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Abstract

Background: Hepcidin, a peptide hormone primarily produced by the liver,
regulates iron metabolism by interacting with its receptor, ferroportin. Studies
have demonstrated that hepcidin participates in the progression of liver
fibrosis by regulating HSC activation, but its regulatory effect on hepatocytes
remains largely unknown.

Methods: A carbon tetrachloride (CCly)-induced liver fibrosis model was
established in C57BL/6 wild-type (WT) and hepcidin knockout (Hamp™") mice.
Liver injury and inflammation were assessed in WT and Hamp ™~ mice at 24 and
48 hours following acute CCl, exposure. In addition, transcriptomic sequencing
of primary hepatocytes was performed to compare gene expression profiles
between WT and Hamp™~ mice 24 hours after liver injury. The function of the
identified molecule Eif2ak3/PERK (protein kinase R(PKR)-like endoplasmic
reticulum kinase), was evaluated both in vitro and in vivo.

Results: We found that serum hepcidin significantly increased during the pro-
gression of liver fibrosis induced by CCl, and bile duct ligation. In addition, CCl,-
treated Hamp™~ mice developed more severe liver injury, liver fibrosis, and
hepatocyte apoptosis, with elevated Bax and decreased Bcl-2 expression,
compared to the WT mice. Transcriptomic analysis of primary hepatocytes
revealed that PERK was upregulated in Hamp™~ mice after CCl, treatment,
promoting apoptosis by regulating Bax and Bcl-2 expression. Subsequently, we
demonstrated that hepcidin prevents hepatocyte apoptosis by inhibiting PERK
both in vitro and in vivo.

Abbreviations: ActD, Actinomycin D; Atf3, activating transcription factor 3; BDL, bile duct ligation; CCl,, carbon tetrachloride; Ddit3, DNA damage-inducible transcript
3; elF2a, eukaryotic translation initiation factor 2 alpha; Eifak3/Perk, eukaryotic translation initiation factor 2 alpha kinase 3/ protein kinase R(PKR)-like endoplasmic
reticulum kinase; Hamp™-, hepcidin knockout; IHC, immunohistochemistry; Tgf-$1, transforming growth factor-g1; TUNEL, TdT-mediated dUTP nick-end labeling; WT,
wild type; a-SMA, a-smooth muscle actin.
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INTRODUCTION

A multitude of liver diseases, including Metabolic
Associated Fatty Liver Disease, alcohol-associated liver
disease, and infection—induced liver fibrosis, are often
characterized by the accumulation of iron within liver
tissue.l2 An increasing number of studies have
focused on the possible role of iron in liver fibrosis.
For example, studies have found that iron overload
directly induces the activation of and collagen deposi-
tion, promoting cirrhosis in mice, while iron-loaded
hepatocytes and macrophages release many factors
that promote the activation of HSCs and extracellular
matrix deposition, accelerating liver fibrosis.[3-5!

Hepcidin, first isolated from human blood by Krause in
2000, is a cysteine-rich 25-amino acid antimicrobial
peptide that is mainly synthesized by hepatocytes. It
controls the delivery of iron to plasma through the
internalization and degradation of ferroportin, the only
known iron exporter in mammalian cells.[8! Considera-
ble evidence has shown that hepcidin is an important
biochemical parameter in the diagnosis of liver fibrosis as
it requlates iron metabolism and is a potential therapeutic
target.¥) Hepcidin inhibits Smad3 phosphorylation in
HSCs through AKT, acting as an endogenous antifibrotic
hepatokine.['” Although the activation of HSCs is the
central event in fibrosis, the biological status of HSCs is
affected by surrounding cells, such as hepatocytes,
whose injury and regeneration play an important role in
the progression of fibrosis. Thus, whether hepcidin is
involved in the progression of chronic liver disease by
influencing hepatocytes remains to be clarified.

In this study, we first examined the levels of
hepcidin in fibrotic mice and compared the degree of
fibrosis in wild-type (WT) and hepcidin knockout
(Hamp™") mice while maintaining normal levels of
serum iron. Next, we established a carbon tetra-
chloride (CCly)-induced acute liver injury model in
WT and Hamp™" mice to elucidate the role of hepcidin
in acute liver injury. Finally, to explore the protective
mechanism of hepcidin in hepatocytes, primary hepa-
tocytes from WT and Hamp™~ mice were isolated after
acute liver injury for an RNA-seq assay to screen
regulatory genes involved in hepatocyte apoptosis.
This study provides new insights into the protective
function of hepcidin in hepatocyte apoptosis following
liver injury.

Conclusions: Hepcidin inhibits hepatocyte apoptosis through suppression of
the PERK pathway, highlighting its protective role in liver fibrosis and identifying
a potential therapeultic target for the treatment of liver fibrosis.

