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Abstract
Background  Polycystic ovary syndrome (PCOS) is a common endocrine and metabolic disorder in women of 
reproductive age. Anovulation is one of the most important clinical features of PCOS, and insulin resistance (IR) is 
one of the critical pathogenic factors. Woxuanzhongzhou (WXZZ) is a traditional herbal formulation that has shown 
efficacy in treating PCOS combined with IR, but the underlying mechanism is not clear. The aim of this study was to 
investigate the molecular mechanism of WXZZ on dehydroepiandrosterone sulfate and high fat diet induced PCOS 
with IR mice.

Methods  40 female C57BL/6 mice were randomized to 4 groups: control group, model group, metformin group, 
and WXZZ group. Some mice is induced by dehydroepiandrosterone sulfate (DHEA) and high-fat diet (HFD) for 3 
weeks. Following model induction, metformin and WXZZ were administered by gavage. Body weight, fasting blood 
glucose (FBG), fasting insulin (FINS) levels, the homeostatic model assessment of insulin resistance (HOMA-IR), and 
gonadal hormones were measured. Estrous cycles were monitored. The structure of the gastrocnemius muscle and 
subcutaneous fatty tissue were also evaluated. Additionally, serum irisin and non-esterified fatty acids (NEAF) levels 
and the protein and gene expression levels of AMPK, PGC1-α, FNDC5, irisin in the gastrocnemius muscle and CaMKK, 
AMPK, PGC1-α, UCP1 in fat were analyzed.

Results  The DHEA + HFD + WXZZ group exhibited significant improvements in several key parameters compared 
to the DHEA + HFD group. WXZZ ameliorated endocrine and metabolic disorders, resumed estrous cycle in DHEAS 
and high-fat diet-induced IR and anovulatory mice. Significant reductions were observed in body weight, serum 
testosterone, luteinizing hormone, luteinizing hormone/ follicle-stimulating hormone ratio, FINS, and HOMA-IR. 
Additionally, WXZZ promoted irisin expression and secretion by up-regulating the protein and gene AMPK/PGC1-α/
FNDC5 expression in gastrocnemius muscle and up-regulated the protein and gene CaMKK/AMPK/PGC1-α/UCP1 
expression in fat. WXZZ inhibited the overproduction of serum NEFA, and reduced lipid accumulation. Structural 
analysis of the gastrocnemius muscle and adipose tissue revealed partial restoration.
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Introduction
Polycystic ovary syndrome (PCOS) is a prevalent endo-
crine and metabolic disorder affecting approximately 
5-20% of women of reproductive age globally [1]. Charac-
terized by hyperandrogenism, ovulatory dysfunction, and 
polycystic ovarian morphology, PCOS is also strongly 
associated with metabolic disturbances including insulin 
resistance (IR), obesity, and type 2 diabetes mellitus [2]. 
IR, a hallmark of PCOS, exacerbates reproductive and 
metabolic anomalies, creating a vicious cycle that ham-
pers effective management of the syndrome. Approxi-
mately 35-80% of PCOS patients combined with IR [3], 
up to 80% of PCOS patients exhibit IR independent of 
body mass index (BMI) [4].

Adipose tissue-derived hormones and myokines play 
a crucial role in regulating metabolic balance. One such 
myokine is irisin, which is mainly produced in skeletal 
muscle in response to physical exercise [5]. Irisin has 
various biological functions [6] and shows 100% similar-
ity between rats and humans [7]. Notably, serum levels of 
irisin have been associated with hyperandrogenism [8, 9], 
a key clinical feature of PCOS, and have shown a strong 
correlation with metabolic disorders, including IR and 
obesity in patients with PCOS [10]. Irisin is released by 
the proteolytic cleavage of fibronectin type III domain-
containing protein 5 (FNDC5) which is regulated by 
peroxisome proliferator-activated receptor gamma coact-
ivator-1 alpha (PGC-1α) [11]. PGC-1α is another critical 
regulator of cellular energy metabolism. It acts as a tran-
scriptional coactivator that modulates multiple meta-
bolic pathways including mitochondrial biogenesis and 
oxidative phosphorylation [12]. Adenosine monophos-
phate-activated protein kinase (AMPK) is an upstream 
regulator of PGC-1α, which plays a key role in regulating 
glucose and lipid metabolism, thereby impacting insulin 
sensitivity [13–15].

The initial understanding of nature noumenon in 
ancient China philosophy was based on “Qi”. It refers to 
a universal vital energy responsible for various life pro-
cesses [16]. Qi has three meanings in philosophy: first, qi 
is the origin of the material world, and all things are com-
posed of qi; second, qi has two attributes of yin and yang, 
yin refers to tangible things, and yang is invisible; third, 
qi is constantly moving and changing, and its forms are 
ascending and descending, entering and exiting, circu-
lating and transforming [17]. The fundamental attribute 
of qi is movement change [18]. Yin and Yang constitute 
the basic concepts of China philosophy. As opposed and 

complementary conditions, they symbolize the concept 
of dynamic equilibrium [19]. PCOS is characterized by 
Yin essence not waiting for full bloom in early follicu-
lar stage, and part of “Yin” is transformed into “Yang” in 
advance, forming the trend of “Yin not abundant-Yang 
first arriving”, wasting Yin essence, delaying the overall 
unification of Yang and affecting follicular development 
and ovulation [20]. This imbalance of Yin and Yang is the 
key to the pathogenesis of ovulation disorder in PCOS 
[20], and affects the endocrine system leading to irregular 
menstruation, and affects the metabolic system impair-
ing glucose tolerance, insulin resistance and dyslipidemia 
[21].

