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ABSTRACT

Liver injury-induced activation of hepatic stellate cells (HSCs) is a crucial step in the progression of liver fibrosis. The aryl hydro-

carbon receptor (AHR), a ligand-activated transcription factor, is highly expressed in the liver. However, the role of AHR in liver
fibrosis remains controversial. Our study revealed that the nontoxic ligand YH439 directly activated the AHR and regulated the
expression of multidrug-resistant protein 1 (MrpI) in mouse hepatic stellate cells (mHSCs), thereby diminishing the antioxidant
capacity of mHSCs by promoting GSH efflux, and specifically inducing mHSCs ferroptosis without affecting hepatocytes. In a
chronic liver fibrosis model, YH439 activated AHR to promote mHSC ferroptosis without causing hepatocyte ferroptosis, thereby
alleviating liver fibrosis. Conclusively, this study shows that AHR alleviates liver fibrosis in mice by selectively inducing mHSC

ferroptosis without causing hepatocyte ferroptosis and suggests that AHR is a potential target for the treatment of liver fibrosis.

1 | Introduction

Liver fibrosis is characterized by the excessive accumulation of
extracellular matrix (ECM) proteins, leading to cirrhosis, portal
hypertension, liver failure, and an increased risk of hepatocellu-
lar carcinoma [1]. Activated hepatic stellate cells (HSCs) are pri-
marily responsible for ECM protein production and the release
of profibrotic cytokines [2, 3]. In a quiescent state, HSCs express
desmin and glial fibrillary acidic proteins (GFAP). Upon activa-
tion, HSCs express a-smooth muscle actin (¢SMA). The activa-
tion process involves the upregulation of fibrotic genes and the
proliferation of HSCs, which form the core pathogenesis of liver
fibrosis [4]. The transforming growth factor-f (TGF-f3) pathway
plays a crucial role in HSC activation [5]. Thus, HSCs represent
potential target cells for the treatment of liver fibrosis.

The aryl hydrocarbon receptor (AHR) is a ligand-activated tran-
scription factor highly expressed in the liver [6]. AHR regulates
the metabolism of exogenous compounds and participates in

many important physiological processes, such as the cell cycle,
cell proliferation, and regulation of the immune response [7].
Different ligands may have different effects on AHR activation
[8, 9]. AHR activated by 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) can cause hepatotoxicity and activate HSCs, leading
to liver fibrosis. Conversely, the nontoxic endogenous ligand 2-
(1H-indole-3-carbonyl)-thiazole-4-carboxylic acid methyl ester
(ITE) activates AHR, which inhibits HSC activation and inhibit
liver fibrosis in mice [8]. The development of nontoxic AHR ag-
onists and the investigation of their mechanisms of action may
have positive implications for the prevention or treatment of
liver fibrosis.

Multidrug-resistant protein 1 (MRP1) is a member of the ATP-
binding cassette (ABC) transporter family [10]. MRP1 is com-
monly found in the lungs, testicles, kidneys, bones, heart muscle,
and placental tissues. MRP1 is not expressed in normal hepato-
cytes but is highly expressed by immortalized hepatocytes, he-
patocellular carcinoma cells, and HSCs [11, 12]. The transport
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process of MRP1 relies on ATP consumption and is thus closely
associated with ATP [13, 14]. MRP1 cannot independently
transport unmodified exogenous compounds but can effectively
transport conjugated complexes after binding to glutathione
(GSH). Initially, exogenous compounds are bound to GSH by
glutathione-S-transferase (GST), which is transported out of
cells by MRP1 [15]. Intracellular GSH homeostasis depends not
only on its synthesis rate but also on its efflux through plasma
membrane transporters [16]. Treatment of MRP1-expressing
cells with verapamil or its derivatives rapidly reduces the intra-
cellular GSH content and promotes cell death [17]. Conversely,
the addition of GSH to the medium effectively prevents cell
death. Therefore, verapamil and its derivatives induce apopto-
sis by stimulating MRP1-mediated GSH excretion [17]. Reduced
GSH plays a crucial role in protecting the intracellular environ-
ment by protecting cellular macromolecules, such as DNA, pro-
teins, and lipids, against oxidative stressors from environmental
factors and cytotoxic agents [18]. GSH depletion increased the
sensitivity of cells to ferroptosis-inducing agents [19].

Ferroptosis is a type of iron-dependent regulated cell death trig-
gered by excessive lipid peroxidation [20]. Iron-mediated oxida-
tive damage and subsequent cell membrane impairment are the
main causes of ferroptosis, which involves increased iron accu-
mulation, free radical production, fatty acid supply, and lipid
peroxidation [21]. The regulation of ferroptosis is based on path-
ways related to iron metabolism, System Xc~/glutathione per-
oxidase 4 (GPX4), and lipid metabolism [22]. In the System Xc~/
GPX4 pathway, System Xc~ serves as an essential transporter
involved in GSH synthesis [23] and GPX4 acts as an antioxidant
by catalyzing the conversion of GSH into oxidized glutathione
(GSSG), with GSH at the core of this pathway [23]. As a crucial
endogenous antioxidant, GSH eliminates reactive oxygen spe-
cies (ROS) and active nitrogen while functioning as an antidote
for complete detoxification purposes [24]. When intracellular
levels of GSH fall below a critical threshold, the functionality of
the GSH-dependent glutathione peroxidase 4 (GPX4) is compro-
mised, leading to the potentially fatal accumulation of ROS and
subsequent cell death through an iron-dependent, nonapoptotic
process [20, 25]. Ferroptosis is closely related to the pathogenesis
of liver fibrosis, and erastin attenuates liver fibrosis by inducing
HSCs ferroptosis [26]. Inducing HSC ferroptosis may be a prom-
ising therapeutic approach for the treatment and prevention of
liver fibrosis. However, selectively inducing HSC ferroptosis
without affecting healthy hepatocytes poses a therapeutic chal-
lenge. This study aimed at investigating the potential therapeu-
tic roles of AHR and HSC ferroptosis in liver fibrosis.