Keywords: acute liver injury, apoptosis, hepcidin, liver fibrosis, PERK

METHODS
Animals model

Male C57BL/6 mice aged 4-8 weeks were purchased
from the Vital River Laboratories. After a 3-day
adaptation period, mice were housed under specific
pathogen-free conditions. Male Hamp™~ mice were
provided by Professor Sophie Vaulont from the Center
National de la Recherche Scientifique, and Professor
Tomas Ganz from the University of California. The
mice were raised at Beijing Friendship Hospital,
Capital Medical University. Hamp™~ mice were fed a
low-iron (4 ppm) diet, and WT mice were fed an
ordinary diet ad libitum. All animals were housed at a
comfortable temperature and humidity (60 + 5%)
under a 12-hour light-dark cycle. All animal experi-
ments were approved by the Animal Ethics Committee
of the Beijing Friendship Hospital, Capital Medical
University. CCl,; was dissolved in olive oil (Sigma-
Aldrich).

The exposure mode for acute liver injury was i.p.
injection. Four-week-old male WT and Hamp™~ mice
were randomly divided into the CCl, and vehicle groups
(n = 6). The mice were administered 12.5% CCl4 (CCl,:
olive oil = 1:7) or vehicle (olive oil) for 24 and 48 hours.
The exposure mode for liver fibrosis was oral gavage.
Eight-week-old male WT and Hamp™~ mice were
randomly divided into CCl; and vehicle groups (n =
10) and administered 20% CCl, (CCl,: olive oil = 1:4)
or vehicle (olive oil) for 6 weeks (twice a week). Hamp™~
mice were fed a low-iron (4 ppm) diet.

For the bile duct ligation (BDL) experiment, mice
were randomly divided into control and model groups.
The normal control group underwent laparotomy with
an intact bile duct and portal vein, without undergoing
BDL. The model group consisted of 16 mice divided
into 2 subgroups: 1-week (BDL-1W) and 2-week (BDL-
2W) after ligation, with 8 mice in each subgroup.
C57BL/6 mice were fed an ordinary diet after BDL.
Male Hamp™~ mice were fed a low-iron diet (4 ppm)
after BDL to maintain normal iron levels. The mice
were fasted for 12 hours before surgery and weighed.
Mice were anesthetized with 1% pentobarbital sodium
at a dose of 50 mg/kg, fixed on a fixed plate in the
supine position, skin prepared 2 cm under the xiphoid
process, and disinfected with iodophor. An incision
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~1 cm long was made in the midline of the lower
abdomen, below the xiphoid process. The abdominal
cavity was opened, the left liver lobe was gently
elevated, and the duodenum was carefully lifted with
ophthalmic tweezers to expose the portal vein and bile
duct. The common bile and portal veins were also
isolated. Two 6-0 silk wires were pierced under the
portal vein, and ligation was performed at a distance of
0.2-0.5 cm, without cutting the bile duct. The bile duct
was then ligated and sutured to close the abdominal
cavity.

The 4-week-old C57BL/6 mice and Hamp™~ mice
were divided into 4 groups: C57BL/6-CCl, group,
C57-CCl4-PERKi group, Hamp™~-CCl, group, and
Hamp~'~-CCl4-PERKIi group. Mice were administered
12.5% CCl; (CCly: olive oil = 1:7) or vehicle
(olive oil) for 48 hours. Simultaneously, PERK
inhibitor (GSK2656157) was administered at a dose
of 20 mg/kg for 48 hours. Half of the right liver lobe
was placed in 4% paraformaldehyde for immuno-
histochemistry (IHC) staining, and the remaining liver
tissue was used for protein and RNA extraction.

ELISA

The serum iron detection kits and serum AST and ALT
ELISA kits were obtained from Jiancheng Technology
Co.,Ltd. The levels of serum IL-6 and TNFa were
analyzed using an ELISA Kit (R&D System). All
experiments were performed in accordance with the
manufacturer’s instructions.

Hematoxylin-eosin staining, IHC, TdT-
mediated dUTP nick-end labeling staining,
and Prussian blue staining

The right lobe of the liver was fixed with 4%
paraformaldehyde. We then performed hematoxylin-
eosin staining, Masson staining, TdT-mediated dUTP
nick-end labeling (TUNEL) staining, and IHC for Bax,
Bcl-2, F4/80, CD45, and Ly6G. Images of 10 random
microscope fields of staining in each liver section
were recorded for quantitative analysis using the
ImagedJ software (NIH). Human hepatic iron was
detected by Prussian blue staining, and an Enhanced
Coloring Agent (Solarbio) was used to enhance the
results.

