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The Role of Calories and Caloric
Restriction in Carcinogenesis

Richard Weindruch, PhD,* Demetrius Albanes, MD,7
and David Kritchevsky, PhD¥

Caloric restriction (CR) without essential nutrient deficiency retards
the rate of biologic aging and the development of cancer and other late-life
diseases in mice and rats.?* 22 % ™ The ability of CR to increase life span is
not confined to rodents; it also occurs in fish, spiders, water fleas, rotifers,
and other animals.™ The mechanism(s) by which CR prolongs life and
retards disease has, to date, eluded investigators.

This review begins with a historical overview of the CR paradigm.
Summaries of CR’s inhibitory effects on spontaneous and induced tumors
in rodents are then provided, followed by commentary on potential under-
lying mechanisms. We conclude by reviewing the association between
caloric intake and human cancer.

HISTORICAL OVERVIEW

It was first reported in 1934 by McCay and Crowell*” that CR increased
the life span of rats. A full report of this study® showed that rats permitted
to grow rapidly attained an average life span of about 480 days, whereas
rats underfed in order to keep growth at a minimum (10 g every 2 to 3
months) lived to an average age of 800 to 900 days. The latter diet provided
about 38% of calories as protein, 32% as fat, and 30% as carbohydrate.
Underfeeding, as opposed to CR per se, may lead to deficiencies of minerals,
vitamins, or other trace nutrients, but McCay recognized this possibility
and added small amounts of cod liver cil and dried yeast to the diets of the
food-restricted rats to prevent malnutrition. As discussed subsequently,
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inquiry into CR’s effects on spontaneous and induced tumors also dates
back to the beginning of this century.

One can cite even earlier anecdotal literature linking low calorie diets
to longevity and the prevention of cancer. Luigi Cornaro (The Venetian
Centenarian [1464-1566]) lived a life of excess until age 40 and thereafter
subsisted on 14 ounces of food daily, plus wine and exercise. Between the
ages of 83 and 95 he wrote a series of monographs published under the
title The Art of Living Long,"® in which he stated, “Not to satiate oneself
with food is the science of health.” It is of additional interest to cite a
published lecture by Frederick 1. Hoffman,® which, six decades ago,
attributed increased cancer risk to overnutrition.

SPONTANEOUS TUMORS IN RODENTS

A complete survey of the literature on CR’s inhibitory actions on
spontanecus tumors in rodents is unnecessary in view of the subject’s
treatment in earlier reviews® ¢ ® and in more recent ones.l > % 5. 72 7
Instead, an overview is provided followed by a discussion of selected recent
findings.

In 1940, Tannenbaum® discovered that underfeeding retarded the
appearance and reduced the incidence of spontaneous breast and lung
tumors in mice from susceptible strains. These results were soon confirmed
and extended to CR.* % ™ The impressive progress of the 1940s, however,
was followed by a decade of nonactivity in this area.

In the 1960s and 1970s, Ross® characterized CR’s effects on sponta-
neous tumors and life span in male Sprague-Dawley rats. The incidence of
the most common neoplasms (pituitary and pancreatic adenomas and lung
reticulum cell sarcomas) was reduced by CR, whereas the incidence of the
much rarer tumors was either unaffected or increased by CR. Ross and
Bras™ tested both long-term CR and a short period of CR (7 weeks) initiated
at weaning. Control rats were fed ad libitum and lived less than 1000 days;
they exhibited about a 26% incidence of benign tumors and a 10% incidence
of malignant tumors. Rats subjected to severe, long-term CR (one third of
ad libitum) lived up to 1400 days and had 90% fewer tumors. Rats on CR
for 7 weeks showed a decrease in risk for developing benign tumors but
did not exhibit increased life span. The final incidence of benign tumors
was markedly reduced by long-term CR, whereas malignant tumor inci-
dence was diminished only slightly.

