver zinc stores increase [19,22]. IL-6 also results in increased MT produc-

tion, which may similarly alter metal distribution and bioavailability [23].

There are many immune disorders that are associated with zinc defi ciency. Specifi c effects that 

have been observed include decreased IL-2 and interferon-γ (IFN-γ) production, changes in the 

levels of pro- and anti-infl ammatory cytokines, decreased natural killer cell activity, reductions in 

phagocytic activity, and thymic atrophy (reviewed in Ref. [17]). It has been suggested that a nutri-

tional defi ciency of zinc can also skew the normal Th1 and Th2 balance [17,24]. Due to the array of 

problems associated with insuffi cient zinc as well as the apparent benefi ts of elevated zinc levels in 
vivo and in vitro, many studies have focused on the effects of zinc supplementation. Zn supplemen-

tation has been suggested to be benefi cial in patients and in animal models of rheumatoid arthritis 

and has resulted in decreased circulating levels of proinfl ammatory cytokines [25,26]. It is worth 
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noting that zinc supplementation does not appear to be benefi cial in every context. In studies that 

examined zinc supplementation during bacterial sepsis it was found that the hydrocarbon chains of 

lipopolysaccharide (LPS) can become associated with labile zinc, resulting in a more rigid struc-

ture. Increased LPS rigidity promotes binding to TLR4 and results in an upregulation of 

 proinfl ammatory cytokines, which can cause undesirable side effects [27].

14.2.4 COPPER AS AN IMMUNOMODULATOR

Humans require about 1.5–3 mg of copper per day, and absorption can be enhanced up to twofold 

by the addition of dietary methionine [28,29]. Normally, copper is sequestered by cells to prevent 

free copper ions from entering the blood stream. Like iron, copper can generate ROS. Copper can 

compete with zinc for zinc-binding catalytic sites and for zinc fi ngers in transcription factors, result-

ing in loss of function of these proteins [30]. There are a number of important copper-containing 

enzymes including Cu/Zn superoxide dismutase (Cu/Zn SOD; which is involved in the detoxifi ca-

tion of ROS) and cytochrome c oxidase (which is required for mitochondrial respiration and elec-

tron transport). Copper transport is controlled by ATP7A and ATP7B, two P-type ATPases that 

transport copper across plasma membranes [30]. ATP7A normally functions to deliver Cu ions to 

copper-containing enzymes that are traffi cking through the Golgi apparatus. During copper over-

load however, ATP7A can be localized to the cell surface so that copper can be shuttled out of the 

cell. Copper is carried to target proteins by copper-chaperone proteins. For example, ATOX1 is a 

Cu-chaperone that transports copper directly to ATP7A, while the copper chaperone for SOD1 

(CCS) delivers copper directly to SOD1 [30]. Glutathione (GSH) can act as a copper-chaperone as 

well, transporting copper to bile or to MTs [30,31].

An important role that copper plays in the immune system is the regulation of ROS by antioxi-

dant enzymes such as SOD1 [32]. Although information regarding the specifi c roles played by cop-

per in the immune system is currently somewhat limited, there is substantial information on the 

impact of copper defi ciencies on immunity. Insuffi cient copper intake (<1 mg/day) is associated 

with a wide variety of conditions ranging from decreased SOD activity [29] to an increased inci-

dence of infection, decreased phagocytic capacity by innate immune cells, neutropenia, decreased 

natural killer cell activity, decreased respiratory burst, diminished antibody titers, and reduced 

CD4+ T cell numbers [31]. Many mammalian species will also produce reduced levels of IL-2 if 

they are defi cient in copper. This has made IL-2 a biomarker of Cu status [31], and it is thought that 

this IL-2 defi ciency contributes to the observed reductions in T cell numbers [33].

14.3 IMMUNOTOXIC EFFECTS OF NONESSENTIAL METALS

In many ways, the infl uence of nonessential metals on biological systems is reminiscent of the 

effects of essential metals when they are present at levels outside the optimal range. This refl ects the 

chemical similarities of metals and their propensities to interact with similar cellular partners. By 

displacing essential metals or by causing similar changes to cellular biochemistries, toxic metals 

will infl uence a broad range of fundamental cell behaviors. The immune system is a sentinel system 

of toxic metal exposures because disturbances in immunity can cause substantial and rapid changes 

to general health parameters. These changes can render an individual susceptible to infectious dis-

eases or can activate damaging aspects of the immune response: where normal self-recognition (that 

is required for normal immune differentiation) progresses to autoimmune disease or where chronic 

infl ammation produces bystander damage in nearby tissues.

It is important to emphasize that toxic effects of metals are not restricted or limited to a simple 

cytotoxic effect. Certainly, high doses of any metal, including the essential metals such as copper 

and zinc, can induce cell death that interferes with normal immune activities [34], but lower doses 

can be equally harmful by altering both regulatory and effector functions of the immune system 

[35]. There are at least four different mechanisms by which metals can modify normal cellular 
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 functions. Redox-active metals can enhance the production of ROS, causing lipid peroxidation and 

formation of reactive intermediates that can adduct nucleic acids and proteins. Additionally, metals 

such as mercury (Hg), cadmium (Cd), arsenic (As), and nickel (Ni) can directly bind to sulfhydryl 

groups of proteins and peptides. The major peptide bound by these metals is GSH. GSH is the major 

antioxidant in all living cells [36,37] and is known to decline with aging [38,39]. A third avenue of 

toxic metal infl uence is via replacement of an essential metal; numerous natural functions require a 

specifi c metal for normal function that are disturbed if another metal (perhaps with a higher binding 

affi nity or if present in excess) displaces the essential metal in the native structure. A classic exam-

ple of this phenomenon is GPx. When the selenium in its active site is displaced, enzymatic activity 

can be reduced. For example, GPx is inhibited by Cu2+ or Hg2+ (100%), as well as by Ni2+ (65%), 

Co2+ (39%), Zn2+ (31%), Ca2+ (25%), and Mg2+ (20%) [40]. A fourth mechanism is metal substitution 

for other cellular ions. This effect is exemplifi ed by lead (Pb2+) substituting for Ca2+. Since most 

intracellular Ca2+ is bound, Pb can increase the level of free cytosolic Ca2+ [41], leading to oxidative 

stress in lymphocytes [42].

14.3.1 METALS, CELLULAR THIOLS, AND OXIDATIVE STRESS

Although metals can infl uence immune function by a number of different mechanisms, a common 

change in cellular biochemistry that has pervasive effects on immune activities is related to metal 

modifi cation of cellular thiols (R–SH). The modifi cation of thiols can be due to oxidation (R–S–

S–R) or alkylation (R–S–R′) of cellular thiol targets. Depletion of cellular thiols can result in immu-

nomodulation due to a restructuring of plasma membrane lipids and proteins (that contribute to 

receptor function and intracellular signal transduction circuits) of both lymphocytes and antigen-

presenting cells (APCs). These changes can alter early signal transduction events associated with 

APC and T cell communication, subsequent activation of both cell types, proliferation or differen-

tiation events, and/or cell traffi cking within the body.

Oxidant/antioxidant parameters that change with exposure to many of the metals are similar in 

many ways to those that occur during the normal aging process, a process known to result in declin-

ing immune functions. Studies of the effects of aging or the effects of oxidants have been used to 

understand the mechanisms that underlie metal-mediated immunomodulation. The extracellular 

redox environment is intimately linked to cytosolic and nuclear redox conditions. Cellular thiol-

containing proteins can infl uence lipid domains found in the membrane [43,44], and membranal 

lipids can infl uence the levels of cellular thiols [45]. Thus, oxidative stress can directly alter the lipid 

composition of the plasma membrane via lipid peroxidation [46]. Copper (Cu) has long been known 

to be able to induce lipid peroxidation [7] due to its redox cycling potential. Like Cu2+, other metals, 

such as iron (Fe), chromium (Cr), vanadium (V), and cobalt (Co), can also generate reactive radicals 

and cause lipid peroxidation [47,48]. Many compelling theories that have been proposed to account 

for the aging process are related to oxidative stress [49–53] or loss of antioxidant capacity. Included 

among these theories for aging are the following: the cross-linkage theory [49], the radiation dam-

age (or free radical) theory [50], and the autoimmune reactive theory [54]. All of these theories are 

connected to loss or modifi cation of cellular thiols. Since metals are known to affect cross-linking 

[55], radical-induced damage [47,48], and autoimmune activity [56], it can be posited that the loss of 

immune function that accompanies aging is not an intrinsic process but could be affected by the 

accumulation of metals or modifi cation of metalloproteins. A recent review of the current literature 

has concluded that the decline in immune functions with aging is due to both intrinsic and environ-

mental infl uences [57].

Many signaling events required for T cell activation are thiol-sensitive, including signaling via 

CD4 through the cytosolic kinase p56Lck that acts very early in the signal transduction cascade, as 

well as phospholipase Cγ1 (PLCγ1) and a variety of other kinases [58–60]. The structural confi gura-

tion of the transmembrane domains of the T cell receptor (TCR) and the associated CD3 and CD4 

or CD8 molecules governs their association with intramembranal enzymes, cytoplasmic associates 
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(e.g., p56Lck), and the lipid domains of the plasma membrane. Both CD3 and CD4 undergo 

 phosphorylation and internalization after T cell activation that is dependent upon their proximity to 

specifi c transmembranal and cytoplasmic kinases. Since the protein–protein, protein–lipid, and 

lipid–lipid interactions that occur near the transmembrane regions of membrane-associated proteins 

are sensitive to cellular thiols [61–67], they may infl uence the preferential activation of specifi c T 

cell subsets. There have been reports that Th1 and Th2 cells require the expression of distinct 

costimulatory signals (molecules in addition to Class II bound peptide) on APCs [68–70]. The CD4 

molecule is of specifi c interest since it is known to be susceptible to critical intra- [59,69] and extra-

cellular [71] thiol infl uences on activation; however, other surface molecules such as chemokine 

receptors [72], the CD45 family of molecules [73], and L-selectin (CD62L) [74] also participate in 

T cell activation in ways that are sensitive to thiol changes. Thus, metals with affi nity for thiols 

could modulate the functions of these molecules. For example, vanadate, molybdate, and salts of 

zinc, copper, and mercury are all effective enzyme inhibitors of the protein tyrosine phosphatase 

(PTPase) activity of CD45 [75], a protein with a cysteine-rich extracellular domain.