2 | Methods
2.1 | Animal Studies

Wild-type (WT) C57BL6/J for this study were purchased
from Jinan Pengyue Experimental Animal Breeding Co. Ltd.
(Jinan, China). Mrp1f/fl mice (C57BL/6Smoc-Abccleml (flox)
Smoc, stock number NM-CKO0-233982) were purchased from
Shanghai Model Organisms Center Inc. (Shanghai, China) and
bred in house. Lrat-Cre mice (B6.Cg-Tg(Lrat-cre)l Rshw/Mmjax,
stock number 069595-JAX) were purchased from the Jackson
Laboratory and bred in house. Mrp1f/fl mice were crossed with

Lrat-Cre mice to obtain mHSC-specific Mrpl-deficient mice
(Mrpl~~ mice). In CCl,-induced injury experiments, CCl, was
diluted with paraffin oil (Aladdin, C116023) (at 1:4 of CCl4 to
paraffin oil), and diluted CCl, was injected into mice at a dose of
2mL/kg body weight. WT mice, Mrp1/fl mice or Mrp1~/~ mice
(males, 6-8weeks old, n=>5 per group), were treated with intra-
peritoneal paraffin oil injection (control group) or CCl, injection
twice per week for 4weeks and these mice were orally gavaged
with either Vehicle (Corn Oil, 0.1 mL/10g) or YH439 (MCE, HY-
100242, 100mg/kg/day) once a day for a week. The mice were
euthanized under anesthesia, and the liver tissue was cryopre-
served using liquid nitrogen or fixed in 10% formalin buffer
solution, followed by embedding in paraffin or OCT compound.
Additionally, serum samples were collected. All experimental
procedures were conducted in accordance with the Laboratory
Animal Care and Use Guidelines of Jining Medical College.
The entire study adhered to the principles of Replacement,
Reduction, and Refinement (3Rs) for animal experiments and
was performed under the guidance of respecting the ARRIVE
criteria.

2.2 | Isolation of Primary Mouse Hepatocytes

Wild mice were used to isolate primary hepatocytes, the separa-
tion procedure described in our previous study [27].

2.3 | RNA Isolation and QRT-PCR

Treat primary mouse hepatocytes or mHSCs, respectively, with
DMSO (Veh), YH439 (5uM), TCDD (wellington, DD-2378-S,
5nM) or CH-223191 (MCE, HY-12684, 2uM) for 24h. Extract
RNA from the liver using the RNA Isolation Kit (Beyotime,
Cat# R0017S). Use BeyoRT III First Strand cDNA Synthesis Kit
(Beyotime, Cat# D7180L) to synthesize cDNA. The MonAmpTM
SYBRGreen qPCR Mix (MQ10201S, Low ROX) is utilized
for real-time PCR analysis, which was conducted using the
QuantStudio 3 Real-Time PCR Instrument (Applied Biosystems,
USA). The comparative-Ct method (2724t method) was used to
calculate the relative level. All sequences of primers are listed
in Table S1.

2.4 | Serum Transaminase Levels and Histological
Analysis

Sample processing and staining procedures were described in
our previous study [27]. Plasma ALT and AST were analyzed
with a GPT/ALT kit (Nanjing Jiancheng, Cat#C009-2) and a
GOT/AST kit (Nanjing Jiancheng, C010-2), respectively. H&E
staining kit (Beyotime, Cat#C0105S) was used for H&E staining.

2.5 | Immunofluorescent Analysis

The experimental procedure was described in our previous study
[27]. For immunohistochemical staining, anti-aSMA (1:100
dilutions, Proteintech, Cat#14395-1-AP RRID AB_2223009)
was used as the primary antibody. DyLight 594 Conjugated
AffiniPure Goat Anti-rabbit IgG (H+L) (1:500 dilution) were
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used as secondary antibodies. DAPI (Abcam, Cat# abl04139)
staining the nucleus. A laser scanning confocal microscope
(LSM710, Carl Zeiss microscope) was used to capture the
images.

2.6 | Software-Immunofluorescence Staining
Quantification

Image Pro Plus (Image Pro Plus v.7: Media Cybernetics;
Bethesda, MD), is an analytical program used to analyze and
quantify data in micrographs.

2.7 | EMSA

The experimental procedure was described in our previous
study [27]. mHSCs were treated with YH439 (5uM) for 24h.
The Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime,
P0027) is used to extract nuclear proteins. The electrophoretic
mobility shift assay (EMSA) Kit (Beyotime GS009) is used to de-
tect the DNA binding activity of AHR. Single-stranded oligonu-
cleotides were synthesized by Sangon. The sequences are listed
in Table S1.

2.8 | Western Blot

The experimental procedure was described in our previous
study [27]. Primary antibody: AHR (1:2000 dilution, BOSTER
Cat# A00225-4, RRID: AB_3095576). MRP1 (1:2000 dilu-
tion, Proteintech, Cat# 67228-1-Ig, RRID: AB_2882516),
GAPDH (1:2000 dilution, Proteintech, Cat# 10494-1-AP, RRID:
AB_2263076), CYP1A1l (1:2000 dilution Proteintech, Cat#
13241-1-AP, RRID: AB_2877928). Secondary antibodies: HRP-
conjugated Affinipure Goat Anti-Mouse IgG(H+L) (1:2000
dilution, Proteintech, Cat# SA00001-1, RRID: AB_2722565).
HRP-conjugated Affinipure Goat Anti-Rabbit IgG(H + L) (1:2000
dilution, Proteintech, Cat# SA00001-2, RRID: AB_2722564).

2.9 | ChIP

The experimental procedure was described in our previous
study [27]. ChIP assays were performed using the ChIP Assay
kit (Beyotime, P2078). mHSCs were treated with YH439 (5uM)
for 24 h. Subsequently, mHSCs were sonicated and then immu-
noprecipitated with the antibody against AHR (1:100 dilution
BOSTER Cat# A00225-4, RRID: AB_3095576) with IgG (1:100
dilution Proteintech Cat# 30000-0-AP RRID AB_2819035) as a
negative control. The primer sequences used for PCR amplifica-
tion are listed in Table S1.

2.10 | Molecular Cloning and Cell-Based
Luciferase Reporter Assay

Amplify and insert the Mrpl promoter fragment into the pGL3-
basic vector (Promega, E1751). Perform site-directed mutagen-
esis on the recombinant plasmid. The above plasmids together
with the phRL-TK (Promega, E2241) were co-transfected into

Hepl-6 cells, using Lipofectamine 2000 (Invitrogen, 11668019).
After 6h incubation, the cells were treated with DMSO (Veh),
YH439 (1uM) for 24h. Use the dual-luciferase assay kit
(Promega, E1910) to measure luciferase activity. Measure the
enzyme activity of luciferase using a Fluoroskan Ascent FL
(Thermo Scientific, USA). The primer sequences are listed in
Table S1.

