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Liver fibrosis is primarily driven by the activation of hepatic stellate cells (HSCs), a process associated
with ferroptosis. Ginsenoside Rb1 (GRb1), a major active component extracted from Panax ginseng,
inhibits HSC activation. However, the potential role of GRb1 in mediating HSC ferroptosis remains un-
clear. This study examined the effect of GRb1 on liver fibrosis both in vivo and in vitro, using CCls-induced
liver fibrosis mouse model and primary HSCs, LX-2 cells. The findings revealed that GRb1 effectively
inactivated HSCs in vitro, reducing alpha-smooth muscle actin (2-SMA) and Type I collagen (Col1A1)
levels. Moreover, GRb1 significantly alleviated CCls-induced liver fibrosis in vivo. From a mechanistic
standpoint, the ferroptosis pathway appeared to be central to the antifibrotic effects of GRb1. Specifically,
GRb1 promoted HSC ferroptosis both in vivo and in vitro, characterized by increased glutathione
depletion, malondialdehyde production, iron overload, and accumulation of reactive oxygen species
(ROS). Intriguingly, GRb1 increased Beclin 1 (BECN1) levels and decreased the System Xc-key subunit
SLC7A11. Further experiments showed that BECN1 silencing inhibited GRb1-induced effects on HSC
ferroptosis and mitigated the reduction of SLC7A11 caused by GRb1. Moreover, BECN1 could directly
interact with SLC7A11, initiating HSC ferroptosis. In conclusion, the suppression of BECN1 counteracted
the effects of GRb1 on HSC inactivation both in vivo and in vitro. Overall, this study highlights the novel
role of GRb1 in inducing HSC ferroptosis and promoting HSC inactivation, at least partly through its
modulation of BECN1 and SLC7A11.

© 2023 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

Liver fibrosis is a complex physiological response to chronic liver
injury, characterized by an excessive accumulation of extracellular
matrix (ECM) and the activation of hepatic stellate cells (HSCs) [1].
During liver fibrosis, normal liver structures are replaced with
numerous fibrous nodules and pseudolobules, leading to liver
dysfunction [2]. Without effective treatment, this dysfunction can
progress to cirrhosis and may subsequently trigger the onset of he-
patocellular carcinoma (HCC) [3]. Activated HSCs serve as the primary
source of ECM [4]. Thus, strategies focused on inducing HSC inacti-
vation present therapeutic potential for combating liver fibrosis.

Ferroptosis is a recently identified form of programmed cell
death, characterized by the accumulation of reactive oxygen
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species (ROS) and an excess of iron [5,6]. Ferroptosis is linked with
alterations in mitochondrial morphology, such as reduced volume,
increased membrane density, and lack of cristae [7]. The relation-
ship between the development of cancer and ferroptosis has also
been documented [8]. Moreover, emerging evidence suggests a role
for ferroptosis in liver fibrosis development. For example, Luo et al.
[9] reported that celastrol mitigates hepatic fibrosis by inducing
ferroptosis in HSCs. However, the relationship between ferroptosis
and HSC activation requires more extensive research.

Chinese herbal medicines such as isoliquiritigenin, phloretin,
and Radix Paeoniae Alba have shown potential to mitigate disease
progression or processes such as liver fibrosis, pancreatic cancer,
and inflammation [10—12]. Panax ginseng, a traditional herbal
medicine, is widely used to treat various human diseases [13].
Ginsenoside Rb1 (GRb1), a key active component of Panax ginseng,
possesses anti-inflammatory, anti-oxidative, and anti-fibrotic
properties [14]. For instance, Ni et al. [15] revealed that GRb1
ameliorates renal fibrosis by targeting the Bip/elF2¢,/CHOP axis-
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mediated epithelial-mesenchymal transition. Nonetheless, the
specific mechanisms through which GRb1 counters liver fibrosis
remain largely unexplored. Thus, this study aimed to discern the
potential role of HSC ferroptosis in mediating the therapeutic ef-
fects of GRb1 on liver fibrosis.

2. Materials and methods
2.1. Materials

Primary antibodies against alpha-smooth muscle actin (a-SMA;
ab124964), Type I collagen (Col1A1; ab254113 and ab138492),
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B-actin (ab6276), Beclin 1 (BECN1; ab207612), and SLC7A11
(ab175186) were obtained from Abcam (Shanghai, China). GRb1
(>95% purity; Y0001347), CCly (488488), curcumin (Cur; C1386),
ferrostatin-1 (Fer-1; SML0583), Z-VAD-FMK (219007), necrostatin-
1 (Nec-1; 480065), and erastin (Era; 329600) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The chemical structure of GRb1
is shown in Fig. 1A.

