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Abstract: Although 60-80% of the women with poly-
cystic ovary syndrome (PCOS) ovulate with clomiphene
citrate (CC), the rest are CC-resistant. Recently, the use
of insulin-sensitizing agents such as metformin and pio-
glitazone have been proposed for inducing ovulation in
CC-resistant women with PCOS, and we have reported
that administration of bezafibrate, a lipid-lowering fibrate,
in addition to CC, successfully induced ovulation in CC-
resistant women with PCOS and dyslipidemia. Both pio-
glitazone and bezafibrate are peroxisome proliferator-ac-
tivated receptor-y (PPAR-y) agonists. This paper reviews
the evidence for the direct effects of the drugs, which
are PPAR-y agonists, on follicle development and ste-
roidogenesis, collected using an in vitro mouse preantral
follicle culture system. We used the in vitro follicle culture
system with the addition of tumor necrosis factor-alpha
(TNF-a), which plays a role in insulin resistance, as a
model for studying follicle development in women with
PCOS. TNF-a inhibited FSH-induced follicle develop-
ment and steroidogenesis in the follicle culture system.
Both pioglitazone and bezafibrate prevented TNF-a-
mediated inhibition of FSH-induced follicle development
and steroidogenesis through the PPAR-y-stimulating
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pathway. Our results suggest that insulin-sensitizing
drugs, especially PPAR-y agonists, may directly influ-
ence follicle development and steroidogenesis in women
with PCOS.

Key words: Polycystic ovary syndrome, TNF-a, PPAR-y,
Pioglitazone, Bezafibrate

Introduction

Polycystic ovary syndrome (PCOS), a common ovu-
latory disorder in reproductive-aged women, affects
5-10% of the population, accounting for more than 75%
of anovulatory infertility [1]. Although the pathogenesis of
PCOS is still unknown, insulin resistance and compen-
satory hyperinsulinemia are considered important fac-
tors [2]. Insulin resistance is observed in approximately
70% of women with PCOS, irrespective of obesity [3].
Hyperinsulinemia may increase androgen synthesis in
the ovaries [4] and decrease the level of sex hormone-
binding protein in the liver, resulting in increased levels
of free androgen [5]. Moreover, hyperinsulinemia may in-
hibit hepatic secretion of insulin-like growth factor (IGF)
binding protein, resulting in the activation of IGF and an
increase in androgen production in theca cells [6]. Hy-
perinsulinemia may also increase LH secretion, resulting
in excessive androgen synthesis by the ovary [7]. It is
thought that intraovarian hyperandrogenism inhibits fol-
licular development in women with PCOS.
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The in vitro mouse preantral follicle culture system and the effects of FSH on follicle development and
E2 production.

Follicles were cultured with or without 100 mIU/ml FSH for up to 12 days. The morphology of the fol-
licles was evaluated, and follicle diameter was measured every other day. Media were refreshed every
other day, and the E2 concentrations of the collected media were measured. A: Representative follicular
growth treated with or without FSH during culture. When follicles were cultured without FSH (control),
almost none of the follicles survived. All showed signs of degeneration, and did not grow in a multi-
layered pattern (a). An oocyte (black arrowhead) separated from granulosa cells (white arrowhead) (b),
and shrunken follicles (c). FSH treatment induced follicle growth and antral-like cavity formation on the
12t day of culture (d). Bar, 100 um B: Time course of follicle growth, assessed by follicle diameter, in
the control and FSH-treated groups during in vitro culture. *, P<0.05. C: Time course of E2 concentra-
tions in the control and FSH-treated groups during culture. *, P<0.05. Parts of this figure were originally
published in Hara et al., Biol Reprod. 2011 [26].

Clomiphene citrate (CC) is a first-line drug for induc-
tion of ovulation in women with PCOS. Although 60—-80%
of women with PCOS ovulate after treatment with CC,
the remainders are CC-resistant [8, 9]. Alternative treat-
ments for CC-resistant PCOS include gonadotropin ther-
apy and laparoscopic ovarian drilling [10]. Recently, the
use of insulin-sensitizing agents such as metformin and

thiazolidinedione derivatives have been proposed for in-
ducing ovulation in CC-resistant women with PCOS [11,
12]. Pioglitazone is a thiazolidinedione derivative that is
used in the treatment of type 2 diabetes mellitus. Pio-
glitazone decreases peripheral insulin resistance via the
peroxisome proliferator-activated receptor-y (PPAR-y)
pathway [18]. Pioglitazone-stimulated reduction of pe-
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ripheral insulin resistance and its direct effect on the
ovaries might induce ovulation in patients with PCOS.
However, the direct effects of pioglitazone on ovarian fol-
licular development are still unclear.

