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ABSTRACT

EpidemiolÃ³gica! studies indicate that caloric intake and dietary fat
content influence colonie carcinogenesis. In rodents, caloric restriction
reduces, and some Tats increase, carcinogen-induced colon cancer inci
dence. The present study was designed to investigate the effects of caloric-

restriction on colonie cell proliferation (CCP) in carcinogen-treated or
control rats fed low- or high-fat diets. F344 rats were treated with

azoxymethane (15 mg/kg x2) and then fed an isocaloric AIN 76A diet
containing either 5 or 23% corn oil, ad libitum or calorie-restricted to 70
or 80<7r of the kilocalories consumed by ad libitum rats. Biopsies of the

distal colon were taken at 10 and 20 weeks, and rats were sacrificed at 21
or 34 weeks on the experimental diets. Distal CCP was determined by
microautoradiography after [-'Hlthymidine labeling in vitro or presacriflce

administration in vivo. The labeling index and number of labeled cells per
crypt column were significantly reduced by caloric restriction at all time
points ( 10, 20. 21. 34 weeks). Caloric restriction reduced CCP in high fat-
and low fat-fed rats and in azoxymethane-treated and control rats. High

fat resulted in decreased CCP in the distal colon compared to low fat at 34
weeks but not earlier. The findings indicate that: (a) caloric restriction is
effective in favorably modulating CCP, an intermediate biomarker of
colon cancer risk; (Ã¨)a high fat ad libitum diet, which increased tumor
yield, does not increase distal colon proliferation; (c) dietary fat intake
alters proliferation in a manner differing from that induced by changing
dietary caloric intake.

INTRODUCTION

Population and case control studies have shown positive associa
tions between dietary fat and caloric intake and risk of colon cancer
(1-6). In those studies, the independent contributions of total caloric

intake, dietary fat content, and other components of energy balance
(i.e.. metabolic rate, exercise, body composition, and body mass in
dex) cannot be evaluated, although information on each factor and risk
for colon cancer would be important.

In recent years there has been a revival of interest in the relationship
between caloric intake and the risk of development of cancer. Caloric
restriction has reduced spontaneous and carcinogen-induced tumors in

rodent models. Early studies by Moreshi (7) and Rous (8) noted
growth retardation of implanted sarcomas in underfed mice. In the
1940s Tannenbaum (9) observed that caloric restriction, produced by
limiting carbohydrate calories, lowered the incidence of several spon
taneous and induced tumors in rodents.

Subsequent investigators have expanded these findings (10, 11),
showing that caloric restriction reduced the incidence of carcinogen-
induced colon cancer in rats (12-15). The question of the relative

importance of fat and total calories in colon carcinogenesis has been
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recently addressed. Klurfeld et al. ( 14) showed that rats fed a CR' diet

at 60% of AL caloric intake had a lower incidence of carcinogen-
induced breast and colon tumors than AL-fed rats consuming one-half
the total fat ( 14). Kumar et al. (15) found a dose-dependent reduction
of carcinogen-induced colon tumors in CR rats consuming a HF. 23%

corn oil, diet at 80 and 70% of AL caloric intake. In the latter study,
both fat and caloric intake were positively related to colon tumor risk
(15). but body composition and weight had less association with risk.
Other determinants of metabolic balance, including exercise, have
reduced the incidence of carcinogen-induced colon tumors (16. 17).

and may have a role in colon carcinogenesis.
The long-term effects of caloric and fat intake upon intermediate

biomarkers of colon cancer risk have not been determined. An inter
mediate biomarker that has been related to colonie neoplasia is epi
thelial cell proliferation, measured by |'H]dThd or bromodeoxyuri-

dine incorporation into nuclear DNA of proliferating cells in rodent or
human colonie crypts (18). Previous data on the effect of fat intake on
colonie cell proliferation were conflicting, since a 23.5% corn oil diet
in mice increased labeling indices after 10 or 15 weeks (19). while
30% corn oil or 27% lard diet for 4 weeks had no effects in rats (20).
Studies of food restriction have been more consistent. A 3-day fast

lowers colonie proliferation by 70% in rodents (21). and food restric
tion to 25% of AL intake for 7 month reduced [3H]dThd incorporation

in several tissues, including the colon 022). In our laboratory, lowering
dietary intake to 60% of AL intake reduced colonie cell proliferation
in young and aging rats (23).