In a study by Weindruch et al,™ female mice from a long-lived hybrid
strain were fed either 40 kcal/week (restricted) or 85 keal/week (control)
diets from 3 weeks of age. Their longevity and tumor incidence are shown
in Figure 1. It should be noted that the control group was fed 20% less
than the normal ad libitum intake. CR increased life span {average and
10th decile) by about 35%. The overall incidence of tumors was 78% for
the control group and 38% for mice on CR. Lymphoma (the most common
neoplasm) was found in 46% of the control group and only 13% of the CR
mice. The average life span for lymphoma-bearing mice in the control and
CR groups was 31 and 42 months, respectively. Hepatoma, the next most
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Figure 1. Influence of caloric
restriction on life span and tumor
incidence in female mice from the
long-lived C3BIORF, hybrid
strain. The circles show the age of
death for tumor-bearing mice.
(Adapted from Weindruch R, Wal-
ford RL, Fligiel S, et al: The retar-
dation of aging by dietary restric-
tion: Longevity, cancer, immunity o) <3
and lifetime energy intake. J Nuir
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common tumor, was found in about 20% of mice from each cohort; however,
hepatoma-bearing CR mice lived an average of 44 months, which was 10
months longer than for hepatoma-bearing controls.

With regard to possible human application, two findings are germane
and encouraging. First, CR initiated in mid adulthood (12 months) in mice
from long-lived strains retards the development of spontaneous tumors and
extends life span by 10 to 20%.7 A similar result was recently reported for
the short-lived, mammary tumor-prone C3H/Bi mouse strain, first sub-
jected to CR when 4 to 5 months old.® Second, moderate CR imposed at
only 20 to 30% below the ad libitum intake level can reduce and retard
late-life neoplasia in rodents.*> #6169 The Jatter result is relevant because
it is easier to adhere to a mild CR regimen than to a severe one.

Albanes® analyzed the relationships among caloric intake, body weight,
and tumor incidence (spontancous and induced) in mice, combining data
from 14 reports and 82 experimental groups. For mice on CR, caloric intake
averaged 29% less, and tumor incidence averaged 42% less than in the ad
libitum groups. A nearly linear relationship between caloric intake and
tumor incidence was observed among these studies (Fig. 2). Caloric intake
appeared to be a more important factor than fat intake in reducing neoplasia.

INDUCED TUMORS IN RODENTS

Research on the effects of underfeeding or CR on induced tumors has
gone through three distinct periods. In 1909, Moreschi* was the first to
report that growth of sarcomas transplanted into mice was directly related
to total food intake. This finding elicited interest from many investigators,
notably Rous,” who showed that underfeeding inhibited the growth of
spontaneous as well as transplanted tumors in mice. During the next 25
years there was desultory interest in this area, with no organized investi-
gation of the phenomenon.

The second manifestation of interest in CR and induced cancer began
in the 1940s. Although many investigators contributed to the literature, the
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bulk of the findings came from Tannenbaum, who in his 1940 report™ also
deseribed an inhibitory action of underfeeding on chemically induced
tumors in mice. In later studies Tannenbaum began using a defined diet of
sorts and looking into CR per se rather than underfeeding. The defined
diet was crude by current standards, consisting of fox chow, skim milk
powder, and cornstarch. Reduction of the level of cornstarch was Tannen-
baum’s means of restricting calories. Using this diet, he showed that CR
inhibited both spontaneous and induced tumors in four different mouse
strains,® and that CR acts during the promotion phase of carcinogenesis.®
Other important investigations of this period were those of Lavik and
Baumann® and Boutwell et al,'! who found that both the level of fat and
calories affected chemically induced skin tumors in mice. Physical activity
is another way of reducing caloric flux. Rusch and Kline™ reported in 1944
that exercise reduced the growth of transplanted tumors in mice. Recently,
Kritchevsky® reported that in rats treated with dimethylhydrazine (DMH),
exercise reduced colon tumor incidence by 52% and tumor multiplicity by
38%. A 25% CR resulted in virtually identical reductions in incidence and
multiplicity.

