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ABSTRACT In previous studies we demonstrated that
chronic energy intake restriction (CEIR) by a diet relatively low
in fat, relatively high in carbohydrate, and reduced 40% in
total calories extends life span and delays development of
autoimmune disease in autoimmunity-prone mice. To investi-
gate a possible cellular basis for this dramatic action of CEIR,
we analyzed the rate of incorporation of [3ll1thymidine by cells
of the intestinal epithelium, thymus, spleen, and mesenteric
lymph nodes in ad libitum-fed mice vs. CEIR mice of three
autoimmunity-prone strains. In New Zealand Black (NZB),
MRL/MP-lpr/lpr (MRL/lpr), and BXSB mice, CEIR slowed
the rate of uptake of [3llthymidine and, by inference, the rate
of cellular proliferation among epithelial cells along the entire
length of the gastrointestinal tract. Furthermore, CEIR de-
creased the apparent proliferative rate of lymphoid cells of the
thymus, spleen, and mesenteric lymph nodes. This action by
CEIR on the proliferative rate of cells of these rapidly repli-
cating cell populations may point to an important mechanism
by which calorie restriction inhibits the development of au-
toimmune disease and extends longevity in autoimmunity-
prone mice.

Chronic energy intake restriction (CEIR) prolongs life span
and span of health in a number of long-lived rodents, includ-
ing inbred mice (1-4). The influences of CEIR, or undernu-
trition without malnutrition, have been even more dramatic
when genetically short-lived, autoimmunity-prone strains of
mice have been investigated (5-10). Indeed, it has been
possible regularly to double life span in mice of each of the
autoimmunity-prone strains studied simply by restricting the
total amount of food consumed (5-10). Prolongation of life in
these strains is accompanied by the inhibition ofdevelopment
of chronic diseases associated with aging, as has also been
observed in long-lived strains of inbred mice and in long-lived
rats (1-4). By following a lead enunciated by Gabrielsen and
Olsen (11, 12) that the pathogenesis of autoimmunity in NZB
mice might involve a problem of DNA disposal, we investi-
gated the influence of diet in autoimmunity-prone strains of
mice on the rates of proliferation and, by inference, perhaps
on the rates of cell turnover in certain rapidly replicating
tissues in the body. Previously, we studied the short-lived
autoimmunity-prone (NZB x NZW)F1 (B/W) mouse (where
NZB and NZW are New Zealand Black and White, respec-
tively) and showed that uptake of [3H]thymidine by nuclei of
cells of the intestinal mucosa, thymus, spleen, and mesen-
teric lymph nodes (MLNs) is greatly reduced by CEIR (ref.
13 and unpublished observations). In the present study we
have investigated the incorporation of [3H]thymidine at nu-
merous levels of the intestine and in thymus and other

lymphoid tissues in mice at different ages from three addi-
tional autoimmune-prone short-lived strains, the NZB,
BXSB, and MRL/Mp-lpr/lpr (MRL/lpr) strains. We show
that CEIR greatly limits [3H]thymidine incorporation in the
nuclei of cells at all levels of the gut (stomach, duodenum,
ileum, upper colon, and lower colon) and in each of the
lymphatic tissues studied.

MATERIALS AND METHODS
Animals. Inbred 6-week-old NZB female, MRL/lpr fe-

male, and BXSB male mice were obtained from The Jackson
Laboratory and maintained in the Animal Research Center at
the University of South Florida. The mice were housed
individually and fed as specified. Animal rooms were oper-
ated on a 12-hr light and 12-hr dark cycle, and temperature
(200C) and humidity (60%) were held constant. Long-lived
C57BL/6 mice were housed in groups and fed a commercial
laboratory diet ad libitum. The number of mice in each group
studied is recorded in Table 1.

Diets. Diets were prepared weekly and stored at 40C. The
composition of the high-carbohydrate, low-fat diets A and B
fed to the autoimmune-prone mice and the ratios of diet and
energy intake for each has been described (9). The full-fed
mice (diet A) were begun on ad libitum feedings at weaning
(-4 weeks of age) and were fed this diet for 1-2 weeks to
establish an average daily intake. The animals placed on the
restricted diet (diet B) were then fed 60.2 g of diet B per 100
g of diet A consumed by the ad libitum-fed mice. Diet B
contained increased amounts of vitamins, minerals, and
essential fatty acids so that it provided 100% of the amounts
of these ingredients delivered by diet A. Protein intake
expressed per animal per day was decreased 40% for the mice
fed diet B. However, protein intake expressed as percent
dietary energy was 30.18% for both diets. The level of protein
intake in relation to metabolic mass [body weight (kg)075] was
essentially the same for both ad libitum-fed and CEIR mice
due to the smaller size of the latter.
The CEIR mice were fed twice weekly, and their food

intake was adjusted weekly to represent 60% of the prior
week's consumption of the mice on diet A. One week before
sacrifice, CEIR mice were fed diet B daily to eliminate
influences attributable to food restriction terminally.

