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Abstract

Epimedium has gained widespread clinical application in Traditional Chinese Medicine, with the functions of promoting bb
reproduction, regulating cell cycle and inhibiting osteoclastic activity. However, its precise cellular pharmacological therapeutic
mechanism on osteoporosis (OP) remains elusive. This study aims to elucidate the molecular mechanism of epimedium in the
treatment of OP based on system bioinformatic approach.

Predicted targets of epimedium were collected from TCMSP, BATMAN-TCM and ETCM databases. Differentially expressed
mRNAs of OP patients were obtained from Gene Expression Omnibus database by performing Limma package of R software.
Epimedium-OP common targets were obtained by Venn diagram package for further analysis. The protein-protein interaction
network was constructed using Cytoscape software. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
pathway enrichment analyses were carried out by using clusterProfiler package. Molecular docking analysis was conducted
by AutoDock 4.2 software to validate the binding affinity between epimedium and top 3 proteins based on the result of
protein-protein interaction.

A total of 241 unique identified epimedium targets were screened from databases, of which 62 overlapped with the targets
of OP and were considered potential therapeutic targets. The results of Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes enrichment analysis revealed that these targets were positive regulation of cell cycle, cellular response to oxidative
stress and positive regulation of cell cycle process as well as cellular senescence, FoxO, PIBK-Akt, and NF-kappa B signaling
pathways. Molecular docking showed that epimedium have a good binding activity with key targets.

Our study demonstrated the multitarget and multi-pathway characteristics of epimedium on OP, which elucidates the potential
mechanisms of epimedium against OP and provides theoretical basis for further drug development.

Abbreviations: BATMAN-TCM = Bioinformatics Analysis Tool for Molecular mechanism of Traditional Chinese Medicine
database, ETCM = Encyclopedia of Traditional Chinese Medicine platform, GO = Gene Ontology, KEGG = Kyoto Encyclopedia
of Genes and Genomes, OP = osteoporosis, PPl = protein-protein interaction, TCMSP = Traditional Chinese Medicine systems

Pharmacology Database and Analysis Platform.
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1. Introduction

Osteoporosis (OP) is a common systemic skeletal disease char-
acterized by reduced bone mass, impaired microarchitecture
and susceptible to fracture.! Following the accelerated speed of
population aging in global, the incidence of OP continues to rise
affecting the health and quality of life in the elderly. Currently, the
prevention and treatment strategies for OP mainly include bone
reproduction promoters, bone resorption inhibitors and bone min-
erals, such as bisphosphonates, teriparatide, calcitonin, and hor-
mone replacement.”! However, these drugs may be accompanied
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by serious adverse effects, including an increasing risk of calculus,
jaw necrosis, breast cancer, or atypical femur fracture.>=! To avoid
the drawbacks of conventional therapies and provide alternative
therapeutic agents, uncovering the natural products with potential
bone-protecting effects is vitally important.[*°!

Traditional Chinese Medicine (TCM) has been playing an
important role in the improvement of life quality and curing dis-
ease. In recent years, more and more attentions had been paid to
the Chinese herb medicine for the treatment of OP. Epimedium
has a longstanding history and has gained widespread clinical
application in China, with the functions of promoting bone
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reproduction, regulating cell cycle, inhibiting osteoclastic activ-
ity, and antioxidative stress. In addition, previous studies have
reported that epimedium can effectively enhance the activity
of osteoblasts, indicating its antiOP biological activities.!'!"13I
However, its precise cellular pharmacological therapeutic mech-
anism on OP remains elusive.

Due to the multicomponent, multitarget and multi-path-
way characteristics of the TCM in the treatment of diseases,
the biological molecular mechanism is relatively complicated.
Considerable utilization of manpower and material resources
make it difficult to thoroughly investigate the molecular mecha-
nism of TCM through animal and cellular studies.