It has been reported that not all immune activities decline with age at the same pace [76], in that 

CD8+ cells decline more rapidly than CD4+ cells. In fact, Th2 cells can become hyperactive in some 

older individuals. It is interesting to note that HIV seropositive individuals progress to ARC/AIDS 

more readily when IL-4 levels (produced by Th2 cells) predominate over IL-2 (produced by Th1 

cells) [77]. Within the murine acquired immunodefi ciency syndrome (MAIDS) model system, 

upregulation of Th2 activity also has been suggested [78]. When murine Th1 and Th2 clones are 

exposed to heavy metals (lead and mercury), which accumulate in the body, there is a preferential 

enhancement of Th2 activity [79]. The mechanisms involved in the differential activation of Th1 and 

Th2 cells with aging, HIV or heavy metals (all oxidative stressors) have not yet been delineated.

It has been reported that oxidative stress that affects APCs can allow a Th2-type immune 

response to predominate [80]. Surface expression of costimulatory molecules on APC or the ligands/

receptors on the T cells after oxidative stress could be involved as could oxidative infl uences on 

IL-12 expression [80]. The ability of macrophages to regulate T cell activation was originally 

 proposed in 1981 [81]. It has recently been reported that suppressive macrophages (which have a 

higher oxidative capacity than reducing capacity) can preferentially inhibit Th1 cells [82]. Some 

studies have suggested that Th1 cells require a higher density of antigen (MHC class II proteins 

folded around a peptide) than Th2 cells [83]. Increased expression of the MHC class II/peptide 

complex and the essential accessory molecules at sites of contact between APC and T cells [84] may 

be more of an activation requirement for Th1 than Th2 cells since Th1 cells appear to require a 

higher density of antigen to provoke activation of the T cell.

A change in membrane structure/fl uidity could also infl uence the process of receptor/ligand redis-

tribution that is required for activation. Since metal-induced ROS can alter membrane lipid structure 

and the fl uidity of the membrane, it is reasonable to link metal effects to the activation of specifi c 

regulatory T cells. This function of APC does seem to be infl uenced by the cell membrane, in that 

ultraviolet light treatment (another ROS inducer) has been reported to cause a loss in APC clustering 

with T cells [85]. Cholesterol, a known modulator of membrane structure, also can modify antigen 

presentation [86]. Alterations in membrane structure/fl uidity could provide an explanation for why 

oxidative stress exacerbates disease progression. Other reasons could involve intrinsic differences 

between the Th1 and Th2 cells themselves. Suppressive macrophages, which produce more oxidants 

than reducing equivalents, could be involved in apoptosis [87], and Th1 cells may be more sensitive. 

Oxidants [88,89] and thiol-binding metals [90] do seem to mutually promote Th2 development.

Further investigation of metal exposures and the age-related changes in the activation and 

 functions of the Th1 and Th2 subsets is clearly needed, because there are confl icting reports in the 

literature on aging/oxidant immunomodulation. For example, production of IL-4 (from Th2 cells) 

has been reported to increase [91,92] or decrease [93,94] with aging. Most studies have employed 

murine cells and/or have assessed in vitro lymphocyte functions without consideration of the 

 oxidative stress contributed by atmospheric oxygen dissolved in the culture media (this can  represent 
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about twice the oxygen concentration that a cell would naturally experience). A relatively consistent 

fi nding has been the declines in in vitro mitogen-stimulated T cell proliferation with use of lympho-

cytes from aged animals or aged humans; however, the mechanistic basis for this decline has been 

elusive. Even in this context, confl icting results have been obtained [95]. Some of the variations in 

results may refl ect the fact that some studies use human cells and others use mouse cells. Lymphocytes 

from aged mice have less ability to increase their intracellular calcium after activation in compari-

son with young mice [96,97], and this age-related difference in calcium fl ux is not observed with 

human cells [98,99]. Since calcium fl ux can be modulated by the degree of oxidative stress on lym-

phocytes [42,60] and it is known that mouse and human cells differ in their thiol chemistries [100], 

these differences with regard to calcium fl ux and aging are not surprising and in fact support the 

possibility that changes in immune function with aging or after metal exposure may be associated 

with differential sensitivities to oxidative stress.

Loss of the proliferative ability of lymphocytes is most sensitive to loss of thiols found on the 

extracellular face of the plasma membrane [101]. These surface thiols increase [102] along with 

GSH levels [103] as lymphocytes become activated. Although in vitro activation of T cells from the 

elderly generally results in less IL-2 production in comparison with T cells from young individuals 

[104], this defi cit can be overcome by preculture of the peripheral blood mononuclear cells (PBMCs) 

[105], by boosting with a vaccine [104] or by hormone treatment [106]. Nevertheless, overall activa-

tion as measured by proliferation (DNA synthesis) usually remains depressed in PBMCs from the 

elderly. It is interesting to note that as in depressed lymphoproliferative response of PBMCs from 

older donors, the lymphocytes from HIV-infected individuals show lower levels of GSH and other 

antioxidants [107–111]. The additive oxidative effects of aging and HIV infection could be an expla-

nation for why the onset of AIDS in older individuals is more rapid [112]. It has been shown that 

non-HIV-infected “young” human T lymphocytes that have been depleted (90%) of reduced GSH 

with the specifi c glutamate cysteine ligase (GCL) inhibitor buthionine sulfoximine (BSO) were 

unable to synthesize DNA (progress through S-phase) after Con A stimulation; however, cellular 

activation events were not inhibited in these GSH-defi cient cells, in that these cells could express 

IL-2, IL-2R, and transferrin receptor (TfR) [103]. Hence, T cell proliferation is intimately depen-

dent on intracellular concentrations of GSH. Oxidative stress (or aging) may modify early signal 

transduction events as well as later events required for proliferation, and the differences in the sen-

sitivities of these various events await better understanding.

It is interesting to note that enzymes and receptors that are associated with the plasma membrane 

that are intimately involved in lymphocyte activation (phospholipase A2 [PLA2] and protein kinase 

C [PKC]) have similar sulfhydryl regions that are believed to infl uence the interactions of these 

proteins with membrane phospholipids [66]. PKC has cysteine-rich domains (CRDs) within its reg-

ulatory and catalytic domains [113]. These domains are sensitive to exogenous modulation since 

heavy metals [114] and H2O2 [115] can each alter phorbol ester binding and kinase activity. Another 

thiol compound, β-mercaptoethanol, seems to be able to potentiate PKC translocation to the plasma 

membrane from the cytosol [116]. PLA2 modulates antigen presentation, suggesting that the 

antigen:MHC class II complex may be infl uenced by lipid structures [117], and the TfR has also 

been found to be dependent on its lipid environment for appropriate expression [118]. TfR [119] as 

well as the MHC class I and II molecules [120,121] are acylated (covalently associated with a fatty 

acid), which may facilitate specifi c membrane interactions. For currently unknown reasons, the 

expression of class I antigens is known to increase with aging [122] along with increased shedding 

into the plasma after activation [123].

Other regulatory plasma proteins, which derive their active conformation from intimate interac-

tion of their hydrophobic domains with phospholipid fatty acid tails and are thiol-regulated, include 

adenylate cyclase [124], 5′-nucleotidase [125], insulin receptor [126], and Na+/K+ ATPase [127]. 

Changes in the lymphocytes’ transport functions start early in the G1 phase of the cell cycle (Na+, 

K+, and Ca2+ changes occur within 1 min; glucose by 10 min; amino acids and nucleosides by 1 h). 

Since cell transport  mechanisms directly utilize thiol-sensitive proteins [25,128–131] and lipid 
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domains can infl uence these activities, thiol modulation is suggested to have a regulatory infl uence 

on multiple early  membrane events involved in lymphocyte activation. As might be anticipated, 

many of the above activities change with aging. Na/K-ATPase activity decreases in lymphocytes 

from aged people [132]; membrane potential changes are less responsive with aged cells [133,134]; 

and nucleotide pools [135], kinase activity [136], protein phosphorylation patterns [137], and G 

protein involvements [138] have been reported to be modifi ed by aging. Many of these processes are 

interconnected in the activation of T cells [139].

Altered structure/function of various lymphoid markers, enzymes, and signaling molecules have 

been implicated in the loss of immune reactivity with aging and metal modulation. In general, there 

is good agreement that oxidative damage of cellular constituents is associated with aging [140]. 

Protein oxidation occurs with aging [141]. Loss of reactive thiols with age can occur with decline in 

GSH [142], resulting in numerous physiological consequences, such as lower transcription factor 

activity [143]. The toxic effects of oxidants and metals are certainly not limited to immune cells 

[144]; however, as noted earlier, lymphocytes are especially sensitive to oxidative stress [145,146].

