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PREFACE

For many years, it has been known that mice and rats maintained on a
long-term reduced food intake have an increased life span and remain
healthy and vigorous at their advanced ages. What is the reason for this
change in the usual pattern of aging? The evidence is overwhelming that
the life extension results from a slowing of the aging processes, and the
factor responsible is the decrease in caloric intake. The obvious question:
How does this factor work? A good question—and the reason research
on the anti-aging action of caloric restriction is today one of the most
studied research areas in biological gerontology.

In 1988, Rick Weindruch and Roy Walford co-authored The Retarda-
tion of Aging and Disease by Dietary Restriction, which provided an
excellent encyclopedic coverage of research findings, and played an
important role in attracting talented investigators into the field. Indeed,
in the ensuing years, research activity increased to such an extent that
encyclopedic coverage would not only be a monumental undertaking
but also one that would prove far too tedious to read. Yet, as new
investigators enter the field and gerontologists and geriatricians seek to
keep abreast of developments, what is needed is an update of the field
that also provides its historical underpinnings. The present book aims to
meet these needs.

A general history of the field is presented in the first chapter. In all of
the other chapters, each of the many specific areas of the field is covered,
starting with the earliest findings and focusing on the recent studies that
provide significant new information. Of course, if findings are discordant,
the differences are discussed. I believe this approach has permitted the
coverage of the salient findings in all subject areas with a text that the
reader will find succinct as well as useful and interesting.

It is my hope that this book will be a valuable resource for all those
studying the biology of aging, including senior investigators, postdoctoral
trainees, and predoctoral students, as well as academic geriatricians.

E. J. Masoro
Nantucket, MA, USA
August 18, 2002
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Extending length of life and slowing or even reversing aging have been
a human preoccupation throughout recorded history (Birren, 1996).
Undoubtedly, it was a human desire in preliterate times as well.

Alexander the Great (356-323 B.C.) described encountering a fountain
of life, and Ponce de Leon (1460-1521) purportedly discovered Florida
while seeking the fountain of youth, waters said by local Indian lore
to have the power to rejuvenate. Over the years, a multitude of different
substances have been claimed to prevent aging and extend life. In
addition to such “‘magic bullets,” manipulating lifestyle has been viewed
as a means of slowing aging and increasing longevity. As early as the
14th century, Cornaro, an Italian author whose book Discourses
greatly influenced thought in Western Europe, was way ahead of his time
when he proposed that good hygienic practices would have such an effect.

Indeed, an astounding increase in human life expectancy in the
“developed” nations occurred during the 20th century because of
improved hygiene as well as other environmental and lifestyle factors.
However, it must be pointed out that most, if not all, of this increase
was not due to retarding aging. Rather, advances in nutrition, medicine,
living standards, and public health enabled the population to age by
preventing early death.

RESEARCH PROFILES IN AGING COPYRIGHT © 2002 ELSEVIER SCIENCE LTD
VOLUME 1 ISSN 1567-7184 ALL RIGHTS RESERVED
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The extent to which such changes in environment and lifestyle have
also delayed aging still remains to be defined. Indeed, in mammalian
species, it has been remarkably difficult to clearly establish the validity of
the many claims about manipulations that extend life by retarding aging.

A notable exception is restriction of caloric intake in rodent species.
This experimental intervention, referred to as caloric restriction (CR) or
dietary restriction (DR) or food restriction (FR), markedly and repro-
ducibly extends the life span of rats and mice by slowing the aging
processes. CR is the acronym that will be used in this book.

The anti-aging action of CR has become a major subject of research
in biological gerontology. This is hardly surprising, given the long
history of human interest in life extension and preservation of youth.
However, most probably the major reason is CR’s usefulness as a tool
for the study of aging since it is a manipulation that markedly retards
the aging processes in a number of species.

Historical background of the CR paradigm

Early in the 20th century, Osborne and Mendel (1915) and Osborne
et al. (1917) reported that retarding the growth of rats by nutritional
means resulted in an increase in length of life. Unfortunately, the
longevity component of these studies was flawed by the premature loss of
animals due to disease. Moreover, five years later, Robertson and Ray
(1920) published a paper that showed the rate of growth of mice
positively correlates with length of life.

In the course of their research on retardation of growth in trout due to
a low protein diet, McCay et al. (1929) noticed that the fish with retarded
growth outlived those that grew normally. This observation led McCay
and associates to tackle the issue of lack of agreement in the rodent
literature. In 1930, they started experiments with white rats to determine
the effect of retarded growth on life span. In the design of their first
study, McCay et al. (1935) allowed one group of rats to grow to maturity
at a normal rate and slowed the growth of two other groups by restricting
food intake. The restricted groups did not grow at all and, indeed, began
to fail, whereupon the amount of food was increased just enough to keep
the animals alive. Thus the restricted groups underwent long periods of
no growth interspersed with spurts of growth. One of the two groups
was maintained on the restricted diet regimen for 700 days and the other
for 900 days, after which all were allowed to eat ad libitum. While the
mean length of life of the rats that grew normally was about 600 days,
many of the rats on the growth-retarding dietary regimes lived much
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longer. This first study had involved the reduced intake of all nutrients.
In a second study, McCay et al. (1939) decreased the intake of calories
but not of protein, minerals, or vitamins; the results of the second study
were similar to those of the first study. Since the focus of McCay and
his colleagues was on the influence of growth on longevity, it is not
surprising that they concluded that the increase in length of life was due
to the decrease in rate of growth.

From the 1940s through the 1960s, research on CR focused on the age-
associated diseases of rats and mice. Saxton and Kimball (1941) reported
that CR retarded the progression of chronic nephropathy in rats, a major
age-associated disease in this species. And Saxton et al. (1944) found
that CR inhibited the development of leukemia in mice. Ross (1961) and
Ross and Bras (1965) carried out extensive research on the influence of
CR on longevity and age-associated diseases of rats, with an emphasis
on neoplasia and the possible role of specific nutrients. They concluded
that the reduction in caloric intake increased longevity and retarded
disease. When Berg and Simms (1960) undertook similar studies with rats,
they proposed that reduction in body fat is responsible for the life
extension and inhibition of age-associated diseases seen with CR.

Animal taxa studied

During the past 70 years, rats and mice by far have been the species
most used in CR research. CR has been found to increase longevity of
both genders of many different stocks and strains of mice and rats.
[However, in one study it was reported that CR decreases the longevity
of male C57BL/6J mice (Harrison & Archer, 1987).] In addition to its
marked life-extending effect in rodent species, CR has also been found
to increase the length of life of invertebrates—protozoa, flies, water fleas,
nematodes, rotifers, and spiders (Austad, 1989; Fanestil & Barrows, 1965;
Hekimi et al., 2001; Kirk, 2001; Klass, 1977; Lynch & Ennis, 1983;
Rudzinska, 1951; Sawada and Carlson, 1987; Vanfleteren & Braeckman,
1999; Weindruch & Walford, 1988). It also extends the life span of other
vertebrates, such as hamsters (Stuchlikova et al., 1975) and fish (Comfort,
1963; Weindruch & Walford, 1988). Does CR extend the life of mammals
other than rats, mice, and hamsters? The question remains unanswered
because well-designed research addressing the effect of CR on both mean
and maximum length of life has not yet been published. Indeed, most
mammalian species have such long lives that research on the influence of
CR on their longevity is a long and expensive endeavor. In fact, for some
species, the length of such a study would be longer than the scientific life
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span of an investigator. Thus, few investigators have been willing to
undertake such studies.

However, Kealy et al. (2002) have recently reported that CR increases
the mean length of life of dogs (Labrador Retrievers). Unfortunately, this
study does not have the statistical power to determine the effect on
maximal length of life.

Fortunately, there are ongoing long-term studies on the effects of CR
on nonhuman primates. Rhesus monkeys are being studied in three
laboratories (Ingram et al., 1990; Kemnitz et al., 1993; Hansen & Bodkin,
1993). A similar long-term study is also ongoing on squirrel monkeys
(Ingram et al., 1990). Also, there is a short-term study of cynomolgus
monkeys (Cefalu et al., 1997). Thus far, none of these nonhuman primate
studies has been carried on long enough to yield information on the
effect of CR on longevity of these monkeys (Roth et al., 1999). Hopefully,
one or more of the studies will ultimately generate this information.

Meanwhile, the effects of CR have also been studied in humans, but
such studies have usually been of short duration. About a 20% reduction
of caloric intake for 10 weeks was found to decrease blood pressure
and body fat mass and to increase HDL-cholesterol levels in human
subjects (Velthuis et al., 1994). Biosphere 2 led to an interesting study by
Roy Walford, one of the eight men and women who spent two years in
the Biosphere. During most of the two years, the participants ate a
CR diet dictated by necessity rather than design. Although less than a
well-designed study (it was not designed as a CR study), the findings
show that many physiological and biochemical effects of CR observed
in rats and mice also occurred in these human subjects (Verdery &
Walford, 1998; Walford et al., 1992, 2002).

Study designs

The design of the pioneering research of McCay and associates had
been aimed at determining the effect of growth on longevity, and reducing
caloric intake was merely the tool used to retard the growth of the rats.
For this reason, they employed the complicated procedure described
above, which reduced the caloric intake and thus the growth of a rat as
much as possible without killing the animal. Since then, most research
has focused on the influence of caloric intake on longevity, and several
relatively simple study designs for reducing caloric intake have been
employed in the rodent and the nonhuman primate studies.

Probably the most straightforward design consists of a control group
that is fed ad libitum and one or more CR group(s) fed a reduced amount
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of food. In most studies, the CR groups were fed 30-50% fewer calories
than the control group; however, a recent report indicates that a
reduction of only 10% of caloric intake can significantly increase
longevity in rats (Duffy et al., 2001). Procedures for achieving a 40%
reduction in caloric intake in rats are presented in detail in a paper by Yu
et al. (1985). Weindruch et al. (1986) employed a modified version of this
design in a mouse study; the control group was fed 85 kcal/week (less
than they would eat if fed ad libitum) and the CR group was fed
40 kcal/week. Merry & Holehan (1985) used body weight as a measure of
caloric restriction in rats; the CR group was allotted the amount of food
needed to maintain a body weight of 50% that of the ad libitum group.
Still another method to reduce caloric intake by rats and mice is feeding
every other day (Goodrick et al., 1982); Duffy et al. (1994) modified this
procedure to achieve precisely a 40% reduction in caloric intake by mice.
While many different methods have been used to reduce caloric intake in
rats and mice, all have yielded similar findings. Although in most studies,
CR was initiated early in life (1-3 months of age), starting CR at ages
older than that has also been found to increase longevity (Weindruch,
1996).

Investigators studying CR in nonhuman primates have adopted
modifications of the procedures used in rodent research. Ingram et al.
(1990) started their study of rhesus monkeys with animals in two different
age ranges (a l-year-old group and a group of 3-5-year old). Their
squirrel monkey study also involved two age groups (1-4-year old and
5-10-year old). In both studies, each age group was divided into control
and CR subgroups, and over a period of three months the food intake of
the CR subgroups was gradually reduced by 30%. Kemnitz et al. (1993)
measured the food intake of rhesus monkeys 8—14-year old, and generated
a CR subgroup by gradually reducing the food intake of each monkey in
that subgroup to 70% of its baseline intake. Hansen and Bodkin (1993)
started with rhesus monkeys 11-12-year old and weighing 10-12kg. The
control group was allowed to gain weight as they aged, while the CR group
was maintained at 10-12 kg body weight by restricting food. The latter
design is similar to that of McCay and colleagues, but is less difficult to
execute because the monkeys were mature while McCay and associates
started their rat study with weanlings, a rapidly growing stage of life.

Anti-aging action

CR is commonly said to slow the aging processes, i.e., to slow those
deteriorative changes that result in an increasing vulnerability to
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challenges, thereby decreasing the ability of an organism to survive as
adult chronological age increases. However, the fact that CR increases
the mean length of life of a population does not necessarily mean it
has slowed the aging processes. For example, although human population
longevity increased markedly in the developed nations during the 20th
century, much of that increase related to prevention of premature death
of infants, children, and adults. Whether slowing of the aging processes
has played any role in the increase in human longevity remains an open
question (Robine et al., 1997). However, detailed analyses of mortality
characteristics of mouse and rat populations in CR studies indicate
that the slowing of the aging processes plays an important, if not the
sole, role in CR’s effect on longevity. These analyses are the subject of
Chapter 2.

In addition, CR retards the age-associated deterioration of many
physiological processes, and this is also a strong indication of an anti-
aging action (Weindruch & Walford, 1988). The many effects of CR on
cellular and molecular biology and systemic physiology are presented
in Chapters 3 and 4, respectively.

Finally, CR delays the occurrence and/or slows the progression in
severity of most of the age-associated diseases of rats and mice, including
those unique to specific genotypes (Masoro, 1993). Since age-associated
diseases must be considered an integral aspect of aging, this action also
indicates that CR has an anti-aging action (Masoro, 1999; Semsei, 2000).
The effects of CR on age-associated diseases are presented in Chapter 5.

Dietary factor

As mentioned above, the results of their second rat study led McCay
and associates to conclude that the restriction of calories is the dietary
factor responsible for the life-extending action of decreased food intake.
Further support for this conclusion was provided by a subsequent study
(McCay, 1942). A large group of rats was maintained on a low intake of
a nutritionally adequate basal diet. However, four subgroups received
additional calories: the source for one subgroup was dried liver; for
another subgroup, whole milk; for a third subgroup, dried cooked
starch; and for a fourth subgroup, sucrose. Each of the subgroups
exhibited a similar decrease in length of life as compared to rats
maintained on the low caloric intake of the basal diet throughout life.

The conclusion of McCay and associates was strengthened by more
recent studies in which a range of semisynthetic diets was used, i.e., diets
comprised of purified components, such as casein as the protein source;
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corn oil as the fat source; dextrin (a readily digestible preparation from
starch) as the carbohydrate source; and synthetic mineral mixes
and vitamin mixes (Masoro, 1990). Such diets permit easy manipulation
of individual dietary components. Indeed, CR studies have been con-
ducted, in which, one single component of the semisynthetic diet was not
restricted as follows: protein (Masoro et al., 1989); fat (Iwasaki et al.,
1988a); mineral mix (Iwasaki et al., 1988a); and vitamin mix (Yu et al.,
1982). In ecach of these studies, the life-extending effect of CR was
the same whatever particular dietary component was not restricted; i.e.,
the determining factor was the extent to which total caloric intake was
reduced, rather than the composition of the diet.

It has been suggested that the life-prolonging action of CR might be due
to a decreased intake of adventitious toxic dietary contaminants rather
than a decreased intake of calories. This is not a likely possibility. The
studies with semisynthetic diets, in which individual dietary components
were manipulated as well as the fact that many different food sources have
been used by investigators strongly preclude a reduction in toxic
contaminants as a factor involved in the life extension (Masoro, 1988).

The many studies discussed above lead to the conclusion that reducing
caloric intake is by far the major, if not the sole, dietary factor responsible
for CR’s anti-aging and life-prolonging actions. The role of other dietary
factors is minor at most. Nevertheless, manipulating ad libitum diets, such
as altering the level or source of protein and the level or source of
carbohydrate, can have a small but significant effect on rat longevity
(Iwasaki et al., 1988b; Murtagh-Mark et al., 1995; Yu et al., 1985).
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The mortality characteristics of populations have been, and most probably
will continue to be, widely used in the study of aging. Data, relating to
calendar age and mortality of a population or a cohort, are collected in
what are termed life tables. There are two kinds of such tables: period life
tables comprised of data on an entire population at a point in time, and
cohort life tables which provide data on the entire existence of a cohort. It
is the cohort life tables that are utilized in the analyses of CR studies. In
these tables, age intervals covering the existence of the cohort are chosen
by the compiler of the table; in rat and mouse studies, monthly age
intervals are usually chosen, for example, 0—1 month of age, 1-2 months
of age, and so on until the last member of the cohort is dead. For each
age interval, the following information relative to mortality is determined:
the number of animals or people in the cohort alive at the beginning of
the interval; the number that died during the interval; and the age-specific
death rate (i.e., the percentage of the cohort alive at the start of an age
interval that dies during that interval). Ross (1961) reported that in the
age range of 6-24 months, the age-specific death rate for rats on a CR
regimen was significantly lower than that of ad libitum-fed control rats.
Entire life tables are rarely reported in gerontological publications
because they contain such a mass of data that they would be difficult to
readily comprehend, as well as expensive to print. Rather, selected data

11
RESEARCH PROFILES IN AGING COPYRIGHT © 2002 ELSEVIER SCIENCE LTD
VOLUME 1 ISSN 1567-7184 ALL RIGHTS RESERVED



12 Caloric Restriction: A Key to Understanding and Modulating Aging

are used, along with easily comprehended graphic illustrations based on
the life tables.

Survival curves and related data

Survival curves are frequently used to create graphic presentations of
life table mortality data. Figure 2-1 is an example of survival curves
obtained in the analysis of data from a CR study on male F344 rats,
which was carried out in our laboratory (Yu et al., 1985). The y axis
denotes the percentage of the rat cohort that is alive, and the x axis
denotes the age (in months) of the rats. Groups A (115 rats) and R
(115 rats) are from a cohort of 230 male F344 rats studied from 1975 to
1979. The rats in both groups were fed ad libitum until 6 weeks of age;
then the rats in Group R were restricted to 40% fewer calories than the
mean intake of Group A. Groups 1 (40 rats) and 2 (40 rats) are a cohort
of 80 rats studied from 1980 to 1984; these groups were maintained on the

Percent Surviving

O 4 8 12 16 20 24 28 32 36 40 44 48
Age (months)

Figure 2-1. Survival curves for male F344 rats fed ad libitum or restricted to 40% of
the ad libitum intake. In the first study, survival curves were generated from 115 ad
libitum fed rats (Group A) and 115 restricted rats (Group R). In the second study,
conducted 4 years later, the survival curves were generated from 40 ad libitum-fed
rats (Group 1) and 40 restricted rats (Group 2). The survival curves of Groups A
and R differed significantly, as did those of Groups 1 and 2 (P> 0.01). The survival
curves of Groups A and 1 did not differ significantly nor did those of Groups R
and 2. (From J. Gerontol. 40: 657-670, 1985; Copyright © The Gerontological
Society of America. Reproduced by permission of the publisher.)
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same protocol as rats in Group A and Group R, respectively. A cursory
glance shows that the curves derived from Groups R and 2 are markedly
to the right of those from Groups A and 1. CR affects the survival curve
of female F344 rats in a similar way (Thurman et al., 1994).

Clearly, these studies show that CR increases both the median length
of life and the maximum length of life (the age at death of the longest-
lived animal) of the population. However, an increase in median length of
life does not necessarily mean that aging processes have been slowed;
prevention of premature death would increase the median length of life
even if the aging processes were not affected. In fact, the shapes of the
curves in Figure 2-1 indicate that prevention of premature death is not a
likely factor in the effect of CR on the survival curves. It is important to
note that an increase in the maximum length of life of a population has
long been viewed as strong evidence of a decrease in the rate of aging.
But, it is obviously risky to draw any conclusion about the rate of aging
with information from a single animal (the last animal to die). Indeed,
the reliability of data on the maximum length of life of populations has
been questioned on several grounds (Gavrilov & Gavrilova, 1990). There
are two measurements that are considered more reliable indicators of the
rate of aging, because they are not based on the death of a single animal.
One is the 10th percentile survival time (Yu et al., 1985), and the other is
average age at death of the longest-lived 10% of the cohort of animals;
the latter is a measure that Lewis et al. (1999) have termed the maximal
survival (a variation of the dictionary definition of maximal). As is evident
from Figure 2-1, CR markedly increases both the 10th percentile survival
time and the maximal survival. The other striking aspect of Figure 2-1 is
the similarity of survival curves A and 1 and of survival curves R and 2.
That curves 1 and 2 are not as smoothly shaped as those of A and R relates
to the fact that 115 rats were used for each dietary group in the 1975-79
study and only 40 in the 1980-1984 investigation. Overall, Figure 2-1
shows that CR’s effect on longevity is both robust and reproducible.

Similar findings have been noted in studies on both genders of many
different strains of rats and mice. Bertrand et al. (1999) have tabulated
such information from studies of six rat strains (F344, BN, BN x F344 F1,
Wistar, Lobund-Wistar, and Sprague-Dawley) and nine mouse strains
(C57BL/6, Balb/c, MRIl/lpr, DBA/2f, BI0C3F1, C3BI10RF1, B6C3Fl,
NZB x NZW, and Emory).

Results of a study conducted at the National Center for Toxicological
Research (NCTR) in Jefferson, AR, are particularly informative since CR
was studied simultaneously in the same laboratory on both genders of
three rat strains (F344, BN, and F344 x BN F1) and four mouse strains
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Table 2-1
Summary of effects of CR on longevity of rat strains in NCTR study

Percent increase due to CR in

Rat strain Gender Median survival Maximal survival

F344 Male 20 28
Female 17 13

BN Male 16 20
Female 26 20

F344 x BNF1 Male 20 22
Female 36 35

Note: This table was generated from data in the report of Lewis et al. (1999).

(C57B1/6, B6C3F1, DBA, and B6D2F1) under as nearly identical
environmental conditions as possible. Accounts of the survival character-
istics of the animals in this study have been published (Lewis et al., 1999;
Turturro et al., 1999). The restriction of calories was started gradually at
14 weeks of age, reaching 40% of the intake of the control (ad libitum
fed) animals by 16 weeks of age; and the 40% level of restriction was
maintained for the remainder of life of the rats and mice. The effects of
CR on the longevity of the rat strains are summarized in Table 2-1, and
the mouse strains in Table 2-2. CR increased longevity in both genders of
all rat and mouse strains in the NCTR study, though the magnitude of
increase varied with strain and gender.

Figure 2-2 is a graph published by Feuers et al. (1993) in which the
severity of caloric restriction is related to average and maximum life span
of a population of female C3B10RF1 mice. The data used to generate
this graph were from a study by Weindruch et al. (1986), in which,
groups of these mice were fed 125 or 85 or 50 or 40 kcal/week. Over this
range of caloric intake, it is clear that the lower the intake, the longer the
life span. Of course, there would be a lower limit at which caloric intake
would be less than needed to sustain life, but it is clear that it can be
markedly reduced before that limit is reached.

Holloszy (1997) studied the interaction of exercise and CR on the
survival characteristics of male Long-Evans rats. It was found that such
interaction had neither additive nor synergistic effects on survival.

Gompertzian analyses

In the 19th century, Benjamin Gompertz pointed out that the age-
specific mortality of adult human populations is an exponentially
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Table 2-2

Summary of effects of CR on longevity of mouse strains in NCTR study

15

Percent increase due to CR in

Mouse strain Gender Median survival Maximal survival
B6C3F1 Male 36 21
Female 36 29
C57BL/6 Male 15 19
Female 25 18
DBA/2 Male 18 12
Female 53 12
B6D2F1 Male 36 18
Female 33 28

Note: This table was generated from data in the report of Lewis et al. (1999).
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Figure 2-2. The relation between caloric intake and length of life of female
C3B10RFI1 mice. CR started at 3 weeks of age. Maximum life span is defined as the
mean length of life of the longest lived decile at each level of caloric intake; i.e., it is
what Lewis et al. (1999) term the maximal survival. (From Feuers et al., 1993.)

increasing function of calendar age. While this relationship has been
found to be valid for many species through much of the adult life span,
it ceases to be true, at least in some species—including humans—at
advanced ages (Wilmouth & Horiuchi, 1999). The rate of the exponential
increase in age-specific mortality has been widely used as an index of the
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rate of population aging (Finch, 1990). The amount of time elapsed
before the age-specific mortality rate doubles, called the Mortality Rate
Doubling Time (MRDT), relates inversely to the rate of increase in the
age-specific death rate. Thus, the MRDT provides an easily determined
inverse index of the rate of population aging.

Holehan and Merry (1986) used data from studies in their laboratory
(Merry & Holehan, 1985) and our laboratory (Yu et al., 1982) to
calculate the effects of CR on the MRDT. In their study, the control rats
were fed ad libitum and the rats on CR were fed the amount of food
needed to maintain a body weight 50% that of the control rats; the
MRDT of the control rats was 102 days and that of the CR rats was 203
days. In our study, the rats on CR were given 40% fewer calories than
the control rats; the MRDT of the control rats was 104 days and that of
the CR rats was 189 days. Obviously, the effect of CR on the MRDT
was remarkably similar in these studies, though they differed markedly in
the method of achieving CR. Pletcher et al. (2000) developed a method of
assessing Gompertzian and related analyses of CR’s effect on mortality
rate at all ages, as well as its effect on the increase in mortality with
advancing age; they used the method to analyze our data on male F344
rats, and concluded that CR markedly slows the rate of population aging
in the male gender of this rat strain. This method of Pletcher and
associates should prove invaluable in analyzing the extensive database on
both genders of a spectrum of mouse and rat strains already in the
literature as well as findings generated by future studies.

Age of initiation and duration of CR

Because McCay and colleagues emphasized the role of growth retarda-
tion in life extension, most CR studies have been initiated in young rats
and mice. However, it has become clear that CR need not begin with
young growing rodents to markedly affect longevity.

In our laboratory (Yu et al., 1985), we randomly assigned members of
a cohort of male F344 rats to the following dietary regimens: Group 1,
fed ad libitum throughout life; Group 2, fed ad libitum until 6 weeks of
age and on the CR regime for the rest of life; Group 3, fed ad libitum
until 6 weeks of age, the CR regime from 6 to 26 weeks of age, and then
again ad libitum for the rest of life; Group 4, fed ad libitum until 6 months
of age and the CR regime for the rest of life. In Groups 2, 3, and 4, CR
involved a 40% reduction in intake of calories below that of the ad libitum
fed rats. The longevity findings are summarized in Table 2-3. Each of the
CR dietary regimens increased both median and 10th percentile survival.
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Table 2-3
Effects of age of initiation and duration of CR on longevity of rats
Median survival, 10th percentile
Group Time on CR days survival, days
1 None 701 822
2 from 6 weeks of age 1057 1226
3 6 weeks to 26 weeks of age 808 918
4 from 6 months of age 941 1177

Note: This table was generated from data in the report of Yu et al. (1985).

It is striking that as little as 3’2 months of restriction (Group 3) increased
both median survival and 10th percentile survival by about 100 days. It is
even more striking that CR started at 6 months of age was almost
as effective as CR started at 6 weeks of age in increasing 10th percentile
survival. At 6 weeks of age, male F344 rats are growing rapidly, but that
is not the case at 6 months of age when almost full skeletal length
has been reached. This study clearly demonstrates that retardation of
growth and development does not play a major role in the life-extending
action of CR.

Indeed, Weindruch and Walford (1982) showed that CR can be
initiated in mice at middle age and still achieve a significant life-extending
action. They gradually established CR (about 30% below the caloric
intake of control mice) in 12-month-old mice of the BIOC3F1 and
C57BL/6 strains; CR increased the maximal life span of these mice by
10-20%. However, with regard to the rat, studies have shown that CR
does not increase longevity when initiated at advanced ages. CR begun at
18 months of age in Long-Evans rats did not affect life span (Lipman
et al., 1995) nor did it when initiated at 18 or 26 months of age in
F344 x BNF1 rats (Lipman et al., 1998). Moreover, it is interesting to
note that there was a decrease in length of life when CR was started in
Sprague-Dawley rats at 300 days of age or older (Ross, 1978).

Temporal pattern of food intake

Although ad libitum-fed rodents eat primarily during the dark period
of the light—dark cycle, they continue to eat during the light period,
albeit at a lower rate; i.c., they are nibblers rather than meal eaters. How-
ever, the two CR procedures (a single daily meal and every-other-day
feeding) involve a meal-eating pattern followed by many hours of fasting.
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Table 2-4
Effects of eating pattern on longevity effects of CR

Median survival, 10th percentile
Dietary regimen days survival, days
Ad Libitum Fed 768 (744-790) 868 (849-982)
CR (1 meal/day) 1035 (966-1075) 1195 (1117-1244)
CR (2 meals/day) 989 (918-1044) 1167 (1136-1266)

Note: Survival data in parentheses are 95% confidence intervals; this table was generated
from data in the report of Masoro et al. (1995).

The question thus arose as to whether the life-extending effect of CR
was due to reduced caloric intake or periods of fasting. Masoro et al.
(1995) addressed this question by comparing the effects of CR when
food was given to one group in a single daily meal at 15:00 h and to
another group in two daily meals (07:00 h and 15:00 h). Both regimens
increased median survival and 10th percentile survival to the same extent
(Table 2-4). Therefore, it was concluded that reduction of energy intake
rather than temporal pattern of food intake is responsible for the life-
extending action of CR.
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Any intervention that slows the aging processes probably does so by
affecting fundamental molecular and cellular functions. CR influences
many cellular processes, causing some functions to change almost
immediately and slowing age-associated changes in others. One or more
of these cellular and/or molecular effects is (are) likely to play key roles
in CR’s anti-aging and life-extending actions.

Stability of the nuclear genome

It has long been theorized that nuclear genomic instability is the basis
of senescence (Failla, 1958; Szilard, 1959). Indeed, genomic DNA damage
and mutations are known to increase with age (Bohr & Anson, 1995). CR
has been associated with the attenuation of certain types of age-associated
DNA damage (Haley-Zitlin & Richardson, 1993). It protects against
DNA oxidative damage in rats and mice (Chung et al., 1992; Djuric et al.,
1992; Kaneko et al., 1997; Sohal et al., 1994a). Figure 3-1 illustrates the
marked ability of CR to attenuate the age-associated increase in
oxidatively damaged DNA in the tissues of male C57BL/6 mice
(Sohal et al.,, 1994a). Based on the hypoxanthine phosphoribosyl

21
RESEARCH PROFILES IN AGING COPYRIGHT © 2002 ELSEVIER SCIENCE LTD
VOLUME 1 ISSN 1567-7184 ALL RIGHTS RESERVED



22 Caloric Restriction: A Key to Understanding and Modulating Aging

40
[J Increase with age
Decrease with D.R.

(fmol/ug DNA)
[
[—]

Net change in 8-OHdG content

(el L

Brain Heart Sk.muscle Kidney Liver

Figure 3-1. Effect of age on §-OHdG content of the DNA in the tissues of male
C57BL/6 mice and CR’s ability to decrease its content. The open bars denote the
difference in content between 8 and 27 month old mice. The hatched bars denote
the decreased content in the tissues of 15-month-old mice that have been on long-
term CR compared to mice of the same age on an ad libitum diet. The authors refer
to CR as D.R. (From Sohal et al., 1994a.)

Table 3-1
Geometric mean of mutation frequencies in lymphocytes of ad libitum (AL)-fed and CR mice

Mutation frequency x 10°¢

Diet group Age, 6 months Age, 12 months
AL 10.1 (8.0-12.7) 35.6 (28.5-44.5)
CR 8.1 (5.6-11.7) 8.0 (5.3-12.2)

Note: Numbers in parentheses are 95% confidence limits. (From Dempsey et al., 1993.)

transferase (/prt) gene locus test, CR has also been found to slow the
age-associated increase in genomic mutations in lymphocytes of mice
and rats (Aidoo et al., 1999; Casciano et al., 1996; Dempsey et al., 1993).
Table 3-1 summarizes the findings of Dempsey et al. (1993) on mutation
frequencies in the lymphocytes of 6- and 12-month-old female BALB/c
mice fed ad libitum or on a CR regimen.

The age-associated increase in mutations and DNA damage could be
the result, in part or in whole, of a decreased ability to repair DNA.
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Weraachakul et al. (1989) used unscheduled DNA synthesis (UDS) in
cells exposed to ultraviolet light as a measure of DNA repair ability; and
they found that hepatocytes and kidney cells isolated from male F344
rats exhibited a slowing of repair as the age of the rat increased. At
all the ages studied, cells from rats on CR had a higher rate of UDS
than ad libitum-fed rats of the same age. Using UDS and various rat
and mouse cell types, other investigators have also concluded that
CR enhances DNA repair (Licastro et al.,, 1988; Lipman et al., 1989;
Srivastava & Busbee, 1992; Tilley et al., 1992). Also, undernutrition has
been found to increase DNA repair in human peripheral lymphocytes
(Rao et al., 1996).

Unfortunately, UDS is such a crude assay that it neither directly nor
selectively measures repair of a specific type of DNA damage. It does,
however, provide a measure of overall genome repair. In mammalian cells,
the removal of ultraviolet light-induced DNA damage involves the
nucleotide excision repair pathway, which preferentially repairs transcrip-
tionally active genes; the transcribed strand is more rapidly repaired than
the nontranscribed strand. The rapid repair of transcribed strands is called
strand-specific repair, or transcription-coupled repair, or preferential
repair, while the repair of nontranscribed DNA is referred to as global
repair or bulk repair (Friedberg, 1996). Guo et al. (1998a) studied the
effect of age and CR on nucleotide excision repair, comparing the
transcribed albumin gene of isolated hepatocytes and nontranscribed
DNA of these cells. The rate of repair of the transcribed strand of albumin
DNA was 40% less in hepatocytes from 24-month-old rats than 6-month-
old rats, and CR prevented this age-associated decrease. While there
was also a decrease with age in global repair, CR did not prevent this
decrease. Guo et al. (1998b) studied the repair of the phosphoenolpyruvate
carboxykinase (PEPCK) gene in hepatocytes of young and old rats. When
the PEPCK gene was not being transcribed, the slow rate of repair was not
affected by age. The addition of cAMP rapidly induced PEPCK transcrip-
tion, markedly increasing the rate of repair of the transcribed strand in
hepatocytes from young ad libitum-fed rats, though not those from old
rats. However, lifelong CR resulted in a similar increase in the repair of
the transcribed strand in hepatocytes from both old and young rats.

