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Metformin and pioglitazone combination therapy ameliorate
polycystic ovary syndrome through AMPK/PI3K/JNK pathway
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Abstract. Polycystic ovary syndrome (PCOS) is a common
gynecological endocrine disorder, which results in health
problems such as menstrual disorders, hyperandrogenism
and persistent anovulation. Hyperandrogenism and insulin
resistance are the basic characteristics of PCOS. To investigate
the combined effect of metformin and pioglitazone on POCS
and the potential mechanisms, a rat model of PCOS was
established by intramuscular injection of estradiol valerate
(EV). The effect of metformin and pioglitazone monotherapy
or combination therapy in control rats and PCOS rats
was evaluated, involving the testosterone level, follicular
development and insulin resistance. The potential mechanism
for the therapeutic effect of metformin and pioglitazone
on POCS was explored through using three inhibitors of
the 5'adenosine monophosphate-activated protein kinase
(AMPK)/phosphoinositide-3 kinase (PI3K)/c-Jun N-terminal
kinase (JNK) pathway (Compound C, Wortmannin and
SP600125). The results showed that EV-induced PCOS rats
demonstrated hyperandrogenemia, hyperinsulinemia and
follicular dysplasia. Metformin or pioglitazone monotherapy
significantly suppressed the high level of testosterone,
reduced the raised percentage of cystic follicles and primary
follicles, promoted the number of early antral follicles, and
markedly decreased the high concentration of fasting insulin
and homeostatic model assessment for insulin resistance
index in PCOS rats. In addition, metformin and pioglitazone
combination therapy demonstrated greater efficacy than its
individual components. Furthermore, individual or joint
treatment with metformin and pioglitazone affected the
phosphorylation level of JNK in PCOS rats. Compound C
and Wortmannin eliminated the effect of metformin and
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pioglitazone combination therapy on improving the follicular
growth in PCOS rats, whereas SP600125 treatment enhanced
this combination therapy effect. These data suggested that
metformin and pioglitazone combination therapy demonstrated
great efficacy in ameliorating PCOS through regulating the
AMPK/PI3K/JNK pathway.

Introduction

Polycystic ovary syndrome (PCOS) is acommon gynecological
endocrine disorder that affects 5-10% of reproductive-age
women (1,2). It is a complex and intractable disorder with
psychological (increased anxiety, depression and worsened
quality of life), reproductive (infertility, hyperandrogenism and
hirsutism) and metabolic manifestations [insulin resistance,
impaired glucose tolerance, type 2 diabetes mellitus (T2DM)
and adverse cardiovascular risk profiles] (3). Due to menstrual
disorders, hyperandrogenism and persistent anovulation,
PCOS is considered to be the main cause of infertility in
women (4). An estimate of 50-70% of women with PCOS
have insulin resistance (5). Insulin resistance has a critical
role in the pathogenesis of PCOS (6). In addition to induced
hyperandrogenism and other clinical characteristics of PCOS,
insulin resistance is also involved in cardiovascular diseases
and diabetes mellitus in PCOS patients (7,8). At present, insulin
resistance and reproductive dysfunction (hyperandrogenism
and anovulation) do not receive sufficient attention during the
treatment of PCOS.

Clomifene citrate, metformin and thiazolidinediones
(TZDs, e.g., rosiglitazone and pioglitazone), which are
often used to improve insulin sensitivity and reduce insulin
resistance, are considered the first-line ovulation-inducing
drugs in infertile women with PCOS either alone or in combina-
tion (9-14). Metformin, an adenosine monophosphate-activated
protein kinase (AMPK) activator and anti-diabetic agent
of the biguanide class, is widely used for the treatment of
T2DM (15-18). In PCOS patients, it has been confirmed that
metformin treatment decreases hyperandrogenemia, reestab-
lishes the menstrual cycle, affects the endometrial thickness
and blood flow, and ultimately improves ovulation, implanta-
tion and pregnancy rates (19,20). TZDs are the peroxisome
proliferator-activated receptor vy synthetic ligands that regulate
cellular functions to decrease insulin resistance (21,22).
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In a previous study, pioglitazone showed an obvious beneficial
effect on insulin sensitivity in patients with impaired fasting
glucose and glucose tolerance (23,24). In women with PCOS,
pioglitazone treatment was found to improve the irregularities
of menses and hirsutism, reduce insulin resistance, increase
the ovulation rate and improve hyperandrogenemia (25-28).
Pioglitazone and metformin fixed-dose combination therapy
was demonstrated to be well tolerated, with reduced or similar
adverse event rates in treating patients with T2DM compared
with each individual monotherapy (29). In addition, it was
found that combined treatment with letrozole, metformin
and pioglitazone was efficacious among women with PCOS
resistant to clomifene citrate, and it was similar to that of
combined treatment with clomifene citrate, metformin and
pioglitazone (14). However, the exact efficacy and potential
mechanism for the combination therapy of metformin and
pioglitazone in PCOS has remained to be elucidated.

