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Abstract Ferroptosis is a form of regulated cell death, characterized by excessive membrane lipid per-

oxidation in an iron- and ROS-dependent manner. Celastrol, a natural bioactive triterpenoid extracted

from Tripterygium wilfordii, shows effective anti-fibrotic and anti-inflammatory activities in multiple he-

patic diseases. However, the exact molecular mechanisms of action and the direct protein targets of
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Peroxiredoxin;

HO-1;

Hepatic fibrosis;

ABPP;

Anti-oxidant;

Reactive oxygen species
celastrol in the treatment of liver fibrosis remain largely elusive. Here, we discover that celastrol exerts

anti-fibrotic effects via promoting the production of reactive oxygen species (ROS) and inducing ferrop-

tosis in activated hepatic stellate cells (HSCs). By using activity-based protein profiling (ABPP) in com-

bination with bio-orthogonal click chemistry reaction and cellular thermal shift assay (CETSA), we show

that celastrol directly binds to peroxiredoxins (PRDXs), including PRDX1, PRDX2, PRDX4 and PRDX6,

through the active cysteine sites, and inhibits their anti-oxidant activities. Celastrol also targets to heme

oxygenase 1 (HO-1) and upregulates its expression in activated-HSCs. Knockdown of PRDX1, PRDX2,

PRDX4, PRDX6 or HO-1 in HSCs, to varying extent, elevated cellular ROS levels and induced ferrop-

tosis. Taken together, our findings reveal the direct protein targets and molecular mechanisms via which

celastrol ameliorates hepatic fibrosis, thus supporting the further development of celastrol as a promising

therapeutic agent for liver fibrosis.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction vine”) and has multiple biological properties including anti-tumor,
Hepatic fibrosis is among the leading causes of mortality and
morbidity worldwide, but unfortunately still lacks effective
drugs1e3. While the underlying molecular mechanisms of hepatic
fibrosis are complicated, it is a dynamic process characterized by
extracellular matrix (ECM) deposition, mainly caused by hepatic
viral infection, metabolic disorder, alcoholic liver disease and
cholestasis4. Activation of hepatic stellate cells (HSCs) promotes
the secretion of ECM, pro-inflammatory cytokines and proteases
to further induce cellular injury and fibrogenesis5. Activated-HSCs
are now merged as a key driver of human fibrotic liver disease and
experimental injury, involved at multiple stages, including acute
and chronic hepatitis as well as cirrhosis6. Therefore, scavenging
activated-HSCs is considered as a promising therapeutic strategy
for hepatic fibrosis. Previous studies showed that inducing
activated-HSCs to apoptosis, necroptosis or senescence can
ameliorate the pathological development of hepatic fibrosis7,8.

Ferroptosis, a regulated program of cell death, results from the
mis-controlled accumulation ofmembrane lipid peroxidation (LPO)
in an iron-dependent manner9, which is distinguished from other
programmed cell deaths such as apoptosis, necrosis or pyroptosis10.
Factors including the depletion of glutathione (GSH), and the in-
hibition of cystine/glutamate antiporter system xce or glutathione
peroxidase 4 (GPX4) can trigger ferroptosis. On the other hand,
ferroptosis can be inhibited by iron chelators (e.g., deferoxamine),
and lipophilic anti-oxidants (e.g.,N-acetyl-L-cysteine, ferrostatin-1,
and vitamin E)11,12. Notably, ferroptosis is closely related to the
development and control of various liver diseases, such as steato-
hepatitis, fibrosis and hepatocellular carcinoma (HCC)13e17. Trig-
gering ferroptosis of activated-HSCs is emerging as a novel and
promising therapeutic approach for hepatic fibrosis16,18.

Natural product is a valuable resource for the development of
therapeutic agents for many complex diseases including liver
fibrosis. We previously demonstrated that artesunate induces fer-
roptosis in HCC together with sorafenib19. Artesunate could also
promote ferroptosis of activated-HSCs20. In addition, natural
products such as chrysophanol and magnesium isoglycyrrhizinate,
have been reported to suppress the activation of HSCs and
attenuate liver fibrosis via regulating ferroptosis21,22.

Celastrol, a pentacyclic triterpene compound (the chemical
structure shown in Fig. 1A), is one of the major bioactive con-
stituents of Tripterygium wilfordii Hook F. (TwHF, “Thunder God
anti-oxidant, anti-obesity, neuroprotective and immunosuppressive
effects23e25. As early as in 2007, celastrol, along with triptolide,
artemisinin, curcumin, and capsaicin, has been suggested as a
candidate compound with exceptional potential of becoming a
therapeutic agent26. Previous works have revealed that celastrol
could protect against liver diseases such as acute or chronic
hepatitis, fibrosis, cholestatic injury and HCC within the safe dose
range27e31. To date, celastrol is mostly reported to exert hep-
atoprotective activities through its anti-oxidant and anti-
inflammatory properties. However, the exact molecular mecha-
nism of action of celastrol remains largely elusive.

In this study, we show that celastrol effectively ameliorates
carbon tetrachloride (CCl4)-induced liver injury and hepatic
fibrosis via promoting ROS-mediated signaling pathways and
ferroptosis in activated-HSCs. Celastrol directly binds to perox-
iredoxin (PRDX) family members including PRDX1, PRDX2,
PRDX4 and PRDX6 (but not PRDX3 and PRDX5), and inhibits
their anti-oxidant activities. Moreover, celastrol directly targets
heme oxygenase 1 (HO-1) and upregulates its expression level in
activated-HSCs. Silencing of PRDXs or HO-1 in HSCs promotes
the accumulation of LPO and Fe2þ/Fe3þ, two key markers of
ferroptosis. Collectively, this study reveals that celastrol can
directly bind to PRDXs and HO-1 and inhibit their enzymatic
activities, resulting in the ferroptosis of activated-HSCs to atten-
uate hepatic fibrosis.
2. Materials and methods

2.1. Reagents

Celastrol (purity �98%) was purchased from Bethealth People
Biomedical Technology (Beijing, China). Cell Counting Kit-8
(CCK-8) was purchased from Dojindo (Japan). N-Acetyl-L-
cysteine and deferoxamine mesylate were obtained from AbMole
BioScience (USA). Click chemistry reaction and LCeMS/MS
reagents include: TAMRA-azide, Biotin-azide and THPTA
(ClickChemistryTools, USA); NaVc and CuSO4 (SigmaeAldrich,
USA); high capacity neutravidin agarose beads, TEAB and
sequencing grade modified trypsin (Thermo, USA); Oasis HLB
Extraction Cartridge (Waters, USA); Pierce™ Quantitative Fluo-
rometric Peptide Assay Kit (Thermo, USA).

