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FSH and IGF-I synergistically stimulate gonadal steroid production; conversely, silencing the FSH or
the IGF-I genes leads to infertility and hypogonadism. To determine the molecular link between
these hormones, we examined the signaling cross talk downstream of their receptors. In human
and rodent granulosa cells (GCs), IGF-I potentiated the stimulatory effects of FSH and cAMP on the
expression of steroidogenic genes. In contrast, inhibition of IGF-I receptor (IGF-IR) activity or
expression using pharmacological, genetic, or biochemical approaches prevented the FSH- and
cAMP-induced expression of steroidogenic genes and estradiol production. In vivo experiments
demonstrated that IGF-IR inactivation reduces the stimulation of steroidogenic genes and follicle
growth by gonadotropins. FSH or IGF-I alone stimulated protein kinase B (PKB), which is also
known as AKT and in combination synergistically increased AKT phosphorylation. Remarkably,
blocking IGF-IR expression or activity decreased AKT basal activity and abolished AKT activation by
FSH. In GCs lacking IGF-IR activity, FSH stimulation of Cyp19 expression was rescued by overex-
pression of constitutively active AKT. Our findings demonstrate, for the first time, that in human,
mouse, and rat GCs, the well-known stimulatory effect of FSH on Cyp19 and AKT depends on IGF-I
and on the expression and activation of the IGF-IR. (Molecular Endocrinology 27: 0000–0000,
2013)

Insulin-like growth factor 1 (IGF-I) regulates differenti-
ation and proliferation of normal and neoplastic cells

both as an endocrine and auto/paracrine signal (1). In
addition, the infertility of male and female IGF-I–knock-
out mice (2) demonstrates an essential role for IGF-I in
reproduction. IGF-I influences fertility at different levels
within the hypothalamic–pituitary-gonadal axis (3). In
the hypothalamus and pituitary, IGF-I regulates GnRH,
LH, and prolactin secretion (4–6). In the gonads, IGF-I
and its receptor (IGF-IR) are selectively expressed in gran-
ulosa cells (GCs) of healthy and growing ovarian follicles
and in testicular Sertoli cells (7–10). Consequently, IGF-
I–null mice of both sexes have hypoplastic gonads result-
ing in anovulation in females and delayed testis develop-
ment in males (2).

In the ovary, IGF-I stimulates follicular steroidogene-
sis, either alone or in synergy with gonadotropins. In por-
cine and human ovarian cells, IGF-I alone increases pro-
liferation and the production of estradiol and
progesterone; in addition, it potentiates the effects of FSH
on GC differentiation (11). In contrast, in rodents, IGF-I
alone does not impact gene expression, but it enhances the
stimulatory effects of FSH on progesterone production
(12), cytochrome P450 aromatase (Cyp19) activity (13),
LH receptor expression (14), and inhibin-� secretion
(15). IGF-I–knockout mice have a normal complement of
oocytes and primordial follicles; however, follicle devel-
opment stops at the preantral stage most probably due to
a decrease on FSH receptor (FSHR) expression, which
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preclude the rescue of folliculogenesis by gonadotropin
administration (2, 16). This evidence clearly illustrates
the essential role of IGF-I in ovarian function; however,
the molecular mechanisms mediating these important ef-
fects of IGF-I remain largely unknown.

Similarly, FSHR and FSH-deficient females are infer-
tile due to a block in folliculogenesis before antral follicle
formation (17, 18). The lack of follicle development in the
absence of IGF-I or FSH and their synergistic effects on
GC differentiation and steroidogenesis indicate that these
hormones interact to maintain ovarian function. This
premise is supported by evidence that suggests some over-
lap of the FSHR and the IGF-IR intracellular signaling
pathways. For example, although FSHR signals mainly
via the cAMP/protein kinase A pathway (19), it also ac-
tivates the phosphoinositide 3-kinase (PI3K)/protein ki-
nase B (AKT) and MAPK/ERK pathways (19, 20), which
are the major pathways mediating IGF-I actions (21).
Moreover, Gonzalez-Robayna et al (22) showed that FSH
and IGF-I synergistically activate AKT. In addition,
Zeleznik et al (23) demonstrated that AKT amplifies the
effects of FSH on steroid production. These reports sug-
gest that the intracellular pathways activated by the
FSHR and the IGF-IR cooperate closely to maintain nor-
mal GC function. We postulate that cross talk between
IGF-IR and FSHR signaling is crucial for promoting fol-
licle development.

Here, we explore the interactions between the IGF-IR
and FSHR signaling pathways in human, mouse, and rat
GCs and demonstrate that FSH actions on steroidogenic
gene expression depend on IGF-IR activation. Our results
suggest that IGF-I signaling is obligatory for FSH stimu-
lation of AKT and subsequent induction of ovarian cell
differentiation.

Materials and Methods

Cell isolation and culture
Immature female Sprague Dawley rats were purchased from

Charles River Laboratories Inc (Wilmington, Massachusetts)
and treated in accordance with the National Institutes of Health
Guide for Care and Use of Laboratory Animals following pro-
tocols approved by the University of Illinois at Chicago Animal
Care Committee. Rats were treated with estradiol (1.5 mg for
each rat) for 3 days followed by euthanasia and dissection of the
ovaries. GCs were isolated and cultured as previously described
(24, 25). Cells were seeded into extracellular matrix-coated (BD
Biosciences, San Jose, California) plates at a density of 2.5 �
105/ml in serum-free and antibiotic-supplemented DMEM/F12
medium for 2 hours before initiation of treatments.

