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Abstract
Introduction Celastrol is a promising therapeutic agent for the treatment of osteoarthritis (OA). However, the mechanism of
action of celastrol is unclear. This study was aiming to identify the potential function of celastrol on OA and determine its
underlying mechanism.
Method Celastrol targets were collected from web database searches and literature review, while pathogenic OA targets were
obtained from Online Mendelian Inheritance in Man (OMIM) and GeneCards databases. Transcriptomics data was sequenced
using an Illumina HiSeq 4000 platform. Celastrol-OA overlapping genes were then identified followed by prediction of the
potential function and signaling pathways associated with celastrol using gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis. A celastrol-target network was constructed to identify the candidate core targets of
celastrol. The predictions were then validated by performing molecular docking and molecular dynamics simulation studies.
Results In total, 96 genes were identified as the putative celastrol targets for treatment of OA. These genes were possibly involved
in cell phenotype changes including response to lipopolysaccharide and oxidative stress as well as in cell apoptosis and aging.
The genes also induced the mTOR pathway and AGE-RAGE signaling pathway at the intracellular level. Additionally, results
indicated that 13 core targets includingmTOR, TP53,MMP9, EGFR, CCND1,MAPK1, STAT3, VEGFA, CASP3, TNF,MYC,
ESR1, and PTEN were likely direct targets of celastrol in OA. Finally, mTOR was determined as the most likely therapeutic
target of celastrol in OA.
Conclusion This study provides a basic understanding and novel insight into the potential mechanism of celastrol against OA.

Key Points
• Our study provides a strong indication that further study of celastrol therapy in OA is required.
• mTOR is the most likely therapeutic target of celastrol in OA.
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Introduction

Osteoarthritis (OA) is one of the most common diseases
in middle-aged and elderly people. Despite its preva-
lence, there are no available disease-modifying osteoar-
thritis drugs (DMOADs) or other disease-modifying in-
terventions due to lack of effective diagnostic tools for
early detection of OA and monitoring disease progres-
sion [1]. Recently, there has been a rise in the number
of researchers suggesting that there are different pheno-
types or subpopulations of OA based on pathogenesis.
Reports have also indicated that more than one patho-
genetic mechanisms may be involved in the same
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patient during different phases of the disease [2].
Therefore, a single-target drug is not able to combat
this complex multifactorial disease. A better therapeutic
effect may be achieved by multi-targeted therapy
through either drug combinations or a single drug si-
multaneously interacting with multiple targets.

Celastrol , an act ive ingredient isolated from
Tripterygium wilfordii, has been used for centuries to
treat inflammatory arthritis and autoimmune diseases in
China. The molecule has multiple-target effects with re-
ports indicating that its anti-inflammatory, antioxidant,
and leptin sensitization effects have therapeutic effects
in various inflammatory diseases [3], neurodegenerative
diseases [4], and metabolic disorders [5]. Celastrol’s
therapeutic effects suggest that it could play a role in
OA associated with synovial inflammation and cartilage
breakdown. Although some reports on the positive ef-
fects of celastrol on OA exist [6, 7], the exact mecha-
nisms of anti-osteoarthritis of celastrol are still largely
unknown. Therefore, there is need to conduct further
studies to identify the targets interacting with celastrol
and elucidate its underlying mechanism in OA treatment.

Currently, mechanistic studies on celastrol mainly fol-
low the conventional single target one disease paradigm
which limits its evaluation. This is because the thera-
peutic effect of multi-target drugs is usually attributed
to the synergistic action between various targets in-
volved in the different progression of the disease. In
recent years, new experimental technologies are gener-
ating numerous multi-omics data which is providing in-
formation on complex diseases including OA thus in-
creasing the number of potential drug targets [8].
However, drug development has not matched the pace
of these experimental technologies due to the fact that
the disease network does not provide information on
drug-disease associations which is the main purpose of
this study.

