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ABSTRACT

Spontaneous ovarian granulosa cell (GC) tumors develop in SWXJ-9
inbred mice at approximately the time of puberty. The effect of dehydro-
epiandrosterone (DHEA), a steroid secreted by the adrenals and reported
to have antitumor actions, was examined in this ovarian tumor model. In
contrast with expectations, administration of diet supplemented with
0.4% DHEA or Silastic capsules containing 10 mg DHEA resulted in a
significant multifold increase in GC tumor incidence. Similar studies with
metabolites of DHEA, i.e., testosterone (TESTO), dihydrotestosterone
(DHT), and 170-estradiol (K.), revealed that TESTO was as effective as
DHEA in increasing GC tumor incidence. DHT was without effect, and
Kj suppressed GC tumor incidence.

Serum steroid levels and steroid target tissue responses were assessed
to determine if a correlation between a change in level or response to
specific steroids and GC tumorigenesis existed. In both tumor-free and
GC tumor host mice, dietary or capsular treatment with DHEA, TESTO,
or DHT resulted in substantial alteration in one or more of serum steroids,
DHEA, androstenedione, TESTO, and DHT, in addition to the admin
istered steroid. No consistent correlation was observed between changes
in a single steroid or pattern of steroids and GC tumorigenesis. Although
significant increases in serum estrogens could be detected in GC tumor
hosts treated with DHEA but not TESTO, estrogens did not induce these
tumors. Treatment with E2 increased only serum K, levels. In tumor-free
mice, DHEA and K>treatments were associated with vaginal cytological
evidence of estrogen action, whereas the androgens induced a leukocytic
pattern. Eighty-eight % of GC tumor host mice, regardless of steroid
treatment, showed a vaginal cytology pattern that included cornified cells.

The evidence presented in this report leads us to hypothesize that (a)
spontaneous and steroid-induced GC tumorigenesis in these mice have
the same mechanism, and (A) subtle increases in DHEA or a closely
related metabolite during the peripubertal period may initiate GC tumors
in these genetically susceptible mice. The mechanism whereby these
steroids initiate GC tumorigenesis remains to be determined.

INTRODUCTION

DHEA1 is an established secretory product of mouse adrenal

cortical cells that is formed in two steps from pregnenolone via
the A-5 pathway (1). In normal mice, DHEA acts as a prehor-
mone and is efficiently converted by peripheral tissues to a
variety of androgens and, less efficiently, to estrogens (2, 3).

In recent years, investigators have examined a broad range
of biological responses in laboratory rodents treated with
DHEA. Particularly noteworthy were reports that long-term
treatment with DHEA inhibited spontaneous mammary tumor
formation in C3H-/*'Va mice (4) and carcinogen-induced colon

tumors in BALB/c mice (5), lung tumors in A/J mice (6), and
skin tumors in CD-I mice (7). The mechanism(s) whereby these
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anticancer actions is effected remains unknown. One proposal
is that DHEA-induced reduction of glucose-6-phosphate dehy-
drogenase activity and consequent reduction in NADPH pro
duction leads to decreased production of mutagenic metabolites
(see Ref. 8 for review). However, other workers have not been
able to find supporting evidence for the altered NADPH con
cept (9, 10). Any hypothetical mechanism for anticancer action
will have to deal with the formidable array of androgens and
estrogens generated from DHEA (2, 11), and perhaps even the
metabolites of DHEA, the 3a- and 3/3-hydroxyetiocholanolones
(12).

GC tumors occur in SWR and in SWXJ recombinant inbred
mice derived from a mating of a tumor susceptible SWR female
with a tumor resistant SJL male (13, 14). The murine tumors
are strikingly similar to human juvenile granulosa cell tumors
(15). In both species, these GC tumors are spontaneous, appear
prior to adulthood, display similar histopathology, are associ
ated with disturbed endocrine activity, and have malignant
properties. We have tested the effects of DHEA and three
important steroid metabolites in spontaneous GC tumor sus
ceptible SWXJ-9 mice. The data presented herein show that
DHEA and TESTO, but not DHT or E2, strongly promote
ovarian GC tumorigenesis in SWXJ-9 strain mice.