Gene expression

Changes in gene expression have also long been viewed as a factor
underlying senescence (Vijg, 1996). Most of the studies have used the level
of the mRNA transcript of a gene as an index of the expression of that
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gene (Van Remmen et al., 1995). Although this index provides valuable
information, it is the protein encoded by the DNA of a gene that is
usually the final product of gene expression, and the mRNA level does
not always correlate with the rate of generation of that protein. Nor, for
that matter, does the level of the mRNA transcript always correlate with
the rate of transcription of the gene. It is important to keep these caveats
in mind when evaluating the meaning of mRNA levels.

With increasing age, the mRNA transcript level increases for some
genes, decreases for others, and does not change for many; the findings
of many studies on the effect of age on mRNA transcript levels are
summarized in Tables 9.3 through 9.6 in a review article by Van Remmen
et al. (1995). CR in rats and mice has been found to blunt the age change
in the level of many mRNA transcripts, affecting both those that
increase and those that decrease with increasing age. However, it is
difficult to draw general conclusions about the effects of CR from these
data for the following reasons: The mRNA levels have been measured
for only a few genes; mixtures of cell types rather than single cell types
have been studied; and few detailed life-span studies have been done.

However, rapidly developing technology for the study of cellular
and molecular biology should soon rectify this situation. The advent of
high-density array analyses of the level of mRNA transcripts is already
addressing the first issue (Ramsay, 1998). Twofold changes in the levels
of mRNA transcripts can be detected for hundreds, even thousands, of
genes screened simultaneously.

Weindruch and his colleagues at the University of Wisconsin were
the first to use this technique to study the effects of aging and CR. These
investigators analyzed the levels of mRNA transcripts of 6347 genes in
the gastrocnemius muscles of 5- and 30-month-old mice. Of the genes
screened, 58 showed more than a twofold increase in mRNA levels and 55
more than a twofold decrease in mRNA levels in the muscles of 30-
month-old mice compared to 5-month-old mice (Lee et al., 1999). Most
of the age-associated changes in the levels of mRNA transcripts were
partially or completely prevented by CR. Of the transcripts that decreased
with age, 13% coded for proteins involved in energy metabolism; and of
those that increased with age, 16% coded for proteins involved in stress
responses. However, like most pioneering research, this study has some
deficiencies. There was no statistical analysis to determine if the changes
were significant. Furthermore, no attempt was made to validate the array
analyses by an independent method, such as Northern or Reverse
Transcription Polymerase Chain Reaction (RT-PCR) analyses. This array
technology was also used to study the effect of CR on gene expression in
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the vastus lateralis muscle of 20-year-old rhesus monkeys (Kayo et al.,
2001); CR resulted in an upregulation of cytoskeletal protein encoding
genes and a decrease in the expression of genes involved in mitochondrial
bioenergetics. Based on these muscle studies, Weindruch et al. (2001)
suggest that transcriptional patterns in muscle indicate that CR retards
the aging processes by causing a metabolic shift toward increased protein
turnover and decreased macromolecular damage. It is difficult to find the
basis for this suggestion in the two muscle studies that have been
published. Rather, it seems clear that further developments in informatics
are required for reliable interpretation of these complex data sets.

Lee et al. (2000) extended this line of research to the effects of age
and CR on the gene-expression profile of the neocortex and cerebellum
of 5- and 30-month-old mice. Of the 6347 genes assessed, the expression
of 63 genes was interpreted as increasing with age by at least 1.7-fold.
In the neocortex, 20% of these genes were classified as inflammatory
response genes, and 24% as stress response genes. In the cerebellum,
27% were classified as inflammatory response genes and 13% as stress
response genes. Aging appeared to decrease the expression of 47 genes
in the neocortex and 63 genes in the cerebellum; many of these genes
coded for transcription factors or trophic functions. CR partially or
completely prevented many of the perceived age changes in gene
expression and appeared to selectively attenuate age changes in genes
encoding inflammatory and stress responses. Some of these findings
were confirmed by RT-PCR, but details of this aspect of the study were
not included in the published communication of Lee et al.

Weindruch et al. (2002) reviewed their findings on gene expression
profiling of the skeletal muscle and the central nervous system to
determine if there were general trends. They concluded that aging
influences the expression of genes in four major physiologic classes: stress
response, biosynthesis, protein metabolism, and energy metabolism. CR
appeared to completely or partially suppress the age changes in the
expression of 84% of them.

Other investigators have used high-density array gene expression
technology to study the effects of aging and CR on the gene expression
profile of liver. Han et al. (2000) assessed 588 genes from the livers of
3- and 24-month-old ad libitum-fed and CR mice. They independently
verified the array findings by RT-PCR, and then carried out a statistical
analysis. The levels of only six of the mRNA transcripts differed in the 3-
and 24-month-old mice, and CR attenuated just one of these differences.
Moreover, CR affected only four of the 582 transcripts that did not
exhibit a change with age. Using the array technology for the study of
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gene expression in the liver of mice, Cao et al. (2001) reported age-related
increases in the expression of genes associated with inflammation, cellular
stress, and fibrosis and decreases in the expression of genes associated
with apoptosis, xenobiotic metabolism, cell cycling, and DNA replication;
long-term CR as well as short-term CR (duration of 4 weeks) reversed
most of these age changes in hepatic gene expression. Teillet et al. (2002)
used the array technology to study the liver of rats and found that CR
does not wuniquely influence genes with age-associated changes
in expression, but rather produces a new profile of gene expression that
includes genes related to lipid metabolism as well as those in the energetic
pathways.

It is apparent that high-density array technology is in its infancy in
regard to the study of the influence of aging and CR on gene expression.
To date, only a small fraction of the genes in tissues of mixed cell types
has been evaluated. However, this technology holds great promise,
particularly if it becomes possible in the future to assess the expression of
all genes of specific cell types. Also needed are improvements (1) in the
technology that would permit the reliable assessment of much smaller
differences than twofold, and (2) in informatics for interpretation of the
findings.

A few CR studies have measured both the mRNA transcripts and the
protein products. CR increases the mRNA transcript level and the rate
of synthesis of «,,~globulin in rat liver (Richardson et al., 1987). It also
increases the levels of the mRNA transcripts for superoxide dismutase,
catalase, and glutathione peroxidase, and their enzymatic activities in rat
liver (Rao et al.,, 1990). CR causes a decrease in senescence marker
protein and its mRNA level in rat liver (Chatterjee et al., 1989). In rat
thyroid, it decreases calcitonin-gene-related-peptide and its mRNA level
(Salih et al., 1993). Although aging does not alter the hepatic expression
of glucose-regulated protein 78 (GRP78) in mice, CR decreases its
expression (Spindler et al., 1990). It acts by destabilizing GRP78-mRNA,
thereby decreasing its level in liver cells (Tillman et al., 1996). CR also
decreases the expression of glucose-regulated protein 94 (GRP94) and its
mRNA in mouse liver (Spindler et al., 1990).

Research on the influence of age and CR on the induction of heat-
shock protein 70 (hsp70) in cells has yielded particularly penetrating
insights. This protein, which is induced in cells by heat as well as other
cellular stressors, protects cells from the damaging actions of stressors.
With increasing age, there is a decrease in the ability of heat stress to
promote the induction of hsp protein and its mRNA in rat hepatocytes.
Heydari et al. (1993) found that CR increases the induction of hsp
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Table 3-2
Induction of HSP 70 in hepatocytes from male F344 rats

Protein synthesis mRNA level
Age of donor
(months) AL CR AL CR
4-6 2.15(0.38) 3.05 (0.27) 37.6 (3.8) 47.6 (5.5)
26-28 1.17 (0.33) 2.38 (0.32) 22.7 (4.1) 353 (2.2)

Note: Numbers in parentheses are Standard Errors. (From Heydari et al., 1993.)

protein and the level of its mRNA in hepatocytes of young and old rats
(Table 3-2). These effects are due to an age-associated decrease in the
induction of the transcription of the Asp 70 gene in rat hepatocytes;
CR increases the induction of Asp 70 transcription in hepatocytes of rats
of all ages (Heydari et al., 1995). A decreased ability of the transcription
factor HSF1 to bind to its DNA binding site in rat hepatocytes
appears to cause the age-associated attenuation of the induction of /Asp
transcription (Heydari et al., 2000). It is likely that CR enhances the
transcription of the Asp 70 gene by altering the molecular structure of the
hepatic HSF1 protein. The induction of hsp 70 by heat stress decreases
with increasing age in rat alveolar macrophages adhered to plastic; CR
enhances induction in these macrophages from both young and old rats
(Moore et al., 1998). While the heat-stress induction of proteins hsp 27,
70, and 90 in rat hypothalamus is attenuated with increasing age, CR
blunts the extent of this attenuation (Aly et al., 1994). However, CR does
not affect the induction of hsp 70 protein in rat spleen lymphocytes
(Pahlavani et al., 1996).

Pahlavani et al. (1997) reported that in response to concanavalin A,
there is an age-associated decrease in the induction of interleukin-2 (IL-2)
activity and its mRNA levels in rat splenic T-cells; this also relates to
the decreased DNA binding of a transcription factor, namely the
nuclear factor of activated T-cells (NFAT). CR attenuates the age-
associated decrease in the induction of IL-2 activity and increases
the binding of NFAT to DNA. CR also blunts the age-associated
decrease in the induction of c-fos, a component of the NFAT-protein
complex.

The induction of the enzyme PEPCK in liver in response to fasting
helps animals to cope with this challenge because of the enzyme’s role in
gluconeogenesis. Van Remmen and Ward (1998) found that the induction
of this enzyme in response to fasting is lost in rats with advancing age
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Figure 3-2. Effect of age and long-term CR on the ability of fasting to induce
hepatic PEPCK activity in male 6- and 24-month-old F344 rats. The rats were
fasted for 30 h and then refed for 24 h. Control refers to the activity at the end of
the 24-h refeeding and 6 h and 12 h refer to the length of the fast following the
refeeding. In the graph, CR is denoted by the word restricted. (From Van Remmen
and Ward, 1998.)

and that CR prevents this age-associated loss (Figure 3-2). Indeed, CR
influences hepatic gene expression so as to increase the enzymatic capacity
for gluconeogenesis and the disposal of by-products of protein catabo-
lism, as well as decreasing the enzymatic capacity for glycolysis (Dhahbi
et al., 1999).

Studies on the effects of CR on gene expression are just beginning, but
the limited information currently available indicates that such studies are
likely to offer insight into the mechanisms underlying CR’s anti-aging
action. Gene expression appears to be influenced by CR so as to enable
the organism to more effectively meet challenges ranging from fasting
to oxidative stress; and it is the long-term effects of repeated occurrence
of such challenges that may play a major role in the aging of organisms.

Mitochondrial function

Mitochondria play the central role in cellular energetics, and they are
also involved in cell death (both apoptosis and necrosis) as well as cellular
signaling pathways. Each mitochondrion has its own genome that codes
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for key mitochondrial proteins. Many believe that alterations in mito-
chondria and their genomes are intimately involved in organismic aging
(Beckman & Ames, 1998).

Weindruch et al. (1980) reported that CR increases the respiratory
control index in isolated mouse mitochondria, which led them to suggest
that CR increases the efficiency of mitochondrial electron transport and
oxidative phosphorylation. Sohal et al. (1994b) carried out extensive
studies on isolated mitochondria from brain, heart, and kidney of 9-, 17-
and 23-month-old mice. CR prevents the age-associated increase in state
4 (resting) respiration that occurs in mitochondria from ad [libitum-fed
mice. This in vitro study indicates that the rate of mitochondrial
generation of superoxide (Figure 3-3) and hydrogen peroxide (Figure 3-4)
increases with age and that CR lowers the rate of their generation.
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Figure 3-3. Rates of superoxide generation by submitochondrial particles from
mitochondria of 9-, 17-, and 23-month-old male C57BL/6 mice fed ad libitum
(AL) or maintained on a long-term CR diet (the authors designate CR as DR).
(From Sohal et al., 1994b.)
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Figure 3-4. Rates of hydrogen peroxide release by mitochondria studied in vitro
from 9-, 17-, and 23-month-old male C57BL/6 mice fed ad libitum (AL) or
maintained on a long-term CR diet (the authors designate CR as DR). (From
Sohal et al., 1994b.)
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Desai et al. (1996) found that CR opposes all age-associated changes
in the mitochondrial electron transport chain (ETC) in mouse gastroc-
nemius muscle. Feuers (1998) has systematically studied the influence
of CR and age on the components of the mitochondrial ETC in mouse
gastrocnemius muscle. He found that with aging, there is a decrease in
the amount of complexes I and III of the ETC chain and an increase
in the K, of complex III; in addition, the high-affinity binding sites
of complex IV are lost. He suggests that these alterations underlie the
age-associated increase in mitochondrial generation of reactive oxygen
molecules, and that by attenuating these alterations in the ETC,
CR decreases the formation of reactive oxygen molecules. Interestingly,
Olgun et al. (2002) suggest that a decrease in the complex III/IV ratio
contributes to CR’s beneficial actions. Strikingly, CR blunts the age-
associated increase of proton leak-dependent oxygen consumption in rat
skeletal muscle mitochondria (Lal et al., 2001).

The investigations just discussed have yielded intriguing findings.
However, our knowledge of the influence of CR and aging on the
functioning of mitochondria in cellular energetics is still rudimentary.
In the research to date, isolated mitochondria have been studied under
in vitro conditions in which the levels of oxygen, substrates, and a host of
other factors are very different from the levels in the cells of a living
organism. Moreover, even in the in vitro setting, key information, such
as the direct assessment of the effect of CR on oxidative phosphorylation,
is lacking.

However, there is some evidence indicating that CR influences
mitochondria in the intact organism in a beneficial way. CR reduces the
level of mitochondrial lipid and DNA damage in the liver of old rats
(Chung et al., 1992) as well as mitochondrial protein and DNA
damage in the skeletal muscle of old mice (Lass et al., 1998). Also, CR
attenuates the age-associated increase in mitochondrial DNA deletions
in rat skeletal muscle and liver, but not in brain (Aspnes et al., 1997,
Kang et al., 1998).

The findings of Kristal and Yu (1998) on the effect of CR on
“permeability transition” (PT) in isolated rat mitochondria are particu-
larly noteworthy, both in terms of magnitude and potential importance
in regard to aging. CR markedly slows the induction of PT in response
to 25 uM calcium or calcium plus t-butyl hydroperoxide in isolated
mitochondria from 24-month-old rats.

Mitochondrial function is closely related to the “Oxidative Stress
Theory of Aging” (Sohal & Dubey, 1994). This theory will be discussed
in Chapter 6.
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Membrane structure and function

Cellular membranes undergo changes with increasing age (Naeim &
Walford, 1985), and it has been hypothesized that such changes play a
major role in age associated cellular deterioration (Zs-Nagy, 1979).
Indeed, many of the age changes in mitochondria just discussed may well
be due to age-associated alterations in the membranes of these organelles.
Pieri et al. (1990) proposed that the anti-aging action of CR may be due
to the protection of the physiological properties of cellular membranes.
Indeed, CR has been found to retard many of the age-associated changes
in cellular membranes (Yu, 1995).

With increasing age, rat membranes exhibit a change in the composi-
tion of their lipid components, with polyunsaturated long-chain fatty
acids, such as 20:4, 22:5, and 22:6, replacing 18:2 and 18:3; CR has
been shown to attenuate this age change (Laganiere & Yu, 1987, 1989,
1993; Merry, 2000; Venkatraman & Fernandes, 1992). Thus CR reduces
the susceptibility of membrane lipids to peroxidation, and at the same
time maintains membrane fluidity (Pieri, 1997; Yu et al.,, 1992); the
findings of Yu et al. (1992) on mitochondrial membrane fluidity are
summarized in Figure 3-5. CR has been found to lessen the age-associated
decrease in fluidity of mitochondrial membranes in rat liver (Choe et al.,
1995), brain (Choi & Yu, 1995), and heart (Lee et al., 1999). In addition
to affecting mitochondrial function, the age-associated decrease in
membrane fluidity is likely to influence many other cellular functions,
such as the cellular signal transduction systems utilizing plasma
membrane receptors. Cavallini et al. (2002) found that CR prevents the
age-associated increase in the level of dolichol in the liver of male
Sprague—Dawley rats; since dolichol is a lipid that resides in cellular
membranes, they suggest that this action of CR has a beneficial effect on
the functioning of these membranes. It is clear that further study of CR’s
effect on cellular membranes, in relation to specific cellular functions,
rates a high priority.

Protein structure, function, and turnover

The primary players in an organism’s living processes are its many
thousands of protein species. The functioning of protein species depends
on their three-dimensional structure; and the structures of many, but not
all, are modified posttranslationally with increasing age (Gafni, 2001).
Modifications are either covalent (oxidation, glycation, glycoxidation,
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Figure 3-5. The influence of age and CR on mitochondrial membrane fluidity in
male F344 rats measured by two methods: (A) 1/polarization and (B) 1/anisotropy.
The authors designate long-term CR as food restricted. (From Yu et al., 1992.)

deamidation) or noncovalent (conformation, aggregation); and altered
functional characteristics often result from such modifications. It is not
known whether these changes in protein structure are the cause or the
result of aging.
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Figure 3-6. Protein carbonyl content of the homogenates of cerebellum (CER),
cortex (CTX) and hippocampus (HIP) of male (A) and female (B) BN rats at 3
months and 30 months of age. DR denotes 30-month-old rats that had been on
long-term CR. (From Askenova et al., 1998.)

CR is known to decrease the level of oxidatively damaged proteins
in mice (Sohal et al., 1994a,b) and rats (Askenova et al., 1998;
Youngman et al., 1992). It is particularly effective in preventing
oxidative damage of proteins in some regions of mouse brain (striatum,
cerebellum, midbrain, and cortex) but not in the hippocampus (Dubey
et al., 1996). And in rat brain (Figure 3-6), CR decreases the age-
associated increase in the carbonyl content of proteins in the
cerebellum and cortex of both genders and in the hippocampus of the
females but not the males (Askenova et al., 1998). Lass et al. (1998)
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Figure 3-7. Effect of CR started at 4 months of age on the age-associated increase
in the carbonyl content of skeletal muscle mitochondria of male C57BL/6 mice.
(From Lass et al., 1998.)

reported that CR prevents the age-associated increase in the carbonyl
content of mitochondrial proteins in mouse skeletal muscle (Figure 3-7)
and it attenuates the increase in 0,0'-dityrosine in the proteins of mouse
cardiac and skeletal muscle (Leeuwenburgh et al., 1997). Forster et al.
(2000) found that the carbonyl content increased and the sulfhydryl
content of proteins decreased in the heart and brain of mice fed ad
libitum, and that CR attenuated both of these oxidative changes. However,
when mice on the CR regimen in the age range of 15-22 months were
then provided food ad [libitum, the effects of CR on brain protein
carbonyl content and heart protein sulfhydryl content completely
disappeared within 3—6 weeks, and the effect on the sulfhydryl content
of brain proteins partially disappeared. The introduction of a CR
regimen for 6 weeks in 15- to 22-month-old ad [libitum-fed mice
reduced the carbonyl content and increased the sulfhydryl content of
brain proteins (although not to the levels found with long-term CR)
but had no effect on the sulfhydryl content of heart proteins. Similar
brief alternations between CR and feeding ad libitum did not modify
oxidative damage in proteins of mouse skeletal muscle mitochondria
(Lass et al.,, 1998). The protein carbonyl content in the liver of ad
libitum-fed rats is increased late in life, and CR prevents this increase
(Vittorini et al., 1999). Also, 3% months of CR decreases the carbonyl
content of proteins in liver mitochondria of 30-month-old rats (Goto
et al., 2002).
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Figure 3-8. The content of advanced glycation end products (AGEs) in liver
collagen of 10- and 30-month-old female WAG/Rij rats fed ad libitum or on CR
starting at 10 months of age. The authors designate CR as R. (From Teillet et al.,
2002.)

CR decreases the glycation of hemoglobin in male F344 rats (Masoro
et al., 1989) and of skin and aorta collagen in Wistar rats (Misik et al.,
1991). It also retards the accumulation of advanced glycation end
products in the skin, tail tendon, and aorta collagen of male C57BL/6
mice (Reiser, 1994). Recently, Teillet et al. (2002) reported that CR
decreases the age-associated increase in advanced glycation end products
in hepatic collagen of female WAG/Rij rats (Figure 3-8). Cefalu et al.
(1995) confirmed that CR decreases the glycation of rat hemoglobin, and
found that it also decreases the glycation of plasma proteins. They further
found that CR decreases the concentration of both N*-(carboxymethyl)ly-
sine (CML) and pentosidine (advanced glycation end products) in rat
skin collagen. CR inhibits the rate of glycoxidation in rat skin collagen
(Sell et al., 1996). Also, the level of Amadori product in the skin of both
rats and mice increases rapidly with increasing age, and CR attenuates
this increase (Sell, 1997). However, Sell and Monnier (1997) reported
that CR had little or no effect on pentosidine formation in the collagen
of tail tendon, ear auricle, and skin of male C57BL/6 mice. But CR
significantly decreased such formation in the collagen of tail tendon and
ear auricle, though not skin, of male DBA/2 mice. Novelli et al. (1998)
reported that CR decreased the age-associated accumulation of advanced
glycation end products in skin collagen, but not in aorta collagen, of
Sprague—Dawley rats. It is apparent that much remains to be done before
these scattered findings on protein glycation can be interpreted in a
coherent way.
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There is no information available on the effects of CR on age-
associated noncovalent changes in protein structure. Since such changes
play a role in age-associated human diseases (Gafni, 2001), research in
this area is much needed.

The accumulation of damaged proteins with age could be due to the
decrease in protein degradation (proteolysis) with increasing age
(Van Remmen et al., 1995). CR enhances proteolysis, and this action
may well play a major role in decreasing the level of damaged proteins
(Ward, 1988). The proteosome, a multienzymatic proteolytic complex,
is known to play a key role in the degradation of damaged proteins
(Friguet et al., 2000). While it, therefore, seems likely that CR enhances
proteolysis by modulating the proteosome, it is difficult to interpret the
results of studies designed to test this hypothesis (Scrofano et al., 1998;
Shibatani et al., 1996). However, CR has been found to prevent the
age-associated increase in ChT-L and T-L activities in rat liver, and to
maintain a higher PGPH activity throughout life (Shibatani et al., 1996).
Also, CR increases the mRNA levels coding for the proteosomal subunit
TBP1 and the proteosomal activator subunit PA28 in mouse skeletal
muscle (Lee et al., 1999). Recently, Goto et al. (2002) reported that CR
of 3% months duration in 30-month-old rats increases the activity of
hepatic proteosomes.

Autophagy is a process that sequesters and degrades damaged organ-
elles and macromolecules (Seglen et al. 1990). CR increases autophagy in
rat liver and attenuates its age-associated decline (Cavallini, et al., 2001;
Donati et al., 2001).

Turnover of body protein is increased by CR in rats and mice, and this
increase is sustained until old ages (Dhahbi et al., 2001; Lewis et al.,
1985). Indeed, CR of a few months duration increases protein turnover in
old rats (Goto et al., 2002). When old rats are maintained on long-term
CR, protein synthesis by liver and kidney cells is greater than that of rats
of the same age on an ad libitum dietary regime (Birchenall-Sparks et al.,
1985; Ricketts et al.,, 1985). The increased protein turnover may
contribute to CR’s anti-aging action by decreasing accumulation of
damaged proteins (Weindruch et al., 2001).

Cell proliferation

A decrease in the number of cells of a particular type (e.g., muscle
fibers) underlies some of the functional deterioration of the aging
phenotype (Wolf & Pendergrass, 1999). Morcover, the age-associated
increase in the number of cells (e.g., hyperplasia and neoplasia) also
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results in dysfunction (Clark, 1999). Obviously, it is vital for optimal
function that the generation of new cells (cell proliferation) and the death
of existing cells be in balance.

In mice, the proliferation of liver hepatocytes, kidney tubule cells,
and pancreas acinar cells decreases with increasing age (Wolf et al., 1995).
CR decreases the proliferation of many cell types in young mice
(Lok et al., 1990). However, when old mice on a long-term CR regimen
receive food ad libitum for 4 weeks, proliferation of hepatocytes, kidney
tubule cells, and pancreas acinar cells increases to levels near those
seen in young ad libitum-fed mice (Wolf et al., 1995). Thus, CR maintains
the youthful potential for cell proliferation, a potential expressed when
an immediate source of additional dietary energy becomes available.
Furthermore, in some cell types (e.g., bone marrow stromal endothelial-
like cells and bone marrow osteoblasts), the additional energy source is
not needed to manifest the enhancing effect of CR on cell proliferation
in old mice. CR also preserves the proliferation capacity of mouse lens
epithelial cells (Li et al., 1997). However, in contrast to the findings
with mice, CR does not preserve the proliferation potential in aging
rhesus monkeys (Pendergras et al., 1999).

In vitro studies of clonal cellular replication capacity were carried out
using mouse tail skin fibroblasts, kidney epithelial cells, spleen fibroblasts,
bone marrow fibroblasts, and bone marrow endothelium (Pendergrass
et al., 1995). After 14 days in culture, the clone size reached by each of
these cell types was found to decrease with the age of the donor mouse.
At advanced ages, however, the clone sizes of cells from mice on CR
were found to be much larger than those from mice of the same age fed
ad libitum. In contrast, Pignolo et al. (1992) found that CR does not
prevent the age-associated decrease in proliferation of rat skin fibroblasts
when studied in mass culture.

The studies discussed above suggest that CR acts to maintain a
youthful potential for cell proliferation for most of the mouse life span.
This action may serve to prevent or retard the occurrence of physiological
and pathological conditions that stem from a reduction in the number of
a particular cell type. However, aging is associated with an increase
in epithelial cell proliferation in rat small intestine (Holt & Yeh, 1989)
and colon (Holt & Yeh, 1988). By delaying this age-associated change
(Heller et al., 1990), CR may protect against an age-associated increase in
intestinal and colon cancer. A study by Lu et al. (2002) of 28-month-old
male F344 rats has shown that the effects of 14 weeks of CR on cellular
proliferation in the organs of the digestive system are complex; they found
that CR in rats inhibits cellular proliferation in the glandular stomach
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Figure 3-9. The effects of 14 weeks of CR on cell proliferation in the liver of male
28-month-old F344 rats. The authors designate 14 weeks of CR as diet restricted.
(From Lu et al., 2002.)

and liver, but enhances it in the mucosal tissue of the duodenum and
forestomach (Figures 3-9 and 3-10). Also, rats on a long-term CR
regimen maintain a smaller number of adipocytes in their fat depots
throughout life (Masoro, 1992).

Apoptosis

The opposite side of the coin of cell proliferation is cell death. It
involves two distinct processes: necrosis and apoptosis (Warner, 1999).
Necrosis refers to the massive cell death caused by severe injury, such as
that following a stroke or coronary thrombosis. Apoptosis refers to
genetically programmed cell death, which serves to carry out important
physiological functions, such as cell number homeostasis and removal of
damaged cells. In regard to aging, excessive apoptosis can cause an
undesirable decrease in the number of a particular cell type, such as the
age-associated loss of neurons in particular regions of the central nervous
system. On the other hand, too little apoptosis can lead to an
accumulation of damaged cells, hyperplasia, and/or neoplasia. Warner et
al. (1995) hypothesized that CR’s anti-aging action could be due to the
upregulation of apoptosis.
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Figure 3-10. The effects of 14 weeks of CR on cell proliferation in the glandular
stomach, duodenum, and forestomach of male 28-month-old F344 rats. The
authors designate 14 weeks of CR as diet restricted. (From Lu et al., 2002.)

Table 3-3
Frequencies of apoptotic bodies
(AB) in livers of 12-month-old mice

Diet group %AB
Ad libitum-fed 0.023
CR 0.008

Note: Data from James and
Muskhelishvilli, 1994.

CR has been found to promote apoptosis in the liver of aging mice
(James & Muskhelishvilli, 1994; Muskhelishvilli et al., 1995) and small
intestine and colon of aging rats (Holt et al., 1998). The findings of James
and Muskhelishvilli (1994) are summarized in Table 3-3. Grasyl-Kraup
et al. (1994) reported that CR preferentially enhances the apoptosis
of preneoplastic cells in the liver of rats. However, Higami et al. (1997)
found that CR somewhat reduces the level of apoptosis in hepatocytes
of aging rats. Also, in response to the administration of cycloheximide,
CR was found to prevent the age-associated increase in the susceptibility
of rat hepatocytes to apoptosis.
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As mentioned above, Warner et al. (1995) hypothesized that CR’s anti-
aging action could be due to the upregulation of apoptosis. James et al.
(1998) second this view. Recently, Zhang and Herman (2002) reviewed
the evidence in support of this hypothesis and concluded that the
currently available data are not sufficient to draw a conclusion on
its validity. Clearly, the influence of CR on this important cellular process
warrants further study.

Cellular signal transduction

Hormones, neurotransmitters, and cytokines regulate the activities of
cells, and they are involved in both the coordinated functioning
of multicellular organisms and the responses of such organisms to the
environment. These humoral agents interact with cells by binding to
specific receptors, some of which are located on the cell surface and
others within the cell. This binding brings into play a complex pathway
of interlinked chemical reactions, termed a cellular signaling pathway.
It is through such pathways that humoral agents influence the activities
of cells. With increasing age, there are changes in receptors and/or other
components of signaling pathways.

The influence of age and CR on cellular signal transduction in the
central nervous system has been the subject of several studies. Roth et al.
(1984) reported there is an age-associated decrease in dopamine receptors
in the corpus striatum of the rat, and that CR retards the loss of
these receptors. On the other hand, May et al. (1992) found that while a
decrease in striatal dopamine receptors also occurs in mice with age,
CR does not attenuate the loss in this species. In regard to the cholinergic
system, CR increases the level of muscarinic binding sites in the striata of
old rats (London et al., 1985).

The phosphatidylinositol-4,5-biphosphate-phospholipase  C-inositol-
1,4,5-triphosphate system is known to play a key role in cellular signaling.
Using slices of brain cortex and corpus striatum from young and old rats,
Undie and Friedman (1993) found a decreased ability of a cholinergic
agonist and a dopaminergic agonist to promote phosphoinositide hydro-
lysis at advanced age, and that CR attenuates this age-associated change.

Mitogen-activated protein kinases (MAPKSs) also play a central role
in cellular signaling. Three MAPK subfamilies have been identified:
extracellular signal-regulated kinases (ERK), p38 MAPK, and c-Jun
N-terminal kinases (JNK). Zhen et al. (1999) found that basal activities of
ERK and p38 MAPK are decreased in the brain of old rats, and that the
activation of ERK in response to stimuli is reduced in cortical brain slices
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of old rats. CR prevents the age-associated decline in basal ERK
phosphorylation and kinase activity, and it attenuates the reduction in
p38 MAPK activity. Thus it is clear that CR modulates changes with age in
the signaling pathways of the nervous system. While the exploration
of this subject is still only beginning, further study holds promise of providing
fundamental information on brain aging and its modulation by CR.

CR has also been found to modulate cellular signaling in the growth
hormone-IGF-1 axis of rodents (Sonntag et al., 1999). In mice, there is
progressive impairment with age in the growth hormone receptor signal
transduction pathway, and CR delays this impairment (Xu & Sonntag,
1996a). CR blunts the age-associated decrease in growth hormone
receptor phosphorylation. It also decreases both growth hormone-induced
activation and nuclear translocation of Stat-3 (Xu & Sonntag, 1996b). In
addition, CR increases the density of type 1 IGF-1 receptors in liver,
heart, and skeletal muscle (D’Costa et al., 1993).

Indeed, CR has been found to modulate age-associated changes in
cellular signaling in several other tissues. With increasing age, there is a
decreased ability of epinephrine to increase the cytoplasmic concentration
of calcium ion in rat parotid gland acinar cells, and CR does not prevent
this age change, though it does slow it (Salih et al., 1997). The ability
of epinephrine to elevate the level of c-:AMP in rat smooth muscle cells in
culture decreases with the increasing age of the donor animal; the extent
of this age change is less in cells from rats on long-term CR (Volicer
et al., 1983). Scarpace and Yu (1987) found that CR retards the age-
associated loss of beta-adrenergic receptors in rat lung; it also prevents
the age-associated decrease in isoproterenol- and epinephrine-stimulated
adenylate cyclase activity in this organ. With age, the activation by
concanavalin A of two important components of cellular signaling
pathways, MAPK and calcineurin, decreases in rat splenic T cells, and
this is partially prevented by CR (Pahlavani & Vargas, 2000).

It appears certain that CR influences age-changes in cellular signaling in
a variety of cell types. As to the future, knowledge of the bewildering
complex subject of cellular signaling is expanding incredibly rapidly making
it likely that further research on this subject may soon provide important
insights on the cellular and molecular basis of CR’s anti-aging action.
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Given CR’s many effects on cellular and molecular processes, it would
not be surprising that CR strongly influences organ and organ-system’s
physiology as well as integrated organismic functions. As a matter of
fact, CR has been found to broadly affect organismic physiology, and its
effects include, but are not limited to, the modulation of age-associated
changes (Masoro, 2001).

