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Background: Icaritin is a natural product with a wide range of anti-tumor
effects. However, its anti-tumor mechanism has not been thoroughly
studied. This study examined the inhibitory effect of icaritin on
nasopharyngeal cancer and its underlying mechanism using network
pharmacology along with in vivo and in vitro experiments.

Methods: MTT and clone formation assays were used to detect the effects of
icaritin on the viability and proliferation of nasopharyngeal carcinoma cells,
followed by the construction of a HONE1 xenograft tumor model to evaluate
the anti-tumor efficacy of icaritin in vivo. A public database was used to predict
prospective targets, built a protein-protein interaction (PPI) network, and
analyze gene enrichment and biological processes. Based on network
pharmacological data, cell cycle-related proteins were identified using
western blotting. Besides, cell cycle distribution, apoptosis, and intracellular
reactive oxygen species (ROS) generation were identified using flow cytometry.
In addition, SA-B-Gal staining was performed to detect cellular senescence, and
western blotting was performed to detect the expression of P53, P21, and other
proteins to verify key signaling pathways.

Results: |Icaritin effectively inhibited the viabilty and proliferation of
nasopharyngeal carcinoma cell lines and showed good anti-tumor activity
against HONE1 nasopharyngeal carcinoma cells in vivo. Key protein targets,
including AKT1, HSP90AAL, CDK4, CCND1, and EGFR, were screened using PPI
network topology analysis. GO and KEGG analysis revealed that the cell cycle,
p53 signaling, and cell senescence pathways may be the main regulatory
pathways. Flow cytometry and western blot experiments showed that icaritin
caused S-phase arrest and promoted an increase in ROS. SA-B-Gal staining
showed that icaritin significantly induced cellular senescence, and western
blotting showed that the expression of senescence-related proteins p53 and
P21 increased significantly. Moreover, inhibition of ROS levels by
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N-Acetylcysteine (NAC) enhanced cell viability, reversed cellular senescence
and reduced cellular senescence-associated protein expression.

Conclusion: The results of network pharmacological analysis and in vivo and
in vitro experiments showed that icaritin effectively inhibited the growth of
nasopharyngeal carcinoma cells, promoted ROS production, induced cellular
senescence, and inhibited tumor cells, which are related to the regulation of
P53/P21 signal pathway.
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Introduction

A common malignant tumor in otolaryngology,
nasopharyngeal carcinoma develops from the nasopharynx’s
epithelial cells (Guo et al, 2019). Its incidence is influenced
by several factors and has a distinct geographical distribution,
mainly in East and Southeast Asia and southern China, and the
condition is currently treated with surgery and radiation therapy
(Guo et al, 2019; Perri et al,, 2019). Although surgery and
radiation therapy have slowed down the progression of
tumors in some patients, 30%-60% of patients still develop
local recurrence and/or distant metastases (Perri et al., 2019);
therefore, finding treatments to enhance the sensitivity of
nasopharyngeal carcinoma and improve its prognosis is
urgently needed.

Chinese herbal medicines have been widely used by the
medical community because of their naturally and low-
toxicity characteristics (Yang et al., 2021). Epimedium
sagittatum is a herb of Epimedium sagittatum (Sieb. et
Zucc.) Maxim. or Epimedium brevicornum Maxim. of the
family Berberidaceae, which tonifies the liver and kidney,
reinforces the muscles and bones, and dispel wind and
dampness (Kang et al., 2015). One of its primary active
ingredients, icaritan, has a variety of pharmacological
actions, including anti-inflammatory, anti-osteoporosis, and
anti-depressive activity. (Xue et al., 2016; Ma et al., 2022; Sun
et al.,, 2022).

On 10 January 2022, the National Medical Products
Administration approved the marketing of icaritin through a
priority review for the treatment of patients with advanced
unresectable hepatocellular carcinoma not receiving systemic
therapy, indicating that icaritin has good anti-tumor effects.
In recent years, icaritin has been increasingly used in
oncology. According to the literature, icaritin has been
reported to play a pivotal role in a number of malignancies
such as liver cancer (Sun et al., 2015; Yu et al., 2020), breast
cancer (Guo et al., 2011; Wang et al., 2017; Yin et al., 2020), oral
squamous cell carcinoma (Jin et al, 2017; Yang et al.,, 2017),
cervical cancer (Chen et al., 2019), glioblastoma (Liu et al., 2018;
Li et al, 2020), and colon cancer (Li et al, 2016), but
nasopharyngeal cancer has not been mentioned.
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Investigating the mechanism of action and impact of icaritin
on nasopharyngeal cancer is the goal of this study, we performed
in vitro cell viability assays and constructed an in vivo xenograft
tumor model and then analyzed and predicted the potential
of
carcinoma using network pharmacology

targets and pathways icaritin in the treatment of
nasopharyngeal
technology. Finally, we validated the potential targets and
pathways of icaritin using flow cytometry and western
blotting to reveal the mechanism of action of icaritin in the
treatment of nasopharyngeal carcinoma and provide theoretical
support for the clinical treatment of nasopharyngeal carcinoma

with icaritin.

Materials and method
Reagents

(MO,
United States). Fetal bovine serum (FBS) was purchased from
Gibco (Waltham, MA). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT), crystal violet, a cell-
based ROS (NAQ),
senescence-associated P-galactosidase (SA-B-Gal) kit were

Icaritin was purchased from Sigma-Aldrich

assay kit, N-acetylcysteine and a
obtained from Beyotime Biotechnology (Beijing, China).
Annexin V-FITC/PI and propidium iodide (PI) were
purchased from KeyGEN BioTECH (Nanjing, China). The
primary antibody against y-H2AX was obtained from Cell
Signaling Technology (MA, United States). Primary antibodies
against ki67, GAPDH, PARP1, cyclin D1, CDK2, CDK4, Bax,
Bcl-2, P53, P21, p-EGFR, EGFR, p-AKT, AKT, and HIFla were
obtained from Proteintech (Rockville, MD, United States).
Antibody against horseradish peroxidase (HRP)-conjugated
secondary antibodies (goat-anti-mouse or goat-anti-rabbit)
were obtained from ZSGB-BIO (Beijing, China).