Primary human cumulus GCs were isolated from patients
undergoing follicular aspiration at University of Illinois Hospi-
tal. Human GCs were seeded into extracellular matrix-coated

plates at a density of 2 � 105/ml in serum-free DMEM/F12
medium (Invitrogen, Carlsbad, California). A mouse Sertoli
TM4 cell line (ATCC CRL-1715) was seeded at a density of 1 �
105/ml and cultured in DMEM/F12 medium supplemented with
5% horse serum, 2.5% fetal bovine serum, and antibiotics. Cells
were serum starved for at least 16 hours before the initiation of
treatments.

mRNA quantitation
Total RNA was isolated using Trizol reagent (Invitrogen)

following the manufacturer’s instructions. Total RNA (1 �g)
was reverse transcribed at 42°C using Moloney murine leuke-
mia virus (Epicenter Tech, Madison, Wisconsin). Standard
curves ranging from 10 � 102 to 6 � 106 copies/�l were pre-
pared for each gene using purified PCR products. Aliquots of
standards or cDNA were combined with PCR buffer containing
SYBR Green I (Sigma Chemical Co, St. Louis, Missouri), Taq
polymerase (Genscript, Piscataway, NJ), and primers specific
for the gene of interest. Only intron-spanning primers were
used. DNA amplification and quantification of PCR products
was done in an iQcycler (Bio-Rad, Hercules, California). Melt-
ing curves were routinely determined to ascertain that only the
expected products had been generated. For each gene of interest,
the number of mRNA molecules was calculated and expressed
as the relative expression to the reference ribosomal L19
mRNA.

Western blot analysis
GCs were harvested in ice-cold RIPA lysis buffer containing

protease inhibitor cocktail (Sigma), 1mM NaF, and 1mM
Na3VO4. After determination of protein concentration by using
a bicinchoninic acid protein assay kit (Thermo Scientific, Rock-
ford, Illinois), denatured extracts were subjected to Western
blot analysis following standard procedures with the following
conditions: blocking with 5% nonfat dry milk for 2 hours, pri-
mary antibodies against Cyp19 (1:500; Serotec, Ltd, Oxford,
United Kingdom), FSHR (1:500; Epitomics, Inc, Burlingame,
California), Akt (1:1000), phospho-Akt(Ser473) (1:1000),
Erk1/2 (1:1000), phospho-Erk1/2(Thr202/Tyr204-Thr185/
Tyr187) (1:1000), cAMP response element-binding protein
(CREB) (1:500), or phospho-CREB(Ser133) (1:500; Cell Signal-
ing Technology, Inc, Danvers, Massachusetts), and horseradish
peroxidase-conjugated secondary antibodies. Detection was
done by using Immobilion Western chemiluminescent substrate
(Millipore, Billerica, Massachusetts). The band intensities from
each blot were quantified using ImageJ software, and the rela-
tive expression was plotted. Columns represent mean � SEM.

Recombinant DNA and cell transfection
GCs were transfected with pGL3 reporter constructs con-

taining the rat Cyp19 proximal promoter by using FuGene 6
(Roche, Indianapolis, Indiana) according to manufacturer’s in-
structions. After 42 hours of transfection, cells were treated with
either FSH (50 ng/ml) or vehicle for 6 hours. Cell lysates were
prepared using 100 �l of passive lysis buffer (Promega, Madi-
son, Wisconsin). Luciferase activity was determined in 50 �l of
lysate/sample using the dual luciferase reporter assay (Promega).
The IGF-binding protein 2 (IGFBP2) expression construct or an
empty vector (pcDNA) was transfected by using Fugene 6.
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Short hairpin RNAs (shRNAs) under the control of the H1
promoter were used to specifically knock down the expression
of IGF-I and IGF-IR. The target recognition sequence for rat
IGF-I was gca ttt ccc tca atg aaat and for IGF-IR was cca acg gat
tga ttc taat. A shRNA against luciferase, gca ctc tga ttg aca aata,
was used as control. Oligonucleotides containing inverted re-
peats connected with the rat mir-25 loop sequence (26) were
chemically synthesized (Integrated DNA Technologies, Inc,
Coralville, Iowa) and cloned into a lentiviral transfer plasmid to
produce shRNA expression vectors (24). Viral stocks were gen-
erated in HEK293 cells (Invitrogen) and concentrated by ultra-
centrifugation and used at a multiplicity of infection of 10.

Lentiviral constructs expressing constitutively activated
(CA), dominant-negative (DN), or null AKT were kindly pro-
vided by Michael Robinson (Children’s Hospital of Philadel-
phia, Philadelphia, Pennsylvania). All the constructs were sub-
cloned into lentiviral transfer plasmid pTY-CMV. Lentivirus
were generated in HEK293 cells and concentrated by ultracen-
trifugation. Lentiviruses were added directly to the GCs at the
time of plating and cells treated 24 hours after infection.

Intraovarian bursa injection
Rat ovaries were exposed through lateral incisions under

30% isoflurane anesthesia. Each ovary received 30 �L of vehicle
(3% methylcellulose in saline) or NVP-AEW541 (AEW) (Cay-
man Chemical, Ann Arbor, Michigan) diluted in the same vehi-
cle. Administration was done into the ovarian bursa through the
fat pad as previously described (27).

IGF-I and estradiol determination
IGF-I and estradiol levels were determined by using IGF-I or

estradiol immunoassay ELISA kit (R&D Systems, Inc, Minne-
apolis, Minnesota) following the manufacturer’s instructions.

