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treatment of polycystic ovary syndrome

with insulin resistance by Resina Draconis
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Abstract

Background Resina Draconis(RD) is a traditional Chinese medicine that activates blood circulation and removes
blood stasis. Modern pharmacological studies have proved that RD has hypoglycaemic, pancreatic islets-protective,
oestrogenic activity, anti-inflammatory, antibacterial and anti-tumour effects. Studies have shown that insulin
resistance (IR) is the core pathological mechanism of polycystic ovary syndrome (PCOS), and RD can lower blood
glucose to ameliorate IR, which has achieved significant results in the treatment of diabetes. However, the mechanism
of action of RD in the treatment of PCOS-IR is still unclear.

Methods Network pharmacology analysis was used to predict the potential therapeutic targets of the active
ingredients of RD. Experimental validation used a rat model of insulin resistance in PCOS; PCOS-IR symptoms

were assessed, ovarian pathology was evaluated, and serum levels of insulin and sex hormones were determined.
Expression levels of the PI3K, p-PI3K, Akt, p-Akt, GLUT4, FOXO3a, and P27 proteins were also measured in rat ovaries,
along with mRNA expression levels of PI3K, Akt, GLUT4, FOXO3a, and P27.

Results Network pharmacological analyses indicated that the PI3K/Akt signalling pathway may play an important
role in the treatment of PCOS-IR rats with RD. Experiments in PCOS-IR rats showed that RD significantly reversed
insulin resistance, improved pathological changes in the ovaries, increased serum levels of follicle stimulating
hormone (FSH) and estradiol (E2), and decreased levels of luteinizing hormone (LH), testosterone (T) and insulin. In
addition, RD increased the levels of PI3K, p-PI3K, Akt, p-Akt and GLUT4, and decreased the levels of FOXO3a and P27
in the ovarian tissues of PCOS-IR rats, suggesting that RD may improve the symptoms of PCOS-IR in rats through the
PI3K/Akt signalling pathway.
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Conclusion RD might improve insulin resistance and ovarian function in PCOS-IR by upregulating PI3K, p-PI3K, Akt,
p-Akt and GLUT4 expression and downregulating FOXO3a and P27, thereby activating the PI3K/Akt signaling pathway.
RD also regulated the LH/FSH ratio, increased E2 levels, reduced LH and T levels, and alleviated PCOS-IR symptoms in a

rat PCOS-IR model.

Keywords Network pharmacology, Resina Draconis, Polycystic ovary syndrome, Insulin resistance, PI3K/Akt signaling

pathway

Introduction

Polycystic ovary syndrome (PCOS), a common endocrine
disorder affecting women of reproductive age [1], is char-
acterized by reproductive disturbances and metabolic
abnormalities [2]. Clinical manifestations often include
enlarged ovaries with multiple cysts, menstrual cycle
disturbances, ovulatory dysfunction, hyperandrogenism,
and IR [3]. IR exacerbates PCOS [4], as insulin affects ste-
roidogenesis in the ovaries [5], directly regulates ovarian
cell differentiation, and increases serum androgen lev-
els [6, 7]. Currently, metformin is the first-line drug for
the treatment of insulin resistance in polycystic ovary
syndrome (PCOS-IR) [8], but in clinical practice, gas-
trointestinal symptoms such as nausea, abdominal pain,
abdominal distension, diarrhea and other gastrointes-
tinal symptoms, and in severe cases, renal function and
lactic acidosis may be impaired [9]. Diane-35, which is a
drug that can improve estrogen-progesterone cycle and
thereby restore ovulation and menstrual cycle, is usually
used in combination with metformin to improve glucose
metabolism and lipid metabolism and promote ovulation
[10]. Therefore, we aimed to find effective natural agents
for the treatment of PCOS-IR.

Resina Draconis (RD), a traditional Chinese medicine
(TCM), is renowned for being the “sacred herb for pro-
moting blood circulation” [11]. It is derived primarily
from resins extracted from the palm species Daemono-
rops and the Dracaena (dragon tree) plant, a member of
the lily family [12]. Modern pharmacological research
confirms the various beneficial functions of RD, which
include the ability to reduce blood glucose levels in rats,
protect pancreatic islets, exhibit estrogenic activity,
improve lipid metabolism, and enhance the microcircula-
tion [13-15].

An interdisciplinary field based on systems biology,
network informatics, and the specific selection of sig-
naling nodes for multi-target drug molecule design
[16], network pharmacology is a promising method for
exploring the mechanisms of drug therapy [17]. Net-
work pharmacology research has multiple aims: to pre-
dict the target profile and pharmacological effects of
TCM compounds and formulations; to elucidate syner-
gistic drug—gene—disease associations; to screen syner-
gistic compound composition in TCM prescriptions in
a high-throughput manner; and to explain the combi-
nation patterns and network regulation effects of TCM

formulations [18]. Significant success has been achieved
in screening effective ingredients and therapeutic targets
at the system level, thereby improving drug efficacy and
reducing side effects [19]. Therefore, network pharma-
cology approaches can serve as an effective method for
exploring the potential mechanisms of action of RD in
treating PCOS-IR.