Body composition

Not unexpectedly, body weight is reduced by CR. Sprott and Austad
(1996) summarized the literature on the life span effects of a 40%
reduction in food intake on body weight in a spectrum of rat and mouse
strains; they found that during much of the life span, the body weight
is about 40% below that of the rodents fed ad libitum. A graphic record of
the body weight over the lifetime of ad /ibitum-fed and CR male F344 rats
studied by Yu et al. (1982) is presented in Figure 4-1. Moreover, body
weight by 12 months of age is similar (i.e., about 40% below that of the
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Figure 4-1. Body weight over the life span of male F344 rats fed ad libitum (Group
A) and CR rats (Group R) restricted to 60% of the intake of Group A starting at 6
weeks of age. Upper graph plots weight against age of the rats in months (numbers
in parentheses are the number of rats alive at that chronologic age); lower graph
plots weight against percent of the life span of each rat. (From J. Gerontol. 37:
130-141, 1982; Copyright © The Gerontological Society of America. Reproduced
by permission of the publisher.)

ad libitum-fed rats) whether CR (60% of ad libitum intake) is initiated at
6 weeks of age (soon after weaning) or at 6 months of age (Yu et al., 1985).
CR also causes a reduction in body weight in rhesus monkeys (Bodkin
et al., 1995; Colman et al., 1998; Kemnitz et al., 1994; Lane et al., 1995).

CR, a 40% reduction in food intake, also decreases the lean body mass
of rats, but the percent reduction is somewhat less than that of body weight
(Yu et al., 1982); the mass of most organs (e.g., liver, heart, kidneys, lungs,
skeletal muscle) is decreased by CR, but there is no reduction in the mass
of the brain or testes (Yu et al., 1982, 1984). In rhesus monkeys, a 30%
reduction in food intake causes a small but significant reduction in lean
body mass (Colman et al., 1998, 1999; Lane et al., 1997b).
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CR markedly reduces the body fat content of rats and mice (Bertrand
et al., 1980; Garthwaite et al., 1986; Harrison et al., 1984); i.e., rodents on
CR are much leaner than those allowed to eat ad /libitum. Bertrand et al.
(1980) found that this reduction in fat content is due to a lifelong decrease
in both the size of individual adipocytes and the number of adipocytes in
the fat depots. The effects of age and CR on adipocyte number of the
epididymal and perirenal fat depots of male F344 rats are shown in
Figure 4-2. These findings on adipocyte number extend the work of Oscai
et al. (1972), who showed that CR decreases adipose tissue cellularity in
young growing rats. More recently, Barzilai and Gupta (1999) have
reported that CR is particularly effective in decreasing visceral fat in rats.

Long before the effect of CR on fat mass was measured, Berg and
Simms (1960) hypothesized that CR’s life-prolonging action was due to a
reduction in body fat content. They based this view on the fact that
excess body fat is associated with premature death in humans, and it
seemed likely that CR would reduce body fat content in rodents.
Although the latter has since been clearly established (Bertrand et al.,
1980), this hypothesis has lost favor because of a lack of correlation
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Figure 4-2. Effects of age and CR on the number of adipocytes in the epididymal
depot (panel A) and the perirenal depot (panel B) of male F344 rats. The solid lines
refer to the rats fed ad libitum and the broken lines to the CR rats. (From
J. Gerontol. 35: 827-835, 1980; Copyright © The Gerontological Society of
America. Reproduced by permission of the publisher.)
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between longevity and fat mass in both rat and mouse models
(Bertrand et al., 1980; Harrison et al., 1984). Nevertheless, Barzilai and
Gupta (1999) feel this hypothesis should be revisited because of
recent work showing that adipose tissue secretes endocrines and
cytokines, and that visceral fat is a risk factor for age-associated disease
in humans.

In regard to the endocrines and cytokines secreted by adipose tissue,
Shimokawa and Higami (1999) reported that CR decreases the level
of plasma leptin, a hardly surprising finding given the reduction in
fat mass. They hypothesize that the decreased level of this modulator of
the neuroendocrine system plays a key role in the anti-aging action
of CR (Shimokawa & Higami, 2001). However, until a correlation is
established between the reduction in the mass of specific fat depots
and life extension, such hypotheses must be considered premature.
Nevertheless, the “adipose tissue hypothesis” should, indeed, be revisited
utilizing recently available noninvasive imaging tools.

CR also reduces the body fat content of rhesus monkeys (Colman et al.,
1998, 1999; Hansen & Bodkin, 1993; Lane et al., 1997b). Moreover, CR
decreases both the percentage of body fat in the abdominal region of
rhesus monkeys (Figure 4-3) and the plasma concentration of leptin
(Colman et al., 1999; Ramsey et al., 2000a). It also decreases the
abdominal fat in cynomolgus monkeys (Cefalu et al., 1997).

The early study of McCay et al. (1935) indicated that CR has a
harmful effect on bone; they reported that the femur of rats on CR is

DR
4 | 7 Lowerleg [ UpperLeg

OO0 Abdomen [ Chest

“ CONTROL

i |

FAT TISSUE MASS (kg)

TIME (months) TIME (months)

Figure 4-3. Effects of CR on regional fat mass in adult rhesus monkeys. The
stacked bars represent different body regions as denoted in the right graph.
The right graph designated DR refers to the monkeys on CR and the x-axis denotes
the time after the start of CR. The left graph designated CONTROL refers
to the monkeys not on CR and the x-axis denotes the time after the monkeys in the
right graph were started on CR. (From Ramsay et al., 2000a.)
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very fragile. It seems likely that the extreme level of food restriction
in that study, as well as the likelihood that the rats suffered from calcium
deficiency, contributed to this finding. Kalu et al. (1984b) found that
when a 40% reduction in food intake is begun in 6-week-old male F344
rats, there is delayed development of a smaller but otherwise normal
skeleton. The effect of CR on the femur of the male F344 rats is
presented in Figure 4-4. When CR is initiated in adult rats, there is a loss
of bone mass (Banu et al., 2001; Sanderson et al., 1997); however, this
loss appears to be secondary to the decrease in body weight (Sanderson
et al., 1997). Moreover, CR prevents senile bone loss and the marked
increase in circulating parathyroid hormone, both of which occur late
in life in male F344 rats (Kalu et al., 1984a); this action of CR was found
to be, in part, secondary to CR’s retardation of chronic renal disease
(Kalu et al., 1988).

Long-term CR reduces the bone mass in rhesus monkeys, and this also
appears to be secondary to reduction of body mass, specifically lean body
mass (Black et al., 2001). Biochemical markers of bone turnover and
hormonal regulators of bone metabolism are not affected by long-term
CR in rhesus monkeys (Black et al., 2001).

Nervous system

Research on the effect of CR on the nervous system has yielded
conflicting results. Some studies have shown that CR markedly
retards age-associated changes, while other investigations found it has
little effect.

Research on the effects of aging and CR on cognition illustrates this
discord. Several studies reported that CR retards or delays age-associated
decline of maze and spatial memory performance of rats and mice
(Algeri et al., 1991; Goodrick, 1984; Idropo et al., 1987; Ingram et al.,
1987; Pitsikas & Algeri, 1992; Stewart et al., 1989). Magnuson (1998)
found that retardation of the age-associated impairment in spatial
memory performance in mice correlates with the influence of CR on the
densities of a-amino-3-hydroxy-5-methyl-4-isox-azolepropionate (AMPA)
receptors in the frontal and parietal cortices and the CAl and CA3
regions of the hippocampus, as well as the N-methyl-p-aspartate
(NMDA) subtype of glutamate receptors in the frontal cortex and CAl
region of the hippocampus. CR’s enhancement of learning and memory
in old mice appears to relate to an increase in expression of the mRNA
of the e—1 subunit of the NMDA receptor and of the mRNA of the ¢-1
or &2 subunit (Magnuson, 2001). CR also protects rodents against
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Figure 4-4. Effects of aging and CR on the femur of male F344 rats. CR is denoted
by food restricted. (From Kalu et al., 1984.)

age-associated deficits in long-term potentiation (Eckles-Smith et al.,
2000). Dubey et al. (1996) found that CR retards the age-associated
decline in sensorimotor coordination in mice; and in aged mice, it
improves performance of coping with an avoidance-learning problem.
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CR initiated at 4 months of age in F344 rats improves motor learning
at 14 and 22 months of age compared to ad libitum-fed rats of the same
ages, and this improvement is associated with enhanced cerebellar
noradrenergic function (Gould et al.,, 1995). CR prevents the age-
associated loss in the ability of rats to both learn and to utilize memory
(Pitsikas et al., 1990). Means et al. (1993) found that when CR is initiated
as late as 14 months of age in C57BL/6 mice, the age-associated loss in
cognitive functions is delayed.

However, a number of investigators have found CR ineffective in
retarding cognitive decline in rats and mice. Beatty et al. (1987) found
that while CR enhances the initial rate of adaptation to the radial maze,
it does not improve attainment of accurate spatial memory. Bond et al.
(1989) reported that CR does not prevent loss of memory at advanced
ages in male Wistar rats. Campbell and Gaddy (1987) observed that CR
does not retard age-associated loss in sensorimotor function of male F344
rats. Markowska (1999) also found that CR does not influence cognitive
aging in male F344 rats, as indicated by two memory tests, spatial place
discrimination, and repeated acquisition; at all ages, CR rats did outper-
form ad libitum-fed rats in sensorimotor tasks, though there was no
change in the rate of age-associated decline in such functions. On the
other hand, Markowska and Breckler (1999) did find that long-term CR
improves sensorimotor functions and the place discrimination aspect of
cognition in 30-month-old female F344 x BNF1 rats.

Motor function coordination declines with increasing age in mice, and
CR attenuates this age change (Ingram et al., 1987). Also, CR increases
locomotor activity in both rats and mice (Duffy et al., 1997).

CR has also been found to modulate age changes in nervous system
morphology. In rats, neurons of the myenteric plexus of the small
intestine undergo extensive age-associated cell death, starting at 12-13
months of age (Cowen et al., 2000); but CR initiated at 6 months of age
protects these neurons from age-associated cell death. Also, rats show an
age-associated loss in dendritic spines in layer V of parietal cortex, which
is decreased by CR (Moroi-Fetters et al., 1989). CR decreases the age-
associated deposition of lipofuscin in the neurons of the hippocampus
and frontal cortex of C57BL/6 mice (Idropo et al., 1987). O’Steen and
Landfield (1991) found that CR does not influence age-associated changes
in retinal morphology in male F344 rats. In contrast, Obin et al. (2000)
found that it retards the age-associated decrease in thickness of retinal
layers and the decrease in density of retinal cells in BN rats. In this
regard, it should be noted that the F344 rat is an albino and the BN
rat is not.
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Figure 4-5. Effects of aging on astrocyte GFAP transcription in astrocytes of the
hippocampal hilus of male rats. The 3m and 24 m refer to ad libitum-fed rats aged 3
and 24 mos. respectively and 24-FR refers to 24-mos.-old CR rats. (From Morgan
et al., 1997.)

CR also influences the cellular physiology and biochemistry of neurons
and glial cells. It attenuates the age-associated increase in the transcrip-
tion of the glial fibrillary acidic protein gene (GFAP) in rat astrocytes
(Figure 4-5), and it also decreases microglial activation during aging
(Major et al., 1997; Morgan et al., 1997, 1999). CR protects the synaptic
function of neurons by increasing the resistance of synaptic terminals to
oxidative impairment of membrane glucose and glutamate transport,
enhancing mitochondrial function as well as increasing the local levels of
HSP-70 and GRP-78 (Guo et al., 2000). With age, protein carbonyl
content increases and creatine kinase activity decreases in the cerebral
cortex, cerebellum, and hippocampus of the BN rat; CR prevents these
age changes and, in addition, it increases the activity of glutamine
synthetase (Askenova et al., 1998). CR lessens the age-associated increases
in microviscosity, cholesterol : phospholipid ratio, and spingomyelin : phos-
phatidylcholine ratio of the membranes of rat cerebral cortex (Tacconi
et al., 1991). The overflow of dopamine from the striatum, which can be
evoked by potassium ions in 26-28-month-old male F344 rats, is
much greater for rats on long-term CR than for those fed ad [libitum
throughout life (Diao et al., 1997). CR retards the age-associated loss
of dopaminergic receptors in the striatum of Wistar rats (Levin et al.,
1981; Roth et al., 1984); these findings are summarized in Figure 4-6.
Life-long CR enhances the rotational and stereotypic responses of old
Wistar rats to intrastriatal dopamine, amphetamine, and atropine, which
suggests that CR preserves the functional integrity of the striatal



Organismic Physiology 59

o—oALI

a0p M " 0--=—-5 EOD

= l o EOD [2 WEEKS)
s ‘
=
o> m
E b y T~ ]
é 300 \Z\
é \§““\\\

S a }
@ 200+

0 3 1213 24 30
AGE {mo.)

Figure 4-6. Effects of age and CR on dopamine receptor concentrations in the
corpora striata of male Wistar rats. AL denotes ad /ibitum-fed rats; EOD denotes
rats on long-term CR; EOD (2 weeks) denotes 24-month-old rats that have been on
CR for 2 weeks. (From Roth et al., 1984.)

dopaminergic/cholinergic circuits during aging (Joseph et al., 1983). At 24
months of age, the density of striatal muscarinic binding sites is higher in
male Wistar rats that have been on CR since shortly after weaning than
in ad libitum-fed rats of the same age; and the CR rats also have higher
cerebellar, hippocampal, and striatal choline acetyltransferase activity
(London et al., 1985). After a brief period of CR (14 days), mRNA
levels of opioid peptides are decreased in the arcuate nucleus of rodents
(Kim et al., 1996).

CR also protects rodents from experimentally induced neurodegenera-
tion. In rats, the administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) generates a model of Parkinson’s disease (an
age-associated disease in humans). CR protects the dopaminergic neurons
of the substantia nigra from the toxic effects of MPTP; specifically,
MPTP-induced deficits in motor function as well as loss of neurons
are ameliorated in 7-month-old mice on a CR regimen for 3 months,
compared to ad libitum-fed mice of the same age (Duan & Mattson,
1999). In the same study, CR was shown to induce the expression of heat
shock protein 70 and glucose-regulated protein 78; the protective actions
of CR may be due to increased levels of these proteins.

The hippocampus and striatum of rats are particularly prone to damage
with increasing age. Bruce-Keller et al. (1999) found that 2—4 months of
CR in young rats increases the resistance of hippocampal neurons to
excitotoxin-induced degeneration, and it protects striatal neurons from
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degeneration induced by mitochondrial toxins, 3-nitropropionic acid and
malonate. In addition, CR increases the resistance of the young rats to
kainic acid-induced deficits in water-maze learning and memory tasks,
and, at the same time, enables them to withstand the impairment in motor
function caused by 3-nitropropionic acid. CR also protects against damage
resulting from transient occlusion of the middle cerebral artery in the rat
stroke model (Yu & Mattson, 1999).

In mice models with a presenilin mutation, CR decreases the death
of hippocampal neurons (Zhu et al., 1999). CR increases the level of
brain-derived neurotrophic factor (BDNF) in hippocampal and cortical
neurons (Duan et al. 2001; Lee et al., 2000), and there is evidence that
this increase is linked to the protective effects of this dietary regime
(Duan et al., 2001). In fact, Mattson et al. (2001) propose that CR’s
beneficial actions on brain are due to its ability to stimulate the
expression of neurotrophic factors and stress proteins, thereby protecting
neurons by suppressing reactive oxygen molecule production, stabilizing
cellular calcium homeostasis, and inhibiting apoptosis. Indeed, it has
been shown that CR decreases oxidative stress in many regions of
mouse brain (Dubey et al., 1996). However, CR does not protect against
the progression of amyotropic lateral sclerosis in a mouse model of that
disease process (Pedersen & Mattson, 1999).

In summary, the evidence is compelling that CR broadly retards
age-associated nervous system deterioration and also protects from
neurodegeneration due to harmful agents. Nevertheless, credible studies
have provided examples of CR not influencing the age-associated
deterioration of a neural process.

Locomotion and skeletal muscle

Aging alters locomotor activity in humans and animal models. A
longitudinal study of spontaneous locomotor activity of male F344 rats
(Figure 4-7) showed that those fed ad libitum and those on a CR regimen
exhibit a similar activity at 6 months of age; with increasing age,
locomotion decreases in the ad libitum-fed rats but not in those on the CR
regimen (Yu et al., 1985). Duffy and his colleagues have reported similar
findings for male and female F344 rats (Duffy et al., 1989, 1990b) and
male and female B¢C;F; mice (Duffy et al., 1990a). When provided with a
running wheel, Wistar rats on a CR regimen are less active than those fed
ad libitum when young, but more active at older ages (Goodrick et al.,
1983). Similar findings were reported for male Long—Evans rats (Holloszy
& Schechtman, 1991). In contrast, when male F344 rats are given running
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Figure 4-7. Spontanecous locomotor activity of male F344 rats fed ad libitum or on
long-term CR. Group 1 denotes ad libitum-fed and Group 2 denotes CR. (From J.
Gerontol. 40: 657-670, 1985; Copyright © The Gerontological Society of America.
Reproduced by permission of the publisher.)

wheels, those on a CR regimen are much more active throughout life than
ad libitum-fed rats (McCarter et al., 1997). Also, when mice have access to
a running wheel, those on a CR regimen exhibit greater activity than those
fed ad [libitum (Ingram et al.,, 1987). McCarter (2000) analyzed the
relationship between the effects of CR on activity level and on longevity of
rats, and concluded that an increase in activity does not play a major role
in the life-extension action of CR.

Studies on the effects of CR on locomotor activity of rhesus monkeys
have yielded an array of conflicting findings. Kemnitz and his associates
found that locomotor activity is decreased in adult rhesus monkeys
after 1 year of CR (Kemnitz et al., 1993), but not significantly
affected after 5 years on this dietary regimen (Ramsey et al., 1996).
DeLaney et al. (1999) reported that rhesus monkeys on a CR diet for
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10 years show locomotor activity similar to that of a weight-matched
younger adult comparison group. Weed et al. (1997) reported increased
locomotor activity associated with CR, but only in the group of rhesus
monkeys in the 10-12.2 years age group and not in the 8.2-8.4 years age
group. Moscrip et al. (2000) found that after 5 years on CR, 6- to 8-year-
old female rhesus monkeys show a reduced locomotor activity compared
to control monkeys; however, the CR regimen did not affect the
locomotor activity of monkeys 10 years of age and older.

The loss of muscle mass and strength is a hallmark of the aging
phenotype in both humans and animal models. Yu et al. (1982) found
that from 6 to 18 months of age, the mass of the gastrocnemius muscle is
less in male F344 rats on a CR regimen than in rats fed ad libitum.
However, at ages greater than 18 months, the mass of the gastrocnemius
muscle progressively decreases with age in ad libitum-fed rats, a decrease
that does not begin in the CR rats until after 30 months of age. These
findings are graphically depicted in Figure 4-8. Indeed, the effects of
CR on rat skeletal muscles include: retardation of the age-associated loss
of muscle mass in the soleus and extensor digitorum longus muscles of
male F344 rats (Dow et al.,, 1988); in the soleus and anterior tibialis
muscles of male Sprague-Dawley rats (El Haj et al., 1986); in the hind
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Figure 4-8. Effect of age and CR on the mass of the gastrocnemius muscles of
male F344 rats. Group A denotes ad libitum-fed and Group B denotes CR. (From
J. Gerontol. 37: 130-141, 1982; Copyright © The Gerontological Society of
America. Reproduced by the permission of the publisher.)
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limb muscles of male BNxF344F; rats (Luhtala et al.,, 1994), and
male Long-Evans rats (Ivy et al., 1991). In addition, CR delays the age-
associated atrophy seen in the muscle fibers of the soleus, extensor
digitorum longus, and flexor digitorum profundus muscles of male
Sprague-Dawley rats (Boreham et al., 1988). When CR is started at 17
months of age in male Lobund-Wistar rats, it retards the age-associated
loss of muscle fibers, the change in fiber type, and the increase in
mitochondrial enzyme abnormalities in vastus lateralis muscles (Aspnes
et al., 1997). The mass of the nonweight-bearing lateral omohyoideus
muscle is less in male F344 rats on a CR regimen than in those fed ad
libitum; however, with increasing adult age, the mass of this muscle does
not decrease in either ad [libitum-fed rats or those on a CR regimen
(McCarter et al., 1982).

CR also delays age-associated skeletal muscle atrophy in mice (Bronson
et al., 2000). With increasing adult age, the mitochondria of mouse
skeletal muscle exhibit lipid and protein oxidative damage; CR attenuates
this damage and decreases the generation of superoxide anion free
radicals by the mitochondria (Lass et al., 1998).

After 18 months on a CR regimen, female rhesus monkeys have lower
appendicular skeletal muscle mass than control animals of the same age;
a similar finding was not seen for the male monkeys in this study
(Colman et al., 1998). The influence of CR on age changes in muscle
mass and function in rhesus monkeys remains to be determined.

Cardiovascular system

A loss in responsiveness to adrenergic stimulation is a major age-
associated alteration in the functioning of the human heart. Kelley and
Herlihy (1998) have found that the heart of the rat also exhibits a
decreased response to adrenergic stimulation with increasing adult age,
and long-term CR enhances the responsiveness (Table 4-1). Long-term

Table 4-1
Effects of age and CR on response of heart of male F344 Rats to isoproterenol

nM isoproterenol conc. for 50% maximal response

Age,

months AL CR
3.7 (0.5) 1.9 (0.4)

11 5.4 (0.5) 3.2 (0.6)

Note: AL denotes ad libitum-fed; Langendorf isolated heart perfusion preparation; numbers
in parentheses are SE. (Data are from Kelley and Herlihy, 1998.)
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CR prolongs cardiac contraction and relaxation times and increases
the sensitivity of the heart to isoproterenol in 10-13-month-old male
F344 rats (Klebanov et al., 1997). Utilizing membranes prepared from
ventricles of rats, studies show that isoproterenol-stimulated adenylate
cyclase activity in the membranes decreases as the age of the donor rat
increases, and that CR lessens this decline (Gao et al., 1998). In addition,
CR attenuates the age-associated decrease in the ability of the cardiac
synaptosomes (adrenergic nerve terminals) of male rats to release
norepinephrine (Snyder et al., 1998b). It also increases the norepinephrine
content of cardiac synaptosomes in adult rats by enhancing the ability to
sequester norepinephrine (Kim et al., 1994; Snyder et al., 1998a).

In addition to its effects on cardiac adrenergic function, CR also
affects other pump actions of rat and mouse hearts. Long-term CR
prevents the reduction in myocardial contractility that occurs between 18
and 24 months of age in male F344 rats fed ad libitum (Chang et al.,
2001). And CR of 8 months duration increases the ability of the heart
of the adult male Wistar rat to maintain aortic pump flow in response
to increased afterload resistance (Broderick et al., 2001). In addition, it
improves recovery of heart function during reperfusion following ischemia
(Broderick et al., 2001). In mice, left ventricular filling becomes increas-
ingly dependent on atrial systole, and CR has been found to retard
this age-change in cardiac function (Taffet et al., 1997). CR delays the
senescent atrophy of the rat heart (Goldspink et al., 1986).

Both CR and aging are associated with alterations in cardiac molecular
characteristics. CR enhances the age-associated shift in the cardiac myosin
isozyme profile from the fast V; to the slow Vj isoform (Klebanov &
Herlihy, 1997). Baldwin and associates (Haddad et al., 1993; Morris
et al., 1990) reported that severe food restriction (50-75% below the
ad libitum intake) for 6 weeks in female Sprague-Dawley rats (age
not specified) markedly influences molecular properties of the heart;
unfortunately, the lack of data on the age of the rats obviates
gerontologic interpretation of the findings.

Humans on a low caloric diet show decreased arterial blood pressure
(Walford et al., 1992), which appears, at least in part, to be due to a
suppression of sympathetic nervous system activity (Kushiro et al., 1991).
CR for a period of 6 months decreases arterial blood pressure,
aortic characteristic impedance, and peripheral vascular resistance in
12-month-old male Long-Evans rats, but not in 18-month-old animals
(Chang et al., 1999). Long-term CR also decreases the mean arterial
blood pressure of old male F344 rats and enhances the baroreflex of both
young and old rats (Herlihy et al., 1992; Thomas et al., 1993). Old male
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BN rats on long-term CR have a greater cerebral vascular density and
blood flow than ad libitum-fed rats of the same age (Lynch et al., 1999).

CR inhibits the age-associated loss of force generation of aortic
smooth muscle in rats (Herlihy & Yu, 1990). It also attenuates the
age-associated increase in oxidative damage in aortic cells of mice
(Guo et al., 2001).

Endocrines and metabolism

Insulin and carbohydrate metabolism, the growth hormone-IGF-1 axis,
and the adrenal cortical glucocorticoid system will be extensively
considered in Chapter 6 and, therefore, are not covered here. (Leptin and
parathyroid hormone were discussed earlier in this chapter.)

Energy metabolism is a logical place to begin the discussion of
endocrines and metabolism. Since animals on a CR regimen have a lower
intake of energy than ad [libitum-fed animals, their energy expenditure
over any extended period of time must be decreased to a similar extent; i.e.,
they show a decreased metabolic rate when expressed on a per animal basis.

It is important to note that when assessing the intensity of cellular
metabolic activity, metabolic rate is usually expressed per unit of body
size, such as per square meter of body surface or per kg of body weight
or per kg of fat-free body mass or per kg of “metabolic mass” (i.e.,
per kg®®” or per kg”’ of body mass). When food intake of male F344
rats is expressed per kg of body weight, those on a CR regimen have a
greater daily energy intake for most of their life than those fed ad libitum;
when expressed per kg of fat-free body mass, both dietary groups have
a similar daily energy intake (Masoro et al., 1982). Not surprisingly,
McCarter and Palmer (1992) reported that the metabolic rate per unit of
fat-free mass or per unit of “metabolic mass™ is similar over most of the
lifetime for male F344 rats on CR regimen as for those fed ad [libitum
(Table 4-2). Thus these studies show that CR’s anti-aging action,
including the increase in longevity, in male F344 rats can occur without a
decrease in metabolic rate per unit of “metabolic mass.” This finding
is contrary to the once widely held view that CR retards the aging
processes by decreasing the intensity of energy metabolism. McCarter
and McGee (1989) did find that immediately after initiating CR in male
F344 rats, the metabolic rate per unit of “metabolic mass” decreases,
though this decrease is a transient phenomenon with the metabolic rate
returning to the level of the ad libitum-fed rats within a few weeks; the
energy intake per unit of “metabolic mass” of these rats exhibits the same
transient phenomenon (Masoro et al., 1982).
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Table 4-2
Effect of age and CR on the daily metabolic rate of male F344 rats

kcal per 24 h per kg lean body mass

Age,

months AL CR
6 134 (5) 141 (3)
12 124 (4) 128 (4)
18 101 (2) 113 (2)
24 138 (4) 122 (3)

Note: AL denotes ad libitum-fed; numbers in parentheses are SE. (Data from McCarter and
Palmer, 1992.)

Duffy and his colleagues have reported similar findings on the effect
of CR on metabolic rate of rats (Duffy et al., 1989) and mice (Duffy
et al., 1991). The claim by Gonzales-Pacheco et al. (1993) that CR in
male F344 rats decreases the metabolic rate per unit of “metabolic mass”
is based on a 6-week study; Ballor (1991) reported similar findings
for female Sprague-Dawley rats on a CR regime for 9 weeks. In adult
Sprague-Dawley rats maintained on a CR regimen for 16 to 22 weeks,
the metabolic rate is less than that of ad libitum-fed rats (Dulloo &
Girardier, 1993); this finding is not in accord with that of McCarter’s
group. It is not known whether this discrepancy relates to the difference
in rat strain or gender, or to the fact that CR was initiated in adult
rats in the Dulloo and Girardier study and at 6 weeks of age in the
studies of McCarter’s group.

Greenberg and Boozer (2000) argue that expressing metabolic rate per
unit of lean body mass or “‘metabolic mass™ is inappropriate, and that it
would be more accurate to express it on a per unit basis of the combined
weight of the heart, kidneys, brain and liver; when they used this
approach with 22-month-old male F344 rats, the CR and ad libitum-fed
animals were found to have the same metabolic rate. However, these
investigators have pointed out the need to determine the metabolic rate
for each organ individually; fortunately, the technology that enables the
execution of such studies is becoming available.

In two long-term studies of CR in rhesus monkeys (Lane et al., 1996;
Ramsey et al., 1996, 1997), the metabolic rate per kg of lean body mass
decreased following the initiation of CR, but rose to that of the
nonrestricted monkeys as the CR regimen was continued. However, in
another ongoing study of CR in rhesus monkeys (De Laney et al., 1999),
the metabolic rate per kg lean body mass was found to be decreased after
ten years on the dietary regime.
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The concept that decreasing the intensity of metabolism is the
mechanism by which CR increases longevity and retards aging is well
entrenched, so much so that many have difficulty accepting the evidence
that CR can have these effects without a decrease in the intensity of
metabolism. For example, Ramsey et al. (2000b) recently attempted to
resurrect the concept by suggesting that CR decreases the intensity
of cellular energy expenditure; however, they have provided no credible
evidence to support this view.

CR also influences protein metabolism. At most ages, isolated cells
and/or cell-free systems from liver, kidney, spleen lymphocytes, and testis
of rats on CR exhibit a higher rate of protein synthesis than those
from animals fed ad [libitum (Birchenall-Sparks et al., 1985; Ricketts
et al., 1895). Studies with a perfused rat liver preparation showed that
CR enhances both hepatic protein synthesis (Ward, 1988a) and protein
degradation (Ward, 1988b) over most of the life span. These findings
suggest that CR increases the rate of liver protein turnover during the
greater part of the life span. Indeed, Lewis et al. (1985) reported that
CR increases whole-body protein turnover in rats from 1 year of age
on. However, other in vivo studies revealed that protein turnover is not
increased by CR in all organs of Sprague-Dawley rats; e.g., it increases
protein turnover in the small intestine (Merry et al., 1992) and heart
ventricular muscle (Goldspink et al., 1986), but not in skeletal muscle
(Goldspink et al., 1987). An increased rate of protein turnover may be a
factor in slowing the rate of aging by preventing cellular accumulation of
damaged proteins (Tavernakis & Driscoll, 2002).

CR markedly decreases plasma triglyceride levels in rats (Choi et al.,
1988; Liepa et al., 1980; Masoro et al., 1983; Reaven & Reaven, 1981)
and in rhesus monkeys (Edwards et al., 1998; Verdery et al., 1997). It
also delays the age-associated increase in plasma total cholesterol,
HDL-cholesterol and phospholipid levels in rats (Choi et al., 1988; Liepa
et al., 1980; Masoro et al., 1983). In the rhesus monkey, CR does
not influence the level of plasma total cholesterol, LDL-cholesterol, or
HDL-cholesterol. However, it does decrease the molecular weight of LDL
and the binding of LDL to arterial proteoglycans (Edwards et al., 1998)
and lowers the plasma concentration of lipoprotein (a) in male but not
in premenopausal female rhesus monkeys (Edwards et al., 2001). Also, in
rhesus monkeys, it increases the level of HDL,y, the sub-fraction of HDL
associated with the protection from atherosclerosis in humans (Verdery et
al.,, 1997). Based on their study of hepatic enzymes involved in
intermediary metabolism in rats, Feuers et al. (1989) concluded that CR
limits hepatic lipid metabolism in that species. In accord with this view,
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CR was found to lower hepatic levels of triglycerides and cholesterol in
rats (Choi et al., 1988) and to prevent the late-life increase in plasma
ketone bodies in rats (Masoro et al., 1983). However, it must be noted in
disagreement that CR increases the ability of rat liver to synthesize
cholesterol from mevalonate (Choi et al., 1988).

During the Biosphere 2 project, the men and women were on a
low-calorie intake for two years; these subjects exhibited a decrease
in plasma total triglycerides, total cholesterol, LDL-cholesterol, and
HDL-cholesterol, though the HDL,-cholesterol increased in some partici-
pants (Verdery & Walford, 1998).

The fact that thyroid hormone markedly influences energetics, as well
as many other aspects of metabolism, has led to several studies on the
influence of CR on thyroid function. Armario et al. (1987) reported
that a 35% reduction in caloric intake for 35 days depresses the secretion
of thyroid stimulating hormone (TSH) in male Sprague-Dawley rats.
More recently, a 40% reduction in caloric intake by young male F344
rats for 6 weeks was shown to result in markedly lower anterior pituitary
levels of mRNA coding for TSH (Han et al., 1998). In line with these
findings, a 50% reduction in caloric intake for 8 weeks markedly
decreases plasma levels of thyroxine (T4) and triiodothyronine (Ts) in
male Sprague-Dawley rats (Dillmann et al., 1983). Merry and Holehan
(1988) reported similar findings in a long-term CR study on this rat
strain. Quigley et al. (1990) studied the effect of CR on the plasma
concentrations of free T3 and T4 in male Sprague-Dawley rats, and they
found that both were decreased after 10 weeks of a 50% reduction in
caloric intake. In contrast, Swoap et al. (1994) reported that 5 weeks of
a 50% reduction in caloric intake did not affect the plasma T3 and Ty,
levels in female Sprague-Dawley rats, though it markedly reduced the
level of the cardiac nuclear thyroid receptor in these rats. Herlihy et al.
(1990) studied the mean 24-hour levels of plasma T; and T4 in male F344
rats after 19 weeks of a 40% reduction in caloric intake, and they found
a significant decrease in T; but no effect on T4 (Figure 4-9). Again in
contrast, DeLaney et al. (1999) reported that in rhesus monkeys on a CR
regime for approximately 10 years, the plasma level of T, is decreased
while that of T; is not significantly altered. Ramsey et al. (2000a) also
found that long-term CR in rhesus monkeys does not cause a decrease in
the plasma levels of T;. However, Mattison et al. (2001) reported that
preliminary results from their long-term study of rhesus monkeys indicate
that CR decreases serum T3 levels, while not affecting serum Ty levels.

