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ABSTRACT

Controversial views exist on the link between prostatic cancer and
consumption of high-fat (HF) diet. This topic was examined in experi
mental prostatic cancer induced in rats by JV-nitrosobis(2-oxopro-
pyl)amine (BOP). Groups of Wistar-derived MRC rats were fed a
semipurified diet containing either 5% (low fat = LF) or 24.6% (HF)
corn oil for life, beginning after weaning. In the short-term study, treat
ment with testosterone significantly increased the rate of cellular DNA
synthesis (as determined by autoradiographs after tritiated thymidine
injection) that was not influenced by the level of dietary fat. HF diet
alone depressed the rate significantly in the dorsal lobe only. There was
a significant increase in the plasma level of estradiol, a decrease in the
level of luteinizing hormone, but no changes in the level of follicle-
stimulating hormone (FSH) in rats treated with testosterone, with no
differences between the HF and LF groups. However, HF in the absence
of testosterone depressed the serum FSH level. In the carcinogenicity
experiment, all rats fed HF or LF diet developed prostatic cancers (mostly
adenocarcinomas). The incidence, however, was significantly higher in
testosterone-treated rats. Dietary fat did not influence the incidence,
histolÃ³gica!patterns, or anatomical distribution of tumors, and there were
no differences in the parameters between the HF- and LF-fed groups.
Long-term administration of testosterone significantly lowered serum
levels of luteinizing hormone but did not change the FSH level and
affected estradiol levels to a variable extent. These values were not
influenced by dietary fat. However, in the HF-BOP group, significantly
higher levels of FSH were found compared with the values in the LF-
BOP group. We concluded that (a) under the described experimental
conditions, dietary fat, fed ad libitum, does not influence the patterns of
prostatic cancer induced in rats by BOP; (b) testosterone alters the serum
levels of estradiol and luteinizing hormone; and (c) both testosterone and
estradiol could be involved in carcinogenesis.

INTRODUCTION

Prostatic cancer is the second most common cancer in men.
It accounts for 21 % of all tumors and is the third most common
cause of death due to cancer in men in the United States (1).
About 122,000 new cases are estimated in 1991, of which
32,000 are expected to succumb to the disease in the United
States alone (1). The incidence of this disease has grown from
5 cases/100,000 to 25 cases/100,000 since 1930. Yet its etiol
ogy is poorly understood.

EpidemiolÃ³gica! studies have shown striking geographic var
iations in the incidence of prostatic cancer of up to 20-fold (2).
These variations have not been clearly associated with specific
causal factors, and environmental agents appear to be involved
(2, 3). Although hormones, particularly testosterone, play an
essential role in the development of experimental (4-6) pros
tatic cancer, studies in humans are controversial (7-10). A
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comprehensive international study at autopsy in seven areas of
the world showed that the incidence of latent carcinoma did
not vary in the younger victims, but the rate of tumor progres
sion increased sharply with advancing age and varied from area
to area (11). This finding suggests an environmental influence
on tumor progression. Much evidence indicates that diet plays
a role in human cancer, including prostate cancer, although few
causative links have been firmly established. A correlation has
been noted between dietary variables and mortality from pros
tatic cancer in different countries (12, 13). In addition to colon
and breast cancer, prostatic cancer is more closely correlated
with fat consumption than are other types of cancer (14, 15).
In a one-to-one, case-control study method by age and race at
3 major hospitals in Washington, D.C., risk enhancements were
found that were associated with increased intakes of proteins,
total fat, saturated fat, oleic acid, and vitamin A during ages
30-49. The association approached statistical significance for
protein, total fat, and saturated fats (16). However, because
other case-control studies failed to clearly confirm the associa
tion between fat consumption and prostatic cancer, more con
trolled studies are needed. An experimental model offers this
possibility.

We have developed a prostatic cancer model that morpholog
ically resembles human tumors (17). Treatment of rats with
testosterone and limited doses of BOP3 resulted in a high

incidence of prostatic adenocarcinomas (17). Therefore, in the
present study we attempted to test the effects of dietary fat on
the development of prostatic cancer in this experimental model.

