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Abstract. Epimedium can be used to treat neurodegen‑
erative diseases. Flavonol glycosides are the major bioactive 
compounds within Epimedium extract, including icariin and 
Epimedin C, which is found at the highest concentration 
among all flavonol glycosides. The present study aimed to 
explore the potential pharmacological mechanisms by 
which Epimedin C prevents neurodegenerative diseases. 
The present study first identified the active ingredients in 
Epimedium by performing ultra‑high performance liquid 
chromatography‑quadrupole‑Exactive Orbitrap high reso‑
lution mass spectrometry (UHPLC‑Q‑Exactive Orbitrap 
HRMS). Subsequently, its potential mechanism in preventing 
neurodegenerative diseases was explored by combining the 
identification results with network pharmacological analysis 
(using Alzheimer's disease as an example). Subsequently, the 
optimal concentration of Epimedin C for the intervention of 
PC12 cells was screened using Cell Counting Kit‑8 (CCK‑8). 
PC12 cells were divided into the following groups: Normal 
control, H2O2 (150 µM for 4 h), or 24 h pretreatment with either 
17β‑estradiol (1 nM) or Epimedin C (1, 5 and 10 µM) followed 
by exposure to H2O2 (150 µM for 4 h). Lactate dehydrogenase 
was measured to detect the cytotoxicity of each group under 
different intervention methods, and malondialdehyde and 
reactive oxygen species assay kits were employed to detect 
the oxidative stress (OS) of each group of cells. Subsequently, 
the apoptosis levels of each group were evaluated by flow 
cytometry and TUNEL staining. Transmission electron 
microscopy and JC‑1 were adopted to evaluate the mitochon‑
drial function of cells. Subsequently, according to network 

pharmacological analysis, western blotting was performed 
to detect the protein levels of JNK, phosphorylated (p)‑JNK, 
nuclear factor erythroid 2‑related factor 2 (Nrf2), heme 
oxygenase‑1 (HO‑1), Bcl‑2 and Bax in cells. Finally, to further 
verify whether Epimedin C mediates the JNK pathway, the 
JNK agonist anisomycin was added to the PC12 cells after 
H2O2 intervention and after H2O2 combined with Epimedin C 
intervention. The differences in protein levels in PC12 cells 
under different intervention methods were then compared. The 
CCK‑8 results showed that cells treated with Epimedin C at 
concentrations of 1, 5 and 10 µM had improved cell survival 
rates compared with other concentrations. When compared 
with the control group, the H2O2‑induced group displayed 
severe OS damage and a significantly increased incidence 
of apoptosis. By contrast, after intervention with Epimedin 
C, the OS damage in PC12 cells was markedly inhibited and 
mitochondrial apoptosis was evidently decreased. Among the 
concentrations, 10 µM Epimedin C had a more notable effect. 
Through UHPLC‑Q‑Exactive Orbitrap HRMS plus network 
pharmacological analysis, 108 shared targets (with Alzheimer's 
disease) were enriched, and the top 20 core genes included 
BCL2, APP and JUN. The results of Gene Ontology and Kyoto 
Encyclopedia of Genes and Genomes analyses revealed that 
the common targets were closely related to apoptosis. The 
results of the western blot double validation experiment also 
confirmed that the JNK pathway was significantly activated 
in PC12 cells exposed to H2O2, and that Epimedin C can 
inhibit JNK phosphorylation. Notably, western blotting results 
showed that compared with in the H2O2 group, after interven‑
tion with Epimedin C, p‑JNK was significantly downregulated, 
Nrf2 and HO‑1 were significantly upregulated, BAX was 
significantly downregulated and Bcl‑2 was upregulated. In 
conclusion Epimedin C may improve OS in PC12 cells, exert 
neuroprotective effects and reduce apoptosis by inhibiting 
JNK phosphorylation and activating Nrf2/HO‑1. Epimedin C 
may thus be considered a potential candidate neuroprotective 
agent for preventing neurodegenerative diseases.

Introduction

Neurodegenerative diseases can result in the gradual loss of 
neuronal function or structure in the central nervous system 
(CNS), and include Alzheimer's disease (AD) and motor 
neuron disease (1). A pathological feature of these diseases is 
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the abnormal deposition of proteins, such as amyloid β (Aβ) 
and tau, in the brain and spinal cord (2). Various neurode‑
generative diseases display specific differences, but they all 
exhibit common clinical features; namely, the progressive 
loss of cognitive function, motor coordination deficits and 
various symptoms resulting from the loss of specific neuronal 
groups  (3). Neurodegenerative diseases affect millions of 
individuals worldwide (4). The prevalence and mortality rates 
have also shown a growing trend over time, and these diseases 
are considered one of the main threats to personal and social 
well‑being  (4). Oxidative stress (OS) serves an important 
role in the pathogenesis of neurodegenerative diseases (5,6). 
The CNS is particularly susceptible to OS because of its 
high oxygen utilization rate and large polyunsaturated fatty 
acid contents (7). Therefore, the antioxidant inhibition of OS 
is considered a therapeutic strategy for neurodegenerative 
diseases due to its ability to neutralize reactive oxygen species 
(ROS), which is of therapeutic relevance for reducing the 
progression of OS.

Neurodegenerative diseases have become one of the 
largest health problems worldwide, and there is still a shortage 
of appropriate treatment methods  (8). Traditional Chinese 
medicine (TCM) displays multi‑component and multi‑target 
characteristics, providing a promising method for preventing 
neurodegenerative diseases (9). The compounds and extracts 
derived from TCM, such as evodiamine from Tetradium 
ruticarpum and ginsenoside compound K from Panax ginseng, 
have received widespread attention due to their possible 
applications as therapeutic agents for AD and Parkinson's 
disease (10). In clinical practice, TCM has been extensively 
utilized for treating age‑related conditions, including memory 
loss and cognitive decline  (11,12). Furthermore, bioactive 
compounds in plants, such as genipin from Gardenia jasmi‑
noides fruit extract, had been proven to possess the ability 
to prevent and stop the progression of AD and Parkinson's 
disease (8). They can regulate crosstalk between pathways 
through multiple targets, thus improving chronic inflammatory 
interactions and inhibiting OS damage (13). The leaves, stems 
and rhizomes of Epimedium, also known as barrenwort, can be 
used as therapeutic drugs (14). Pharmacological studies have 
shown that Epimedium can markedly regulate and improve 
the human immune system, and the chemicals in Epimedium 
have great potential as plant drugs for guarding against and 
treating chronic diseases such as AD (15,16). Notably, >260 
compounds have been extracted from Epimedium (16), and 
research has suggested that the compound icariin possesses 
strong neuroprotective properties and has the potential as a 
drug for preventing neurological disorders such as AD (17). 
However, the main bioactive chemicals and their specific 
mechanisms that exert antioxidative, anti‑aging and neuropro‑
tective effects in Epimedium still require further exploration.

