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A B S T R A C T Direct actions of insulin on gonadal tis-
sues have been difficult to demonstrate in vivo. We
have developed an in vitro system in which swine
ovarian cells remain highly responsive to trophic ac-
tions of insulin. Purified porcine insulin significantly
augmented the biosynthesis and secretion of proges-
terone by cultured granulosa cells. These stimulatory
actions of insulin were dose- and time-dependent and
saturable. Under serum-restricted conditions, insulin
also significantly amplified the capacity of estradiol
and 8-bromo cyclic AMP to stimulate progesterone
production. Inhibitors of protein and RNA synthesis
(cycloheximide, actinomycin D, and alpha-amanatin)
inhibited insulin action. The stimulation of progester-
one production by insulin was attributable to increased
biosynthesis of pregnenolone, rather than diminished
catabolism of progesterone to its principal metabolite,
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20a-hydroxypregn-4-en-3-one. Insulin also enhanced
progesterone production in the presence of a soluble
sterol substrate, 5-cholesten-3j3,25-diol, which readily
gains access to the mitochondrial cholesterol side-chain
cleavage system. Moreover, exposure of granulosa cells
to insulin produced a three- to sevenfold increase in
mitochondrial content of cytochrome P-450 measured
by difference spectroscopy, with a corresponding in-
crease in mitochondrial cholesterol side-chain cleavage
activity.

The capacity of insulin to facilitate progesterone
biosynthesis by ovarian cells was mimicked by the in-
sulinlike somatomedin, multiplication stimulating ac-
tivity, but not by epidermal growth factor, fibroblast
growth factor, or porcine relaxin. Insulin's augmen-
tation of progesterone production reflected a selective
action on progestin biosynthesis, since insulin signifi-
cantly suppressed estrogen biosynthesis by granulosa
cells.

Thus, our investigations indicate that insulin acts on
ovarian cells selectively to stimulate pregnenolone (but
not estrogen) biosynthesis. The actions of insulin are
exerted by processes that require protein and RNA
synthesis, and by mechanisms that augment mito-
chondrial cytochrome P-450 content and facilitate the
utilization of cholesterol in the side-chain cleavage
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reaction. The striking mimicry of insulin effect by
multiplication stimulating activity suggests that insulin
action may be mediated through somatomedin recep-
tors. Moreover, in view of the high concentrations of
somatomedin in ovarian follicles in vivo, our in vitro
observations suggest that specific trophic actions of
insulin or insulinlike growth factors are likely to sig-
nificantly regulate the differentiated function of the
Graafian follicle in vivo.

INTRODUCTION

Hypogonadism is a recognized sequela of insulino-
penic diabetes mellitus in experimental animals and
man (1-6). For example, men with diabetes mellitus
exhibit reproductive impairment and impotence, chil-
dren manifest delayed puberty, and women have an
increased prevalence of anovulation, menstrual irreg-
ularity, and infertility (4-10). Presumptive abnormal-
ities of both pituitary and gonadal function have been
described in vivo (1-14). However, the interpretation
of these observations is limited by confounding influ-
ences of weight loss, protein catabolism, hypergly-
cemia, gonadal vasculopathy, and homeostatic respon-
ses of the pituitary-gonadal and adrenal axes in intact
animals (15-22). Moreover, precise cellular or bio-
chemical alterations responsible for gonadal dysfunc-
tion in diabetes mellitus have not been delineated.

In an effort to characterize direct effects of insulin
on gonadal tissues, investigators have recently studied
the actions of this hormone on isolated pituitary and
gonadal cells (23-26). Such studies have revealed spe-
cific insulin binding sites on both testicular and ovarian
cells (27, 28). Moreover, gonadal insulin receptors
seem to be functionally coupled to cellular responses,
since insulin alters cellular morphology, and augments
steroid hormone production by cultured rodent testic-
ular cells, and rat or bovine ovarian cells (24, 25,
29, 30).

In the present work, we have investigated insulin
action using a monolayer culture system of swine
ovarian cells that remain highly responsive to insulin's
trophic effects. This culture system has permitted us
to define some of the biochemical mechanisms of in-
sulin action on the mammalian ovary.

