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Abstract

Background Polycystic ovary syndrome (PCOS) is an endocrine and metabolic disorder accompanied by ovulatory
dysfunction. Insulin resistance (IR) is a key pathogenic mechanism in PCOS, and insulin sensitizers, such as metformin
and pioglitazone, can improve PCOS symptoms. Chiglitazar, a pan-peroxisome proliferator-activated receptor (pan-
PPAR) agonist, is also an insulin sensitizer; however, its therapeutic effects have not yet been studied in PCOS. We
evaluated the therapeutic effects of chiglitazar in a rat model of PCOS.

Methods Sprague—Dawley rats aged 4 weeks were injected subcutaneously with dehydroepiandrosterone (DHEA)
(6 mg/100 g/day) to establish PCOS, and a control (CON) group was established. The rats were divided into the CON,
PCOS model (DHEA), pioglitazone-treated (DHEA + PIO), and chiglitazar-treated (DHEA + CHI) groups. The DHEA+PIO
group received pioglitazone (20 mg/kg/day) and the DHEA + CHI group received chiglitazar (20 mg/kg/day), each
for 15 days. Body weight, estrous cycle, and glucose tolerance test (GTT) and insulin resistance test (ITT) results were
monitored. Experimental animal energy metabolism systems were utilized to assess metabolic parameters. Enzyme-
linked immunosorbent assay was conducted to detect changes in serum hormones, including insulin, adiponectin,
sex-related hormones, and lipid metabolism indicators. The ovaries were used for molecular biology experiments

to detect changes in Akt/phosphorylated Akt and glucose transporter 4 (GLUT4) expression by Western blotting

and quantitative polymerase chain reaction.

Results Chiglitazar and pioglitazone improved PCOS symptoms. However, chiglitazar demonstrated a more pro-
nounced effect on lipid improvement and weight gain than pioglitazone. In the DHEA + PIO and DHEA + CHI groups,
there was notable recovery in oxygen consumption and carbon dioxide output; substantial improvement in GTT
and ITT results; an increase in adiponectin; and a reduction in serum insulin, androgens, luteinizing hormone (LH),
and LH/follicle-stimulating hormone ratio. Compared with the DHEA group, the DHEA + CHI group exhibited nota-
ble decreases in triglycerides, free fatty acids, and atherosclerosis index, while the DHEA + PIO group demonstrated
no changes. Granulosa cells and healthy follicles increased in ovarian sections. Ovarian steroidogenic enzymes

also increased in the DHEA +PIO and DHEA + CHI groups compared with the DHEA group. Mechanistically, chiglitazar
increased Akt phosphorylation.
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Conclusion Chiglitazar significantly improved ovulation in rats with PCOS and may be a potential novel therapeutic

strategy for PCOS.

Keyword Chiglitazar, Polycystic ovary syndrome, Insulin resistance

Background

Polycystic ovary syndrome (PCOS) is a serious endocrine
disorder that typically manifests with hyperandrogene-
mia accompanied by decreased ovarian function, chronic
infrequent ovulation, and/or a micro-polycystic-like
ovarian morphology [1]. Recently, the incidence of PCOS
has increased, affecting 8%—13% of females globally [2].
PCOS can also lead to various other health problems,
such as excessive androgen secretion, obesity, glucose
intolerance, insulin resistance (IR), diabetes mellitus, dys-
lipidemia, arterial hypertension, non-alcoholic fatty liver
disease, and low-grade chronic inflammation, amongst
others [3]. However, due to the varied clinical character-
istics and etiologies of PCOS, its pathogenesis remains
unclear.

Recently, IR and high androgen concentrations have
been regarded as factors influencing the onset and devel-
opment of PCOS and are considered to play a crucial
role in PCOS pathogenesis [1]. According to epidemio-
logical surveys, approximately 50%—70% of patients with
PCOS exhibit IR [4]. Therefore, in addition to the life-
style interventions recommended in most guidelines,
including exercise and dietary modifications, as well as
the conventional application of estrogen and progester-
one, drugs that target IR, such as metformin and piogl-
itazone, have demonstrated therapeutic effectiveness in
PCOS. However, long-term use of estrogen therapy in
postmenopausal women is associated with an increased
risk of endometrial cancer, which increases with the
treatment dose and duration [5]. The side effects of
drugs such as pioglitazone are well-documented, includ-
ing weight gain and potential risks during pregnancy [6],
and these side effects limit their clinical potential. There-
fore, the search for new therapeutic drugs for PCOS
continues.