The present study was designed to investigate the effects of caloric
restriction and HF and LF intake on AOM-induced colon tumors in

rats; whether parallel changes occurred in cell proliferation, and
whether modified cell proliferation was associated with differences in
the development of colonie tumors. Effects of caloric restriction and
HF and LF on cell proliferation in rats not treated with AOM also were
studied.

MATERIALS AND METHODS

In 2 separate experiments (A and B). groups of rats were treated similarly.
One part of this study, the effects of caloric restriction on colon tumor forma
tion (experiment B) was described previously (15).

Inbred male F344 rats obtained at weaning (Charles River Breeding Labo
ratories. Wilmington. MA) were randomly divided at 5 weeks old into an
AL-fed LF 5% corn oil diet or a HF 23% corn oil diet group. The composition
and intake of the experimental semi-purified diet is shown in Table 1. The rats

were treated with AOM (15 mg/kg body weight s.c.) or saline s.c. (controls)
once weekly for 2 weeks. Hour days later, animals were further separated into
AL-fed and CR groups resulting in 4 dietary groups in each study: HF AL. HF

CR. LF AL, and LF CR rats. HF CR rats were CR to 80% of HF AL rat intake
in experiment A. and to 70% of HF AL rat intake in experiment B. The LF CR
rats were restricted to 80% of HF AL food intake in both experiments. CR rats
were pair fed to their respective AL groups. The composition of all diets was
adjusted so that all animals consumed similar amounts of minerals, vitamins,
and nonnutritive fiber (Table 1).

In experiment A. 8 AOM-treated and 6 control rats were studied in each of

the 4 dietary groups. After 10 and 20 weeks on the experimental diets, the

1The abbreviations used are: CR, calorie-restricted: [-'HJdThd. ['Hlthymidine: AL. ad

ithitutn: HF. high fat: LF. low fat: AOM. azoxymethane; LI. labeling index.
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DIET AND COLON CELL PROLIFERATION

Table 1 Mean daily intake of experimental diets

Low-fat diet:
5% cornoilCasein,

vitamin-freeDi.-MelhionineCorn

starchDextroseCom

oilAlphacel

Mineral mix.AINVitamin
mix. AINrevisedCholine

bitartrateTotal
fixxiintakeCalories

(kcal/day)AL3.430.058.842.210.850.85

0.600.170.0317.068.020%

CR2.720.046.541.630.680.82

0.570.160.0313.654.5High-fat

diet:

23% cornoilAL2.990.044.391.112.990.77

0.530.150.0313.062.530%

CR2.090.032.830.712.090.700.490.140.039.143.7

Mean data shown in g/day in each experimental group in experiment B.

animals were subjected to colonoscopy to the splenic flexure under Nembutal
sedation, using an Olympus pediatrie bronchoscope (BF482).4 and 3 to 10

biopsies (average. 8) were taken from the descending colon (Olympus biopsy
forceps BF-22C). Four of 56 rats died after this procedure. Both AOM and

control rats were sacrificed after 21 weeks on the experimental diets. Biopsies
and autopsy sections of distal colon were processed for cell proliferation
studies. In experiment B, 27 AOM-treated rats in each of the four dietary

groups were sacrificed after 34 weeks on the experimental diet for analysis of
the number and type of colonie tumors. Six rats from each dietary group were
randomly selected for colonie cell proliferation studies of the proximal and
distal colon.

Colonie Cell Proliferation Analysis. One h prior to sacrifice, rats were
given injections of ['HJdThd. 1 /xCi/g of body weight i.p. Sections of normal

appearing distal colon from the mid-descending colon (experiments A and B),
and from the ascending colon (experiment B) were fixed in 10% phosphate-

buffered formalin and processed for autoradiography and histology as previ
ously described (24). Twenty-five longitudinally oriented crypts were scored to

determine crypt height defined as total cell number per crypt column, and the
number and position of labeled cells within each crypt column. The LI was

calculated as

Labeled cells

Total cells
X 100

Calculations were made for each of 5 crypt compartments of equal size,
compartment 1 being at the base of the crypt and compartment 5 near the
luminal surface. The distribution of the proliferativc zone was measured as
percentage of total labeled cells present per crypt compartment. Colonie bi
opsies were incubated with ['H]dThd (1 fiCi/ml) in vitro, and processed as

above, except that less than 25 crypts were obtained in some specimens.
In experiment B, 4 to 6 animals from each group were randomly selected at