Hematoxylin and eosin stain
Dewaxed and rehydrated sections of paraffin-embedded

ovaries were dipped in Harris hematoxylin (Thermo Scientific)
followed by rinsing in running water. Slides were next dipped in
Define reagent (Fisher, Rockford, Illinois) followed by rinsing.
Bluing reagent (Fisher) was used to sharpen the staining of the
nucleus. Slides were then placed in 95% ethanol followed by
staining in eosin-Y and phloxine (Thermo Scientific) to stain the
cytoplasm.

Statistics
One-way ANOVA followed by the Tukey test was used for

the statistical analysis of protein expression, relative mRNA
expression, and luciferase activity data using Prism software
(GraphPad Software, Inc, San Diego, California). Values were
considered statistically significant at P � .05.

Results

IGF-I Enhances FSH stimulation of gene expression
To determine the effect of IGF-I on the transcription of

steroidogenic genes across species, we cultured GCs from
rats, mice, and humans in serum-free medium in the pres-
ence of either FSH or IGF-I alone or combined. In rat

GCs, FSH stimulated Cyp19, P450scc, and StAR mRNA
expression. IGF-I alone had no effect; however, it en-
hanced the stimulatory effect of FSH on Cyp19 expres-
sion in a dose-dependent manner (Figure 1A). IGF-I also
potentiated FSH stimulation of Cyp19 promoter activity
and protein expression (Figure 1, B and C). Accordingly,
estradiol production was significantly higher in GCs
treated with FSH plus IGF-I (468.5 � 73.76 pg/mL) when
compared with FSH (234.9 � 32.09 pg/mL; P � .01).
Estradiol levels were not different between control
(37.40 � 7.1 pg/mL) and IGF-I-treated cells (42.76 � 2.5
pg/mL). IGF-I also potentiated the stimulatory effect of
FSH on StAR and P450scc (Figure 1D). FSH and IGF-I
combined, but not alone, stimulated 3�-hydroxysteroid
dehydrogenase (Figure 1D).

A synergistic effect between FSH and IGF-I on Cyp19
expression was also observed in mouse GCs (Figure 1E).
In human GCs, Cyp19 expression was significantly
higher in cells treated with FSH plus IGF-I when com-
pared with cells treated with FSH alone (Figure 1F). How-
ever, in contrast to rat and mouse GCs, human cells re-
sponded to IGF-I with an increase in Cyp19 expression,
although the stimulatory effect of IGF-I was significantly
lower than that evoked by FSH. These results confirm the
strong amplifying effect of IGF-I on FSH-induced gene
expression in GCs across species.

Low FSHR expression has been proposed to cause a
reduction in follicle growth in IGF-I–knockout mice (28);
therefore, we next examined whether IGF-I increases
FSHR expression. As shown in Figure 2A, FSHR protein
expression remained unchanged after treatment with
IGF-I. Moreover, IGF-I did not affect FSHR mRNA levels
at any time during treatment (Figure 2B). Similarly, FSH
had no effect on IGF-IR (Figure 2C) or IGF-I mRNA
levels (Figure 2D). In contrast, FSH decreased the produc-
tion of IGF-I by GCs (Figure 2E). These findings indicate
that the synergistic interaction between IGF-I and FSH
cannot be explained by an enhanced expression of their
receptors.

Additional experiments demonstrated that the stimu-
lation of Cyp19 expression by forskolin, which increases
intracellular cAMP via activation of adenylate cyclase, or
by dibutyryl cAMP (dbcAMP), a cell-permeable cAMP
analog, was potentiated by cotreatment with IGF-I (Fig-
ure 2F). These findings demonstrated that IGF-I amplifi-
cation of FSH actions occurs downstream of cAMP.

IGF-I and IGF-IR are required for FSH actions
The IGF-IR is a transmembrane tyrosine kinase. To

explore the involvement of IGF-IR on the amplification of
FSH actions, we targeted 1) the kinase activity, 2) the
activation by IGF-I, and 3) the expression of IGF-IR.
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Pretreatment with AG490, a broad-spectrum tyrosine
kinase inhibitor, prevented the FSH-induced expression
of Cyp19 (Figure 3A). Next, we used AEW and picropo-
dophyllotoxin (PPP), two selective inhibitors of IGF-IR
activity (21, 29). Both inhibitors blocked FSH stimulation
of Cyp19 (Figure 3, B and C) and P450scc (Figure 3D and
data not shown) in a dose-dependent manner. It is note-

worthy that none of the inhibitors af-
fected FSHR expression (Figure 3E and
data not shown). These results demon-
strate that the actions of FSH in GCs
require an active IGF-IR.

The essential role of IGF-IR activa-
tion on FSH actions was further con-
firmed by the overexpression of
IGFBP2 (Figure 3F, inset), which spe-
cifically binds IGF-I and prevents
IGF-IR activation (30). As shown in
Figure 3, F and G, FSH stimulation of
Cyp19 and P450scc was abolished by
IGFBP2. The inhibitory effect of
IGFBP2 was reversed by the addition
of an excess (50 ng/ml) of IGF-I to the
medium (last column in Figure 3, F and
G). Similarly, shRNA-driven knock-
down of IGF-I (Figure 3H, inset) de-
creased the induction of Cyp19 (Figure
3H). As expected, the addition of IGF-I
rescued FSH stimulation of Cyp19 in
the presence of anti–IGF-I shRNA (Fig-
ure 3H, last column). These findings
show that IGF-IR activation by locally
produced IGF-I is needed for the stim-
ulation of Cyp19 and P450scc by FSH.

