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Abstract
Background  Diminished ovarian reserve (DOR), a major cause of female infertility, is closely linked to insulin 
resistance (IR). Traditional Chinese Medicine (TCM) approaches, such as the Gengnianchun (GNC) formula, focus on 
restoring ovarian function by improving IR and regulating hormonal balance. Despite GNC’s demonstrated efficacy, its 
precise therapeutic mechanisms remain unclear.

Objective  This study aims to elucidate the mechanisms by which GNC ameliorates IR-induced DOR through 
comprehensive pharmacological and experimental validation.

Methods  The study combined Liquid chromatograph mass spectrometer (LC-MS), ultra-performance liquid 
chromatography (UPLC-TOF-MS/MS), network pharmacology, and molecular docking to identify active components 
and key therapeutic targets of GNC. Functional enrichment analyses (GO and KEGG) and molecular docking studies 
were performed. A high-fat diet-induced mouse model of IR-DOR was established, followed by GNC treatment at 
varying doses. Therapeutic effects were evaluated via qRT-PCR, western blot, immunofluorescence, and histological 
analysis.

Results  GNC contains 219 active ingredients targeting 53 genes associated with IR-induced DOR. KEGG analysis 
revealed the estrogen signaling pathway as a key mechanism. High-dose GNC significantly improved IR and 
ovarian reserve by increasing AKT1, ESR1, and ESR2 expression, as confirmed by qRT-PCR, western blot and 
immunofluorescence analysis. These findings indicate that GNC enhances insulin sensitivity, promotes follicular 
development, and restores ovarian function.
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Background
Diminished ovarian reserve (DOR) refers to the decline 
in both the quantity and quality of oocytes and is a major 
cause of female infertility and poor response to controlled 
ovarian stimulation [1]. In recent years, the prevalence of 
DOR among patients undergoing assisted reproductive 
technology (ART) has risen from 19 to 26%, presenting 
an increasing challenge for reproductive medicine [2].
Beyond infertility, women with DOR also face a signifi-
cantly higher risk of recurrent pregnancy loss [3]. The eti-
ology of DOR is complex and multifactorial, with recent 
studies suggesting that the rising incidence of metabolic 
syndrome has severely impacted female reproductive 
health [4]. Insulin resistance (IR), the central pathological 
mechanism of metabolic syndrome, has also emerged as 
a key contributing factor to DOR [5].

IR is defined as a decreased responsiveness of tissues 
to insulin, resulting in compensatory hyperinsulinemia 
and impaired glucose metabolism [6]. Mechanistically, IR 
disrupts insulin signaling pathways within ovarian tissue, 
thereby compromising glucose metabolism and energy 
homeostasis, and inhibiting follicular growth and matu-
ration [7]. Animal models subjected to high-fat diets have 
demonstrated that IR not only leads to hyperinsulinemia 
and dyslipidemia but also induces estrous cycle irregu-
larities and reduces follicular reserve in mice [8]. DOR 
may be associated with mechanisms such as oxidative 
stress and inflammatory responses triggered by IR [9, 10]. 
Considering the close relationship between IR and DOR, 
there is an urgent need for effective therapeutic strate-
gies that concurrently address both insulin sensitivity and 
ovarian function.

Current treatment for DOR primarily involves hor-
mone replacement therapy (HRT), which aims to allevi-
ate symptoms through the supplementation of exogenous 
estrogen. However, HRT does not significantly enhance 
ovarian reserve function and carries inherent risks [11]. 
In contrast, traditional Chinese medicine (TCM) pro-
vides a holistic therapeutic framework that emphasizes 
restoring of yin and yang balance, promoting qi circula-
tion, and harmonizing the functions of the liver, spleen, 
and kidneys, thereby presenting a promising option for 
treating IR-induced DOR [12–14].

Gengnianchun (GNC) is a traditional Chinese herbal 
formula developed by three renowned traditional 

Chinese medicine practitioners from Shanghai, based on 
their extensive clinical experience and TCM theories. It 
comprises 12 herbal ingredients, including Rehmannia 
glutinosa (Gaertn.) DC. and Epimedium acuminatum 
Franch., with treatment principles emphasizing kidney 
tonification, liver soothing, and heart clearing. GNC 
has been widely applied to enhance ovarian reserve and 
alleviate symptoms associated with DOR. In TCM, DOR 
induced by IR is characterized by kidney deficiency. GNC 
exhibits significant kidney-tonifying effects and has 
shown promising results in clinical practice, including 
enhancements in ovarian reserve, balancing reproduc-
tive endocrine status, and improving pregnancy and live 
birth rates [15]. Animal studies have also confirmed that 
GNC can significantly improve ovarian function in DOR 
mice induced by IR [16]. Although the efficacy of GNC 
has been established, the precise molecular mechanisms 
through which it exerts these effects remain incompletely 
understood.

To further elucidate the therapeutic mechanisms of 
GNC, this study employed Liquid chromatograph mass 
spectrometer (LC-MS) and ultra-performance liquid 
chromatography coupled with quadrupole time-of-flight 
mass spectrometry (UPLC-Q-TOF/MS) to identify the 
major bioactive components of GNC. Subsequently, net-
work pharmacology was utilized to predict key molecu-
lar targets and pathways, which were further validated 
through molecular docking studies and experimental ani-
mal models. As illustrated in Fig. 1, this comprehensive 
approach provides a basis for understanding the molecu-
lar mechanisms by which GNC treats IR-induced DOR.

