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Abstract

Insulin-like growth factors (IGFs) are known for their involvement in endocrine and paracrine
regulation of ovarian function. Although IGF2 is the predominant circulating and intraovarian
form of IGFs in primate species, the stage-specific follicular expression, action, and regulation
of IGF2 are not well defined. Therefore, experiments were conducted to investigate the follicular
IGF production in response to steroid hormone regulation and the direct IGF actions on follicular
development and function in vitro. Preantral follicles were isolated from rhesus macaque ovaries
and cultured to the antral stage in media supplemented with follicle-stimulating hormone and
insulin. Follicles were randomly assigned to treatment groups: (a) control, (b) trilostane (a steroid
synthesis inhibitor), (c) trilostane + estradiol, (d) trilostane + progesterone, and (e) trilostane +
dihydrotestosterone. Media was analyzed for IGF concentrations, which were correlated to follicle
growth. Follicles produced IGF2, but not IGF1, at the antral stage. Steroid depletion decreased,
whereas steroid replacement increased, IGF2 production by antral follicles. Media IGF2 levels
correlated positively with antral follicle diameters. Macaque preantral follicles and granulosa cells
were subsequently cultured without (control) and with recombinant human IGF2 supplementation.
Follicle survival, growth, and paracrine factor production, as well as granulosa cell proliferation and
gonadotropin receptor gene expression, were assessed. IGF2 addition increased follicle survival
rates, diameters and inhibin B production, as well as granulosa cell proliferation. These data
demonstrate that IGF2 produced by antral follicles, in response to steroid hormone regulation,
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could act as a paracrine factor that positively impacts preantral follicle development and function

in primates.

Summary sentence

Insulin-like growth factor 2, but not insulin-like growth factor 1, is produced by antral follicles in
response to steroid hormone regulation in nonhuman primates, and promotes preantral follicle

growth with increased paracrine factor production.

Key words: insulin-like growth factor, preantral follicle, antral follicle, primate, follicle culture.

Introduction

Insulin-like growth factors (IGFs), IGF1 and IGF2 mainly pro-
duced by the liver, are known for their involvement in endocrine
and paracrine regulation of ovarian function [1, 2]. Different from
rodents (polyovulatory species) that have trace amounts of circu-
lating IGF2, mono-ovulatory species, including humans, has 2-3-
fold higher levels of IGF2 than IGF1 in the circulation [3]. Cir-
culating IGF1 does not appear to be crucial for human follicular
development [4]. The species-specific aspect of IGF activity is further
demonstrated by follicular expression of the ligands as paracrine
factors in the ovary [3]. In rodents, IGF1 is the predominant form
produced by granulosa cells (GCs) of growing preantral and antral
follicles, whereas follicular IGF2 expression is very limited [5, 6].
In contrast, IGF1 is weakly expressed in the ovine, bovine, and
human ovaries [7-9]. Rather, significant IGF2 production is observed
in theca and GCs of growing antral follicles [7-9]. Therefore, the
endocrine and paracrine actions of IGFs in the ovary could be
studied according to the ligand availability during different stages
of follicular development in relevant species.

To date, the production of IGFs regulated by endocrine or
local factors is not well understood, especially in ovarian follicles.
Gonadotropins, particularly follicle-stimulating hormone (FSH),
appear to increase follicular IGF1 production, as suggested by studies
in goats and humans [10, 11]. Androgen-stimulated IGF1 expression
was reported in rhesus macaques [12]. In contrast to IGF1, data
regarding FSH-regulated IGF2 production are inconsistent between
humans and nonprimate species. Although FSH promoted IGF2
expression in cultured human cumulus cells [13], no similar effect
was observed in goats [10]. Estradiol and progesterone-regulated
IGF2 production was suggested in the rat hippocampus and the
bovine endometrium, respectively [14, 15]. However, relevant data
are lacking in the ovary. Thus, further investigations are needed to
elucidate the regulation of follicular IGF production, particularly in
primate species.

