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Abstract

Background: Polycystic ovary syndrome (PCOS) is a prevalent reproductive and metabolic disorder. Insulin resistance (IR) is highly
associated with PCOS and aggravates its symptoms. Thiazolidinediones (TZDs), as insulin sensitizing agents, are PPARy agonists
that improve many of the symptoms of PCOS. The Magnolia officinalis extract (MOE) is a natural peroxisome proliferator activated
receptor gamma (PPARy) agonist that improves insulin sensitivity in experimental models.

Objectives: Using a dehydroepiandrosterone (DHEA)-induced rat model of PCOS and IR, this study aimed to explore both the po-
tential beneficial effects and the molecular mechanisms of action of MOE.

Methods: Post-pubertal female Sprague Dawley rats were subcutaneously injected daily with DHEA (6 mg[100 g body weight) dis-
solved in sesame oil for 28 days (n =30). Age- and weight-matched control rats received only sesame oil (n =12). Afterward, 16 of the
DHEA-injected rats, along with five control rats, were sacrificed for blood and tissue collection. The 14 remaining DHEA-injected rats
received either treatment of 30 days of oral MOE (500 mg/kg) dissolved in dimethyl sulfoxide (DMSO) (n =7), or oral DMSO only (n=
7). Meanwhile, the remaining control rats (n =7) continued to receive daily oral DMSO for 30 days. At the end of the treatments, the
rats were sacrificed for blood and tissue collection.

Results: After 28 days, the DHEA-treated rats exhibited an increase in body weight as compared to controls (P < 0.05). DHEA injec-
tion induced a PCOS phenotype as evident by a statistically significant (P < 0.05) elevated serum luteinizing hormone (LH), and an
increased number of cystically dilated follicles with thicker granulosa compared to controls. PCOS rats showed a statistically sig-
nificantrise in fasting insulin with an increased homeostatic model assessment index of insulin resistance (HOMA-IR) as compared
to controls (P < 0.05). Compared to the control group, PCOS rats had a statistically significant lower ovarian protein expression of
PPAR7, insulin receptor substrate 1(IRS1), and protein kinase B (Akt) by Western Blot (P < 0.05). Conversely, the PCOS group showed
an increased mammalian target of rapamycin (mTOR) pathway activity as evident by an increase in the fraction of phosphorylated
mTOR to total mTOR compared to the control group (P < 0.05). When treated for 30 days with oral MOE (500 mg/kg), the PCOS
rats showed a statistically significant decrease in body weight and serum LH levels as compared to the non-treated PCOS rats (P <
0.05). The number of cystically dilated follicles in the MOE-treated PCOS rats was significantly reduced compared to the non-treated
PCOS rats. In the MOE-treated PCOS rats, the ovarian protein expression of PPAR~y, IRS1, and Akt was significantly increased, while
the p-mTOR/mTOR expression was decreased compared to the non-treated PCOS group (P < 0.05).

Conclusions: According to our results, the MOE ameliorated the DHEA-induced PCOS phenotype histologically, hormonally, and
metabolically. Fundamentally, this explores the elusive pathophysiologic association between IR and PCOS by targeting pathways
common to both disorders.
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1. Background

Polycystic ovary syndrome (PCOS)is a multifactorial re-
productive and metabolic disorder affecting 5.5% to 19.9%
of reproductive-age women worldwide (1). The hallmarks
of this prevalent condition are hyperandrogenism, numer-
ous preantral cystic ovarian follicles, and anovulation (2).
Anovulation in PCOS results from the disruption of the syn-

chronized hormonal signals responsible for normal follic-
ular maturation. Hypersecretion of luteinizing hormone
(LH), insulin-like growth factor 1 (IGF1), and anti-Miillerian
hormone (AMH) culminate in follicular arrest and higher
conversion of progesterone precursors to androgens (3).
The increased ovarian androgen production by follicular
theca cells may manifest as weight gain, excess fat deposi-
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tion, hirsutism, clitoromegaly, oily skin, and acne (4).

PCOS is associated with an increased risk of metabolic
abnormalities, type II diabetes, cardiovascular diseases,
and ovarian cancer (1). Intriguingly, two-thirds of women
with PCOS are found to have insulin resistance (IR) inde-
pendent of obesity (5). IR is suspected to play a major
role in the pathogenesis of PCOS, although the exact patho-
physiologic association between IR and PCOS remains un-
determined (6). Hyperinsulinemia in PCOS women may be
aconsequence of the frequently increased basal insulin se-
cretion (7), the decreased hepatic clearance of insulin re-
ported in these patients (8), or a combination of both pro-
cesses. Hyperinsulinemia further aggravates the hyperan-
drogenic phenotype in PCOS by inhibiting the hepatic syn-
thesis of sex hormone binding globulin (SHBG) (9); thus,
increasing the availability of free testosterone in circula-
tion (10). SHBG normally controls the levels of sex hor-
mones in circulation by regulating their metabolic clear-
ance rates (11). Whether PCOS is the manifestation of IR in
the ovaries remains debatable. Nonetheless, several stud-
ies have reported a potential therapeutic role for insulin
sensitizing agents, such as metformin and thiazolidine-
diones (TZDs), in ameliorating many of the symptoms of
PCOS (12).

TZDs, such as rosiglitazone and pioglitazone, act via
activating the peroxisome proliferator-activated receptor
gamma (PPARy). PPARy regulates ovarian granulosa cell
steroid hormone synthesis, angiogenesis, and prolifera-
tion (13). Since PPARv is downregulated in the ovarian
granulosa cells by the high levels of LH (14), the direct ovar-
ian PPAR+ activation may be, in part, responsible for the
improvement in PCOS symptoms seen with TZD treatment
(12). Furthermore, PPAR~y inhibits the mammalian target
of rapamycin (mTOR) signaling, a pathway implicated in
the pathogenesis of PCOS (15). Insulin, on the other hand,
activates mTOR via the PI3K/Akt pathway, and a normal in-
sulin signaling is important for ovarian steroid hormone
synthesis (16). Conversely, a hyperactive mTOR signal, as
seen in PCOS, may contribute to a negative feedback inhi-
bition of the insulin signal and lead to IR (17).

The main concern about TZD therapy is the major and
potentially lethal side effects (18); hence, it is necessary to
investigate the therapeutic role of other natural PPAR"y ag-
onists. The Magnolia officinalis plant has long been used as
an herbal remedy for diabetes mellitus (DM). Magnolol and
honokiol are the two active ingredients documented to re-
duce fasting blood glucose, insulin, and adiposity while
enhancing glucose uptake in experimental animal mod-
els of diabetes (19). Honokiol and magnolol enhance the

phosphoinositide-3-kinase/Akt insulin signaling pathway,
influence cholesterol metabolisms, and activate PPARYy
(20, 21).

In this study, using a rat model of dehydroepiandros-
terone (DHEA)-induced PCOS and IR, we aimed to explore
both the potential beneficial effect and the molecular
mechanism of action of Magnolia officinalis extract (MOE).
To our knowledge, the remedial effects of MOE in PCOS
have not been studied. We hypothesize that MOE will acti-
vate PPAR~, downregulating the mTOR signal, resulting in
an improvement in the PCOS phenotype. It is hoped that
the current study enhances our understanding of the pos-
sible link between IR and PCOS.

