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Background: As a traditional Chinese medicine monomer derived from Tripterygium wilfordii Hook.f. with potential anticancer
activity, celastrol can induce ferroptosis in hepatic stellate cells and inhibit their activation to alleviate liver fibrosis. Activation of
ferroptosis can effectively inhibit Hepatocellular carcinoma (HCC). Whether celastrol inhibits HCC by inducing ferroptosis remains to
be studied.

Purpose: To explore the potential targets of celastrol against HCC through ferroptosis based on network pharmacology and to verify
the anticancer effect of celastrol on HepG2 cells.

Methods: We collected celastrol targets, HCC, and ferroptosis-related genes through online databases, and got their intersection
targets. Subsequently, we obtained a protein-protein interaction (PPI) network, and performed gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis to gain key genes for further study. They were verified
in vitro and were performed molecular docking. The changes in cell proliferation and ferroptosis characteristics of HepG2 cells after
celastrol treatment were detected.

Results: 31 core target genes were screened for PPI network and enrichment analysis. The most significantly related KEGG pathway
was chemical carcinogenesis-reactive oxygen species. The mRNA and protein levels of GSTM1 were significantly decreased after
celastrol treatment. Molecular docking demonstrated the interaction between celastrol and GSTM1. Ferroptosis was induced and cell
proliferation was inhibited by celastrol in HCC cells.

Conclusion: Celastrol induces ferroptosis in HCC via regulating GSTM1 expression and may serve as a novel therapeutic compound
with clinical potential in HCC treatment.

Keywords: network pharmacology, celastrol, hepatocellular carcinoma, ferroptosis, reactive oxygen species

Introduction

Liver cancer poses a significant challenge to global health, with a yearly incidence surpassing 850,000 individuals
worldwide and displaying an uptrend.' Hepatocellular carcinoma (HCC) represents the predominant form of primary
liver tumor, accounting for approximately 90% of cases.” Mass evidence suggests that activation of ferroptosis may
effectively inhibit HCC.? Copper metabolism MURRI1 domain 10 (COMMDI0) protein enhanced ferroptosis and
increased sensitivity to radiation therapy in HCC.* This effect was achieved by disrupting the homeostasis of copper
and iron and by inhibiting the HIF1a/CP loop. The neutralizing antibody of iron-chelating cytokine LCN2 enhanced the
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ferroptosis induction and anticancer effect of sorafenib on xenografts derived from HCC patients with high LCN2
expression.” Glutamine synthase 2 (GLS2) is a tumor suppressor, which can promote ferroptosis by regulating glutamine
decomposition to exert tumor suppressor function.® The findings from these studies indicate that promoting ferroptosis
could be a promising approach for treating HCC.

Ferroptosis is a new mode of cell death with dependence on iron and the accumulation of lipid peroxidation.” It is
regulated by a variety of cellular metabolic pathways, including iron metabolism, amino acid, lipid, sugar metabolism,
and various signaling pathways associated with diseases.® Celastrol is an extract extracted from the roots of Chinese
medicine Tripterygium wilfordii Hook.f., showing mass biological activities, including anti-obesity, anti-inflammatory,
and anti-cancer. However, few studies focused on the potential of celastrol in treating HCC. Studies have shown that
celastrol can inhibit HSC (hepatic stellate cell) activation and reduce liver fibrosis by inducing ferroptosis.” Liu Ming
et al reported that ferroptosis inducer, erastin, together with celastrol synergistically induced non-small cell lung cancer
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cell death. Celastrol treatment in vitro and in vivo can significantly reduce GSH levels and induce ferroptosis in clear cell
renal cell carcinoma (ccRCC).'® The above evidence indicates that celastrol has the potential to be an inducer of
ferroptosis, and we hence speculate that celastrol-induced ferroptosis may benefit HCC treatment in clinical practice.

Therefore, we aimed to explore the mechanism by which celastrol induces ferroptosis in HCC based on network
pharmacology and in vitro experiments. Firstly, network pharmacology was employed to screen the celastrol target genes,
HCC-related targets, and ferroptosis-related targets. Secondly, we constructed a relationship diagram among celastrol,
HCC, and ferroptosis as well as enrichment analysis. Finally, we identified that celastrol may inhibit HCC cell
proliferation by inducing ferroptosis in HepG2 cells. Our results could provide a reference for carrying on further
studies for celastrol in the treatment of HCC.

Materials and Methods
Collecting HCC and Celastrol Targets

12199 HCC-related target genes were obtained from the GeneCards (https:/www.genecards.org/) database'' using

“Hepatocellular carcinoma” as the keyword. The 2D structure in the SDF format of celastrol was downloaded from
the PubChem (https://pubchem.ncbi.nlm.nih.gov/) database.'> The potential targets of celastrol were acquired by

uploading the 2D structure of celastrol to the PharmMapper (http://www.lilab-ecust.cn/pharmmapper/) database.'* The

UniProt (https://www.uniprot.org/) database'® was used for the annotation of the names of the corresponding targets.