The isolation of hepatocytes, HSCs, KCs,
and RNA-seq assay

The liver of WT and Hamp™~ mice were digested by
using 2-step collagenase, and then primary hepatocytes
and HSCs were isolated, and intrahepatic KCs were

sorted as 7AAD CD45*F4/80*.1''12 Pronase E was
purchased from Merck. Type IV collagenase, trypsin
inhibitor, HEPES, DMSO, and lipopolysaccharide were
purchased from Sigma. RNA-seq data is deposited in
GSE276552.

Quantitative real-time RT-PCR

Total RNA from tissue or primary hepatocytes was
isolated using TRIzol Reagent (Invitrogen), and first-
strand cDNA was synthesized using the ThermoScript
RT-PCR System (Thermo Scientific) according
to the manufacturer's instructions. The cDNA was
subjected to PCR cycles using SYBR Green quanti-
tative PCR reagent (Promega), and assays were
conducted using the CFX96 Real-Time System (Bio-
Rad). The cDNA of the primary hepatocytes was
detected by RNA sequencing. Primers used are listed
in Table 1.

Cell culture and treatment

The mouse hepatocyte line, NCTC 1469, was pur-
chased from the Basic Medical Cell Center, Chinese
Academy of Medical Sciences. The cells were cultured
in Dulbecco’s modified Eagle’s medium (Hyclone)
supplemented with 10% bovine calf serum (Hyclone),
100 IU/mL penicillin, and 100 mg/mL streptomycin
(Hyclone) in a humidified incubator at 37°C with 5%
CO,. NCTC 1469 cells were treated with 10 uM PERK
inhibitor (Selleck) for 0.5 hours and then treated with
100 ng/mL human hepcidin-25 peptide (Abcam) for
24 hours, and 10 ng/mL TNFa (Peprotech) and
200 ng/mL Actinomycin D (ActD, Solarbio) for
24 hours. NCTC 1469 cells were treated with
100 ng/mL Human hepcidin-25 peptide (Abcam) for
4 hours and then treated with CCl, for 4 hours.
The lentivirus overexpressing the Hamp gene was
purchased from Cyagen. Lentiviral particles over-
expressing Hamp were used to infect NCTC 1469.
After infection, the cells were subjected to puromycin
selection to ensure stable Hamp overexpression.

Cell death analysis by flow cytometry

NCTC 1469 cells were collected and washed with
PBS, and the collected cells were stained with
7-aminoactinomycin D and Annexin V staining for
30 minutes. Finally, 7-aminoactinomycin D and
annexin V—positive cells were determined by flow
cytometry analysis, according to the manufacturer’s
instructions. The PE Annexin V Apoptosis Detection
Kit with 7-aminoactinomycin D was obtained from
BioLegend.
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TABLE 1 PCR primers used in this study
Gene Primer sequences
Cyclophilin F-GGAGATGGCACAGGAGGAA
R-GCCCGTAGTGCTTCAGCTT
TGFp1 F-TGGAGCAACATGTGGAACTCT
R-CCTGTATTCCGTCTCCTTGGT
Collagen | F-TAGGCCATTGTGTATGCAGC
R-ACATGTTCAGCTTTGTGGACC
TIMP-1 F-AGGTGGTCTCGTTGATTTCT
R-GTAAGGCCTGTAGCTGTGCC
a-SMA F-GTTCAGTGGTGCCTCTGTCA
R-ACTGGGACGACATGGAAAAG
B-actin F-ATGGAGGGGAATACAGCCC
R-TTCTTTGCAGCTCCTTCGTT
Bcl-2 F-CTTTCTGCTTTTTATTTCATGAGG
R-CAGAAGATCATGCCGTCCTT
Bax F-TGAAGACAGGGGCCTTTTTG
R-AATTCGCCGGAGACACTCG
Fas F-AGGTGGACTGGATACACAGAC
R-TCTCCTGCCCAAACTCTTTGC
Fasl F-TCCGTGAGTTCACCAACCAAA
R-GGGGGTTCCCTGTTAAATGGG
Eif2ak3/PERK F-GCGTCGGAGACAGTGTTTG
R-CGTCCATCTAAAGTGCTGATGAT
Hamp F-TGCCTGTCTCCTGCTTCT
R-TGTCTGCCCTGCTTTCTT
Atf3 F-GAGGATTTTGCTAACCTGACACC
R-TTGACGGTAACTGACTCCAGC
Ddit3 F-CTGGAAGCCTGGTATGAGGAT

R-CAGGGTCAAGAGTAGTGAAGGT

Western blot

The experiment was performed as described in previ-
ous studies.l'3 Cells were harvested and lysed in RIPA
lysis buffer after washing with cold PBS (Solarbio)
supplemented with a protease inhibitor cocktail
(Roche). Antibodies against GAPDH and p-actin were
obtained from Santa Cruz Biotechnology. Antibodies
against Bax and Bcl-2 were purchased from Protein-
tech. Antibodies against P-PERK, PERK, P-EIF2A, and
EIF2A were obtained from Cell Signaling Technology.
Horseradish peroxidase-conjugated goat anti-mouse or
goat anti-rabbit IgG were obtained from Proteintech.
ECL western blot substrate was purchased from
Thermo Scientific Pierce.