Cell culture

The
HONEI1 and HNEI were purchased from Zhonggiaoxinzhou

human nasopharyngeal carcinoma cell lines
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Biotech (Shanghai, China). HONEI and HNEI1 cells were
cultured in DMEM and RPMI-1640 media containing 1%
penicillin-streptomycin and 10% FBS, respectively. Both cell
lines were cultured at 37°C in a 5% CO, atmosphere.

MTT assay

HONEI1 and HNEI cells were seeded into 96 well plates at the
density of 3,000 cells per well, and different concentrations of icaritin
were added to the cells after 24 h culture. After 72 h, 20 ul MTT
solution (5.0 mg/ml) was added and incubated at 37°C for 4 h, then
added 150 pl of DMSO. The optical density was measured at 570 nm
using a microplate reader (Tecan, Switzerland).

Colony formation assay

HONEI1 and HNEI1 cells were seeded into 6 well plates,
5,000 cells per well. After 24 h incubation, the cells were treated
with icaritin (10, 20, or 40 uM) for 48 h. The fresh culture
medium was replaced and cultured for 2 weeks and stained
with 0.1% crystal violet solution for 10 min. The colonies were
photographed using a digital camera (SONY, JPN).

Target prediction of icaritin and
nasopharyngeal carcinoma

SMILES of icaritin were obtained by searching Pubchem

(https://pubchem.ncbi.nlm.nih.gov/) and  imported into

SwissTargetPrediction  (http://www.swisstargetprediction.ch/),
species selection of Homo sapiens, and prediction of icaritin
targets. The HERB database was searched for icaritin targets and
duplicate targets were merged and removed.

The DISGENET (https://www.disgenet.org/) and TTD
(http://db.idrblab.net/ttd/)

“nasopharyngeal carcinoma” as the keyword. Then, the targets

databases were searched with
were merged and duplicates removed to obtain candidate targets

for nasopharyngeal carcinoma.

Construction and analysis of target
network

The icaritin and nasopharyngeal carcinoma targets were
imported into UniProtKB (http://www.uniprot.org/) to unify
the target names. The targets were imported into VENNY2.1
the
intersection targets of the compound and disease. The

(https://bioinfogp.cnb.csic.es/tools/venny/)  to  obtain

intersecting targets were imported into STRING (https://cn.

string-db.org/cgi/input.pl), “Homo sapiens” was selected as the
species, and medium confidence >0.4 was selected as the
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minimum interaction threshold, unlinked targets were hidden,
and other parameters were kept at default settings. The tsv file
was saved after updating and imported into Cytoscape 3.7.1.
Then, network analysis was performed, and the clusters with high
correlation were calculated using the MCODE plugin.

GO and KEGG pathway enrichment
analysis

Icaritin-nasopharyngeal carcinoma intersection targets were
imported into the Metascape database (https://metascape.org/),
and the species was set as “Homo Sapiens”. The three modules of
GO: molecular function, biological process, and cell composition
were selected for GO enrichment analysis, and KEGG was
selected for pathway analysis. The KEGG pathways of p < 0.
01 were considered significant, and the results of enrichment
analysis were visualized using the microbiology online mapping
platform (http://www.bioinformatics.com.cn/).

Cell cycle analysis

HONEI and HNEI1 cells were seeded into 60 mm cell culture
dishes at a density of 3 x 10 cells. After 24 h incubation, the cells
were treated with 10, 20, or 40 uM icaritin for 24 h. The cells were
then collected and fixed with pre-cooled 70% ethanol for 48 h, then
stained with PI working solution at room temperature for 30 min.
The cell cycle distribution of each group was analyzed using a
FACScan flow cytometer (Becton-Dickinson, NJ, United States).

Apoptosis assay

HONEI and HNE1 cells were seeded into 60 mm cell culture
dishes at a density of 3 x 10° cells. After 24 h incubation, the cells
were treated with 10, 20, or 40 pM icaritin for 48 h. The cells were
then collected and stained with Annexin V-FITC/PI working
solution for 15 min in the dark. The apoptotic cell ratio was
determined using a FACScan flow cytometer.

Western blot

HONEL1 and HNEI cells were collected after treatment with
different concentrations of icaritin for 24 h or 48 h or preated
with NAC (5 mM) for 1 h before administration. After lysis, the
supernatant was collected and the concentration was quantified
by BCA Protein Assay Kit. After SDS-PAGE protein
electrophoresis, transferring to PVDF membranes, and
blocking with 5% non-fat milk, the membrane was incubated
with primary antibodies at 4°C for 12 h, and then incubated with

the corresponding secondary antibody at room temperature for
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2 h. The protein bands were detected using an ECL kit, and the
band density was analyzed by Scion Image software.

Reactive oxygen species measurement

After treatment with icaritin (10, 20, and 40 pM) for 24 h, the
cells were incubated with 10 uM dichlorofluorescin diacetate
(DCFH-DA) at 37°C for 20 min in a 5% CO, atmosphere.
Then the cells were collected and analyzed using FACScan
flow cytometer. The average DCF fluorescence intensity was
used to express the intracellular ROS level in each group.

SA-B-gal analysis

HONEI! and HNEI cells were seeded in 6 well plates, 5 x 10*
cells per well. After 24 h incubation, the cells were treated with
10, 20, or 40 UM icaritin for 24 h. The cells were then stained with
SA-B-Gal solution overnight. Six separate fields were counted
under a microscope in each group.