MATERIALS AND METHODS

Wistar-derived MRC rats from the Eppley colony, with initial body
weights of about 82 g, were housed in plastic cages on granular corn
cob bedding (Bed-O-Cobs, Maumee, OH) under standard laboratory
conditions [21 Â±2Â°C(SD), 40 Â±5% relative humidity, 12 h light/12 h

dark cycle]. They were given either formulated HF or LF diet immedi
ately after weaning for life. They were observed twice daily and weighed
biweekly. Moribund rats were euthanized by CO2, as were those that
were still alive at the end of the experiment (72 weeks of age). Rats
were assigned to groups according to a random table.

Diet. Dietary preparations were based on our previous formula (Table
1), by which promotional effects on carcinogenesis were observed (18).
The formulation was a standard diet recommended by the American
Institute of Nutrition (AIN-76) (19, 20) and was prepared and pelleted
as described (18, 21). As reported earlier (21 ), the LF diet was modified
from AIN-76 by (a) removing the antioxidant, because we stored the
diets in a freezer for a short time; and (b) changing the carbohydrate
from sucrose to a glucose-dextrin mixture, because this resulted in a
more readily pelleted diet and avoided problems associated with con
sumption of diets high in sucrose (22, 23).

The HF diet was formulated on a nutrient/kcal basis, to allow rats
to consume equal portions of protein, vitamins, minerals, and fiber for
a given calorie intake. Corn oil was used as the fat high in unsaturated
fatty acids, especially linoleic and linolenic acids, because we have

3The abbreviations used are: BOP, /Y-nitrosobis(2-oxopropyl)amine; HF, high-
fat; LF, low-fat; LH, luteinizing hormone; FSH, follicle-stimulating hormone;
LI, labeling index.
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HIGH-FAT DIET AND PROSTATIC CARCINOGEN1CITY

Table 1 ExpÃ©rimentalhigh-fat and low-fat diets

Diets were formulated on a nutrient/kcal basis to allow rats to consume equal
proportions of protein, vitamins, minerals and fiber for a given calorie intake.

IngredientsCaseinDextrinDextroseCorn

oilFiberCholine

bitartrateDL
methionineAIN

vitaminmixAIN
mineralmixCaloric

densityLow-fat"20.050.015.05.05.00.20.31.03.53.8kcal/gHigh-fat"24.629.59.024.66.00.30.51.24.34.8kcal/gÂ°
Percentage of total.

shown this type of fat to promote other types of tumors induced by
BOP (18). The 5% fat level was considered as the control fat level,
because this is the fat level recommended for maintaining rats (24) and
because 11% of the calories are contributed by fat in this diet, which is
comparable to the lowest-fat diets consumed by humans (13). HF diet
was formulated with 24.6% corn oil and provided a 4-fold increase in
the percentage of calories coming from fat in comparison with the LF
diet (22). This diet was comparable to the highest intakes of fat by
humans.

Fresh diet was supplied to the rats weekly. Diets were pelleted and
stored at 4Â°Cfor not more than 4 weeks. Animals were allowed to feed

ad libitum. Food consumption was determined weekly, and calorie
consumption was calculated accordingly.

BOP. BOP was synthesized by a previously described method (25),
dissolved in physiological saline immediately before its use, and injected
s.c. at a dose of 20 mg/kg body weight.

Testosterone. Testosterone propionate (Sigma Chemical Co., St.
Louis, MO) was given either as a s.c. injection of 100 mg/kg body
weight or as a pellet in a silastic membrane, which was prepared as
described earlier (17). Pellets were inserted s.c. in the intrascapular
region under ether anesthesia. The 10-mm incision was closed with a
metal clip, which was removed 3 days later. Pellets were replaced every
6 weeks for life. Testosterone-treated rats were caged individually
because of their aggressive behavior.

Autoradiography. The labeling index of different regions of the
prostatic gland was determined in a short-term study after injection of
tritiated thymidine as described earlier (17).