MATERIALS AND METHODS

Mice. All mice utilized in the following studies were of the recom
binant inbred strain, SWXJ-9 (F27-33), derived originally from an
SWR/Bm x SJL/Bm progenitor strain mating (13). In our research
colony, SWXJ-9 mice were maintained on white pine shavings within
polycarbonate cages (13x28xl5cm). Diet (Wayne Sterilizable Rodent
Blox: 24% crude protein, 4.0% fat, 4.5% fiber, 5.9% ash, vitamin and
mineral fortified; Wayne Pet Food Division, Continental Grain Co.,
Chicago, IL) and water (pH 2.8-3.2; 10-20 ppm sodium hypochlorite)
were freely available. Environmental conditions included 12-h light,
12-h dark cycles, air temperatures of 20-22Â°C,and relative humidity

levels of 40-70%. Litters were weaned at 21-23 days and pedigreed
females were assigned to treatment groups by the split-litter technique
to assure, as often as possible, representation in both control and
experimental conditions.

Treatments. Steroids were administered to SWXJ-9 females via two
different methods. First, steroid-supplemented diets were prepared by
addition, on a w/w basis, of DHEA (0.1 or 0.4%), TESTO (0.1%), or
E2 (0.01 %), dissolved in acetone to finely ground, standard Wayne diet.
The steroid-supplemented diet was mixed and then air dried overnight.
Supplemented and control diets were available ad libitum. Second, to
examine systemic administration and lower doses, s.c. steroid implants
were made from Silastic tubing (0.078 inch inside diameter x 0.125
inch outside diameter; Dow-Corning No. 602-305) cut into 10-mm
lengths and plugged at one end with a 3-mm glass bead. Crystallin
undiluted DHEA, TESTO, or DHT (approximately 10-11 mg) was
packed into the Silastic capsule and sealed within by 3-mm glass beads.
E2 was diluted with cholesterol in anhydrous ether and recrystalized
under N3 to yield 40 ^g E2/5 mg cholesterol/capsule. Mice were
anesthetized with tribromoethanol (0.25 mg/g body weight; Ref. 16)
and steroid-containing capsules were placed s.c. over the scapular
region. Both empty and cholesterol-filled capsules were used as con
trols.

Dietary treatments were initiated between 18 and 24 days and capsule
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treatments were initiated between 20 and 38 days of age. All treatments
were continued until 70 days of age. One hundred mice were accumu
lated in each dietary group and SO mice in each capsule treatment
group. At the end of the treatment period, individual blood samples
were obtained by decapitation and the harvested serum was stored
frozen at -18Â°Cfor subsequent hormone assays. Ovaries of every mouse

were examined for presence of GC tumors. Ovaries considered ques
tionable as to whether tumors might be present were fixed in Bouin's

solution and histolÃ³gica! sections were assessed by light microscopy.
Body, salivary (submaxillary) gland, and uterine weights were obtained
from representative mice in every treatment group. Capsules were
inspected at autopsy and only mice with intact capsules were included
for data analyses. All intact capsules remained visibly full of steroid
crystals.

Steroid Assays. Steroid hormone levels in pooled serum (2-3 mice/
pool) were determined by specific radioimmunoassays as previously
described (14). In brief, 0.4- to 0.5-ml serum pools were incubated for
30 min after addition of 1000 cpm of 'H-steroid for estimation of

extraction efficiency. Serum pools were then extracted of steroids twice
with 6 ml ethyl acetatexyclohexane (2:1) and dried under nitrogen gas
stream. The steroids in the residue were resolubilized in isooctane and
partitioned by stepwise elution of steroids from Celile columns. The
column fractions were dried under nitrogen gas stream, resolubilized
in buffer, and assayed for one of six different steroids by radioimmuno
assays. The chromatography fraction containing DHEA and TESTO
was subdivided so that both steroids could be simultaneously measured.
Given the importance of DHEA measurements in this report, it is
essential to know that the anti-DHEA (No. 1500, Radioassay Systems
Laboratories, Inc., Carson, CA) is highly specific and cross-reaction
with the following steroids has been documented at 1.18% or less:
DHEA-sulfate, AD, pregnenolone, cholesterol, deoxycorticosterone,
TESTO, DHT, etiocholanolone, El, E2, estriol, aldosterone, corticos
terone, Cortisol, and 17a-hydroxypregnenolone. Recoveries of added
tracer were approximately 70% for E2, El, and DHT, 60% for testos
terone, 72% for AD, and 59% for DHEA.

Histology. Normal appearing ovaries and GC tumor tissue samples
were collected from mice treated with different steroids, fixed in Bouin's

solution, processed for paraffin embedding, and 5-^m-thick sections
were stained with hematoxylin and eosin for histological analyses.

Data Analysis. Tumor incidence data were analyzed by x2. Differ
ences between means were analyzed for significance by one-way analysis
of variance.