Microautoradiographic Studies. Autoradiographic mea-
surements were performed on all mice, essentially by the
method of Deschner (14) and Deschner and Lipkin (15). One
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Table 1. Influence of dietary energy (calorie) intake on body and organ weights of autoimmunity-prone mice
Spleen weight MLN weight

Age, Body % of % of
Strain months Group n weight, g mg body weight mg body weight

NZB S A 15 35.9 ± 5.6 162 ± 40 0.5 62 ± 26 0.2
B 15 25.7 ± 1.6 67 ± 19 0.3 51 ± 11 0.2

10 A 18 39.6 ± 4.5 279 ± 122 0.7 100 ± 33 0.3
B 18 25.7 ± 1.8 62 ± 31 0.2 66 ± 15 0.3

MRL/Ipr 3 A 13 38.9 ± 1.9 335 ± 80 0.9 618 ± 165 1.6
B 11 21.8 ± 2.2 76 ± 34 0.3 92 ± 27 0.4

S A 16 41.8 ± 7.1 694 ± 1% 1.7 2146 ± 269 5.1
B 16 28.7 ± 2.7 151 ± 18 0.5 365 ± 163 1.3

BXSB 3 A 13 23.0 ± 1.2 218 ± 101 0.9 71 ± 22 0.3
B 13 15.6 ± 0.9 71 ± 21 0.5 22 ± 6 0.1

S A 16 25.5 ± 1.5 514 ± 256 2.0 109 ± 48 0.4
B 16 18.0 ± 0.5 66 ± 23 0.4 32 ± 15 0.2

Values are mean ± SD. Group A, ad libitum-fed mice; group B, CEIR mice; n, number of animals.

hour prior to sacrifice, the mice were injected intraperitone-
ally with 25 1xCi of [3H]thymidine (New England Nuclear;
specific activity, 20.0 Ci/mmol; 1 Ci = 37 GBq) in 0.2 ml of
phosphate-buffered saline (0.1 M sodium phosphate, pH
7.2/0.9% NaCI) (GIBCO). Mice were killed by cervical
dislocation, and specimens from the thymus, spleen, MLN,
stomach, duodenum, terminal ileum, rectum, and distal colon
were removed. Tissues were fixed in 10% (vol/vol) neutral
formal solution for histology and microautoradiography. The
specimens were dehydrated, embedded in paraffin, and sec-
tioned at 3 tkm. Sections were deparaffinized, dipped in
Kodak NTB2 liquid emulsion, and exposed in the dark room
for 10 days. Slides were developed with Kodak D-19 solution
and stained with hematoxylin and eosin.

Counting Methods. A cell was considered labeled if it had
at least four grains over the nucleus. The number of grains
deposited over the nucleus occupying a square area of 100
,UM2 was counted under oil immersion using a Zeiss universal
binocular microscope. Ten positions in each of the areas of
the tissues being studied were recorded, and the average was
calculated as follows: (labeled cells in each position/total
cells in each position) x 100 = % cells labeled. The rate of
proliferation of cells from each site studied was quantified by
measuring the average number of [3H]thymidine-labeled cells
per 2000 cells of each fraction examined.

Statistics. Statistical analyses were perfomed using Stu-
dent's t test; P values <0.05 were considered significant.

RESULTS
Body and Organ Weight. Throughout the experiment, the

mean body weight of the CEIR mice was approximately 70%
that of the ad libitum-fed mice. Mean spleen and MLN
weights are shown in Table 1. In the ad libitum-fed mice
spleen weights increased rapidly, whereas in CEIR mice
spleen size remained constant relative to body weight. MLN
weights of ad libitum-fed NZB mice did not differ greatly as
a function of diet, but MLN weights in ad libitum-fed
MRL/Ipr or BXSB mice increased rapidly. In CEIR mice of
these strains, MLN weights were not greatly increased.