Materials and methods
Plant materials of GNC
The GNC herbs were obtained from Tianjiang Pharma-
ceutical Co. (Jiangyin, China), with specific details listed 
in Table 1. The plant names have been verified using the 
Medicinal Plant Names Services (MPNS) ​(​​​h​t​t​p​:​/​/​m​p​n​s​.​k​
e​w​.​o​r​g​​​​​)​. The extraction process followed the regulations 
and standards set forth in the Chinese Pharmacopoeia. 
From every 138  g of the original herbs, approximately 
7.6 g of GNC granules were extracted.

Conclusions  This study demonstrates for the first time that GNC alleviates IR-induced DOR by modulating the 
estrogen signaling pathway and activating key molecular targets. These results provide a foundation for clinical 
research and the development of novel therapeutic strategies for DOR.

Clinical trial number  Not applicable

Keywords  Gengnianchun formula, Insulin resistance, Diminished ovarian reserve, Network pharmacology, Estrogen 
signaling pathway

http://mpns.kew.org
http://mpns.kew.org
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LC-MS analysis
Mass spectrometry analysis was performed using a high-
resolution 5600 QTOF mass spectrometer (AB SCIEX) 
coupled with an H-Class ultra-high performance liquid 
chromatography (UPLC) system (Waters). The sample 
preparation involved grinding the GNC, extracting with 
75% methanol, and subsequent ultrasonic treatment. 
The analysis was conducted under both positive and 
negative ion modes, with the flow rate set at 400 µL/min 
and a gradient elution method. The electrospray ioniza-
tion (ESI) source was operated at voltages of + 5500  V 
(positive) and − 4500  V (negative). The mass spectrom-
eter collected data in the range of 50–1200 m/z, with an 
ionization energy of 30  eV for each cycle. The obtained 
data were processed using MSDIAL version 4.6, which 
involved peak detection, alignment, and identification by 
comparing the experimental results with databases such 
as Metlin, MassBank, and HMDB.

UPLC-Q-TOF-MS/MS analysis
To identify the active ingredients in GNC, plasma sam-
ples containing GNC were analyzed using UPLC-Q-
TOF-MS/MS. Drug-containing plasma was prepared by 
orally administering GNC to female SD rats (230–260 g). 
The granules were dissolved in distilled water at a con-
centration of 0.5  g/mL, and each rat was dosed at 5  g/
kg twice daily for three consecutive days. Blood samples 
were collected at multiple time points (0.25, 0.66, 1, 2, 4, 
6, 8, and 10 h) after the final administration, with 0.2 mL 
of blood drawn at each interval. Plasma was separated by 
centrifuging the whole blood at 6,000  rpm for 8  min at 
room temperature and stored at − 80 °C until analysis.

Data were collected using a UPLC-MS/MS Varis-
kan Flash liquid chromatography system coupled 
with a Xevo G2-XS mass spectrometer (Waters Corp., 

Table 1  The details of GNC
Chinese 
Name

Accepted 
scientific 
name

Family Plant Part Crude 
Herb 
(g)

Shudihuang Rehmannia 
glutinosa 
(Gaertn.) DC.

Orobanchaceae Root 15

Yinyanghuo Epimedium 
acumina-
tum Franch.

Berberidaceae Root 12

Baishao Paeonia lac-
tiflora Pall.

Paeoniaceae Root 12

Gouqizi Lycium bar-
barum L.

Solanaceae Fruit 12

Guiban Plastrum 
Testudinis

Carapax Carapax 15

Zhimu Anemar-
rhena as-
phodeloides 
Bunge

Asparagaceae Root 15

Tusizi Cuscuta 
australis R.Br.

Convolvulaceae Seed 12

Bajitian Morinda 
officinalis 
F.C.How

Rubiaceae Root 12

Congrong Cistanche 
deserticola 
Y.C.Ma

Orobanchaceae Stem 12

Huangbai Phello-
dendron 
chinense 
C.K.Schneid.

Rutaceae Bark 9

Huanglian Coptis 
chinensis 
Franch.

Ranunculaceae Rhizome 3

Fuling Smilax gla-
bra Roxb.

Smilacaceae Sclerotium 9

Fig. 1  Flowchart for the mechanism of action of GNC in the treatment of IR-induced DOR
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Milford, MA, USA). Chromatographic analysis was 
performed on an ACQUITY UPLC BEH C18 column 
(2.1 × 100 mm, 1.7 μm) at 40  °C. The mobile phase con-
sisted of water with 5 mM ammonium formate (A) and 
methanol (B), with a flow rate of 0.4 mL/min. The gradi-
ent elution program was as follows: 0–1 min (98% A, 2% 
B), 1–5 min (76% A, 24% B), 5–13 min (40% A, 60% B), 
13–16 min (20% A, 80% B), 16–22 min (10% A, 90% B), 
and 22–25 min (98% A, 2% B). The injection volume was 
10 µL. ESI was operated in both negative and positive 
ion modes, with molecular weight scanning set between 
50 and 1000 Da. Collision-induced dissociation volt-
ages were set at 6 V for low energy and 30–50 V for high 
energy.