Based on this, the aim of the present study was to investi-
gate the combined effect of metformin and pioglitazone on the
testosterone levels, follicular development and insulin resistance
in a rat model of PCOS, and to explore the potential mechanism
through using three inhibitors of the AMPK/phosphoinositide-3
kinase (PI3K)/c-Jun N-terminal kinase (JNK) pathway
(Compound C, Wortmannin and SP600125).

Materials and methods

Animals and drugs. Female Sprague-Dawley rats (age,
3 weeks; n=168; weight, 50-55g) were obtained from JRDUN
Biotechnology (Shanghai, China) and housed in a pathogen-free
environment at the animal center of the First Affiliated
Hospital of Zhengzhou University (Zhengzhou, China) main-
tained under standard conditions (room temperature, 22°C;
humidity, 33%) with a 12-h light/dark cycle. All experimental
operations were performed in accordance with the Guide for
the Care and Use of Laboratory Animals (30). Metformin
and pioglitazone were purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). Compound C as an AMPK
inhibitor was purchased from Calbiochem (San Diego, CA,
USA). Wortmannin as a PI3K inhibitor and SP600125 as a
JNK inhibitor were purchased from Sigma-Aldrich. The study
protocol was approved by the Medical Ethics Committee of
the First Affiliated Hospital of Zhengzhou University and
the Second Affiliated Hospital of Zhengzhou University
(Zhengzhou, China).

PCOS rat model. The PCOS rat model was induced by a
single dose of estradiol valerate (EV; 4 mg/rat, intramuscular)
as described previously (31). The rats were divided into eight
groups (n=12 per group) as follows: Control group (Control
Veh), normal rats treated with 500 mg/kg/day metformin
orally (Control Met), normal rats treated with 20 mg/kg/day
pioglitazone orally (Control Pio), normal rats treated with
500 mg/kg/day metformin plus 20 mg/kg/day pioglitazone
orally (Control Met + Pio), PCOS group (PCOS Veh), PCOS
rats treated with 500 mg/kg/day metformin orally (PCOS
Met), PCOS rats treated with 20 mg/kg/day pioglitazone
orally (PCOS Pio) and PCOS rats treated with 500 mg/kg/day
metformin plus 20 mg/kg/day pioglitazone orally (PCOS
Met + Pio). At the end of the treatment, blood samples and
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ovaries were collected for the biochemical and histological
evaluations.

AMPK/PI3K/JNK pathway inhibitor treatment. To explore the
potential mechanism of the therapeutic effect of metformin
and pioglitazone on PCOS, compound C, Wortmannin and
SP600125 were used to inhibit the AMPK/PI3K/JINK pathway.
The rats were divided into six groups (n=12 per group) as
follows: Control group (Control), PCOS group (PCOS), PCOS
rats treated with 500 mg/kg/day metformin plus 20 mg/kg/day
pioglitazone orally (PCOS + Met + Pio), PCOS rats co-treated
with 500 mg/kg/day metformin, 20 mg/kg/day pioglitazone
orally and Compound C [25 ug/rat, intravenously (i.v.)]
(PCOS + Met + Pio + CC), PCOS rats co-treated with
500 mg/kg/day metformin, 20 mg/kg/day pioglitazone orally
and wortmannin (15 pg/kg, iv.) (PCOS + Met + Pio + WT),
and PCOS rats co-treated with 500 mg/kg/day metformin,
20 mg/kg/day pioglitazone orally and SP600125 (0.05 mg/kg,
iv.) (PCOS + Met + Pio + SP). At the end of the treatment, the
ovaries were collected for the histological evaluations.