Chiglitazar, a pan-peroxisome proliferator-activated
receptor (pan-PPAR) agonist, stimulates peroxisome pro-
liferator-activated receptors (PPARs), including not only
PPAR-y, but also PPAR-a and PPAR-f/8. Chiglitazar is
widely used for the treatment of type 2 diabetes mellitus
[7], which possesses the therapeutic advantages of glyce-
mic control and dyslipidemia management. Furthermore,
the pan-PPAR agonist chiglitazar has demonstrated in
preclinical trials the capacity to ameliorate hepatic func-
tion and insulin sensitivity in a murine model of NAFLD,
reverse hepatic steatosis, and mitigate hepatic inflam-
mation and oxidative stress [8]. Similar to pioglitazone,

chiglitazar activates the transcription factor PPAR-y,
which promotes the synthesis of glucose transporters,
such as glucose transporter 4 (GLUT4), and regulates
adipokine secretion, including adiponectin and tumor
necrosis factor-a, thereby improving IR [9, 10]. Chigli-
tazar also improves IR by activating PPAR-a and PPAR-
(/8. PPAR-a increases the binding of insulin receptors
to insulin, thereby increasing glucose uptake through
GLUT4 via the PI3K system [11]. Furthermore, PPAR-a,
which is a key regulator of fatty acid (FA) metabolism,
modulates the expression of enzymes related to FA oxi-
dation at the transcriptional level [11], diminishes free
fatty acid (FFA) levels, lessens glucose inhibition, and
increases affinity receptors, thereby alleviating IR. Illus-
trating these concepts, a previous study demonstrated
that the PPAR-a agonists bezafibrate and fenofibrate
ameliorate IR, decrease blood glucose concentration, and
improve glucose tolerance, thus averting the onset of dia-
betes mellitus [12]. Another study showed that PPAR-§
regulates peroxisomal -oxidation of FFAs by improving
insulin sensitivity [13]. Therefore, whether chiglitazar is
useful for the treatment of PCOS and whether its thera-
peutic effect is superior to that of pioglitazone remains to
be established.

In this study, we aim to explore whether chiglitazar has
a therapeutic effect on PCOS and whether its efficacy is
superior to that of the traditional PPAR-y agonist piogl-
itazone. In addition, we explored the possible mecha-
nisms by which chiglitazar improves PCOS.

Materials and methods

Animals

Thirty-two 4-week-old female Sprague—Dawley rats
whose weight range of 80-116 g were selected. The
thirty-two rats were purchased from Sichuan Zhonghong
Mingyan Biotechnology Co., Ltd. and housed under con-
stant environmental conditions in the animal room of the
Central Laboratory of the Three Gorges Hospital affili-
ated with Chongqing University. Four rats per cage were
fed and watered ad libitum on a 12-h light—dark cycle. All
animal experiments were conducted in accordance with
the guidelines and regulations set forth by the Animal
Ethics Committee of the Chongqing University Three
Gorges Hospital. The rats were housed in 25+1 °C with
a 12-h light/dark cycle under 45-55% humidity. Four-
week-old rats are divided into four groups, with n=8 in
each group. Every day, the female rats are subcutaneously
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injected with DHEA dissolved in sesame oil (6 mg / 100
g body weight) continuously for 15 days [14-16]. The
rats in the CON group were administered sesame oil as
a solvent using the same dosing regimen, and the suc-
cess of the modeling was determined by vaginal cytology
for two sequential cycles (about 8—10 days) to assess the
estrous cycle. There are four groups: rats received sol-
vent sesame oil as control (CON); rats given DHEA as a
modeling group (DHEA); the remaining two groups were
treated with Pioglitazone (DHEA +PIO) and Chiglitazar
(DHEA + CHI), respectively. The DHEA+PIO group
was treated with a 20mg-kg'd™! as the positive control
group, and the DHEA + CHI group was treated with a
20 mg-kg~'d™" [7, 17, 18]. Chiglitazar is a new-generation
insulin sensitizer developed by Chipscreen Biosciences
(China).

Vaginal smear

The estrous cycle of SD rats was determined by observ-
ing the proportion of vaginal exfoliated cells using the
vaginal tissue exfoliation cell smear method. Firstly fix
the female rats and expose the rat’s vagina. Next, a 10ul
gun tip was used to aspirate 10ul of sterile saline, which
was then gently rinsed in the rats’ vagina 3-4 times.
Finally, the vaginal fluid from the rat was evenly applied
to the prepared slide. Use absolute ethanol to fix at room
temperature for 10 min, and then carry out HE stain-
ing. The slides underwent a gentle rinse via the use of
running water, followed by a shaking process for drying.
Unbound hematoxylin was eluted by treatment with 1%
hydrochloric acid-alcohol fractionation solution for 3 s,
and then gently rinsed off with running water. Unbound
hematoxylin was eluted by treatment with 1% hydrochlo-
ric acid-alcohol fractionation solution for 3 s, and then
gently rinsed off with running water. Dye with eosin for
30 s, gently rinse with running water, air dry, and seal
with neutral resin. Then under the microscope, we can
observe changes in the cellular composition of vaginal
smears and the estrous cycle of rats in each group. The
staging judgment is as follows: Unkeratinized nucleated
epithelial cells predominate in proestrus; In estrus, epi-
thelial cells are mature and are predominantly anucleate
keratinocytes; During the stage of metestrus, estrogen
levels decrease and leukocytes begin to infiltrate, mainly
consisting of leukocytes; All three types of cells are vis-
ible during diestrus [19].