The median effect concentration value of Wushanicaritin 
in PC12 cells is 3.87 µM, making it a promising neuropro‑
tective agent  (16). In addition, Wushanicaritin has been 
shown to maintain mitochondrial activity and the enzymatic 
antioxidant defense system, demonstrating marked intercel‑
lular antioxidant and neuroprotective effects (16). Epimedin 
C was used as the indicator component in the quality control 
for assessing the quality of Wushan Epimedium in the 
Chinese Pharmacopoeia (2020 edition) (18). A previous study 

confirmed that total flavonoids of Epimedium can prevent 
dopaminergic neuron death and cellular neurotoxicity in vivo 
and in vitro, exerting neuroprotective effects (19). Epimedin C 
is a triterpenoid component extracted from the water extract of 
Epimedium, containing high levels of flavonol glycosides (20). 
The chemical structure of Epimedin C is similar to that of 
icariin, indicating that they may have similar pharmacological 
effects (21). Moreover, Epimedin C has been reported to exert 
anti‑inflammatory properties (21), and to have potential thera‑
peutic efficacy in angiogenesis, antioxidant damage and the 
inhibition of apoptosis (22). However, it is currently unclear 
whether Epimedin C can reduce neuronal cell apoptosis 
by inhibiting oxidative damage, thereby preventing and/or 
treating neurodegenerative diseases such as AD.

The PC12 rat adrenal pheochromocytoma cell line is 
often adopted as a model neuron‑like cell line and applied to 
study neurodegenerative diseases (23). Exogenous H2O2 can 
trigger OS damage and cause apoptosis of PC12 cells (24). 
Our previous research indicated that Tiaogeng Decoction 
(TGD) may be a potential therapeutic agent for the treatment 
of neurodegenerative diseases, as it is involved in mediating 
the nuclear factor erythroid 2‑related factor 2 (Nrf2) and JNK 
pathways (25). Notably, TGD comprises 10 TCMs, including 
Epimedium. A core component of neuronal response to 
ROS is the activation of JNK  (26); JNK belongs to the 
mitogen‑activated protein kinase (MAPK) family, and JNK 
phosphorylation is associated with diverse apoptotic transcrip‑
tion factors (27). Nrf2 participates in maintaining cellular 
redox homeostasis and regulating the inflammatory response 
of the body, and Nrf2 activation has a cellular protective effect 
on neurodegenerative diseases (28). Heme oxygenase‑1 (HO‑1) 
serves as a protective protein during the OS response (29). 
Nrf2/HO‑1 pathway activation accelerates the upregulation 
of antioxidant and cell protective genes, thereby reducing 
OS and inflammatory damage (30). Ultra‑high performance 
liquid chromatography‑quadrupole‑Exactive Orbitrap high 
resolution mass spectrometry (UHPLC‑Q‑Exactive Orbitrap 
HRMS) can be utilized to rapidly identify complex compound 
mixtures in plants (31). The present study aimed to assess the 
active ingredients of Epimedium using UHPLC‑Q‑Exactive 
Orbitrap HRMS. In addition to mass spectrometry results, 
network pharmacological analysis was performed to explore 
whether Epimedin C mediated the JNK/Nrf2/HO‑1 pathway, 
and prevented the H2O2‑related OS damage and apoptosis of 
PC12 cells. Moreover, the present study aimed to clarify the 
possible effect of Epimedin C on managing neurodegenerative 
diseases.

Materials and methods

Identification of chemical components in Epimedium by 
UHPLC‑Q‑Exactive Orbitrap HRMS. In our previous 
research, UHPLC‑Q‑Exactive Orbitrap HRMS analysis was 
conducted on TGD (11). By comparing and analyzing the 
chemical composition of each herb detected in the viscera 
and serum of rats after oral administration of TGD, the 
effective chemical components of each TCM that worked 
in the formula were explored. Epimedium is an impor‑
tant component of TGD. A total of 250  mg Epimedium 
sample (Sichuan Neo‑Green Pharmaceutical Technology 
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Development Co., Ltd.) was taken and placed in a 2ml 
centrifuge tube. Thereafter, 20% methanol (4 ml) was added 
for centrifugation (4˚C, 10,000 x g, 15 min). Subsequently, 
200 µl supernatant was taken as the experimental sample. 
Chromatographic separation was implemented through a 
Waters ACQUITY UPLC BEH C18 column (2.1x100 mm, 
1.7 µm; Waters Corporation) at a column temperature of 
40˚C. The mobile phase included two solvents; mobile phase 
A consisted of methanol whereas mobile phase B comprised 
a 0.1% formic acid aqueous solution. Elution was completed 
according to the following schedule: 4% A from 0 to 4.0 min, 
4‑12% A at 4.0‑10.0 min, 12‑70% A at 10.0‑30.0 min, 70‑95% 
A at  30.0‑35.0  min, 95% A at  35.0‑38.0  min, and 4% A 
at 42.0‑45.0 min. The flow rate was 0.3 ml/min and the injec‑
tion volume was 2 µl. The resolution was 70,000 full width at 
half maximum and the cumulative time was 300 msec. Data 
collection and analysis of the results of UHPLC‑Q‑Exactive 
Orbitrap HRMS analysis (Thermo Fisher Scientific, Inc.) 
were performed using Xcalibur 4.1 software (Thermo Fisher 
Scientific, Inc.).

Network pharmacological analysis: Target prediction 
of Epimedium for improving AD. Drug targets were 
retrieved using the key word ‘Epimedium’ in the TCM 
systems pharmacology (TCMSP) (https://www.91tcmsp.
com/), SwissTarget (http://swisstargetprediction.ch/), 
PharmMapper (http://lilab‑ecust.cn/pharmmapper/) and 
HERB databases (http://herb.ac.cn/), utilizing the criteria 
oral bioavailability ≥30% and drug similarity ≥0.18. 
Subsequently, with ‘Alzheimer's disease’ being used as the 
key word, drug targets were searched in the GeneCards 
(https://www.genecards.org/), DisGeNet (https://disgenet.
com) and Online Mendelian Inheritance In Man (OMIM) 
databases (https://www.omim.org/), and Venn diagrams 
(http://bioinformatics.psb.ugent.be/webtools/Venn/) were 
used to screen and generate overlapping targets between 
diseases and drugs. The ‘drug disease target’ was visualized 
with Cytoscape 3.8.2 (https://cytoscape.org/download.html), 
while common targets of drugs were imported in STRING 
database (https://string‑db.org/) for protein‑protein inter‑
action (PPI) analysis. In the PPI network, proteins were 
denoted by nodes, whereas protein interactions were signi‑
fied by edges. Nodes of various colors and sizes represented 
diverse degree values, and larger nodes and darker red 
colors declared greater degree values and more important 
targets. Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analyses were 
performed on the top 20 core targets in Metascape database 
(https://metascape.org/gp/index.html). Subsequently, the 
exported clustering network was sorted in accordance with 
the P‑value using R 4.1.2 (https://www.r‑project.org/) and a 
bubble chart was generated.