Assessment of biochemical parameters. At the end of the
treatment, the rats were fasted overnight and blood samples
were collected. Blood was centrifuged at 15,500 x g for
5 min, and the plasma and serum samples were separated
for determination of the biochemical parameters. Fasting
glucose concentrations were determined using the glucose
oxidase method as described previously (32). ELISA was
used to assess free testosterone, total testosterone and fasting
insulin according to the manufacturer's instructions. The
kits were purchased from Sigma-Aldrich. The homeostasis
model assessment of insulin resistance index (HOMA-IR)
was calculated as plasma glucose (mmol/l) x serum insulin
(mIU/)/22.5.

Assessment of histological changes. The ovary samples were
removed from each group and immediately fixed in Bouin
solution for 12 h and then embedded in paraffin. Sections
(5 pm thickness) were mounted on the glass slides and stained
with hematoxylin-eosin (H&E) for histological examination
under the microscope. The different structures per ovary
section were counted. Follicles were classified as cystic folli-
cles, primary follicles, early antral follicles and atretic follicles
according to the description by Di Pietro et al (33).

Western blot analysis. Western blot analysis was performed
as described previously (33). In brief, proteins extracted
from ovary tissues were evaluated by the Bradford assay and
separated by 10% SDS-PAGE (30 ug/lane), then transferred
to polyvinylidene difluoride membranes (Merck KGaA,
Darmstadt, Germany). Membranes were incubated with
primary antibodies at 4°C overnight followed by processing
with horseradish peroxidase-conjugated secondary antibodies
at room temperature for 2 h and detected by chemilumines-
cence (SC-2048; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA). B-actin was used as protein loading control. Primary
antibodies p-JNK (sc-6254; 1:500), INK (sc-7345; 1:500),
B-actin (sc-58673; 1:1,000) and the corresponding secondary
antibodies (sc-516102; 1:2,000) were purchased from Santa
Cruz Biotechnology, Inc.
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Figure 1. Level of testosterone in control and PCOS rats after individual or combined treatment with Met and Pio. The testosterone concentration in the
serum was measured by ELISA. (A) Level of free testosterone. (B) Level of total testosterone. “P<0.05 vs. Veh in Control; ¥P<0.05 compared to Veh in PCOS;
©P<0.05 vs. Met in PCOS; "P<0.05 vs. Pio in PCOS. Veh, vehicle; PCOS, polycystic ovary syndrome; Pio, pioglitazone; Met, metformin.

Statistical analysis. Values are expressed as the mean + standard
deviation. The significance of differences was determined using
one-way factorial analysis of variance. Statistical analysis
was performed using SPSS software version 16.0 (SPSS, Inc.,
Chicago, IL, USA). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Metformin, pioglitazole and their combination inhibit
increases in testosterone levels in a PCOS model.
Hyperandrogenism is the central feature of PCOS. In order to
analyze the effect of metformin and pioglitazone on PCOS,
the testosterone level was first determined in all groups. In the
control rats, the hormone levels of free testosterone and total
testosterone were not affected by metformin and pioglitazone
treatment alone or combination (Fig. 1A and B). However,
in PCOS rats, a significant increase was observed in the
testosterone level, compared to that in the Control Veh group
(free testosterone 6.35+0.35 vs. 1.56+0.26; total testosterone,
18.59+1.29 vs. 11.25+1.52; P<0.05). In addition, compared to that
in the PCOS Veh group, metformin or pioglitazone treatment of
PCOS rats significantly inhibited the level of free testosterone
(PCOS Met, 4.22+0.24; PCOS Pio, 5.21+0.28; P<0.05) and total
testosterone (PCOS Met, 14.23+1.24; PCOS Pio, 14.66x1.64;
P<0.05). Furthermore, the inhibition of testosterone levels was
intensified with combined treatment of metformin and piogli-
tazone, compared to that with monotreatment (free testosterone,
3.01+0.18; total testosterone, 10.23+1.25; P<0.05). These results
suggested that metformin and pioglitazone combination therapy
reduced the elevated testosterone levels in PCOS.