34 weeks for body composition analysis, performed by Nutrition International,
Inc. (New Brunswick, NJ) (15). Proximate analysis for protein, fat, and ash was
conducted by the standard methods of the American Association of Official
Analytical Chemists (25). Briefly, this method includes the measurement of
water content of the carcass by lyophilization. The carcass is then ground and
an aliquot (about 10 g) is used for determination of total fat and protein by
chemical assay. Total ash is determined gravimetrically following the ashing of
the sample at >500Â°C in a furnace. The difference between the protein, fat,

ash, and dry weight of sample represents carbohydrate (not measured directly).
Statistical Analysis. Differences in ['H]dThd labeling parameters between

groups were analyzed by unpaired / tests.

RESULTS

General Observations. Mean caloric intake was similar in the
high and LF AL-fed groups (Table 1, experiment B), but the HF-fed
rats consumed over 3-fold more fat than was consumed by the LF
group. The body weight of CR rats was lower than that of the AL-fed

animals, but all groups gained weight throughout the experiment

Table 2 Bod\ weight. b(iit\ lornptisilion, ami tumor incidence in rats feti /mv u
fat ad libitum and calorie-restricted diet

Tumor yield and body composition are derived from experiment B.

Body wt (g)

ExperimentAAOM-lreatedllth

wk21st
wkSaline-treatedllth

wk21st
wkExperiment

BAOM-lrealed16th

wk34th
wkBody

compositionat
necropsy (% of drywt)FatProteinAshTumor

incidence(%
of rats withtumors)Tumor

multiplicity(tumors/
rat)"

Means Â±SE.LF

AL284

Â±16"329

Â±20324

Â±16386
Â±31360

Â±17436
Â±2942.4

Â±2.036.0
Â±0.95.5

Â±0.1560.78

Â±0.2LFCR255

Â±18282
Â±19250

Â±21284
Â±23302

Â±13336
Â±1831.9

Â±10.636.5
Â±0.77.5

Â±2.1410.6

Â±0.2HK

AL339

Â±15395
Â±18351

Â±12422
Â±13365

Â±18462
Â±2549.8

Â±12.437.8
Â±0.76.6
Â±0.985*1.5

Â±0.2*HFCR250

Â±13278
Â±21252

Â±24276
Â±16280Â±

17288
Â±2028.9

Â±4.936.0
Â±1.06.3
Â±0.9520.7

Â±0.17*

P < 0.05 versus other groups.

4 We thank Olympus Corp. of W(xxlbury. NY. for the gift of a pediatrie bronchoscope

to perform this work.

(Table 2). Body composition after 34 weeks on the four dietary reg
imens showed no difference in percentage of body weight that repre
sented protein; however, the HF AL animals showed more body fat
than the LF AL animals (49.8 Â±12% versus 42.4 Â±2%), P < 0.05.
The CR rats also showed less fat than either HF or LF AL animals
(Table 2).

Tumor Data. The CR rats at 34 weeks showed decreased tumor
incidence and multiplicity, significant (P < 0.05), in the HF group
(Table 2) (15). No gross tumors were found in the colon at the time of
autopsy 21 weeks after administration of AOM in any animal group.

Epithelial Cell Proliferation. Caloric restriction reduced epithe
lial cell proliferation as expressed by the number of labeled cells per
crypt column and the LI in the HF and LF groups of rats at all time
points (10, 21, 34 weeks). Generally, this was seen in both treated and
control rats (Table 3; Figs. 1 and 2). Crypt height was not consistently
altered by caloric restriction.

The HF diet was associated with decreased proliferation (labeled
cell number and LI) in the distal colon and increased proliferation
(labeled cell number) and hyperplasia in the proximal colon as com
pared to the LF diet at 34 weeks (Table 3). At the earlier time points
distal colonie proliferation measurements were similar in the LF and
HF diets. The HF diet widened the crypt proliferative zone in the
proximal colon but not in the distal colon at 34 weeks (Fig. 2). In the
proximal colon the majority of labeled cells were found in the mid-

crypt (compartment 3) in the LF group but the proliferative zone
shifted towards the second and first compartments in the HF group.

AOM-treated animals had more labeled cells per crypt column and

a higher LI than control rats at 21 but not at 10 weeks (Table 3). In rats
bearing a colonie carcinoma or adenoma, no differences were found in
proliferative indices compared to similar non-tumor-bearing rats.