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Celastrol ameliorates liver injury and fibrosis. (A) Tripterygium wilfordii plant and chemical structure of celastrol (Cel). (B) The

scheme of animal experiment. The grouping was as follows: Control; Model (CCl4, without Cel treatment); Cel-0.25 (CCl4, 0.25 mg/kg Cel); Cel-

0.5 (CCl4, 0.5 mg/kg Cel); Cel-1.0 (CCl4, 1 mg/kg Cel). (C) Representative photographs of liver and its H&E staining (scale bar Z 50 mm). (D)

The percentage ratios of liver/body weight (mean � SEM, n Z 5) and the effects of Cel on the levels of serum ALT, AST and ALP in mice

(mean � SEM, nZ 8; #P < 0.05, ###P < 0.001 vs. Control; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Model). (E) Liver sections with Masson and

Sirius Red staining (Scale bar Z 50 mm). (F) Immunofluorescence staining of a-SMA (green) in liver tissues (Scale bar Z 100 mm). (G)

Immunoblotting assay of the levels of a-SMA, VIM and COL1A1 proteins in vivo (mean � SEM, n Z 3; ##P < 0.01, ###P < 0.001 vs. Control;

**P < 0.01, ***P < 0.001 vs. Model). P values are calculated by one-way ANOVA followed by the Tukey’s test.
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Specific primary antibodies anti-PRDX1, anti-PRDX2, anti-
PRDX3, anti-PRDX4, anti-PRDX5, anti-PRDX6, anti-HO-1
(Abcam, UK), anti-Vimentin, anti-PPARg, anti-COL1Al (Pro-
teintech, China) and anti-b-actin (Affinity Biosciences, China)
were used.
2.2. Cell culture

Human hepatic stellate cell (LX-2) and mouse hepatic stellate cell
(mHSC) were purchased from the Chinese Academy of Medical
Sciences (Beijing, China). These cells were cultured in Dulbecco’s
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modified Eagle’s medium (Corning, NewYork, USA)with 10% fetal
bovine serum (Corning, New York, USA) as well as 100 U/mL
penicillin and streptomycin (ThermoFisher, USA), andmaintained at
37 �C with 5% CO2 humidified atmosphere. Cells were passaged
regularly and grown to 80%e90% confluence before treatments.
2.3. Detection of cell viability

Cells were seeded in 96-well plate at a density of 5 � 103 cells/
well for overnight, and then incubated with different concentra-
tions of celastrol or celastrol-probe (Cel-P) for 12 or 24 h. CCK-8
kit was used to measure the viability of treated cells according to
the manufacturer’s instructions.
2.4. Animal experiments

All animal experimental procedures were approved by the China
Animal Care and Use Committee and the Care and Use of Lab-
oratory Animals of China Academy of Chinese Medical Sciences
(Beijing, China). C57BL/6 male mice (22 � 3 g; Vital River
Laboratory Animal Technology, Beijing, China) were maintained
under standard conditions. The mice were adapted for 7 days
before use. A total of 40 mice were randomly divided into 5
groups, 8 mice per group. They were given corn oil (vehicle,
control), CCl4 (model), CCl4 þ 0.25 mg/kg celastrol,
CCl4 þ 0.5 mg/kg celastrol and CCl4 þ 1 mg/kg celastrol,
respectively. For CCl4 model, mice were injected intraperitoneally
with CCl4 diluted 1:3 in corn oil at a dose of 0.5 mL/kg twice a
week for 6 weeks32. Celastrol was dissolved in corn oil, and
injected intraperitoneally to mice once a day for 3 weeks. Blood
and liver samples were collected after anaesthetization. A portion
of liver was fixed in 4% paraformaldehyde, the rest was flash
frozen in liquid N2.
2.5. Biochemical and histological assays

The levels of aspartate aminotransferase (AST), alanine amino-
transferase (ALT) and alkaline phosphatase (ALP) were measured
using a biochemistry analyzer (TOSHIBA TBA-40FR, Japan).
Liver tissue samples were embedded in paraffin and sectioned.
Hematoxylineeosin (H&E), Masson’s trichrome and Sirius Red
staining were performed for the examination of histological
changes and degree of fibrosis. Hydroxyproline levels in mice
livers were quantified using a detection kit (Jiancheng Biotech-
nology, Nanjing, China) following manufacturer’s instructions.
2.6. Western blotting

Proteins were extracted with RIPA buffer supplemented with
1 � protease inhibitor cocktail and separated on SDS-PAGE gel,
followed by electro-transferring to PVDF membranes. Next,
samples were incubated with the corresponding primary anti-
bodies (listed in Section 2.1.) and secondary antibody. The protein
band was visualized using enzyme-linked chemiluminescence
reagent in the Enhanced Chemiluminescence Plus detection sys-
tem (Azure Sapphire RGBNIR, USA). The protein amount was
semi-quantified by Image J, and normalized to its corresponding
control.
2.7. Cellular imaging

The fluorescence imaging experiments were carried out as previ-
ously described33. LX-2 cells were grown in 4-chamber glass
bottom dishes and treated with 0.5 mL of complete culture me-
dium with Cel-P at various concentrations in the absence or
presence of corresponding competitors. After 4 h, cells were
washed and fixed with 4% paraformaldehyde at room temperature
(RT) for 12 min, and then permeabilized in 0.2% Triton X-100.
Cells were subjected to a freshly prepared clicked reaction
cocktail (1 mmol/L NaVc, 100 mmol/L THPTA, 1 mmol/L CuSO4

and 50 mmol/L TAMRA-N3) with gentle shaking for 2 h at RT.
Cells were gently washed twice with PBS and once with 0.1%
Tween-20 in PBS.

