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ABSTRACT

The interaction of 14 steroidal and nonsteroidal estrogen agonists and
antagonists with the intracellular estrogen receptor system was examined
in cell suspensions prepared from the testes of mice that develop malig
nant Leydig cell tumors after prolonged estrogen administration. The
ability of these substances to stimulate DNA synthesis in short-term (3-
day) studies and to provoke Leydig cell hyperplasia with prolonged (3-
mo) administration was also measured. Our data were consistent with
the proposal that, in Leydig cells, the carcinogenic effects of estrogens
are mediated through the intracellular receptor complex that results in a
localization of hormone bound to chromÃ¢tin and nuclear matrix.

All tested compounds displaced 170-[3H]estradiol from the cytosolic

estrogen receptor, but to varying degrees; and there was no discernible
relationship between their ability to compete for this receptor and their
efficacy in stimulating DNA synthesis. The effect of the test compounds
on the levels of estrogen receptor in cytosol and in nuclei was measured
by |'II|ostradio! exchange. 17/8-Estradiol, equilin, 17a-ethinylestradiol,

diethylstilbestrol, hexestrol, dienestrol, coumestrol, and nafoxidine pro
voked a complete estrogen receptor response: acutely a decrease in the
level of cytosolic estrogen receptor and an increase in the nuclear estrogen
receptor. All of these substances acutely stimulated DNA synthesis.
Tamoxifen, clomiphene, and nitromifene provoked a decrease in cytosolic
receptor but no increase in demonstrable nuclear estrogen receptor. 17a-
EstradioL, mestranol, and estriol did not significantly alter the levels of
estrogen receptor in cytosol or nuclei. Only those substances that in
creased measurable nuclear estrogen receptor also acutely stimulated
DNA synthesis.

Chronic (3-mo) treatment of 2-mo-oId male BALB/c mice with dieth
ylstilbestrol, 17/3-estradiol, ethinylestradiol, and nafoxidine led to Leydig
cell hyperplasia. Chronic mestranol treatment also provoked Leydig cell
hyperplasia; this is most probably due to induction of liver metabolism
of mestranol to ethinylestradiol. Chronic treatment with 17a-estradiol,
tamoxifen, and clomiphene failed to produce significant histologie al
changes in the testes. Only chronic administration of those substances
that exhibited a complete estrogen receptor response and acutely stimu
lated DNA synthesis produced Leydig cell hyperplasia.

INTRODUCTION

Malignant neoplasms arising from mature testicular Leydig
cells can be induced readily in genetically susceptible mice by
chronically administering estrogenically active compounds,
either steroidal or nonsteroidal in chemical structure (1, 2).
Twenty-four h after the initiation of treatment of such suscep
tible animals, but not of nonsusceptible ones, an increased
replicative synthesis of DNA can be demonstrated in the Leydig
cells (3-5). This new DNA synthesis increases rapidly to peak
during the third day of treatment but is not associated with a
corresponding increase in mitotic activity. It then declines
significantly until several mo later when neoplasms form and
increases in both DNA synthesis and mitotic activity become
evident. Although a functional hypophysis is required for the
production of Leydig cell hyperplasia and subsequent neoplasia
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(3), the initial spurt of DNA synthesis occurs independent of
pituitary function (6). Actual tumor induction, however, results
from action of unmetabolized estrogen directly upon the Leydig
cells (7). These cells in both a susceptible and a nonsusceptible
strain of mouse contain an ER3 complex. The cells from the

two strains differ significantly in that nuclei from susceptible
animals bind more estrogen, and the proportion of the nuclear
ER that remains fixed to the nuclear matrix in solutions of
high salt concentration is greater in the tumor-susceptible ani
mals (8). Furthermore this fraction of the ER increases in
amount per Leydig cell as estrogen treatment of susceptible
mice continues over a 3-mo period and hyperplasia is initiated
(9).

The present study was undertaken to investigate the reaction
of a number of putative estrogen agonists and antagonists with
the ER system in the Leydig cells of the tumor-susceptible
BALB/c strain. Our specific objective was to correlate the
cytosolic ER to nuclear acceptor interaction with the early
initiation of DNA synthesis and with the subsequent develop
ment of Leydig cell hyperplasia.