This study explored the effect of RD on PCOS-IR, and
the potential mechanism by which RD improves PCOS-
IR symptoms, using network pharmacology combined
with an experimental PCOS-IR model in rats.

Materials and methods

The mechanism of action of RD in improving PCOS-IR
symptoms: network Pharmacology

Screening active compounds in RD and predicting targets
We searched the literature related to RD in the Science-
Direct (https://www.sciencedirect.com/), PubMed (htt
ps://pubmed.ncbi.nlm.nih.gov/), and Web of Science (
https://webofscience.clarivate.cn/) databases to ident
ify the effective active ingredients of RD. The chemi-
cal structures of these compounds were identified using
PubChem (https://pubchem.ncbi.nlm.nih.gov/). Subseq
uently, potential active compounds were predicted using
SwissADME (http://www.swissadme.ch/). Compounds
with high gastrointestinal (GI) absorption and more than
three“Yes, 0 violation”in Druglikeness (DL) analysis were
screened out as bioactive compounds for subsequent
analysis. The Swiss Target Prediction database (http://ww
w.swisstargetprediction.ch/) was then used to predict the
potential targets of these active compounds; targets with
confidence values of <0 were removed to obtain relevant
potential target genes.

Screening target genes of PCOS-IR

Target genes associated with PCOS-IR were screened
from the GeneCards (https://www.genecards.org/), Phar
mGkb (https://www.pharmgkb.org/), DrugBank (https://
go.drugbank.com/), OMIM (https://omim.org/), and Dis
GeNET (https://www.disgenet.org/) databases using the
keywords “Polycystic Ovary Syndrome,” “Insulin Resis-
tance,” “PCOS” and “IR” Potential PCOS-IR targets were

merged, and duplicate genes were removed.
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Constructing a protein-protein interaction (PPI) network

A Venn diagram analysis was conducted to identify inter-
secting RD target genes and PCOS-IR target genes. The
intersecting target genes were then imported into the
STRING database (https://cn.string-db.org/), using a
minimum required interaction score of >0.9, to obtain
protein-protein interaction (PPI) information. Subse-
quently, a PPI network was constructed using Cytoscape
3.7.2.

GO and KEGG enrichment analysis

The Gene Ontology (GO) database (https://geneontology
.org/) is used for analyzing the cellular components (CC),
molecular functions (MF), and biological processes (BP)
in genetic information. GO analysis therefore provides
a broad understanding of the biological functions, path-
ways, and locations that are enriched in cells. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) (https://
www.genome.jp/kegg/) is a database for systematic gene
analysis. GO and KEGG enrichment analyses were con-
ducted for the intersecting RD and PCOS-IR target genes
using the “clusterProfiler; “org.Hs.eg.db,” and “ggplot2”
packages in the R programming language; significance
thresholds of p<0.05 and q<0.01 were used to identify
the GO domains (CC, MF, and BP) and KEGG signaling
pathways associated with each intersecting target gene.

Constructing the compound-target-pathway network
Using CytoScape 3.7.2 to construct the compound-tar-
get-pathway network, the top 20 KEGG signaling path-
ways and their corresponding targets were imported into
CytoScape 3.7.2, and a main compound-target-pathway
network diagram for RD treatment of PCOS-IR was
drawn.

Reagents

Rabbit anti-PI3K (AF6241), rabbit anti-p-PI3K (AF3241),
rabbit anti-AKT (AF6261), rabbit anti-p-AKT (AF0016),
B-actin (AF7018), P27KIP1 (AF6324), and GLUT4
(AF5386) were all purchased from Affinity Biosciences
(Jiangsu, China). FOXO3a (K001577P) was purchased
from Solarbio (Beijing, China). Horseradish peroxidase
(HRP) (K1224) conjugated secondary antibody was pur-
chased from APExBIO (Houston, Texas, USA). Efficient
RIPA (RIPA: PMSF =100:1,v/v) tissue lysis buffer kit and
a BCA protein assay kit were purchased from Solarbio
(BeiJing, China). Rat follicle-stimulating hormone (FSH)
(CEA830Ra), luteinizing hormone (LH) (CEA441Ra),
testosterone (T) (CEA458Ge), estrogen (E2) (CEA461Ge)
and insulin (INS) (CEA448Ra) enzyme-linked immuno-
sorbent assay (ELISA) kits were purchased from Wuhan
Yunkelong Technology Co., Ltd. (Wuhan, China). RD was
purchased from Guangxi University of Chinese Medicine
Bai Nian Le Pharmaceutical Co., Ltd (NanNing, China).
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Letrozole was purchased from Zhejiang Haizheng Phar-
maceutical Co., Ltd (ZheJiang, China), while Diane-
35 (cyproterone acetate and ethinyl estradiol) and
metformin were purchased from Bayer Healthcare Co.,
Ltd (GuangZhou, China) and Hebei Tiancheng Pharma-
ceutical Co., Ltd (HeBei, China), respectively. The Hyper-
Script III RT SuperMix for qPCR with gDNA Remover
kit (R201-02, EnzyArtisan, China) and the 2xS6 Universal
SYBR qPCR Mix kit (Q204-01, EnzyArtisan, China) were
both purchased from EnzyArtisan (ShangHai, China).

