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Artesunate Induces Ferroptosis in Hepatic Stellate Cells
and Alleviates Liver Fibrosis via the ROCK1/ATF3 Axis
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Abstract

Background and Aims: Development of fibrosis in chron-
ic liver disease requires activation of hepatic stellate cells
(HSCs) and leads to a poor outcome. Artesunate (Art) is an
ester derivative of artemisinin that can induce ferroptosis
in HSCs, and activated transcriptional factor 3 (ATF3) is an
ATF/CREB transcription factor that is induced in response to
stress. In this study, we examined the role of the Rho-as-
sociated protein kinase 1 (ROCK1)/ATF3 axis in Art-induced
ferroptosis in HSCs. Methods: HSC activation and ferrop-
tosis were studied in vitro by western blotting, polymerase
chain reaction, immunofluorescence, and other assays. ATF3
electrophoretic mobility and ROCK1 protein stability were as-
sayed by western blotting. Immunoprecipitation was used to
detect the interaction of ROCK1 and ATF3, as well as ATF3
phosphorylation. A ubiquitination assay was used to verify
ROCK1 degradation. Atf3-interfering and Rockl-overex-
pressing mice were constructed to validate the anti-hepatic
fibrosis activity of Art in vivo. Results: Art induced ferrop-
tosis in HSCs following glutathione-dependent antioxidant
system inactivation resulting from nuclear accumulation of
unphosphorylated ATF3 mediated by ROCK1-ubiquitination
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in vitro. Art also decreased carbon tetrachloride-induced liver
fibrosis in mice, which was reversed by interfering with Atf3
or overexpressing Rockl. Conclusions: The ROCK1/ATF3
axis was involved in liver fibrosis and regulation of ferropto-
sis, which provides an experimental basis for further study of
Art for the treatment of liver fibrosis.
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Introduction

Liver fibrosis develops during the progression of chronic liv-
er disease (e.g., viral hepatitis, alcoholic and nonalcoholic
fatty liver disease) to cirrhosis, hepatic failure, or hepato-
cellular carcinoma, and is caused by hepatic damage repair
decompensation.! Inflammatory factors released by hepatic
parenchymal and nonparenchymal cells activate HSCs during
persistent liver injury. Following activation, hepatic stellate
cell (HSC) proliferation increases and they secrete extracel-
lular matrix (ECM) to drive the fibrotic process. Scavenging
activated HSCs has been reported to decrease fibrosis.?2 Our
study aimed to identify effective methods of removing acti-
vated HSCs.

Ferroptosis is a form of programmed cell death that dif-
fers from pyroptosis, apoptosis, and necroptosis. It is dis-
tinguished by glutathione (GSH) depletion, intracellular iron
accumulation, and generation of lipid peroxidation products.3
Targeting ferroptosis of HSCs may become a way to treat
liver fibrosis.4 Glutathione peroxidase 4 (GPX4) and solute
carrier family 7, member 11 (SLC7A11) are antioxidants and
their deficiency results in ferroptosis. GSH scavenges excess
reactive oxygen species (ROS) produced during cell dam-
age.®> Studies have shown that ferroptosis is regulated by
transcription factors (TFs), such as nuclear factor erythroid
2-related factor 2 (NRF2), activating transcription factor 4
(ATF4) and p53.6-8 TFs recognize and bind to specific se-
quences within ferroptosis-related genes, recruit coactiva-
tors, assemble to form preinitiation complexes, and promote
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transcription or repression via RNA polymerase I1.910 Nev-
ertheless, more investigation is required to understand how
TFs regulate the antioxidant system in ferroptosis.

Activated transcriptional factor 3 (ATF3) is a member of
the ATF/CREB family, which is involved in the transcriptional
regulation of cellular life activity. ATF3 is an adaptive re-
sponse gene that enables cells to swiftly react to changes
in the environment.!! ATF3 identifies and combines with
consensus sequences on the antioxidant response element
(ARE) including TGACGTCA to regulate target genes, [e.g.,
SLC7A11 and NADPH oxidase 4 (NOX4)], involved in regulat-
ing oxidative stress.1213 Indeed, ATF3 is closely associated
with multiple organic fibrosis and hepatic steatosis. Effective
prevention of cardiac hypertrophy and fibrosis is achieved by
overexpression of ATF3 in cardiac fibroblasts.1* ATF3 upreg-
ulates IncIAPF transcription to accelerate the deterioration
of pulmonary fibrosis.1> Moreover, hepatocyte-specific ATF3
overexpression accelerates triglyceride hydrolysis and delays
the development of nonalcoholic fatty liver disease/nonalco-
holic steatohepatitis.’® Rho-associated coiled-coil containing
protein kinases (ROCKs) are essential downstream target
genes of the Ras homolog gene family, member A (RhoA) and
are responsible for phosphorylating target proteins to regu-
late cytoskeleton formation, cell proliferation and migration,
and cell death. For example, the ROCK1/PTEN/PI3K signal-
ing pathway regulates cofilin phosphorylation, mitochondrial
translocation, and death of malignant cells.l” ROCK1 controls
sepsis-induced acute kidney damage through TLR2-mediat-
ed pyroptosis.!® CircCUL2 promotes autophagy and inhibits
the malignant growth of gastric cancer cells by regulating
miR-142-3p/ROCK2.19 ROCK1 and ROCK2 are two isoforms
of this family and the former is more abundant in liver tis-
sue.20 Studies have shown that inhibition of ROCKs regulates
the phosphorylation of ATF3 and its nuclear entry.2! However,
whether ROCKs directly interacts with ATF3 and their role in
liver fibrosis needs further study.

