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a b s t r a c t

Hepatic stellate cells (HSCs) are essential drivers of fibrogenesis. Inducing activated-HSC apoptosis is a
promising strategy for treating hepatic fibrosis. 18beta-glycyrrhetinic acid (18b-GA) is a natural com-
pound that exists widely in herbal medicines, such as Glycyrrhiza uralensis Fisch, which is used for
treating multiple liver diseases, especially in Asia. In the present study, we demonstrated that 18b-GA
decreased hepatic fibrosis by inducing the apoptosis in activated HSCs. 18b-GA inhibited the expression
of a-smooth muscle actin and collagen type I alpha-1. Using a chemoproteomic approach derived from
activity-based protein profiling, together with cellular thermal shift assay and surface plasmon reso-
nance, we found that 18b-GA covalently targeted peroxiredoxin 1 (PRDX1) and peroxiredoxin 2
(PRDX2) proteins via binding to active cysteine residues and thereby inhibited their enzymatic activities.
18b-GA induced the elevation of reactive oxygen species (ROS), resulting in the apoptosis of activated
HSCs. PRDX1 knockdown also led to ROS-mediated apoptosis in activated HSCs. Collectively, our findings
revealed the target proteins and molecular mechanisms of 18b-GA in ameliorating hepatic fibrosis,
highlighting the future development of 18b-GA as a novel therapeutic drug for hepatic fibrosis.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hepatic fibrosis, a long-term hepatic disease characterized by
overproduction of extracellular matrix (ECM), is a fundamental
public health threat worldwide and can be a consequence of viral
hepatitis, alcoholic hepatitis, nonalcoholic steatohepatitis, or
cholestatic diseases [1]. Hepatic fibrosis is a key pathological stage
that induces liver failure in conditions such as cirrhosis and carci-
noma [2]. Although the exact mechanisms of the pathogenesis of
hepatic fibrosis are still unclear, hepatic stellate cells (HSCs) are
currently regarded as one of the crucial players promoting the
development of hepatic fibrosis by inducing the deposition of ECM
[3]. Targeting HSCs has gradually been considered as an essential
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approach for hepatic fibrosis treatment, which mainly includes
inhibiting the activation of HSCs, inducing the apoptosis of HSCs,
and regulating the synthesis and degradation of collagen [4,5].
Previous studies have shown promoting the death of activated-HSC
ameliorates the pathological development of hepatic fibrosis [6,7].
Thus, inducing apoptosis in HSCs is an essential approach for the
treatment of fibrosis [8].

Mitochondria are indispensable organelles involved in cell dif-
ferentiation, apoptosis, growth, and energy metabolism [9]. Mito-
chondrial dysfunction and structural damage may cause abnormal
energy metabolism and overproduction of reactive oxygen species
(ROS) [10]. ROS play a dual role in the pathogenesis of hepatic
fibrosis [11,12]. Emerging evidence has shown that ROS-mediated
apoptosis is a novel strategy for fibrosis treatment in activated
HSCs [13]. In addition, emerging studies have indicated that the
induction of mitochondria-mediated apoptosis in activated HSCs
can effectively attenuate hepatic fibrosis [14e16]. Overall, inducing
the ROS-associated apoptosis in activated HSCs may contribute to
their clearance for further clinical treatment of hepatic fibrosis.
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18beta-glycyrrhetinic acid (18b-GA) is an active metabolite of
glycyrrhizic acid obtained from Chinese herbal licorice root
(Fig. 1A). Herbal plants are popularly used as herbal medicines for
treating various tumors, inflammation, and viral infections [17e20].
Notably, 18b-GA protects against viral hepatitis, hepatic fibrosis and
injury, and hepatocellular carcinoma [21e23]. To date, 18b-GA has
been known to exert its hepatoprotective effects mainly through
antiviral, anti-inflammatory, and antioxidant activities; however,
the mechanisms of action and target proteins of 18b-GA remain
elusive.

In the present study, it was shown that 18b-GA ameliorated bile
duct ligation (BDL)-induced liver damage and fibrosis by inducing
apoptosis in activated HSCs. Activity-based protein profiling (ABPP)
in combination with the cellular thermal shift assay (CETSA)
approach showed that 18b-GA covalently bound to peroxiredoxin 1
(PRDX1) and peroxiredoxin 2 (PRDX2) and inhibited their antioxi-
dant activity, which eventually triggered oxidative stress and led to
apoptosis. Collectively, these findings revealed a ROS-mediated
mechanism of 18b-GA for the treatment of hepatic fibrosis by tar-
geting PRDX1/PRDX2.

2. Methods

2.1. Reagents and materials

18b-GA was obtained from J&K Scientific (Shanghai, China).
Platelet-derived growth factor-beta polypeptide and N-acetyl-L-
cysteine (NAC) were purchased from AbMole BioScience (Shanghai,
China). The cell apoptosis detection kit was purchased from BD
Biosciences (Franklin Lake, NJ, USA). Specific primary antibodies
used were as follows: alpha-smooth muscle actin (a-SMA), PRDX1,
PRDX2 (Abcam, Cambridge, UK), collagen type I alpha-1 (COL1a1),
and vimentin (VIM) (Proteintech, Chicago, IL, USA). b-actin anti-
body was obtained from Affinity Biosciences (Changzhou, China).