Chemicals and reagents. Epimedin C was supplied 
by Chengdu Biopur ify Phytochemicals Ltd. (CAS 
no. 110642‑44‑9), and its purity was detected by HPLC‑Diode 
Array Detection to be 95‑99%. In addition, 17β‑estradiol 
(17β‑E2) was provided by Sigma‑Aldrich; Merck KGaA 
(cat. no. E2758). All samples were stored in the laboratory 
at 4˚C for future use.

Modeling and intervention. PC12 cells were obtained from 
The Cell Bank of Type Culture Collection of The Chinese 
Academy of Sciences and were cultured in the Dulbecco's 
Modified Eagle medium (cat. no. C11995500BT; Gibco; Thermo 
Fisher Scientific Inc.) with 10% FBS (cat. no. 10099‑141C; 
Gibco; Thermo Fisher Scientific Inc.) at 37˚C and 5% CO2. The 
compound 17β‑E2 can be produced in the brain and it partici‑
pates in regulating the reproductive axis (32). In addition, it 
can act on synaptic plasticity, and improve neural pathways 
and neurodegenerative diseases (32‑34). Therefore, the present 
study used 17β‑E2 in the positive control group. PC12 cells 
were classified into the normal control, H2O2 model, 17β‑E2 
and Epimedin C (1, 5 and 10 µM) groups. A concentration of 
150 µM H2O2 (25) (cat. no. 7722‑84‑1; Sigma‑Aldrich; Merck 
KGaA) was applied for 4 h at 37˚C and 5% CO2 to induce OS 
within PC12 cells in the model and treatment groups. A total 
of 24 h before H2O2 treatment, Epimedin C (1, 5 and 10 µM) 
was introduced into the TCM groups, whereas 17β‑E2 (1 nM) 
was added into the positive control group for 24 h at 37˚C and 
5% CO2. To determine whether the JNK pathway affected 
Epimedin C‑induced Nrf2 activation, PC12 cells from the 
model and treatment groups were also treated with the JNK 
agonist anisomycin (5 µM; cat. no. S7409; Selleck Chemicals). 
Following 4 h of H2O2 treatment, the culture medium was 
removed, and the cells were further incubated with anisomycin 
for 24 h at 37˚C and 5% CO2.

Cell viability and toxicity assays. The cultured cells were 
digested, centrifuge at  1,200  x  g for 5  min at  25˚C and 
counted. Subsequently, cells (2x104/well) were seeded into a 
96‑well plate and were cultured for 12 h under 37˚C, 5% CO2 
and 90% humidity conditions. The cells were then treated with 
different concentrations of Epimedin C (0‑160 µM) for 24 h 
at 37˚C and 5% CO2. Subsequently, cell viability was assessed 
according to the instructions of the Cell Counting Kit‑8 
(cat. no. GK3607; Gen‑View Scientific Inc.) and the optimal 
drug administration concentration was screened. In addi‑
tion, according to the manufacturer's instructions, a lactate 
dehydrogenase (LDH) detection kit (cat. no. C0016; Beyotime 
Institute of Biotechnology) was used to assess the cytotoxicity 
of Epimedin C at different concentrations (0‑160  µM) to 
evaluate their safety. Six replicates were set for each sample 
and the absorbance was measured at 450 nm for the CCK‑8 
assay and at 490 nm for the LDH assay using a microplate 
reader (BioTek; Agilent Technologies, Inc.).

ROS and malondialdehyde (MDA) level measurements. 
The ROS assay kit (cat.  no. S0033; Beyotime Institute of 
Biotechnology) was adopted to detect cellular ROS levels. 
PBS was introduced to dilute DCFH‑DA to 10 µmol/l. After 
removing the culture medium, the diluted DCFH‑DA at 10 µM 
was added and the cells were incubated for 20 min at 37˚C. 
The cells were then rinsed three times with PBS to thoroughly 
remove the DCFH‑DA that had not entered the cells. A micro‑
plate reader (BioTek; Agilent Technologies, Inc.) was adopted 
for testing ROS levels. The fluorescence was measured at an 
excitation wavelength of 485 nm and an emission wavelength 
of 525 nm.

The lipid peroxidation level in PC12 cells was evaluated 
using the MDA assay kit (cat. no. S0131S; Beyotime Institute 
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of Biotechnology). PC12 cells (1x104/well) were collected and 
lysed using RIPA lysis buffer (cat. no. P0013K; Beyotime 
Institute of Biotechnology). The cell lysate was then centri‑
fuged at 12,000 x g for 5 min at 4˚C to remove insoluble 
debris. Finally, the absorbance of the resulting supernatant 
was measured at 532 nm using a microplate reader. The MDA 
concentration in the samples was calculated based on a stan‑
dard curve prepared concurrently.

Transmission electron microscopy (TEM). The PC12 cells 
were scraped and digested into a cell suspension, and were 
immediately fixed with 2.5% glutaraldehyde in 0.1 M phos‑
phate buffer (pH 7.4) for 24 h at 4˚C. Following primary 
fixation, the cells were post‑fixed in 1% OsO4 tetroxide 
for 2 h at 4˚C, then dehydrated through a graded series of 
ethanol (50, 70, 90 and 100%). The dehydrated cells were 
embedded in epoxy resin. Ultrathin sections were cut using 
an ultramicrotome at a thickness of 70‑90 nm and collected 
on copper grids. The sections were then stained with 1% 
uranyl acetate at room temperature for 10  min, and the 
samples were observed using a Talos L120C transmission 
electron microscope (Thermo Fisher Scientific, Inc.) oper‑
ated at an accelerating voltage of 80‑120 kV. Digital images 
were acquired for analysis.

TUNEL analysis. After intervention with different groups of 
drugs, PC12 cells were immersed in 4% paraformaldehyde for 
30 min at 4˚C, after which the cells were rinsed three times 
with PBS and permeabilized using 0.1% Triton X‑100 for 
3 min at 25˚C. Subsequently, the TUNEL reaction solution 
(cat. no. C1170S; Beyotime Institute of Biotechnology) was 
added to the cells and incubated for 1 h in the dark at 37˚C. 
The cells were then rinsed with PBS and later subjected to 
nuclear counterstaining with DAPI (cat. no. C1006; Beyotime 
Institute of Biotechnology) at room temperature for 5 min. The 
number of TUNEL‑positive cells from five random regions in 
three individual samples was quantified using a fluorescence 
microscope (Ti‑E; Nikon Corporation), and TUNEL‑positive 
cell rate (%) was calculated as: TUNEL‑positive cell area/total 
cell area x100.