Network pharmacology is a novel pharmacological ap-
proach used to access the interactions of specific nodes
or modules within integrated drug targets and biological
networks [9, 10]. Unlike traditional pharmacological ap-
proaches, it provides descriptions of drug action at the
molecular level from a biological balance perspective.
Therefore, it is considered to be a promising discipline
for evaluation of complex diseases and multi-target
drugs. In this study, we combined the transcriptome, net-
work pharmacology, and computer-aided drug design
methods using an integrated analysis strategy to explore
the underlying mechanism of the action of celastrol on
OA. Results from this study may provide new perspec-
tives in understanding the potential mechanisms of
celastrol in treating OA and drug repositioning.

Materials and methods

Collection of celastrol targets through web database
and literature review

Prediction of celastrol targets using web databases was based
on its chemical similarity with known ligands. The chemical
structure of celastrol was first retrieved from the PubChem
database (http://www.pubchem.ncbi.nlm.nih.gov) [11]
followed by prediction of possible targets using the web-
available SwissTargetPrediction database (http://www.
swisstargetprediction.ch). Similarity ensemble approach
(SEArch, http://sea.bkslab.org/) was then performed [12, 13]
followed by selection of putative targets with threshold values
of >0 probability or P <0.05.

Celastrol targets were supplemented using the Traditional
Chinese medicine systems pharmacology database (TCMSP,
http://lsp.nwsuaf.edu.cn/tcmsp.php) [14] followed by a
comprehensive literature survey to retrieve known targets
[15–17]. Finally, all the putative targets were standardized
using UniProt database (https://www.uniprot.org/) and then
filtered using the term “Homo sapiens” [18].

Identification of celastrol target mRNA transcripts
using transcriptome analysis

Human primary chondrocytes were harvested from adult hu-
man articular cartilage using collagenase digestion method.
Cartilage tissues were obtained from surgical specimens of
OA patients with KL grades 3–4 requiring total knee replace-
ment. All patients signed written informed consents before
surgery with all the procedures described being approved by
the Ethics Committee of First Affiliated Hospital of Harbin
Medical University (IRB: 2018139).

Collected chondrocytes were then cultured in sterile T25
culture flasks and maintained in DMEM/high glucose
(Hyclone Laboratories) media supplemented with 10% fetal
bovine serum (Gibco, Australia Origin) and 1% Penicillin-
Streptomycin solution. The culture flasks were then placed
in a CO2 incubator at 37°C. After growing to 80% confluence,
the 2nd passage OA chondrocytes were treated with 200-nM
celastrol (purity≥98%, Sigma-Aldrich, Germany) or the vehi-
cle control medium. The concentration of celastrol in this
study was determined by reference to published data and our
preliminary experimental results [6, 7].

Total RNA from chondrocytes was extracted after 24-h
treatment using TRIzol® reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA) according to the protocol
described by the manufacturer [19]. Subsequently, 3μg of
high-quality RNA samples (defined by 260/280 ratios of
>1.9 and RNA integrity number scores of >8) was used to
generate RNA libraries using rRNA-depleted RNA by
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NEBNext® Ultra™ Directional RNA Library Prep Kit from
Illumina (NEB, USA). Transcriptome sequencing was con-
ducted at the Novogene Bioinformatics Institute (Beijing,
China) using an Illumina HiSeq 4000 platform. Clean reads
(after removing adapter or poly-N and low-quality reads) were
used for the downstream analysis.

Collection of pathogenic OA targets

Targets related to OA were obtained from Online Mendelian
Inheritance in Man (OMIM, www.ncbi.nlm.nih.gov/omim)
and GeneCards databases (www.genecards.org) using the
term “osteoarthritis” in the search engine [20, 21]. Targets
described in OMIM gene category in the OMIM database
and targets with GeneCards score higher than the median in
the GeneCards databases were selected for displaying the
results. All selected targets were filtered with the
background organism “Homo sapiens” and mapped on the
UniProt database to obtain the gene symbol for further
homology analysis. All duplicates and unmapped targets
were removed from the data set.