2.2. Animal experiments

Male C57BL/6] mice (6—8 weeks old, weighing 18—22 g) were
obtained from Zhejiang Weitong Lihua Experimental Animal
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Fig. 1. Ginsenoside Rb1 (GRb1) suppresses hepatic stellate cell (HSC) activation in LX-2 cells. LX-2 cells were treated with varying concentrations of GRb1 (0, 2.5, 5, 10, 20, and
40 pM) over 24 h. (A) Representation of GRb1's chemical structure. (B) Cell viability post GRb1 treatment. (C, D) Messenger RNA (mRNA) expression levels of alpha-smooth muscle
actin (a-SMA) (C) and type I collagen (Col1A1) (D). (E) Protein expression levels of ¢-SMA and Col1A1. (F) Co-localization of a-SMA (shown in red) and Col1A1 (shown in green) in LX~

2 cells was analyzed using immunofluorescence staining. 4’,6-diamidino-2-phenylindole (DAPI) was used to stain nuclei in blue. *P < 0.05, *P < 0.01, and

curcumin.
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Technology Co., Ltd. (Jiaxing, China). An intraperitoneal injection of
CCly in olive oil (10%, 7 uL/g) was performed to induce hepatic
fibrosis in mice [16]. The mice were then randomly segregated into
either five or four groups (n = 6 per group). To ascertain GRb1's
impact, mice in groups 1-5 received the subsequent treatments:
group 1, olive oil; group 2, CCly; group 3, 10 mg/kg GRb1; group 4,
20 mg/kg GRb1; and group 5, 200 mg/kg Cur. Mice in groups 2—5
received intraperitoneal injections of CCly twice a week for eight
weeks. During this period, GRb1 in phosphate-buffered saline (PBS)
was administered daily through gavage, while Cur was adminis-
tered every alternate day. In another set, mice from four groups
received treatments of olive oil, i.e., CCl4 + vitamin A-coupled li-
posomes (VA-Lip)-control-vector, CCly + VA-Lip-control-
vector + GRb1, or CCly + VA-Lip-BECN1-short hairpin RNA
(shRNA) + GRb1. The mice also received intraperitoneal injections
of CCly in olive oil twice weekly for eight weeks. Controls received
an equivalent amount of olive oil. The 20 mg/kg GRb1 in PBS was
fed daily through gavage during CCly injection. After the CCly in-
jection, VA-Lip-control-vector and VA-Lip-BECN1-shRNA (0.75 mg/
kg) were intravenously delivered thrice weekly over two weeks. All
animal experiments received approval from the Experimental
Animal Center of Wenzhou Medical University, China (Approval
No.: wydw2023—-0146).

2.3. Pathological examination and immunohistochemistry

After deparaffinization and rehydration, paraffin liver sections
(4-pm thick) were stained using Masson's and Sirius red stain
(ab150669 and ab150681; Abcam). For immunohistochemical
staining, liver tissue sections were permeabilized, blocked, and
then incubated with the primary antibody against a-SMA overnight
at 4 °C. Subsequently, sections were incubated with a horseradish
peroxidase-labeled secondary antibody (Abcam) at room temper-
ature for 1 h. Nuclei were stained using hematoxylin. Images
captured through a microscope (Leica Microsystems, Wetzlar,
Germany) were analyzed using Image] software.

2.4. Isolation of primary HSCs

Primary HSCs were extracted from the mouse liver as previ-
ously described [17]. In brief, mice livers were subjected to
perfusion through the portal vein in situ, sequentially with Ca?*-
free Hanks' Balanced Salt Solution (HBSS) (Thermo Fisher Scien-
tific Inc., Waltham, MA, USA) for 15 min, 100 mL of 0.2% pronase
solution, and then with 0.2% collagenase type IV (Sigma-Aldrich).
The resulting cell suspension was filtered through a 100-um pore
mesh-sized nylon filter and centrifuged at 200 g for 10 min. The
supernatant was collected for the isolation of primary HSCs.
Commercially available 11.5% Percoll (Sigma-Aldrich) was pre-
pared, and the supernatant was added to the upper layer of Percoll
carefully, after which the contents were centrifuged at 450 g for
10 min. The sediment was then resuspended in 0.5 mL of HBSS and
centrifuged at 1,400 g for 25 min. Finally, primary HSCs were
harvested from the upper layer of the Optiprep solution.

2.5. Cell culture and dosing treatment

LX-2 cells were sourced from Procell Life Science & Technology
Co., Ltd. (Wuhan, China). Both primary HSCs and LX-2 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% (V/V) fetal bovine serum (FBS; Gibco, Grand Is-
land, NY, USA) and 1% penicillin/streptomycin (Gibco). LX-2 cells
and primary HSCs were treated with GRb1 (10 or 20 puM), Era
(10 uM), and Fer-1 (1 uM) for 24 h. Additionally, LX-2 cells were
treated with Cur (20 uM) for 24 h. Cells undergoing GRb1 treatment
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also received Fer-1 (1 uM), Nec-1 (10 uM), and Z-VAD-FMK (10 uM)
for the same duration. Control cells were cultured in a medium
devoid of drugs, containing equivalent amounts of dimethyl sulf-
oxide (DMSO).

2.6. Detection of biochemical parameters

The levels of alanine aminotransferase (ALT), aspartate trans-
aminase (AST), hyaluronic acid (HA), laminin (LN), procollagen type
Il (PC-III), and collagen type IV (IV-C) were assessed using com-
mercial kits (Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer's instructions.

2.7. Cell Counting Kit-8 (CCK-8) assay

Cell viability was determined by seeding 7 x 10 cells in 96-well
plates and exposing them to different drug concentrations for 24 h.
Subsequently, 10 uL of CCK-8 (C0038; Beyotime, Shanghai, China)
was added to each well, followed by a 30 min incubation at 37 °C.
Optical densities were then recorded at 450 nm.