Active compounds screening and prediction targets of 
GNC against IR-induced DOR
Active components of GNC were screened using the 
TCMSP (tcmspw.com/tcmsp.php) and the HERB data-
base (herb.ac.cn/), based on ADME reference standards 
and Lipinski’s rule. Compounds were selected if they met 
the criteria of oral bioavailability (OB) ≥ 30% and drug-
likeness (DL) ≥ 0.18 [17]. Additionally, Lipinski’s rule of 
five was applied to further refine the selection, includ-
ing parameters such as molecular weight (Mw) ≤ 500 Da, 
LogP (miLogP) ≤ 5 (indicating appropriate lipophilicity), 
hydrogen bond donors (nOHNH) ≤ 5, and hydrogen bond 
acceptors (nOH) ≤ 10 [18]. The potential therapeutic tar-
gets of GNC drug-containing plasma were predicted 
using the SwissTargetPrediction database (www.swis-
stargetprediction.ch) and normalized using the UniProt 
database (www.uniprot.org/). IR and DOR-related genes 
were identified from GeneCards (www.genecards.org) 
and DisGeNET (www.disgenet.org/). Overlapping tar-
gets between the disease and drug were visualized using a 
Venn diagram [19].

Construction of herb-compound-intersection targets 
network
To identify key ingredients in GNC against IR-induced 
DOR, a herb-compound-intersection targets network 
was constructed using Cytoscape 3.9.1 software. The top 
10 dominant compounds were determined based on their 
degree within the network.

Construction of protein–protein interaction (PPI) network
Overlapping gene targets were imported into the 
STRING database (string-db.org) to generate the pro-
tein-protein interaction (PPI) network. Cytoscape 3.9.1 
software, along with the CytoHubba plugin, was utilized 
to identify the top 10 key genes from the PPI network.

GO and KEGG enrichment analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analyses were con-
ducted using Metascape (metascape.org). The top-ranked 
clusters, based on P-values, were visualized using bioin-
formatics tools (www.bioinformatics.com.cn).

Molecular Docking
Molecular docking was performed using AutoDock 
Tools, with the key active ingredients of GNC as ligands 
and core target proteins as receptors. The binding con-
formations were visualized using PyMOL software.

Animal model and treatment
Six-week-old female C57BL/6 mice were purchased from 
Shanghai Slack Laboratory Animal Co. Ltd. (License no: 
SCXK 2012-0002) and acclimatized in a Specific Patho-
gen Free(SPF) facility for 1 week. The mice had ad libitum 
access to food and water and were maintained under a 
12-hour light/dark cycle. Mice were divided into a con-
trol group (Control, n = 8) on a normal diet, and an exper-
imental group on a high-fat diet (HFD, Cat. No.: D12451, 
Research Diets) for 6 weeks to induce IR and DOR. After 
3 weeks, vaginal smears were performed daily for 21 days 
to monitor estrous cycles.

At 6 weeks, intraperitoneal glucose tolerance 
tests(IPGTT) and insulin tolerance tests (ITT) were per-
formed to confirm the establishment of the IR-induced 
DOR model. Mice in the experimental group were then 
randomized into five groups: HFD group, Metformin 
group (200 mg/kg), and GNC groups with high (1.4 mg/
kg), medium (0.7  mg/kg), and low doses (0.35  mg/
kg) (n = 8 per group). Dosages were based on a previ-
ous study (Peng et al., 2023). GNC and metformin were 
administered via oral gavage for 6 weeks, with dosages 
adjusted according to weekly body weight. Control and 
HFD groups received equivalent volumes of solvent. 
After 6 weeks of treatment, vaginal smears, IPGTT, and 
ITT were repeated. Mice were sacrificed after the non-
estrus phase or when fasting was completed, and serum 
and ovarian tissue were collected for analysis. All ani-
mal experiments were approved by Institutional Ani-
mal Care and Use Committee of SHZY (permit No.: 
SHZY-202307FT).

Estrous cycle examination
Vaginal smears were collected daily at the same time to 
monitor the estrous cycle of the mice. A pipette contain-
ing 10 µL of saline was used to collect vaginal samples, 
which were then stained with Wright-Giemsa and exam-
ined under a light microscope. The estrous cycle was cat-
egorized into four phases based on the predominant cell 
types observed in the vaginal smears: proestrus, estrus, 
metestrus, and diestrus.

http://www.swisstargetprediction.ch
http://www.swisstargetprediction.ch
http://www.uniprot.org/
http://www.genecards.org
http://www.disgenet.org/
http://www.bioinformatics.com.cn
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IPGTT and ITT test
The intraperitoneal glucose tolerance test (IPGTT) was 
conducted by administering an intraperitoneal injec-
tion of glucose at a dose of 2 g/kg body weight following 
a 16-hour fast. The insulin tolerance test (ITT) involved 
injecting insulin intraperitoneally at a dose of 0.75 U/kg 
body weight after a 4-hour fast in mice. Glucose concen-
trations were measured through tail vein blood sampling 
at 0, 15, 30, 60, 90, and 120 min.