Experimental validation

Animals

A total of 90 female Sprague-Dawley (SD) rats, each aged
3 weeks and weighing 70-90 g were purchased from
Hunan SJA Laboratory Animal Co., Ltd (HuNan, China).
All animals were housed and handled in accordance
with guidelines approved by the Ethics Committee of
Guangxi University of Chinese Medicine (Approval No.:
DW20240603-142). The rats were kept in a room main-
tained at 22 °C with a 12-hour light/dark cycle, and they
had free access to food and water for a one-week acclima-
tization period prior to experimentation.

Animal modeling and experimental grouping

Rats were randomly divided into two groups: the normal
group (normal; #n=10) and the Modeling group (n=_80).
Rats in the Modeling group were given letrozole solu-
tion (letrozole dissolved in 0.5% carboxymethyl cellulose
sodium solution) once daily at 10 a.m. for 21 days, in
combination with a high-fat diet, to induce the PCOS-
IR model. Letrozole solution was administered via gas-
tric gavage at a dose of 1 mg/kg/d [20]. Normal rats were
given an equal volume of 0.5% carboxymethyl cellulose
sodium solution via gastric gavage once daily at 10 a.m.
and fed a normal diet for 21 days.

Fasting began at 8 p.m. on the evening of the 21st day
of modeling, and fasting blood glucose (FBG) was mea-
sured from samples drawn from the tail vein at 8 a.m. the
following morning. Blood samples were also collected to
determine serum fasting insulin levels. IR was calculated
using the Homeostatic Model Assessment of IR (HOMA-
IR), where the HOMA-IR score=FBGxINS/22.5. Fifty
rats with a HOMA-IR score of >2.8 were selected to
be the PCOS-IR model for subsequent experiments
[21]. The 50 PCOS-IR rats were randomly and equally
divided into five groups: the Model group; the Metformin
group (ME; 156 mg/kg/d); the RD group (312 mg/kg/d);
the Metformin + Diane-35 group (MED-35; Diane-35:
0.2 mg/kg/d + ME: 156 mg/kg/d); and the RD + Diane-35
group (RDD-35; Diane-35: 0.2 mg/kg/d+RD: 312 mg/
kg/d), with 10 rats in each group. Each treatment group
was given the corresponding drugs once daily at 10 a.m.
via gastric gavage each day, 21 consecutive day, and in
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the combination group, the MED-35 and RDD-35 groups
were given one drug by gavage and followed by another
drug by gavage. The Normal and Model groups were
given an equal volume of normal saline via gastric gavage.
After the last treatment administration, rats fasted for
12 h and their body weights and FBG were measured.

Blood and ovary tissues sampling

Rats were anesthetized with 3% sodium pentobarbi-
tal solution (0.2 mL/100 g) via intraperitoneal injection.
Blood was collected from the abdominal aorta, and ovary
tissue was collected. Blood samples were allowed to stand
at room temperature for 2 h before being centrifuged at
3000 rpm for 20 min, following which serum samples
were collected and stored at -80 °C for subsequent
experimental analysis. Following abdominal blood col-
lection, the ovaries were rapidly removed and weighed,
and the average weight of both ovaries was calculated for
each rat and used as the ovarian weight for subsequent
calculations. The ovarian organ index was calculated as
follows for each rat: ovarian index=ovarian weight/rat
weight x 1072 [22]. The longest (L) and shortest (S) diam-
eters of the ovaries were measured with a vernier caliper,
and the ovarian area (area=L x S) and ovarian volume
(volume=4.19 x [(L+5)/2]%) were calculated [23]. Left
ovarian tissue was fixed in 4% paraformaldehyde for 24 h
and then embedded in paraffin, while right ovarian tis-
sue was stored in liquid nitrogen for subsequent experi-
ments. All procedures were performed on ice.

Body weight changes and estrous cycle monitoring

The rats’ body weights were measured before modeling
and then once weekly (every Sunday at 10 a.m.) during
modeling and treatment. Starting on the 10th day of
modeling, vaginal smears were taken daily at 10 a.m. to
observe changes in vaginal exfoliated cells and thus mon-
itor the estrous cycle in each group of rats.Rats fasted for
12 h before each weight measurement.