Metformin and pioglitazone improve ovary follicular
development in PCOS. The endocrine disorder in PCOS is
characterized by chronic anovulation and high androgen
levels. Therefore, the present study examined the develop-
ment of four types of follicles (cystic follicles, primary
follicles, early antral follicles and atretic follicles) in
H&E-stained ovary histological sections. In control rats, no
differences were found in the percentage of cystic follicles,
primary follicles, early antral follicles and atretic follicles

between the Control Veh group and the drug-treated groups
(Fig. 2). By contrast, it was found that the percentage of
cystic follicles in the PCOS Veh group was higher than that
in the Control Veh group (7.58+1.25 vs. 0.50+0.25; P<0.05)
(Fig. 2A). When PCOS rats were treated with metformin or
pioglitazone, the percentage of cystic follicles was signifi-
cantly reduced compared to that in the PCOS Veh group
(PCOS Met, 4.21£1.11; PCOS Pio, 5.22+1.22; P<0.05). In
addition, co-treatment with metformin and pioglitazone in
PCOS rats promoted the inhibitory effect of metformin or
pioglitazone treatment alone on the folliculogenesis of cystic
follicles (3.10+0.58; P<0.05). Similar to the cystic follicles,
the percentage of primary follicles in the PCOS Veh group
was obviously increased compared to that in the Control
Veh group (15.68+2.22 vs. 8.55+1.22; P<0.05) (Fig. 2B).
Treatment with pioglitazone decreased the folliculogenesis
of primary follicles, which was comparable with the effect of
metformin; furthermore, pioglitazone enhanced the ability of
metformin to inhibit primary follicles in PCOS rats (PCOS
Met, 12.22+1.15; PCOS Pio, 11.25+1.26; PCOS Met + Pio,
7.55+1.14; P<0.05). In addition, the percentage of early antral
follicles in PCOS rats was not changed as compared to that in
the control rats (Fig. 2C). However, metformin or pioglitazone
monotreatment markedly increased the percentage of early
antral follicles in PCOS rats compared to that in the PCOS
Veh group, while combined metformin with pioglitazone
in PCOS rats increased this impact on the folliculogenesis
of early antral follicles (PCOS Met, 59.36+3.26; PCOS
Pio, 66.00+4.25; PCOS Met + Pio, 76.36+6.22; P<0.05).
Regarding atretic follicles, their percentage was not different
between all of the Control and PCOS groups except for the
PCOS Met + Pio group (Fig. 2D). Compared with monotreat-
ment, combined metformin with pioglitazone significantly
suppressed the percentage of atretic follicles in PCOS rats
(PCOS Met, 42.22+5.70; PCOS Pio, 41.25+5.23; PCOS Met
+ Pio, 27.55+4.14; P<0.05). Taken together, these results
implied that treatment with metformin and pioglitazone
improved ovary follicular development in PCOS.

Metformin and pioglitazone reduce elevated insulin levels
and ameliorate insulin resistance in a PCOS model. Insulin
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Figure 2. Follicular development in control and PCOS rats after individual or combined treatment with Met and Pio. The graphs show the percentage of four
types of follicle in ovarian sections stained with hematoxylin and eosin. The percentage of (A) cystic follicles, (B) primary follicles, (C) early antral follicles
and (D) atretic follicles. “P<0.05 compared to Veh in Control; “P<0.05 compared to Veh in PCOS; “P<0.05 compared to Met in PCOS; “P<0.05 compared to
Pio in PCOS. Veh, vehicle; PCOS, polycystic ovary syndrome; Pio, pioglitazone; Met, metformin.
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Figure 3. Level of fasting insulin and glucose in control and PCOS rats after individual or combined treatment with Met and Pio. (A) The concentration of
fasting insulin in the serum measured by ELISA. (B) The concentration of fasting glucose measured using the glucose oxidase method. (C) HOMA-IR calcu-
lated as plasma glucose (mmol/1) x serum insulin (mIU/1)/22.5. "P<0.05 compared to Veh in Control; “P<0.05 compared to Veh in PCOS; “P<0.05 compared to
Met in PCOS; "P<0.05 compared to Pio in PCOS. Veh, vehicle; PCOS, polycystic ovary syndrome; Pio, pioglitazone; Met, metformin; HOMA-IR, homeostasis

model assessment of insulin resistance.