2.2. Synthesis of probes

2.2.1. 18b-GA probe 1 (P1)
A mixture of 18b-GA (141mg, 0.30mmol), O-(7-azabenzo-

triazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate
(171mg, 0.45mmol), Et3N (90.9mg, 0.90mmol), and mono-
propargylamine (16.5mg, 0.30mmol) in N,N-dimethylformamide
(DMF, 3mL) was stirred at room temperature. The reaction mixture
was diluted with ddH2O (3mL) and extracted with ethyl acetate
(20mL for twice). Subsequently, the organic phases were com-
bined, washed with brine (5mL for thrice), dried over anhydrous
Na2SO4, and concentrated. The sample was further purified using
flash column chromatography to obtain the final product, P1. White
solid (yield: 72%); 1H NMR (600MHz, CDCl3) d 5.79 (s, 1H), 5.69 (s,
1H), 4.01e4.12 (m, 2H), 3.22e3.23 (m, 1H), 2.96 (s, 1H), 2.88 (s, 1H),
2.79 (d, J¼ 12Hz, 1H), 2.34 (s, 1H), 2.25 (s, 1H), 2.15e2.17 (m, 1H),
2.02e2.06 (m,1H),1.94 (d, J¼ 12Hz,1H),1.84 (t, J¼ 24Hz, J¼ 12 Hz,
1H), 1.72e1.76 (m, 2H),1.59e1.65 (m, 5H),1.37e1.48 (m, 8H), 1.14 (d,
J¼ 6 Hz, 9H), 0.95e1.04 (m, 5H), 0.82 (d, J¼ 6 Hz, 6H); 13C NMR
(125MHz, CDCl3) d 200.2, 175.5, 169.0, 128.6, 79.7, 78.8, 71.7, 61.9,
55.0, 48.0, 45.4, 43.6, 43.2, 41.9, 39.2, 39.1, 37.1, 31.9, 29.3, 28.4, 28.1,
27.3, 26.5, 26.4, 23.4, 18.7, 16.4, and 15.6; high-resolution mass
spectrometry (HRMS) m/z: [MþH]þ calculated for C33H50NO3

508.3785 and found 508.3770.

2.2.2. 18b-GA probe 2 (P2)
A mixture of 18b-GA (141mg, 0.30mmol), K2CO3 (49.68mg,

0.36mmol), 18-crown-6 (7.93mg, 0.03mmol), and 5-chloro-1-
pentyne (36.92mmol, 0.36mmol) in acetonitrile (MeCN, 3 mL)
was refluxed overnight in N2. The suspension was filtered and
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concentrated. The sample was purified using flash column chro-
matography to obtain the final product, P2. White solid (yield:
54%); 1H NMR (600MHz, CDCl3) d 5.64 (s, 1H), 4.20 (s, 2H), 3.22 (d,
J¼ 6 Hz, 1H), 2.79 (d, J¼ 12Hz, 1H), 2.34 (s, 1H), 2.30 (s, 2H), 2.10 (d,
J¼ 12Hz, 1H), 1.98e2.04 (m, 3H), 1.81e1.92 (m, 4H), 1.59e1.67 (m,
6H), 1.39e1.47 (m, 2H), 1.36 (s, 3H), 1.25e1.33 (m, 4H), 1.08e1.19 (m,
10H), 0.95e1.02 (m, 5H), 0.80 (s, 6H); 13C NMR (125MHz, CDCl3)
d 200.2, 176.3, 169.1, 128.6, 82.7, 78.8, 69.3, 62.9, 61.8, 55.0, 48.4,
45.4, 44.0, 43.2, 41.1, 39.1, 37.8, 37.1, 32.8, 31.9, 31.1, 28.6, 28.4, 28.1,
27.5, 27.3, 26.5, 26.4, 23.4, 18.7, 17.5, 16.4, 15.6, and 15.3; HRMS m/z:
[MþH]þ calculated for C35H53O4 537.3938 and found 537.3922.
2.3. Cell culture and cell counting kit (CCK-8) assays

Human HSC line (LX-2) and mouse HSCs (mHSCs) were cultured
in Dulbecco's Modified Eagle Medium supplemented with 10% fetal
bovine serum, penicillin, and streptomycin (Gibco, Foster, CA, USA)
at 37 �C, with 5% CO2 in a 95% humidified atmosphere. To measure
the viability of cells following treatment with 18b-GA, P1, P2, or
NAC, the CCK-8 (Dojindo, Kyushu, Japan) was used.
2.4. Experimental models of fibrotic mice

