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Abstract

We tested the hypothesis that insulin-like growth factor-I
(IGF-I) stimulates ovarian androgen production by increasing
theca-interstitial cell luteinizing hormone (LH) binding affinity
and/or binding capacity. We then investigated the role of tran-
scriptional and translational events in mediating these actions
of IGF-I.

LH bound to saturable, high affinity binding sites on rat
ovarian theca-interstitial cells. Preincubation with LH pro-
duced a decrease in LH binding capacity with no effect on LH
binding affinity. Treatment with IGF-I, both in the absence and
presence of LH, increased LH binding capacity 1.5- to 2-fold
with no change in LH binding affinity. Androgen production
was increased progressively by LH, suggesting that LH-stimu-
lated steroidogenesis is not tightly coupled to LH receptor
downregulation. IGF-I increased androgen synthesis in pro-
portion to its upregulation ofLH binding capacity. Transcrip-
tional inhibition with dichlorobenzimidazole riboside inhibited
the IGF-I-mediated increase in LH binding capacity but had
no effect on androgen production. Translational inhibition with
cycloheximide inhibited both the IGF-I-mediated increase in
LH binding and stimulation of androgen synthesis.

We conclude that IGF-I increases theca-interstitial cell LH
binding capacity and reverses the LH-induced downregulation
ofLH binding sites. The enhancement ofLH binding by IGF-I
is compatible with transcriptional mediation whereas the effect
of IGF-I on androgen synthesis appears to be mediated by a
direct effect of the peptide on the translational process(es)
involved in steroidogenesis. (J. Clin. Invest. 1990. 86:560-
565.) Key words: insulin-like growth factor-I - luteinizing hor-
mone * androgen * theca

Introduction

Insulin-like growth factor-I (IGF-I)', together with insulin
and insulin-like growth factor-II, forms part of a family of
serum peptides with potent metabolic and mitogenic activities
(1, 2). The binding of IGF-I to its cell surface receptor stimu-
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lates DNA synthesis and cellular differentiation in a variety of
tissues (2). Recent studies suggest that IGF-I plays a role in
ovarian theca-interstitial cell function (3-5). These cells, under
stimulation by luteinizing hormone (LH), are responsible for
the synthesis of the androgenic precursors required for estro-
gen production by the ovary (6, 7). Studies using primary cul-
tures of rat ovarian theca-interstitial cells indicate that these
cells contain IGF-I receptors and respond to IGF-I with an
increase in androgen synthesis; treatment with IGF-I in con-
centrations of 1-100 ng/ml potentiates the LH-induced stimu-
lation of androgen output 5- to 30-fold above levels seen with
LH alone (3-5). Insulin, by interacting with its own or IGF-I
receptors, can mimic the effects of IGF-I on the ovary, stimu-
lating androgen production to values observed with IGF-I (3,
5, 8-11).

These studies have provided insight into the role of IGF-I
and insulin in the pathophysiology of polycystic ovary syn-
drome, a clinical condition characterized by theca-interstitial
cell hyperplasia, hyperandrogenism, and virilization (12).
Polycystic ovary syndrome has been described in acromegaly
and is frequently encountered in insulin resistant syndromes
that are accompanied by hyperinsulinemia (10, 12-15). It ap-
pears likely that in these conditions the elevated IGF-I or in-
sulin concentrations are interacting with IGF-I receptors and
stimulating theca-interstitial cell hyperplasia and increased
androgen production (10, 12, 15).

The mechanisms by which IGF-I potentiates the LH-in-
duced stimulation of androgen synthesis are not clear. In the
present study, we tested the hypothesis that IGF-I increases
androgen synthesis in rat ovarian theca-interstitial cells by in-
creasing LH receptor number and/or binding affinity. Having
observed this to be the case, we then investigated the role of
transcriptional and translational events in mediating the ef-
fects of IGF-I on androgen synthesis and LH binding.