Nude mice xenograft model

BALB/c Nude mice (6-weeks-old) were purchased from HFK
Bioscience Co., Ltd. (Beijing, China). The Institutional Animal
Care and Use Committee at the Institute of Radiation Medicine
approved all animal experiments in this study. HONEI cells (5 x
10°) were injected subcutaneously into the left flanks of the mice.
Tumor volume (mm?) = 1/2 X length x width®>. When the tumor
volume reached 100 mm’, the mice were administered 50 or
100 mg/kg of oral icaritin daily. Tumor volume and body weight
were recorded every 2 days. After 14 days, the tumor tissues were
harvested and fixed in formalin for immunohistochemistry.

Immunohistochemistry

The tissue sections were dewaxed with xylene and hydrated,
then incubated with 3% H,0O, at room temperature for 20 min,
and 5% bovine serum albumin for blocking at room temperature
for 30 min. The primary antibody against Ki67 was added and
incubated overnight at 4°C, and then the secondary antibody was
added and incubated at 37°C for 1 h. Then stained with DAB and
hematoxylin. Finally, the sections were dehydrated, transparent,
and sealed with neutral gum.

Statistical analysis

Statistical analyses were performed using SPSS 23.0. The data
are expressed as mean * standard deviation (SD). Statistical
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comparisons were performed using the Student’s t-test and one-
way ANOVA. p < 0.05 was considered to be statistically
significant.

Results

Icaritin inhibits the proliferation of
nasopharyngeal carcinoma cells

To explore the effect of icaritin on nasopharyngeal
carcinoma, two nasopharyngeal carcinoma cell lines,
HONE1l and HNE1 were chosen as the study’s two
nasopharyngeal cancer cell lines. According to MTT data,
icaritin significantly and dose-dependently reduced the
viability of HONE1 and HNEI cells (Figure 1A). The cell
morphology showed that the cell density decreased gradually
with the increase of patchouli concentration, and the cell
morphology did not change significantly (Figure 1B). A
clone formation assay was carried out to further confirm
the impact of icaritin on cell proliferation. The results
revealed that icaritin suppressed cell growth in a dose-
dependent way (Figure 1C). In addition, we explored
whether
carcinoma cells,

icaritin induced apoptosis in nasopharyngeal
showed that

induced only slight apoptosis, suggesting that apoptosis

and the results icaritin
may not be the main anti-tumor mechanism of icaritin
(Supplementary Figure S1). The results suggest that icaritin
may exert anti-tumor effects by inhibiting the proliferation of
nasopharyngeal carcinoma cells.

Icaritin inhibits the tumor growth of
nasopharyngeal carcinoma in vivo

We conducted a xenograft tumor experiment to further
explore the anti-tumor effect of icaritin in vivo. The results
indicated that the tumor volumes in the low (50 mg/kg) and
high (100 mg/kg) dose
significantly smaller than those in the blank group (Figures

icaritin treatment groups were
2A.B), and the tumor growth rate was significantly slower
(Figure 2B). In addition, our analysis revealed no significant
changes in body weight in the icaritin-treated group compared
with that in the blank group (Figure 2C), and organ index
analysis showed no significant differences in the heart, liver,
spleen, lung, and kidney indices in the icaritin-treated group
compared with the corresponding values in the control group
(Figure 2D). We then detected the proliferation marker protein
ki67 by immunohistochemistry (Liu et al., 2021), and the results
showed that the expression of ki67 was significantly inhibited in
the icaritin-treated group, which was consistent with the results
of in vitro experiments, further demonstrating that icaritin can

inhibit the proliferation of nasopharyngeal carcinoma (Figures
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FIGURE 1

Effects of icaritin on HONE1 and HNE1 cell proliferation. (A) Cell viability of HONE1 and HNE1 was determined by MTT assay after treatment with
icaritin (0—100 pM) for 72 h. (B) Cellular morphology of HONE1 and HNE1 cells after treatment with icaritin (10, 20, or 40 uM) for 48 h. (C) Effect of
icaritin (10, 20, or 40 uM) on colony formation after 48 h and continuous cultured for 2 weeks. *p < 0.05, **p < 0.01, ***p < 0.001 versus control.

HONE1

2E,F). These results suggested that icaritin has good in vivo anti-

after disease-component intersection analysis, a total of
tumor effects and low toxicity.

63 intersection targets that may be related to icaritin
treatment of nasopharyngeal cancer were identified
(Figure 3A; Supplementary Table S1). To identify the core

Icaritin- nasopha ryngeal carcinoma targets of icaritin for the treatment of nasopharyngeal cancer,

protein-protein interaction network we used STRING to construct the intersection targets of the PPI

network, and the results were analyzed using Cytoscape. The PPI

Through target prediction, database search, and literature network is shown in Figure 3B, in which the rectangular nodes

research, a total of 108 potential action targets of icaritin and represent the target proteins and the connecting lines between

2,666 nasopharyngeal cancer-related targets were obtained, and the nodes represent the existence of interactions between the two
Frontiers in Pharmacology 05
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FIGURE 2

|caritin elicits a potent antitumor effect in vivo. (A) Images of resected xenograft tumor samples of HONE1-injected nude mouse. (B) Tumor
growth curve of mice in each group, n = 6. (C) Body weight curve of mice in each group, n = 6. (D) The viscera index of the main organs of mice in
each group. (E) Representative photomicrographs of ki67 staining in the control and icaritin (50, 100 mg/kg) groups. Scale bars, 50 um. (F) The
percentage of Ki67 positive cells.*p < 0.05, **p < 0.01, ***p < 0.001 versus control.

proteins. The results showed that the number of interconnected
nodes was 62, the number of edges was 365, and average node
degree was 11.6. The top 20 interacting hub proteins were
obtained based on sorting of the fractional values (Figure 3C).
Two core networks were generated by hub gene screening using
the MCODE plugin of Cytoscape, and AKT1, CTNNBI,
HSP90AAL, ESR1, CCND1, and EGFR were identified as key
hub proteins, which may play an important role in the efficacy of
icaritin in the treatment of nasopharyngeal carcinoma.
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GO and KEGG pathway enrichment
analysis