2.8. 5-Ethynyl-2'-deoxyuridine (EAU) assay

To evaluate HSC proliferation, an EdU cell proliferation kit
(C0078S; Beyotime) was used. After EAU labeling for 48 h, primary
HSC and LX-2 cells were fixed in formalin and permeabilized with
0.3% Triton X-100. Cells were subsequently incubated with
Apollo567 staining reaction solution in the dark for 30 min. The
viable cells were counted post-staining.

2.9. Iron assay

Iron content was quantified using an iron assay kit (ab83366;
Abcam) as previously described [18]. In essence, the iron assay
buffer releases ferric ions from ferric carrier proteins, allowing for
the measurement of total iron concentration. Insoluble materials
were removed by centrifugation at 13,000 g for 15 min at 4 °C, and
optical densities were read at 593 nm.

2.10. Lipid ROS assay

Lipid ROS levels were assessed using the C11-BODIPY probe
(ajci64572; Amgicam, Wuhan, China), following the manufacturer's
instructions. Briefly, cells were treated with 1 mL of C11-BODIPY
and washed twice after a 60 min incubation at 37 °C. Cells were
subsequently resuspended in 500 pL of PBS, and lipid ROS levels
were quantified using the FACS Calibur Flow Cytometer (BD Bio-
sciences, San Jose, CA, USA).

2.11. Malondialdehyde (MDA) assay

MDA levels were determined using a lipid peroxidation assay kit
(ab118970; Abcam). Specifically, cell lysate supernatants were
gathered, and 600 pL of thiobarbituric acid solution was added to
every well. The samples were incubated. After incubation at 95 °C
for 60 min and cooling to room temperature in an ice bath for
10 min, 200 pL of the reaction mixture was transferred to a 96-well
plate. MDA content was then measured at 532 nm using a micro-
plate reader (Thermo Fisher Scientific Inc.).

2.12. Glutathione (GSH) assay
The GSH levels were measured using a GSH assay kit (CS0260;

Sigma-Aldrich). Cells were washed with cold PBS and treated with
5% 5-sulfosalicylic acid solution, and samples were centrifuged at
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10,000 g for 10 min. Then, 150 pL of GSH working mixture was
added to each sample, incubated at room temperature for 5 min,
followed by treatment with 50 pL of diluted nicotinamide adenine
dinucleotide phosphate (NADPH) solution. The resulting yellow
product was quantified at 412 nm using a microplate reader
(Thermo Fisher Scientific Inc.).

2.13. Transmission electron microscopy (TEM)

Briefly, for TEM analysis, cells were fixed using an electron mi-
croscope fixing solution for 2—4 h, embedded in 1% agarose,
dehydrated, and sectioned into ultrathin slices (60—80 nm thick-
ness) using an ultramicrotome (Leica Microsystems). Sections were
then stained with 2% ethanol-saturated uranyl acetate and lead
citrate solution for 15 min and allowed to dry overnight at room
temperature. Images were captured using a transmission electron
microscope.

2.14. Quantitative real-time reverse transcription-polymerase chain
reaction (qRT-PCR)

Total RNA from liver tissues or cells was extracted with TRIzol
reagents (15596026; Thermo Fisher Scientific Inc.). Complementary
DNA (cDNA) was synthesized using a reverse transcription kit
(A3500; Promega, Beijing, China). The SYBR Green Master Mix
(TOROIVD, Shanghai, China) was employed to determine gene
expression levels, referencing B-actin. The related primer se-
quences are provided in Table S1.

2.15. Western blot

Proteins were extracted from liver tissues and cells using
radioimmunoprecipitation assay (RIPA) lysis buffer, and their
concentrations were determined using a bicinchoninic acid (BCA)
kit (P0011; Beyotime). The proteins were then separated using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher Scientific Inc.). After blocking, mem-
branes were incubated with primary antibodies, including anti-a-
SMA, anti-Col1A1, anti-SLC7A11, anti-BECN1, and anti-B-actin
(used as an internal control), overnight at 4 °C. Membranes were
subsequently exposed to secondary antibodies for 1 h at room
temperature. Protein expression was quantified using Image]
software.

2.16. Immunofluorescence assay

After immobilizing with 4% (V/V) paraformaldehyde (P0099;
Beyotime) and a PBS wash, primary HSCs and LX-2 cells were
permeabilized using 0.5% (V/V) Triton X-100 and blocked with 5%
(V|V) bovine serum albumin (BSA) for 30 min. They were then
treated with primary antibodies, including anti-az-SMA (ab124964),
anti-Col1A1 (ab283694), anti-BECN1 (ab62557), and anti-SLC7A11
(ab307601). After this, cells were stained with secondary anti-
bodies, and nuclei were stained with 4/,6-diamidino-2-phenyl-
indole (DAPI) (C1005; Beyotime). The prepared samples were
visualized under a microscope (Nikon, Tokyo, Japan).