Methods

Reagents. The highly purified human LH 1-3 was kindly provided by
Dr. A. F. Parlow, distributed through the National Hormone and
Pituitary Program and National Institutes of Health; and biosynthetic
IGF-I.hr59 was obtained from Amgen Biologicals (Thousand Oaks,
CA). Immature, hypophysectomized female Sprague-Dawley rats were
obtained from Hormone Assay Laboratories (Chicago, IL). Deoxyri-
bonuclease, medium 199 (with Hanks' salts, 100 mg/liter L-glutamine,
and 25 mM 4-(2-hydroxyethyl)-l-piperazine-ethanesulfonic acid),
McCoy's 5A medium, penicillin-streptomycin solution, L-glutamine,
and trypan blue stain were obtained from Grand Island Biological Co.
(Grand Island, NY). Dichlorobenzimidazole riboside (DRB) and cy-
cloheximide (CHX) were obtained from Sigma Chemical Co. (St.
Louis, MO). Collagenase was obtained from Cooper Biomedical Inc.
(Chester, PA) and chromatography supplies were obtained from Bio-
Rad Laboratories (Richmond, CA).

Cell dispersal and culture. Theca-interstitial cells were obtained
from hypophysectomized rats following the procedure described by

560 J. F. Cara, J. Fan, J. Azzarello, and R. L. Rosenfield

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/90/08/0560/06 $2.00
Volume 86, August 1990, 560-565



Magoffin and Erickson (6). Briefly, ovaries from 20-d-old hypophy-
sectomized female Sprague-Dawley rats were removed on the fourth
postoperative day, minced, and theca-interstitial cells dispersed with
collagenase and deoxyribonuclease as described previously (3, 6). Ap-
proximately 1-2 x 106 cells were obtained from each ovary and 90%
were determined to be viable by trypan blue dye exclusion. The dis-
persed cells were cultured on 6-well plates at a concentration of - I
X 10 cells/ml in serum-free McCoy's medium supplemented with 100
U/ml penicillin, 100 ig/ml streptomycin, and 2 mM L-glutamine in
5% CO2 at 370C. Dispersed cells in triplicate wells were preincubated
with and without the desired hormones by culturing for 48 h in
serum-free medium in the absence (control) and in the presence of
increasing concentrations of LH and/or IGF-I. Binding studies were
performed after 48 h of preincubation, once the cells had become
adherent to the polystyrene plates. In all cases, the medium was re-
moved before performing the binding assays and stored at -20'C until
assayed for steroids. In all experiments an aliquot of the cellular mate-
rial was saved for determination of the DNA concentration, as de-
scribed previously (3).

Androsterone assay. The supernatant medium from theca-intersti-
tial cells preincubated with the desired hormones and/or inhibitors, as
described above, was removed and stored at -20'C until assayed for
steroids. The androsterone concentration in these samples was quanti-
tated by RIA after benzene extraction, as described previously (3).

Radiolabeling ofLH. LH was radiolabeled to a specific activity of
- 100-200 ;Ci/jig as described previously (16). Briefly, highly puri-
fied LH 1-3 was radioiodinated with 125I using the chloramine T tech-
nique (17) and the radioactive protein fraction separated from inor-
ganic iodide on a 0.9 X 10cm Sephadex G-50 column (Pharmacia Fine
Chemicals, Piscataway, NJ). The radiolabeled proteins were further
chromatographed on a 1.5 X 90 cm column of Sephadex G-100. The
column was developed with a buffer composed of 0.05 M NaH2PO4,
0.15 M NaCI pH 7.4 at a flow rate of 20 ml/h. The fractions in the
radioactive peak corresponding to the highest LH biopotency were
pooled and used for binding studies.
LH binding studies. LH binding studies were performed as de-

scribed by Magoffin and Erickson (6), with modifications. Briefly,
monolayer cultures ofovarian theca-interstitial cells preincubated with
and without added hormones were washed with medium 199 contain-
ing 0.1% BSA and incubated in the same medium with - 10 pM
radiolabeled LH in the presence and absence of increasing concentra-
tions of unlabeled hormone. After incubation, the cells were washed
with ice-cold PBS, solubilized with 0.5 N NaOH, and an aliquot re-
moved for determination of the bound radioactivity. Total binding
was defined as the radioactivity bound to monolayers in the absence of
unlabeled LH. Nonspecific binding was determined by measuring the
bound radioactivity in the presence of 1 jig/ml unlabeled LH.