MATERIALS AND METHODS

Animals. Young adult BALB/c mice from the colony in the Biochem
istry Department of Loma Linda University were used in most of the
experiments reported here. These animals are descended from breeding
stock obtained from the colony at the AMC Cancer Research Center,
Lakewood, CO. Occasionally BALB/c BYJ mice were purchased from
the Jackson Laboratories (Bar Harbor, ME).

Chemicals. DES, dienestrol, hexestrol, equilin, 17/3-estradiol, 17Â«-
estradiol, estriol, 17a-ethinylestradiol, mestranol, tamoxifen, clomi
phene, and nafoxidine were purchased from Sigma Chemical Co., St.
Louis, MO. Nitromifene was purchased from Warner Lambert Co.,
Ann Arbor, MI. Leibovitz' L-15 medium and Dulbecco's phosphate-

buffered saline (0.101 g/liter MgCl-6H2O, 0.2 g/liter KCL, 0.2 g/liter
KH2PO4, 8 g/liter NaCl, 1.5 g/liter K2HPO4, pH 7.0) were purchased
from Sigma. Sephadex G-50 and blue dextran were from Pharmacia
Inc., Uppsala, Sweden. Hydroxylapatite was from Bio-Rad Laborato
ries, Richmond, CA. [me/A.y/-:'H]Thymidine was purchased from ICN

Chemical and Radioisotope Division, Irvine, CA. 17/3-[2,3,6,7,16,17-
3H]Estradiol, 140-170 Ci/mmol, was purchased from Amersham Cor

poration, Arlington Heights, IL, and purified by chromatography on
Lipidex 5000 (Packard Instrument Company, Downers Grove, IL) in
chloroform/hexane. Liquid scintillation solutions were Betaphase
(Westchem, San Diego, CA) and a cocktail composed of 4 liters toluene,
21 ml ethanol, and 16 g Omnifluor (New England Nuclear, Boston,
MA). Beckman tissue solubilizer BTS-450 was obtained from Beckman
Instruments Inc., Fullerton, CA. All other chemicals were analytical
reagent grade.

Administration of Test Substances. In the experiments measuring the
effect on DNA synthesis, estrogens and antiestrogens were administered
as 10-mg pellets of 10% test substance in cholesterol implanted s.c.
(10). In most cases, the test substance fused with the cholesterol when
the two compounds were mixed and heated to 200Â°C.Coumestrol was
an exception: it formed a slurry with cholesterol at 200Â°C.In experi-

3The abbreviations used are: ER, estrogen receptor; DES, diethylstilbestrol;
E2, 17/3-estradiol; EE, 17a-ethinylestradiol; TEM, 1.0 min Tris, 1.5 mm EDTA,
2.0 HIMmercaptoethanol, pH 7.4; ](â€žâ€žconcentration of unlabeled substance that
displaces 50% of [3H)E2;SV-CGC, seminal vesicle-coagulating gland complex.
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ER IN LEYDIG CELL PRENEOPLASIA

ments measuring receptor translocation, the test substances were dis
solved in 70% ethanol in 0.167 M NaCl at a concentration of 2.5 mg/
ml and 100 M'(250 Mg)were injected s.c.

Preparation of Cell Suspensions. Testis cell suspensions were pre
pared by a modification of the mechanical dispersion procedure de
scribed by Schumacher et ai. (11). Decapsulated testes, six to a flask,
were placed in 10 ml L-15 medium, pH 7.4, in 50-ml Erlenmeyer flasks
and dispersed by gently drawing them into and expelling them 50 times
from a 5 x 400-mm Teflon tube attached to a 50-ml syringe. The flasks
were then placed in a Dubnoff metabolic shaking incubator (Precision
Scientific, Chicago, IL) at 24Â°Cfor 15 min with moderate agitation.

