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ABSTRACT: A key event in liver fibrosis is the activation of the hepatic stellate cell (HSC). Schisandrin B (Sch B), a major
component extracted from Schisandra chinensis, has been shown to inhibit HSC activation. Recently, ferroptosis (FPT) has been
reported to be involved in HSC activation. However, whether Sch B has an effect on the HSC FPT remains unclear. Herein, we
explored the effects of Sch B on liver fibrosis in vivo and in vitro and the roles of Wnt agonist 1 and ferrostatin-1 in the antifibrotic
effects of Sch B. Sch B effectively alleviated CCl,-induced liver fibrosis, with decreased collagen deposition and a-SMA level.
Additionally, Sch B resulted in an increase in lymphocyte antigen 6 complex locus C low (Ly6C*) macrophages, contributing to a
reduced level of TIMPI and increased MMP2. Notably, the Wnt pathway was involved in Sch B-mediated Ly6C macrophage
phenotypic transformation. Further studies demonstrated that Sch B-treated macrophages had an inhibitory effect on HSC
activation, which was associated with HSC FPT. GPX4, a negative regulator of FPT, was induced by Sch B and found to be involved
in the crosstalk between macrophage and HSC FPT. Furthermore, HSC inactivation as well as FPT induced by Sch B-treated
macrophages was blocked down by Wnt pathway agonist 1. Collectively, we demonstrate that Sch B inhibits liver fibrosis, at least
partially, through mediating Ly6C' macrophages and HSC FPT. Sch B enhances Wnt pathway inactivation, leading to the increase
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in Ly6C" macrophages, which contributes to HSC FPT. Sch B may be a promising drug for liver fibrosis treatment.
KEYWORDS: Schisandrin B, macrophages, Ly6C, ferroptosis, liver fibrosis

B INTRODUCTION

Liver fibrosis is the result of chronic liver injury, often
progressing to cirrhosis and liver failure if not controlled.'
Liver fibrosis is distinguished by the accumulation of the
extracellular matrix (ECM) and a heightened collagen fiber
level. Generally, liver fibrosis is associated with a persistent
inflammatory reaction. Liver ECM proteins are mainly
produced by activated hepatic stellate cells (HSCs), which
can be triggered by pro-inflammatory stimuli.” Therefore,
inhibition of HSC activation and/or pro-fibrotic cytokines is a
viable option to alleviate liver fibrosis.

It is known that macrophages act as major mediators in
organ fibrosis development.3 Recently, macrophages have been
shown to be associated with HSC activation.” In addition,
according to the expression of a surface marker, the
lymphocyte antigen 6 complex locus C (Ly6C),” liver
macrophages could be divided into two subsets: Ly6C is
high (Ly6C") and Ly6C is low (Ly6C™). Ly6C™ macrophages
have been demonstrated to be pro-inflammatory and pro-
fibrotic, while Ly6C" macrophages have the potential to
reduce inflammation and facilitate fibrosis degradation.’
Moreover, Ly6C™ macrophages have been shown to be able
to release pro-fibrotic factors, including transforming growth
factor f (TGF-f) and CCL2 (also known as monocyte
chemoattractant protein-1, MCP-1). Notably, CCL2, a chemo-
kine, has been reported to directly activate HSC.” Inducible
nitric oxide synthase (iNOS) is an enzyme that plays a role in
NO synthesis. INOS expression is absent in resting cells but is
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induced by immunolo§ical stimuli, such as bacterial lip-
opolysaccharide (LPS)." Increasing studies have shown the
involvement of iNOS in liver fibrosis.” For instance, Hamada et
al. previously reported that liver injury could be attenuated in
iNOS knockout mice."’

Ferroptosis (FPT), discovered in 2012, is a new form of cell
death that depends on the regulation of iron and reactive
oxygen species (ROS)."" FPT, apart from other forms of
regulated cell death, has been identified to possess distinct
features, in terms of its morphology, biochemistry, and
genetics. Morphologically, ferroptotic cells display a decreased
mitochondrial size, a condensed mitochondrial membrane, a
lack of mitochondrial cristae, and even broken outer
mitochondrial membranes.'” Recently, increasing evidence
has shown that FPT participates in the progression of human
cancers, such as hepatocellular carcinoma (HCC)."” In
addition, FPT has been implicated in liver fibrosis. For
example, Zhang et al. revealed that artemether treatment
reduces liver fibrosis and inhibits HSC activation by inducing
p53-dependent HSC FPT.'* Therefore, FPT may be a new
and effective approach for regulating HSC activation.
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Figure 1. Sch B alleviates CCl,-induced liver fibrosis in vivo. (A) Chemical structure of Sch B. (B—E) Masson staining and Sirius red staining in
mice. Scale bars, 100 ym. (F—H) Hyp, ALT, and AST level in mice. Each value is the mean + SD of six experiments. **P < 0.01 and ***P < 0.001.