The top 30 enriched GO biological processes (GOBP) and
KEGG pathway were selected in ascending order of the
p-value for visualization (Figures 4A,B). The results showed
that GOBPs were mainly related to protein phosphorylation,
transferase activity regulation, kinase activity regulation,
oxidative stress response, apoptosis, reactive oxygen species
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10.3389/fphar.2022.993022

The network pharmacology of icaritin in the treatment of nasopharyngeal carcinoma (NPC). (A) Venn diagram of icaritin-NPC. (B) Protein-
protein interaction network and hub genes of icaritin in the treatment of NPC. (C) Top 20 target genes of icaritin in the treatment of NPC.

metabolism, cell cycle phase transition and cellular senescence
(Figure 4A). The pathways related to the anti-nasopharyngeal
carcinoma effect of icaritin mainly involved prostate cancer,
breast cancer, and other cancer signaling pathways, PI3K-Akt
HIF-1
signaling pathway, cell cycle, p53 signaling pathway, cell
senescence, and apoptosis (Figure 4B). Combining the

signaling pathway, signaling pathway, estrogen

results of PPI network analysis of intersecting targets,
MCODE core target screening, and KEGG enrichment
analysis, we constructed an “icaritin-intersecting target-
pathway” network (Figure 4C).

Frontiers in Pharmacology

Icaritin induces S-phase arrest in
HONE1 and HNE1 cells

Based on the results of the network pharmacology analysis, we
examined the changes in PI3K/AKT, EGFR and HIF-1 signaling
pathways, and the results showed that these pathway-related
proteins were not significantly altered, and we speculate that
icaritin may exert anti-tumor effects through other pathways
(Supplementary Figure S2). The clone formation results showed
that icaritin could significantly inhibit cell proliferation, and we
speculate that it is involved in regulating the cell cycle (Figure 1C).
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FIGURE 4
Network pharmacology analysis of 30 validated constituents of icaritin. (A) GO enrichment of the key genes in response to icaritin treatment in

NPC. (B) KEGG enrichment of potential targets of icaritin in the treatment of NPC. (C) Icaritin-target-pathway network in the anti-tumor effects of
icaritin.

We examined the impact of icaritin on the cell cycle of
HONE!I and HNEL1 cells by flow cytometric analysis in order
to further understand the growth inhibition mechanism of icaritin

on nasopharyngeal cancer cells. As shown in Figures 5A,B, cells in
the S-phase increased significantly after treatment with icaritin,
with the proportion of S-phase HONEI cells increasing from 26%
to 41% and the proportion of S-phase HNEI cells increasing from
28.3% to 55.1%, indicating that icaritin arrested the cells in the
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S-phase. In order to further clarify the mechanism underlying the

S-phase arrest put on by icaritin, we looked at the expression of

related proteins in combination with important regulatory targets

like CDK4 that were discovered using network pharmacology
research. The results showed that icaritin downregulated the
expression of cyclin D1, CDK2, and CDK4 in a dose-dependent

manner (Figures 5C,D), further demonstrating that icaritin caused
S-phase arrest in nasopharyngeal carcinoma cells.
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Icaritin induces HONE1 and HNE1 cell
senescence

Previous flow cytometry results have shown that icaritin causes
cellular S-phase arrest. The cell cycle regulates cell differentiation
and proliferation and is also closely related to cellular senescence
(Shi et al, 2021; Tubita et al., 2022). The induction of cellular
senescence is one of the mechanisms of anti-tumor drugs. We
further
nasopharyngeal carcinoma cells. -galactosidase is a marker of
cellular senescence (Cai et al., 2020; Yu et al., 2022). We treated
HONEI1 and HNE] cells with different concentrations of icaritin for
48 h and performed SA-B-Gal staining, which revealed a significant

explored whether icaritin induces senescence in

increase in cellular senescence after the treatment with icaritin
(Figures 6A,B). To further the
underlying cell senescence induction by icaritin, the key proteins

demonstrate mechanism
P53 and P21, which regulate cell senescence, were detected by
western blot in combination with the analysis of the previous
network pharmacological data. The results revealed that the
expression levels of P53 and P21 proteins gradually increased
with an increase in icaritin concentration (Figures 6C,D). In
addition, in vivo SA-B-Gal staining results showed that senescent
cells were significantly increased in the tumor tissues of the iacritin-
treated group, and a significant increase in the expression of
senescence-related proteins such as P53 in the tumor tissues,
(Figure 6F;
Supplementary Figure S3), further demonstrating that icaritin

consistent with the in wvitro cellular results

exerts its anti-tumor effects by inducing nasopharyngeal

carcinoma cell senescence.

Icaritin increases the reactive oxygen
species level of HONE1, and HNE1 cells

Several studies have shown that icaritin increases ROS
production in tumor cells (Wu et al, 2014; Wang et al., 2019).
To investigate whether icaritin induces an increase in ROS in
nasopharyngeal carcinoma cells, we performed cell staining using
a DCFH-DA probe and measured the ROS fluorescence intensity by
flow cytometry. The results showed that icaritin significantly
promoted ROS production in a dose-dependent manner (Figures
7A,B). To further validate the role of ROS in the anti-tumor effects of
icaritin, we selected the ROS inhibitor NAC for reverse validation,
and the MTT results showed that cell viability was significantly
increased in the NAC and icaritin combination group compared
with that in the icaritin alone group (Figure 7C). Western blot results
showed that inhibition of ROS production decreased the expression
of senescence-associated proteins P53 and P21 and restored the
expression of CDK2 (Figures 7D,E). In addition, flow cytometry and
SA-B-gal staining results showed that inhibition of ROS ameliorated
icaritin-induced cellular S-phase arrest and cellular senescence
(Supplementary Figure S4). These results suggest that icaritin
exerts its anti-tumor effects by increasing ROS levels.
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Discussion