Serum hormone and insulin assay
LH (CUSABIO, CSB-E12770m), FSH (CUSABIO, CSB-
E06871m), E2 (CUSABIO, CSB-E07280m), AMH (CUS-
ABIO, CSB-E13156m), and insulin (Mlbio, ml001983) 
levels were measured using ELISA kits according to the 
manufacturer’s instructions. Each group consisted of 
eight samples, and each experiment was replicated three 
times. The inter- and intra-batch variability for each kit 
was less than 15%. HOMA-IR was calculated using the 
formula: HOMA-IR = fasting blood glucose(FBG) × fast-
ing serum insulin(FINS) / 22.5.

Histological analysis and follicle counts
Ovarian tissues were fixed in 4% paraformaldehyde, 
embedded in paraffin, and then serially sectioned at 4 μm 
thickness. The sections were stained with hematoxylin 
and eosin (H&E) for follicle counting. The average num-
ber of follicles was recorded from five different sections 
of each ovary under a microscope. Follicles were catego-
rized into four developmental stages according to the 
modified Oktay system [20]. The counting process was 
repeated three times by different researchers to ensure 
accuracy.

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from ovarian tissue using the 
RNA Purification Kit PLUS (RN001-plus, EZBiosci-
ence) and subsequently converted into complementary 
DNA (cDNA) using the Color Reverse Transcription Kit 
(A0010CGQ, EZBioscience). The primer sequences used 
for qRT-PCR are listed in Supplementary Table S1. Gene 
expression levels were quantified using the comparative 
cycle threshold (Ct) method (2^(-ΔΔCt)), with target 
gene Ct values normalized to those of the housekeeping 
gene.

Western blotting
Ovarian tissues from the Control, HFD, MET, and GNC 
treatment groups were homogenized in RIPA buffer 
containing protease and phosphatase inhibitors. Protein 
concentrations were measured using the BCA protein 
assay kit (Thermo Fisher Scientific, USA). Equal amounts 
of protein (30  µg) from each sample were separated by 
10% SDS-PAGE and transferred onto a PVDF membrane 

(Millipore, Burlington, USA). The membrane was 
blocked with 5% non-fat milk in TBS-T for 1 h at room 
temperature, followed by overnight incubation with pri-
mary antibodies at 4  °C. The primary antibodies used 
included: anti-phospho-AKT (1:1,000, Proteintech), anti-
phospho-ESR1 (1:1,000, Proteintech), and anti-phospho-
ESR2 (1:1,000, Proteintech). The membranes were then 
incubated with HRP-conjugated secondary antibodies 
(1:5,000, Santa Cruz Biotechnology) for 1 h at room tem-
perature. Protein bands were visualized using chemilumi-
nescence detection, and expression levels were quantified 
with ImageJ software, with GAPDH (1:5,000, Protein-
tech) as the internal control.

Immunofluorescence
Ovarian tissue sections were deparaffinized, rehydrated, 
and subjected to antigen retrieval. The sections were 
blocked with PBS containing 3% bovine serum albumin 
(BSA) for 30  min at room temperature, then incubated 
with primary antibodies against AKT1 (Proteintech 
Group, Inc.), ESR1 (Proteintech Group, Inc.), and ESR2 
(Thermo Scientific, Waltham, MA, USA), each at a 1:100 
dilution. After washing in PBS, the sections were incu-
bated with secondary antibodies for 1 h at room temper-
ature, followed by incubation in DAPI staining solution 
(G1012, Servicebio) for 10 min. Immunofluorescence was 
detected and images were captured using a fluorescence 
microscope.

Statistical analysis
All data are presented as mean ± standard deviation 
(SD). Statistical analyses were conducted using Graph-
Pad Prism version 10.1. For comparisons between two 
groups, an independent unpaired t-test was performed 
for normally distributed data with equal variances, and 
the Mann-Whitney U test was applied for non-nor-
mally distributed data. For multiple group comparisons, 
ANOVA followed by Dunnett’s post-hoc test was used to 
assess differences among groups with equal variances. In 
cases where the assumption of homogeneity of variances 
was violated, Welch’s ANOVA was conducted, followed 
by the Games-Howell post-hoc test for pairwise com-
parisons. Categorical and proportion data, such as the 
distribution of estrous cycle phases, were analyzed using 
the chi-square test for multiple independent groups. A 
p-value of less than 0.05 was considered statistically sig-
nificant for all analyses.

Results
Mass spectrometry detection of GNC
Metabolomic analysis of GNC was conducted using 
LC-MS in both positive and negative ionization modes 
to comprehensively profile its chemical composition. 
The Total Ion Current (TIC) chromatograms, shown 



Page 6 of 17Rao et al. Journal of Ovarian Research           (2025) 18:51 

in Fig. 2A (positive ion mode) and Fig. 2B (negative ion 
mode), reveal the chemical complexity of GNC, with 
distinct peaks observed across a 0–30  min retention 
time range. In positive ion mode, the TIC chromato-
gram exhibited high-intensity signals, with prominent 
peaks observed between 5 and 20 min. These peaks cor-
respond to lipophilic compounds, such as flavonoids and 
alkaloids, which are positively ionizable and are typi-
cally associated with antioxidant and anti-inflammatory 
activities. In negative ion mode, the TIC chromatogram 
displayed distinct peaks with moderate intensity, primar-
ily corresponding to organic oxygen compounds and lig-
nans, which are typically negatively charged. This mode 
revealed additional metabolic components, complement-
ing the findings from the positive ion mode and provid-
ing a more holistic view of the chemical diversity present 
in GNC. The identification of phenolic acids and glyco-
sides, compounds known for their anti-inflammatory and 
hormonal regulation effects, further substantiates GNC’s 
therapeutic potential in addressing insulin resistance and 
promoting ovarian health. 