Short-term Experiment. Groups of rats were fed either HF or LF
diet. In each dietary group, 6 rats received a daily injection of testos
terone for 5 days. Injections were given at 7:00 a.m. each day. One day
later, and again at the set time, the rats received a single s.c. injection
of tritiated thymidine, and the animals were sacrificed l h later, after
blood was withdrawn for determination of estradici, LH, and FSH.

Hormone Assays. Serum LH and FSH were determined by specific
radioimmunoassay using materials supplied by the National Hormone
and Pituitary Program. Serum estradiol was measured using a double
antibody radioimmunoassay kit from Diagnostic Products Corporation
(Los Angeles, CA). The intra- and interassay coefficients of variation
were less than 10% and 15%, respectively, for these assays. Results are
expressed as mean Â±SEM. Other hormones, including prolactin, were

not assayed because of the limited amount of serum obtained from
orbital venous blood.

Carcinogenesis Experiment. Groups of rats were fed either HF or LF
diet. At the age of 9 weeks, rats were divided into 4 groups of 35 each.
Two groups (HF and LF) received a daily injection of testosterone (100
mg/kg body weight) for 5 days followed by a testosterone pellet for life.
As described above, BOP was given to these rats daily for three days,
beginning with the third testosterone injection. The remaining two
groups of rats did not receive testosterone but did receive BOP. Each
BOP injection was given to all rats at the same time of day. LF-BOP
rats were considered as the control group. We originally planned
additional control groups (HF only, LF only, commercial diet-BOP,
commercial diet-testosterone-BOP) but could not include these groups
because of a significant budget cut by the funding agency. Blood was
taken from the orbital sinus of each rat once at the age of 9 weeks
before any treatment, at 12 weeks (3 weeks after starting the experi
ment), and at every 12 weeks thereafter for determination of estradiol,
LH, and FSH.

Autopsy and Histology. All rats were autopsied, and their prostates
were taken, prepared for histology, and diagnosed as described earlier
(17).

Statistical Evaluation. The data between the groups were compared
with Scheffe's test. The difference was considered statistically signifi

cant when P < 0.05.

RESULTS

The LI of prostatic cells determined 5 days after daily testos
terone treatment is listed in Table 2.

There were no differences in the LI of the lateral and ventral
lobes of the prostate between HF- and LF-fed rats. However,
higher values were found in the dorsal lobe and coagulating
glands of LF-fed rats than in HF-fed rats. Testosterone treat
ment significantly increased the LI in all prostatic lobes and in
coagulating glands, with no differences in the values between
the HF and LF groups. However, the increase in the LI by
testosterone was greater (almost 5-fold) in the HF group than
in the LF group (2-fold).

Dietary fat did not influence the levels of estradiol and LH,
whereas higher levels of FSH were found in the LF group than
in the HF group (Table 1). Testosterone treatment increased
the level of estradiol and decreased the level of LH significantly
in both dietary groups, but there were no differences between
the HF and LF groups. No changes were found in the levels of
FSH in response to testosterone treatment (Table 2).

In the carcinogenicity experiment, testosterone-treated rats
gained less weight and died earlier than rats not treated with
testosterone (Table 3). The amount of daily food intake did not
vary markedly during the experimental period and ranged from
19 to 26 g in the HF-BOP group, from 20 to 28 g in the LF-
BOP group, from 19 to 25 g in the HF-testosterone-BOP group,
and from 20 to 29 g in the LF-testosterone-BOP group. Food
consumption averaged about 3 g more in LF-fed rats than in

Table 2 The labeling index of prostatic glands and the levels of estradiol, LH, and FSH in rats treated with BOP with or without testosterone and fed either HF or LF
diet

TreatmentHF

LFHF-testosterone

LF-testosteroneLateral

prostate2.72
Â±0.34"