For co-localization studies, cells were fixed and permeabilized
as mentioned above, followed by blocking with 5% BSA. Samples
were further incubated with different primary antibodies (1:200) at
4 �C overnight. Cells were gently washed twice with 0.1% Tween-
20 in PBS, and then incubated with secondary fluorescent anti-
body (Alexa Fluor 488 or 647, Abcam, UK) (1:500) for 1 h, and
then washed again.

Liver tissue sections were treated by a series of dewaxing and
dehydrations, and then punched in 0.2% Triton X-100. The
remaining procedures were the same as the cell samples.

Eventually, samples were incubated with Hoechst (1:500
dilution) for 30 min at RT prior to acquiring image. All images
were acquired with Leica TCS SP8 SR confocal fluorescence
microscopy.

2.8. Lipid peroxidation assessment and antioxidant
measurement

LPO assay kit (A106-1-2), glutathione assay kit (A006-2-1), Fe2þ/
Fe3þ iron assay kit (A039-2-1), and the fluorescent probe CM-
H2DCFDA (E004-1-1) were purchased from Jiancheng Bioengi-
neering Institute (Nanjing, China). H2O2 was measured with a
Hydrogen Peroxide kit (Beyotime, Shanghai, China). The level of
glutathione peroxidase 4 (Anti-GPX4, Abcam, UK) was quantified
by immunofluorescence staining.

2.9. In situ and in vitro fluorescence labeling experiments

For fluorescence labeling experiments in live cells33,34, cells were
seeded in 6-well plates until 80%e85% confluence. Cel-P
(0.25e4 mmol/L) or DMSO was added for 3 h, followed by me-
dium removal and cell washing twice with pre-chilled PBS. RIPA
buffer with protease inhibitor cocktail was used for protein
extraction. The soluble protein was obtained by centrifugation and
the concentration was measured by BCA kit. Equal amounts of
lysate proteins (200 mg) from different groups were taken and
incubated with the click chemistry reaction cocktail (1 mmol/L
NaVc, 100 mmol/L THPTA, 1 mmol/L CuSO4 and 50 mmol/L
TAMRA-azide). The reaction was incubated with vigorous
shaking at RT for 2 h. Labeled protein was precipitated by pre-
chilled acetone (�20 �C). Samples were dissolved in 40 mL
1 � loading buffer, before being loaded on SDS-PAGE gel and
separated by electrophoresis, and then visualized by fluorescence
scanning in laser scanner (Azure Sapphire RGBNIR, USA).
Finally, the SDS-PAGE gel was stained with Instant Blue Coo-
massie Protein Stain.
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For fluorescence labeling of recombinant protein, proteins
(0.5e1 mg/mL) in PBS buffer were incubated with probe for 1 h at
RT with gentle shaking, and then clicked with pre-mixed click
cocktail. Samples were then separated on SDS-PAGE and visu-
alized as described above. For competitive labeling experiments,
samples were pre-treated with competitors for 30e120 min and
then processed as mentioned above.
2.10. Pull down and LCeMS/MS based targets identification

Experimental procedures were similar to what was previously
described33. LX-2 cells were pre-treated with competitors for 1 h,
followed by adding the Cel-P (2 mmol/L) or DMSO in fresh
medium. After incubation for 4 h, the soluble proteins were
extracted to perform click reaction as described above. The air-
dried samples were dissolved in 1.5% SDS in PBS. Then the
final concentration of SDS was diluted to 0.1% with PBS and
centrifuged at RT for 10 min. The sample solution was incubated
with 50 mL streptavidin beads for 4 h at RT, and beads were
washed with 5 mL PBS containing 1% SDS (thrice) and 0.1%
SDS (once), and 6 mol/L urea (thrice) and PBS (twice).

For targets identification by LCeMS/MS, the enriched proteins
from streptavidin beads were separated by SDS-PAGE followed
by Coomassie staining. The band corresponding to the specific
molecular weight region (20e55 kDa) were excised, cut to small
pieces, and then washed with 25 mmol/L ammonium bicarbonate
buffer and 50% acetonitrile in 25 mmol/L ABB buffer. After
dehydration in Speedvac, the samples were reduced by dithio-
threitol (DTT) and alkylated by iodoacetamide (IAA). Then the
samples were incubated with trypsin to digested into peptides
overnight at 37 �C. Peptide solution was desalted on C18 column.
TMT10 plex Mass Tag Labeling reagents (Thermo) were used for
peptide labeling according to the instructions. Finally, samples
were analyzed by LCeMS/MS (Thermo).

For pull down-Western blot analysis, the bound proteins were
detected by Western blot assay with the same procedures
mentioned above.
2.11. Target protein analysis and gene ontology (GO)
enrichment

According to the TMT signals of DMSO (control) group,
Cel þ Cel-P (compete) and Cel-P (treatment) group, the P values
(Cel-P/DMSO and Cel-P/Compete) were generated by using 1
sample t-test as previously described35. The target proteins were
selected based on the absolute fold change >1.2 and P
value < 0.05. GO enrichment analysis were performed on the
selected proteins using the “clusterprofiler” package (version
3.18.1) in R36.
2.12. Cellular thermal shift assay (CETSA)eWestern blot (WB)

CETSAeWB experiment was carried out as previously
described37,38. Briefly, the soluble protein lysate of LX-2 cells was
aliquoted into PCR tubes and treated with celastrol (20 mmol/L) or
DMSO for 1 h at RT prior to CETSA heat pulse. The solutions
were heated at the indicated temperatures (37e73 �C) for 3 min,
followed by cooling at 4 �C for 3 min in a thermocycler (Applied
biosystems, USA). After centrifugation for 20 min (20,000�g,
4 �C), the soluble supernatant was subject to Western blotting.
2.13. Expression and purification of recombinant proteins

Human PRDX1, PRDX2, PRDX4, PRDX6 and HO-1 genes, as
well as the mutants of PRDX1 and PRDX2 were subcloned into
pET28a vector with a 6 � His-tag fusion (Sangon, Shanghai,
China). The Escherichia coli BL21 was transformed with the
expression plasmid, and cultured in LB medium containing
50 mg/mL kanamycin (200 rpm, 37 �C) to OD600 of 0.6e0.8, and
the protein expression was induced with 0.4 mmol/L IPTG for
14 h at 16 �C. Bacterial pellet was suspended in lysis buffer
(200 mmol/L NaCl, 20 mmol/L TriseHCl, 1 mmol/L PMSF,
1 � protease inhibitor cocktail, pH 8.0) and disrupted by soni-
cation. After centrifugation (12,000 � g for 30 min at 4 �C),
supernatant was applied to Ni-NTA beads column (Qiagen, USA)
and washed with 30 mL binding buffer (200 mmol/L NaCl,
20 mmol/L TriseHCl, 20 mmol/L or 50 mmol/L imidazole, pH
8.0). Recombinant proteins were eluted with 200 mmol/L NaCl,
20 mmol/L TriseHCl and 200 mmol/L imidazole, pH 8.0 buffer.
The protein concentration was determined with BCA kit. The
purity and integrity of the purified proteins was verified on SDS-
PAGE gel by Coomassie brilliant blue.