In our previous clinical trial, we have demonstrated the 
effect of a traditional herbal formulation called WoXuan-
ZhongZhou (WXZZ) in treating patients with PCOS-IR. 
WXZZ significantly improved waist-to-hip ratio (WHR), 
BMI, homeostatic model assessment of insulin resistance 
(HOMA-IR), luteinizing hormone/ follicle - stimulating 
hormone (LH/FSH), and cholesterol level [22]. How-
ever, the molecular mechanism of this intervention is still 
unclear. Previous studies have suggested that irisin can 
alleviate ovarian fibrosis [23], and improved the motility 
cycle with reducing levels of testosterone (T), anti-mul-
lerian hormone (AMH), LH, LH/FSH ratio in mice with 
PCOS. Thus, we aimed to investigates the hypothesis that 
WXZZ alleviates PCOS-IR through modulation of the 
AMPK-PGC-1α-irisin pathway.

Materials and methods
Chemicals and reagents
The WXZZ decoction (Beijing Kangrentang Pharma-
ceutical Co., Ltd., China) was dissolved in heated (60 °C) 
deionized water to obtain a 3.0 g/mL stock solution and 
stored at 4 °C. Metformin was purchased from Zhongmei 
Shanghai Squibb Pharmaceutical Co., Ltd. Dehydroepi-
androsterone sulfate (DHEA) was purchased from Bei-
jing Abifan Biotechnology Co., Ltd.

Animal
SPF-grade female C57BL/6 mice, aged 3 weeks and 
weighing 10–12  g, were obtained from Spivey Biotech-
nology Co., Ltd (Beijing, China). Upon arrival, the ani-
mals were housed in the Animal Experiment Center of 
Beijing University of Chinese Medicine. A total of 40 
mice were randomly assigned to 8 cages, with 5 mice 
per cage. The animals were maintained under controlled 
environmental conditions, with a room temperature of 

Conclusion  WXZZ exhibits therapeutic effects in DHEAS and high-fat diet-induced IR and anovulatory mice. These 
effects may be mediated through the activation of AMPK/PGC1-α pathway in muscle to promote the secretion of 
irisin.
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20–25  °C, relative humidity of 40–60%, and a 12-hour 
light/dark cycle. Food and water were provided ad 
libitum.

All experimental procedures involving animals were 
reviewed and approved by the Laboratory Animal Eth-
ics Sub-committee of the Academic Committee of Bei-
jing University of Chinese Medicine (Approval No. 
BUCM-2023030104-1105).

DHEAS and high-fat diet-induced IR and anovulatory mice
Animals were randomly assigned to control or experi-
mental group. IR and anovulatory mice model was 
induced by DHEA and high-fat diet (HFD) [24].The 
experimental group (n = 30) was subjected to a daily sub-
cutaneous injection of 0.2 mL DHEA (6  mg/kg) [24], 
administered into the dorsal neck region. The DHEA was 
prepared in a solution with soybean oil. In addition, these 
animals were fed a HFD (4.73 kcal/g; Beijing Huafukang 
Biotechnology Co., Ltd.), with an energy distribution of 
20% protein, 35% carbohydrate, and 45% fat. The control 
group (n = 10) received an equivalent subcutaneous injec-
tion of 0.2 mL soybean oil, administered under identical 
conditions, and were fed a standard diet (3.85 kcal/g; Bei-
jing Huafukang Biotechnology Co., Ltd.) with an energy 
distribution of 20% protein, 70% carbohydrate, and 10% 
fat.

The injections and diet regimen were administered 
continuously for 3 weeks. Throughout the study, all ani-
mals were weighed daily at approximately 8:00 a.m. by 
the same researcher who recorded using an electronic 
balance, with measurements expressed in grams. Vaginal 
smears were collected daily at approximately 9:00 a.m. 
for 12 consecutive days, starting from the 10th day of the 
modeling phase. The collected cells were preserved using 
4% paraformaldehyde fixation to ensure optimal preser-
vation of cellular morphology for subsequent analysis of 
estrous cycle.

At the end of the treatment period, animals were fasted 
for 12 h, with only water provided, before blood collec-
tion. Fasting blood glucose (FBG) levels were measured 
using blood obtained from the tail vein. Following this, 
blood was collected from the retro-orbital sinus under 

anesthesia to separate serum for the determination of 
fasting insulin (FINS) levels and gonadal hormones. Then 
7 mice (3 in the control group and 4 in the model group) 
were killed by cervical decertification method to observe 
the structural changes of ovarian tissue, so as to ensure 
the successful establishment of PCOS mouse model.

Insulin resistance in this study was evaluated using 
HOMA-IR [25]. The HOMA-IR index was calculated 
using the formula:

	
Home − IR =FBG(mmol/L) × FINS(mU/L)

22.5

The mice model was defined as a significant increase in 
body weight, serum T, and LH levels compared to the 
control group, along with vaginal smears showing abnor-
mal estrous cycle and increasing ovarian follicles. Addi-
tionally, a HOMA-IR index should exceed 1.96 standard 
deviations above the mean of the control group.