Statistical analysis

Statistical analyses were performed using the Student
t test and 1-way ANOVA. The results are expressed as

the mean + SEM for 3 or 6 independent experiments.
Volcano maps were plotted using GraphPad Prism
v5.0. All data were analyzed using SPSS 19.0, ImageJ,
and significance was assigned at p < 0.05 (*) or

p < 0.01 ().

RESULTS

Hepatic hepcidin is increased in the liver
fibrosis mouse model

We established a mouse model of liver fibrosis induced
by either 6 weeks of CCl, treatment or 2 weeks of BDL
treatment to investigate hepcidin changes associated
with liver fibrosis. Masson’s staining (Figure 1A)
revealed a marked increase in collagen deposition in
liver fibrosis induced by CCl, and BDL. In addition, the
mRNA expression levels of transforming growth factor-
B1 (Tgfb1), Collagen I, a-smooth muscle actin (a-SMA),
and Tipm-1 also increased significantly (Figures 1D, E),
confirming liver fibrosis induced by CCl, or BDL. Serum
hepcidin levels (Figures 1B, C) also increased in a time-
dependent manner. These findings indicated that
hepcidin levels are associated with the progression of
liver fibrosis.

Hepcidin slows down the progress of liver
fibrosis without affecting iron metabolism

Next, we established a liver fibrosis model induced by
treatment with CCl, or BDL in WT and Hamp™~ mice to
test whether hepcidin regulates liver fibrosis in an iron-
independent manner. As shown in Figures 2A, B,
Hamp™~ mice were fed a low-iron diet for 5 weeks to
standardize serum iron levels across WT and Hamp™~
mice. Similarly, Prussian blue staining showed no
change in hepatic iron levels between WT and Hamp™
~ mice (Supplemental Figures S1A and B, http://links.
Iww.com/HC9/B852). Masson staining (Figures 2C, D)
showed that Hamp™~ mice treated with CCl, or BDL
had a more severe deposition of collagen than WT
mice. In addition, Hamp™~ mice treated with CCl, and
BDL showed higher mRNA expression levels of a-SMA
(Figures 2E, H), Timp-1 (Figures 2F, I), and Collagen |
(Figures 2G, J) than WT mice. Collectively, these
findings imply that hepcidin slows down the progression
of liver fibrosis, whereas iron remains constant.

Hepcidin inhibits liver injury and
inflammation in acute liver injury

Liver cell injury begins with a sequence of events that is
independent of the cause of inflammation and provides
signals for the development of liver fibrosis.['*l Next, we
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Hepcidin increased in the liver from mice with CCl, or BDL-induced liver fibrosis. (A) Changes of Masson staining in livers from

CCly or BDL-induced liver fibrosis. (B) Levels of serum hepcidin in CCls-induced liver fibrosis. (C) Levels of serum hepcidin in BDL-induced liver
fibrosis. (D) Levels of the mRNA expression of Tgf1, Collagen I, a-SMA, and Timp-1 in livers from CCls-induced liver fibrosis. (E) Levels of the
mRNA expression of Tgf$1, Collagen I, a-SMA, and Timp-1 in livers from BDL-induced liver fibrosis. **p < 0.01, compared with control.
Abbreviations: a-SMA, a-smooth muscle actin; BDL, bile duct ligation; CCl,, carbon tetrachloride; Tgf$1, transforming growth factor-p1.

established CCl-induced acute liver injury models in WT
and Hamp™~ mice to explore the role of hepcidin in liver
injury. As shown in Supplemental Figures S2A, B, http://
links.lww.com/HC9/B852, the serum ALT and AST levels
in Hamp™~ mice treated with CCl, were higher than those
in WT mice, indicating that hepcidin has a protective
effect against liver injury. After 24 hours of treatment with
CCly, the Hamp™~ mice were slightly lower than that of
WT mice; however, after 48 hours, the liver weights of the
2 groups did not differ significantly (Supplemental Figure
S2C, http://links.lww.com/HC9/B852). In addition, the