The latest period of interest in CR and induced cancer is less than a
decade old. An important focus has been on the relative importance of
calorie versus fat intake. Kritchevsky et al* showed that rats whose caloric
intake was restricted by 40% compared to ad libitum—fed controls exhibited
significantly fewer DMBA-induced mammary tumors, even when their
daily fat intake was double that of the control group. Such severe CR also
inhibited growth of DMH-induced colon tumors.”® Boissonneault et al®®
found that rats fed a calorie-restricted high-fat diet exhibited a 90% lower

(D

P U N o T 5o B o WO > Wi P |




EINDRUCH ET AL.

» between cumula-
rd caloric intake in
ental groups. Data
y induced skin tu-
nmary tumors, and
m Albanes D: Total
~and tumor inci-
Res 47:1987, 1987;

£0 report® also
ically induced
defined diet of
r. The defined
ow, skim milk
h was Tannen-
owed that CR
ifferent mouse
rcinogenesis, %
of Lavik and
evel of fat and
hysical activity
ported in 1944
ice. Recently,
razine (DMH),
multiplicity by
incidence and

- is less than a
importance of

whose caloric
trols exhibited
n when their
evere CR also
meault et al®
1 a 90% lower
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incidence of DMBA-induced mammary tumors than rats fed the same high-
fat diet ad libitum and an 84% lower incidence of tumors than rats fed a
low-fat diet ad libitum.

Comparison of effects of graded levels of CR* on DMBA-induced
mammary cancers showed that 10% CR did not lower tumor incidence but
reduced tumor multiplicity by 36% and tumor burden (grams of tumor per
animal) by 47%. When calories were restricted by 20%, tumor incidence
was reduced by 33%, multiplicity by 40%, and burden by 53%. CR by 30%
led to 42% reduction in incidence, 72% in multiplicity, and 91% in burden.
Consistent with findings for spontaneous tumors, this study showed that
less than drastic CR was effective in reducing tumorigenicity. Comparison
of 25% CR in diets containing high levels of fat showed significant reductions
in tumor incidence, multiplicity, and burden in rats treated with DMBA.*
Variable CR tested in DMBA-treated rats showed tumor incidence to be
associated significantly with weight gain, total caloric intake, and feed
efficiency.®

CALORIC RESTRICTION AND TUMORS IN RODENTS:
POTENTIAL MECHANISMS

How does CR act to reduce tumor incidence and delay tumor onset?
There are several plausible mechanisms, some of which are supported by
experimental findings. CR might reduce initiation through one or more of
the following: less activation of carcinogens, more efficient detoxification or
removal of activated carcinogens,®® fewer ingested dietary carcinogens,
reduced expression of tumor virus gemes or protooncogenes,™ * and
enhanced DNA repair.* ™ The anticancer actions of CR might also depend
on a reduction in promotion and, again, several nonmutually exclusive
possibilities exist: lowered basal rates of cell proliferation,® ** perhaps due
to reductions in plasma insulin and related growth factors® %; reduced
production of free radicals (believed to be involved in promotion'®); in-
creased rate of free radical removal resulting from increased activities of
the free radical scavenging enzymes catalase and superoxide
dismutase® * 78; more vigorous immune responses’; and less energy for
tumor growth.>® Which (if any) of these postulated mechanisms underlie
the antineoplastic actions of CR is at present unknown.

HUMAN CANCER

Caloric intake has been linked to human cancer risk, but to a far lesser
extent than for cancer in experimental animals. In addition to studies of
caloric intake per se, other investigations have shed light on this issue
through the assessment of two factors closely related to caloric intake: (1)
physical activity level (i.e., the second major source of energy expenditure
after basal metabolism); and (2) relative body weight, which in adulthood
generally reflects caloric intake relative to energy expenditure. Studies of
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caloric intake are first described, followed by brief summaries of cancer
and the latter energy-related factors.