Flow cytometry. Flow cytometry was applied for the quan‑
titative analysis of apoptosis and mitochondrial membrane 
potential (MMP) in PC12 cells, using the CytExpert software 
(version 2.5; Beckman Coulter, Inc.) for analysis. The Annexin 
V‑FITC/PI cell apoptosis detection kit (cat. no. 556547; BD 
Biosciences) was utilized for detecting cell apoptosis. Briefly, 
cells (2x105/well) were harvested and resuspended in 400 µl 
binding buffer. Thereafter, Annexin V‑FITC and PI (5 µl each) 
were added and mixed, and the cells were incubated in the dark 
for 15 min at room temperature. Afterwards, flow cytometry 
(CytoFLEX SRT; Beckman Coulter Inc.) was used to analyze 
early and late apoptotic cell proportion.

The level of MMP can reflect the status of apoptosis. Briefly, 
the cells (2x105/well) were cultured in a 6‑well plate and rinsed 
once with PBS, Subsequently, 1 ml JC‑1 (cat.  no. C2006; 
Beyotime Institute of Biotechnology) staining solution was 
introduced, mixed sufficiently with the media and incubated 
at 37˚C in an incubator for 20 min. Afterwards, the superna‑
tant was discarded, and the sample was rinsed twice with JC‑1 

staining buffer (1X). An Altra flow cytometer (CytoFLEX 
SRT; Beckman Coulter Inc.) was used to verify the changes 
in MMP in each group of cells. The JC‑1 aggregates (healthy 
mitochondria) were detected in the PE channel (575 nm emis‑
sion), while the JC‑1 monomers (depolarized mitochondria) 
were detected in the FITC channel (530 nm emission). The 
ratio of the geometric mean fluorescence intensity (PE/FITC) 
was calculated to quantify the MMP.

Western blotting (WB). After treatment, PC12 cells were 
subjected to lysis with RIPA buffer that contained 1% PMSF 
(cat. no. ST506; Beyotime Institute of Biotechnology). The 
BCA protein detection kit (cat. no. P0011; Beyotime Institute 
of Biotechnology) was used to measure protein concentra‑
tion. Subsequently, PBS and 4X loading buffer were added 
according to protein concentration, mixed evenly and boiled 
at 95˚C for 10 min. Proteins (20 µg/lane) were separated by 
SDS‑PAGE on 10% gels and were then transferred to poly‑
vinylidene fluoride membranes (cat. no. ISEQ00010; Merck 
KGaA). After blocking for 1 h at room temperature in 5% BSA 
(Beyotime Institute of Biotechnology), the membranes were 
subjected to primary antibody incubation overnight at 4˚C 
using antibodies against: GAPDH (1:1,000; cat. no. 5174; CST 
Biological Reagents Co., Ltd.), JNK (1:1,000; cat. no. 9252; 
CST Biological Reagents Co., Ltd.), phosphorylated (p)‑JNK 
(1:1,000; cat. no. 4668; CST Biological Reagents Co., Ltd.), 
HO‑1 (1:1,000; cat. no. 43966; CST Biological Reagents Co., 
Ltd.), Bcl‑2 (1:1,000; cat. no. 2870; CST Biological Reagents 
Co., Ltd.), Bax (1:1,000; cat.  no.  14796; CST Biological 
Reagents Co., Ltd) and Nrf2 (1:500; cat.  no.  ab137550; 
Abcam). The next day, the membranes were washed six 
times with TBS‑0.01% Tween and were incubated with a 
HRP‑conjugated Goat Anti‑Rabbit IgG (H+L) secondary 
antibody (1:10,000; cat. no. 33101ES60; Shanghai Yeasen 
Biotechnology Co., Ltd) at room temperature for 1 h. After 
incubation, the membranes were washed six times with 
TBST. Subsequently, the membranes were visualized using 
Omni‑ECL (Epizyme; Ipsen Pharma). The gel imaging 
system (Chemiscope6300; Clinx Science Instruments Co., 
Ltd.) was used for imaging and semi‑quantification was 
performed using ImageJ (version 1.6.0; National Institutes 
of Health).

Statistical analysis. Data are presented as the mean ± SD. 
Unpaired Student's t‑tests were used for pairwise compari‑
sons between two groups. For comparisons across more than 
two groups, the homogeneity of variances was first assessed 
using Levene's test. Following a significant Levene's test 
(P<0.05) which indicated heterogeneity of variances, a 
Welch's ANOVA was conducted in place of the standard 
one‑way ANOVA. Post hoc comparisons against the control 
or H2O2 group were then performed using Dunnett's T3 
test to account for the unequal variances. In cases where 
Levene's test was not significant (P>0.05), indicating 
homogenous variances, a standard one‑way ANOVA was 
performed, followed by Bonferroni's post hoc test for all 
comparisons against the control or H2O2 group. GraphPad 
Prism version  9.3 (Dotmatics) was employed for data 
analysis. P<0.05 was considered to indicate a statistically 
significant difference.
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Results

Identification of active ingredients and potential targets of 
Epimedium. Comparing the active ingredients in TGD that can 
enter the bloodstream, as identified by UHPLC‑Q‑Exactive 
Orbitrap HRMS in our previous study (11), a total of 20 active 
ingredients in Epimedium that could enter the rat bloodstream 
and exert their effects were identified, including Epimedin 
C, Epimidin B and others (Table I). The total ion chromato‑
grams of active ingredients within Epimedium compound are 
displayed in Fig. 1.

To compensate for the lack of recent updates in drug 
databases, which may result in incomplete inclusion of 
components, network pharmacological analysis (using AD as 
an example) was conducted in conjunction with MS. Using 
‘Epimedium’ as the key word, and oral bioavailability ≥30% 
and drug similarity ≥0.18 as the screening criteria in TCMSP, 
SwissTarget, PharmMapper and HERB databases, a total of 23 
components of Epimedium were obtained, and 379 drug targets 
were retrieved. Using ‘Alzheimer's disease’ as the key word, a 
total of 1,165 drug targets were obtained from the GeneCards, 
DisGeNet and OMIM databases after deduplication. Based on 
the Venn diagram, 108 common targets of Epimedium and AD 
were identified (Fig. 2).

Preventive effect of Epimedin C on H2O2‑induced oxida‑
tive damage in PC12 cells. H2O2 stimulation can cause OS 

damage, leading to apoptosis or necrosis in PC12 cells (35,36). 
Except for the control group, all the other groups of PC12 
cells were exposed to 150 µM H2O2 treatment for 4 h for 
modeling OS (25). Before treatment with H2O2, these cells 
were pretreated with 0‑160 µM Epimedin C (Fig 3A) for 24 h 
to evaluate the protective effects of Epimedin C on PC12 cells 
and to identify its optimal concentration range for improving 
OS status (Fig.  3B). The results showed that 0‑80  µM 
Epimedin C pretreatment in PC12 cells did not have an effect 
on the viability of PC12 cells compared with the control. 
Among these concentrations, Epimedin C at concentrations of 
1, 5 and 10 µM had an improved cell survival rate than other 
concentrations; however, this was not statistically significant. 
Therefore, the concentrations of 1, 5 and 10 µM were used for 
subsequent experiments. Relative to the OS model group, after 
24 h of intervention with 17β‑E2 and Epimedin C, the viability 
of PC12 cells was significantly improved (Fig. 3C). Among 
them, the cell survival rate significantly rose in a dose‑depen‑
dent manner in response to pretreatment with 1, 5 and 10 µM 
Epimedin C. LDH analysis was applied to detect the toxicity 
of different treatments on PC12 cells in each group; according 
to the results, relative to the control group, the H2O2‑induced 
group showed a significant increase in LDH release (Fig. 3D). 
Alternatively, the cells pretreated with Epimedin C and 17β‑E2 
displayed a significant decrease in LDH secretion and cytotox‑
icity compared with those in the H2O2‑induced group. These 
comprehensive results indicated that intervention with 10 µM 

Table I. Identification of active ingredients in Epimedium that can enter the bloodstream.