Caloric restriction significantly reduced proliferativc indices in bi
opsy specimens incubated with [3H]dThd in vitro, as well as in au
topsy specimens after [3H]dThd in vivo. Less variation between indi

vidual rats was found in the autopsy specimens, probably because
histological definition was superior. In biopsies taken at 20 weeks,
specimens from only 3-4 rats/group were processed, confirming

changes seen with in vivo labeling, but statistical significance was not
reached in all groups because of small sample numbers.
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DIET AND COLON CELL PROLIFERATION

Table 3 Effect of caloric restriction, fai intake, and carcinogen treatment upon colonie crypt cells number, labeling index, and number of labeled cells per crypt column, from
biopsies at 10 weeks and autopsy at 21 and 34 weeks

AOM-lrealed distalcolonLI(%)Cells

(no.)Labeled
cells(no.)AOM-lrealed

proximalcolonLI(%)Cells

(no.lLabeled
cells(no.)Saline-lreatedLI(%)Cells

(no.)Labeled
cells(no.)AOM-lreatedLI(%)Cells

(no.)Labeled
cells(no.)Saline-lreatedLI(%)Ceils

(no.)Labeled
cells(no.)AOM-lrealedLI

(%)Cells
(no.)Labeled

cells (no.)LFAL9.

110.9"37.4

Â±1.23.410.46.0

Â±0.623.4
Â±0.591.4Â±0.123.3

Â±0.432.2
Â±0.4I.I

Â±0.17.5

Â±0.9<32.2

Â±0.92.4Â±0.2r7.1

Â±0.230.7
Â±0.72.2

Â±0.18.3

Â±0.733.8
Â±l.lr2.8Â±0.2rLFCR34-wk

autopsy3.9

Â±0.233.410.71.3

Â±0.14.0

Â±0.622.5
Â±0.80.9

Â±0.221-wk

autopsy1.6

Â±0.433.8
Â±0.40.5

Â±0.13.2Â±0.2C37.4

Â±2.01.2
Â±0.0*10-wk

biopsies5.4

Â±0.930.4
Â±1.21.7

Â±0.35.5

Â±0.832.3
Â±1.6I.2Â±0.3P<0.001<0.05<0.001<0.050.85<0.05<0.050.050.05<0.05<0.05<0.050.080.770.12<0.050.45<0.05HF

Al,6.010.1*36.21

1.02.1
Â±0.2*6.9

Â±0.429.4
Â±2.4*2.1

Â±0.2''3.0

i0.633.1
Â±1.41.010.27.91

1.0'"32.911.42.6Â±0.3C7.9

Â±0.729.9
Â±1.22.4
Â±0.38.9

10.730.4
Â±0.1*2.7

Â±0.3Hf;

CR3.010.2*35.9

Â±0.6*1.1

10.14.0

Â±0.522.6
Â±0.90.910.11.810.234.6

Â±0.30.610.13.4Â±.3C36.0

Â±0.4<"1.210.
Ie4.8

Â±0.429.511.01.410.15.510.630.01

1.01
.65 Â±0.2P<0.0050.24<O.OOI<0.05<0.05<0.050.140.370.14<0.060.11<0.05<0.050.80<0.05<0.050.77<0.05

" Mean 1 SE.
* Significantly different from its respective LF group, P < 0.05.
1 Significantly different from its respective saline control group. P < 0.05.

DISCUSSION -dThd incorporation into DNA in normal-appearing mucosa. The ef-

Caloric restriction repeatedly has been shown to inhibit tumor for- feet was seen as early as 10 and 20 weeks of caloric restriction and
mation in experimental animal models. In the present study, caloric persisted at 34 weeks. The LI was lowered by caloric restriction both
restriction to 70 and 80% of AL intake resulted in significant reduction Â¡nthe carcinogen-treated and in the control rats. Tumor incidence
in indices of colonie epithelial cell proliferation as measured by [3H]- measured at 34 weeks was also reduced (15). Thus, caloric restriction

10 WEEK BIOPSIES, SAUNE u (K, 10 WEEK BIOPSIES. AOM

Fig. I. Pattern of ['H]dThd labeling in colonie

crypt compartments following 10 and 21 weeks of
CR or AL feeding in LF- or HF-fed rats, and AOM
or saline-treated animals. Abscissae show colonie
crypt compartments I (base of crypt) to 5 (top of
colonie crypt). Significant differences between CR
and AL-fed rats shown by P values.