Experimental grouping and treatment
Mice in experimental group were randomly assigned 
to three groups, thus a total of four groups entered this 
phase of study. The control group (Con, n = 7) and the 
model group (DHEA + HFD, n = 9) received 0.2 mL/10 g 
of distilled water by gavage. The metformin group 
(DHEA + HFD + Met, n = 9) was administered metformin 
hydrochloride (200 mg/kg/day) by gavage [26], while the 
WXZZ group (DHEA + HFD + WXZZ, n = 8) received a 
WXZZ solution (270  mg/kg/day) by gavage, calculated 
based on the “Equivalent Doses for Animals and Humans 
Based on Body Surface Area” algorithm [27], with a con-
version factor of 12.3:1 for mice. The dosage for WXZZ 
and metformin calculate based on the body weight of 
mice on that day, then dissolving in 0.2 ml distilled water 
by gavage.

All experimental groups were maintained on HFD, 
while the control group received a standard diet. The 
treatments were administered once daily at approxi-
mately 10:00 a.m. for a duration of 2 weeks.

Assessment of estrous cycle
The estrous cycle in mice, typically lasting 4–5 days, was 
monitored in this study by collecting vaginal exfoliated 
cells daily at approximately 9:00 a.m. over 12 consecu-
tive days. During the modeling phase, collections began 
on the 10th day, while in the treatment phase, collections 
began on the third day. Vaginal smears were obtained by 
flushing the vaginal canal with sterile saline, spreading 
the fluid onto glass slides, and fixing the samples in 4% 
paraformaldehyde. The smears were then stained with 
HE to visualize the cells [28]. Microscopic analysis of the 
HE-stained smears allowed for the identification of the 

Table 1  Characteristics of vaginal exfoliated cells in different 
estrous cycles
stage characteristics of vaginal exfoliated cells
proestrus predominantly oval nucleated epithelial cells with 

fewer leukocytes and keratinized epithelial cells
estrus keratinized epithelial cells predominate, with 

fewer leukocytes and nucleated epithelial cells.
metestrus the distribution of keratinized epithelial cells, 

nucleated epithelial cells and leukocytes was 
relatively balanced and not significantly different.

diestrus predominantly leukocytes with fewer nucleated 
and keratinized epithelial cells .
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estrous cycle stage based on the predominant cell types 
(Table 1).

Measurement of FBG and other serum parameters
FPG levels were measured using an Accu-Chek Performa 
glucometer (Roche, Korea). To obtain the blood sample, 
a small incision was made at the tail tip of the mice using 
sterile medical scissors. A drop of blood was then applied 
to a test strip for glucose measurement, with results 
expressed in mmol/L.

For serum analysis, samples were collected from the 
mice’s eyeballs. The collected blood was allowed to clot 
at 4 °C for 2 h, followed by centrifugation at 3000 rpm for 
10 min to separate the serum, then the sample was stored 
at -80 °C until further analysis. Serum levels of T, estra-
diol (E2), progesterone (P), LH, and FSH were measured 
using enzyme-linked immunosorbent assay (ELISA) kits 
(Wuhan Eliot Biotechnology Co., China). Serum NEFA 
levels was analyzed by a fully automated biochemical 
analyzer (Roche, Germany). Serum irisin (MALLBIO, 
MBE12290, JL21442-48 T; assay range: 2.5 ng/mL − 80 
ng/mL; sensitivity: 0.1 ng/mL) and FINS (MALLBIO, 
MBE10122, JL10692-48 T; assay range: 1.25 mU/L − 40 
mU/L; sensitivity: 0.1 mIU/L) levels were determined 
using double antibody one-step sandwich ELISA kits, 
following the manufacturer’s protocols. Absorbance was 
measured at 450 nm using a microplate reader, and con-
centrations were calculated based on standard curves.

Histomorphological observations
Following the completion of blood sampling, the mice 
were anesthetized via intraperitoneal injection of 2% 
pentobarbital sodium solution (0.2 mL/100  g). Bilateral 
gastrocnemius muscle and abdominal adipose tissues 
were rapidly excised. Half of tissue specimen was used 
for hematoxylin-eosin (HE) staining. The remaining half 
was stored at -80  °C for subsequent protein and mRNA 
expression analyses. The tissues were processed uni-
formly across all groups.

Gastrocnemius muscle tissue samples were fixed in 4% 
paraformaldehyde for a minimum of 24 h. Following fixa-
tion, the tissues underwent gradient dehydration using a 
series of ethanol concentrations, followed by clearing in 

xylene. The cleared tissues were then embedded in par-
affin wax for 4  h. Tissue sections were prepared with a 
thickness of 4 μm and stained sequentially with HE. The 
stained sections were sealed with neutral balsam and 
analyzed under a light microscope (Nikon, 400x magnifi-
cation) for histological analysis.

Adipose tissue was stained with Oil Red O. Lipid drop-
let content was analyzed using an adipogenesis assay kit 
(cell-based: Abcam, ab133102, USA) according to the 
manufacturer’s instructions. Briefly, cells were washed 
twice with Lipid Droplet Analysis Wash Solution, then 
Lipid Droplet Analysis Oil Red O solution was added to 
the cells, and the cells were incubated at room tempera-
ture for 20 min before staining was observed microscopi-
cally. Stained lipid droplets were detected by reading the 
absorbance at 490 nm using enzyme standards.