Schisandrin B (Sch B) (C23H2806, molecular weight =
400.46; Figure 1A) is a major component extracted from
Schisandra chinensis."> A previous study has shown that Sch B
can relieve liver fibrosis.'"® Sch B has been found to have
beneficial effects on liver fibrosis in animal models.'” In this
study, we demonstrated that Sch B inhibits liver fibrosis, at
least partially, via the Wnt pathway-mediated Ly6C'® macro-
phages.

B MATERIALS AND METHODS

Materials. Sch B (>95% purity) and carbon tetrachloride (CCl,)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Primary
antibodies against a-SMA, type I collagen, c-Myc, lymphoid
enhancement factor 1 (LEF1), f-actin, iNOS, MCP-1, tissue inhibitor
of metalloproteinases 1 (TIMP1), matrix metalloproteinase 2
(MMP2), GPX4, phosphorylation-f-catenin (P-f-catenin), ACSL4,
and SLC7A11 were from Abcam (Shanghai, China).

Animal Experiments. This experiment was approved by the
Laboratory Animal Ethics Committee of Wenzhou Medical
University. Eight week old C57BL/6] mice (n = 6) were used to
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create the mouse model of liver fibrosis by administering intra-
peritoneal injections of CCl, (Sigma-Aldrich, St. Louis, MO, USA) in
olive oil (10%, 7 uL/g) twice a week for 8 weeks. The control group
(n = 6) was injected with an equivalent volume of olive oil, while the
Sch B group was treated with Sch B (20 mg/kg) (n = 6) or Sch B (40
mg/kg) (n = 6) daily via gavage during the CCl, period."” The Cur
group (n = 6) was administered Cur (200 mg/kg) via gavage. After
the experiment, mice were euthanized under anesthesia and blood,
bone marrow, and liver tissue samples were collected for further
analysis.

Pathological Evaluation of the Liver. Liver tissues were fixed in
10% neutral formalin for 48 h and then underwent dehydration with
ethanol, xylene permeation, and paraffin embedding. Sections of 4 um
thickness were cut for Sirius Red staining and Masson staining to
evaluate liver fibrosis, which can accurately assess collagen
accumulation in fibrotic liver tissues.'®

Hepatic Hydroxyproline (Hyp) Content. In line with the
manufacturer’s instructions, the Hyp content in the liver tissue was
determined using the Hyp colorimetric assay kit (BioVision, San
Francisco, CA). The process included blending the liver tissue with
HCI and hydrolyzing it for 12 h followed by centrifuging the lysate at
12,000g at 4 °C for 10 min to obtain the supernatant.

https://doi.org/10.1021/acs jafc.3c03409
J. Agric. Food Chem. 2023, 71, 17295-17307


https://pubs.acs.org/doi/10.1021/acs.jafc.3c03409?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c03409?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c03409?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c03409?fig=fig1&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.3c03409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

Determination of Alanine Aminotransferase (ALT) and
Aspartate Aminotransferase (AST) in Serum. Blood samples
were spun in a centrifuge at 3000g for 10 min. Then, serum samples
were evaluated using AST and ALT activity colorimetric assay Kkits
(Rongsheng, Shanghai, China).

Immunohistochemistry. Specimens were fixed in 4% formalin
followed by degreasing and rehydration. After blocking with 10%
bovine serum albumin, samples were incubated at 4 °C for no less
than 12 h with primary antibodies against a-SMA and type I collagen
followed by incubation with a horseradish peroxidase-conjugated goat
antirabbit IgG secondary antibody for 30 min at room temperature.
Finally, the areas marked with a-SMA or type I collagen were further
inspected by using a microscope (Carl Zeiss, Germany).

Isolation and Culture of Bone Marrow-Deprived Macro-
phage (BMDM). BMDMs were obtained as previously described."®
Cells were collected from the tibiae and femurs of 8 week old C57BL/
6 healthy or CCl, and Sch B-treated mice. They were then cultivated
in Dulbecco’s modified Eagle’s medium (DMEM, Corning)
supplemented with 10% fetal bovine serum (GIBCO) and 1%
penicillin—streptomycin (GIBCO). Cells were treated with mouse
macrophage colony-stimulating factor (Peprotech) for 6 days to
induce differentiation. The population of BMDM was assessed by
expression of the F4/80 surface molecule by FACS analysis, and more
than 99% pure BMDMs were obtained.

Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR) Analysis. The total RNA from BMDM, primary HSC, and liver
tissues was extracted using TRIzol reagents (Thermo Fisher
Scientific), and reverse transcription of the RNA to cDNA with a
reverse transcription kit (Promega) was performed in accordance with
the manufacturer’s guidelines. An SYBR Green Master mix was
utilized to conduct qRT-PCR analysis. The 2724¢T method was
employed to calculate the relative mRNA level. The primers for a-
SMA, collagen type 1 alpha 1 (CollAl), TGF-f, interleukin 4 (IL-4),
MMP2, iNOS, TIMP1, MCP-1, LEF1, and c-Myc are shown in Table
S1.

Western Blot Analysis. Proteins from BMDM, primary HSC,
and liver tissues were isolated using a radioimmunoprecipitation assay
extraction buffer. Subsequently, 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis was utilized to separate the
proteins, which were then transferred to a polyvinylidene difluoride
(PVDF) membrane. Anti-a-SMA, antitype I collagen, anti-P-f-
catenin, anti-c-Myc, anti-LEF1, anti-iINOS, anti-MCP-1, anti-TIMP1,
anti-MMP2, anti-GPX4, anti-ACSL4, anti-SLC7A11, and anti-f-actin
(an internal control) primary antibodies were applied to the PVDF
membranes and incubated at 4 °C overnight followed by incubation
with a secondary antibody for 1 h at ambient temperature.

Lipid ROS Assay. The lipid ROS level was measured as previously
described.” In brief, BMDM was exposed to LPS for 24 h and then
treated with or without Sch B (30 4M). Subsequently, the supernatant
collected as the conditioned medium (CM) was used to culture
primary HSCs treated with RAS-selective lethal 3 (RSL3, a potent
inducer of FPT) and/or ferrostatin-1 (Fer-1, an inhibitor of FPT) for
24 h. At the end of the period, the culture medium was replaced by 1
mL of the BODIPY-C11 (Amgicam) dye for an additional 1 h. Cells
were collected and subsequently washed twice with PBS before being
resuspended in 500 uL of PBS. A 70 ym cell strainer was employed to
filter the cell suspension, and then, the amount of ROS in cells was
measured. A FACS Calibur Flow Cytometer (BD, USA) was used for
analysis, and data were processed by using the FlowJo software.

RNA-Sequencing (RNA-seq) Profiling. BMDMs were stimu-
lated with LPS (100 ng/mL) for 24 h and then treated with or
without Sch B (30 uM) for 24 h in culture dishes. A Trizol reagent
was used to collect the total RNA. After NanoDrop quality inspection
and quantification, 1—2 ug of RNA was selected from each sample to
construct the RNA-sequencing library. The total RNA sample was
enriched by oligo dT (rRNA removal), and then, the library was
constructed using a KAPA StrandedRNA-Seq Library Prep Kit
(Illumina). The quality of the library was identified by an Agilent
2100 bioanalyzer. The sample libraries were sequenced with an
Tllumina NovaSeq6000 sequencer. Expressions of transcripts withl

Log, fold changel > 2, adjusted P < 0.05, were deemed statistically
significant.

Isolation and Culture of Primary HSCs. Primary HSCs were
isolated as in the previous study.”' Primary HSCs were cultured in 35
mm dishes containing complete media consisting of DMEM with 10%
FBS at a density of 4 X 10%/mL. Cells were incubated at 37 °C in a
humid environment with 5% CO,, with media changes occurring
every 2 days. Isolated primary HSCs were obtained through enzyme
digestion and density gradient centrifugation, and the purity of the
cells was greater than 98% through a-SMA and Desmin
immunocytochemical staining.

Cell Culture. BMDM was treated with LPS (100 ng/mL) for 24 h
and then treated with Sch B (30 uM) and Wnt agonist 1 (10 ng/mL).
Subsequently, the supernatant was used as the CM to culture primary
HSC. Primary HSCs, isolated from C57BL/6] mice, were induced by
the above CM and treated with RSL3 (1 uM) and/or Fer-1 (1 uM)
for an additional 24 h.