The pancreatic islet hormone glucagon is an important regulator of
hepatic metabolism; and the functional aspects of its interactions with rat
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Figure 4-9. Effect of CR on the 24-h mean serum concentration of T; (upper
panel) and T4 (lower panel) in approximately 6-month-old male F344 rats. Ad Lib
refers to ad libitum-fed and Restricted to CR. (From Herlihy et al., 1990.)

liver cells have been found to change with increasing age. In female
WAG/Rij rats, CR attenuates the increase with age in the expression
of the glucagon receptor in liver and decreases the age-associated
increase in glucagon-induced hepatic accumulation of c-AMP (Teillet
et al., 2002).

Both serum levels and nocturnal secretion of melatonin are known to
decrease with age in both rats and humans, and it has been hypothesized
that this decrease plays a causal role in senescence (MacGibbon, 1996).
To test this hypothesis, MacGibbon et al. (2001) measured the excretion
of a metabolite of melatonin in the urine of male Wistar rats to serve
as an index of total nocturnal secretion of melatonin. They found that
while CR does not prevent the age-associated decrease in melatonin
secretion, the secretion of melatonin per unit of body weight is greater in
the rats on CR than those fed ad libitum. Therefore, they believe it is
likely that CR elevates the concentration of melatonin in the tissues of
the rat. Two studies have found that CR increases the serum concentra-
tion of melatonin in rats (Everitt et al., 1995; Stokkan et al., 1991);
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however, the meaning of these findings is questionable since the level
of melatonin was measured at only one point in time during the night.
Roth et al. (2001) found that peak plasma melatonin levels decrease
with increasing age in rhesus monkeys, and that a 30% decrease in caloric
intake over a 12-year-period prevents the age-associated decrease.

Plasma levels of dehydroepiandrosterone (DHEA) and dehydroepi-
androsterone sulfate (DHEAS) decrease with increasing age in both men
and women (Orentreich et al., 1992). Rhesus monkeys also exhibit
an age-associated decline in the plasma concentration of DHEAS, and
CR slows this decline (Lane et al.,, 1997a). These findings and those
of several rodent studies have led to the suggestion that decreased
levels of DHEA and DHEAS may play a significant role in senescence
(Nelson, 1995).

Reproduction

The classic study by Osborne and Mendel (1915) demonstrated CR’s
profound effect on female reproduction. They started CR in female
rats at 45 days of age and returned them to ad libitum feeding at 6 to 16
months of age; while these rats were fertile when bred between 16 and
23 months of age, none of the rats fed ad [libitum throughout life was
fertile at those ages.

In female mice, CR was found to produce a nearly sterile state, but
when fed ad libitum from age 240 days on, they produced 13 times more
litters after age 240 days than mice fed ad libitum throughout life were
capable of (Ball et al., 1947). However, it must be pointed out that
the female mice that had been on CR were unable to successfully wean
their litters (Vischer et al., 1952).

Since these early studies, the effects of CR on reproduction have
been explored in several careful and penetrating investigations that
warrant further discussion. Berg (1960) reported that when female rats
are food restricted (a 33% reduction in food intake) soon after weaning,
they are able to reproduce in the age range of 730-790 days if provided
food ad libitum though none of the rats fed ad libitum throughout life is
able to reproduce at these ages. Female Sprague-Dawley rats on CR since
weaning (about 50% reduction in calorie intake) are fertile, but their
fertility during young adult life is reduced compared to the ad libitum-rats
(Merry & Holehan, 1979); however, the rats on CR remain fertile at
much older ages than fully fed rats. Puberty is delayed some 30 to 150
days in Sprague-Dawley female rats maintained on CR (about a 50%
restriction) since weaning (Holehan & Merry, 1985b). Puberty is also
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delayed by CR in female Wistar rats (Lintern-Moore & Everitt, 1978); a
50% reduction in food intake from ages 21 to 42 days in these female
Wistar rats reduces oocyte atresia, resulting in an increase in the number
of oocytes per ovary at 42 days of age. Quigley et al. (1987) reported
that when food intake of 4-month-old female rats is restricted by
50% for 10 weeks and then ad libitum feeding is resumed, there is a
delay in the age-associated decline in estrous cycling, and that a
similar treatment of 15- to 16-month-old rats restores estrous cycling.
This ability of CR to markedly delay reproductive senescence in female
rats is a robust finding that continues to be confirmed (Keenan
et al., 1995).

Male Sprague-Dawley rats maintained on similar CR (about a 50%
reduction in caloric intake) exhibit a delay in puberty of about 20 days
(Merry & Holehan, 1981); however, CR does not affect the age-associated
decrease in male fertility. When reduction in food intake of up to 30% is
started at an adult age and lasts for 17 weeks, CR has little effect on the
reproductive function of male and female Sprague-Dawley rats during
those 17 weeks (Chapin et al., 1993).

A 40% reduction in food intake, started at 7 weeks of age in female
Sprague-Dawley rats, lengthens the estrous cycle during the first 3
months but does not affect the cycle length after that; it also delays the
age-associated cessation of estrous cycles (McShane & Wise, 1996).
In addition, it increases the mean plasma luteinizing hormone (LH)
concentration and its secretion by the adenohypophysis; this led McShane
and Wise to suggest that the effects of CR on the reproductive longevity
of female rats may be due to the pituitary’s enhanced secretion of LH.
They further suggest that CR’s effect on the neuropeptide Y-pituitary axis
may be involved. Indeed, there is evidence that the expression of
neuropeptide Y, which augments the response of the adenohypohysis to
gonadotropin-releasing hormone, is greater in the hypothalamus of rats
and sheep on CR than fully fed animals (Brady et al., 1990; McShane et
al., 1993). On the other hand, Holehan and Merry (1985a) reported
somewhat different findings on the effect of long-term CR (about a 50%
reduction in food intake) on reproductive hormones in sexually mature
female Sprague-Dawley rats, namely, decreased amplitudes of peak
concentrations of LH and estradiol-178; decreased serum progesterone
level; and increased level of serum FSH. However, during the period from
weaning until puberty in this rat strain, CR decreases serum levels of
FSH and progesterone and it increases serum levels of estradiol-178
(Holehan & Merry, 1985b). Also, CR for 3 weeks markedly decreases
serum prolactin levels in female rats (Leung et al., 1983).
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In summary, in both genders of rats, acutely adverse effects of CR on
reproduction are modest. While in the female rat, the ability of CR
to retard reproductive senescence is robust, this does not seem to be the
case in male rats.

In contrast in mice, CR acutely suppresses estrous cycles (Lee et al.,
1952). Indeed, as little as a 20% reduction in caloric intake between ages
3.5 and 10.5 months arrests the estrous cycle, primarily in diestrus
(Nelson & Felicio, 1985). However, the follicular reserves of the CR mice
are much greater than those of fully fed mice, and full feeding initiated at
10.5 months of age induces normal estrous cycling (Nelson et al., 1985).
Also, CR enhances uterine function in middle-aged mice (Goodrick &
Nelson, 1989). Thus, although a moderate level of CR acutely affects
female reproductive function adversely in mice, it also clearly delays
reproductive aging in this species. The effect of CR on the hormones
of reproduction has not been appreciably studied in mice. However, 50%
reduction in food intake for 1 month, started in mice of 1, 3, 7, or 18
months of age, has been found to lead to a marked reduction in prolactin
secretion by the adenohypohysis (Koizumi et al., 1992a).

In female rhesus monkeys, Lane et al. (2001) have found that
long-term CR does not influence the plasma concentrations of estradiol,
follicle stimulating hormone (FSH), progesterone, or LH, nor did it
influence the age-associated changes in the concentrations of estradiol
and FSH. These investigators also reported that CR does not alter
menstrual cycling or the age-associated decline in menstrual cycling in
rhesus monkeys. In male rhesus monkeys, Roth et al. (1993) found that
long-term CR does not influence plasma testosterone levels.

Body temperature regulation

Prior to the 1990s, there were studies that suggested that CR decreases
body temperature (Cheney et al., 1983; Weindruch et al., 1979), but
they lacked measurements of body temperature throughout the day.
Subsequently, Duffy et al. (1991) carried out such measurements and
reported that when mice are fed 60% of the ad libitum food intake
for prolonged periods, the body temperature is markedly lower during
most of the day, the mean 24-hour temperature dropping about 6°C.
Indeed, a more severe food restriction (50% of the ad libitum intake)
causes mice to experience daily torpor, with the body temperature
dropping by more than 10°C (Koizumi et al., 1992b). CR also causes
body temperature to decrease in rats, though much less markedly.
When rats are fed 60% of the ad libitum intake, they exhibit a mean
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24-hour reduction in body temperature of only about 2°C (Duffy et al.,
1990b). Lane et al. (1996) reported that short-term CR lowers body
temperature of rhesus monkeys by about 1.5°C, and it remained lower
over the 6-year period of study. In contrast, DelLany et al. (1999)
reported that CR does not affect the body temperature of rhesus
monkeys.

It is to be expected that a reduction in body temperature would
decrease the damage inherent in living processes, and thus may play a
major role in the anti-aging action of CR. Indeed, there is some support
for this view. Lowering the environmental temperature of several species
of poikilotherms (and thus their body temperature) increases the life
span (Finch, 1990). Also, housing mice at 30°C prevents most of the
CR-induced decrease in body temperature, and attenuates some of
the physiological effects of CR, such as slowing cellular proliferation
(Koizumi et al., 1992b) and lymphopenia (Koizumi et al.,, 1993).
Increasing the ambient temperature of rats also decreases the ability of
CR to slow cellular proliferation (Jin & Koizumi, 1994). In addition,
the ability of CR to extend the life of C57BL/6 mice is not seen when
the mice are maintained in an ambient temperature that prevents the
CR-induced decrease in body temperature (Koizumi et al., 1996);
however, this finding is hard to interpret in a broad aging context because
at that ambient temperature, CR is unable to prevent the development
of lymphoma in this lymphoma-prone mouse strain. Therefore, it is
difficult to know whether CR’s lack of effect on longevity is due
specifically to the inability to inhibit the occurrence of lymphoma or to a
general loss in anti-aging action.

Other evidence indicates that the decrease in body temperature plays,
at most, a minor role in CR’s anti-aging action. As discussed in Chapter 2,
CR has a similar life-extension action in both mice and rats, even though
its effect on body temperature is much greater in mice than in rats.
Although lowering the body temperature of fish extends life span, CR
can extend their life span without lowering body temperature, and the life-
extending actions of these two manipulations are additive (Walford,
1983).

Immune function

Many investigators have provided evidence that CR slows the age-
associated deterioration of immune function in mice and rats, and
much of the early work focused on proliferative responses of mouse
lymphocytes. Gerbase-Delima et al. (1975) studied C57BL/6 mice of
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various ages to determine the effect of CR initiated early in life on the
proliferative responses of isolated splenic lymphocytes in vitro to
mitogens, such as phytohemoaglutinin (PHA) and poke weed mitogen
(PWM). Early in life, the lymphocytes from mice on the CR regimen
respond less vigorously in all tests than do lymphocytes from mice not
on the CR regime. Likewise, Christdoss et al. (1984) found that CR
reduces T-dependent-antigen-specific lymphocyte proliferation and anti-
body response in young animals; they attributed this to a defect in
both the macrophages and T-cells in antigen processing and presenta-
tion, and/or cell proliferation. However, in the Gerbase-Delima et al.
study, the lymphocytes from the CR mice outperformed those from the
other dietary group by mid-life, and the superior performance
continued into late life. Thus, in this strain of mouse, it appears that
CR slows the maturation of the immune system, causing it to reach
peak function at a later age and to retain high function until very
advanced ages. Numerous similar findings have been reported for many
different mouse and rat strains, although there are strain and species
differences in the details of the changes in immune function with age
(Pahlavani, 1998).

The research of Weindruch et al. (1979) offers a good example of
differences between mouse strains: Unlike the C57BL/6J mouse, the
immune responses of splenocytes from young as well as middle-aged
and old BI10C3F; mice are enhanced by CR. These investigators
also reported that B-cell responses to mitogens are less affected by
aging and CR than are T-cell responses, and that CR slows the rate of
thymic growth and delays its involution. The natural killer (NK) cell
activity is much lower in CR mice than in control mice (Weindruch et al.,
1983); however, after injection with an interferon-inducing agent, which
boosts NK cell responses, old CR mice show the same level of response
as young mice and a much higher response than non-CR mice of a
similar age. Weindruch et al. (1982a) reported that when CR is begun as
late as 12 months of age, it attenuates the age-associated decline in the
immune responses of splenocytes in C3B10F; mice.

CR also influences the production of immunoglobulin. Based on
studies utilizing cultures of salivary gland tissue from young and old
C57BL/6 mice (fed ad libitum or restricted to 60% of the ad libitum
intake), it appears that CR offsets age changes in immunoglobulin
production (Jolly et al., 1999).

Much effort has been focused on determining the cellular and
molecular basis of the effects of CR on age changes in the immune
function of mice. The ability of CR to prevent the age-associated decrease
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in mouse T-cell proliferation does not appear to be linked to enhanced
efficiency of transmembrane signaling (Grossman et al., 1990). Weindruch
et al. (1982b) reported that CR increases the proportion of PHA-
responsive T-cells in the spleen of C3BIORF; mice. When begun at
weaning, CR enables B6CBATO6F1 mice to retain a high level of T-cell
precursors in both the cytoxic and helper lineages (Miller & Harrison,
1985). Cells producing IL-2 decrease with increasing age and CR blunts
this decline (Miller, 1991). CR also prevents the increase in memory
T-cells with age in B6D2F; mice, and it enables these mice to maintain
both a higher number of naive T-cells and a higher level of IL-2
production (Venkatramen et al., 1994). In B6CBATO6F1 mice, the ability
of CR to maintain high levels of circulating naive T-lymphocytes at
advanced ages correlates with its ability to preserve immature T-cell
precursors in the thymus (Chen et al., 1998). When CR (25% reduction
in food intake) is started at 12 months of age in C57BL/6 mice, it
decreases the percentage of CD4%" and CDS8*' splenocytes, reduces
expression of c¢-myc by these cells, and attenuates the age-associated
increase in the level of IL-6 (Volk et al., 1994).

The rat has also been studied in regard to the molecular and cellular
basis of the effects of CR on age changes in immune function. CR
regimens retard the age-associated decline in calcium ion content
and membrane fluidity and blunt the increase in the arachadonic acid
content of the phospholipids in splenocytes of F344 rats (Fernandes et al.,
1990). As seen with the mouse, CR increases interleukin-2 (IL-2)
production by lymphocytes of F344 rats (Pahlavani et al., 1990;
Venkatraman & Fernandes, 1992), and the cells from the CR rats show
increased levels of I1L.-2 mRNA (Pahlavani et al., 1990). When nuclear
extracts of T-cells from CR rats are treated with concanavalin A (Con
A), they exhibit an increase in the transcription factor NFAT binding
activity, compared to ad libitum-fed rats; this increase correlates with an
increase in IL-2 gene expression (Pahlavani et al., 1997). However,
Goonewardene and Murasko (1995) did not observe an effect of CR on
IL-2 expression in lymphocytes of 30-month-old BN rats, again indicating
strain differences in the response of the immune system. CR enhances the
expression of IL-2 receptors in T cells of F344 rats (Iwai & Fernandes,
1989; Venkatraman & Fernandes, 1992). In the Lobund-Wistar rat,
CR influences the makeup of the lymphocyte population by increasing
the percentage of following cellular subsets: T-cells (CD3%), cytoxic/
suppressor T-cells (CD8™), and natural killer (NK) cells (OX8" OX197)
(Gilman-Sachs et al., 1991). However, CR does not influence NK cell
responses in middle-aged and old rats (Riley-Roberts et al., 1989). It does
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retard the age-associated shift in Iymphocytes from naive to memory
cells in F344xBNF; rats (Fernandes et al., 1997); this action may
underlie the higher level of the antiinflammatory IL-2 and the lower levels
of proinflammatory interleukin-6 (IL-6) and tumor necrosis factor-o
(TNFa) in old rats on CR, compared to the levels in rats of the same age
fed ad libitum.

CR attenuates the age-associated decline in the immune response of
mice to the influenza-A virus (Effros et al., 1991); specifically, the decline
in antigen presentation, T-cell proliferation and antibody production
are attenuated. The fact that CR enhances the apoptotic elimination of
non-functional T-cells in old mice may, in part, underlie its protection
against influenza (Spaulding et al., 1997); the response of the splenic
T cells to in vitro apoptotic stimuli is shown in Figure 4-10. CR also
slows the progression of the immunodeficiency syndrome induced in mice
by murine retrovirus (Fernandes et al., 1992).

Macrophages from 6-month-old C57BL/6 mice on a CR regime are less
responsive to in vitro lipopolysaccharide stimulation (Sun et al., 2001), as
evidenced by lower expression of IL-6 and interleukin 12 (IL-12). These
mice were also tested for their response to polymicrobial sepsis induced
by cecal ligation and puncture; the mice on CR had higher serum
levels of proinflammatory cytokines TNFa and IL-6 and died earlier than
the ad libitum-fed mice. Thus, in this case CR adversely affected the
animal. However, these were young mice that had been on CR for only
5 months. Gerbase-Delima et al. (1975) have shown that CR slows the
maturation of the immune system in this mouse strain. Therefore, it
would be of great interest to know if similar findings would be obtained
in old mice on long-term CR. Dong et al. (1998) reported that when
alveolar macrophages from CR rats (25% reduction in food intake) are
stimulated with lipopolysaccharide in vitro, they generate less TNF«
and NO as well as lower levels of TNFa- and IL-6-mRNA than cells
from ad libitum-fed rats.

After rhesus monkeys at the University of Wisconsin Primate Research
Center were maintained on an adult-onset CR regimen for 2-4 years, they
were assessed for immunologic functions; mitogen-induced proliferation
of peripheral blood mononuclear cells, NK cell lysis, and plasma
antibody response to influenza vaccine were all significantly reduced
(Roecker et al., 1996). Rhesus monkeys maintained on CR at the
NIH Primate Unit were also assessed for immunologic functions
(Weindruch et al., 1997); the CR regimen was initiated at either about
1 year of age (young group) or 3-5 years of age (young adult group).
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Figure 4-10. Effects of age and CR on the in vitro response of splenic T-cells of
female C3BI10F mice to apoptotic stimuli. Panel A, anti-mouse CD3; panel B,
staurosporine; panel C, hyperthermia; panel D, gamma irradiation. Open bars,
ad libitum-fed age 6-9 months; hatched bars, ad libitum-fed age 28-36 months;
shaded bars, long-term CR age 28-36 months. (From Spaulding et al., 1997.)

Both groups had been on the CR regimen for 7 years at the time of the
immunologic assessment. Compared to the normally fed controls, the
mitogen-induced proliferative responses of peripheral blood mononuclear
cells were reduced in the young group but not in the young adult group;
CR caused lymphopenia in both groups. Clearly, research on the effects
of CR on immune functions in rhesus monkeys is only beginning;
therefore, firm conclusions about its actions in this species must await
further study.
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Wound healing

Increasing age impairs wound healing in mice, rats and rhesus monkeys
and long-term CR does not retard this impairment (Harrison & Archer,
1987; Reiser et al., 1995; Roth et al., 1997). In fact, Harrison and Archer,
and Reiser et al. found that long-term CR has an adverse effect on
wound healing in mice and rats. In rats, the decrease is associated with
decreased collagen production and decreased levels of the difunctional
crosslink dihydroxylisinonorleucine (Reiser et al., 1995). On the other
hand, Roth et al. reported no statistically significant effect of CR on
wound healing in rats and rhesus monkeys, though they did detect a
tendency for CR to enhance healing. Interestingly, a mouse study by
Reed et al. (1996) indicates that CR does maintain the youthful capacity
to heal wounds into old age, but this effect is manifested only with an
abundant intake of energy just prior to and following the wounding.
Specifically, when ad libitum feeding is started 4 weeks prior to wounding,
old CR mice heal as rapidly as young mice fed ad libitum and much
more rapidly than old mice fed ad libitum for their entire life. This
increased capacity for wound repair appears to relate to an enhancement
of collagen biosynthesis and cell proliferation when the CR animals are
provided an abundant dietary source of energy.
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Since the late 1930s, many studies on a variety of mouse and rat strains
have shown that CR delays the onset and/or slows the progression of
many different age-associated diseases. Such diseases include neoplastic
diseases, degenerative diseases, and autoimmune diseases (Bronson &
Lipman, 1991; Hart et al., 1999; Roe et al., 1995; Turturro et al., 1994).
Although CR retards the appearance and/or progression of most age-
associated pathologic lesions in these rodent species, it must be noted that
not all such lesions are so affected; e.g. it does not influence lung
adenoma in female B6C3F1 mice (Lipman et al., 1999a) or testicular
degeneration and pancreatic atrophy in rats (Lipman et al., 1999b).

Cancer

Although cancer can occur at all ages, the incidence of most cancers
increases with increasing age in humans and animals (Dix, 1989). It has
long been known that rats and mice on a long-term CR regimen show
a markedly lower lifetime incidence of most types of tumors and/or
a delay in the age of occurrence (Albanes, 1987; Berg & Simms, 1960;
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Table 5-1
CR and the prevalence of tumors in male F-344 rats
AL rats with tumors CR rats with tumors

Age range,
months Examined Testes Other Examined Testes Other

2-11 12 0 0 14 0 0
12-17 17 3 3 14 0 0
18-23 45 40 19 11 1 1
24-29 46 43 24 33 27 10
30-35 1 1 1 35 24 21
3643 17 14 14

Note: No AL (ad libitum-fed) rats were alive in the 36-43 months age range; the testicular
tumors were Leydig cell tumors; the rats were either sacrificed or died spontaneously. (Data
in table are from Yu et al. (1982) and Maeda et al. (1985).)

Conybeare, 1980; Huseby et al., 1945; Morris, 1945; Ross, 1959; Rous,
1914; Rusch, 1944; Saxton et al., 1944; Silberberg & Silberberg, 1955;
Tannenbaum, 1940, 1942, 1945; Tannenbaum & Silverstone, 1953a;
White, 1961). The findings of Maeda et al. (1985) and Yu et al. (1982) on
the effects of age and CR started at 6 weeks of age on tumor prevalence
in male F344 rats are summarized in Table 5-1. In addition, Ross and
Bras (1971) found that CR for only 7 weeks immediately after weaning
substantially reduces cancer risk during the lifetime of the rat, although
much less effectively than CR throughout life. In contrast, CR initiated in
rats at 6 months of age (young adults) is as effective as that initiated at 6
weeks of age (2 weeks post-weaning) in delaying the occurrence of cancers
(Maeda et al., 1985). CR initiated at 1 year of age in B10C3F; mice
inhibits the occurrence of lymphoma, but the effect is small and
statistically marginal (Weindruch & Walford, 1982). Although CR started
in middle age decreases lymphoma development and increases the age at
death of tumor-bearing C57BL/6 mice, it also increases the percentage
with cancer at the time of death (Pugh et al., 1999; Volk et al., 1994).
Initiating CR at 18 or 26 months of age does not affect tumor burden in
F344xBN F1 hybrid rats (Lipman et al., 1998). Total energy intake has
been shown to be an important determinant of carcinogenesis in both
mice and rats (Albanes, 1987; Ross et al., 1983).

Many mechanisms were proposed by Weindruch (1989) for the effect
of CR on cancer; these include: diminished cellular oxidative damage;
retardation of the age-associated decrease in immune function;
modulation of hormonal and growth factors; reduced exposure to
dietary carcinogens; reduced energy for tumor growth; less activation of
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carcinogens; and greater maintenance of DNA repair. It is surprising that
CR delays spontaneous carcinogenesis in mice carrying the null mutation
in the p53 tumor suppressor gene (Hursting et al., 1994). Also, sur-
prisingly, an elevated environmental temperature, which prevents daily
periods of hypothermia in C57BL/6 mice on a CR regimen, decreases
the efficacy of this dietary regimen in retarding the development of
lymphoma in this strain (Koizumi et al., 1996). It has been suggested that
CR retards the occurrence of cancers by decreasing cell division (Rogers
et al., 1993) and by increasing apoptosis (James & Muskhelishvili, 1994;
Warner et al., 1995). Indeed, Dunn et al. (1997) believe that CR slows
the progression of bladder cancer in mice by decreasing IGF-1 levels,
thereby promoting apoptosis over cell proliferation. CR also significantly
influences the hepatic enzymes involved in the metabolism of carcinogens
in rodents (Manjgaladze et al., 1993).

When female BIOC3F; mice are maintained on CR from a young
age, they have fewer cancers at the time of spontaneous death than those
fed ad libitum (Cheney et al., 1983). In contrast, long-term CR delays the
occurrence of cancers in male F344 rats (Shimokawa et al., 1991), but
at the time of spontaneous death, the fraction of rats with cancer is not
less than that of rats fed ad libitum (Maeda et al., 1985). The reason
for this apparent paradox is that nonneoplastic age-associated diseases
underlie the death of many ad libitum-fed rats at a relatively young age
(Shimokawa et al., 1991). Neoplastic disease was a major contributor
to the spontaneous death of 48% of male F344 rats fed casein-containing
semi-synthetic diet ad [libitum and 60% of rats fed a similar diet
but restricted to 60% of the ad libitum intake from 6 weeks of age
on (Shimokawa et al., 1993a). Keenan et al. (1995b) reported that in
Sprague-Dawley rats studied until 106 weeks of age, there was no
difference at 106 weeks of age in overall tumor incidence between those
fed ad libitum and those on a CR diet, even though CR delayed the onset
of tumors. However, Christian et al. (1998) found that CR reduced
the prevalence of endocrine-mediated tumors in 104-week-old Sprague-
Dawley rats.

Saxton et al. (1944) reported a delay in onset of spontaneous leukemia
in mice on a long-term CR regimen. It also delays the onset and decreases
the incidence of lymphoma in C57BL/6 and B6C3F1 mice (Blackwell
et al., 1995; Cheney et al., 1980; Sheldon et al., 1995a). While CR delays
the occurrence of leukemia in F344 rats, it does not retard its progression,
i1.e., the time between onset and death (Shimokawa et al., 1993b). The
duration of CR is an important determinant of the delayed occurrence
of leukemia in rats (Higami et al., 1994). However, because of increased
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longevity of F344 rats on a CR regimen, they have a higher lifetime
incidence of leukemia than rats fed ad libitum (Thurman et al., 1994).

CR delays the onset and reduces the lifetime incidence of mammary
cancer in mice (Fernandes et al.,, 1976; Tannenbaum, 1940; Vischer
et al., 1942; White et al., 1944) and also retards its growth (Tannenbaum
& Silverstone, 1953b). Sarkar et al. (1982) suggested that CR slows
mammary cancer growth, in part, by reducing the blood level of
prolactin. It also has been suggested that CR’s inhibition of mammary
tumorigenesis in CH3/Ou mice results from a decrease in serum prolactin
and a reduction of mammary epithelial kinetics (Engelman et al., 1991,
1993); the authors proposed that by acting together, these suppress mouse
mammary tumor virus transcription and minimize the risk of activating
protooncogenes. Indeed, Koizumi et al. (1990) found that CR decreases
the level of mouse mammary tumor virus mRNA in the mammary glands
of mice. Fernandes et al. (1995) reported that CR decreases mammary
tumor incidence in mouse mammary tumor virus/v-Ha-ras transgenic
(Onco) mice; they suggest that it does so by altering the expression of
cytokines, oncogenes, and free-radical scavenging enzymes.

CR also inhibits mammary carcinogenesis in rats. A reduction in DNA
synthesis by rat mammary tissues has been suggested as the underlying
anticarcinogenic mechanism (Sinhu et al., 1988). In Sprague-Dawley
female rats, CR delays the onset of mammary cancer but not its
progression (Keenan et al., 1995b). In female F344 rats, CR decreases the
lifetime incidence of mammary cancer (Thurman et al., 1994).

CR decreases the occurrence of pituitary tumors in Wistar rats
(Tucker, 1979). It delays the onset of pituitary tumors in Sprague-Dawley
rats, but not their progression (Keenan et al., 1995b). In F344 rats,
CR delays the onset, slows the progression (Higami et al., 1995), and
decreases the lifetime incidence of pituitary tumors (Thurman et al.,
1994). Pituitary tumors are also markedly reduced by CR in female
C57BL/6 mice (Blackwell et al., 1995).

Initiated at 6 weeks of age, CR delays the occurrence of pheochromo-
cytoma in male F344 rats and slows its progression (Higami et al., 1995).
The prevalence of pheochromocytoma is reduced in F344 x BN F;
hybrid rats when CR is initiated as late as 73 weeks of age (Lipman
et al., 1998).

CR delays the occurrence of interstitial cell tumors in the testes of male
F344 rats (Higami et al., 1995; Maeda et al., 1985; Thurman et al., 1994)
and male F344xBN F; hybrid rats (Thurman et al., 1995). Also, CR
reduces the expression of testicular cytochrome P450 enzymes involved



Age-Associated Diseases 97

in the activation of carcinogens, a factor that may play an important
role in the delayed appearance of these tumors (Seng et al., 1996).

In addition, CR delays the occurrence of pancreatic islet tumors in
male F344 rats, but not their progression (Higami et al., 1995), and it
decreases the occurrence of thyroid tumors in female C57BL/6 mice
(Blackwell et al., 1995). It also reduces the incidence and delays the onset
of metastatic prostate adenocarcinomas and hepatomas in Lobund-Wistar
rats (Pollard et al., 1989).

The incidence of skin tumors in Wistar rats is decreased by CR
(Tucker, 1979). It also delays the onset and reduces the incidence of oral
squamous cell carcinomas in BN rats (Thurman et al., 1997).

CR decreases the onset of liver neoplasia in mice (Blackwell et al.,
1995; Tucker, 1979), and there is evidence that it may do so by enhancing
the elimination of preneoplastic hepatocytes by apoptosis (Muskhelishvili
et al., 1996). It also decreases the occurrence of lung tumors in mice
(Koizumi et al., 1993; Larsen & Heston, 1945; Tannenbaum, 1940).

In addition to retarding spontaneously occurring tumors, more than
50 years ago it was reported that CR inhibits the induction of neoplasia
by chemical carcinogens (Lavik & Bowman, 1943; Tannenbaum, 1944).
A number of investigators have reported that the induction of mammary
tumors by 7,12-dimethylbenz(a)anthracene in rats is decreased by CR
(Heuson & Legros, 1972; Klurfeld et al., 1989b; Kritchevsky et al., 1984;
Sylvester et al., 1982, 1984). This action of CR occurs during the
promotion period (Klurfeld et al., 1987, 1989a). Boissonnealt et al. (1986)
suggested that this effect relates to a complex interaction of energy intake,
energy retention, and body size.

The induction of colon tumors by 1,2,-dimethylhydrazine in rats
is inhibited by CR (Klurfeld et al., 1987, Kritchevsky et al., 1986).
This inhibition occurs during the promotion period (Klurfeld et al., 1987,
1989a). CR also decreases the induction of colon tumors by azomethane
in rats (Kumar et al., 1990; Reddy et al., 1987). CR reduces methylazo-
methanol acetate-induced tumors in the small intestine of rats, but it has
no such effect on N-methylnitrosourea-induced tumors of the colon
(Pollard et al., 1984; Pollard & Luckert, 1985).

Grasl-Kraup et al. (1994) reported that CR reduced by 50%
nafenopin-induced hepatocellular adenomas and carcinomas in rats; they
believe CR does so by eliminating preneoplastic cells through apoptosis.
CR inhibits azaserine-induced pancreatic exocrine neoplasms in male
Wistar/Lewis rats (Roebuck et al., 1981a); to do so, the restriction must
include the initiation period (Roebuck et al., 1981Db).
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CR suppresses the occurrence of asbestos-induced lung tumors in A/J
mice (Koizumi et al., 1993). Pashko and Schwartz (1992) found that the
promotion of skin papilloma by 12-O-tetradecanoylphorbol-13-acetate in
mice is suppressed by CR. Skin tumors induced by ultraviolet irradiation
are also reduced by CR (Kritchevsky & Klurfeld, 1986).

CR decreases the occurrence of tumors in rats exposed to ionizing
radiation (Gross & Dreyfus, 1984). It also inhibits the development
of leukemia in mice following exposure to ionizing radiation (Gross &
Dreyfus, 1986).

Lipman (2002) studied the effects of CR on the mortality character-
istics of eight strains of mice (A/J, BALB/c, C3H, C57BL/6, DBA/2],
FVB/J, NMRI, and 129/J), which were treated at 9 weeks of age with
7,12-dimethyl[a]anthracene. CR increased the average age at death in all
strains except FVB/J. However, the magnitude of its effect varied among
the strains, ranging from an increase of 24.9-63.5%.

Kidney disease

As human life expectancy has increased, the lifetime incidence of end-
stage renal disease has increased markedly (Stern et al., 2001). Indeed, it
has become a major problem in geriatric medicine.