RESULTS

We observed a significant increase in GC tumor incidence in
SWXJ-9 females fed DHEA, rather than the anticipated tumor
suppressive action. Based upon those observations, an extended
experiment was conducted to analyze the effect of selected sex
steroid metabolites and alternate routes of administration on
ovarian tumors in these mice.

Tumor Frequency. The data on frequency of GC tumors found
in SWXJ-9 mice either (a) given s.c. Silastic capsules containing
DHEA, TESTO, DHT, or E2, or (b) fed DHEA, TESTO, or
E2 are found in Fig. 1. Except for DHEA, the effect of the
steroids on tumor incidence was not profoundly influenced by
route of administration. DHEA was more effective in enhancing
tumor frequency when administered by diet than by capsule. A
parallel study with DHEA at a lower dose showed that 0.1%
(22 of 59) was as effective as 0.4% (37 of 87) in SWXJ-9 mice
(x2 = 0.171). Dietary DHEA and TESTO were equally effective
in significantly increasing the frequency of tumors in SWXJ-9
mice. On the other hand, DHT (administered by capsule only)
appeared to be without effect and dietary, but not capsular E2,
significantly suppressed tumor frequency.

Serum Steroid Hormones. Serum steroid levels were assessed
in mice treated with dietary or capsular steroids to determine
if a consistent change in a specific steroid metabolite or pattern
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Fig. 1. GC tumor incidence in 10-week-old SWXJ-9 females treated with
DHEA, TESTO, DHT, or E2 via diet supplementation or s.c. Silatic capsules.
The fractions represent the number of GC tumor hosts over the total number of
females examined. Dietary groups differ (/' < 0.01) from control group when
marked by *. Capsule treatment groups differ (f < 0.01 ) from control group when
marked by **.

of metabolites could be associated with GC tumorigenesis.
Randomly cycling mice were used as controls in all studies
because the hormonal status of GC tumor host mice does not
resemble any specific stage of the estrous cycle (14). Data from
mice fed three different steroids are compared with controls in
Table 1. Feeding either dose of DHEA significantly increased
serum DHEA, AD, TESTO, and DHT. Serum El and E2 were
significantly increased only when a tumor mass was present.
Dietary TESTO increased serum AD, TESTO, and DHT levels;
however, serum DHEA levels were not different from controls.
Surprisingly, dietary TESTO reduced serum El and failed to
affect serum E2, even when a GC tumor mass was present.
Dietary E2 reduced serum DHEA, increased serum E2 levels,
and was without effect on other steroids measured.

Serum steroid hormone data obtained from mice with differ
ent encapsulated steroids are compared with controls in Table
2. Only data from tumor-free hosts are available, since insuffi
cient numbers of GC tumor host sample pools were available
for meaningful analyses. Overall, each of the steroids adminis
tered by capsule produced elevation of that steroid in serum of
the host mouse. The level observed was always less than when
the steroid was administered by diet. Steroid levels in controls
for the two routes of administration were very similar. Encap
sulated DHEA increased serum DHEA, AD, and E2 levels.
Both encapsulated TESTO and DHT increased DHEA and
DHT, but did not affect estrogen levels. DHT capsules signifi
cantly suppressed serum TESTO. Encapsulated E2 increased
only serum E2.

Biological Measures. Body, uterine (an estrogen target), and
salivary gland (an androgen target) weights from steroid-treated
mice were analyzed for hormonal effects. The data presented
in Table 3 reveal marked changes in GC tumor host controls
compared with tumor-free controls. No changes in body weights
were observed, but uterine and salivary gland weights were
significantly increased in GC tumor hosts on control diet. In
GC tumor hosts with control capsules, uterine weights were
also significantly increased, although salivary gland weights
were too variable to establish a difference.

In SWXJ-9 mice fed differing steroids (Table 3), DHEA and
TESTO significantly reduced body and uterine weights in both
tumor-free and GC tumor host mice. Both of these steroids
also significantly increased salivary gland weights in tumor-free
mice, but no additional stimulation could be discerned in sali
vary glands from GC tumor hosts. E2 fed tumor-free mice
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Table 1 Serum levels of six different steroids in SWXJ-9 mice fed DHEA. TESTO, or Â£2
Dala are presented as mean Â±SE from assays of 3 to 10 serum pools (2-3 mice/pool).