2. Methods

2.1. Animals

A total of 42 female Sprague-Dawley rats (8 - 9 weeks
old) with free access to commercial rat chow and water
were housed at the University of Balamand animal facility
setata temperature of 22°C with a 12-hour dark/light cycle.
The animal experimental protocols were approved by the
Institutional Animal Care and Use Committee of the Uni-
versity of Balamand and carried out in compliance with
the Committee’s guidelines.

2.2. Materials and Chemicals

Dehydroepiandrosterone (DHEA) was purchased from
Sigma-Aldrich (# D4000-10G), Magnolia officinalis extract
from Bulksupplements.com ® (lot# 1803306), dimethyl
sulfoxide (DMSO) from Honeywell (#41640-1L), sesame oil
from local market, thiopental from Rotexmedica, Insulin
ELISA kit from Merck Millipore (#EZRMI-13K), luteinizing
hormone ELISA kit from Mybiosource (#MBS4500762),
PVDF membrane from GE healthcare (#10600023), en-
hanced chemiluminescence (ECL) from Biorad (#170-
5060), anti-IRS1 from Abcam (#ab131487), anti-Akt from
Abcam (#abg8805), anti-phospho mTOR from Abcam
(#ab84400), anti-PPARy from Abcam (#209350), and
anti-beta-actin from Abcam (#abg229).

2.3. Experimental Models

To chemically induce the PCOS phenotype in the ex-
perimental group, we used daily subcutaneous injection
of DHEA in post-pubertal female rats for 28 days (22, 23).
First, a set of 21 post-pubertal age- and weight-matched fe-
male Sprague-Dawley rats were randomly divided into two
groups of control (n=5)and PCOS (n=16). The PCOS group
received daily subcutaneous injections of DHEA (6 mg[100
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g body weight; Sigma) dissolved in 0.1 mL sesame oil for 28
days, and the control group received daily subcutaneous
injections of sesame oil (0.1 mL[100 g body weight) for 28
days. After 28 days, all the rats were fasted overnight, then
anesthetized at 9 am the following day, and sacrificed for
blood and tissue collection.

Then a second set of 21 post-pubertal age- and weight-
matched female Sprague-Dawley rats were divided into
two groups of control (n=7) and PCOS (n=14); both groups
received identical treatments in the first run for 28 days.
However, after 28 days, the rats that received DHEA treat-
ment were randomly divided into two groups: one group
(n = 7) received daily oral administration of MOE (500
mg/kg; BulkSupplements.com) dissolved in DMSO for 30
days, and the other group (n = 7) received only oral DMSO
for 30 days (24). Also, the control rats continued to receive
daily oral DMSO for 30 days. At the end of the treatment,
all the rats were fasted overnight, then anesthetized 9 am
the following day, and sacrificed for blood and tissue col-
lection.

2.4. Body Weight and Ovary Weight Measurement

Individual rat body weight from each group was
recorded every 3 - 4 days from the first until the end of the
experiment. Upon sacrifice, the weight of the ovaries from
each group was also measured.

2.5. Sample Collection

Serum and ovarian tissue samples were collected in
compliance with the guidelines of the Institutional Animal
Care and Use Committee of the University of Balamand. Af-
ter sedation, using intraperitoneal injection of 200 uL of
thiopental, an incision was made in the diaphragm, and
rat blood samples were withdrawn with a needle and sy-
ringe from the right ventricle. The blood samples were
transferred into the serum separator tubes, centrifuged at
2000 rpm for 10 minutes, and the serum was collected,
aliquoted, and stored at-80°C. Both ovaries were dissected
out from each rat and either fixed in formalin for histolog-
ical analysis or frozen in liquid nitrogen for protein extrac-
tion and Western blot analysis.

2.6. Polycystic Ovarian Morphology (PCOM)

Ovaries of the rats in all experimental groups were
fixed in formalin and embedded in paraffin. Slides
mounted with 10 pm thickness sections were then stained
with hematoxylin and eosin (H&E) and blindly assessed by
an independent specialized pathologist.
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2.7. Serum Luteinizing Hormone (LH)

Luteinizing hormone (LH) was measured in the serum
of all rats, using the rat luteinizing hormone ELISA kit
(Mybiosource) as per manufacturer protocol, and the ab-
sorbance was measured at 450 nm using the microplate
reader synergy HTX multimode reader (Bioteck).

2.8. Fasting Blood Glucose, Fasting Serum Insulin, and HOMA-IR

Fasting blood glucose was measured using the human
ACCU-CHECK Performa machine. Fasting serum insulin
was measured by the Rat/Mouse Insulin ELISA kit (Merck
Millipore). The homeostatic model assessment index of in-
sulin resistance (HOMA-IR) was calculated according to the
following equation: HOMA-IR= fasting glucose (mmol/L) x
fasting insulin (mIU/L)/ 22.5. AHOMA-IR value greater than
2.8 was considered indicative of IR (25, 26).

2.9. Western Blot Analysis

Ovarian protein expression of PPAR, IRS1, phospho-
mTOR, total mTOR, phospho-Akt, and total Akt was mea-
sured by Western blot. Upon sacrifice, ovaries were col-
lected from all experimental rats. The tissue was homog-
enized, total protein samples were extracted, and their
concentrations determined using the colorimetric Biuret
assay. Samples were loaded and resolved on either 6, 8,
or 10% polyacrylamide gel. The proteins were transferred
to polyvinylidene fluoride (PVDF) membranes (GE health-
care) at 100 volts for 1 hour. The membranes were blocked
with 5% bovine serum albumin (BSA) blocking solution
and incubated overnight with the following primary anti-
bodies: anti-IRS1 (Abcam, Cat#ab131487), anti-Akt (Abcam,
Cat#abs805), anti-phospho-mTOR (Abcam, Cat#ab84400),
anti-mTOR (Cell signaling cat#2983), anti-PPAR7y (Abcam,
Cat#209350), and beta-actin (Abcam, Cat#ab8229). Mem-
branes were washed with tris-buffered saline with tween
(TBST), and the species specific secondary antibody was
added for 1.5 hours. After washing, enhanced chemilumi-
nescence (ECL) kit (Biorad, Cat#170-5060) was used to visu-
alize the bands using the Chemidoc system (Biorad). The
bands were analyzed using the Image lab software (version
5.2.1). Beta-actin was used as a loading control.

2.10. Statistical Analysis

Quantitative data was presented as the mean + SEM.
Student-t test was used to compare the means of the con-
trol and the PCOS group. One-way analysis of variance
(ANOVA) followed by post-hoc Tukey’s test were used when
there were three experimental groups to compare with a
statistically significant difference (P < 0.05).
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3. Results

3.1. Polycystic Ovarian Morphology is Noted in the DHEA-treated
Rats

In order to confirm PCOS induction after 28 days, H&E
stained ovarian sections from both groups were examined
under light microscopy at 40X magnification. On average,
the DHEA-injected rats showed three or more cystically di-
lated follicles per longitudinal ovarian section, with thick-
ened granulosa (Figure 1B). The control rats showed nor-
mal follicle morphology, although an occasional dilated
follicle was observed (Figure 1A).