liver/body weight ratio (Supplemental Figure S2D, http://
links.lww.com/HC9/B852) was comparable between WT
and Hamp™~ mice at 24 and 48 hours after acute liver
injury. There was no significant difference in the serum
iron levels (Supplemental Figure S2E, http:/links.lww.
com/HC9/B852) before and after treatment with CCly. In
addition, hematoxylin-eosin staining showed that hepatic
cells were irregularly arranged in the lobules of the liver
after treatment with CCl,, and there was more regional
necrosis in the CCl, group of Hamp™"~ mice than in the
WT mice (Supplemental Figure S3A, http:/links.lww.
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treated Hamp™~ mice for 1-6 weeks. (B) Changes of serum iron in BDL-treated Hamp™~ mice for 1-2 weeks. (C) Changes of Masson staining in
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SMA, Timp-1, and Collagen | mRNA expression in BDL-treated WT and Hamp—/- mice for 0, 1 and 2 weeks. *p < 0.05, **p < 0.01, compared
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wild type.
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com/HC9/B852), implying that hepcidin protected
against liver injury by protecting hepatic cells. In addition,
the expression levels of F4/80 (Figures 3A, D), Ly6G
(Figures 3B, E), and CD45 (Figures 3C, F) were higher in
CCly-treated Hamp™~ mice than in WT mice. The levels
of TNFa and IL-6 quantified in sera (Supplemental
Figures S3B, C, http:/links.lww.com/HC9/B852) and
livers (Supplemental Figures S3D, E, http:/links.lww.
com/HC9/B852) were also higher in CCl,-treated Hamp™
~ mice than in CCls-treated WT mice. Taken together,
these results indicate that hepcidin can partially alleviate
liver injury and inflammation.

Hepcidin suppresses the apoptosis of
hepatocytes by regulating the expression
of Bax and Bcl-2 in acute liver injury

To explore whether hepcidin regulates hepatic apoptosis,
TUNEL staining was performed to detect hepatic cell
apoptosis following acute liver injury. As shown in Figures
4A, D, Hamp™ mice exposed to CCl, showed more
aberrant apoptosis than WT mice, indicating that hepcidin
inhibited hepatic cell apoptosis. As detected by IHC
(Figures 4B, C, E, F) and qPCR assays (Supplemental
Figure S4A, B, http://links.lww.com/HC9/B852), after acute
liver injury, the expression of Bax was increased while the
expression of Bcl-2 was decreased. However, there was no
significant difference in Bcl-2 expression in mice exposed to
CCl, at 48 hours, possibly because of the large difference
between the groups. The mRNA expression of Fas
increased within 24 hours but remained unchanged at
48 hours (Supplemental Figure S4C, http:/links.lww.com/
HC9/B852). Taken together, these data revealed that
hepcidin inhibited the apoptosis of hepatic cells by
regulating the expression of apoptosis-related genes.

To delve deeper into the source of hepcidin secretion,
we examined hepcidin  RNA expression levels in
hepatocytes, HSCs, and KCs. The findings revealed that
hepatocytes were the primary cells responsible for
hepcidin secretion (Figure 5A). To confirm the protective
effects of hepcidin on hepatocytes, NCTC 1469 cells
were cultured with or without hepcidin, before stimulation
with TNFa and Dactinomycin (ActD) in vitro. As shown in
Figures 5B, C, the ratio of cell apoptosis was reduced by
28.75% in the hepcidin treatment group compared with
the TNFa + ActD group (14.56 + 1.61vs. 10.37 + 2.94).
Western blot results (Figures 5D, E) showed that the
expression of BAX was reduced after hepcidin treatment
in the TNFa + ActD group. In addition, cells transfected
with a virus-overexpressing Hamp exhibited reduced
apoptosis compared to the control group (Figures 5F—H).
Furthermore, hepcidin decreased the expression of Bax
and increased that of Bcl-2 (Figures 51, J). In summary,
these findings demonstrate that hepcidin suppresses
hepatocyte apoptosis by modulating Bax and Bcl-2
expression.