Enrichment analysis of celastrol targets

Functional annotation and pathways enrichment analysis of
celastrol-OA overlapping genes was performed by gene on-
tology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis using R/Bioconductor
clusterProfiler (version 3.12.0). Enriched GO terms were clas-
sified as molecular function (MF), cellular component (CC),
and biological process (BP).

Construction of celastrol-OA targets interaction net-
work and screening of core targets

To calculate the combined score between each protein-protein
pair, celastrol-OA common target genes were imported into
STRING database (https://string-db.org/, version 11.0) [22].
Interactions with confidence scores ranging from 0.4 to 1 were
selected and uploaded into the Cytoscape software to
construct protein-protein interaction (PPI) networks. The to-
pological parameters of the network were analyzed using a
NetworkAnalyzer tool in Cytoscape. The hub nodes, which
were defined as having degree, betweenness, and closeness
scores greater than the median, were classified as the candi-
date core targets of celastrol [23].

Validation of celastrol-target interactions using mo-
lecular docking

Validation of the celastrol-target associations was done by
molecular docking simulation of each putative target

interacting with celastrol [24]. The naïve 3D structure of
celastrol and protein complex was retrieved from PubChem
database and RCSB Protein Data Bank (https://www.rcsb.
org/) [25], respectively, with extraction of the structures
being done using AutoDock Tools (v1.5.6). Before docking,
processed Protein Data Bank (PDB) files were converted to
PDBQT format by adding polar hydrogens and assigning
charges. All docking calculations were performed by the
AutoDock Vina software (v1.1.2), while the semi-flexible
docking method with semi-empirical energy functions was
used to interpret docking results. The lowest energy structure
in the docking results was taken as the best-docked conforma-
tion followed by visualization using PyMOL (v2.3.0).

Molecular dynamics (MD) simulation

When compared to molecular docking, molecular dynamics
(MD) simulation is an important and widely used tool which
provides more realistic and reliable results to assess the stabil-
ity of drug-target complexes. Therefore, MD simulation was
performed in GROMACS release 2019.4 package with
GROMOS96 54a7 force field to further verify the potential
interaction identified above using network pharmacology and
molecular docking methods. The topology of celastrol was
first generated using PRODRG2 server followed by embed-
ding of the target-celastrol system in a cubic box with appro-
priate size to maintain periodic boundary conditions and the
simple point charge water solvation model (112662 water
molecules). The overall system was neutralized by adding 3
Na+ ions in the solution. SHAKE algorithm was used to con-
strain all bond lengths involving hydrogen atoms, while long-
range electrostatic interactions were treated using the Particle
Mesh Ewald method with a cutoff of 12 Å. NPT and NVT
ensemble equilibration steps were done after the system was
suitably minimized. Final productions run for each system
was done using Parrinello-Rahman barostat to maintain a con-
stant temperature and pressure during the simulation time. A
2-fs time step was applied with the productionMD simulation
of the protein-ligand complex being done for 50 ns.

Statistical analysis

In this study, the differential gene expression was im-
plemented by the edgeR statistical software. Genes with
absolute fold change ≥2 and P<0.05 were considered as
differentially expressed genes (DEGs) and selected as
celastrol targets. For GO and KEGG enrichment analy-
sis, R/Bioconductor clusterProfiler (version 3.12.0) was
used. Terms with adjusted P value less than 0.05 were
considered significantly enriched.
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Results

There were overlapping networks of celastrol target
and OA-related genes

In total, 1325 human genes associated with OAwere collected
from OMIM and GeneCards databases. A total of 453 candi-
date genes (after removing the duplicate genes) targeted by
celastrol were collected with 44 putative targets being predict-
ed by TCMSP, SEArch, and Swiss Target Prediction data-
base, 50 verified targets obtained from literature review, and
373 available after transcriptome analysis. DEGs between
celastrol treatment and OA after transcriptome analysis are
shown in Fig. 1, while all the RNA sequencing data has been
deposited at Sequence Read Archive (SRA) database under
accession ID PRJNA602231. In the two data sets, there are 96
overlapping genes (Fig. 3a) which could be potential drug
targets for the treatment of OA.