Diet
Ovary
status

DHEA
(ng/ml) AD (ng/ml)

TESTO
(ng/ml) DHT (ng/ml) E, (pg/ml) 2(Pg/ml)

Control

DHEA (0.1%)'

DHEA (0.1%)
DHEA (0.4%)
DHEA (0.4%)

TESTO (0.1%)
TESTO (0.1%)

E, (0.01%)

No GCT"

NoGCT
GCT
NoGCT
GCT

NoGCT
GCT

NoGCT

0.83 Â±0.16

24.6 Â±4.53e

26.4 Â±4.32
41.2 Â±11.9'

32.6 Â±9.31

3.28 Â±1.61
1.96 Â±0.85

0.28 Â±0.04'

0.26 Â±0.06

5.34 Â±0.23'

5.78 Â±0.27
5.09 Â±0.92C
5.39 Â±0.09C

5.19 Â±0.24'

5.34 Â±0.43

0.22 Â±0.01

0.81 Â±0.05

10.72+ 1.48
26.00 + 4.55''
49.17 Â±1.41'

40.19 Â±4.93

49.31 Â±2.15e

49.74 Â±4.93

0.92 Â±0.08

0.33 Â±0.06

0.84 Â±0.14'
1.54 Â±0.15"
2.38 Â±0.67'

2.11 Â±0.28

0.75 Â±0.07C

0.95 Â±0.21

0.25 Â±0.06

77.0 Â±29.0

13.0 Â±5.0
365.0 Â±117.0''

66.0 Â±23.0
1452.0 Â±260.0''

9.0 Â±4.0Â°

11.0 Â±4.0

97.0 Â±26.0

57.0 Â±18.0

65.0 Â±15.0
282.0 Â±43.0''

71.0 Â±22.0
542.0 Â±163.0"

44.0 Â±6.0
76.0 Â±14.0

418.0 Â±59.0'

" GCT, granulosa cell tumor.
* Numbers in parentheses, fraction of diet that was added steroid (w/w).
' Mean value for treated tumor-free mice differs significantly from control.
* Mean value for GCT mice differs significantly from GCT-free host mice.

Table 2 Serum levels of six different steroids in SWXJ-9 mice with s.c. Silastic capsules containing one of four exogenous steroid hormones
All serum samples were from mice free of granulosa cell tumors. Data are presented as mean Â±SE from assays of serum pools (2-3 mice/pool).

Serum hormone levels

Capsule
contentControl(")DHEA(")TESTO(n)DHTME2(Â«)DHEA(ng/ml)0.9

Â±0.2(15)3.2

Â±0.6Â°(10)11.

2Â±5.2Â°(10)12.2

Â±4.0Â°(10)0.7

Â±0.1(6)AD

(ng/ml)0.61

Â±0.09(6)1.09

+0.09Â°(7)0.89

Â±0.08(3)0.78

+0.21(6)Â»TESTO

(ng/ml)0.49

Â±0.07(20)0.48

Â±0.05(10)9.01

+0.43Â°(7)0.09

+0.03Â°(10)0.48

Â±0.07(11)DHT

(ng/ml)0.11

Â±0.04(21)0.14

+0.05(10)0.42

Â±0.07Â°(10)1.09

Â±0.32Â°(9)0.04

+0.02(11)E,

(pg/ml)46.0

Â±10.1(20)39.0

Â±4.0(10)45.0

Â±4.3(10)29.0

Â±7.9(10)26.2

+7.7(11)E:

(Pg/ml)61.0

Â±7.2(19)87.0

+9.0Â°(10)55.0

Â±7.2(10)82.0

Â±10.1(10)172.0

+22.3Â°(11)

Â°Mean value differs significantly from control (P < 0.05).
* Samples not available for assay.

Table 3 Effect of steroids on body, uterine, and salivary gland weights of SWXJ-9 females at 10 weeks of age

Uterine and salivary gland weights are normalized for body weight

RoutegivenDietNo

tumornBody

wt.(g)Uter.*
wt.(mg/g)Sal.

wt.(mg/g)GC
tumornBody

wt.(g)Uter.
wt.(mg/g)Sal.

wt.(mg/g)CapsuleNo

tumornBody

wt.(g)Uter.
wt.(mg/g)Sal.

wt.(mg/g)GC
tumornBody

wt.(g)Uter.
wt.(mg/g)Sal.