Glucose tolerance test ~ insulin tolerance test

and metabolic cage

Energy expenditure was measured in rats at 22 °C using
a Columbus apparatus (Oxymax-clams). Rats were
monitored for 72 h and provided unrestricted access
to a standard diet and water. For glucose tolerance
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experiments, female rats were fasted for 12 h, watered
ad libitum, and injected intraperitoneally with d -glucose
(2g/kg body weight). Blood was taken from the tail, and
blood glucose levels were measured in rats at 0, 15, 30,
60, 90, and 120 min after glucose injection, which was
examined using an Accu—Chek type glucose monitor
(Roche Diagnostics). For insulin resistance experiments,
female SD rats were fasted for 4h, watered ad libitum,
and injected intraperitoneally with insulin (0.75U / kg
body weight). Blood glucose levels were measured before
and 15 min, 30 min, 60 min, 90 min, and 120 min after
insulin injection, respectively. It is worth noting that the
ITT experiment was performed one week after the GTT.

RNA isolation and quantitative real-time PCR

The CDS sequence of the target gene was obtained from
the National Center for Biotechnology Information
(NCBI). Corresponding primers (Table S1) were designed
using Primer6 software and synthesized by Kingsley Bio-
technology after passing BLAST. Primer sequences are
shown in Supplementary Table 1. RNA was extracted
from the tissue using a TRIZOL reagent from Takara
Corporation. The PrimeScript RT reagent Kit with gDNA
Eraser (Takara Corp.) was used to reverse transcribe 2 pg
of total RNA. Real-time quantitative PCR analysis was
conducted using TB Green Premix Ex Taq II (Tli RNaseH
Plus) (Takara Corporation). Each reaction was repeated
three times, and the mean value was normalized by the
housekeeping gene B-actin. Finally, the change in expres-
sion level was calculated using the 2" (-AAct) method.

Western blot analysis

The tissue was dissolved in RIPA buffer (Beyotime) with
a mixture of protease and phosphatase inhibitors (Roche
Diagnostics). It was then milled for 30 min at -50 degrees
Celsius, and the supernatant was extracted through cen-
trifugation at 4 degrees Celsius and 13,000 rpm. The
concentration of total protein was measured using the
Quantitative BCA Protein Kit (Beyotime), and samples
were boiled in 5X loading buffer (Beyotime). Total pro-
tein (30 pg/lane) was separated by 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
(yamei biotechnology) and transferred to a PVDF mem-
brane on top of the membrane (sigma-aldrich), Then,
everyblot Blocking buffer (Bio-Rad) was used for twenty
minutes. The membranes were washed three times with
TBST (Sevier TBS powder plus 0.1% Tween20) and then
incubated overnight at 4 °C with primary antibodies, fol-
lowing the manufacturer’s instructions.Use the following
primary antibodies: AKT (1:1000;4685T, CST), p-AKT
(Serd73, 1:1000;4060, CST), B-actin(1:20,000, 66,009—1-
Ig, proteintech); The following day, the membranes
were incubated with secondary antibodies at room
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temperature for 1-1.5 h. Afterward, they were washed
three times with TBST before developing luminescence
using Super-sensitive ECL chemiluminescent substrate
(biosharp). The intensity of each protein band was quan-
tified relative to internal reference bands for f-actin.

Blood analysis

The SD rats were weighed and anesthetized with 20%
urethane. Whole blood was then collected from the
abdominal aorta by puncture, which was left at room
temperature for 30 min and then centrifuged at 3,000 rpm
for 15 min at 4°C. The serum from each group of female
SD rats was stored in a refrigerator at -80 degrees. Subse-
quently, we tested hormone levels using rat ELAISA Kkit.
Calculated using the formula: homeostatic model assess-
ment of insulin resistance (HOMA-IR)=(FBG X insulin
level)/22.5; and insulin sensitivity index (QUICKI)=1/
[lg (fasting insulin (pU/mL))+lg (fasting glucose (mg/
dL))]; Free androgen index (FAI)=(testosterone/
SHBG) x 100%; Gonadosomatic index (GSI)=ovarian
weight / total body weight X 100%; Atherosclerosis Index
(AI) = ((TC — HDL-C) /HDL-C) x 100%.

Hematoxylin-eosin stain

Each rat’s left ovary was removed, cleaned of adherent
connective tissue, and fixed in 4% formaldehyde buffer
for at least 24 h. Thereafter, the samples were dehydrated,
embedded in paraffin and sliced from the maximum
cross-section of the ovary and then 5 p m thick sections
were stained with hematoxylin—eosin (hematoxylin and
eosin, HE) and photographed with an Olympus BX63
type biomicroscope. Follicles and corpora lutea can be
recognized by their morphology, diameter, and cellular
distribution status.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
9 software. One-way ANOVA and Two-way ANOVA,
with Tukey’s post hoc test, were used for comparisons
between groups. * P<0.05, * * P<0.01, * * * P<0.001. All
data are expressed as mean+SEM. P<0.05 was consid-
ered statistically significant.