3.2. DHEA Induces Weight Gain

PCOS was induced in rats injected with DHEA for 28
days. Our data showed a significant increase in the weights
of the DHEA-treated rats starting after the third week com-
pared to the controls. After 28 days, the DHEA-treated rats
continued to show an increase in weight (242.5 + 11.97 g)
compared to the control rats (226.8 + 4.71g) (P < 0.05) (Fig-
ure 2A).

3.3. DHEA Increases the Serum Levels of Luteinizing Hormone

The serum levels of LH were measured in all rats using
an LH ELISA kit. Our data showed a significant increase in
the levels of serum LH in PCOS rats (10 + 2.7) compared to
the controls (6.3 + 0.227) (P < 0.05) (Figure 2B).

3.4. DHEA-induced PCOS Rats Developed Insulin Resistance
Our data showed a slight but statistically insignificant
increase in the levels of fasting blood glucose in PCOS rats
(134 mg/dL + 21.63) compared to the controls (107 mg/dL
=+ 36.9) (Figure 2C). However, insulin levels significantly
increased in the DHEA-treated rats at day 28 (2.18 ng/mL
=+ 0.94) as compared to the control group (0.66 ng/mL +
0.26) (Figure 2D). Upon calculating the HOMA-IR, we found
it to be significantly high in the DHEA-treated rats (9.98 &
4.19) compared to the controls (2.72 - 3.96) (Figure 2E).

3.5. DHEA Decreased PPAR~, Akt, and IRS1 but Increased the
mTOR Protein Expression

Western blot analysis was performed to determine the
ovarian protein expression levels of PPAR~y, p-mTOR, Akt,
and IRS1 after 28 days of DHEA treatment, as compared to
controls. We found that DHEA-injected PCOS rats had a sig-
nificantly lower protein expression of PPAR-y, Akt, and IRS1
in their ovaries compared to the controls (Figures 3A, C,
and D, respectively). Conversely, Western blot analysis of
phospho-mTORrevealed a significant 3-fold increase in the
protein levels of phospho-mTOR in the ovaries of DHEA-
induced PCOS rats as compared to the controls (Figure 3B).

3.6. Improved Polycystic Ovarian Morphology in the MOE-
treated Rats

Microscopic examination of H&E stains of the longi-
tudinal ovarian sections revealed that the MOE-treated
DHEA/PCOS rats showed a significantly lower number of
dilated follicular cysts (Figure 4C), compared to the non-
treated DHEA/PCOS (Figure 4B) that showed on the average
three or more cystically dilated follicles per longitudinal
ovarian section. Indeed, the MOE-treated PCOS rats have
shown many sections completely devoid of any cystic fol-
licles similar to control group (Figure 4A).

3.7. The MOE Decreased Body Weights of DHEA-treated PCOS
Rats

The rats receiving 28 days of DHEA followed by oral
MOE for 30 days had a significant decrease in their aver-
age body weight (231.66 + 13.06 g) at the end of the ex-
periment as compared to the DHEA/PCOS rats that did not
receive MOE (250.3 4= 16.97 g) and to the controls (246.2
+ 6.18 g). Furthermore, the average body weight of the
MOE-treated rats was less at the end of treatment (231.66
=+ 13.06 g) than their own average weight at the start of
treatment (243.16 £ 13.81 g). Thus, MOE treatment resulted
in a decrease in the rats’ absolute body weights, not only
a decrease in body weight gain, while the control and
DHEA/PCOS continued to gain weight (Figure 5A). The aver-
age rat ovary weight, however, showed no significant dif-
ference between controls (60 = 6 mg), DHEA without MOE
treatment (62 =+ 16.8 mg), and the DHEA rats treated with
MOE (63.7 + 13 mg) (Figure 5B).

3.8. MOE Decreased Serum LH in the DHEA-induced PCOS Rats

We measured the serum LH levels in DHEA/PCOS rats
and MOE-treated rats, as well as in controls. As seen at 28
days, the DHEA-treated rats retained a significant elevation
in their average serum levels of LH(9.54 &£ 5.75 ng/mL)at 59
days as compared to the controls (5.04 4= 0.72 ng/mL). How-
ever, when treated with MOE, the PCOS rats showed a statis-
tically significant decrease in the levels of serum LH (3.9
1.83 ng/mL) as compared to the non-treated PCOS rats (Fig-
ure 5C).

3.9. PPARvy, Akt, and IRS1 Levels Increased in the MOE-treated
PCOS Rats

Western blot analysis of the total protein extract from
the ovaries of all three groups was performed. As seen at
28 days, the DHEA-treated PCOS rats showed a statistically
significant decrease in the expression of PPAR~, Akt, and
IRS1at 59 days as compared to controls. However, when the
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Figure 1. DHEA-injection induces cystically dilated ovarian follicles. H&E stain of the ovaries of (A) the control rats and of (B) the DHEA-induced PCOS rats under 40X magnifi-
cation (scale bar =500 pm). Arrows indicate the abnormally dilated follicles with thickened granulosa.
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Figure 2. DHEA-injection induces weight gain, increases luteinizing hormone and insulin resistance. (A) Body weights (B) Serum LH, (C) Fasting blood glucose, (D) Fasting
serum insulin, and (E) HOMA-IR in control versus DHEA-treated PCOS rats after 28 days. Values are presented as mean = SEM (* represents a significant difference from the
control group P < 0.05).
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Figure 3. DHEA decreases PPAR+, Akt, and IRS1, while increasing mTOR protein expression. Typical western blots of control versus PCOS rats, along with the corresponding
[3-actin, and graphical representation of the protein expression normalized to B-actin and expressed as fold of control for (A) PPAR+y, (B) p-mTOR, (C) Akt and (D) IRS1. Values
are presented as the mean = SEM (* represents a significant difference from the control group P < 0.05).
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Figure 4. Improved polycystic ovarian morphology in the MOE-treated rats. Micrograph of H&E stained sections of rat ovaries from (A) control, (B) DHEA/PCOS and (C) PCOS
rats treated with MOE (PCOS/MOE). Scale bar is 500 z¢m. Arrows indicate the abnormally dilated follicles with thickened granulosa.

PCOS rats were treated with MOE, there was a significant
increase in the ovarian expression of PPAR~, Akt, and IRS1
compared to non-treated PCOS rats (Figures 6A, C, and D,
respectively).

3.10. The p-mTOR Expression Decreased in the MOE-treated
PCOS Rats

As seen at 28 days, DHEA treatment induced a signifi-
cantincrease in p-mTOR levels in the rat ovaries compared
to the control group. However, when followed by MOE
treatment, there was a decrease in p-mTOR expression in
the ovaries of DHEA/PCOSrats compared to the non-treated
rats and controls (Figure 6B).