The hepatic fibrosis model was established in C57BL/6 male
mice (21± 2 g) using BDL [24,25]. Animal experiments were
approved by the China Animal Care and Use Committee and were
conducted in accordance with Regulations on the Care and Use of
the Laboratory Animal Center of Shenzhen People's Hospital. The
mice were divided into four groups (8 mice per group). The control
group did not undergo BDL or receive 18b-GA; the BDLmodel group
underwent BDL; and the 18b-GA-25 and 18b-GA-50 groups un-
derwent BDL, followed 24 h later by gavage with 18b-GA. The mice
were administered 18b-GA (25 or 50mg/kg) once daily for 12 days.
All mice were anesthetized to collect serum and liver samples.
2.5. Biochemical and histological assays

Alanine aminotransferase (ALT), direct bilirubin (DBil), aspartate
transaminase (AST), and total bilirubin (TBil) levels were detected
in the serum. The kits were purchased from Beijian Xinchuangyuan
Technology (Beijing, China). Liver tissues were fixed, embedded,
sectioned, stained with hematoxylin and eosin (H&E) for histo-
logical examination, and stained with Sirius red and masson. Liver
tissue samples were examined under a light microscope (3DHIES-
TECH, Budapest, Hungary) for each microscopic field.
2.6. Western blot analysis

Total proteins were extracted from samples, followed by elec-
trophoresis with 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), electro-transferred, and then treated
with primary and secondary antibodies. Bands were visualized
using enzyme-linked chemiluminescence (Thermo Fisher, Wal-
tham, MA, USA), and signals were analyzed using ImageJ software.
2.7. Flow cytometry

Cells were seeded in 24-well plates with or without 18b-GA
treatment. After collecting the cells, they were gently washed,
resuspended in 1� binding buffer, and added to 5 mL of annexin-
fluorescein isothiocyanate and 5 mL of propidium iodide. Cells
were then incubated for 10min in the dark and analyzed using flow
cytometry.



Fig. 1. 18beta-glycyrrhetinic acid (18b-GA) exerts anti-fibrosis effects on bile duct ligation (BDL)-induced fibrotic mice. (A) Licorice plant, decoction pieces and structure of 18b-GA.
(B) Experimental scheme of animal in this study. Grouping was as follows: Sham; BDL; 18b-GA-25 and 18b-GA-50 groups underwent BDL, followed by gavage 18b-GA (25 and
50mg/kg). (C) Representative photographs of the liver and hematoxylin and eosin (H&E) of histological examination (scale bar¼ 200 mm). (D) Effects of 18b-GA on the serum
alanine aminotransferase and aspartate transaminase in mice (n¼ 5). (E) Liver sections with collagen deposition staining (scale bar¼ 50 mm). (F) Measurement of hydroxyproline
level in fibrotic liver of mice (n¼ 4). (G) Ratios of liver/body weight in mice (n¼ 6). (H) Anti-fibrosis effect of 18b-GA for expressions of alpha smooth muscle actin (a-SMA), and
collagen type I alpha-1 (COL1a1) in mice. (I) Analyses of proteins with densitometry corresponding to Fig. 1H (n¼ 4). Mean± SEM, ##P< 0.01, ###P < 0.001 vs. Sham; *P < 0.05,
**P < 0.01, ***P< 0.001 vs. BDL Model.
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2.8. Fluorescence imaging

Cells were treated with P1, fixed, and permeabilized. P1 was con-
jugated with using click chemistry. Subsequently, the cells were
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incubatedwith primary antibodies, secondary fluorescent antibodies,
andHoechstdye. Cellular imageswereobtainedusing a laser scanning
confocal fluorescence microscope (Leica, Hamburg, Germany). JC-1
(BD Biosciences, Franklin Lake, NJ, USA) staining was also performed.
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2.9. Measurement of ROS

The cells were incubated with 18b-GA. ROS levels were
measured as previously described [26] using a CM-H2DCF-DA kit
(Jiancheng Bioengineering, Nanjing, China).

2.10. Pull-down assay and liquid chromatography tandem-mass
spectrometry (LC-MS/MS)

To identify the cellular target protein of 18b-GA, pull-down
experiments were performed, followed by in situ Western blot-
ting. The experimental procedures were similar to those described
previously [27]. The cells were incubated with or without com-
petitors before P1. After incubation for another 4 h, the cells were
collected. A soluble protein solution was extracted, and a click
chemistry reaction cocktail was added to the solution as described
above before precipitation with pre-chilled acetone (�20 �C). The
protein was dissolved in phosphate buffer saline (PBS) containing
1.5% SDS before incubation with beads. Subsequently, the beads
were washed with 1% SDS in PBS, 0.1% SDS in PBS, and 6M urea in
PBS, respectively. Beads were enriched with protein and then
separated using SDS-PAGE, followed by detection using western
blotting. For the identification of target proteins using LC-MS/MS
[28], the specific molecular weight bands were excised and
washed, and the samples were reduced and alkylated using
dithiothreitol and iodoacetamide, respectively. Subsequently, pro-
teins were digested into peptides using trypsin. Finally, the pep-
tides were analyzed using LC-MS/MS.