Enzyme-linked immunosorbent assay

A rat insulin ELISA kit was used to detect fasting insulin
levels in the collected rat serum samples. Insulin resis-
tance was determined using the HOMA-IR index. ELISA
kits were also used to detect FSH, LH, T, and E2 levels in

Table 1 Primer sequence
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rat serum. All ELISA operations were carried out accord-
ing to the manufacturer’s instructions.

Histopathological analysis

The ovarian tissues embedded in paraffin were cut into
thin (4 um) sections, dewaxed with xylene and ethanol,
and stained with hematoxylin-eosin (H&E). The histo-
logical characteristics of each sample were observed and
analyzed under an Olympus BX51 microscope (Olympus,
Tokyo, Japan).

Western blot

The ovarian tissues were thawed and mixed with high-
efficiency RIPA tissue lysis buffer at a ratio of 1 mg:100 pl.
Protein was extracted from the ovarian samples and the
protein concentration determined using a BCA protein
assay kit. Proteins were separated by electrophoresis
and transferred to PVDF membranes. Rabbit anti-PI3K,
rabbit anti-p-PI3K, rabbit anti-AKT, rabbit anti-p-AKT,
rabbit anti-GLUT4, rabbit anti-FOXO3a, and rabbit anti-
P27 antibodies were diluted 1:1000 in 5% skim milk, and
the PVDF membranes were incubated overnight on ice in
a shaker with the corresponding primary antibodies. The
membranes were then incubated with HRP-conjugated
secondary antibodies at a dilution of 1:10,000 at room
temperature for 2 h. Protein bands were visualized using
Proteinsimple (FluorChem E, San Jose, CA, USA), and
the grayscale values of each protein were calculated using
Image].

Total RNA extraction and real-time quantitative reverse
transcription polymerase chain reaction (RT-qPCR)

Total RNA was extracted from ovarian tissue using chlo-
roform and TriQuick reagent. Subsequently, cDNA was
synthesized by reverse transcription using the Hyper-
Script III RT SuperMix for qPCR kit, and qPCR analy-
sis was performed with the real-time LightCycler PCR
system (Roche Diagnostics, Indiana, USA) using a 2xS6
Universal SYBR qPCR Mix kit. The thermal cycling con-
ditions were as follows: 95 °C for 30 s, followed by dena-
turation at 95 °C for 10 s, followed by annealing at 60 °C
for 30 s, for 40 cycles. The relative expression levels of
genes in each sample were normalized to B-actin levels
using the 2°2AC method (Table 1).

Gene name Forward primer Reverse primer

PI3K GTGAGGAACGAAGAATGG CAAAAACAGTGAGGTCGG

AKt GTCCCCACTCAACAACTTCT CCACTCTTCCCGCTCCT

GLUT4 CAGGCCGGGACACTATACCCTAT GCCAAGCACAGCTGAGAATACAG
FOXO3a CATTCCAACTTACGGAGCGGCAC GAAGCAAACGGACAAGAGAGTGG
p27 TGGAAAGCGGTCTGCAAGTG TCACTGTCACATTCAGGGGC

B-actin

ACATCCGTAAAGACCTCTATGCC

TACTCCTGCTTGCTGATCCAC
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Statistical analysis

Data were analyzed using SPSS software (version
27.0). All results are expressed as mean +standard
deviations(SD). Student’s t-tests were used for compari-
sons between two groups, while one-way analysis of vari-
ance (ANOVA) with Dunnett’s test was used to compare
multiple groups. P values of <0.05 were considered statis-
tically significant.

Results

Predicting potential targets of RD in PCOS-IR: network
pharmacology

Active compounds and targets of RD

After consulting the relevant literature, we identified 221
effective active ingredients of RD (Supplementary file 1).
The chemical structures of these compounds were deter-
mined using PubChem. After screening the compounds
using SwissADME criteria for high GI absorption, a
total of 121 bioactive compounds were identified.Subse-
quently, using the Swiss Target Prediction database, we
identified 710 potential targets related to these bioactive
compounds (Supplementary file 2).

Candidate targets and PPl network analysis
Disease target genes collected from five databases (Gen-
eCards, PharmGkb, DrugBank, OMIM, and DisGeNET)
were merged and, following removal of duplicates, 4166
disease target genes were identified (Supplementary file
3). A Venn diagram was then created to identify the inter-
section of target genes for the effective ingredients of RD
and target genes for PCOS-IR. A total of 407 intersecting
target genes were identified (Fig. 1; Supplementary file 4).
The 407 intersecting target genes were then imported
into the STRING database, and PPI information was
obtained based on a minimum required interaction value
of >0.9. A PPI network graph consisting of 327 nodes and
1204 edges was generated using CytoScape (Fig. 2).