Finally, the expression of the IGF-IR
was silenced using shRNA. In agree-
ment with the results obtained by in-
hibiting the activity or the activation of
IGF-IR, knockdown of the IGF-IR
(shIGF-IR, inset in Figure 3I) prevented
the stimulation of Cyp19 by FSH (Fig-
ure 3I). These results prove that IGF-IR
expression is required for the induction
of Cyp19 expression by FSH.

In vivo inhibition of IGF-IR activity
decreases follicle growth

To determine whether FSH actions
in vivo also depend on the simultane-
ous activation of the IGF-IR, we ad-
ministered AEW intrabursally (50 �g
per ovary) to immature rats. Two
hours after AEW administration, ani-

mals were treated with equine chorionic gonadotropin
(eCG) to stimulate follicular development. Forty-eight
hours later, ovaries were processed for histology and gene
expression studies. In vivo administration of AEW into
the ovarian bursa blunted follicle growth as indicated by
a decrease in ovary and follicle size (Figure 4). Pretreat-

Figure 1. IGF-I synergizes with FSH to stimulate steroidogenic genes. A–F, Rat (A and D),
mouse (E), or human (F) primary GCs were cultured in the presence of 50 ng/ml FSH with
increasing concentrations (A) or 50 ng/ml (D–F) of IGF-I. Relative mRNA levels for Cyp19 (A, E,
and F) and StAR, 3�-HSD, and P450scc (D) expression are shown. B, Rat GCs were transfected
with a Cyp19 promoter reporter construct or an empty vector (pGL3) and treated with 50 ng/
ml FSH and/or 50 ng/ml IGF-I. C, GCs were treated with 50 ng/ml FSH and/or 50 ng/ml IGF-I
for 48 hours, and Cyp19 protein and �-actin (BACT) levels were determined by Western blot.
Each experiment was repeated at least three times. Columns represent the mean � SEM; n �
3. Columns with different letters differ significantly (P � .05). RE, relative expression.
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ment with AEW also significantly decreased the induction
of Cyp19, P450scc, and StAR expression induced by eCG
(Figure 4, A–C). Taken together, these in vitro and in vivo

studies suggest that FSH-induced differentiation of GCs
and follicle growth are significantly attenuated in the ab-
sence of IGF-IR signaling.

FSH reliance on IGF-IR activation is species and
cell-type independent

Next, we examined whether IGF-I activity is required
for the stimulation of steroidogenic genes by FSH in hu-
man and mouse GCs. FSH-induced expression of Cyp19,
P450scc, StAR, and LHR in human and mouse cells was
prevented by the inhibition of IGF-IR activity with AEW
(Figure 5). We also examined whether IGF-I is involved in
the stimulation of Cyp19 expression in Sertoli cells, which
are known to respond to FSH and to produce IGF-I (10,
31). As shown in Figure 5, FSH stimulation of Cyp19 in
Sertoli cells was abolished by the inhibition of IGF-IR
activity. In addition, IGF-IR activity was also required for
the induction of Cyp19 by IGF-I alone in human granu-
losa cells (relative Cyp19 expression: control � 12.2 �
2.0a; IGF-I � 24.9 � 3.2b; AEW � 6.2 � 0.9c; IGF-
I�AEW � 6.1 � 1.1c; groups with different superscript
letters differ significantly, P � .01). These results demon-
strate the requirement of IGF-IR activation for FSH ac-
tions in ovarian and testicular cells.

FSH and IGF-I signaling cross talk
Next, we examined the effect of either IGF-I or FSH

alone or combined on the activation of AKT, ERK1/2,
and CREB, all of which are known to mediate FSH effects
in the gonads (20, 32). The levels of the phosphorylated
form of AKT (S473), ERK1/2 (T202/Y204/T185/Y187),
and CREB (S133) were low in untreated GCs but in-
creased after treatment with FSH for 1 hour (Figure 6,
A–C). In contrast, although IGF-I stimulated AKT phos-
phorylation after 1 hour of incubation, it had no effect on
ERK1/2 or CREB activation. In cells treated with IGF-I
and FSH for 1 hour, the levels of phosphorylated AKT
were significantly higher than in those treated with either
FSH or IGF-I alone (Figure 6A). No significant enhance-
ment of FSH-induced ERK1/2 (Figure 6B) or CREB (Fig-
ure 6C) phosphorylation was observed after cotreatment
with IGF-I.

To test whether AKT phosphorylation mediates the
synergistic effect of FSH and IGF-I on the expression of
steroidogenic genes in GCs, the activation and activity of
AKT were targeted by pretreating GCs for 1 hour with
wortmannin, a PI3K inhibitor, or MK2206, a highly se-
lective inhibitor of AKT. The stimulation of Cyp19 by
FSH or FSH and IGF-I was significantly decreased in cells
treated with wortmannin or MK2206 (Figure 6D). How-
ever, in the presence of wortmannin or MK2206, Cyp19
expression in FSH/IGF-I-treated cells was significantly