Obtaining Shared Targets Between Celastrol and HCC

We utilized the “Draw Venn Diagram” online tool (http://bioinformatics.psb.ugent.be/webtools/Venn/) to generate Venn

diagrams demonstrating the overlapping targets between celastrol and HCC. Visualization of the cross-targets of celastrol
and HCC was performed by Cytoscape v3.9.1.

PPl Network Construction
We obtained 564 ferroptosis-related genes from the FerrDb database (http://www.zhounan.org/ferrdb/index.html).'> By

intersecting these genes with the target genes of celastrol and HCC, we obtained 31 candidate genes. The 31 genes were
put into the STRING database (https://cn.string-db.org/)'° to create a PPI network. The results were exported as a “tsv”

file, which was subsequently imported into the Cytoscape v3.9.1 software. We utilized the MCODE plugin to refine the
network map.

GO and KEGG Pathway Enrichment Analysis
GO and KEGG enrichment analyses were conducted by importing 31 candidate genes into the INPUT database (http://

cbeb.cdutem.edu.cn/INPUT/). !

Survival Analysis
The Kaplan-Meier Plotter (https://kmplot.com/analysis/) database was employed to assess the impact of key genes on the

overall survival (OS) of patients with HCC.'® The gene name was entered under the pan-cancer RNA-seq plate in the
KM database, and the OS curves and ROC curves were generated based on default parameters.

Molecular Docking
The structure of compound celastrol in the SDF format was obtained from the PubChem database (https://pubchem.ncbi.

nlm.nih.gov/). Protein structures in the PDB format were gained from the RCSB database (https://www.rcsb.org/)."”

Software MOE 2022 was used for molecular docking. After saving the compound celastrol in the mol register, we load it
into MOE (Molecular Operating Environment) software. The default MOE parameters were applied for energy mini-
mization. Energy and 3D protonation of target protein structures were minimized using standard MOE program
parameters. For interactions, ligand-protein complexes were examined and their 3D images were visualized using the
PyMol software. The visualization of corresponding 2D images was generated by MOE software.
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Cell Culture and Transfection

The human HCC cell line HepG2 was purchased from the Cell Bank of the Shanghai Chinese Academy of Sciences
(SCSP-510, Shanghai, China). Cells were cultured in minimum essential Medium (MEM) (Hyclone, UT, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, NY, USA), 1% glutamine (Gibco, NY, USA), 1% sodium
pyruvate (Gibco, NY, USA), 1% non-essential amino acids (Gibco, NY, USA) in the incubator at 37 °C with 5% CO2.
Sangon Biotech (Shanghai, China) synthesized the pcDNA3.1-GSTM1 and empty vector, which was transfected into
HepG2 cells using jetPRIME® - Transfection Reagent (Polyplus, Als, France) according to the manufacturer’s
instructions.

Cell Viability Analysis

Cells were cultured in 96-well plates (2 x 10* cells per well), with celastrol (C0869, >98% (HPLC), MO, USA) of
different concentrations, or co-treated with different ferroptosis inhibitors Ferrostatin-1(Fer-1) (SML0583, Sigma, MO,
USA), Deferoxamine mesylate (DFO) (HY-B0988, MCE, NJ, USA) or N-acetylcysteine (NAC) (A9165, Sigma, MO,
USA). Cells overexpressing GSTM1 were treated with celastrol (4 uM) for 24 h. A CCKS8 kit (CK04, Dojindo, Kyushu,
Japan) was used to measure cell viability according to the manufacturer’s instructions.

Iron / MDA / GSH-Px Activity Assay

Cells were cultured in 6-well plates (1 x 10° cells per well), with ferroptosis activators (10 pM erastin, HY-115594, and
10uM RSL3, HY-100218A, MCE, NJ, USA), celastrol (2 uM or 4 uM), or co-treated with ferroptosis inhibitors (10 pM
Fer-1, 100 uM DFO or 5 mM NAC) for 24 h. Cells overexpressing GSTM1 were treated with celastrol (4 pM) for 24 h. The
levels of iron (Iron Assay Kit, A039-2-1, Jiancheng, Nanjing, China), MDA (Malondialdehyde detection Kit, SO131M,
Beyotime, Shanghai, China), and total GSH-Px activity (Glutathione peroxidase activity detection Kit, S0058, Beyotime,
Shanghai, China) in cell lysates were determined according to the manufacturer’s instructions.

Iron content in lysates was quantified by standard sample. Cell lysates were mixed with an iron chromogenic agent
provided by the kit. After incubating the reaction system in a 100°C metal bath for 5 min, all samples were then cooled in
running water, centrifuged at 3500 r for 10 min, and the iron content was measured by optical absorption at 520 nm. The
concentration calculation of iron was based on the concentration of protein in each sample following the instructions of
the manufacturer.

MDA content in cell lysates was quantified by a standard curve. Cell lysates were mixed with thiobarbituric acid and
antioxidant reagent provided by the kit. After incubating the reaction system in a 100°C metal bath for 15 min, all
samples were then cooled down in water, centrifuged at 1000 g for 10 min, and the MDA content was measured by
optical absorption at 532 nm. The accurate calculation of MDA was based on the total amount of protein in each sample
following the instructions of the manufacturer.