End-stage nephropathy is also commonly seen in old rats (Anver &
Cohen, 1979). Renal lesions begin in young adulthood and progress in
severity with age, often ultimately culminating in renal failure. Studies
using a variety of rat strains have shown that CR, begun at weaning
or soon after, markedly delays the onset of these lesions and slows the
progression in severity (Berg & Simms, 1960; Bras & Ross, 1964; Davis
et al., 1983; Everitt et al., 1982; Nolen, 1972; Saxton & Kimball, 1941;
Tucker et al., 1976; Yu et al., 1982). CR also retards the development of
kidney pathology in rhesus monkeys (Hansen et al., 1999).

Maeda et al. (1985) found that more than 50% of male F344 rats, fed
a standard semi-synthetic diet ad libitum, had end-stage chronic nephro-
pathy at the time of spontaneous death (Table 5-2). However, less than
2% of the rats on CR since 6 weeks of age exhibited end-stage
nephropathy at the time of spontaneous death (Table 5-2), even though
the rats on CR died at much older ages. Moreover, when CR was
started at 6 months of age (young adults), it was as effective in retarding
chronic nephropathy as when started at 6 weeks of age. On the other
hand, when CR was only maintained from 6 weeks of age to 6 months of
age, it had little effect on this disease process. Many of the ad libitum-fed
rats exhibited renal hyperparathyroid disease (a complex of Iesions
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Table 5-2
CR and chronic nephopathy in male F344 rats dying spontaneously

% of rats with nephropathy of grade

Dietary Median life span,

regimen days 0 1 2 3 4 E
AL 701 0 1 17 10 21 51
CR 1057 11 62 20 5 0 2

Note: AL denotes ad libitum-fed; Nephropathy Grading: 0 denotes no lesions, 1-4 denotes
lesions of progressively increasing severity; E denotes end-stage lesions; Grade 4 lesions were
associated with moderately elevated serum creatinine and Grade E lesions with markedly
elevated levels. (Data from Maeda et al., 1985.)

consisting of nephropathy, parathyroid hyperplasia, osteodystrophy, and
metastatic calcifications); none of the rats on long-term CR showed this
complex of lesions. CR effectively retards chronic nephropathy in male
F344 rats fed a diet containing 35% casein (Masoro et al., 1989); the
protein intake of the rats on this CR diet was the same as that of the rats
fed the standard diet ad libitum and 1.7 times greater on a per unit body
mass basis. This study shows that CR protects the kidneys from the well-
known, long-term damaging action of high-protein diets.

Gumprecht et al. (1993) found that CR decreases the development of
chronic nephropathy in Sprague-Dawley rats, and that this correlates
with the mitigation of the early occurrence of glomerular hypertrophy.
Keenan et al. (1995a) proposed that hyperfiltration causes glomerular
damage in ad libitum-fed rats, leading to proliferation of mesangial,
epithelial, and endothelial glomerular cells. This is followed by glomerular
hypertrophy with continued accumulation of mesangial matrix, thickening
of the glomerular basement membrane, and endothelial cell damage;
ultimately, glomerular sclerosis occurs, and there is loss of functional
nephrons. These findings suggest that CR inhibits the occurrence and
progression of chronic nephropathy by retarding the early development of
glomerular hypertrophy.

Cardiovascular disease

Cardiomyopathy is common in most strains of rats, and it increases in
incidence and severity with increasing age (Lewis, 1992). In male F344
rats, CR decreases both the incidence and age-associated increase in
severity of this cardiac pathology (Maeda et al., 1985); Table 5-3
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Table 5-3
CR and cardiomyopathy in male F344 rats dying spontaneously

0 - 1 - 1 - o
Dietary Median life span, % of rats with cardiomyopathy of grade

regimen days 0 1 b 3
AL 701 11 27 41 21
CR 1057 25 50 25 0

Note: AL denotes ad libitum-fed; Cardiomyopathy Grading: 0 denotes no lesions, Grades
1-3 denote lesions of progressively increasing severity. (Data from Maeda et al., 1985.)

summarizes the findings on rats that died spontancously. In a study
carried out in our laboratory (Shimokawa et al., 1993a), cardiomyopathy
was a major factor in the spontaneous death of male F344 rats,
contributing to the death of 36% of those fed ad libitum and 11% of
those on a CR regimen. Moreover, it should be noted that most of the
CR rats were considerably older at the time of spontaneous death than
those fed ad libitum. CR has also been found to partially protect rats of
the Sprague-Dawley and Lobund-Wistar strains from age-associated
occurrence and progression of cardiomyopathy (Cornwell et al., 1991;
Keenan et al., 1995a; Snyder et al., 1990).

In several studies with Spontaneously Hypertensive Strain (SHR) rats,
CR significantly lowered the arterial blood pressure (Fernandes et al.,
1986; Notargiacomo & Fries, 1981; Overton et al., 1997: Wright et al.,
1981). However, in two other studies with the SHR rat strain, CR had
no effect on arterial blood pressure (Gradin & Persson, 1990; Susic et al.,
1990). As discussed in Chapter 4, CR has been shown to decrease arterial
blood pressure in normotensive rat strains, but the magnitude of this
action is small (Swoap et al., 1995). In a lifetime study of male F344
rats, CR had no effect on the systolic blood pressure (Yu et al., 1985).
Lloyd (1984) reported that CR dramatically reduces the incidence of
hypertension-associated pathologic lesions in SHR rats. CR also decreases
the arterial blood pressure of the hypertensive stroke-prone (SHR-SP)
strain of rats (Stevens et al., 1998).

Coronary heart disease and stroke are common age-associated cardio-
vascular diseases in humans, and atherosclerosis is a major pathological
lesion underlying these diseases. Koletsky and Puterman (1977) studied
a genetically obese strain of rats that exhibit hypertriglyceridemia,
hypercholesterolemia, and atherosclerotic lesions; they found that CR
eliminates both hypertriglyceridemia and hypercholesterolemia and
decreases atherosclerotic lesions in this strain. Here, it must be pointed
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out that most rat strains are not good models for the study of
atherosclerosis because they do not exhibit the age-associated occurrence
of this lesion. However, the rhesus monkey does suffer age-associated
atherosclerosis and is therefore widely used for the study of atherogenesis.
Although the influence of CR on atherosclerosis has not been directly
measured in the rhesus monkey, it does have effects that should reduce
the risk of developing this lesion (Lane et al., 1998). Verdery et al. (1997)
reported that CR (30% restriction for 67 years) in adult rhesus monkeys
increases the plasma levels of the HDL,, sub-fraction of high-density
lipoproteins (HDL), the sub-fraction associated with protection from
atherosclerosis. Edwards et al. (1998) studied the binding of plasma low-
density lipoproteins (LDL) of rhesus monkeys to proteoglycans isolated
from the arterial wall; CR decreased this binding, which led the authors
to suggest that CR may decrease the retention of LDL by the arterial
wall, thereby reducing their atherogenic potential. In addition, CR lowers
the arterial blood pressure in rhesus monkeys (Lane et al., 1999), thus
decreasing another risk factor. Findings on the human participants of the
Biosphere 2 study are in accord with this view (Verdery & Walford, 1998;
Walford et al., 1992, 2002). The participants underwent CR for a period
of two years; during this time, they exhibited a decrease in both arterial
blood pressure and plasma cholesterol level, functional changes that
decrease the risk of atherosclerotic disease.

Diabetes

Type II diabetes (noninsulin-dependent diabetes mellitus) is a major
age-associated disease in humans. The manner in which it acts on the
insulin—carbohydrate metabolism system of rodents and nonhuman
primates indicates that CR should function to decrease the risk of
developing Type II diabetes (Lane et al., 1998; Masoro, 2001). The many
effects of CR on the insulin—carbohydrate metabolism system will be
presented in detail in Chapter 6. Meanwhile, this chapter will focus on
the evidence that CR does, indeed, forestall the occurrence of Type II
diabetes in rhesus monkeys.

Hansen and Bodkin (1993) maintained eight adult male rhesus
monkeys at a stabilized weight for 5-9 years by restricting their food
intake and allowed another 19 monkeys to eat ad libitum. When the
monkeys were approximately 18 years of age, four of the ad libitum-fed
were overtly diabetic and six others had a significantly reduced glucose
tolerance. However, none of the monkeys on the restricted diet developed
these problems. This study provides strong evidence that CR does delay
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and may even totally prevent the occurrence of Type II diabetes in the
rhesus monkey.

Neurodegenerative disease

In humans, age-associated neurodegenerative diseases, such as
Alzheimer’s disease and Parkinson’s disease, are a major geriatric
problem. Similar neurological disorders can be induced in rats and mice
by pharmacological, genetic, and other experimental manipulations and,
as discussed in Chapter 4, CR suppresses the development of many of
these experimentally induced lesions. A review article by Mattson et al.
(2001) provides an in-depth discussion of these rat and mouse studies.

Immune disease

Because of their increased incidence in old age, certain human auto-
immune diseases (e.g. rheumatoid arthritis and thyroiditis) are a particu-
lar problem for the elderly. CR has been shown to suppress autoimmune
diseases in susceptible strains of mice.

The B/W mouse strain is susceptible to an autoimmune disease that
leads to renal failure and death at an early age; the disease in this mouse
model closely resembles human systemic lupus erythematosus. When
started at an early age, CR more than doubles the length of life of these
mice (Fernandes et al., 1976). Indeed, when started as late as 4-5 months
of age, CR retards the development of nephritis in B/W mice (Friend et al.,
1979). It also slows the age-associated increase in circulating immune
complexes (Safai-Kutti et al., 1980) and markedly decreases the deposition
of gamma-globulin in the glomerular capillaries of these mice (Fernandes
et al., 1978a). With increasing age, CR preserves the B/W mouse’s
production of and response to interleukin-2 (Jung et al., 1982). A reduced
production of proinflammatory cytokines by the kidneys and peripheral
blood T-lymphocytes is associated with the delay in onset of autoimmune
renal disease (Chandrasekar & Fernandes, 1994; Chandrasekar et al.,
1995b; Jolly & Fernandes, 1999). CR also blunts the age-associated
alterations in the proportions and functions (cytokine and immunoglobu-
lin secretion) of T- and B-lymphocytes in mesenteric lymph nodes of B/W
mice (Lim et al., 2000). The extension of life is paralleled by the prevention
of age-associated increases in interferon-y (INF-y), transforming growth
factor-g, interleukin-12 (IL-12), and interleukin-10 (IL-10) at both protein
and mRNA levels as well in the localization of nuclear factor «B in kidney
nuclei (Jolly et al., 2001). In addition, CR also increases the activity of
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antioxidant enzymes in the kidneys of young B/W mice (Jolly et al., 2001).
It also decreases renal platelet-derived growth factor A and thrombin
receptor expression (Troyer et al., 1997), reduces the expression of serum
gp70 and immune complex deposition (Fernandes et al., 1978a; Izui et al.,
1981), and decreases glomerular expression of plasminogen activator
inhibitor Type 1 (Troyer et al., 1995).

Female B/W mice are known to develop salivary gland lesions similar
to those seen in human Sjogren’s syndrome. CR decreases the severity
of these lesions, and this amelioration is associated with increased
expression of transforming growth factor-81 and decreased expression of
proinflammatory cytokines (Chandrasekar et al., 1995a). CR also lowers
the mRNA expression of INF-y and IL-10 in the submandibular salivary
gland and the secretion of polymeric immunoglobulin by this gland
(Muthukumar et al., 2000).

The BXSB mouse strain develops a lupus-like disease associated with
B-cell hyperplasia in the peripheral lymphoid organs. Male mice develop
inflammatory vascular disease of the heart and an autoimmune
renal disease that differs somewhat from that seen with the B/W strain.
CR increases the median length of life of BXSB mice and suppresses
the development of autoimmune disease (Kubo et al., 1992). It also
inhibits splenomegaly and the decline in IL-2 production.

The kdkd mouse strain is also autoimmune-prone and suffers from
renal disease; however, its renal disease is histologically very different
from that of the B/W strain. CR inhibits the autoimmunity directed
toward erythrocytes in kdkd mice, retards the development of renal
disease, and increases length of life (Fernandes et al., 1978b).

CR also prolongs the life of the MRL/Mp-lpr/lpr strain of mice
(Kubo et al., 1984); this strain suffers from autoimmune lymphoprolifera-
tive disease. CR prevents the massive lymphoadenopathy and the
splenomegaly as well as histological abnormalities in the thymus, spleen,
lymph nodes and kidneys of these mice (Fernandes & Good, 1984).
In addition to blunting the age-associated increase in ‘“‘double-negative”
T-cells, it maintains responsiveness of lymphocytes to mitogens and high
levels of dexamethasone-induced apoptosis (Luan et al., 1995).

Ogura et al. (1989a) found that three mouse strains (NZB, MRL/Ipr,
and BXSB) respond to CR by decreasing the proliferation rate of
lymphoid cells in the thymus, spleen, and mesenteric lymph nodes. Based
on this commonality, the investigators suggest that decreased proliferation
plays a role in CR’s ability to inhibit autoimmune diseases. They also
found that in four strains of autoimmune-prone mice (NZB, B/W,
MRL/lpr, and BXSB), CR decreases the absolute and relative numbers of
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Ly-1* B-lymphocytes to levels similar to those of long-lived mouse strains
fed ad libitum (Ogura et al., 1989b).

Cataracts and glaucoma

A common age-associated problem for humans is the development of
cataracts. The Emory strain of mice has been widely used as an animal
model for the study of this human condition because this strain gradually
develops lens cataracts with increasing age, with full lens opacification
occurring by late life in most of the mice. CR retards the development
of cataracts in this mouse strain (Taylor et al., 1989, 1995). With a 40%
reduction in caloric intake below that of ad [libitum-fed mice, 2% of the
mice at 11 months of age exhibit bilateral grade 5 cataracts compared to
17% of those fed ad libitum (Mura et al., 1993). At 22 months of age,
18% of the CR mice exhibit bilateral grade 5 cataracts, compared to 90%
of those fed ad libitum (Mura et al., 1993). Although the development of
cataracts in this mouse strain is thought to stem from accumulated lens
oxidative insult, evidence to date argues against attributing CR’s anti-
cataract action to an enhancement of antioxidant defenses (Gong et al.,
1997).

Wolf et al. (2000) studied the development of cataracts in two rat
strains (BN and F344) and three mouse strains (C57BL/6, C57BL/
6xDBA/2 F;, and C57BL/6 x C3H F1). They found that cataracts
develop with advancing age in all five strains, and that CR delays the
onset and slows progression in severity of cataracts in all the strains
except F344 rats. It should be noted that of these five strains, only the
F344 rats are albinos.

Glaucoma is another common age-associated human eye problem. The
DBA/2 strain of mouse develops this problem, and CR has been found to
retard its occurrence and slow its progression (Sheldon et al., 1995b).

Osteoarthritis

Mice undergo an age-associated degeneration of the vertebrac as a
result of osteoarthritis, and CR ameliorates this disease process (Sheldon
et al.,, 1996). CR also retards the occurrence of osteoarthritis in dogs.
Kealy et al. (1997) maintained two groups of Labrador Retrievers, one
allowed to eat ad libitum and the other given 75% of the food intake of
the ad libitum-fed group. CR decreased the frequency and severity of
osteoarthritis in these dogs.
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The mechanism underlying life-extension and other anti-aging effects of
CR have long been a major interest of biological gerontologists. Although
many mechanisms have been proposed, empirical support for most of
them is weak or lacking, and for some, the experimental evidence tends
to invalidate the concept.

In their initial report, McCay et al. (1935) proposed that CR increases
longevity of rats by retarding growth. As discussed in Chapter 2, this
hypothesis must be eliminated because the anti-aging actions of CR,
including life-extension, were found to occur even when CR is initiated
in adult life of rats and mice.

Berg and Simms (1960) suggested that CR retards aging by reducing
body fat content. In Chapter 4, evidence was presented that makes this
hypothesis unlikely. However, the recent availability of technology for
noninvasive measurements of individual fat depots will enable further
evaluation of the hypothesis. This is certainly warranted in light of the
data showing that increased levels of abdominal visceral fat heighten the
risk of age-associated diseases in humans (Masoro, 2001).

Sacher (1977) proposed that CR retards aging by reducing the
metabolic rate. As discussed in Chapter 4, there is evidence that CR need
not decrease the intensity of metabolism per unit of ‘“metabolic mass” to
bring about its anti-aging and life-prolonging actions. Nevertheless, this

115
RESEARCH PROFILES IN AGING COPYRIGHT © 2002 ELSEVIER SCIENCE LTD
VOLUME 1 ISSN 1567-7184 ALL RIGHTS RESERVED



116 Caloric Restriction: A Key to Understanding and Modulating Aging

hypothesis continues to have strong supporters. Indeed, the ultimate
resolution of this issue will require testing the hypothesis by measuring
the metabolic rate of specific organs, tissues and even cell types under
usual living conditions. Technology is now being developed that may
permit such measurements to be conducted in a noninvasive fashion in
the not too distant future.

Lowering the ambient temperature, and thus the body temperature of
poikilothermic species, has been found to increase their life span (Finch,
1990). The findings from studies showing that CR lowers the body tem-
perature of mice, rats, and rhesus monkeys were reviewed in Chapter 4,
and the possibility that the reduction in body temperature plays an
important part in the anti-aging actions of CR was considered. Based
on the currently available information, it was concluded that the
reduction in body temperature does not appear to play a major role in
CR’s anti-aging actions.

It has been suggested that CR may retard aging by increasing physical
activity (McCarter, 2000). However, as discussed in Chapter 4, CR does
not always increase the level of physical activity. In a critical review
of the literature, McCarter (2000) concludes that the anti-aging actions of
CR are not the result of an increase in physical activity.

There have been many hypotheses based on the effects of CR on
particular cellular or biochemical processes, such as the enhancement
of apoptosis which increases the elimination of damaged cells (Zhang &
Herman, 2002) and the increased turnover of body protein, which steps
up elimination of damaged proteins (Tavernakis & Driscoll, 2002). As of
this writing, experiments aimed at testing these cellular and biochemical
hypotheses have not yielded supportive evidence or have not been done.

However, when our current knowledge of the physiological actions and
gene expression effects of CR is combined with the findings on genetic
manipulations that extend life span of vertebrate and invertebrate species,
four hypotheses emerge; and these hold promise of yielding a mechanistic
understanding of the anti-aging action of CR. I refer to these hypotheses
by the following names: Oxidative Damage Attenuation; Alteration of the
Glucose—Insulin System; Alteration of the Growth Hormone-IGF-1 Axis;
and Hormesis. The remainder of this chapter will focus on an in-depth
discussion of these four hypotheses.

Oxidative damage attenuation

Reactive oxygen molecules, such as hydroxyl radicals, superoxide
radicals, and hydrogen peroxide, cause oxidative damage in important
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molecules (lipids, proteins, and nucleic acids) in living cells. Reactive
oxygen molecules are generated by intrinsic living processes, such as the
processes of energy metabolism, and by environmental factors, such as
cigarette smoke. The damaging action of these molecules is referred to as
oxidative stress, and it has been proposed that oxidative stress underlies
much of senescent deterioration and that CR’s anti-aging action stems
from its ability to attenuate oxidative stress. Thus, the name Oxidative
Damage Attenuation Hypothesis is appropriate. Although several investi-
gators have proposed this hypothesis using various other names, a paper
by Sohal and Weindruch (1996) is particularly useful because it provides
a clear and succinct presentation of the hypothesis.

There, is, indeed, an age-associated buildup of oxidatively damaged
molecules in the tissues of rodents, and CR has been found to retard
this accumulation (Yu, 1996). Matsuo et al. (1993) reported that CR
suppresses the age-associated increase in the rate of exhalation of ethane
and pentane in rats, indicating that CR attenuates the increase with age
in the rate of lipid peroxidation. In fact, CR slows the age-associated
accumulation of peroxidized lipids in the liver, brain, heart, kidneys
and other organs of rats (Baek et al., 1999; Cook & Yu, 1998; Kim et al.,
1995; Laganiere & Yu, 1987; Pieri et al., 1992; Rao et al., 1990; Rikans et
al., 1991) and mice (Chipalkatti et al., 1983; Davis et al., 1993; Immre &
Juhaz, 1987; Koizumi et al., 1987). Figure 6-1, taken from Cook and Yu
(1998), illustrates the effects of age and CR on lipid peroxidation in the
kidney, liver, and brain of male F344 rats. CR also decreases the
accumulation of lipofuscin in both rats and mice (Enesco & Kruk, 1981;
Rao, et al., 1990).

CR also decreases the age-associated increase in oxidatively damaged
proteins in rats (Aksenova et al., 1998; Youngman et al., 1992) and in
mice (Dubey et al., 1996; Sohal et al., 1994b). It does so by attenuating
the increase in the carbonylation of proteins (Figure 6-2) and the loss
of protein sulfhydryl groups (Figure 6-3). CR of 6 weeks duration,
initiated in ad libitum-fed old mice, results in a reduction of protein
oxidative damage, reducing the carbonyl content and increasing the
sulfhydryl content, in brain, although the effect is not equivalent to that
of long-term CR; however, CR initiated in late-life does not affect
the sulfhydryl content of the heart (Forster et al., 2000). CR prevents
the age-associated increase in tyrosyl radical-induced oxidative dityrosine
cross-linking of cardiac and skeletal muscle proteins in mice (Leeuwen-
burgh et al., 1997).

CR protects mice and rats from the age-associated accumulation of
oxidatively damaged DNA (Chen & Snyder, 1992; Chung et al., 1992;
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Figure 6-1. Age, CR and lipid peroxidation in the tissues of male F344 rats. (A)
kidneys; (B) liver; (C) brain. AL refers to ad libitum-fed rats and DR to rats on
long-term CR. (From Cook and Yu, 1998.)
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Figure 6-2. Effects of age and CR on the carbonyl content of proteins of the brain,
heart, and kidney of male C57BL/6 mice. AL denotes ad /ibitum-fed mice and DR
denotes mice on CR from 4 months of age. (From Sohal et al., 1994b.)
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Figure 6-3. Effects of age and CR on the sulfhydryl content of mitochondrial
proteins in the skeletal muscle of male C57BL/6 mice. AL denotes ad libitum-fed
mice. (From Lass et al., 1998.)

Sohal et al., 1994a; Youngman, 1993). Data are presented graphically in
Figure 6-4 on the extent of DNA oxidation in the tissues of male 15-
month-old C57BL/6 mice that were either fed ad [libitum or on CR
starting at 4 months of age (Sohal et al., 1994a). The effects of age and
CR on the hepatic DNA oxidation in mice is shown in Figure 6-5 from
Sohal et al. (1994a) and the effect of CR on hepatic nuclear and
mitochondrial DNA oxidation in 24-month-old male F344 rats is
reported in Figure 6-6 from Chung et al. (1992). CR also decreases
oxidative damage to the mitochondrial DNA in the hearts of rats
(Gredilla et al., 2001). Somewhat surprisingly, CR increases the urinary
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Figure 6-4. DNA oxidation in tissues of 15-month-old male C57BL/6 mice fed ad
libitum or on CR starting at 4 months of age. DR denotes CR. (From Sohal et al.,
1994a.)
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Figure 6-5. Effects of age and CR on the oxidation of hepatic DNA in male
C57BL/6 mice. DR denotes CR. (From Sohal et al., 1994a.)

excretion of oxidation products of DNA and RNA in Emory mice
(Taylor et al., 1995). Recently, Hamilton et al. (2001) pointed out that
much of the research on DNA oxidation may have yielded artifactual
information due to the use of analytic methods that cause DNA



Mechanisms of the Anti-Aging Action of Caloric Restriction 121

p<0.01

5- 35

:D Ad Libitum _— .
< B Food Restricted 0 <
= 44 Z
S 25 2
g ] E
o 37 p<0.05 20 O
&2 7] P
2 2] 15 2
(4] b (V]
3 ] 0 %

1 o
2 '3 5 2

Nuclear DNA Mitochondrial DNA

Figure 6-6. Nuclear and mitochondrial DNA oxidation in the liver of 24-month-
old F344 rats fed ad libitum or on CR starting at 6 weeks of age. Food restricted
denotes CR. (From Chung et al., 1992.)

oxidation. They developed methodology that circumvents this problem
and confirmed that CR reduces age-associated accumulation of oxida-
tively damaged DNA in all tissues of male B6C23F1 mice and most
tissues of male F344 rats; it also decreases the accumulation of oxidatively
damaged mitochondrial DNA in the liver of mice and rats.

CR has been found to prevent the age-associated accumulation of
oxidative damage in mouse skeletal muscle mitochondria (Lass et al.,
1998). Mitochondrial proton leak-dependent oxygen consumption in
skeletal muscle is decreased in very old rats maintained on CR starting at
10 months of age (Lal et al., 2001); this finding is important because
increases in mitochondrial proton leak may be both a cause and a
consequence of oxidative stress.

Studies on the effects of age and CR on oxidative damage have mostly
utilized mice or rats as the animal model. However, oxidative damage
has also been found to occur with increasing age in the skeletal muscle of
rhesus monkeys, and CR of 10 years duration has been found to decrease
the extent of this damage (Zainal et al., 2000).

This attenuation of the increase in oxidatively damaged molecules
means that CR either decreases the rate of generation of reactive oxygen
molecules, or it increases the effectiveness of protective and repair
processes, or it does both. The production of superoxide, hydroxyl
radicals and hydrogen peroxide is less in hepatic mitochondria and
microsomes from rats on CR than in those from ad [ibitum-fed
animals (Lee & Yu, 1990). Similar findings were found with rat brain
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mitochondria (Choi & Yu, 1994). CR also decreases the generation
of reactive oxygen species by the postmitochondrial fraction of brain of
24-month-old rats (Baek et al., 1999). Long-term CR decreases reactive
oxygen species production by rat heart mitochondria; this decrease occurs
at Complex I of the electron transport chain and is not due to a
diminution of mitochondrial oxygen consumption but rather to a lower
degree of reduction of the Complex I generator, which decreases its
percentage of free radical leak (Gredilla et al., 2001). CR has also been
found to decrease the rate of generation of superoxide radicals and
hydrogen peroxide by mitochondria from the brain, kidney, and heart of
mice (Sohal & Dubey, 1994; Sohal et al., 1994b). Interestingly, a 50%
reduction in food intake for one week in young ad libitum-fed male
Sprague-Dawley rats markedly decreases the mRNA level of Uncoupling
Protein-3 in skeletal muscle (Boss et al., 1998); extension of this kind of
research in an aging study is sorely needed. CR decreases cyclooxygenase
activity and the generation of cyclooxygenase-derived reactive oxygen
species in the brain and kidney of rats (Baek, et al., 2001; Chung et al.,
1999). The above findings on decreased generation of reactive oxygen
species are all from in vitro studies and, as pointed out by Feuers et al.
(1993), little is known about the effects of CR on in vivo free radical
production. It is, indeed, risky to draw conclusions about in vivo
processes based solely on in vitro findings.

The influence of CR on antioxidant defenses has proven to be
extremely complex. Many studies, particularly the early reports, indicated
that CR in mice and rats increases the activities and expression of
antioxidant enzymes and/or retards the age-associated decrease in the
activities of these enzymes (Chen et al., 1996; Heydari & Richardson,
1992; Kim et al., 1995; Koizumi et al., 1987; Laganiere & Yu, 1989; Pieri
et al., 1992; Rao et al.,, 1990; Richardson, 1991; Semsei et al., 1989).
However, a number of other studies have failed to consistently demon-
strate that CR enhances the activities of these enzymes (Gong et al., 1997;
Mote et al., 1991; Mura et al., 1996; Rojas et al., 1993; Sohal et al.,
1994b). Indeed, in one study, CR was found to attenuate the age-
associated increase in rat skeletal muscle antioxidant enzyme activities
(Luhtala et al., 1994). And Dhahbi et al. (1998) found that in the female
mouse, aging leads to an increase in translational efficiency of hepatic
catalase mRNA, while CR obviates this effect. Xia et al. (1995) used male
F344 rats to study the effects of age and CR (started soon after weaning)
on the activity of antioxidant enzymes; cerebral cortex, heart, intestinal
mucosa, kidney and liver were assessed at 6, 16, and 26 months of age
for catalase, glutathione peroxidase, and Cu, Zn superoxide dismutase
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activities. CR did not affect the intestinal mucosa activities of these
enzymes at any of the ages studied. In the heart, CR increased: catalase
activity at all ages studied; glutathione peroxidase activity at 16 and 26
but not 6 months of age; and Cu, Zn superoxide dismutase activity at 6
and 16 but not 26 months of age. In the kidney, CR increased: catalase
activity at 16 and 26 but not 6 months of age; glutathione peroxidase
activity at 26 months of age but not at the younger ages; and Cu, Zn
superoxide dismutase activity at all ages studied. In the liver, CR
increased: catalase and glutathione peroxidase activities at 26 months of
age but not at younger ages; and Cu, Zn superoxide dismutase activity at
16 and 26 but not 6 months of age. In the cerebral cortex, CR increased
catalase and Cu, Zn superoxide dismutase activities at 26 months of age,
but not at the other ages studied; and it did not affect glutathione
peroxidase activity at any age studied. However, Baek et al. (1999) found
that catalase activity decreases with age in the cerebellum of rats, and CR
prevents this decrease. The conclusion to be drawn from the studies
carried out to date is that many factors influence the effects of CR on the
activities of the antioxidant enzymes; these include age, gender, and
tissue specificities, and this complexity may explain what appear to be
inconsistencies in the findings reported in the literature.

Moreover, antioxidant enzymes exhibit a complex circadian pattern
of activity. Oriaku et al. (1997) studied this circadian pattern in the livers
of young female F344 rats, which had been fed ad [libitum or on a
CR regimen for 6 weeks; they concluded that CR enhances the rat’s
enzymatic ability to remove free radicals generated as a consequence of
normal oxidative metabolism. This study also suggests one of the reasons
for lack agreement on CR’s effects on antioxidant enzyme activity;
that is, the failure of investigators to consider the circadian pattern of
activity and the effect of CR on that pattern.

Furthermore, a complication in the study of catalase activity stems
from the fact that it is inactivated by reactive oxygen species, including
its substrate, hydrogen peroxide. Also, Feuers et al. (1997) found that
when CR is started at about 3 months of age, it reduces the accumulation
of inactive catalase in the liver of 9- to 12-month-old male (BN x F344)
F; rats. This finding indicates that CR may increase the capacity to
remove reactive oxygen species; but it also suggests that assessment of
this enzymatic activity may be affected by inactivation by its substrate
during the assay. So here is another possible factor for the discordant
findings in the literature on the influence of CR on calalase activity.

CR is known to bolster some nonenzymatic antioxidant defenses.
Cellular reduced glutathione (GSH) levels decrease with increasing age,
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and CR has been found to increase, into advanced ages, the levels in
rat and mouse livers, particularly the mitochondrial glutathione
level (Armeni et al., 1998; Chen et al., 1996; Laganiere & Yu, 1989;
Taylor et al., 1995). Figures 6-7 and 6-8 from the study of Armeni et al.
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Figure 6-7. Effects of age and CR on the cytosolic concentration of GSH in the
liver of female Wistar rats. Young denotes 6-month-old, adult denotes 11-month-
old, and old denotes 24-month-old. AL fed denotes ad libitum-fed and FR denotes
CR. (From Armeni et al., 1998.)
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Figure 6-8. Effects of age and CR on the mitochondrial concentration of GSH in
the liver of female Wistar rats. Young denotes 6-month-old, adult denoted 11-
month-old, and old denotes 24-month-old. AL fed denotes ad libitum-fed and FR
denotes CR. (From Armeni et al., 1998.)
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(1998) show the effects of age and CR on the hepatic cytosolic and
mitochondrial GSH concentrations, respectively. This action may provide
a major defense against oxidative damage. Also, Cook and Yu (1998)
have shown that CR blunts the age-associated increase in the iron content
of the kidney, brain and liver of rats (Figure 6-9); this effect may well
attenuate lipid peroxidation. CR increases the hepatic level of uric acid in
male F344 rats, possibly providing protection against oxidative damage
to this organ (Chung & Yu, 2000). In Emory mice, CR causes a marked
decrease in the level of ascorbate in plasma, liver, and kidney (Taylor
et al., 1995); in regard to this, it should be noted that ascorbate can
function as a prooxidant as well as an antioxidant.

Indeed, there is direct evidence that CR can protect against the
damaging actions of exposure to reactive oxygen molecules. Long-term
CR has been found to protect mouse lens epithelial cells from damage
caused by in vitro exposure to hydrogen peroxide (Li et al., 1998). Also,
CR protects mitochondrial gene transcription from the damaging effect of
peroxyl radicals (Kristal & Yu, 1998).

As discussed in Chapter 3, CR enhances the repair of oxidatively
damaged DNA molecules, while Chapter 4 covers the promotion of
protein turnover by CR. Clearly, rodents on CR have an increased
ability to replace damaged proteins with newly synthesized undamaged
molecules.