Figure 2. IGF-I does not affect FSHR expression in GCs in culture. Rat
GCs were cultured in the presence of FSH (50 ng/ml) and/or IGF-I (50
ng/ml) for 48 hours. Cells were harvested for protein or RNA isolation,
and the culture medium was collected for IGF-I determination. A, FSHR
and �-actin (BACT) protein levels were quantified by using Western
blot. B, Rat GCs were cultured for 15, 24, or 48 hours before FSHR
mRNA quantification. C and D, IGF-IR (C) and IGF-I (D) mRNA
expression levels after treatment for 48 hours as indicated in the
graph. E, IGF-I levels were quantified by ELISA after 48 hours treatment
with FSH. F, Rat GCs were cultured in the presence of forskolin (Fsk,
5�M) or dbcAMP (2mM) with or without IGF-I (50ng/ml) for 48 hours
before Cyp19 mRNA quantification. Columns with different letters
differ significantly (P � .05). Error bars are �SEM; n � 3.
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higher than in cells treated with FSH alone. Treatment
with UO126, an inhibitor of ERK1/2 kinases, prevented
FSH and FSH/IGF-I stimulation of Cyp19 (Figure 6E).
Treatment with each inhibitor alone did not affect Cyp19
expression when compared with control (Figure 6, D and E).

Next, we examined the mechanisms involved in the
synergistic activation of AKT by FSH and IGF-I. For this
experiment, cells were treated with specific inhibitors or
vehicle (dimethylsulfoxide [DMSO]) for 1 hour and then
treated with buffer or FSH and/or IGF-I for another hour.
As expected, wortmannin prevented AKT phosphoryla-

tion by FSH, whereas MK2206 treatment significantly
reduced FSH-induced expression of phospho-AKT (Fig-
ure 6F). However, inhibition of ERK1/2 activity did not
prevent AKT activation by FSH and had no impact on the
synergistic effect of FSH and IGF-I on AKT phosphory-
lation. In summary, IGF-I and FSH act synergistically on
the stimulation of Cyp19 in cells treated with PI3K/AKT
inhibitors and FSH potentiates the activation of AKT by
IGF-I in cells treated with an ERK1/2 inhibitor, suggest-
ing that these hormones interact to activate multiple sig-
naling pathways.

Figure 3. Inhibition of IGF-IR activation blocks FSH-induced differentiation. Rat GCs were cultured with FSH plus AG490 (25�M, panel A) or
different concentrations of AEW (panels B, D, and E) or PPP (panel C). mRNA levels for Cyp19 (panels A–C), P450scc (panel D), or FSHR (panel E)
were determined after 48 hours of treatment. Panels F and G, GCs transfected with a plasmid expressing IGFBP2 (BP2) or the empty vector (EV)
were treated with FSH (50 ng/ml) or vehicle for 48 hours before Cyp19 and P450scc mRNA level quantification. The inset in panel F shows IGFBP2
expression levels in cells transfected with EV or BP2. Panels H and I, GCs were infected with a lentivirus carrying a control shRNA (shLUC or C),
anti–IGF-I shRNA (shIGF-I), or anti–IGF-IR shRNA (shIGF-IR). At 24 hours after infection, cells were treated with FSH (50 ng/ml) and/or IGF-I (50 ng/
ml), and Cyp19 mRNA levels were quantified 48 hours later. The inset shows IGF-I (panel H) or IGF-IR (panel I) mRNA levels in cells infected with
shLUC, shIGF-I, or shIGF-IR. Each experiment was performed three times, and mean and SEM are shown. Columns with different letters differ
significantly (a-b and b-c P � .05; a-c P � .01).
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IGF-IR activity is obligatory for FSH-induced
phosphorylation of AKT but not for CREB and
ERK1/2 activation

To test the possibility that FSH and IGF-I signaling
may converge upstream of AKT and ERK1/2, we investi-
gated whether FSH enhances IGF-IR phosphorylation

and whether the inhibition of IGF-IR
activity affects the phosphorylation of
AKT and ERK1/2 by FSH. Low levels
of phospho–IGF-IR were found in ve-
hicle-treated cells and were not af-
fected by FSH treatment (Figure 7A,
first row). Supporting previous reports
(29, 33), IGF-I increased phospho–
IGF-IR, whereas treatment with FSH
plus IGF-I did not increase IGF-IR ac-
tivation above the levels found with
IGF-I (not shown). In the presence or
absence of FSH, AEW (0.2�M) signif-
icantly decreased IGF-IR phosphoryla-
tion when compared with vehicle
(DMSO)-treated cells but did not affect
total IGF-IR expression (Figure 7A,
second row from top).

Remarkably, the IGF-IR inhibitor
not only prevented AKT activation by
FSH but also reduced AKT phosphor-
ylation to undetectable levels (Figure
7A, third row). In marked contrast,
lack of IGF-IR activity had no effects

on the phosphorylation of CREB or ERK1/2 by FSH
(Figure 7A, fifth and sixth rows, respectively). AEW
did not affect the expression of total AKT, ERK1/2, or
CREB (Figure 7A, fourth and last rows and data not
shown). These findings suggest that basal IGF-IR and
AKT activation are probably stimulated by locally pro-

Figure 4. In vivo IGF-IR inhibition blocks FSH-induced follicle growth. AEW (50 �g per ovary)
or vehicle (control) was injected into the ovarian bursa of immature rats 2 hours before the
administration of 10 IU eCG, and 48 hours later, one ovary was processed for hematoxylin
and eosin staining and the other was used to isolate total RNA for mRNA quantification. A,
Hhistology of a representative ovary (bar, 0.5 mm). B, Mean and SEM of relative mRNA levels.
*** P � .01 vs control. Three animals were included in each group.