The type I IGF receptor mediates most of the somatomedin-like
biological actions of IGF1 and IGF2, and is expressed in GCs of
both preantral and antral follicles in the human ovary [1, 2]. IGF1
treatment increased proliferation rates of cultured human GCs [16,
17]. Although IGF2 appears to be the major endocrine and paracrine
factor in human ovarian function regulation [3, 9], IGF2 effects on
follicular development are not well documented. Because IGF2 is
predominantly produced by antral follicles [7-9], it has been mainly
studied in cultured human granulosa and theca cells from antral
follicles [18, 19]. Studies are needed to determine the direct IGF
actions during the specific stages of follicular development, especially
the preantral stage.

Individual follicle culture techniques have been developed to
investigate follicular growth, function, and regulation at specific

stages of development by maintaining follicle integrity and avoiding
interfollicular interactions [20, 21]. Therefore, the present study was
designed to determine follicular IGF1 and IGF2 production, as well
as their regulation by steroid hormones, in a nonhuman primate
model. Experiments were also performed to examine the direct IGF
actions on follicular development and function in vitro.

Methods

Animal care and ovary collection

The general care of rhesus macaques (Macaca mulatta) was provided
by the Division of Comparative Medicine, Oregon National Primate
Research Center (ONPRC), Oregon Health & Science University,
as previously described [20]. Briefly, animals were pair-caged in
a temperature-controlled (22°C), light-regulated (12 L:12D) room.
Diet consisted of Purina monkey chow (Ralston-Purina) twice a day,
supplemented with fresh fruit or vegetables once a day and water ad
libitum. Animals were treated according to the National Institutes
of Health’s Guide for the Care and Use of Laboratory Animals.
Protocols were approved by the ONPRC Institutional Animal Care
and Use Committee.

Ovaries were collected from adult female animals through
the ONPRC Pathology Services Unit tissue distribution program.
Euthanasia was due to reasons unrelated to reproductive health, e.g.,
chronic colitis and reactive arthritis. Ovaries were transferred to the
laboratory in HEPES-buffered holding media (Cooper Surgical, Inc.)
supplemented with 2% (v/v) human serum protein supplement (SPS;
CooperSurgical, Inc.) at 37°C within 30 min [20].

Follicular IGF production under steroid ablation and
estradiol/progesterone replacement

Encapsulated three-dimensional follicle culture was used to deter-
mine follicular IGF production and its regulation by GC-derived
steroid hormones i.e., estradiol and progesterone. Ovaries were
collected from six animals (7-13 years old) for follicle isolation,
encapsulation, and culture as reported previously [20]. Briefly, pre-
antral follicles (diameter = 125-250 pm) were mechanically isolated,
encapsulated in 0.25% (w/v) sodium alginate gel matrix (FMC
BioPolymers)-phosphate-buffered saline, and cultured individually
in 300 pl media in 48-well plates at 37°C and 5% O,. Culture
media contained alpha minimum essential medium (Thermo Fisher
Scientific Inc.) supplemented with 3 ng/ml recombinant human FSH
(NV Organon), 6% (v/v) SPS, 0.5 mg/ml bovine fetuin, 5 pg/ml
insulin, 5 pg/ml transferrin, 5 ng/ml sodium selenite, and 10 pg/ml
gentamicin (Sigma—Aldrich). Follicles from each of the six animals
were randomly assigned to four groups (24 follicles/animal/group)
for 5 weeks of culture: (a) control (containing ethanol vehicle at
0.01% v/v), (b) 250 ng/ml trilostane (TRL, a 3B-hydroxysteroid
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dehydrogenase inhibitor to generate a steroid-hormone depleted
milieu, dissolved in 100% ethanol; Dechra Veterinary Products; dose
based on a previous dose-response study in macaque GC culture
[22]), (c) 250 ng/ml TRL + 1 ng/ml 178 estradiol (E2, dissolved
in 100% ethanol; PerkinElmer; dose based on a previous dose—
response study in macaque follicle culture [23]), and (d) 250 ng/ml
TRL + 100 ng/ml R5020 (P, a nonaromatizable progesterone with-
out converting to estrogen or androgen, dissolved in 100% ethanol;
PerkinElmer; dose based on a previous dose-response study in
macaque follicle culture [23]).