(See figure on next page.)
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Results

Chiglitazar reversed acyclicity and hormone
concentrations in rats with PCOS

To elucidate the role of chiglitazar in PCOS, Sprague—
Dawley rats were subjected to dehydroepiandrosterone
(DHEA) for 15 days by subcutaneous injection to estab-
lish the PCOS model. Irregular menstruation is one of
the key criteria for the diagnosis of PCOS [20]; Therefore,
we analyzed the estrous cycle of rats by vaginal smear for
10 days, including two sequential cycles, to confirm the
establishment of PCOS before subsequent evaluation of
the therapeutic effects of chiglitazar and pioglitazone.
We performed hematoxylin and eosin staining on vaginal
secretion smears and recorded the characteristics of each
period. There was a large number of nucleated epithelial
cells and few keratinocytes in the proestrus. The estrus
showed numerous pink keratinocytes and few nucleated
epithelial cells. Keratinized cells and leukocytes were
observed in the metestrus, and in the diestrus, leuko-
cytes were abundant, and there was a meager amount
of mucus (Supplementary Fig. 1A). The PCOS group
showed a disrupted estrous cycle, with extended metes-
trus and diestrus phases and a reduced estrus phase
(Fig. 1A). However, the estrous cycle of rats with PCOS
in the treatment group was significantly ameliorated.
Estrus began to appear after treatment with chiglitazar or
pioglitazone, and in the DHEA + CHI and DHEA + PIO
groups, the estrous cycle was much more regular than
in DHEA group, with a sharp increase in estrus and per-
centage estrus (Fig. 1B). These findings suggest allevia-
tion of ovulatory dysfunction with either chiglitazar or
pioglitazone.

To confirm the treatment efficacy, we performed sero-
logic tests. The testosterone to estradiol ratio in rats with
PCOS increased significantly, while it sharply recovered
after treatment with chiglitazar or pioglitazone (Fig. 1C).
Moreover, there was a notable increase in the FAI in
the DHEA group (Fig. 1I), despite no changes in SHBG
(Supplementary Fig. 1B). In parallel, the concentrations
of serum androgens in the DHEA group, such as testos-
terone (T), free testosterone (FT), dehydroepiandros-
terone sulphate (DHEA-S), and androstenedione, were
significantly higher than those in the healthy CON group,

Fig. 1 Chiglitazar reversed acyclicity and hormone concentrations in rats with polycystic ovary syndrome (PCOS). A Line plots of estrus

cycles for each group (n=8). B The percentage of each stage in the estrus cycle. C The free androgens (FT) /estrogen (E) ratio. D-1 The serum
testosterone, free testosterone, DHEA-S, androstenedione, and estrogen levels in the fasting state. The FAl was calculated by the formula:
(testosterone + SHBG) x 100% (n=6). J Serum LH concentration (n=6). K LH/FSH ratio. All of the above were subjected to one-way analysis

of variance with Tukey's post hoc test. *P<0.05, **P<0.01, ***P <0.001. All data are expressed as the mean + standard error of the mean. D, diestrus;
E, estrus; M, metestrus; P, proestrus; E, estrogen; FT, free testosterone; FAI, free androgen index; LH, luteinizing hormone; FSH, follicle-stimulating

hormone; DHEA-S, dehydroepiandrosterone sulphate
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while the estrogen concentration was lower. However,
after treatment with chiglitazar or pioglitazone, there
was a significant decrease in plasma testosterone and
free testosterone, and the estrogen concentration was
elevated (Fig. 1D—H). There were no substantial altera-
tions in DHEA-S and androstenedione after treatment,
presumably because DHEA-S and androstenedione pri-
marily originate from the adrenal gland [21] and chigli-
tazar and pioglitazone regulate the ovaries. As such, they
have no effect or a weak effect on adrenal gland-derived
androgens.

High luteinizing hormone (LH) and an elevated LH to
follicle-stimulating hormone (FSH) ratio are recognized
as biomarkers for the diagnosis of PCOS in women [22].
An increase in the concentration of LH facilitates the
generation of testosterone and DHEA-S, leading to ovar-
ian cyst formation [23]. Therefore, we assessed serum LH
and FSH levels, indicated that although there was no FSH
changes across groups (Supplementary Fig. 1C), the LH
and LH/FSH ratio in the DHEA group were significantly
higher than those in the CON group, and, promisingly,
they were also higher than those in the DHEA+PIO
and DHEA + CHI groups (Fig. 1J-K). These results illus-
trate that chiglitazar reversed the abnormal estrous
cycle and hormone status in rats with PCOS, similar to
pioglitazone.

