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ABSTRACT

The promotion effects of testosterone propionate (TP) on prostate
carcinogenesis were investigated in F344 rats given the prostatic carcin
ogen, 3,2'-dÂ¡methyl-4-aminobiphenyl (DMAB). One group of animals
received s.c. DMAB injections at a dose of 50 mg/kg body weight at 2-
week intervals for a total of 10 injections along with s.c. implantations of
TP-containing Silastic tubes. A second experimental group of rats was
given DMAB at the same dose and intervals but each injection of DMAB
was combined with 3 prior consecutive daily 100-mg/kg body weight s.c.
injections of TP. After cessation of carcinogen administration, animals in
these two groups received TP implants from week 21 to the end of the
experiment. All surviving animals were killed at week 56 and accessory
sex gland tumor incidences were compared to those in DMAB alone and
other appropriate control groups.

The groups given TP plus DMAB and subsequent long term adminis
tration of TP developed lesions of the dorsolateral prostate, seminal
vesicles, and coagulating glands which were all invasive adenocarcinomas.
Incidences were 84.2% (16 of 19 rats) and 66.7% (12 of 18 rats),
respectively. Macroscopic large tumors were induced in 13 animals
among which 8 demonstrated metastasis to the abdominal cavity, liver,
or lung. None of the control groups except for the group given TP
injections plus DMAB had equivalent tumors. Development of carcino
mas of the ventral prostate, which were all of in situ type, were not
increased by subsequent treatment with TP.

These data thus clearly showed that TP can exert strong enhancing
effects on tumor development in the dorsolateral prostate, seminal vesi
cles, and coagulating glands but not in the ventral prostate.

INTRODUCTION

There is increasing evidence that exogenous testosterone
enhances naturally occurring or chemically induced prostate
carcinomas in rodents. In 1977, Noble (1) induced grossly
recognizable prostate adenocarcinomas by prolonged adminis
tration of TP3 to Nb rats. He also found that when TP admin

istration was combined with estrone, carcinomas of the prostate
occurred after a shorter interval. Pollard et al. (2) then showed
that invasive prostate carcinomas could be produced in Lobund-
Wistar and ACI rats by more than 1 year of treatment with TP.
Large prostatic adenocarcinomas also occurred in up to 90%
of Lobund-Wistar rats given MNU followed by a long-term
implantation of TP (3, 4), indicating a strong enhancing action
of the hormone on rat prostate carcinogenesis. Similar enhance
ment by TP was further found in /V-nitrosobis(2-oxopro-
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pyl)amine-treated Wistar-derived MRC rats (5). In general, rat
prostatic tumors associated with TP have been reported to
develop in the dorsolateral region and histologically to be
desmoplastic and invasive.

The carcinogen DMAB, in contrast, has been revealed to
induce /';/ situ carcinomas of the ventral prostate and atypical

hyperplasias of the seminal vesicles of rats (6-9). No tumors in
the lateral or dorsal prostate have been reported in DMAB-
treated rats. The present experiment was carried out to evaluate
the effects of TP on development of lesions of the accessory
sex organs of rats induced by DMAB.