Follicle survival, antrum formation, and growth (diameter) were
assessed weekly by microscopy as previously described [20]. Follicles
were considered to undergo atresia if the oocyte was degenerated
or extruded from the follicle. Follicle diameters were measured
weekly using Image J software (National Institutes of Health). Media
(150 pl) was changed every other day. Media samples from week 1
(preantral stage), 3 (antrum formation), and 5 (antral stage) were
assayed for concentrations of IGF1 using a Human IGF-I/IGF-1
Quantikine ELISA Kit (R&D Systems, Inc.) and IGF2 using a RayBio
Rhesus Monkey IGF-2 ELISA Kit (RayBiotech, Inc.) based on the
manufacturers’ instructions by the Endocrine Technologies Core at
ONPRC. ELISA kits were validated for macaque follicle culture
media, and measurement from blank media without culture was used
for background subtraction. The assay sensitivity was 0.06 ng/ml for
IGF1 and 0.2 ng/ml for IGF2, and the standard curve of the assay
ranged 0.1-6 ng/ml for IGF1 and 0.2-50 ng/ml for IGF2.

Follicular IGF production under steroid ablation and
androgen replacement

Encapsulated three-dimensional follicle culture was used to deter-
mine follicular IGF production and its regulation by theca cell-
derived steroid hormone, androgen. Ovaries were collected from
four animals (8-13 years old) for follicle isolation, encapsulation,
and culture as described above. Preantral follicles (diameter = 125-
225 pm) from each of the four animals were randomly assigned to
three groups (24 follicles/animal/group) for 5 weeks of culture: (a)
control (containing ethanol vehicle at 0.01% v/v), (b) 250 ng/ml TRL
(dissolved in 100% ethanol), and (c) 250 ng/ml TRL + 50 ng/ml
dihydrotestosterone (DHT, a nonaromatizable testosterone without
converting to estrogen, dissolved in 100% ethanol; PerkinElmer;
dose based on a previous dose-response study in macaque follicle
culture [24]). Follicle survival, antrum formation, and growth assess-
ment, as well as media assays for IGF1 and IGF2, were conducted as
described above.

Follicular growth and function with IGF2
supplementation

Guided by results obtained from the above experiments, an addi-
tional experiment was performed to examine the direct actions
of IGF2 on the development and function of preantral follicles
using matrix-free three-dimensional follicle culture. Ovaries from
three animals (6-9 years old) were collected for follicle isolation,
as described above, and culture as reported previously [21]. Briefly,
mechanically isolated preantral follicles (diameter = 140-180 pm)
were distributed individually into wells of the 96-well ultralow
attachment microplates (Corning Inc.) and cultured in 200 pl media,
as described above, at 37°C and 5% CO,. Follicles from each
of the three animals were randomly assigned to two groups (12
follicles/animal/group) for 2 weeks of culture: (a) control and (b)
50 ng/ml recombinant human IGF2 (292-G2; R&D Systems; dose
based on a preliminary study in macaque follicle culture).

Follicle survival and growth were assessed as described above.
Media (100 pl) was changed every other day. To evaluate follicular
paracrine factor production, media samples from week 2 (preantral
stage) were assayed for anti-Miillerian hormone (AMH) concentra-
tions using an AMH ELISA kit (AL-105; AnshLabs) as previously
described [20]. Media inhibin B concentrations were assayed using
an Inhibin B ELISA Test kit (DSL-10-84100; Diagnostic Systems
Laboratories, Inc.) based on the manufacturers’ instructions by the
Endocrine Technologies Core at ONPRC [25]. Inhibin B ELISA kit
was validated for macaque follicle culture media, and measurement
from blank media without culture was used for background subtrac-
tion. The assay sensitivity was 10 pg/ml, and the standard curve of
the assay ranged 15-1000 pg/ml.

