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ABSTRACT Restriction of dietary calories reduces cancer
formation in experimental animals and probably also in hu-
mans. This effect is generally attributed to the inhibitory effect
of fasting on cell proliferation. Here we studied the effect of
fasting on physiological cell death through apoptosis by using
rat liver as a model. (i) In normal liver, involution of hyper-
plasia by apoptosis was reinforced by food withdrawal and
suppressed by feeding. Complete food withdrawal for 8 days or
food reduction by 40% for 3 months eliminated 20-30% of
normal liver cells through apoptosis. (ii) Putative preneoplastic
liver foci exhibited severalfold higher rates ofDNA replication
and apoptosis than unaltered liver. Food restriction lowered
DNA replication but increased apoptosis, which reduced the
number and volume of putative preneoplastic liver foci by 85%
within 3 months. Subsequent return to ad libitum feeding
normalized cell replication and apoptosis but clear differences
in the volume and number of putative preneoplastic liver foci
persisted throughout the following 17 months. Treatment of
animals after food restriction with nafenopin, a peroxisome
proliferator and potent tumor promoter, produced only half as
many hepatocellular adenomas and rcinomas as in animals
fed unr c throughout their lifetime. This indicates that
food restriction had actually eliminated a part of the initiated
cells. This study demonstrates that food restriction preferen-
tiday enhances apoptosis of preneoplastic cells. This effect in
combination with lowered cell replication provides protection
from carcinogenesis.

Diet appears to be the most important determinant ofhuman
cancer-i.e., about one-third of all cases are attributed to
dietary factors (1). Besides carcinogenic constituents, exces-
sive calorie intake is considered a major risk factor associated
with diet (2-6). The importance of calorie intake is supported
by animal experiments, in which food restriction alone
greatly reduces the incidence of cancer in the liver and many
other organs, while overfeeding enhances carcinogenesis
(7-12).
Over the past decades, studies on the mechanisms of

cancer protection by calorie restriction focused on the neu-
roendocrine network, overall energy expenditure, or metab-
olism of the main dietary constituents (8, 13). At the cellular
level, the feeding/fasting state of animals was found to
control cell replication in several tissues including the liver
(8, 14-16).
Rodent liver offers one of the best models to study effects

of environmental or endogenous variables on growth control
and carcinogenesis (17, 18). In this organ, putative preneo-
plastic foci (PPF), which are at an intermediate stage on the
pathway to cancer, can be identified by histochemical tech-
niques, and considerable knowledge of their biological prop-
erties has accumulated (19). PPF can be induced by treatment
with genotoxic carcinogens or appear "spontaneously" dur-

ing aging (20). We have found (21) thatPPF are more sensitive
to the antiproliferative effects offood restriction than normal
liver cells.
A physiological counterpart of cell replication is cell death

by apoptosis. Apoptosis occurs at relatively high levels in
PPF and is suppressed by tumor promoters that thereby
accelerate tumor development (22). In normal liver, apopto-
sis is regulated by endogenous factors such as transforming
growth factor 81, which inhibits DNA synthesis and triggers
apoptosis (23). In the present study, we show that apoptosis
in normal liver and in PPF is controlled by signals exerted by
feeding or fasting.

MATERIALS AND METHODS
Animals and Treatment. SPF Wistar rats from Zentralin-

stitut fur Versuchstierzucht (Hannover, Germany) received
Altromin 1321N (Altromin, Lage, Germany) as a basal diet
and were kept under standardized conditions (24), with an
inverted 12-h light/12-h dark rhythm. If not stated otherwise,
they were 4-6 weeks old at delivery. From 3 weeks before
until the end of the dietary restriction period, all animals,
including the nonrestricted controls, were housed individu-
ally and had access to food daily between the time of0900 and
1400. This changed neither the amount ofconsumed food per
day nor the body weight (b.w.) of the animals (data not
shown). Restricted animals received daily 40%o or60% ofthat
amount consumed by the controls the day before. When
dietary restriction lasted for >24 h, vitamins, minerals, and
trace elements (gratuitously supplied by Altromin) were
admixed to the food to ensure intake identical to controls.
As shown before, the diurnal rhythm ofDNA synthesis in

the liver is synchronized to a single peak per day through
rhythmic feeding (15, 22). At this peak, [3Hlthymidine (6.7
Ci/mmol; 1 Ci = 37 GBq; NEN) was injected i.p. as a single
dose of 0.2 mCi/kg b.w. 36 h before killing. If not stated
otherwise, animals were sacrificed by decapitation under
CO2 narcosis between the times of 0800 and 0900.