12348

â€ž<%) 21 WEEK AUTOPSY, AOM

S
Â¡Â«urf.c.i

CRYPT COMPARTMENT
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Fig. 2. Paltem of ['H]dThd in colonie crypt

compartments following 34 weeks of CR or AL
feeding in disiai and proximal colon of LF- or
HF-fed AOM-treated rats. Significant differences
between CR and AL-fed rats shown by P values.

DIET AND COLON CELL PROLIFERATION

34 WEEK, PROXIMAL COLON, AOM 34 WEEK, DISTAL COLON, AOM

CRYPT COMPARTMENT

in rats is effective in favorably modulating an intermediate biomarker
of colon cancer risk in a direction previously associated with lower
risk of neoplasia (18).

It is generally held that excessive proliferation is positively asso
ciated with tumor risk and that reduction in cell proliferation favorably
reduces this risk. The present study supports this theory, since at 34
weeks after carcinogen administration, colonie cell proliferation indi
ces were reduced in parallel with lower tumor incidence. Furthermore,
the effect of caloric restriction on proliferation occurred independently
of carcinogen treatment and of the presence of tumors, and the effect
predated the appearance of tumors in carcinogen-treated rats. These

data imply that reduction in cell proliferation by caloric restriction
independently and favorably alters tumor risk in this experimental
model.

In contrast, the effect of fat on tumor yield was dissociated from
effects on cell kinetics in the distal colon. At 34 weeks tumor inci
dence was greater in HF AL-fed animals as compared to LF AL-fed

animals, but colonie crypt LI and labeled cell number were lower in
HF AL animals. At the earlier time points of 10 and 21 weeks,
however, the HF diet had no effect on indices of colonie cell prolif
eration in the distal colon. Thus, distal colonie proliferation did not
appear to be a reliable indicator of tumor risk induced by a HF diet.
This is in contrast to findings in the proximal colon where some
hyperplasia and an increase in labeled cell number in response to HF
was noted at 34 weeks. There have been conflicting previous findings
regarding the effect of HF diet on colonie cell proliferation (19, 20) in
rodents, and this needs to be further investigated. Similarly, the
chronic effects of high and LF diets in humans, and the possible
different effects of such experimental interventions on the proximal
and distal colon also remain to be studied.

The relative contributions of fat and of caloric intake to colon
cancer risk is an important and unresolved health issue. In this model
of colonie carcinogenesis in the rat, fat and caloric intake appear to act
independently of each other. The role of fat in tumor promotion
independent of its caloric load is supported by observations showing
that rats fed a HF diet develop more tumors than rats fed an isocaloric
LF diet (15, 26). Caloric intake also appears to be an independent
positive modulator of tumor incidence and proliferation, since when
fat intake is low and is not a promoting factor, reduction in caloric
intake still reduces tumor yield and cell proliferation. The present
study demonstrates that caloric and fat intake have differing effects
upon colonie proliferation, suggesting that they affect colon carcino
genesis by different mechanisms.

Several epidemiological studies have suggested a positive correla
tion of colon cancer risk with body mass index or body weight (5, 27,
28). This correlation is difficult to analyze in caloric restriction ex
periments since caloric restriction decreases tumor yield and body
weight simultaneously. In the present study, both dietary fat and total

caloric intake influenced tumor incidence and/or cell proliferation
indices but body weight and composition, the end points of metabolic
balance, did not consistently correlate with tumor yield or prolifera
tion measurements. It remains unclear which aspects of energy bal
ance, other than caloric intake, influence carcinogenesis. Studies
which focus on measurements of energy expenditure and storage are
needed.

The divergent effects of calories and fat on colonie cell proliferation
point out that when colonie cell kinetics are measured these must be
interpreted as part of a complex of interrelated factors affecting car
cinogenesis. Not only the proliferation rate or LI but also the distri
bution of label and the location in the colon where changes take place
need to be considered. In addition, it is important to study the prolif-

erative response to particular interventions in animal models in rela
tion to other end points in carcinogenesis before interpreting corre
sponding human data. Based on the present study, proliferation data
appear to be valuable end points in human studies on the effect of
caloric balance. However, the separate effects of fat and other dietary
determinants could confound the results and need to be considered.
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