GSH-Px activity in cell lysates is quantified by the kinetics at 340 nm following the decrease in the concentration of
NADPH (the molar extinction coefficient is 6.22 mM—1 ¢cm—1).2° One enzyme activity unit (1 unit) was defined as 1
umol NADPH converted into NADP" within 1 min catalyzed by GSH-Pxs in the presence of GSH, GR, and peroxide
(Cum-OOH) at 25°C and pH 8.0.>' In experiments, the volume of the total reaction solution was fixed at 100uL. 50pL
cell lysates were mixed with 40uL. GPx detection working fluid (35 uL Glutathione peroxidase detection buffer, 2 pL
62.5 mM NADPH, 2 pLL 75 mM GSH, 1 pL GR provided by the kit). After incubating the reaction system in room
temperature for 15 min, all samples were then mixed with 10 pL peroxide (30 mM Cum-OOH). The absorbance change
at 340 nm was immediately measured within 5 min (automatically measured every 1 minute, 6 times) using a microplate
reader. The calculation of GSH-Px activity was based on the concentration of protein in each sample following the
instructions of the manufacturer.

ROS Measurement
Cells were cultured in 6-well plates (1 x 10° cells per well), with ferroptosis activators (10 pM erastin and 10uM RSL3),
celastrol (2 uM or 4 uM), or co-treated with ferroptosis inhibitors (10 pM Fer-1, 100 uM DFO or 5 mM NAC) for 24 h. Cells
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overexpressing GSTM1 were treated with celastrol (4 uM) for 24 h. Cellular ROS levels (Reactive oxygen species detection
Kit, S0033S, Beyotime, Shanghai, China) were detected according to the manufacturer’s instructions. The culture medium
was removed. Cells were incubated with serum-free medium containing 10uM DCFH-DA in the dark at 37°C for 20 min.
Afterward, the cells were washed with serum-free medium thrice and then were imaged using a fluorescence microscope
(PRIMOVERT, Zeiss, Germany). ROS raw data is presented in the Supplementary Figure S1.

Colony Formation Assay

Cells were cultured in 6-well plates (1 x 10* cells per well) for 7 d, treated with celastrol (2 uM or 4 uM), or co-treated
with ferroptosis inhibitors (10 pM Fer-1, 100 uM DFO or 5 mM NAC) for another 7d. The cells were rinsed twice in
PBS, fixed with 4% paraformaldehyde (E672002, Sangon Biotech, Shanghai, China) for 15 min, rinsed thrice with PBS,
and stained for 10 minutes with crystal violet (C0121, Beyotime, Shanghai, China). The crystal violet was washed with
running water. Then, the plates were photographed and the colonies were counted by ImageJ software. Colony Formation
raw data is presented in the Supplementary Figure S2.

EdU Cell Proliferation Assay

Cells were cultured in 6-well plates (1 x 10° cells per well), with celastrol (2 uM or 4 uM), or co-treated with ferroptosis
inhibitors (10 uM Fer-1, 100 uM DFO or 5 mM NAC) for 24 h. Cells overexpressing GSTM1 were treated with celastrol (4
uM) for 24 h. The cells of each well were incubated with 2 mL EdU (10 uM) reagent (BeyoClick TM EdU-488 Cell
Proliferation Assay Kit, C0071S, Beyotime, Shanghai, China) at 37°C for 2 h. After that, cells were fixed in 4% paraformal-
dehyde for 15 min, permeabilized with immunostaining penetrating solution (P0097, Beyotime, Shanghai, China) for 10 min,
and then incubated with the click-reaction reagent for 30 min at room temperature away from light. 1x Hoechst33342 reagent
was used to stain the nucleus. The stained cells were observed with a fluorescence microscope (PRIMOVERT, Zeiss,
Germany), and the data were analyzed by ImageJ software. EAU raw data is presented in the Supplementary Figure S3.

RNA Extraction and Quantitative RT-PCR
Total RNA was extracted with an RNA extraction kit (220011, Fastagen, Shanghai, China) and reverse transcribed by
ReverTra Ace qPCR RT Master Mix with gDNA remover (FSQ-301, TOYOBO, Osaka, Japan). Quantitative PCR was
performed using SYBR®Green Realtime PCR Master Mix (QPK-201, TOYOBO, Osaka, Japan) on a real-time PCR
machine (Applied Biosystems 7500, USA). The 2 **“" method was used to calculate the relative expression levels of
target genes compared to B-actin. The primer sequences used are as follows:

HMOXI1-F: CCAGGCAGAGAATGCTGAGTTC

HMOXI1-R: AAGACTGGGCTCTCCTTGTTGC

MAPK1: ACACCAACCTCTCGTACATCGG

MAPK1: TGGCAGTAGGTCTGGTGCTCAA

GSTM1-F: TGATGTCCTTGACCTCCACCGT

GSTM1-R: GCTGGACTTCATGTAGGCAGAG

NQOI1-F: CCTGCCATTCTGAAAGGCTGGT

NQOI1-R: GTGGTGATGGAAAGCACTGCCT

ACTB-F: CACCATTGGCAATGAGCGGTTC

ACTB-R: AGGTCTTTGCGGATGTCCACGT

Western Blot

The total proteins were extracted by Western and IP cell lysis buffer (P0013, Beyotime, China) with 100 pM
phenylmethylsulfonyl fluoride (PMSF) (ST506, Beyotime, China). Immunoblotting was performed as previously
described.”” To detect proteins with different molecular weights, we cut the membrane horizontally. The protein samples
were visualized using the Amersham Imager 600 instrument (General Electric Company, USA) and analyzed by ImageJ
software. The original bands are shown in Supplementary Figure S4. Antibodies information is presented in the