wt. (mg/g)Control1719.6

Â±0.24.2
+0.23.8
Â±0.24-620.8

+0.67.6
Â±1.1'5.5
+0.4'9-1319.2

Â±0.34.0
Â±0.44.5
+0.3319.5

Â±1.17.8
Â±0.4'5.0

Â±1.4DHEA2116.6

Â±0.2Â°3.2
+0.1Â°6.8
Â±0.2Â°715.5

Â±0.7Â°3.7
Â±0.2Â°6.5

Â±0.428-2919.3

Â±0.24.5
Â±0.24.0
Â±0.29-1018.9

+0.56.6
Â±0.44.0
Â±0.4TESTO25-5018.3

Â±0.2Â°2.9
Â±0.1Â°6.3

Â±0.2Â°11-2316.2

+0.8Â°4.4
Â±0.3Â°6.5

Â±0.28-1319.4

Â±0.32.9
+0.25.8
Â±0.5Â°7-820.5

Â±0.34.6
Â±0.6Â°6.5

Â±0.4DHT12-1822.3

Â±0.2Â°2.4
Â±0.1Â°6.7

Â±0.2Â°322.3

Â±0.35.5
Â±0.95.5
Â±0.8E220-3014.0

Â±0.4Â°4.1

Â±0.109-1315.9

Â±0.2Â°4.9

Â±0.23.6
Â±0.2Â°117.84.273.42

Â°Indicates that mean value is significantly different from same-host control group (P < 0.05).
Â°Uter., uterine; Sal., salivary gland.
' Indicates that mean value of GC tumor host control is significantly different from tumor-free control host (P < 0.05).

showed a marked reduction in body weight and normal uterine
weights; salivary gland weight data were not collected.

Among capsule groups, effects of the steroids were much less
pronounced. DHEA had no significant effect on body, uterine,
or salivary gland weights, a finding consistent with serum
measures for this group in Table 2. TESTO significantly in
creased salivary gland weights in tumor-free mice and reduced
uterine weight in GC tumor hosts. DHT significantly increased
body and salivary gland weights, while suppressing uterine
weight in tumor-free mice. No significant changes were ob

served among the 3 GC tumor hosts with DHT capsules. E2
significantly reduced body and salivary gland weights, while
uterine weights were not different from controls.

Vaginal cytology patterns determined at the time of necropsy
are presented in Table 4. In tumor-free mice, cytological
changes observed were consistent with the known actions of the
steroids being tested. Controls (diet and capsule groups com
bined) showed a varied distribution of cell types expected in
randomly cycling mice. Seventy-five % (18 of 24) of DHEA-fed
mice showed a pattern of leukocytes plus cornified and nu-
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Table 4 Vaginal cytological patterns in GC tumor host and tumor-free mice
treated with exogenous steroids

Celltype:GC

Tumor
status:CombinedcontrolsDiets0.4%

DHEA0.1%
TESTO0.01%E2CapsulesDHEATESTODHTE2Total

GCtumorsLeuyes300001004*

NucÃno5033901510161yes130000004no71001000Cornyes41100711125no322010140145CornLeuNucÃyes65120452034no1318206000

" Leu, leucocytes; NucÃ,nucleated epithelial cells; Corn, cornified epithelial

cells.

cleated epithelial cells that resembled a metestrus state; 95%
(39 of 41) of TESTO-fed mice showed a leukocytic pattern. All
E2-fed mice showed a cornified pattern. In DHEA-capsule
mice, cytological patterns resembled the control group. On the
other hand, 100% (10 of 10) of TESTO-capsule and 94% (16
of 17) of DHT-capsule mice showed a leukocytic pattern; 98%
(45 of 46) of E2-capsule mice showed only cornified cells.

The vaginal cytology of GC tumor hosts, regardless of treat
ment, showed a strong trend toward presence of cornified cells.
Of 67 GC tumor hosts recorded in Table 4, 51% showed
cornified and nucleated cells, plus leukocytes, 37% showed
cornified cells, 6% showed nucleated cells, and 6% showed
leukocytes.

Morphology. Nontumorous ovaries from mice treated with
DHEA or TESTO showed a characteristic set of changes. We
observed one or more cystic follicles, many medium-sized fol
licles without antra, no corpora lutea, degenerating oocytes,
and atretic granulosa cells. Nontumorous ovaries from mice
treated with E2 showed only preantral follicles. GC tumors in
mice treated with DHEA showed even more blood-filled cysts
than spontaneous tumors, more necrotic tissue, and many areas
of fatty degeneration of GC tumor cells. The tumor mass
observed in TESTO- and DHEA-treated SWXJ-9 mice did not
appear to differ by treatment. Ovaries from control SWXJ-9
mice without overtly identifiable GC tumors showed the normal
array of oocytes in growing, antral, and atretic follicles, as well
as corpora lutea, at the light microscopic level. Small follicles
without enclosed oocytes that could represent incipient GC
tumors were not observed in these 10-week-old females. We did
not observe microscopic foci of necrotic cells that could repre
sent regressing tumors.