Cell Viability Assay. Cell viability was assessed using a cell
counting kit-8 (CCK-8) assay as per the manufacturer’s instructions.
Primary HSCs (7 X 10°) were seeded in 96-well plates and then
exposed to the indicated treatment. Subsequently, CCK-8 reagents
(GLPBIO Biotechnology) were added to the culture medium for 3 h.
The optical densities of the wells were then measured with a
microplate reader at 450 nm.

Flow Cytometry (FCM) Analysis. Briefly, BMDMSs were cultured
at 4 °C for 20 min with fluorescein isothiocyanate (FITC)-labeled
antimouse Ly6C and phycoerythrin (PE)-labeled antimouse F4/80
(4A Biotech Co., Ltd., China) antibodies before washing twice with
PBS. A FACS Calibur Flow Cytometer (BD, USA) was used for
analysis, and data were processed using the FlowJo software.

Transmission Electron Microscopy (TEM). Cells were first fixed
in an electron microscope fixative for 2—4 h, embedded in 1%
agarose, and then dehydrated. Thin sections (60—80 nm) were then
cut by using an ultramicrotome (Leica UC7, Leica). Afterward,
sections were treated with uranyl acetate in pure ethanol for 15 min
and then stained with lead citrate for 15 min. Representative images
were obtained using TEM (HT7700, HITACHI).

Iron Measurements. HSCs were homogenized at a rapid rate in
an iron assay buffer as per the instructions of an iron assay kit (Sigma-
Aldrich) as previously described.”® This process entailed the addition
of an acidic buffer to release iron, which was measured to determine
the total iron concentration. Subsequently, the solution was
centrifuged at 13,000g for 10 min to remove the insoluble material,
and the iron concentration was then assessed at 593 nm with a
microplate fluorometer.

Detection of Malondialdehyde (MDA) and Glutathione
(GSH) Levels. The levels of MDA and GSH were evaluated using
MDA and GSH activity assay kits, respectively, as per the
manufacturer’s instructions. MDA and GSH contents were measured
at 450 and 405 nm, respectively, with the help of a microplate
fluorometer.

Statistical Analysis. Data were expressed as the mean =+ standard
deviation (SD). Student’s t-test was used to differentiate two groups,
and the one-way analysis of variance was applied to compare multiple
groups. Statistical analyses were conducted using SPSS version 23.0
(SPSS, Chicago, IL), with a significance level of P < 0.0S.

B RESULTS

Sch B Alleviates CCl,-Mediated Liver Fibrosis In Vivo.
Whether Sch B has an inhibitory effect on liver fibrosis was
examined in a CCl-induced mouse model of liver fibrosis.
Compared with the control, analysis of Masson staining and
Sirius red staining revealed CCl,-induced collagen deposition
(Figure 1B—E). Results of Hyp additionally showed that CCl,
resulted in collagen upregulation (Figure 1F). Moreover, there
was a significant increase in ALT and AST in CCl,-treated
mice compared with those in the control mice (Figure 1G,H).
Overall, our data confirmed the establishment of a CCl,-
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Figure 2. Sch B decreases the levels of a-SMA and CollAl and enhances antifibrotic factors in the liver. (A—D) Immunohistochemical staining
analysis of @-SMA and type I collagen in the liver. Scale bars, 100 ym. (E, F) mRNA expressions of a-SMA and Col1Al in the liver tissue. (G, H)
Protein expressions of @-SMA and type I collagen in the liver tissue. (I-L) mRNA expressions of TGF-f, IL-4, TIMP1, and MMP?2 in the liver
tissue. Each value is the mean + SD of six experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.

treated mouse model. Notably, Sch B had a suppressive effect liver fibrosis, was used as a positive control. Consistent with
on CCl-induced collagen deposition (Figure 1B—F), suggest- the results of Sch B, Cur contributed to the inhibition of the
ing the inhibitory effect of Sch B on liver fibrosis. Analysis of
ALT and AST showed that the injured liver function in CCl,-
treated mice was restored by Sch B (Figure 1GH). It was
found that Sch B inhibited liver fibrosis in CCl,-treated mice in (Figure 1B—H). Together, our experiments illustrate that Sch

a dose-dependent manner. Cur, an effective drug for treating B is effective in reducing CCl,-mediated liver fibrosis in vivo.

CCl,-induced collagen level and liver function damage (Figure

1B—H). Interestingly, Sch B had no effect on healthy controls
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Figure 3. Sch B induces an increase in Ly6C' macrophages. (A—C) FCM analysis of the Ly6C level. (D—G) mRNA expressions of iNOS, MCP-1,
TIMP1, and MMP2 in vivo. Each value is the mean & SD of six experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.