2.17. Co-immunoprecipitation (Co-IP)

Cells were lysed at 4 °C in lysis buffer supplemented with pro-
tease inhibitors, followed by transient centrifugation. After incu-
bating the samples with either IgG or specific antibodies overnight
at 4 °C, they were combined with magnetic beads (Thermo Fisher
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Scientific Inc.) for 2 h at 4 °C. The precipitate was then washed with
lysate. Proteins were eluted by boiling in a sample buffer for sub-
sequent Western blot analysis.

2.18. Molecular docking analysis

The crystal structures of BECN1 (AF-088597-F1) and SLC7A11
(PDB ID: 7p9u) were sourced from the AlphaFold database and
Protein Data Bank (PDB) respectively. Before molecular docking, the
proteins underwent preparations, including molecular energy
minimization, removal of water molecules, and the addition of
hydrogen atoms using PyMOL. Molecular docking was then
executed using molecular orbital environment (MOE, 2015) soft-
ware. Results from the protein-protein DOCK module of MOE were
visualized using PyMOL software.

2.19. RNA interference and overexpression

Primary HSCs and LX-2 cells underwent transfection with
BECN1 small interfering RNA (siRNA) or a scrambled (negative)
control (control siRNA) (GenePharma Co., Ltd., Shanghai, China)
using Lipofectamine™ 3000 (Invitrogen, Carlsbad, CA, USA) for
24 h. For BECN1 overexpression, cells were transfected with BECN1
overexpression plasmid (BECN cDNA) or an empty plasmid (control
cDNA) using Lipofectamine™ 3000 for 24 h. After transfection, cells
received a 20 uM GRb1 treatment for 24 h.

2.20. Virus construction

VA-Lip-BECN1-shRNA was constructed as previously described
[19]. In brief, a VA solution was produced by mixing 50 pL of DMSO
with 5 mg of VA. A combined solution of LipoTrust (0.14 pmol) and
VA (280 nmol) was then prepared in a tube (AM12450; Thermo
Fisher Scientific Inc.) at 25 °C. This VA-Lip solution was combined
with BECN1-shRNA and a control vector (Santa Cruz Biotechnology,
Shanghai, China) while stirring continuously. The resultant mate-
rial was filtered by filter (596-3320; Thermo Fisher Scientific Inc.),
and the collected fractions were used for subsequent in vivo
applications.

2.21. RNA sequencing (RNA-seq)

Total RNA extraction was conducted using the TRIzol reagent
(15596026; Thermo Fisher Scientific Inc.). Briefly, RNA-seq libraries
were created using the KAPA Stranded RNA-Seq Library Prep Kit
(Illumina, San Diego, CA, USA). Library quality was evaluated with
the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA), and library quantification was performed through qRT-PCR.
The Illumina NovaSeq 6000 sequencer was used to sequence
diverse libraries. Transcripts with expressions showcasing |log2(-
fold change)| > 2 and an adjusted P-value < 0.05 were deemed to be
statistically significant.

2.22. Statistical analysis

All experimental procedures were replicated three times
(in vitro) and six times (in vivo). The results were displayed as the
mean + standard deviation. Data analysis was executed using 17.0
SPSS software (SPSS, Chicago, IL, USA). Multiple groups were
compared using a one-way analysis of variance (ANOVA), while the
Student's t-test was employed for comparisons between two
groups. A P-value of <0.05 was considered to be statistically
significant.
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3. Results
3.1. GRb1 impedes the activation of HSC in vitro

Prior research has indicated that GRb1 can inhibit HSC activation
[20]. To delve deeper into GRb1's potential to promote HSC inacti-
vation, the proliferation rate was evaluated and activation markers
(2~-SMA and Col1A1) were observed in LX-2 cells treated with GRb1.
Notably, GRb1 reduced HSC proliferation, with a striking effect at
20 uM, recording a 47% reduction (Fig. 1B). Based on this outcome, 10
and 20 pM GRb1 concentrations were selected for all ensuing ex-
periments. GRb1 treatment significantly lowered the levels of
2-SMA and Col1A1 compared with the control group (Fig. 1C—E). In
line with these results, immunofluorescence assessments further
highlighted a decrease in ¢-SMA and Col1A1 levels in HSCs due to
GRb1 (Fig. 1F). Moreover, the positive control, Cur, similarly trig-
gered HSC inactivation (Figs. 1C—F). Taken together, these findings
advocate that GRb1 facilitates HSC inactivation.

3.2. GRb1 alleviates liver fibrosis through HSC ferroptosis in vivo

To investigate the potential of GRb1 in suppressing liver fibrosis
in vivo, fibrosis-related markers were analyzed in CClg-induced
mice administered with GRb1. The data showed a pronounced in-
crease in HA, LN, PC-III, and IV-C levels in the CCl4-treated mice, an
effect attenuated upon GRb1 or Cur treatment (Figs. SIA—D).
Additionally, collagen accumulation in CCls-induced mice post-
GRb1 treatment was evaluated using Masson and Sirius Red
stains. The results revealed a significant reduction in collagen
accumulation in both GRb1 and Cur-treated groups compared with
the CCls-only group (Fig. 2A). Echoing these findings, post-CCly
treatment, messenger RNA (mRNA) levels of HSC activation
markers, specifically a-SMA and Col1A1, surged to 398% and 438%
respectively. Introducing 10 mg/kg GRb1, 20 mg/kg GRb1, and
200 mg/kg Cur resulted in decreased «-SMA mRNA levels to 318%,
201%, and 200%, respectively, and reduced Col1A1 mRNA levels to
338%, 251%, and 251% respectively (Fig. S1E). Additionally, GRb1
markedly countered the elevated ALT and AST levels induced by
CCly (Figs. STF and G).