Network pharmacology is a new subject based on the theory of
system biology,"* which analyzes the network of biological sys-
tem and selects specific signal nodes to design multitarget drug
molecules, including chemoinformatics, bioinformatics, network
biology, and pharmacology.!'>!¢! It emphasizes the multi-channel
regulation of signaling pathways, improving the therapeutic effect
of drugs and reducing the side effects. Thus, these advantages con-
tribute to improve the success rate of clinical trials of new drugs and
save costs for the drug research and development.!'” Therefore, in
this study, we adopted the system bioinformatic approach through
network pharmacology, molecular docking and microarray data
analysis to reveal the pharmacological antiOP mechanism of epi-
medium. The whole flowchart is shown in Figure 1.

Medicine

2. Materials and Methods

2.1. Database building and active compound screening

Epimedium was used as a key word inquire and screen of
active ingredients in TCM systems Pharmacology Database
and Analysis Platform (TCMSP: http://tcmspw.com/tcmsp.
php), Bioinformatics Analysis Tool for Molecular mechanism
of Traditional Chinese Medicine database (BATMAN-TCM,
http://bionet.ncpsb.org/batman-tcm), and the Encyclopedia
of Traditional Chinese Medicine platform (ETCM, http:/
www.tcmip.cn/ETCM/index.php). TCMSP, one of the
world’s largest noncommercial TCM molecular databases,
collects 499 herbs from the 2015 Chinese Pharmacopoeia
and the compound ingredients of each herb, including
13,144 molecules and 29,384 compounds, in which 2 key
absorption, distribution, metabolism, and excretion (ADME)
properties including oral bioavailability (OB>30%) and drug
similarity (DL>0.18) were employed to screen the candidate
active compounds in epimedium.!'8! In BATMAN-TCM data-
base, effective chemical components were further screened
by setting cutoff value to 55. Then, the corresponding targets
were entered into UniProt (https://www.uniprot.org/), the
most comprehensive and functionally annotated database of
protein sequences, and the species was selected as “Homo
sapiens.”
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Figure 1. The whole framework based on an integration strategy of network pharmacology.
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2.2. The acquisition of differentially expressed genes in OP

The terms “osteoporosis” and “OP” were searched as key
words. Gene expression profile of OP named GSE35958 was
downloaded from Gene Expression Omnibus database (www.
ncbi.nlm.nih.gov/geo), which contained 9 blood samples includ-
ing 5 OP patients (5 females, mean age 86.2 years) and 4 cases
(3 females and 1 male, mean age 81.8 years) as control group.
Differential expression analysis between 2 groups was per-
formed to identify differentially expressed mRNAs by setting
FDR < 0.05, llogfcl > 0.5 as cutoff threshold. “Limma” package
of R was used to perform this process.

2.3. Network construction for epimedium-OP common
targets

By drawing a Venn diagram [VennDiagram of R (3.6.2 for
Windows)], the intersection of the targets of epimedium and
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the OP-related targets were obtained as the potential targets
for next step analysis. Then, protein-protein interaction (PPI)
network was conducted by STRING database (https://string-db.
org/), which covered approximately all functional interactions
between the expressed proteins."”! “Homo sapiens” was cho-
sen, and a scoring value >0.4 was selected as the medium confi-
dence basis for protein interactions.!*”! Cytoscape (version 3.7.2;
https://www.cytoscape.org/) platform was available for visual-
izing and analyzing the interconnection network, and plug-in
“Network Analysis” was used to analyze the topological prop-
erties of the network.

2.4. Gene ontology and pathway enrichment analysis

The gene ontology (GO) database (http://geneontology.org/),
mainly including the biological process (BP) and molecu-
lar function (MF) terms, was applied to analyze the poten-
tial biological molecular mechanisms. In addition, the Kyoto

a
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Figure 2. The network of targets for epimedium screened from TCMSP, ECTM, and BATMAN-TCM databases.
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Encyclopedia of Genes and Genomes (KEGG) database
(https://www.kegg.jp/) pathway enrichment analysis was
conducted to identify the systemic involvement of pathways.
In this research, the GO functional annotation and KEGG
pathway enrichment analysis were performed by using clus-
terProfiler package in R software, and the P value <0.05 was
employed for further analysis.