Further studies were performed to confirm the inhibitory
role of Sch B in vivo. Analysis of a-SMA immunohistochemical
staining indicated a reduction in the level of a-SMA protein in
CCl,-treated mice after Sch B treatment (Figure 2A,C).
Moreover, the immunohistochemical results of reduced type 1
collagen by Sch B were found in CCl,-treated mice (Figure
2B,D). In addition, Sch B induced a significant decrease in the
mRNA and protein expressions of @-SMA and CollAl in
CCl,-treated mice in a dose-dependent manner (Figure 2E—
H). It was found that pro-fibrotic factors including TGF-$, IL-
4, and TIMP1 were reduced in liver tissues from the CCl, +

Sch B group, whereas antifibrotic factor MMP2 was enhanced
(Figure 2I-L). Similar results were also found in CCl,-treated
mice after Cur treatment (Figure 2A-L). Our data suggest
that Sch B could inhibit liver fibrosis, at least in part, via
suppressing pro-fibrotic factors and enhancing antifibrotic
factors.

Sch B Induces an Increase in Ly6C'° Macrophages.
Macrophages have been reported to secrete pro-fibrotic factors
as well as antifibrotic factors in the involvement of HSC
activation.”” It is known that Ly6C™ macrophages are the
predominant macrophage type in the injured liver and are
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Figure 4. Sch B upregulates the expression of Ly6C' macrophages via Wnt/f-catenin pathway BMDMs, isolated from control group mice, that
were treated with LPS (100 ng/mL) for 24 h and then treated with Sch B (30 M) for an additional 24 h. (A) mRNA expressions of IL-4, TGF-$,
TIMP1, and MCP-1 in BMDMs. (B, C) KEGG analysis and heatmap. (D) mRNA expressions of c-Myc and LEFI. (E, F) Protein expressions of P-
B-catenin, c-Myc, and LEF1. (G, H) Proteins expressions of iNOS, MCP-1, TIMP1, and MMP2. (I, J) Expression of Ly6C was detected by FCM.
Each value is the mean + SD of three experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 5. Sch B-mediated Ly6C' macrophages promote HSC FPT BMDM:s that were treated with LPS (100 ng/mL) for 24 h and then treated
with Sch B (30 uM) for an additional 24 h. Subsequently, the supernatant was used as the CM to coculture with primary HSCs. (A) Illustration of
the generation of CM. (B) mRNA expressions of a-SMA and Col1Al in primary HSCs. (C, D) Protein expressions of a-SMA and type I collagen
in primary HSCs. (E) Cell viability. (F) TEM analysis. Scale bar, 0.2 um. (G—]J) Levels of iron, MDA, GSH, and ROS in primary HSCs. Each value
is the mean + SD of three experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.

essential for HSC activation. Therefore, whether Sch B has an
effect on macrophage phenotypic transformation was next
explored in BMDMs after Sch B treatment. FCM analysis
showed that compared with CCl,-treated mice, Sch B caused a
reduction in the number of Ly6C" macrophages and an
increase in the number of Ly6C" macrophages (Figure 3A—

17301

C). Consistent with this, iNOS (a pro-inflammation factor)
and MCP-1 (a pro-fibrotic factor) were downregulated in CCl,
+ Sch B groups (Figure 3D,E). In addition, in comparison with
the CCl, group, increased MMP2 and reduced TIMP1 were
found in BMDM:s from CCl, mice treated with Sch B (Figure
3F,G). Collectively, these findings suggest that the Ly6C"
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Figure 6. Sch B-treated BMDMs promote HSC FPT via GPX4 BMDMs that were treated with LPS (100 ng/mL) for 24 h and additionally treated
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macrophage transformation is involved in the inhibitory roles

of Sch B in liver fibrosis and inflammation.
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Sch B Upregulates the Number of Ly6C'° Macro-

phages via the Wnt/f-Catenin Pathway. Next, LPS was
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Figure 7. Sch B-treated BMDM-mediated HSC FPT is associated with Wnt/f-catenin pathway activation BMDMs that were treated with LPS
(100 ng/mL) for 24 h and then treated with Sch B (30 4M) and Wnt agonist 1 (10 ng/mL) for an additional 24 h. Then, primary HSCs were
cocultured with the above CM. (A, B) mRNA expressions of a-SMA and Col1ALl in primary HSCs. (C—F) Levels of iron, MDA, GSH, and ROS in
primary HSCs. (G, H) Protein expressions of GPX4 in primary HSCs. Each value is the mean + SD of three experiments. *P < 0.0S, **P < 0.01,
and ***P < 0.001.