The flask contents were transferred to 16 x 125-mm Falcon (Becton,
Dickinson and Co., Oxnard, CA) screw-capped plastic test tubes and
the tubes placed on an Ames (Miles Laboratory Inc., Elkhart, IN)
aliquot mixer for 1 min. After mixing, the tubes were placed upright in
crushed ice. After 30 sec the supernatant portions were transferred with
Pasteur pipets of 50-ml polypropylene centrifuge tubes through 62-/im
nylon mesh (Small Parts, Inc., Miami, FL). L-15 medium (5 ml) was
added to the tubes and the mixing-decanting repeated until 50 ml of
supernatant had been collected. The cells were collected by centrifuga-
tion at 500 x g for 5 min at 4"C. The pelleted cells were suspended in

L-15 for thy inidino incorporation studies and in TEM buffer for prep
aration of cytosolic and nuclear fractions.

Preparation of Cytosolic and Nuclear Fractions. Cell suspensions were
homogenized in conical Teflon-glass tissue grinders (Kontes Glass Co.,
Vineland, NJ) at 0-4Â°C.The homogenates were centrifugea at 800 x
g for 10 min at 4Â°Cin the type SW 50.1 rotor of a Beckman L5-75B

Ultracentrifuge (Beckman Instruments Co. Inc., Fullerton, CA). Super-
natants were recentrifuged at 105,000 x g for l h at 4Â°C,and the

supernatant from this step was collected without including the super
fici;il lipid layer. A low-molecular-weight inhibitor of estrogen binding
to cytosolic ER was removed by Sephadex G-50 chromatography as
described by Sato et al. (12). The Sephadex eluates were treated with
dextran-coated charcoal to remove any endogenous estrogens (13) and
used for studies measuring cytosolic ER binding and exchange.

Pellets from the first homogenate centrifugation were resuspended
in 2 ml 0.2% Tween 80 and centrifuged at 1000 x g for 10 min at 4Â°C.

The supernatants were discarded and the pellets washed twice by
resuspending in 2 ml TEM buffer and centrifuging. The final pellets
were resuspended in 5.5 ml TEM buffer and used as the nuclear fraction.

Binding to Cytosolic ER. The binding of E2 to cytosolic ER was
measured by a modification of the exchange assay described by Katze-
nellenbogen et ai. (14). [3H]E2was dissolved in ethanol and then diluted
with TEM buffer to the desired concentrations. [3H]E2 (30 /Â»I;1.29 x
IO"8 M to 1.55 x 10~7 M was added to 1.5-ml Eppendorf centrifuge

tubes (Brinkman Instruments Inc., Orange, CA). Nonspecific binding
was measured in replicate samples that contained a 300-fold excess of
unlabeled I...dissolved in dimethylformamide and carried through serial
dilutions with dimethylformamide and TEM buffer to the desired
concentrations. The tubes were capped and placed in a 4Â°Ccold room

for 2 h. All subsequent operations were carried out in the cold room.
Cytosol (125 /Â»I;0.125-0.15 mg protein) was added to each of the tubes
which were then capped and incubated for 18 h with continuous
agitation in an Eberbach shaker (Eberbach Instruments Inc., Ann
Arbor, MI). Hydroxylapatite (250 /il; 1 mg/ml in TEM buffer) was
added to each tube. The tubes were incubated at 4Â°Cfor 15 min, with

vortexing every 3 min, and centrifuged at 8800 x g for 5 min. The
supernatants were removed by aspiration and the pellets washed 3 times
by resuspending in 1 ml TEM and centrifuging. The washed hydrox-
ylapatite pellets were suspended in 0.5 ml ethanol and the tubes
incubated at 45Â°Cfor 2 h with occasional vortexing. The tubes were
cooled to 4Â°Cand centrifuged. Duplicate 100-fil portions of the super

natants were transferred to 7-nil glass scintillation vials, 7 ml Betaphase
were added to each, and the samples were counted in a Beckman LS-
7500 liquid scintillation counter (Beckman Instruments, Fullerton,
CA).