Currently, natural medicines for liver fibrosis treatment
have received widespread attention. Artemisinin is a natural
antimalarial compound extracted from the plant Artemisia
annua Linn. Art is a succinic acid half ester derivative of ar-
temisinin with increased antimalarial potency.2? Studies have
shown that the inhibitory effectiveness of Art on liver fibrosis
results in part from ferritinophagy of activated HSCs, but the
mechanism remains to be revealed.?3 This study investigated
whether Art regulates ATF3 and inhibits GSH-dependent an-
tioxidant activity to induce ferroptosis in HSCs and decrease
fibrosis.

Methods

Animal experiments

The Institutional Animal Care and Use Committee of Nanjing
University of Chinese Medicine approved the animal proto-
cols. All animals were treated humanely following National
Institutes of Health guidelines. Sixty 8-week-old 18-22 g
male ICR mice were purchased from Hangzhou Medical Col-
lege (production license SCXK Zhejiang 2019-0002). The
mice were bred and maintained under specific-pathogen
free conditions. Mice were given an intraperitoneal injec-
tion of CCl, in olive oil (1:9 v/v) to cause liver fibrosis>* and
divided into ten groups for treatment with vehicle, CCl,,
CCl,+Art (5 mg/kg), CCl,+Art (10 mg/kg), CCl,+Art (20 mg/
kg), CCl,+colchicine (0.1 mg/kg), CCl,+VA-Lip-Atf3-shRNA,
CCl,+VA-Lip-Atf3-shRNA+Art (10 mg/kg), CCl,+VA-Lip-
Rock1-plasmid, CCl,+VA-Lip-Rockl-plasmid+Art (10 mg/
kg). After the first week, mice were injected intraperito-
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neally with 10% CCl, three times a week. An Atf3-shRNA
and Rockl-plasmid was injected into the caudal vein once
every 2 weeks, twice in total. Throughout the course of 5-8
weeks, Art (0, 5, 10, or 20 mg/kg) was dissolved in olive oil,
colchicine (0.1 mg/kg) was dissolved in saline and injected
intraperitoneally once daily. Control vector (VA-Lip-control-
vector), Atf3 shRNA (VA-Lip-Atf3-shRNA), and Rock1 plasmid
(VA-Lip-Rock1-plasmid) were constructed and injected into
the caudal vein. Details of the animal procedures are shown
in Supplementary Fig. 1. Blood and liver samples were col-
lected at the end of the study.

Histological analysis

Fresh liver tissue was immersed 4% paraformaldehyde for
12 to 24 h, dehydrated in an ethanol series, cleared in xy-
lene, embedded in paraffin, and sectioned. Liver sections
were stained with hematoxylin and eosin, Masson stain, and
sirius red. Immunohistochemical staining of fibrosis indica-
tors was done as previously reported.2> Immunofluorescence
and Prussian blue staining were performed by Servicebio
(Wuhan, China).

Chemicals and antibodies

Artesunate (Art, K913007-5 g) and colchicine (Q107209-250
mg) were purchased from ShangHai D&B Biological Science
and Technology (Shanghai, China). Carbon tetrachloride
(CCl,; 488488) and dimethyl sulfoxide (DMSO; D2650) were
acquired from Sigma Aldrich (St Louis, MO, USA). Trypsin-
EDTA (25200056), fetal bovine serum (FBS; 10099-141),
phosphate-buffered saline (PBS; 10010023), Opti MEM me-
dium, and Dulbecco’s modified essential medium (DMEM;
12491) were obtained from GIBCO BRL (Grand Island, NY,
USA).

Primary antibodies against epidermal growth factor re-
ceptor (EGFR; 2085S) and platelet-derived growth factor
receptor B (PDGFRB; 3169) were provided by Cell Signaling
Technology (Danvers, MA, USA). Anti-rabbit IgG (ab150077)
and anti-mouse IgG (ab6728) were bought from Abcam
(Cambridge, UK). Primary antibodies against alpha-smooth
muscle actin (a-SMA; ab124964), Collagen I (ab138492), Fi-
bronectin (ab45688), ATF3 (ab207434), ROCK1 (ab134181)
and ROCK2 (ab125025) were obtained from Abcam. We pur-
chased ROCK1 (21850-1-AP) from Proteintech (Rosemont,
IL, USA). B-actin rabbit pAb (AC006), ubiquitin rabbit pAb
(A18185) from ABclonal Technology (Woburn, MA, USA).
Anti PHOSPHO-SER/THR-PRO MPM-2 (05-368) was bought
from Millipore (Burlington, MA, USA). Ferrostain-1 (Fer-1)
(HY-100579), MG-132 (HY-13259), cycloheximide (CHX; HY-
12320), NAC (HY-134495) and CQ (HY-17589A) were bought
from MedChemExpress (Monmouth, NJ, USA).

Plasmid construction

Short interfering RNA (siRNA) targeting ATF3 and nontar-
get siRNA control vector were constructed by Yormbio Tech
(Nanjing,China), and the sequences are listed in Table 1.
pcDNA3.1-ROCK1, pcDNA3.1-ATF3, and control vector were
obtained from Yormbio Tech. Western blotting was performed
to analyze transfection efficiency. VA-Lip-Control-vector, VA-
Lip-Atf3-shRNA, and VA-Lip-Rock1-plasmid were prepared as
previously described.26

Construction of ATF3 mutant plasmids

A threonine phosphorylation site mutation was constructed
by PCR-mediated mutagenesis as previously described.?”
Briefly, the primer pairs forward 5’- GCTAGTTAAGCTTGG-
TACCGAGCTCGGATCCGCCACCATGATGCTTCAAC-3’ and re-
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Table 1. ATF3 siRNA sequences used for transfection

hATF3 si-1 Sense
Antisense

hATF3 si-2 Sense
Antisense

hATF3 si-3 Sense
Antisense

5’-GAUGAGAGAAACCUCUUUATT-3’
5’-UAAAGAGGUUUCUCUCAUCTT-3’
5’-AUGUCCUCUGCGCUGGAAUTT-3’
5’-AUUCCAGCGCAGAGGACAUTT-3"
5’-UCACAAAAGCCGAGGUAGCTT-3'
5’-GCUACCUCGGCUUUUGUGATT-3"

