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ABSTRACT

Restricting the food intake of mice and rats to well below that of ad libitum—fed animals markedly slows the aging processes. This
action is reflected in an increase in longevity, a decrease in the age-associated increase in age-specific mortality rate, the maintenance
of the physiological processes in a youthful state even at advanced ages, and the delaying of the onset or slowing of the progression
or both of most age-associated diseases. The dietary factor responsible is the reduction in energy (caloric) intake. Many hypotheses
have been proposed regarding mechanisms underlying this antiaging action. Hypotheses relating the antiaging action to the retardation
of growth and development, the reduction of adipose mass, and the reduction of metabolic rate have been found to be wanting. Two
of the proposed hypotheses have some evidence in their support. One involves the altered metabolic characteristics of glucose fuel
use and of oxidative metabolism. The other relates to the enhanced ability of the rodents restricted in food intake to cope with
challenges, which in turn has been linked to the glucocorticoid system and to the heat-shock protein system.

Keywords.

INTRODUCTION

In 1935, McCay et al (26) reported the seminal finding
that restricting food intake of rats starting from weaning
and continuing for the rest of life markedly increased the
longevity of the population. This finding has proven to
be robust and highly reproducible, having been observed
over the years in many different mouse and rat strains
(35). The findings of studies carried out in our laboratory
(38) with male Fischer-344 (F-344) rats that were either
fed ad libitum or restricted to 60% of the ad libitum in-
take are a striking example. These findings are summa-
rized by the survival curves in Fig. 1. Note the marked
increase in the median and maximum length of life of
the population that had a restricted food intake and how
similar the survival curves were for the same dictary reg-
imen in the 2 studies even though they were carried out
4 yr apart.

To make the text less cumbersome, the restriction of
food will be referred to in the rest of this article as dietary
restriction (DR) and, unless otherwise stated, the level of
restriction used in the studies was 60% of the ad libitum
intake. Although the effect of DR on the maximum length
of life of the population strongly suggests that the aging
processes have been retarded, many gerontologists feel
that slowing the increase with age in the age-specific
mortality rate would provide stronger evidence. Age-spe-
cific mortality rate refers to the fraction of the population
entering an age interval that dies during that interval such
as 31-32, 55-56, or 73-74 yr of age. In the case of most
animal species, the age-specific mortality rate increases
with increasing postmaturational age. This characteristic
is often reported as the time it takes for the age-specific
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mortality rate to double—the mortality rate doubling time
(MRDT), which in humans is about 8 yr. In 4 studies,
each carried out at a different laboratory on different
strains of male rats, the MRDT for the ad libitum—fed
rats ranged from 99 to 104 days, with a mean value of
102 days, and for the rats undergoing DR it ranged from
187 to 210 days, with a mean value of 197 days (19).
These findings provide powerful evidence that DR slows
the aging processes.

DR maintains most but not all physiological processes
in the youthful state even at advanced ages (20). The
spectrum of processes so affected is great, ranging from
female reproductive function to gene expression. In ad-
dition, DR delays the onset and/or slows the progression
of almost all age-associated diseases including chronic
nephropathy in rats and most tumors in mice and rats
(20). DR clearly has the ability to globally retard the
aging processes.

The question arose as to whether the antiaging action
of DR was due to the reduction in intake of a specific
nutrient and if so which one. This issue was intensively
studied in our laboratory (18). The fact that in our work
a semisynthetic diet was used facilitated the investigation.
Two approaches were used. One involved feeding 2
groups of rats ad [ibitum, one group receiving the stan-
dard diet and the other the same diet except for the re-
duction in the amount of 1 component so as to reduce its
intake to that of animals fed the DR regimen; for the
findings to be interpretable, it was necessary for both
groups to ingest a similar number of calories, which for-
tunately they did. The other approach was to restrict all
dietary components by 40% except for 1. Based on the
results of this research as well as the work of others, the
conclusion is that it is the reduced intake of energy (cal-
ories) that underlies the antiaging action of DR.
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FiG. 1.—Survival curves for male F-344 rats fed ad libitum or re-
stricted to 60% of the ad libitum intake. In the first study (39), started
in 1975, survival curves were generated from 115 ad libitum—fed rats
(Group A) and 115 dietary-restricted rats (Group R). In the second study
(38), started in 1979, survival curves were generated from 40 ad libi-
tum—fed rats (Group 1) and 40 dietary-restricted rats (Group 2). Al-
though the small n of the second study did not yield the smooth curves
of the larger n of the first study, results of the 2 studies are very similar.
In both studies, DR markedly increased the median and maximum
length of life. Reprinted from Yu et al (38) with permission.