Celastrol affects biological functions

GO and KEGG enrichment analyses were performed to study
the biological functions resulting from exposure to celastrol.
A total number of 932 enriched GO BPs (Supplementary
Table 1), 57 enriched GO CCs (Supplementary Table 2), 93
enriched GO MFs (Supplementary Table 3), and 127 KEGG
signaling pathways (Supplementary Table 4) were identified.
Common genes of celastrol-OA targets were categorized by
their functions mainly including response to lipopolysaccha-
ride (LPS), metabolic process, cell apoptosis and aging,
inflammasome complex, insulin receptor substrate binding,
and ubiquitin-like protein ligase binding (Fig. 2a). In addition,
the KEGG term annotation analysis for the genes in response
to celastrol was involved in several pathways including apo-
ptosis protein processing, cellular senescence, autophagy,

mTOR signaling pathway, Wnt signaling pathway, AGE-
RAGE signaling pathway in diabetic complications, non-
alcoholic fatty liver disease, fluid shear stress and atheroscle-
rosis, and Alzheimer’s disease (Fig. 2b).

Identifying core celastrol targeted proteins

The 96 common genes described above were used to construct
a PPI network of 93 codes and 1333 edges (Fig. 3b).
Screening of candidate core targets was done with conditions
maintained at a degree of >26, closeness >0.56790, and be-
tweenness >0.002344. Detailed topological parameters of the
candidate core targets are presented in Supplementary
Table 5. Fifteen nodes with gene names were identified as
core targets using the two-fold median value of node degree
as a threshold. They include TP53, TNF, VEGFA, CASP3,
JUN, MAPK1, STAT3, MYC, MMP9, FN1, CCND1, ESR1,
EGFR, mTOR, and PTEN (Table 1). The genes had a higher
degree than other genes in the PPI network. This means that
during the drug action, these targets participate in more inter-
actions than other cellular components [10].

Molecular docking model of celastrol binding to its
core targets

Assessment of a good drug target should not only focus on the
importance of the target in the biological process but also on
the accessibility of the target to the drug.With this in mind, we
performed molecular docking to further investigate the bind-
ing mechanisms of celastrol and 15 of the core targets. The
docking information of celastrol (as ligand) against individual
target proteins is displayed in Table 2. The results indicate that
celastrol could bind to 13 of the 15 candidate core targets
(binding energy < 0 kJ·mol−1) suggesting that these proteins
are putative direct targets of celastrol in OA. However, the

C_1 C_2 C_3 O_1 O_2 O_3

−2
−1
0
1
2

baFig. 1 Transcriptomic analysis of
differential mRNA expression in
human OA chondrocytes cultured
with or without celastrol
treatment (200nM, 24h). a
Volcanic plot of the differential
mRNA expression analysis. The
differential expression was
assessed using RNA-seq, n=3.
Red and blue circles represent
mRNA downregulation and
upregulation, respectively. Green
circles indicate mRNAs with P
value >0.05. b Heatmap of
differentially expressed genes

4262 Clin Rheumatol (2021) 40:4259–4268



accuracy of the results must be first confirmed using PPI pre-
dict data. In addition, celastrol interacted strongly with 10 of
the core targets including mTOR (PDB: 4JSX), TP53 (PDB:
4XR8), MMP9 (PDB: 2OVX), EGFR (PDB: 5EDR), cyclin-
D1 (PDB: 2W96), MAPK1 (PDB: 5NHV), STAT3 (PDB:
6NUQ), VEGFA (PDB: 3QTK), caspase-3 (PDB: 4JJE),

and tumor necrosis factor (PDB: 3IT8). Evidence of a strong
interaction was given by the binding energy being less than
−5.0 kJ·mol−1.