4. Discussion

PCOS is a multifactorial endocrine, reproductive, and
metabolic disorder that affects women in their reproduc-
tive years (27). Among the various experimental animal
models established for the induction of PCOS, the DHEA
model implemented in our study has been shown to gen-
erate both PCOS traits and IR (28). We confirmed that DHEA
exposure of post-pubertal Sprague Dawley rats resulted in
an increase in body weight, number of cystically dilated
follicles, serum LH, fasting serum insulin, and HOMA-IR,
as compared to age- and weight-matched controls. Com-
pared to the control group, PCOS rats had a significantly
lower ovarian protein expression of PPARv, IRS1, and Akt.
Conversely, the PCOS group showed an increased mTOR
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Figure 6. MOE-treatment increases PPARy, Akt,and IRS1, while decreasing mTOR protein expression in DHEA-induced PCOS rats. Typical western blots of control, DHEA-treated
rats (PCOS), and PCOS rats treated with MOE (PCOS/MOE), along with the corresponding 3-actin, and graphical representation of the protein expression normalized to S-actin
and expressed as fold of control for (A) PPAR+y, (B) p-mTOR and mTOR, (C) Akt and (D) IRS1. Values are presented as the mean = SEM (* represents a significant difference from
the control group P < 0.05; # represents a significant difference between PCOS and PCOS/MOE P < 0.05).

pathway activity as evident by an increased protein expres-
sion of phosphorylated mTOR as compared to controls.
When treated with oral MOE, the DHEA-induced PCOS rats
showed a statistically significant decrease in body weight,
LH serum levels, and the number of cystically dilated fol-
licles compared to the non-treated PCOS rats, but not to
control rats. In the MOE-treated rats, the protein expres-
sion of PPAR~, IRS1, and Akt was increased, while the mTOR
activity was decreased compared to the non-treated PCOS
group. Thus, MOE activates PPAR+ in the ovaries and ame-
liorates the DHEA-induced PCOS phenotype. The effects of
MOE may be, in part, due to the activation of the PI3K path-
way and/or inhibition of the mTOR pathway.

In the current study, there was a significant increase in
the rats’ body weight gain compared to controls around
the third week after starting DHEA injections. Kim et al.
noted a similar pattern of body weight increase with DHEA
injections of Sprague Dawley rats that also developed PCOS
(29). Moreover, PCOS and obesity have long been linked
in many human studies. In a recent meta-analysis, obesity
was found to be more prevalent in women with PCOS than
in non-PCOS age-matched women (30). However, in 2013,
it was suggested that the higher rate of obesity in PCOS
women compared to control may be a bias of increased
self-referral of overweight women (31). Indeed, PCOS is
seen in both lean and obese females (30). Furthermore, the
global differences in body mass index (BMI) of various pop-
ulations do not relate to the prevalence of PCOS in these

populations; hence, a causal role of obesity in PCOS is un-
likely (32). The exact link between obesity and PCOS re-
mains unclear. Our experimental model mimics many of
the symptoms of PCOS. The weight gain we detected in the
DHEA-injected rats may be part of the PCOS phenotype or
an effect of the androgen injection (4). MOE treatment of
the DHEA/PCOS rats in our work resulted in a decrease in av-
erage body weight compared to the non-treated PCOS rats
and even to control rats. Regardless of the mechanism of
weight loss seen, this finding may suggest an anti-obesity
utility for MOE.

We have confirmed that DHEA injections resulted in an
increased serum LH level and in the number of cystically
dilated follicles on ovarian histology. The histological find-
ings were consistent with those used in the literature to di-
agnose PCOS (33). The elevated LH, on the other hand, has
been linked to premature luteinization of the granulosa
cells, hypertrophy, and post-ovulatory follicular changes,
and follicular arrest (3). Therefore, the follicular arrest seen
in the PCOS groups might be due to excess serum LH. In
PCOS, a disrupted hypothalamic GnRH secretion may lead
to elevated serum LH, resulting in hyperandrogenic theca
cells, follicular arrest, and increased number of pre-antral
follicles (34, 35). In this study, the serum LH levels normal-
ized when the PCOS rats were treated with MOE. This may
possibly explain the reversal of the phenotype with a sig-
nificantly reduced number of cystic follicles in the ovaries
compared to non-treated PCOS rats.
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We have noted that injection of rats with DHEA re-
sulted in metabolic derangement, namely the develop-
ment of IR as measured by HOMA-IR. PCOS is known to be
associated with an increased risk of metabolic abnormali-
ties, including IR and type Il diabetes (5). IR is suspected to
playamajorrole in the pathogenesis of PCOS, although the
exact pathophysiologic association between IR and PCOS
remains undetermined (6). The DHEA-injected rats in our
study had normal fasting glucose but developed hyperin-
sulinemia as compared to controls. Hyperinsulinemia fur-
ther aggravates the hyperandrogenic phenotype in PCOS
by inhibiting the hepatic synthesis of SHBG (9), thus in-
creasing the availability of free testosterone in circulation
(10).

Insulinomimetic peptides such as IGF1 are integral
to the normal female body growth, patterning, and
metabolism during puberty (36). IGF1 regulates oocyte and
follicular development, with strong evidence suggesting
its possible involvement in the pathogenesis of metabolic
syndrome and PCOS (37). IGF1 and its binding protein
IGFBP1 are secreted by the ovary and the liver. The high-
est rates of IGF-1 production occur during the pubertal
growth spurt. IGF1 levels are increased in PCOS women,
while IGFBP1 levels decrease, leading to an arrest in the de-
velopmentand the growth of the follicles (38). Evenamong
healthy females, a state of transient IR, associated with the
increased activity of the IGF1, occurs mid-puberty followed
generally by a return of insulin sensitivity (39). It may be
during this time that PCOS develops in genetically suscep-
tible females.

There is an apparent overlap between the pathogenesis
of IR and PCOS. In recent years, insulin sensitizing agents
have been successfully utilized in managing symptoms of
PCOS (12, 40). TZD treatment has demonstrated increased
induction of ovulation and increased rate of pregnancy
in PCOS patients (41). TZDs act via activating the PPAR~.
PPAR~ regulates ovarian functions and is downregulated
by increased LH levels (14) as those seen in PCOS. In this
study, the DHEA/PCOS rats treated with MOE showed an in-
crease in the ovarian expression of PPARy compared to the
PCOS group. Therefore, it is possible that direct ovarian
PPAR7 activation may be, in part, responsible for the im-
provement in PCOS symptoms seen with MOE, as is the case
with TZDs.

MOE treatment of the DHEA/PCOS rats in our work
showed an inhibition of the mTOR pathway in the ovary.
This was evident by a decrease in the expression of the
phosphorylated form of mTOR. Magnolol has been previ-
ously shown to inhibit mTOR in vitro (20, 42). Addition-
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ally, studies have shown that in PCOS, mTORC1 is hyperacti-
vated, while the insulin signal via the PI3 kinase/Akt path-
way is attenuated (43-45). It has been postulated that the
mTORC1 hyperactivation, triggered by elevated LH or an-
drogens, generates a negative feedbackloop on the insulin
signaling pathway resulting in IR (43-45). We observed the
same findings in our DHEA/PCOS rats, where p-mTOR was
increased, while Akt and IRS1 expression was decreased, po-
tentially contributing to the IR. However, upon our treat-
ment of the DHEA/PCOS rats with MOE, the Akt and IRS-1 ex-
pression increased, supporting a potential insulin sensitiz-
ing effect of the extract on the ovaries.