Women with PCOS carry a risk of metabolic disorders
such as obesity, insulin resistance, glucose intolerance,
and dyslipidemia. Dyslipidemia represents the most
common metabolic abnormality in women with PCOS,
with a prevalence of up to 70% [13—15]. Although weight
reduction and increased physical activity constitute the
first-line therapy for dyslipidemia, lipid-lowering drugs
such as nicotinic acid and fibrates are frequently used
to prevent the development of these diseases [16]. We
previously reported that administration of bezafibrate, a
lipid-lowering fibrate, in addition to CC, successfully in-
duced ovulation in CC-resistant women with PCOS and
dyslipidemia [17]. Bezafibrate is a non-selective ligand
for PPARs such as PPAR-a, PPAR-5, and PPAR-y [18,
19]. Bezafibrate has been reported to improve insulin re-
sistance in obese and non-obese type 2 diabetic patients
[20, 21]. Because peripheral insulin resistance did not
significantly change in CC-resistant women treated with
bezafibrate, we hypothesized that bezafibrate directly af-
fects ovarian follicular development though PPARs. We
investigated the direct effects of drugs such as piogli-
tazone and bezafibrate, which are PPAR-y agonists, on
follicle development and steroidogenesis using an in vitro
preantral follicle culture system.

The in vitro preantral Follicle Culture System

In addition to the abnormally late phase of follicle de-
velopment, several studies have been reported that the
early phase of follicle development is also impaired in the
ovaries of women with PCOS [22, 23]. However, the mol-
ecules involved in abnormal follicle development in the
polycystic ovary remain unknown. The absence of suit-
able animal models that mimic PCOS in humans is a bar-
rier to our understanding of follicle development.

In vitro mouse follicle studies provide important infor-
mation for understanding the early and late stages of fol-
liculogenesis [24, 25]. We previously established an in vi-
tro mouse preantral follicle culture system to investigate
the direct effects of various compounds on follicle devel-
opment and steroidogenesis [26]. The detailed method of
the in vitro preantral follicle culture system was described
previously [26]. Early preantral follicles were mechani-
cally isolated from mature female mice ovaries. Follicles
with the following characteristics were selected: (1) di-
ameter of 120-150 ym, (2) immature oocytes centrally
located within the follicle, (3) intact basal membrane, and

(4) surrounding theca cells [27]. The isolated individual
preantral follicles were cultured in vitro for up to 12 days
to study the effects of various compounds on FSH-in-
duced follicle development and steroidogenesis. We as-
sessed the follicle survival rate, antral-like cavity forma-
tion rate, and the levels of 17 beta-estradiol (E2) in the
culture medium. FSH treatment significantly induced fol-
licle development and E2 secretion in the culture media
compared to without FSH treatment (control). Although
most follicles in the control group disintegrated and de-
generated within 10 days of culture, follicles cultured with
FSH grew larger and formed a large antral-like cavity on
the 12" day of culture (Fig. 1) [26].

Roles of adipocytokines in the Pathogenesis
in PCOS

Adipose tissue plays important roles in insulin resis-
tance [28] and secretes a variety of bioactive cytokines,
termed adipocytokines [29]. Adipocytokines have been
shown to inhibit insulin signals in skeletal muscle and the
liver [7]. The circulating levels of adipocytokines such
as tumor necrosis factor-a (TNF-a), resistin, interleukin
6, and free fatty acid, which increase insulin resistance
[30-32], are higher in obese and non-obese women with
PCOS [33, 34]. These adipocytokines might facilitate ab-
normal follicle development through direct action, as well
as through insulin resistance. Before our study [26], an
in vitro follicle culture system had not been used to de-
termine whether adipocytokines, which are implicated in
the pathogenesis of PCOS, affect follicle development.

Effects of TNF-a on Follicle Development and
steroidogenesis in preantral Follicle Cultures

TNF-a is a pro-inflammatory cytokine that is capable
of inducing apoptosis in diverse types of cells [35]. Sev-
eral publications have reported that TNF-a mediates the
apoptosis of preantral and antral follicles in murine and
human ovaries [36, 37]. TNF-a has also been reported
to directly influence in vitro ovarian steroidogenesis in
granulosa cells [38, 39]. Therefore, we first examined the
effects of TNF-a on follicle development and steroido-
genesis using our in vitro mouse preantral follicle culture
system [26]. TNF-a significantly inhibited FSH-induced
follicle development and steroidogenesis in a dose-de-
pendent manner with a minimum effective dose of 5 ng/
ml. TNF-a significantly inhibited follicle survival and de-
creased antral-like cavity formation in the FSH-treated
group (Fig. 2). We used the in vitro follicle culture sys-
tem, in the presence of TNF-a at 5 ng/ml, as a model for
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Fig. 2.