MATERIALS AND METHODS

Male F344 rats (purchased from Charles River Japan, Inc., Kana-
gawa, Japan) were 6 weeks old and weighed approximately 125 g at the
beginning of the experiments. They were housed in plastic cages with
hard wood chips in an air-conditioned room with a 12 h 12 li light-
dark cycle and given food (Oriental MF; Oriental Yeast Co., Ltd.,
Tokyo, Japan) and water ad libitum. TP was purchased from Sigma
Chemical Co., St. Louis, MO, and DMAB was obtained from Matsu-
gaki Pharmaceutical Co., Osaka, Japan. The purity of DMAB was
>98%. The animals were divided into 5 groups of 20 rats each and
another 2 groups of 10 each. Rats in groups 1 and 2 underwent s.c.
implantation of 2-cm-long Silastic tubes (inner diameter, 0.2 cm; outer
diameter, 0.3 cm) containing 40 mg TP into the interscapular region.
The Silastic tubing was sealed at both ends with Silastic medical grade
adhesive (Dow Corning Co., MI). Starting 1 week after the first im
plantation of TP-containing Silastic tubes, all animals were given
DMAB s.c. at a dose of 50 mg/kg body weight 10 times at 2-week
intervals. The TP implants were replaced at 6-week intervals. Groups
3 and 4 were given DMAB at the same dose and times as group 1 and
2 but each carcinogen application was preceded by 3 daily consecutive
s.c. injections of TP at a dose of 100 mg/kg body weight. After the last
DMAB injection, TP administration was withdrawn from groups 1 and
3 while groups 2 and 4 received continued TP exposure via Silastic
tube implantation until the end of the experiment. Group 5 served as a
carcinogen control given only DMAB at the same times as the other
groups. Groups 6 and 7 were corresponding control groups to groups
2 and 4, respectively given TP without the administration of DMAB.
All surviving rats were sacrificed in experimental week 56 and subjected
to complete autopsy. Animals that died earlier or became moribund
were also autopsied. All organs were examined for gross abnormalities,
and slices were taken from all major organs as described previously (6-
8) and fixed in 10% buffered formalin or cold acetone. For tissue
preparation of the accessory sex organs, two sagittal slices of the ventral
prostate; sagittal samples of the dorsolateral prostate, including the
urethra; and transverse samples from each side of the seminal vesicle
including the coagulating glands were embedded in paraffin. Single
sections (4 firn) through all tissues were cut and stained with hematox-
ylin and eosin for histolÃ³gica!examination.

Blood samples were obtained from the inguinal vein at weeks 2, 21,
22, and 40 in groups 2 and 5 and from the aorta at the time of sacrifice
for all groups. Five rats were randomly selected for the blood sampling
at each time point. Testosterone levels in the serum were measured by
radioimunoassay.
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Fig. 1. Serum levels of testosterone in rats given a Silastic tube filled with TP.
Blood was sampled from 5 rats at each time point. Data shown are from groups
I and 5. respectively. The points plotted are mean Â±SD (hars).

Table 1 Final body and organ weights of rats given DMAB and testosterone
propionate

Av. wt (g)

Group1234567No.
of

rats"1213141314810Bodywt(g)378.3292.8384.6295.9422.5320.121.8*-''15.3C18.5'15.5'35.06.2'308.4

22.1fVentral

prostate0.79
Â±0.16''1.44

Â±0.14'0.78
Â±0.12''1.35
Â±0.10'0.54

+0.171.54
Â±0.19'1.33Â±

0.28'Seminal

vesicles1.69

Â±0.314.07
Â±1.28'1.72

Â±0.343.19
Â±0.43'1.38

Â±0.373.85
Â±0.17'3.86
Â±0.70'

Â°At the time of sacrifice.
' Mean Â±SD.
' Significantly different from group 5 at P < 0.001.
d Significantly different from group 5 at P < 0.05.
' Significantly different from group 5 at P < 0.01.

Differences in body and organ weights and serum levels of testoster
one were analyzed by means of Student's t test. Incidences of tumors

and other histopathological lesions were analyzed by the Fisher exact
probability test (two tailed).

An additional 27 male F344 rats (6 weeks old) which were divided
into 2 groups were used to investigate the effects of TP on the level of
DNA synthesis in the epithelial cells of the ventral and dorsolateral
prostate and seminal vesicles. Twelve animals received s.c. implantation
of TP-containing Silastic tube, and 15 served as nontreated controls.
Three rats in each group were killed 0, 1,3, 10, and 20 weeks after the
beginning of administration of TP. A single i.p. injection of BrdUrd,
at a dose of 120 mg/kg body weight, was administered 40 min before
sacrifice. Injection of BrdUrd was always performed between 9 and 10
a.m. to avoid circadian variation. Incorporation of BrdUrd into the
nuclei was visualized immunohistochemically using the avidin-biotin-
peroxidase complex method with a monoclonal antibody against
BrdUrd. Labeling indices were obtained by counting the number of
labeled cells among at least 1000 epithelial cells per region and ex
pressed as percentage values.