Based on all these studies, there is little question that CR protects
rats and mice from oxidative stress. Does this mean that this protective
action is the major or sole mechanism underlying the anti-aging and life-
extending actions of CR? In order to answer this question, it is necessary
to know the role of oxidative stress in the aging of these organisms. Is
the accumulation of oxidative damage the cause of aging, or is it merely
one of the many phenotypic results of fundamental aging processes?
There is some evidence suggesting the former. In fruit flies selected for
postponed senescence, there is an increased resistance to oxidative stress
(Arking et al., 1991); however, it is not known whether the delay in aging
in these long-lived genotypes is specifically due to a resistance to oxidative
stress, or to a resistance to stressors in general, or to a mechanism or
mechanisms not related to stress. Also, the life span of mice is markedly
increased by the homozygous mutation of p66™™ gene, and these mice
show no obvious phenotypic defect (Migliaccio et al., 1999). The authors
suggest that the increase in longevity is due to an increased cellular and
organismic resistance to oxidative stress because the adaptor protein
coded for by the p66*™ gene is part of a signal transduction pathway
activated by increased levels of intracellular reactive oxygen species.
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Figure 6-9. The effects of age and CR on the iron content in the kidney (panel A),
the liver (panel B), and the brain (panel C) of male F344 rats. AL refers to ad
libitum-fed rats and DR to rats on long-term CR. (From Cook and Yu, 1998.)
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However, it is important to remember that such a mutation may have
many consequences in addition to the response to oxidative stress.
Therefore, although there is reason to feel that oxidative stress may play
a major role in aging and that its attenuation may be a mechanism by
which CR retards aging, direct evidence in support of these concepts is
not yet in hand.

Alteration of the glucose-insulin system

Sustained elevation of plasma glucose and insulin levels is damaging
to mammalian organisms (Reaven, 1989), and this damage has some
similarities to what occurs during senescence (LevRan, 1998; Parr, 1996).
Thus, it is possible that normal levels of plasma glucose and insulin, acting
slowly over the course of a lifetime, can cause much of the deterioration
that is characteristic of the human senescent phenotype as well as that of
other mammalian species. CR alters many characteristics of rodent and
nonhuman primate carbohydrate metabolism, including the plasma levels
of glucose and insulin. Based on these effects, the Alteration of the
Glucose-Insulin System Hypothesis was proposed as a mechanistic expla-
nation of the anti-aging and life-prolonging action of CR (Masoro, 1996).

Early studies on the effects of CR on the glucose-insulin system are
difficult to interpret, because they did not provide lifelong information
on the levels of plasma glucose and insulin and the use of glucose fuel
under usual daily living conditions. Reaven and Reaven (1981) measured
plasma glucose and insulin levels once a day (between 2 and 4 pm) in male
Sprague-Dawley rats on either a low or high energy intake. They found
that between 3 and 12 months of age, plasma glucose levels were not
affected by energy intake, but plasma insulin levels were lower in the rats
on the lower energy intake. In several studies, the effects of CR on the
fasting levels of plasma glucose and/or insulin were determined in mice
and rats, and it was found that CR reduces the level of both (Harris et
al., 1994; Koizumi et al., 1989; Masoro et al., 1983; Reaven et al., 1983;
Ruggeri et al., 1989). Belage et al. (1990) reported that CR decreases the
postprandial level of plasma insulin in male Sprague-Dawley rats. Reaven
et al. (1983) studied glucose utilization in anesthetized 12- to 13-month-
old male Sprague-Dawley rats fasted for 4 hours with a method involving
the continuous infusion of epinephrine, propranolol, glucose, and insulin;
they concluded that the rats on a lower caloric intake are less insulin-
resistant than those on a higher caloric intake. However, this finding was
not confirmed by Kalant et al. (1988) who studied the effect on glucose
utilization of CR started at 4 weeks of age in male F344 rats, using the
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same method as Reaven et al. Glucose utilization was measured in 4-,
12-, 18- and 24-month-old rats after an overnight fast; CR resulted in a
decrease in the ability of insulin to stimulate glucose utilization at all ages
studied. Ivy et al. (1991) studied glucose metabolism in a hind limb
perfusion preparation obtained from anesthetized Long-Evans male rats
that had been fasted overnight; those preparations from CR rats exhibited
increased glucose utilization compared to the ad libitum-fed rats.

Masoro et al. (1992) carried out a longitudinal study on male F344 rats
to determine plasma glucose and insulin concentrations and glucose
utilization over a lifetime wunder wusual daily living conditions.
The circadian pattern of plasma glucose concentration was measured
(Figure 6-10). Over most of the 24 hours, rats on CR had lower plasma
glucose levels than those fed ad libitum; only during the 2 to 3 hours
following their daily feeding did the plasma glucose level in the rats
on CR approach that of the rats fed ad [libitum. Over their lifetime, the
CR rats sustained an approximately 15% reduction in mean 24-hour level
of plasma glucose (Table 6-1). In this study, plasma insulin levels were
measured during the daily periods of maximum and minimum plasma
glucose levels (Figure 6-11); at both times, the level of plasma insulin
was markedly lower in CR rats than in ad /libitum-fed rats. Using male
F344 rats maintained in the same facility and on the same dietary
regimens, McCarter and Palmer (1992) carried out a lifetime longitudinal
study of the oxygen consumption and respiratory quotient in two rat
groups, one on the CR regimen and the other fed ad [ibitum. Daily
oxygen consumption per kg of “metabolic mass” or lean body mass was
the same over most of the life span for both dietary groups as was the
respiratory quotient of 0.89, a value indicating that the rats were using a
daily mixture of fuels identical to the mixture in their diet, which is not
surprising for rats in a near steady state in regard to body mass and
composition. In addition, another set of 8-10-month-old CR and ad
libitum-fed rats were studied during the 2-hour period in which both
dietary groups reached their daily maximal plasma glucose concentration;
during these 2 hours, the following were measured: plasma glucose and
insulin levels, oxygen consumption per kg ‘“metabolic mass,” and
respiratory quotient (Masoro et al., 1992). There was no difference
between the two groups in oxygen consumption, respiratory quotient, and
plasma glucose concentration, but the plasma insulin concentration in the
CR rats was about 50% that of the ad libitum-fed rats. The conclusion
drawn from the above study is that the CR rats were able to daily utilize
a similar amount of glucose fuel per kg “metabolic mass” as the ad
libitum-fed rats, while maintaining a lower mean 24-hour plasma glucose
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Figure 6-10. Circadian pattern of plasma glucose concentration in ad libitum-fed
(Group A) and CR (Group B) male F344 rats. Graphs: A, 3-7 months of age; B, 9—13
months of age; C, 15-19 months of age; D, 21-25 months of age; and E, 27-31
months of age. Vertical arrows indicate the time at which the Group B rats received
the daily allotment of food. (From J. Gerontol.: Biol. Sci. 47: B202-B208, 1992;

Copyright © The Gerontological Society of America. Reproduced by permission of
the publisher.)

concentration and a markedly lower plasma insulin concentration. Thus, it
is clear that CR increases either glucose effectiveness, or insulin
sensitivity, or both.

Some research has been done on the mechanisms underlying the effects
of CR on carbohydrate metabolism in rodents. /n vitro studies show
that CR enhances insulin stimulation of glucose transport in rat skeletal
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Table 6-1

Effect of CR on 24-hour mean plasma glucose concentration in male F344 rats

Age range, AL CR
months mg/dl mg/dl
3-7 136 (2) 119 (2)
9-13 147 (2) 126 (2)
15-19 149 (2) 131 (2)
21-25 148 (3) 135 (3)
27-31 127 (3)

Note: AL denotes ad libitum-fed; numbers in parentheses denote SE; no measurements
were made on AL rats in the age range of 27-31 months. (Data from Masoro et al., 1992.)

muscle (Cartee et al., 1994; Davidson, 1978; Dean & Cartee, 1996).
Cartee and Dean (1994) found that this enhancement began as soon as 5
days after the initiation of CR (a 25% reduction in caloric intake) in the
rat epitrochlearis muscle but not in the flexor digitorum brevis muscle. In
vitro studies also show that CR increases glucose effectiveness in rat
skeletal muscle (Mc Carter et al., 1994). The glucose transporter GLUT-4
accounts for most of the insulin-stimulated glucose transport in skeletal
muscle; although CR does not alter the level of GLUT-4 in rat skeletal
muscle, it increases the fraction of the GLUT-4 located in the plasma
membrane of the muscle cell during insulin stimulation, i.e., the
component of GLUT-4 that functions in glucose transport (Dean et al.,
1998a). In the same muscle study, CR did not alter insulin’s stimulation
of insulin receptor substrate (IRS)-1-associated phophatidylinositol-
3-kinase (PI3K) activity, nor the abundance of IRS-2 and p85 subunit of
PI3K; but it did lower the abundance of TRS-1. Davidson et al. (2002)
also reported that CR of 20-days duration increases glucose transport by
rat skeletal muscle, and this is not associated with changes in IRS-1-,
IRS-2-, or phophotyrosine-phophatidylinositol-3-kinase activity. CR also
enhances insulin stimulation of glucose transport in mouse skeletal
muscle, and IRS-1 is not involved in this action (Gazdag et al., 1999).
Balage et al. (1990) reported that CR does not enhance insulin binding by
rat skeletal muscle; this does not agree with the study by Wang et al.
(1997) who found that CR increases insulin binding to its receptor in rat
skeletal muscle, though not in heart.

In vitro studies have shown that CR enhances insulin’s ability to
promote glucose metabolism in adipocytes (Craig et al., 1987). It
also enhances insulin binding by isolated adipocytes of rats (Olefsky &
Reaven, 1975).
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Figure 6-11. Longitudinal study of plasma insulin concentration in Group A (ad
libitum-fed) and CR (Group B) male F344 rats. Graph A reports plasma insulin
concentration at the time of the daily minimum plasma glucose concentration and
Graph B reports plasma insulin concentration at the time of the daily maximum
plasma glucose concentration. (From J. Gerontol.: Biol. Sci. 47: B202—B208, 1992,

Copyright © The Gerontological Soeicty of America. Reproduced by permission of
the publisher.)

CR influences hepatic insulin action and carbohydrate metabolism in
rodents. Barzilai and Gabriely (2001) found that CR increases the ability
of insulin to suppress hepatic glucose production in both young and old
rats. In contrast, Escriva et al. (1992) reported that CR decreases the
ability of insulin to suppress hepatic glucose production in young rats. In
a study by Kalant et al. (1988), CR did not influence insulin binding or
insulin degradation by rat liver, while in the study of Balage et al. (1990),
CR enhanced insulin binding by rat liver. Insulin receptor mRNA levels
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are increased in the liver of mice on a CR regimen (Spindler et al., 1991).
CR decreases the enzymatic capacity for glycolysis in mouse liver and
increases it for gluconeogensis (Dhahbi et al., 1999).

Escriva et al. (1992) used the tritium-labeled 2-deoxyglucose-procedure
to carry out an in vivo study on the effect of CR on glucose metabolism.
They studied anesthetized 70-day-old Wistar rats under basal and
hyperinsulinemic conditions, and found that CR increased insulin-
mediated glucose uptake by various skeletal muscle and adipose tissue
sites. Wetter et al. (1999) did a similar study using 11-12-month old
F344xBN F; rats, and it is important to note that they carried out the
study in as close to usual living conditions as possible. They found that
although CR maintained low levels of plasma insulin, it did not affect
glucose uptake by cerebellum, lung, kidney, soleus muscle or diaphragm,
and it enhanced glucose uptake by brown adipose tissue and white
adipose tissue as well as the epitroclearis, plantaris, and gastrocnemius
muscles.

Several studies indicate that the markedly lower plasma insulin levels
of rats on CR are due largely to decreased secretion of insulin by the
B-cells of the pancreatic islets (Bergamini et al., 1991; Dean et al., 1998b;
Rao, 1995; Reaven et al., 1983). However, there is also evidence that
CR may increase insulin clearance in rodents (Feuers et al., 1995).

Long-term CR was found to decrease fasting plasma glucose and
insulin levels in two studies on rhesus monkey (Kemnitz et al., 1994;
Lane et al., 1995). In another rhesus monkey study, CR decreased fasting
plasma insulin levels but did not affect fasting plasma glucose concentra-
tion (Bodkin et al., 1995). Findings in all three studies led the authors to
conclude that CR increases insulin sensitivity in rhesus monkeys. In the
study of Kemnitz et al. (1994), insulin sensitivity was determined with the
Modified Minimal Model method; Lane et al. (1995) determined insulin
sensitivity by analyzing the glucose tolerance test; and Bodkin et al.
(1995) used the euglycemic, hyperinsulinemc clamp technique. Moreover,
fasting plasma insulin levels and the insulin response in an intravenous
glucose tolerance test were significantly decreased in old rhesus monkeys
(greater than 18 years of age) on a CR regimen for only 12 months (Lane
et al., 1999). In all the rhesus monkey studies, the measurement of plasma
glucose and insulin and the determination of insulin sensitivity were done
on fasting animals under light anesthesia. Thus, these studies provide no
information on effects of CR on glucose and insulin levels and glucose
utilization in rhesus monkeys under normal living conditions. Cefalu et al.
(1997) found that after one year on a CR regimen, adult cynomolgus
monkeys exhibit an increase in insulin sensitivity, as determined by the
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Modified Minimal Model method. Fasting blood sugar is decreased in
humans after 6 months on a low-calorie diet (Walford et al., 1992).

CR does not affect the abundance of the GLUT-4 glucose transporter,
nor the abundance of two components of the insulin signaling
pathway, phosphatidylinositol-3 kinase p85 subunit and insulin receptor
substrate-1, in skeletal muscle of rhesus monkeys (Gazdag et al., 2000).
CR does affect, in unexpected ways, rhesus monkey skeletal muscle
glycogen metabolism (Ortmeyer et al., 1994, 1998). It increases basal
glycogen synthase activity but prevents insulin activation of this
enzyme, and it increases glycogen phosphorylase activity and the level of
intracellular glucose 6-phosphate in response to insulin.

In regard to the anti-aging action of CR, investigators initially
focused on the sustained reduction of plasma glucose levels during the
life of an organism. There are two reasons for the initial focus. First,
chronic hyperglycemia has been linked to microvascular disorders,
macrovascular disease, basement membrane thickening, impaired cellu-
lar immunity, and cell cycle abnormalities (Rossetti et al., 1990).
Thus, it is reasonable to believe that the normoglycemic level may
slowly do the same, and that lowering it would be protective. Second,
Cerami (1985) proposed the glycation theory of aging. It is based on
the occurrence of nonenzymatic glycation of protein and nucleic acid
molecules and subsequent reactions to yield advanced glycation end
products (AGE). It is further postulated that this results in damage to
these macromolecules as well as cellular damage caused by the AGE
alteration of the macromolecules and thereby aging of the organism.
Moreover, it is well established that elevated levels of plasma glucose
will promote glycation and thus the generation of AGE (Cerami, 1985;
Monnier, 1990). In addition, glycation is associated with oxidative
reactions (Dunn et al., 1989) and, thus, relates to the oxidative
stress hypothesis (Kristal & Yu, 1992).

Several studies have shown that CR influences glycation and AGE
accumulation in rodents. Rats and mice on a CR regimen have lower
glycation levels of hemoglobin and plasma proteins than control rats
(Cefalu et al., 1995; Masoro, et al., 1989; Sell, 1997); the findings of
Sell are summarized in Table 6-2. CR decreases plasma fructosamine
levels in male and female F344 rats (Van Liew et al., 1993). It slows the
age-associated increase in the glycation of rat and mouse skin collagen
(Sell, 1997) and reduces the accumulation of glycoxidation products,
N°-(carboxymethyl)lysine and pentosidine, in rat skin and tendon collagen
(Cefalu et al., 1995; Sell et al., 1996). Sell and Monnier (1997) found that
CR retarded the age-associated increases in pentosidine in the tendon and
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Table 6-2
Effect of CR on the level of glycated hemoglobin in male C57BL/6 mice

% Glycated hemoglobin

Age,

months AL CR
12 3.40(0.4) 2.64(0.2)
18 3.17(0.3) 2.58(0.3)
24 2.18(0.4) 2.33(0.1)

Note: AL denotes ad libitum-fed; numbers in parentheses denote SE. (Data from Sell, 1997.)

ear auricle of DBA/2 mice, though the effects of CR were less evident in
C57BL/6 mice. On the other hand, Reiser (1994) reported that CR
decreases the age-associated increase of AGE in skin and tendon collagen
of C57BL/6 mice. As discussed in Chapter 3, there have been conflicting
findings on the effects of age and CR on protein glycation and related
reactions, which has somewhat tempered enthusiasm for the concept that
attenuating glycation plays a major role in the anti-aging action of CR.
The focus has recently shifted to the reduction in plasma insulin levels
as a mediator of CR’s anti-aging action. Elevated levels of plasma insulin
have long been implicated as a contributor to age-associated human
cardiovascular disease, such as atherosclerosis, coronary heart disease,
and hypertension (Ducimetiere et al., 1980; Ferrari & Weidman, 1990;
Stout, 1990). However, the main reason for the new shift in focus is the
research on genetic manipulations that significantly extend the life span
of the nematode C. elegans; loss-of-function mutations in genes coding
for components of the cellular insulin-like signaling pathway markedly
increase the longevity of these worms (Lane, 2000; Vanfleteren &
Braeckman, 1999). Indeed, it has been suggested that an evolutionary link
connects the loss-of-function mutations in the nematode and the life-
extending action of CR (Kimura et al., 1997; Lin et al., 1997). A loss-of-
function mutation in an insulin-like signaling pathway has also been
found to extend the life span of Drosophila melanogaster (Clancy et al.,
2001; Tatar et al.,, 2001). In addition, Guarente’s group has used a
medium with a low glucose concentration as a way of increasing the
longevity of yeast; presumably this procedure mimics caloric restriction in
rodents (Lin et al., 2000). They found that the increase in longevity does
not occur in the yeast mutant for S/R-2, the gene that encodes for the
silencing protein Sir2p. Subsequently, Tissenbaum and Guarente (2001)
reported that increased dosage of the SI/R-2 gene extends the life span of
C. elegans, and they suggest that silencing by Sir2 may couple nutrient
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availability to the level of signaling through the insulin-like signaling
pathway of the nematode.

“Negative” was my first reaction to the suggestion that these findings
in nematodes, fruit flies, and yeast may relate to the anti-aging action of
CR in rodents since the insulin-signaling system in skeletal muscle cells of
rodents is not decreased, but rather is enhanced by CR. However, the
work of Wolkow et al. (2000) caused me to reconsider this view. They
restored the functioning of the insulin-signaling pathway in individual
tissues of a loss-of-function mutated strain of C. elegans; and they found
that only when they eliminated loss-of-function in the nervous system
(but not in muscle and intestine) do the mutant nematodes lose the
mutation-induced increase in longevity. Thus, if CR enhances the insulin-
signaling system pathway in skeletal muscle but not in the nervous system
of rodents, then the low plasma insulin levels in CR rodents could have
an effect on insulin signaling in the nervous system of rats and mice that
is similar to that of the loss-of-function mutation in nervous system
insulin-like signaling of nematodes.

In summary, there is, indeed, evidence that CR decreases glycation and
related reactions. Such findings lend support to the Alteration of the
Glucose-Insulin System hypothesis as a mechanism in the anti-aging
action of CR. However, whether glycation and related reactions play
an important role in senescence has yet to be established. In addition,
even if they do play an important role, it is an open question as to
whether the extent to which CR influences these reactions is sufficient to
have a marked effect on aging. The evidence that insulin signaling
plays an important role in senescence of nematodes and fruit flies is
compelling. In fact, many invertebrate biologists enthusiastically embrace
the concept that there is a universal component to aging in animal
organisms, and that this component may be insulin signaling. However,
as yet the data in support of this concept are far from robust.
Nevertheless, both the glycemia component and the insulinemia
component of the Alteration of the Glucose-Insulin System hypothesis
remain viable and certainly merit further study.

Alteration of the growth hormone-IGF-1 axis

CR influences the functioning of the growth hormone-IGF-1 axis, and
this action may play an important role in its life-prolonging and anti-
aging actions. The research on both Snell and Ames dwarf mice is the
major reason for advancing this view. Such dwarf mice have life
spans that are significantly longer than their normal sized littermates
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(Brown-Borg et al., 1996; Flurkey et al., 2002; Miller, 1999). Although
the Snell and Ames dwarf mice have mutations in different genes,
they exhibit similar phenotypic characteristics (Bartke et al., 2001a);
in addition to being dwarfs, both exhibit underdeveloped anterior
pituitary glands that are devoid of cells producing growth hormone,
prolactin, and thyroid stimulating hormone. Mice of the long-lived
(C3H/HeJxDW/DF; background with a defect in growth hormone
production, due to a loss-of-function mutation at the Piz-1 locus, exhibit
a greater than 40% increase in mean and maximal longevity (Flurkey et
al., 2001). Based on the work of Coschigano et al. (2000), it appears
likely that the increase in longevity in the Snell and Ames dwarf mice
results from the lack of growth hormone and the concomitant decrease in
peripheral levels of IGF-1. These investigators studied mice with a
targeted disruption of the growth hormone receptor/growth hormone
binding protein gene, and they found that such animals had a significant
extension of life span along with a decrease in body size and low levels of
plasma IGF-1.

I refer to the concept that the anti-aging actions of CR are due to its
effect on the growth hormone-IGF-1 axis as the Alteration of the Growth
Hormone-IGF-1 Axis hypothesis. Further support for proposing
this hypothesis is the fact that nematodes and fruit flies do not have
separate insulin and IGF-1 signaling pathways; rather, both signaling
pathways in mammals are homologues of the single signaling pathway
in these invertebrate species. Thus, the genetic studies on nematodes
and fruit flies, which suggest a possible role of insulin signaling in
senescence, are equally applicable to the mammalian IGF-1 signaling
pathway.

Indeed, CR markedly alters the growth-hormone-IGF-1 axis in rats
and mice. CR for 10 weeks suppresses the pulsatile secretion of growth
hormone in rats over a wide range of ages (Armario et al., 1987; Quigley
et al., 1990). A 40% or 60% reduction in food intake for 30 days
markedly decreases the serum concentration of growth hormone in young
male Sprague-Dawley rats, and the 60% restriction also lowers the serum
concentration of growth hormone binding protein (Oster et al., 1995).
Growth hormone secretion decreases markedly with increasing age in
BN rats, and although CR suppresses growth hormone secretion in the
young rats, old rats on a long-term CR regimen have a secretory
activity similar to that of young ad libitum-fed rats (Sonntag et al., 1995).
Also, CR of 3 months duration, initiated in BN rats at 26 months of
age, restores their growth hormone secretory activity to that of young ad
libitum-fed rats (Sonntag et al., 1999). Long-term CR increases the
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number of somatotropes in the anterior pituitary of old rats (Shimokawa
et al., 1996); it modulates somatotrope cell turnover, thereby preserving
the cell population for growth hormone secretion in rats of advanced
ages (Shimokawa et al., 1997b). It also slightly enhances the pituitary
sensitivity to growth hormone-releasing hormone (Shimokawa et al.,
2000). Long-term but not short-term CR protects against the age-related
loss of pituitary high affinity growth hormone-releasing hormone binding
sites (Girard et al.,, 1998). Growth hormone secreting cells from old
F344 rats, studied in vitro, showed an increased sensitivity to somatosta-
tin-28, and long-term CR attenuated this age-associated increase in
sensitivity (Shimokawa et al., 1997a). However, CR does not affect
plasma growth hormone levels in rhesus monkeys (Cocchi et al., 1995).

In mice, a progressive impairment in the growth hormone signal
transduction occurs with increasing age, and CR delays this functional
impairment (Xu & Sonntag, 1996a). In male B6D2 mice, growth
hormone-induced activation of hepatic stat-3 decreases with increasing
age; and this contributes to the age-associated impairment in hepatic
growth hormone signal transduction and IGF-1 gene expression. CR
attenuates this decrease resulting in an enhancement in the hepatic
response to growth hormone and an increase in IGF-1 secretion (Xu &
Sonntag, 1996b).

In young adult Sprague-Dawley rats, a 60% reduction in food intake
for 30 days lowers the hepatic IGF-1 mRNA level and markedly
decreases plasma IGF-1 concentration; a 40% reduction in food intake
for the same length of time has a similar though more modest effect on
plasma IGF-1 concentration but does not affect the hepatic IGF-1
mRNA level (Oster et al., 1995). CR also markedly decreases plasma
IGF-1 levels in young BN rats (D’Costa et al., 1993), but with increasing
age, there is a fall in the plasma IGF-1 levels in the ad libitum-fed rats
and not in rats on the CR regimen (Figure 6-12). Indeed, at advanced
ages, plasma IGF-1 concentration is about the same in both dietary
groups (Breese et al., 1991). Similar findings on plasma IGF-1 levels were
observed with mice (Sonntag et al., 1992). Although Tomita et al. (2001)
found that CR decreases plasma IGF-1 levels in adult F344 rats, an age-
associated decrease was not seen in ad libitum-fed rats in this rat strain.
CR was found to decrease plasma IGF-1 levels in young but not in old
rhesus monkeys (Cocchi et al., 1995). In aging rats, CR increases the
density of IGF Type I receptors in liver, heart and skeletal muscle by
some 1.5-2.5 fold (D’Costa et al., 1993). Tomita et al. (2001) found that
CR increases the level of IGF Type I receptor mRNA in skeletal muscle
of F344 rats at 6 and 16 months of age and the receptor protein at
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Figure 6-12. Effects of age and CR on plasma IGF-1 concentration in male BN
rats. AD-LIB denotes ad libitum-fed rats and RESTRICTED denotes CR rats.
(From D’Costa et al., 1993.)

6 months of age; it also maintains the skeletal muscle IGF-1-mRNA and
insulin receptor substrate-1-mRNA at levels similar to those in ad libitum-
fed F344 rats. Tomita et al. concluded that CR may enable the rat to
maintain local tissue levels of IGF-1 and the components of its signaling
pathway at levels similar to those of ad libitum-fed rats while lowering
plasma levels. Moreover, there is evidence that autocrine/paracrine IGF-1
function may be as, or even more, important than its hormone function
(Yakar et al., 1999).

It is extremely difficult to interpret these many findings as either
supporting or negating the Alteration of the Growth Hormone-IGF-1
Axis hypothesis. Bartke et al. (2001b) point out that the relationships
among growth hormone, growth, maturation, body size, and aging
are complex and in need of further study. A guide for further study
is provided by a recent conjecture of Bartke and Lane (2001). The
following is a paraphrase of their idea: During young life, a high level of
growth hormone and IGF-1 stimulates growth and metabolism, but this
may also act to decrease longevity (e.g., the larger the breed of dog, the
shorter its life span). However, at advanced ages, these hormones may
retard aging by preventing adiposity, the loss of lean body mass, and the
deterioration of the vascular system. Kalu et al. (1998) found that the
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administration of growth hormone, starting at 17 months of age in Balb/c
mice and 18 months of age in F344 rats (late middle age for both
species), had no effect on longevity. This finding does not entirely
support the speculation of Bartke and Lane since the late-life elevation of
growth hormone did not increase longevity, but it is significant that
neither did it decrease longevity. The latter is reassuring in that
the administration of exogenous growth hormone, for instance, to
p>3-deficient mice on a CR regimen restores their plasma level of IGF-1
to that of ad libitum-fed mice, though it decreases the ability of CR to
retard p-cresidine-induced bladder cancer in these mice (Dunn et al.,
1997). Such findings raised concerns that increasing plasma growth
hormone and IGF-1 levels at advanced ages might lead to a decrease
in longevity by fostering neoplasia and other age-associated disease
processes; the study of Kalu et al. indicates this need not be a concern.
Although CR rodents and Ames dwarf mice have many characteristics
in common, they also have characteristics that differ. Because of these
differences, Mattison et al. (2000) concluded that the Ames dwarf mice
cannot be considered to be CR mimetics. While this conclusion seems
sound, it does not rule out the possibility that one or more of the
characteristics shared by the two animal models underlie the increase in
longevity that both exhibit. However, Bartke et al. (2001c) reported
that CR further extends the life span of the Ames dwarf mice and based
on this finding, they concluded that the slowing of aging by mutations in
the growth hormone-IGF-1 axis involves a different mechanism than that
of CR. Clancy et al. (2002) presented evidence that the findings reported
by Bartke et al. do not necessarily support such a conclusion. Although
there is not yet strong evidence in its support, the Alteration of
the Growth Hormone-IGF-1 Axis hypothesis clearly warrants further
exploration.

Hormesis

Hormesis refers to the phenomenon whereby a usually detrimental
chemical substance or environmental agent changes its role to provide
beneficial effects when administered at low concentrations or intensities
(Furst, 1987). Although many different definitions of hormesis have been
proposed, the following is useful in the context of gerontology: Hormesis
is the beneficial action resulting from the response of an organism to a
low-intensity stressor. It 1is important to note that in the aging
context, beneficial action refers to increasing longevity, slowing senescent
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deterioration, retarding age-associated diseases and coping with high
intensity stressors; however, it must also be noted that other aspects of
the organism’s biology may be affected adversely (e.g., a decrease in
fecundity) or not affected at all. In 1998, I proposed that CR’s life-
extending and anti-aging actions in rodents are the result of hormesis
(Masoro, 1998). Turturro et al. (1998) also concluded that the effect of
CR on rodent survival is an example of hormesis.

The first issue that must be addressed is whether CR, as utilized in
experimental biological gerontology, is a chronic, low-intensity stressor.
Strong evidence that CR is, indeed, a chronic low-intensity stressor
comes from the fact that rats on a lifelong CR regimen maintain a daily
modest elevation in the afternoon peak plasma concentration of free
corticosterone (Sabatino et al., 1991); the life span circadian pattern
of plasma free corticosterone in male F344 rats is shown in Figure 6-13.
The study of Amario et al. (1987) showed that CR for 34 days increases
the daily level of plasma total corticosterone in approximately 3-month-
old male Sprague-Dawley rats. Stewart et al. (1988) confirmed the finding
that CR increases plasma total corticosterone in young rats (5-month-old
male F344 rats), but found that it does not increase plasma total
corticosterone levels in 24-month-old rats. Sabatino et al. (1991) also
found that the increase in plasma total corticosterone in young rats on CR
disappears with increasing age, but that the daily peak in plasma
free corticosterone levels remains elevated in CR rats throughout life. This
is important because the plasma free corticosterone level is believed to be
the component of functional importance (Mendel, 1989). Young mice on
CR also show an elevation in the daily peak concentration of plasma
corticosterone; however, a life span study of this species has yet to be done
(Klebanov et al., 1995). Han et al. (1995) found that the CR-induced
increase in peak plasma concentration of corticosterone in rats does not
relate to an increase in plasma adrenocorticotropic hormone (ACTH)
concentration; and they speculated that the underlying mechanism is an
increase in the responsiveness of the adrenal cortex to ACTH. In a
subsequent study, such was found to be the case for young rats (Han et
al., 1998). However, when Han et al. (2001) recently extended their
research to include old rats, they found that while CR through middle age
increases the sensitivity of the adrenal cortex to ACTH, the increased
sensitivity wanes at older ages, even though the peak afternoon concentra-
tion of plasma free corticosterone continues to remain elevated. Although
the underlying basis of this action of CR in old rats remains to be
identified, it must be noted that a lifetime characteristic of CR rats is the
maintenance of high levels of plasma free corticosterone. The fact that two



Mechanisms of the Anti-Aging Action of Caloric Restriction 141

__ 150 150
s a A s b -a
£ o8 < °oB
T o
2 100 2 100
/ |
€ / €
8 *\ 3 AW
S s0 2 50 / \
& / /AN g RV I
© / IWARERN © o \ \
3 / \, & - \
& i [ ! — & - =
0 0
2400 0600 1200 1800 2400 2400 0600 1200 1800 2400
Light Phase ——*-»<— Dark Phase— Light Phase ——*»<— Dark Phase—
Time of Day Time of Day
__ 150
% ¢ A 3‘; s204d | A
g °B g 280 | o
S 100 3 207
2 /i 2
8 g 200 /
I £ /\
160 -
S 8 \
8§ sof o o // \
i & \
o o 80 / \
& 5 w0 /
3 —
& x J§ S— = T
2400 0600 1200 1800 2400 2400 0600 1200 1800 2400
Light Phase N O Dark Phase—— Light Phase —4 e Dark Phase—
Time of Day Time of Day
S 320
z € en__
o 280
c
2 20
@
§ 200 / \
5 60 /
S 2
1
o
£ A
g s
o 40 // \V///b\\\\
o [~ .
02400 0600 1200 1800 2400
Light Phase ——4 e Dark Phase—

Time of Day

Figure 6-13. Circadian pattern of plasma free corticosterone concentration in ad
libitum-fed (A) and CR (B) rats. Age-ranges: a, 3—7 months; b, 9-13 months; c,
15-19 months; d, 21-25 months; e, 27-31 months. Vertical arrows denote the
time at which the CR rats received the daily food allotment. (From J. Gerontol.:
Biol. Sci. 46: B171-B179, 1991; Copyright © The Gerontological Society of
America. Reproduced by permission of the publisher.)

or more mechanisms are used to sustain the elevated levels of plasma free
corticosterone throughout the life of CR rats is a strong indication of its
functional importance.

The next issue is whether rodents on a CR regimen exhibit hormesis
when coping with damaging agents (i.e., intense stressors). There is
evidence that CR protects rodents of all ages from damage caused
by acute, intense stressors. As is evident from Figure 6-14, CR
attenuates the acute loss in body weight of rats following surgical stress
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Figure 6-14. Effect of CR on the percent loss of body weight during the 48 hours
following surgical implantation of a jugular canula. Numbers in parentheses refer
to age of male F344 rats in months. Restricted denotes rats on CR. From Masoro
(1998).

Table 6-3
Effect of CR on the survival of 20-month-old male F344 rats after heat stress

Survival
Dietary regime Number: alive/dead %
AL 15/77 16
CR 27/9 75

Note: Data from Heydari et al. (1993).