Chemical composition analysis of GNC drug-containing 
plasma
UPLC-Q-TOF/MS was utilized to identify the active 
chemical components in the plasma of rats treated with 
GNC. Nine components were detected and absorbed 
into rat plasma following GNC gavage, including pae-
oniflorin, palbinone, berberine, icariin, timosaponin 
E2, timosaponin A1, rehmannioside C, rehmannioside 
D, and rehmapicroside. The structural information and 
chemical profiles of these nine compounds are presented 
in Fig. 2C; Table 2, respectively. These compounds exhib-
ited specific peaks that corresponded to their respective 
absorption profiles, with varying intensities observed at 
different time points post-administration. These results 
indicate their bioavailability and absorption dynamics 
following oral administration.

Network Pharmacology of GNC treating IR-induced DOR
Construction of drug-compound-intersection targets-disease 
network
Based on the molecular structures derived from UPLC-
Q-TOF/MS analysis, a total of 325 potential targets were 
predicted using the SwissTargetPrediction database. A 
total of 210 active compounds of GNC granules were 
identified through screening from the TCMSP and HERB 
databases, with 433 target genes retrieved from the Uni-
Prot database. Additionally, 4280 genes related to IR and 
709 genes related to DOR were identified from Gene-
Cards and DisGeNet databases, respectively. A Venn dia-
gram analysis identified 53 overlapping targets associated 
with GNC, IR, and DOR (Fig. 3A), with detailed informa-
tion provided in Supplementary Table S2.

These 53 overlapping genes were subsequently 
imported into Cytoscape 3.9.1 to construct a drug-com-
pound-intersecting targets-disease network, consisting 
of 182 nodes and 84 edges (Fig.  3B). The top 10 active 
compounds of GNC, ranked by their degree values, were 
quercetin, kaempferol, beta-sitosterol, rehmapicroside, 
rehmapicrogenin, stigmasterol, luteolin, epimedium, pal-
matine, and paeoniflorin, indicating their critical roles in 
GNC’s therapeutic effects on IR-induced DOR (Table S3).

Construction of protein–protein interaction (PPI) network
A PPI network of the 53 overlapping genes was con-
structed using the STRING database, consisting of 53 
nodes and 71 edges, with an average of 2.68 edges per 
node (Fig.  3C). The PPI network was subsequently ana-
lyzed using Cytoscape 3.9.1, and node color and size 
were adjusted based on the degree value, nodes with 
higher degree values were assigned darker colors, while 
edge thicknesses were proportional to these values 
(Fig.  3D). The CytoHubba plugin in Cytoscape identi-
fied the top 10 core genes based on the maximum clique 
centrality(MCC) method (Fig.  3E), with ESR1, SRC, 
CTNNB1, MAPK3, AKT1, EGFR, ERBB2, ESR2, TNF, 
and PRKACA recognized as the most critical targets 
(Table S4).

GO and KEGG pathway analysis of overlapping genes
GO and KEGG enrichment analyses were performed 
using Metascape. The top 10 terms in biological pro-
cesses (BP), cellular components (CC), and molecu-
lar functions (MF) categories from the GO analysis are 
presented in Supplementary Table S5. The GO analysis 
revealed that biological processes associated with GNC 
predominantly involve hormonal responses, while its 
effects on cellular components are focused on membrane 
rafts, and its molecular functions are linked to nuclear 
receptor activity (Fig.  3F). The KEGG pathway enrich-
ment analysis, illustrated as a bubble diagram in Fig. 3G, 
identified key pathways, including endocrine resistance, 
estrogen signaling, and thyroid hormone signaling as 
potential intervention pathways for GNC in IR-induced 
DOR (Table S6).

Molecular Docking of key components and targets
The sankey plot analysis of 10 core bioactive compo-
nents and 10 core target genes of GNC indicated that all 
were interconnected. Consequently, molecular docking 
experiments were performed to verify the results. Dock-
ing results demonstrated strong binding interactions, 
with all ligands exhibiting binding energies below 5 KJ/
mol, indicative of stable interactions (Fig.  4A). Among 
the docked compounds, paeoniflorin and icariin demon-
strated the most stable interactions with key genes, with 
paeoniflorin showing the lowest binding energies with 
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Fig. 2  Chemical composition analysis of GNC by LC-MS and UPLC-Q-TOF-MS/MS. (A) Total Ion Current (TIC) chromatogram of GNC in positive ion mode, 
displaying distinct high-intensity peaks, primarily between 5 and 20 minutes, corresponding to lipophilic compounds such as flavonoids and alkaloids. 
(B) TIC chromatogram of GNC in negative ion mode, showing moderate intensity peaks corresponding to organic oxygen compounds and lignans. (C) 
UPLC-Q-TOF-MS/MS analysis of drug-containing plasma from rats administered GNC, identifying nine active compounds. These peaks correspond to 
specific compounds, indicating their absorption and bioavailability in plasma at various time points post-administration
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CTNNB1, AKT1, EGFR, ERBB2, SRC, ESR2, MAPK3, 
ESR1, and TNF, and icariin binding most stably with 
PRKACA (Fig.  4B, C). The binding energy results are 
shown in the Supplementary Table S8.