Hepcidin inhibits the apoptosis of
hepatocytes through PERK

To clarify the mechanism by which hepcidin suppresses
hepatocyte apoptosis, we isolated primary hepatocytes
from WT and Hamp™~ mice 24 hours after CCl, i.p.
injection and analyzed the differentially expressed genes
using an RNA-seq assay. Fold change value (FC value)
> 2 and FC value < 0.5 were set as significantly different
values. As shown in Figure 6A, there were 1493
upregulated genes (red) and 1371 downregulated genes
(green). The top 12 genes with significant differences in
apoptosis were selected for further investigation
(Figure 6B). These genes are listed in Table 2. Among
them, eukaryotic translation initiation factor 2 alpha
kinase 3 (EIF2AK3)/ protein kinase R (PKR)-like endor-
eticulum kinase (PERK) was increased 30-fold in the
CCly-treated group than the control group in Hamp™~
mice (Figure 6C), consistent with the qRT-PCR results
(Figure 6D). PERK is one of the 3 receptors that initiates
the unfolded protein response to endoplasmic reticulum
stress.l'Sl We speculate that the antiapoptotic effect of
hepcidin on hepatocytes may be mediated by the
endoplasmic reticulum stress-PERK pathway. Western
blot analysis revealed that, in the CCls-induced acute
liver injury model, phosphorylated PERK (P-PERK) level
was significantly elevated in the livers of Hamp™~ mice
compared to WT mice (Figure 6E). Similarly, PERK
expression in the livers of Hamp™~ mice showed a time-
dependentincrease following CCl, treatment (Figure 6F).
Furthermore, in liver injury models induced by CCl, and
BDL, P-PERK levels were higher in the livers of Hamp™~
mice relative to WT mice (Supplemental Figures S5A, B,
http://links.lww.com/HC9/B852). The activation of PERK
leads to the phosphorylation of elF2 (eukaryotic transla-
tion initiation factor 2 alpha), which triggers significant
changes in the expression of various genes, including
those associated with the unfolded protein responses,
such as Atf3 (Activating transcription factor 3) and Ddit3
(DNA damage-inducible transcript 3).1'S! As anticipated,
RNA-seq analysis revealed that the expression levels of
Atf3 and Ddit3 were upregulated in the livers of CCl,-
treated Hamp™~ mice compared to control mice (Sup-
plemental Figures S5C, D, http://links.lww.com/HC9/
B852), consistent with the RT-gPCR results (Supple-
mental Figures S5E, F, http://links.lww.com/HC9/B852).
Altogether, hepcidin inhibits the apoptosis of hepatocytes
through the PERK pathway.

The inhibition of PERK alleviates liver
injury

To further verify the effect of hepcidin on the suppres-
sion of hepatocyte apoptosis through PERK, PERK

inhibitor GSK2656157 or hepcidin peptide was used to
observe hepatocyte apoptosis in vitro. As presented in
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FIGURE 3 Hamp™ mice treated with CCl, had higher expression of F4/80, Ly6G, and CD45 than WT mice treated with CCl,. (A) IHC of F4/
80, (B) IHC of Ly6G, (C) IHC of CD45 in livers of WT and Hamp™~ mice with CCl,-induced acute liver injury for 24 and 48 hours. (D) Positive F4/80
cells, (E) positive Ly6G cells, (F) positive CD45 cells in livers of WT and Hamp™~ mice with CCl-induced acute liver injury for 24 and 48 hours.
Images of 10 random microscope fields of staining in each liver section were recorded for quantitative analysis using ImageJ software. *p < 0.05,
**n < 0.01, compared with control. Abbreviations: CCly, carbon tetrachloride; Hamp™, hepcidin knockout; IHC, immunohistochemistry; WT,

wild type.

Figures 6G-I, either hepcidin or the PERK inhibitor
reduced the expression level of Bax and increased the
Bcl-2 level in hepatocytes after TNFa and ActD treatment,
suggesting that hepcidin inhibits hepatocyte apoptosis
through the PERK pathway. To determine whether PERK
inhibition could mitigate liver injury, we assessed the
effects of the PERK inhibitor on CCls-induced liver
damage in both Hamp™~ mice and WT mice. The PERK
inhibitor significantly reduced serum AST and ALT levels

(Figures 7A, B). Hematoxylin-eosin staining demonstrated
that the inhibitor markedly alleviated liver injury
(Figure 7C). TUNEL staining revealed that the PERK
inhibitor  significantly suppressed hepatic apoptosis
(Figures 7D, E). Moreover, the expression of P-PERK,
P-EIF2A, and BAX was downregulated in CCls-induced
liver injury, while BCL-2 expression was upregulated
(Figure 7F). Collectively, these results indicate that PERK
inhibition can effectively attenuate liver injury.
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software. *p < 0.05, **p < 0.01, compared with control. Abbreviations: CCl,, carbon tetrachloride; Hamp™~, hepcidin knockout; IHC, immuno-
histochemistry; TUNEL, TdT-mediated dUTP nick-end labeling; WT, wild type.