Figure 5. FSH reliance on IGF-IR activation is species and cell-type independent. Human or mouse GCs and Sertoli cells were cultured in presence
of FSH (50 ng/ml) with or without AEW (0.5�M) for 48 hours before the quantification of Cyp19, P450scc, StAR, and LHR mRNA levels (n � 4).
Controls (C) received vehicle. Columns with different letters differ significantly (P � .05).
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duced IGF-I and that FSH stimulation of AKT needs an
active IGF-IR.

Because of the strong effect of IGF-IR inhibition on
AKT phosphorylation, we tested the specificity of AEW
by examining its effect on the activation of AKT by insulin
and IGF-I. The insulin receptor and the IGF-IR are both
tyrosine kinases that stimulate the pyruvate dehydroge-
nase lipoamide kinase isozyme 1/PI3K/AKT pathway. As
expected and in good agreement with previous reports
(29, 33), IGF-I increased the expression of phospho-AKT
in cells pretreated with vehicle (DMSO), whereas pre-
treatment with AEW (0.2�M) decreased basal AKT phos-
phorylation and completely prevented the stimulatory ef-

fect of IGF-I on AKT (Figure 7B, left
panel). In marked contrast, a higher
concentration of AEW (0.5�M) had no
effect on the increase in AKT phos-
phorylation induced by insulin (Figure
7B, right panel). These results demon-
strate that the block on FSH-induced
activation of AKT by AEW is not due
to nonspecific effects on upstream ki-
nases but due to the specific inhibition
of IGF-IR activity.

To further confirm the requirement
of IGF-IR on the stimulation of AKT
by FSH, we silenced the expression of
IGF-IR by using shRNA. As shown in
Figure 7C, the expression of IGF-IR
was significantly reduced in GCs in-
fected with a lentivirus carrying anti–
IGF-IR shRNAs when compared with
a control carrying antiluciferase
shRNA (shLUC). Confirming the re-
sults obtained by the inhibition of
IGF-IR activity with AEW, knock-
down of the IGF-IR completely abol-
ished the phosphorylation of AKT by
FSH (Figure 7C).

IGF-IR inhibition also prevented the
stimulation of estradiol production by
FSH or FSH plus IGF-I (Figure 8A).
Moreover, inhibition of IGF-IR activ-
ity blocked the stimulatory effect of
forskolin and dbcAMP on Cyp19 ex-
pression (Figure 8B). Taken together,
these results demonstrate that the syn-
ergistic effect between IGF-I and FSH
on AKT phosphorylation and gene ex-
pression is mediated, at least in part, by
signaling components downstream of
cAMP and establish that the lack of

IGF-IR activation or expression prevents FSH stimulation
of not only steroidogenic genes but also AKT
phosphorylation.

Finally, because AKT is downstream of the IGF-IR and
considering that AKT activation is required for the differ-
entiation of granulosa cells (23, 34, 35), we hypothesized
that high levels of AKT activity would prevent the inhib-
itory effect of AEW on Cyp19 expression. To test this
hypothesis, we used lentiviruses engineered to express
CA, DN, or null variants of AKT (36). First, we examined
the effect of CA-AKT on the stimulation of Cyp19 expres-
sion by FSH. As shown in Figure 8C, CA-AKT synergized
with FSH on the stimulation of Cyp19 in a concentration-

Figure 6. FSH and IGF-I signaling cross talk. Rat primary GCs were treated with FSH (50 ng/
ml) and/or IGF-I (50 ng/ml) for 1 hour. A–C, Phosphorylated and total forms of AKT (panel A),
ERK1/2 (panel B), and CREB (panel C) levels were determined by Western blot. The bar graphs
under each blot show the mean � SEM of the ratio of phosphorylated to total protein of
three or more experiments. Panels D and E, Rat GCs were pretreated with wortmannin
(100nM), an inhibitor of PI3K; MK2206 (1�M), an inhibitor of AKT; or UO126 (5�M), which
inhibits ERK1/2, for 1 hour followed by treatment with FSH and/or IGF-I for 48 hours. Cyp19
levels were quantified by real-time PCR. Panel F, GCs were pretreated for 1 hour with
wortmannin, MK2206, or UO126 followed by 1 hour treatment with vehicle or FSH and/or
IGF-I before protein isolation. Phosphorylated and total AKT protein levels were evaluated by
Western blot. Each experiment was repeated 6 times. Columns with different letters differ
significantly (a-b and b-c P � .05; a-c P � .01). Abbreviations: C, control; F, FSH; I, IGF-I; p,
phospho.
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dependent manner. This finding confirms a previous re-
port demonstrating that CA-AKT amplifies the stimula-
tory effects of FSH plus testosterone on both Cyp19
expression and estradiol production (23). In addition,
these results indicate that testosterone is not needed for
this synergism to occur.

We next investigated whether overexpression of CA-
AKT prevents AEW inhibition of FSH-induced stimula-
tion of Cyp19 expression. As expected, cells transfected
with an empty virus responded to FSH with an increase in
Cyp19 expression, which was prevented by the inhibition
of the IGF-IR with AEW (Figure 8D). Alone, CA-AKT,
DN-AKT, or null-AKT had no effects on Cyp19; in con-
trast, FSH stimulation of Cyp19 was potentiated by the
CA-AKT construct but significantly decreased by the DN-

AKT and null-AKT constructs. Nota-
bly, the inhibitory effect of AEW was
overcome by the CA-AKT but not by
the DN-AKT or null-AKT constructs.