METHODS

Cell cultures. Swine granulosa cells were aspirated asep-
tically from 1-3-mm follicles of immature porcine ovaries,
as previously described (31, 32). Cells were separated from
follicular fluid by centrifugation in Eagle's minimum essen-
tial medium, and enumerated in a hemocytometer using
phase-contrast optics. Cell viability was determined by ex-
clusion of trypan blue. Monolayer cultures were established
with 1 X 106 granulosa cells/cm2 in medium consisting of
1 ml bicarbonate-buffered Eagle's minimum essential me-

dium (Gibco Laboratories, Grand Island, NY), with or with-
out the designated concentration of fetal calf serum (31, 32).
Cultures were maintained at 37°C in a humidified mixture
of 95% air/5% CO2 for varying intervals. Except in certain
time course experiments, spent media were removed every
48 h and replenished with fresh media containing hormones.
In some experiments, cells were harvested mechanically into
100% ethanol for the subsequent assay of progesterone (33).
In other experiments, cells were enumerated on a culture-
by-culture basis after harvesting by trypsinization (0.25%
trypsin for 20 min at 23°C) to determine cell density by
electronic (Coulter Electronics, Inc., Hialeah, FL) particle
counting (32).

Analytical methods

Preparation of mitochondrialfractions. Cell pellets from
three (10 cm) culture plates were pooled after thawing and
homogenized in 1 ml of the buffered medium described by
Toaff et al. (34) using a small glass vessel and teflon pestle.
The homogenates were centrifuged at 500 g for 10 min and
the supernatants collected and centrifuged at 5,000 g for 10
min to prepare mitochondrial pellets. The pellets were sus-
pended in a small volume of incubation medium consisting
of 0.2 Msucrose, 0.2 mMEDTA, 20 mMKCI, 5 mMMgCl2,
10 mMKH2PO4, and 25 mMTris-HCl, pH 7.4. Aliquots
were then taken for quantitation of cytochrome P-450 or
cholesterol side-chain cleavage activity.

Quantitation of cytochrome P-450. Cytochrome P-450
was quantitated in the mitochondrial suspensions by the
method of Omura and Saito (35) from the carbon monoxide
anaerobic minus the anaerobic difference spectrum using an
Aminco DW-2A dual wave length, split beam spectropho-
tometer. An extinction coefficient of 91 cm-l mm-' was
used to calculate the cytochrome P-450 content from the
absorbancy change between 450 and 490 nm.

Assay of cholesterol side-chain cleavage activity. Assays
were carried out by a modification of the method of Toaff
et al. (34). Aliquots of the mitochondrial preparations ("60
ug protein) were incubated in 1 ml of incubation medium
containing 1 mMNADPHand 25 ug/ml 25-OH-cholesterol
(Steraloids, Wilton, NH). Incubations were initiated after a
zero-time sample was collected and were terminated after
10 min by addition of 0.3 NaOHas described by Toaff et
al. (34, 36). Preliminary studies revealed that these incu-
bation conditions were optimal for assay of cholesterol side-
chain cleavage activity. Activity is expressed as nanomoles
net steroid synthesis (pregnenolone plus progesterone) per
milligram protein per minute.

Other methods. The concentration of progesterone in
spent medium or cellular extracts was assayed after hexane
extraction, using a specific radioimmunoassay with isotopic
correction for recovery as previously reported (31-33). The
cross-reactivity of this antibody with 17,B-estradiol, insulin,
cyanoketone, trilostane, or pregnenolone was <0.01%, and
with 20a-hydroxpregn-4-en-3-one <3%. Concentrations of
estrogen pregnenolone and 20a-hydroxypregn-4-en-3-one
were measured by previously validated radioimmuno-
assays (37).

Protein concentrations were measured by the methods of
Bradford (38), or Lowry et al. (39), and cellular DNAcontent
by the method of Burton (40).

Statistics. Statistical analyses used one- or two-way anal-
ysis of variance to ascertain significance among multiple
means, with the Newman-Keul's or Tukey procedures to in-
terpret individually significant effects (41). All experiments
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were repeated at least twice, to confirm the generality of
our inferences in independent populations of ovarian cells.