Chiglitazar attenuated ovarian dysfunction in rats

with PCOS

The ovaries of patients with PCOS exhibit a typical
polycystic state. We analyzed the effects of chiglitazar
on ovarian morphology in rats with DHEA-induced
PCOS. Grossly, the ovarian polycystic state was evident
in the DHEA group (Fig. 2A, Supplementary Fig. 1D).
We also calculated the gonadal index, which was signifi-
cantly reduced in the DHEA group (Fig. 2C). This may
be attributed to the abnormally higher androgen con-
centration coupled with the reduced estrogen concen-
tration, resulting in follicular atresia, ovarian aging, and
reduced corpora lutea [24]. After treatment with pioglita-
zone or chiglitazar, there was discernible augmentation
in ovarian volume, which occurred concomitantly with
a rebound in ovarian weight (Fig. 2A—-2C). Progesterone
has a close relationship with the corpora lutea [25], and
its biosynthesis is controlled by various enzymes, such
as steroidogenic acute regulatory protein (STAR) [26],
which transfers cholesterol from the outer mitochon-
drial membrane to the inner mitochondrial membrane,
thereby providing substrates for steroid hormone bio-
synthesis. Notably, there was a decrease in progesterone
in the DHEA group (Fig. 2E), and partially recovered in
treatment groups which aligned with our hypothesis.
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For a deeper understanding of the effects of PCOS
treatment in rats, hematoxylin and eosin staining was
performed on ovarian sections to analyze the morpho-
logical alterations in the ovaries. In the CON group, the
ovaries displayed typical follicular membrane cell lay-
ers, mature follicles, and corpora lutea, with distinct cell
structures and morphologies. While the DHEA group
exhibited multiple enlarged cystic follicles with fewer
granulosa cells and reduced corpora lutea (%) (Fig. 2D).
Treatment with chiglitazar or pioglitazone reduced cystic
follicles, increased granulosa cell layers, and normal-
ized follicles in ovaries. Consistent with the histologi-
cal findings, treatment with chiglitazar or pioglitazone
significantly reversed the expression of the steroido-
genic enzymes cytochrome P450 family 19 subfamily
A (Cypl9al) member, 3fB-hydroxysteroid dehydroge-
nase, and STAR in the ovaries (Fig. 2F). The results of
hormone analysis, hematoxylin and eosin staining, and
ovarian steroidogenic enzyme expression all suggest that
chiglitazar effectively alleviated PCOS symptoms, as did
pioglitazone.

Chiglitazar reversed IR and metabolic abnormalities in rats
with PCOS
Extensive evidence has shown that IR and compensa-
tory hyperinsulinemia resulting in hyperandrogenemia
and reproductive dysfunction are major factors driving
the pathogenesis of PCOS [1]. We explored the related
indicators, and the results revealed that the DHEA group
exhibited no notable change in the fasting glucose con-
centration compared with the CON group (Supplemental
Fig. 2A). Nonetheless, the glucose tolerance test (GTT)
and insulin tolerance test (ITT) showed that glucose tol-
erance and insulin sensitivity were significantly reduced
in the DHEA group which improved with pioglitazone
or chiglitazar treatment (Fig. 3A-D). Subsequently, we
evaluated the serum insulin concentration in rats. In the
DHEA group, the serum insulin concentration was sig-
nificantly higher than in the CON group and there was
marked hyperinsulinemia. However, after treatment
with chiglitazar or pioglitazone, the insulin concentra-
tion recovered significantly (Fig. 4A). Furthermore, by
calculating the IR index (HOMA-IR) and the quantita-
tive insulin sensitivity check index (QUICKI), we found
that both chiglitazar and pioglitazone improved severe
insulin resistance, with over 50% reduction in HOMA-
IR and normalization of QUICKI (Fig. 4C, D). Addition-
ally, adiponectin levels (Fig. 4B) were restored, indicating
that chiglitazar enhanced glucose tolerance and insu-
lin responsiveness. Therefore, chiglitazar may also be a
desirable therapeutic option for metabolic irregularities.
Next, we explored the influence of chiglitazar on
energy metabolism. Chiglitazar or pioglitazone treatment
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progesterone. F Ovarian steroidogenic enzyme mRNA expression. All of the above were subjected to one-way analysis of variance with Tukey’s
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elevated oxygen consumption and carbon dioxide pro-
duction (Fig. 3E, F, I) and rebounded DHEA-induced
nocturnal energy expenditure in the DHEA group with
PCOS. Chiglitazar and pioglitazone enhanced caloric
consumption and energy metabolism in DHEA-induced
PCOS rats (Fig. 3G, H), accompanied by an increasing
trend in activity (Supplementary Fig. 2C), which signifi-
cantly improved energy metabolism. Notably, weight gain
after chiglitazar treatment was significantly lower than
in the DHEA +PIO group (Fig. 3]), despite no signifi-
cant difference in food consumption between the groups
(Supplementary Fig. 2B).

We scrutinized pertinent indicators of serum lipid
metabolism to assess the therapeutic efficacy of chigli-
tazar and pioglitazone. Not surprisingly, FFAs were
significantly reduced after both treatments (Fig. 4G).
Cholesterol and triglycerides exhibited a significant
reduction in the DHEA+CHI group compared with
the DHEA group. Notably, the downward trend in the
DHEA +PIO group was not as pronounced as that in
the DHEA + CHI group (Fig. 4E-F). Our findings also
unveiled notable abnormalities in both high-density
lipoprotein (HDL) and low-density lipoprotein (LDL)
concentrations in the DHEA group. After treatment,
there was a trend toward an improvement in both HDL
and LDL (Fig. 41, J), the importance of which should
be clarified in future research with larger sample sizes.
Moreover, studies have indicated that PCOS can lead
to atherosclerotic conditions [27]. Therefore, we calcu-
lated the atherosclerosis index, which is an indicator of
atherosclerosis [28] and observed enhancements after
both treatments. However, Chiglitazar therapy showed
greater enhancement in atherosclerosis index improve-
ment (Fig. 4H). These findings indicate that chiglitazar
reverses IR, energy metabolism, and lipid metabolism
and compared with pioglitazone, chiglitazar had a more
pronounced influence on metabolism.