ATF3, activated transcriptional factor 3.

verse 5'-CTTTGTAGTCGAAGGGCCCTCTAGACTCGAGGCTCTG-
CAATGTTC-3" were used to construct the ATF3-WT plasmid
and 5’-CTTCTGGATCCCTCCCATTCTGAGCCCGGAC-3’ and 5'-
GAATGGGAGGGATCCAGAAGATGAGAGAAACC-3’ were used
to construct the ATF3 phosphorylation site mutation plas-
mid (ATF3-Mut). ATF3-WT and ATF3-Mut were confirmed by
Sanger sequencing by WZ Bioscience (Shandong, China).

Cell culture and transfection

The HSC-LX2 (BNCC337957) immortal human HSC line was
obtained from the BeNa culture collection (Beijing, China).
LO2 human normal hepatocytes were obtained from the
Chinese Academy of Sciences Cell Bank (Shanghai, Chi-
na). Cells were grown in DMEM supplemented with 10%
FBS and 1% antibiotics at 37°C with 5% CO,. pcDNA3.1-
ROCK1, pcDNA3.1-ATF3 plasmids and control vector were
transfected into the HSCs with HiFectPlus (Hifect-H-001)
from ICre Bioscience Technology (Nanjing, China) accord-
ing to the manufacturer’s instructions.

Western blotting

RIPA lysate was used for cellular protein extraction. Cells
were homogenized after adding RIPA, phosphatase inhibitor
and protease in a ratio of 100:1:1. A nano drop assay was
used to measure protein concentration, 5x loading buffer
(PO015L; Beyotime, Shanghai, China) was added to each
sample and heated in a water bath for 15 m. Proteins were
separated by molecular weight with sodium dodecyl sulfate
polyacrylamide gel electrophoresis and subsequently trans-
ferred to polyvinylidene difluoride membranes. After block-
ing, with 5% skim milk at room temperature for 2 h, the im-

Table 2. Primer sequences used for qRT-PCR

munoblots were incubated with the target primary antibodies
overnight at 4°C, washed three times in 1x tris-buffered sa-
line with 0.1% Tween 20 before being incubated with the
secondary antibody for 2 h at room temperature. Following
the incubation, autoradiography was carried out. ATF3 elec-
trophoretic mobility was determined as previous reported.28

RNA extraction and real-time polymerase chain reac-
tion (RT-PCR)

Following the manufacturer’s instructions, Trizol reagent
(15596018; Invitrogen, Waltham, MA, USA) was used to ex-
tract RNA from LX2 cells and reverse transcribed to cDNA
which stored at —80°C for subsequent use (11123ES60;
YEASEN Biotechnology, Shanghai, China). Real-time PCR
quantitative analysis was performed using the SYBR Green
PCR Kit (11202ES08; YEASEN Biotechnology). Primer se-
qguences are shown in Table 2, and 2—22Ct was used for rela-
tive quantification of the data.

Immunofluorescence

HSC-LX2 cells were seeded in 24-well cell culture plates and
treated with relevant reagents for 24 h. Cells were fixed in
4% paraformaldehyde for 15 m, washed with 1x PBS, and
blocked with 1% bovine serum albumin for 20 m after reach-
ing the designated treatment time. Cells were incubated with
primary antibodies overnight at 4°C and then incubated with
fluorescence isothiocyanate-conjugated secondary antibod-
ies for 2 h at room temperature. Cell nuclei were stained
with 4’,6-diamidino-2-phenylindole (KGA215-50; KeyGen
BioTech, Jiangsu, China), and observed and photographed
by fluorescence microscopy.

ACTA2 5'-GCGTGGCTATTCCTTCGTTAC-3’

R 5’-CATAGTGGTGCCCCCTGATAG-3’
COL1A1 F 5’-ATTCCAGTTCGAGTATGGCGG-3’

R 5'-GTTGCTTGTCTGTTTCCGGGT-3"
FN1 F 5’-AGCCGCCACGTGCCAGGATTAC-3’

R 5’-CTTATGGGGGTGGCCGTTGTGG-3’
GAPDH F 5’-CCAACCGCGAGAAGATGA-3’

R 5’-CCAGAGGCGTACAGGGATAG-3’
ROCK1 F 5’-AGGAAGGCGGACATATTAGTCCCT-3"

R 5’-AGACGATAGTTGGGTCCCGGC-3’
SLC7A11 F 5'-GGTCCATTACCAGCTTTTGTACG-3’

R 5’-AATGTAGCGTCCAAATGCCAG-3’

ACAT2, alpha-smooth muscle actin; COL1A1, collagen, type I, alpha 1; FN1, fibronectin-1; ROCK1, Rho-associated protein kinase 1; SLC7A11, solute carrier family 7,
member 11.
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Iron assay

Iron assay kits (E1042; Applygen Technologies Inc., Beijing,
China) were used to determine the relative content of iron in
cell lysates.

Lipid peroxidation assay

Lipid peroxidation assay kits (BB4709; BestBio, Shanghai,
China) were used to measure the malondialdehyde (MDA)
content of cell lysates following the manufacturer’s instruc-
tions.

ROS assay

Intracellular ROS was assayed with commercial kits (S0033;
Beyotime). LX2 cells were seeded in 96-well or 24-well plates
and pretreated with relevant reagents for 24 h. A DCFH-DA
probe was added to each well, ROS levels were determined
20 m later with a multimode plate reader (EnSpire; Perki-
nElmer, Waltham, MA, USA) or fluorescence microscopy.