Icaritin, an extract of the traditional Chinese medicine
Epimedium sagittatum, belongs to the class of flavonoids (Mo
et al, 2021) and has anti-tumor effects in a variety of tumors.
However, there is a lack of research on its effect on nasopharyngeal
carcinoma. In this study, the anti-tumor effect of icaritin on
nasopharyngeal carcinoma was investigated in vivo and in vitro.
The results showed that icaritin had good anti-tumor effects in both
ex vivo and in vivo evaluations. The apoptotic results showed that
icaritin induced slight apoptosis in nasopharyngeal carcinoma cells.
We thus speculated that the induction of apoptosis may not be the
main anti-tumor mechanism of icaritin. Network pharmacology
integrates  classical ~ pharmacology, = molecular  biology,
bioinformatics, and computer technology to provide ideas for the
study of compound targets, mechanisms of action, and drug-target
interactions (Yang et al., 2021a; Wang et al,, 2022). In this study, we
used network pharmacology to predict the possible anti-tumor
targets and mechanism of action of icaritin and validated them
using MTT, flow cytometry, and western blotting on the basis of
data mining analysis and virtual prediction. This laid the foundation
for the further development of icaritin.

The PPI network analysis showed that the hub targets of icaritin
were mainly cell cycle-related proteins (CCND1, CDK1, CDK2, and
CDK6), molecular chaperones (HSP90AA1 and HSP90ABI1),
tyrosine kinase family members (EGFR and ERBB2), P53/
P21 and PI3K/AKT. Based on the results of the network
pharmacological analysis, we examined the expression of p-AKT
and p-EGFR, and it turned out that these proteins were not
significantly altered, and we hypothesized that icaritin exerted its
antitumor effects through other pathways. In vitro cellular assays
revealed that icaritin inhibited the proliferation of nasopharyngeal
carcinoma cells, and combined with the results of network
pharmacology data, icaritin had a regulatory effect on the cell
cycle of nasopharyngeal carcinoma cells. Using flow cytometry
and western blotting, we found that icaritin induced cellular
S-phase arrest, which is the phase of DNA synthesis, indicating
that it blocked DNA synthesis was blocked. To further detect DNA
damage, we examined y-H2AX, a marker protein of DNA damage,
and the results showed that the expression of y-H2AX protein
gradually increased with increasing patchouli concentration. These
results suggest that icaritin causes DNA damage in nasopharyngeal
carcinoma cells, induces cellular S-phase arrest, and inhibits cell
proliferation to exert anti-tumor effects.

Cellular
irreversible cycle arrest, is one of the main ways to treat
tumor (Baek et al., 2020; Rodenak-Kladniew et al., 2020;
Liu et al.,, 2022). Network pharmacological analysis revealed

senescence, induced when cells undergo

that the cellular senescence pathway is closely related to the
anti-tumor effect of icaritin; therefore, we further explored
whether
nasopharyngeal carcinoma cells. SA-B-Gal staining in vitro

icaritin  induced  cellular  senescence in

and in vivo showed that icaritin significantly induced cellular
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Effect of icaritin on the generation of ROS. (A) The ROS levels inicaritin-treated HONE1 and HNE1 cells were assessed using DCF biomarkers and
analyzed using flow cytometry. (B) Statistical analysis of ROS levelin each group. (C) Cell viability after treatment with icaritin (20 pM), NAC (5 mM), or
a combination of icaritin and NAC for 24 h and determined using the MTT assay. (D) The expression of the cell cycle and senescence-related protein
in HONE1 and HNE1 cells was detected by western blotting after treatment with icaritin (20 pM), NAC (5 mM) or a combination of icaritin with
NAC for 24 h. (E) The quantitative analysis of protein bands. **p < 0.01, ***p < 0.001 versus control; #p < 0.05, *p < 0.01, ***p < 0.001 versus icaritin.
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senescence. We then examined the key signaling pathway of
senescence regulation, P53/P21, and found a significant dose-
dependent increase in the expression levels of both P53 and
P21 proteins in vitro and in vivo. In addition, the P21 protein
plays a role as an inhibitor of cell cycle progression, as
P21 binds to the cell cycle protein kinase complex and
inhibits its kinase activity, which is also closely related to
the cycle regulation of icaritin (Xiong et al., 1993).
Senescence is mainly associated with GO/G1 arrest, however,
that
nasopharyngeal carcinoma cell lines were blocked in S phase

our experimental results showed icaritin-induced

and positive for SA-B-Gal staining, which is a very interesting
further

icaritin-induced

phenomenon and warrants exploration of the

mechanism  of senescence. Studies have
shown that senescence can be triggered by multiple stimuli,
such as oxygen reactive substances and DNA damage (Ma et al.,
2019; Sailor et al., 2022; Yang et al., 2022). We speculate that
icaritin-induced senescence may be related to the above factors,
and the increased expression of the DNA damage marker protein
y-H2AX further supports our speculation. ROS is closely
associated with DNA damage, cell senescence, and other
cellular damages (Maciel-Baron et al., 2018; Xiao et al., 2022).
Several studies have shown that icaritin can promote ROS
production in tumor cells, and our flow cytometry results
that ROS
nasopharyngeal carcinoma cells are consistent with the
findings of these studies (Li et al., 2016; Chen et al., 2019).
Inhibition of ROS enhanced cell viability and reduced the

proportion of senescent cells, suggesting that icaritin exerts

showing icaritin  can enhance levels in

anti-tumor effects through ROS release.