4.25 Â±0.59*' "
11.43 Â±0.76Â°'*â€¢'
8.60 Â±0.54"- 'â€¢Ã¤i-b-d

p < 0000,
CP< 0.003Ventral

prostate1.67
Â±0.48Â°'*

2.22 Â±0.39f' d
6.63 Â±1.20"'c
4.98 Â±0.59*'""P<

0.0001
* P < 0.006
c P < 0.0004
*P<0.02Dorsal

prostate1.70
Â±0.38Â°'*

4.07 Â±0.434- 'â€¢d
7.86 Â±1.10Â°-c
8.06Â±O.I30-'/a-c-d

p<00001*

P < 0.007Coagulating

glands3.98
Â±0.68Â°'*â€¢f

6.51 Â±0.65*- * '
10.25 Â±1.13"- Ã¤
9.28 Â±0.69e-'"P<

0.0001
4/><0.04
c P < 0.0003
d P < 0.004
' P < 0.03Estradiol

(Pg/ml)3.31
Â±1.13"'4

3.93 Â±2.01C-'
12.79 + 2.25Â°'c
17.98Â± 2.47*''Â°

P < 0.006
b=dP< 0.0001
c P < 0.002LH

(ng/ml)0.88
Â±0.18Â°'*

0.79 Â±0.04C-"
0.31 + 0.03Â°-c
0.29 Â±0.034-"Â°P<

0.0003
*P < 0.0002
CP< 0.002
d P < 0.001FSH

(ng/ml)9.03
Â±0.41"- *

11.42 Â±0.38Â°
10.23 + 0.38
11.24 +0.71*"

P < 0.004
4P < 0.007
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Table 3 Effects ofHF and LF diets on prostatic tumor incidence induced by BOP
with or without testosterone

TreatmentENA"HF-BOP

LF-BOP
HF-T-BOP
LF-T-BOP29

30
3332Average

food intake*

(g)22

Â±0.7
25 Â±0.6
23 Â±0.5
25 Â±0.5Average

Body
daily calorie weight

intake'(g)105

94
109
96Â±

Â±
Â±
+3

2
3
2633

Â±10632
Â±12

464 Â±65
428 Â±69Survival

(wk)63

Â±
62 Â±
51Â±55

Â±13

13
13
16TumorsNo.1.0

3.0
2022(%)(3)Â¿(10C(69)'

" ENA, effective number of animals; T, testosterone.
*Average daily consumption.
c 4.8 kcal/g. Average daily calorie intake from fat was 48 Â±2, 10 Â±0.2, 50

, and 11 Â±0.2 in HF-BOP, LF-BOP, HF-T-BOP and LF-T-BOP, resp.
"P< 0.0005.
' P< 0.0005.

Table 4 Anatomic localization of prostatic cancers induced by BOP with or
without testosterone in rats fed HF or LF diet

Coagulating Carcinomas
Treatment Lateral Ventral Dorsal glands in situ

HF-BOP
LF-BOP
HF-T-BOF
LF-T-BOP0

04(12%)

2 (6%)1

(3%)
3(10%)
5(15%)
6(19%)0

03
(9%)

5 (16%)0Â°

0*8
(24%)Â°

12(38%)*1

(3%)
3 (10%)
4 (12%)

3(9%)"
P < 0.025.

" P< 0.001.
c T, testosterone.

HF-fed rats, and testosterone treatment did not influence food
consumption. However, the average calorie intake and the
calories consumed from fat were greater in HF-fed rats com
pared to those in LF-fed rats (Table 3).

Prostatic tumors were observed in every group with no dif
ferences in the tumor incidence between the HF and LF groups.
However, significantly more neoplasms were found in testos
terone-treated rats.