Competitive binding data were analyzed as described previously (3)
by a modification ofthe method ofMarquardt (18) and by the method
of Scatchard ( 19) to determine the dissociation constant and the bind-
ing capacity. For these calculations, it is assumed that the LH prepara-
tion is pure and has full biological activity (i.e., 1 nmol LH equals

28.5 jig).
Cell culture with transcriptional and translational inhibitors. DRB,

a specific inhibitor ofRNA polymerase 11 (20), and CHX, an inhibitor
of protein synthesis (21), were used to examine the role of transcrip-
tional and translational events, respectively, in mediating the actions
of IGF-I on androsterone synthesis and LH binding. Briefly, theca-in-
terstitial cells were plated onto multiwell plates in serum free medium
without added hormones or inhibitors. After 24 h, increasing concen-
trations of hormones and inhibitors were added to the cells. After
incubating for 6 h (in the case ofDRB) or 4 h (in the case ofCHX) the
medium was replaced with fresh medium containing the desired con-
centrations of hormones but without added inhibitors. After incubat-
ing the cells for an additional 18 h (in the case ofDRB) or 20 h (in the
case ofCHX), the medium was removed and saved for steroid determi-
nations and LH binding studies were performed, as described above.

Analysis ofdata. Data were analyzed by Student's one-tailed paired
t test. All data are expressed as mean±SEM, unless otherwise noted.

Results

LH binding to theca-interstitial cell monolayers was time and
temperature dependent. Maximal binding was observed after
incubating for 24 h at 230C (data not shown). Consequently,
all binding studies were performed under these conditions.

LH bound to a single class of saturable, high affinity bind-
ing sites on rat ovarian theca-interstitial cells. In cells cultured
in serum free medium without added hormones (control),
half-maximal inhibition of radiolabeled LH binding by unla-
beled hormone was observed with an LH concentration of
- 0.1 nM, as shown in Fig. 1. Analysis of the binding data
from four separate determinations by a modification of the
method of Marquardt (18) revealed a single class of binding
sites with a Kd of - 0.05±0.01 nM. The binding capacity, as
determined from four separate determinations by the method
of Scatchard (19), was - 1.9±0.25 fmol/106 cells. Taking into
account the percentage of theca-interstitial cells present in this
primary culture system (7), these results suggest that the num-
ber ofLH binding sites on theca-interstitial cells approximates
3,500 sites/cell. These figures must be considered approxima-
tions of the binding characteristics of theca-interstitial cell LH
receptors because of possible variations in purification and
glycosylation of the LH standards used in such experiments
(16, 22).

LH was found to decrease the number of specific binding
sites for LH in cultured theca-interstitial cells. As shown in Fig.
2, monolayers preincubated for 48 h with 1 (- 0.04 nM) and
10 ng/ml (- 0.4 nM) LH showed a decrease in the maximal
specific radiolabeled LH bound to 69±15% and 6±1% (P
< 0.01) of control, respectively. Similar results were obtained
when binding studies were performed after washing the mono-
layers and placing them in serum free medium for 24 h before
performing the binding studies (data not shown). To deter-
mine if the decrease in LH binding was the result ofa decrease
in the binding affinity, binding capacity, or both, competitive
binding studies were performed after cell monolayers had been
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Figure 1. Binding ofLH to rat ovarian theca-interstitial cells and ef-
fect of preincubation of theca-interstitial cells with LH on subse-
quent radiolabeled LH binding. The competitive binding curves
show radiolabeled LH binding to cell monolayers preincubated for
48 h without added hormones (Control) and with LH (1 ng/ml) prior
to performing the binding experiments. Shown is the mean ± SD for
triplicate samples from a representative experiment. Similar results
were obtained from three additional determinations. (Inset) Scatch-
ard analysis of binding data from competitive binding experiments
showing LH induced downregulation ofLH binding sites.
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Figure 2. Percent maximal specific LH binding to theca-interstitial
cell monolayers preincubated with increasing concentrations of LH
alone and in combination with IGF-I (100 ng/ml). Shown is the per-
cent maximal specific radiolabeled LH binding compared to control
(cells cultured without LH and without IGF-I). Results shown are
the mean ± SEM from four separate determinations.

preincubated for 48 h in the presence of 1 or 10 ng/ml LH.
Analysis of the binding data from cells preincubated with 1
ng/ml LH revealed a decrease in the binding capacity with no
change in the Kd, as shown in Fig. 1 (inset) and in Table I. The
binding of radiolabeled LH after preincubation with 10 ng/ml
LH was too low to allow appropriate analysis of the competi-
tive binding data.