Western blot analysis
Western blotting was employed to detect the protein lev-
els of AMPK, PGC-1α, FNDC5, and irisin in the gastroc-
nemius muscle tissues and CaMKK, AMPK, PGC1-α, 
and UCP1 in subcutaneous fatty tissue [29]. Proteins 
were extracted from the target tissues by homogeniz-
ing the samples in RIPA Tissue Cell Rapid Lysis Solu-
tion (R0020, Beijing Solepol) containing protease 
inhibitors. The homogenates were lysed thoroughly, and 
the supernatant was collected following centrifugation. 
The protein concentration of the extracted samples was 
measured using the BCA Protein Assay Kit (PICPI23223, 
Thermo Fisher Scientific). The extracted proteins were 
separated by SDS-PAGE (S1010, Beijing Solepol) and 
subsequently transferred onto nitrocellulose (NC) mem-
branes (HATF00010, Millipore) through electroblotting. 
The membranes were blocked overnight at 4  °C in a 5% 
skim milk powder (D8340, Solepol, Beijing) blocking 
solution to prevent non-specific binding.

Immunoblotting was performed by incubating the 
membranes with primary antibodies against AMPK, 
PGC1-α, FNDC5, irisin, CaMKK, UCP1 (Table 2) for 24 h 
at 4  °C. After incubation, the membranes were washed 
and then incubated with the corresponding secondary 
antibodies. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as a loading control. Enhanced che-
miluminescence signals were detected using a chemilu-
minescence imaging system (chemq3400mini, China), 
and the gray values of the protein bands were quantita-
tively analyzed using ImageJ software. The process was 
repeated at least three times to ensure reproducibility 
and reliability of the results.

RT-PCR assay
Reverse transcription-polymerase chain reaction (RT-
PCR) was utilized to quantify mRNA expression of 
AMPK, PGC1-α, FNDC5, and irisin in gastrocnemius 

Table 2  Details of the antibodies used in Western blotting
Antibody Company Cat. no. Dilution
AMPK CST #2532 1:1000
PGC1-α Abcam ab191838 1:1000
FNDC5 Abcam ab174833 1:1000
Irisin Abcam ab181389 1:1000
CaMKK CST #16,810 1:1000
UCP1 CST #14,670 1:1000
GAPDH Abcam ab9485 1:2500
Anti-rabbit IgG (HRP) Beyotime A0208 1:1000
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muscle tissues and CaMKK, AMPK, PGC1-α, annd 
UCP1 in subcutaneous fatty tissue [30]. Total RNA was 
extracted from tissue samples using TRIzol reagent 
(1596-026, Invitrogen, USA). To remove genomic DNA, 
RNA was treated with DNase I according to the instruc-
tions provided with the reverse transcription kit (Fer-
mentas, #K1622, USA). Complementary DNA (cDNA) 
was synthesized from the purified RNA. cDNA was 
amplified using the SYBR Green PCR kit (#K0223, 
Thermo Fisher Scientific) and analyzed with a Real-Time 
PCR detector (ABI-7300, ABI Corp.). The PCR condi-
tions were set as follows: denaturation at 95 °C for 15 s, 
annealing at 55  °C for 45  s, and extension at 72  °C for 
30 s, for a total of 40 cycles. The relative expression levels 
were calculated using the 2−ΔΔCt method, with GAPDH 
serving as the internal control for normalization. The 
specific primers used are detailed in Table 3.

Statistical analysis
Statistical analyses were conducted using SPSS version 
26.0 and GraphPad Prism version 9.0.0. All data are pre-
sented as mean ± standard deviation (SD) and were vali-
dated for normal distribution using the shapiro-wilk test 
before subsequent statistical analyses. Intergroup differ-
ences were compared using the student’s t-test for two 
groups and one-way ANOVA for three or more groups. 

For non-normally distributed data, the kruskal-wallis 
test was employed. Correlation analyses were performed 
using Pearson’s correlation coefficient or normally dis-
tributed variables and Spearman’s correlation coefficient 
for non-normally distributed variables. P < 0.05 was con-
sidered as statistically significant.

Results
Component of the WXZZ decoction
The WXZZ decoction contained Atractylodes macro-
cephala 30  g (Baizhu), Astragalus membranaceus 15  g 
(Huangqi), Citrus reticulata 15  g (Chenpi), Codonop-
sis pilosula 15  g (Dangshen), Cimicifuga foetida 10  g 
(Shengma), Bupleurum chinense 10 g (Chaihu), Angelica 
sinensis 9  g (Danggui), Glycyrrhiza uralensis 6  g (Gan-
cao), Poria cocos 10  g (Fuling), Taxillus chinensis 15  g 
(Sangjisheng), Cyperus rotundus 10  g (Xiangfu), Achy-
ranthes bidentata 10  g (Niuxi), Lycium barbarum 10  g 
(Gouqizi), Morinda officinalis 10  g (Bajitian), Pueraria 
lobata 15 g (Gegen).