The ability of several putative estrogen agonists and antagonists to
complete with [3H]E2 for binding to cytosols was also measured. The

test substances were dissolved in ethanol or dimethylformamide and
carried through serial dilutions with ethanol, dimethylformamide, and

TEM buffer to the desired concentrations. [3H]E2(25 /J; 6.2 x 10~9M)
and the competing substances (5 /il; 3.1 x 10~4 M to 3.1 x 10~'Â°M)

were added to appropriate tubes, followed by cytosol (125 /il)- Incuba
tion of the tubes and quantification of the bound [3H]E2 were carried

out as described above.
Binding to Nuclear ER. The binding of [3H]E2to nuclei was measured

by an adaptation of the exchange assay of Anderson et al. (15) under
conditions that measure total available receptor sites. [3H]E2 (30 /il;
1.29 x IO"8 M to 1.55 x IO"7 M) was added to 1.5-ml Eppendorf

centrifuge tubes, followed by nuclear suspension (125 /il; 0.2-0.3 mg
protein). Nonspecific binding was measured in a series of replicates
containing a 300-fold excess of unlabeled E2. The tubes were capped
and incubated at 37Â°Cfor l h with moderate agitation in a New

Brunswick Controlled Environment Incubator Shaker (New Brunswick
Scientific Co. Inc., Edison, NJ), then cooled to 4Â°C.The tubes were
centrifuged at 1000 x g for 10 min at 4Â°Cand the supernatants removed

by aspiration. The pellets were washed twice by resuspending in 0.5 ml
TEM buffer and centrifuging. The washed pellets were suspended in
0.5 ml of BTS-450 and incubated at 45Â°Cfor 2 h with occasional

mixing. After cooling, duplicate 100-fil portions were taken for liquid
scintillation counting in 10 ml of the Omnifluor cocktail.

Cytosolic and Nuclear ER Levels. In experiments measuring the
translocation of ER from cytoplasm to nucleus, the cytosolic and
nuclear ER were quantified by [3H]E2 exchange. Eight-wk-old mice

were injected s.c. with 250 ng test substance dissolved in 100 /Â¿I70%
ethanol-30% 0.167 M NaCl. Control animals received vehicle only. At
selected time intervals the animals were killed and testis cell fractions
prepared as described above. Total binding was measured by incubating
cytosols with 15 nM [3H]E2at 4Â°Cfor 18 h; nuclei were incubated with
15 nM [3H]E2 for 30 min at 30Â°C.Nonspecific binding was estimated
by similar incubations with the addition of 4.5 MME2. [3H]E2bound to

cytosols or nuclei was quantified by the procedures previously described.
The amount of exchangeable ER was calculated from the specific
binding knowing the specific activity of the labeled E2 and expressed as
fmol/mg protein. Protein was measured by the method of Lowry et al.
(16).

l'I l|Tliymiiliiif Incorporation in Vitro. The procedure used here was

similar to that used by Spruance et al. (5). One ml cell suspension in
L-15 was incubated in polyethylene scintillation vials with [methyI-3H]-
thymidine (10 /iCi; .16 nmol) for 1 h at 37Â°Cin a Dubnoff Metabolic

Shaking Incubator. The reaction was stopped by adding an equal
volume of 8% formaldehyde and homogenizing the cells in a conical
Teflon-glass tissue grinder. The homogenization and subsequent steps
were carried out at 4Â°C.Samples of the homogenate were diluted in
Dulbecco's phosphate-buffered saline for protein analysis, and 2 por
tions of 50 n\ were digested with BTS-450 and counted to determine
the total radioactivity in each incubation. The remaining homogenates
were transferred to graduated conical centrifuge tubes, and the acid-
insoluble material was precipitated by the addition of 3 times their
volume of 0.5 M perchloric acid. The precipitates were fractionated
into RNA, DNA, and protein, and the radioactivity in each fraction
was quantified by the procedure described and validated in an earlier
publication (17) modified slightly to accommodate the present tissues.

RESULTS

Cytosolic and Nuclear ER. The presence of ER in Leydig cell
cytosolic and nuclear fractions as previously reported (8,9) was
confirmed in our preparations and characterized by carrying
out the estrogen-binding assay with concentrations of [3H]E2

ranging from 2.5 to 30 nM. Both fractions exhibited saturable,
specific binding. The Kas were estimated from double-reciprocal
plots. The cytosolic receptor had a Ka of 6.5 x 10~8M, and the
nuclear receptor had a Kt of 1.25 x 10~8M.