RD PCOS-IR

303 407 3759

Fig. 1 Venn diagram illustrating potential target genes for the treatment
of PCOS-IR by RD
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GO and KEGG enrichment analysis

GO enrichment analysis identified 3,172 BP, 130 CC,
and 285 MF (Supplementary file 5). The top 10 GO
terms were visually depicted in bar charts, as shown in
Fig. 3. The BP terms were primarily related to the cellu-
lar response to peptide, response to peptide hormone,
cellular response to peptide hormone stimulus, pepti-
dyl-serine phosphorylation, and response to xenobiotic
stimulus. The CC terms were focused on membrane
raft, membrane microdomain, neuronal cell body, pro-
tein kinase complex, and glutamatergic synapse. The MF
terms were mainly associated with postsynaptic cytosol,
protein serine/threonine kinase activity, protein tyrosine
kinase activity, protein serine kinase activity, and trans-
membrane receptor protein kinase activity.

KEGG pathway enrichment analysis identified 195
KEGG signaling pathways related to the core targets
(Supplementary file 6), and the 20 most significant path-
ways were visualized in a bubble chart (Fig. 4). The top
5 signaling pathways most related to treating PCOS-IR
with RD were the PI3K-Akt signaling pathway, chemical
carcinogenesis—receptor activation, neuroactive ligand-
receptor interaction, proteoglycans in cancer, and the
main calcium signaling pathway.

A compound-target—pathway network was con-
structed, incorporating the top 20 KEGG signaling path-
ways and 91 genes corresponding to the 121 bioactive
compounds identified in RD. This compound-target—
pathway network comprised 232 nodes and 2707 edges
(Fig. 5; Supplementary file 7), and network analysis sug-
gested that treating PCOS-IR with RD involves multiple
components, targets, and pathways. With 50 genes, the
PI3K/Akt signaling pathway ranks as the most significant
among all pathways related to PCOS-IR. This signaling
pathway is involved in processes such as cell survival,
proliferation, growth, and metabolism, which explains its
relevance in PCOS-IR and its treatment.

Experimental validation of RD treatment in PCOS-IR
Vaginal smears

Vaginal cytology smears indicated that normal rats have
a regular estrous cycle, which includes proestrus, estrus,
metestrus, and diestrus phases, with an estrous cycle
length of 4-5 days (Fig. 6). In contrast, vaginal smears of
PCOS-IR rats showed a large number of leukocytes with
fewer nucleated epithelial cells and keratinized cells, indi-
cating that PCOS-IR rats were persistently in diestrus
without ovulation. A normal estrous cycle was observed
in all treatment groups (ME, RD, MED-35, RDD-35) after
treatment (Fig. 7A and G).

RD decreases the body weight of PCOS-IR rats
Compared with the normal group, rats in the model
group showed a significant increase in body weight from
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week 1 to week 3 (Fig. 8A and C). Compared with the
model group (untreated modeled rats), rats in all treat-
ment groups showed a decrease in body weight in the
first week of treatment(Fig. 8A), but without statistical
significance. In the second week of treatment, rats in the
MED-35 group showed a significant decrease in body
weight, and the RDD-35 group also showed a significant
decrease, while the ME group and RD group experienced
weight loss but without statistical significance(Fig. 8B).
In the third week of treatment, compared with the model

group, all treatment groups (ME, RD, MED-35, RDD-35)
had significant weight reduction (Fig. 8C). These results
indicate that treatment with metformin or RD, either
alone or in combination with Diane-35, can reduce body
weight in these animals, with combined use producing
significantly greater effects than monotherapy. Addition-
ally, the effect of RD on the body weight of PCOS-IR rats
was comparable to that of metformin, and the effect of
RD combined with Diane-35 was comparable to that of
metformin combined with Diane-35(Fig. 8A and C).
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RD decreases the ovarian index, area, and volume in PCOS-IR
rats

Compared with normal rats, ovarian index, area, and
volume were significantly increased (Fig. 9A and C) in
model group rats. Compared with the model group, rats
treated with ME or RD showed a significant decrease
in ovarian index, area, and volume (Fig. 9A and C). The
MED-35 and RDD-35 groups also exhibited a signifi-
cant reduction in ovarian index, area, and volume com-
pared with the model group (Fig. 9A and C). There were
no significant differences in these measures between the
ME and RD groups or between the MED-35 and RDD-
35 groups; however, ovarian area and volume were sig-
nificantly smaller in the MED-35 group compared with
the ME group (Fig. 9B and C) and in the RDD-35 group
compared with the RD group (Fig. 9B and C). These
results suggest that letrozole combined with a high-fat
diet increases the ovarian index and enlarges ovarian
volume and area in PCOS-IR rats. The findings also indi-
cate that RD can improve these pathological changes,
and that a combination of RD and Diane-35 is superior
to RD alone. Additionally, the differences in these patho-
logical changes between RD and ME were not statistically

significant (Fig. 9A and C), suggesting that the efficacy
of RD or ME combined with Diane-35 is more effective
than either RD or ME alone (Fig. 9A and C).