In rats not treated with testosterone all tumors were in the
ventral prostate (Table 4); they were microscopic carcinomas
of squamous cell type. Carcinomas in situ of glandular type
were also encountered in 4 of these rats (Table 4). In testoster
one-treated rats, most tumors were glandular and were located
mostly in the dorsal prostate and coagulating glands. Diet-
related differences in number, anatomical location, and mor
phology were not seen. Of the 42 tumors found, 6 were undif-
ferentiated with focal sarcomatous areas. This is similar to what
we had found in our previous study (3). Also, as in our previous
findings, lateral prostate in both testosterone-treated groups
showed interstitial fibrosis, destruction of glands, and focal
proliferation of alveolar cells. In the latter region, early (micro
scopic) cancers were detected in 5 rats. Cancer of the dorsal
prostate and coagulating glands invaded the urethra. Tumors
that were located mainly around the urethra and showed pre
dominantly squamous cell components were considered to be
urethral cancer. Four of these tumors were seen in the HF-
testosterone-BOP group, and two were in the LF-testosterone-

BOP group.
The hormone profiles of rats in each group are illustrated in

Figs. 1-3. The levels of estradiol varied greatly in each group
and at each interval of the experiment. This was expected,
because of the known episodic secretion of these hormones in
rats (26, 27). Although statistical analysis showed significant
differences in the level of this hormone between some groups,
wide variations at each interval made any meaningful interpre
tation difficult. Overall, the level of estradiol was higher in
testosterone-treated rats and relatively higher in the LF-testos-
terone-BOP group than in the HF-testosterone-BOP group.
After 60 weeks, however, the levels of estradiol declined and
were comparable in each group.

Lower levels of LH were found in testosterone-treated groups
than in non-testosterone-treated rats. The difference was statis
tically significant during weeks 24-48 (Fig. 2). There were no
differences in LH levels between the HF or LF groups. The
fluctuations in LH levels in each group were less pronounced
than those of estradiol. FSH levels were significantly higher in
the HF-BOP group than in the LF-BOP group during weeks
36-60 (Fig. 3).

* DISCUSSION

Our previous data demonstrated that induction of prostatic
cancer with morphological similarities to that in humans results
from an interaction between the carcinogen, BOP, and testos
terone. In this and other prostatic cancer models (see Ref. 17),
testosterone appears to act in the initiation stage of carcinogen-
esis by stimulating cell proliferation. Because a HF diet has
been shown to act primarily on the postinitiation of carcinogen-
esis, we assumed that the combination of testosterone and a
HF diet would yield a higher tumor incidence. We were also
interested in finding out whether dietary fat influences the cell-
proliferating action of testosterone or whether it has, per se,
any effects on prostatic cell turnover. Furthermore, because
some effects of dietary fat on prostate and prostatic carcinogen-
esis could be mediated through induction of hormonal abnor
malities, we also examined the levels of hormones known to
influence the function of prostate, such as estradiol, LH, and
FSH.

80

Ã¶ 4O

12 24 36

Weeks

48 60 72

Fig. I. Levels of estradiol during prostate carcinogenesis in rats fed LF or HF
diet. Numbers on lines, number of rats in each group.

LOOr
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-â€¢- LF-BOP

â€”Aâ€”hF-T-BOP

0.50 -- L.J10P<O.OO0
1fXOOOOl^
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9 12 24 36Weekâ€¢â€¢â€¢*â€¢â€¢â€¢

LF-T-BCPFX0.0001"^

I..... **\,.--'Uâ€¢-â€¢\f48
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Fig. 2. Levels of LH during prostatic carcinogenesis in rats fed HF or LF diet.
The indicated significance compares the data between the rats treated or not
treated with testosterone.
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Fig. 3. Levels of FSH during proslatic carcinogenesis in rats fed HF or LF
diet. The indicated significance differences were found between the HF-BOP
group and HF-testosterone-BOP group.

In the short-term experiment to evaluate the effects of tes
tosterone and dietary fat on prostatic cell replication, we found
that testosterone enhanced DNA synthesis in the rat prostate.
Thus, the results were compatible with our previous findings
(17). The coagulating gland was the most responsive to testos
terone. Dietary fat did not interfere with the testosterone action
on prostatic cell replication. However, for as yet unknown
reasons, HF diet per se significantly depressed the rate of DNA
synthesis in the dorsal lobe compared with that in the LF group.
This difference, however, disappeared after testosterone treat
ment. From this observation we conclude that (a) different
lobes of the prostate show varying responses to dietary fat, as
they do to other intrinsic and extrinsic factors (28-30); and (Â¿>)
testosterone alleviates the inhibitory action of HF diet on cell
proliferation in the dorsal lobe. However, the experimental
design does not allow a conclusion as to whether the depressing
action of HF diet on cell proliferation is real, because on the
basis of the results of our previous study ( 17), the LI of prostatic
cells was determined once, 5 days after testosterone treatment
in the present experiment. Because dietary fat could shift the
peak of cell proliferation to an earlier or later period, the time
of maximal cell proliferation may not have coincided with the
time of the BOP injections. This could have influenced the
carcinogenicity results.