Chiglitazar protected from PCOS via Akt phosphorylation

Both chiglitazar and pioglitazone enhanced tissue insu-
lin sensitivity. Akt is the best characterized AGC kinase
in the insulin signaling pathway, and its targeted dele-
tion produces IR and glucose intolerance [29]. Hence,

(See figure on next page.)
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we explored whether chiglitazar and pioglitazone could
ameliorate PCOS symptoms by activating Akt phospho-
rylation. We compared the changes in p-Akt and Akt
expression between the DHEA group and the treatment
groups via Western blotting of Akt expression in mus-
cle, adipose, and liver tissues from rats. The total Akt
protein expression in the skeletal muscle, adipose tis-
sue, and liver was not significantly different among the
groups. Akt phosphorylation was significantly lower in
the DHEA group, while after treatment, p-Akt expression
was upregulated, indicating that chiglitazar enhanced
Akt phosphorylation and improved insulin sensitivity
(Fig. 5A—C). Furthermore, there was no discernible dif-
ference compared with the DHEA + PIO group.

In adipocytes, GLUT4 serves as an indicator of sys-
temic insulin sensitivity [30] and it plays a key role in glu-
cose sensing. Several studies have indicated that GLUT4
translocation stimulated by insulin is reliant on the phos-
phorylation of Akt substrate (AS160) [31]. Some studies
have indicated that an increase in GLUT4 mRNA expres-
sion is accompanied by a marked improvement in IR,
menstrual pattern, and androgen spectrum [32]. Conse-
quently, we analyzed the mRNA expression of GLUT4 in
the adipose tissue and found that GLUT4 mRNA expres-
sion was reduced in the DHEA group but increased with
chiglitazar or pioglitazone treatment in adipose tissue
(Supplementary Fig. 3D). This suggests that pioglitazone
and chiglitazar may improve tissue insulin sensitivity and
alleviate PCOS symptoms by enhancing Akt phosphoryl-
ation and increasing GLUT4 expression.

Discussion

PCOS is a significant global health issue, yet existing
treatment modalities are limited and primarily focus on
managing symptoms, often with noticeable side effects.
Previous studies have indicated that oral contraceptives
are effective for controlling menstruation and treating
acne in patients with PCOS. However, formulations
incorporating drospirenone are associated with an ele-
vated incidence of thrombotic events [33]. Anti-andro-
gen medications are another viable option for managing
hirsutism and acne in patients with PCOS, though their
application is restricted by their teratogenic properties

Fig. 3 Chiglitazar reversed insulin resistance (IR) and metabolic abnormalities in rats with polycystic ovary syndrome (PCOS). A-D Glucose
concentration and area under the curve in the control group, DHEA group, and treatment groups during the GTT and ITT (n=5). E-l Metabolic
cage experiments were performed using Sprague—-Dawley rats, including oxygen consumption rate (VO,), heat production, and carbon dioxide
production (VCO,) (n=4). J Weight gain from baseline of Sprague-Dawley rats in the control, modeling, and treatment groups (n=7). Two-way
analysis of variance was performed in A, C, E and G. One-way analysis of variance with Tukey's post hoc test was performed in B, D, F, H, 1, and J.
*P<0.05,**P<0.01, **P<0.001. All data are presented as the mean + standard error of the mean. GTT, glucose tolerance test; ITT, insulin resistance

test
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Fig. 4 Chiglitazar reversed insulin resistance (IR) and metabolic abnormalities in rats with polycystic ovary syndrome (PCOS). The serum Insulin (A)

and adiponectin (B) levels. C HOMA-IR was calculated according to the formula, HOMA-IR=

(FBG xinsulin level)/22.5 test. D QUICKI was calculated

according to the formula, insulin sensitivity index (QUICKI) = 1/[lg(fasting insulin (uU/mL)) + Ig(fasting glucose (mg/dL))]. E-G Serum cholesterol (TC),

triglyceride (TG), free fatty acid (FFA) concentration in each group. H Atherosclerosis index (Al) was calculated according to the formula, Al=

HDL]+

[TC—

HDL. Serum HDL (I) and LDL (J) concentrations. All of the above were subjected to one-way analysis of variance with Tukey’s post hoc test.

*P<0.05,**P<0.01, **P<0.001. All data are expressed as the mean +standard error of the mean. HDL, high-density lipoprotein; LDL, low-density

lipoprotein

[6]. GnRH antagonists, including cetrorelix and dana-
zol, treat PCOS but may also disrupt estrogen produc-
tion, risking infertility [34]. Metformin treatment is
also limited because it causes mild to moderate changes
in the menstrual cycle and hyperandrogenemia as well
as nausea and diarrhea [6, 35]. Thiazolidinedione drugs,
such as pioglitazone, improve menstruation and repro-
ductive hormone concentrations, but they are associ-
ated with weight gain and potential pregnancy risks [6].
While GLP-1 enhances insulin sensitivity, it also inten-
sifies menstrual disturbances and raises FAI, accom-
panied by gastrointestinal upset. What’s more, its
impact on reducing insulin resistance is less significant

than that of pioglitazone [6]. Statins appear to amelio-
rate hyperandrogenism by diminishing dihydrotestos-
terone and testosterone production, and by curbing
cancer cell proliferation [6]. Nonetheless, they are asso-
ciated with significant adverse effects, includ-
ing  myopathy, irregular  hepatic  function,
and congenital abnormalities. Hence, there is an urgent
need to develop more effective treatment meth-
ods for PCOS. They are associated with signifi-
cant adverse effects, including myopathy, irregular
hepatic function, and congenital abnormalities.
Hence, there is an urgent need to develop more effec-
tive treatment methods for PCOS.
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Fig. 5 Chiglitazar protected from polycystic ovary syndrome (PCOS) via Akt phosphorylation. Protein expression of Akt and p-Akt in (