2.14. UVevisible absorption spectra assay

The UVevisible absorption spectra of celastrol in PBS buffer was
measured at 300e600 nm by a multimode 96-well plate reader
(PerkinElmer, USA). Celastrol (100 mmol/L) was incubated with
or without the indicated proteins (20 mmol/L), and the absorbance
spectra was recorded.

2.15. Molecular docking

The crystal structures of proteins were retrieved from Protein Data
Bank (PRDX1: 4XCS; PRDX2: 5IJT; PRDX4: 3TKQ; PRDX6:
5B6N; HO-1: 4WD4). Docking process: Discovery Studio Client
was used to perform dehydration and hydrogenation of proteins.
Pyrx-0.8 and AutoDock Vina39 were used for molecular docking,
and Pymol software for mapping.

2.16. Activity assay of recombinant human PRDX proteins

The peroxidase activities of recombinant human PRDX proteins
were measured as described previously40,41. The enzymatic ac-
tivity of PRDX2 was measured by adding 10 mL H2O2 (final
50 mmol/L) into different concentrations of rhPRDX2 solutions,
followed by assessing the residual H2O2 level using Hydrogen
Peroxide Assay Kit (Beyotime, Shanghai, China). To measure the
inhibition of celastrol on the peroxidase activities PRDXs,
rhPRDX proteins (30 mmol/L) were incubated with DMSO or
celastrol (5 mmol/L) for 20 min at room temperature, followed by
measurement as described above.

2.17. HO-1 activity assay

The HO-1 activity assay was carried out as previously described42.
Briefly, 99 mL of 5 mmol/L rhHO-1 and 50 mmol/L hemin solution in
100 mmol/L MOPS pH 7.0 was incubated with 1 mL DMSO or
celastrol (5e20 mmol/L final concentration) for 20 min at RT. And
then 100 mL of 2 mmol/L L-ascorbic acid and 400 mmol/L Ferene-S
mixed reagent was added. The absorbance of Ferene-S and bili-
verdin was determined using Spark 10M plate reader (Tecan,
Switzerland) at 593 and 670 nm, respectively.



Figure 2 Celastrol exerts anti-fibrosis effect by inducing ferroptosis in activated-HSCs. (A) Levels of Fe2þ/Fe3þ and LPO after celastrol

treatment in human hepatic stellate LX-2 cells (mean � SEM, n Z 3; *P < 0.05, **P < 0.01 vs. DMSO). (B) Levels of GSH and H2O2 after

celastrol treatment in LX-2 cells (mean � SEM, nZ 3; *P < 0.05, **P < 0.01 vs. DMSO). (C) Immunofluorescence staining of intracellular ROS

(green) in LX-2 cells (scale bar Z 100 mm). (D, E) The effect of DFO and/or NAC on celastrol-induced ferroptosis (as indicated by two

ferroptosis-associated markers: Fe2þ/Fe3þ and LPO level) in LX-2 cells (mean � SEM, n Z 3; ##P < 0.01, ###P < 0.001 vs. DMSO; *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001 vs. Cel). (F) The effect of DFO and/or NAC on the anti-fibrosis effect of celastrol, as indicated by the

immunoblotting of COL1A1 and a-SMA protein levels, in LX-2 cells. P values are calculated by one-way ANOVA followed by the Tukey’s test.
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2.18. RNA interference and transfection

Complementary oligonucleotides sequences of siRNAs
(Supporting Information Table S1) were designed and synthesized
by Sangon (Shanghai, China). These siRNA or negative control
(NC) vectors were transfected into LX-2 cells by lipofectamine
2000.

2.19. Statistical analysis

All data are presented as mean � standard error of mean (SEM)
for 3 independent experiments. Statistical analysis was carried out
by one-way ANOVA followed by the Tukey’s test in multiple
groups. Unpaired two-tailed t test was performed in two groups.
Statistical analysis was performed in GraphPad Prism 8.0 software
(San Diego, CA, USA).

3. Results

3.1. Celastrol ameliorates CCl4-induced hepatic injury and
fibrosis in mice

We first set out to evaluate the pharmacological activities of
celastrol on carbon tetrachloride (CCl4)-induced liver damage and
fibrosis in vivo. The animal experiment was designed and carried
out as depicted in Fig. 1B. Celastrol remarkably ameliorated
CCl4-induced liver damage and morphological changes, as evi-
denced by reduced hemorrhagic necrosis and inflammatory cell
infiltration (Fig. 1C). Compared to the sole CCl4-induced model
group, celastrol not only normalized the ratio of liver/body weight
(Fig. 1D), but also markedly reduced the serum levels of AST,
ALT and ALP, the three key diagnostic markers used in liver
function test, indicating the normalization of liver functions
(Fig. 1D). Moreover, celastrol significantly reduced the deposition
of collagen fibers as indicated by Masson and Sirius Red staining
(Fig. 1E, Supporting Information Fig. S1A and S1B). Hydroxy-
proline examination further supported that the increase of collagen
production was abrogated upon celastrol treatment (Fig. S1C).
Celastrol inhibited the expressions of alpha smooth muscle actin
(a-SMA, a marker for activated fibrogenic cells), vimentin (VIM,
a pro-fibrotic factor and a marker for HSCs activation) and
collagen type I alpha-1 (COL1A1) proteins both in vivo (Fig. 1F
and G) and in vitro (Supporting Information Fig. S2A), also
upregulated the expression of peroxisome proliferators-activated
receptor g (PPARg) in human hepatic stellate LX-2 cells
(Fig. S2B). These results demonstrate that celastrol ameliorated
CCl4-induced hepatic damage and fibrosis.