RESULTS

Implantation of TP-containing Silastic tubes s.c. was associ
ated with significant elevation of serum testosterone concentra
tions over the control values (Fig. 1). The average testosterone
levels in control animals ranged from 0.78 to 2.9 ng/ml while
those in the TP-implanted groups varied from 11 to 43 ng/ml.
After removal of TP-containing tubes, the testosterone levels
returned to normal values.

All groups given TP had lower body weights than the respec

tive controls (Table 1). The final body weights of animals of
groups 2 and 4 which were given TP after treatment with
DMAB were about 30% less than the control values, the final
prostate and seminal vesicles weights being about twice those
not receiving continued TP treatment. Hypertrophy of all ac
cessory sex organs was macroscopically evident in all animals
given TP. A major causative factor increasing the animal mor
tality rate was the development of malignant fibrous histiocy-

toma in the subcutis, prostate tumor, or ear duct tumor.
The first macroscopically observable neoplasia in the acces

sory sex organs was found in a group 2 rat which died at week
46. This tumor mainly involved the dorsolateral part of the

i 88AT021
Fig. 2. Macroscopic appearance of large prostate tumors found in a rat of

group 2. killed at week 51. Tumors are present in the lateral prostate (arrow) and
seminal vesicle (S). B, urinary bladder; ('. ventral prostate.

A-^v. -,:

â€¢¿�jy^A

Fig. 3. Low magnification view of a tumor developing in the dorsolateral
region of the prostate of a rat in group 4. killed at week 51. The tumor occupies
the right side of the lateral and dorsal lobes. A, ampullary gland: C. coagulating
gland; .9. seminal vesicle; L, lateral prostate: D, dorsal prostate. H & E. x 40.
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Fig. 4. Higher magnification of the tumor shown in Fig. 3. Note features of a F'8- 7- Earlv adenocarcmoma of the lateral prostate found in group 2. Invasive
well-differentiated adenocarcinoma with abundant fibrous connective tissue. H & growth of tumor cells forming small glands in the surrounding tissue is apparent.
E, X200 H&E, X120.

Â¿.,f;^:^Ã•^fl^ fe**SS^Ã¯^!â€¢¿�:. *ilÂ£p3Ã¯#-^>â€¢¿�.-â€¢.-- '^te^i^

r/i;Â»KfÃ¶J
(.'W Illl^^i^5

Fig. 5. Other part of the tumor shown in Fig. 3. Poorly differentiated adeno
carcinoma with abundant fibrous connective tissue and prominent leukocyte
infiltration. H & E, x 200.

Fig. 8. Early adenocarcinoma of the seminal vesicle in group 2. The tumor has
developed in the duct of the seminal vesicle and invasively growing into the
surrounding tissue. H & E, X 40.

Fig. 6. Perineural invasion of a well-differentiated adenocarcinoma developing Fig. 9. Early adenocarcinoma located in the duct of the coagulating gland and
in the dorsolateral prostate of a group 2 rat. H & E, x 200. extending to the surrounding tissue. H & E, x 40.

prostate with extension to the horns of the seminal vesicles.
The majority of tumor masses in the lateral and/or dorsal
prostate and seminal vesicles ranged in diameter from 0.5 to 3
cm and were pale and firm (Fig. 2). Due to invasive growth, it
was sometimes difficult to define large tumor location, pre
cisely. Therefore, localization was defined as the main site (Fig.

3). Macroscopic accessory sex organ neoplasias were present in
7 of 19 rats (36.8%) of group 2 and 6 of 18 (33.3%) of group
4, and all developed in the dorsolateral area of the prostate
including the seminal vesicles but not in the ventral prostate.
No such large tumors were evident in groups 1 and 3. Direct
invasion of tumors to the colon was evident in one animal each
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Table 2 Incidences of carcinomas in the dorsolateral prostate and seminal vesicles of rats treated with DMAB and testosterone propionate

GroupTreatment"1

TP (p) + DMAB
2 TP (p) + DMAB - TP (p)
3 TP (i) + DMAB
4 TP (i) + DMAB - TP (p)
5 DMAB
6 TP (p) - TP (p)
7 TP (i) - TP (p)Effective

no. of
rats19

19
20
18
20

8
10No.