Supplementary Table S1.
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Statistical Analysis

All experiments were performed at least five times. Statistical analysis and graphs were processed by GraphPad Prism 10.
Data were presented as the means + standard deviation (SD). The comparison among groups was tested using a one-way
analysis of variance (ANOVA). The Student’s #-test was used to analyze the differences between the control group and
the Cel 4uM group.The QQ plots were utilised to assess data distribution (normality and lognormality). When the data
follows a Gaussian distribution, classic ANOVA tests are employed for homoscedasticity, whereas Brown-Forsythe and
Welch-ANOVA tests are utilized for heteroscedasticity. If the data does not adhere to a Gaussian distribution, non-
parametric tests (Kruskal-Wallis) are employed. For classic ANOVA, we used Tukey’s Honest Significant Difference
(HSD) test to identify which groups differ from each other. For Brown-Forsythe and Welch-ANOVA, we applied the
Games-Howell post-hoc test, which is appropriate when equal variances cannot be assumed. For the Kruskal-Wallis test,
we performed Dunn’s test with Bonferroni correction to account for multiple comparisons. These selections were based
on recommendations from GraphPad software. Statistical significance was approved at p < 0.05.

Results
Establishment of the Celastrol-HCC Interaction Network by Identifying Shared

Targets Between Celastrol and HCC

In our study, 280 potential targets of celastrol were identified with the PharmMapper database based on its 2D structure
(Figure 1A). 12,199 HCC-related genes were obtained from the GeneCards database. Upon analyzing the targets of
celastrol and HCC, 245 common targets were identified (Figure 1B). The network relationship map was constructed by
Cytoscape 3.9.1 software (Figure 1C). Among the 280 target genes of celastrol, 245 genes can target HCC, indicating
that celastrol has good potential for the treatment of HCC.

Establishment of a PPl Network Among Celastrol, HCC, and Ferroptosis Related Genes
We retrieved 564 genes associated with ferroptosis from the FerrDb database. The shared hub genes among celastrol,
HCC, and ferroptosis were identified by taking their intersection (Figure 2A). We obtained 31 candidate genes. Then, we
analyzed the expression of these 31 genes in HCC and adjacent normal tissues, as well as their prognostic significance in
HCC (Supplementary Filel). The PPI network was constructed using the STRING database and was imported into

Cytoscape 3.9.1 (Figure 2B). The “MCODE” plug-in of Cytoscape was performed with default parameters to discover
the core cluster in the PPI network (Figure 2C). The genes in the cluster including ALB, SRC, MAPK1, MAPKS,
MAPK14, PPARA, EGFR, GSK3B, AR, PARP1, MDM2, NOS2, and HMOX1 were considered as hub genes.

GO and KEGG Pathway Enrichment Analysis

The 31 shared targets underwent GO and KEGG enrichment analysis. The GO enrichment analysis revealed that one of the
relevant BPs (biological process, Figure 3A) was cellular responses to metal ion and cellular response to oxidative stress,
indicating that celastrol can mediate ferroptosis. Ferroptosis is a form of cell death driven by iron-dependent lipid peroxidation.
Divalent iron ions and ROS-induced oxidative stress promote ferroptosis. Those relevant to MFs (molecular function, Figure 3B)
were related to monocarboxylic acid binding, carboxylic acid binding, and bile acid binding, suggesting that celastrol targeting
genes may be involved in the tricarboxylic acid cycle and lipid metabolism process. Tricarboxylic acid cycle-mediated energy
metabolism and lipid metabolism are closely related to ferroptosis. The KEGG enrichment analysis revealed the top 20 enriched
signaling pathways (Figure 4A) and the top 5 KEGG pathway-gene network (Figure 4B). Chemical carcinogenesis-reactive
oxygen species is the most significant pathway in the results. ROS is positively correlated with cellular oxidative stress and
ferroptosis. GO analysis also showed that the biological process was related to oxidative stress. We consider that ROS is necessary
for celastrol-mediated ferroptosis in HCC. Therefore, we selected the genes (HMOX1, GSTM1, MAPK1, EGFR, NQO1)
enriched in both chemical carcinogenesis-reactive oxygen species and hepatocellular carcinoma pathway as key genes for further
study.
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Figure | Network construction of celastrol targeting HCC. (A) 2D structure of celastrol. (B) Venn diagram illustrating the common targets of celastrol and HCC. (C) The
genes targeted by celastrol in HCC.