used to induce BMDM activation. Clearly, LPS significantly MCP-1 in BMDMs compared to the control (Figure 4A),
elevated the expression levels of IL-4, TGF-3, TIMP1, and indicating that LPS successfully induces inflammation. Then,
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to explore the potential mechanism for the Sch B-mediated
Ly6C" macrophage transformation, LPS-activated BMDM:s
were treated with Sch B. RNA-seq was conducted to determine
the potential pathways involved in the effects of Sch B on the
Ly6CP transformation (Figure 4B). KEGG analysis of the
differentially expressed genes revealed that the Wnt pathway
was highly involved in the effects of Sch B on Ly6CP
macrophage transformation (Figure 4B,C). Therefore, the
Wnt pathway was selected for the subsequent experiments.

The Wnt/f-catenin signaling pathway has been demon-
strated to play an important role in HSC activation and liver
fibrosis development.”’ Next, the expressions of P-f-catenin
and Wnt pathway-related genes such as LEF1 and c-Myc were
examined in LPS-treated BMDMs after Sch B treatment. Our
results showed that LPS caused an increase in c-Myc and LEF1
and a reduction in P-f-catenin, which was blocked down by
Sch B (Figure 4D—F). To further confirm that Sch B-mediated
Ly6C macrophage phenotypic transformation is via Wnt/p-
catenin signaling, Sch B-treated BMDMSs were additionally
treated with Wnt agonist 1 (Wnt/f-catenin pathway activator).
The results of western blots showed that Sch B effectively
inhibited LPS-mediated upregulation of iNOS, MCP-1, and
TIMP1 as well as downregulation of MMP2, which was
reversed by Wnt agonist 1 (Figure 4G,H). Data from FCM
analysis also demonstrated that increased Ly6C" was sup-
pressed by Wnt agonist 1 in BMDMs (Figure 4LJ).
Collectively, these findings suggest that Sch B-mediated
Ly6C macrophage phenotype transformation is via the Wnt/
f-catenin pathway.

Sch B-Mediated Ly6C'° Macrophages Promote HSC
FPT. Whether Sch B-mediated Ly6C' macrophages contribute
to HSC inactivation was further explored. Primary HSCs were
cocultured with the CM from LPS and Sch B-treated BMDMs
(Figure SA), and the levels of HSC activation-related genes
including @-SMA and Col1A1 were examined. Compared with
the control, CM from LPS-treated BMDMs led to increased
levels of a-SMA and CollAl (Figure SB—D). Interestingly,
reduced mRNA and protein levels of a-SMA and Col1A1 were
found in HSCs cocultured with CM from LPS-treated
BMDMs after Sch B treatment (Figure SB—D). Combined
with these, we demonstrate that Sch B-mediated Ly6C'"
macrophages could suppress HSC activation.

Next, we explored whether Sch B-mediated Ly6C'® macro-
phages promote HSC FPT. It was found that CM from Sch B-
treated BMDMs effectively induced cell death in HSCs, which
was inhibited by an FPT inhibitor, Fer-1. However, ZVAD-
FMK (an apoptotic inhibitor) and Necrostatin-1 (a
necroptosis inhibitor) had no effect on Sch B-caused cell
death (Figure SE). Together, we demonstrate that Sch B-
induced cell death is associated with FPT, not apoptosis or
necrosis. TEM analysis further showed that CM from Sch B-
treated BMDMs promoted the disappearance of HSC
mitochondrial cristae and the rupture of the outer membrane
(Figure SF). Generally, FPT is dependent on intracellular iron
and characterized by lipid peroxidation. Clearly, CM from Sch
B-treated BMDMs led to reduced GSH as well as increased
ROS, iron, and MDA (Figure SG—J). Taken together, all of
these results indicate that Sch B-mediated Ly6C'® macrophages
may promote HSC FPT.