2.11. CETSA

To further confirm the 18b-GA targeted proteins, a CETSA-
Western blot experiment was implemented similarly to previ-
ously described [29]. LX-2 cells were lysed with PBS buffer with
1mM protease inhibitor cocktail. The lysates were incubated with
18b-GA (50 mM) for 1 h at room temperature. Equal amounts of
proteins were aliquoted into tubes, and then heated at different
temperatures 37e73 �C. After centrifugation, the soluble superna-
tants in samples were treated with a loading buffer, followed by
Western blot analysis.

2.12. Plasmids and protein purification

Human PRDX1 (GenBank accession No.: NP_859048.1), cysteine-
mutated PRDX1 (Cys52Ser), and PRDX2 (GenBank accession No.:
NP_005800.3) were subcloned into the pET28a vector (Sangon,
Shanghai, China) to generate proteins. Escherichia coli strain BL21
was transformed with pET28a-PRDX1 and cysteine-mutated plas-
mids in Luria-Bertani medium and induced to express proteins by
0.4mM isopropyl-D-1-thiogalactopyranoside. Bacterial pellets were
collected and lysed with binding buffer. The supernatants con-
taining His-tagged recombinant PRDX1, PRDX2, and the mutated
variants were harvested using centrifugation at 12,000 r/min for
5min. Proteins were purified using an Ni-bead column (QIAGEN,
Valencia, CA, USA). The Ni-bead column was eluted with recom-
binant proteins and purified using an Ni-NTA bead column. Imid-
azole in the samples was buffer-exchanged, and samples were
concentrated. The purity and integrity of the recombinant protein
were visualized using Coomassie Brilliant Blue staining.

2.13. Surface plasmon resonance (SPR)

An SPR assay was carried out to investigate the binding kinetics
using the Biacore T200 system (Biacore, GE Healthcare, Stockholm,
Sweden). The experimental procedures were similar to those
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previously described [30]. 18b-GA was immobilized on the surface
of the sensor chip at 30 mL/min for 1min, followed by 2min of
dissociation. The SPR results were analyzed using Biacore evalua-
tion software.

2.14. Molecular docking model

PRDX1 (PDB: 4XCS) and PRDX2 (PDB: 1QMV) were obtained
from Protein Data Bank (PDB). Discovery Studio client software was
used for hydrogenation and dehydration. Subsequently, PyMOL and
Pyrx-0.8 software were used for docking andmapping, respectively.

2.15. Activity assay

Antioxidant activity was monitored as previously described
[31,32]. Briefly, rhPRDX1 was incubated with 18b-GA in 96-well
plates. The PRDX1 activity was determined using a hydrogen
peroxide kit (Shanghai, China).

2.16. Transfection assay

Small interfering RNAs (Table S1) were modified with carbox-
yfluorescein to determine the transfection efficiency. These vectors
were co-transfected with packaging plasmids using lipofectamine
2000 (Invitrogen, Waltham, MA, USA) into LX-2 cells. Apoptotic
cells were measured using flow cytometry from the transfected cell
samples.

2.17. Statistical analysis

Data are shown as mean± SEM. Experimental data from several
groups were analyzed using one-way ANOVA and Tukey's test. Both
groups were analyzed using unpaired two-tailed t-tests. All data
were analyzed using GraphPad Prism software (version 8.0).

3. Results

3.1. 18b-GA mitigated BDL-induced hepatic fibrosis in mice

The antifibrotic effect of 18b-GAwas first evaluated on a hepatic
fibrosis mousemodel using BDL. After BDL, micewere administered
vehicle or 18b-GA using gavage for 12 days (Fig. 1B). Our data
indicated that 18b-GA exerted a significant inhibitory effect on liver
injury and fibrosis in BDL-induced mice, and reduced cholestasis,
the infiltration of inflammatory cells, and hemorrhagic necrosis
(Fig. 1C), decreased the liver/body weight ratio (Fig. 1G), as well as
levels of ALT, AST, TBil, and DBil in serum (Figs. 1D, S1A, and S1B). To
further investigate the inhibition of hepatic fibrosis, fibrosis-related
indices were assessed. 18b-GA treatment markedly decreased ECM
deposition (Fig. 1E). The hydroxyproline test further supported the
observation that collagen overproduction was abolished after 18b-
GA treatment (Fig. 1F). Moreover, 18b-GA inhibited the expression
of a-SMA (a marker for activated HSCs), COL1a1, and VIM (a marker
for HSCs activation) in vivo (Figs. 1H,1I, S1C, and S1D). These results
suggest that 18b-GA improved BDL-induced hepatic fibrosis.

3.2. 18b-GA suppressed hepatic fibrosis by inducing activated-HSC
apoptosis

Next, the underlying mechanisms of 18b-GA in activated HSCs
were explored. The data indicated that a-SMA and COLla1 ex-
pressions were significantly increased in activated mHSCs
compared to non-activated cells, while 18b-GA decreased the ex-
pressions of fibrosis biomarkers (a-SMA and COLla1 proteins) in
activated mHSCs (Figs. 2A and B) and LX-2 cells (Figs. S2A and B).