(%) of ratswithDorsolateral

prostate0

9 (47.4)*-/

0
6 (33.3)* '

0
0
0Seminal

vesicles0

7 (36.8)c '

0
6 (33.3)'- '

0
0
0Coagulating

glands0

2(10.5)
1 (5.0)
3(16.7)

0
0
0Total0

16(84.2)'

1 (5.0)
12(66.7)'

0
0
0Metastasis05

(26.3)'

0
3(16.7)

0
0
0

Â°TP (p), TP by Silastic tube; TP (i). TP by s.c. injection.
* Seven rats had macroscopic tumors.
' One rat had macroscopic tumor.
"*Four rats had macroscopic tumor.
' Two rats had macroscopic tumor.
f'kSignificantly different from groups 1 and 5 at fP< 0.01.*P< 0.001. and * P< 0.05.
'â€¢â€¢'Significantly different from groups 3 and 5 at ' P < 0.01 and ' P < 0.001.

Table 3 Incidences of carcinomas in the ventral prostate of rats treated with
DMAB and testosterone propionate

Carciomas in the ventral prostate were all microscopic.

Group1

2
3
4
5
6
7Treatment"TP

(p) + DMAB
TP (p) + DMAB - TP (p)
TP(i) + DMAB
TP(i) + DMAB- TP (p)
DMAB
TP (p) - TP (p)
TP (i) - TP (p)Effective

no. of
rats19

19
20
18
20

8
10No.

(%) of ratswithAtypical

hyperplasia18(89.5)

14(73.7)
17(85.0)
7 (38.9)*

14(70.0)
0
0Carcinoma3(15.8)

2(10.5)
4 (20.0)
1 (5.6)f

7 (35.0)
0
0

Â°TP (p), TP by Silastic tube; TP (i). TP by s.c. injection.
'Significantly different from group 5 at P< 0.01.
' Significantly different from group 5 at P < 0.05.

Fig. 10. Carcinoma of the ventral prostate in a rat of group 5 killed at week
56. The tumor shows a typical cribriform pattern. H & E, x 100.

of groups 2 and 4. Intrabdominal dissemination of tumors was
evident in 3 animals each in groups 2 and 4. Metastasis to the

liver was also found in 2 and 1 rats of groups 2 and 4,
respectively. Lung metastasis was evident in 1 group 4 case.
Hydronephrosis due to obstruction of the ureter by tumor
involvement was observed in 5 and 4 rats of groups 2 and 3,
respectively. Metastasis and invasive growth of tumors were
observed only in animals with macroscopic lesions. All large
tumors were well to poorly differentiated adenocarcinomas
characterized by atypical epithelial cells forming varying sizes
of glandular or ductal structures demonstrating abundant fi
brous connective tissue and prominent polynuclear leukocyte
infiltration (Figs. 4 and 5). Perineural invasion of tumors was
frequently observed in these cases (Fig. 6). No cribriform pat
tern was noted. Microscopically identified carcinomas were also
present, all being characterized by invasive growth to adjacent
tissue (Figs. 7 to 9). There were 2 cases of microscopic carci
noma of the lateral prostate in group 2 (Fig. 7). Approximately
one-third of early carcinomas of the seminal vesicles and co
agulating glands were located in the ducts penetrating the
dorsolateral prostate (Figs. 8 and 9). Desmoplastic features and
infiltration of numerous leukocytes were characteristic even for
these early carcinomas.

Since the histolÃ³gica! pattern and biological behavior of
carcinomas arising in the ventral prostate differed from those
in the other parts of the accessory sex organs (10), tumor
incidences were separately summarized (Tables 2 and 3). The
overall incidences of carcinomas found in the dorsolateral pros
tate, seminal vesicles, and coagulating glands were 84.2, 5.0,
and 66.7% in groups 2, 3, and 4, respectively. None of the
group 1 or 5 animals developed any carcinomas in these regions.