2.11 | Electron Microscopy

Primary mouse hepatocytes or mHSCs, respectively, were
treated with DMSO (Veh), YH439 (5uM) for 24h to transmis-
sion electron microscopic. Sample processing and staining
procedures were described in our previous study [27]. Images
were obtained using transmission electron microscopy (FEI,
TECNAI G2 20 TWIN, USA).

2.12 | Cell Culture and miRNA Transfection

The cell lines used in this study included primary mouse
hepatocytes, Hepl-6 cells (ATCC, CRL-1830), or mHSCs
(ScienCell Research Laboratories, M5300-57). Primary mouse
hepatocytes and Hepl-6 were grown in high glucose DMEM
(Hyclone, SH30243.01B) or DMEM Phenol Red-Free (Hyclone,
SH30284.02). mHSCs were grown in RPMI 1640 (Hyclone,
SH30096.01) or RPMI 1640 Phenol Red-Free (Hyclone,
SH30605.01) supplied with 10% (vol/vol) fetal bovine serum and
1% (vol/vol) penicillin-streptomycin. miRNAs were transfected
at a concentration of 30nM using Lipofectamine RNAIMAX
(Invitrogen, Carlsbad, CA, USA) according to the manufactur-
er's instructions. The siRNA-ctrl, siRNA-Mrpl, or siRNA-Ahr
were purchased from Gene Pharma (Shanghai, China). The
primer sequences are listed in Table S1.

2.13 | GSH Detection

Primary mouse hepatocytes or mHSCs were grown in DMEM
Phenol Red-Free (Hyclone, SH30284.02) or RPMI 1640 Phenol
Red-Free (Hyclone, SH30605.01). Primary mouse hepatocytes
or mHSCs, respectively, were treated with DMSO (Veh), YH439
(5uM) or H,0 (Veh), and ATP (2mM) for 24h. The levels of
Intracellular GSH were measured by Reduced Glutathione (GSH)
Content Assay Kit (Solarbio BC1175) following the manufactur-
er's instruction. The cell medium was collected and centrifuged
atroom temperature at 12,000 g for 10 min. The supernatant was
collected for the detection of extracellular GSH levels. The lev-
els of extracellular GSH were measured by Reduced Glutathione
(GSH) Content Assay Kit (Solarbio BC1175) following the man-
ufacturer's instruction.

2.14 | GPXs Activity Assay Using
Tert-Butylhydroperoxide

Primary mouse hepatocytes or mHSCs, respectively, were
treated with DMSO (Veh) and YH439 (5uM) for 24 h to measure
the activity of GPXs. The experimental procedure was described
in the previous study [25].
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2.15 | ROS, MDA, Fe?*, Cell Death, and MMP
Detection

Primary mouse hepatocytes or mHSCs, respectively, treated
with DMSO (Veh) and YH439 (5uM) for 24 h. Discard the su-
pernatant and wash the cells three times with PBS. H2DCFDA
(2um, MCE, Cat# HY-D0940), BODIPY 581/591 C11 (2um,
MCE, HY-D1301), FerroOrange (1 um, MKBio, Cat#MX4559),
or SYTOX Green (1 um, Thermo Fisher Scientific, Cat#S7020)
were incubated for 30 min, respectively. DAPI (Abcam, Cat#
ab104139) was used for staining the nucleus. The levels of
MMP were measured by Mitochondrial Membrane Potential
Assay Kit with TMRE (Beyotime, C2001S) following the man-
ufacturer's instruction. A laser scanning confocal microscope
(LSM710, Carl Zeiss microscope) was used to capture the
images.

2.16 | Quantitative and Statistical Analyses

Statistical analysis: Statistical analyses were performed
using the GraphPad Prism 6 (GraphPad). Data are expressed
as means + SD. Comparisons between the two groups were
performed using two-tailed Student's t-tests. Comparisons
between multiple groups were performed using ordinary
one-way ANOVA with Dunnett's multiple comparison tests.
Statistical significance was presented at the level of *p <0.05,
*p < 0.01, ¥**p <0.001.

3 | Results
3.1 | MrplIsaTarget Gene of AHR

First, we measured the expression of Ahr and Mrpl in primary
mouse hepatocytes and mHSCs. Ahr was expressed in mHSCs
and primary mouse hepatocytes (Figure 1A and Figure S1A).
Mrpl was expressed in mHSCs, but not in primary mouse he-
patocytes (Figure 1A and Figure S1A). To confirm that AHR
regulates the expression of Mrpl, we treated mHSCs and pri-
mary mouse hepatocytes with AHR agonists, YH439 or TCDD.
Cytochrome P4501A1 (Cyplal) is a target of AHR. We found
that Cyplal expression was upregulated after YH439 or TCDD
treatment in both mHSCs and primary mouse hepatocytes, in-
dicating the activation of AHR (Figure 1B,C and Figure S1B).
Mrpl expression was upregulated after the treatment of mHSCs
with YH439 or TCDD (Figure 1B and Figure S1B). Compared
with YH439 treatment, the expression of Cyplal and Mrpl were
slightly higher after TCDD treatment (Figure 1B). However,
the expression of Mrpl was not detected in mouse primary
hepatocytes. Furthermore, the treatment with YH439 did not
induce the expression of Mrpl in mouse primary hepatocytes
(Figure 1C). Two potential exogenous reaction elements for
AHR were identified in the promoter sequence of Mrpl, with a
core sequence of 5-GCGTG-3’ (Figure 1D). The promoter region
containing XREL1 and XREL2 binding sites (—331 to +105bp)
was cloned into the PGL3 plasmid, and a mutant plasmid
was constructed simultaneously (Figure 1E). Dual-luciferase
experiments showed that the presence of both XREL1 and
XREL2 binding sites increased luciferase activity after YH439

treatment, but there was no increase in luciferase activity after
mutation of these two binding sites (Figure 1F). These results
indicate that AHR directly regulates Mrpl transcription by
binding to these response elements within the promoter region.
To further elucidate the specific elements XREL1 and XREL2
in the Mrpl promoter as AHR response elements, we treated
mHSCs with YH439 and conducted electrophoretic mobility
shift assays (EMSA). The EMSA results revealed that labeled
XREL1 and XREL2 probes interacted with the nuclear extracts
of YH439-treated mHSCs, resulting in the expected DNA/pro-
tein migration bands. The intensity of the DNA /protein migra-
tion band was significantly attenuated upon the addition of the
unlabeled (cold) probe, whereas no change was observed when
the mutant probe was added (Figure 1G). These findings indi-
cate that XREL1 and XREL2 in the Mrpl promoter function
as AHR-responsive elements. Chromatin immunoprecipitation
(ChIP) experiments were performed to further confirm binding
between AHR and XREL1/XREL2 within the Mrpl promoter
region. In YH439-treated mHSCs, the amplification of DNA
fragments containing XREL1 and XREL2 was observed in the
anti-AHR group (Figure 1H), confirming the direct regulatory
influence of AHR on Mrpl gene expression. Silencing Ahr ex-
pression abolished the effects of YH439 on Mrpl expression in
mHSCs (Figure S1C,D). Furthermore, treatment with the AHR
antagonist CH-223191 mitigated the effects of YH439 on Mrpl
expression in mHSCs (Figure S1E,F). These results indicate
that AHR directly regulates the expression of Mrpl.