Materials. Estradiol-17f3 and 8-bromo cyclic AMP(cAMP)
were purchased from Sigma Chemical Co. (St. Louis, MO);
highly purified monocomponent porcine insulin, from Nova
Laboratories, Inc. (Wilton, CT); desoctapeptide porcine in-
sulin, from Eli Lilly Co. (Indianapolis, IN); epidermal/fi-
broblast growth factors and multiplication stimulating
activity (MSA),' from Collaborative Research, Inc.
(Waltham, MA).

RESULTS

Insulin stimulated progesterone secretion by primary
cultures of swine granulosa cells. The influence of
varying concentrations of serum in the culture fluid
on insulin's stimulation of progesterone secretion is
depicted in Fig. 1. In these experiments, granulosa
cells were cultured either in the complete absence of
serum, or in the presence of 1, 4, or 10% (vol/vol)
serum supplementation for 2 or 4 d. At each serum
concentration, or in the complete absence of serum,
the addition of insulin (1 tLg/ml) markedly enhanced
progesterone secretion (P < 0.01 treatment effect).
These stimulatory effects of insulin were demonstrable
within 24-38 h (see early time course, Fig. 2). There
was a .5-fold stimulation of progesterone production
corrected per microgram cellular protein after 38 h
in culture in the presence of 1% serum. More striking
responses to insulin were observed after 96 h of treat-
ment, when insulin promoted an eightfold increase in
progestin secretion above control levels in serum-free
cultures, and 52-, 85-, and 40-fold stimulation in the
presence of 1, 4, and 10% serum, respectively (day 4,
Fig. 1). Because of the responsivity of granulosa cells
to insulin in medium supplemented with low levels of
serum, the remaining studies (unless noted otherwise)
were performed in the presence of 1% serum.

To determine the dose-response of the insulin effect,
cells were exposed to increasing concentrations of in-
sulin for 40 h. Insulin elicited dose-dependent and sat-
urable stimulation of total progesterone production
(measured in cells combined with medium), as shown
in Fig. 3. At concentrations > 30 ng/ml (-5 nM),
insulin increased total progesterone production by at
least threefold. This action of insulin was specific in
that it could not be mimicked by increasing concen-
trations of desoctapeptide porcine insulin (Fig. 3).
Moreover, epidermal growth factor, fibroblast growth
factor, and highly purified porcine relaxin were in-
active (Fig. 4). Insulin increased both the cell content
and the medium concentration of progesterone in a
significant manner (P < 0.01; Fig. 4). The latter ob-

I Abbreviations used in this paper: cscc, cholesterol side-
chain cleavage; MSA, multiplication stimulating activity.

servations suggest that the effect of insulin is to stim-
ulate de novo progesterone production, rather than
simply promote cellular release of previously synthe-
sized steroid. This inference was confirmed by dem-
onstrating that selective inhibitors of 3f,-hydroxyste-
roid dehydrogenase, trilostane (150 MM), or cyanoke-
tone (5 ,uM) blocked insulin's stimulatory action by
99.7 and 97%, respectively (total progesterone pro-
duction measured in cells combined with medium in
response to insulin declined from 163±29 ng/48 h to
0.8±0.11 and 4.8±1.6 ng/48 h, respectively).

The stimulatory actions of insulin could not be ac-
counted for by alterations in cell number or protein
content, because results from independent experi-
ments (see Fig. 5) revealed that insulin stimulated a
24-29-fold increase in progesterone production,
whether corrected for cell number, DNAcontent, or
total cellular protein. These data also indicate that in
the presence of 1% serum, basal progesterone secretion
increased only slightly between days 2, 4, and 6 in
culture. However, peak progesterone output in re-
sponse to insulin increased markedly. Thus, insulin
does not simply maintain progesterone production, but
substantially augments steroid outpuit.

The stimulatory effect of insulin on progesterone
production was inhibited by concurrent or delayed
treatment with cycloheximide, and concurrent treat-
ment with actinomycin D or a-amanatin (each at a
concentration of 1 Ag/ml): Fig. 6. These concentra-
tions of inhibitors of protein and RNA synthesis in-
hibited ['4C]leucine and [3H]uridine incorporation into
acid-insoluble material in these cells by >95 and
>85%, respectively (42). Thus, we infer that continued
protein synthesis and initial RNA synthesis are re-
quired for insulin's augmentation of progesterone pro-
duction by ovarian cells.