Fig. 2. 18b-GA induced apoptosis of activated mouse hepatic stellate cells (mHSCs). Grouping was as follows: control (quiescent cells); DMSO (20 ng/mL PDGF-BB); 18b-GA-20, 18b-
GA-40, and 18b-GA-80 groups were treated with 20 ng/mL PDGF-BB, followed by 18b-GA (20, 40, and 80 mM). (A) The anti-fibrosis effect of 18b-GA on the a-SMA and COL1a1
expressions in activated mHSCs. (B) Western blot analyses with densitometry corresponding to Fig. 2A (n¼ 4) in mHSCs. (C) Percentage of apoptotic cells by flow cytometry (n¼ 3).
(D) Changes in apoptosis-related proteins induced by 18b-GA in mHSCs. (EeG) Analyses of proteins with densitometry corresponding to Fig. 2D (n ¼ 4). (H) Fluorescence imaging of
JC-1 staining of mitochondria in mHSC cells by 18b-GA (80 mM) (scale bar ¼ 30 mm). Mean ± SEM, *P < 0.05, **P < 0.01, ***P< 0 0.01, vs. DMSO; ##P< 0.01 vs. control. Cyt C:
cytochrome C; PI: propidium iodide; FITC: fluoresceine isothiocyanate; DMSO: dimethyl sulfoxide; PDGF-BB: platelet-derived growth factor beta polypeptide.
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Scheme 1. Synthesis routes of two 18b-GA probes. (A) Structures of 18b-GA and the
alkyne-tagged-clickable probe 1 (P1) and (B) 18b-GA alkyne-tagged-clickable probe 2
(P2). HATU: hexafluorophosphate; Et3N: triethylamine; DMF: dimethylformamide;
MeCN: acetonitrile.

Table 1
The selected differentially enriched proteins.

Proteins Molecular
weight (kDa)

Coverage (%) Peptides Protein
abundance ratio a

HSPA5
72.3 20 11 1.3168

CCT6A
58 14 6 2.4559

VDAC
31.5 15 4 1.4579

PRDX1
22 25 5 2.0562

PRDX2
22 20 4 1.4966

a Protein abundance ratio represents the protein abundance identified by LC-MS/
MS between probe group and dimethyl sulfoxide (control) group; “+” Representa-
tive target proteins corresponding to “+” label protein bands in Fig. 3C. HSPA5: heat
shock protein A5; CCT6A: chaperonin containing TCP1 subunit 6A; VDAC: voltage-
dependent anion channel; PRDX: peroxiredoxin.
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Then, the effect of 18b-GA on apoptotic cells was explored. 18b-GA
contributed to cell apoptosis, and the percentage of apoptotic cells
was increased by 18b-GA in activatedmHSCs (Fig. 2C) and LX-2 cells
(Fig. S2C). The mechanism of apoptosis in the cells was explored.
The results showed that the effect of 18b-GA on the ratio of B-cell
lymphoma 2/Bcl-2 associated X (Bcl-2/Bax) was significantly
decreased, while caspase activation and cytochrome C (Cyt C)
release were markedly increased by 18b-GA in activated mHSCs
(Figs. 2DeG) and LX-2 cells (Figs. S2D�H). Furthermore, the
Fig. 3. Identification of 18b-GA target proteins. (A) Schematic model of activity-based protein
in LX-2 cells by 18b-GA and 18b-GA probes (n¼ 3). (C) Labeling or competition assay of P1 in
sulfate-polyacrylamide gel electrophoresis; CBB: Coomassie Brilliant Blue; LC-MS/MS: liqui
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mitochondrial membrane potential detection probe JC-1, which
displays green fluorescence in damaged mitochondria, was used.
The results showed that 18b-GA caused mitochondrial damage in
mHSC cells (Fig. 2H). The above results suggested that 18b-GA
induced the apoptosis of activated-HSC, possibly through inducing
mitochondrial dysfunction.
3.3. Identification of 18b-GA target proteins using ABPP