TZDs and metformin improve insulin sensitivity by ac-
tivating, directly or indirectly, the cellular energy sensor
AMP-activated protein kinase (AMPK) (46). PPARy agonists
are known activators of the AMPK pathway (47). AMPK has
a plethora of metabolic and proliferative effects, includ-
ing negatively regulating mTORCI1 (46, 48). Thus, PPARy
agonist may, at least in part, improve insulin sensitivity
through an AMPK-dependent signal. As a PPARy agonist,
MOE may exert an inhibitory effect on the mTOR pathway
via activation of the AMPK pathway. In doing so, MOE re-
moves the negative feedback loop on the insulin signaling
pathway and restores insulin sensitivity.

Insulin-induced mTORCI activity increases the expres-
sion of sterol regulatory element binding protein-1 (SREBP-
1),aconserved lipogenic transcription factor that regulates
cholesterol synthesis and ovarian steroidogenesis (49). In-
terestingly, both SREBP-1 and mTOR activity are upregu-
lated in animal models of type Il diabetes (50), and the ex-
pression level of SREBPI is increased in the ovary of PCOS
mice (51) and in the serum of women with PCOS (52). There-
fore, it is possible that elevated SREBP1 activity may con-
tribute to abnormal ovarian hormone production charac-
teristics of PCOS.

4.1. Conclusions

In this study, the treatment of DHEA-induced PCOS in-
sulin resistant rats with MOE normalized the polycystic
ovarian morphology, LH levels, and molecular parameters.
This effect may possibly be attributed to the PPAR7y agonist
properties of MOE and its ability to inhibit mTOR and ac-
tivate the PI3k pathway, restoring insulin sensitivity. This
study increased our understanding of the pathophysiolog-
ical link between IR and PCOS. Finally, our results advocate
the potential role of natural PPARYy agonists in the treat-
ment of PCOS, where synthetic agonists have shown ben-
efit yet, at the same time, serious and potentially fatal side
effects.



NassarAetal.

Footnotes

Authors’ Contribution: Study concept and design AK.,,
AN, and H.Z.; Acquisition of data A.N., and H.Z.; Analysis
and interpretation of data AK., H.Z, MK, and A.N,; draft-
ing of the manuscript A.N.,and A.K; statistical analysis H.Z.,
and A.N,; critical revision of the manuscript for important
intellectual content AK.,and M.K.

Conflict of Interests: The authors declare no conflict of
interests.

Ethical Approval: All the animal experimental protocols
were approved by the Institutional Animal Care and Use
Committee of the University of Balamand and carried out
in compliance with the Committees guidelines.

Funding/Support: This study was supported by the Uni-
versity of Balamand, Faculty of Medicine and Medical Sci-
ences El-Koura, Lebanon.

References

1. Azziz R, Carmina E, Chen Z, Dunaif A, Laven JS, Legro RS, et al.
Polycystic ovary syndrome. Nat Rev Dis Primers. 2016;2:16057. doi:
10.1038/nrdp.2016.57. [PubMed: 27510637].

2. Abbott DH, Dumesic DA, Franks S. Developmental origin of polycys-
tic ovary syndrome - a hypothesis. | Endocrinol. 2002;174(1):1-5. doi:
10.1677/j0e.0.1740001. [PubMed: 12098657].

3. Dumesic DA, Oberfield SE, Stener-Victorin E, Marshall ]JC, Laven ]S,
Legro RS. Scientific statement on the diagnostic criteria, epidemi-
ology, pathophysiology, and molecular genetics of polycystic ovary
syndrome. Endocr Rev. 2015;36(5):487-525. doi: 10.1210/er.2015-1018.
[PubMed: 26426951]. [PubMed Central: PMC4591526].

4. Madnani N, Khan K, Chauhan P; Parmar. Polycystic ovarian syn-
drome: a review. Indian | Dermatol Venereol Leprol. 2014;80(2):154-5.
doi: 10.4103/0378-6323.129399. [PubMed: 24685856].

5. DeUgarte CM, Woods KS, Bartolucci AA, Azziz R. Degree of facial and
body terminal hair growth in unselected black and white women: to-
ward a populational definition of hirsutism. J Clin Endocrinol Metab.
2006;91(4):1345-50. doi: 10.1210[jc.2004-2301. [PubMed: 16449347].

6. Dunaif A. Insulin resistance and the polycystic ovary syndrome:
mechanism and implications for pathogenesis. Endocr Rev.
1997;18(6):774-800. doi: 10.1210/edrv.18.6.0318. [PubMed: 9408743].

7. O'Meara NM, Blackman ]D, Ehrmann DA, Barnes RB, Jaspan B, Rosen-
field RL, et al. Defects in beta-cell function in functional ovarian
hyperandrogenism. J Clin Endocrinol Metab. 1993;76(5):1241-7. doi:
10.1210/jcem.76.5.8496316. [PubMed: 8496316].

8. Mahabeer §, Jialal I, Norman RJ, Naidoo C, Reddi K, Joubert SM. In-
sulin and C-peptide secretion in non-obese patients with polycystic
ovarian disease. Horm Metab Res.1989;21(9):502-6. doi: 10.1055/s-2007-
1009272. [PubMed: 2684835

9. Deswal R, Yadav A, Dang AS. Sex hormone binding globulin - an
important biomarker for predicting PCOS risk: A systematic re-
view and meta-analysis. Syst Biol Reprod Med. 2018;64(1):12-24. doi:
10.1080/19396368.2017.1410591. [PubMed: 29227165].

10. Diamanti-Kandarakis E, Dunaif A. Insulin resistance and the polycys-
tic ovary syndrome revisited: an update on mechanisms and im-
plications. Endocr Rev. 2012;33(6):981-1030. doi: 10.1210/er.2011-1034.
[PubMed: 23065822]. [PubMed Central: PMC5393155].

10

11.

12.

13.

14.

15.

16.

18.

19.

20.

21

22.

23.

24.

Kahn SM, Hryb DJ, Nakhla AM, Romas NA, Rosner W. Sex hormone-
binding globulin is synthesized in target cells. J Endocrinol.
2002;175(1):113-20. doi: 10.1677/joe.0.1750113. [PubMed: 12379495].
Naderpoor N, Shorakae S, de Courten B, Misso ML, Moran LJ,
Teede HJ. Metformin and lifestyle modification in polycystic ovary
syndrome: systematic review and meta-analysis. Hum Reprod Up-
date. 2015;21(5):560-74. doi: 10.1093/humupd/dmv025. [PubMed:
26060208].

Han S,Roman . Peroxisome proliferator-activated receptor gamma: a
novel target for cancer therapeutics? Anticancer Drugs.2007;18(3):237-
44.doi:10.1097/CAD.0b013e328011e67d. [PubMed: 17264754].

Angela M, Endo Y, Asou HK, Yamamoto T, Tumes DJ, Tokuyama H,
et al. Fatty acid metabolic reprogramming via mTOR-mediated in-
ductions of PPARgamma directs early activation of T cells. Nat Com-
mun. 2016;7:13683. doi: 10.1038/ncommsI3683. [PubMed: 27901044].
[PubMed Central: PMC5141517].