DISCUSSION

The role of hepcidin in liver fibrosis has been increasingly
investigated in recent years. However, previous studies
have mostly focused on the effect of changes in iron
metabolism caused by hepcidin on fibrosis. Our current

study showed that Hamp™~ mice maintained on a low-
iron diet to control for iron-related effects developed more
severe liver fibrosis compared to WT mice. This finding
indicated that hepcidin can alleviate fibrosis through
pathways that are not exclusively linked to iron metab-
olism. We discovered a novel mechanism by which



10 | HEPATOLOGY COMMUNICATIONS
(A) ( ) Hepcidin+
Control TNFa+ActD Hepcidin TNFa+ActD
1.5 *% 3 Q2-1 Q2-2 3 Q21 Q2-2 3 Q2-1 Q2-2 g Q2-1 Q2-2
Q '**—‘ 7]  11.08% 161%| = {4.07% 426%| = {0.75% 179% | = 11.30% 2.38%
g€ c =y w : ! _
T O 10 2 % R3] k) 5
< [7) 8 - - - -
[ D o © @ @
29 [, = =] >
T8 05 al. N : N N
T o < | e 2 2 -
x < | o 23 Q24| ~ Q23 - Q4 = Q23 Q4| = Q23 Q24
0.0 v 3 [9243% 5 488%| 3 |8248% 9.20%| 3 |92.14% 532% | 3 |91.25% 5.07%
! ~ e e B B
1019103 10* 105 105 1074 109103 10* 105 105 1074  10"°10% 10* 105 10° 1074  10"10% 10* 105 106 1074
2 Annexin V-PE
&
( ) ( ) ( ) BAX = BCL-2 ( 1000 ok
o 20 l—l* 1.5 "ok Q
< * Hepcidin - + - + ek % § 750
© 2
o 15 TNFo+ActD - - + + E 1.0 ﬁ 2 500
2= 10 BAX 20KD % kL3 2 g 5.0
8% s BoL2[@m k0 Q08 £% 25
Q 4 —
8 GAPDH [S—I- 34KD 00 oolmm [0
Hepcidin - + - + Hepcidin -+ -+ -+-+ é‘Q 0
TNFa+ActD - - + + TNFa+ActD - -++ - -++ :°
&
(G) Hamp over+
Control TNFa+ActD Hamp over TNFa+ActD
10°42.99 10°{16.4 135 10°4287 215
5 5 5
"Q 10 1 10 1 10 1
' o
4 4 4 &
o 10 1 1041 10° 1
e
] 3 3 3
a 10 10 10
5 0 0 ol
1 -10%9 74.4 -10°974.3 8.00| -10°%845 105
~ L - — Ll — —
-10 -0t 0 10t 105 108 104 0o 10t 10° 108
(H) e (D) e ()
25, % 25 *% 2.0 L
3 o = o~ T
= x
g 20 g5 20 55 154 ~
£ 15 0@ 15 %310
X > .
2% 10 = £ 10 £ ::.’_ -
o T X T 5 05
<n. 5 ¥ © 05 - so
0 0.0 0.0
Hamp over - - + + Hamp over - - + + Hamp over - - + +
TNFa+ActD - + -+ TNFa+ActD - + -+ TNFa+ActD - + -+
FIGURE 5 Hepcidin inhibits hepatocyte line NCTC 1469 apoptosis through regulating Bax and Bcl-2. (A) Hamp expression in hepatocytes,

HSCs, and KCs. (B, C) The results of flow cytometry 3 times in NCTC 1469 after treatment with TNFa, ActD, and hepcidin peptide. (D, E) Western
blot showed the protein expression of apoptotic-related gene BAX and BCL-2 in NCTC 1469 after treatment with TNFa, ActD, and hepcidin

peptide. (F—H) The results of flow cytometry 3 times after treatment with TNFa, ActD in cells transfected with Hamp virus. (I, J) RT-gPCR showed
the expression of Bax, Bcl-2 after treatment with TNFa, and ActD in cells transfected with the Hamp virus. *p < 0.05, **p < 0.01, compared with

control. Abbreviation: ActD, Dactinomycin.

hepcidin influences liver injury and fibrosis, specifically
through the regulation of hepatocyte apoptosis.

Liver injury could be driven by the apoptosis of
hepatocytes and the formation of apoptotic corpuscles,
which further cause inflammatory cells (macrophages,
lymphocytes, and monocytes) to infiltrate the liver
and accelerate the production of soluble media and

oxidative stress, thereby promoting liver fibrosis.[16-19 |n
our study, we observed that in Hamp™~ mice, the serum
ALT and AST levels, as well as the expression levels of
F4/80, Ly6G, and CD45, were all significantly increased
compared to those in WT mice after CCl, treatment,
indicating that hepcidin had a protective effect on
hepatocytes and inflammation.
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Inactivation of HSCs, molecular dysregulation in acti-
vated HSCs, induction of senescence, and apoptosis of
HSCs are strategies proposed to utilize HSCs as a target in
the reversal of liver fibrosis.?9 There is growing evidence
that inhibiting hepatic apoptosis can reduce the activation of
HSCs and the progression of liver fibrosis.['62122] There-
fore, hepatocyte apoptosis plays a vital role in the
progression of liver fibrosis, and blocking hepatocyte
apoptosis is of great significance for suppressing the
progression of liver fibrosis.l"®l In this study, we found a
greater percentage of apoptosis in hepcidin-depleted cells.
The expression level of the apoptosis-related gene Bax
increased, while that of the apoptosis suppressor Bcl-2

decreased in CCly-treated Hamp™~ mice. An in vitro study
confirmed that hepcidin inhibited hepatocyte apoptosis by
regulating the expression of Bax and Bcl-2. These data
suggest that hepcidin suppresses hepatocyte apoptosis by
regulating apoptosis-related genes and mitigating subse-
quent inflammation.