GROWTH RETARDATION HYPOTHESIS

In their seminal 1935 paper, McCay et al (26) hypoth-
esized that DR increases life span by slowing growth. In
the ensuing years, this became a popular concept and led
to the view, still held by some, that DR did not retard
aging but rather extended the length of life by retarding
growth and development. However, in 1982 Weindruch
and Walford (34) found that DR started in mice at 12—
14 mo of age (early middle age) caused a significant in-
crease in the length of life although the magnitude of the
effect was less than when DR was started at weaning.
Subsequently, in a study carried out in our laboratory
with male F-344 rats (38), it was found that DR started
at 6 mo of age (young adults) was as effective in ex-
tending the age of the tenth percentile survivors and the
maximum length of life as DR started at 6 wk of age.
Moreover, DR started at 6 wk of age and stopped at 6
mo of age (i.e., during the rapid growth period of life)
was not very effective in that it appeared that the extent
of life extension related to the duration of the restriction
and not to when in the life span it is employed. Thus, it
must be concluded that the hypothesis of McCay and his
associates is not valid.

Bopy FaT HYPOTHESIS

In 1960, Berg and Simms (2) proposed that DR slows
the aging processes by reducing the body fat content.
This view was embraced by many because of the belief
that in humans excess body fat is a risk factor for pre-
mature death. This hypothesis was evaluated in our lab-
oratory in the male F-344 rat (4). DR was found to de-
crease the absolute fat mass and the percentage of body
fat content. However, within the group of rats fed ad
libitum there was no correlation between length of life
and body fat, whereas within the DR group body fat and
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length of life were positively correlated. These findings
certainly do not support the hypothesis of Berg and
Simms nor does the study of Harrison et al (11) on ob/
ob and C57BL/6J mice. The ad libitum—fed ob/ob mice
were found to eat more food, to be fatter, and to live less
long than the ad libitum—fed C57BL/6J mice. DR caused
the ob/ob mice to live much longer than the ad libitum—
fed C57BL/6J mice even though they were fatter. Indeed,
they lived as long as the DR group of C57BL/6J mice,
which were very lean. It seems clear that the reduction
in body fat that occurs during DR does not play a causal
role in its antiaging action.

METABOLIC RATE HYPOTHESIS

In 1977, Sacher (32) proposed that the antiaging action
of DR is due to a decrease in metabolic rate per unit
body mass. This hypothesis was widely accepted for sev-
eral reasons. First, a relationship between the rate of ag-
ing and the metabolic rate has long been held, starting
with studies by Rubner (30) early in this century. Second,
in humans it has long been known that reducing food
intake lowers the metabolic rate (9). Third, lowering the
metabolic rate would be expected to decrease the gen-
eration of reactive oxygen compounds such as hydrogen
peroxide and superoxide and hydroxyl radicals, which
have been implicated in the aging processes (10). How-
ever, upon assessing the energy intake data from our stud-
ies with male F-344 rats, it was found that the energy
intake per unit of lean body mass of rats fed ad libitum
and of rats undergoing DR was similar for most of life
(24). Further analysis revealed that the lean body mass
was reduced proportionally to the reduction in caloric
intake. Subsequently, McCarter and Palmer (25) found
that oxygen consumption per unit of lean body mass is
the same for most of the life span for ad libitum—fed male
F-344 rats and those undergoing DR. These findings
make clear that a reduction in metabolic rate need not
occur for DR to have its antiaging action; that is, a level
of DR, which markedly extended life span and increased
the MRDT of male F-344 rats, did not decrease the met-
abolic rate.

METABOLIC CHARACTERISTICS OF
FueL Use HYPOTHESIS

Although a reduced metabolic rate appears not to be
the factor responsible for the antiaging action, the nutri-
tional studies strongly suggested that some aspect of fuel
utilization is probably involved. This fact led us to pro-
pose that altered characteristics of fuel utilization are im-
portant in this action of DR. Indeed, studies carried out
in my laboratory and in the laboratory of my colleague
Dr. B. P Yu have implicated 2 altered characteristics of
fuel use as possible factors.

The glucose—insulin system seemed to be a likely pos-
sibility. It is known that chronic hyperglycemia and hy-
perinsulinemia in relatively young people cause damage
such as microvascular disease, macrovascular disease,
basement membrane thickening, impaired cellular im-
munity, cell cycle abnormalities, coronary artery disease,
hypertension, and atherosclerosis (6. 8. 29. 33): more-
over, similar problems are observed in people of ad-
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FiG. 2.—Diurnal pattern of plasma glucose concentrations in ad li-

bitum—fed and dietary-restricted male F-344 rats. The points are means
for 15 rats in the ad libitum—fed group and 15 rats in the DR group.
The age range of the rats was 4-6 mo. The vertical arrow indicates the

time of feeding the DR group. Reprinted from Masoro et al (22) with
permission.