Competition of Test Substances for Cytosolic ER. Most of the
substances studied were not readily available in radiolabeled
form. Under the proper experimental conditions, that is, if the
concentrations of unlabeled ligand and of binding sites are
much lower than the Ka, the concentration of unlabeled sub-
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ER IN LEYDIG CELL PRENEOPLASIA

stance that will displace 50% of the radiolabeled estradici from
the ER (the K\â€ž)provides an estimate of the ability of that
substance to compete with estradici for the ER (18).

To test the validity of this method the displacement of
radiolabeled E2 (1 x 10~9 M) from cytosolic ER by non labeled
E2 was measured. The IC50 for E2 was 8.75 x 10~" M. Since

this was very close to the KAfrom the double-reciprocal plot of
the saturation curve, we concluded that displacement of [3H]E2

would provide a valid estimate of relative affinity of the test
substances for the cytosolic ER in this system. Competition
curves for DES, E2, and EE are shown in Fig. 1.

The ability of a number of steroidal and nonsteroidal estro
gens and of antiestrogens to complete for the cytosolic ER was
measured, and the results are shown in Table 1.

ER Redistribution. The effect of test substances injected in
vivo on the distribution of ER between cytosolic and nuclear

^ 120

Log Competitor Cone. (M)
Fig. l. Displacement of 17/3-[3H]estradiol (1.0 nM) from the cytosolic estrogen

receptor by three compounds that produce Leydig cell hyperplasia: (O) DES, (C)
E2, and (â€¢)EE. Cytosol was incubated with label and competitor for 18 h and
bound ligand separated by adsorption to hydroxylapatite. Each point, average of
5 determinations; bars, standard deviation.

Table 1 Competition of estrogens and antiestrogens for the cytosolic estrogen
receptor

Concentrations of test substances ranging from 10 " to 10s M were incubated
with cytosol and 1 nM 170-[3H]estradiol for 18 h at 4V and the bound ligand
separated by adsorption to hydroxylapatite as described in "Materials and Meth
ods."

Substance17/3-Estradiol

Equilin
Ethinylestradiol
Mestranol
17a-Estradiol
EstriolDiethylstilbestrol

Dienestrol
HexestrolICM,

MSteroids8.8

x 10""
3.6 x IO"7
1.7x 10"*
7.9 X 10""
9.9 x IO"7
4.8 xIO"6Stilbene

derivatives3.4
x 10"'

2.3 x IO"7
1.2 x 10"'Affinity

relative
to 17/3-estradioI1.0

0.24
0.05
0.01
0.09

0.0226.0

0.39
0.74

Nonsteroidal plant estrogen
(â€¢(millesimi 4.5 X IO"7 0.19

Triphenylethylene derivatives
Tamoxifen 1.3 x 10"* 0.01
Clomiphene 3.3 x 10"* 0.03
Nitromifene 1.2 x 10"* 0.08

Diphenyldihydronaphthalene derivative
Nafoxidine 3.1 x 10"* 0.03

fractions was measured. The time course of the change in ER
levels in cytosolic fractions is shown in Fig. 2 for the steroids
li: and 17a-estradiol, and for DES, tamoxifen, and nafoxidine.
The time course of the change in ER levels in the nuclear
fractions for the same substances is shown in Fig. 3. The
maximum change in ER in both cytosolic and nuclear fractions
for all of the compounds tested are summarized in Table 2.