Four representative docking models with the strongest
binding capacity(top 4 lowest binding energy)were visualized
using PyMOLwith results showing that celastrol could access
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Fig. 3 Overlapping genes of celastrol-OA targets and protein-protein
interaction (PPI) networks. a Orange circles represent 96 overlapping
genes that are common to celastrol targets and OA likely pathogenic
genes. b PPI network containing 96 nodes and 1333 edges. The circles

represent individual PPI network nodes with gene names. The color in-
tensity of the nodes together with the node size is proportional to the
degree value
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Fig. 2 Gene ontology (GO) functional enrichment and KEGG pathway
enrichment analysis of common genes of celastrol-OA targets. aBar chart
of predominant GO terms. The horizontal axis represents the enrichment
scores for each GO term, while the vertical axis represents the GO anno-
tations. Three different colors represent distinct terms of biology process
(BP), cellular component (CC), and molecular function (MF). b Bubble

plot representative of Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment results. The horizontal axis represents the ratio be-
tween the number of genes related to the term in the pathway and the total
number of genes, while the vertical axis represents the name of the path-
way. Size of the bubble represents the number of genes, and the color of
bubble represents the adjusted P values
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the active pockets of all the selected proteins (Fig. 4).
Hydrogen bonding and hydrophobic interactions are the main
binding modes between the pairs of celastrol and mTOR and
TP53, while celastrol binds to MMP9 and EGFR mainly
through hydrophobic contacts. In addition, there were three
hydrogen bonds between celastrol and amino acid residues of
mTOR explaining the high binding energy of mTOR-celastrol
complex. These results indicated that celastrol has a higher
affinity for mTOR than other candidate targets suggesting that

mTOR should be the most likely therapeutic target of celastrol
in OA for effective therapy.

MD simulation confirmed results of mTOR-celastrol
complex binding

Based on the docking results, a 50-ns MD simulation of the
mTOR (PDB: 4JSX, with the lowest binding energy)-celastrol
complex at a temperature of 300K and a pressure of 1atm was

Table 1 Topological properties
of the 15 candidate core targets in
the protein-protein interaction
(PPI) networks

Gene
symbol

Protein name Betweenness
centrality

Closeness
centrality

Degree

TP53 Cellular tumor antigen p53 0.0485406 0.8 69

TNF Tumor necrosis factor 0.03572698 0.77310924 67

VEGFA Vascular endothelial growth factor A 0.02781774 0.76033058 64

CASP3 Caspase-3 0.02712991 0.76666667 64

JUN Transcription factor AP-1 0.02220883 0.74796748 62

MAPK1 Mitogen-activated protein kinase 1 0.06356979 0.74193548 61

STAT3 Signal transducer and activator of transcription 3 0.02095778 0.74193548 60

MYC Myc proto-oncogene protein 0.01831452 0.74193548 60

MMP9 Matrix metalloproteinase 9 0.03842063 0.73015873 59

FN1 Fibronectin 0.04806065 0.736 59

CCND1 G1/S-specific cyclin-D1 0.0281308 0.72440945 58

ESR1 Estrogen receptor 0.05974382 0.72440945 57

EGFR Epidermal growth factor receptor 0.01907711 0.71875 56

MTOR Serine/threonine-protein kinase mTOR 0.01586528 0.69172932 53

PTEN Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase
and dual-specificity protein phosphatase PTEN

0.01825592 0.6969697 52

Table 2 Summary of results from
molecular docking of celastrol
against individual targets

Gene
symbol

Protein name PDB Ligand Binding
energy
(kcal/mol)

mTOR Serine/threonine-protein kinase mTOR 4JSX 17G −9.6
TP53 Cellular tumor antigen p53 4XR8 MAL −8.7
MMP9 Matrix metalloproteinase 9 2OVX 4MR −7.6
EGFR Epidermal growth factor receptor 5EDR 5N4 −7.6
CCND1 G1/S-specific cyclin-D1 2W96 GOL −6.9
MAPK1 Mitogen-activated protein kinase 1 5NHV 8QW −6.7
STAT3 Signal transducer and activator of transcription 3 6NUQ KQV −6.4
VEGFA Vascular endothelial growth factor A 3QTK TFA −5.7
CASP3 Caspase-3 4JJE 1HM −5.7
TNF Tumor necrosis factor 3IT8 NAG −5.4
MYC Myc proto-oncogene protein 5G1X ADP −2.7
ESR1 Estrogen receptor 5UFX 86Y −2.6
PTEN Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and