2.5. Molecular docking

Molecular docking analysis was conducted by AutoDock 4.2
software to validate the binding affinity between epimedium
and top 3 proteins based on the result of PPI. All 3D struc-
tures of the candidate protein targets were obtained from
the RCSB Protein Data Bank. Epimedium was prepared by
UCSF Chimera.?!l We used the auxiliary program AutoGrid
to generate the docking area. In this study, we ignored all
the rotations of bound ligands. Finally, the Auto tool was
used to calculate the binding energy and inhibition constant
between epimedium and its targets. The 3D diagrams of the
interactions between epimedium and targets were visualized
by PyMOL 1.8.

3. Results

3.1. Identification targets of epimedium

The “epimedium” was used as the search term. In TCMSP
database, a total of 23 bioactive compounds and 224 predicted
targets with OB > 30% and DL > 0.18 were screened out. In
BATMAN-TCM database, we obtained 4 bioactive compounds
and 18 therapeutic targets with 55 as cutoff threshold. And, in
ETCM platform, 17 compounds and 9 targets were retrieved.
Finally, a total of 43 kinds of bioactive compounds and 241

Medicine

unique targets were obtained after taking union set and deleting
the duplicate items showed in Figure 2.

3.2. Theoretical targets of OP

Compared with the control group, 4661 differentially
expressed genes were detected in blood samples of OP
patients, of which 2205 genes were upregulated and 2456
genes were down-regulated. After obtaining the expres-
sion matrix of GSE35958 data set, the clustering graph can
directly reflect the expression of different genes. Samples of
the first 4 groups were control group, and the last 5 groups
were OP group. The depth of color represents the level of
gene expression, magenta represents the up regulation of
gene expression, and green represents the down regulation
of gene expression. The first 50 differentially expressed genes
were mapped showed in Figure 3.

3.3. Common Targets and Compound-Target network

The 241 predicted targets of epimedium were intersected with
4661 differentially expressed genes in OP patients, then 62 over-
lapped targets were obtained as the therapeutic targets through
which epimedium exerts an antiOP effect (Fig. 4). Based on the
volcano map of original expression matrix, the distribution of
62 therapeutic targets were showed in Figure 5, of which 23 were
low expression and 39 were high expression in blood samples. To
further directly reflect the interaction relationship between the
compounds and their corresponding targets, we constructed a
compound-target network by Cytoscape 3.7.2 software (Fig. 6).
The topology of the network was analyzed by using the plug-in
network analyzer. We found that the network is composed of
157 nodes and 433 edges with deleting degree value < 2 tar-
gets. Among them, the top 10 effective components in freedom

Figure 3. Cluster heat map of differential genes.
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Figure 4. The intersection of epimedium targets and differentially expressed
genes in OP patients.

degree values are as follows: Quercetin, kaempferol, luteo-
lin, C-Homoerythrinan, 1,6-didehydro-3,15,16-trimethoxy-,
Anhydroicaritin, 8-Isopentenyl-kaempferol, 8-(3-methylbut-2-
enyl)-2-phenyl-chromone, Chryseriol, Magnograndiolide, and
DFV. Furthermore, the top 10 therapeutic targets in freedom
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degree values are as follows: PTGS2, NCOA2, AHR, PTGS1,
HSP90AA1, AR, TOP2A, AKR1C3, DPP4, and PRSS1.

3.4. Conversion of target proteins into network and
analysis

We then utilized the STRING database in which the minimum
required interaction score was set to the high confidence level
(0.900) to build the PPI network for the 62 critical potential
genes which consists of 42 nodes and 123 edges (Fig. 7). The
results were used for further analysis through Cytoscape soft-
ware to determine Hub proteins. Based on the degree princi-
ple, the top 3 targets, namely TP53, AKT1, and CCND1, have
higher degree in this process, which explained their importance
in the network.