3.2 | AHR Promotes GSH Efflux

YH439 treatment decreased intracellular GSH content and in-
duced GSH expulsion in mHSCs, leading to an increase in ex-
tracellular GSH content (Figure 2A). However, AHR activation
had no effect on intracellular or extracellular GSH content in
primary mouse hepatocytes (Figure 2B). Silencing Mrpl expres-
sion abolished the effects of AHR on GSH transport (Figure 2C),
indicating that AHR promotes GSH efflux by regulating Mrp1
expression.

mHSCs and mouse primary hepatocytes were treated with
YH439, and the results revealed a significant upregulation of
Cptla and Acoxl expression (Figure S2A,D). These findings
suggest that AHR may enhance mitochondrial oxidative phos-
phorylation. Subsequently, the ATP content of YH439-treated
mHSCs and primary mouse hepatocytes was determined,
and the results showed that AHR enhanced ATP production
(Figure S2B,E). As Mrpl-mediated transport relies on ATP,
these results indicate that AHR facilitates GSH efflux by pro-
moting mitochondrial oxidative phosphorylation to generate
sufficient levels of ATP. To further validate the role of ATP
in facilitating GSH efflux via Mrpl, mHSCs and mouse pri-
mary hepatocytes were treated with exogenous ATP. Notably,
exogenous ATP treatment led to a decrease in intracellular
GSH content in mHSCs and an increase in extracellular GSH
content (Figure S2C), whereas no significant changes were
observed in intracellular or extracellular GSH content in
mouse primary hepatocytes upon exogenous ATP treatment
(Figure S2F). Collectively, these results demonstrate that ATP
promotes MrpI-mediated GSH efflux.
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FIGURE 1 | AHR directly regulates Mrpl transcription in mHSCs. (A-C) The expression of Ahr, Mrpl or Cyplal was detected by QPCR. (D)
There are two potential AHR exogenous response elements on the Mrpl promoter sequence. (E) Promoter sequences containing XREL1 and XREL2
were cloned onto PGL3 plasmids, and mutant plasmids were constructed. (F) Double luciferase assay to detect luciferase activity. (G) EMSA detects
AHR binding to specific elements XREL1 and XREL2. (H) CHIP detects AHR binding to specific elements XREL1 and XREL2. Data are expressed
as means +SD; *p <0.05, **p <0.01 and ***p <0.001; Student's ¢-test or one-way ANOVA.

3.3 | AHR Induces mHSC Ferroptosis

mHSCs and mouse primary hepatocytes were treated with
YH439, and changes in mitochondrial morphology and mito-
chondrial membrane potential were examined. AHR activation
led to a reduction in mitochondrial size, the disappearance of
cristae, and a decrease in membrane potential (Figure 3A,B),
which may ultimately promot ferroptosis specifically in mHSCs.
However, no significant changes were observed in the mito-
chondrial morphology or membrane potential of mouse primary
hepatocytes (Figure 3A,C).

Next, we found that treatment of mHSCs with YH439 in-
creased the levels of Fe?*, ROS, and malondialdehyde (MDA)
(Figure 4A-C). To demonstrate the role of AHR in promoting
ferroptosis of mHSCs, we treated mHSCs with YH439 and ex-
amined the expression of ferroptosis-related genes, including
Gpx4, Acsl4, Ptgs2, Noxl, and Fthl. We observed an upregu-
lation of Gpx4 Acsl4, Ptgs2, and NoxI in mHSCs (Figure 4D).
Additionally, Fthl expression was downregulated in mHSCs
(Figure 4D). Upregulation of Gpx4 appeared to interfere with
ferroptosis in mHSCs. Previous studies have reported that GPX4
activity depend on intracellular GSH levels above a certain
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threshold [25]. After YH439 treatment of mHSCs, we observed
an increase in Mrpl expression which promotes GSH efflux.
These findings suggest that although Gpx4 expression is upreg-
ulated, MrpI-mediated GSH efflux leads to decreased intracel-
lular GSH content, which may limit GPX4 activity and promote
ferroptosis in mHSCs. We validated the hypothesis that GSH ef-
flux leads to the depletion of intracellular GSH content, thereby
impairing GPX4 activity. Initially, siMrpl was ued to silence
Mrpl expression in mHSCs and was followed by YH439 treat-
ment to assess intracellular ROS levels. These findings revealed
that activation of AHR in the control group led to an increase
in intracellular ROS levels. However, after silencing Mrpl,
AHR activation led to a decrease in intracellular ROS content
(Figure S3). Thus, AHR promotes the expression of Mrpl and
enhances GSH efflux, while reducing its cellular content, thus
inhibiting GPX4 activity and increasing ROS levels. Conversely,
silencing Mrpl impeded GSH efflux, increased intracellular
GSH levels, promoted GPX4 activity, and subsequently reduces
ROS content. To further confirm that AHR facilitates GSH ef-
flux through upregulation of Mrp1 expression while suppressing
GPX4 activity by decreasing GSH levels. mHSCs were treated
with YH439, and the total activity of GPXs in mHSCs was de-
tected using tert-butylhydrogen peroxide (tBuOOH) as a sub-
strate, by monitoring the NADPH oxidation rate, which was

coupled with the tBuOOH reducing activity of GPXs in the cell
lysate. When GPXs activity was measured in the mHSC lysate
of the control group, we observed a decrease in NADPH con-
tent, indicating that GPXs reduced tBuOOH in the lysate and
exhibited activity. However, when GPXs activity was measured
in the YH439-treated mHSC lysate, NADPH oxidation was pre-
vented, indicating that GPXs were inactivated upon GSH deple-
tion (Figure 4E). Based on these findings, it can be concluded
that AHR reduces intracellular GSH content by promoting Mrpl
expression and enhancing GSH efflux, thus inhibiting GPX4 ac-
tivity. Therefore, the upregulation of Gpx4 is not contradictory
to mHSC ferroptosis. Furthermore, we examined the effects of
YH439 on mHSC mortality and found that YH439 promoted
mHSC death (Figure 4F). Based on these results, it can be pre-
liminarily inferred that YH439 promotes the efflux of GSH by
activating AHR to the expression of Mrpl, leading to a decreased
antioxidant capacity of mHSC and facilitating ferroptosis.