(Masoro, 1998). In addition, it reduces the inflammatory reaction seen in
mice following injection of carageenan in the footpad (Klebanov et al.,
1995). Heydari et al. (1993) found that rats on CR have an increased
ability to survive a sudden marked increase in environmental temperature
(Table 6.3). Also, CR protects rodents from damage caused by the action
of toxic drugs (Duffy et al., 1995); e.g., following the administration
of ganciclovir sodium, CR markedly reduces the mortality rate of female
B6C3F; mice (Berg et al., 1994). Further, Keenan et al. (1997) tested
four pharmaceutical drug candidates on Sprague-Dawley rats fed either
ad libitum or a CR regimen, and found that CR rats needed higher doses
to achieve classical maximum tolerated doses.
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Since rodents on CR exhibit hormesis in coping with acute, intense
stressors, the question arises regarding the relevance of this action to
CR’s effects on aging and longevity. Many biological gerontologists,
including this author, believe that a major component of senescence in all
animal species stems from the failure to repair damage or fully prevent
long-term action of damaging agents (low-intensity stressors) generated
by intrinsic living processes as well as by extrinsic agents. If this concept
is correct, then the same hormetic processes that enhance coping with
acute, intense stressors should also retard aging processes and increase
longevity. Indeed, the effect of hormesis on longevity was demonstrated
many years ago by Maynard Smith (1958) who reported a large increase
in the life span of female fruit flies when subjected to transient heat
shock. Since then, there have been many other examples of longevity
hormesis resulting from exposure to low levels of a toxic agent (Johnson
et al., 1996). Moreover, genetic manipulations that yield genotypes
with increased longevity often result as well in an increase in the ability
of the organism to cope with acute, intense stressors (Lithgow & Walker,
2002; Martin et al., 1996). As discussed above, such has been shown for
C. elegans (Johnson et al., 2000), D. melanogaster (Lin et al., 1998), and
yeast (Fabrizio et al., 2001). Kapahi et al. (1999) carried out an in vitro
study on the ability of fibroblasts of eight mammalian species to cope
with stressors in relation to the life span of the species. They found a
positive correlation between the ability of the fibroblast to cope with a
variety of stressors and species life span. These many diverse findings are
supportive of the hypothesis that hormesis may be the basis for the life-
prolonging action of CR and possibly its anti-aging action. A caveat in
regard to the latter: Although longevity and senescence are related, they
are not in lock step.

The final question: What are the organismic, cellular, and molecular
processes that are utilized by hormesis to extend life and retard aging?
The effect of CR on plasma free corticosterone levels is likely to be
involved. It is well known that the hypothalamic-hypophyseal-adrenal
cortical glucocorticoid system plays an important role in the ability of
mammals to cope with damage (Munck et al.,, 1984). Thus, it seems
reasonable to suggest that the elevated maximal daily levels of plasma
free corticosterone enable the rodent to better cope with the daily
damaging actions of intrinsic processes and extrinsic agents that ulti-
mately result in senescence. In support of this speculation it has been
demonstrated that CR’s ability to protect mice against chemically
induced tumors is lost if the animals have been adrenalectomized (Pashko
& Schwartz, 1992). Indeed, Schwartz and Pashko (1994) have proposed
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that elevated levels of adrenal steroids underlie the ability of CR to
inhibit both carcinogen-induced cancers as well as those occurring
spontaneously with increasing age. In addition, Birt et al. (1999) have
presented evidence that CR inhibits skin carcinogenesis in mice through
the mediation of elevated levels of glucocorticoids. Also, Leakey et al.
(1994) have postulated that the increased levels of corticosterone
contribute to the anti-aging actions of CR.

In addition to this organismic hormonal mechanism, it is likely that
hormesis involves cellular processes that protect against damage and
those that repair damage. Families of stress-response genes, which are
common to a broad spectrum of species, function to protect cells from
the damaging actions of stressors (Papaconstaninou et al., 1996). Indeed,
CR has been found to influence at least some stress-response genes in
that it enhances the expression of heat shock proteins in response to
stressors (Aly et al., 1994, Heydari et al., 1993, 1995; Moore et al., 1998;
Pipkin et al., 1994). Also, it must be regarded as significant that
a transgenic strain of D. melanogaster that has an increased ability to
induce hsp 70 shows an increase in longevity (Tatar et al., 1997).

Although many of CR’s actions clearly fit the concept of hormesis,
Neafsey (1990) concluded that the increased longevity of rats resulting
from CR is not due to hormesis. Her conclusion is based on differences
between the effects of CR and those of longevity hormesis (induced by
methylene chloride and gamma radiation) on the age-associated
increase in age-specific mortality. However, it must be noted that in
drawing this conclusion, Neafsey used a different and narrower definition
of hormesis than the one proposed in this chapter. It should also be
noted that the hormesis hypothesis is in accord with current views on the
evolution of the anti-aging actions of CR, as discussed in Chapter 7.
What is now needed is a clear delineation of the processes that link CR
as a low-intensity stressor to CR’s role as a protector against intense
stressors, and thus its role in the retardation of aging processes. Until
this is forthcoming, the hormesis hypothesis must remain just one of
several promising hypotheses.
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Are the anti-aging and life-prolonging actions of CR adaptations resulting
from natural selection? If the answer to the question is affirmative, then
questions emerge regarding the evolutionary pathway involved and
whether it is similar or different among species. As of now, there are
not definitive answers to these questions but a start has been made.
However, before discussing emerging ideas, it is first necessary to briefly
review current concepts regarding the evolutionary biology of aging.

Evolutionary biology of aging

Most evolutionary biologists no longer hold the once popular belief
that aging is an evolutionary adaptation with a genetic program similar
to that coding for development (Rose, 1991). Although there are several
reasons for rejecting this view, probably the most important one is
that senescence decreases the evolutionary fitness of the individual
(i.e., decreases the ability to generate progeny), and thus makes it unlikely
that aging is directly selected for by natural selection.

During the past 50 years or so, the view has emerged that aging
evolved because the force of natural selection decreases with increasing
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chronological age; i.e., there is a progressive age-associated decrease
in the ability of natural selection to eliminate those detrimental traits that
are expressed only at advanced ages. Although Charlesworth (1994) has
provided a mathematical model for the quantitative assessment of the
relationship between calendar age and the force of natural selection, the
following simple hypothetical example makes it obvious that the force of
natural selection decreases with increasing calendar age, albeit in
qualitative terms: Assume that 1000 members of each gender of a cohort
of animals reach reproductive maturity at age X; at that age, almost all
of the 2000 members will be generating progeny, but as the age of the
cohort increases, members will die (in the wild, the rate at which they die
depends primarily on how hostile the environment). So with increasing
age, fewer and fewer of those in the cohort will be available to generate
progeny and thus add their gene pool to the next generation. Therefore,
individuals with a gene with detrimental effects expressed only late in life
will generate about the same number of progeny during their lifetime as
those in the cohort that do not have this gene. That is, before the
detrimental effects are expressed, all, or almost all, of the cohort are dead
due to predation and other environmental hazards. That being the case,
the ability of natural selection to eliminate this detrimental gene from the
population is negligible. However, if such individuals are provided a
protected environment, many may live to an age at which the detrimental
effects are expressed, and they will suffer these effects, a phenomenon
referred to as senescence.

Genetic mechanisms compatible with this theory of the evolution of
aging have been the subject of considerable thought. Many years ago,
Medawar (1952) proposed what is referred to as the mutation—
accumulation mechanism. He realized that most deleterious mutations in
gametes will result in progeny that are defective during most of life and
that natural selection will act to remove such mutations from the
population. However, he thought it likely that the deleterious effects of a
few of the mutated genes in gametes will not result in defects in progeny
until late in life, and thus will not be eliminated by natural selection.
He postulated that these genes will accumulate in the genome and will be
expressed by individuals living in protected environments and thus the
occurrence of senescence.

A few years later, Williams (1957) proposed a genetic mechanism that
is referred to as antagonistic pleiotropy. He postulated there are genes
that increase evolutionary fitness early in life and have deleterious actions
in late life. Since the force of natural selection is great in early life
and negligible in late life, such genes would be selected for. Therefore, in
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this indirect way, senescence would also be selected for; i.e., senescence
is a by-product of natural selection.

Although there is some evidence for the involvement of both the
mutation-accumulation mechanism and the antagonistic pleiotropy
mechanism, the Disposable Soma Theory of Kirkwood (1977) is
compatible with the current view of the evolution of senescence and, in
addition, it provides a basis for the evolution of CR’s anti-aging action.
Kirkwood’s premise is that the fundamental life role of all organisms
is to utilize free energy in the environment (e.g., the fuels in food) to
generate progeny. To do so requires energy for reproduction but also
requires energy for maintenance of the body (which he calls the soma
or somatic maintenance). He proposes that the force of natural selection
acts to apportion the use of energy between reproduction and somatic
maintenance in a fashion that tends to maximize evolutionary fitness (i.e.,
tends to maximize the individual’s lifetime yield of progeny). As a
consequence, less energy is used for somatic maintenance than is needed
for indefinite survival and hence the occurrence of senescence. He further
proposes that the apportionment of energy between reproduction and
somatic maintenance varies according to the environment in which
the species or subgroup of a species evolved. If the species evolves in a
highly hazardous environment, the greatest yield of progeny can be
achieved when relatively little energy is used for somatic maintenance,
enabling high rates of reproduction at young ages. However, these
organisms will exhibit rapid senescence if introduced into a protected
environment free of the environmental hazards that lead to their death
at young ages during the evolution of the species. The converse can be
said for species that evolved in environments that are not very hazardous.
It is postulated that such animals will have a modest rate of reproduction
that continues past young adulthood, and will use much energy for
somatic maintenance; thus such animals will exhibit a slow rate of
senescence.

The female reproductive life span hypothesis

Harrison and Archer (1989) addressed the question of the evolution
of the life-prolonging and anti-aging actions of CR. Their hypothesis is
based on the fact that in a protected environment, the span of female
reproductive life of most species of mammals is about half of the
maximal life span. They propose that in nature, periods of low
availability of food for species like mice and rats (as might occur during a
drought) may well outlast their reproductive life span. However,
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individuals whose genomes respond to food deficiency by slowing the rate
of reproductive aging might have the ability to reproduce when ample
food again becomes available under conditions favorable for both a
successful pregnancy and survival of progeny. Such individuals would
have an enormous selective advantage and would, therefore, become the
dominant genotype of the species or subgroup of the species. Presumably,
general organismic aging would slow in parallel with the slowing
of reproductive aging. This hypothesis led to the prediction that CR’s
anti-aging actions should be greatest in those species with the shortest
reproductive life span.

Phelan and Austad (1989) challenged this hypothesis on the grounds
that reproductive senescence is largely irrelevant to life in the wild,
because post-reproductive individuals are rarely found in nature. Thus,
they feel that the force of natural selection to extend reproductive life
span is likely to be very weak.

The energy apportionment hypothesis

Holliday (1989) proposed a hypothesis of the evolution of CR’s
life-prolonging action in terms of the Disposable Soma Theory of Aging.
The basis of the hypothesis is that in nature, the availability of food
would vary greatly over time with an excess of dietary calories at times,
and food shortage at other times, the latter leading to starvation or near
starvation. Holliday points out that it is known that during periods
of restricted caloric intake, laboratory rats and mice exhibit either a
reduction or cessation of reproduction. (See Chapter 4 for a detailed
discussion of CR and reproduction.) Moreover, when the old CR rats
and mice are provided with an abundance of food, they are able to
reproduce at ages much greater than those at which ad [libitum-fed
animals have ceased reproduction. Based on this information, Holliday
points out that in nature, rats and mice stop breeding during periods
of starvation or near starvation and resume breeding again when food
becomes available. By diverting energy from reproduction, Holliday
concludes that the mice and rats on the restricted energy intake utilize
more energy for somatic maintenance than do animals ingesting an
abundance of calories. As a result, such animals have increased longevity
and are able to generate progeny at a time when food resources
are favorable for survival of offspring, clearly an evolutionary adaptation.
In the case of the laboratory rodent on a sustained CR regimen, this
translates into a marked retardation of senescence and increase in
longevity.
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Masoro and Austad (1996) embraced and expanded the view of
Holliday. They pointed out that in nature, animals experience two kinds
of food shortages: predictable shortages (such as those due to seasonal
changes in climate) and unpredictable short-term shortages. To deal
with the former, animals have evolved well-known physiological
responses, such as seasonal reproductive cessation, topor, and hiberna-
tion. Masoro and Austad propose that the anti-aging actions of CR
evolved in response to unpredictable food shortages. Although they,
too, view this evolutionary adaptation in terms of the Disposable Soma
Theory of Aging, they emphasize that a major player is the diverting of
energy to increase the ability to cope with environmental stressors.
During unpredictable food shortages, there is a driving need to seek
food, and thus an increase in inevitable confrontations with stressors.
As discussed in the section on hormesis in Chapter 6, CR increases the
ability of the laboratory rodent to cope with stressors. Indeed, there is
extensive literature on hormesis and the retardation of aging in
invertebrate species (Johnson et al., 1996). In considering key factors in
the evolution of CR’s anti-aging action in rodents, Totter (1985) focused
on the reduced use of energy for reproduction and its increased use for
physical activity. Hart and Turturro (1998) also concluded that the
increased ability to compete for available food at times of food shortage
is an important factor driving CR’s anti-aging action. In CR rodents,
enhanced functioning of the glucocorticoid system and the induction of
stress genes are likely proximate factors underlying the increased ability
to cope with stressors and, in the laboratory setting, the retardation of
aging.

Masoro and Austad based several predictions on their hypothesis.
One is that other moderate environmental stressors, such as heat, would
be expected to retard aging; as discussed in Chapter 6, this has been
found to be the case for some invertebrate species. Also disabling
the glucocorticoid system should reduce the anti-aging action of CR,
and this has found to be the case in the effect of CR on carcinogenesis
(Schwartz & Pashko, 1994). Of course, some animal species or popula-
tions, depending on their dietary mode or environment, may rarely, if ever,
experience unpredictable short-term food shortages, and the prediction is
that such animals are not likely to exhibit the anti-aging effects of CR.

The hibernation-like hypothesis

Walford and Spindler (1997) proposed that the effects of CR observed
in laboratory rodents are part of a spectrum of evolutionary adaptive
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responses that include hibernation. They point out that reductions in
body temperature and plasma glucose and insulin levels are cardinal
features of CR in laboratory rodents as well as hibernation in mammals
in the wild. Increases in gluconeogeneis and hepatic carbamyl phosphate
synthetase 1 activity (the enzyme that catalyzes the first step in
urea formation) are also characteristic of both CR and hibernation
(Feuers et al., 1993; Storey & Storey, 1990; Walford & Spindler, 1997),
as is an increase in antioxidant defenses (Buzadzic et al.,, 1990;
Chapter 3). An increase in protein synthesis is also observed under both
conditions (Nelson, 1989; Chapters 3 and 4). In addition, as shown in
Turkish hamsters by Lyman et al. (1981), hibernation leads to life
extension. It is interesting to note that mammals do not hibernate
because of low environmental temperature, but rather because of
food scarcity (Nedergaard & Cannon, 1990; Storey & Storey, 1990).
Walford and Spindler suggest that CR and hibernation are only two
examples of a spectrum of evolutionary adaptations to food deprivation.
They also point out that neuroendocrine mechanisms play a fundamental
role in hibernation (Wang, 1998), and that CR’s anti-aging action
probably utilizes similar mechanisms, with the likely involvement of
enkephalin peptides.

Computer modeling

In regard to hypotheses on the evolution of CR’s anti-aging actions, a
major problem is the difficulty of testing them empirically. Shanley
and Kirkwood (2000) developed a mathematical model of the mouse life
history to determine if a hypothesis makes sense in the rigorous,
quantitative way required by the mathematical dimension of Darwinian
natural selection. They used information on the feeding, breeding, and
survival of mice in nature to build a theoretical model of a “‘virtual wild
mouse.” Into the complex computer program of this “‘virtual wild
mouse,” they also built in information on the effects of CR on laboratory
mice. They then asked the program how would the virtual mouse
apportion the use of energy: (1) when provided an abundant food
supply throughout life; and (2) when challenged with periods of food
shortage. They found that with a continuous abundance of food, the
virtual mouse would utilize sufficient energy for maintenance to live
out its natural life expectancy in the wild. However, if challenged by
periods of food shortage, the virtual mouse would invest an increased
amount of energy for maintenance and thus would have increased
longevity, compared to that of the virtual mouse with a continuous
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supply of abundant food. These findings are clearly in accord with the
Energy Apportionment Hypothesis.

Testing hypotheses

Kirk (2001) has made a start on the empirical testing of evolutionary
hypotheses of CR’s life-prolonging and anti-aging actions. He used
original and published data on how 10 species of rotifers respond to CR.
Most species, but not all, responded to CR by increasing mean and
maximum life span, mortality rate doubling time, initial mortality rate,
and reproductive life span. Among the species, there was no correlation
between the strength of the response to CR and reproductive life span,
the age of first reproduction or total reproduction. CR increased
longevity in species that reduced reproduction when starved, while
CR decreased longevity in species that continued to reproduce when
starved. The results of this study are in accord with the Energy
Apportionment Hypothesis. Hopefully, this pioneering study by Kirk
will lead the way to further empirical testing of hypotheses on a spectrum
of species.
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Serious efforts have been made to develop interventions that mimic CR’s
effects on aging. Ideally, such a mimicry would reproduce all the actions of
CR. In practice, interventions that produce one or more of CR’s effects on
physiological processes, pathological processes, or longevity are referred to
as CR mimetics. Of course, interventions that increase mean and maximal
life span, as well as mortality rate doubling time of a population, are likely
to produce basic effects on aging similar to those of CR. Chemical agents,
alterations of physical activity, and genetically engineered mice are three
interventions that have been investigated as potential CR mimetics. In such
studies, it is critical to rule out the possibility of the intervention of
decrease in food intake, because if reducing food intake is how the
intervention affects aging, then it is not a CR mimetic, but merely another
way of producing CR. Unfortunately, those investigating CR mimetics
sometimes fail to take this factor into account.

Studies on CR mimetics have two goals. One, such studies may yield
information on mechanisms responsible for the anti-aging actions of CR.
Two, the information derived from such studies may lead to the develop-
ment of interventions that could modulate the aging processes in humans.

Chemical agents

There is extensive literature on chemical agents whose effects on aging
or age-associated diseases are similar to those of CR (Roth et al., 2001).
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However, many of the studies do not deal with the agent’s effects on
longevity; rather, they focus on functional changes that may mediate
CR’s anti-aging action, such as the reduction in plasma glucose and
insulin levels or CR’s effects on age-associated diseases, e.g., cancer and
neurodegenerative disease. The chemical agents most studied as CR
mimetics are briefly discussed below.

Knoll (1988a) reported that deprenyl (a drug used to treat Parkinson’s
disease in humans) causes a remarkable increase in longevity in old
male rats. When Wistar-Logan rats were treated with 0.25 mg deprenyl
per kg body-weight three times per week, starting at 24 months of
age and continuing until spontancous death, mean length of life increased
by 30.5% (Knoll et al., 1989). Other studies have confirmed the
longevity-promoting action of deprenyl in rats, although the magnitude
of the effect varied greatly. Milgram et al. (1990) treated male F344 rats
with 0.25 mg of deprenyl per kg every other day, starting at 23-25
months of age; this regimen increased mean length of life by only 16.5%.
Although Milgram et al. did not measure food intake, they assumed
that it was not decreased by deprenyl since the body weight of the rats
was not affected. Kitani et al. (1993) treated male F344 rats with 0.25 mg
per kg three times a week, starting at either 18 or 24 months of age;
mean length of life increased 15% when treatment was started at 18
months of age, and 34% when started at 24 months of age. However, an
increase in longevity in response to deprenyl has not been observed in all
rat studies. Bickford et al. (1997) found no clear effect on longevity of
male F344 rats when deprenyl treatment was started at 52 weeks of age,
while Gallagher et al. (1998) found that it decreases longevity when
started at 3 months of age in male Wistar rats.

Yen and Knoll (1992) reported a 35.7% increase in median length of
life in male OFA1 mice treated with deprenyl starting at 12 months
of age. Piantanelli et al. (1994) started deprenyl treatment at 22 months
of age in Balb/c-nu mice, and found only a 4.2% increase in median
length of life. Archer and Harrison (1996) studied the effect of
deprenyl administration started at 26 months of age in male and female
B6D2F1 mice, and they found it extended mean length of life by 8.6% in
both genders; they also treated B6CBAFI1 mice with deprenyl starting
at 18 months of age and found it increased the mean length of life
6.8% in females and 5.6% in males. In addition, they measured
food intake and found it was not affected by deprenyl in these mouse
strains. On the other hand, Ingram et al. (1993) found that deprenyl
treatment started at 18 months of age did not affect longevity in male
C57BL/6J mice.
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Deprenyl treatment started at 13 months of age increases longevity
in female but not in male Syrian hamsters (Stoll et al., 1997). Also, the
survival of relatively healthy 10- to 15-year-old dogs is increased by
deprenyl treatment (Ruehl et al., 1997).

In addition, deprenyl was found to restore sexual activity and improve
learning ability of male rats (Knoll, 1988a; Knoll et al., 1989). However,
Archer and Harrison (1996) reported that deprenyl decreased the number
of pups sired by old male mice. It remains to be determined whether
the apparent discrepancy between these two studies results from a species
difference in the reproductive response to deprenyl or from an increase
in sexual activity not resulting in increased fecundity. Although
deprenyl enhances cognitive function in old rats, it does not have
beneficial effects on motor function (Bickford et al., 1997); nor does it
improve motor function in aged mice (Ingram et al., 1993).

The mechanism underlying the effects of deprenyl on longevity is not
known. Knoll (1988b) suggested that it acts by protecting against
toxic free radicals, and there is evidence that it enhances the systems
that protect the corpus striatum of rats from the damaging effects of
reactive oxygen molecules (Carrillo et al., 1991; Clow et al., 1991; Cohen
& Spina, 1989; Knoll, 1988a). Kitani et al. (2001) have recently reviewed
their extensive research on the ability of deprenyl administration to
promote these protective systems in rat brain. It should also be noted
that the administration of deprenyl has a similar effect on mouse and
dog brain (Carrillo et al., 1994, 1996). Kitani et al. (1996) proposed that
the life-extending action of deprenyl results from the up-regulation of
superoxide dismutase and catalase activities of catecholaminergic neurons,
thereby protecting these neurons from oxidative stress. This hypothesis is
in line with the findings of subsequent studies by this group, which show
that deprenyl up-regulates superoxide dismutase and catalase only in
selective brain regions (Kitani et al., 1999).

Deprenyl may be considered a CR mimetic in that, like CR, it increases
longevity in rodents and protects them against oxidative stress. However,
even in regard to these actions, it must be pointed out that it differs
from CR, which is most effective in extending length of life when
begun early in life, and is without effect when initiated late in life
(see Chapter 2). In contrast, deprenyl treatment appears to be most
effective when begun at advanced ages. CR broadly protects the cells of
rodents from damage due to oxidative stress, while deprenyl appears to
mimic this action only in selective regions of the nervous system.

As discussed in Chapter 6, many believe that protection against
oxidative damage is the mechanism underlying the life-prolonging and
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anti-aging actions of CR. Based on this view, it would be expected
that many antioxidant substances are likely to be CR mimetics. Indeed,
there have been many studies on the effects of antioxidant compounds on
longevity in mice and rats. Reviewing the results of studies published
prior to 1995, Yu (1995) concluded that the effects of such compounds
were neither reproducible nor robust. In a more recent publication,
Lipman et al. (1998) reported a study in which, starting at 18 months
of age, male C57BL/6 mice were fed diets supplemented with vitamin E,
or glutathione, or vitamin E plus glutathione, or strawberry extract; none
of these supplements increased longevity. However, Joseph et al. (1998)
found that when the diets of F344 rats from 6 to 15 months of age
were supplemented with strawberry or spinach extract or vitamin E, the
age-associated deterioration of neural function, including cognitive
behavior, was retarded. They found spinach extract to be the most
effective and suggest that its anti-aging action is due to the presence of
antioxidants. In a subsequent study, they fed diets supplemented with
extracts of strawberry or blueberry or spinach to 19-month-old F344
rats for 8 weeks, and they found that each supplement reversed age-
associated deterioration in neural function, including cognitive and
motor behavioral deficits (Joseph et al., 1999). The anthocyanins are
the most effective compounds in blueberries in providing antioxidant
protection (Galli et al., 2002).

Because of their antioxidant functions, both «-lipoic acid and coen-
zyme Q10 have also been suggested as CR mimetics (Weindruch et al.,
2001). Oral administration of a-lipoic acid for 15 days has been reported
to improve long-term memory and alleviate age-associated NMDA
receptor deficits in 20-23-month-old female NMRI mice (Stoll et al.,
1993). The administration of a-lipoic acid for two weeks to 24—26-month-
old male F344 rats decreases oxidative stress and damage and improves
hepatic mitochondrial function (Hagen et al., 1998b). Feeding acetyl-L-
carnitine to old rats reverses the age-associated decline in mitochondrial
function (Hagen et al., 1998a). And, feeding a combination of «-lipoic
acid and acetyl-L-carnitine is particularly effective in restoring memory
and mitochondrial function in old rats (Liu et al., 2002). Research on the
effects of the administration of coenzyme Q10, «-lipoic acid, acetyl-L-
carnitine or combinations of them on the longevity of mice and rats is
needed to determine whether or not these substances may serve as CR
mimetics.

Two studies suggest that N-tert-alpha-phenylbutylnitrone (PBN) may
be a CR mimetic. Edamatsu et al. (1995) reported that the intraperitoneal
administration of PBN to an accelerated senescence mouse strain, starting
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at about 20 weeks of age, increased the median length of life from 42
weeks for untreated mice to 56 weeks. Saito et al. (1998) administered
PBN in the drinking water of C57BL/6 mice starting at 24.5 months
of age, and found that it increased mean length of life from 29.0 months
in untreated mice to 30.1 months, and maximum life span from 31.7 to
33.3 months, without affecting body weight. PBN has also been found to
reverse (1) the age-associated decrease in striatal muscarinic receptor
sensitivity when given for 14 days to F344 rats as old as 24 months of
age (Joseph et al., 1995); and (2) the age-associated loss of cerebellar
noradrenergic receptor function when given for 14 days to F344 rats
21-22 months of age (Gould & Bickford, 1994). Although PBN does have
antioxidant activity (Carney et al., 1991), it may also have other cellular
actions. Treatment with a novel nitrone, referred to as CPI-1429, delays
memory impairment and mortality in mice (Floyd et al., 2002).

Melatonin has, among other functions, antioxidant activity. Pierpaoli
and Regelson (1994) reported that when melatonin is administered in
the drinking water of 15-month-old female BALB/c mice during the
dark phase of the light cycle, both median and maximum life spans are
extended. Similar findings were seen in NZB female mice when melatonin
administration was started at 5 months of age, and in C57BL/6 male mice
when started at 19 months of age. Administration of melatonin to fruit
flies was found to significantly increase both the median and maximum
life span and to enhance the ability to cope with oxidative stress and
heat stress (Bonilla et al., 2002). In contrast, Lipman et al. (1998) found
that when the diet of male mice was supplemented with melatonin,
starting at 18 months of age, there was no effect on median length of life.

The potential role of the glucose-insulin system in the anti-aging,
life-prolonging actions of CR was discussed in Chapter 6. Not surpris-
ingly, chemical agents that affect that system are viewed as CR mimetic
candidates. Dilman and Anisimov (1980) studied the effect of phenformin
(which lowers blood glucose levels and increases insulin sensitivity) on
the longevity of C3H/Sn mice and found that there was a 23% increase
in mean length of life. Since chromium picolate influences carbohydrate
metabolism in a fashion similar to phenformin (McCarty, 1993), it is
also a CR mimetic candidate. Indeed, Evans and Meyer (1992) published
an abstract in which it was stated that chromium picolate markedly
increases the median length of life of Long-Evans rats.

Lane et al. (1998) studied 2-deoxy-bp-glucose (2DG) as a potential
CR mimetic. 2DG, an analog of glucose, is phosphorylated to the
6-phosphate form in the first step of glucose metabolism via the Embden-
Meyerhof pathway; but unlike glucose, it cannot be metabolized further.
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Rather, the phosphorylated form accumulates, thereby inhibiting the
metabolism of glucose. Lane et al. fed rats a diet containing 0.4% by
weight 2DG and found that these rats exhibited physiological character-
istics similar to rats on a CR regimen, including a decrease in plasma
insulin, a modest decrease in plasma glucose, and a decrease in body
temperature. There was no decrease in food intake, and body weight
was the same or slightly less than that of the control rats. The rats on the
2DG diet began dying at about 12 months of age (Mattson et al., 2001b);
the investigators felt this might be due to the 0.4% level in the diet
being too high, and are now carrying out a longevity study using a
diet with 2DG at the 0.25% level. 2DG has been found to inhibit
neurodegeneration in a manner similar to that of CR in rodent models of
neurodegenerative disease (Duan & Mattson, 1999; Guo & Mattson,
2000; Mattson et al., 2001a).

As discussed in Chapter 6, the glycation theory of aging views plasma
glucose as a contributor to senescence because of its role in the glycation
of proteins and DNA. Thus, according to this concept, the reduction
in plasma glucose concentration by CR plays an important role in its
anti-aging action. It is further believed that glycation promotes senescence
because it leads to the formation of advanced glycation end-products
(AGE), which are damaging to proteins and DNA as well as cellular
functions. If this concept is valid, chemical agents that inhibit the
formation of AGE are CR mimetic candidates. Aminoguanidine has
been found to inhibit the formation of AGE (Brownlee, 1995), although,
the chemical mechanisms involved are still the subject of investigation
(Sell et al., 2001). Thus, aminoguanidine is also a potential CR mimetic.
When administered to rats, aminoguanidine retards the age-associated
progression of cardiovascular and renal pathology (Li et al., 1996). It
also decreases the age-associated stiffening of arteries in male WAG/Rjj
rats (Corman et al., 1998). There are other chemical agents, such
as thiazolium compounds and pyridoxamine, that inhibit glycation cross-
linking (Bailey, 2001), and such compounds are also potential CR
mimetics.

Long-term administration of dehydroepiandrosterone (DHEA), a steroid
secreted by the adrenal cortex, suppresses the spontaneous occurrence of
mammary tumors in C3H(Avy/a) female mice (Schwartz, 1979). Nelson
(1995) has reviewed many of the studies done since 1979 that showed
DHEA administration retards both spontaneous and carcinogen-induced
cancers as well as age changes in neural and immune function. Since
many of these actions also occur with CR, it would appear that DHEA
administration is a CR mimetic. However, this conclusion must be
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Figure 8-1. Body weight and food intake of mice fed a control diet ad libitum or a
DHEA-containing diet ad libitum (0.4% of diet by weight) or a control diet pair fed
to the intake of mice on the DHEA-containing diet. Body weight (Panel A) and
food intake (Panel B). (From Weindruch et al., 1984.)

tempered by a study of Weindruch et al. (1984) who found that DHEA
reduces food intake (Figure 8-1). Thus, rather than being a CR mimetic,
DHEA may instead be just another way of reducing food intake.

In summary, many chemical agents have been found to have some
effects that are similar to those of CR. However, as yet, much more needs
to be done to establish any as a CR mimetic within the context of
gerontology.

Alterations of physical activity

Currently, it is generally believed that exercise promotes healthy aging
and possibly longevity as well (Lee et al., 1997; Rowe & Kahn, 1998).
Interestingly, Holloszy and Kohrt (1995) point out that in the past, many
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gerontologists used the ‘“rate of living” concept of aging to conclude
that exercise would accelerate aging and decrease longevity. Indeed,
early studies on rats were in accord with this belief, in that those on an
exercise program died earlier than the rats kept sedentary (Benedict &
Sherman, 1937; Slonaker, 1912). Based on their own experience, Holloszy
and Kohrt feel it is likely that the findings of these early workers
may have been due to infectious diseases, particularly lung infection,
which was rampant in laboratory rat holding facilities prior to the
development of technology for producing and maintaining specific
pathogen-free (SPF) rats and mice.

Also, contrary to the early studies, several investigators have found
that exercise extends the life of rats. Retzlaff et al. (1966) reported
that moderate-intensity exercise increased both the average length of
life and maximum life span of Sprague-Dawley rats. Edington et
al. (1972) reported that daily treadmill exercise increased the longevity of
young rats but reduced survival of old rats. Goodrick (1980) studied the
effect of long-term voluntary wheel-running on the longevity of
Wistar rats, and found that exercise started at 6 weeks of age increased
both the mean and maximum length of life. However, when Goodrick
et al. (1983) started this exercise program at 10.5-18 months of age, it
had no effect on the longevity of the rats. The finding that exercise can
increase both the mean and maximum length of life leads to conclusion
that it is a CR mimetic.