DISCUSSION

Our investigation of DHEA for antitumor properties in
SWXJ-9 mice, characterized by spontaneous GC tumors at
puberty, yielded the unexpected result of increased tumor fre
quency. This deleterious effect of DHEA contrasts with litera
ture reports of antitumor actions (4-7). Nevertheless, the tu
mor-promoting action of DHEA strongly suggests that steroid
hormones are involved in this ovarian tumor model. The fol
lowing scheme gives the general sex steroid biosynthetic path
way:

PREG -Â»-Â»DHEA ^ ADIOL
\ \
PROG -Â»-Â»AD -~ El

11 n
DHT <- TESTO -Â»-Â»E2

In which PREG is pregnenolone, ADIOL is androstenediol,
and PROG is progesterone. Analyses of steroid treatments on
GC tumor frequencies in SWXJ-9 mice showed that TESTO
but not DHT or E2 was as effective as DHEA in enhancing GC
tumor frequency. Thus, it seems plausible that one or more of
the steroids, DHEA, AD, TESTO, or an as yet unidentified
metabolite, could be the active tumor-promoting agent(s).

The measurement of individual steroids provided some in
sight to the steroid metabolism and tumorigenesis in this animal
model. Several lines of evidence suggest that DHEA or a closely
related metabolite is the more important tumor inducer. First,
dietary administration of both DHEA and TESTO failed to
increase serum estrogen levels, confirming the GC tumor inci
dence data that E2 is not tumor promotive. Second, E2 admin
istration by diet reduced serum DHEA, but not TESTO, and
was tumor suppressive. Third, DHEA-capsules did not increase
serum TESTO, yet were tumor promotive. These data argue
that DHEA or a more closely related metabolite than TESTO
is tumor promotive. This conclusion must be balanced by the
DHT capsule data. DHT increased serum DHEA and sup
pressed TESTO, but was without effect on tumor frequency.
Therefore, elevated DHEA alone is not sufficient for tumor
initiation.

Additional factors that may be involved in GC tumorigenesis
include gonadotropins. We have found that gonadotropins are
not necessary for sustained GC tumor growth, since host mice
have suppressed gonadotropins (14). However, gonadotropins
could have a role in tumor initiation processes. Our steroid
treatments probably affected serum gonadotropin levels; how
ever, we devoted all serum samples to steroid analyses. Never
theless, we noted with interest that DHEA treatment signifi
cantly depressed serum luteinizing-hormone levels while in
creasing follicle-stimulating hormone and prolactin in rats (17).
This would suggest that the initiation of GC tumors may be a
synergistic effect of specific steroid hormones plus elevated
follicle-stimulating hormone, prolactin, or both pituitary hor
mones.

The steroids administered to SWXJ-9 mice had diverse ef
fects on steroid metabolism in vivo. The finding of increased
immunoassayable serum DHEA in females treated with
TESTO or DHT was surprising. Neither conversion of DHEA
to AD (by isomerase and 3/3-hydroxysteroid dehydrogenase)
nor TESTO to DHT (by 5a-reductase) are reversible reactions.
Thus, the increased serum DHEA must arise from accumula
tion of endogenous adrenal cortical product. Such an accumu
lation could be mediated through the negative feedback actions
of TESTO and DHT on pituitary gonadotropin secretion (18).
Reduced gonadotropins would result in a decline in 3/3-hydroxy-
steroid dehydrogenase activity (19) and establish a condition
for accumulation of DHEA. The suppression of DHEA levels
in E2-treated mice could result from E2 inhibition of 17a-
hydroxylase activity catalyzing conversion of pregnenolone to
17a-hydroxypregnenolone, a precursor of DHEA (20). Other
enzymes are also undoubtedly responding to the doses of steroid
administered, thus resulting in observed changes presented in
this report.

The steroid-sensitive biological measures in Tables 3 and 4
were analyzed for evidence of unique responses by SWXJ-9
mice to exogenous steroids. The resulting array of data are
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complex, but reveal some trends. First, in tumor-free mice the
most consistent steroid effects on uterine and salivary gland
weights were androgenic in nature and were exhibited by both
TESTO-diet and -capsule groups, by the DHEA-diet group,
and by the DHT-capsule group. In the steroid-sensitive vaginal
cytology assay, TESTO and DHT continued to show solely
androgen action in that leukocytes were the predominant pat
tern. Evidence of estrogen action was observed only in vaginal
cytology from tumor-free mice fed DHEA in which cornified
cells were a prominent feature. Thus, DHEA appears to be
associated with both strong androgen and subtle estrogen ac
tions, which could not be reliably detected by our radioimmuno-
assays for either El or E2.