Establishment of IR and anovulatory mice model
We successfully established IR and anovulatory mice 
model. Representative images of vaginal cytology at 
each estrous stage are shown in Fig.  1A. Our study 
found that compared with the control group, the mice 
in DHEA + HFD group had prolonged intervals between 
estrous cycles or were in a state of stagnation (mainly 
dominated by the estrous and menopausal phases), and 
the distribution of the cycles was significantly unbal-
anced (Fig.  1B, C). The weight in DHEA + HFD group 
increased faster than that of in control group (Fig.  1D). 
After 21 days of continuous induction of DHEA 
and HFD, as compared with control group, mice in 
DHEA + HFD group exhibited significant elevation of 
body weight, FINS and HOMA-IR, elevation of serum T, 
LH and LH/FSH ratio (Fig. 1E-J). These results indicate 
that our study successfully constructed mice model of 
PCOS combined with IR (i.e., HA and ovarian anovula-
tory type). In addition, serum E2 was elevated and P was 
reduced in DHEA + HFD group compared to the control 
group, whereas there is no statistical discrepancy in FPG 
and FSH levels between the two groups (Supplementary 
Fig. 1).

WXZZ ameliorates endocrine-metabolic disorders and 
restores menstrual cycle in IR and anovulatory mice
After 2 weeks of consecutive gavage treatment, com-
pared with the control group, the DHEA + HFD group 
had an irregular motility cycle and an unbalanced dis-
tribution of the proportion of each period. However, 
compared to the DHEA + HFD group, the estrous cycles 
of the DHEA + HFD + Met and DHEA + HFD + Wxzz 
groups were progressively more regular, with a relatively 

Table 3  Primer sequence used for RT-PCR
Gene Primer Sequence Size(bp) GeneBank ACC
AMPK Forward 5’ ​A​A​A​C​C​C​A​C​A​G​

A​A​A​T​C​C​A​A​A​C 3’
114 NM_001013367.3

Reverse 5’ ​T​G​C​T​T​G​A​T​T​G​C​
T​C​T​A​C​A​A​A​C 3’

PGC1-α Forward 5’ ​T​G​G​A​T​T​G​A​A​G​T​
G​G​T​G​T​A​G 3’

180 NM_001402987.1

Reverse 5’ ​G​T​C​A​G​T​G​C​A​T​C​
A​A​A​T​G​A​G 3’

FNDC5 Forward 5’ ​C​A​T​T​G​T​T​G​T​G​G​
T​C​C​T​C​T​T​C 3’

222 NM_027402.4

Reverse 5’ ​C​G​C​A​T​T​C​T​C​T​A​
C​T​G​T​C​T​T​C 3’

Irisin Forward 5’ ​G​A​G​C​C​C​A​A​T​A​
A​C​A​A​C​A​A​G 3’

236 NM_006503212.5

Reverse 5’ ​A​A​T​A​A​G​C​C​C​G​
A​T​G​A​T​A​G​G 3’

CaMKK Forward 5’ ​G​T​C​C​A​C​A​G​G​G​
A​C​A​T​C​A​A​G 3’

203 NM_001362841.1

Reverse 5’ ​G​T​G​G​C​C​C​A​T​A​C​
A​T​C​C​A​A​G 3’

UCP1 Forward 5’ ​C​A​T​T​C​A​G​A​G​G​
C​A​A​A​T​C​A​G 3’

135 NM_009463.3

Reverse 5’ ​A​C​A​C​C​T​C​C​A​G​
T​C​A​T​T​A​A​G 3’

GAPDH Forward 5’ ​A​T​C​A​C​T​G​C​C​A​C​
C​C​A​G​A​A​G 3’

191 NM_008084.2

Reverse 5’ ​T​C​C​A​C​G​A​C​G​G​
A​C​A​C​A​T​T​G 3’
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balanced proportion of each cycle (Fig.  2A, B). Weight 
gain was faster in the DHEA + HFD group compared to 
the control group, and the Met and Wxzz interventions 
slowed this elevated trend, respectively (Fig.  2C). Body 
weight, FINS, HOMA-IR, T, LH and LH/FSH were sig-
nificantly higher in the DHEA + HFD group compared 
to the control group. However, the DHEA + HFD + Met 
and DHEA + HFD + Wxzz groups showed significant 
decreases in body weight, FINS, and HOMA-IR, and 
decreases in serum T, LH, and LH/FSH compared to the 
DHEA + HFD group (Fig. 2D-I). Wxzz had slightly better 
weight loss than Met, but there was no statistical differ-
ence. Interestingly after Wxzz interventions, our study 
did not find differences in FBG, E2, P, and FSH among 4 
groups (Supplementary Fig. 2).

WXZZ promotes irisin secretion
To investigate whether WXZZ exerts beneficial effect on 
mice with PCOS-combined IR by affecting irisin secre-
tion, we examined irisin level in 24 mice (6 mice random-
ized in each group). Serum irisin level was significantly 
lower in the DHEA + HFD group compared to the con-
trol group. Whereas, it was significantly higher in the 
DHEA + HFD + Met and DHEA + HFD + Wxzz groups 
compared with the DHEA + HFD group (Fig.  3A). Pear-
son correlation analysis showed a negative correlation 
between irisin and body weight, FINS, HOMA-IR, T, 
LH, and LH/FSH (Fig. 3B). These data suggest that Wxzz 
treatment may ameliorate metabolic and endocrine dis-
orders in mice with PCOS combined with IR by promot-
ing irisin secretion.