Proliferation of Epithelial Cells of the Intestine (as Revealed
by [3HJThymidine Incorporation and Nuclear Staining by
[3HJThynidine) in Mice Fed the Two Diets. As measured by
microautoradiography, epithelial cell proliferation in the in-
testinal mucosa differed dramatically according to dietary
energy intake (Fig. 1). The mice subjected to CEIR showed
a dramatic reduction of epithelial cell proliferation at almost
every level of the intestinal mucosa studied. We conclude
that energy intake restriction markedly suppresses epithelial
cell proliferation. This decrease was statistically significant in
both age groups studied. For example, the highest proportion

of [3H]thymidine-labeled cells (52.3 ± 0.6%) was found
among the predominant epithelial cell population (the middle
layer) ofthe duodenum in ad libitum-fed MRL/lpr mice at age
5 months. By contrast, only 9.4 ± 1.2% of the epithelial cells
from the CEIR mice of this strain were [3H]thymidine-labeled
(P < 0.001). It is clear from the data recorded in Fig. 1 that
CEIR resulted in a decreased rate of cellular proliferation at
almost every level of the intestine in each of the autoimmu-
nity-prone strains studied.
Lymphoid Cell Proliferation. As measured by autoradiog-

raphy, lymphoid cell proliferation in the spleen, thymus, and
MLNs also differed dramatically according to different en-
ergy intakes in each of the three autoimmunity-prone strains
of mice investigated (Fig. 2). CEIR mice showed a markedly
lower level of cell proliferation in each of these lymphoid
organs as compared to mice of the same age and strain fed the
same diet ad libitum.

Spleen. The ad libitum-fed autoimmune-prone mice
showed a greater percentage of proliferating splenic cells than
did the CEIR mice, as recorded in Fig. 2. In comparison,
young autoimmune-resistant C57BL/6 mice fed a commer-
cial laboratory diet and included for comparison showed rates
of cellular proliferation comparable to those that were ex-
hibited by the autoimmune-prone mice fed the CEIR diet.
Particularly at age 5 months, the ad libitum-fed MRL/lpr
mice showed a greater percentage of proliferating splenic
cells (42.3 ± 1.7%) than did CEIR MRL/Ipr mice (17.2 +
0.9%) or mice of a long-lived strain (C57BL/6) fed a com-
mercial laboratory diet (11.2 ± 0.6%).

Thymus. The CEIR mice also exhibited a dramatically lower
rate (P < 0.01) of proliferation ofthymic cells compared to the
rate observed in mice fed the same diet ad libitum. In these
experiments, the rates of [3H]thymidine incorporation by
thymus cells taken from C57BL/6 mice fell between the rates
observed in thymus cells taken from the experimental groups
of autoimmune-prone mice consuming the two diets.
MLN. Significant differences in the rate of [3H]thymidine

incorporation in cells ofMLNs was also observed among the
groups of autoimmune-prone mice fed diets A or B. The most
dramatic influence ofCEIR on proliferation ofMLN cells was
observed in mice of the MRL/lpr strain. At age 5 months, the
ad libitum-fed MRL/lpr mice showed more vigorously prolif-
erativeMLN cells (56.8 ± 1.2%) compared toMLN cells taken
from MRL/lpr mice restricted in calorie intake (19.3 ± 1.2%)
or in the long-lived C57BL/6 mice (7.1 ± 0.8%).

DISCUSSION
CEIR increases both life span and health span in autoimmu-
nity-prone mice as well as in long-lived, autoimmunity-
resistant mice and rats (1-10). The beneficial effects of CEIR
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FIG. 1. Percentage of [3H]thymidine-labeled cells at five levels (1-5 in parentheses) of the gut in ad libitum-fed (open bars) or CEIR
(cross-hatched bars) mice of three autoimmunity-prone strains at the indicated ages, as well as in long-lived C57BL/6 mice studied for
comparison (dotted line) that were fed a commercial diet. L, lower epithelium; M, middle (major) epithelium; U, upper epithelium; 1, stomach;
2, duodenum; 3, ileum; 4, upper colon; 5, lower colon.

have been demonstrated even when dietary manipulation is
not imposed until after midlife in long-lived mouse strains or

until after the appearance of autoimmune disease in short-
lived strains (16-18).
Although a dramatic influence of food restriction has been

recognized for more than 50 years, laboratory investigations
have only recently begun to point to mechanisms that might

explain the cellular and molecular bases of this phenomenon.
A number of possible explanations for the influence of calorie
restriction on immune function and life span have been
brought forth. In work with long-lived mouse strains, Wal-
ford and coworkers (19) have reported that CEIR alters
intestinal lipid absorption, resulting in an increased capacity
to absorb fat-soluble vitamin A. Evidence also suggests that
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FIG. 2. Percentage of [3H]thymidine-labeled cells among cells of the spleen, thymus, and MLN tissues taken from ad libitum-fed (open bars)
or CEIR (cross-hatched bars) mice of three autoimmunity-prone strains at ages 3 months and 5 months. Long-lived C57BL/6 mice (hatched
bars) fed a commercial laboratory diet were used for comparison.