resistance/hyperinsulinemia is the basic characteristic of
metabolic abnormalities in patients with PCOS. As expected,
in PCOS rats, the fasting insulin was higher than that in the
control rats (0.86+0.14 vs. 0.55+0.12; P<0.05) (Fig. 3A), Fasting
glucose levels did not significantly change in PCOS rats
compared with control rats (Fig. 3B). HOMA-IR increased in
PCOS rats compared with control rats (4.88+0.28 vs.2.55+0.29;
P<0.05), suggesting insulin resistance was present in PCOS
rats (Fig. 3C). Metformin treatment in PCOS rats significantly
inhibited the increase in the insulin concentration and the

HOMA-IR (fasting insulin, 0.55+0.11; HOMA-IR, 3.25+0.41;
P<0.05). Pioglitazone treatment showed a similar effect on
PCOS rats to that of metformin (fasting insulin, 0.51+0.13;
HOMA-IR, 3.24+0.26; P<0.05). Furthermore, combined
metformin with pioglitazone significantly enhanced the
inhibitory effect of the respective monotreatments on the
insulin concentration and the HOMA-IR in PCOS rats (fasting
insulin, 0.35+0.08; HOMA-IR, 2.35+0.21; P<0.05). However,
in the control rats, the levels of fasting insulin, fasting
glucose and HOMA-IR were not affected by metformin and



2124

PCOS
Q® <®
X x
\\é'(\ \x\é' <2'\° \&\é\ AQ.S\ \5@\' Q‘\C’ ¢é_

Control

PrJNK  —c— —— _— e —

JNK o a5 GED axb aup

P-actin e s w—" " S—" — -

3+ #

338

Fold increase in p-JNK/JNK
AN

ey
AR

0
L X
\\é‘ & ¢® \NQ\O Ag\‘ R ¢° ‘\XQ\O
\&\0 @Qv
Control PCOS

Figure 4. Phosphorylation of JNK in control and PCOS rats after individual or
combined treatment with Met and Pio. The relative levels of phosphorylated
JNK in ovarian protein extracts were determined by western blot analysis.
The density in each band was normalized to that of the B-actin band. "P<0.05
compared to Veh in Control; “P<0.05 compared to Veh in PCOS; “P<0.05
compared to Met in PCOS; "P<0.05 compared to Pio in PCOS. p-JNK, phos-
phorylated c-Jun N-terminal kinase; Veh, vehicle; PCOS, polycystic ovary
syndrome; Pio, pioglitazone; Met, metformin.

pioglitazone compared to those in the Control Veh group. The
results showed that metformin and pioglitazone combination
therapy reduced the high levels of insulin and ameliorated
insulin resistance in PCOS.

Metformin and pioglitazone mediate follicular development
in PCOS through the AMPK/PI3K/JNK pathway. A previous
study showed that metformin mediated thapsigargin-induced
apoptosis and insulin secretion impairment via regula-
tion of the AMPK/PI3K/INK pathway (34). Therefore,
the present study sought to explore whether the effect of
metformin and pioglitazone on PCOS was mediated through
the AMPK/PI3K/JNK pathway. First, the phosphorylation
of JNK after metformin and pioglitazone treatment was
detected. As shown in Fig. 4, INK phosphorylation was
significantly induced in PCOS rats, which was suppressed by
metformin or pioglitazone treatment (P<0.05). Co-treatment
with metformin and pioglitazone aggravated the inhibition
of JNK phosphorylation in PCOS rats (P<0.05; Fig. 4).
However, individual or combined treatment with metformin
and pioglitazone did not affect the phosphorylation level of
JNK in control rats.