YH439 treatment decreased the levels of Fe?*, ROS, and MDA
within primary mouse hepatocytes (Figure 5A-C). Primary
mouse hepatocytes were treated with YH439 to detect the ex-
pression of ferroptosis-related genes: Gpx4, Acsl4, Ptgs2, Noxl,
and Fthl. Notably, Gpx4 expression was upregulated in mouse
primary hepatocytes. In contrast, there were no significant
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FIGURE3 | AHR increases the sensitivity of HSC to ferroptosis. (A) Morphological changes in mitochondria were detected by electron microsco-
py- Quantification of mitochondria sizes. Scale bar =1 pum. (B) TMRE fluorescent probe was used to analyze the change of mitochondrial membrane
potential in mHSCs. The change of mitochondrial membrane potential in mHSCs was quantitatively analyzed. Scale bar=50um (C) TMRE fluo-
rescent probe was used to analyze the change of mitochondrial membrane potential in primary mouse hepatocytes. The change of mitochondrial
membrane potential in primary mouse hepatocytes was quantitatively analyzed. Data are expressed as means + SD; *p <0.05 and **p <0.01; Student's

t-test. Scale bar =50 um.

changes in the expression levels of Acsl4, Ptgs2, Nox1, and Fthl
(Figure 5D). Finally, we assessed the overall activity of GPXs
in mouse primary hepatocytes after treatment with YH439.
When GPXs activity was measured in the primary mouse he-
patocyte lysate of the control group, we observed a decrease in

NADPH content, indicating that GPXs reduced tBuOOH in the
cell lysate. When GPXs activity was measured in YH439-treated
mouse primary hepatocyte lysates, we observed lower NADPH
content compared to that in the control group, suggesting that
high levels of GPXs in the lysate facilitated faster reduction of
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**p <0.01; Student's t-test. Scale bar =50 um.

tBuOOH (Figure 5E). Based on these results, it can be inferred
that AHR increases the antioxidant capacity of primary mouse
hepatocytes by upregulating the GPX4 expression. Treatment
with YH439 also reduced the mortality of primary mouse he-
patocytes (Figure 5F). Collectively, these findings preliminarily
confirm that YH439 activates AHR to promote GXP4 expres-
sion, thus increasing antioxidant capacity and inhibiting ferro-
ptosis in primary mouse hepatocytes.

3.4 | AHR Alleviates Liver Fibrosis in Mice

A mouse model of chronic liver fibrosis was established using
wild type (WT) mice. CCL, was administered intraperitoneally
twice a week for 4weeks, followed by oral administration of
YH439 once a day for 1 week (Figure 6A). Cyplal expression was
upregulated after YH439 treatment (Figure 6B). YH439 reduced
AST and ALT levels (Figure 6C), indicating its ability to alleviate
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liver injury. YH439 inhibited the expression of aSma, Collal,
and Colla2 (Figure 6D). aSMA staining showed an increase in
aSMA expression in the CCL, group, However, aSMA expres-
sion decreased in the CCL,+YH439 group. Hematoxylin and
eosin (H&E) staining revealed that YH439 reduced liver dam-
age (Figure 6E). Sirius Red staining also showed that YH439 al-
leviated CCl,-induced liver fibrosis (Figure S4A). Furthermore,
we also found that YH439 can reduce the expression of inflam-
matory genes tumour necrosis factor-alpha (TNF-«), interferon-
gamma (IFN-y), and interleukin-6 (IL-6) in the mouse model of

chronic liver fibrosis (Figure S4B). These findings suggest that
AHR activation can alleviate liver fibrosis and associated injury.

A mouse model of chronic liver fibrosis was created. Mrp1///!
and Mrpl~/~ mice were administered of CCL, intraperitone-
ally twice a week for 4 weeks, followed by oral administration
of YH439 once a day for 1week (Figure 7A). Cyplal expres-
sion was upregulated after YH439 treatment in MrpI/“/! mice
or Mrpl~/~ (Figure 7B). In Mrpl/V/! mice, treatment with
YH439 significantly reduced the expression of aSma, Collal,
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FIGURE 6 | AHR alleviates liver fibrosis. (A) The WT mice received intraperitoneal paraffin oil injection (control group) or CCl4 injection twice
per week for 4weeks and these mice were orally gavaged with either Vehicle or YH439 once a day for a week. (B) Expressions of Cyplal were detected
by QPCR (n=5). (C) The changes in ALT and AST levels were detected (n=5). (D) Expressions of aSma, Collal, and Colla2 were detected by QPCR
(n=5). (E) aSMA Immunofluorescence staining and H&E staining. The scales are 50 or 100 um, respectively. Data are expressed as means + SD;

*p<0.05 and **p <0.01; one-way ANOVA.

and Colla2 (Figure 7C), as well as AST and ALT levels
(Figure S5A). No such effects were observed in Mrpl~/~ mice
(Figure 7C and Figure S5A). In Mrp1///! mice, immunofluo-
rescence staining for asSMA demonstrated a significant reduc-
tion in aSMA expression after YH439 treatment (Figure 7D).
Furthermore, H&E staining revealed that YH439 improved
liver damage (Figure 7D). In contrast, such alterations were
not observed in Mrpl~/~ mice (Figure 7D). In Mrp1/¥/! mice,
Sirius red staining results also showed that YH439 alleviated
CCl,-induced liver fibrosis, but this effect was not observed in
Mrp1~/~ mice (Figure S5B). Collectively, based on the above
in vivo and in vitro experiments, we can conclude that in the
chronic liver fibrosis model, the nontoxic ligand YH439 ac-
tivates AHR to promote ferroptosis of mHSCs, but does not
cause ferroptosis in healthy hepatocytes, thus alleviating liver
fibrosis.