Discussion

These findings demonstrate for the first
time that FSH actions on GC differen-
tiation depend on the presence of IGF-I
and an active IGF-IR. IGF-I is involved
in the expression of FSHR expression
in GCs (28). Our results indicate that
the role of IGF-I in the ovary goes be-
yond the stimulation of FSHR expres-
sion and that IGF-I is required for the
stimulation of AKT and gene expres-
sion by FSH. It has previously been
suggested that the synergism between
FSH and IGF-I on AKT activation
might be a crucial mechanism to en-
hance the expression of differentiation
genes (22). In contrast, our results
demonstrate that instead of a parallel
synergistic interaction, FSH and IGF-I
act in tandem to induce GC differenti-
ation. This novel mechanism seems to
involve FSH amplification of signaling
downstream of the IGF-IR that leads to
AKT activation. More studies are
needed to determine the molecular
mechanism of the interaction between
FSH/cAMP and IGF-IR.

In granulosa and Sertoli cells, FSH
activates several signaling pathways in-
cluding ERK1/2, cAMP/protein kinase
A/CREB, and PI3K/AKT. Particularly,

in undifferentiated GCs, FSH-induced activation of AKT
is essential for the stimulation of 3�-HSD, �-inhibin,
Cyp19, Lhr, cartilage link protein, and hypoxia-inducible
factor-1 (23, 35, 37). The pathways downstream of the
FSHR leading to the phosphorylation of AKT are not
fully understood. The activation of the Rap/Raf cascade
by cAMP-regulated guanine nucleotide exchange factors
or of PI3K by the �/�-subunits of the G protein had been
proposed to explain the effects of FSH on AKT (23). Our
results indicate that the activation of AKT by FSH needs
a fully functional IGF-IR.

Although IGF-I stimulates AKT, activation of this en-
zyme is not enough to stimulate Cyp19 expression (23),
and it seems that the simultaneous activation of the FSHR

Figure 7. IGF-IR expression and activity are obligatory for FSH activation of AKT. Panel A,
Rat GCs were pretreated with vehicle (DMSO) or with AEW (0.2�M) for 1 hour followed by
treatment with FSH (50 ng/ml) or buffer (control [C]) for 1 hour. Protein extracts were
subjected to Western blot for phosphorylated (P-) IGF-IR, AKT, ERK1/2, and CREB. Total (T-)
IGF-IR, AKT, and ERK were used as a loading control. The graphs show the ratio of
phosphorylated to total (P/T) for each band as the mean � SEM of the densitometry
quantification of three separated experiments. Panel B, GCs were pretreated with vehicle
(DMSO) or AEW (0.2�M or 0.5�M) for 30 minutes before the addition of IGF-I (20 ng/mL) or
insulin (20 ng/mL). Controls (C) were treated with buffer. Total and phospho-AKT were
determined 1 hour later. This experiment was performed three times with identical results.
Panel C, GCs were infected with a lentivirus carrying a control shRNA (shLUC) or anti–IGF-IR
shRNAs (shIGF-IR). At 24 hours after infection, cells were treated with FSH (50 ng/ml) for 1
hour and total IGF-IR and phosphorylated and total AKT levels were measured by Western
blot. On the right, the ratio of phosphorylated to total AKT is shown as the mean � SEM of
three different experiments. Columns with different letters differ significantly (ab P � .05; a
P � .01).
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signaling pathways is required. FSH effects are mainly
mediated by the activation of CREB (38, 39). On the
other hand, several transcription factors, including Fork-
head box protein O1 and �-catenin, may be involved in
the regulation of Cyp19 expression downstream of AKT
(40, 41). The role that each of these factors plays on the
regulation of Cyp19 by AKT remains to be determined.

Because GCs produce IGF-I, it is puzzling that AKT is
not highly phosphorylated in unstimulated cells. How-
ever, we did observe background activation of IGF-IR
and AKT in GCs cultured in serum-free media. Inhibition
of IGF-IR with AEW decreases the phosphorylation of
AKT to almost undetectable levels, suggesting that acti-
vation of IGF-IR by endogenous IGF-I is responsible for
the basal activation of AKT. Moreover, we found that
phosphorylation of AKT by FSH relies on IGF-IR activa-
tion. Therefore, it is possible to suggest that FSH amplifies
IGF-IR signaling or removes an inhibitory influence pres-

ent in unstimulated cells. This hypoth-
esis implies that only those follicles ex-
posed to increasing levels of FSH can
benefit from locally produced IGF-I,
and vice versa, only follicles with high
endogenous IGF-I production are able
to fully respond to FSH. Thus, the in-
teraction between the endocrine effect
of FSH and the autocrine actions of
IGF-I might play an essential role in the
establishment of follicle dominance.

Two possible mechanisms may ex-
plain why FSH renders GCs able to
fully respond to IGF-I. One possibility
is that FSH inhibits the activity of a
tyrosine phosphatase that dephospho-
rylates IGF-IR. IGF-I binding to extra-
cellular IGF-IR �-subunits leads to ac-
tivation of the intrinsic tyrosine kinase
activity of the intracellular �-subunits.
Transphosphorylation between the
�-subunits leads to full receptor activ-
ity (42, 43). Protein tyrosine phospha-
tases (PTPs) such as PTP-1B and Src-
homology 2 domain-containing
phosphatase 2 (SHP-2) have been
shown to dephosphorylate IGF-IR
(44–46). Thus, in the absence of FSH,
PTP-1B or SHP-2 could dephosphory-
late IGF-IR, resulting in decreased
IGF-I signaling. Indeed, FSH has been
shown to down-regulate the expres-
sion of PTP-1B in GCs (47), whereas
okadaic acid, a phosphatase inhibitor,