The initial signals delivered to cells are received by cell surface molecules. It is important to note 

that numerous surface receptors including growth factor receptors have sulfhydryl-rich domains or 

have numerous disulfi des necessary for maintenance of their structural confi guration as a receptor 

(e.g., adrenergic receptors [147], epidermal growth factor receptor [148], platelet-derived growth fac-

tor receptor [149], nerve growth factor receptor [150], insulin receptor [148], IL-2 receptor [151], and 

chemokine receptor CCR5, found on memory T cells, macrophages, and dendritic cells [DCs] [152]). 

The growth-promoting factor ADF (now known to be thioredoxin) is able to induce formation of the 

high-affi nity IL-2 receptor (the associated holoreceptor of p55 or TAC and p75) [153,154]. Changing 

the sulfhydryl and disulfi de locations of molecules could infl uence a molecule’s overall conforma-

tion, its association with other molecules, and its topographical arrangement on the cell surface.

For cell-cycle progression to be initiated, lymphocytes must maintain the appropriate surface thiol 

composition [101,155]. Extensive disulfi de cross-links prevent appropriate domain establishment or 

receptor signaling. Modulation of thiols on the surface and within the cell can alter lymphocyte acti-

vation [42,81,101,155], but the surface thiols appear to be particularly important. Pretreatment of 

lymphocytes with an impermeant oxidant (e.g., copper phenanthroline) causes loss of less than 5% of 

the total cellular thiols, but it completely prevents progression to G1b phase of the cell cycle [101].

The redox environment both inside and outside the cell is managed in large part by GSH. GSH 

is critical in maintaining a viable cellular redox state, which becomes modifi ed during lymphocyte 

activation and proliferation [156,157]. GSH (and total thiol levels) have been shown to rise signifi -

cantly following peripheral blood leukocytes activation by mitogens. Human lymphocytes signifi -

cantly increase their GSH concentration within 4 h of activation [100]. By 8 h after activation there 

is a signifi cant increase in surface thiols [102]. Interestingly, when GSH production is blocked, lym-

phocytes can progress to G1b but cannot synthesize DNA [100]. DNA synthesis was previously 

shown to be sensitive to thiol modulation [158]. At present, the major restriction at G1/S phase due 

to GSH depletion is not clear. Some possible mechanisms of this restriction are related to interfer-

ence in the glutaredoxin/thioredoxin-mediated conversion of ribonucleotide reductase, inactivation 

of DNA polymerase I that is thiol-sensitive [159], or alteration of PCNA (proliferating cell nuclear 

antigen) activity or mitosis-promoting factor [160]. Cellular redox status is largely mediated by the 

ratio of GSH to oxidized glutathione (GSSG) [161] and may also contribute to the regulation of cel-

lular transcription factors [162] and protein S-glutathionylation. The formation of the transcription 

factor AP-1 is sensitive to thiol modulation, and it has been reported that AP-1 DNA activity 

decreases with lymphocytes from aged mice [163].

14.3.2 METAL INFLUENCES ON APOPTOTIC SIGNALING PATHWAYS

In addition to the effects of metals and oxidants on the capacity of cells to maintain a functional 

cellular biochemistry, there is also an important cellular response to metals that results in apoptosis. 
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This process is a tightly regulated physiological process of selective cell deletion that is an essential 

aspect of normal immunoregulation, and is critical to the maintenance of self-tolerance as well as 

the homeostatic control of lymphoid and myeloid cell lineages [164,165]. Adverse consequences due 

to the loss of apoptotic control mechanisms within the immune system have been well documented 

in a number of contexts. An abnormal increase in the rate or the extent of apoptosis may contribute 

to immunodefi ciencies, while a failure to undergo apoptosis may contribute to the development of 

autoimmune diseases or neoplasia [166]. Apoptotic cell death can proceed by an orchestrated 

sequence of events (i.e., programmed cell death), but it is also induced and regulated by a myriad of 

environmental stimuli including physiological effectors as well as toxic agents such as metals [167]. 

The molecular pathways by which apoptotic cell death proceeds are highly sensitive to metals 

[168,169], and accumulating data support that disruption of these events by metals has a signifi cant 

impact on the immune system.

Cells that undergo apoptotic cell death are morphologically and biochemically distinct from 

healthy cells and from cells that undergo necrotic cell death as typifi ed by the response to acute toxic 

insults [170,171]. The morphological features of apoptosis include chromatin condensation and mar-

gination to the nuclear periphery, decreased cell volume and cytoplasmic shrinkage, plasma mem-

brane blebbing, and cellular and nuclear fragmentation into apoptotic bodies. In contrast to necrotic 

cell death, there is typically no loss of plasma membrane integrity associated with apoptosis. As such, 

the maintenance of plasma membrane integrity during apoptosis prevents the extensive infl ammatory 

response resulting from the release of intracellular contents. The characteristic ingestion of apoptotic 

bodies by neighboring cells or phagocytes also limits the initiation of infl ammation.

Apoptotic cell death is initiated, regulated, and executed through the activation of specifi c sig-

naling pathways. There are positive and negative regulators of apoptotic signaling, and it is the bal-

ance between these events that determines cell fate. Metals have diverse effects on apoptotic 

signaling with examples of metals infl uencing proapoptotic signaling as well as examples of them 

interfering with apoptotic signaling. Apoptotic signaling pathways can be operationally divided into 

three main phases that are evolutionarily conserved [172]. In the fi rst phase, apoptosis is initiated by 

external or internal stimuli with activation of the extrinsic and intrinsic apoptotic signaling path-

ways, respectively [173]. Signal initiation involves a complex orchestration of biochemical events 

involving positive and negative regulator proteins many of which, as mentioned above, are infl u-

enced by metals. Depending on the cell type as well as the initiating factor (i.e., internal or external 

signal), important regulatory elements include death receptors, proteases (e.g., caspases), mitochon-

dria, Bcl-2 family proteins, and tumor suppressor gene products [174–176]. The second phase is 

characterized by the activation of the executioner proteases and the dismantling of the cell due to 

the degradation of death substrates, which includes vital structural proteins and chromatin [177]. 

The third phase, which may occur in concert with the cellular dismantling described in step two, 

involves the disposal of the cellular corpse via uptake and sequestration of the apoptotic bodies 

within phagocytic vesicles [178,179].

There are two distinct but ultimately overlapping signaling pathways by which apoptosis is initi-

ated [173]. These are termed the intrinsic and the extrinsic pathways. Apoptosis triggered by inter-

nal signals (e.g., activation of the apoptosome characterized by Bcl-2/Apaf-1/caspase-9) occurs when 

a cell “loses touch” with its surroundings (e.g., growth factor withdrawal), sustains internal damage 

(e.g., oxidative stress and/or DNA damage), or simultaneously receives confl icting signals regarding 

cell cycle control. Apoptosis triggered by external signals (i.e., death receptor agonists) occurs via 

an instructive process mediated by members of the tumor necrosis factor (TNF) family including 

Fas (CD95) and its ligand (CD178) and TNF-related apoptosis inducing ligand (TRAIL) and its 

receptors TRAIL-R1 and -R2. CD95 is a 317-amino-acid type-I transmembrane glycoprotein that 

belongs to the TNF/nerve growth factor receptor family (also known as the death receptor super-

family). CD95 is the prototypic, and thus most studied, member of the death receptor superfamily 

[180]. A characteristic of death receptors is the presence of three extracellular cysteine-rich domains 

(CRDs); CRD2 and CRD3 contain the major contact surfaces for interaction with FasL (or surrogate 
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anti-Fas antibody agonists), whereas CRD1 is a receptor self-association domain—termed the pre-

ligand assembly domain (PLAD). In view of the fact that many metal ions bind free sulfhyryl 

groups with high affi nity, it is conceivable that CRDs are targeted by metal ions or by the oxidants 

they may elicit. Indeed, there is precedent from the literature that certain metals coordinate with 

CRDs found on intracellular signaling proteins [181]. CD95 has no enzymatic function of its own; 

therefore, signaling is transduced via other proteins interacting with the cytoplasmic region of CD95 

[182]. Signaling through CD95 is initiated upon interaction with CD95-L (CD178) or agonistic anti-

bodies, which facilitate CD95 receptor clustering and the formation of a death-inducing signaling 

complex (DISC). DISC formation involves the recruitment of Fas-associated death domain protein 

(FADD) through homotypic DD—DD interactions between the carboxy-terminal regions of both 

CD95 and FADD. FADD, which bears another protein interaction module in its NH-terminus (the 

death effector domain—DED), serves as a signaling adapter by recruiting the initiator caspase pro-

caspase-8 to the complex through homotypic interactions between DEDs on FADD and caspase-8. 

Recruitment of procaspase-8 to the DISC activates it and initiates the proteolytic cascade of effector 

caspases (e.g., caspase-3 and -7) that ultimately leads to the apoptotic dismantling of the cell. The 

ordered formation of the DISC is an essential feature of CD95 signaling; however, it has become 

apparent that the initial signaling events within the CD95 pathway are more complex than originally 

thought [180]. CD95 signal transduction is more than a linear-ordered sequence of events, as feed-

back within the pathway amplifi es DISC formation. For example, both actin and active caspase-8 

act in a positive feedback loop to amplify DISC formation. According to the latest model, CD95 

signal initiation can be described as fi ve distinct steps [183]. First, CD95 is present on the plasma 

membrane in an agonist-independent preassociated form, where the preassociation is mediated by 

interactions through the PLAD. The second step is the formation of SDS-stable CD95 microaggre-

gates, which are agonist dependent and which can be detected with gel electrophoresis under non-

reducing conditions. Formation of microaggregates is not dependent on caspases or actin fi laments, 

and at this stage the aggregates cannot be seen as receptor clusters by immunofl uorescence micros-

copy. The third step is formation of the DISC, which involves DD/DD interactions between CD95 

and FADD. The fourth and fi fth steps involve CD95 receptor clustering (as assessed by immuno-

fl uorescence) and internalization, respectively. These latter three events (including notably DISC 

formation) are dependent on the actin cytoskeleton, whereas formation of microaggregates is not.