GC proliferation and gonadotropin receptor
expression with IGF2 supplementation

The direct action of IGF2 on follicular cell proliferation was further
examined in GC culture, as previously described [26]. Briefly, GCs
were collected via follicle aspiration from 3 animals by the Assisted
Reproductive Technologies Core at ONPRC, and were pelleted by
centrifugation at 170 g. Cells were resuspended in Ham F10 medium
containing 25 mM HEPES and 0.1% (w/v) BSA (pH 7.4). Red
blood cell contaminates were removed by Percoll (Sigma—Aldrich)
gradient centrifugation at 470 g for 30 min. The GC fraction was
isolated and diluted at 1:5 (v/v) in Ham F-10/0.1% BSA medium
to remove contaminating Percoll. A centrifugation was performed
at 170 g to pellet GCs, and the cell viability was assessed by
trypan blue (Sigma—-Aldrich) dye exclusion. Cells were cultured in
fibronectin-coated 24-well plates (70 000-100 000 cells per well; 12
wells/animal) with DMEM/F12 medium containing 15 mM HEPES,
100 U penicillin/100 pg/ml streptomycin, and 10% (v/v) fetal bovine
serum (Heat-inactivated; R&D systems) at 37°C and 5% CO; for
6 days. Media was changed every 24 h. GCs were then deluteinized
to recapitulate periovulatory outcomes as previously described [27].
Briefly, GCs were cultured in serum-free media at 37°C and 5%
CO; for 72 h. DMEM/F12 medium without fetal bovine serum
was supplemented with 1 x insulin/transferrin/sodium selenite (ITS)
liquid media supplement (Sigma—Aldrich), 0.028 mg/ml low-density
lipoprotein, 0.002 mg/ml aprotonin, and 2.5 ng/ml FSH. GCs from
each of the three animals were then randomly assigned to four groups
(three wells/animal/group) for 72 h of IGF2 dose-response culture:
(a) 0 ng/ml (control), (b) 10 ng/ml, (c) 50 ng/ml, and (d) 250 ng/ml
recombinant human IGF2. Media was changed every 24 h.

GC images were obtained for cell proliferation analysis. GCs
were counted using Image] software as previously described [28].
GCs were then harvest and total RNA was extracted using a Reli-
aPrep RNA Cell Miniprep System (Promega Corporation). RNA was
reverse-transcribed into cDNA using a GoScript Reverse Transcrip-
tion System (Promega Corporation). Quantitative real-time PCR was
performed using the TagMan Gene Expression Assays and Applied
Biosystems 7900HT Fast Real-time PCR System (Thermo Fisher
Scientific) for genes that are responsible for gonadotropin signaling
(FSH receptor, FSHR: Rh01026045_m1; luteinizing hormone/chori-
ogonadotropin receptor, LHCGR: Hs00174885_m1), as previously
described [29]. Mitochondrial ribosomal protein S10 (MRPS10)
served as the internal control.

Statistical analysis
Statistical analysis was performed using SPSS Version 22 software
(IBM). Due to the skewed distributions, a mixed model was used for
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Figure 1. Three distinct follicle cohorts during 5 weeks of control culture. O, oocyte; A, antrum. Scale bar = 200 pm.

analyses of follicle survival, growth, and media paracrine factor con-
centrations with rank-based analysis or logarithmic transformation
applied. One-way ANOVA followed by the Student-Newman-Keuls
post hoc test was performed to compare media IGF2 concentrations
over time or between culture groups, as well as GC culture data.
Differences are considered significant at P < 0.05 and values are
presented as the mean + SEM. Correlation between IGF2 production
and antral follicle growth were analyzed using Pearson correlation
coefficient.