dual-specificity protein phosphatase PTEN
5BUG TLA −2.6

JUN Transcription factor AP-1 43983 ACE 17.6

FN1 Fibronectin 5DFT CIT 22.7
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done. The Docking pose extracted at 0 ns, and the interacting
amino acid residues for the mTOR-celastrol complex are
shown in Fig. 5b. The root-mean-square deviation (RMSD)
value, an important indicator of the stability of the complex,
indicated that the system reached equilibrium at 3 ns and
remained highly stable throughout the simulation time of
50 ns with less than 0.2 Å fluctuations (Fig. 5a). MD simula-
tion results confirm the results obtained after molecular
docking.

Discussion

A clear understanding of the pathogenesis of OA has ensured
that it is no longer considered a natural and inevitable conse-
quence of normal aging but rather a treatable disorder with
research focusing on the search for effective treatments.
Celastrol is a promising therapeutic drug for OA. However,
the underlying mechanisms of anti-osteoarthritis after
celastrol treatment remain unclear. The aim of this study was
to understand the potential pharmacological mechanism of
celastrol against OA.

In this study, we combined the information collected from
publicly available databases and our own transcriptomics data
of celastrol treatment for OA and used a network pharmacol-
ogy approach to reveal the network characteristics of celastrol
and to explore the drug targets. Through this research, 96
genes were identified as potential candidates for celastrol
treatment of OA. The genes were subsequently analyzed for
enrichment of GO annotations and KEGG pathways to deter-
mine the underlying mechanism of celastrol action. Results of
GOBPs analysis show that celastrol may play a key role in the
altered cell phenotype including response to LPS, oxidative
stress, metabolic process, cell apoptosis and aging, as well as
extracellular matrix organization. Among them, celastrol reg-
ulating apoptosis and response to LPS-induced cell damage
are in line with previous findings of celastrol treatment of OA
[26, 27]. Although the regulation of cell aging, oxidative
stress, and metabolic process by celastrol has not yet been
reported in OA, its ability to induce these cell phenotype
changes has been observed in other diseases [28–30]. It is also
interesting to note the potential role of celastrol in regulating
the aging of cells, since the causal role of senescent cells in the
pathogenesis of OA has recently been confirmed [31]. Results
obtained from KEGG pathway analysis provide a novel
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Fig. 4 Molecular dockingmodels showing celastrol binding to its targets.
a Serine/threonine-protein kinase mTOR (mTOR). b Cellular tumor an-
tigen p53 (TP53). c Matrix metalloproteinase-9 (MMP9). d Epidermal
growth factor receptor (EGFR). Celastrol molecule is shown as sticks,

while the hydrogen bonds between the celastrol and the active site amino
acid residues are shown as blue solid lines. The yellow dashed lines show
salt bond, and the gray dashed lines show hydrophobic interactions
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insight into the molecular mechanisms of celastrol’s action
against OA. It depicted various signaling pathways such as
mTOR signaling pathway, Wnt signaling pathway, and
AGE-RAGE signaling pathway were induced by celastrol.
These predicting pharmacological mechanisms have been
proven to be related to the pathogenesis of OA, which pro-
vides a strong indication that further study of celastrol ther-
apy in OA is required. Interestingly, the common targets for
celastrol treatment of OA were also enriched in pathological
changes associated with diabetes, non-alcoholic fatty liver
disease (NAFLD), atherosclerosis, and Alzheimer’s disease.
As these diseases share the same risk factors with OA and
the potential of celastrol as a pharmacological intervention
against obesity, NAFLD, atherosclerosis, and Alzheimer’s
disease has been established in the recent studies [32, 33],
it can be reasonably concluded that celastrol may be appli-
cable to OA patients with these comorbid diseases. After PPI
analysis and molecular docking, mTOR was identified as
one of the core and direct targets for celastrol in OA, which
agrees with previous studies. These studies have shown the
ability of celastrol to regulate the gene or protein expression
of mTOR [34, 35]. Furthermore, we previously reported that
mTOR is the key player for longevity and aging and chon-
drocyte survival and the master negative regulator of autoph-
agy [36, 37]. Therefore, it is not surprising that mTOR could
serve as a potential therapeutic target for improving OA out-
come [38], so our finding again demonstrated that celastrol
might serve as a highly promising therapeutic agent for treat-
ment of OA.