The cytotoxicity of organic and inorganic mercury compounds is well documented. Several 

reports have indicated that mercurials induce either apoptotic or necrotic death in lymphoid as well 

as nonlymphoid cells. The concentration of mercury (high > low), its chemical form (organic > inor-

ganic) and the cellular activation state (resting > activated) all infl uence its cytotoxic potential. 

While high concentrations of any form of mercury overtly induce necrosis, more moderate concen-

trations of mercury have been shown to induce apoptosis via activation of the intrinsic pathway. 

This likely occurs as a result of excessive generation of ROS, which disrupts the mitochondrial 

membrane leading to the release of cytochrome c and the formation of the apoptosome containing 

the initiator caspase-9. Understanding the cytotoxicity of mercury is important because the release 

of intracellular autoantigens upon mercury-induced cell death may trigger the activation of autore-

active T lymphocytes. On the other hand, lower exposure to noncytotoxic concentrations of inor-

ganic mercury impairs activation of the extrinsic apoptotic program in human T cells [184]. The 

fi nding that low concentrations of inorganic mercury interfere with physiological cell death repre-

sents a paradigm shift with respect to implicating mercury toxicity in human disease, in that, cell 

survival instead of cell death is the outcome following exposure. Of key importance is the fact that 

CD95-mediated apoptosis is a critical regulator in maintaining immune system homeostasis and 

tolerance [185]. Defects within the CD95 signaling pathway can give rise to lupus-like autoimmune 

disorders. Genetic lesions of Fas in both mouse and humans have clearly identifi ed this receptor as 

a key mediator in regulating lymphocyte homeostasis. Humans with Fas mutations present with 

lymphoproliferation, peripheral expansion of CD4-CD8-αβ T cells and impaired lymphocyte apop-

tosis in a disorder known as autoimmune lymphoproliferative syndrome (ALPS). These fi ndings are 
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consistent with observations made in lupus-prone mouse models where CD95 is mutated spontane-

ously in the lpr mutation, or by gene-targeted mutations.

Treatment of T cell lines and human CD4+ lymphoblasts with noncytotoxic concentrations of 

inorganic mercury blocks CD95 signaling by preventing the proper formation of the DISC [186]. A 

CD95 receptor proximal signaling component, perhaps CD95, itself, appears to be targeted by mer-

cury. Evidence supporting CD95 as a direct target comes from experiments demonstrating that the 

PLAD-dependent preassembly of CD95 oligomers is disrupted by mercury [187]. This same study 

showed selectivity for mercury disruption of CD95 signaling, in that, another Group IIb metal, zinc, 

had no effect on CD95 oligomerization. Others have shown that zinc inhibits downstream elements 

of the extrinsic apoptotic pathway, while targeting upstream elements of the intrinsic apoptotic 

pathway [188].

Using a mouse model of superantigen-induced activation of the extrinsic apoptotic selection 

program, following mercury intoxication in vivo, it was revealed that activation of caspase-8 and -3 

was diminished in antigen-specifi c T cells [189]. This same study showed that the superantigen-

induced induction of extrinsic apoptotic signaling was CD95 dependent, since caspase-8 and -3 

activation was reduced by more than 60% in T cells derived from lpr CD95-defi cient mice. This 

study illustrates the modulatory properties of mercury on T cell survival in vivo. Given the critical 

role for CD95-mediated apoptosis in controlling peripheral tolerance and regulating T cell homeo-

stasis, these fi ndings that Hg-intoxication affects death receptor signaling have implications for 

establishment and progression of autoimmunity.

14.3.3 METALLOTHIONEIN: A MEDIATOR OF METAL-DEPENDENT IMMUNE CHANGES

Another contributor to the management of both essential and toxic heavy metals is the stress 

response protein metallothionein (MT). MTs represent a family of low-molecular-weight (6–7 kDa) 

proteins that are rich in cysteine residues (ca. 30 mol%). MT was originally recognized as a metal-

binding protein in equine kidney [190], but MT-like proteins have since been identifi ed in nearly 

every tissue in a wide variety of species across substantial evolutionary distances. There are four 

major MT isoforms in mammals (MT-I through -IV), of which MT-I and MT-II are the most widely 

studied and are expressed at basal levels in most organs and stages of development [191]. All four of 

the murine MT isoforms are encoded by genes on chromosome 8, while human MTs are encoded 

by a syntenic region composed of structural genes and pseudogenes on chromosome 16. While 

mouse MT-I and MT-II are usually expressed under similar conditions, MT-III is preferentially 

expressed in adult brain, and MT-IV is expressed in differentiating stratifi ed squamous epithelium 

[192,193]. MT synthesis is induced by a wide range of infl ammatory mediators and stress-related 

agents, including heavy metals, ROS, glucocorticoids, acute phase cytokines and IFN, and 

endotoxin.

14.3.4 INDUCTION OF MT BY METALS

MT gene expression is controlled mainly at the level of transcription [194], although in cells selected 

for resistance to Cd, increased expression of MT protein can also be accomplished via MT gene 

amplifi cation [195]. It is well established that both essential and toxic heavy metals can induce MT 

synthesis. The most potent inducers of MT are Zn and Cd, which can induce up to a 100-fold 

increase in hepatic MT levels [196]. Other heavy metal inducers of MT include essential metals such 

as Cu, Fe, and Mn, and nonessential metals such as Au, Bi, Co, Hg, In, Ni, and Pt [194,196,197].

While generally regarded as coordinately regulated, there are both species- and inducer-specifi c 

differences in MT-I and MT-II gene induction patterns. In rats, basal MT-II levels are higher than 

MT-I, while in mice both basal and metal-induced levels of MT-I mRNA are twice as high as MT-II 

mRNA [198,199]. Interestingly, treatment of rats with Cd induces MT-I and MT-II to similar levels, 

while Zn induces signifi cantly higher levels of MT-II than MT-I. In humans, Cd increases both 
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MT-I and MT-II mRNAs, but Zn preferentially increases MT-II mRNA [200]. These differences 

may in part be attributed to distinct upstream elements in gene promoter regions. The 5′ upstream 

regions of MT-I and MT-II genes contain a TATA box and several different cis-acting response 

 elements. In addition to upstream metal-responsive elements (MREs), glucocorticoid response 

 elements (GREs), antioxidant response elements (AREs), and other response elements have also 

been identifi ed in MT genes [194,195,201,202]. While some MT promoter elements may be unique 

to a particular MT isoform or species, MREs are present in multiple copies in the MT gene promot-

ers of various isoforms in both invertebrates and vertebrates, suggesting that metal responsiveness 

is a critical feature of MT [203].

MT is normally saturated by Zn within cells, even though it has a higher affi nity for scarcer 

heavy metals such as Cu and Cd; hence, it is possible that these heavy metal inducers bind to Zn-MT 

or other cellular Zn-storage proteins, displacing Zn and leading to subsequent activation of MTF-1 

by the released Zn [204]. In accordance with this model, while induction of MT transcription by 

activated MTF-1 can be achieved by elevated Zn alone, induction by Cd, Cu, or H2O2 additionally 

requires the presence of Zn-saturated MT [205]. Like displacement of Zn by Cd or Cu, oxidation of 

Zn-MT can lead to the release of Zn and subsequent MTF-1 activation. While over 18 different met-

als can associate with MT, only Cu, Cd, Pb, Ag, Hg, and Bi can displace Zn [206,207].

Induction of MT genes by nonessential heavy metals can also occur via non-MRE-dependent 

mechanisms. There is an upstream stimulatory factor (USF) binding site in the mouse MT-I gene 

promoter that overlaps with an ARE consensus sequence that has been shown to mediate the 

response to oxidative stress [201]. The USF/ARE composite element increases basal expression of 

the mouse MT-I in in vitro transcription reactions [208] and in vivo in transiently transfected cells 

[209]. Stable and transient transfection assays in mouse hepatoma cells showed that the USF/ARE 

element contributes to Cd, but not Zn, induction of MT-I expression, as well as to basal promoter 

activity of the mouse MT-I gene [210]. In light of the vast literature supporting oxidative stress as an 

important mechanism of heavy-metal-induced immunotoxicity and carcinogenicity, these observa-

tions suggest that heavy metals may induce MT expression not only through MRE activation, but 

also via oxidative stress activation of AREs in MT gene promoters.

14.3.5 MT SYNTHESIS AND DISTRIBUTION

Once translated, MT is found in almost every subcellular compartment, including mitochondria, 

endoplasmic reticulum (ER), nucleus, and cytoplasm [211,212]. MT is also found in extracellular 

spaces, including human serum and urine, and extracellular MT is present in elevated levels after 

toxic metal stress [213–215]. These observations suggest that MT may be secreted or otherwise 

released from stressed cells, despite the observation that most MT mRNA is associated with free 

polysomes, which has been interpreted to suggest the intracellular localization of the protein. It is 

possible that MT is specifi cally released from cells via an alternative pathway distinct from the 

common secretory pathway, as has been suggested for other stress proteins [215,216]. It is also pos-

sible that MT is released by passing through a damaged plasma membrane or from apoptotic or 

necrotic cells that have succumbed to overwhelming cellular stress [215].