Since estradiol and gonadotropic hormones (the lat-
ter presumably acting through the intracellular me-
diation of cAMP) are two major physiological regu-
lators of progesterone biosynthesis, we assessed the
capacity of insulin to augment the stimulatory actions
of estradiol or a potent stable analogue of cAMP, 8-
bromo cAMP. Combined treatment with estradiol and
insulin synergistically increased progesterone produc-
tion measured in cells combined with medium (Fig.
7 A). In this experiment, cultures were maintained for
4 d in order to demonstrate the stimulatory action of
estradiol. In addition, insulin significantly amplified
the dose-dependent stimuilatory effects of 8-bromo
cAMPassessed after 44 h (Fig. 7 B).

To examine further the mechanisms by which in-
sulin stimulates the production of progesterone, we
determined whether insulin treatment inhibits catab-
olism of progesterone to the principal progestin me-
tabolite, 20a-hydroxypregn-4-en-3-one. Insulin treat-
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FIGURE 1 Influence of serum supplementation on insulin action in cultured swine granulosa
cells. Ovarian cells were cultured in Eagle's minimum essential medium in the absence of
serum supplementation (0% serum), or in the presence of increasing concentrations (vol/vol)
of serum. Cultures were maintained for 48 h (day 2) or 96 h (day 4) with control solvent or

a maximally stimulating concentration of insulin (1 Mig/ml). Progesterone section (nanograms)
measured in the media of replicate cultures is given as the mean±SEM(n = 4 cultures) at each
point.

ment increased both total progesterone and total 20a-
hydroxypregn-4-en-3-one production (ng/3 X 107 cells -

48 h): basal progesterone production 120±18, insulin-
stimulated 703±38; and basal 20a-hydroxypregn-4-en-
3-one 3.4±0.6, insulin stimulated 42±1.9 (P < 0.01
insulin-treatment effect). Thus, insulin does not aug-

ment progesterone production simply by blocking pro-

gesterone catabolism. To investigate the capacity of
insulin to increase progesterone production by stim-
ulating earlier steps in steroidogenesis, we tested in-
sulin's capacity to increase pregnenolone production

from endogenous substrates. Insulin increased total
pregnenolone production from 8.5±0.76 to 26.7±1.8
ng pregnenolone/48 h X 106 cells, when pregneno-

lone's metabolism to progesterone was blocked by 150
MMtrilostane (which inhibits progesterone production

by >97% under these conditions). In addition, insulin
augmented progesterone production when cells were

cultured in the presence of an exogenously supplied
sterol substrate, provided in the form of 5-cholesten-
3,B,25-diol (Fig. 8). This polar analogue of cholesterol
has been shown to serve as effective substrate for mi-
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FIGURE 2 Time course of insulin's early stirnulatory effects.
Porcine granulosa cells were cultured in the presence of coni-

trol solvent or a maximally stimulating concentration of in-
sulin (1 jig/ml) for the intervals denoted. The total proges-
terone content (nanograms) of cells combined with medium
is corrected per microgram cellular protein in each culture.
Data are means±SEM (n = 4 cultures). At time zero, the
cultures contained <0.05 ng progesterone/ltg protein.

tochondrial side-chain cleavage in granulosa-luteal
cells (36, 43). Thus, our findings indicate that insulin
enhances steroidogenesis at least in part by stimulating
a step (or steps) between cholesterol and pregnenolone.

To directly test the hypothesis that insulin increases
cholesterol side-chain cleavage activity, we measured
mitochondrial cytochrome P-450 content by differ-
ence spectroscopy and assayed mitochondrial choles-
terol side-chain cleavage activity. The results from a

typical experimenit are given in Table I. Insulin in-
creased cytochrome P-450 content sevenifold, and cho-
lesterol side-chain cleavage activity fivefold. In a sec-

ond experiment, insulin increased granulosa-cell cy-

tochrome P-450 content from 0.33 (±0.12) to 1.12
(±0.18) nmol/mg protein (means±range for duplicate
sets of cultures), and increased the rate of cholesterol
side-chain cleavage (csec) 3.7-fold. These observations
provide direct evidence that insulin increases the cy-

tochrome P-450,.C content of granulosa cells.
To assess the influence of increased glucose avail-