To explore the direct binding proteins of 18b-GA and how 18b-
GA induces apoptosis, two alkyne-tagged 18b-GA probes (P1 and
P2) were designed and synthesized (Scheme 1). The structures of
P1 (Figs. S3�S5) and P2 (Figs. S6�S8) were further validated using
1H NMR, 13C NMR, and high-resolution mass spectrometry (HRMS).
profiling (ABPP) to profile potential 18b-GA protein targets. (B) Inhibiting proliferation
LX-2 cell lysates. (D) Cellular imaging of P1 in LX-2 cells (scale bar¼ 25 mm). SDS-PAGE:
d chromatography tandem-mass spectrometry.
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Next, a chemical proteomics strategy was used to identify the
target proteins of 18b-GA, as illustrated in Fig. 3A. First, the inhib-
itory effect of the probes on LX-2 cells was evaluated. The results
showed that P1 possessed the similar potent biological activity as
that of 18b-GA (Fig. 3B). Subsequently, the two probes were incu-
bated in cell lysates and then attached to a fluorescent dye to label
the target proteins. Results showed that P1 had a higher fluores-
cence intensity than P2 (Fig. S9); thus, P1 was chosen for further
target identification experiments. Notably, the labeling assay indi-
cated that several bands were observed at approximately 70, 58, 30,
and 25 kDa, and fluorescence significantly diminished after pre-
treatment with 18b-GA (Fig. 3C). Cellular imaging experiments
were performed, and P1 labeling was observed in the cytoplasm
Fig. 4. 18b-GA directly targeted peroxiredoxin 1 (PRDX1) and PRDX2. (A) Pull down-West
Immunofluorescence staining of PRDX1 and PRDX2 (green) and P1 clicked with TAMRA (red
interactions of 18b-GA and PRDX1 or PRDX2. (HeK) Surface plasmon resonance experimen
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and nucleus of the cells (Fig. 3D). Thus, these bands were excised,
followed by in-gel tryptic digestion and protein identification using
LC-MS/MS. Several representative target proteins were highlighted
from the list of identified proteins, including PRDX1 and PRDX2
(Table 1). These results suggested that PRDX1/PRDX2 were direct
binding protein targets of 18b-GA. Therefore, PRDX1 and PRDX2
were focused in subsequent analyses.

3.4. 18b-GA directly targeted PRDX1 and PRDX2

To further confirm the direct binding of 18b-GA to PRDX1 and
PRDX2, pull-downs followed by immunoblotting assays were per-
formed. The results showed that P1 could bind to PRDX1 and
ern blot to verify that 18b-GA directly targets PRDX1 and PRDX2 proteins. (B and C)
), scale bar¼ 75 mm. (DeG) Cellular thermal shift assay (CETSA)-Western blot to test the
ts to assess the binding kinetics between 18b-GA and PRDX1 or PRDX2 proteins.
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PRDX2 proteins (Fig. 4A). The colocalization of P1 with PRDX1 and
PRDX2 was also visualized using immunofluorescence staining
(Figs. 4B and C). When target proteins bind to small molecules, they
often become thermostable. Thus, a CETSA assay was performed to
detect the binding efficiency between proteins and small molecules
Fig. 5. 18b-GA inhibited antioxidant activities of target proteins. (A) Expressions of PRDX1 an
protein with densitometry corresponding to Fig. 5A (n¼ 4). (C) Expression levels of PRDX1 a
corresponding to Fig. 5C (n¼ 4). (E) Catalytic activity of recombinant human PRDX1 (rhPRDX
oxygen species (ROS) staining (green) in LX-2 cells, scale bar¼ 50 mm. (G) Viabilities of LX-2 c
Intracellular nucleosome staining after treatment with 18b-GA (40 mM) and NAC (200 mM) in
or Sham.
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by evaluating the thermostability of target proteins [33]. The results
indicated that thermal stability of both PRDX1 and PRDX2 was
increased compared to the DMSO group, which supported these
two proteins as direct binding targets of 18b-GA (Figs. 4DeG). In
addition, an SPR assay was carried out to investigate the dynamic
d PRDX2 in the liver tissue of BDL-induced mice by 18b-GA. (B) Western blot analyses of
nd PRDX2 in mHSCs by 18b-GA. (D) Western blot analyses of protein with densitometry
1) protein was measured by detecting residual H2O2 levels (n¼ 3). (F) Cellular reactive
ells treatment with 18b-GA or co-treatment with N-acetyl-L-cysteine (NAC) (n ¼ 3). (H)
LX-2 cells (scale bar ¼ 50 mm). Mean ± SEM, *P < 0.05, **P < 0.01, ***P< 0.001 vs. DMSO



Fig. 6. 18b-GA bound to the cysteine residue of PRDX1. (A) P1 labeling of rhPRDX1. (B)
Competition of P1 labeling of rhPRDX1 with or without 18b-GA or a cysteine-alkylating
agent iodoacetamide (IAA). (C) A binding model of 18b-GA with PRDX1 generated by
molecular docking. (D) The labeling of rhPRDX1 and its Cys52Ser mutant with P1. (E)
Binding mechanism diagram between 18b-GA and PRDX1. WT: wild type.
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properties of 18b-GA and the two targets. The results showed a
remarkable binding between 18b-GA and PRDX1 or PRDX2, with KD
values of 25.04 and 30 mM, respectively (Figs. 4HeK). These results
suggested that 18b-GA directly bound to PRDX1 and PRDX2.