However, research on Long-Evans rats conducted in Holloszy’s
laboratory does not fully support this conclusion. In their studies
(Holloszy & Schlectman, 1991; Holloszy et al., 1985), 6-month-old
male rats were divided into the following three groups; an ad libitum-fed
sedentary group; an ad libitum-fed wheel-runner group; and a sedentary
group whose food intake was restricted so as to maintain a body weight
similar to the wheel-runner group (a so-called paired-weight group).
Initially, the wheel-runner group voluntarily exercised vigorously; but
after a few months, voluntary exercise decreased markedly. In order
to maintain high levels of exercise, the amount of food given to the
wheel-runner group had to be reduced to 92% of the ad libitum-fed
sedentary group, and because of this, a fourth group of rats was needed,
namely sedentary rats provided with 92% the amount of food consumed
by the ad libitum-fed sedentary group. In regard to food intake, it was
surprising to find that the ad libitum-fed wheel-runner group did not eat
more than the ad libitum-fed sedentary group. Thus for the paired-weight
group to maintain a body weight similar to that of the wheel-runners,
they were fed about 70% of the intake of ad /libitum-fed sedentary group.
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The mean and maximum longevities were found to be the same for the
ad libitum-fed sedentary group and the sedentary group fed 92% that
much food. The wheel-runners exhibited an increased mean length
of life but no increase in maximum length of life, while the sedentary
paired-weight group, which was on a moderate CR regimen, exhibited
a marked increase in both average and maximum length of life.

Unlike male Long-Evans rats, the females increase food intake when
on an exercise program. Both the male and female rats respond to
wheel-running exercise with an increase in mean length of life but not
in maximum length of life (Holloszy, 1993). Comparing the longevity
characteristics of F344 male rats that were ecither sedentary or wheel-
runners, McCarter et al. (1997) found that wheel-running increased
median length of life but did not influence maximum Ilength of
life (measured by the age of tenth percentile survivors). The increase
in median length of life may be due to the fact that exercise
delays the occurrence and progression of age-associated neoplastic and
non-neoplastic diseases (Ikeno et al., 1997).

The studies of the Holloszy group and the McCarter group show
that unlike CR, exercise does not increase the maximum length of life.
Thus, unlike the findings of Goodrick and associates, those of the
Holloszy and McCarter groups are not in accord with exercise as a
CR mimetic.

Genetically engineered mice

The ability to increase, decrease, or eliminate the functioning of a
specific mouse gene provides a powerful tool for the experimental
generation of CR mimetic models. Such models have the potential of
being invaluable for research on the basic mechanisms by which CR
retards aging processes and extends longevity. While work in this area is
only beginning, interesting models have already emerged.

The research of Migliaccio et al. (1999) provides an excellent example
of such a model. Using the technique of targeted mutation, they produced
mice in which the p66™™ gene is ablated; these mice had a 30% increase
in longevity as well as enhanced resistance to oxidative stress. Further
work is needed to establish this mouse as a CR mimetic model; if it is,
this model will play an important role in the investigation of the
mechanisms responsible for CR’s anti-aging actions.

The targeted disruption of the growth hormone receptor—growth
hormone binding protein gene in mice is another promising example
(Coschigano et al., 2000). These mice have an extended life span and,
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as discussed in Chapter 6, they have already yielded evidence to support
a role of the growth hormone-IGF-1-axis in the anti-aging and
life-prolonging actions of CR.

Transgenic mice that overexpress the Glut-4 transporter show a long-
term reduction in plasma glucose, while plasma insulin levels remain the
same as those of the wild-type mice (McCarter, personal communication).
Such mice should prove invaluable for exploring the glycemia component
of the Alteration of the Glucose—Insulin System hypothesis (see Chapter 6)
of CR’s anti-aging action. Indeed, McCarter and his colleagues are in the
process of conducting such a study.

However, it is important to note two caveats concerning the use of
genetically engineered mice in gerontologic research. One is the need
to make certain that the genetic alteration does not have effects in
addition to the expected one. The other problem stems from the fact that
the gene undergoes alteration throughout the life of the mouse, and
thus can affect development as well as aging. These problems cloud
the gerontologic interpretation of studies based on genetically engineered
mice. Fortunately, technology is being developed that enables the
expression of genetic alterations in an age-dependent fashion.

References

Archer, J. R. & Harrison, D. E. (1996). L-deprenyl treatment in aged mice slightly
increases life span, and greatly reduces fecundity by aged males. J. Gerontol.. Biol. Sci.
51A4: B448-B453.

Bailey, A. J. (2001). Molecular mechanisms of ageing in connective tissues. Mech. Ageing
Dev. 122: 735-755.

Benedict, G. & Sherman, H. C. (1937). Basal metabolism of rats in relation to old age
and exercise during old age. J. Nutrition 14: 179-198.

Bickford, P. C., Adams, C. E., Boyson, S. J., Curella, P., Gerhardt, G. A., Heron, C.,
Ivy, G. O., Lin, A. M. L. Y., Murphy, M. P., Poth, K., Wallace, D. R., Young, D. A.,
Zahniser, N. R. & Rose, G. M. (1997). Long-term treatment of male F344 rats with
deprenyl: Assessment of effects on longevity, behavior, and brain function. Neurobiol.
Aging 18: 309-318.

Bonilla, E., Medina-Leendertz, S., & Diaz. S. (2002). Extension of life span and stress
resistance of Drosophila melanogaster by long-term supplementation with melatonin.
Exp. Gerontol. 37: 629-638.

Brownlee, M. (1995). Advanced protein glycosylation in diabetes and aging. Annu. Rev.
Med. 46: 223-234.

Carney, J. M., Starke-Reed, P., Oliver, C. N., Landrum, R. W., Cheng, M. S., & Weed, F.
(1991). Reversal of age-related increase in brain protein oxidation, decrease in enzyme
activity, and loss in temporal and spatial memory by chronic administration of the
spin-trapping compound N-tert-butyl-alpha-phenylnitrone. Proc. Natl. Acad. Sci. USA
88: 3633-3636.



Caloric Restriction Mimetics 175

Carrillo, M. C., Ivy, G. O., Milgram, N. W., Head, E., Wu, P., & Kitani, K. (1994).
Deprenyl increases activities of superoxide dismutase (SOD) in striatum of dog brain.
Life Sci. 54: 1483-1489.

Carrillo, M. C., Kanai, S., Nobubo, M., & Kitani, K. (1991). (=) Deprenyl induces
activities of both superoxide dismutase and catalase but not of glutathione peroxidase
in the striatum of young male rats. Life Sci. 48: 517-521.

Carrillo, M. C., Kitani, K., Kanai, S., Sato, Y., Ivy, G. O., & Miyasaka, K. (1996). Long
term treatment with (—)deprenyl reduces the optimal dose as well as the effective dose
range for increasing antioxidant enzyme activities in old mouse brain. Life Sci. 59:
1047-1057.

Clow, A., Hussain, T., Glover, V., Sandler, M., Dexter, D. T., & Walker, M. (1991).
(—)Deprenyl can induce soluble superoxide dismutase in rat striata. J. Neural Transm.
Gen. Sect. 86: 77-80.

Cohen, G. & Spina, M. B. (1989). Deprenyl depresses the oxidative stress associated with
increased dopamine turnover. Ann. Neurol. 26: 689—690.

Corman, B., Duriez, M., Poitevin, R., Heudes, D., Bruneval, P., Tedgui, A., & Levy, B. I.
(1998). Aminoguanidine prevents age-related arterial stiffening and cardiac hypertrophy.
Proc. Natl. Acad. Sci. USA 95: 1301-1306.

Coschigano, K. T., Clemmons, D., Beooush, L. L., & Kopchick, J. J. (2000). Assessment
of growth parameters and life span of GHR/BP gene-disrupted mice. Endocrinology
141: 2608-2613.

Dilman, V. M. & Anisimov, V. N. (1980). Effect of treatment with phenformin,
diphenylhydantoin or L-Dopa on life span and tumour incidence of C3H/Sn mice.
Gerontology 26: 241-246.

Duan, W. & Mattson, M. P. (1999). Dietary restriction and 2-deoxyglucose administration
improve behavioral outcome and reduce degeneration of dopaminergic neurons in
models of Parkinson’s disease. J. Neurosci Res. 57: 195-206.

Edamatsu, R., Mori, A., & Packer, L. (1995). The spin-trap N-tert-alpha-phenylbutylni-
trone prolongs the life span of the senescence accelerated mouse. Biochem. Biophys.
Res. Comm. 211: 847-849.

Edington, D. W., Cosmas, A. C., & McCaferty, W. B. (1972). Exercise and longevity:
evidence for a threshold age. J. Gerontol. 27: 341-343.

Evans, G. W. & Meyer, L. (1992) Chromium picolate increases longevity. Age 15: 134
(abstract).

Floyd. R. A., Hensley, K., Forster, M. J., Kelleher-Anderson, J. A., & Wood, P. L.
(2002). Nitrones as neuroprotective and antiaging drugs. Ann NY Acad. Sci. 959:
321-329.

Gallagher, I. M., Claw, A., & Glover, V. (1998). Long term administration of
(—)-deprenyl increases mortality in male Wistar rats. J. Neural Transm. Suppl. 52:
315-320.

Galli, R. L., Shukitt-Hale, B., Youdim, K., & Joseph, J. A. (2002). Fruit polyphenolics
and brain aging. Nutritional interventions targeting age-related neuronal and behavior-
al deficits. Ann. NY Acad. Sci. 959: 128-131.

Goodrick, C. L. (1980). Effects of long-term voluntary wheel exercise on male and female
Wistar rats: 1. Longevity, body weight and metabolic rate. Gerontology 26: 22-23.

Goodrick, C. L., Ingram, D. K., Reynolds, M. A., Freeman, J. R., & Cider, N. L. (1983).
Differential effects of intermittent feeding and voluntary exercise on body weight and
lifespan in adult rats. J. Gerontol. 38: 36-45.



176 Caloric Restriction: A Key to Understanding and Modulating Aging

Gould, T. J. & Bickford, P. C. (1994). The chronic effects of treatment with N-tert-butyl-
alpha-phenylnitrone in cerebellar noradrenergic receptor function in aged F344 rats.
Brain Res. 660: 333-336.

Guo, Z. H. & Mattson, M. P. (2000). In vivo 2-deoxyglucose administration preserves
glucose and glutamate transport and mitochondrial function in cortical synaptic
terminals after exposure to amyloid-peptide and iron: Evidence for a stress response.
Exp. Neurol. 166: 173-179.

Hagen, T. M., Ingersoll, R. T., Lykkesfeldt, J., Liu, J., Wehr, C. M. Vinarsky, V.,
Bartholomew, J. C., & Ames, B. (1998a). (R)-a—lipoic acid-supplemented old rats have
improved mitochondrial function, decreased oxidative damage, and increased metabolic
rate. FASEB J. 13: 411-418.

Hagen, T. M., Ingersoll, R. T., Wehr, C. M., Lykkesfeldt, J., Vinarsky, V., Bartholomew,
J. C.,, Song, M-H., & Ames, B. (1998b). Acetyl-L-carnitine fed to old rats partially
restores mitochondrial function and ambulatory activity. Proc. Natl. Acad. Sci. USA
95: 9562-9566.

Holloszy, J. O. (1993). Exercise increases average longevity of female rats despite
increased food intake and no growth retardation. J. Gerontol.: Biol. Sci. 48:
B97-B100.

Holloszy, J. O. & Kohrt, W. M. (1995). Exercise. In: E. J. Masoro (Ed.), Handbook of
Physiology, Section 11, Aging (pp. 633-666). New York: Oxford University Press.

Holloszy, J. O. & Schlectman, K. B. (1991). Interactions between exercise and food
restriction: effects on longevity of male rats. J. Appl. Physiol. 70: 1529—1535.

Holloszy, J. O., Smith, E. K., Vining, M., & Adams, S. (1985). Effect of voluntary
exercise on longevity of rats. J. Appl. Physiol. 59: 826-831.

Ikeno, Y., Bertrand, H. A., & Herlihy, J. T. (1997). Effects of dietary restriction and
exercise on the age-related pathology of the rat. Age 20: 107-118.

Ingram, D. K., Wiener, H. L., Chachich, M. E., Long, J. M., Hengemihle, J., & Gupta,
M. (1993). Chronic treatment of aged mice with L-deprenyl produces marked striatal
MAO-B inhibition but no beneficial effects on survival, motor performance, or nigral
lipofuscin accumulation. Neruobiol. Aging 14: 431-440.

Joseph, J. A., Cao, G., & Cutler, R. C. (1995). In vivo and in vitro administration
of the nitrone spin-trapping compound, N-tert-butyl-a-phenylnitrone (PBN),
reduces age-related deficits in striatal muscarinic receptor sensitivity. Brain Res. 671:
73-T71.

Joseph, J. A., Shukitt-Hale, B., Denisova, N. A., Bielinski, D., Martin, A., McEwen, J. J.,
& Bickford, P. C. (1999). Reversals of age-related declines in neuronal signal
transduction, cognitive, and motor behavioral deficits with blueberry, spinach or
strawberry supplementation. J. Neurosci. 19: 8114-8121.

Joseph, J. A., Shukitt-Hale, B., Denisova, N. A., Prior, R. L., Cao, G., Martin, A.,
Taglialatela, G., & Bickford, P. C. (1998). Long-term dietary strawberry, spinach, or
vitamin E supplementation retards the onset of age-related signal-transduction and
cognitive behavioral deficits. J. Neurosci. 18: 8047-8055.

Kitani, K., Kanai, S., Ivy, G. O., & Carrillo, M. C. (1999). Pharmacologic modifications
of endogenous antioxidant enzymes with special reference to the effects of deprenyl:
A possible antioxidant strategy. Mech. Ageing Dev. 111: 211-221.

Kitani, K., Kanai, S., Sato, Y., Ohta, M., Ivy, G. O., & Carrillo, M. C. (1993). Chronic
treatment of (—) deprenyl prolongs the life span of male Fischer 344 rats. Further
evidence. Life Sci. 52: 281-288.



Caloric Restriction Mimetics 177

Kitani, K., Minami, C., Yamamoto, T., Maruyama, W., Kanai, S., Ivy, G. O., & Carrillo,
M. C. (2001). Do antioxidant strategies work against aging and age-associated disorder?
Propargylamines: A possible antioxidant strategy. Ann. NY Acad. Sci. 928: 248-260.

Kitani, K., Miyasaka, K., Kanai, S., Carrillo, M. C., & Ivy, G. O. (1996). Upregulation
of antioxidant enzyme activity by deprenyl. Implications for life span extension.
Ann. NY Acad. Sci. 786: 391-409.

Knoll, J. (1988a). The striatal dependency of lifespan in male rats. Longevity study
with (—) deprenyl. Mech. Ageing Dev. 46: 237-262.

Knoll, J. (1988b). (—) Deprenyl (selegine, movergan) facilitates the activity of nigrostriatal
dopaminergic neuron. J. Neural. Transm. Suppl. 25: 45-66.

Knoll, J., Dallo, J., & Yen, T. T. (1989). Striatal dopamine, sexual activity and lifespan
longevity of rats treated with (—)deprenyl. Life Sci. 45: 525-531.

Lane, M. A., Ingram, D. K., & Roth, G. S. (1998). 2-Deoxyglucose feeding to rats mimics
physiologic effects of calorie restriction. J. Anti-Aging Med. 1: 327-337.

Lee, I.-M., Paffenbarger, jr., R. S., & Hennekens, C. H. (1997). Physical activity, physical
fitness, and longevity. Aging Clin. Exp. Res. 9: 2-11.

Li, Y. M., Steffes, M., Donnelly, T., Liu, C., Fuh, H., Basgen, J., Bucala, R., & Vlassara,
H. (1996). Prevention of cardiovascular and renal pathology of aging by the advanced
glycation inhibitor aminoguanidine. Proc. Natl. Acad. Sci. USA 93: 3902-3907.

Lipman, R. D., Bronson, R. T., Wu, D., Smith, D. E., Prior, R., Cao, G., Han, S. N.,
Martin, K. R., Meydani, S. N., & Meydani, M. (1998). Disease incidence and longevity
are unaltered by dietary antioxidant supplementation initiated during middle age in
C57BL/6 mice. Mech. Ageing Dev. 103: 269-284.

Liu, J., Atamma. H., Kuratsume, H., & Ames, B. (2002). Delaying brain mitochondrial
decay and aging with mitochondrial antioxidants and metabolites. Ann. NY Acad. Sci.
959: 113-116.

Mattson, M. P., Duan, W., Lee, J., & Guo, Z. (2001a). Suppression of brain aging and
neurodegenerative disorders by dietary restriction and environmental enrichment:
molecular mechanisms. Mech. Ageing Dev. 122: 757-778.

Mattson, M. P., Duan, W., Lee, J., Guo, Z., Roth, G. S., Ingram, D. K., & Lane, M. A.
(2001b). Progress in the development of caloric restriction mimetic dietary supplements.
J. Anti-Aging Med. 4: 225-232.

McCarter, R. J. M., Shimokawa, 1., Ikeno, Y., Higami, Y., Hubbard, G. B., Yu, B. P, &
McMabhan, C. A. (1997). Physical activity as a factor in the action of dietary restriction
on aging: Effects in Fischer 344 rats. Aging Clin. Exp. Res. 9: 73-79.

McCarty, M. F. (1993), Homologous physiological effect of phenformin and chromium
picolate. Med. Hypothesis 41: 316-324.

Migliaccio, E., Giorgio, M., Mele, S., Pelicci, G., Reboldi, P., Pandolfi, P. P.,
Langfrancone, L., & Pelicci, P. G. (1999). The p66"" adaptor protein controls
oxidative stress and life span in mammals. Nature 402: 309-313.

Milgram, N. W., Racine, R. J., Nellis, P., Mendonca, A., & Ivy, G. O. (1990).
Maintenance on L-deprenyl prolongs life in aged male rats. Life Sci. 47: 415-420.

Nelson, J. F. (1995). The potential role of selected endocrine systems in aging processes.
In: E. J. Masoro (Ed.), Handbook of Physiology, Section 11, Aging (pp. 377-394).
New York: Oxford University Press.

Piantanelli, L., Zaia, A., Rossolini, G., Vitichhi, C., Testa, R., Basso, A., & Antognini, A.
(1994). Influence of L-deprenyl treatment on mouse survival kinetics. Ann. NY Acad.
Sci. 717: 72-78.



178 Caloric Restriction: A Key to Understanding and Modulating Aging

Pierpaoli, W. & Regelson, W. (1994). Pineal control of aging: effect of melatonin
and pineal grafting on aging mice. Proc. Natl. Acad. Sci. USA 91: 787-791.

Retzlaff, E., Fontaine, J., & Furata, W. (1966). Effect of daily exercise on lifespan
of albino rats. Geriatrics 21: 171-177.

Roth, G. S., Ingram, D. K., & Lane, M. A. (2001). Caloric restriction in primates
and relevance to humans. Ann. NY Acad. Sci. 928: 305-315.

Rowe, J. W. & Kahn, R. L. (1998). Successful Aging. New York: Pantheon Books.

Ruehl, W. W., Entriken, T. L., Muggenburg, B. A., Bruyette, D. S., Groffith, W. C., &
Hahn, F. F. (1997). Treatment with L-deprenyl prolongs life in elderly dogs. Life
Sci. 61: 1037-1044.

Saito, K., Yoshioka, H., & Cutler, R. G. (1998). A spin trap, N-tert-butyl-alpha-
phenylnitrone extends the life span of mice. Biosci. Biotechnol. Biochem. 62: 792-794.
Schwartz, A. G. (1979). Inhibition of spontaneous breast cancer formation in female
C3H(Avy/a) mice by long-term treatment with dehydroepiandrosterone. Cancer Res.

39: 1129-1132.

Sell, D. R., Nelson, J. F., & Monnier, V. M. (2001). Effect of chronic aminoguanidine
treatment on age-related glycation, glycoxidation, and collagen cross-linking in the
Fischer 344 rat. J. Gerontol.: Biol. Sci. 56A: B405-B411.

Slonaker, J. R. (1912). The normal activity of the albino rat from birth to natural death,
its rate of growth, and duration of life. J. Anim. Behav. 2: 20-42.

Stoll, S., Hafner, U., Kranzlin, B., & Muller, W. E. (1997). Chronic treatment of Syrian
hamsters with low-dose selegiline increases life span in females but not males.
Neurobiol. Aging 18: 205-211.

Stoll, S., Hartman, H., Cohen, S. A., & Muller, W. E. (1993). The potent free radical
scavenger «-lipoic acid improves memory in aged mice: Putative relationship to
NMDA receptor deficits. Pharmacol. Biochem. Behav. 46: 799-805.

Weindruch, R., Keenan, K. P., Carney, J. M., Fernandes, G., Feuers, R. J., Floyd, R. A.,
Halter, J. F., Ramsey, J. J., Richardson, A., Roth, G. S., & Spindler, S. R. (2001).
Caloric restriction mimetics: Metabolic interventions. J. Gerontol. 56A: 20-33.

Weindruch, R., McFeeters, G., & Walford, R. L. (1984). Food intake reduction
and immunologic alterations in mice fed dehydroepiandosterone. Exp. Gerontol. 19:
297-304.

Yen, T. T. & Knoll, J. (1992). Extension of lifespan in mice treated with DINHLANG
(Policias Fruticosum) and (—)deprenyl. Acta Physiol. Hung. 79: 119—124.

Yu, B. P. (1995). Putative Interventions. In: E. J. Masoro (Ed.), Handbook of Physiology,
Section 11, Aging (pp. 613-631). New York: Oxford University Press.



Acetyl-L-carnitine 168
Adipocytes 38, 53
glucose uptake 130, 132
Adrenergic responses 41
heart 63-64
Adrenocorticotropic hormone
(ACTH) 140
Advanced glycation end products 35,
133, 134
inhibition of formation 170
Age of initiation of caloric restriction
16-17
Age-associated disease 3, 6, 93-104
Age-specific mortality 11-12, 15-16
Aging rate measures 13
ay,-globulin 26
a-lipoic acid 168
Alzheimer’s disease 102
Ames dwarf mice 135, 136
Aminoguanidine 170
Animal experiments
study designs 4-5
taxa studied 3-4
Antagonistic pleiotropy 158—159
Anthocyanins 168
Anti-aging action of caloric restriction
5-6, 7
mechanisms 115-144
Antioxidants 162
caloric restriction mimetics 167-168,
169
enzymes 122-123
Aortic changes 65
Apoptosis 28, 38-40, 76, 95, 97, 116
neurons 57
Ascorbate 125
Atherosclerosis 100-101, 134
Autoimmune disease 102-104
Autophagy 36

Index

B cells 74, 102

Biosphere 24, 68

Blood pressure 4, 64, 100, 101

Body composition 51-55

Body fat mass 4, 53-54, 115

Body temperature 72-73, 116, 162
Body weight 51-52

Bone mass 54-55

Brain-derived neurotrophic factor 60

Calcineurin 41

Calcitonin-gene-related-peptide 26

Calcium signaling 41, 58-59

Caloric restriction mimetics 165-174
chemical agents 165-171
genetically engineered mice 173-174
physical activity alterations 171-173

Cancer 93-98, 143-144

Carageenan footpad inflammatory

reaction 142

Carbamyl phosphate synthetase 1 162

Cardiac muscle oxidative damage 117

Cardiac myosin isoenzymes 64

Cardiovascular disease 99-101, 134

Cardiovascular system changes 63-65

Catalase 26, 122, 123, 167

Cataracts 104

Cell proliferation 36-38

Cellular biology 21-41

Central nervous system
effects of caloric restriction 55-60
gene expression profiling 25
oxidative protein damage 33, 34
signal transduction 4041

Chemical caloric restriction

mimetics 165-171

Chromium picolate 169

Coenzyme Q10 168

Cognitive function 55-57



180 Index

Cohort life tables 11
Colon cancer 37, 97
Corpus striatum 59-60
dopamine receptors 40, 58
Corticosterone plasma levels 140-141,
143, 144, 161
CPI-1429, a novel nitrone 169

Dehydroepiandrosterone (DHEA) 70,
170-171

Dehydroepiandrosterone sulfate
(DHEAS) 70

2-Deoxy-D-glucose (2DG) 169-170

Deprenyl 166-167

Diabetes, type 11
(noninsulin-dependent) 101-102

Dietary component manipulation
studies 6-7

Disposable soma theory 159, 160, 161

DNA oxidative damage 21, 117, 119,
120-121

caloric restriction effects 21-22
mitochondrial genome 30, 119, 121

DNA repair 22-23, 95, 125

Dogs, experimental studies 4

Dolichol 31

Dopamine receptors 40, 58, 59

Drosophila melanogaster 134, 136, 143, 144

Drug toxicity studies 142

Duration of caloric restriction 16-17

Electron transport chain 30
Endocrine changes 65-70
Energy metabolism 65-67
metabolic rate 65-66
reproductive allocation versus somatic
maintenance 159, 160-161
Environmental stressors 161
Environmental temperature 73, 95, 116
response to sudden elevation 142
Estradiol 71, 72
Estrous cycle 71, 72
Evolutionary aspects 157-163
adaptation to natural food shortages 161,
162
biology of aging 157-159
computer models 162-163
empirical testing of hypotheses 163
energy apportionment
hypothesis 160-161, 163
female reproductive life span 159-160
hibernation-like hypothesis 161-162

Exercise 14, 60-62, 116

caloric restriction mimetics 171-173
Experimental approaches

animals 2-5

dietary components manipulation 6—7

humans 4
Extracellular signal-regulated

kinases (ERK) 40, 41

Fertility
evolutionary aspects 159—-160
female 70-71, 72, 159-160
male 71, 72
Fish, experimental studies 2, 3
Follicle stimulating hormone (FSH) 72
Food intake pattern 17-18
Food shortages as environmental
stressors 161
Fructosamine 133

Gene expression 23-28
central nervous system 25
high-density array analysis 24-26
liver 25, 26-28
mRNA transcript levels 23-26
muscle 24, 25
protein products measurement 2628
Genetically engineered mice 173-174
Glaucoma 104
Glial fibrillary acidic protein (GFAP) 58
Global (bulk) DNA repair 23
Glomerular hypertrophy 99
Glucagon 68—69
Glucocorticoid plasma levels 140-141,
143, 144, 161
Glucose
plasma level 127, 128, 130, 132,
133, 162
transport 129-130
Glucose-insulin system 127-135
caloric restriction mimetics 169-170
Glucose-related protein 78 (GRP78) 26, 58
Glucose-related protein 94 (GRP94) 26
GLUT-4 glucose transporter 130, 133
transgenic mice 174
Glutathione peroxidase 26, 122, 123
Gompertzian analysis 14-16
Growth hormone 41, 135, 136,
137, 138-139
Growth hormone receptor gene disruption
173-174
Growth hormone-IGF-1 axis 41, 135-139



Growth hormone-releasing hormone 137
Growth retardation 2-3, 17, 115

Heat shock protein 70 (hsp70) 26-27,
58, 59, 144
Hepatoma 97
Hibernation-like hypothesis 161-162
High-density array analysis 24-26
High-density lipoproteins (HDL) 4, 67,
68, 101
Hippocampus 33, 59, 60
Historical aspects 1, 2-3
Hormesis 139-144
caloric restriction as low-intensity
stressor 140
definition 139
enhanced responses to acute
intense stressors 141-142, 143
environmental stressors 161
longevity impact 143
Human experimental studies 4
Hydrogen peroxide 29, 116, 121, 123, 125
Hydroxyl radicals 116, 121
Hypercholesterolemia 100
Hyperglycemia 133
Hypertriglyceridemia 100

IGF-1 41, 95, 137-138, 139
Immune function 73-77, 94
autoimmune disease 102-104

Immunoglobulin production 74

Inflammatory responses 25

Influenza-A virus 76

Insulin levels 127, 128-129, 131, 132,
134, 162

Insulin sensitivity 127-128, 129, 132

Insulin-like signaling pathway 135, 136

Insulin-stimulated glucose uptake
129, 130-132

Interferon-y (INF-y) 102, 103

Interleukin-2 (IL-2) 27, 75, 76, 102

Interleukin-6 (IL-6) 75, 76

Interleukin-10 (IL-10) 102, 103

Interleukin-12 (IL-12) 102

Intestinal cancer 37, 97

Invertebrate experimental studies 3

Jun N-terminal kinases (JNK) 40

Lean body mass 52
Learning 55, 56, 57

Index 181

Leptin 54
Leukemia 3, 95, 96, 98
Life tables 11-12
Lifestyle manipulation 1
Lipid metabolism 67
Lipid peroxidation 117, 118, 125
cellular membranes 31
Lipofuscin 57, 117
Lipoprotein (a) 67
Liver
apoptosis 38
carbohydrate metabolism 131-132
dolichol levels 31
gene expression profiling 25-26
heat shock protein 70 (hsp70) induction
26-27
lipid metabolism 67—68
PEPCK induction 27-28
Longevity
rodent studies 1314
survival curves 12-14
Low-density lipoproteins (LDL) 67,
68, 101
Lung tumors 93, 98
Luteinizing hormone (LH) 71, 72
Lymphocyte proliferative responses
73-75, 77
Lymphoma 94, 95
Lymphoproliferative disease 103

Macrophages 76
Mammary cancers 96, 97
Mechanisms of action of caloric
restriction 115-144
Melatonin 69-70, 169
Membrane structure/function 31, 58
Memory 55, 57
Metabolic changes 65-70
Metabolic rate 65-66, 115-116
Mitochondrial function 28-30
permeability transition 30
Mitochondrial genome 28-29
oxidative damage 30, 119, 121
Mitochondrial membranes 31
Mitogen-activated protein
kinases (MAPKs) 40, 41
Molecular aspects 21-41
Mortality characteristics 11-18
Mortality rate doubling time 16
Motor function coordination 57
mRNA transcript levels 23-24
high-density array analysis 24-26



182 Index

Muscle
gene expression profiling 24, 25
glycogen metabolism 133
insulin-stimulated glucose transport 129,
130
mass/strength changes 62—63
mitochondrial lipid/protein changes
34, 63
oxidative damage 117, 121
Mutation 21
caloric restriction effects 22
evolutionary biology of aging 158
Mutation—accumulation mechanism 158,
159

N-methyl-D-aspartate (NMDA)
receptors 55
N-tert-alpha-phenylbutylnitrone
(PBN) 168-169
Natural killer (NK) cells 74, 75
Natural selection 157-159, 160
Necrosis 28, 38
Nematode studies (C. elegans) 134—135,
136, 143
Nephropathy, chronic 3
Nervous system
effects of caloric restriction 55-60
see also Central nervous system
Neurodegeneration protection 59—60
Neurodegenerative diseases 102
Neuropeptide Y-pituitary axis 71
Nuclear factor of activated T-cells (NFAT)
27,75
Nuclear genomic stability 21-23
Nucleotide excision repair 23

Oral squamous cell carcinoma 97
Osteoarthritis 104
Oxidative damage 94
advanced glycation end products 35, 133,
134, 170
attenuating effects of caloric restriction
116-127
central nervous system 33, 34
deprenyl actions 167
DNA 21-22
proteins 33, 34, 58, 117
Oxygen consumption 128

p38 MAPK 40, 41
p53 tumor suppressor gene
mutations 95

p66°t° 125
gene ablation experiments 173
Pancreatic atrophy 93
Pancreatic exocrine tumors 97
Pancreatic islet tumors 97
Parathyroid hormone 55
Parkinson’s disease 59, 102
PEPCK induction 27-28
Period life tables 11
Phenformin 169
Pheochromocytoma 96
Phospholipids 67
Physiology of caloric restriction 51-78
Pit-1 mutations 136
Pituitary somatotropes 137
Pituitary tumors 96
Plasminogen activator inhibitor Type 1 103
Population aging 16
Presenilin mutation 60
Primates, experimental studies 4, 5
Progesterone 72
Prolactin 72, 96
Prostate adenocarcinoma 97
Protein
advanced glycation end products 35
metabolism 67, 116, 162
oxidative damage 33, 34, 58, 117
structure 31-36
turnover 36
Proteolysis 36
Proteosome 36
Puberty 70-71
Pyridoxamine 170

Reactive oxygen molecules 29, 30, 116-117,
121, 125, 167
Reduced glutathione (GSH) 123-125
Renal disease 55, 98-99
autoimmune 102, 103
hyperparathyroid 98-99
Reproduction 70-72
female reproductive life span 159-160
Respiratory quotient 128
Rheumatoid arthritis 102
Rodent experimental studies 23
age of initiation of caloric restriction
16-17
aging rate 6, 13
cohort life tables 11
duration of caloric restriction 16-17
exercise effects 14
longevity response to caloric
restriction 13-14



population aging (mortality rate
doubling time) 16
study designs 4-5
survival curves 12-14
temporal pattern of food intake 17-18
Rotifer studies 163

Signaling pathways 28, 31, 4041
SIR-2 134

Sjogren’s syndrome 103

Skin tumors 97, 98

Snell dwarf mice 135, 136

Stress responses 25

Stress-response genes 144, 161
Superoxide dismutase 26, 122, 123, 167
Superoxide radicals 29, 63, 116, 121
Surgical stress response 141

Survival curves 12-14

Systemic lupus erythematosus 102—-103

T cells 74, 75, 102, 103
Temporal pattern of food intake 17-18

Index 183

Testicular degeneration 93

Testicular tumors 96-97

Testosterone 72

Thiazolium compounds 170

Thyroid hormones 26, 68

Thyroid stimulating hormone (TSH) 68
Thyroid tumors 97

Thyroiditis 102

Thyroxine (Ty4) 68

Total cholesterol 67, 68

Transforming growth factor-g 102, 103
Triglyceride plasma levels 67, 68
Triiodothyronine (T5) 68

Tumor necrosis factor-a (TNFa) 75

Visceral fat 53, 54, 115
Vitamin E 168

Wound healing 78

Yeast studies 134, 143