CEIR may regulate enzymes that might be associated with
oxidative injury and its role in the aging process. Koizumi et
al. (20) found that CEIR may selectively augment levels of a
radical-scavenging liver enzyme, catalase. Semsei and Rich-
ardson (21) reported that CEIR produced increased levels of
catalase as well as superoxide dismutase in mice. In studies
conducted in our laboratory (22), CEIR also yielded in-
creased levels of catalase and cyanide-sensitive superoxide
dismutase. However, the increase in catalase levels we
observed did not appear to be directly correlated with the
increase in longevity. Since different experimental designs
and different mouse strains were used in these investigations,
further studies of the influence of CEIR on expression of
these enzymes seem warranted.

It has also been suggested that a decline in gene expression
accompanies senescence. Studies in our laboratory have
shown that CEIR significantly increases expression of intes-
tinal alkaline phosphatase (ref. 23 and unpublished observa-
tions), and others (24) have observed that calorie restriction
influences expression of mRNA for calcitonin, phospho-
enolpyruvate carboxykinase, and Na,K-ATPase in a com-
plex manner. These observations suggest that CEIR exerts a
selective and intricate influence on gene expression.
CEIR also profoundly affects immune function. Walford

and coworkers (25) found that calorie restriction concur-
rently lowers natural killer cell activity but increases respon-
siveness of natural killer cells to stimulation by poly(I-C).
Jung et al. (26) demonstrated that CEIR dramatically stems
the progressive deficiency of interleukin 2 production that
accompanies aging in B/W mice and also increases respon-
siveness of interleukin 2 production by thymic cells in this
short-lived strain. CEIR also decreases formation of poten-
tially injurious antigen-antibody complexes and reduces dep-
osition of these complexes along with complement in the
glomerular capillaries (27, 28).
Another interesting effect of calorie restriction on the

immune system involves the interrelationship of energy in-

take and the growth of a subpopulation ofB lymphocytes, the
Ly-1 B lymphocytes, that is closely associated with autoim-
mune disease in autoimmunity-prone mice (29-34). In man,
a homologous subset of B cells has been identified (Leul B
lymphocytes) and closely linked with production of autoanti-
bodies and rheumatoid factors (34, 35). We have shown that
CEIR decreases the absolute and relative numbers of Ly-1l
B lymphocytes among cells of the spleen, thymus, MLN,
bone marrow, peritoneal exudate, and peripheral blood of
mice of the three autoimmunity-prone strains investigated in
the present report as well as in short-lived B/W mice (ref. 36
and unpublished observations).

In the present study we have shown that CEIR lowers
[3H]thymidine incorporation in the thymus, spleen, and
MLNs. Moreover, CEIR decreased [3H]thymidine uptake by
epithelial cells along the entire length of the gastrointestinal
tract. We infer that calorie restriction reduces the rate of
proliferation in this major, rapidly replicating cell population
of the body. These findings correlate well with the observa-
tions of Prescott (37), who showed that restriction of calories
and nutrients in vitro inhibits replication of mammalian skin
cells, and with the findings of Albanes et al. (38) that calorie
restriction decreases the rate of cell division as well as the
total number of dividing cells in the colonic mucosa of rats.
The mechanisms that may link this decrease in the rate of

cellular proliferation by CEIR to the prevention of disease
and extension of life span have not yet been determined. In
probing the association between energy intake and mammary
adenocarcinoma, a development first reported by Tannen-
baum (39), we have found that in C3H mice energy restriction
greatly inhibits the development of breast tumors (40-43),
reduces the development of minimal alveolar lesions or
hyperplastic nodules (41), inhibits replication of A and B
particles of the murine mammary tumor virus (41), reduces
levels of circulating murine mammary tumor virus antibodies
(43), and decreases circulating prolactin levels (41). Indeed,
prolactin may be a key element in the role of CEIR as an
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immune regulator. This hormone is known to influence
replication of lymphoid cells (44) and hepatic cells (45), and
it has been found to be a potent immunomodulator (45, 46).
It is possible that the capacity of CEIR to slow dramatically
the rate of cellular proliferation among cells of the lymphoid
organs and the intestinal epithelium can be directly linked to
the powerful action of prolactin. The role of prolactin and
calorie restriction in regulating cellular proliferation in the
intestine, thymus, spleen, lymph nodes, and other rapidly
replicating cell populations must be addressed in future
investigations.
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