A
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Figure 2 PPl network of celastrol-HCC-ferroptosis genes. (A) Venn diagram illustrating the common targets of celastrol (Cel), hepatocellular carcinoma (HCC), and
ferroptosis (FerrDb). FerrDb is the world’s first database that is dedicated to ferroptosis regulators and ferroptosis-disease associations. Here, “FerrDb” represents all genes
associated with ferroptosis. (B) PPl network generated in Cytoscape 3.9.1 by importing the STRING data for 3| shared targets. (C) Core gene cluster filtered by MCODE
plugin in Cytoscape 3.9.1. Blue and red rectangular nodes together represent 31 common targets. The red nodes are the selected core gene cluster. Nodes are marked as
corresponding ranks and larger circles indicate more important roles in the network.
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Figure 3 The GO enrichment analysis performed on the genes related to celastrol-induced ferroptosis in HCC. The top 10 significantly enriched terms were identified in
both biological processes (A) and molecular functions (B).

Survival Analysis

To illustrate the potential role of the above key genes in HCC, the survival analysis of these genes about HCC prognosis
was conducted using the Kaplan-Meier Plotter database with default parameters, which include the “Auto select best
cutoff” option. This method selects an optimal cutoff for survival analysis by comparing significance and cutoff values
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Figure 4 The KEGG analysis performed on the genes associated with celastrol-induced ferroptosis in HCC. (A) The top 20 significantly enriched terms obtained for KEGG.
(B) a network of the top 5 KEGG pathways and their corresponding genes.

between lower and upper quartiles of expression. The high expression of HMOX1, MAPKI1, and NQOI is associated
with poor prognosis in HCC, while high expression of GSTMI is correlated with a favorable prognosis. This suggests
that GSTM1 may serve as a protective factor in HCC, whereas HMOX1, MAPK1, and NQO1 may act as risk factors.
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HMOX1 (Figure 5A), MAPK1 (Figure 5B), NOQI1 (Figure 5C), and GSTM1 (Figure 5D) with p-values <0.05 except
EGFR (Figure 5E) may be involved in HCC survival and their mRNA expressions were validated after HepG2 cells
treated with celastrol in vitro.

Celastrol Inhibited HCC Cell Proliferation and This Process Can Be Reversed by

Ferroptosis Inhibitors

Through the analysis of network pharmacology, we speculated that celastrol may promote ferroptosis in HCC. In our
study, HepG2 cells were treated with celastrol at various concentrations (ranging from 1 uM to 8 pM) for different time
durations (12, 24, and 36 h). The results showed that celastrol exhibited a dose-dependent and time-dependent inhibition
on HepG2 cell proliferation (Figure 6A). Considering that the same concentration of celastrol had an insufficient
inhibitory effect on cell viability at 12 h, but caused too much cell death at 36 h, we chose 24 h for subsequent
experiments. After 24 h, treatment with celastrol at a concentration of 2 uM led to a notable reduction in cell viability.
Additionally, the median lethal dose of celastrol after a 24-hour period was approximately 4 pM. Therefore, celastrol at
the dose of 2 or (and) 4 uM was used in the following experiments. Bioinformatics analysis showed that celastrol may
inhibit HCC through ferroptosis. To further verify that celastrol-induced HCC cell death is related to ferroptosis, we
introduced ferroptosis inhibitors in the following experimental systems to observe whether the effect of celastrol can be
impaired. Based on previous reports, the most commonly used concentrations of the typical ferroptosis inhibitors were 10
uM fer-1, 100 uM DFO, and 5 mM NAC. Therefore, based on this, we respectively adjusted several concentration
gradients as experimental concentrations. Lower concentrations of Fer-1, DFO, and NAC did not exhibit a notable impact
on cell viability (Figure 6B). They were able to partially restore the decrease in cell viability induced by celastrol
(Figure 6C). Finally, for the concentration of ferroptosis inhibitors, we chose the commonly used concentration in the
literature for the experiment. Celastrol-mediated growth inhibition of HepG2 cells was blocked by Fer-1, DFO, and
NAC, indicating celastrol may inhibit cell proliferation partly through ferroptosis.

Celastrol Induced Ferroptosis in HCC Cells

HepG?2 cells were subjected to 24-hour treatment with ferroptosis activators or celastrol at concentrations of 2 pM and 4
uM, either with or without ferroptosis inhibitors. As ferroptosis activators, erastin, and RSL3 induced ferroptosis events.
The events were also found in celastrol-treated HepG2 cells, which were evidenced by increased lipid peroxidation
products (Figure 7A and B), decreased GSH-Px activity (Figure 7C and D), increased iron level (Figure 7E and F), and
protein expression of GPX4 is markedly decreased (Figure 8A and B). GPX4 is a key protein that inhibits ferroptosis,
and its expression is significantly reduced when ferroptosis occurs. The above phenomena can be partly reversed by
ferroptosis inhibitors (Fer-1, DFO, and NAC). In summary, these results indicate the inhibition of cell proliferation in
HepG?2 cells by celastrol may involve the activation of ferroptosis.