Conclusion

Icaritin has been shown to have effective anti-tumor
properties in both in vitro and in vivo investigations.
Combining with network pharmacological analysis and
cellular validation, we found that icaritin exerts anti-
tumor effects by promoting ROS production, damaging
DNA, and inducing S-phase arrest to inhibit proliferation
of nasopharyngeal carcinoma cells. The results provide a new
direction for exploring the mechanism of icaritin and its use
in treatment of nasopharyngeal carcinoma.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further
inquiries can be directed to the corresponding authors.
Frontiers in Pharmacology

13

10.3389/fphar.2022.993022

Ethics statement

The animal study was reviewed and approved by The
Institutional Animal Care and Use Committee at Institute of
Radiation Medicine.

Author contributions

ML and TH performed experiments and wrote the paper.
WG and YL carried out experiments with animals. WG and HC
analyzed network pharmacology data. DZ, WH, and YL designed
the study. SJ collected data and revised the manuscript. All
authors analyzed the results and approved the final version of
the manuscript.

Funding

This work was supported by the China Postdoctoral Science
Fundation (2018M643875), the National Natural Science
Foundation of China (Grant No. 82104012), the Chinese
Academy of Medical Sciences Innovation Fund for Medical
Sciences (2021-12M-1-042), the State’s Key Project of Research
and Development Plan (2016YFC0105717).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer GY declared a shared affiliation with the
authors TH, DZ.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.993022/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.993022/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.993022/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.993022

Liu et al.

References

Baek, S. Y., Hwang, U. W,, Suk, H. Y., and Kim, Y. W. (2020). Hemistepsin A
inhibits cell proliferation and induces G0/G1-phase Arrest, cellular senescence and
apoptosis via the ampk and p53/p21 signals in human hepatocellular carcinoma.
Biomolecules 10, E713. doi:10.3390/biom10050713

Cai, Y., Zhou, H., Zhu, Y., Sun, Q., Ji, Y., Xue, A., et al. (2020). Elimination of
senescent cells by beta-galactosidase-targeted prodrug attenuates inflammation and
restores physical function in aged mice. Cell Res. 30, 574-589. doi:10.1038/s41422-
020-0314-9

Chen, X., Song, L., Hou, Y., and Li, F. (2019). Reactive oxygen species induced by
icaritin promote DNA strand breaks and apoptosis in human cervical cancer cells.
Oncol. Rep. 41, 765-778. doi:10.3892/0r.2018.6864

Guo, R,, Mao, Y. P, Tang, L. L., Chen, L., Sun, Y., and Ma, J. (2019). The evolution
of nasopharyngeal carcinoma staging. Br. J. Radiol. 92, 20190244. doi:10.1259/bjr.
20190244

Guo, Y., Zhang, X., Meng, J., and Wang, Z. Y. (2011). An anticancer agent icaritin
induces sustained activation of the extracellular signal-regulated kinase (ERK)
pathway and inhibits growth of breast cancer cells. Eur. J. Pharmacol. 658, 114-122.
doi:10.1016/j.¢jphar.2011.02.005

Jin, L., Miao, J., Liu, Y., Li, X, Jie, Y., Niu, Q., et al. (2017). Icaritin induces
mitochondrial apoptosis by up-regulating miR-124 in human oral squamous cell
carcinoma cells. Biomed. Pharmacother. 85, 287-295. doi:10.1016/j.biopha.2016.
11.023

Kang, S., Zhou, C,, He, Y., Zhang, J., Wei, A. H,, Lu, J., et al. (2015). Identification
of epmedii folium and its counterfeit leaf of quercus variabilis. Zhongguo Zhong Yao
Za Zhi 40, 1676-1680.

Li, C, Peng, W, Song, X., Wang, Q., and Wang, W. (2016). Anticancer effect of
icaritin inhibits cell growth of colon cancer through reactive oxygen species, Bcl-2
and cyclin D1/E signaling. Oncol. Lett. 12, 3537-3542. doi:10.3892/01.2016.5089

Li, X,, Zhang, W, Liang, L., Duan, X,, Deng, J., and Zhou, Y. (2020). Natural
product-derived icaritin exerts anti-glioblastoma effects by positively modulating
estrogen receptor . Exp. Ther. Med. 19, 2841-2850. doi:10.3892/etm.2020.8571

Liu, J., Zheng, X, Li, W, Ren, L., Li, S., Yang, Y., et al. (2022). Anti-tumor effects
of Skp2 inhibitor AAA-237 on NSCLC by arresting cell cycle at GO/G1 phase and
inducing senescence. Pharmacol. Res. 181, 106259. doi:10.1016/j.phrs.2022.106259

Liu, Y., Shi, L, Liu, Y., Li, P., Jiang, G., Gao, X,, et al. (2018). Activation of PPARy
mediates icaritin-induced cell cycle arrest and apoptosis in glioblastoma
multiforme. Biomed. Pharmacother. 100, 358-366. doi:10.1016/j.biopha.2018.
02.006

Liu, Z,, Mu, S, Li, S, Liang, J., Deng, Y., Yang, Z., et al. (2021). Hedyotis diffusae
Herba-Andrographis Herba inhibits the cellular proliferation of nasopharyngeal
carcinoma and triggers DNA damage through activation of p53 and p21. Cancer
Gene Ther. 29, 973-983. doi:10.1038/s41417-021-00385-7

Ma, ], Hu, X,, Liao, C,, Xiao, H., Zhu, Q,, Li, Y., et al. (2019). Gypenoside L
inhibits proliferation of liver and esophageal cancer cells by inducing senescence.
Molecules 24, 1054. doi:10.3390/molecules24061054

Ma, M, Fan, A. Y, Liu, Z, Yang, L. Q., Huang, J]. M., Pang, Z. Y., et al. (2022).
Baohuoside I inhibits osteoclastogenesis and protects against ovariectomy-induced
bone loss. Front. Pharmacol. 13, 874952. doi:10.3389/fphar.2022.874952