4 | Discussion

Chronic liver injury caused by various factors can lead to liver
fibrosis [1, 28]. However, the lack of precise therapeutic tar-
gets and effective target validation methods poses a signifi-
cant challenge for the successful treatment of liver fibrosis.
Research on liver fibrosis treatment has focused on HSC fer-
roptosis, HSC apoptosis, HSC senescence, or reversion to a
quiescent state [26, 29, 30]. We found that the nontoxic ligand
YH439 directly regulated the expression of MrpI in mHSCs by
activating AHR, thereby reducing their antioxidant capacity
by promoting GSH efflux, and inducing ferroptosis specifi-
cally in mHSCs, without causing hepatocyte ferroptosis. In a
chronic liver fibrosis model, AHR alleviated liver fibrosis by
facilitating ferroptosis in mHSCs without causing hepatocyte
ferroptosis. This study provides new information on the role of
AHR-mediated GSH efflux in reducing the antioxidant capac-
ity of mHSCs and promoting mHSC ferroptosis. Furthermore,
this study elucidated the molecular mechanism by which
AHR alleviates liver fibrosis and provides a potential target
for the treatment of liver fibrosis.

The role of AHR in liver fibrosis remains controversial.
Spontaneous liver fibrosis can be observed in AHR-knockout
mice [31]. Conversely, the activation of AHR by TCDD can in-
duce liver fibrosis in mice [32]. The nontoxic endogenous ligand
ITE inhibits mHSC activation via an AHR-dependent mecha-
nism. However, the specific mechanisms underlying the dif-
ferent effects of TCDD and ITE on mHSC activation and liver
fibrosis remain unclear [8]. This study found that, compared
to YH439 treatment, the expression of Cyplal and Mrpl were
slightly higher after TCDD treatment. The metabolic stability of
TCDD and YH439 is different. TCDD has a stable metabolism
and an estimated half-life of more than 7years in human serum.
It has high affinity for AHR and can continuously activate AHR

[33]. YH439 has a short half-life in rat serum [34]. Sustained ac-
tivation of AHR by exogenous ligands, such as TCDD, and tran-
sient activation by endogenous ligands, such as YH439 or ITE,
may explain the differential effects between these ligands. One
study found that after YH439 administration, Cyplal mRNA
levels peaked at 8h and then returned to control levels at 16 h.
The level of CYP1A1 protein reached its maximum value 24h
after YH439 treatment and returned to near control levels within
72h [35]. We administered YH439 orally once a day for 1 week in
a mouse model of chronic liver injury. Our results showed that
Cyplal expression increased significantly after YH439 treat-
ment. YH439 activates AHR and alleviates liver fibrosis. This
study revealed that YH439 specifically promotes ferroptosis in
mHSCs by activating AHR without inducing ferroptosis of he-
patocytes, thus alleviating liver fibrosis. Developing nontoxic
agonists of AHR and investigating their underlying mechanisms
may have positive implications for the prevention or treatment
of liver fibrosis.

Mrpl is a critical regulator of ferroptosis [16, 36]. Elevated GSH
levels inhibit ferroptosis by improving GPX4 activity. Mrpl over-
expression leads to elevated GSH efflux, which disrupts intra-
cellular GSH homeostasis and inhibits GPX4 activity [16, 37].
Increased expression of Mrpl makes cancer cells susceptible to
various ferroptosis inducers, suggesting that targeting the ferro-
ptosis pathway could be a potential strategy to selectively elim-
inate cancer cells with elevated Mrpl levels [38]. We found that
Mrpl was not expressed in hepatocytes, but was expressed in
mHSCs. Activation of AHR directly regulated Mrpl expression
in mHSCs, leading to decreased antioxidant capacity through
increased GSH efflux and promoting ferroptosis specifically
in mHSCs, without causing hepatocytes ferroptosis. Thus, tar-
geting the mHSC-specific ferroptosis pathway associated with
high MrplI expression holds promise as a potential therapeutic
approach for the treatment of liver fibrosis.

When the intracellular GSH level falls below a critical thresh-
old, GPX4 loses its function and can lead to the accumulation of
ROS and cell death through iron-dependent nonapoptotic mech-
anisms [39, 40]. Our findings suggest that GSH efflux plays a
significant role in the regulation of ferroptosis sensitivity. AHR
activation directly regulates Mrpl expression in mHSCs, dimin-
ishing their antioxidant capacity, and promoting ferroptosis by
facilitating GSH efflux.

GPX4 is a central regulator of ferroptosis [41], and its activity de-
pends on a certain threshold of GSH content [16]. Our study re-
vealed that YH439 increased the expression of Mrpl in mHSCs,
facilitating GSH efflux. Although elevated levels of Gpx4 were
observed in mHSCs, the intracellular GSH content remained in-
sufficient because of GSH efflux, thereby preventing Gpx4 from
exerting its antioxidant activity and promoting ferroptosis in
mHSCs. Mrpl was not expressed in normal mouse hepatocytes,
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FIGURE 7 | AHR alleviates liver fibrosis and is abolished in HSC-specific Mrp1 deficient (Mrpl~/~) mice. (A)The Mrp1/fl mice or Mrp1~/~ mice
received intraperitoneal paraffin oil injection (control group) or CCl4 injection twice per week for 4weeks and these mice were orally gavaged with
either Vehicle or YH439 once a day for a week. (B) Expressions of Cyplal were detected by QPCR (n=5). (C) Expressions of aSma, Collal, and Colla2
were detected by QPCR (n=5). (D) aSMA Immunofluorescence staining and H&E staining. The scales are 50 um or 100 um, respectively. Data are

expressed as means + SD; *p <0.05 and **p <0.01; one-way ANOVA.

and there was no change in GSH content after YH439 treatment.
Furthermore, increased expression of Gpx4 improved the an-
tioxidant capacity of normal mouse hepatocytes. This may ex-
plain why AHR alleviates liver fibrosis in mice by promoting
ferroptosis in mHSCs without causing hepatocyte ferroptosis.

Ferroptosis, a recently discovered form of regulated cell death
caused by iron-dependent lipid peroxidation, differs substan-
tially from other known types of cell death [20]. Erastin reduces
liver fibrosis by modulating mHSC ferroptosis [26]. Consistent
with previous studies, we found that AHR significantly alle-
viates CCL,-induced liver fibrosis by inducing ferroptosis in
mHSCs. A deeper understanding of the role of ferroptosis in the
development of liver fibrosis will provide new perspectives for
the diagnosis and treatment of this disease. Although the sensi-
tivity of liver cells to ferroptosis inducers varies, targeting HSC-
specific ferroptosis is a direction for future research. Despite
providing new perspectives on the treatment and prevention of
liver fibrosis, the exact role of ferroptosis in this disease remains
unclear and requires further investigation.