ability on progesterone production by granulosa cells,

FIGURE 3 Dose-responsive stimulation of granulosa-cell pro-
gesterone production. Cultures of pig granulosa cells were

treated with highly purified porcine insulin (upper solid
curve) for 40 h. The total mass of progesterone produced in
cells combined with medium is given in nanograms as

mean±SEM (n = 4 cultures) at each point. The lower in-
terrupted curve depicts responses to the trypsin-degraded
insulin species, desoctapeptide insulin.
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FIGURE 4 Specificity of insulin's stimulation of progesterone
production by cultured swine granulosa cells. Cells were

treated with insulin, epidermal growth factor (EGF), or fi-
broblast growth factor (FGF) (each at a concentration of 1

,ug/ml) for 48 h. The medium and cellular content of pro-

gesterone were assayed separately. The mass of progesterone
is depicted as the mean±SEM (n = 4 cultures) nanograms

steroid per culture. Highly purified porcine relaxin (1 and
3 Ag/ml) was devoid of effect (not shown).
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serum-free monolayer cultures were maintained in the
presence or absence of a maximally stimulating con-
centration of insulin (1 Mg/ml), with increasing me-
dium concentrations of glucose, as follows: 100, 200,
300, 400, and 500 mg/dl. As indicated in Table II,
high medium concentrations of glucose could only
partially mimic the facilitative effect of insulin on pro-
gesterone production. The maximal stimulatory effect
of glucose alone was fourfold and occurred at glucose
concentrations of 400 and 500 mg/dl (P < 0.01 vs.

basal). In contrast, 500 mg/dl of a nonmetabolizable
sugar, mannitol, was devoid of effect (not shown). The
results further indicate that insulin possesses an even
more pronounced effect than glucose per se. As Table
II indicates, there is an eightfold stimulatory effect of
insulin, which clearly cannot be accounted for solely
by increased utilization of glucose per se.

The insulinlike growth factor, MSA, which is present
in high concentrations in the ovarian follicle (see Dis-
cussion), was remarkably effective in stimulating pro-
gesterone production (Fig. 9). The stimulatory effects
of MSA were observed at significantly (P < 0.001)
lower concentrations than that of insulin.

The selectivity of insulin's effect on the progestin
pathway is indicated by the suppressive effect of in-
sulin on estrogen biosynthesis (Table III).

DISCUSSION

These studies demonstrate that insulin selectively en-
hances the biosynthesis and secretion of progesterone
by swine granulosa cells in vitro. Insulin augments
progesterone production, whether corrected per gran-
ulosa cell, per microgram DNA, or per microgram
cellular protein. These results are concordant with the
recent description of insulin-binding sites on swine
granulosa cells, and with prior reports that insulin can
facilitate steroid production by gonadal cells (24, 25,
28-30). The more striking responsivity (>20-fold stim-
ulation) to insulin that is attainable in the present swine
granulosa-cell system may reflect, in part, our restric-
tion of serum supplementation, and our use of tissue-
culture medium devoid of cysteine. Supplementation
with serum has recently been shown to impede the
expression of differentiated function by cultured go-
nadal cells (44) and the presence of cysteine seems to
accelerate insulin degradation in vitro (45).

Our results indicate that one facet of the mechanism
of insulin's trophic effect in granulosa cells may be to
increase glucose utilization, but that increased glucose
utilization can account only partially for the stimu-
latory action of insulin on progesterone biosynthesis
by granulosa cells. The time course of insulin action
and the susceptibility of insulin's effects to inhibitors
of protein and RNAsynthesis, suggest that insulin ex-
erts important facilitative or trophic effects on one or
more steps in the steroidogenic pathway of ovarian
cells. This inference is congruent with the capacity of
insulin to augment granulosa-cell production of pro-
gesterone, as well as its precursor, pregnenolone, and
progesterone's major metabolite, 20a-hydroxypregn-
4-en-3-one. Moreover, our studies indicate that insulin
amplifies the stimulatory actions of two major effectors
of ovarian steroidogenesis, namely, estradiol and 8-
bromo cAMP. These two different effectors act via
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TABLE II
Influence of Medium Glucose Concentrations on Progesterone