GSH assay

GSH assay kits (BB-4711; BestBio) were used to determine
the concentration of reduced GSH following the manufactur-
er’s instructions.

Prussian blue staining

HSC-LX2 cells were seeded in 24-well plates, fixed with 4%
paraformaldehyde for 15 m, and stained using a Prussian blue
staining kit (G1426; Solarbio Science & Technology Co, Ltd.,
Beijing, China) following the manufacturer’s instructions.

Transmission electron microscopy (TEM)

The morphological characteristics of ferroptosis in HSCs were
investigated by TEM. HSC-LX2 cells were seeded in 10-cm
culture dishes, transfected with ATF3 siRNA or ROCK1 plas-
mids for 6 h, treated with Art for 24 h, and in with glutaralde-
hyde.24 Images were captured with a Hitachi TEM (HT7700;
Tokyo, Japan).

Protein stability

A CHX chase assay was used to determine the stability of
ROCK1 protein. Briefly, ROCK1 level was determined by
western blotting assay after HSC-LX2 cells were treated with
CHX (20 uM) for the designated period.

Immunoprecipitation

Immunoprecipitation procedures were performed with Pro-
tein A/G Plus MagPoly Beads (RM09008; ABclonal) following
the manufacturer’s instructions. Bead samples (50 pL) were
transferred to a 1.5 mL centrifuge tube and placed on a mag-
netic separator. The protection solution was discarded and
200 pL of binding/washing solution was added to the tube
and mixed well. The beads were washed twice, 1 mL block-
ing solution was added and the tubes containing beads were
placed on a shaker and incubated on ice for 1 h. The beads
were then washed twice with binding/wash solution, bound
to the target antibody, reacted on ice for 2 h, added protein
samples, and kept on ice overnight on a shaker. After placing
the magnetic bead-antigen complex on the magnetic separa-
tor, the supernatant was collected for subsequent detection.
A 1 mL aliquot of binding/wash solution was added to the
tube, mixed by gentle pipetting to perform magnetic sepa-
ration, the supernatant was discarded and the beads were
washed twice. The tubes were removed from the magnetic
separator, 60 pL 2x loading buffer was added and the sam-
ples were heated in a water bath at 95°C for 15 m. A mag-
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netic separator was to isolate the beads and the supernatant
was collected for western blotting.

Ubiquitination assay

The ubiquitin experiment was performed as previously de-
scribed.??

JC-1 assay

JC-1 assay kits (C2003S; Beyotime) were used to measure
the mitochondrial membrane potential following the manu-
facturer’s instructions. For staining, 500 pL of JC-1 working
solution was added to each well of a 24-well plate, diluted
1:200 with staining buffer, and mixed by pipetting several
times. The culture media was discarded and adherent cells
were washed with PBS and 500 pL of new cell culture me-
dium was added to each well together with 500 pL of JC-1
staining working solution, mixed, incubated 20 m at 37°C.
The supernatant was discarded, the wells were washed twice
with JC-1 buffer, 1 mL of new culture media was added, and
the results were observed by fluorescence microscopy.

Phosphorylated protein assay

The method was the same as that used for immunoprecipi-
tation. Anti-phospho-SER/THR-PRO MPM-2 was the primary
antibody.

Calculations and statistics

The study results were reported as means and standard er-
ror of the mean. Student’s-t tests were used to determine
the significance of differences between two groups and one-
way analysis of variance and the Student-Newman-Keuls test
were used to compare differences among multiple groups.
GraphPad Prism version 8 (La Jolla, CA, USA) was used for
the statistical analysis. p-values<0.05 were considered sta-
tistically significant.

Results

Art inhibited HSC activation in vitro

Human activated HSCs, HSC-LX2, were employed in the
investigation to examine the efficacy of Art against liver fi-
brosis in vitro. We discovered that Art concentration of 10
MM significantly decreased the viability of LX2 cells (Fig. 1A)
and was not cytotoxic to LO2 normal human hepatocytes at
concentrations of <30 uM (Fig. 1B). Hence, LX2 cells were
exposed to Art at concentrations of 0, 5, 10, and 20 pM in
the subsequent experiments. Under these concentrations, we
could explore the inhibition of Art on LX2 cells without causing
toxic damage to LO2 cells. We noticed that cells formed clus-
ters and cell numbers decreased in a dose-dependent manner
(Fig. 1C) and trypan blue staining revealed that the number
of dead cells increased as the Art dosage increased (Fig. 1D).

Activated HSCs express a large amount of a-SMA, trans-
form into myofibroblasts, and synthesize ECM that accu-
mulates in the liver to cause fibrous scarring.30 Western
blotting found that the levels of a-SMA, Collagen I, and Fi-
bronectin were dose-dependently reduced by Art treatment
(Fig. 1E). The RT-PCR and immunofluorescence staining re-
sults were similar to those seen in the western blots (Fig. 1
F-I). Our study found that Art inhibited HSC activation by
inducing their death.