The highest concentrations of MT in the body are found in the liver, kidney, intestine, and pan-

creas [217]. The main site of MT synthesis is the liver, although many nonhepatic cells, including 

those of the immune system, are also capable of producing MT under specifi c stimuli. Basal MT 

expression has been identifi ed in both murine and human splenocytes and thymocytes, and specifi -

cally in human monocytes, T lymphocytes, B lymphocytes, and neutrophils [218,219]. Of these 

specifi c blood leukocyte populations, all but neutrophils appear to upregulate both MT mRNA and 

protein expression in response to Cd exposure [218]. Interestingly, polymorphonuclear cells (PMNs)

are more resistant to Cd than mononuclear cells and they incorporate more cadmium, but the Cd is 

not bound to MT in PMNs [220].
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There is good evidence that Zn is an important modulator of MT expression in mammalian 

immune cells. Chronic Zn administration to male Wistar rats leads to increases in total MT levels 

in both the thymus and spleen [221]. Monocytes exhibit the highest Zn content and the highest 

levels of MT mRNA and protein when compared with other leukocytes [218]. MTs are induced by 

zinc in cultured monocytes and in both T and B lymphocytes in vitro [219]. In both THP-1, a 

human monocyte cell line and in human PBMCs, increases of intracellular Zn levels lead to induc-

tion of increased MT mRNA and protein levels. Decreasing free Zn with the Zn chelator TPEN 

(N,N,N′,N′-tetrakis(2-pyridylmethyl)-ethylenedidiamine) leads to decreases in MT expression 

[222]. In addition to several human MT-I isoforms, a human MT isoform previously considered to 

be expressed only in fetal liver tissue, designated as “MT-0,” is induced in PBMCs by zinc in vitro 

[223]. Human peripheral monocytes produced 19-fold and B lymphocytes sixfold more MTs than 

T lymphocytes in response to 125 μM Zn [224], suggesting that cells in which oxidants are pro-

duced as an effector mechanism for killing infectious pathogens may use MT to maintain redox 

status. Zinc induction of MT in human immune cells has also been documented in vivo. Zinc 

supplementation in humans leads to increased MT mRNA levels in both monocytes and PBMCs. 

When zinc supplementation was withdrawn, MT mRNA levels decreased [225]. Ex vivo activation 

of human CD4+ T cells has been shown to increase free cytoplasmic Zn, and increased expression 

of several MT-I isoforms as well as MT-IIA was shown to be due to sustained Zn signaling in these 

cells [226].

Cadmium has been shown to induce MT expression in a number of mammalian immune cell 

types. Exposure of human peripheral blood lymphocytes and monocytes to Cd led to MT induction 

in both cell types, and similar results were found with a variety of human lymphoid cell lines 

derived from both T and B cells, although MT was induced in varying amounts depending on the 

particular cell line [227]. Similarly, T and B lymphocytes isolated from human peripheral blood 

were shown to be capable of Cd-induced MT production [228]. The kinetics of MT induction in 

human peripheral monocytes and in T and B lymphocytes by Cd or Zn are very rapid: detectable 

MT induction can be observed after only 2 h in some cases [224]. While Cd induced lower levels of 

MT than Zn in these studies, maximum MT levels were reached faster than with Zn. In addition to 

the immunotoxic effects of cadmium, the liver is a particularly sensitive target for Cd toxicity. It has 

been shown that liver Kupffer cells (a macrophage lineage) contain higher endogenous levels of MT 

than parenchymal cells, and CdCl2 at 1 mg Cd/kg leads to intracellular accumulation of Cd and a 

concomitant increase in MT mRNA (sevenfold) and MT protein (twofold). MT is strongly expressed 

in several cell types in the lung, including alveolar macrophages, lymphocytes, alveolar type II 

epithelial cells, and fi broblasts [229].

There are a number of different mechanisms by which MT appears to modulate immune activi-

ties. MT may infl uence immune function by the redistribution of heavy metals both inside immune 

cells and between tissues as has been shown in instances where MT induction was shown to cause 

the redistribution of metals in embryonic and fetal rats [230]. Since MT plays an important role in 

zinc homeostasis, it can modulate immune function by changing Zn availability to the host of 

apoenzymes and transcription factors that are important to immune functioning, such as Sp1 and 

NF-κβ [231,232]. As a thiol-rich protein, MT can act as an antioxidant in either intracellular or 

extracellular environments to counteract the adverse effects of heavy metals. When induced by 

nonmetal agents (e.g., LPS, ROS, IFN-γ, etc.), MT can enlarge the metal reservoir. These changes 

could alter the availability of essential metals for proliferation and differentiation of cells in the 

immune system. In addition to the effects on the biochemistry of immune cells, MT can also act as 

an extracellular agent to stimulate lymphoproliferation [233], infl uence T cell [234] and B cell adap-

tive immunity [235], initiate chemotactic responses [236–238], promote wound healing after burn 

and brain injuries [239–241], and modify phagocytic cell activities [242]. Manipulations of MT can 

be used to modify the course of autoimmune disease [26,243,244], infl ammatory processes 

[245,246], and infection [247].
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14.3.6 OTHER TOXICANT-INDUCED HOMEOSTASIS MECHANISMS

Heat-shock proteins (HSPs) represent another family of highly conserved and ubiquitous proteins 

that are expressed in response to stress (including metal stress) in prokaryotes, eukaryotes, and 

even in archaebacteria [248]. The heat-shock response has also been observed in virtually every 

cell and tissue type of multicellular organisms, in explanted tissues, and in cultured cells [249]. 

Thus, while many studies of HSP induction and function were performed using mammalian cell 

lines, many of these fi ndings have been extended to immune cells and other primary cell types. 

The term “stress proteins” has been applied to recognize the more general nature of this response, 

as glucose-regulated proteins (GRPs) are also considered members of the HSP family [250]. 

While GRPs are specifi cally located in the ER, other HSPs can be found in nearly every cellular 

compartment, including the cytosol, mitochondria, nucleus, nucleolus, ER, and outer and inner 

membranes [251].

14.3.7 REGULATION OF HSPS

Like the MT gene family, a number of stress-related response elements have been identifi ed in 

the promoters of HSP genes. Sequence comparisons of Drosophila heat-shock promoters reveal 

a conserved sequence called the heat-shock element (HSE). In addition to ubiquitous HSEs, 

metal response elements (MREs) have also been identifi ed in HSP gene promoters. The human 

HSP70 gene promoter contains a sequence homologous to the human MT-IIA MRE and this 

sequence is required for Cd induction of HSPs [252]. The expression of HSPs is under complex 

control, but many common pathways involve the activity of heat-shock factors (HSFs) and a 

group of zinc-dependent transcription factors [253]. This suggests another mechanism by which 

toxic metals can induce HSP expression. Like with Cd–MT- and Zn–MT-dependent MTF-1 

activation, Cd or other heavy metals can bind to Zn–MT, thus displacing Zn and increasing the 

pool of free Zn available for activating HSFs.

In one study using primary rat hepatocytes, several metals were compared to traditional heat-

shock treatment for their ability to induce mammalian HSP70 and HSP90. At the concentration of 

each metal that yielded maximal induction of each HSP, the relative effi cacy of induction for both 

HSPs tested was heat (43.5°C) > As(III) > Cd > Hg > Zn > Ni [254]. In the same study, heat shock 

did not induce MT and the relative kinetics of MT induction were completely different from HSP 

induction for these metals, suggesting that mechanisms of induction for these classes of metal-

responsive stress proteins differ. While Cd and Zn induced both MT and HSPs, As(III) induced 

more HSP than MT, and Ni was a good inducer of MT but a poor inducer of HSP synthesis. The 

same study found that some specifi c heavy metals, such as Fe, Pb, and Vn, are unable to induce HSP 

synthesis [254], although others have reported that lead can induce MT [255].

Different HSPs have different capacities to protect against the toxicity of specifi c metals. For 

example, HSP104, a member of the highly conserved HSP100 family, is required for tolerance to 

ethanol and sodium arsenite, but has no effect on tolerance to Cd or Cu [256]. HSPs are synthesized 

in response to low heavy metal concentrations that do not cause overt cellular toxicity, an observa-

tion that has prompted several researchers to propose HSP synthesis as a good biomarker for early 

exposure to metals [216,257]. In the rat hepatoma cell line, Reuber H35, sublethal doses of CdCl2 

lead to slight inhibition of general protein synthesis and induction of HSP70, HSP84, and HSP100 

[258]. At higher doses that lead to severe inhibition of general protein synthesis and impaired cell 

survival, the induction of these three proteins does not further increase, but expression of the fully 

inducible HSP70 family member, HSP68, can be detected. Interestingly, induction of HSP68 mRNA 

can be detected at sublethal doses of CdCl2 that are unable to induce detectable HSP68 protein lev-

els, indicating translational regulation of HSP68 induction [258]. Thus, a comparative biomarker 

profi le of mRNA and protein expression levels of various HSPs may have utility for discriminating 

between low and high levels of metal exposure.
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14.3.8 HSPS AND IMMUNE FUNCTION

In recent years, a number of studies have shown that HSPs can modulate a variety of immune 

responses, including cellular and humoral immunity, infl ammation and clearance of infection, anti-

tumor immunity, and autoimmunity. The induction of HSPs has been reported for a number of 

immune cell types, including neutrophils [259], B and T lymphocytes [260,261], monocytes 

[262,263], and macrophages [264,265]. Increased HSP synthesis has also been observed after T 

lymphocyte activation with mitogens or cytokines [249,266,267]. As in other cell types, heat shock 

also induces HSPs in immune cells. In chickens, heat shock induces HSP expression in lymphocytes 

[268]. In mice, HSF-1 DNA binding activity and HSP70 synthesis are induced at signifi cantly lower 

temperatures in the spleen relative to other tissues [269]. This lower temperature threshold (39°C) is 

within the physiological range for fevers and is not exhibited by B lymphocytes but is observed in T 

lymphocytes. This differential heat-shock temperature threshold is observed in different mouse 

strains and is also observed in T lymphocytes isolated from lymph nodes, suggesting that it is a 

general property of T lymphocytes that likely protects these cells from stress-induced apoptosis 

during the immune response to infection [269]. Similarly, in human macrophage-like cell lines, 

HSF-1 activation leads to HSP70 mRNA induction and protects cells from toxic injury [270].