Celastrol Induced ROS Production in HCC Cells

One of the hallmarks of ferroptosis is ROS accumulation,”® and the chemical carcinogenesis-reactive oxygen species
signaling pathway was the first enriched pathway in KEGG enrichment analysis according to the results presented above.
To examine the impact of celastrol on ROS production, HepG2 cells were treated with celastrol with or without
ferroptosis inhibitors and the levels of cytosolic ROS were examined by fluorescence microscope using the fluorescent
probes DCFH-DA. We found that celastrol treatment increased cytosolic ROS levels, which was similar to the ferroptosis
activator treatment (Figure 8C and D). Ferroptosis inhibitors could abolish celastrol-induced ROS elevation (Figure 8D).
In short, celastrol might positively regulate ferroptosis by increasing ROS production.

Celastrol Inhibited HCC Cell Growth Through Ferroptosis

To further elucidate the role of ferroptosis in celastrol-mediated inhibition of HCC cell proliferation, additional
investigations are warranted. According to the colony formation assay (Figure 9A and B), ferroptosis inhibitors partly
reversed proliferation inhibition induced by celastrol in HCC cells. EAU cell proliferation assay (Figure 9C and D) and
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Figure 6 Celastrol inhibited proliferation and ferroptosis inhibitors interfered with celastrol-induced death in HCC cells. (A) Cell viability of HepG2 cells treated with
varying concentrations of celastrol (ranging from 0 to 8 uM) for different periods (12, 24, and 36 h). (B) Cell viability of HepG2 cells treated with different concentrations of
Fer-1, DFO, and NAC alone. (C) Cell viability of HepG2 cells cotreated with different concentrations of Fer-1, DFO and NAC with celastrol (4 pM). The CCK8 assay was
used to measure cell viability. One-way ANOVA analysis was used to compare the differences among groups. All data are representative of five independent experiments,
and the values are expressed as the mean * SD. *p < 0.01, ***p < 0.001, ****p<0.0001.

CCKS8 assay (Figure 9E) revealed that celastrol suppressed HCC cell growth and viability, which could be rescued by
ferroptosis inhibitors. It was revealed that celastrol partly inhibited HCC cell growth by inducing ferroptosis.

Celastrol Mediated Core Key Target Expression in HCC Cells
Next, we verified the expression of HMOX1, GSTM1, MAPK1, and NQO1, which was evaluated using RT-qPCR and
Western blot. The mRNA level of GSTM1 was decreased in celastrol-treated HepG2 cells but the level of other genes
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Figure 7 Celastrol treatment resulted in ferroptosis events in HCC cells. HepG2 cells were treated with ferroptosis activators erastin (10 uM) and RSL3 (10 pM),
celastrol (2 or 4 pM) for 24 h respectively, or co-treated with celastrol (2 or 4 pM) along with Fer-1 (10 pM), DFO (100 pM), or NAC (5 mM) for 24 h. The following
parameters were evaluated in cell lysates by absorbance detection: (A and B) MDA content, (C and D) GSH-Pxs activity, and (E and F) iron content. One-way ANOVA
analysis was used to compare the differences among groups. All data are representative of five independent experiments, and the values are expressed as the mean * SD.
*p < 0.05, ¥*p < 0.0, ¥**p < 0.001, **%p<0.0001.
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Figure 8 Celastrol treatment induced reactive oxygen species production in HCC cells. HepG2 cells were treated with ferroptosis activator erastin (10 M) and RSL3 (10
uM), celastrol (2 or 4 pM) for 24 h respectively, or co-treated with celastrol (2 or 4 uM) along with Fer-1 (10 uM), DFO (100 pM), or NAC (5 mM) for 24 h. (A and B) The
protein expression of GPX4 was determined by Western blot. (C and D) Intracellular ROS level was measured by immunofluorescence. One-way ANOVA analysis was used
to compare the differences among groups. All data are representative of five independent experiments, and the values are expressed as the mean * SD. Scale bars, 100 pm.

had no change significantly (Figure 10A). Celastrol also can reduce the protein expression of GSTM1 and increase the
expression of HMOX1 protein. (Figure 10B). Studies have shown that celastrol could target HMOX1 and upregulate its
expression thereby inducing ferroptosis in activated HSCs.® Therefore, we chose GSTMI for further study. Molecular
docking was conducted to evaluate the interaction between GSTM1 and celastrol. A binding affinity equal to or less than
—5 kcal/mol was considered indicative of a strong interaction. The combinations with relatively low free energy and most
binding bonds were selected to visualize the binding of celastrol to GSTM1 (Figure 10C and Supplementary Table S2).
GSTMI interacts with celastrol mainly through sidechain hydrogen bonds (Figure 10D). Celastrol may bind to GSTM1
through hydrogen bonds to affect the protein conformation and stability, but the specific situation needs further study.