Maciel-Baron, L. A., Moreno-Blas, D., Morales-Rosales, S. L., Gonzalez-Puertos,
V. Y., Lopez-Diazguerrero, N. E., Torres, C., et al. (2018). Cellular senescence,
neurological function, and redox state. Antioxid. Redox Signal. 28, 1704-1723.
doi:10.1089/ars.2017.7112

Mo, D., Zhu, H., Wang, J., Hao, H., Guo, Y., Wang, J., et al. (2021). Icaritin
inhibits PD-L1 expression by targeting protein IxB kinase a. Eur. J. Immunol. 51,
978-988. doi:10.1002/€ji.202048905

Perri, F., Della Vittoria Scarpati, G., Caponigro, F., Ionna, F., Longo, F.,
Buonopane, S., et al. (2019). Management of recurrent nasopharyngeal
carcinoma: Current perspectives. Onco. Targets. Ther. 12, 1583-1591. doi:10.
2147/0OTT.S188148

Rodenak-Kladniew, B., Castro, A., Starkel, P., Galle, M., and Crespo, R. (2020). 1,
8-Cineole promotes G0/G1 cell cycle arrest and oxidative stress-induced senescence
in HepG2 cells and sensitizes cells to anti-senescence drugs. Life Sci. 243, 117271.
doi:10.1016/j.1£5.2020.117271

Sailor, K. A., Agoranos, G., Lopez-Manzaneda, S., Tada, S., Gillet-Legrand, B.,
Guerinot, C,, et al. (2022). Hematopoietic stem cell transplantation chemotherapy
causes microglia senescence and peripheral macrophage engraftment in the brain.
Nat. Med. 28, 517-527. doi:10.1038/s41591-022-01691-9

Frontiers in Pharmacology

14

10.3389/fphar.2022.993022

Shi, P. Z., Wang, J. W., Wang, P. C,, Han, B, Lu, X. H,, Ren, Y. X,, et al. (2021).
Urolithin a alleviates oxidative stress-induced senescence in nucleus pulposus-
derived mesenchymal stem cells through SIRT1/PGC-1a pathway. World J. Stem
Cells 13, 1928-1946. doi:10.4252/wjsc.v13.i112.1928

Sun, L., Peng, Q., Qu, L., Gong, L., and Si, J. (2015). Anticancer agent icaritin
induces apoptosis through caspase-dependent pathways in human
hepatocellular carcinoma cells. Mol. Med. Rep. 11, 3094-3100. doi:10.3892/
mmr.2014.3007

Sun, Y., Jia, D., Xue, M., Huang, Z.,, and Huang, C. (2022). Trifluoro-icaritin
alleviates chronic inflammatory pain through a7nAChR-mediated suppression of
HMGBI/NF-«B signaling in the spinal cord of rats. Brain Res. Bull. 183, 13-26.
doi:10.1016/j.brainresbull.2022.02.014

Tubita, A., Lombardi, Z., Tusa, 1., Lazzeretti, A., Sgrignani, G., Papini, D., et al.
(2022). Inhibition of ERK5 elicits cellular senescence in melanoma via the cyclin-
dependent kinase inhibitor p21. Cancer Res. 82, 447-457. doi:10.1158/0008-5472.
CAN-21-0993

Wang, S., Wang, Q., Wang, H., Qin, C,, Cui, X, Li, L., et al. (2019). Induction of
ROS and DNA damage-dependent senescence by icaritin contributes to its
antitumor activity in hepatocellular carcinoma cells. Pharm. Biol. 57, 424-431.
doi:10.1080/13880209.2019.1628073

Wang, X., Zheng, N., Dong, J., Wang, X, Liu, L., and Huang, J. (2017). Estrogen
receptor-a36 is involved in icaritin induced growth inhibition of triple-negative
breast cancer cells. J. Steroid Biochem. Mol. Biol. 171, 318-327. doi:10.1016/j.jsbmb.
2017.05.009

Wang, Z. Y., Wang, X,, Zhang, D. Y., Hu, Y. J,, and Li, S. (2022). Traditional
Chinese medicine network pharmacology: Development in new era under guidance
of network pharmacology evaluation method guidance. Zhongguo Zhong Yao Za
Zhi 47, 7-17. doi:10.19540/j.cnki.cjcmm.20210914.702

Wu, J., Xu, H., Wong, P. F., Xia, S., Xu, J., and Dong, J. (2014). Icaritin attenuates
cigarette smoke-mediated oxidative stress in human lung epithelial cells via
activation of PI3K-AKT and Nrf2 signaling. Food Chem. Toxicol. 64, 307-313.
doi:10.1016/j.fct.2013.12.006

Xiao, Y., Yao, W., Lin, M., Huang, W, Li, B., Peng, B., et al. (2022). Icaritin-loaded
PLGA nanoparticles activate immunogenic cell death and facilitate tumor
recruitment in mice with gastric cancer. Drug Deliv. 29, 1712-1725. doi:10.
1080/10717544.2022.2079769

Xiong, Y., Hannon, G. J., Zhang, H., Casso, D., Kobayashi, R., and Beach, D.
(1993). p21 is a universal inhibitor of cyclin kinases. Nature 366, 701-704. doi:10.
1038/366701a0

Xue, L, Jiang, Y., Han, T., Zhang, N., Qin, L., Xin, H,, et al. (2016). Comparative
proteomic and metabolomic analysis reveal the antiosteoporotic molecular
mechanism of icariin from Epimedium brevicornu maxim. J. Ethnopharmacol.
192, 370-381. doi:10.1016/j.jep.2016.07.037

Yang, J. G, Lu, R, Ye, X. J,, Zhang, J., Tan, Y. Q,, and Zhou, G. (2017). Icaritin
reduces oral squamous cell carcinoma progression via the inhibition of
STATS3 signaling. Int. J. Mol. Sci. 18, E132. doi:10.3390/ijms18010132