When rat ovarian theca-interstitial cells were preincubated
with IGF-I, an increase in radiolabeled LH binding was ob-
served. Increasing concentrations of IGF-I progressively in-
creased radiolabeled LH binding to theca-interstitial cells; 1,
10, and 100 ng/ml IGF-I increased the percent maximal LH
bound to 121, 144, and 191% of control values, respectively.
Because 100 ng/ml IGF-I increased LH binding maximally,
while remaining within the physiological range, this dose of
IGF-I was selected for further studies. As shown in Fig. 2,
preincubation with 100 ng/ml IGF-I increased the maximal
specific binding of LH, both in cells cultured in the absence
and presence ofeither 1 or 10 ng/ml LH. As can be seen in Fig.
3, theca-interstitial cells cultured with 100 ng/ml IGF-I bound
more radiolabeled LH than control cells. Scatchard analysis of
the binding data revealed that preincubation with IGF-I
caused a nearly twofold increase in the LH binding capacity, as
shown in Fig. 3 (inset) and in Table I. Likewise, competitive
binding studies performed with theca-interstitial cell mono-
layers preincubated with LH alone (1 ng/ml) or a combination
ofLH and 100 ng/ml IGF-I, revealed that cells cultured with a
combination of LH and IGF-I bound more radiolabeled LH
than cells cultured with LH alone (Fig. 4). Scatchard analysis

Table I. Binding Capacities (fmol/J06 cells) of Theca-
interstitial Cells Preincubatedfor 48 h without Added Hormones
and with LH (I ng/ml) and/or IGF-I (100 ng/ml).

Without IGF-I With IGF-I

Without LH 1.9±0.25 3.3±0.05*
With LH 1.0±0.13* 1.9±0.20*

Incubations and binding studies were performed as described in
methods. Shown are the mean±SEM from four separate determina-
tions.
* P < 0.05 vs. without LH and IGF-I.
P < 0.05 vs. with LH alone.
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Figure 3. Effect of preincubation of theca-interstitial cells with 100
ng/ml IGF-I on subsequent radiolabeled LH binding. Shown are
competitive binding curves for cell monolayers cultured in the ab-
sence of added hormones (Control) and in the presence of 100 ng/ml
IGF-I. Shown is the mean ± SD of triplicate samples from a repre-
sentative experiment. Similar results were obtained from three addi-
tional determinations. (Inset) Scatchard analysis of competitive bind-
ing data showing that IGF-I increases the LH binding capacity in
cultured theca-interstitial cells.

of binding data revealed approximately a twofold increase in
the number of high affinity binding sites with no change in the
apparent binding affinity, as shown in Fig. 4 (inset) and in
Table I.

Androsterone levels were quantitated by RIA in the super-
natant medium of theca-interstitial cells in order to determine
if the change in LH binding in response to treatment with LH
(downregulation) or IGF-I (upregulation) was associated with
a comparable change in androgen production. As seen in Fig.
5, incubation of theca-interstitial cells with 1 ng/ml LH in-
creased androsterone concentrations nearly fourfold above
control values (1 17±17 vs. 31±6.5 ng/ml, respectively, P
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Figure 4. Effect of preincubation of theca-interstitial cells with LH
alone and in combination with IGF-I on subsequent radiolabeled LH
binding. Shown are competitive binding curves for cells preincubated
for 48 h with LH alone (1 ng/ml) or a combination ofLH and IGF-I
(100 ng/ml). Shown is the mean ± SD of triplicate samples from a
representative experiment. Similar results were obtained from three
additional determinations. (Inset) Scatchard analysis of competitive
binding data showing that IGF-I increases the LH binding capacity
in the presence of LH.
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Figure 5. Effect of incubation of theca-interstitial cells with increas-
ing doses of LH, with (hatched bars) and without (black bars) 100
ng/ml IGF-I, on androsterone production. Cells were cultured in the
absence and presence ofLH and/or IGF-I as described in the text.
After 48 h, the medium was removed and the androsterone concen-
tration determined by RIA. Shown are mean ± SEM from three sep-
arate determinations.