Results

IGF1 is not produced by macaque follicles developed
in vitro
For follicles that survived the 5 weeks of culture, three distinct
cohorts were observed in every culture group, in spite of steroid
treatment, based on antrum formation and follicle diameters as
previously reported [20]. The cohort that remained at the preantral
stage with diameter < 250 pm at week 5 was termed “no-grow”
follicles. Another cohort formed an antrum at week 3 with diameter
reaching 250-500 pm at week 5 and was termed “slow-grow”
follicles. The third cohort increased diameter markedly to >500 pm
at week 5 after antrum formation at week 3 and was termed “fast-
grow” follicles (Figure 1).

Media samples from culture week 1, 3, and 5 were analyzed for
IGF1 concentrations produced by no-, slow-, and fast-grow follicles
from the two control groups of steroid replacement experiments

(19-23 follicles from 10 animals for each follicle cohort). IGF1
production was undetectable in the media regardless of culture weeks
or follicle cohorts.

IGF2 production by macaque follicles developed in
vitro is regulated by steroids

Media samples from culture week 1, 3, and 5 of the same no-,
slow-, and fast-grow follicles from the two control groups of steroid
replacement experiments were also analyzed for IGF2 concentra-
tions. IGF2 production was undetectable in the media from no-
grow follicles regardless of culture weeks. Although IGF2 production
was undetectable in the media from slow-grow follicles at week
1 (preantral stage) and 3 (antrum formation), it became evident
at week 5 (antral stage) (Figure 2A). IGF2 produced by fast-grow
follicles was undetectable in the media at week 1 (preantral stage),
became evident at week 3 (antrum formation), and further increased
(P < 0.05) at week 5 (antral stage) (Figure 2B). At week 5, media
IGF2 concentrations were higher (P < 0.05) in fast-grow follicles
than those of slow-grow follicles (Figure 2A).

Media samples from culture week 5 (antral stage) were analyzed
for IGF2 concentrations produced by fast-grow follicles with steroid
depletion by TRL followed by E2 or P replacement. Media IGF2
concentrations were lower (P < 0.05) in TRL-treated follicles than
those of the control follicles (Figure 3A). Although E2 addition
restored media IGF2 to the control levels, the addition of P increased
(P < 0.05) media IGF2 concentrations compared with those of the
control group (Figure 3A). Media samples from culture week 5 were
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Figure 2. Insulin-like growth factor 2 (IGF2) production by follicles cultured
under control conditions. (A) Media IGF2 concentrations at culture week 5
were plotted for no-grow (n = 19), slow-grow (n = 21), and fast-grow (n = 23)
follicles. (B) Media IGF2 concentrations at culture week 1, 3, and 5 were
plotted for fast-grow follicles (n = 23). *, significant difference between follicle
cohorts (A) or culture weeks (B), P < 0.05. Data from 10 animals are presented
as the mean + SEM. One-way ANOVA followed by the Student-Newman-
Keuls post hoc test was performed to compare media IGF2 concentrations
between follicle cohorts (A) or over time (B).

also analyzed for IGF2 concentrations produced by fast-grow folli-
cles with steroid depletion by TRL followed by DHT replacement.
Similar to E2/P replacement experiment, TRL treatment decreased
(P < 0.05) media IGF2 concentrations relative to those of the control
group (Figure 3B). DHT addition restored media IGF2 to the control
levels, which were higher (P < 0.05) than those of the TRL group
(Figure 3B).