R

A) liver tissue,

(B) muscle tissue, and (C) adipose tissue. All of the above were subjected to one-way analysis of variance with Tukey's post hoc test. *P< 0.05,
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The PPAR agonist chiglitazar is an excellent insu-
lin sensitizer. It demonstrates efficacy that is com-
mensurate with that of pioglitazone, while showcasing
favorable clinical results and safety [36]. Moreover, it
significantly reduces the side effects of thiazolidinedi-
ones, proving highly effective in the treatment of type 2
diabetes mellitus and dyslipidemia [37]. In the present
study, we discovered that chiglitazar ameliorated PCOS
symptoms in rats, including endocrine disorders, ovar-
ian dysfunction, and IR. Meanwhile, though there was
no significant difference in the treatment effect com-
pared with pioglitazone, the regulatory effect of chigli-
tazar on lipid metabolism in rats with PCOS was more
pronounced, which would benefit from confirmation in
future research based on a larger sample size. Further-
more, the present study revealed that chiglitazar substan-
tially enhanced Akt phosphorylation and adiponectin
expression, providing a potential mechanistic explana-
tion for the protective effects of chiglitazar in PCOS. To
our best knowledge, this study is the first to show that
chiglitazar is associated with PCOS in an animal model
and that it significantly improves PCOS symptom:s.

Previous research has indicated a robust correlation
between decreased PPAR function and the manifesta-
tion of PCOS symptoms, including polycystic ovaries
and irregular estrous cycles [18]. Consequently, PPAR
agonists have emerged as promising therapeutic agents

for PCOS. Our research indicates that the activation of
PPAR targets by chiglitazar or pioglitazone can effec-
tively ameliorate PCOS symptoms. Rats with PCOS
treated with the pan-PPAR agonist chiglitazar showed
gradual restoration of the estrous cycle from a stagnant
state to a regular state, along with an overall enhance-
ment in ovarian health, including an increased number
of corpora lutea and granulosa cell layers. These findings
illustrate that chiglitazar can regulate follicle develop-
ment, ovulation, oocyte maturation, and corpus luteum
maintenance. At the molecular level, PPAR-y activation
controls the expression of genes that are essential for fol-
licular growth, ovulation, oocyte maturation, and corpus
luteum maintenance [38]. Moreover, PPAR-y activates
cytochrome P450 aromatase (CYP19A1l) to transform
androgens into estrogens, as well as restoring LH through
negative feedback, leading to reduced LH concentrations
[38] and preserving ovarian energy equilibrium [39].
Consistent with this, the expression of ovarian steroido-
genic enzymes increased after treatment with chiglitazar,
and the LH/FSH ratio in rats with PCOS returned to
normal.

We also explored the mechanism through which chigli-
tazar displayed beneficial therapeutic effects in PCOS.
It has been widely appreciated that women with PCOS
show IR and glucose intolerance [40]. IR leads to an
increased insulin concentration, which in turn reduces
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the hepatic synthesis of SHBG, stimulates excessive
androgen production by the ovaries, and disrupts nor-
mal follicular development, resulting in ovulation dis-
orders [41]. Hence, enhancing IR can bolster the body’s
insulin responsiveness, allowing the tissues to more
effectively absorb and utilize insulin. This results in a
decreased insulin concentration and reduced androgen
synthesis, and it aids in the restoration of ovarian func-
tion and normal estrogen concentrations. Patients with
PCOS often exhibit metabolic abnormalities, including
obesity, hyperglycemia, and hyperlipidemia, among other
conditions. Enhancing insulin sensitivity can mitigate
adipocyte resistance to insulin and facilitate glucose uti-
lization and lipid metabolism, resulting in weight reduc-
tion, enhancing glycemic control, improving the lipid
profile, and ultimately ameliorating metabolic dysregula-
tion. We observed a significant increase in body weight in
the DHEA group in the present study. This may be due to
the apparent IR in rats with PCOS. IR makes it difficult
for the body to utilize glucose, leading to its accumula-
tion and conversion to fat, in turn resulting in abnormal
energy metabolism and weight gain. PPAR agonists reg-
ulate gene expression linked to energy metabolism, and
they participate in thermogenesis, simultaneously boost-
ing IR, elevating activity rates, and thereby boosting
internal energy metabolism. This balances the body’s
energy intake and expenditure and improves weight gain.
It is notable that following chiglitazar treatment, rats
with PCOS exhibited a significant reduction in weight
gain, whereas rats treated with pioglitazone did not dem-
onstrate any significant change in weight gain. This may
be because chiglitazar, as a full PPAR agonist, achieves
well-balanced activation of the PPAR-q, -§, and -y iso-
forms. The increased fat oxidation promoted by PPAR-a
and PPAR-8 counteracts the negative effects of PPAR-y,
such as obesity or weight gain [37], improves insulin sen-
sitivity, and regulates glucose and lipid metabolism [42].
PPAR-y is involved in glycolipid metabolism and insulin
sensitivity regulation [43]. PPAR-y agonists indirectly
reduce androgen synthesis in the ovaries by improv-
ing peripheral IR [44]. PPAR-a, which is an important
regulator of lipid metabolism, ameliorates IR by reduc-
ing glucose inhibition through lowering peripheral fatty
acids. Meanwhile, PPAR-a stimulates insulin secretion
by inhibiting calcium signaling [45]. PPAR-$ is widely
distributed in somatic cells, and somatic cell activation
is involved in elevated insulin sensitivity [46]. This sig-
nificantly improves pancreatic islet function, increases
[B-cell quality [47], and reverses metabolic abnormalities.
Moreover, PPAR-a and PPAR-§ reduce plasma triglyc-
erides, cholesterol, and FFA concentrations [7], which
may have unexpected effects in patients with PCOS with
high blood lipids. Consistent with previous studies, after
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treatment with chiglitazar or pioglitazone, abnormal
glucose tolerance and IR significantly improved. Addi-
tionally, compared with the DHEA+PIO group, the
DHEA + CHI group showed more significant improve-
ments in lipid metabolism, with notable decreases in tri-
glycerides, cholesterol, and atherosclerosis index.