		  Precursor	 Measured	 Calculated	 Error,		
Number	 RT, min	 ion	 mass, Da	 mass, Da	 ppm	 Formula	 Identification

  1	 12.24	 (M‑H)‑	 337.09348	 337.09179	 1.793	 C16H18O8	 3‑O‑p‑coumaroylquinic acid
  2	 16.09	 (M‑H)‑	 479.08377	 479.08201	 0.987	 C21H20O13	 Isoyangmei bark glycoside
  3	 16.45	 (M‑H)‑	 447.09393	 447.09218	 1.235	 C21H20O11	 Trifolin
  4	 18.38	 (M‑H)‑	 464.09064	 463.08710	 6.321	 C21H20O12	 Hyperin
  5	 21.34	 (M‑H)‑	 576.17704	 577.15518	 0.163	 C27H30O14	 Kaempferitrin
  6	 22.94	 (M‑H)‑	 465.23335	 465.21190	 ‑1.173	 C24H34O9	� (4‑(β‑D‑glucopyranosyloxy)‑2,6‑bis(3‑

methyl‑2‑buten‑1‑yl)phenyl)(hydroxy)
acetic acid

  7	 23.39	 (M‑H)‑	 677.2199	 677.20761	 2.394	 C32H38O16	 Hexandraside E
  8	 24.03	 (M‑H)‑	 678.21332	 678.20761	 0.032	 C32H38O16	 Epimedium B
  9	 25.6	 (M‑H)‑	 661.21472	 661.21269	 1.960	 C32H38O15	 Epimedium A
10	 25.95	 (M‑H)‑	 807.27338	 807.27060	 0.166	 C38H48O19	 Epimidin B
11	 26.06	 (M‑H)‑	 691.22565	 691.22326	 2.223	 C33H40O16	 Anhydroicaritin‑3,7‑di‑O‑glucoside
12	 28.95	 (M‑H)‑	 515.15625	 515.15478	 0.237	 C26H28O11	 Epimedin C
13	 29.55	 (M‑H)‑	 675.23077	 675.22834	 2.342	 C33H40O15	 Baohuoside VII
14	 29.94	 (M‑H)‑	 645.22003	 645.21778	 2.636	 C32H38O14	 Sagittatoside B
15	 30.47	 (M‑H)‑	 529.17163	 529.17043	 0.287	 C27H30O11	 Baohuoside C
16	 30.47	 (M‑H)‑	 721.23596	 721.23382	 3.895	 C34H42O17	 Icariin
17	 32.88	 (M‑H)‑	 529.17194	 529.17043	 0.060	 C27H30O11	 Icariin I
18	 34.36	 (M‑H)‑	 631.20447	 631.20213	 0.132	 C31H36O14	 Icariin F
19	 34.71	 (M‑H)‑	 499.16156	 499.15987	 0.454	 C26H28O10	 Icariside
20	 39.09	 (M‑H)‑	 513.18706	 513.17552	 ‑0.338	 C27H30O10	 Baohuoside I

RT, retention time; ppm, parts per million.
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Epimedin C had the best therapeutic efficacy in PC12 cell 
survival and the least toxic side effects.

MDA and ROS levels. MDA and ROS are involved in 
producing OS free radicals and are key indicators for 
measuring oxidative and antioxidant capacity (37,38). The 
results of the present study revealed that relative to the 
control group, MDA and ROS contents in PC12 cells induced 
by H2O2 were significantly increased (Fig. 3E and F). In 
cells that had been pretreated with 17β‑E2 or 1, 5 and 10 µM 
Epimedin C, the MDA and ROS contents were reduced to 
varying degrees compared with those in the H2O2 group, 
indicating that Epimedin C is beneficial for alleviating the 
OS status of PC12 cells. Notably, 10 µM Epimedin C was the 
most effective concentration.

Figure 1. Total ion chromatograms in (A) negative and (B) positive ion modes of Epimedium identified by ultra‑high performance liquid chromatography‑quad‑
rupole‑Exactive Orbitrap high resolution mass spectrometry.

Figure 2. Venn diagram. Intersection targets of Epimedium and Alzheimer's 
disease.
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Epimedin C can inhibit the H2O2‑mediated apoptosis of PC12 
cells. OS can induce cell apoptosis associated with increased 
ROS production and decreased MMP levels (39). Therefore, the 
cells were stained with Annexin V‑FITC and PI, and the apop‑
tosis rate was measured using flow cytometry (Fig. 4A and B). 
The present results showed that, after treatment with 150 µM 

H2O2 for 4 h, the PC12 cell apoptosis rate was significantly 
increased. By contrast, intervention with Epimedin C resulted 
in a decline in apoptosis rate compared with that in the H2O2 
group, suggesting that Epimedin C can inhibit cell apoptosis.

A reduction in MMP represents a hallmark event during 
early cell apoptosis, which is evident by the transition of 

Figure 3. Epimedin C improves PC12 cell viability and protects against oxidative damage (A) Molecular structure of Epimedin C. (B) Comparison of cell 
viability of PC12 cells treated with different concentrations of Epimedin C. (C) Cell viability of PC12 cells in response to different intervention measures. 
Comparison of (D) LDH release, (E) MDA contents and (F) ROS levels in PC12 cells among the different treatment groups. Data are presented as the 
mean ± SD from six replicates. ##P<0.01 vs. control group; *P<0.05, **P<0.01 vs. H2O2 group. 17β‑E2, 17β‑estradiol; LDH, lactate dehydrogenase; MDA, 
malondialdehyde.
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JC‑1 from red fluorescence to green fluorescence (40). To 
further evaluate the apoptosis status of each group of cells, 
the MMP loss within H2O2‑treated PC12 cells was observed 
through JC‑1 staining. As shown in Fig. 4C and D, the MMP of 
H2O2‑treated PC12 cells was decreased, whereas pretreatment 
with Epimedin C (1, 5 and 10 µM) resulted in a dose‑dependent 
improvement in MMP, with varying degrees of upregulation.