Experimental validation based on network Pharmacology
GNC ameliorates insulin resistance in IR-induced DOR mice
The experimental design is illustrated in Fig. 5A. At the 
beginning of the study, no significant differences in body 
weight were observed between groups. However, after 
six weeks of a high-fat diet, both body weight and the 
area under the curve(AUC) values from the IPGTT and 
ITT tests in the HFD group were significantly elevated 
compared to the Control group, indicating the success-
ful establishment of the IR-induced DOR model (Supple-
mentary Fig. 1, p < 0.01). Following treatment with GNC 
or metformin, body weight gain was significantly reduced 
across all treatment groups, with some groups even 
showing weight loss (Fig. 6B, p < 0.05). At the end of the 
experiment, body weight, IPGTT/ITT AUC, FINS, and 
HOMA-IR values were all significantly lower in the GNC 
and MET groups compared to the HFD group (Fig. 6B-I, 
p < 0.05). The dose-dependent effect of GNC was evident, 
with GNC-H showing the most significant improvement 
in insulin sensitivity.

GNC improves ovarian function in IR-induced DOR mice
Changes in vaginal smears at different stages of the 
estrous cycle and follicular morphology are illustrated in 
Fig. 5A-H. After six weeks of a high-fat diet, the estrous 
period was significantly shortened, and the diestrus 
period was extended in the HFD group compared to 
the Control group, indicating reduced ovarian function 
(Supplementary Fig.  1F, p < 0.01). Treatment with GNC 
and metformin restored the estrous cycle, lengthen-
ing the estrous phase and shortening the diestrus phase 
compared to the HFD group (Fig. 5I, P < 0.01). Addition-
ally, FSH levels were elevated, whlie E2 and AMH levels 
decreased in the HFD group; these changes were reversed 
following treatment with GNC or metformin (Fig.  5J-
L, P < 0.01). GNC-H and GNC-M groups also showed 

significantly lower LH levels (Fig. 5M, P < 0.05). Further-
more, counts of primordial, primary, and secondary folli-
cle were significantly higher in the GNC and MET groups 
compared to the HFD group (Fig. 5O, P < 0.05), and total 
follicle counts were also elevated (Fig. 5N, P < 0.01). Nota-
bly, the GNC-H was superior to other doses in improving 
FSH, E2, AMH, and follicle counts, suggesting a dose-
dependent effect of GNC on the improvement of ovarian 
function.

GNC activates the Estrogen signaling pathway
Given that the GO enrichment analysis identified hor-
mone response as the most significantly affected biologi-
cal process, and the KEGG analysis highlighted estrogen 
signaling as a key pathway, we further investigated the 
expression of genes with this pathway. qRT-PCR analy-
sis demonstrated that the mRNA levels of AKT1, ESR1 
and ESR2 were significantly downregulated in the HFD 
group, but were markedly restored following GNC and 
MET treatments (Fig. 7A, P < 0.05). To substantiate these 
findings at the protein level, Western blot (WB) analysis 
was performed on ovarian tissue samples from the same 
experimental groups. As shown in Fig.  7B, the protein 
expression levels of p-AKT1, p-ESR1, and p-ESR2 were 
significantly upregulated in both the GNC and MET 
treatment groups compared to the HFD group. These 
results indicate that GNC activates the estrogen signaling 
pathway at the protein level. Additionally, immunofluo-
rescence (IF) staining of ovarian tissue further corrobo-
rated these findings, demonstrating enhanced expression 
of AKT1, ESR1, and ESR2 in the GNC and MET treat-
ment groups (Fig. 7C). These findings provide compelling 
evidence that GNC exerts its protective effects through 
the activation of the estrogen signaling pathway, support-
ing its potential as a therapeutic strategy for improving 
ovarian reserve and function.

Discussion
DOR significantly impacts women’s reproductive health 
and quality of life, highlighting the critical need for early 
and effective intervention. IR, often exacerbated by 

Table 2  UPLC-Q-TOF-MS/MS analysis of GNC drug-containing plasma in rats
Molecule
Name