Art inhibited activation of HSC and induced ferropto-
sis

Ferroptosis is characterized by the cell membrane rupture
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Fig. 1. Art inhibited HSC activation in vitro. (A) MTT was used to detect the effectiveness of different concentrations of Art on the viability of LX2 cells. The control
group was given DMSO in the same volume (n=3 in each group, *p<0.05, **p<0.01, **p<0.001, vs. control group). (B) LDH assay kits were used to determine the
toxicity of different concentrations of Art to LO2 cells (n=3 in each group, *p<0.05, **p<0.01, **p<0.001, vs. control group). (C, D) LX2 cells were treated with 5, 10
and 20 pM Art, and the control group was given DMSO in the same volume. Morphological changes of LX2 cells under different drug doses and the number of dead
cells stained with trypan blue were observed by electron microscopy. (E) Western blotting was used to detect the protein expression levels of a-SMA, Collagen I and
Fibronectin (n=3 in each group, *p<0.05, **p<0.01, ***p<0.001, vs. control group). (F) RT-PCR was used to detect the mRNA levels of ACTA2, COL1A1, and FN1 (n=3
in each group, *p<0.05, **p<0.01, ***p<0.001, vs. control group). (G-I) Immunofluorescence was used to detect the expression of a-SMA, Collagen I and Fibronectin.
MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DMSO, dimethyl sulfoxide; LDH, lactate dehydrogenase; Art, artesunate; a-SMA, alpha-smooth
muscle actin; RT-PCR, real time polymerase chain reaction; ACTA2, alpha-smooth muscle actin 2; COL1A1, collagen, type I, alpha 1; FN1, fibronectin-1.
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as a result of lipid peroxidation. Previous studies have dem-
onstrated that intracellular iron deposition caused excessive
ROS and GSH deficiency mediated failure of lipid ROS elimi-
nation are listed as its source.® Small-molecule ferroptosis
inducers, such as erastin, RSL3, and FIN56 have been re-
ported. In addition, some modified artemisinin derivatives,
including DHA, artemether (ART), and Art, have been found
to promote ferroptosis.3! We found that Art inhibited liver
fibrosis by triggering ferroptosis in LX2 cells. Intracellular
ferroptosis is typically measured by the content of the free
radical scavenger GSH, Fenton’s reagent catalyst iron, the
lipid peroxidation product MDA, and intracellular ROS. After
Art treatment for 24 h, GSH was significantly reduced and
intracellular iron and MDA were significantly increased (Fig.
2A-C). Prussian blue staining revealed that Art increased
iron deposition in LX2 cells (Fig. 2D). Meanwhile, we meas-
ured intracellular ROS levels in LX2 cells with a live cell work-
station, Art increased the intensity of the green fluorescence,
indicating a rise in ROS levels (Fig. 2E ). JC-1 kit assays
revealed decreased red fluorescence intensity and increased
green fluorescence intensity in LX2 cells after Art treatment,
indicating that the JC-1 dye was converted from a polymer
to a monomer and a decrease of mitochondrial membrane
potential and mitochondrial dysfunction (Fig. 2F). Morpho-
logical changes in Art-treated cells included shrunken mito-
chondria and indistinct cristae (Fig. 2G). In our investigation,
Art caused ferroptosis in LX2 cells in a manner comparable to
erastin (10 pM), which is a small-molecule ferroptosis induc-
er that has been shown to block the activity of the SLC7A11/
xCT system. Fer-1 effectively removes intracellular ROS and
has been acknowledged as a specific ferroptosis inhibitor.3
We then performed reverse verification using Fer-1 (1 pM)
and Art (10 pM) for subsequent experiments based on our
previous research. Unsurprisingly, we discovered that GSH
content and mitochondrial membrane potential reduced by
Art were reversed after Fer-1 treatment (Fig. 2H, N). Com-
pared with Art administered alone, combined administration
of Art and Fer-1 reduced the levels of MDA, ROS, and iron
(Fig. 2I-K). Likewise, Western blotting demonstrated that
Fer-1 reversed the inhibition of HSC activation indicators by
Art (Fig. 2L, M). Our study confirmed that Art had anti-fibrot-
ic activity by inducing ferroptosis in LX2 cells.

Art promoted HSC ferroptosis by increased nuclear
accumulation of ATF3 and limiting GSH use

Antioxidant system inactivation shown SLC7A11 deficiency
leads to insufficient intracellular cystine absorption and inad-
equate GSH synthesis, and ferroptosis in cells.3 Exogenous
of N-acetyl-L-cysteine (NAC) facilitates intracellular GSH syn-
thesis, and GSH increased after the addition of NAC (10 mM)
and significantly decreased after Art administration (Fig. 3A).
At the same time, NAC drastically inhibited Art-increased in-
tracellular iron, MDA and ROS levels (Fig. 3B-D). Moreover,
NAC decreased Art-mediated inhibition of activated HSCs
(Fig. 3E). The results confirmed our hypothesis that Art inter-
fered with intracellular GSH homeostasis and induced ferrop-
tosis. Studies have shown that ATF3 inhibits the activity of
ferroptosis-related antioxidant systems. SLC7A11 was shown
to be the downstream target gene of ATF3.13:32:33 [s ATF3
related to ferroptosis in LX2 cells caused by Art? To address
this question, we constructed an ATF3-overexpression plas-
mid, which significantly increased expression of ATF3 total
protein and nucleoprotein (Fig. 3F and Supplementary Fig.
2C). As expected, ATF3 overexpression substantially reduced
SLC7A11 mRNA level (Fig. 3G). Western blots showed that
Art increased the expression of ATF3 total protein and nu-
cleoprotein (Fig. 3H and Supplementary Fig. 2A, B). It can
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be inferred that Art promoted ferroptosis in LX2 cells because
of increased ATF3 nuclear accumulation-mediated GSH-de-
pendent inactivation of antioxidant systems. ATF3 siRNA fur-
ther verified our hypothesis. The effectiveness of ATF3 siRNA
was assessed by western blotting and we selected the first
sequence of ATF3 siRNA for subsequent experiments, which
also significantly inhibited ATF3 expression in the nucleus
(Fig. 31 and Supplementary Fig. 2D). Our results showed that
ATF3 interference weakened Art-mediated ferroptosis events
including GSH depletion, MDA formation, and iron accumu-
lation in LX2 cells (Fig. 3J-L). In addition, decreased mito-
chondrial membrane potential recovered after ATF3 interfer-
ence (Fig. 3M). Intracellular iron deposition was significantly
decreased, as revealed by Prussian blue staining (Fig. 3N).
ROS probe detection assay showed that Art-induced ROS ac-
cumulation recovered after interfering with ATF3 (Fig. 30).
We also observed that aberrant mitochondrial morphology
induced by Art was restored by ATF3 interference (Fig. 3P).
The results confirmed that ATF3 siRNA reversed the inhibition
of the HSC activation markers Fibronectin, a-SMA, and Colla-
gen I by Art on shown by western blotting (Fig. 3Q). Overall,
the results showed that inactivation of the GSH-dependent
antioxidant system, which was mediated by ATF3 nuclear ac-
cumulation, resulted in the timely failure of ROS removal,
which may have resulted in Art-triggered ferroptosis in LX2
cells.