Caloric intake is usually assessed via dietary questionnaires such as 24-
hour recall surveys, food frequency questionnaires, and the more complete
diet history methods.® Food frequency questionnaires are most commonly
used in epidemiologic research® *; however, these can, at best, only
estimate energy intake. More valid measures of caloric intake such as are
provided by multiple-day dietary diaries are difficult and time-consuming
and hence are utilized in relatively few epidemiologic or clinical studies.
Advantages and shortcomings of several available methods for measuring
individual caloric intake have been previously discussed.® In contrast,
ecologic investigations of this area commonly use per capita food “disap-
pearance” information or some other estimate of average population food
consumption.

Four cross-sectional and seven case-control studies have described
relationships between caloric intake and cancer in humans. Countries with
higher total per capita food calories showed greater cancer incidence and
mortality compared to those with low per capita caloric intake.® This report
presented site- and sex-specific correlation coefficients (r) for 33 countries.
Significant positive associations were cbserved between total calories and
cancer of the breast, colon, rectum, uterus, and kidney in women (r values
of 0.56 to 0.66) and cancer of the colon, rectum, kidney, and nervous
system in men (r = 0.55 to 0.75). A major problem in most of such
international comparisons of cancer as related to dietary factors (e.g., caloric
or fat intake) is the relatively poor quality of the data concerning food
availability. The very nature of data concerning fat availability on a national
level, for example, renders them general rather than precise. A cross-
sectional study of colorectal cancer mortality in Hong Kong" found more
than a twofold increase for persons in the highest of three family income
categories as compared to the lowest income group. The consumption of
all foods was increased among high-income individuals. Estimated daily
caloric intake for male adults was 3900 kcal in the highest income group
and 2700 kcal in the low-income population. No correlation was found
between caloric intake and breast or ovarian cancer mortality in a Japanese
population.>

Only seven case-control studies have described the relationship be-
tween caloric intake and cancer. Five of these found a positive association
between total caloric intake and cancer risk, and two found no clear
relationship. The seven studies follow.

(1) Miller et al® reported an association between dietary fat and breast
cancer based on a 24-hour recall. The average daily caloric intake of breast
cancer cases was slightly (but significantly) higher than that of controls.
Caloric intake estimated from a dietary history questionnaire and 4-day
diary records showed somewhat reduced case-to-control differences. The
association was stronger among postmenopausal women than among pre-
menopausal women. No clear dose-response relationship was present for
caloric intake, however.

(2) In contrast, Jain et al® described a significant, positive dose-risk
relationship for total calories among both men and women and the incidence
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of cancer of the colon and rectum. Among men, relative risks of 1.5 and
1.8 were demonstrated for the medium (2485 to 3255 kecal/day) and high
(more than 3255 keal/day) intake groups, as compared to the low intake
group (less than 2485 kcal/day). Among women, the corresponding risk
ratios were 1.6 and 2.2, using 1760 and 2360 kcal as tertile boundaries.

(3) A study of large bowel cancer by Bristol et al'? found greater caloric
intakes for cancer patients (mean = 2370 kcal) than for controls (2046 kcal),
with relative risk increasing from 1.0 (less than 1936 kcal) to 2.2 and 2.3
(more than 2486 kcal).

(4) Lyon et al* also observed higher caloric intake among colon cancer
patients as compared to controls. Relative risk ratios of 1.0, 2.5, and 2.5
were observed for below 1900 kcal, 1900 to 2600 kcal, and above 2600 keal
in men, and 1.0, 2.0, and 3.6 for below 1300 kcal, 1300 to 1800 kcal, and
above 1800 kcal in women. When adjustment was made for differences in
body mass index, there was no alteration of the effect of energy intake.