Next, the involvement of the AMPK/PI3K/JNK pathway
in metformin- and pioglitazone-induced improvement of
the follicular development in PCOS was examined by using
compound C (an AMPK inhibitor), Wortmannin (a PI3K
inhibitor) and SP600125 (a JNK inhibitor). In agreement with
the results shown in Fig. 2, the percentage of cystic follicles and
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primary follicles was significantly increased in PCOS rats, and
the folliculogenesis of cystic follicles, primary follicles and
atretic follicles was obviously inhibited after metformin
and pioglitazone combination therapy in PCOS rats, while
the percentage of early antral follicles was promoted (PCOS:
Cystic follicles, 8.55+0.92; primary follicles, 18.57+1.36;
early antral follicles, 48.55+6.59; atretic follicles, 49.55+6.85;
PCOS +Met + Pio: Cystic follicles, 3.59+0.45; primary follicles,
7.14+1.10; early antral follicles, 76.58+9.64; atretic follicles,
25.46+5.18) (P<0.05; Fig. 5). Furthermore, Compound C and
Wortmannin eliminated the effect of metformin and piogli-
tazone combination therapy on the follicular development in
PCOS rats (PCOS + Met + Pio + CC: Cystic follicles, 7.55+0.66;
primary follicles 15.24+1.22; early antral follicles, 55.69+6.78;
atretic follicles, 49.56+4.66; PCOS + Met + Pio + WT: Cystic
follicles, 7.04+0.48; primary follicles, 16.66+1.69; early antral
follicles, 55.64+5.24; atretic follicles, 48.69+4.01) (P<0.05;
Fig. 5). Conversely, the JNK inhibitor SP600125 significantly
enhanced the effect of metformin and pioglitazone-mediated
follicular development in PCOS rats (PCOS + Met + Pio + SP:
Cystic follicles, 2.58+0.18; primary follicles, 4.25+0.69; early
antral follicles, 80.59+6.33; atretic follicles, 16.44+3.25)
(P<0.05; Fig. 5).

Taken together, these results suggested that metformin
and pioglitazone regulate the follicular development in PCOS
through the AMPK/PI3K/INK pathway.

Discussion

PCOS is characterized by three major consequences:
Hyperandrogenemia, hyperinsulinemia and abnormal ovula-
tion. The present study evaluated the combined therapeutic
effect of metformin and pioglitazone on these major symptoms
of PCOS and found that metformin and pioglitazone mono-
therapy or combination therapy did not impact the testosterone
level, insulin concentration and ovarian follicular development
in control rats, but demonstrated great efficacy in inhibiting
increases in testosterone levels and insulin concentration,
reducing insulin resistance and ameliorating ovarian develop-
ment in PCOS rats. Furthermore, individual or joint treatment
with metformin and pioglitazone affected the phosphorylation
levels of JNK in PCOS rats. The AMPK/PI3K/INK pathway
was demonstrated to regulate the effect of metformin and
pioglitazone combination therapy on improving the follicular
growth in PCOS rats.

Previous studies have evaluated the treatment with
metformin and pioglitazone alone or in different combinations
with other drugs for hormone modulation, ovulation induction
and insulin resistance in women with PCOS (14,18,19,35-38).
After metformin monotreatment, circulating testosterone,
A-4-androstenedione and the hirsutism score in PCOS patients
were significantly decreased, indicating that metformin treat-
mentledtoareductionof hyperandrogenism (39). Thisresult was
consistent with the finding of the present study that metformin
treatment in PCOS rats significantly inhibited the level of free
and total testosterone. In addition, the present results showed
that pioglitazone and metformin have equivalent efficacy in
reducing hyperandrogenism and insulin resistance in PCOS.
Similar to metformin treatment, pioglitazone monotreatment
significantly inhibited the increases of free testosterone, total
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Figure 5. Follicular development in Met- and Pio-treated PCOS rats after treatment with adenosine monophosphate-activated protein kinase/phosphoinositide-3
kinase c-Jun N-terminal kinase pathway inhibitors. The graphs show the percentage of four types of follicles in ovarian sections stained with hematoxylin
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SP, SP600125; CC, Compound C.