Atypical hyperplasias were also found in these organs. The
incidences of atypical hyperplasia of the lateral prostate in
groups 1 to 5 ranged from 5 to 28%, those of the seminal
vesicles from 70 to 94%, and those of the coagulating glands
from 0 to 26%. Atypical hyperplasia of the dorsal prostate was
found in 3 rats of group 2.

Table 4 Tumor incidences in organs other than the accessor)' sex organs

Group1

2
3
4
5
6
7No.

of
animals20

20
20
20
20

8
10Colon3(15)'

2(10)'
2 (10)*
2(10)*

9(45)
0
0Small

intestine1(5)

2(10)
2(10)
3(15)
6(30)

0
0Preputial

glands2(10)

2(10)
2(10)
1(5)
6 (30)

0
0Skin/subcutis8(40)

6(30)
13(65)f

4(20)
8(40)

0
0Ear

duct2(19)

0
0

2(10)
1(5)

0
0Lung1(5)

1(5)
0

1(5)
1(5)

0
0Kidney0

0
0

01(5)

0
0Other"2(10)

0
0
0
0
0
0

Â°Tumor of the brain and trifacial nerve.
* Significantly different from the control value at P < 0.05.
c Significantly different from the control value at P < 0.01.
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In the ventral prostate, atypical hyperplasias and microscopic
carcinomas were seen as reported previously (6-9) (Table 3).

The incidences of atypical hyperplasias and carcinomas of the
ventral prostate in group 4 were significantly lower than the
control values. The incidences of ventral prostate carcinomas
in groups 1 to 5 were 15.8, 10.5, 20.0, 5.6, and 35.0%, respec
tively, the group 4 value being significantly lower than that for
carcinogen only controls. All carcinomas which developed in
the ventral prostate were observed to be growing inside of acinar
spaces with irregular papillary formations being mixed with
cribriform patterns (Fig. 10). Testosterone alone (Groups 6 and
7) did not induce neoplastic changes in any part of the accessory
sex organs.

The incidences of neoplastic lesions of organs other than the
accessory sex organs are shown in Table 4. Among the many
types of tumors, development of adenoma and/or adenocarci-
nomas of the colon was significantly reduced in the experimen
tal groups given TP and the incidence of s.c. tumors in group
3 was significantly higher than that in the control group 5.

Treatment with TP at the age of 6 weeks significantly in
creased the weights of the prostate and seminal vesicles, the
values being more than twice that of the controls (Fig. 11).
However, BrdUrd incorporation was not increased by admin
istration of TP except for that in the dorsolateral prostate at
week 1 (Fig. 12). There were no clear differences in response of
the 3 regions evaluated to TP with respect to increases in the
organ weights and DNA synthesis.

DISCUSSION

The previously reported prostate tumors of rats induced by
DMAB were limited to the ventral prostate and were generally
microscopic in size and seldom invasive (6-10). An exception
case was provided by the adenocarcinoma of the dorsolateral
prostate found in a Sprague-Dawley rat given DMAB (9). In
contrast, the results of the present experiment demonstrated
that treatment with DMAB when combined with long-term
administration of TP can cause a high incidence of invasive and
metastasizing adenocarcinomas to develop in the lateral and
dorsal prostate, seminal vesicles, and coagulating glands. The
common histolÃ³gica! pattern of these tumors was that of well
to poorly differentiated adenocarcinomas accompanied by
abundant fibrous stroma with prominent numerous leukocyte
infiltration and invasive growth. Such histolÃ³gica! and growth
characteristics found in the present experiment were com
parable to those reported for TP-treated Lobund-Wistar, MRC,
and ACI rat lesions with or without administration of carcino
gens, such as MNU or Af-nitrobis(2-oxopropyl)amine (1-5).

The development of carcinomas in the seminal vesicles and
coagulating glands observed here, confirms the recent report of
Hoover et al. (11), who found that malignant tumors arising in
Lobund-Wistar rats given MNU and then TP were not limited
to the prostate but also occurred in the associated structures.