vanced age who for most of their life have had normo-
glycemia and normoinsulinemia. Thus, it seemed possible
that normoglycemia and normoinsulinemia acting over a
lifetime may at least in part underlie aspects of the aging
phenotype. A life span longitudinal study was carried out
in our laboratory on plasma levels of glucose and insulin
in male F-344 rats fed ad libitum and in those undergoing
DR. In Fig. 2, the diurnal pattern of plasma glucose con-
centration is shown for these 2 groups of rats during the
age range of 4-6 mo (22). For most of the 24 hr, the rats
in the DR group had plasma glucose levels significantly
lower than those of the rats in the ad libitum—fed group.
Similar findings were observed throughout the life span
(23); the mean 24-hr levels of plasma glucose for the DR
group ranged from 13 to 21 mg/dl below those of the
DR group throughout the life span. Moreover, DR main-
tained plasma insulin levels markedly below those of the
ad libitum—fed group throughout the life span, one-third
to one-half the levels of the ad libitum—fed group. Sur-
prisingly, the rate of glucose use as fuel over a 24-hr
period was similar on a per-kilogram lean body mass ba-
sis for the 2 groups. DR must increase insulin sensitivity
or glucose effectiveness as defined by Bergman (3) or
have both actions. Importantly, by enabling effective use
of glucose as fuel at lower lifetime plasma glucose and
insulin levels, DR may reduce their long-term damaging
actions, and this effect could well be an important com-
ponent of the antiaging action of DR.

Another aspect of fuel use that is modified by DR is
the damaging effects of the reactions involved in the use
of oxygen (37). The metabolism of oxygen generates re-
active oxygen-containing compounds (5), which, as al-
ready mentioned, have the capacity to damage and, thus,
in the long-term, could well be the cause of much of the
aging phenotype (14). Yu and his colleagues (15, 16, 36)
have shown that DR attenuates the generation of reactive
oxygen-containing compounds and increases antioxidant
defense systems. These actions of DR could well be re-
sponsible for much of the antiaging action of DR.

Fic. 3.—Circadian pattern of plasma-free corticosterone concentra-
tions in the group fed ad libitum (Group A) and the DR group (Group
B). The male F-344 rats were in the age range of 15-19 mo; the values
are means for 21 rats in each group. Reprinted from Sabatino et al (31).

GENERAL PROTECTIVE ACTION
HYPOTHESIS

In addition to its antiaging action, DR enables rats and
mice to better cope with the acute damaging action of a
variety of stressors. In our laboratory, it was found that
young as well as old male F-344 rats in the DR group
lose a much lower percentage of body weight in response
to the implantation of a jugular canula than rats in the ad
libitum—fed group (21). Klebanov et al (13) reported that
DR delays the occurrence and reduces the duration of the
inflammatory response in the foot of young BALB/C
mice due to the injection of carrageenan. Heydari et al
(12) found that DR enables 20-mo-old male F-344 rats
to survive an acute increase in environmental temperature
much better than ad libitum—fed rats. Duffy et al (7) re-
ported that DR protects rats from the toxic actions of
drugs. It seems reasonable to suggest that these protective
actions of DR allow rodents to cope successfully with
stressors during periods of food shortage, thereby en-
abling them to reproduce when food again becomes avail-
able, and that the antiaging action of the sustained DR
utilized in laboratory studies relates to this increased abil-
ity to cope with stressors, which in this case are the long-
term, low-intensity damaging processes that cause aging.

Recent research may have uncovered the physiological
vehicle or vehicles for this antiaging action. The adrenal
glucocorticoids enhance the ability of mammals to suc-
cessfully cope with a broad spectrum of stressors (27).
In our studies with the male F-344 rat (31), it was found
that in the DR group the afternoon peak levels of plasma-
free corticosterone are elevated compared to the ad libi-
tum—fed rat group (Fig. 3). In the case of the young an-
imals, this increase is due to an increase in the level of
plasma total corticosterone while with increasing age it
is increasingly the result of decreasing plasma levels of
corticosteroid-binding globulin that occurs in the DR but
not in the ad libitum~fed group. It may be that rodents
undergoing DR generate levels of plasma corticosterone
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that are optimal for protecting them against acute stres-
sors and the long-term aging processes. Certainly the
findings of Pashko and Schwartz (28), on the role of the
adrenal gland in the protection by DR of mice against
the chemical induction of tumors, are in accord with this
view.

The heat-shock protein system is another likely phys-
iological vehicle underlying the increased ability to cope
with stressors of animals undergoing DR. This system
protects cells from many damaging agents in addition to
heat (17). The ability to induce heat-shock protein, which
decreases with advancing age, is enhanced by DR (1, 12).
It is suggested that via the enhanced heat-shock protein
system DR protects against aging due to agents directly
damaging to cells and that via the enhanced adrenal cor-
tical glucocorticoid system DR protects against aging due
to excessive response of the sytemic defense systems
such as the immune system and inflammatory processes.
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