Source Molecluar Formula tR/min Ion M/Z

1 Paeoniflorin Radix Paeoniae Alba C23H28O11 6.35 M + Na 503.1526
2 Palbinone Radix Paeoniae Alba C22H30O4 16.26 M-H 357.2038
3 Berberine Rhizoma Coptidis C20H18NO4 8.46 M + H 336.123
4 Icariin Epimedium Brevicornums C21H20O6 11.67 M-H 367.118
5 Timosaponin E2 Rhizoma Anemarrhenae C46H79O20 16.08 M + H 951.5183
6 Timosaponin A1 Rhizoma Anemarrhenae C33H54O8 18.6 M + Na 601.3715
7 Rehmannioside C Rehmanniae Radix Praeparate C21H35O14 19.47 M + H 511.2029
8 Rehmannioside D Rehmanniae Radix Praeparate C27H42O20 17.05 M + Na 709.2145
9 Rehmapicroside Rehmanniae Radix Praeparate C10H16O3 11.48 M + Na 207.0991
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Fig. 3  Network Pharmacology Analysis of GNC in Treating IR-Induced DOR. (A) Venn diagram illustrating 53 overlapping target genes among GNC 
granules, GNC drug-containing plasma, and IR-induced DOR-related genes, representing potential therapeutic targets. (B) GNC-compound-intersecting 
targets-disease network illustrating the connections between compounds and disease targets. Blue squares represent individual herbs in the GNC for-
mula, green circles indicate bioactive compounds detected in plasma, pink circles denote bioactive ingredients, and yellow squares correspond to the 
intersection genes linked to both GNC and IR-induced DOR. (C) PPI network of 53 potential targets from the STRING database. (D) PPI network visualiza-
tion with node size and color depth indicating target degree. (E) Identification of top 10 core genes in the PPI network using the CytoHubba plugin. The 
node color ranged from pale yellow to red, with the corresponding degree gradually increasing.(F) GO Enrichment Analysis of biological processes, cel-
lular components, and molecular functions, with the x-axis representing gene ratio and color gradient indicating statistical significance. (G) KEGG Pathway 
Enrichment Analysis showing key pathways like the estrogen signaling pathway; the x-axis indicates enrichment scores, bubble size reflects gene counts, 
and color gradient denotes p-value significance
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high-calorie diets, is a key contributor to the rising inci-
dence of metabolic dysfunction, which adversely affects 
female reproductive health [21, 22]. While tradition-
ally associated with polycystic ovary syndrome (PCOS), 
recent studies also suggest that IR directly impairs ovar-
ian reserve [23]. Preliminary experiments conducted 
by our research group have confirmed that GNC can 
enhance insulin sensitivity and ovarian function in a 
mouse model of IR-induced DOR. Nevertheless, the 
molecular mechanisms through which GNC exerts these 
effects remain incompletely understood [16]. This study 
aimed to elucidate these mechanisms by utilizing LC-MS 

and UPLC-Q-TOF-MS/MS analyses to identify key bio-
active compounds, alongside network pharmacology to 
predict potential molecular targets. These integrative 
approaches offer a comprehensive understanding of how 
GNC ameliorates IR-induced DOR at the molecular level.

The LC-MS and UPLC-Q-TOF-MS/MS analyses pro-
vided a detailed characterization of the bioactive com-
pounds in GNC and their pharmacokinetic behavior. 
Mass spectrometry analysis of the GNC revealed sev-
eral bioactive compounds, many of which are known 
to improve IR and DOR. In positive ion mode, lipo-
philic compounds such as flavonoids and alkaloids were 

Fig. 4  Molecular docking of bioactive components with key target proteins. (A) Sankey plot illustrating the relationship between bioactive components 
and their target proteins. (B) Heat map of the docking interactions, highlighting binding energies. (C) Docking modes of the bioactive components with 
the target proteins, demonstrating stable binding interactions
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Fig. 5  GNC effectively alleviated insulin resistance in IR-induced DOR mice. (A) Experimental flow chart of therapeutic effect of GNC on IR-induced DOR. 
The IR-induced DOR model was established by 6-week HFD. The model was dministrated by gavage GNC at high, medium and low doses for 6 weeks, 
with metformin as a positive control group, while continuing the HFD. (B) Body weight changes of mice during the treatment for 6 weeks. (C) Final Body 
weight analysis of mice after GNC treatment. (D-E) IPGTT and ITT changes. (F-G) The AUC of IPGTT and ITT. (H-I) FINS and HOMA-IR. Data are shown as 
mean ± SD. ****p < 0.001vs Control group; #p < 0.05, ##p < 0.01, ####p < 0.0001 vs. HFD group; &p < 0.05, &&p < 0.01,&&&p < 0.0001, &&&&p < 0.0001vs GNC-H group
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Fig. 6  GNC effectively improved the ovarian function in IR-induced DOR mice. (A-D) Vaginal smears of different estrous cycles. A: Proestrus, B:Estrus; 
C:Metaoestrus; D:Dioestrus. (E-H) Follicle morphology at different stages. E:★primordial follicle; F:★primary follicle; G★antral follicle, secondary follicle; 
H:★corpus luteum. (I) Estrus cycles; (J-M) Level FSH, LH, E2, AMH.(O) Total Follicle count of different stage. ***p < 0.001,****p < 0.0001vs Control group; 
#p < 0.05, ##p < 0.01, ####p < 0.0001 vs. HFD group; &p < 0.05, &&&&p < 0.0001 vs. GNC-H group
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Fig. 7  GNC regulated the estrogen signaling pathway in IR-induced DOR mice. (A) mRNA expression of key genes involved in estrogen signaling: AKT1, 
ESR1, ESR2, EGFR, SRC, MAPK3, CTNNB1, ERBB2. (B) Western blot analysis of protein expression levels of p-AKT1, p-ESR1, and p-ESR2 in ovarian tissue. (C) 
Immunofluorescence staining showing enhanced expression of AKT1, ESR1, and ESR2 in GNC-treated ovarian tissues. Statistical significance: **p < 0.01, 
***p < 0.01 vs Control group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs HFD group
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detected, with icariin from epimedium and berberine 
from Coptis standing out for their insulin-sensitizing 
and anti-inflammatory properties [24, 25]. In nega-
tive ion mode, peaks corresponding to organic oxy-
gen compounds, including phenolic acids and lignans, 
were identified. Phenolic acids are well-known for their 
antioxidant and anti-inflammatory effects, while lig-
nans contribute to metabolic regulation and hormonal 
balance [26]. These findings suggest that the bioactive 
compounds in GNC target multiple biological path-
ways, including insulin sensitivity, inflammation, and 
oxidative stress, all of which are crucial for improving 
insulin resistance and ovarian health. Furthermore, 
the UPLC-Q-TOF-MS/MS analysis of blood plasma 
after GNC administration confirmed the absorption of 
these active components into the bloodstream, validat-
ing their bioavailability and systemic effects. Among 
the key compounds identified, icariin, a flavonoid from 
Epimedium, plays a critical role in improving glucose 
metabolism by modulating key signaling pathways, such 
as AMPK and PI3K/Akt [27, 28]. Similarly, berberine, 
an alkaloid from Coptis, has been extensively studied 
for its ability to enhance insulin sensitivity, regulate glu-
cose metabolism, and reduce inflammatory cytokines, 
contributing to the management of IR [29]. Addition-
ally, paeoniflorin, a compound extracted from Paeonia 
lactiflora, has demonstrated the ability to reduce oxi-
dative stress and promote granulosa cell proliferation, 
thus improving ovarian function and mitigating the 
detrimental effects of oxidative damage to the ovaries 
[30]. Together, these compounds contribute to GNC’s 
holistic approach in managing insulin resistance and 
improving ovarian health, offering a multi-target strat-
egy for treating IR-induced DOR.