ATF3 nonphosphorylation and nuclear accumulation
were regulated by Art-mediated ROCK1 suppression

ROCK1 and ROCK2 are helically coiled protein kinases and
ROCK1 is more enriched in the liver than ROCK2.34 The
ROCK1/2 inhibitor Y27632 has been reported to regulate
ATF3 nonphosphorylation and nuclear accumulation in mac-
rophages treated with high-density lipoprotein from systemic
lupus erythematosus patients.2! Nonetheless, the intimate
connection between ROCKs and ATF3 needs further inves-
tigation. Interestingly, the ROCK1 protein level was signifi-
cantly reduced after Art treatment compared with ROCK2,
which raised the probability that ROCK1 was involved in the
regulation of ferroptosis in LX2 cells (Fig. 4A). We construct-
ed a ROCK1 overexpression plasmid to further validate its
function in Art-induced ferroptosis (Fig. 4B). Immunoprecipi-
tation experiments demonstrated decreased direct binding
of ATF3 and ROCK1 protein with Art treatment (Fig. 4C, D).
Furthermore, we discovered a phosphorylation site at amino
acid position 162 of the ATF3 polypeptide chain through a
gPhos database search. The site may be related to ATF3 nu-
clear import (Fig. 4E). Currently, there are no commercially
available antibodies specific for ATF3 phosphorylation. In
this study, we used a phosphorylated antibody that is spe-
cific for serine/threonine. Immunoprecipitation experiments
found that Art decreased ATF3 phosphorylation that was in-
hibited by ROCK1 overexpression (Fig. 4F). Immunofluores-
cence experiments confirmed that plasmid-mediated ROCK1
overexpression reduced Art-induced ATF3 nuclear accumula-
tion (Fig. 4G). Consistent with previous studies, mutation of
serine/threonine to glutamate/aspartate maintains constant
phosphorylation of the protein, and the mutated protein has
slower electrophoretic mobility.27:28:35 Therefore, we mutated
the threonine residues at amino acid 162 of ATF3 polypep-
tide chain to aspartate to mimic the phosphorylated state.
Western blotting found that cellular ATF3 protein had slow
electrophoretic mobility when cells were treated with the
mutated plasmid, which represented the hyperphosphoryl-
ated form of ATF3 (Fig. 4H). As expected, Art induced ATF3
nuclear accumulation, and the ferroptosis phenotype in LX2
cells was reversed by the ATF3 mutant plasmid (Fig. 4I1-M).
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Overall, the results showed that Art regulated ATF3 nuclear
accumulation and its function as a TF, relying on inhibition of
ROCK1-mediated ATF3 phosphorylation.

Art induced HSC ferroptosis and inhibited HSC acti-
vation by promoting ROCK1 ubiquitination

We observed that Art downregulated ROCK1 protein expres-
sion in the previous section (Fig. 4A), thus, we sought to
identify the molecular mechanism underlying these changes.
A modest increase in ROCK1 mRNA was discovered via RT-
PCR, which means that Art-mediated changes in ROCK1 ex-
pression might be at the protein rather than the gene level
(Fig. 5A). Using the protein synthesis inhibitor-CHX, we pro-
ceeded to explore whether the decline in ROCK1 protein was
because of decreased synthesis or increased degradation.
We examined ROCK1 stability in LX2 cells via CHX treatment
with or without Art treatment for 0, 4, 8, or 12 h. We as-
sumed that Art downregulated ROCK1 expression by post-
translational modification and promoted protein degradation,
as the rate of ROCK1 degradation was significantly enhanced
when Art was administered (Fig. 5B-D). Most protein deg-
radation is mediated by autophagy-lysosome and ubiquitin-
proteasome procedures, and we primarily explored the im-
pact of these two procedures on ROCK1 degradation. The
proteasome inhibitor MG-132 (10 pM) and the autophagy
inhibitor CQ (20 pM) were used to clarify the cause of ROCK1
protein decrease. Our findings demonstrated that Art dra-
matically decreased ROCK1 expression that was recovered
by MG-132 rather than CQ (Fig. 5E, F). In addition, ubig-
uitination experiments indicated that Art enhanced ROCK1
ubiquitination (Fig. 5G, H). Immediately afterward, we ex-
amined ferroptosis indicators changes in the presence of the
ROCK1 plasmid, we found that Art-induced ferroptosis in LX2
cells was decreased (Fig. 5K-N). At the same time, mito-
chondrial shrinkage caused by Art was effectively improved
(Fig. 50). More critically, we examined HSC activation and
collagen deposition indexes. These results illustrated that
ROCK1 overexpression impaired the inhibitory effective-
ness of Art treatment on fibrosis-related markers including
Fibronectin, Collagen I and a-SMA (Fig. 5I, J). Our research
revealed that Art stimulated ROCK1 degradation via the
ubiquitin-proteasome, thereby reducing its binding to ATF3
and facilitating ATF3 accumulation in the nucleus to induce
ferroptosis in LX2 cells.