Stimulation of DNA Synthesis. The next set of experiments
tested the ability of these compounds administered in vivo to
stimulate DNA synthesis. This was done by quantifying [3H]-

thymidine incorporation in vitro into the DNA of testis cell
suspensions obtained 3 days after initiation of treatment. Four
groups of animals were used in each experiment: a control
group that received cholesterol pellets, a "positive control"

group that received 10% DES 90% cholesterol pellets: and two
groups that received 10% "test" substance: 90% cholesterol

pellets. Differential cell counts revealed that suspensions pre
pared as outlined in "Materials and Methods" contained vary

ing proportions of germinal cells, some of which were undergo-

(0

O 120
I
0 100

Â£ 80

-O 60

1 40
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~-, 0
I

Hours Post Injection
Fig. 2. Changes in cytosolic ER with time after in vivo injection of several

putative estrogens: (O) DES, (C) E2, (â€¢)17a-estradiol, (A) nafoxidine, (A)
tamoxifen. Mice were injected with 250 Â»igtest substance at 0 h and killed at 1,
3, and 6 h. Testis cell cytosols were prepared and the estrogen receptor was
measured by [3H]estradiol exchange. Control animals were injected with saline

and killed at 0 h. Each point, average of 5 replicates; bars, standard deviation.
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Fig. 3. Changes in nuclear ER with time following in vivo injection of several

putative estrogens: (O) DES, (C) E2, (â€¢)17a-estradiol, (A) nafoxidine, (A)
tamoxifen. Animals were injected with 250 ^g test substance at O h and killed at
1, 3, and 6 h. Testis cell nuclei were prepared and the estrogen receptor was
measured by |'H]estradiol exchange. Control animals were injected with saline

and killed at 0 h. Each pnint, average of 5 replicates; bars, standard deviation.
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Table 2 Effect of injection of estrogens and antiestrogens on the distribution of
estrogen receptor between cytosolic and nuclear preparations (maximum change

over 6 h)
Animals were injected with 250 fig of test substance and the estrogen receptors

in cytosolic and nuclear fractions of testis cell suspensions measured by | 'I l|

estradici exchange at 1, 3, and 6 h. Control animals were injected with saline at
0 h. Results are expressed as % of control (Â±SD)and are the average of 5 or
more replicates; the experimental and control values were calculated as fmol/mg
protein.

Substance17/3-Estradiol

Equilin
Ethinylestradiol
Mestranol17,.-

Fstradini
EstriolDiethylstilbestrol

Dienestrol
Hexestrol%

decrease
ofcytosolSteroids74.6

Â±1.0
37.5 Â±3.7
39.4 Â±4.8

7.4 Â±6.4
16.2 Â±5.4

1.3Â±6.6Stilbene

derivatives83.1
Â±1.178.4
Â±1.6

88.8 Â±0.5%

increase of
nuclei88.1

Â±5.3
60.3 Â±5.5
68.0 Â±8.1
14.3 Â±10.0
10.2 Â±6.4
6.6 Â±7.0180

Â±8.4
129 Â±8.5
181 Â±7.1

Coumestrol

Tamoxifen
Clomiphene
Nitromifene

Nonsteroidal plant estrogen
83.0 Â±1.4 121 Â±8.8

Triphenylethylene derivatives
39.5 Â±3.4 -21.2 Â±8.8
65.5 Â±1.8 4.1 Â±7.8
52.6 Â±2.0 1.9 Â±5.4

Diphenyldihydronaphthalene derivativeNafoxidine 66.4 Â±1.7 100 Â±5.6

Table 3 Effect of test substances on the incorporation off'HJthymidine into DNA

by mouse testis cell suspensions
Mice were implanted s.c. with 10-mg pellets of 10% test substance (90%

cholesterol). After 3 days the mice were killed, and | 'I Ijiliyniiilinc incorporation

into the DNA of testis cell suspensions was measured in vitro. Each value is the
average of at least four experiments.