RD decreases the pathological ovarian changes in PCOS-IR
rats

The ovaries of rats in the normal group (Fig. 10A) showed
follicles at different stages of development, with granu-
losa cells presenting a multi-layered structure, intact
morphology, uniform distribution, and higher corpus
luteum number. In contrast, ovaries from rats in the
Model group (Fig. 10B) exhibited cystic expansion of
ovarian follicles, loss of oocytes, and granulosa cells with
fewer layers irregular distribution, and massive decrease
in corpus luteum. Compared with the Model group, ova-
ries from the ME (Fig. 10C) and RD (Fig. 10D) groups
had smaller ovarian follicles and showed the presence
of oocytes as well as a higher number of granulosa cell
layers, and increased number of corpus luteums. In the
MED-35 (Fig. 10E) and RDD-35 (Fig. 10F) groups, fol-
licles at different stages were observed, with granulosa
cells showing an increased number of layers, regular
morphology, and uniform distribution, and increased
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number of corpus luteums. These results show that
RD can improve the histopathological ovarian changes
observed in PCOS-IR rats and that its effect is compa-
rable to that of ME. Additionally, combining RD with
Diane-35 is more effective than monotherapy with RD,
and provides improvements in ovarian pathology that are
similar to those seen with ME(Fig. 10A and F).

RD decreases levels of INS, FBG and HOMA-IR in PCOS-IR
rats

Compared with the normal group, model group
rats showed significantly elevated serum levels of
INS(Fig. 11A), along with significantly higher whole-
blood FBG(Fig. 11B) levels and HOMA-IR values
(Fig. 11C). Notably, comparison with model group, the
decreases in INS, FBG and HOMA-IR levels were com-
parable between RD-treated PCOS-IR rats and those
treated with ME, and between rats treated with RDD-35
and those receiving MED-35(Fig. 11A and C). Combining
either RD or ME with Diane-35 was more effective than
either RD or ME alone(Fig. 11A and C).

RD improves serum sex hormone levels in PCOS-IR rats
Compared with the normal group, model group rats
showed significantly elevated serum levels of LH, T, LH/
FSH(Fig. 12A and C), and FSH, E2 levels were signifi-
cantly reduced (Fig. 12D and E). When compared with
the model group, all treatment groups exhibited signifi-
cantly lower levels of T, LH and LH/FSH (Fig. 12A and C),
and FSH, E2 levels were significantly increased (Fig. 12D
and E). Notably, the reductions in T, LH, LH/ESH levels
and the increases in FSH, E2 levels were uncomparable
between RD-treated PCOS-IR rats and those treated
with ME, and between rats treated with RDD-35 and
those receiving MED-35(Fig. 12A and F). The RDD-35
and MED-35 groups provided greater improvements in
T, LH, E2, FSH and LH/FSH levels than RD or ME alone,
respectively(Fig. 12A and C).

The effects of RD on the ovarian PI3K/Akt signaling
pathway

Western blot analysis revealed that expression levels
of the PI3K, p-PI3K, Akt, p-Akt, and GLUT4 proteins
in the ovarian tissues of PCOS-IR rats was significantly
lower in the Model group than in normal rats (Fig. 13A
and F). However, expression of PI3K, p-PI3K, Akt, p-Akt,



Wang et al. Journal of Ovarian Research (2025) 18:108

R

RD96

o®

%o

Chemical ogenesis -
reactive o species
i hway
‘ Human
RD40

©9

ymavirus

Ra

%,

R

RD89

®oq

@@@®@@@

Lipid and

& o t A

© ®mﬁm

CitT T

AT

CnS -8

¢ .o

> 4 @meﬁﬁf@

e & =
.

cAMP sig

@@@@@’

Page 9 of 18

‘@00

“ﬁﬁw® %
C"efl'f.:ﬁs's @
of shicl o
e @
DO
s %3
Q20 S uD T <o
= e 3
zgﬁgﬁﬂﬁ6

Q

AGE-RAGEsignaling
pathway in diabetic
pa(hway complicatioRs

’Q

RDGQ

é 0
*00000000°°

Fig. 5 Compound-target-pathway network. Light blue nodes represent the 91 targets, yellow nodes represent the associated signaling pathways, and
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and GLUT4 was significantly higher in rats in all treat-
ment groups versus the Model group (Fig. 13A and F).
The effect of RD on the expression levels of PI3K, p-PI3K,
Akt, p-Akt, and GLUT4 proteins in ovarian tissue was
comparable to that of ME, and the effect of RDD-35 on
these proteins was similar to that of MED-35, with com-
bined therapy showing greater effects than monotherapy
with either RD or ME (Fig. 13A and F).Ovarian expres-
sion of the FOXO3a and P27 proteins was also signifi-
cantly higher in Model versus normal rats (Fig. 13G and

H), but significantly lower in all treatment groups versus
the Model group (Fig. 13G and H). Similar reductions in
the expression levels of these proteins were seen in rats
treated with RD and ME, and in rats treated with RDD-
35 and MED-35(Fig. 13G and H).