3.5. 18b-GA inhibited enzymatical activities of target proteins

The expression levels of PRDX1 and PRDX2 were also
measured. The results indicated that 18b-GA did not affect the
expressions of PRDX1 and PRDX2 in BDL-induced fibrotic liver
tissue (Figs. 5A and B). However, 18b-GA (80 mM) slightly down-
regulated the expression of PRDX1, but not PRDX2 in activated
mHSCs (Figs. 5C and D). 18b-GA (80 mM) also slightly down-
regulated the expression of PRDX2, but not PRDX1 in LX-2 cells
(Fig. S10), and 18b-GA (20 and 40 mM) did not affect their ex-
pressions. PRDX1 and PRDX2 are members of the family of non-
selenium peroxidases, which have similar structures and func-
tions [34,35]. Therefore, PRDX1 was selected for subsequent ex-
periments. 18b-GA significantly inhibited the enzymatic activity of
recombinant human PRDX1 (rhPRDX1) through an H2O2 reduc-
tion assay (Fig. 5E). Furthermore, ROS levels, cell viability, and
apoptosis were measured. The results showed that 18b-GA
increased ROS levels, decreased cell viability, and promoted
apoptosis of LX-2 cells. Interestingly, NAC (a ROS scavenger) alle-
viated the increase in ROS levels and the loss of cell viability
induced by 18b-GA (Figs. 5FeH), suggesting that 18b-GA-induced
ROS contributed to the induction of apoptosis. Collectively, these
results revealed that 18b-GA effectively inhibited the catalytic
activity of PRDX1 to induce ROS-mediated apoptosis.

3.6. Active cysteines of PRDX1 and PRDX2 were binding sites for
18b-GA

Next, the molecular mechanism of 18b-GA binding to PRDX1
and PRDX2 was explored. rhPRDX1 and rhPRDX2 were treated with
P1, followed by conjugation with a fluorescent dye. The results
showed that rhPRDX1 and rhPRDX2 were labeled with the probe
(Figs. 6A and S11A). Furthermore, rhPRDX1 incubated with P1 was
pretreated with 18b-GA or iodoacetamide (IAA). Fluorescence in-
tensity indicated that P1 was weaker after pretreatment with 18b-
GA or IAA, suggesting that 18b-GA potentially bound to the cysteine
residues of PRDX1 (Fig. 6B). To further confirm that the Cys52
residue of PRDX1 is a direct binding site for 18b-GA, site-directed
mutagenesis (Cys52Ser) was performed on the cysteine residue of
PRDX1. The results confirmed that 18b-GA mainly covalently
modified Cys52 in PRDX1 (Fig. 6D). Thus, molecular docking ana-
lyses were performed between 18b-GA, PRDX1, and PRDX2. The
results suggested that the cysteine binding sites were Cys52 of
PRDX1 or Cys172 of PRDX2 (Figs. 6C, S11B, and S11C). Based on the
above results, a possible binding mechanism reaction diagram was
drawn (Fig. 6E).

3.7. Silencing of PRDX1 aggravated ROS production and induces
apoptosis

To further verify that 18b-GA targeting PRDX1 induced
apoptosis to exert an anti-fibrotic function, knockdown of PRDX1
by siRNA was conducted in LX-2 cells. The results indicate that
silencing of PRDX1 resulted in lower expression levels of PRDX1
(Figs. 7A and B).

Interestingly, silencing of PRDX1 with or without 18b-GA
increased the production of ROS, induced apoptosis by releasing Cyt
C, and alleviated hepatic fibrosis (Figs. 7C and D). In addition, PRDX1
silencing reduced COL1a1 and a-SMA protein levels (Fig. 7C). Flow
cytometry analysis indicated that PRDX1 knockdown contributed to
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the apoptosis of LX-2 cells (Fig. 7E). Collectively, these results
revealed that silencing of PRDX1 aggravated ROS production,
induced apoptosis, and alleviated hepatic fibrosis.
4. Discussion

In the present study, it was confirmed that the natural com-
pound 18b-GA had a strong inhibitory activity against hepatic
fibrosis in both BDL-induced mice and activated-HSC (mHSCs and
LX-2 cells). Through chemical biology studies, the target proteins
of 18b-GA were identified using ABPP. Further research showed
that 18b-GA targeted PRDX1 and PRDX2 and bound to cysteine
residues to suppress antioxidant activities, resulting in the accu-
mulation of cellular ROS to promote apoptosis and ameliorate
hepatic fibrosis (Scheme 2). Thus, the data revealed the direct
target proteins and exact mechanisms of 18b-GA in ameliorating
hepatic fibrosis.

Liver disease is one of the most important factors affecting
morbidity and mortality worldwide, leading to serious public
health problems. Every year, approximately 2 million people
worldwide die from liver diseases [36,37]. Hepatic fibrosis is a
pathological process that refers to the abnormal deposition of ECM
resulting from various pathogenic factors, which leads to various
liver diseases, such as liver hepatitis, cirrhosis, and liver cancer.
Thus, prevention and treatment of hepatic fibrosis are urgently
needed [38,39]. Natural products that effectively inhibit hepatic
fibrosis are significant for the development of promising treat-
ments for liver diseases [40e43]. 18b-GA is a potent biologically
active compound for the treatment of multiple liver diseases
through its anti-inflammatory and anti-allergic effects [44,45]. The
specific molecular mechanism and target proteins of 18b-GA
require further investigation.