Substance
Relative Incorporation

(% DES Â±SE)

Control substance
Cholesterol

Steroids
17/3-Estradiol
Equilin
Ethinylestradiol
Mestranol
17a-Estradiol
Estriol

33.1 Â±2.4

64.3 Â±3.9
77.8 Â±12.0
81.6 Â±8.0
27.3 Â±3.8
23.1 Â±3.1
20.7 Â±3.1

Stilbene derivatives
Diethylstilbestrol
Dienestrol
Hexestrol

100
69.0 Â±6.8
99.1 Â±9.0

Nonsteroidal plant estrogen
Coumestrol 78.4 Â±8.9

Triphenylethylene derivatives
Tamoxifen 22.5 Â±3.5
Clomiphene 24.7 Â±4.0
Nitromifene 23.0+1.5

Diphenyldihydronaphthalene derivative
Nafoxidine 61.2 Â±2.5

ing rapid DNA synthesis. This resulted in a variable baseline
for comparing [3H]thymidine incorporation experiment to ex
periment when the values obtained from the "control" prepa

rations were used directly. To reduce this variability, the results
shown in Table 3 are presented as the ['HJthymidine incorpo
ration following treatment with each "test" compound as a
percentage of that found in the preparation from DES-treated
animals in the same experiment, i.e., as a percentage of the
"positive" control. Additionally, only the results of those ex
periments (81 of 90) in which the incorporation of [3H]thymi-

dine in the positive control preparation was at least 2.5 times

that in the control are reported since this magnitude of stimu
lation assures that a significant concentration of Leydig cells
had been achieved during the preparative procedure and that
values calculated for the test compounds were not spuriously
high.

Effects of Chronic Administration. To correlate the early DNA
synthesis spurt with the development of Leydig cell hyperplasia,
2-iiKi old animals were implanted with a single 5-mg fused
pellet containing 20% EE or E2. At necropsy 3 mo later, the
testes of EE-implanted animals showed as extensive Leydig cell
hyperplasia as if they had received a DES-containing pellet (9).
However, the interstitial tissues of these mice did contain more
lipid-filled macrophages than is usual with DES treatment. The
testes of animals receiving an E2 pellet also had distinct areas
of Leydig cell hyperplasia, but these hyperplastic changes were
not as extensive or evenly distributed throughout the gland as
with EE or DES treatment.

Since mestranol is an effective estrogen but requires demeth-
ylation of the methoxy radical at C3 for activation (19, 20),
male mice were implanted with one or two 5-mg pellets of 20%
mestranol fused with cholesterol. Ten to 14 days later the mean
weight of the SV-CGC was reduced by more than 50%, indic
ative of effective estrogenization. Also, the level of 3H-E2-

exchangeable ER in nuclear fractions prepared from testis cell
suspensions from these animals had increased to a level com
parable to that found in preparations from animals bearing EE
or DES pellets for the same time period (data not shown).
Unlike animals implanted with EE or DES, the suppression of
SV-CGC weight had diminished significantly after 6 wk of
implantation suggesting a more rapid extraction of the steroid
from the pellet. To test for production of Leydig cell hyperplasia
animals were, therefore, implanted with five 5-mg pellets. Three
mo later their SV-CGC were found to be greatly suppressed,
and there was extensive preneoplastic hyperplasia of the testic-
ular Leydig cells similar to that seen in animals treated with
EE.

To ensure adequate and prolonged dosing with the other
compounds to be tested, mice were implanted with 5 fused 5-
mg pellets containing 20% of the various test substances, and
the effects of tamoxifen, nafoxidine, clomiphene, and 17a-
estradiol were examined. After 3 mo of treatment, areas of
Leydig cell hyperplasia were evident in animals that had re
ceived nafoxidine-containing pellets. Significant histologie al
terations could not be discerned in the testes of animals bearing
pellets containing any of the other test substances.

DISCUSSION

The evidence presented here is consistent with the proposal
that estrogens act in mouse Leydig cell carcinogenesis through
an estrogen receptor mechanism to stimulate [3H]thymidine
incorporation into DNA during short-term administration and
to provoke preneoplastic hyperplasia after longer periods of
treatment.