3.5. GO enrichment analysis

62 common genes were applied to the GO analysis conducted
by the clusterProfiler package in R. A total of 1340 BP terms
were enriched, and the top 25 remarkably enriched BP terms
based on P value were selected for visualization, including
regulation of fibroblast proliferation (GO:0048145), fibro-
blast proliferation (GO:0048145), positive regulation of
reactive oxygen species metabolic process (GO:2000379),
cellular response to oxidative stress (GO:0034599), response
to decreased oxygen levels (GO:0036293), and positive reg-
ulation of cell cycle process (GO:0090068) (Fig. 8). These
results indicated that epimedium may play a vital role in the
treatment of OP by manipulating these biological processes,
which are of great significance to further understand the
mechanism of epimedium on OP. A total of 67 MF GO terms
were enriched, and the top 25 entries based on P value were
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Figure 5. Distribution of 62 therapeutic targets in volcano plot.
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Figure 6. Active compound-target network of potential targets in epimedium. The green nodes represent the potential active compound in epimedium, and the

magenta nodes represent the corresponding targets.

selected for drawing bubble diagram. These MF terms mainly
involved ubiquitin protein ligase binding (GO:0031625),
peptide binding (GO:0042277), kinase regulator activity
(GO:0019207), and ubiquitin-like protein ligase binding
(GO:0044389) (Fig. 9).

3.6. KEGG pathway enrichment analysis

To further uncover the potential mechanisms of epimedium
against OP at the pathway level, we adopted the cluster-
Profiler package to conduct a KEGG enrichment analysis
on 62 targets and screened out top 15 pathways based on
the threshold of P value. And, the critical gene-pathway net-
work showed that AKT1, CCND1, CDK4, CDKN1A, E2F1,

RB1, TP53 etc were the frequently enriched genes and may
play key roles in the effects exerted by epimedium (Fig. 10).
Many pathways for potential target genes were identified,
such as Cellular senescence, PI3K-Akt signaling pathway and
mTOR signaling pathway are related to autophagy activity.
HIF-1 signaling pathway and FoxO signaling pathway are
associated with signal transduction. TNF signaling pathway
NF-kappa B signaling pathway and IL-17 signaling pathway
are related to the inflammatory. Moreover, toll-like receptor
signaling pathway and focal adhesion are closely related to
immunological stress. In addition, we found some other path-
ways such as AGE-RAGE signaling pathway in diabetic com-
plications, Chronic myeloid leukemia, Hepatitis C, Endocrine
resistance and Inflammatory bowel disease, which uncovered
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Figure 7. PPI network diagram of epimedium targets.

that epimedium also has a potential application in other dis-
eases. The results showed that epimedium played key roles in
antiOP effect mainly by regulating antioxidant stress, immu-
nization, and inflammatory reaction.

3.7. Docking stimulation verification

In this study, we used the molecular docking stimulation in
order to identify the binding ability between components of epi-
medium and the obtained hub genes. As showed in Figure 11,
all the bioactive components demostrated a good binding with
these genes. Among these genes, the top 3 hub genes, namely
TP53, AKT1, and CCNDI, interacted well with the related
active compounds (Fig. 12).

4. Discussion

OP is characterized by low bone mineral density and higher
risk of fracture due to bone fragility. The side effects caused
by long-term use of antiOP drugs are gradually garnering
public concern.? ! TCM have been playing an important role
in the prevention and treatment of OP due to its safety and
effectiveness. Herb epimedium is one of the most extensively
used herbs in antiOP traditional herbal drugs prescriptions,
but its molecular mechanism is still not fully understood.
Therefore, in the present study, we constructed multi-tiered
network to predict drug targets by using a pharmacological
drug discovery approach which included identification of the
gene-targets and the use of the multiple components-multi-
ple targets-multiple pathways-multiple disease approach.
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Moreover, the stable molecular docking model of the com-
pound-target showed effective binding in representative com-
pounds and hub OP targets verifying the inner links between
epimedium and OP.