The target proteins of 18b-GA were identified using ABPP. In
recent years, direct target proteins of several important natural
products have been identified, including andrographolide [46],
artemisinin [47,48], and curcumin [49]. The data from the current
study indicated that 18b-GA could target PRDX1 or PRDX2



Fig. 7. Silencing of PRDX1 accelerated hepatic fibrosis. (A) PRDX1 expression in LX-2 cells treated with si-PRDX1 or 18b-GA (40 mM) incubation. (B) Densitometry analysis of protein
levels in the Western blot corresponding to Fig. 7A (n¼ 3). (C) LX-2 cells infected with si-PRDX1 were blotted for COL1a1, a-SMA, and Cyt C. (D) Intracellular ROS (green) staining
after transfection with si-PRDX1, scale bar¼ 50 mm. (E) A cell death assay with si-PRDX1 to monitor apoptotic cells by flow cytometry in LX-2 cells (n ¼ 3). Mean ± SEM, *P < 0.01,
**P< 0.001 vs. si-negative control (NC) group.
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proteins and bind to cysteine residues to suppress its antioxidant
activity. Targeting PRDX1 and PRDX2 to mediate ROS-induced
apoptosis in cancer cells has been reported previously [32].
Interestingly, it was also confirmed that 18b-GA targeting PRDX1
and PRDX2 resulted in the accumulation of cellular ROS to further
579
promote apoptosis in activated HSCs; thus, 18b-GA ameliorated
hepatic fibrosis. Notably, PRDX1 and PRDX2 belong to the perox-
iredoxin (PRDX) family, a class of catalytic enzymes in the anti-
oxidant system [50]. PRDX1 and PRDX2 also protect against
oxidative stress by inhibiting ROS-dependent signaling pathways



Scheme 2. Schematic summary of the study. 18b-GA ameliorated BDL-induced hepatic fibrosis. ABPP combined with CETSA strategy revealed that 18b-GA directly targeted PRDX1
and PRDX2. 18b-GA induced ROS-mediated apoptosis in activated-HSC via regulating PRDXs.
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[51,52]. ROS play critical roles in mediating major pathways of cell
signaling and apoptosis [53,54]. ROS such as O2� and H2O2 lead to
oxidative stress, which causes cell apoptosis [55]. PRDX2 has been
previously suggested as a potential biomarker for hepatitis B
virus-related hepatic fibrosis for early diagnosis [56]. Further-
more, other proteins in the PRDX family also play crucial roles in
mediating oxidative stress in nonalcoholic steatohepatitis and
cholestatic liver injury [57,58].

In the present study, it was found that 18b-GA effectively
inhibited PRDX1 catalytic activity without affecting its protein
expression. Inhibition of PRDX1 by 18b-GA further increased ROS
levels and induced activated-HSC apoptosis, and these effects were
rescued by the antioxidant NAC, which is the further evidence of
18b-GA-induced apoptosis by ROS. Importantly, previous research
revealed that PRDXs can be reduced by peroxides to sulfenic acid by
catalyzing the oxidation of cysteine [59]. Notably, both PRDX1
(Cys173 or Cys52) and PRDX2 (Cys172 or Cys51) are required to
complete the peroxidative cycle [26,60]. The data demonstrated
that 18b-GA covalently bound to Cys52 of PRDX1 and Cys172 of
PRDX2, impairing their peroxidative cycle and inhibiting their
antioxidant activities. This result is consistent with previous re-
ports [61e63]. Silencing PRDX1 aggravates ROS production, induces
apoptosis, and alleviates hepatic fibrosis.

In addition to PRDX1 and PRDX2, 18b-GA may also ameliorate
hepatic fibrosis by targeting other proteins, as the results showed
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that 18b-GA targeted the voltage-dependent anion channel
(VDAC). The VDAC is situated across the outer membrane of
mitochondria and facilitates the transport of ions and metabo-
lites [64]. They are also regulatory factors for mitochondrial
function and mitochondria-mediated apoptosis [65]. The ac-
quired data also showed that 18b-GA impaired mitochondrial
homeostasis, leading to the release of Cyt C and the apoptosis of
activated-HSC, as evidenced by 18b-GA treatment decreasing the
Bcl-2/Bax ratio and caspase activation. These potential target
proteins of 18b-GA in hepatic fibrosis and other diseases warrant
further studies.

5. Conclusions

Overall, the results of the present study showed that 18b-GA
directly bound to PRDX1 and PRDX2 and inhibited their antioxidant
activities. This further resulted in the elevation of cellular ROS
levels, which induced apoptosis in activated HSCs. Thus, the data
indicated the direct target proteins and exact mechanisms of 18b-
GA for ameliorating hepatic fibrosis. In summary, 18b-GA induced
ROS-mediated apoptosis to attenuate hepatic fibrosis by targeting
the active cysteines of PRDX1 and PRDX2 in activated HSCs. These
findings provide strong evidence for the further development of
18b-GA as a novel and promising therapeutic drug for the treat-
ment of hepatic fibrosis.
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