San YZ, Liu Y, Zhang Y, Shi PP, Zhu YL. Peroxisome proliferator-
activated receptor-gamma agonist inhibits the mammalian target
of rapamycin signaling pathway and has a protective effect in
a rat model of status epilepticus. Mol Med Rep. 2015;12(2):1877-83.
doi: 10.3892/mmr.2015.3641. [PubMed: 25891824]. [PubMed Central:
PMC4464309].

Chen Y], Hsiao PW, Lee MT, Mason ]I, Ke FC, Hwang J]. Interplay of PI3K
and cAMP/PKA signaling, and rapamycin-hypersensitivity in TGFbeta1
enhancement of FSH-stimulated steroidogenesis in rat ovarian gran-
ulosa cells. ] Endocrinol. 2007;192(2):405-19. doi: 10.1677/JOE-06-0076.
[PubMed: 17283241].

. Yoon MS, Choi CS. The role of amino acid-induced mammalian tar-

get of rapamycin complex 1(mTORC1) signaling in insulin resistance.
Exp Mol Med. 2016;48(1). e201. doi: 10.1038/emm.2015.93. [PubMed:
27534530]. [PubMed Central: PMC4686696].

Legro RS, Brzyski RG, Diamond MP, Coutifaris C, Schlaff WD, Casson
P, et al. Letrozole versus clomiphene for infertility in the polycys-
tic ovary syndrome. N Engl | Med. 2014;371(2):119-29. doi: 10.1056/NE-
JMoa1313517. [PubMed: 25006718]. [PubMed Central: PMC4175743].
Kim Y], Choi MS, Cha BY, Woo T, Park YB, Kim SR, et al. Long-
term supplementation of honokiol and magnolol ameliorates body
fat accumulation, insulin resistance, and adipose inflammation
in high-fat fed mice. Mol Nutr Food Res. 2013;57(11):1988-98. doi:
10.1002/mnfr.201300113. [PubMed: 23901038].

Lee Y, Choi S, Yonezawa T, Teruya T, Woo ], Kim HJ, et al. Honokiol,
magnolol, and a combination of both compounds improve glucose
metabolism in high-fat diet-induced obese mice. Food Sci Biotechnol.
2015;24(4):1467-74. doi: 10.1007/s10068-015-0189-6.

Kim GD, Oh J, Park HJ, Bae K, Lee SK. Magnolol inhibits angiogenesis
by regulating ROS-mediated apoptosis and the PI3K/AKT/mTOR sig-
naling pathway in mES/EB-derived endothelial-like cells. Int | Oncol.
2013;43(2):600-10. doi: 10.3892/ij0.2013.1959. [PubMed: 23708970].
SongX,ShenQ,FanL,YuQ,JiaX,SunY,etal. Dehydroepiandrosterone-
induced activation of mTORCI and inhibition of autophagy con-
tribute to skeletal muscle insulin resistance in a mouse model
of polycystic ovary syndrome. Oncotarget. 2018;9(15):11905-21. doi:
10.18632/oncotarget.24190. [PubMed: 29552281]. [PubMed Central:
PMC5844717].

ZhangH,YiM,Zhangy,Jin H,Zhang W, Yang], et al. High-fat diets exag-
gerate endocrine and metabolic phenotypes in a rat model of DHEA-
induced PCOS. Reproduction. 2016;151(4):431-41. doi: 10.1530/REP-15-
0542. [PubMed: 26814210].

Sun ], Wang Y, Fu X, Chen Y, Wang D, Li W, et al. Magnolia offici-
nalis extract contains potent inhibitors against PTPIB and attenu-
ates hyperglycemia in db/db mice. Biomed Res Int. 2015;2015:139451.
doi: 10.1155/2015/139451. [PubMed: 26064877]. [PubMed Central:
PMC4439476).

Jundishapur | Nat Pharm Prod. 2021; 16(3):e106447.


http://dx.doi.org/10.1038/nrdp.2016.57
http://www.ncbi.nlm.nih.gov/pubmed/27510637
http://dx.doi.org/10.1677/joe.0.1740001
http://www.ncbi.nlm.nih.gov/pubmed/12098657
http://dx.doi.org/10.1210/er.2015-1018
http://www.ncbi.nlm.nih.gov/pubmed/26426951
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4591526
http://dx.doi.org/10.4103/0378-6323.129399
http://www.ncbi.nlm.nih.gov/pubmed/24685856
http://dx.doi.org/10.1210/jc.2004-2301
http://www.ncbi.nlm.nih.gov/pubmed/16449347
http://dx.doi.org/10.1210/edrv.18.6.0318
http://www.ncbi.nlm.nih.gov/pubmed/9408743
http://dx.doi.org/10.1210/jcem.76.5.8496316
http://www.ncbi.nlm.nih.gov/pubmed/8496316
http://dx.doi.org/10.1055/s-2007-1009272
http://dx.doi.org/10.1055/s-2007-1009272
http://www.ncbi.nlm.nih.gov/pubmed/2684835
http://dx.doi.org/10.1080/19396368.2017.1410591
http://www.ncbi.nlm.nih.gov/pubmed/29227165
http://dx.doi.org/10.1210/er.2011-1034
http://www.ncbi.nlm.nih.gov/pubmed/23065822
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5393155
http://dx.doi.org/10.1677/joe.0.1750113
http://www.ncbi.nlm.nih.gov/pubmed/12379495
http://dx.doi.org/10.1093/humupd/dmv025
http://www.ncbi.nlm.nih.gov/pubmed/26060208
http://dx.doi.org/10.1097/CAD.0b013e328011e67d
http://www.ncbi.nlm.nih.gov/pubmed/17264754
http://dx.doi.org/10.1038/ncomms13683
http://www.ncbi.nlm.nih.gov/pubmed/27901044
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5141517
http://dx.doi.org/10.3892/mmr.2015.3641
http://www.ncbi.nlm.nih.gov/pubmed/25891824
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4464309
http://dx.doi.org/10.1677/JOE-06-0076
http://www.ncbi.nlm.nih.gov/pubmed/17283241
http://dx.doi.org/10.1038/emm.2015.93
http://www.ncbi.nlm.nih.gov/pubmed/27534530
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4686696
http://dx.doi.org/10.1056/NEJMoa1313517
http://dx.doi.org/10.1056/NEJMoa1313517
http://www.ncbi.nlm.nih.gov/pubmed/25006718
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4175743
http://dx.doi.org/10.1002/mnfr.201300113
http://www.ncbi.nlm.nih.gov/pubmed/23901038
http://dx.doi.org/10.1007/s10068-015-0189-6
http://dx.doi.org/10.3892/ijo.2013.1959
http://www.ncbi.nlm.nih.gov/pubmed/23708970
http://dx.doi.org/10.18632/oncotarget.24190
http://www.ncbi.nlm.nih.gov/pubmed/29552281
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5844717
http://dx.doi.org/10.1530/REP-15-0542
http://dx.doi.org/10.1530/REP-15-0542
http://www.ncbi.nlm.nih.gov/pubmed/26814210
http://dx.doi.org/10.1155/2015/139451
http://www.ncbi.nlm.nih.gov/pubmed/26064877
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4439476

NassarAet al.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

Wang Z,ZhaiD, Zhang D, BaiL, Yao R, Yu], et al. Quercetin decreases in-
sulin resistance in a polycystic ovary syndrome rat model by improv-
ing inflammatory microenvironment. Reprod Sci. 2017;24(5):682-90.
doi: 10.1177/1933719116667218. [PubMed: 27634381].