In monocytes, HSP induction appears to protect against oxidative stress-induced cell death. 

Exogenous H2O2 induces HSP synthesis in human monocytes and alveolar macrophages [271]. Both 

HSP27 and HSP32 (a 32-kDa oxidation-specifi c stress protein that is also known as heme oxyge-

nase) exhibit protective activity against oxidative stress [272,273]. Oxygen-free radicals generated 

during phagocytosis of opsonized sheep red blood cells induce a strong stress response in human 

monocytes–macrophages, inducing the classic HSPs, HSP70, as well as HSP32, HSP47, HSP65, 

HSP83-90, and HSP110 [274]. Heat shock and Cd both induce HSP synthesis and inhibit NADPH 

production in human neutrophils [275]. It is likely that HSP inhibition of superoxide production in 

neutrophils also reduces oxidative stress-induced cytotoxity in phagocytes [274]. In addition to con-

nections with phagocytosis, there is signifi cant evidence suggesting an important role played by 

HSPs in APC functioning within the immune system. HSP expression has been correlated with 

antigen processing and presentation by enhancing protein degradation [276], promoting proper pro-

tein folding and assembly processes [277], and by participating in transmembrane transport of pro-

teins [216,248]. HSP70 family members appear to play a particularly important role in antigen 

processing and presentation. Processing of antigens is a complex process that involves the internal-

ization of antigen into acidic compartments, proteolysis, and binding of peptides to the antigen-

presenting molecule and all of these steps require the participation of molecular chaperones of the 

HSP70 family [278].

Like MTs, HSPs can be found in extracellular locations and on cell membranes following 

exposures to various stressors. The HSP70 family member, PBP72-74, is constitutively expressed 

on the cell membrane in both B cells and monocytes [279]. Other HSPs have been found on the 

surface of a variety of mammalian immune cell types, including monocytes, lymphoma cells, T 

cell lines, myeloid leukemia cell lines, either constitutively or after heat shock or viral infection 

[280,281]. Various immune cell types, including monocytes, macrophages, and B cells, have been 

shown to release HSPs extracellularly [262]. In B lymphoblastoid cell lines, HSP27, HSC70, 

HSP70, and HSP90 can all be detected in exosomes of untreated cells, and exposure of these cells 

to heat shock results in a marked increase in all of these HSPs in exosomes [282]. The ability to 

bind stress proteins is also shared by many types of immune cells, including DC and other APCs, 

and HSP binding to membrane receptors has been associated with altered immune cell function 

[283,284]. Interactions of HSP complexes with APCs and internalization of HSP by macrophages 

and DC induce cellular maturation, activation and migration, cytokine secretion, and upregula-

tion of costimulatory molecules and MHC class II proteins [285,286]. HSP gp96 binds to a recep-

tor on DC, and binding mediates maturation of DC, and receptor-mediated uptake is required for 

cross-presentation of gp96-associated peptides by DC [287]. Studies of HSP uptake by APCs 
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reveal that both HSP70 and gp96 uptake is localized to clathrin-coated pits on macrophages. 

Hsp70 and gp96 are internalized in clathrin-coated vesicles in a receptor-dependent manner, and 

exogenous gp96 colocalizes with MHC class I molecules in endosomes following uptake [288]. 

These observations support a model for specifi c uptake of HSP–peptide complexes and subse-

quent transfer of the peptide antigen to MHC class I molecules for display on the cell surface 

[289]. Several receptors on APCs have been suggested to bind HSPs, including the scavenger 

receptors CD91 and CD36, TLR family members TLR2 and TLR4, and the costimulatory mole-

cule CD40 [290].

14.3.9 METAL-INDUCED HSPS IN IMMUNE CELLS

While many studies have utilized classic heat-shock treatment or phagocytosis to stimulate HSP 

induction in immune cells, heavy metal treatment has also been shown to induce HSP synthesis 

in some immune cell types. Exposure to several heavy metals leads to the generation of reactive 

free radicals and subsequent cellular oxidative stress, and it is likely that this is one mechanism 

of metal-induced HSP synthesis. Agents that induce oxidative injury, including both H2O2 and 

CdCl2, induce HSP synthesis in murine peritoneal macrophages [291]. Similarly, exposure of 

human premonocytic U937 cells to cadmium induces the synthesis of HSPs, including heme 

oxygenase, which may protect against oxidative damage to DNA or proteins [292]. In this par-

ticular cell line, it has been suggested that oxidation-induced DNA damage and HSP synthesis 

proceed independently, as cadmium led to HSP induction but not oxidative DNA damage, while 

H2O2 induced DNA damage but no HSP synthesis at the exposure levels tested. Cell-specifi c 

differences in HSP induction have been observed in different types of human phagocytes. While 

cadmium induces HSP synthesis in both monocytes and neutrophils, these two cell types differ 

in the stress response to activation of the respiratory burst by NADPH oxidase [280,281]. 

Activation of the respiratory burst by phagocytosis of particulates leads to HSP synthesis in 

human monocytes only, while activation of NADPH oxidase by nonparticulate f-Met-Leu-Phe 

(FMLP) induces HSPs in PMNs only. In human lymphocytes, Cd activates transcription of both 

MT-IIA and HSP70 genes in a time- and dose-dependent manner, although MT-IIA is induced 

at lower concentrations than those required to induce HSP70 [293]. The immature T cell line 

CCRF-CEM was treated with two different concentrations of Cd (10 and 20 μM) and cDNA 

microarray analysis was used to identify cadmium-induced transcriptome alterations in lympho-

cytes [294]. The stress proteins HSP32, HSP60, and HSP70 were all among the 98 genes whose 

transcription was signifi cantly upregulated in response to Cd. Heme oxygenase (HSP32) was 

also upregulated after only 6 h of Cd exposure, while HSP60 and HSP70 induction was not 

observed until 24 h after exposure. Heme oxygenase is also induced in murine peritoneal mac-

rophages after exposure to sodium arsenite, in human cell lines after exposure to arsenite and 

cadmium ions, and in both rat and human DCs in response to cobalt protoporphyrin (CoPP) 

[295,296]. In RAW 264.7 murine macrophages, exposure to either soluble CdCl2 or particulate 

cadmium oxide (CdO) led to increased de novo synthesis of HSP70 and HSP90 prior to cytotox-

icity, and this HSP synthesis was accompanied by a decrease in phagocytic capacity and an 

increase in TNF-α levels [297].

Like cadmium, arsenic is known to generate many species of reactive free radicals, including 

hydrogen peroxide, hydroxyl radical, nitric oxide, and superoxide anion, and both in vitro and in vivo 

exposure to arsenicals has been shown to induce a number of stress response proteins, including 

MTs, ubiquitin, HSP27, HSP32, HSP60, HSP70, HSP90, and HSP110 [298]. The specifi c HSPs 

induced by arsenicals vary depending on the cell type and the oxidation state and chemical compo-

sition of the arsenical. Arsenite has been shown to induce MT in murine spleen [299] and in guinea 

pig alveolar macrophages where a 2-hour exposure to arsenite (5–150 mM) induces HSP27, HSP70, 

HSP90, and HSP110 [300]. The importance of arsenical-generated oxidative stress in toxicity of the 

metal is highlighted by the observation that various arsenicals induce heme oxygenase (HSP32) in 

© 2010 by Taylor and Francis Group, LLC



Metal Infl uences on Immune Function 395

many cell types, including immune cells. Arsenite induces HSP32 in murine peritoneal macrophages 

[296], in human lymphocytes [301], and in the human leukemic HL60 cells [295].

14.3.10 METAL EXPOSURE CAN ALTER A VARIETY OF CELLULAR ACTIVITIES

Because of the array of critical cellular processes that are sensitive to metal effects, there is a broad 

range of consequences arising from immune cell activities. The effect of metals on naïve CD4+ T 

cells exemplifi es the ability of toxic metals to alter proliferation. In some experiments, mercury has 

an inhibitory effect on CD4+ T cell proliferation, but under other conditions, mercury can stimulate 

lymphoproliferation. Both cadmium [302] and lead [303,304] can alter lymphoproliferation, and lead 

has been found to increase the number of cells in S + G2/M part of the cell cycle [303]. The increase 

of CD4+ T cell proliferation that occurs in mixed lymphocyte cultures that are exposed to Pb has 

been termed “allo-enhancement” [303]. In this assay, the CD4+ T cells recognize peptides that are 

presented in the context of the MHC proteins that are present on APCs. When APCs are activated in 

the presence of Pb and the Pb is then removed before direct contact with the CD4+ T cells, increased 

proliferation still results. This suggests that the Pb needs to only interact with the APC to stimulate a 

CD4+ T cell response [305]. The effects of Pb on APC to produce this allo-enhancement make the 

study of APC’s antigen-processing function in the presence of Pb essential for understanding the 

proliferative response and the implications of in vivo Pb exposures for immune functioning.