Sch B-Treated BMDMs Promote HSC FPT via GPX4.
Further studies were performed to determine the underlying
mechanism of Sch B-mediated HSC FPT. Then, primary
HSCs with RSL3 (an FPT inducer) or Fer-1 (an FPT

inhibitor) were cocultured with BMDMs after Sch B treatment.
Obviously, compared with the LPS group, CM from Sch B-
treated BMDMs induced HSC death, which was in line with
the results of RSL3 (Figure 6A). Notably, the effect of CM
from Sch B-treated BMDMs on HSC death was inhibited by
Fer-1 (Figure 6A). Similarly, CM from Sch B-treated BMDMs
(or RSL3) decreased HSC activation, including reduced a-
SMA and Col1A1, which could be inhibited by Fer-1 (Figure
6B,C). Results from TEM confirmed that CM from Sch B-
treated BMDMs (or RSL3) promoted the disappearance of
HSC mitochondrial cristae, which was blocked by Fer-1
(Figure 6D). Finally, both CM from Sch B-treated BMDMs
and RSL3 contributed to HSC FPT, resulting in reduced GSH
as well as enhanced ROS, iron, and MDA (Figure 6E).
Moreover, the effects of CM from Sch B-treated BMDMs on
HSC FPT were suppressed by Fer-1 (Figure 6E). Our results
suggest that Sch B-treated BMDM:s could promote HSC FPT.

Recently, several FPT-associated genes such as GPX4,
ACSL4, and SLC7A11 have been reported to participate in
the FPT process.24 Next, GPX4, ACSL4, and SLC7A11 were
examined in HSCs cocultured with CM from Sch B-treated
BMDMs. Our results indicated that reduced GPX4 (a negative
regulator of FPT) was found in HSCs cocultured with CM
from Sch B-treated BMDMs, whereas ACSL4 and SLC7A11
were not found (Figure 6F,G). Notably, Sch B had no direct
regulatory effect on GPX4 in primary HSCs (Figure 6H),
indicating that Sch B-treated BMDMs promote HSC FPT, at
least in part, via GPX4 from CM. In line with this, the
inhibitory effect of CM from Sch B-treated BMDMs on GPX4
was inhibited by Fer-1 (Figure 6F,G), suggesting that Fer-1-
inhibited HSC FPT is also associated with GPX4. Combined
with these, our data suggest that Sch B-treated BMDM:s induce
HSC FPT, at least in part, via GPX4 from CM.

Sch B-Treated BMDM-Mediated HSC FPT Is Associ-
ated with Wnt/f-Catenin Pathway Activation. Last,
further studies were performed to confirm the role of the
Wnt/f-catenin pathway in BMDM-mediated HSC FPT. Then,
the levels of @-SMA and CollAl in HSCs cocultured with CM
from Sch B-treated BMDMs after Wnt agonist 1 treatment
were examined. In HSCs cocultured with CM from Sch B-
treated BMDMs, reduced a-SMA and CollAl were restored
by Wnt agonist 1 (Figure 7A and Figure 7B, respectively).
Moreover, the FPT process in HSCs cocultured with CM from
Sch B-treated BMDMs was blocked down by Wnt agonist 1,
with increased GSH as well as reduced iron level, MDA, and
ROS (Figure 7C—F). In addition, reduced GPX4 in HSCs
cocultured with CM from Sch B-treated BMDMs was reversed
by Wnt agonist 1 (Figure 7G,H). Taken together, all of these
data suggest that Sch B-inhibited Wnt pathway activation
contributes to increased Ly6C", which finally leads to HSC
FPT.

B DISCUSSION

It is well known that activated HSCs contribute to the
development of liver fibrosis. Upon injury, HSCs differentiate
into activated myofibroblasts, secreting and accumulating
fibrillar collagen, leading to extensive fibrosis. Therefore,
suppressing activation of HSC is an effective approach for
treating liver fibrosis.”> Sch B has been reported to have
antioxidant, anti-inflammatory, anti-immunological, and car-
diac protective effects. For example, Sch B synergizes
docetaxel-induced restriction of growth and invasion of cervical
cancer cells.”® Chen et al. found that Sch B attenuates liver
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fibrosis by regulation of Nrf2-ARE and TGF-f#/Smad signaling
pathways.”” In this study, Sch B had an inhibitory role in liver
fibrosis in vivo and in vitro. Owing to the Wnt/f-catenin
pathway inactivation, Sch B upregulated the number of Ly6C"
macrophages, leading to HSC FPT and inactivation. We
demonstrate the involvement of the Wnt/f-catenin pathway in
Ly6C" macrophage transformation and HSC FPT, and this is
the first report.