Insulin signal transduction is achieved through the
PI3K/Akt signaling pathway, in which Akt serves as the
crucial mediator of insulin-stimulated GLUT4 transloca-
tion and glucose transport [48]. We therefore examined
the alterations in Akt expression in the tissues associ-
ated with insulin sensitivity and demonstrated that Akt
phosphorylation significantly rebounded, and GLUT4
mRNA expression significantly increased after chigli-
tazar treatment. Therefore, we suspect that chiglitazar
enhances insulin responsiveness, potentially by increas-
ing Akt phosphorylation and GLUT4 expression. More-
over, we postulate that adiponectin may be partially
responsible for the ameliorative effects of chiglitazar on
IR. Adiponectin is an adipocytokine secreted by the adi-
pose tissue [49]. It has been shown that treatment with
adiponectin directly improves hyperglycemia, increases
insulin receptor expression [50], and restores ovulation
[46]. It has also been demonstrated that the beneficial
effects of brown adipose tissue transplantation on PCOS
are mediated in part by elevated circulating adiponec-
tin [51]. Moreover, previous studies have shown that
adiponectin can significantly increase the expression of
ovulation-related genes and enhance the induction of
FSH-mediated Areg, Has2, and Ptgs2 [49, 50]. Further-
more, Hazrati et al.reported that the PCOS-induced
mice treated with adiponectin represented an increase
in CYP19A and promote ovarian development, folli-
cular growth, and ovulation [53]. In vitro experiments
have shown that adiponectin inhibits the production of
androstenedione and LH receptor expression, as well as
inhibiting key enzymatic components of the androgen
pathway [54]. Interestingly, PPAR facilitates adipocytes
to generate adiponectin [55]. Thus, chiglitazar, as a pan-
PPAR agonist, stimulates adiponectin production in the
adipose tissue, inhibiting androstenedione production,
the expression of key enzymes associated with the LH
receptor, and androgen synthesis, providing plausible
explanations for the improvement in the PCOS pheno-
type. In agreement with this, adiponectin was signifi-
cantly upregulated in the DHEA + CHI and DHEA + PIO
groups compared with the DHEA group. Hence, from
one perspective, chiglitazar is thought to enhance insulin
sensitivity in the liver and peripheral tissues to ameliorate
PCOS, while from another perspective, chiglitazar may
improve PCOS by increasing adiponectin. However, the
precise mechanisms underlying these phenomena still
require further exploration.
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Conclusions

This research significantly contributes to the under-
standing of the usefulness of chiglitazar in PCOS, dem-
onstrating that it has a positive impact on productive
and reproductive hormones, blood glucose, lipid pro-
file, body weight, estrous cycle, and ovarian morphol-
ogy, and this effect was thought to be associated with
Akt phosphorylation, GLUT4 expression, and adi-
ponectin concentration.

Abbreviations

PCOS Polycystic ovary syndrome
DHEA Dehydroepiandrosterone
CON Control

PIO Pioglitazone

CHI Chiglitazar

PPAR Peroxisome proliferator-activated receptor
GLUT4 Glucose transporter 4

GTT Glucose tolerance test

T Insulin Tolerance Test

HI Hyperinsulinemia

T3 Triiodothyronine

T4 Thyroxine

IGF1 Insulin-like growth factor 1 receptor
GSI Gonadosomatic index

D Diestrus

E Estrus

M Metestrus

p Proestrus

T Testosterone

E Estrogen

FT Free testosterone

FAI Free androgen index

SHBG Sex hormone-binding globulin

LH Luteinizing hormone
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