Biochemical Procedures. Hepatic DNA content was deter-
mined by the diphenylamine procedure (for details, see ref.
15).
Morphology. Specimens of liver tumors measuring at least

2 mm in diameter and of liver tissue bearing no visible lesion
were fixed and processed as described (24). Two serial
sections of tissue, stained with hematoxylin/eosin (H&E)
and for placental glutathione S-transferase (GST-P), served
to identify PPF and liver tumors according to previous
descriptions (24, 25). Since GST-P staining is insufficient for
the detection of foci and tumors arising upon treatment with
a peroxisome proliferator (25), specific evaluation criteria,

Abbreviations: AB, apoptotic body; b.w., body weight; CPA, cypro-
terone acetate; GST-P, placental glutathione S-transferase; H&E,
hematoxylin/eosin; NAF, nafenopin; PPF, putative preneoplastic
liver foci.
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which had been elaborated for these lesions in H&E-stained
tissue sections (24), were applied to nafenopin (NAF)-treated
livers. The measured size ofthe PPF served to determine the
number and volume of the PPF per liver according to
Saltykow (26).
Hepatocytes undergoing death by apoptosis (apoptotic

bodies, ABs) were identified in H&E sections as described in
detail (27). In each liver, the labeling index after autoradio-
graphy and incidence ofABs were determined by assaying at
least 2000 and 4000 unaltered cells, respectively, and all cells
within individual PPF. Due to small interindividual varia-
tions, we pooled data on labeling indices and ABs obtained
from rats of the same treatment group and time point.

RESULTS
The Fasting/Feeding State Influences Apoptosis During

Involutio of Mitogen-Induced Hyperplasia. Rat liver hyper-
plasia was induced by repeated treatment with the hepato-
mitogen cyproterone acetate (CPA). As described (27), this
hyperplasia is readily eliminated- by apoptosis of excessive
liver cells when treatment is discontinued, while retreatment
with CPA prevents apoptosis. In the present experiment, in
which the apoptotic activity was elevated 40 h and more after
the last dose ofCPA (basal rate ofapoptosis ranging between
0.01 and 0.03%; data not shown), we noted that the daily
feeding rhythm had a profound impact on the incidence of
apoptoses (Fig. 1A). Apoptotic activity was high during the
daily fasting period and declined significantly after the start
of feeding; if food was withheld, apoptotic activity remained
high. Subsequently, feeding and CPA were found to be
similarly effective inhibitors ofapoptosis (Fig. iB). When the
animals did not receive the complete diet but instead received
isocaloric amounts of pure carbohydrates, fats, or proteins,
each component alone was able to significantly lower apo-
ptotic activity; thus, the energy intake per se rather than
specific food components is effective (Fig. 1B). Repetition of
this experiment provided similar results (data not shown).
From the present study, the maximum rate of apoptosis

may be expected shortly before feeding, whereas the peak of
cell replication is known to occur roughly 12 h later (15, 16,
21). Thus, the cyclic eating behavior of rats seems to result
in a diurnal rhythm ofcell turnover in the liver. Untreated rats
tended to exhibit a similar time course of apoptosis over 24
h but the incidence was too low to display significant differ-
ences (data not shown). Apparently, the present fasting
protocol had a permissive effect on the induction ofapoptosis
primed by preceding mitogen treatment and withdrawal.
Food Reduction Induces Apoptotic Activity In the Liver.