Fig. 1  DHEA subcutaneous injection combined with HFD feeding induces the mice with PCOS combined with IR. For A-D, the mice were divided into 
two groups (Control, DHEA + HFD). For A-C, DHEA subcutaneous injection combined with HFD feeding significantly disrupted the estrous cycle of mice. 
(A) The estrous cycle of mice (n = 10 mice per group) was observed for 12 days. P: Proestrus, E: Estrus, M: Metestrus, D: Diestrus. (B) H&Estained smears 
of vaginal secretions at four stages of the estrous cycle in mice (magnification 100×). (C) Proportion of estrous cycle stages in mice. (D) Body Weight, 
FINS, HOMA-IR, Testosterone, E2, P, LH, LH/FSH (n = 8 mice per group). Data were analyzed by unpaired samples t-test and are expressed as mean ± SEM. 
*P < 0.05. **P < 0.001. ***P < 0.0001
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WXZZ partially reverses the structure of the gastrocnemius 
muscle
In the control group, gastrocnemius muscle cells were 
neatly aligned, polygonal in shape, with well-defined 
borders, and nuclei positioned close to the cell periph-
ery, maintaining regular shape and size. In contrast, 
the DHEA + HFD group exhibited disorganized muscle 
fibers, with cells appearing rounded, deformed, and 
fragmented. There was an increase in the extracellular 
space, and cell nuclei tended to cluster toward the cen-
ter of the cells. Compared to the DHEA + HFD group, the 
DHEA + HFD + Met and DHEA + HFD + WXZZ groups 
showed partial restoration of structure of the gastrocne-
mius muscle (Fig. 4A).

WXZZ upregulates AMPK/PGC1-α/FNDC5/Irisin protein and 
mRNA expression in gastrocnemius muscle
We found that the protein and mRNA expression levels 
of AMPK, PGC1-α, FNDC5, and irisin were significantly 
lower in the DHEA + HFD group compared to the control 
group, which indicated that the expression of irisin path-
way-related molecules in the gastrocnemius muscle were 
downregulated. In the DHEA + HFD + WXZZ group, the 
expression of these molecules was significantly elevated 
compared to the DHEA + HFD and DHEA + HFD + Met 
group (Fig. 4B-J), which may explain the superior thera-
peutic effects of WXZZ.

WXZZ inhibits NEFA secretion
We found that serum NEFA levels were significantly 
higher in the DHEA + HFD group compared to the con-
trol group. Whereas, the NEFA were significantly lower 
in both DHEA + HFD + Met and DHEA + HFD + Wxzz 

Fig. 2  Wxzz treatment improved the estrous cycle, insulin and hormone level disorder of mice with PCOS and IR induced by DHEA and HFD. For A-C, the 
mice were divided into four groups (control, DHEA + HFD, DHEA + HFD + Met, DHEA + HFD + Wxzz). For A-C: Wxzz treatment significantly improved the 
estrous cycle disorder of the mice. (A) The estrous cycle of mice (n = 6 mice per group) was observed for 12 days. P: Proestrus, E: Estrus, M: Metestrus, D: 
Diestrus. (B) Proportion of estrous cycle stages in mice. (D) Body Weight, FINS, HOMA-IR, Testosterone, LH, LH/FSH (n = 6 mice per group). Data were ana-
lyzed using one-way ANOVA with Tukey’s multiple comparison post-hoc test and data are presented as means ± SEM. *P < 0.05. **P < 0.001. ***P < 0.0001
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Fig. 4  Wxzz ameliorates pathological changes in gastrocnemius muscle structure in DHEA and HFD-induced PCOS combined with IR mice. Wxzz pro-
motes protein and gene expression of AMPK, PGC1-α, FNDC5, and Irisin in gastrocnemius muscle of mice. (A) Representative H&E staining plots of 
gastrocnemius muscle (6 mice per group). Scale bar: 10  μm (magnification: 10 × 10). (B) Protein expression levels of AMPK, PGC1-α, FNDC5, Irisin in 
gastrocnemius muscle tissues. (C) Protein quantification with AMPK, PGC1-α, FNDC5, Irisin. Relative mRNA levels of AMPK, PGC1-α, FNDC5, Irisin genes in 
gastrocnemius muscle tissues. Data were analyzed by one-way ANOVA and Tukey’s multiple comparisons post hoc test and are expressed as mean ± SEM. 
*P < 0.05. **P < 0.001. ***P < 0.0001

 

Fig. 3  Wxzz increased serum irisin levels in DHEA and HFD-induced PCOS combined IR mice. Serum irisin levels were significantly negatively correlated 
with body weight, FINS, HOMA-IR, T, LH, and negatively correlated with LH/FSH. (A) Quantitative analysis of serum irisin levels in mice (n = 6 mice per 
group). Data were analyzed by one-way ANOVA and Tukey’s multiple comparisons post hoc test and are expressed as mean ± SEM. (B) Correlation analy-
sis of irisin with body weight, metabolism, and hormone levels (n = 6 mice per group). Data were analyzed using Pearson’s correlation analysis. *P < 0.05. 
**P < 0.001. ***P < 0.0001
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groups compared to the DHEA + HFD group (Fig.  5). 
Interestingly Met inhibited NEFA overproduction more 
significantly compared to Wxzz.

WXZZ partially reverses the structure of the abdominal 
adipose
We found that the adipose tissue in the DHEA + HFD 
group presented a greater number and area of lipid 
droplets compared to the Con group. Compared to 
the DHEA + HFD group, the number and volume 
of lipid droplets were significantly reduced in the 
DHEA + HFD + Met and DHEA + HFD + Wxzz groups. 
This suggests that Met and Wxzz can partially reverse the 
damaged adipose tissue in the pathological setting of IR 
and anovulatory mice, respectively, and mobilize the adi-
pose tissue to increase energy expenditure, reduce lipid 
production, and ameliorate fat accumulation (Fig. 6A).