RT-qPCR was used to detect the mRNA expression
of PI3K, Akt, GLUT4, FOXO3a, and P27 in the ovarian
tissues of PCOS-IR rats. When compared with normal
rats, Model group rats had significantly lower mRNA
expression of PI3K, Akt, and GLUT4 (Fig. 14A and C)
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and significantly higher expression of the FOXO3a and
P27 genes (Fig. 14D and F). However, compared with the
Model group, the mRNA expression levels of PI3K, Akt,
and GLUT4 were significantly increased in all treatment
groups (Fig. 14A and C), while the expression of FOXO3a
and P27 genes was significantly decreased (Fig. 14D and
F).The effect of RD on mRNA expression levels of PI3K,
Akt, GLUT4, FOXO3a, and P27 was comparable to that
of ME; RDD-35 and MED-35 also had comparable effects
on the mRNA expression of these genes, with both com-
bination therapies providing greater effects than RD or
ME monotherapy (Fig. 14A and F).

Discussion

RD may improve hyperglycemia, hyperinsulinemia, and
insulin resistance in diabetic rats by suppressing chronic
inflammation, reducing oxidative stress, and protecting—
or promoting the regeneration of—pancreatic [-cells
[24]. To date, however, the role of RD in treating PCOS-
IR has not yet been studied. This study therefore investi-
gated the effects and the potential mechanisms of action
of RD in the treatment of PCOS-IR.

First, we conducted a network pharmacology analysis,
which revealed that the treatment of PCOS-IR with RD
involves complex interactions among multiple compo-
nents, targets, and pathways. KEGG pathway enrichment
analysis indicated that the PI3K/Akt pathway, a classical
pathway for metabolism, is also a key signaling pathway
mediating the potential effects of RD in PCOS-IR. In the
action of RD on PCOS-IR, key proteins of the PI3K/Akt
signaling pathway such as PI3K, Akt, GLUT4, FOXO3a,
and P27 may play crucial roles. Under normal conditions,
insulin binding to the a-subunit of the insulin receptor
activates the B-subunit, which self-phosphorylates on
tyrosine residues, thereby activating the insulin recep-
tor substrate (IRS). The activated IRS recruits PI3K, an
intracellular phospholipid kinase, and once bound to the
IRS, PI3K phosphorylates PIP2 to PIP3 [25]. An increase
in PIP3 concentration leads to the recruitment of serine/
threonine kinase (Akt) to the cell membrane, resulting in
the activation and phosphorylation of Akt. In turn, this
promotes the translocation and membrane insertion of
glucose transporter 4 (GLUT4), allowing glucose to enter
the cell and undergo complete glycolysis [26]. Phospha-
tidylinositol-3-kinase regulatory subunit 1 (PIK3R1) is
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Fig. 10 Effect of RD on ovarian tissue of PCOS-IR rats (HE staining; magnification x4, x10). (A) Normal group; (B) model group; (C) ME group; (D) RD group;
(E) MED-35 group; and (F) RDD-35 group. CL indicates corpus luteum, C indicates cystic follicle, PF indicates primary follicle, SF indicates secondary follicle
and MF indicates mature follicle

an essential component of Class IA PI3K and serves as  granulosa cells during their growth, as well as in oocytes
its regulatory subunit [27], thus playing a positive role  [30], and is important for promoting granulosa cell sur-
in maintaining insulin secretion from B-cells [28]. It has  vival, regulating follicular development [31], promoting
also been identified as an epigenetic marker for the diag-  insulin metabolism [32] and inhibiting the autophagy
nosis of PCOS [29]. Akt is continuously expressed in and apoptosis of ovarian granulosa cells [33]. Akt is in a
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low expression state in PCOS ovarian tissue [34]. Insu-
lin completes glucose uptake through the translocation of
GLUT4, a glucose transporter, from intracellular vesicles
to the plasma membrane, and this translocation can be
stimulated by Akt expression [35]. GLUT4 is expressed
in the granulosa cells of primordial and growing follicles
in mice and humans [36]; in PCOS patients, the propor-
tion of primordial follicles decreases [37] and GLUT4 is
in a low expression state. Forkhead Box O3a (FOXO3a) is
a downstream target of the PI3K/Akt pathway known to
be widely present in rodent oocytes [38] and involved in

the apoptosis of follicles and oocytes [39]. It is in a high
expression state in PCOS patients [40]. Akt activation
inhibits FOXO3 activation, thereby suppressing oocyte
apoptosis [41]. Cyclin-dependent kinase inhibitor 1B
(P27), a member of the CDK1 family, is involved in the
proliferation and differentiation of various malignant
tumor cells in the human body [42]. High expression of
P27, as is seen in PCOS patients, inhibits ovarian granu-
losa cell proliferation [43].