Art alleviated CCl ~induced liver fibrosis in mice

We demonstrated that ATF3 is critical to anti-liver fibrosis ac-
tivity of Art in vitro. We performed in vivo procedures to see
whether Art had anti-fibrosis effect consistent with that in
vitro. It has been reported that HSCs can specifically uptake
vitamin A-containing liposomes.26 VA-Lip-Atf3-shRNA and
VA-Lip-Rock1-plasmid constructed with vitamin A-coupled
liposomes as carriers specifically altered Atf3 and Rockl ex-
pression of HSCs in the animal model were implemented to
verify the contribution of both Atf3 and Rock1l in Art-induced
ferroptosis of HSCs in vivo. Histological observation indicated
that Art decreased the granularity and restored the color of
the liver and the orderly arrangement of hepatocytes and de-
creased continuous vacuoles in the hepatic interstitial space
in a dose-dependent manner. HE, Masson, and sirius red
staining revealed diminished collagen deposition and hepatic
scarring in mice that were intraperitoneally injected with Art
at doses of 5 mg/kg and greater (Fig. 6A). The therapeu-
tic effectiveness of Art in CCl, model mice were comparable
to those of the colchicine group. Serological testing found
that Art considerably decreased four liver fibrosis indications
[laminin (LN), hyaluronic acid (HA), procollagen type III (PC-
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IIT), IV collagen (IV-C)] and three liver function indicators
[aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphatase (ALP); Fig. 6B-C]. Immu-
nohistochemistry staining demonstrated that Art greatly sup-
pressed the HSC activation markers, a-SMA, Collagen I, and
Fibronectin, ameliorated the fibrous scarred area in the liver
(Fig. 6D). Western blotting revealed that expression of the
HSC activation marker, a-SMA, was considerably decreased
by Art treatment (Fig. 6E). Immunofluorescence double-
staining indicated that colocalization of EGFR and PDGFRp
with a-SMA was reduced in a dose-dependent manner by
Art treatment, suggesting that Art was effective in improving
collagen deposition in the hepatic vascular region (Fig. 6F,
G). Increased iron deposition is an indicator of ferroptosis.36
Prussian blue staining showed that Art treatment increased
iron deposition in the portal region, indicating the occurrence
of ferroptosis in HSCs (Fig. 6H).

Further in vivo studies found that the HSC-specific Atf3
interference or Rockl overexpression reduced the effective-
ness of Art to improve liver fibrosis, shown by loose arrange-
ment of hepatocytes and increased collagen deposition (Fig.
7A, B). Serological tests showed recovery of three liver func-
tion and five liver fibrosis indexes (Fig. 7C, D). Western blot-
ting results revealed that the decrease in the HSC activation
index in response to Art was reversed (Fig. 7E). It was as-
sumed that ROCK1 participated in HSC activation, as it was
weakly expressed in the normal group and more strongly in
the model group.3? Tissue immunofluorescence showed that
the colocalization signal intensity of a-SMA and ROCK1 in the
model group was strong, and that the intensity weakened af-
ter Art administration. Moreover, ATF3 expression was great-
ly increased when Art was given. Either Aft3 deficiency or
Rockl overexpression attenuated the Art-diminished a-SMA
in scar region (Fig. 7F). Prussian blue staining showed that
Art-increased iron deposition was attenuated by the interfer-
ing plasmid. Furthermore, we isolated primary HSCs from
the livers of fibrotic mice for further study. The analysis re-
vealed that the Art-induced ferroptosis phenotype in HSCs
was reversed after HSC-specific overexpression of Rockl
or interference with Atf3 (Fig. 7G). The results showed that
inhibiting Atf3 or overexpressing Rockl prevented Art from
promoting ferroptosis in activated HSCs.

Discussion

Currently, no specific therapy has been approved for liver
fibrosis. Fortunately, we are aware that scavenging activated
HSCs may be a rationale for liver fibrosis medication. Fer-
roptosis is a recently studied type of programmed cell death
that is thought to be involved in the occurrence and develop-
ment of liver disease.38-40 Administration of a high-iron diet
to liver-specific transferrin knockout mice, made them more
susceptible to ferroptosis-induced liver fibrosis.#! NADPH-
cytochrome P450 reductase (POR) and NADH-cytochrome
b5 reductase (CYP5R1) knockdown decreased intracellular
H,0, production and decreased lipid peroxidation and fer-
roptosis. Furthermore, POR knockout in mouse liver reversed
concanavalin-induced liver injury.42 Additionally, our previous
study indicated that N®-methyladenosine modification acti-
vated autophagy and induced ferroptosis in HSCs by main-
taining the stability of BECN1 mRNA.*3 Nevertheless, how
ferroptosis regulates the occurrence and progression of liver
disease needs further exploration.

Artemisinin is a B-sesquiterpene lactone compound with
good antimalarial activity. In 1977, Liu et al.** synthesized
Art from artemisinin. Previous studies have shown that the
artemisinin derivatives DHA and ART induced ferroptosis in
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##p<0.01, ###p<0.001, vs. the Art group). LX2 cells were transfected with empty vector or ROCK1 overexpression plasmid for 6 h. (K-N) Assay kits were used to
measure GSH, iron, MDA, and ROS levels in LX2 cells (n=3 in each group, *p<0.05, **p<0.01, ***p<0.001, vs. the control group, #*p<0.05, ##p<0.01, *##p<0.001, vs.
the Art group). (O) Mitochondrial morphology in LX2 cells was observed by transmission electron microscopy. ROCK1, Rho-associated protein kinase 1; N.S., no sig-
nificance; RT-PCR, real time polymerase chain reaction; CHX, cycloheximide; Art, artesunate; CQ, chloroquine; a-SMA, alpha-smooth muscle actin; GSH, glutathione;
MDA, malondialdehyde; ROS, reactive oxygen species.
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HSCs to produce anti-liver fibrosis activity.25:45 Similarly, Art
may have anti-hepatic fibrosis activity.23> However, the mo-
lecular basis of Art antifibrosis activity need further elucida-
tion, and whether it can be recommended as an anti-hepatic
fibrosis medicine needs further pharmacological and toxico-
logical assessment. Our study confirmed that Art inhibited
HSC activation in vitro and had effective anti-liver fibrosis ac-
tivity in vivo. We also discovered that Art significantly altered
the ferroptosis markers in HSCs, among which GSH depletion
aroused our curiosity.