Through the screening of active ingredients and analysis of
compound-target network, quercetin, kaempferol, and luteo-
lin were identified to be the most important active ingredients
of epimedium against OP. Many studies have confirmed that
quercetin could promote the proliferation of bone marrow
mesenchymal stem cells and exert antiinflammatory effects to
inhibit bone loss.??! Also, it was reported that quercetin could
reduce the oxidative damage in MC3T3-E1 osteoblast-like
cells induced by peroxide via down-regulating part of the
toxic transduction pathway.l?’! Masaaki et al* have found
that quercetin could reduce bone resorption by inhibiting
osteoclastogenesis related to its estrogenic activity. Luteolin
has been reported to exhibit the antioxidant activity in glu-
cocorticoid-induced osteoporosis by regulating the ERK/
Lrp-5/GSK-3p pathway in vivo and in vitro./*’! Notably, these
active components synergistically exert antiinflammatory,
maintenance of estrogen level and antioxidative stress bone
formation, which can be regarded as potential therapeutic
strategies on OP.

A total of 241 known targets of epimedium were found
by using network pharmacology, indicating its wide range
of therapeutic effects and good biological activity. Among
all targets, 62 therapeutic targets were obtained as the key
targets through which epimedium exerts an antiOP effect.
Then, we concluded that many targets can be adjust by mul-
tiple compounds, such as PTGS2, NCOA2, AHR, PTGS1,

and AKR1C3. This confirmed that epimedium has the bio-
logical characteristics of multicomponent and multitarget
in treating OP. The PPI network highlighted pivotal targets
and interaction degree with others, such as TP53, AKT1, and
CCNDL1. In the entire target network of epimedium against
OP, these targets showed a rich interaction with others and
were more likely to produce a cascade effect in the treatment
of OP.

In order to reveal the mechanism of epimedium against OP,
we analyzed the candidate targets by performing GO enrich-
ment via biological processes and molecular function. The
main GO biological processes terms related to OP including
positive regulation of cell cycle (P value = 4.32E-135, ranked in
6™), cellular response to oxidative stress (P value=3.47E-14,
ranked in 9%), positive regulation of cell cycle process (P value
= 5.9E-13, ranked in 22") and regulation of apoptotic sig-
naling pathway (P value = 2.52E-12, ranked in 26™). What’s
more, the protein serine/threonine kinase activity and tran-
scription co-factor binding were analyzed by molecular func-
tion enrichment analysis. These results suggested that antiOP
mechanisms mainly involved antioxidative stress, regulation of
cell cycle and apoptosis. Studies have revealed that oxidative
stress plays an important role in the pathogenesis of OP.12¢27]
Oxidative stress inhibits osteoblast differentiation and stim-
ulates osteoclast differentiation in bone marrow, leading to
OP and accelerating its progress. More importantly, oxidative
stress can accelerate cell senescence and death by activating
many signal transduction pathways, including inflammatory
transcription pathway nuclear factor (NF-xb), JAK/STAT sig-
naling, mitogen activated protein kinases (MAPKSs), and heat
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shock factor (HSF).?8) Chavan et al®?! have found that the
oxidative biological markers in postmenopausal OP women
were significantly higher than those in the healthy group. The
positive regulation of cell cycle and apoptosis process of epi-
medium could balance bone reproduction and bone loss, thus
delaying the process of OP.

The therapeutic targets of epimedium were enriched in
several OP-related pathways, such as cellular senescence
(P value = 8.52E-14, ranked in 12"), FoxO signaling path-
way (P value = 1.11E-09, ranked in 24™"), PI3K-Akt sig-
naling pathway (P value = 8.48E-08, ranked in 31*%), and
NF-kappa B signaling pathway (P value = 0.00074, ranked
in 69™). Under the background of global aging, cellular
senescence has received considerable attention as a poten-
tial target in treating multiple age-related diseases such as
osteoporosis. Sundeep et all®*l have found the expression of
senescent cell biomarker Cdkn2a increased consistently in
mice with aging in bone-derived enriched populations of
osteoprogenitors, osteoblasts, and osteocytes. In addition,
researchers also found the expression levels of senescence
biomarkers p16INK4A and p21CIP1 were statistically sig-
nificantly increased in iliac crest of older postmenopausal
women compared with younger premenopausal women.?3!!
These data indicated that senescent cells accumulate in old
bone in mice and humans, implicating a potential role for
these cells in the pathogenesis of OP. Our result showed that

epimedium could prevent and treat OP through regulating
cellular senescence.