3.2. Celastrol suppresses hepatic fibrosis via promoting ROS
signaling and inducing ferroptosis in activated-HSCs

Currently, there is only a single report that celastrol could
ameliorate hepatic fibrosis via regulating inflammation31. We hy-
pothesized that celastrol could work via inducing the ferroptosis of
activated-HSCs. Therefore, we first examined the expression level
of a key negative regulator of ferroptosis processeglutathione
peroxidase 4 (GPX4) upon celastrol treatment in fibrotic mice.
GPX4 proteins were accumulated in fibrotic livers, and were mainly
co-localized with a-SMA-positive activated HSCs, suggesting the
importance of controlling ferroptosis in activated-HSCs (Supporting
Information Fig. S3A). Similarly, cyclooxygenase 2 (COX-2), an
inducible enzyme responsible for the biosynthesis of prostanoid
which is a ferroptosis-sensitive phospholipid, was also elevated in



Figure 3 The ABPP in combination with LCeMS/MS approach to profile and identify the targets of celastrol. (A) Chemical structure of

celastrol-probe. (B) Inhibition of LX-2 cell proliferation by celastrol (Cel) and celastrol-probe (Cel-P) in a dose-dependent manner (mean � SEM,

n Z 3). (C) Immunofluorescence staining of the distribution of Cel-P in LX-2 cells (scale bar Z 200 mm). (D) Overall workflow for ABPP

profiling of potential celastrol targets. (E) In situ protein labelling with Cel-P in a dose-dependent manner in LX-2 cells. (F) The competition of in

situ protein labeling with Cel-P by Cel in LX-2 cells. (G) Bar plot showing the differential enrichment of a few representative target proteins in

Cel-P vs. “Compete” (Cel-P þ 4 � Cel) group, each point represents one calculated ratio value of Cel-P/Compete (mean � SD, n Z 4).
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activated-HSCs (Fig. S3B). Interestingly, GPX4 level was down-
regulated in a dose-dependent manner after treatment of celastrol
(Fig. S3A).

We measured the levels of two ferroptosis markers (iron ion
Fe2þ/Fe3þ, and LPO) and several markers for cellular oxidative
stress [glutathione (GSH), H2O2, and reactive oxygen species
(ROS)] in LX-2 cells. Interestingly, celastrol induced the accu-
mulation of Fe2þ/Fe3þ and LPO (Fig. 2A). Moreover, celastrol
downregulated the level of anti-oxidant GSH and upregulated the
level of oxidative H2O2 and ROS in LX-2 cells (Fig. 2B, C and
Fig. S3C). We also evaluated the effects of celastrol on three main
cell types in livers (hepatocytes, macrophages, as well as HSCs).
The results suggest that celastrol is able to modulate the expres-
sion levels of GPX4 and COX-2 in different cellsdonly in HSCs,
GPX was downregulated and COX-2 was upregulated, indicating
the induction of ferroptosis (Fig. S3DeS3F). In addition, LX-2
showed higher sensitivity and lower tolerance to celastrol in
comparison with hepatocytes and macrophages (Fig. S3G). Taken
together, these observations indicate that celastrol promoted fer-
roptosis of activated-HSCs in vitro and in vivo.

3.3. Inhibiting ferroptosis abolishes the anti-fibrosis activity of
celastrol

To confirm the involvement of ferroptosis in the anti-fibrosis ac-
tivity of celastrol, we determined whether inhibiting ferroptosis
abolishes the anti-fibrosis effect of celastrol. Two ferroptosis in-
hibitors deferoxamine (DFO, an iron chelator) and N-acetyl-L-
cysteine (NAC, a cysteine prodrug serving as a lipophilic anti-
oxidant) were used. LX-2 cells were incubated with celastrol,
and co-treated with DFO and/or NAC for 24 h. As expected, LX-
2 cells treated with celastrol showed more LPO, and higher level
of Fe2þ/Fe3þ, indicating the development of ferroptosis, whereas
co-treatment with DFO and/or NAC can alleviate the loss of cell
viability, reduce the levels of LPO, Fe2þ/Fe3þ and ROS, and in-
crease the GSH level (Fig. 2D and E, and Supporting Information
Fig. S4AeS4C). Moreover, Western blotting results show that co-
treatment of DFO and/or NAC significantly attenuated the
reduction of a-SMA and COL1A1 levels by celastrol (Fig. 2F, Fig.
S4D and S4E). Taken together, these findings demonstrate that
celastrol ameliorated hepatic fibrosis by regulating ferroptosis and
ROS signaling pathway.

3.4. Celastrol directly targets to peroxiredoxins and HO-1

To identify the potential target proteins of celastrol, a celastrol-
probe (Cel-P) was designed and synthesized with a clickable
alkyne tag (Fig. 3A and Supporting Information Scheme S1).
Firstly, we examined the anti-fibrosis efficacy of Cel-P in human
LX-2 and mouse HSC (mHSC) cells. Cel-P showed similar
cellular potency as the unmodified celastrol (Fig. 3B and
Supporting Information Fig. S5A). Same as unmodified celastrol,
Cel-P also abated the expressions of VIM, and upregulated the
expression of PPARg in LX-2 cells (Fig. S5B and S5C), sug-
gesting that the attached alkyne tag does not affect the activity of
celastrol. We utilized the alkyne tag in Cel-P to perform a click
chemistry reaction with a red fluorescent dye TAMRA-azide to
examine its subcellular localization34, suggesting that it is largely
distributed in cytoplasm and nucleus (Fig. 3C, D, and Fig. S5D).
We then performed in situ labeling of LX-2 and mHSC cells with
Cel-P. Many proteins were labeled by Cel-P in a dose-dependent
manner (Fig. 3E). In addition, co-incubation with excess celas-
trol could compete with the labeling of Cel-P in situ in both LX-2
and mHSC cells, as well as in LX-2 cell lysate (Fig. 3F and Fig.
S5EeS5H).