Cadmium has been found to alter the process of T cell differentiation as it accumulates in the 

thymus [306]. Cd exposure results in changes to both negative and positive selection processes 

within the thymus, resulting in changes in the T cell subsets. While Cd alters T cell differentiation 

events in the thymus, cells in the spleen appear more resistant to this effect.

Heavy metals also affect the differentiation of B cells, independent of T cell differentiation. When 

B cells are stimulated with LPS while exposed to lead, they secrete more IgM than cells stimulated 

with LPS alone. B cells exposed to lead in the absence of LPS stimulation do not lead to IgM secre-

tion [307], suggesting that while Pb itself cannot induce B cell differentiation to a plasma cell, it may 

be able to serve as a substitute for T cell factors that enhance B cell differentiation [307].

Traffi cking of immune cells to and from an infection site is an early event in both the innate and 

adaptive phases of an immune response. This directional movement of cells under the infl uence of 

diffusible gradients (chemotaxis) is regulated in part by small chemotactic cytokines called chemok-

ines. In order for immune cells to enter infected tissues, they must be able to pass through the 

endothelial cells that line the walls of the blood vessels. Adhesion molecules on the surface of 

immune cells and the endothelial cells have been found to play key roles in chemotaxis. When toxic 

metals disrupt these regulated processes, the immune response can be compromised.

Cadherins are calcium-dependent metalloproteins that are involved in some forms of cell 

 adhesion. These metalloproteins span the cell membrane and contain an extracellular domain with 

calcium-binding sites and adhesive regions. The intracellular domain of cadherin interacts with 

actin, a cytoskeleton component, through catenins [308]. Classical cadherins are known as N, P, and 

E types [309]. Studies have shown that the cadherins can be altered by metal exposure [308,310] 

since some metals can displace calcium in these proteins [311]. This binding causes changes in the 

structural conformation of the cadherins and presumably their interactions with binding partners 

[310]. When porcine renal epithelial cells are exposed to Cd at 10–20 μm, the cells separate from 

one another due to a decrease in E-cadherin-mediated cell contact.

The disruption of adhesion molecules can severely cripple an immune cell’s function. Peritoneal 

macrophages exposed to lead in the presence of LPS display a reduction in phagocytosis when com-

pared to the same cells exposed to LPS alone. The in vitro substrate attachment of the macrophages 

also decreases in comparison with the control [312]. Mercury can also disrupt the adhesion of leu-

kocytes to the substrate and can disrupt their ability to move [313]. Splenic macrophages attachment 

and the chemotactic response are inhibited by lead or arsenic, but the effect is even greater when the 

cells are exposed to both metals simultaneously [314].
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14.3.11 METAL EFFECTS ON PROTEIN SECRETION

One of the essential mechanisms by which immune cells regulate immune activities is via the 

 production of soluble cytokines that infl uence the function of other cells. When these regulatory 

processes are disturbed, a wide range of immune changes can result. These aspects of cellular dif-

ferentiation are sensitive to exogenous metals. For example, lead reduces the secretion of IFN-γ and 

IL-2 [315], while it can increase IL-4 synthesis [316]. The exposure of PBMCs to low levels of Cd 

can also alter cytokine secretion profi les. In response to antibody stimulation in the presence of Cd, 

secretion of IL-1β, TNF-α, and IFN-γ decreased, while IL-4 secretion increased. Similar to Pb 

exposure, Cd exposure causes a shift toward a Th2 response in PBMC and the secretion patterns of 

these cytokines are refl ected in the cytokine gene expression patterns [317].

14.4 METAL-MEDIATED IMMUNOSUPPRESSION

Ultimately, one common consequence of exposure to toxic heavy metals is the onset of immuno-

defi ciency. The mechanisms by which this occurs can be myriad. Metals that interfere with signaling 

within critical cell populations or with the synthesis and secretion of cytokines by differentiating 

immune cells will diminish immune protection. Metal exposures that are associated with necrotic 

or apoptotic cell death of critical leukocyte populations will be immunosuppressive, but excessive 

cell death can also disturb the normal antigen processing of phagocytes by overwhelming the anti-

gen-processing mechanism with dead cells. On the other hand, metals that stimulate irrelevant 

responses can have the effect of diluting other essential activities and thereby diminishing immune 

function by reducing the effective interactions between cells that are necessary for the normal dif-

ferentiation of lymphocyte and monocyte populations.

14.5 TOXIC METAL-ASSOCIATED IMMUNE ACTIVATION

14.5.1 METAL-INDUCED HYPERSENSITIVITY

Hypersensitivity reactions are nonprotective immune responses that occur in response to environ-

mental stimuli. These reactions with environmental stimuli induce an infl ammatory response, 

which can lead to allergy and disease. Nickel and beryllium are the two metals most often linked 

with the onset of type IV hypersensitivity reactions, but other metals such as chromium, cobalt, 

copper, gold, iridium, mercury, palladium, platinum, rhodium, and titanium are increasingly recog-

nized as causes of skin hypersensitivity. These hypersensitivity reactions with metals can be medi-

ated by either CD4 or CD8 T cells [318,319], which recognize neoantigens that are created when 

metals complex with self-proteins. Reactions with these neoantigens can develop into allergic con-

tact dermatitis or, following beryllium exposure, chronic beryllium disease (CBD), also known as 

beryliosis.

These hypersensitive reactions can be a consequence of exposure to beryllium metal alloys in 

dental amalgams [320]. Although amalgams have fallen out of favor due to their mercury content, 

many people continue to be exposed to this metal from existing tooth fi llings. People are also 

exposed to beryllium through recycling of electronics, fossil fuel combustion, and other industrial 

processes. Beryllium exposure is considered an occupational hazard and leads to hypersensitivity in 

large populations of workers [321].

In a type IV hypersensitivity reaction, metal comes into contact with the skin and diffuses into 

the epidermal layer. This begins the elicitation phase in which a metal at a high concentration will 

provoke an immune response. In the elicitation phase, T cells mediate the immune response to the 

metal that has complexed with self-proteins. Immune cells bind this antigen and produce chemok-

ines and cytokines, which serve to recruit additional effector T cells and macrophages to the site of 

the stimulus. Secondary exposure to the metal will again produce this immune response and subse-

quent infl ammation [321]. Workers who are exposed to as little as 0.2 μg/m3 of beryllium become 
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sensitized to the metal 95% of the time [322]. When bronchoalveolar lymphocytes (BAL) are 

 harvested from beryllium-exposed individuals, in vitro re-exposure stimulates the release of the 

cytokines interleukin (IL)-2 and IFN-γ [323]. The secretion of IL-4 and IL-7 was not observed after 

this re-exposure, which indicates that the Th1 subpopulation predominates cells in CBD [323,324]. 

A large portion of BAL cells in CBD patients are beryllium-specifi c CD4+ T cells. However, the 

same proportion of beryllium-specifi c T cells cannot be found in the blood of CBD patients, which 

suggests that beryllium-specifi c CD4+ T cells preferentially accumulate in the target organ 

[325,326].

Sensitivity to beryllium is tested through the beryllium-stimulated blood lymphocyte prolifera-

tion test (BeLPT). In this test, lymphocytes are taken from a patient and exposed to beryllium 

in vitro. The proliferation of T cells in response to beryllium indicates that the individual has been 

previously exposed to the metal and has developed an immune response specifi c for the metal-

associated antigens [327]. Although a positive result from the BeLPT test indicates that a person is 

sensitized to the metal, it does not necessarily indicate a disease state [328].

Like other immune diseases with a genetic component for disease risk, the risk for CBD when 

exposed to beryllium is thought to also depend on genetic markers. CBD risk is strongly linked to 

the human leukocyte antigen HLA-DPB1Glu69. It has been found in 84–97% of disease cases [329–

335]. Another gene associated with a risk of beryllium sensitization is HLA-DRAArg74 [328]. 

APCs that express HLA-DP with a glutamic acid at position 69 can present inhaled beryllium to 

beryllium-specifi c CD4+ T cells [326].

14.5.2 HEAVY METALS AND AUTOIMMUNITY

Both experimental and clinical data in animals and humans show that some metals can stimulate an 

immune response to self-proteins and that this response can progress to autoimmune disease. 

Experiments with experimental animals have shown that mercury can induce autoimmune disease 

in susceptible animals. Brown Norway rats treated with HgCl2 display a widespread tissue injury 

including thymic atrophy [336], splenomegaly, lymphoadenopathies, and a hyperimmunoglobuline-

mia (mainly IgG1 and IgE), ulceration of the skin, hepatic periportal mononuclear cell infi ltration, 

necrotizing vasculitis in the gastrointestinal tract, and membranous glomerulonephropathy [337,338]. 

Rats also produced various autoantibodies, including anti-DNA, antiphospholipid, antiglomerular 

basement membrane, antilaminin 1, and antithyroglobin in response to HgCl2 treatment [339]. 

However, the disease is self-limiting and experimental animals recovered spontaneously after 

4 weeks, at which point the rats become resistant to subsequent challenges. HgCl2 also induces 

autoimmunity in certain strains of mice. Unlike rats, mice produce highly specifi c autoantibodies 

directly toward nuclear antigens [340–344]. The main target of autoantibodies is fi brillarin, a 

34-kDa ribonucleoprotein. In mice the autoimmunity can be re-induced by mercury treatment and 

the antinuclear autoantibodies persist for months even after discontinuing the treatment [345]. 