WXZZ upregulates CaMKK/AMPK/PGC1-α/UCP1 protein 
and mRNA expression in abdominal adipose
We found that the protein and mRNA expression of 
CaMKK, AMPK, PGC1-α and UCP1 were signifi-
cantly lower in the DHEA + HFD group compared to 
the Con group. Whereas, protein and mRNA expres-
sion of all these molecules was significantly higher 
in the DHEA + HFD + Wxzz group compared to the 
DHEA + HFD group (Fig.  6B-J). It suggests that IR and 
anovulatory pathological environment decreased the 
expression of AMPK/PGC1-α pathway-related molecules 
in adipose tissues, while Wxzz might promote WAT 
browning, mediate calorie production, and increase 
energy expenditure by modulating the expression of 
these cellular energy metabolism-related molecules. 
UCP1 plays an important role in mitochondrial biogen-
esis, which may be a reason for the beneficial effects of 
Wxzz on adipose tissue in PCOS combined with IR mice.

Discussion
In this study, we successfully established mice model of 
IR and anovulatory and demonstrated that treatment 
with WXZZ had significant therapeutic effects. WXZZ 
not only restored the estrous cycle but also effectively 
reduced body weight, serum T, LH, the LH/FSH ratio, 
FINS, and HOMA-IR, thereby improving the overall 
PCOS-IR status. Importantly, our findings indicate that 
WXZZ treatment led to a significant increase in serum 
irisin levels, reduced NEFA levels and partial restoration 
of the gastrocnemius muscle and subcutaneous adipose 
structure. Furthermore, WXZZ significantly upregu-
lated the protein and mRNA expression levels of AMPK, 
PGC1-α, FNDC5, and irisin in the gastrocnemius muscle 
tissues and CaMKK, AMPK, PGC1-α, and UCP1 in sub-
cutaneous adipose tissue. These molecular changes sug-
gest that the therapeutic effects of WXZZ in the IR and 
anovulatory mice model may be mediated through the 
regulation of the AMPK/PGC-1α/irisin pathway.

Metformin is widely recommended as a first-line 
therapeutic agent for type 2 diabetes due to its well-
established effects on IR and hormonal regulation [31]. 
Its therapeutic applications have also extended into the 
field of reproductive health, particularly in the treatment 
of PCOS, where it has been shown to improve metabolic 
disturbances in patients with PCOS-IR [32]. Additionally, 
studies have suggested that metformin may promote cell 
proliferation and inhibit apoptosis by upregulating irisin 
expression via activation of the AMPK/SIRT1/PGC1-α 
signaling pathway [33]. Given these properties, metfor-
min was used as a comparator in our study. We found 
that WXZZ not only exhibited similar effects to met-
formin but also demonstrated superior efficacy in regu-
lating the AMPK/PGC1-α/irisin pathway in mice with 
PCOS-IR.

Fig. 5  Wxzz reduces serum NEFA levels in DHEA and HFD-induced PCOS 
combined IR mice. Quantitative analysis of serum NEFA levels in mice (n = 6 
mice per group). Data were analyzed by one-way ANOVA and Tukey’s 
multiple comparisons post hoc test and are expressed as mean ± SEM. 
*P < 0.05. **P < 0.001. ***P < 0.0001

 



Page 10 of 13Liu et al. Journal of Ovarian Research            (2025) 18:7 

Previous studies have indicated that serum irisin lev-
els are reduced in several metabolic disorders, including 
obesity, type 2 diabetes, and PCOS [34–36]. For instance, 
a study involving 49 women with PCOS and 39 BMI- and 
age-matched healthy controls found that serum irisin 
concentrations were significantly lower in women with 
PCOS compared to the control group. Additionally, this 
study observed a negative correlation between serum 
irisin and LH levels [37]. Another study presented a dif-
ferent perspective, suggesting that irisin levels are actu-
ally elevated in patients with PCOS, particularly in those 
with IR, compared to healthy controls [38]. Our study 
demonstrates that serum irisin is significantly lower in 
PCOS-IR mice compared to the health mice. This is a 
supplement to the research on irisin and PCOS-IR, and is 
also the basis for further research. The discrepancy may 
be attributed to a compensatory protective mechanism in 
PCOS patients [39], wherein elevated irisin levels poten-
tially play a role in preventing the progression of PCOS-
related complications by enhancing metabolic activity, 
increasing energy expenditure, reducing body mass, and 
counteracting the effects of hyperinsulinemia and other 
metabolic disruptions associated with decreased insulin 
sensitivity [40, 41]. However, studies on irisin and obesity, 
IR, and polycystic ovary syndrome are inconsistent. Irisin 

is negatively correlated with HOMA-IR in healthy people 
and positively correlated with PCOS patients [42]. There 
are few studies on serum levels of irisin in patients with 
PCOS combined with IR. Irisin in women with normal 
androgenic PCOS were similar to healthy women and 
lower than those of other phenotypes [43]. In addition, 
irisin levels were higher [43], lower [37] in patients with 
PCOS than in controls. Therefore, the results of irisin and 
PCOS are controversial. Irisin and insulin levels are nega-
tively correlated [44], whereas other studies have found a 
positive correlation [34]. These differences may be related 
to significant heterogeneity in published studies. Further-
more, it is important to consider confounding factors 
such as BMI, insulin sensitivity, different phenotypes, 
the precision of measurement instruments, and the tim-
ing of interventions, all of which could contribute to the 
observed differences in irisin levels across studies.