Biosynthesis by Cultured Swine Granulosa Cells

Medium concentration
of glucose Control Insulin'

mg/dl

100 (basal) 55±2.6 434±41
200 119±12.2 459±33
300 138±5.8 386±29
400 200±13.1 400±27
500 204±4.8 357±9.6

Total progesterone production in nanograms per 3 X 106 cells'
48 h. Data are means±SEM(n = 4). Cultures were maintained for
48 h under serum-free conditions with or without a maximally
stimulating concentration of insulin.

i 'I
Basal

0 1.0 10

5- cholesten - 3B,25-diol

FIGURE 8 Insulin increases progesterone production from
exogenously supplied sterol substrate. Swine granulosa cells
were cultured for 40 h in the presence (upper solid curve)
or absence (lower interrupted curve) of a maximally stim-
ulating concentration of insulin (1 ug/ml), and/or increasing
concentrations of 5-cholesten-3,B,25-diol (micrograms per
milliliter-'). The total mass of progesterone (nanograms)
contained in cells combined with medium is given as the
mean±SEM (n = 4 cultures).

distinctly separable initial mechanisms (46, 47), but
their distal intracellular effects seem to converge in the
concerted stimulation of pregnenolone and progester-

TABLE I
Influence of Insulin on Granulosa-Cell Secretion of

Progesterone, Mitochondrial Cytochrome P-450
Content, and Cholesterol Side-Chain

Cleavage Activity

Cholesterol
Progesterone Cytochrome side-chain

Conditions secretion' P-450 contentt cleavage activity§

Control 90.7±0.28 0.20 0.93
Insulin treatment

(for 2 d) 586.0±39.0 1.44 4.57

Nanograms of progesterone per 4 X 107 cells * 48 h (means±SEM,
n = 3).
J Nanomoles per milligram protein (mean value from three pooled
cultures).
§ Nanomoles per milligram protein- minute.

one biosynthesis (33). Insulin's amplification of the
stimulatory effects of estradiol and cAMPsuggests that
insulin may regulate one or more key steroidogenic
steps in the final pathways of estrogen and cAMP ac-

tion.
The present studies provide several significant and

complementary lines of evidence that major actions
of insulin are exerted at the level of the mitochondrial
cytochrome P-450cscc, the terminal oxidase of the cho-
lesterol side-chain cleavage system that catalyzes the
rate-determining step in progestin biosynthesis (48).
First, insulin enhances pregnenolone production from
endogenous substrate, when further metabolism of
pregnenolone is blocked. Second, insulin increases pro-

gesterone production in the presence of an exogenous

sterol substrate, 5-cholesten-3,3,25-diol. The access of
this cholesterol analogue to the side-chain cleavage
reaction is not limiting to steroidogenesis in intact or

broken cells (36). Since insulin enhances progesterone
production in the presence of maximally stimulating
concentrations of 5-cholesten-313,25-diol, we infer that
insulin must act at the level of the side-chain cleavage
system. Third, treatment of granulosa cells with insulin
significantly increases the mitochondrial content of
cytochrome P-450 measured by difference spectros-
copy. Fourth, this increase in cytochrome P-450 con-

tent is expressed functionally in an actual enhance-
ment of mitochondrial cholesterol side-chain cleavage
activity. The requirement for new RNAand protein
synthesis for insulin action may well reflect the need
to synthesize cytochrome P-450C and other compo-
nents of the side-chain cleavage system (i.e., adreno-
doxin, and adrenodoxin reductase).

In the present studies, significant effects of insulin
were observed at concentrations of 10 ng/ml (-1.3
nM) or greater. However, the exact concentrations of
insulin used in long-term (48 h) in vitro experiments
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FIGURE 9 MSA, a somatomedin present in high concentrations in the ovary follicle, stimulates
progesterone production by swine granulosa cells cultured in serum-free medium. The response
to MSAwas compared with that of highly purified porcine insulin during this 48-h incubation.
Data give progesterone secretion in nanograms per 2 X 106 cells * 48 h as means±SEM (n = 4
cultures).

cannot be extrapolated facilely to precisely equivalent
concentrations in vivo, because significant degradation
of insulin occurs under sustained culture conditions,