To understand the mechanisms behind GRb1's antifibrotic
effects on liver fibrosis, RNA-seq was performed on liver tissues
from CCly-treated mice that had received GRb1. Compared with
the CClgy group, GRb1 administration resulted in a marked
decrease in Slc7all expression and a significant elevation in
Becn1 expression (Fig. 2B). qRT-PCR results further confirmed
that Slc7all mRNA levels downregulated to 85% and 42%, while
Becn1 mRNA levels upregulated to 263% and 303% in the 10 and
20 mg/kg GRDb1 groups, respectively (Fig. 2C). Enrichment anal-
ysis highlighted a significant concentration of differentially
expressed genes (DEGs) in the ferroptosis pathway (Fig. 2D).
Based on this finding, this study hypothesized that GRb1's in-
fluence on liver fibrosis might be related to the ferroptosis
pathway.

Given the association between GRb1's inhibitory function and
the ferroptosis pathway (Fig. 2D) and the evidence that GRb1 can
enhance HSC inactivation (Fig. 1), GRb1 was speculated to drive
HSC inactivation through HSC ferroptosis. To test this, this study
analyzed primary HSCs derived from CCls-treated mice that had
been treated with either GRb1 or Cur. Additionally, ferroptosis-
associated indicators such as GSH, MDA, iron levels, and ROS
were assessed. The results indicated a decrease in GSH levels and
an increase in MDA, iron, and ROS in the GRb1 + CCl4 group
when compared with the CCls-only group (Figs. 2E—H). This
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underscores the role of ferroptosis in GRb1's action against liver
fibrosis. Cur, as a positive drug, contributed to promoting HSC
ferroptosis (Figs. 2E—H). Furthermore, this study determined
whether GRb1-induced ferroptosis occurred in hepatocytes, liver
sinusoidal endothelial cells (LSECs), and macrophages. Yet, no
significant variations in ferroptosis markers were detected in
primary hepatocytes, LSECs, or macrophages (Fig. STH). In sum-
mary, these findings confirm that GRb1 combats liver fibrosis by
inducing HSC ferroptosis in vivo.

3.3. GRb1 promotes HSC ferroptosis in vitro

To determine whether GRb1 promotes HSC ferroptosis in vitro,
this study analyzed HSC proliferation in LX-2 cells and primary
HSCs after GRb1 administration. EAU analysis revealed dimin-
ished cell proliferation with GRb1 treatment (Figs. 3A and B).
Similarly, the CCK-8 assay showed that, relative to untreated cells,
cell viability was reduced to 79% and 49% in 10 and 20 uM GRb1-
treated LX-2 cells, respectively, and to 77% and 49% in 10 and
20 uM GRb1-treated primary HSCs, respectively (Fig. 3C). Impor-
tantly, GRb1 administration led to a significant increase in GSH
depletion, MDA production, iron accumulation, and lipid ROS
accumulation (Figs. 3D—G). Interestingly, the effects of GRb1 on
HSC proliferation and ferroptosis mirrored those of Era (a known
ferroptosis inducer; Figs. 3A—G). Moreover, TEM analysis high-
lighted mitochondrial morphological alterations, including
contraction and either reduced or disappeared cristae, in GRb1-
treated cells in comparison to the control group (Figs. 3H and I).
Overall, these data imply that GRb1 plays a role in boosting HSC
ferroptosis in vitro.

3.4. GRb1 suppresses HSC activation via ferroptosis

To further corroborate the significance of ferroptosis in GRb1-
driven HSC deactivation, this study evaluated the influence of fer-
roptosis inhibitors on the HSC proliferation induced by GRb1.
Significantly, the decline in HSC proliferation triggered by GRb1
was reversed by Fer-1 (a ferroptosis inhibitor), while neither the
necroptosis inhibitor (Nec-1) nor the apoptosis inhibitor (Z-VAD-
FMK) made any discernible differences (Fig. S2). This evidence
reaffirms the role of ferroptosis in the HSC inactivation mediated by
GRb1. The GRb1-induced decrease in HSC proliferation and the
escalation in GSH depletions, MDA, iron, and ROS were reversed by
Fer-1 (Figs. 4A—E). Additionally, the suppression of a-SMA and
Col1A1 mRNA levels by GRb1 was negated with Fer-1 intervention
(Figs. 4F—I). In conclusion, these results establish that the HSC
ferroptosis induced by GRb1 facilitates the suppression of HSC
activation.