After successfully establishing a PCOS-IR rat model by
administering letrozole in combination with a high-fat
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Fig. 13 The Effects of RD on Expression of PI3K/Akt Pathway-Related Proteins in the Ovaries of PCOS-IR Rats. (A) Protein expression levels of PI3K, p-PI3K,
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(D) Akt/B-actin, (E) p-Akt/B-actin, (F) GLUT4/B-actin, (G) FOXO3a/B-actin, (H) P27/B-actin. Results are presented as mean +SD. #P < 0.01 compared with the

normal group. **P<0.01 compared with the model group

diet, we demonstrated that treatment with RD improved
ovarian morphology. When compared with ovaries from
untreated Model rats, ovaries from RD-treated rats had
follicles that displayed the full range of development
stages and an increased number of granulosa cell layers.
Treatment with RD also improved the pathological mor-
phology of polycystic ovaries, reduced the LH/FSH ratio,
increased E2 levels, and reduced T levels. Additionally,

we found that RD treatment ameliorated insulin resis-
tance. Experimental validation also revealed that RD
significantly increased the expression of PI3K, Akt, and
GLUT4 proteins and decreased FOXO3a and P27 expres-
sion, thus activating the PI3K/Akt signaling pathway.

Our study also compared the therapeutic effects of
RD and ME, alone and in combination with Diane-35,
in PCOS-IR rats. Results indicated that there were no
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Fig. 14 The effects of RD on PI3K/Akt pathway-related targets in the ovaries of PCOS-IR rats: mRNA expression levels of (A) PI3K, (B) Akt, (C) GLUT4, (D)
FOXO3a, and (E) P27, as detected by RT-gPCR. Values are presented as mean+SD (n=10 in each group). #P<0.01 compared with the normal group.

**P<0.01 compared with the model group

statistically significant differences in the improvement
of insulin resistance, ovarian pathology, and serum sex
hormone levels between PCOS-IR rats treated with RD
and those treated with ME. Similarly, no significant dif-
ferences were observed in the same measures between
PCOS-IR rats treated with combined RD and Diane-
35 (RDD-35) and those receiving combined ME and
Diane-35 (MED-35). However, the combined medication
approach provided a significantly better improvement in
PCOS-IR symptoms than RD or ME monotherapy.

The PI3K/AKt signaling pathway plays an important
role in PCOS-IR through glucolipid metabolism [21], and
studies have shown that poor lifestyle, obesity and other
factors can cause IR by affecting the PI3K/AKt signaling
pathway, which not only determines insulin bioactivity,
but also affects follicular developmental outcomes. The
activated PI3K/Akt pathway regulates follicular apop-
tosis and promotes follicular maturation [44]. Studies
have reported that RD can inhibit tumor cell prolifera-
tion and induce apoptosis by modulating the PI3K/AKt
signaling pathway in breast and cervical cancer [45, 46].
To investigate whether RD could improve insulin lev-
els in PCOS-IR rats, we examined the expression levels
of PI3K, p-PI3K and AKt, p-AKt proteins in the ovarian

tissues of PCOS-IR rats, which were similar to the results
of a previous study [47], and our findings showed that
the expression levels of PI3K, p-PI3K and AKt, p-AKt
proteins were significantly reduced compared with those
of the normal group significantly decreased, while RD
restored PI3K, p-PI3K and AKt, p-AKt protein expres-
sion levels to near normal group levels. Meanwhile,
changes in serum sex hormone LH, FSH and T levels as
well as changes in ovarian morphology also indicated
that the PI3K/AKt signaling pathway affects follicular
development and maturation, and regulates reproductive
function. In conclusion, our study provides new evidence
that RD attenuates the pathogenesis of PCOS-IR in a rat
model system, which may be related to activation of the
PI3K/AKt signaling pathway.

A key limitation of our study is that we focused only
on animal studies and the PI3K/Akt signaling pathway to
validate the results of our network pharmacology analy-
sis. However, simple animal models may not fully repli-
cate complex human diseases, and PCOS-IR involves
multiple targets and pathways. Therefore, future research
should include the use of human cell lines and clinical
studies to verify the therapeutic effects of RD in patients
with PCOS-IR.
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Conclusion

In summary, our findings suggest that RD treatment may
alleviate symptoms in the PCOS-IR rat model by modu-
lating the PI3K/Akt signaling pathway. This indicates that
RD may be a promising therapeutic agent for treating
PCOS-IR.
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