Each of the several estrogen agonists and antagonists studied
was able to compete with E2 for the cytosolic ER, but there was
no correlation between the relative ability of a substance to do
so (the IC50) and its ability to acutely stimulate [3H]thymidine

incoporation into DNA (Tables 1 and 3). For example, DES
and hexestrol were the two most potent stimulators of [3H]-

thymidine incorporation, while their IC5os differed by a factor
of 35. On the other hand EE was a potent stimulator of [3H]-
thymidine incorporation while 17a-estradiol was inactive in
this regard, and their IC50s were quite similar.
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When the same series of compounds was tested for their
effect on the levels of exchangeable cytosolic and nuclear ER,
only those substances that acutely provoked a complete estro
gen receptor response, that is, both a decrease in the cytosolic
ER and an increase in the nuclear ER, also stimulated | 'I I|-

thymidine incorporation into DNA (Tables 2 and 3). In the
case of the steroids, administration of E2, equilin, and EE was
followed by a marked increase in nuclear ER and [3H]thymidine
incorporation, while mestranol, 17a-estradiol, and estriol pro
voked only a slight increase in nuclear ER and actually de
pressed [3H]thymidine incorporation below the control. The

stilbene derivatives diethylstilbestrol, hexestrol, and dienestrol
were all highly potent in stimulating increases in both nuclear
ER and [3H|thymidine incorporation. The triphenylethylene

antiestrogens tamoxifen, clomiphene, and nitromifene de
pressed the cytosolic ER but failed to elevate exchangeable
nuclear ER or stimulate [3H]thymidine incorporation. The only

putative antiestrogen which provoked a complete estrogen re
ceptor response was the diphenyldihydronaphthalene derivative
nafoxidine, and it stimulated [3H]thymidine incorporation

acutely.
The data presented here provide no explanation for the failure

of the triphenylethylene estrogen antagonists to provoke an
increase in the exchangeable nuclear ER even though they
depressed the cytosolic ER. One possibility is that when these
substances bind to the receptor they induce a conformation
such that the [3H]E2 does not readily exchange with the bound

ligand and thus some of the receptor would not be detected by
this methodology, whether it is located in the cytosol or the
nucleus. In this regard, tamoxifen, which has to be monohy-
droxylated to be biologically effective, was the only compound
that decreased the level of exchangeable nuclear ER. Rat uterine
nuclear ER labeled with [3H]4-hydroxytamoxifen is much more
resistant to proteolytic digestion than ER labeled with [3H]-
estradiol or [3H]diethylstilbesterol (21). This suggests a differ
ent conformation of the nuclear ER when it is bound to the 4-
hydroxytamoxifen than when it is bound to its natural steroid
ligand or to the estrogen agonist DES.

When 2-mo-old male BALB/c mice were subjected to chronic
(3-mo) treatment with several of these substances, Leydig cell
hyperplasia occurred in animals treated with DES, E2, EE, and
nafoxidine, all substances which provoked a complete estrogen
receptor response and acutely stimulated [3H]thymidine incor
poration. 17a-Estradiol, tamoxifen, and clomiphene failed to
produce any significant histologie changes in the testes; these
are substances which neither increased the nuclear ER nor
stimulated [3H]thymidine incorporation.

The compound that did not fit this pattern was mestranol,
which was inactive in provoking the short-term responses but
when given continuously for 3 mo did lead to extensive Leydig
cell hyperplasia. The estrogenic activity of mestranol in humans
is attributed to the fact that it is demethylated to EE (19, 20),
a reaction which also occurs in rat liver microsomes (22). The
demethylase activity of these microsomes is inducible, since it
is increased by pretreatment of the animals with phÃ©nobarbital.
It may be that our mice lacked sufficient demethylase activity
to convert mestranol to the active product during the first days
of administration but that the enzyme system was induced by
longer (10- to 14-day) treatment with mestranol, thus providing
the animals with physiologically active levels of EE.

A previous study demonstrated that the carcinogenic effects
of E2 on Leydig cells resulted from actions of the unmetabolized
steroid directly on testicular tissues of genetically susceptible

mice (7). The present studies support the proposal that biolog
ically active estrogens effect malignant transformation of Ley-
dig cells through the intracellular receptor mechanism that
results in binding of the active compound to chromatin and to
the nuclear matrix (8, 9). Within 3 days, this results in a surge
of replicative DNA synthesis and, upon chronic exposure, pro
vokes a hyperplastic overgrowth of Leydig cells eventually
giving rise to the evolution of malignant neoplasms.
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