Irisin, an identified exercise-induced myokine, has also 
been shown to enhance muscular fitness through the 
activation of the AMPK/PGC1-α/irisin pathway, particu-
larly in response to chronic physical exercise [45]. Physi-
cal exercise is widely recommended for patients with 
PCOS, as it not only helps lose weight, but help restore 
ovulation and alleviate numerous PCOS symptoms and 
[46]. The findings of our study suggest that WXZZ may 

Fig. 6  Wxzz ameliorates pathological changes in abdominal adipose structure in DHEA and HFD-induced PCOS combined with IR mice. Wxzz promotes 
protein and gene expression of CaMKK, AMPK, PGC1-α, and UCP1 in abdominal adipose of mice. (A) Representative oil red O staining plots of adipose tis-
sue (6 mice per group). Scale bar: 10 μm (magnification: 10 × 10). (B) Protein expression levels of CaMKK, AMPK, PGC1-α, UCP1 in adipose tissue. (C) Protein 
quantification with CaMKK, AMPK, PGC1-α, UCP1. Relative mRNA levels of CaMKK, AMPK, PGC1-α, UCP1 genes in adipose tissue. Data were analyzed by 
one-way ANOVA and Tukey’s multiple comparisons post hoc test and are expressed as mean ± SEM. *P < 0.05. **P < 0.001. ***P < 0.0001
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exert effects like those of physical exercise, potentially 
offering therapeutic benefits for patients with PCOS.

NEFA is an intermediate product of lipid metabolism. 
When NEFA increases beyond the storage capacity of fat, 
it causes lipid accumulation and tissue damage. Dysfunc-
tion of WAT and BAT in the pathologic setting of PCOS 
causes excessive release of NEFA and affects secretion of 
adipokines and cytokines [47]. In obese PCOS patients, 
lipolysis is more pronounced than lipogenesis due to 
reduced resistance to the anti-adipolytic effects of insu-
lin, resulting in NEFA overload [48]. The excess NEFA 
further leads to ectopic deposition of fat in other tissues, 
causing BAT dysfunction. However, there have negative 
[49], positive [50] and no significant correlation between 
BMI and irisin [37].

We identified two studies [51, 52] that explored the 
use of an herbal formulation for treating PCOS, which 
included several herbs also found in our formulation, 
such as Xiangfu, Chenpi, and Huangqi. These herbs are 
traditionally associated with regulating “Qi function,” 
suggesting that Qi dysfunction might be a crucial factor 
in the pathogenesis of PCOS. According to traditional 
Chinese medicine theory, Qi plays a vital role in regulat-
ing the flow of blood, fluids, and liquids throughout the 
body [17]. When Qi is unable to facilitate their move-
ment effectively, these substances can become stagnant, 
leading to the formation of phlegm, water-dampness, and 
blood stasis, which can contribute to the development of 
serious health issues [18]. Thus, addressing Qi dysfunc-
tion is an important therapeutic strategy in managing 
PCOS [53].

There are several limitations in our study. The major 
finding of this study highlights WXZZ as a promising 
therapeutic strategy against DHEAS and high-fat diet-
induced IR and anovulatory mice, acting through the 
AMPK/PGC-1α/irisin pathway. In addition, our study 
is temporarily unable to provide morphological obser-
vations and protein and gene expression levels of ovar-
ian tissue. Future studies to investigate other possible 
mechanisms for the beneficial effects of WXZZ would 
provide more comprehensive understanding. Such as 
the browning of WAT. Given that the thermogenesis 
of brown adipose tissue (BAT) is negatively correlated 
with androgen levels, increasing BAT activity could be 
particularly beneficial for patients with PCOS [54, 55]. 
Besides, due to technical limitations, we investigated the 
effects of WXZZ primarily using DHEAS and high-fat 
diet-induced IR and anovulatory mice model. It does not 
fully replicate the complexity of the condition in human 
patients. Induction instability of the IR and anovulatory 
mice model may occur using aged mice. Subsequent stud-
ies can be analyzed based on the age of the mice, making 
the conclusions more reliable. Therefore, while our find-
ings suggest that the AMPK/PGC1-α/irisin pathway may 

play a role in IR and anovulatory mice, further studies 
are needed to confirm its relevance in clinical settings. 
Finally, we did not analyze the chemical components of 
the WXZZ decoction, future research should include a 
detailed chemical characterization of WXZZ to better 
understand the specific compounds responsible for its 
therapeutic effects.

Conclusion
We demonstrate that the Chinese herbal formulation 
WXZZ has therapeutic effects in restoring estrous cycle 
and improving insulin sensitivity in DHEAS and high-
fat diet-induced IR and anovulatory mice, as well as in 
reversing the structural damage of the gastrocnemius 
muscle and subcutaneous fat. Treatment with WXZZ 
led to an increase in serum irisin levels, accompanied 
by enhanced expression of AMPK/PGC1-α/FNDC5/iri-
sin proteins and mRNA in gastrocnemius and CaMKK/
AMPK/PGC1-α/UCP1 proteins and mRNA in adipose 
tissues. In conclusion, our study has suggested that 
WXZZ may improve the endocrine and metabolic disor-
ders of the IR and anovulatory by promoting the secre-
tion of irisin and increasing energy expenditure.
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