Lin KH, Liou TL, Hsiao LC, Hwu CM. Clinical and biochemical indica-
tors of homeostasis model assessment-estimated insulin resistance
in postmenopausal women. | Chin Med Assoc. 2011;74(10):442-7. doi:
10.1016/j.jcma.2011.08.014. [PubMed: 22036135].

Azziz R, Marin C, Hoq L, Badamgarav E, Song P. Health care-related
economic burden of the polycystic ovary syndrome during the re-
productive life span. J Clin Endocrinol Metab. 2005;90(8):4650-8. doi:
10.1210/jc.2005-0628. [PubMed: 15944216].

Walters KA, Allan CM, Handelsman DJ]. Rodent models for hu-
man polycystic ovary syndrome. Biol Reprod. 2012;86(5):149. 1-12. doi:
10.1095/biolreprod.111.097808. [PubMed: 22337333].

Kim EJ, Jang M, Choi JH, Park KS, Cho IH. An improved
dehydroepiandrosterone-induced rat model of polycystic ovary
syndrome (PCOS): Post-pubertal improve PCOS’s features. Front
Endocrinol (Lausanne). 2018;9:735. doi: 10.3389/fendo.2018.00735.
[PubMed: 30564195]. [PubMed Central: PMC6288467].

Lim SS, Davies MJ, Norman R], Moran LJ. Overweight, obesity and cen-
tral obesity in women with polycystic ovary syndrome: a systematic
review and meta-analysis. Hum Reprod Update. 2012;18(6):618-37. doi:
10.1093/humupd/dms030. [PubMed: 22767467|.

Ezeh U, Yildiz BO, Azziz R. Referral bias in defining the pheno-
type and prevalence of obesity in polycystic ovary syndrome. |
Clin Endocrinol Metab. 2013;98(6):E1088-96. doi: 10.1210/jc.2013-1295.
[PubMed: 23539721]. [PubMed Central: PMC3667270].

Lizneva D, Suturina L, Walker W, Brakta S, Gavrilova-Jordan L, Azziz R.
Criteria, prevalence, and phenotypes of polycystic ovary syndrome.
Fertil Steril. 2016;106(1):6-15. doi: 10.1016/j.fertnstert.2016.05.003.
[PubMed: 27233760].

The Rotterdam ESHRE/ASRM-sponsored PCOS consensus workshop
group. Revised 2003 consensus on diagnostic criteria and long-term
health risks related to polycystic ovary syndrome (PCOS). Hum Reprod.
2004;19(1):41-7. doi: 10.1093/humrep/deh098. [PubMed: 14688154].
Webber L], Stubbs S, Stark ], Trew GH, Margara R, Hardy K, et al. Forma-
tion and early development of follicles in the polycystic ovary. Lancet.
2003;362(9389):1017-21. doi: 10.1016/s0140-6736(03)14410-8. [PubMed:
14522531].

Feng Y, Johansson ], Shao R, Manneras L, Fernandez-Rodriguez ], Bil-
lig H, et al. Hypothalamic neuroendocrine functions in rats with
dihydrotestosterone-induced polycystic ovary syndrome: effects of
low-frequency electro-acupuncture. PLoS One. 2009;4(8). e6638. doi:
10.1371/journal.pone.0006638. [PubMed: 19680559]. [PubMed Cen-
tral: PMC2722078].

Veldhuis JD, Roemmich JN, Richmond E], Rogol AD, Lovejoy ]C,
Sheffield-Moore M, et al. Endocrine control of body composition in
infancy, childhood, and puberty. Endocr Rev. 2005;26(1):114-46. doi:
10.1210/er.2003-0038. [PubMed: 15689575).

Lazurova I, Figurova |, Lazurova Z, Toporcerova S, Rabajdova M,
Maslankova J. Polycystic ovary syndrome and insulin-like growth fac-
tor (IGF) system. 20th European Congress of Endocrinology. BioScien-
tifica; 2018.

Giovanni Artini P, Monteleone P, Parisen Toldin MR, Matteucci C, Rug-
giero M, Cela V, et al. Growth factors and folliculogenesis in polycys-
tic ovary patients. Expert Rev Endocrinol Metab. 2007;2(2):215-23. doi:
10.1586/17446651.2.2.215. [PubMed: 30754182].

Jundishapur | Nat Pharm Prod. 2021; 16(3):106447.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

5L

52.

Moran A, Jacobs DJ, Steinberger ], Cohen P,Hong CP, Prineas R, etal. As-
sociation between the insulin resistance of puberty and the insulin-
like growth factor-I/growth hormone axis. J Clin Endocrinol Metab.

2002;87(10):4817-20. doi: 10.1210/jc.2002-020517. [PubMed: 12364479)].
Nasri H, Rafieian-Kopaei M. Metformin: Current knowledge. | Res

Med Sci. 2014;19(7):658-64. [PubMed: 25364368]. [PubMed Central:
PMC4214027].

Stout DL, Fugate SE. Thiazolidinediones for treatment of poly-
cystic ovary syndrome. Pharmacotherapy. 2005;25(2):244-52. doi:
10.1592/phco0.25.2.244.56943. [PubMed: 15767238].

Shen ], Ma H, Zhang T, Liu H, Yu L, Li G, et al. Magnolol inhibits
the growth of non-small cell lung cancer via inhibiting micro-
tubule polymerization. Cell Physiol Biochem. 2017;42(5):1789-801. doi:
10.1159/000479458. [PubMed: 28746938].

Liu AL, Liao HQ, Li Zh L, Liu ], Zhou CL, Guo ZF, et al. New insights into
mTOR signal pathways in ovarian-related diseases: Polycystic ovary
syndrome and ovarian cancer.Asian PacJ Cancer Prev.2016;17(12):5087-
94. doi: 10.22034/APJCP.2016.17.12.5087. [PubMed: 28122439]. [PubMed
Central: PMC5454641].

Um SH, Frigerio F, Watanabe M, Picard F, Joaquin M, Sticker M, et
al. Absence of S6KI1 protects against age- and diet-induced obesity
while enhancing insulin sensitivity. Nature. 2004;431(7005):200-5.
doi: 10.1038/nature02866. [PubMed: 15306821].

Zoncu R, Efeyan A, Sabatini DM. mTOR: from growth signal integra-
tion to cancer, diabetes and ageing. Nat Rev Mol Cell Biol. 2011;12(1):21-
35. doi: 10.1038/nrm3025. [PubMed: 21157483]. [PubMed Central:
PM(3390257).

Lee WH, Kim SG. AMPK-dependent metabolic regulation by PPAR
agonists. PPAR Res. 2010;2010. doi: 10.1155/2010/549101. [PubMed:
20814441]. [PubMed Central: PMC2929615].