Celastrol Promoted Ferroptosis and Inhibited Proliferation Through GSTMI in HCC
To explore the functions of GSTM1 in HCC, we overexpressed the expression of GSTM1 in HepG2 cells (Figure 11A).
Ferroptosis was indicated by MDA (Figure 11B), iron content (Figure 11C), and intracellular ROS level (Figure 11D).
Cell proliferation was detected by EDU (Figure 11D and E) and CCKS8 assays (Figure 11F). GSTM1 overexpression
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Figure 9 Celastrol inhibited HCC cell proliferation by inducing ferroptosis. HepG2 cells were co-treated with celastrol (2 or 4 uM) along with Fer-1 (10 uM), DFO (100
uM), or NAC (5 mM) for 24 h. (A and C) Colony formation and (B and D) EDU assay were used to determine the cell proliferation capacity. (E) Cell viability was evaluated
by CCK-8 assay. One-way ANOVA analysis was used to compare the differences among groups. All data are representative of five independent experiments, and the values
are expressed as the mean + SD. Scale bars, 100 pm. *p < 0.05, **p < 0.01, ***p < 0.001, ***¥p<0.0001.
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Figure 10 Celastrol mediated core target expression in HCC cells. HepG2 cells following celastrol (4 uM) for 24 h. (A) The mRNA expression of GSTMI, HMOXI,
MAPKI, NQOI. (B) The protein expression of GSTMI, HMOXI, MAPKI, NQOI. (C) The interaction between celastrol and GSTMI. (D) Celastrol binds to GSTMI
through hydrogen bonds. The Student’s t-test was used to analyze the differences between the control group and the Cel 4uM group. All data are representative of five
independent experiments, and the values are expressed as the mean + SD. **p < 0.01.

attenuated celastrol-induced ferroptosis and cell proliferation inhibition. Our results suggested that celastrol may promote
ferroptosis and inhibit proliferation through GSTMI.

Discussion

Liver cancer is currently the sixth most prevalent cancer globally. According to the World Health Organization, it is
estimated that over 1 million individuals will succumb to liver cancer by 2030.>* HCC predominates among primary liver
cancer cases. Celastrol was chosen as the focus of our research, aiming to explore its mechanism of inhibiting HCC cell
activity and its potential therapeutic effects on HCC. This was achieved by combining network pharmacology analysis
with cell experiments.

We first screened the potential target molecules of celastrol from the PharmMapper database. Subsequently, we
gathered genes associated with HCC from the Genecards database and genes related to ferroptosis from the FerrDb
database. By conducting an intersection of these gene sets, we identified 31 common genes for further analysis. These
genes underwent PPI analysis, as well as GO and KEGG enrichment analysis. The GO analysis results revealed
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enrichment in biological processes related to cellular response to metal ions and oxidative stress. Then, KEGG analysis
showed that it was significantly enriched to chemical carcinogenesis reactive oxygen species. Ferroptosis is iron-
dependent programmed cell death and is closely related to oxidative stress.”® Ferroptosis is a potential adaptive process
that plays a crucial role in eliminating cancerous cells. It is considered to be one of the mechanisms through which
sorafenib may exert its therapeutic effects in treating HCC.*® We speculate that celastrol may trigger ferroptosis through
ROS-related oxidative stress pathways, thereby exerting an anti-HCC effect. For further research, we validated the
mRNA expression of genes that are simultaneously enriched in chemical carcinogenesis reactive oxygen species and
hepatocellular carcinoma and detected ferroptosis events in HepG2 cells after treatment with celastrol.

Sorafenib is widely recognized as the primary treatment option for HCC and is known as an inducer of ferroptosis.
Promoting sorafenib-induced ferroptosis is a new way to treat HCC. However, sorafenib is a late-stage drug for liver
cancer and is prone to drug resistance. If other drugs can exert the same anticancer effect, it is also a new choice for the

treatment of HCC. Studies have demonstrated that celastrol can effectively promote the production of ROS and induce
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ferroptosis in activated hepatic stellate cells (HSCs), leading to its potential anti-fibrotic effects.’ Besides, Celastrol
liposomes may induce ferroptosis and apoptosis by directly targeting VDAC2 in HCC.?” Ferroptosis inducer Erastin
made non-small cell lung cancer more sensitive to celastrol.”* Celastrol can induce ferroptosis in vivo and in vitro to treat
clear cell renal cell carcinoma.'® Some studies have also shown that celastrol can inhibit ferroptosis. 600 nM celastrol
exerted ferroptosis resistance through AKT / GSK3p signaling, thereby alleviating cardiac injury induced by a high-fat
diet.* 0.5 uM celastrol can effectively inhibit ferroptosis after spinal cord injury.*® 10 nM celastrol could alleviate acute
kidney injury by inhibiting ferroptosis through the Nrf2 / GPX4 pathway.*' The above shows that low-dose celastrol can
alleviate ferroptosis in non-tumor diseases. However, for tumor diseases, celastrol is used in large doses, which triggers
cytotoxicity to kill tumors. In insulin-resistant HepG2 cells, the induction of ferroptosis represents a potential mechanism
through which celastrol exerts cytotoxic effects, and this process can be mitigated by the administration of ferroptosis
inhibitors.>”

In our study, we investigated the effects of celastrol on HepG2 cells by treating them with varying doses of celastrol
over different periods. We observed that celastrol exhibited a dose-dependent and time-dependent inhibition of HCC cell
activity. Notably, this effect could be partially reversed by ferroptosis inhibitors. After celastrol treatment of cells, we
detected ferroptosis-related indicators. The level of MDA and iron content were significantly increased. The activity of
GSH-Pxs was inhibited. The protein level of GPX4 was down-regulated. Celastrol nanomedicines can down-regulate
GPX4 expression, consume glutathione (GSH) levels, and increase lipid peroxidation levels, thereby triggering ROS-
mediated ferroptosis pathways and exerting anti-HCC effects in vitro and in vivo. Our findings are largely in line with
research conducted by others.>® The ferroptosis-related events induced by celastrol could be reversed by ferroptosis
inhibitors, indicating the occurrence of ferroptosis. Proliferation inhibition induced by celastrol could be also reversed by
ferroptosis inhibitors, indicating celastrol may promote HCC cell death through ferroptosis.