enhances FSH-induced Cyp19 expression and augments
gonadotropin-stimulated steroidogenesis (48). Similarly,
SHP-2 is highly expressed in GCs (49) and decreases
IGF-IR phosphorylation (50). In addition, Cottom et al
(51) showed that FSH stimulates ERK activity in GCs by
relieving an inhibition imposed by an unknown phospho-
tyrosine phosphatase. Another possibility is that FSH in-
duces the association of chaperone proteins with the IGF-
IR, facilitating the activation of downstream targets. For
instance, heat-shock protein 90 (HSP90), an ATP-depen-
dent chaperone that is associated with the IGF-IR (52), is
involved in the potentiation of IGF-I signals by cAMP in
thyroid cells (53). In support of this mechanism, our pre-
liminary results suggest that 17-N-allylamino-17-deme-
thoxygeldanamycin (17AAG), an HSP90 inhibitor, pre-
vents Cyp19 and P450scc induction by FSH. Future
studies warrant examining the effect of tyrosine phospha-
tases and HSP90 on the stimulation of AKT by FSH.

Figure 8. CA-AKT overcomes the inhibitory effect of AEW. Panel A, Cells were left
untreated or treated with FSH (50 ng/ml) and/or IGF-I (50 ng/ml) for 48 hours.
Androstenedione was added to the medium at a final concentration of 50nM for the last 4
hours of culture. The concentration of estradiol in the medium was measured by ELISA. Panel
B, Rat GCs were pretreated with AEW (0.5�M) for 1 hour before the addition of forskolin
(Fsk, 5�M) or dbcAMP (2mM), and 48 hours later, Cyp19 mRNA levels were determined. ***
P � .001 vs control (C) and AEW (n � 4). Panel C, Rat GCs were infected with an empty virus
(emp) or with a virus that expresses CA-AKT at an increasing multiplicity of infection, and 24
hours later, vehicle or FSH was added to the medium. Cyp19 expression was quantified 48
hours after the initiation of FSH treatment. ** P � .01 vs empty (n � 3). Panel D, Rat GCs
were infected with lentiviruses expressing CA-AKT, DN-AKT, or null-AKT. Vehicle (control [C]),
FSH, and/or AEW were added to the medium 24 hours later. Cyp19 expression was quantified
48 hours after the initiation of FSH treatment. Columns represent the mean � SEM (n � 4).
Columns with different letters differ significantly (a-b and b-c, P � .05). RE, relative
expression.
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In human GCs, FSH-induced differentiation greatly re-
lies on IGF-I, as revealed by the failure of FSH to increase
Cyp19, P450scc, StAR, and LHR expression in the pres-
ence of an IGF-IR inhibitor. Human dominant follicles
contain higher concentrations of IGF-I and estradiol than
less developed follicles in the cohort (54). IGF-I stimulates
estradiol production, and it acts synergistically with FSH
to maintain maximal levels of this steroid (55). We have
shown that IGF-I also potentiates the stimulatory effect of
FSH on gene expression in human GCs. A difference be-
tween rodent and human GCs is the stimulation of Cyp19
expression by IGF-I alone in human cells, although IGF-I
does not fully mimic the effect of FSH. The clinical impli-
cation of this finding is supported by the use of GH in in
vitro fertilization (IVF) protocols, which has been pro-
posed to increase the probability of live birth in women
that respond poorly to gonadotropins (56, 57).

The key role that IGF-I plays in the regulation of ste-
roidogenesis and follicle development by FSH opens the
possibility of pharmacological interventions to maximize
or moderate FSH actions. Supporting this idea, it has been
shown that IVF patients with higher IGF-I concentrations
in the follicular fluid need fewer ampoules of FSH and
require fewer days of FSH administration to achieve ad-
equate ovarian stimulation (58). On the other hand, in-
hibition of IGF-IR signaling may provide means to pre-
vent ovarian hyperstimulation syndrome (OHSS). OHSS
is a serious complication of IVF and in rare cases can lead
to life-threatening blood clots and strokes (59). Although
OHSS symptoms are manifested only after the adminis-
tration of human chorionic gonadotropin, it can be an-
ticipated by monitoring circulating estradiol and follicle
growth during the administration of FSH. OHSS is pre-
ceded by a marked elevation of estradiol levels (60). Our
findings demonstrate that FSH stimulation of estradiol
production and follicle growth could be controlled by
targeting the IGF-IR; therefore, new therapies to prevent
OHSS by inhibiting IGF-IR activity in GCs could be
investigated.

Sertoli cells, as GCs, respond to FSH with an increase
in Cyp19 expression and estradiol production (31, 32).
FSH activates AKT in Sertoli cells leading to the stimula-
tion of cell proliferation (61) and Cyp19 expression (32).
Sertoli cells also produce IGF-I (62) and express the
IGF-IR (63), suggesting that IGF-I may regulate FSH ac-
tions in the testis. Our results confirm the stimulatory
effect of FSH on Cyp19 in Sertoli cells and demonstrate
that the inhibition of the IGF-IR prevents this effect.
Taken together, these results suggest a conserved and cru-
cial role for IGF-I in mediating FSH actions in the gonads.

In summary, our findings demonstrate for the first time
that in human, mouse, and rat GCs, the well-known stim-

ulatory effect of FSH on Cyp19 and AKT depends on
IGF-I and on the activation/expression of IGF-IR.
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