3.5. GRb1 induces HSC ferroptosis via BECN1

Considering the enrichment of DEGs in the autophagy
pathway in GRb1-treated mice (Fig. 2D), this study delved into
the role of the autophagy-associated gene Becnl in the HSC fer-
roptosis mediated by GRb1. Notably, Becnl is recognized as a
pivotal regulator of cancer cell ferroptosis [21]. Its expression
exhibited a marked upregulation in the liver tissues of CCly-
treated mice that were administered GRb1 (Figs. 2B and C).
Subsequently, the concentrations of BECN1 and ferroptosis-
linked markers, such as SLC7A11, GPX4, ACSL4, and PTGS2, were
measured in cells treated with GRb1. Compared with the control,
BECNT levels surged to 355% in LX-2 cells and 346% in primary
HSCs. Meanwhile, SLC7A11 levels decreased to 40% in LX-2 cells
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that subsequently received either GRb1 or curcumin (Cur) treatments. P < 0.05, P < 0.01, and

and 39% in primary HSCs in the presence of 20 pM GRb1. How-
ever, ACSL4, GPX4, and PTGS2 levels remained relatively stable
(Figs. S3A and B). Consequently, the protein expression of BECN1
and SLC7A11, uncovering an increase in BECN1 and a decrease in
SLC7A11 in the GRb1-treated cells, was assessed (Figs. 5A and B).

wkk

P < 0.001.

To discern the contribution of BECN1 to GRb1-triggered HSC
ferroptosis, silenced BECN1 was used. An initial validation
confirmed diminished BECN1 levels in the BECN1-silenced cells
(Fig. 5C). Intriguingly, the suppression of BECN1 countered the
HSC ferroptosis instigated by GRb1. This manifested as an
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Fig. 3. Ginsenoside Rb1 (GRb1) induces hepatic stellate cell (HSC) ferroptosis in vitro. LX-2 cells and primary HSCs from healthy mice underwent treatment with either GRb1 (10 or
20 uM) or erastin (Era) (10 uM) for 24 h. (A, B) Results from the 5-ethynyl-2’-deoxyuridine (EdU) assay in LX-2 cells (A) and primary HSCs (B). (C) Results of the Cell Counting Kit-8
(CCK-8) assay. (D—G) Measurements of glutathione (GSH) (D), malondialdehyde (MDA) (E), iron (F), and reactive oxygen species (ROS) (G) concentrations. (H, I) Findings from the

transmission electron microscopy (TEM) analysis in LX-2 cells (H) and primary HSCs (I), with arrows highlighting cell mitochondria. “P < 0.05, **P < 0.01, and

elevation in cell viability (up to 77% and 80%), GSH content (up to
81% in both cases), and reductions in MDA (to 137% and 164%),
iron (to 127% and 124%), and ROS levels (to 169% and 175%) in
BECN1-silenced LX-2 cells and primary HSCs, respectively (Figs.
5D—F, S3C, and S3D). Additionally, BECN1 knockdown upregu-
lated a-SMA and Col1A1 concentrations in GRb1-treated cells
(Figs. 5G, 5H, and S3E—H).

Furthermore, this study explored BECN1's role in the HSC
activation mediated by GRb1. Using BECN1 cDNA, BECN1 over-
expression was established, with levels increasing to 292% in LX-
2 cells and 295% in primary HSCs (Fig. 6A). Notably, this over-
expression enhanced the ferroptosis driven by GRb1 (Figs. 6B—F).
Additionally, the decline in 2-SMA and Col1A1 concentrations
seen in GRbl-treated cells was even more pronounced with
BECN1 overexpression (Figs. 6G—J). Collectively, these results
suggest that BECN1 plays a pivotal role in GRb1-triggered HSC
ferroptosis.

wkk

P < 0.001.

3.6. Becnl exacerbates GRb1-induced ferroptosis via SLC7A11

Considering GRb1's ability to elevate BECN1 while diminishing
SLC7A11 expression, this study further probed whether BECN1 in-
fluences SLC7A11. Western blot outcomes showed that, compared
with the GRb1 group, SLC7A11's expression increased to 97% upon
silencing Becn1 and dropped to 22% with Becnl overexpression
(Figs. 7A and B). To elucidate the mechanisms underlying BECN1-
mediated regulation of SLC7A11, molecular docking was per-
formed to assess the potential interaction between BECN1 and
SLC7AT11. Docking results revealed a potential interaction between
the two (BECN1 and SLC7A11; Fig. 7C). This interaction was
corroborated by Co-IP results, which indicated a stronger interac-
tion between BECN1 and SLC7A11 when GRb1 was present
(Fig. 7D). In line with these findings, confocal immunofluorescence
demonstrated substantial colocalization of BECN1 and SLC7A11
within the cytoplasm (Fig. 7E). Overall, these data propose that the
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Fig. 4. Ferroptosis contributes to ginsenoside Rb1 (GRb1)'s inhibitory impact on hepatic stellate cell (HSC) activation. LX-2 cells and primary HSCs from healthy mice received
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cells (H) and primary HSCs (I). **P < 0.01 and *##P < 0.001, compared to the control group. ‘P < 0.05, P < 0.01, and

ferroptosis of HSC induced by GRb1 is mediated, at least partially,

via the BECN1-SLC7A11 interaction.