(5) and (6) In contrast, twe other studies® ® of colorectal cancer
reported negligible case-control differences in caloric intake. Stemmer-
mann’s group® observed slightly lower and higher mean caloric intake
among colon and rectum cancer patients, respectively, as compared to
controls. Likewise, only small case-control differences, inconsistent across
sexes, were described for energy intake by Kune et al,® in an in-depth
evaluation of dietary factors and large bowel cancer.

(7) A recent study® of the nutritional epidemiology of gastric cancer
showed that men and women reporting high caloric intake had significantly
elevated risk of disease. Among men, risk increased significantly from 1.0
to 1.7, 4.1, and 2.4 for the four increasing calorie quartiles (less than 1567,
1567 to 2043, 2044 to 2657, and greater than 2657 kcal/day). In women,
the risk ratios were 1.0, 3.1 and 2.6 for three intake levels of less than
1440, 1440 to 1883, and greater than 1883 kcal/day.

These studies therefore provide evidence for a positive relationship

between caloric intake and cancer of the breast and possibly colorectum
and stomach.
Research generally also supports the notion that higher levels of
physical activity protect against the development of cancer.® Data are
primarily available for colon, lung, and total cancer in men, and there is
some evidence for a protective role in breast and endometrial carcinoma as
well. Studies addressing this question have usually examined either occu-
pational histories or involvement in athletics. Several studies demonstrate
an inverse relationship between occupational physical activity, based on
job classification, and the development of malignancy. For example, in
three recent studies, the risk of colon cancer was increased by between 30
and 100% among men employed in sedentary occupations.’® '™ ™ Although
other recent studies support a protective role for activity or fitness level,*
7.43 there are conflicting reports, such as Polednak’s.*

The relationship between body weight, body mass indices, or relative
body weight and site-specific cancer has been investigated in more than 90
epidemiologic studies.® In most of these investigations, a positive association
has been demonstrated between body mass index or relative body weight
and cancer of the breast, endometrium, ovary, or kidney. Adult weight
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gain has also been implicated in some studies of breast and large bowel
cancer. Body weight has been correlated with cancer incidence or mortality
rates in several international studies. Reduced breast cancer survival and
higher recurrence rates have also been consistently shown in pre- and
postmenopausal patients of greater absolute boedy weight.

Further research in this field must address several important issues.
To begin with, caloric intake data should be collected in diet-cancer studies
whenever possible. This has not generally occurred and is important not
only from the standpoint of evaluating the primary effect on cancer of
calories but also for affording a better understanding of any calorie-nutrient-
cancer interrelationship that may be present. For example, the indepen-
dence of the effects of specific nutrients {(e.g., fat) on cancer risk from those
of calories, or the relative importance of absolute nutrient intake versus
nutrient density (i.e., nutrient intake/caloric intake), can only be tested if
calorie data are available. The importance of such considerations has been
highlighted by Willett and Stampfer.™ Likewise, attention should also be
paid to other components of energy metabolism (e.g., physical activity
expenditure and body fatness), so that a more complete picture of the
effects of caloric intake (especially relative to requirements) on human
carcinogenesis can be obtained. In one study,® for example, adjustment
for differences in body mass index did not influence the caloric effects.
Only when a large number of epidemiologic studies of nutrition and cancer
have evaluated these various facets will a more complete understanding of
the complex relationships be possible.

SUMMARY

Studies in mice and rats show that caloric restriction (CR) without
malnutrition lowers the incidence of most spontaneous and induced tumors
and delays their onsets. The maximum life spans of rodents and other
experimental animals (e.g., fish, spiders, water fleas) are extended by CR.
The molecular events that underlie these outcomes remain unelucidated.
Although epidemiologic studies have not usually examined the relationship
between caloric intake and cancer incidence, recent findings suggest a
positive association for certain cancers such as colorectal, breast, and
stomach. It is apparent that future studies of diet and cancer in humans
must seriously assess the role of calories and energy balance as well as their
interaction with the effects of specific nutrients.
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