When food was withheld from untreated young rats for 8
days, the average b.w. was reduced from 157 to 99 g.
Concomitantly, liver mass decreased by =25% within the
first 2 days and by an additional 35% more gradually there-
after (Fig. 2). A significant loss ofhepaticDNA was seen after
day 3. Thus, the early decline in organ mass might have been
due to mobilization ofglycogen, protein, and lipids, whereas
the later decline probably was due to elimination of cells from
the liver. In fact, from day 2 onward, there was a considerable
number ofABs, with the highest levels on days 7 and 8 (Fig.
2).
When food intake of 9-month-old rats was reduced to 60%o

for up to 95 days, the average b.w. declined slowly by 30%o
from 417 to 297 g, and liver mass andDNA content decreased
by =40%6 and 20%6, respectively (Fig. 3). Immediately after
return to unrestricted feeding, animals consumed much more
food than controls; the mean b.w. increased to 365 g within
a week. The elevated food intake provided a significant
growth stimulus also for the liver as has been known formany
years (28). Consequently, the liver regained its control weight
within 7 days. DNA content still was slightly decreased at this
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FiG. 1. Effect of fasting or of feeding dietary components on the
frequency of apoptosis in regressing rat liver. Female rats were kept
on rhythmic feeding between the time of0900 and 1400 and received
CPA dissolved in maize oil by gavage for 7 days as described (23, 27).
(A) Forty-eight hours after the last application of CPA, rats were
either given (o) or denied (s) access to food. Animals were sacrificed
between 40 and 59 h after CPA treatment. (B) Forty-eight hours after
the last CPA dose, food was withheld from rats, which then received
by gavage one dose of CPA (130 mg/kg) suspended in water with
0.09%o miri 52 (Serva) (v), solvent only (A), orisocaloric amounts (628
kJ/kg b.w.) of fat (18 ml of pure maize oil per kg b.w.) (e), of
carbohydrates (37 g of dextrin in 50 ml of tap water per kg b.w.) (.),
of proteins (21.3 g of bovine serum albumin and 15.7 g of casein
hydrolysate in 50 ml of tap water per kg b.w.) (*), or of all three
dietary components together (28 g of dextrin/7 g of casein hydroly-
sate in 50 ml oftap water per kg b.w./0.7 ml ofmaize oil per kg b.w.)
(o). The experiment was terminated 4 h later. Incidences ofABs with
95% confidence limits are given. In A significant differences from
controls are indicated by an a. In B the solvent control was signif-
icantly different (P < 0.01) from groups receiving CPA, complete
diet, or the three dietary components alone (pairwise testing by
Wilcoxon's test).

time (Fig. 3) but had recovered a few weeks later (data not
shown).
During the 95-day fasting period, DNA synthesis of hepa-

tocytes almost completely ceased while apoptotic activity
was on alow marginally increased level, which was obviously
sufficient to eliminate 20%o of hepatic DNA in the virtual
absence of the formation of new cells. After 7 days of
unrestricted feeding, DNA replication and frequency of ap-
optosis had normalized to the prefasting level (Fig. 4A).

Restricted Feeding Induces Apoptosis and Suppresses DNA
Synthesis in PPF. PPF appeared spontaneously in the livers of
untreated 9-month-old rats. As in carcinogen-induced PPF
(22), both DNA replication and apoptotic activity were 5- to
10-fold higher than in the surrounding unaltered liver during
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FIG. 2. Effect of complete food withdrawal for 1-8 days on liver
DNA content and apoptosis. Female rats were fed ad libitum (no
feeding rhythm) before the start of experimentation. The mean and
SD of organ mass (circles) and DNA content (inverted triangles) and
incidence of ABs with 95% confidence limits are given. There were
three to six animals per group and time point. Solid symbols, ad
libitum feeding; open symbols, no food. Correlations of values with
duration oftreatment by Spearman's test are as follows: a, P< 0.001;
b, P < 0.01. n.d., Not determined.

ad libitum feeding (Fig. 4A). Dietary restriction to 60%6 of
control levels strikingly depressed replicative DNA synthesis
in PPF but doubled the frequency of ABs. Return to ad
libitum feeding reversed the relation between DNA replica-
tion and ABs in PPF to the prefasting level.