Next, the proteins bound to Cel-P were identified by ABPP
strategy. LX-2 cells were first incubated with Cel-P with or
without the competition of celastrol, and then the proteins extract
from the cells was incubated with biotin-alkyne. The celastrol
labeled proteins were affinity-purified on streptavidin beads,
eluted for electrophoresis on SDS-PAGE gel, and identified by
LCeMS/MS. Compared to the “Compete” group, heme oxygen-
ase 1 (HO-1) was significantly higher in the Cel-P group (Fig. 3G
and Supporting Information Fig. S6A). Interestingly, we also
noticed the relative enrichment of peroxiredoxin (PRDX) family
proteins in the Cel-P group (Fig. 3G, Fig. S6A and S6B). PRDX
proteins are an important family of nonselenium peroxidases with
six members43,44. Among them, PRDX6 has been recently re-
ported as a regulator of ferroptosis45. This caught our attention and
decided to investigate further.

We then performed pull-down experiment to verify the direct
interactions between celastrol and the PRDX family members. The
results show that Cel-P successfully pulled down PRDX1, PRDX2,
PRDX4 and PRDX6, but not PRDX3 and PRDX5, after harsh
washing conditions (Fig. 4A). In addition, the binding of Cel-P to
these four PRDX proteins could be competed away with unmod-
ified celastrol (Fig. 4A). As expected, Cel-P could also specifically
pull-down HO-1 (Fig. 4A). The immunofluorescence staining also
supported the co-localization of Cel-P with PRDX1, PRDX2,
PRDX4, PRDX6 or HO-1 in LX-2 cells (Fig. 4B and Supporting
Information Fig. S7A). In addition, a cell lysate CETSAeWB
experiment was carried out to support the direct interaction with
celastrol (Fig. 4C). Protein extracts from LX-2 cells were treated
with celastrol (20 mmol/L) or DMSO, and subjected to CETSA
heat pulse followed by soluble protein extraction and quantifica-
tion. Interestingly, PRDX1, PRDX2, PRDX4, PRDX6 and HO-1
all displayed significant thermal stabilization in celastrol treat-
ment group (Fig. 4D and Fig. S7B). Collectively, these findings
suggest that celastrol may directly bind to PRDX1, PRDX2,
PRDX4, PRDX6 and HO-1.
3.5. Celastrol inhibits the anti-oxidant activities of PRDXs
without affecting their expressions

We then measured the expression levels of PRDX1, PRDX2,
PRDX4, PRDX6 and HO-1 proteins after celastrol treatment in LX-
2 cells or in CCl4-induced fibrotic mice. The results show that
celastrol hardly affected the expressions of PRDX1, PRDX2,
PRDX4 and PRDX6 (Fig. 5A andB). As for HO-1 protein, although
not showing statistical significance, higher doses of celastrol tend to
upregulate the HO-1 level in vivo (Supporting Information
Fig. S8A). The in vitro results on LX-2 cells supported the signifi-
cant upregulation of the HO-1 level by celastrol (Fig. S8B). We
further explored whether celastrol inhibits the anti-oxidant activity
of recombinant human PRDXs (rhPRDX1, rhPRDX2, rhPRDX4
and rhPRDX6), by a H2O2 reduction assay. The results show that
celastrol could significantly suppress the peroxidase activity of
rhPRDXs for H2O2 reduction (Fig. 5C, Supporting Information
Fig. S9A). We also explored whether celastrol inhibits the enzy-
matic activity ofHO-1. HO-1 catalyzes the degradation of free heme



Figure 4 Celastrol directly binds to PRDX and HO-1 proteins. (A) Pull-down followed by immunoblotting to verify celastrol directly targeting

to PRDX or HO-1 proteins in situ. (B) Immunofluorescence staining of PRDX proteins (green) and Cel-P clicked with a red fluorescence dye

TAMRA (scale bar Z 25 mm). (C) Scheme of CETSAeWB experiment. (D) CETSAeWB experiment to further confirm the interaction between

celastrol and PRDX or HO-1 proteins.
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into CO, Fe2þ and biliverdin, so we measured the production of
Fe2þ and biliverdin by rhHO-1with or without celastrol. The results
suggest that celastrol can affect the catalytic activity of HO-1 only at
a high concentration of 20 mmol/L (Fig. S9B). In summary, celastrol
effectively inhibits the catalytic activities without affecting the
expressions of PRDXs. Meanwhile, celastrol upregulates the
expression of HO-1, and only partially inhibits the catalytic activity
of HO-1 at high concentrations.

3.6. Reactive cysteines of PRDXs are the binding site for
celastrol

We further explored how celastrol inhibits the catalytic activities of
PRDXs. The recombinant PRDX proteins were incubated with
Cel-P, followed by click reaction with TAMRA-azide as a reporter.
The labeling was in a dose-dependent manner (Fig. 6AeD), sug-
gesting that celastrol covalently modified PRDX1, PRDX2,
PRDX4 and PRDX6. Next, a competition experiment was carried
out, in which rhPRDX proteins were first treated with excessive
compounds including celastrol (Cel), triptolide (TL) or iodoace-
tamide (IAA, an active alkylating reagent of cysteine)46, followed
by incubation with Cel-P and click reaction with TAMRA-azide.
Interestingly, celastrol and TL competed away Cel-P similarly as
IAA, although with slightly lower potency (Fig. 6EeH).
Noteworthy, celastrol, TL and IAA also effectively competed away
the labeling of rhPRDX proteins by IAA-yne (IAA incorporated
with an alkyne moiety), with the only exception of TL for PRDX4
(Fig. 6IeL). Overall, these results indicate that reactive cysteine
residues of PRDXs are the binding sites for celastrol.

AUVevisible spectroscopy method has been used for monitoring
the formation of covalent adducts between celastrol and nucleophilic
thiol47. The absorption spectrum of celastrol shows amaximal peak at
450 nm in a dose-dependent manner (Fig. 7A). The reduction of the
spectrumpeak indicates that the reduction of free celastrol presumably
due to the formation of covalent adducts. We successfully exploited
this property to confirm the reactivity of celastrol with PRDX1,
PRDX2, PRDX4 and PRDX6 proteins (Fig. 7B).