There were no significant variations in the incidence of BOP-
induced prostatic cancer between the HF or LF group with or
without testosterone or in the morphology and the anatomical
localization of tumors in response to dietary fat. Because HF
diet was fed ad libitum, the results indicate that neither HF diet
per se nor the higher calorie intake associated with HF con
sumption influenced prostatic carcinogenesis in this model.
Thus, the results contrast with epidemiological findings (2, 3,
12-16). This discrepancy could be related to several factors.

First, the timing of BOP administration may have been inap
propriate and may not have occurred at the time of maximal
cell proliferation, as previously mentioned. Second, the concen
tration of testosterone was pharmacological (supramaximal),
so that any modifying effects of HF on carcinogenesis were
suppressed. This view is supported by the observed changes in
the rate of DNA synthesis in the prostate and in the levels of
LH and FSH in HF-fed rats. This indicated that HFperse had
some modifying effects directly or indirectly on the prostate.
These effects, however, were abolished by testosterone, which
is a stronger modifier. Third, the dose of testosterone used
significantly increased the levels of estradiol (by peripheral

conversion of testosterone) and decreased the level of LH (most
probably by a feedback control mechanism in response to
increased levels of both testosterone and estradiol). This change
in hormone levels may have altered any possible effects of HF
on carcinogenesis. However, HF diet in the absence of testos
terone did not promote prostatic carcinogenicity, which argues
against the above assumptions. Nevertheless, under the exper
imental conditions described here, dietary fat did not influence
the prostatic carcinogenicity of BOP.

Because of the steroid feedback mechanisms, we expected
some depression of LH and FSH in testosterone-treated rats.
LH levels were reduced in response to the testosterone treat
ment, but those of FSH did not change. It appears that the
inhibitory effect of testosterone on gonadotrophin secretion is
preferentially exerted on LH, in agreement with the results of
Franchimont et al. (31).

The present data, along with our previous results (17), suggest
that the higher susceptibility of prostatic tissue to carcinogen
esis in testosterone-treated rats could be related to the stimu
latory action of testosterone on cell replication. In such a case,
testosterone would play a role in the initiation of carcinogenesis.
The induction of prostatic cancers by BOP in castrated rats
treated with testosterone only for 5 days (17) supports this
assumption. Because continuous treatment with testosterone is
necessary to obtain many prostate tumors, it also seems that
testosterone plays a role in the postinitiation stage of carcino
genesis. However, the present finding of an increased level of
estradiol in testosterone-treated rats, even after treatment for
only 5 days, makes this assumption more intricate. Conse
quently, the effects of testosterone on cell proliferation or on
carcinogenesis could not be attributed solely to testosterone.
We do not know how much of the effects on cell proliferation
in the rat prostate can be attributed to testosterone or estrogen
alone. Studies in castrated beagles have shown that a combi
nation of estrogen and dihydrotestosterone enhanced prostatic
growth 3 times more than dihydrotestosterone alone (32). If
estrogen exerts the same effect in the rat, this hormone also
could be considered an initiator of carcinogenesis. Because long-
term treatment with estrogen has been shown to induce pros
tatic cancer, it appears that estrogen might also play a role in
the promotional stage of carcinogenesis. It is also possible that
an imbalance between the testosterone and estradiol levels
rather than an absolute increase of each of these hormones
triggers cancer development in rats. This has been suggested to
occur in human beings (33-37). Answers to these questions
require further studies.
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