The development of tumors in the dorsolateral prostate as
well as the seminal vesicles and coagulating glands might be
expected because atypical hyperplasias of the seminal vesicles
have often been observed in DMAB-treated rats (6-9) and
DMAB-DNA adduct formation was evident in epithelial cells
of all these tissues (12, 13). The present results suggest that
tumors develop, however, only when additional postinitiation
enhancing factors are involved (13). Thus the simultaneous
administration of TP and DMAB in groups 1 and 3 for 20

VENTRAL PROSTATE

20 Wks

20Wks

1 3 10 20 Wks
Duration of testosterone propionate treatment

Fig. 11. Sequential changes in average weights of the prostate and seminal
vesicle of rats given TP (s.c. implantation of 40-mg TP-containing Silastic tube).
Values at each point are averages of data for 3 rats. O, TP; â€¢¿�.control. Bars, SD.

VENTRAL PROSTATE

|<

20 Wks

1 3 10 20 Wks

Duration oÃtestosterone propionate treatment

Fig. 12. Average BrdUrd labeling indices in the epithelial cells of the prostate
and seminal vesicle of rats given TP. Values at each point are averages of data
for 3 rats. O. TP; â€¢¿�,control.

weeks was not effective for induction of a high yield of prostate
tumors in the dorsolateral region. Repeated TP administration
after DMAB exposure appeared necessary for tumor develop
ment, indicating that pharmacological levels of serum testos
terone acted as a tumor promoter.

In contrast, the development of carcinomas in the ventral
prostate was if anything suppressed rather than enhanced by
TP. However, the finding is in accordance with the result of
Isaacs (14) that exogenous testosterone treatment failed to
facilitate earlier appearance of spontaneous ventral prostate
carcinomas in ACI/seg rats (15, 16). In this case, sequential
observation of serum hormonal levels indicated that the testos-
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terone:estrogen ratio may be one of the factors involved in the
process of spontaneous ventral prostate carcinogenesis. Because
androgen dependency of ventral prostate carcinomas has been
demonstrated in several studies (17, 18), the reasons for this
suppressive effect remain unclear. The possibility is that exog
enous testosterone may alter enzymatic activity which is re
sponsible for the final DMAB activation in the ventral prostate
epithelial cells (19, 20). Another hinges on possible postinitia-
tion growth effects. Even though testosterone is one of the
critical factors involved in prostate carcinogenesis, other factors
such as estrogen levels may be responsible for the differences
in tumor responses between the two regions of the accessory
sex organs (21). However, the present supplemental data
showed that TP evenly increases weights of accessory organs to
similar extents with no significant increase of DNA synthesis
in any tissue. This indicates that there is no difference in
sensitivity of normal cells to TP between the ventral prostate
and the other parts although this is presumably not the case for
DMAB-initiated cells.

It is noteworthy that some early carcinomas observed in the
seminal vesicles and coagulating glands were located in the
ducts of these organs, which are the parts penetrating the
periurethral region of the prostate, i.e., lateral and/or dorsal
prostate. This finding indicates the possibility of nonprostatic
tumors progressing to occupy the dorsolateral prostate. How
ever, since early carcinomas of the lateral prostate were also
noted, the large dorsolateral prostate tumors found in the
present experiment were concluded to have originated from the
lateral prostate itself, the seminal vesicles, or the coagulating
glands. Clarification of the predominant histogenesis of these
tumors awaits further research. As pointed out by Hoover et al.
(11), however, development of carcinomas originating from the
seminal vesicles and coagulating glands does not necessarily
detract from the significance of this experimental system as a
model for research into the mechanisms and therapy of prostate
carcinogenesis.

In conclusion, the fact that treatment of F344 rats with
DMAB and TP in sequential combination induces a high inci
dence of invasive adenocarcinoma of the accessory sex organs
makes it a valuable model for the study of this disease process.
Clarification of the mechanisms involved in differential carcin
ogenic response of the ventral prostate and other parts of the
accessory sex organs to exogenous testosterone will hopefully
assist in our understanding of prostate cancer development in
humans.
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