PERK is one of the 3 receptors that initiate the
unfolded protein response to endoplasmic reticulum
stress.?l When unfolded and misfolded proteins
accumulate in the endoplasmic reticulum, PERK is
activated to initiate the unfolded protein response,
which interferes with the accumulation of unfolded and
misfolded proteins in the endoplasmic reticulum and
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damage-inducible transcript 3 (CHOP), a proapoptotic
transcription factor.23281 We found that in Hamp™~
mice, PERK in the CCl,-treated group was up to 30-fold
higher than that in the control group. Our data further
revealed that the expression level of PERK was
significantly increased in Hamp™~ mice during liver
fibrogenesis, indicating that hepcidin could decrease
the level of PERK to protect hepatic cells against injury
and become a key factor in protecting hepatic cells from
damage.

The PERK/CHOP signaling pathway can directly
reduce the expression level of Bcl-2 and upregulate the
expression level of Bax.[2%3% Qur in vitro and in vivo
results showed that either hepcidin or a PERK inhibitor
suppressed Bax expression and upregulated Bcl-2
expression in apoptotic hepatocytes. Taken together,
our data showed that hepcidin inhibits hepatocyte
apoptosis mainly through PERK by regulating the

TABLE 2 Differentially expressed genes (DEGs)
Gene Description
Cidec Cell death—inducing DFFA-like effector ¢
Dusp10 Dual specificity phosphatase 10
Tinagl1 Tubulointerstitial nephritis antigen-like 1
Fos FBJ osteosarcoma oncogene
Lats2 Large tumor suppressor 2
Ctss Cathepsin S
Eif2ak3/ Eukaryotic translation initiation factor 2 alpha
PERK kinase 3/RNA activated protein kinase (PKR)-
like endoplasmic reticulum kinase
Nfkb1 Nuclear factor of kappa light polypeptide gene
enhancer in B cells 1, p105
Bid BH3 interacting domain death agonist
Jun Jun proto-oncogene
Mfn2 Mitofusin 2
enables the endoplasmic reticulum to function

normally.2¥l  However, prolonged unfolded protein
response activation can induce apoptosis.[1524-27]
PERK promotes cell death by activating DNA

expression of Bax and Bcl-2.

Hepcidin, a small-molecule peptide secreted by
hepatocytes, has no immunogenicity or hepatotoxicity.
Therefore, hepcidin can exert protective effects against
liver fibrosis by suppressing hepatocyte apoptosis.
In addition, our findings identify a new molecular
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FIGURE 7 The inhibition of PERK alleviates liver injury. (A, B) Levels of serum AST (A) and ALT (B) in WT and Hamp™~ mice with CCl,-

induced liver injury after treatment with PERK inhibitor. (C) H&E staining of liver tissues from WT and Hamp™~ mice after treatment with PERK
inhibitor in the CCly-induced liver injury model. (D, E) TUNEL staining and quantification of apoptotic cells in liver tissues of WT and Hamp™~ mice
after treatment with PERK inhibitor in the CCl-induced liver injury model. (F) Protein expression levels of P-PERK, PERK, P-EIF2A, EIF2A, BAX,

and BCL-2 in WT and Hamp™~ mice with CCl,-induced acute liver inju

ry for 48 hours after treatment with PERK inhibitor. PERKIi, PERK inhibitor.

**n < 0.01, compared with control. Abbreviations: CCl,, carbon tetrachloride; H&E, hematoxylin-eosin; Hamp™~, hepcidin knockout; TUNEL, TdT-

mediated dUTP nick-end labeling; WT, wild type.
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FIGURE 8 The mechanisms by which hepcidin inhibits liver

fibrosis. Hepcidin could effectively inhibit the apoptosis of hepatocytes
by regulating the expression of apoptosis-related genes through
PERK, therefore possibly exerting protective effects on acute liver
injury and liver fibrosis.

mechanism: hepcidin inhibits the apoptosis of hepato-
cytes by regulating apoptosis-related genes through
PERK (Figure 8, by Figdraw), which provides an
experimental basis for the further clinical application of
hepcidin in the treatment of liver fibrosis.
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