Ferroptosis is partially mediated via the inactivation of
antioxidative systems including SLC7Al1l-mediated GSH
use, FSP1-mediated CoQ10 activity, and DHODH-mediated
CoQH2 pathway.*6:47 SLC7A11 is a cystine-glutamate trans-
porter that provides the raw material for reduced intracellular
GSH synthesis that facilitates elimination of intracellular ROS
generated when cells experience ferroptosis.3 Correspond-
ingly, numerous TFs are involved in the regulation of fer-
roptosis. p53 and NRF2 have been reported to influence fer-
roptosis by modulating SLC7A11 transcription.48:49 NRF2 is
inactive when binding to KEAP1 in a physiological state. Ac-
tivated NRF2 binds to ARE on antioxidant genes and initiates
their transcription to prevent ferroptosis.4® p53 suppresses
SLC7A11 expression or promotes DPP4 nuclear accumula-
tion, thereby promoting the development of ferroptosis.>%
Moreover, it has been demonstrated that ATF4 activation
promotes SLC7A11 expression and induces ferroptosis.’:>t
The results suggest that TFs are extensively implicated in
the process of antioxidant system modulation of ferropto-
sis. The TF ATF3 inhibits SLC7A11 transcriptional activity and
it is remarkable that the primary attention on ATF3 is cur-
rently on endoplasmic reticulum stress, study of that protein
in ferroptosis are still in their infancy.13:50,52 In this study, we
found that Art significantly upregulated nuclear ATF3, which
repressed SLC7A11 transcription and promoted ferroptosis
in HSCs, and the results warrant further investigation. Modu-
lation of SLC7A11 is not the only way that ATF3 influences
ferroptosis. According to a Chip sequencing analysis, ATF3
regulated the transcription of NOX4 and PLA2G6, which are
involved in mitochondrial ROS production and scavenging
of unsaturated phospholipids.>® More studies are required
to understand how ATF3 manipulates these genes to trig-
ger ferroptosis. Typically, TFs required to be phosphorylated
by kinases before they enter the nucleus where they can
perform transcriptional regulatory functions. However, cer-
tain TFs enter the nucleus without phosphorylation and stay
active. For example, the CREB co-activator CRTC is phospho-
rylated in the basal state interacting with 14-3-3 protein and
sequestered in the cytoplasm.>3 Phosphatase PP2A promotes
the dephosphorylation of BRZ1 and increases its nuclear ac-
cumulation.>* Upregulated PP2Ac also mediates dephospho-
rylation and nuclear import of HDAC4 and regulates HMGB1
gene transcription.>> Comparably, a phosphorylation site,
which has been associated with ATF3 intracellular localiza-
tion, at threonine at position 162 of the ATF3 polypeptide
chain has been detected.2! Phosphorylated ATF3 can be inac-
tive and reside in the cytoplasm and enters the nucleus as
nonphosphorylated ATF3 when activated. The ROCK family
protein inhibitor Y-27632 boosts ATF3 nuclear accumulation,
which might be related to the inhibition of ATF3 phosphoryla-
tion in macrophages.2! Nevertheless, which member of the
ROCK family contributes more to the nuclear localization of
ATF3 and what is the precise mechanism remains unclear.

ROCK1 is a helical coiled protein kinase and is an essential
component of the RhoA/ROCK signaling pathway that pro-
motes the transition of lung fibroblasts to myofibroblasts.>®
PDGF-stimulated HSC undergoes mTOR and ROCK1 activa-
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nuclear accumulation of ATF3 and had antifibrosis effectiveness. Art
promotes the degradation of ROCK1 through the ubiquitin-proteasome path-
way. It increases the nuclear accumulation of ATF3, inhibits the antioxidant
system, especially the activity of SLC7A11, which results in accumulation of
ROS in LX2 cells and induces ferroptosis in LX2 cells, and accounts for its anti-
liver fibrosis activity. ROCK1, Rho-associated protein kinase 1; ATF3, activated
transcriptional factor 3; SLC7A11, solute carrier family 7, member 11; ROS,
reactive oxygen species.

tion, facilitates fibrogenic extracellular vesicles release and
promote liver fibrosis.>” TGF-B1-mediated TGF-B2 activation
is dependent on Rho kinase activity, thereby fostering the
transition of HSCs to myofibroblasts and liver fibrosis.>8 It has
been reported that ROCK1 and EGFR are mainly expressed
in hepatocytes.39:60 Qur results found that ROCK1 and EGFR
accumulated in the hepatic portal following CCl, treatment.
The difference may be the result of different causes of liver
injury, and the exact reason for this difference needs to be
further discussion. However, whether ROCK1 inhibition can
slow liver fibrosis progression through ferroptosis pathway
requires more investigation. In our study, Art attenuated the
direct phosphorylation of ATF3 by ROCK1 and increased ATF3
nuclear accumulation in LX2 cells. Additionally, we observed
that Art induce the ubiquitin-proteasomal degradation of
ROCK1 while plasmid-mediated ROCK1 redundance limited
Art-induced ferroptosis and attenuated the anti-fibrotic ef-
fect of Art (Fig. 8). Our study reported for the first time that
Art regulated ferroptosis in HSCs through the ROCK1/ATF3
axis and provided ideas for enriching the network of ferrop-
tosis regulation and indicated that targeted ROCK1/ATF3 axis
therapy may be an approach for liver fibrosis medication. It
provides a rationale for the study of Art in liver fibrosis treat-
ment.
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