To find out the exact binding sites, we first carried out molecular
docking analysis on the solved structures of PRDX proteins. The
analysis results suggest the interactions between celastrol and
Cys83 of PRDX1, Cys172 and Cys51 of PRDX2, Cys124 of
PRDX4, as well as Cys91 of PRDX6 (Fig. S10AeS10D). Next, we
conducted site-directed mutagenesis on the four cysteines of
PRDX1 and on the three cysteines of PRDX2 to generate a series of
cysteine-mutated variants. These recombinant PRDX1 and PRDX2
mutant proteins were subjected to Cel-P labeling and click reaction
with TAMRA-azide dye (Fig. 7C and D). This result indicates that
celastrol mainly covalently modified Cys83 and Cys173 of PRDX1,



Figure 5 Celastrol inhibits the anti-oxidant activities without affecting expression levels of PRDX proteins. (A) Western blot assay of PRDX1,

PRDX2, PRDX4 and PRDX6 in LX-2 cells after treatment with Cel and the corresponding densitometry analysis (mean � SEM, n Z 3). (B)

Western blot assay of PRDX1, PRDX2, PRDX4 and PRDX6 in CCl4-induced mice treated with or without celastrol and the corresponding

densitometry analysis (mean � SEM, n Z 3; #P < 0.05 vs. Control). (C) The peroxidase/anti-oxidant activity of rhPRDXs (30 mmol/L) with or

without celastrol (5 mmol/L) in H2O2 reduction assay (mean � SEM, n Z 3; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Cel 0 mmol/L). P values

are calculated by unpaired two-tailed t test.
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but to a much less extent Cys52 and Cys71 (Fig. 7C). Similarly, for
PRDX2, the main covalent binding site was Cys172 (Fig. 7D). In
both cases, the experimental results largely fit in well with the
molecular docking analysis result. SinceCys-SH group of PRDXs is
the primary site of oxidation by H2O2, the covalent modification of
the thiol group by celastrol could be the reason why the anti-oxidant
activities of PRDXs are impaired. Interestingly, while HO-1 protein
is cysteine-free, the absorption spectrum peak of celastrol was also
reduced when in the presence of HO-1 (Fig. S10E). By using
docking analysis, we found that C-6 site of celastrol could form a
salt bridge with Arg25 of HO-1 (Fig. S10F), which might be the
reason of how HO-1 reduces the absorption of celastrol.

3.7. Knockdown of PRDX or HO-1 proteins aggravates ROS
signaling and induces ferroptosis

To functionally validate that PRDX and HO-1 proteins are the
targeted proteins of celastrol in the induction of ferroptosis to
exert its anti-fibrosis function, small interfering RNA (siRNA) for
these target proteins were designed and synthesized (Table S1).
LX-2 cells were transfected with the corresponding siRNAs for
72 h, followed by Western blotting analysis of the levels of the
target proteins (Supporting Information Fig. S11A). The results
also show that silencing of PRDX1, PRDX2, PRDX4, PRDX6 or
HO-1 genes resulted in the accumulation of LPO and Fe2þ/Fe3þ,
albeit at varying extents (Fig. 8A and B). Moreover, knockdown of
PRDX or HO-1 proteins decreased the cellular GSH level
(Fig. 8C), and increased ROS levels (Fig. 8D, Fig. S11B and
S11C). The addition of celastrol to PRDX- or HO-1-knockdown
cells induced significantly more ROS (Fig. 8D, Fig. S11B and
S11C). Finally, the PRDX- or HO-1-knockdown could induce
the loss or suppression of HSCs to a certain extent, as indicated by
the reduced a-SMA protein level, and more importantly, this could
be reversed by either of the two ferroptosis inhibitors DFO and
NAC (Fig. S11D). Altogether, these results indicate that knock-
down of PRDX proteins or HO-1 induced ferroptosis and aggra-
vate ROS signaling mediated by celastrol (Fig. 9).

4. Discussion

Hepatic fibrosis is one of the main chronic fibroproliferative dis-
eases, and could unconsciously evolve into liver cirrhosis, even
hepatocellular carcinoma48,49. During the pathological process of
liver fibrosis, activated-HSCs play a vital role in ECM



Figure 6 Celastrol binds to the cysteines of PRDX proteins. (AeD) Cel-P labeling of rhPRDX1, rhPRDX2, rhPRDX4 or rhPRDX6 proteins in

a dose-dependent manner. (EeH) Cel-P labeling of rhPRDX1, rhPRDX2, rhPRDX4 or rhPRDX6 proteins in the presence or absence of different

competitors. (IeL) IAA-yne labeling of rhPRDX1, rhPRDX2, rhPRDX4 or rhPRDX6 proteins in the presence or absence of different competitors

(celastrol, Cel; triptolide, TL; or iodoacetamide, IAA).
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deposition50. Natural products targeting to depress or scavenge
activated-HSCs have merged as a revolutionary therapeutic strat-
egy for the treatment of liver fibrosis20,22,51. Celastrol is one of the
most promising candidate therapeutic molecules from T. wilfordii
and has attracted widespread attention. Although there was a
recent report about the anti-hepatic fibrosis activity of celastrol,
possibly through its anti-inflammatory effect via activation of
AMPKeSIRT3 signaling31, the exact mechanisms and direct
targets of celastrol remain to be explored.
Figure 7 Celastrol binds to PRDXs at reactive cysteine residues and in

concentrations (0e200 mmol/L). (B) Absorption spectra of celastrol (10

rhPRDX6 (15 mmol/L). (C, D) Mutation analysis on cysteine sites of PRD

PRDX2 proteins (D) were incubated with Cel-P for 45 min were incubate

SDS-PAGE analysis and fluorescence scanning.
We first show that celastrol triggers ferroptosis of activated-
HSCs to inhibit hepatic fibrosis, but how does celastrol regulate
ferroptosis or ROS signaling and exert its anti-liver fibrosis effect?
To discover the underlying mechanisms and cellular target pro-
teins of celastrol, we designed and synthesized a celastrol-probe
with a clickable alkyne tag. Subsequently, with combined usage of
the ABPP, bio-orthogonal click chemistry and LCeMS/MS, the
target proteins covalently bound to celastrol were identified.
Previously, we had utilized the similar approach to deconvolute
hibits their activities. (A) Absorption spectra of celastrol at different