Also, the KEGG enrichment analysis suggested that epime-
dium exerted antiOP through FoxO signaling pathway, PI3K-
Akt signaling pathway and NF-kappa B signaling pathway (P
value = 0.00074, ranked in 69™), which are closely related to
OP. FoxOs are evolutionarily conserved transcription factors
for their highly conserved DNA-binding domain. FoxOs par-
ticipate in regulating many cellular processes, including cell
survival, proliferation, differentiation, apoptosis, oxidative
stress resistance, metabolism, inflammation, and aging.32-34
Recent studies have revealed that FoxOs regulate bone cell
functions and their intercellular signaling. It is reported that
H,0, accumulation is a critical adaptation for the differen-
tiation and survival of osteoclasts. Bartell et al’®s! confirmed
that FoxO proteins could inhibit the osteoclast formation
and bone resorption through attenuating H,O, accumula-
tion. In addition, the PI3K-Akt signaling patilway plays an
important role in differentiation of bone cells, especially in
osteoblasts.’*! PI3K is a lipid kinase that generates PIP3,
which recruits and activates PDK-1 and Akt. Akt is a major
signaling molecule activated by PI3K and plays a key role in
osteoblast differentiation. Previous study has reported that
blocking the PI3K/Akt signaling pathway can heavily inhibit
cell proliferation, calcium accumulation and ALP activity in
osteoblasts.?”!
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Figure 10. Top 15 pathways of KEGG enrichment analysis.

NF-xB is a key transcription factor in cells, which is
involved in antioxidative stress, inflammatory regulation,
immune response, cell differentiation, and apoptosis. NF-kB
signaling pathway is one of the most important signal-
ing pathways linked to the loss of skeletal muscle mass in
normal physiological and pathophysiological conditions.?®!
Although muscle atrophy might involve differential acti-
vation of multiple cell signaling pathways, recent evidence
suggest that NF-xB is one of the most important signaling
systems, the activation of which leads to skeletal muscle loss.
Zhu et al®’! have found that tanshinone IIA had protective
effects against oxidative stress in osteoblastic differentiation
in mice with osteoporosis by regulating the NF-«B signaling
pathway. Huang et al*”! confirmed that Mettl21c might exert
its bone-muscle pleiotropic function via the regulation of the
NF-kB signaling pathway, which is critical for bone and mus-
cle homeostasis.

The top 3 hub gene targets, namely TP53, AKT1,and CCND1,
enriched in these key pathways were selected for molecular
docking studies. These docking results suggested good affinity of
epimedium toward these 3 targets and validated above network
pharmacology results.

However, there were some unavoidable limitations in our
study. The predicted targets of quercetin were collected from
3 main databases. It was insufficient for the investigation of

10

quercetin mechanism. Nevertheless, through a series of net-
work pharmacological methods and including many previ-
ous research results, we revealed the main therapeutic targets,
which provided general therapeutic targets and references for
the treatment of OP. In the future, interrupting candidate genes
via Clustered Regularly Interspaced Short Palindromic Repeats
or modifying their expression via small, interfering RNA could
also help infer MF, providing better annotation and aid their
integration into pathways. Finally, although network pharma-
cology is an efficient and convenient method for predicting ther-
apeutic targets in sophisticated diseases, it is still necessary to
verify the rationality of the predicted targets through vivo and
vitro experiments.

5. Conclusions

Based on bioinformatics and network pharmacology anal-
ysis, this study revealed the molecular mechanism underly-
ing the effect of epimedium on OP, which is consistent with
previous studies. These results demonstrated the multitarget
and multipathway mechanisms of epimedium against OP,
which affords the following drug research the promising
direction and theoretical basis. However, in vivo and in vitro
experiments are further required to verify above therapeutic
mechanisms.
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Figure 11. Heat maps of the docking scores of hub genes combining with bioactive compounds in epimedium.

Figure 12. Molecular docking stimulation of bioactive compound-hub gene (A) EpimedinA to TP53 (docking score = —=9.4); (B) EpimedinA to AKT1 (docking
score = —11.3); (C) Anhydroicaritin30OLR to CCND1 (docking score = —9.5).
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