In conclusion, we demonstrated that AHR is an important tran-
scription factor in liver fibrosis. Our findings suggest that AHR
may represent a promising target for the prevention and treat-
ment of liver fibrosis.

Author Contributions

Shenghui Liu: writing - original draft (lead).

Conflicts of Interest

The author declares no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. T. Kisseleva and D. Brenner, “Molecular and Cellular Mechanisms of
Liver Fibrosis and Its Regression,” Nature Reviews. Gastroenterology &
Hepatology 18, no. 3 (2021): 151-166.

2. P. Trivedi, S. Wang, and S. L. Friedman, “The Power of Plasticity-
Metabolic Regulation of Hepatic Stellate Cells,” Cell Metabolism 33, no.
2(2021): 242-257.

3. 1. Mederacke, C. C. Hsu, J. S. Troeger, et al., “Fate Tracing Reveals
Hepatic Stellate Cells as Dominant Contributors to Liver Fibrosis Inde-
pendent of Its Aetiology,” Nature Communications 4 (2013): 2823.

4.]. Bates, A. Vijayakumar, S. Ghoshal, et al., “Acetyl-CoA Carbox-
ylase Inhibition Disrupts Metabolic Reprogramming During He-
patic Stellate Cell Activation,” Journal of Hepatology 73, no. 4 (2020):
896-905.

5.H. Chen, J. Cai, J. Wang, et al., “Targeting Nestin(+) Hepatic Stel-
late Cells Ameliorates Liver Fibrosis by Facilitating TBRI Degradation,”
Journal of Hepatology 74, no. 5 (2021): 1176-1187.

6. A. Carambia and F. A. Schuran, “The Aryl Hydrocarbon Receptor in
Liver Inflammation,” Seminars in Immunopathology 43, no. 4 (2021):
563-575.

7.C. F. A. Vogel, L. S. Van Winkle, C. Esser, et al., “The Aryl Hydrocar-
bon Receptor as a Target of Environmental Stressors—Implications for
Pollution Mediated Stress and Inflammatory Responses,” Redox Biology
34(2020): 101530.

8.J.Yan, H. C. Tung, S. Li, et al., “Aryl Hydrocarbon Receptor Signaling
Prevents Activation of Hepatic Stellate Cells and Liver Fibrogenesis in
Mice,” Gastroenterology 157, no. 3 (2019): 793-806.

9. L. Larigot, L. Benoit, M. Koual, C. Tomkiewicz, R. Barouki, and X.
Coumoul, “Aryl Hydrocarbon Receptor and Its Diverse Ligands and
Functions: An Exposome Receptor,” Annual Review of Pharmacology
and Toxicology 62 (2022): 383-404.

10. S. P. Cole, “Multidrug Resistance Protein 1 (MRP1, ABCC1), a ‘Mul-
titasking” ATP-Binding Cassette (ABC) Transporter,” Journal of Biolog-
ical Chemistry 289, no. 45 (2014): 30880.

11. R. A. Hannivoort, S. Dunning, S. Vander Borght, et al., “Multidrug
Resistance-Associated Proteins Are Crucial for the Viability of Acti-
vated Rat Hepatic Stellate Cells,” Hepatology 48, no. 2 (2008): 624-634.

12. H. Roelofsen, T. A. Vos, 1. J. Schippers, et al., “Increased Levels of
the Multidrug Resistance Protein in Lateral Membranes of Proliferating
Hepatocyte-Derived Cells,” Gastroenterology 112, no. 2 (1997): 511-521.

13.J. H. Maltbaek, S. Cambier, J. M. Snyder, and D. B. Stetson, “ABCC1
Transporter Exports the Immunostimulatory Cyclic Dinucleotide
cGAMP,” Immunity 55, no. 10 (2022): 1799-1812.

14. Z. L. Johnson and J. Chen, “ATP Binding Enables Substrate Release
From Multidrug Resistance Protein 1,” Cell 172, no. 1-2 (2018): 81-89.

15. S. P. Cole and R. G. Deeley, “Transport of Glutathione and Glutathi-
one Conjugates by MRP1,” Trends in Pharmacological Sciences 27, no.
8(2006): 438-446.

16.J.Y. Cao, A. Poddar, L. Magtanong, et al., “A Genome-Wide Haploid
Genetic Screen Identifies Regulators of Glutathione Abundance and
Ferroptosis Sensitivity,” Cell Reports 26, no. 6 (2019): 1544-1556.

17.D. Trompier, X. B. Chang, R. Barattin, et al., “Verapamil and Its
Derivative Trigger Apoptosis Through Glutathione Extrusion by Mul-
tidrug Resistance Protein MRP1,” Cancer Research 64, no. 14 (2004):
4950-4956.

18. H.J. Forman, H. Zhang, and A. Rinna, “Glutathione: Overview of Its
Protective Roles, Measurement, and Biosynthesis,” Molecular Aspects of
Medicine 30, no. 1-2 (2009): 1-12.

19.Y. Sun, Y. Zheng, C. Wang, and Y. Liu, “Glutathione Depletion In-
duces Ferroptosis, Autophagy, and Premature Cell Senescence in Ret-
inal Pigment Epithelial Cells,” Cell Death & Disease 9, no. 7 (2018): 753.

20.S. J. Dixon, K. M. Lemberg, M. R. Lamprecht, et al., “Ferroptosis:
An Iron-Dependent Form of Nonapoptotic Cell Death,” Cell 149, no. 5
(2012): 1060-1072.

21. X.Jiang and B. R. Stockwell, “Ferroptosis: Mechanisms, Biology and
Role in Disease,” Nature Reviews. Molecular Cell Biology 22, no. 4 (2021):
266-282.

13 of 14



22.D. Tang, X. Chen, R. Kang, and G. Kroemer, “Ferroptosis: Molecular
Mechanisms and Health Implications,” Cell Research 31, no. 2 (2021):
107-125.

23.J.Li, F. Cao, H. L. Yin, et al., “Ferroptosis: Past, Present and Future,”
Cell Death & Disease 11, no. 2 (2020): 88.