TUNEL staining can be conducted to detect apoptotic cells 
with large amounts of DNA degradation during the late stage 
of apoptosis (41). Therefore, TUNEL staining was performed 
on each group of cells in the current study (Fig. 5A). The 
results of the TUNEL assay revealed that relative to the control 
group, following H2O2 induction modeling, the apoptosis of 
PC12 cells in the model group (level of red fluorescence) was 
significantly increased (Fig. 5B). Relative to the model group, 
after drug intervention, the apoptosis rates of PC12 cells in the 
17β‑E2 and Epimedin C groups were significantly improved. 

The degree of apoptosis was ameliorated to varying degrees 
in response to different concentrations of Epimedin C, with 
the largest improvement observed in the 10 µM Epimedin C 
group.

Ultrastructural changes of PC12 cells. Within the present 
study ultrastructural changes of PC12 cells in each group was 
observed using TEM (Fig. 6). Under physiological conditions, 
the mitochondria are present with prominent cristae and intact 
membranes (42). The control group cells had clear nuclear 
membranes and uniform chromatin. After H2O2 induction, 
marked mitochondrial damage was observed in PC12 cells, 
evident as mitochondrial membrane rupture and chromatin 
condensation, accompanied by vacuolization. As aforemen‑
tioned, 10 µM Epimedin C had the largest effect on improving 
H2O2‑mediated OS damage to PC12 cells. Accordingly, TEM 
was performed on PC12 cells treated with 10 µM Epimedin 

Figure 4. Flow cytometric analysis of apoptosis and MMP changes in PC12 cells (A) Apoptosis rate of each group of cells was detected by flow cytometry; cell 
populations stained with Annexin V‑FITC and PI (quadrants 2 and 3) indicated apoptotic cells. (B) Summary of comparisons of apoptosis between groups. 
(C) JC‑1 staining: Determination of MMP in each group of cells using flow cytometry. (D) MMP was determined by red/green fluorescence ratio. Data are 
presented as the mean ± SD from three replicates. ##P<0.01 vs. control group; **P<0.01 vs. H2O2 group. 17β‑E2, 17β‑estradiol; MMP, mitochondrial membrane 
potential.
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C to detect ultrastructural changes. The results indicated that 
treatment with 10 µM Epimedin C could inhibit mitochondrial 
damage and alleviate mitochondrial swelling in PC12 cells, 
indicating that 10 µM Epimedin C can improve oxidative 
damage and inhibit cell apoptosis.

Roles of Epimedin C in activating the JNK/Nrf 2/
HO‑1 pathway within H2O2‑mediated PC12 cells. The 
‘drug‑disease‑target’ network was visualized with Cytoscape 
3.8.2 software, and common targets between drugs 
(Epimedium) and diseases (AD) were imported in STRING 
database for PPI analysis. The PPI results included 110 nodes 
and 2,102 edges (Fig. 7A and B). Thereafter, the top 20 core 
genes of Epimedium for treating AD were screened using 
R language (R 4.1.2), including BCL2, APP, JUN, CASP3, 
ESR1, IL1B and TNF. The top 20 core targets underwent GO 
analysis in Metascape database. As a result, the shared targets 
were involved in various GO biological processes (Fig. 7D), 
including ‘positive regulation of apoptotic process’, ‘regulation 
of apoptotic signaling pathway’, ‘regulation of inflammatory 

response’ and ‘cellular response to nitrogen compound’. 
Moreover, the GO molecular functional results (Fig. 7E) showed 
that the shared targets involved in ‘DNA‑binding transcription 
factor binding’, ‘cytokine receptor binding’, ‘protease binding’ 
and ‘protein kinase binding’. While GO cellular component 
results (Fig. 7F) indicated that the shared targets were closely 
related to ‘platelet alpha granule lumen’, ‘neuronal cell body’, 
‘transcription regulator complex’ and ‘receptor complex’. 
Additionally, as revealed by KEGG enrichment analysis, the 
shared targets were enriched in pathways such as ‘MAPK 
signaling pathway’, ‘endocrine resistance’, cell clearance and 
‘apoptosis’ (Fig. 7C).

JNK belongs to the MAPK family and has a crucial 
effect on cell proliferation, differentiation, apoptosis, immune 
response and embryonic development (43). From the network 
pharmacological analysis, KEGG enrichment analysis showed 
that the pathway through which Epimedium improves AD was 
significantly enriched with the ‘MAPK signaling pathway’. In 
addition, the PPI network revealed that the top 20 core targets 
included APP, JUN and BCL2. Notably, JUN (also known as 
C‑JUN) is involved in the JNK pathway (44), and activated 
JUN promotes the expression of various pro‑apoptotic 
proteins (45). The Nrf2 pathway is an important regulatory 
factor for cellular antioxidant response (46), which is involved 
in triggering the expression of antioxidant and cell protective 
genes, and enhancing cellular antioxidant capacity (47); there‑
fore, activation of Nrf2 can reduce neuronal damage caused by 
OS and inflammation (48). The free Nrf2 then transfers to the 
nucleus and binds to antioxidant‑related elements, leading to 
the expression of various antioxidant and detoxifying genes, 
such as HO‑1  (49). Research has shown that MAPKs are 
closely interrelated with Nrf2 nuclear translocation in elimi‑
nating OS (50).

Therefore, to study the neuroprotective role mediated by 
Epimedin C, WB was conducted for verifying p‑JNK, Nrf2 
and HO‑1 protein levels. Relative to the control group, H2O2 
increased p‑JNK levels but decreased Nrf2 levels, whereas 
Epimedin C downregulated p‑JNK expression, and upregu‑
lated Nrf2 and HO‑1 levels induced by H2O2 (Fig. 8A‑D). 
Furthermore, it was observed that compared with in the H2O2 
model group, Epimedin C decreased Bax expression while 
increasing Bcl‑2 expression (Fig. 8A and E).

To confirm that Epimedin C mediated protection via the 
JNK pathway, the present study used a JNK agonist (aniso‑
mycin) for supplementary validation. The results revealed 
that p‑JNK was activated and significantly upregulated in 
PC12 cells co‑cultured with JNK agonist (Fig. 8F and H). By 
contrast, after treatment with Epimedin C and anisomycin, 
p‑JNK expression decreased compared with following treat‑
ment with anisomycin alone, whereas Nrf2 and HO‑1 levels 
were significantly increased (Fig. 8F‑I).