Effects of TNF-a on FSH-induced follicle development and steroidogenesis.

Follicles were cultured with 2, 5, and 10 ng/ml TNF-a in the presence or absence of FSH. The morphol-
ogy of the follicles was evaluated under a microscope and the survival rate and antral-like cavity for-
mation rate were determined. Follicle diameters were measured every other day. Media were refreshed
every other day, and E2 concentrations in the collected media were measured. A: Time course of dose-
dependent inhibition by TNF-a of average (n=5) FSH-induced follicle survival during culture. B: Dose-
dependent inhibition by TNF-a of FSH-induced follicle survival at 12 days of culture. Numbers inside
the bars indicate the numbers of surviving follicles/total tested number of follicles. C: Time course of
dose-dependent inhibition by TNF-a of average (n=5) FSH-induced antral-like cavity formation rate
during culture. D: Dose-dependent inhibition by TNF-a of antral-like cavity formation rate at 12 days
of culture. Numbers inside bars indicate the number of follicles with antral-like cavity/total tested num-
ber of follicles. E: Dose-dependent inhibition by TNF-a of FSH-induced follicle growth at 12 days of
culture. Data are expressed as mean = SEM. F: Dose-dependent inhibition by TNF-a of FSH-induced
E2 production at 12 days of culture. Data are expressed as mean + SEM. All experiments consisted of
at least five independent experimental runs. A group treated without FSH and TNF-a was used as a
control. Bars with different letters indicate a significant difference (P<0.05). Parts of this figure were
originally published in Hara et al., Biol Reprod. 2011 [26].
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Expression of PPAR subtypes in mouse preantral follicles.

The mRNA (A) and protein (B) expression of PPAR subtypes in mouse preantral follicles. Preantral folli-
cles were mechanically isolated from mouse ovaries. One hundred preantral follicles were collected and
subjected to RT-PCR and western blot analysis. A: Total RNA was isolated from preantral follicles and
various mouse tissues: liver, stomach, and adipose tissues. RT-PCR was performed to detect the mRNA
expression of PPAR-a (upper panel), PPAR-8 (middle panel), and PPAR-y (lower panel). Positive controls
for PPAR-a, PPAR-§, and PPAR-y were the liver, stomach, and adipose tissue, respectively. GAPDH was
used as an internal control. B: Protein expressions of PPAR-o (upper panel), PPAR-6 (middle panel),
and PPAR-y (lower panel) were examined by western blot analysis using their respective antibodies.
Alpha-tubulin was used as an internal control. Positive controls for PPAR-a and PPAR-6 were Hep G2
cell lysate and Jurkat nuclear extract, respectively. Mouse adipose tissue was used as a positive control
for PPAR-y. Experiments were repeated in triplicate, and representative results are shown. +, —, Pres-
ence or absence of RT in the RT-PCR reaction. GAPDH, glyceraldehyde-3-phosphate dehydrogenase,
P.C., positive control. Parts of this figure were originally published in Hara et al., Biol Reprod. 2011 [26].

studying follicle development in women with PCOS.

Effects of bezafibrate on TNF-a-mediated Inhi-
bition of FSH-induced Follicle Development and
steroidogenesis in preantral Follicle Cultures

We examined whether bezafibrate could suppress
TNF-a-mediated inhibition of FSH-induced follicle de-
velopment and steroidogenesis (Fig. 3) [26]. Bezafibrate
significantly suppressed the TNF-a-mediated inhibition
of FSH-induced follicle development and steroidogene-
sis. Bezafibrate completely restored the TNF-a-mediated
inhibition of FSH-induced follicle survival and antral-like
cavity formation. Partial, but significant, suppression of
TNF-a-mediated inhibition of FSH-induced E2 secretion
was noticed after bezafibrate treatment. Moreover, our
data showed that a selective PPAR-y agonist (G\W1929)
similarly suppressed TNF-a-mediated inhibition of FSH-
induced follicle development and steroidogenesis. Fur-

thermore, a selective PPAR-y antagonist (GW9662)
reversed the restorative effects of bezafibrate on TNF-a-
mediated inhibition of FSH-induced follicle development
and steroidogenesis [26].