In addition, our study identified TP53 as a potential
functional target for celastrol therapy, which is consis-
tent with the findings previously published. In the pre-
vious studies, Lee et al. described the role of celastrol
on the activation of P53 [39]. Zhang et al. reported
celastrol may contribute to induction of cell apoptosis
in APL through its role in P53 activation [40]. In the
research of OA, P53 has been clearly shown to be re-
lated to chondrocyte apoptosis [41]. In addition, an in-
hibitor of p53/MDM2 interaction, UBX0101, is reported
to attenuate the development of post-traumatic OA
through selective elimination of senescent cells in oste-
oarthritic condition [42]. In our GO analysis, the func-
tion that celastrol modulates cell aging is attributed part-
ly to this P53. However, as far as we know, there has
been no report about the interaction between celastrol
and this target in OA. Therefore, the identification of
TP53 target might provide a new possible explanation
for celastrol’s efficiency in the treatment of OA.

Lastly, different from our results, in the previous
studies of OA, the pharmacological effects of celastrol
were mostly attributed to its regulation of NF-κB sig-
naling pathway. NF-κB is a key transcription factor
regulating inflammatory responses [43]. Therefore, these
previous findings reflected the anti-inflammatory effect
of this drug. Among the core targets we screened,
STAT3 and TNF also play a critical role in inflamma-
tion. However, besides regulating inflammatory reaction,
our results also indicate that celastrol may exert its anti-

a b

Fig. 5 Molecular dynamics results of mTOR (PDB: 4JSX)-celastrol. a
Root-mean-square deviation (RMSD) plot of the backbone atoms of the
mTOR-celastrol during the 50-ns MD simulation. b Docking pose of
celastrol with mTOR extracted at 0 ns. Celastrol molecule is shown as

sticks with cyan color. The active site residues are shown as orange sticks,
while the yellow dashed lines show the hydrogen bonds between the
celastrol and the active site amino acid residues
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osteoarthritis effect through various mechanisms, includ-
ing regulating apoptosis, autophagy, and cell senes-
cence. In fact, anti-inflammation drugs such as TNF
inhibitor have been proved to fail to modify the course
of OA in the clinical trials. OA is also considered to be
the result of multiple targets and cellular interaction, not
simply a consequence of inflammation, which just fits
the network concept of network pharmacology.

In closing, this study applied the combination of tran-
scriptomics, network pharmacology, and computer-aided
drug design methods to uncover the underlying mecha-
nism of celastrol. Approaches described in the study
may be useful in investigating how multi-target drugs
act on complex diseases. Application of this strategy
will result in the emergence of a number of novel ther-
apeutics for OA. Although additional experiments are
necessary to validate these findings, the data presented
in this study provides a basic understanding of thera-
peutic effects and potential mechanism of celastrol
against OA.

Abbreviations BP, Biological process; CC, Cellular component;
DMOADs, Disease-modifying osteoarthritis drugs; GO, Gene ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes; MD, Molecular
dynamics; MF, Molecular function; OMIM, Online Mendelian
Inheritance in Man; OA, Osteoarthritis; PPI, Protein-protein interaction;
PDB, Protein Data Bank; RMSD, Root-mean-square deviation; SRA,
Sequence Read Archive; SEArch, Similarity ensemble approach;
TCMSP, Traditional Chinese medicine systems pharmacology
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