Second, in GC tumor host mice fed DHEA and TESTO or
given TESTO and DHT capsules, uterine weight reduction in
response to androgens was also observed. It was remarkable
that 88% of the GC tumor hosts displayed a cornified or mixed
cornified vaginal cytology pattern, regardless of treatment.
TESTO- and DHT-treated tumor host mice showed this pat
tern, even though increased serum estrogen was not detected.
On the other hand, serum El and E2 were consistently elevated
in DHEA-fed GC tumor hosts. Although AD and TESTO are
generally considered the preferred substrates in granulosa cells
for aromatization to El and E2, respectively, these findings
indicate that DHEA is the substrate preferred by the GC tumor
hosts for estrogen synthesis. We presume that this unusual
preference reflects a difference in steroid metabolism properties
attributable to the GC tumor cells.

Investigations of DHEA actions in rats and mice for reasons
other than cancer have shown both androgenic and estrogenic
activity. For example, DHEA has been used in rats (17) and
mice (2) to generate polycystic ovarian disease, a condition
associated in an unknown fashion with excess serum androgens.
No GC tumors were reported in any of these investigations.
Subtle estrogenic actions of DHEA also have been reported in
rats (17, 21) and in mice (2, 3) utilizing reproductive end points.
When investigators have studied other physiological systems
requiring strong estrogen stimulation, such as osteopenia in
ovariectomized rats (22), DHEA was ineffective. In view of the
literature cited, the SWXJ-9 strain is unique in its enhanced
frequency of GC tumors in response to DHEA, but not in its
reproductive biology responses of steroid metabolism.

The data in this report lead to an integrated hypothesis about
ovarian tumorigenesis in SWXJ-9 mice. First, in both sponta
neous and steroid-induced conditions, the tumors were granu
losa cell tumors, and not mesothelial adenomas that follow
oocyte loss as observed in all other experimental ovarian tumor
models (23). Second, the spontaneous tumors arise only during
the peripubertal period in SWXJ-9 and in the progenitor SWR
mice (13). Preliminary data suggest that the peripubertal period
is also critical for steroid induction of GC tumors.4 Third, we

have recently found that a single gene locus on chromosome 4
appears to determine susceptibility to induced and spontaneous
GC tumors in SWXJ strains.5 Therefore, we hypothesize that
(a) both spontaneous and steroid-induced GC tumors have the
same mechanism of initiation, and (/>)subtle increases in en
dogenous DHEA or a closely related metabolite may initiate
GC tumors in these genetically susceptible mice. The mecha-

* B. J. Tennent and W. G. Beamer, unpublished observations.
5W. G., Beamer, B. J. Tennent, K. L. Shultz, J. H. Nadeau, L. D. Shultz, and

L. C. Skow. A gene for ovarian granulosa cell tumor susceptibility. Get, in SWXJ
recombinant inbred strains of mice revealed by dehydroepiandrosterone, submit
ted for publication.

nism(s) whereby these steroids are involved in GC tumorigen
esis remains to be determined before either hypothesis can be
verified or refuted.

In summary, the granulosa cell tumorigenesis found in
SWXJ-9, SWR, and the remaining SWXJ strains of mice
represents a unique opportunity to study genetic and endocrine
mechanisms related to initiation and support of tumor growth.
Insights gained therefrom are very likely to be applicable to
human juvenile granulosa cell tumors.

REFERENCES

1. Edery, M., Carreau, S., Simon, M-J., and Drosdowsky, M. A. In vitro
pregnenolone metabolism by mouse adrenal gland: II Biosynthesis of andro
gens. Steroids, 39: 191-200, 1982.

2. Familiari, G., Toscano, V., and Motta, P. M. Morphological studies of
polycystic mouse ovaries induced by dehydroepiandrosterone. Cell Tissue
Res., 240: 519-528, 1985.

3. Leiter, E. H., Beamer, W. G., Coleman, D. L., and Longcope, C. Androgenic
and estrogenic metabolites of mice fed dehydroepiandrosterone (DHEA):
relationship to anti-hyperglycemic effects. Metabolism, 36:863-869, 1987.

4. Schwartz, A. G. Inhibition of spontaneous breast cancer formation in female
C3H-/4"Va mice by long term treatment with dehydroepiandrosterone. Can
cer Res., 39: 1129-1132, 1979.

5. Nyce, J. W., Magee, P. N., Hard, G. C., and Schwartz, A. G. Inhibition of
1,2-dimethylhydrazine-induced colon tumorigenesis in BALB/c mice by de
hydroepiandrosterone. Carcinogenesis (Lond.), 5: 57-62, 1984.