Role of PPAR-y in the ovary

The PPARs are members of a nuclear receptor su-
perfamily of ligand-dependent transcription factors. Af-
ter binding of ligands to PPAR-responsive regulatory
elements, PPARs heterodimerize with the retinoid X re-
ceptor. The PPARs play roles in the regulation of inflam-
mation and metabolic processes, especially lipid and glu-
cose homeostasis. In mammals, there are three PPAR
subtypes, PPAR-a, PPAR-&6 and PPAR-y. Because
PPAR-y is highly expressed in adipose tissue and plays
a key role in adipogenesis, PPAR-y ligands, such as a
thiazolidinedione derivative, mediate various cellular ef-
fects, such as the regulation of adipocyte differentiation,
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Fig. 5. Restorative effects of pioglitazone on TNF-a-mediated inhibition of FSH-induced follicle development

and steroidogenesis.

Follicles were cultured with 1, 5, or 10 uM of pioglitazone in the presence or absence of 5 ng/ml of
TNF-a or 100 mIU/ml of FSH. A: Follicle survival rates at 12 days of culture of the various treatments
are shown. Numbers inside bars indicate the number of surviving follicles/total tested numbers of fol-
licles. B: Antral-like cavity formation rates at 12 days of culture of the various treatments are shown.
Numbers inside bars indicate the number of follicles with antral-like cavity/total tested number of folli-
cles. C: E2 concentrations in the culture media at 12 days of culture of the various treatments are shown.
D: Follicle diameters at 12 days of culture of the various treatments are shown. Data are expressed as
mean + SEM. The group treated only with dimethyl sulfoxide (DMSO) was used as a control. Bars with
different letters indicate a significant difference (P<0.05). Parts of this figure were originally published
in Hara et al., J Ovarian Res. 2013 [46].

lipid metabolism, and glucose homeostasis [40].

It has been reported that PPAR subtypes are ex-
pressed in various ovarian cells. In the rat ovary, both
PPAR-a and PPAR-8 mRNA expression were observed
in thecal and stromal cells, whereas PPAR-y mRNA was
localized to granulosa cells [41, 42]. We examined the
expression of PPAR subtypes in mouse preantral fol-

licles [26]. PPAR-a and PPAR-y mRNA expression were
detected by RT-PCR, whereas only PPAR-y protein ex-
pression was observed in preantral follicles. PPAR-y2
was expressed in mouse adipose tissue [43], whereas
PPAR-y1 was expressed in preantral follicles (Fig. 4). By
studying the ovarian-specific disruption of the PPAR-y
model using cre/loxP technology, Cui et al. found that
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PPAR-y plays an important role in normal ovarian func-
tion [44]. Seto-Young et al. reported that PPAR-y stimu-
lates the expression of steroidogenic acute regulatory
protein in the human ovary [45]. These reports suggest
that PPAR-y may play an important role in follicle devel-
opment and steroidogenesis.

Effects of pioglitazone on TNF-a-mediated In-
hibition of FSH-induced Follicle Development
and steroidogenesis in the Cultures

We examined whether pioglitazone directly affects fol-
licle development, in a manner similar to bezafibrate, us-
ing the in vitro follicle culture system supplemented with
TNF-a [46]. Pioglitazone also significantly suppressed
the TNF-a-mediated inhibition of FSH-induced follicle
development and steroidogenesis (Fig. 5). Although 1

UM of pioglitazone failed to show effects, both 5 and 10
UM of pioglitazone significantly suppressed the TNF-a-
mediated inhibition of FSH-induced follicle survival, an-
tral-like cavity formation rate, and E2 production. These
results were similar to those observed with bezafibrate.

Conclusion

In the present review, we discussed the evidence
that both bezafibrate and pioglitazone suppress TNF-a-
mediated inhibition of FSH-induced follicle development
and steroidogenesis through the PPAR-y-stimulating
pathway in a preantral follicle culture system. We sum-
marize the scheme in Fig. 6 Our results suggest that
insulin-sensitizing drugs, especially PPAR-y agonists,
directly influence follicle development and steroidogen-
esis in women with PCOS. However, the precise mecha-
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nisms by which follicle development and steroidogenesis
are restored by these drugs remain unknown. Further
investigations are needed to elucidate the mechanisms
by which PPAR-y agonists influence follicle development
and steroidogenesis in normal and PCOS ovaries.
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