< 0.05). On the other hand, androsterone synthesis by theca-
interstitial cells cultured with 10 ng/ml LH were lower than
those observed with 1 ng/ml LH (86±6.5 vs. 117±17 ng/ml,
respectively). Incubation of cells with 100 ng/ml IGF-I, in the
presence of both 1 and 10 ng/ml LH, increased androsterone
levels to 186±39 and 124±31 ng/ml, respectively, 59 and 44%
above values obtained with the corresponding doses of LH
alone. Thus, the increase in androsterone production induced
by IGF-I appeared to be proportional to the upregulation of
LH binding capacity stimulated by this peptide.

The effect ofDRB and CHX on IGF-I-mediated theca-in-
terstitial cell LH binding capacity and androsterone synthesis
were examined in order to determine if the enhancement of
LH binding and the increase in androgen production stimu-
lated by IGF-I were mediated by transcriptional and/or trans-
lational events. In experiments similar to those described
above theca-interstitial cells were preincubated with 100 ng/ml
IGF-I with increasing concentrations ofDRB orCHX and LH
binding and androsterone production subsequently deter-
mined. As shown in Fig. 6, 50 and 100 MM DRB inhibited the
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Figure 6. Effect ofDRB on IGF-I-mediated enhancement ofLH
binding and androsterone production in theca-interstitial cell cul-
tures. Theca-interstitial cells were preincubated for 24 h with 100
ng/ml IGF-I, in combination with increasing concentrations of DRB,
as described in the text. The medium was subsequently removed, the
androsterone concentration quantitated by RIA, and LH binding
studies then performed. Shown is the mean ± SEM percent versus
control from three separate determinations.

enhancement ofLH binding mediated by IGF-I. However, the
stimulation of androsterone synthesis under these conditions
was not affected. On the other hand, treatment with increasing
concentrations ofCHX inhibited both the enhancement ofLH
binding and the stimulation of androsterone synthesis me-
diated by IGF-I, as shown in Fig. 7. At all doses tested, CHX
decreased the maximal specific LH binding and stimulation of
androsterone synthesis induced by IGF-I to control values.
These observations could not be attributed to a difference in
cell survival or cell number, since DNA measurements were
no different with these various treatments (data not shown).

Discussion

Recent reports have indicated that the ovarian androgen pro-
ducing cell represents a target for the actions ofIGF-I (3-5). In
cultured rat ovarian theca-interstitial cells, IGF-I potentiates
the LH-induced stimulation of androgen synthesis in a potent
and dose-dependent manner, an effect which becomes signifi-
cant at 96 h of culture (3). In the present report, we present
data supporting the concept that the potentiation of androgen
synthesis by IGF-I occurs, at least in part, as the result of an
induction ofLH receptors on these cells.

We observed that radiolabeled LH bound to a saturable,
high affinity specific binding site on theca-interstitial cells with
a binding affinity of 0.05 nM and a binding capacity of - 1.9
fmol/ 106 cultured cells. Similar results have been reported
previously by Magoffin and Erickson (6) and Erickson et al.
(7). The possibility that LH bound to the granulosa cells pres-
ent in the rat ovarian cell monolayers appears unlikely since
granulosa cells from hypophysectomized rats lack LH recep-
tors unless stimulated with follicle-stimulating hormone (FSH)
(23, 24). Likewise, since both our results and results from com-
parable studies (3, 4) have shown that treatment with LH or
IGF-I does not lead to an increase in the DNA content of the
theca-interstitial-cell monolayers, it is unlikely that the results
obtained reflect changes in cell survival or number rather than
changes in LH binding sites.

Preincubation with LH produced a dose-dependent de-
crease in the LH binding capacity of rat ovarian theca-intersti-
tial cells, suggesting that LH treatment produces downregula-
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Figure 7. Effect of CHX on IGF-I-mediated enhancement of LH