In a further study, PPF were induced by the genotoxic
carcinogen N-nitrosomorpholine. Probably due to the young
age of the animals and the pretreatment with N-nitrosomor-
pholine, cell turnover in these PPF and in normal liver was
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FIG. 3. Effect of a 40% reduction in food for 95 days and
subsequent refeeding. Nine-month-old male rats were pair-fed 60%
of the daily food ration of controls for 1, 3, 11, 28, 59, and 95 days
and, subsequently, fed ad libitum for 7 days. Circles, liver mass;
inverted triangles, DNA; solid symbols, ad libitum feeding; open
symbols, restricted feeding. Data are the mean and SD from four or
five animals. Correlations of values with duration of food restriction
were calculated by Spearman's test (a, P < 0.001; b, P < 0.05).
Statistical comparison at day 95 of the fasting period vs. day 7 of
refeeding was done by Wilcoxon's test (c, P < 0.01).
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FiG. 4. Effect offood restriction onDNA synthesis and apoptosis
in normal liver and PPF. (A) Rats described in Fig. 3 were studied.
(B) Ten male rats, 6 weeks old, received a single dose of N-nitroso-
morpholine by stomach tube (250 mg/kg b.w. in water; details in ref.
22). Fifteen weeks later half of the N-nitrosomorpholine-treated
animals were pair-fed at 40% of the control level for 4 days. The
frequency ofABs and labeling index (LI) in PPF, identified by H&E
and GST-P staining (total column), and in the surrounding unaltered
liver (hatched part of the column) are given as incidences with 95%
confidence limits. (A) Data obtained at the various time points were
pooled. At least 5000 cells within PPF were counted per treatment
group. Statistical significance (P < 0.05): a, PPF vs. surrounding
normal liver; b, normal liver of unrestricted vs. restricted animals; c,
PPF of unrestricted vs. restricted animals. Bars: Co, fed ad libitum
(control); FR, food restriction.

rather high (Fig. 4B; note different scales of ordinates in Fig.
4 A and B). Dietary restriction to 40% of control levels for 4
days suppressed DNA replication by -40% and significantly
induced apoptosis 2-fold, which confirms the effects of
fasting in the "spontaneous" PPF described above.
Remarkably, all these changes in the PPF were qualita-

tively similar to those occurring in normal liver but were
significantly more pronounced. Thus, PPF appear to be
preferentially sensitive to signals modulating DNA replica-
tion and apoptosis in response to feeding or fasting.

Peristent Effects of Fasting on Early and Late Stages of
Hepatocarcinogenesis. After food restriction for 95 days (Figs.
3 and 4A), the "spontaneous" PPF, as a consequence of the
shift from cell generation toward elimination, showed a
dramatic decline of their mean volume and number, so that
their total volume was reduced to -15% (Fig. 5 A and B).
Subsequent refeeding provided a considerable growth stim-
ulus not only for the normal liver (Fig. 3) but also for the PPF
so that within 1 week the total number and volume ofthe PPF
increased from 15 to -65% of the controls (Fig. 5 A and B).
Thereafter, the difference of -35% persisted during the
following 17 months of ad libitum feeding (data not shown)
and was not reduced by additional treatment with the tumor
promoter NAF (Fig. 5 A and B).

Proc. NatL Acad. Sci. USA 91 (1994) 9997
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FiG. 5. Effect of food restriction for 95 days on number and volume of spontaneously occurring PPF and on the formation of liver tumors
by NAF treatment. Animals and feeding schedule are as in Figs. 3 and 4A and are indicated by bars above abscissas. (A and B) Numbers and
total volume of the PPF as identified by H&E and GST-P staining are given as the mean with SD. Five to 10 rats were evaluated per time point
at days 94, 285, and 380 of age (i), after food restriction for 95 days at day 380 (o), after an additional 7 days of unrestricted feeding (e), and
after a further 17 months of an ad libitum diet containing NAF (daily NAF dose, 100 mg/kg b.w. as described in ref. 24) (e and *). (C) Liver
tumors afterNAF treatment in rats formerly fed a restricted diet (FR; n = 13) and in controls fed an unrestricted diet (Co; n = 19). Total column,
number of macroscopically detectable lesions per liver; hatched/solid parts, hepatocellular adenoma/carcinoma; open parts, macroscopical
lesions <2 mm in diameter, no histology. Data are the mean; the SD is not shown. Statistics by Wilcoxon's test for Co vs. FR are as follows:
a, P < 0.005; b, P < 0.01 (valid for macroscopical lesions, adenomas, and carcinomas).