The results from network pharmacology further elu-
cidated the molecular mechanisms by which GNC 
improves IR and restores DOR. Using bioinformatics 
tools, we identified key molecular targets and signaling 
pathways likely involved in GNC’s therapeutic effects. 
The GO and KEGG pathway enrichment analyses fur-
ther highlighted the importance of estrogen signaling, 
supporting the hypothesis that GNC exerts its effects 
through modulation of ESR1 and ESR2. Previous experi-
mental findings have confirmed that GNC can protect 
hippocampal neurons in rats by promoting ESR2 and 
influencing the PI3K/AKT signaling pathway [31]. To 

validate the findings from network pharmacology, we 
established a high-fat diet-induced IR and DOR mouse 
model. Metformin, a recognized insulin sensitizer, was 
used as a positive control. The experimental results 
showed that GNC effectively improved insulin sensitivity 
and restored ovarian function in IR-induced DOR mice. 
Notably, GNC demonstrated comparable or even supe-
rior efficacy to metformin, despite a significantly lower 
dosage. This can be attributed to the multi-target and 
multi-pathway nature of TCM. Unlike metformin, which 
mainly targets insulin resistance, GNC addresses mul-
tiple biological pathways, including insulin sensitivity, 
inflammation, oxidative stress, and estrogen signaling, 
contributing to a more comprehensive regulation of both 
metabolic and reproductive health. This broader action 
is particularly beneficial in treating IR-induced DOR, 
where insulin resistance and ovarian dysfunction are 
intertwined. The holistic and synergistic effects of GNC 
offer significant advantages over metformin, providing a 
more integrated therapeutic approach to improving insu-
lin resistance and ovarian function, especially at a lower 
dosage. These findings support the potential of GNC as 
a promising alternative to conventional therapies for IR-
induced DOR.

While this study provides valuable insights into the 
therapeutic potential of GNC, several limitations should 
be addressed in future research. First, the experimental 
validation of GNC’s bioactive compounds was primar-
ily carried out using animal models, which may not fully 
replicate the complexities of human physiology. There-
fore, clinical trials involving human subjects are essential 
to confirm the efficacy and safety of GNC in treating IR 
and DOR. Second, although the UPLC-Q-TOF-MS/MS 
analysis provided valuable data on the bioactive com-
pounds absorbed into the bloodstream, this study repre-
sents preliminary data. Further studies should focus on 
comparing these results with known standards to iden-
tify the drug metabolism processes of the active ingre-
dients more comprehensively. Additionally, the current 
study primarily examined the metabolic components 
of GNC in the blood, while ovarian tissue analysis was 
not included. Future research should incorporate high-
throughput detection of these bioactive components in 
ovarian tissue to provide a more thorough understand-
ing of how GNC modulates ovarian reserve at the cellular 
and molecular levels.
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Conclusion
In summary, this study elucidates the molecular mecha-
nisms by which GNC enhances insulin sensitivity and 
mitigates IR-induced DOR. GNC activates estrogen sig-
naling and the PI3K/AKT pathway, thereby enhancing 

insulin sensitivity, promoting follicular development, and 
restoring ovarian function (Fig. 8). These findings estab-
lish a solid foundation for subsequent clinical research 
and underscore the potential of GNC as an innovative 
therapeutic strategy for addressing IR-induced DOR.

Fig. 8  Molecular mechanism of GNC against IR-induced DOR. (A) Key targets involved in the estrogen signaling pathway. (B) Schematic of the therapeu-
tic effects of GNC in regulating insulin sensitivity and promoting ovarian function
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