binding and androsterone production in theca-interstitial cell cul-

tures. Theca-interstitial cells were preincubated for 24 h with 100

ng/ml IGF-I, in combination with increasing concentrations of

CHX, as described in the text. The medium was subsequently re-

moved, the androsterone concentration quantitated by RIA, and LH

binding studies then performed. Shown is the mean + SEM percent

versus control from three separate determinations.
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tion ofLH binding sites in ovarian androgen-producing cells.
While this is the first report of down-regulation ofLH binding
in cultured rat ovarian theca-interstitial cells, our results are
consistent with those of other investigators. Bogovich, Rich-
ards, and Reichert (25) reported that small increases in LH can
increase LH receptors in theca cells of preovulatory follicles
while others (26, 27) have reported that higher LH levels, such
as seen during the LH surge, act to decrease the number ofLH
receptors and decrease androgen biosynthesis. Similarly,
Dufau et al. (28) have shown that the number of LH receptor
sites in testicular Leydig cells, the homologue of ovarian
theca-interstitial cells, is also biphasically regulated by LH or
human chorionic gonadotropin (hCG) exposure of Leydig
cells to LH or hCG both in vivo and in vitro initially produces
a rise in LH receptor content and androgen secretion whereas
prolonged or greater LH or hCG stimulation is followed by a
marked and more sustained downregulation of LH binding
sites and steroidogenesis. Because ofthe incubation times used
in our experiments, it is not possible to determine whether LH
treatment produced a transient increase in LH binding capac-
ity. Regardless, these results, taken together, suggest that simi-
lar mechanisms may be responsible for the control of both
testicular and ovarian androgen production by LH.

We also found that IGF-I enhances LH binding to theca-
interstitial cells by increasing the LH binding capacity of these
cells. Preincubation with IGF-I led to nearly double the bind-
ing capacity in cultured theca-interstitial cells (from 1.9 to 3.3
fmol/ 106 cells). In addition, we observed that IGF-I hindered
LH-induced downregulation of LH binding sites: preincuba-
tion with IGF-I produced a 50-60% increase in radiolabeled
LH binding to cells preincubated with LH. Since the percent
reduction in LH binding capacity was the same with and
without IGF-I, our data suggest that IGF-I acts by inducing
LH receptor sites rather than by interfering with LH-induced
downregulation ofLH binding.

Several growth factors have been reported to increase the
number of LH receptors in gonadal tissues. Bernier et al. (29)
observed that IGF-I and insulin increase LH binding capacity
in testicular Leydig cells while Mondshein and Schomberg (30)
found enhanced induction of LH receptors in granulosa cells
by platelet-derived growth factor and other serum peptides.
Recently, Adashi et al. reported that IGF-I potentiates the
FSH-induced stimulation ofhCG binding to rat ovarian gran-
ulosa cells (24). These findings, together with those presented
in this report, suggest that the enhanced induction of LH re-
ceptors may represent a common mechanism by which go-
nadal LH responsiveness is modulated.

We observed that both 1 and 10 ng/ml LH, while decreas-
ing LH binding capacity to 69 and 6% of control, respectively,
stimulated androsterone synthesis above control values. An-
drosterone synthesis tended to be lower with the higher dose of
LH tested but androsterone production was not as impaired as
LH binding in response to this higher dose of LH. This sug-
gests that in thecal cells, as in Leydig cells, LH-induced LH
receptor downregulation and androgen synthesis may be dis-
sociated and are mediated by different mechanisms: studies
performed in testicular Leydig cells have shown that LH-in-
duced LH receptor loss can be uncoupled from changes in
testosterone secretion at intermediate LH doses (31). In Leydig
cells, prolonged exposure to higher concentrations of LH re-
sults in impaired androgen production and is probably the case
in theca too, as a result of a decrease in the activity of stromal

steroidogenic enzymes, as reviewed by Richards and He-
din (27).

We observed that treatment with both DRB and CHX
inhibited the effect of IGF-I on the enhancement of LH bind-
ing. Thus, inhibition of both transcription and translation,
respectively, inhibited the IGF-I-induced increase in LH bind-
ing capacity. These results suggest that the increase in LH
binding capacity stimulated by IGF-I is mediated by tran-
scriptional events, possibly the result of a direct effect of IGF-I
on LH receptor gene expression or, alternatively, the result of
an effect of IGF-I on the expression of regulatory proteins
affecting LH binding capacity. On the other hand, inhibition
of transcription had no effect on the increase in androsterone
production stimulated by IGF-I while translational inhibition
blunted this biological response. These results suggest that the
effects of IGF-I on androgen production by theca-interstitial
cells are in part mediated by a direct effect of this peptide on
the translational processes required for androgen biosynthesis.
This effect of IGF-I could involve synthesis of either the ste-
roidogenic enzymes or the synthesis of regulatory proteins that
modulate steroidogenic enzyme activity. /
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