It is known that macrophages undergo marked phenotypic
and functional changes to fulfill essential functions during the
initiation, maintenance, and resolution phases of tissue
repair.”® Increasing evidence has demonstrated that Ly6C™
macrophages are responsible for initiating fibrosis, while
Ly6C" macrophages participate in the inhibition of fibrosis
development. For example, Bhatia et al. revealed that Ly6CM
promotes kidney fibrosis in mice via the PINKI1/MFN2/
Parkin-mediated pathway.” Li et al. reported that suppressing
the infiltration of Ly6CM™ monocytes can alleviate liver
fibrosis.”> Combined with these, inhibiting Ly6C™ macrophage
phenotypic transformation or increasing the Ly6C number
may be a promising approach for treating liver fibrosis. Herein,
it was found that Sch B could upregulate the number of
Ly6C®. Sch B-induced Ly6C" was found to promote HSC
FPT and resulted in increased MMP2 as well as reduced
TIMP1, which finally inhibited liver fibrosis.

Wnt signaling, an evolutionarily conserved pathway, is
crucial for embryonic development and tissue homeostasis.
The Wnt/f-catenin pathway, canonical signaling of Wnt, has
been reported to be associated with the development of
cancers and fibrosis, such as HCC and liver fibrosis. Recent
studies have shown the involvement of the Wnt/f-catenin
pathway in the regulation of macrophage function. Yang et al.
found that tumor cell-derived Wnt ligands promote M2-like
macrophage polarization via canonical Wnt/f-catenin signal-
ing, thus facilitating tumor growth and migration in HCC.*!
Lai et al. reported that the abnormal activated Wnt signaling
pathway is crucial for liver fibrosis progression.”” In this study,
results of RNA-seq and KEGG pathway enrichment analysis
collectively indicated that the Wnt/f-catenin signaling pathway
may be responsible for the effect of Sch B on the phenotypic
transformation of Ly6C". Further studies revealed that Sch B
enhanced P-f-catenin (a negative regulator for Wnt/f-catenin
signaling) and suppressed LEF1 and c-Myc (key components
of Wnt/f-catenin signaling). In addition, restoration of Wnt/f-
catenin pathway activation inhibited Sch B-mediated Ly6C"
transformation and HSC FPT. Combined with these, our data
revealed the importance of Wnt/f-catenin pathway activation
in the transformation of Ly6C" macrophage phenotypic
transformation. Moreover, Sch B-inhibited Wnt pathway
activation contributed to an increased Ly6C, which finally
led to HSC FPT.

FPT, an iron-dependent nonapoptotic cell death, has been
reported to participate in cancer development such as HCC.*?
Increasing evidence has shown the potential benefits that FPT
may offer in terms of liver fibrosis treatment and prevention.**
However, the underlying mechanisms of HSC FPT are still
largely unknown. Herein, we found that CM from Sch B-
treated BMDMs contributed to HSC FPT, especially for
mitochondrial cristae deletion. It was found that GPX4, a
negative regulator of FPT, was reduced in HSCs cocultured
with the CM from Sch B-treated BMDMs. In addition, Sch B
had no direct regulatory effect on GPX4 in primary HSCs.
Interestingly, the effects of CM from Sch B-treated BMDMs on

17305

HSC FPT were suppressed by Fer-1. Notably, the inhibitory
effect of CM from Sch B-treated BMDMs on GPX4 was
inhibited by Fer-1. Combined with these, our results suggest
that the crosstalk between macrophage and HSC FPT may be,
at least in part, via GPX4.

In conclusion, we demonstrate that Sch B inhibits Wnt
pathway activation and induces an increase in Ly6C"
macrophages, which finally contributes to HSC FPT. Sch B
may be a promising drug for liver fibrosis treatment.
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Sch B, Schisandrin B; HSC, hepatic stellate cell; CCl,, carbon
tetrachloride; Ly6C, lymphocyte antigen 6 complex locus C;
Hyp, hydroxyproline; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; @-SMA, alpha-smooth muscle
actin; qRT-PCR, quantitative real-time polymerase chain
reaction; CollAl, collagen type 1 alpha 1; LPS, lip-
opolysaccharide; CCK-8, cell counting kit-8; TGF-p, trans-
forming growth factor B; IL-4, interleukin 4; TIMP1, tissue
inhibitor of metalloproteinases 1; MMP2, matrix metal-
loproteinase 2; iNOS, inducible nitric oxide synthase; MCP-
1, monocyte chemoattractant protein-1; LEF1, lymphoid
enhancement factor 1; BMDM, bone marrow-deprived macro-
phage; RSL3, RAS-selective lethal 3; GSH, glutathione; MDA,
malondialdehyde; ROS, reactive oxygen species; Fer-1,
ferrostatin-1
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