Discussion

With the aging population, neurodegenerative diseases are 
receiving increasing attention from the fields of science and 
medicine (51). According to statistics, in 2016, 5.4 million 
Americans suffered from AD  (52), and based on further 
data published in 2021, it is estimated that >12  million 
Americans may develop neurodegenerative diseases over the 

Figure 5. Comparison of cell apoptosis, detected by TUNEL staining, 
among the different groups. (A) Representative immunofluorescence images 
of TUNEL (red) and DAPI (blue) staining, and merged images. Scale bar, 
50 µm (n=5). (B) Summary of the fluorescent area for each treatment group. 
All results are presented as the mean ± SD from five replicates. ##P<0.01 vs. 
control group; **P<0.01 vs. H2O2 group. 17β‑E2, 17β‑estradiol.

https://www.spandidos-publications.com/10.3892/etm.2025.12998


CONG et al:  EPIMEDIN C: A PROMISING NEUROPROTECTIVE AGENT10

next 30 years (52). Neurodegenerative diseases are the main 
chronic progressive diseases that affect individual physical 
health (53), which exhibit the typical features of gradual selec‑
tive neuronal system loss (54). OS can damage the blood‑brain 
barrier (BBB), and as a result, neurotoxic substances can 
enter the brain and ultimately result in the accumulation of 
ROS (55). Upregulation of ROS levels has been confirmed to 
be a common major feature within the brains of patients with 
neurodegenerative disease (56), with excessive production of 
ROS causing ATP loss, decreased MMP and increased apop‑
tosis (57). TCM has been used for treating neurodegenerative 
diseases for thousands of years (58), and according to a number 
of modern pharmacological studies, prescriptions, herbs, 
bioactive ingredients and monomeric compounds of TCM are 
effective at treating neurodegenerative diseases (59‑61).

Epimedium is a TCM that is mainly applied in treating 
Parkinson's disease and AD (62). Research has confirmed 
that Epimedium has a protective effect on neurodegen‑
erative diseases such as AD (19), and the active ingredients of 
Epimedium are flavonoids, which regulate various biological 
effects in vitro and in vivo, such as angiogenesis, antioxidant 
damage and inhibition of apoptosis  (22,63). According to 
relevant research, icariin possesses antioxidant and immu‑
nomodulatory effects, and can regulate neuroendocrine 
function (64). It has been determined that 100 g/l Epimedin C 
is found to yield ~34.24 g/l icariin within 8 h (65). Compared 
with icariin, Epimedin C has a lower cost and comparable effi‑
cacy (21,65), and is an effective antioxidant. At present, to the 
best of our knowledge, no studies have yet been performed on 
Epimedin C and its specific mechanism in preventing and/or 
treating neurodegenerative diseases, including AD.

There is evidence to suggest that in AD, a vicious cycle 
revolves around the production of Aβ, Aβ aggregation, 
plaque formation, microglia/immune response, inflamma‑
tion and ROS production. In this cycle, ROS serves a central 

role and H2O2 is considered an important second messenger 
of ROS (66). The excessive production of H2O2 can lead to 
OS and inflammation in the brain of patients with AD (67); 
therefore, it is considered that H2O2 can simulate the disease 
manifestations of AD‑related oxidative damage, and some 
studies have confirmed this  (68,69). The present study 
confirmed that Epimedin C intervention enhanced cell 
viability and survival rate, improved OS damage caused by 
H2O2 exposure and reduced the H2O2‑mediated LDH leakage 
in PC12 cells. In the body, oxygen free radicals can be gener‑
ated via both enzymatic and non‑enzymatic systems, and the 
antioxidant defense system balances their levels; notably, if 
the biochemical balance between oxidants and antioxidants is 
disrupted, OS will occur (70). The increase in ROS content 
can disrupt the basic structures of proteins, nucleic acids and 
lipids, resulting in structural damage and functional changes, 
ultimately resulting in cell apoptosis (71). MDA is the final 
product of the oxidative decomposition of lipid peroxides, 
and its content can be measured to identify the degree of 
lipid peroxidation on the cell membrane (72). Therefore, the 
activities of superoxide dismutase and MDA are considered 
to be indicative of the degree of OS. The experimental results 
of the present study indicated that Epimedin C effectively 
reduced ROS accumulation mediated by H2O2 within PC12 
cells and lowered the levels of MDA after H2O2 treatment, 
demonstrating its ability to resist OS. In addition, flow cytom‑
etry, TUNEL staining and MMP results all showed that PC12 
cells underwent significant apoptosis after H2O2 induction, 
and Epimedin C intervention had an inhibitory effect on cell 
apoptosis, with the best effect observed in respones to 10 µM. 
Under TEM, the PC12 cell ultrastructure also confirmed this: 
The mitochondrial membrane of PC12 cells was ruptured 
and chromatin was condensed, showing vacuolization and 
apoptosis after H2O2 intervention. However, mitochondrial 
damage was notably reduced after intervention with 10 µM 

Figure 6. Transmission electron microscopy. Comparison of the ultrastructure of PC12 cells in different groups. Red arrows indicate mitochondria. 17β‑E2, 
17β‑estradiol.
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Epimedin C. Therefore, it was hypothesized that Epimedin C 
has potential therapeutic effects on preventing and improving 
neurodegenerative diseases.

To seek the key targets and potential mechanisms of 
Epimedin C in improving neurodegenerative diseases, 
the present study first identified the active ingredients of 
Epimedium through UHPLC‑Q‑Exactive Orbitrap HRMS 
analysis and conducted network pharmacological analysis 
using AD as an example. A total of 108 shared targets were 
screened, and the top 20 core targets included APP, JUN 
and BCL2. From GO and KEGG analyses, the potential 
mechanism of Epimedium in improving AD was significantly 

enriched in ‘neuronal cell body’, ‘regulation of apoptotic 
signaling pathway’ and ‘MAPK signaling pathway’. MAPKs 
are conserved signaling proteins responsible for regulating 
numerous eukaryotic processes  (73), and members of the 
MAPK family, including ERK1/2, JNK/SAPK, p38 and 
ERK5. are known to participate in neuron growth, differ‑
entiation and survival (74). JNK has an important effect on 
different diseases such as AD and Parkinson's disease caused 
by inflammation and OS (75), and research has confirmed 
that JNK pathway activation can exacerbate OS, leading to 
neurotoxic effects (76). Nrf2 is considered the main regulator 
of redox balance, which has a crucial role in cellular defense 

Figure 7. PPI network and functional enrichment analysis. (A) Network diagram of ‘drug disease target’. (B) PPI common target gene network. (C) Kyoto 
Encyclopedia of Genes and Genomes analysis. Gene Ontology analysis: (D) BP terms, (E) MF terms and (F) CC terms. PPI, protein‑protein interaction; BP, 
biological processes; MF, molecular functions; CC, cellular components.
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against OS  (77,78). Research has shown that Nrf2/HO‑1 
expression is directly influenced by the JNK pathway, and 
activation of Nrf2/HO‑1 signaling is crucial for reducing 
oxidative damage (79). Notably, our previous studies (80,81) 
have focused on validating the mechanism of action of the 
JNK pathway in response to TGD, particularly linking the 
JNK pathway to neuroprotection/neurodegeneration and OS 
response. One of these previous studies (25) confirmed that 
TGD can provide neuroprotective effects on H2O2‑mediated 

oxidative damage and apoptosis of PC12 cells through the 
Nrf2 and JNK pathways. Epimedium is the main drug compo‑
nent of TGD, and the aforementioned results offer a biological 
background and scientific foundation for the present study. 
Therefore, the present study focused on the JNK pathway to 
verify whether Epimedin C exerted neuroprotective effects 
through this pathway.