Ferroptosis is a regulated cell death process that relies on the presence of iron and ROS. The ferroptosis inhibitor
erastin increased ROS production, thereby inducing LC3B transformation and activating autophagy.”> Autophagy
induced by ROS leads to elevated levels of intracellular iron, which, in turn, promotes ferroptosis through the regulation
of ferritin and transferrin receptors. ROS can initiate ferroptosis.** We detected the level of ROS in celastrol-treated cells
and found that ROS levels were significantly increased and ferroptosis inhibitors (including NAC, the ROS scavenger)
could inhibit the increase of ROS levels induced by celastrol, indicating that celastrol may mediate ferroptosis through
ROS-related pathways.

To explore the related targets that celastrol may play a role through the ROS pathway, we selected genes that are
simultaneously enriched in the chemical carcinogenesis reactive oxygen species and hepatocellular carcinoma signaling
pathways. We first evaluated the role of these genes in the overall survival of HCC patients and found that individuals
with low expression of HMOX1, MAPK1, NQOI1 and high expression of GSTM1 had a better prognosis, and the
expression of EGFR had no significant change in the prognosis of patients. In our investigation of the impact of celastrol
on the mRNA and protein levels of genes influencing HCC prognosis, there were no significant changes in the mRNA
level of HMOX1, MAPK1, and NQO1. We observed that treatment with celastrol specifically decreased the mRNA and
protein level of GSTMI, and increased the expression of HMOXI1 protein. Studies have shown that celastrol could
upregulate HMOX 1 expression.*> >* We checked the FerrDb database and found that HMOX]1 is both a ferroptosis driver
and ferroptosis inhibitor, while GSTM1 is a ferroptosis inhibitor. In addition, studies have shown that celastrol can
directly interact with HMOX1 and induce ferroptosis.” The relationship between celastrol and GSTMI has not been
reported. Therefore, we chose GSTM1 for further study. Molecular docking showed that celastrol was combined with
GSTMI1. We speculate that celastrol may mediate ferroptosis and cell proliferation by inhibiting GSTM1. We over-
expressed GSTM1 in HepG2 cells. The cells overexpressing GSTM1 were treated with celastrol. The results showed that
overexpression of GSTMI1 could reverse celastrol-induced ferroptosis and cell proliferation inhibition.GSTMI is
a member of the GST superfamily, which is a Phase II antioxidant enzyme regulated by Nrf2. Additionally, a decrease
in GSTM1 activity is associated with elevated oxidative stress levels.>” GSTMI1 can participate in the scavenging of
ROS.* Although database analysis showed that high expression of GSTMI can promote patient survival, celastrol may
promote ROS production and ferroptosis by suppressing the GSTM1 protein level or enzyme activity, which can also
inhibit HCC. GPX4 can interact with GSTM1 and enhance its protein stability.*' Celastrol can down-regulate GPX4
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protein, which may be one of the reasons why celastrol can reduce the expression of GSTM1 protein. However, how
celastrol down-regulates GSTM1 mRNA remains to be explored.

Our study has several limitations that should be recognized. Firstly, we focused exclusively on the form of ferroptosis
in celastrol-induced cell death, overlooking the importance of other forms of death. Secondly, we only verified that
celastrol induced ferroptosis by restoring GSTM1 expression. Furthermore, due to technical limitations, we have not yet
explored the specific mechanism of celastrol-reducing GSTM1 and the potential relationship between GSTM1 and
HMOX1, MAPK1, and NQOI1. These limitations should be taken into consideration when interpreting the findings of our
research, and efforts are underway to address these issues in future investigations.

In follow-up research, we would introduce inhibitors of other cell death pathways at the same time to investigate their
relative contribution alongside ferroptosis induced by celastrol. Meanwhile, it may be more convincing to knock out
GSTMI in HCC cells to further explore whether celastrol can still induce ferroptosis. We are in contact with teams with
relevant technical conditions and experience to conduct in-depth research through cooperation with others.

Conclusion

Our study employed a combination of network pharmacology and cell experiments to demonstrate the promising
therapeutic potential of celastrol in the treatment of HCC. Celastrol may inhibit ROS clearance and increase ROS levels
by inhibiting GSTM1 enzyme activity. High levels of ROS activate oxidative stress or iron autophagy-related pathways,
which in turn mediate the occurrence of ferroptosis. Celastrol may inhibit the cell activity of HCC by inducing
ferroptosis.
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