testosterone, fasting insulin and the HOMA-IR in PCOS rats.
However, in a previous study, pioglitazone monotreatment
was found to markedly reduce the fasting insulin level and
HOMA-IR, but to not affect the level of free and total testos-
terone in in women with PCOS (28). Another study showed
that compared with metformin, pioglitazone treatment was
less effective in improving ovulation rates, whereas the effect
on hyperandrogenemia and insulin resistance was similar (37).
Numerous studies have shown that metformin treatment
improved the growth and development of follicles and endome-
trium, increased the ovulation rates and restored the menstrual
cycle of PCOS patients (40-43). The present study confirmed
that metformin or pioglitazone administration in a rat model
of PCOS improved the follicular development, with a lower
percentage of primary follicles and cystic follicles and a higher
percentage of early antral follicles. Combined treatment with
metformin and pioglitazone enhanced the improvement of
the ovarian function of PCOS compared to that seen with
the respective monotreatments. This was consistent with the
results of a study using a dehydroepiandrosterone-induced
PCOS rat model (33). Increasing evidence has indicated that
pioglitazone and metformin improve hirsutism and insulin
resistance in PCOS patients. However, the effectiveness of
pioglitazone vs. metformin in the treatment of PCOS remains

controversial, and the efficacy of their combined therapy in
PCOS has remained to be fully demonstrated. A previous
systematic review and meta-analysis of randomized controlled
trials revealed that while metformin is more effective in
reducing body mass index, pioglitazone is more effective in
reducing insulin resistance and fasting insulin levels in women
with PCOS. The effect of pioglitazone on Ferriman-Gallwey
scores, testosterone levels and fasting glucose levels was not
significantly different from that of metformin (44). Clomifene
citrate, metformin and pioglitazone, as common insulin
sensitizers, were evaluated for their effectiveness in the
treatment of PCOS. There were no statistically significant
differences between clomifene citrate monotreatment or its
combination with metformin/pioglitazone in the biochemical
pregnancy rates and the number of mature follicles (38). The
efficacy of combined treatment with letrozole, metformin and
pioglitazone was similar to that of combined treatment with
clomifene citrate, metformin and pioglitazone within a group
of 100 women with PCOS resistant to clomifene citrate (14).
The present findings provided evidence that the efficacy of
metformin or pioglitazone monotherapy against hyperan-
drogenemia, insulin resistance and follicular development
was equal, whereas their combined administration showed a
synergetic promoting effect.
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Furthermore, the present study provided evidence that
metformin and pioglitazone ameliorate PCOS through
regulating the AMPK/PI3K/JNK pathway. First, metformin
and pioglitazone treatment individually or jointly inhibited
JNK phosphorylation in rats with EV-induced PCOS. A
similar result was found in NIT-1 cells, where metformin
inhibited thapsigargin-induced JNK phosphorylation and
JNK activity (34). In addition, the results of the present study
showed that JNK inhibitor SP600125 significantly enhanced
the combination therapy effect of metformin and pioglitazone
on improving ovarian follicle development in PCOS rats.
Furthermore, a previous study using SP600125 in a rat model
of PCOS showed a significant improvement in ovarian follicle
morphology, edema, inflammatory infiltrate, vascular conges-
tion and hyperemia (45). These results implied that JNK
activity has an important role in the pathogenesis of PCOS and
that metformin and pioglitazone may regulate JNK-associated
pathways. Jung ef al (34) confirmed that metformin prevented
endoplasmic reticulum stress-induced apoptosis through the
AMPK/PI3K/INK pathway. It is known that JNK phosphory-
lation is negatively regulated by PI3K/Akt and AMPK, and that
PI3K has an impact on insulin signaling (46-48). PI3K inhibi-
tion is considered as a novel potential target for the treatment of
PCOS (49). The present study found that using AMPK inhibitor
Compound C and PI3K inhibitor Wortmannin significantly
reduced the effect of metformin and pioglitazone combina-
tion therapy on restoring ovarian follicular development in
PCOS rats. In T2DM, it has also been shown that AMPK and
PI3K inhibitors inhibited metformin-mediated impairment of
insulin secretion (34). Taken together, these results empha-
sized the significance of the AMPK/PI3K/JINK pathway in the
treatment of PCOS. Metformin and pioglitazone combination
therapy demonstrated great efficacy in ameliorating PCOS
through regulating the AMPK/PI3K/INK pathway.
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