Yang, M. Z,, Zhang, B. B., Huang, J. C., Bai, X. Y., Liang, Z. Q., Yi, X, et al. (2021a).
Network pharmacology reveals polyphyllin II as one hit of nano Chinese medicine
monomers against nasopharyngeal carcinoma. Bioinorg. Chem. Appl. 2021,
9959634. doi:10.1155/2021/9959634

Yang, S. C., Chen, H. Y., Chuang, W. L., Wang, H. C,, Hsieh, C. P., and Huang, Y.
F. (2022). Different cell responses to hinokitiol treatment result in senescence or
apoptosis in human osteosarcoma cell lines. Int. J. Mol. Sci. 23, 1632. doi:10.3390/
1jms23031632

Yang, Z., Zhang, Q., Yu, L., Zhu, J., Cao, Y., and Gao, X. (2021b). The signaling
pathways and targets of traditional Chinese medicine and natural medicine in
triple-negative breast cancer. J. Ethnopharmacol. 264, 113249. doi:10.1016/j.jep.
2020.113249

Yin, L., Qi, X. W, Liu, X. Z,, Yang, Z. Y., Cai, R. L., Cui, H. ], et al. (2020). Icaritin
enhances the efficacy of cetuximab against triple-negative breast cancer cells. Oncol.
Lett. 19, 3950-3958. doi:10.3892/01.2020.11496

Yu, T.],, Tang, J. Y., Shiau, J. P., Hou, M. F,, Yen, C. H,, Ou-Yang, F., et al. (2022).
Gingerenone A induces antiproliferation and senescence of breast cancer cells.
Antioxidants (Basel) 11, 587. doi:10.3390/antiox11030587

Yu, Z., Guo, J., Hu, M., Gao, Y., and Huang, L. (2020). Icaritin exacerbates
mitophagy and synergizes with doxorubicin to induce immunogenic cell death in
hepatocellular carcinoma. ACS Nano 14, 4816-4828. doi:10.1021/acsnano.0c00708

frontiersin.org


https://doi.org/10.3390/biom10050713
https://doi.org/10.1038/s41422-020-0314-9
https://doi.org/10.1038/s41422-020-0314-9
https://doi.org/10.3892/or.2018.6864
https://doi.org/10.1259/bjr.20190244
https://doi.org/10.1259/bjr.20190244
https://doi.org/10.1016/j.ejphar.2011.02.005
https://doi.org/10.1016/j.biopha.2016.11.023
https://doi.org/10.1016/j.biopha.2016.11.023
https://doi.org/10.3892/ol.2016.5089
https://doi.org/10.3892/etm.2020.8571
https://doi.org/10.1016/j.phrs.2022.106259
https://doi.org/10.1016/j.biopha.2018.02.006
https://doi.org/10.1016/j.biopha.2018.02.006
https://doi.org/10.1038/s41417-021-00385-7
https://doi.org/10.3390/molecules24061054
https://doi.org/10.3389/fphar.2022.874952
https://doi.org/10.1089/ars.2017.7112
https://doi.org/10.1002/eji.202048905
https://doi.org/10.2147/OTT.S188148
https://doi.org/10.2147/OTT.S188148
https://doi.org/10.1016/j.lfs.2020.117271
https://doi.org/10.1038/s41591-022-01691-9
https://doi.org/10.4252/wjsc.v13.i12.1928
https://doi.org/10.3892/mmr.2014.3007
https://doi.org/10.3892/mmr.2014.3007
https://doi.org/10.1016/j.brainresbull.2022.02.014
https://doi.org/10.1158/0008-5472.CAN-21-0993
https://doi.org/10.1158/0008-5472.CAN-21-0993
https://doi.org/10.1080/13880209.2019.1628073
https://doi.org/10.1016/j.jsbmb.2017.05.009
https://doi.org/10.1016/j.jsbmb.2017.05.009
https://doi.org/10.19540/j.cnki.cjcmm.20210914.702
https://doi.org/10.1016/j.fct.2013.12.006
https://doi.org/10.1080/10717544.2022.2079769
https://doi.org/10.1080/10717544.2022.2079769
https://doi.org/10.1038/366701a0
https://doi.org/10.1038/366701a0
https://doi.org/10.1016/j.jep.2016.07.037
https://doi.org/10.3390/ijms18010132
https://doi.org/10.1155/2021/9959634
https://doi.org/10.3390/ijms23031632
https://doi.org/10.3390/ijms23031632
https://doi.org/10.1016/j.jep.2020.113249
https://doi.org/10.1016/j.jep.2020.113249
https://doi.org/10.3892/ol.2020.11496
https://doi.org/10.3390/antiox11030587
https://doi.org/10.1021/acsnano.0c00708
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.993022

	Exploring the pharmacological mechanisms of icaritin against nasopharyngeal carcinoma via network pharmacology and experime ...
	Introduction
	Materials and method
	Reagents
	Cell culture
	MTT assay
	Colony formation assay
	Target prediction of icaritin and nasopharyngeal carcinoma
	Construction and analysis of target network
	GO and KEGG pathway enrichment analysis
	Cell cycle analysis
	Apoptosis assay
	Western blot
	Reactive oxygen species measurement
	SA-β-gal analysis
	Nude mice xenograft model
	Immunohistochemistry
	Statistical analysis

	Results
	Icaritin inhibits the proliferation of nasopharyngeal carcinoma cells
	Icaritin inhibits the tumor growth of nasopharyngeal carcinoma in vivo
	Icaritin-nasopharyngeal carcinoma protein-protein interaction network
	GO and KEGG pathway enrichment analysis
	Icaritin induces S-phase arrest in HONE1 and HNE1 cells
	Icaritin induces HONE1 and HNE1 cell senescence
	Icaritin increases the reactive oxygen species level of HONE1, and HNE1 cells

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