3.7. Specific Becn1 knockdown in HSC impedes GRb1-induced

ferroptosis in vivo

To assess whether Becnl knockdown can counteract the
GRb1-triggered ferroptosis in vivo, VA-Lip-Becnl-shRNA was
used to specifically target and suppress HSC-specific ferroptosis

e

P < 0.001, compared to the GRb1 group.

in CClg-induced mice (Fig. S4). Both Masson and Sirius stain-

ing demonstrated that Becn1 knockdown counteracted the GRb1-
driven reduction in collagen accumulation (Fig. 8A). Corre-

spondingly, immunohistochemistry staining of a-SMA re-vealed

that the GRb1-induced decrease in @-SMA was reversed with
Becnl1 knockdown (Fig. 8A). After treating with GRb1 + VA-Lip-

Becn1-shRNA, primary HSCs were isolated from the livers of CClg-
induced mice. It was evident that Becn1 knockdown counteracted
the GRb1-driven decrease in a-SMA and Col1A1 mRNA levels
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Fig. 5. Beclin 1 (BECN1) knockdown disrupts ginsenoside Rb1 (GRb1)-induced hepatic stellate cell (HSC) ferroptosis. LX-2 cells and primary HSCs from healthy mice received
treatment with control small interfering RNA (siRNA) and BECN1 siRNA. Following that, BECN1-silenced cells were exposed to GRb1 (20 uM) for 24 h. (A, B) Protein expression levels
of BECN1 and SLC7A11 in LX-2 cells (A) and primary HSCs (B). (C) Protein levels of BECN1. (D—F) Measurements of cell viability (D), iron (E), and reactive oxygen species (ROS) (F) in
BECN1-silenced cells. (G, H) Co-localizations of alpha-smooth muscle actin (¢-SMA) (shown in red) and Type I collagen (Col1A1) (shown in green) in LX-2 cells (G) and primary HSCs

(H) were evaluated using immunofluorescence staining. 4',6-diamidino-2-phenylindole (DAPI) was utilized to stain nuclei in blue. *°P < 0.01 and

(Figs. 8B and C). Additionally, the GRb1l-induced increase in
Becn1 expression was nullified by Becn1 knockdown (Fig. 8D). In
contrast, Becn1 knockdown restored the levels of GRb1-inhibited
Slc7all (Fig. 8E). Importantly, the GRb1-mediated increases in
GSH depletion, MDA, iron, and ROS were negated by VA-Lip-
BECN1-shRNA, implying that Becn1 knockdown hinders the fer-
roptosis in HSCs instigated by GRb1 (Figs. 8F—I). Collectively, this
evidence indicates that knocking down Becn1 in HSCs curtails the
in vivo ferroptosis effects of GRb1 on HSCs.

ok

P < 0.001.

4. Discussion

The activation of HSC plays a pivotal role in the progression of
liver fibrosis [22]. When the liver is injured, activated HSCs produce
and accumulate ECM, resulting in significant fibrosis [23]. Inducing
HSC death pharmacologically through processes such as apoptosis,
ferroptosis, and senescence has proven to be an effective strategy in
treating liver fibrosis [24—26]. This study identified the inhibitory
effect of GRb1 on HSC activation both in vivo and in vitro. Moreover,
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Fig. 6. Beclin 1 (BECN1) overexpression enhances ginsenoside Rb1 (GRb1)-induced hepatic stellate cell (HSC) ferroptosis. LX-2 cells and primary HSCs from healthy mice underwent
treatment with control complementary DNA (cDNA) and BECN1 c¢DNA. Subsequently, BECN1-overexpressing cells were exposed to GRb1 (20 uM) for 24 h. (A) BECN1 protein
expression. (B—F) Cell viability (B) and levels of glutathione (GSH) (C), malondialdehyde (MDA) (D), iron (E), and reactive oxygen species (ROS) (F) in BECN1-overexpressing cells. (G,
H) Messenger RNA (mRNA) expression levels of alpha-smooth muscle actin (af SMA) (G) and type I collagen (Col1A1) (H) in LX-2 cells and primary HSCs. (I, J) Protein expression

s

levels of a-SMA and Col1A1 in LX-2 cells (I) and primary HSCs (J). P < 0.05, ”°P < 0.01, and """P < 0.001.

GRDb1, a tetracyclic triterpenoid saponin, is known for its anti-
inflammatory, antioxidative, and antifibrotic properties [27—29].
For instance, Lo et al. [30] reported that GRb1 promotes the inac-
tivation of rat HSC-T6 cells. Consistent with this, the present study

the results of this study demonstrated that GRb1 contributes to
promoting HSC ferroptosis and inactivation, at least in part, through
the BECN1/SLC7A11 axis. This is the first report highlighting the
molecular basis of GRb1-mediated ferroptosis.

10
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trating the interaction between BECN1 and SLC7A11. (D) Co-immunoprecipitation (Co-IP) analysis of the BECN1-SLC7A11 complex. (E) Co-localization of BECN1 (green) with

SLC7AT11 (red) in primary HSCs. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue).

revealed that GRb1 assists in inhibiting HSC activation and miti-
gating liver fibrosis. Ferroptosis, a type of non-apoptotic regulatory
cell death mechanism, is critical in liver fibrosis progression [31].
For example, Zhang et al. [32] revealed that the BRD7-P53-
SLC25A28 axis mediates HSC ferroptosis via the mitochondrial
iron metabolism pathway, thus alleviating liver fibrosis. Addi-
tionally, Wu et al. [33] found that the fibroblast growth factor 21
inhibits ferroptosis to reduce iron-induced liver damage and
fibrosis. In this context, this study shows the involvement of the
ferroptosis pathway in the effects of GRb1 on HSC inactivation.
Upon GRb1 treatment, there was a noticeable increase in HSC
ferroptosis. The ferroptosis and inactivation of HSCs, driven by
GRb1, could be neutralized by Fer-1, which is a notable finding. In
conclusion, GRb1 bolsters HSC inactivation, at least in part, by
enhancing HSC ferroptosis.