Witczak CA, Sharoff CG, Goodyear LJ. AMP-activated protein kinase in
skeletal muscle: From structure and localization toitsrole asamaster
regulator of cellular metabolism. Cell Mol Life Sci. 2008;65(23):3737-55.
doi: 10.1007/s00018-008-8244-6. [PubMed: 18810325].

Kim ], Yang G, Kim Y, Kim ], Ha J. AMPK activators: Mechanisms
of action and physiological activities. Exp Mol Med. 2016;48. e224.
doi: 10.1038/emm.2016.16. [PubMed: 27034026]. [PubMed Central:
PMC4855276].

Porstmann T, Santos CR, Griffiths B, Cully M, Wu M, Leevers
S, et al. SREBP activity is regulated by mTORC1 and contributes
to Akt-dependent cell growth. Cell Metab. 2008;8(3):224-36. doi:
10.1016/j.cmet.2008.07.007. [PubMed: 18762023]. [PubMed Central:
PMC2593919].

Shimomura I, Bashmakov Y, Horton ]D. Increased levels of nu-
clear SREBP-Ic associated with fatty livers in two mouse mod-
els of diabetes mellitus. J Biol Chem. 1999;274(42):30028-32. doi:
10.1074/jbc.274.42.30028. [PubMed: 10514488].

Wang Y, He ], Yang |. Eicosapentaenoic acid improves polycystic
ovary syndrome in rats via sterol regulatory element-binding pro-
tein 1 (SREBP-1)[Toll-like receptor 4 (TLR4) pathway. Med Sci Monit.
2018;24:2091-7. doi: 10.12659/msm.909098. [PubMed: 29627845].
[PubMed Central: PMC5907624].

Shafiee MN, Mongan N, Seedhouse C, Chapman C, Deen S, Abu ],
et al. Sterol regulatory element binding protein-1 (SREBP1) gene ex-
pression is similarly increased in polycystic ovary syndrome and en-
dometrial cancer. Acta Obstet Gynecol Scand. 2017;96(5):556-62. doi:
10.1111/a0gs.13106. [PubMed: 28176325].

1


http://dx.doi.org/10.1177/1933719116667218
http://www.ncbi.nlm.nih.gov/pubmed/27634381
http://dx.doi.org/10.1016/j.jcma.2011.08.014
http://www.ncbi.nlm.nih.gov/pubmed/22036135
http://dx.doi.org/10.1210/jc.2005-0628
http://www.ncbi.nlm.nih.gov/pubmed/15944216
http://dx.doi.org/10.1095/biolreprod.111.097808
http://www.ncbi.nlm.nih.gov/pubmed/22337333
http://dx.doi.org/10.3389/fendo.2018.00735
http://www.ncbi.nlm.nih.gov/pubmed/30564195
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6288467
http://dx.doi.org/10.1093/humupd/dms030
http://www.ncbi.nlm.nih.gov/pubmed/22767467
http://dx.doi.org/10.1210/jc.2013-1295
http://www.ncbi.nlm.nih.gov/pubmed/23539721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3667270
http://dx.doi.org/10.1016/j.fertnstert.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27233760
http://dx.doi.org/10.1093/humrep/deh098
http://www.ncbi.nlm.nih.gov/pubmed/14688154
http://dx.doi.org/10.1016/s0140-6736(03)14410-8
http://www.ncbi.nlm.nih.gov/pubmed/14522531
http://dx.doi.org/10.1371/journal.pone.0006638
http://www.ncbi.nlm.nih.gov/pubmed/19680559
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2722078
http://dx.doi.org/10.1210/er.2003-0038
http://www.ncbi.nlm.nih.gov/pubmed/15689575
http://dx.doi.org/10.1586/17446651.2.2.215
http://www.ncbi.nlm.nih.gov/pubmed/30754182
http://dx.doi.org/10.1210/jc.2002-020517
http://www.ncbi.nlm.nih.gov/pubmed/12364479
http://www.ncbi.nlm.nih.gov/pubmed/25364368
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4214027
http://dx.doi.org/10.1592/phco.25.2.244.56943
http://www.ncbi.nlm.nih.gov/pubmed/15767238
http://dx.doi.org/10.1159/000479458
http://www.ncbi.nlm.nih.gov/pubmed/28746938
http://dx.doi.org/10.22034/APJCP.2016.17.12.5087
http://www.ncbi.nlm.nih.gov/pubmed/28122439
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5454641
http://dx.doi.org/10.1038/nature02866
http://www.ncbi.nlm.nih.gov/pubmed/15306821
http://dx.doi.org/10.1038/nrm3025
http://www.ncbi.nlm.nih.gov/pubmed/21157483
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3390257
http://dx.doi.org/10.1155/2010/549101
http://www.ncbi.nlm.nih.gov/pubmed/20814441
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2929615
http://dx.doi.org/10.1007/s00018-008-8244-6
http://www.ncbi.nlm.nih.gov/pubmed/18810325
http://dx.doi.org/10.1038/emm.2016.16
http://www.ncbi.nlm.nih.gov/pubmed/27034026
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4855276
http://dx.doi.org/10.1016/j.cmet.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18762023
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2593919
http://dx.doi.org/10.1074/jbc.274.42.30028
http://www.ncbi.nlm.nih.gov/pubmed/10514488
http://dx.doi.org/10.12659/msm.909098
http://www.ncbi.nlm.nih.gov/pubmed/29627845
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5907624
http://dx.doi.org/10.1111/aogs.13106
http://www.ncbi.nlm.nih.gov/pubmed/28176325

	Abstract
	1. Background
	2. Methods
	2.1. Animals
	2.2. Materials and Chemicals
	2.3. Experimental Models
	2.4. Body Weight and Ovary Weight Measurement
	2.5. Sample Collection
	2.6. Polycystic Ovarian Morphology (PCOM)
	2.7. Serum Luteinizing Hormone (LH)
	2.8. Fasting Blood Glucose, Fasting Serum Insulin, and HOMA-IR
	2.9. Western Blot Analysis
	2.10. Statistical Analysis

	3. Results
	3.1. Polycystic Ovarian Morphology is Noted in the DHEA-treated Rats
	Figure 1

	3.2. DHEA Induces Weight Gain
	Figure 2

	3.3. DHEA Increases the Serum Levels of Luteinizing Hormone
	3.4. DHEA-induced PCOS Rats Developed Insulin Resistance
	3.5. DHEA Decreased PPARγ, Akt, and IRS1 but Increased the mTOR Protein Expression
	Figure 3

	3.6. Improved Polycystic Ovarian Morphology in the MOE-treated Rats
	Figure 4

	3.7. The MOE Decreased Body Weights of DHEA-treated PCOS Rats
	Figure 5

	3.8. MOE Decreased Serum LH in the DHEA-induced PCOS Rats
	3.9. PPARγ, Akt, and IRS1 Levels Increased in the MOE-treated PCOS Rats
	Figure 6

	3.10. The p-mTOR Expression Decreased in the MOE-treated PCOS Rats

	4. Discussion
	4.1. Conclusions

	Footnotes
	Authors' Contribution: 
	Conflict of Interests: 
	Ethical Approval: 
	Funding/Support: 

	References