Mercury-induced autoimmunity in both rats and mice is genetically restricted. The induction of 

autoimmune disorders is restricted to rats with the RT-1n MHC haplotype, such as the Brown-

Norway (BN) strain. On the other hand, rats with RT-11 MHC haplotype, such as Lewis strain rats 

(LEW), are resistant to mercury-induced autoimmunity [346]. Interestingly, mercury can prevent 

LEW rats from developing autoimmune diseases, such as experimental autoimmune encephalomy-

elitis (EAE) [347]. It was considered that TGF-β played an important role in this protection through 

inhibition of autoreactive anti-MHC class II T cells [348]. In mice, the induction of antifi brillarin 

autoantibodies is most pronounced in strains with I-As MHC alleles, such as SJL or A. SW [341,342]. 

However, several studies have demonstrated that mercury, in combination with other environmental 

factors or certain genetic predispositions, can accelerate the onset of systemic autoimmune disease 

in resistant strains with an autoimmune-prone genetic background [349,350]. While the mecha-

nisms of mercury-induced autoimmunity are not yet understood, many studies have provided valu-

able insights. As a thiol-binding metal, Hg can tightly bind with thiols on GSH or MT to interfere 
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with the ability of cells to control the intracellular redox state. There is evidence that CD4+ T cells 

in BN rats exhibit lower levels of total thiols [351] than LEW rats. Intracellular thiol levels are 

important in determining Th1/Th2 cytokine expression. It was found that the resistant LEW rats 

have higher levels of IFN-γ and IL-12 [352,353] compared to those in BN rats, which may contribute 

to the resistance of LEW rats. As already noted, inorganic mercury protects against anti-CD95-

induced apoptosis and suggests that cells unable to undergo apoptosis will eventually die by necrotic 

processes. These necrotic cells may potentiate the infl ammatory processes that ultimately result in 

mercury-induced autoimmunity.

14.6  DETECTION AND ASSESSMENT OF METAL-MEDIATED 
IMMUNOMODULATION

There are a variety of approaches to the assessment of immune function in the presence of metals 

that have been employed over the years. Most commonplace are studies that evaluate the outcomes 

of metal exposure by measurements of specifi c immune activities such as antibody production as 

measured by enzyme-linked immunosorbent assay (ELISA) or other assays of antibody binding to 

cognate antigen. It is also commonplace to assess the effects of toxicants on lymphoid tissue cellu-

larity using immunohistochemical analysis of the tissue or by dissociating the tissue and then evalu-

ating the different leukocyte subpopulations using fl ow cytometry. In both of these approaches, the 

effects of metals on the numbers of cells, their viability, and the specifi c kinds of cells can be readily 

determined. It is also possible to use a modifi ed ELISA assay to do functional assessments of the 

cells that are exposed to metals. In the ELISPOT assay [354], an antigen or anti-cytokine antibody 

can be immobilized on a semipermeable fi lter. Following a blocking stop in which further nonspe-

cifi c protein adsorption is prevented, a specifi c cell population to be interrogated is incubated on the 

membrane. Activated cells can secrete an antibody that binds to the immobilized antigen or cyto-

kines that can be captured by immobilized anti-cytokine antibody. This event can be detected with 

a secondary antibody that is covalently attached to an enzyme that converts a chromogenic substrate 

to a precipitating product. After incubation with the substrate, the spots of precipitated product that 

are indicative of specifi c secretory cells can be counted and compared to the number of input cells. 

Changes in cellular programming that occur as a result of metal exposures will be identifi ed by 

changes in the numbers of cells with a particular functional phenotype.

Recent advances have resulted in new ways of evaluating the impact of metals (or other toxicants) 

on the immune response. For example, Luminex™-type microbead assays enable the assessment of 

multiple cytokines that have been produced after in vivo or in vitro metal exposure by their capture 

on a set of different microscopic beads that are each uniquely identifi able by their intrinsic spectral 

characteristics. On each of the different bead types, a different capture antibody is bound, and is 

capable of capturing a specifi c soluble analyte in amounts that are proportional to the concentra-

tions of the analyte in the solution. Subsequently, the mixture of different bead types is mixed with 

a cocktail of fl uorescently labeled matched-pair antibodies for each of the captured analyte types. 

These labeled antibodies will fl uorescenate the beads in amounts proportional to the amount of 

captured analyte. Using fl ow cytometry, the beads can be categorized by bead type for the specifi c 

identifi cation of what analyte is being measured and by fl uorescence intensity to determine the 

analyte concentration. At present, the systems have a maximum capacity of about 50 simultaneous 

measurements in a sample preparation. Another system that is often used to characterize the molec-

ular changes that are induced in the immune response by metal exposure is the gene expression 

DNA microarray. In this system, a set of DNA oligonucleotides that have been selected for their 

sequence complimentarity to the mRNA for a specifi c gene are coupled at particular regions of 

interest (ROIs) on a sensor chip. mRNA harvested from sample cells is enzymatically converted to 

fl uorescently labeled cDNA and then incubated with the immobilized oligonucleotide ROIs. Where 

there is sequence homology, the complementary strand of fl uorescent cDNA will hybridize to the 

oligonucleotide, and the amount of fl uorescence that accumulates at a specifi c ROI will be indicative 
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of the amount of activity for that specifi c gene. Of particular value in the assessment of metal 

effects, one can do a two-channel analysis, where the two different mRNA pools harvested from 

control and metal-exposed conditions are each individually labeled with a different fl uorescent tag. 

The two labeled cDNA pools are mixed together before hybridizing to the oligonucleotide microar-

ray and the relative fl uorophore concentrations of each cDNA can be simultaneously quantifi ed 

under identical conditions.

There are limitations to each of these approaches for assessing the impacts of metals on the 

immune response. One way of addressing these limitations can be accomplished with a new 

instrumentation platform that is based on the physical phenomenon of surface plasmon resonance 

(SPR). SPR occurs at a metal:dielectric interface, and is the result of coupling incident light to 

resonant electrons in the gold. In order to establish this resonance, specifi c conditions must be 

met. These conditions include an appropriate wavelength of illuminating light, a specifi c incident 

angle for that light, and by using light with the correct phase velocity. These conditions can be 

met in a microarray format if the surface of the gold sensor chip is corrugated (termed grating-

coupled SPR imaging or GCSPRI) [355–357]. Because the SPR measurement is sensitive to the 

incident angle of illuminating light, changes in the local refractive index of the fl uid above the 

sensor chip surface will shift the angle at which SPR occurs. Accumulating protein at the sensor 

chip surface (e.g., by antibody-mediated capture of cells or proteins) will have the effect of chang-

ing the SPR angle in a manner proportional to the refractive index change and the amount of 

analyte immobilized at the surface. Under these circumstances, different regions of the corru-

gated sensor chip can be assessed independently, enabling simultaneous measurement of hun-

dreds to thousands of analytes in a single biological sample. While this approach produces data 

similar to that produced with other assay systems, it is also amenable to other applications that 

should enable a more refi ned evaluation of metal-mediated immune changes in the future. For 

example, it should be possible to characterize the patterns of cellular function that result from 

metal exposures, by evaluating the kinetics of the entire set of cytokines that are synthesized and 

secreted by normal and metal-intoxicated cells.

There is good evidence that metals not only change the array of cytokines synthesized by the 

body, but also alter the kinetics of secretion from the cells. For example, it has been shown that cad-

mium will change the patterns of methylation of genes [358] and that some cytokines (e.g., IL-4) 

[359] are sensitive to changes in DNA methylation. DNA methylation is an important mechanism of 

epigenetic control, a process by which differential gene expression within immune cells is regulated 

[360]. Changes in DNA methylation occur following arsenic and nickel exposure as well as after Cd 

exposure [358]. In the absence of Dnmt1 (a DNA methyltransferase essential for normal T cell homeo-

stasis and development), proliferation, survival, and differentiation of T cells were all impaired 

[361,362]. Naïve T cells go through stages of cytokine activation, commitment, silencing, and stabi-

lization as they differentiate into Th1 or Th2 CD4+ subsets [363], and this gene regulation is con-

trolled in part by mechanisms such as DNA methylation. DNA methylation regulates activation and 

silencing of the IFN-γ and IL-4 cytokine gene loci, resulting in Th1 or Th2 cells accordingly [364].

Abberrant DNA methylation that follows some forms of toxicant exposure is especially impor-

tant to the immune system because the genes that are dysregulated include both the IL-4 and IL-13 

genes that are usually regulated by DNA methylation. These genes are found in a predominantly 

methylated form in naïve CD4+ cells but in an unmethylated form in differentiated Th2 cells [359]. 

This shows the role DNA methylation has in enabling cytokine expression. The methylation of IL-4 

and demethylation of IFN-γ result in CD4+ differentiation to Th1, whereas the methylation of IFN-γ 

and demethylation of IL-4 result in CD4+ differentiation to Th2. This expression of one gene and 

silencing of the other via methylation is the epigenetic component of the CD4+ differentiation pro-

cess [360]. Another gene controlled by methylation is the IL-2 gene, which is demethylated within 

20 min of T cell activation [360]. MT is another gene whose expression levels are known to be 

inversely correlated with the level of promoter methylation. MT production in cells undergoing 

hypermethylation was signifi cantly depressed [358].
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It should be possible to combine the ability to capture and enumerate mammalian leukocytes 

with the ability to subsequently measure cytokines and other soluble macromolecules secreted or 

released from the captured cells [355]. Because the GCSPRI signals are collected in real time, the 

kinetics of leukocyte secretion of these macromolecules upon exposure to polyclonal activators may 

represent a robust biomarker signature of the various effects of metal toxicants. As a consequence 

of making such measurements, it may be possible to identify individuals who have been exposed to 

these toxicants or to identify those most susceptible to immune consequences of exposure, well in 

advance of global changes to the immune system. Moreover, it may be possible to manage those 

changes before they become severe.
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