TABLE III
Insulin Suppresses the Aromatization of Testosterone to

Estradiol by Swine Granulosa Cells

Estradiol production
Concentration of

substrate' Control Insulin-treated

g/rnl testosterone ng/5 X 105 cells - 48 h

0 0.13±0.01 0.08±0.01
0.3 7.78±0.35 2.29±0.17 a
1.0 14.89±1.23 4.52±0.22°
3.0 45.25±1.90 12.12±0.79°

10.0 47.31±3.85 11.98±0.94°
30.0 41.60±2.71 11.67±1.80°

P < 0.01 vs. control.
Swine granulosa cells were incubated for 48 h in serum-free me-
dium in the presence or absence of a maximally effective dose of
insulin, and/or increasing concentrations of testosterone as substrate
for estrogen biosynthesis. The medium content of 17-j-estradiol
was assayed (Methods) and data corrected per 5 X 105 granulosa
cells. Values are means±SEM (n = 3 separate determinations).

and because other factors such as cell density and cy-
todifferentiation influence the apparent potency of in-
sulin action in monolayer systems (45, and unpublished
results). Since insulin was added discontinuously (ev-
ery 48 h) to the culture system, but is present contin-
uously in vivo, we cannot exclude significant responses
to even lower, more physiological concentrations of
the hormone in the intact Graafian follicle. Intact
ovarian follicles are believed to be permeable to cir-
culating peptides of considerably larger molecular
weight than insulin (47). Furthermore, in maturing
follicles, steroidogenesis is closely regulated by estro-
gen and gonadotropic hormones (46, 47), the latter
presumptively acting through the cAMP effector sys-
tem (46). Our in vitro studies indicate that insulin ef-
fectively amplifies the stimulatory actions of estradiol
and cyclic AMP. Thus, we suggest that insulin may
play a critical role in maintaining and enhancing gran-
ulosa cell responsivity to physiological stimulators of
progesterone biosynthesis in maturing Graafian folli-
cles. On the other hand, we have shown that insulin
suppresses estrogen biosynthesis in vitro, which dem-
onstrates the selectivity of insulin action on the pro-
gestin pathway.
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The stimulatory actions of insulin could not be mim-
icked by desoctapeptide insulin, epidermal growth
factor, fibroblast growth factor, or porcine relaxin.
Although specific insulin binding sites have been re-
ported in granulosa cells (28), the present studies do
not prove that insulin works through the classical in-
sulin receptor per se in ovarian cells. Studies by Veld-
huis and Hammond (49) and Hammondet al. (50)
indicate that granulosa-cell ornithine decarboxylase
activity is responsive to certain insulinlike growth fac-
tors or somatomedins, such as MSA, which are present
in high concentrations (-600 ng/ml [50]) in pig fol-
licle fluid. Since insulin can bind to somatomedin re-
ceptors in various tissues (51), we would suggest the
possibilities that: (a) insulin's trophic effects in gran-
ulosa cells are exerted via somatomedin receptors
rather than insulin receptors, or (b) intraovarian so-
matomedins in vivo act in a manner similar to that
observed for insulin in vitro. In this regard, May and
Schomberg (52) have reported that in serum-replete
cultures (containing other growth factors) MSAdoes
not replace insulin in its facilitation of progesterone
section. However, we have observed potent stimula-
tory effects of this growth factor in serum-free cultures,
which suggests that insulin may act through somato-
medin receptors. To test this hypothesis, we believe
that more direct probes of the classical insulin receptor
or its specific intracellular messengers will ultimately
be required.

In summary, insulin selectively stimulates proges-
terone biosynthesis by granulosa cells. Insulin's actions
are exerted via mechanisms that require protein and
RNAsynthesis to augment mitochondrial cytochrome
P-450c,s, activity and, hence, the cell's ability to syn-
thesize pregnenolone. These striking trophic effects of
insulin indicate that the ovary must be considered a
significant target organ for insulin action. Our in vitro
studies may also shed light upon clinical observations
in certain hyperinsulinemic states, in which high cir-
culating concentrations of insulin are achieved chron-
ically in association with a marked increase in ovarian
steroid-hormone production (53, 54). In addition, the
potent trophic actions of insulin on steroidogenesis
permit us to suggest that profound insulinopenia may
be linked plausibly to deficient ovarian function re-
ported in poorly controlled diabetes mellitus (55-57).
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