6. Schwartz, A. G., and Tannen, R. H. Inhibition of 7,12-dimethylbenz[a]
anthracene- and urethane-induced lung tumor formation in A/J mice by long-
term treatment with dehydroepiandrosterone. Carcinogenesis (Lond.), -.;
1335-1340,1981.

7. Pashko, L. L., Rovito, R. J., Williams, J. R., Sobel, E. L., and Schwartz,
A. G. Dehydroepiandrosterone (DHEA) and 3/3-methylandrost-3-en-17-one:
inhibitors of 7,12-dimethylbenz[a]anthracene (DMBA)-initiated and 12-0-
tetradecanoylphorbol-13-acetate ( I PA) promoted skin papilloma formation
in mice. Carcinogenesis (Lond.), 5:463-466, 1984.

8. Schwartz, A. G. The effects of dehydroepiandrosterone on the rate of devel
opment of cancer and autoimmune processes in laboratory rodents. Basic
Life Sci., 35: 181-191, 1985.

9. Coleman, D. L., Schwizer, R. W., and Leiter, E. H. Effect of genetic
background on the therapeutic effect of dehydroepiandrosterone (DHEA) in
diabetes-obesity mutants and in aged normal mice. Diabetes 33:26-32,1984.

10. Casazza, J. P., Schaffer, W. T., and Veech, R. L. The effect of dehydroepi
androsterone on liver metabolites. J. Nutr. 116: 304-310, 1986.

11. Parker, C. R., and Mahesh, V. B. Dehydroepiandrosterone (DHA) induced
precocious ovulation: correlative changes in blood steroids, gonadotropins,
and cytosol estradiol receptors of anterior pituitary and hypothalamus. J.
Steroid Biochem. 8: 173-177, 1977.

12. Coleman, D. L. Therapeutic effects of dehydroepiandrosterone (DHEA) and
its metabolites in obÃ¨se-hyperglycÃ©miemutant mice. In: A. Y. Chang (ed.),
Pathogenesis and New Approaches to the Study of Non-Insulin Dependent
Diabetes. New York: Alan R. Liss, in press, 1987.

13. Beamer, W. G., Hoppe, P. C., and Whitten, W. K. Spontaneous malignant
granulosa cell tumor in ovaries of young mice. Cancer Res., 45: 5575-5581,
1985.

14. Beamer, W. G. Gonadotropin, steroid, and thyroid hormone milieu of young
SWR mice bearing spontaneous granulosa cell tumors. J. Nati. Cancer Inst.
77:1117-1123, 1986.

15. Fox, H. Sex cord-stromal tumors of the ovary. J. Pathol. 145: 127-148,
1985.

16. Lumb, W. V. Small Animal Anesthesia, p. 202. Philadelphia: Lea & Febiger,
1963.

17. Ward, R. C., Costoff, A., and Mahesh, V. B. The induction of polycystic
ovaries in mature cycling rats by the administration of dehydroepiandroste
rone (DHA). Biol. Reprod. 18: 614-623, 1978.

18. Celotti, F., Massa, R., and Martini, L. Metabolism of sex steroids in thecentral nervous system. In: L. J. DeGroot, G. F. <'aliili. L. Martini, et al.

(eds.), Endocrinology, Vol. 1, pp. 41-53. New York: GruÃ±e& Stratton, 1979.
19. Hsueh, A. J. W., Adashi, E. Y., Jones, P. B. C.. and Welsh, T. H., Jr.

Hormonal regulation of the differentiation of cultured ovarian granulosa
cells. Endocr. Rev., 5: 76-127, 1984.

20. Magoffin, D. A., and Erickson, G. F. Mechanism by which 17/3-estradiol
inhibits ovarian androgen production in the rat. Endocrinology, 108: 962-
969, 1981.

21. Harper, M. J. K. Estrogenic effects of dehydroepiandrosterone and its sulfate
in rats. Endocrinology, 84: 229-235, 1969.

22. Kalu, D. N., Hardin, R. R., and Cockerham, R. Failure of DHEA to modulate
ovariectomy induced osteopenia in rats. Age (Omaha), 6: 114-120, 1983.

23. Tennent, B. J., and Beamer, W. G. Ovarian tumors not induced by irradiation
and gonadotropins in hypogonadal (hpg) mice. Biol. Reprod., 34: 751-760,
1986.

2792

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/10/2788/2431215/cr0480102788.pdf by guest on 19 M

ay 2023