BECNT1, also referred to as ATG6, possesses multiple functions
that operate independently of autophagy. These include endocy-
tosis, cytokinesis control, cell death, and protein-protein in-
teractions [34]. Supporting this, Hu et al. [35] showed that BECN1
has an autophagy-independent role in colorectal cancer. Further-
more, there is growing evidence linking BECN1 with ferroptosis
[36]. For instance, Yin et al. [37] found that inhibiting BECN1 re-
duces cold stress-induced ferroptosis, while Huang et al. [38]
discovered that silencing BECN1 shields cells from ferroptosis in
HCC. Recently, it was highlighted that BECN1, delivered through
exosomes secreted by human umbilical cord mesenchymal stem
cells, induces HSC ferroptosis by promoting the xCT/GPX4 axis [39].
In line with these findings, the data of the present study suggest
that BECN1 overexpression intensifies the effects of GRb1 on fer-
roptosis and HSC inactivation. BECN1 knockdown both in vivo and

1

P <0.01.

in vitro effectively countered GRb1-induced HSC ferroptosis. How-
ever, the exact mechanism underlying GRb1-induced BECN1 needs
deeper exploration.

SLC7AT11, a critical subunit of System Xc-key, acts as an inhibitor
of ferroptosis [40]. Previously, we found that ginsenoside Rh2
governs IRF1-inhibited SLC7A11, thereby promoting HSC ferropto-
sis and inactivation [41]. The present study showed that GRb1
promotes HSC ferroptosis by modulating BECN1-inhibited SLC7A11,
leading to reduced liver fibrosis. These observations collectively
hint at varied mechanisms through which different components of
Panax ginseng induce HSC ferroptosis. Noteworthy, only primary
HSCs were evaluated for ginsenoside Rh2's role in HSC ferroptosis.
However, both primary HSCs and LX-2 cells were employed to
validate the influence of GRb1 on HSC ferroptosis in this study.

Recent studies have increasingly highlighted the significance of
the BECN1-SLC7A11 complex formation in the progression of hu-
man diseases. For example, Song et al. [21] found that BECN1 am-
plifies Era-induced ferroptosis in colon adenocarcinoma cells
through its interaction with SLC7A11. Similarly, Yan et al. [42]
observed that PM2.5 promotes ferroptosis by facilitating the
BECN1-SLC7A11 complex in acute lung injury. In this context, the
Co-IP results indicated an interaction between BECN1 and SLC7A11,
which was bolstered by GRb1. This BECN1-SLC7A11 complex for-
mation resulted in a diminished SLC7A11 level, promoting HSC
ferroptosis and mitigating liver fibrosis. To the best of our knowl-
edge, this is the first report highlighting the role of the BECN1-
SLC7A11 complex in liver fibrosis and HSC ferroptosis.

While this research has made significant progress, it is not
without limitations. Firstly, this study utilized only one mouse liver
fibrosis model to investigate the effects of GRb1 on HSC ferroptosis.
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)-

alpha-smooth muscle actin (¢-SMA) immunohistochemical staining. (B—E) Messenger RNA (mRNA) expressions of a-SMA (B), type I collagen (Col1A1) (C), Becn1 (D), and Slc7a11 (E)
in primary HSCs from vehicle-treated mice, CCl4 + vitamin A-coupled liposomes (VA-Lip)-control-vector mice, and CCly-exposed mice, subsequently treated with GRb1 + VA-Lip-

ig. 8. Hepatic stellate cell (HSC

control-vector or GRb1 + VA-Lip-Becn1-short hairpin RNA (shRNA). (F—I) Levels of glutathione (GSH) (F), iron (G), malondialdehyde (MDA) (H), and reactive oxygen species (ROS) (I)
in primary HSCs from vehicle mice, CCl4 + VA-Lip-control-vector mice, and CCly-treated mice, following GRb1 + VA-Lip-control-vector or GRb1 + VA-Lip-Becn1-shRNA treatments.

P < 0.05, P < 0.01, and P < 0.001.
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Future research would benefit from examining additional liver
fibrosis models. Furthermore, the mechanism underlying GRb1-
induced BECN1 warrants deeper investigation.

5. Conclusion

Our study reveals that GRb1-enhanced BECNT1 is directly bound
to SLC7A11, which promotes HSC ferroptosis as well as HSC inac-
tivation and finally alleviates liver fibrosis. The above results indi-
cate the exact mechanism of GRb1 for ameliorating liver fibrosis. In
conclusion, GRb1 triggers HSC ferroptosis and advances HSC inac-
tivation, at least partially, by modulating BECN1 and SLC7A11. These
findings indicate that GRb1 has the potential to be developed as a
therapeutic drug for liver fibrosis.
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