To estimate the number of initiated (i.e., promotable) cells
in the liver, we administered NAF for a period of 17 months.
This agent has been shown to be a potent tumor promoter
with little if any initiating activity (24, 29). In the present
experiment, the total yield of hepatocellular adenomas and
carcinomas in the restricted rats was 50%o of that in animals
fed unrestrictedly throughout their lifetime (Fig. 5C). This
indicates that food reduction had actually eliminated initiated
cells.

DISCUSSION
The present study demonstrates that reduction of the daily
calorie intake induces apoptosis in normal liver and prefer-
entially in PPF. This conclusion is based on three indepen-
dent lines of evidence: (i) direct histological observation of
enhanced apoptotic activity, (ii) reduction of total liver DNA
and in particular of the number and volume of PPF, and (iii)
reduced number oftumors after promoter treatment. Thus, a

period of restricted feeding diminishes the cell population
serving as target for tumor promoters and dramatically low-
ers the risk of cancer formation. Implications of these find-
ings are as follows:

(i) Homeostasis of cell number is determined by the del-
icate balance between birth and death of the cells. Previous
(15, 21) and the present studies suggest that the amount of
consumed food, independent of its composition, largely
determines which ofthe two processes is predominant. While
fasting stops the generation ofnew cells and favors apoptosis
in existing cells, feeding exerts the opposite effect.

(ii) PPF and normal liver showed qualitatively similar
changes in replication and apoptosis rates during feeding or

fasting. Nevertheless, PPF exhibited preferential growth or
regression. Thus, food restriction for 95 days eliminated
15-20% of normal hepatocytes but 85% of preneoplastic
cells. This remarkable observation can be explained by the
quantitative difference in birth and death rates between
normal liver and PPF. Our experimental data show that the
basal rate of apoptosis was 5- to 10-fold higher in PPF than
in normal liver; doubling of this rate will result in a 5- to
10-fold greater loss of cells from PPF than from normal liver.
Thus, the elevated cell turnover in PPF appears to be a

critical property of the preneoplastic state, because shifts in
the balance between cell replication and apoptosis have a
much greater impact on cell number in preneoplastic tissue
than in unaltered tissue.

(iii) In terms of the multistage concept of carcinogenesis,
it can be concluded from the present study that restricted
feeding has an antipromoting effect on carcinogenesis in rat
liver as the mean and total volume of PPF were dramatically
decreased. However, the decrease of the mean size of
individual PPF vanished soon after return to ad libitum
feeding, which suggests that the antipromoting effect was
readily reversible.

(iv) Dietary restriction probably eliminated a considerable
number of initiated cell clones, as suggested by the observed
decrease in numbers of foci and tumors. The steep decline in
the mean volume of PPF induced by fasting might have put
many PPF at risk for extinction. In fact, mathematical
modeling shows that the probability of extinction of a pre-
neoplastic clone is inversely proportional to its size (30).
Therefore, fasting, by its effect on the balance between cell
birth and death, may counteract initiation, at least partially.
In conclusion, the present study provides a mechanistic
explanation for the repeatedly observed antiinitiating and
antipromoting effect of food reduction (7, 8, 11, 31, 32).

(v) An important question is whether periods of dietary
restriction may also have cancer-preventing effects in hu-
mans. According to epidemiological studies high consump-
tion of energy in form of fat is directly correlated with the
mortality due to cancer of breast, colon, or prostate in many
countries throughout the world (1, 4-6). Although it is
difficult to differentiate the effect of fat from that of energy
intake, experimental data suggest that reduction of energy
intake is an effective way to reduce cancer risks (9, 11,
33-36). The prevention of cancer by food reduction in many
different species supports the probability that fasting is of
benefit also for humans (7-12). The present results obtained
with spontaneously occurring PPF may be of particular
relevance since events similar to spontaneous initiation in rat
may be predominant in the etiology ofhuman cancer. Further
support for the applicability of the present findings stems
from observations on apoptosis in various human tissues
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including those apparently at a higher cancer risk due to
excessive calorie intake (37-39).

In conclusion, if the present findings apply to human
organs, fasting may be a simple method to eliminate danger-
ous preneoplastic cells from the organism and may provide
great benefit for cancer prevention.
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