IGF2 promotes macaque follicle development and GC
proliferation in vitro

Because antral follicles express the type I IGF receptor which medi-
ates IGF2 actions [1, 2], and cultured follicles secreted IGF2 at the
antral stage, the association between endogenous IGF2 production
levels and antral follicle growth was assessed. Media IGF2 concentra-
tions produced by fast-grow follicles from the two control groups of
steroid replacement experiments were analyzed for their relationship
with follicle diameters at culture week 5 (antral stage). A significant

Figure 3. Steroid-regulated insulin-like growth factor 2 (IGF2) production by
fast-grow follicles at culture week 5. (A) Media IGF2 concentrations were
plotted for the control (n = 12), steroid depletion (TRL, trilostane; n = 15),
and estradiol (E2; n = 8)/progesterone (P; n = 10) replacement culture
groups. (B) Media IGF2 concentrations were plotted for the control (n = 11),
steroid depletion (n = 6), and androgen (DHT, dihydrotestosterone; n = 9)
replacement culture groups. *, significant difference between culture groups
(A, B), P < 0.05. Data from six (A) or four (B) animals are presented as the
mean £+ SEM. One-way ANOVA followed by the Student-Newman-Keuls
post hoc test was performed to compare media IGF2 concentrations between
culture groups (A, B).

positive correlation (r = 0.58, P < 0.005) was observed between
media IGF2 concentrations and antral follicle diameters (Figure 4).

Preantral follicles also express the type I IGF receptor, which
could respond to IGF2 [1, 2]. Because cultured follicles did not
secrete IGF2 at the preantral stage, IGF2 actions on preantral
follicle viability, growth, and specific paracrine factor production
were assessed by administration of bioactive IGF2 protein. The
percentages of follicles that survived at culture week 2, when follicles
were still at the preantral stage, was 25% greater (P < 0.05) in the
presence of IGF2 than those of the control group (85 + 6 versus
68 £+ 3%). Diameters of surviving follicles increased (P < 0.05) at
week 2 relative to those of week 1 regardless of culture conditions
(Figure SA). Although follicles exhibited equivalent sizes at week
1 (preantral stage), growing follicles attained larger (P < 0.05)
diameters at week 2 in the IGF2 group compared with those cultured
in the control conditions (Figure SA). Surviving preantral follicles
produced appreciable amounts of paracrine factors, including AMH
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Figure 4. Correlation between insulin-like growth factor 2 (IGF2) production
and antral follicle growth in the control culture. Media IGF2 concentrations
and follicle diameters at culture week 5 were plotted for fast-grow follicles
(n = 23). Data from 10 animals are presented. Correlation between IGF2
production and antral follicle growth were analyzed using Pearson correlation
coefficient.

and inhibin B, into culture media as reported previously [20, 25].
IGF2 supplementation did not altered media AMH concentrations
produced by follicles compared with those cultured in the control
conditions at week 2 (Figure 5B). In contrast, media inhibin B
concentrations produced by follicles were higher (P < 0.05) in the
IGF2 group than those of the control group at week 2 (Figure 5B).

In the presence of FSH, the number of cultured GCs was greater
(P < 0.05) with IGF2 supplementation at 50 ng/ml and 250 ng/ml,
but not at 10 ng/ml, compared with that of the control group
(0 ng/ml) (Figure 6A). The mRNA levels of neither FSHR nor
LHCGR were different between culture groups regardless of IGF2
doses (Figure 6B and 6C).