24. B. Niu, K. Liao, Y. Zhou, et al., “Application of Glutathione Depletion
in Cancer Therapy: Enhanced ROS-Based Therapy, Ferroptosis, and
Chemotherapy,” Biomaterials 277 (2021): 121110.

25.W. S. Yang, R. SriRamaratnam, M. E. Welsch, et al., “Regulation
of Ferroptotic Cancer Cell Death by GPX4,” Cell 156, no. 1-2 (2014):
317-331.

26. M. Shen, Y. Li, Y. Wang, et al., “N(6)-methyladenosine Modification
Regulates Ferroptosis Through Autophagy Signaling Pathway in He-
patic Stellate Cells,” Redox Biology 47 (2021): 102151.

27.S. Liu, D. Qin, Y. Yan, et al., “Metabolic Nuclear Receptors Coordi-
nate Energy Metabolism to Regulate Sox9(+) Hepatocyte Fate,” iScience
24, no. 9 (2021): 103003.

28. H. Y. Kim, S. Sakane, A. Eguileor, et al., “The Origin and Fate of
Liver Myofibroblasts,” Cellular and Molecular Gastroenterology and
Hepatology 17, no. 1 (2024): 93-106.

29.J. Gao, B. Wei, T. M. de Assuncao, et al., “Hepatic Stellate Cell Au-
tophagy Inhibits Extracellular Vesicle Release to Attenuate Liver Fibro-
sis,” Journal of Hepatology 73, no. 5 (2020): 1144-1154.

30. E. Kostallari, P. Hirsova, A. Prasnicka, et al., “Hepatic Stellate Cell-
Derived Platelet-Derived Growth Factor Receptor-Alpha-Enriched Ex-
tracellular Vesicles Promote Liver Fibrosis in Mice Through SHP2,”
Hepatology 68, no. 1 (2018): 333-348.

31. P. Fernandez-Salguero, T. Pineau, D. M. Hilbert, et al., “Immune
System Impairment and Hepatic Fibrosis in Mice Lacking the Dioxin-
Binding Ah Receptor,” Science 268, no. 5211 (1995): 722-726.

32.J. He, B. Hu, X. Shi, et al., “Activation of the Aryl Hydrocarbon Re-
ceptor Sensitizes Mice to Nonalcoholic Steatohepatitis by Deactivating
Mitochondrial Sirtuin Deacetylase Sirt3,” Molecular and Cellular Biol-
ogy 33, no. 10 (2013): 2047-2055.

33. E. Wincent, J. Bengtsson, A. Mohammadi Bardbori, et al., “Inhi-
bition of Cytochrome P4501-Dependent Clearance of the Endogenous
Agonist FICZ as a Mechanism for Activation of the Aryl Hydrocarbon
Receptor,” Proceedings of the National Academy of Sciences of the United
States of America 109, no. 12 (2012): 4479-44384.

34. W. H. Yoon, J. K. Yoo, J. W. Lee, C. K. Shim, and M. G. Lee, “Species
Differences in Pharmacokinetics of a Hepatoprotective Agent, YH439,
and Its Metabolites, M4, M5, and M7, After Intravenous and Oral Ad-
ministration to Rats, Rabbits, and Dogs,” Drug Metabolism and Disposi-
tion 26, no. 2 (1998): 152-163.

35.1.J. Lee, K. S. Jeong, B. J. Roberts, et al., “Transcriptional Induction
of the Cytochrome P4501A1 Gene by a Thiazolium Compound, YH439,”
Molecular Pharmacology 49, no. 6 (1996): 980-988.

36. G. K. Y. Ichihara, Y. Sugiura, Y. Matsuoka, et al., “MRP1-Dependent
Extracellular Release of Glutathione Induces Cardiomyocyte Ferro-
ptosis After Ischemia-Reperfusion,” Circulation Research 133, no. 10
(2023): 861-876.

37.1. de Souza, L. K. S. Monteiro, C. B. Guedes, et al., “High Levels of
NRF2 Sensitize Temozolomide-Resistant Glioblastoma Cells to Ferro-
ptosis Via ABCC1/MRP1 Upregulation,” Cell Death & Disease 13, no.
7 (2022): 591.

38. K. M. Hanssen, M. Haber, and J. I. Fletcher, “Targeting Multidrug
Resistance-Associated Protein 1 (MRP1)-expressing Cancers: Be-
yond Pharmacological Inhibition,” Drug Resistance Updates 59 (2021):
100795.

39. X. Chen, J. Li, R. Kang, et al., “Ferroptosis: Machinery and Regula-
tion,” Autophagy 17, no. 9 (2021): 2054-2081.

40.Y. S. R. Zhang, L. Nie, X. Liu, et al., “mTORC1 Couples Cyst(e)ine
Availability With GPX4 Protein Synthesis and Ferroptosis Regulation,”
Nature Communications 12, no. 1 (2021): 1589.

41. Q. Y. D. Xue, X. Chen, X. Li, et al., “Copper-Dependent Autophagic
Degradation of GPX4 Drives Ferroptosis,” Autophagy 19, no. 7 (2023):
1982-1996.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

14 of 14

Journal of Cellular and Molecular Medicine, 2024



	Aryl Hydrocarbon Receptor Alleviates Hepatic Fibrosis by Inducing Hepatic Stellate Cell Ferroptosis
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Animal Studies
	2.2   |   Isolation of Primary Mouse Hepatocytes
	2.3   |   RNA Isolation and QRT-PCR
	2.4   |   Serum Transaminase Levels and Histological Analysis
	2.5   |   Immunofluorescent Analysis
	2.6   |   Software–Immunofluorescence Staining Quantification
	2.7   |   EMSA
	2.8   |   Western Blot
	2.9   |   ChIP
	2.10   |   Molecular Cloning and Cell-Based Luciferase Reporter Assay
	2.11   |   Electron Microscopy
	2.12   |   Cell Culture and miRNA Transfection
	2.13   |   GSH Detection
	2.14   |   GPXs Activity Assay Using Tert-Butylhydroperoxide
	2.15   |   ROS, MDA, Fe2+, Cell Death, and MMP Detection
	2.16   |   Quantitative and Statistical Analyses

	3   |   Results
	3.1   |   Mrp1 Is a Target Gene of AHR
	3.2   |   AHR Promotes GSH Efflux
	3.3   |   AHR Induces mHSC Ferroptosis
	3.4   |   AHR Alleviates Liver Fibrosis in Mice

	4   |   Discussion
	Author Contributions
	Conflicts of Interest
	Data Availability Statement
	References