0 mmol/L) after incubation with rhPRDX1, rhPRDX2, rhPRDX4 or

X1 and PRDX2 proteins. WT or mutants recombinant PRDX1 (C) and

d with Cel-P for 45 min, clicked with a fluorescent dye, followed by



Figure 8 Induction of ROS and ferroptosis by knockdown of PRDX or HO-1 proteins. (A) The measurement of LPO levels in LX-2 cells after

treatment with si-PRDXs, si-HO-1 or the negative control si-NC (mean � SEM, n Z 3; *P < 0.05, **P < 0.01 vs. si-NC). (B) The measurement

of Fe2þ/Fe3þ, with the treatments similarly to Fig. 8A (mean � SEM, n Z 3; *P < 0.05, **P < 0.01 vs. si-NC). (C) The measurement of GSH

levels, with the treatments similarly to Fig. 8A (mean � SEM, n Z 3; *P < 0.05, **P < 0.01. si-NC). (D) Immunofluorescence staining of

intracellular ROS (green) after treatment with celastrol (1 mmol/L) and/or si-PRDX1, si-PRDX2 (scale bar Z 100 mm) and si-PRDX4, si-PRDX6

(scale bar Z 50 mm). P values are calculated by one-way ANOVA followed by the Tukey’s test.
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the protein targets of artemisinin34,52, curcumin53 and androgra-
pholide54. The ABPP result indicates that celastrol can directly
bind to several PRDXs and HO-1. Next, pull downeWB,
CETSAeWB and immunofluorescence staining experiments all
strongly demonstrated that celastrol targets to PRDX family
members including PRDX1, PRDX2, PRDX4, and PRDX6, as
well as HO-1.

Recently, celastrol was reported to inhibit PRDX2 activity to
result in the increase of ROS level, leading to endoplasmic re-
ticulum stress and apoptosis in gastric cancer cells41. More recent
studies provided evidence about the role of PRDX1 and PRDX6 as
negative regulators of ferroptotic cell death45,55. Our data show
that celastrol causes the disturbance of the ROS, LPO and Fe2þ/
Fe3þ homeostasis to induce the ferroptosis of activated-HSCs,
which is at least partly mediated by inhibiting the anti-oxidant
activities of PRDXs. Although celastrol does not affect the
expression levels of PRDXs in vivo and in vitro, our data show that
the knockdown of PRDXs induces the ferroptosis of HSCs to a
certain extent, and more importantly, this could be reversed by
either of the two ferroptosis inhibitors DFO and NAC. Although
the individual siRNA results in Fig. S11D didn’t show statically
significant changes of a-SMA protein level, we could not rule out
the possibility of protein function redundancy and/or mutual
compensation effect especially for these PRDX family



Figure 9 Schematic summary of the study. (A) Celastrol induces the ferroptosis of activated-HSCs to ameliorate hepatic fibrosis. (B) ABPP

strategy discovered that celastrol directly targets to PRDXs and HO-1. (C) Celastrol induces the ferroptosis of activated-HSCs via regulating HO-1,

PRDXs and ROS-mediated processes.
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members56. In addition, celastrol may exert anti-fibrotic activity
via targeting other proteins (discussed below).

Celastrol is able to covalently interact with the SH group of
protein via a Michael addition reaction47. Both competition ex-
periments using compounds with known cysteine-binding activ-
ities and labeling experiments on the cysteine-mutant proteins
were carried out. Our experimental data support that celastrol
mainly binds to Cys83 and Cys173 of PRDX1 rather than Cys52
and Cys71 site, in agreement with a previous report for triptolide
targeting to PRDX157. Moreover, Cys172 of PRDX2 is discovered
as the major binding site of celastrol. Notable, both Cys173 of
PRDX1 and Cys172 of PRDX2 are the so-called resolving
cysteine, which is necessary for the completion of peroxidatic
cycle58.

In addition to PRDX family, celastrol may exert anti-fibrotic
activity via targeting other proteins. For instance, the ABPP re-
sults indicated that celastrol could also interact with HO-1, high
mobility group protein B1 (HMGB1) and voltage-dependent anion
channels (VDACs). HO-1 catabolizes the transformation of free
heme into Fe2þ, biliverdin and CO59. HO-1 is closely related to
ferroptosis and oxidative stress in the pathological processes of
hepatic fibrosis and cancer21,60. Although celastrol could partially
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inhibit the activity of HO-1 at a higher concentration, it seems
mainly working through upregulation of HO-1 in vivo and in vitro,
which may cause the excessive decomposition of heme and the
accumulation of Fe2þ, which ultimately induces ferroptosis.
HMGB1 is an intensively-studied protein as the proinflammatory
alarmin or damage-associated molecular pattern molecule61.
Recent study suggested that it is related to the ferroptosis of
mesangial cells when in response to high glucose62 and we
recently reported it as a target of celastrol in cerebral ische-
miaereperfusion33. VDAC2 and VDAC3 belong to the
membrane-spanning channels that facilitate the transport of ions
and metabolites across the outer mitochondrial membrane. They
are the known targets of erastin, a ferroptosis activator63,64. The
involvement and function of these potential targets of celastrol in
hepatic fibrosis warrants more detailed studies.

In this present study, we have demonstrated that celastrol
effectively ameliorates hepatic fibrosis via inducing the ferroptosis
of activated-HSCs in vivo and in vitro. We validated that celastrol
could directly bind to PRDX1, PRDX2, PRDX4, PRDX6 (but not
PRDX3 and PRDX5) and HO-1 proteins in a covalent manner.
Interestingly, celastrol can inhibit the enzymatic activities of
PRDX proteins via modifying their active cysteine sites, without
affecting the expressions. Moreover, celastrol up-regulates the
expression of HO-1. These lead to the accumulation of LPO, ROS
and Fe2þ to induce ferroptosis in activated-HSCs.

5. Conclusions

Celastrol can ameliorate hepatic fibrosis via targeting PRDXs and
HO-1 to induce the ferroptosis of activated-HSCs, providing a
promising therapeutic strategy for hepatic fibrosis.
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