Discussion

The present study investigated the IGF production patterns in devel-
oping macaque follicles. The results provide the first evidence that
IGF2 is the major IGF ligand produced dynamically by growing
primate follicles, which appears to depend on or be regulated by
ovarian steroid hormones. For the first time, IGF2-associated fol-
licular growth and function were assessed in individual follicles at
specific developmental stages. Data suggest that IGF2 plays a stimu-
latory role during primate preantral follicle development, and antral
follicles produce IGF2 as a function of developmental progress.
IGF1 production was not evident in primate follicles developed
in vitro in the presence of FSH. Neither preantral nor antral follicles
secreted detectable levels of IGF1 into the media over 5 weeks of
culture. Data are consistent with previous observations in in vivo-
developed follicles of ovarian tissue collected from reproductive-
age women without endocrinological or ovarian pathology [9, 30].
Microarray analysis did not detect IGF1 gene expression in preantral
follicles isolated from human ovarian tissue [30]. Although IGF1
mRNA was localized in small antral follicles by in situ hybridization,
IGF1 protein was not expressed in either small or large antral
follicles in the human ovary as indicated by immunohistochemistry
[9]. Similarly, in situ hybridization showed very scarce IGFI gene
expression in the ovary of normal-cycling female rhesus macaques
[12], while data on IGF1 protein translation was not reported.
Therefore, locally produced IGF1 is not likely to play a major role in
the primate ovary. Nevertheless, effects from circulating IGF1 on the
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Figure 5. Insulin-like growth factor 2 (IGF2) effects during preantral follicle
culture. (A) Follicle diameters at culture week 1 and 2 were plotted for follicles
cultured without (control; n = 24) and with (n = 28) IGF2 addition. (B) Media
anti-Mullerian hormone (AMH) and inhibin B concentrations at culture week
2 were plotted for follicles cultured without (n = 24) or with (n = 28) IGF2
addition. *, significant difference between culture weeks (A) or culture groups
(A, B), P < 0.05. Data from three animals are presented as the mean + SEM.
A mixed model was used for analyses of follicle growth and media paracrine
factor concentrations with logarithmic transformation applied.

ovary cannot be ruled out, though IGF1 is not the major circulating
IGF ligand in primate species [3].

In contrast to IGF1, in vitro-developed primate follicles exhibited
stage-dependent IGF2 production in the presence of FSH. Preantral
follicles did not secret detectable levels of IGF2 into the media,
including no-grow follicles over 5 weeks of culture and slow—/fast-
grow follicles at culture week 1 (preantral stage). IGF2 produc-
tion became evident after antral formation and increased as antral
follicles grew larger, which was correlated positively with follicle
diameters, as shown in slow- and fast-grow follicles at culture week
3 (antral formation) and 5 (antral stage). Consistent with the present
findings, though IGF2 mRNA was detected in in vivo-developed
preantral and antral follicles in the human ovary [9, 30], IGF2
protein expression was only localized in theca and GCs of small
and large antral follicles, respectively, with its corresponding mRNA
[9]. Furthermore, a positive correlation was observed between IGF2
levels in the follicular fluid and diameters of antral follicles in healthy
reproductive-age women [31], though follicular fluid IGF2 could
be of both ovarian and systemic origin. Thus, locally produced
IGF2 may act as a paracrine/autocrine factor in regulating follicular
development and function in the primate ovary.
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Figure 6. Dose-response effect of insulin-like growth factor 2 (IGF2) on prolif-
eration and gene expression of cultured granulosa cells (GCs). (A) GC prolif-
eration was assessed by cell counting. (B and C) GC follicle-stimulating hor-
mone receptor (FSHR) and luteinizing hormone/choriogonadotropin receptor
(LHCGR) mRNA levels were determined by real-time PCR. Mitochondrial
ribosomal protein S10 (MRPS10) served as the internal control. *, significant
difference between culture groups, P < 0.05. Data from three animals are
presented as the mean = SEM. One-way ANOVA followed by the Student-
Newman-Keuls post hoc test was performed to compare GC proliferation
and gene expression between culture groups.

IGF2 production by primate follicles appeared to be associ-
ated with ovarian steroid hormones. In a steroid-depleted milieu,
IGF2 levels secreted by in vitro-developed antral follicles decreased
significantly. Follicular IGF2 production could be restored to the
control levels by either estrogen or androgen supplementation, and