TGD has also been validated to improve premature 
menopause‑associated cognitive dysfunction by increasing 

Figure 8. Effect of Epimedin C on the JNK/Nrf2/HO‑1 signaling pathway and related protein levels detected by western blot analysis. (A) Western blot 
analysis of PC12 cells in each group (n=3). Semi‑quantitative analysis of (B) Nrf2/GAPDH; (C) p‑JNK/JNK; (D) HO‑1/GAPDH; (E) Bcl‑2/Bax. (F) Western 
blot analysis of PC12 cells in each group after JNK agonist (5 µM Ani) intervention (n=3). Semi‑quantitative analysis of (G) Nrf2/GAPDH; (H) p‑JNK/JNK; 
(I) HO‑1/GAPDH. All results are presented as the mean ± SD from three replicates. &P<0.05; #P<0.05, ##P<0.01 vs. control group; *P<0.05, **P<0.01 vs. H2O2 
group; $P<0.05, $$P<0.01 as indicated. 17β‑E2, 17β‑estradiol; Ani, anisomycin; HO‑1, heme oxygenase‑1; Nrf2, nuclear factor erythroid 2‑related factor 2; p‑, 
phosphorylated.
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estrogen levels (11). In addition, other in vitro and in vivo 
studies have supported the neuroprotective effects of 
estrogen and its effects on neurotransmitter systems related 
to cognition (25,80‑82). When treating neurological diseases, 
the efficacy of oral TCM is determined by the ability of the 
components to reach target organs via the BBB (80). It is 
important to comprehensively understand serum pharmaco‑
kinetics of oral TCM to elucidate the absorption, distribution, 
metabolism and excretion of such active ingredients  (83). 
According to research, active ingredients in TCM, such as 
Epimedium, can potentially improve BBB function, elevate 
cerebral blood flow and avoid cognitive impairment through 
suppressing the activation of astrocytes and microglia, 
protecting the myelin function of oligodendrocytes and 
reducing neuronal apoptosis  (84). Furthermore, there is 
evidence suggesting that icariin exerts neuroprotection 
through crossing the BBB and regulating pathways (85). In 
our previous study, UHPLC‑Q‑Exactive Orbitrap HRMS 
was used to identify the components absorbed by mouse 
brain tissue after oral administration of TGD, in order to 
clarify the specific components that exert their effects on 
the brain. The results showed that icariin C could penetrate 
the BBB and exert therapeutic effects on the brain (11). A 
previous study reported that Epimedin C can be converted 
into icariin in vivo and gradually hydrolyzed into metabolic 
small molecules such as icariin C to exert its effects (86). 
Wong et al (87) explored the pharmacokinetics of isoprenoid 
f lavonoids after ingestion of standardized Epimedium 
extract and assessed their relationship with serum estro‑
genic kinetics. The results of this previous study revealed 
the potential estrogenic effects of Epimedium extract and 
suggested that isoprenoid flavonoids might be used to treat 
menopause and other diseases requiring estrogenic effects. 
Epimedin C has been confirmed to be a mature plant extract 
with estrogen‑like activity (88). Estradiol has been proven to 
have neuroprotective effects on excitatory neurotoxicity, OS 
and apoptosis (89‑91). Therefore, similar to previous studies, 
the present study used 17β‑E2 as a positive control drug and 
compared its efficacy with Epimedin C.

In the present study, WB results showed that relative to 
the control group, the JNK pathway was significantly acti‑
vated following H2O2 exposure, and Nrf2 and HO‑1 levels 
were significantly reduced. However, after Epimedin C 
intervention, p‑JNK expression evidently decreased, whereas 
Nrf2 and HO‑1 levels increased. At the same time, Epimedin 
C decreased the levels of Bax and upregulated Bcl‑2 levels, 
indicating that Epimedin C may alleviate OS damage and 
inhibit the apoptosis of PC12 cells through suppressing 
JNK pathway phosphorylation and activating Nrf2/HO‑1. 
To further confirm this, the JNK agonist anisomycin was 
employed in the present study to further activate the JNK 
pathway and observe the improvement results after Epimedin 
C intervention. The results signified that compared with 
in the control and H2O2 groups, JNK was activated and 
markedly upregulated in PC12 cells co‑cultured with JNK 
agonist (H2O2 + anisomycin group). After treatment with 
Epimedin C (H2O2 + anisomycin + Epimedin C group), 
p‑JNK expression was decreased, and Nrf2 and HO‑1 levels 
were increased, which further confirmed the present hypoth‑
esis. Notably, according to the network pharmacological 

analysis performed in the current study, Epimedin C has the 
characteristics of targeting multiple molecules and complex 
signal transduction. In this exploration, only the inhibitory 
effect of Epimedin C on JNK pathway phosphorylation was 
investigated, which may activate Nrf2/HO‑1 and suppress 
the OS‑induced apoptosis of PC12 cells. However, whether 
Epimedin C has other preventive mechanisms against neuro‑
degenerative diseases still needs to be explored. According 
to a previous cell experiment, the medicinal components of 
Epimedin C can be effectively utilized and also converted 
into icariin (21). Notably, the difference in solubility between 
Epimedin C and icariin results in a higher Epimedin C 
initial concentration (9.72 mg/l) than icariin at the same dose 
(7.86 mg/l), and the residual concentration of Epimedin C in 
cells is also higher than that of icariin (21). At present, there 
is still a lack of research on the absorption of Epimedin C 
in the human body after ingestion of Epimedium. Therefore, 
it is crucial to optimize and explore the optimal drug 
concentration in cells, and drug absorption into target cells 
is a prerequisite for the subsequent therapeutic effects (92). 
According to the results of the present study, Epimedin C 
at 160 µM exerted neurotoxicity: Considering that Epimedium 
contains ~5 µM/g Epimedin C (93), it is speculated the human 
dosage of Epimedium should not exceed 32 g. A limitation of 
the present study is that only in vitro PC12 cell experiments 
were conducted. Due to the complexity and heterogeneity of 
human pathology, translating these findings into human ther‑
apies requires careful and robust validation through in‑depth 
molecular research and comprehensive clinical trials (91). 
Future research will further conduct relevant clinical trials, 
focusing on the pharmacological mechanisms of Epimedin C 
in preventing neurodegenerative diseases in vivo and in vitro, 
aiming to offer a reliable scientific foundation for applying 
Epimedin C to exert neuroprotective effects and prevent 
neurodegenerative diseases.

In conclusion the present study revealed the neuro‑
protective mechanism of Epimedin C. To the best of our 
knowledge, the current findings are the first to indicate that 
Epimedin C can mediate the JNK/Nrf2/HO‑1 pathway, 
providing protection from H2O2‑mediated OS and apoptosis 
in PC12 cells. These findings suggest that Epimedin C may 
become a candidate drug for preventing neurodegenerative 
diseases. In the future, further exploration of the potential 
preventive mechanisms of Epimedin C in neurodegenera‑
tive diseases is needed to provide more reliable and direct 
scientific evidence.
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