be markedly increased by progesterone treatment. The positive corre-
lations between steroid hormone and IGF2 production are supported
by findings of previous studies using rhesus macaque follicle culture.
Similar to the IGF2 production pattern, estradiol, progesterone,
and androstenedione production increased as antral follicles grew
larger in vitro with peak levels achieved at culture week 5 [20].
Although there is a lack of information regarding steroid-regulated,
especially androgen-regulated, IGF2 production in the ovary, igf2
mRNA levels increased in the white muscle of female fish following
in vivo estradiol treatment and in a rat pituitary cell line cultured
with estradiol as determined by real-time PCR [32, 14]. In adult
female rats, igf2 gene expression decreased in the hippocampus
following ovariectomy, which was restored to levels of the intact
animals by subcutaneous estradiol administration [14]. Intravaginal
administration of progesterone increased IGF2 protein levels in the
endometrium of cycling heifers as shown by immunohistochemistry
[15]. Collectively, these data suggest that IGF2 production is likely
steroid-dependent or regulated by steroid hormones in the ovary.
More in-depth studies are needed to further unravel the interaction
between steroid hormone actions and follicular IGF2 production in
the ovary, especially the relatively potent stimulatory effects from
progesterone.

IGF2 exhibited stimulatory actions at the early stage of fol-
licular development in primates. For in vitro-developed preantral
follicles, the addition of IGF2 enhanced follicle viability as indicated
by improved survival rates. IGF2 treatment also promoted follicle
growth as suggested by increased follicle diameters and production
of inhibin B. Inhibin B is a paracrine factor secreted by preantral
follicles, which is a sensitive marker for GC proliferation in early
stage follicles developed in vitro as shown in individually cultured
human and mouse follicles [25, 33]. Although the direct actions of
IGF2 on follicular development and function are poorly understood,
particularly in preantral follicles, the existing data are consistent
with the present findings. During long-term culture of ovarian cor-
tical tissue, follicle death was prevented by IGF2 supplementation,
suggesting that IGF2 could act as a survival factor for early stage
follicles [34]. Preantral follicles with actively proliferating GCs were
identified in IGF2-treated ovarian tissue in culture [34]. IGF2 was
also reported to promote follicular cell proliferation in fish [35].
Because GCs of primate preantral follicles express type I IGF receptor
[1, 3], which mediates biological activities of IGF2, IGF2 originating
from the circulation and antral follicles could generate regulatory
effects on preantral follicles as an endocrine and paracrine factor,
respectively.

Because IGF2 is produced by antral follicles, which may com-
plicate exogenous IGF2 treatment results, futures studies could be
performed to determine the direct IGF2 action on antral follicle
development and function by IGF2-knockdwon and replacement.
Nevertheless, when cultured GCs were treated with IGF2 in the pres-
ence of FSH, the cell proliferation was enhanced in a dose-dependent
manner. Data are consistent with previous evidence that IGF2 syner-
gized with FSH to increase cell proliferation during human GC cul-
ture [13].IGF2-induced cell proliferation, as determined by increased
DNA replication during the cell cycle, was observed in cultured
GCs from adult female possum ovaries during the breeding season
[36]. IGF2 was also suggested to act alongside FSH to promote
gonadotropin-supported cell viability and function by increasing
FSHR and LHCGR expression in cultured human GCs [37]. How-
ever, differences in FSHR and LHCGR mRNA levels were not iden-
tified after IGF2 treatment in the present study, which could be due
to the individual differences between animals. Future studies with
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increased sample size and protein level assessment are needed to fur-
ther investigate the molecular mechanism of IGF2 action in stimulat-
ing GC proliferation, as well as follicular development and function.

In summary, the present study demonstrates the stage-dependent
IGF2 secretion by primate ovarian follicles, as well as its association
with and direct actions on follicular development. Locally produced
IGF2 may act on preantral follicles in a paracrine fashion, and on
antral follicles in an autocrine manner, to promote follicle growth
and function. Further studies are warranted to identify the cell origin
of IGF2 production in the antral follicle, IGF2-mediated steroid
actions on antral follicle growth and oocyte maturation, as well as
ovarian IGF2 signaling regulation involving IGF receptors, binding
proteins, and degrading enzymes [1]. Because IGF system component
expression and actions are different between polyovulatory and
mono-ovulatory species [3, 4], the nonhuman primate model serves
as an adequate surrogate for understanding IGF-regulated follicular
development and ovarian function in women.
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