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Background: Liver fibrosis is a common outcome of chronic liver disease and is primarily driven by hepatic stellate cell (HSC) ac-
tivation. Irisin, a myokine released during physical exercise, is beneficial for metabolic disorders and mitochondrial dysfunction.
This study aimed to explore the effects of irisin on liver fibrosis in HSCs, a bile duct ligation (BDL) mouse model, and the associated
mitochondrial dysfunction.

Methods: In vitro experiments utilized LX-2 cells, a human HSC line, stimulated with transforming growth factor-f1 (TGF-B1), a
major regulator of HSC fibrosis, with or without irisin. Mitochondrial function was assessed using mitochondrial fission markers,
transmission electron microscopy, mitochondrial membrane potential, and adenosine triphosphate (ATP) production. /n vivo, liver fi-
brosis was induced in mice via BDL, followed by daily intraperitoneal injections of irisin (100 pg/kg/day) for 10 days.

Results: In vitro, irisin mitigated HSC activation and reduced reactive oxygen species associated with the TGF-1/Smad signaling
pathway. Irisin restored TGF-B1-induced increases in fission markers (Fisl, p-DRP1) and reversed the decreased expression of
TFAM and SIRT3. Additionally, irisin restored mitochondrial membrane potential and ATP production lowered by TGF-B1 treat-
ment. /n vivo, irisin ameliorated the elevated liver-to-body weight ratio induced by BDL and alleviated liver fibrosis, as evidenced by
Masson’s trichrome staining. Irisin also improved mitochondrial dysfunction induced by BDL surgery.

Conclusion: Irisin effectively attenuated HSC activation, ameliorated liver fibrosis in BDL mice, and improved associated mito-
chondrial dysfunction. These findings highlight the therapeutic potential of irisin for the treatment of liver fibrosis.
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Irisin Attenuates Liver Fibrosis and Mitochondrial Dysfunction

INTRODUCTION

Liver fibrosis is a wound-healing response triggered by diverse
hepatic injuries, characterized by the excessive accumulation of
extracellular matrix (ECM) due to the activation and prolifera-
tion of hepatic stellate cells (HSCs) [1]. Activated HSCs are the
primary source of ECM in both parenchymal and cholestatic liv-
er damage [2]. The progression of liver fibrosis stemming from
chronic viral hepatitis, hepatotoxic substances, and liver diseases
such as alcoholic or non-alcoholic fatty liver disease poses a sig-
nificant threat to global public health. Therefore, investigating
the fundamental causes of hepatic fibrosis is imperative.

HSC activation, driven by pro-fibrogenic cytokines including
transforming growth factor-f (TGF-) and connective tissue
growth factor as well as platelet-derived growth factor-f, plays
a pivotal role in hepatic fibrosis [3]. TGF-P stands out as a po-
tent profibrotic cytokine, stimulating Smad signaling in HSCs
and enhancing ECM synthesis [4]. Preventing TGF-B-induced
HSC activation holds promise as a therapeutic approach for liv-
er fibrosis.

Mitochondria are vital intracellular organelles that respond to
cellular stress and metabolic changes. They serve as the primary
energy source in hepatocytes, and their dysfunction is character-
istic of various liver diseases [5,6]. Mitochondrial dysfunction
is implicated in cholestatic liver damage and contributes to oxi-
dative stress, inflammation, and cell death [7].

Experimental animal models, such as bile duct ligation
(BDL), replicate features of secondary biliary fibrosis, making
them invaluable for studying liver fibrosis [8,9]. BDL induces
inflammatory liver damage and fibrosis in mice through ob-
structive cholestasis, providing a reliable time-dependent model
for fibrosis induction with minimal variability [10]. Notably,
BDL is a favorable method for inducing time-dependent fibrosis
in mice, with minimal variability and mortality.

Irisin, discovered in 2012 as a myokine secreted from skeletal
muscles, has garnered attention for its protective effects. Its lev-
els rise following exercise, and it regulates various tissues and
cells [11,12]. Studies have highlighted the protective role of iri-
sin in cardiac, renal, pancreatic, and hepatic fibrosis [13-18].
Previous research from our team showed the ability of irisin to
suppress HSC activation and reduce ECM deposition [19,20].
However, its effects on mitochondrial dysfunction and hepatic
fibrogenesis remain unclear.

In this study, we explored the protective effects and molecular
mechanisms of irisin in mitigating HSC activation and liver fi-
brosis induced by BDL as well as improving mitochondria dys-
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function.

METHODS

Materials

The chemicals reagents used in the study were purchased from
the following specified suppliers: recombinant human/murine/
rat irisin from PeproTech Inc. (#100-65, Cranbury, NJ, USA);
TGF-B1 from Bio-Techne (Minneapolis, MN, USA); Dulbec-
co’s modified Eagle’s medium (DMEM) from Welgene Inc.
(Gyeongsan, Korea); penicillin-streptomycin from Life Tech-
nologies (Carlsbad, CA, USA); and fetal bovine serum from
Access Cell Culture (Vista, CA, USA).

Cell cultures

Immortalized human HSCs, LX-2 cells, were used and cells were
cultured in DMEM supplemented with 10% fetal bovine serum
and 100 U/mL penicillin/streptomycin. LX-2 cells were a gift
from Professor Ja June Jang from Seoul National University
(Korea). The passage number of LX-2 cells used in this research
is under 30.

Western blot analysis
LX-2 cells and liver tissue were lysed in radioimmunoprecipita-
tion assay (RIPA) assay buffer (Atto Corporation, Tokyo, Ja-
pan). The protein concentration of total cell lysates was mea-
sured using a bicinchoninic acid (BCA) protein assay kit (Ther-
mo Scientific Pierce, Rockford, IL, USA). Proteins from cell ly-
sates were isolated using sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, transferred to a polyvinylidene fluo-
ride membrane (Millipore, Billerica, MA, USA), and blocked
with 5% bovine serum albumin or 5% nonfat dry milk for 1
hour at room temperature. Next, the membranes were washed
three times with 1X Tris-buffered saline containing 0.5%
Tween-20 (TBST) and incubated with primary antibodies over-
night at 4°C or 2 hours at room temperature, following the man-
ufacturer’s instructions. After washing three times with TBST,
the membranes were incubated with secondary antibodies for 2
hours at room temperature. Finally, the membranes were incu-
bated with WestGlow PICO PLUS chemiluminescent substrate
(Biomax, Seoul, Korea) and protein bands were detected using
a ChemiDoc Imaging System (BioRad Laboratories Inc., Her-
cules, CA, USA). The developed protein bands were quantified
using the Image]J software (National Institute of Health, Bethes-
da, MD, USA).

Primary antibodies included a-smooth muscle actin (a-SMA),
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superoxide dismutase 2 (SOD2), acetyl SOD2-K68 from Ab-
cam (Cambridge, England); collagen type I (CO1A1) from Sig-
ma-Aldrich (St. Louis, MO, USA); dynamin-related protein 1
(DRP1), phospho-DRP-1 (p-DRP1) (Serine 616), mitochondrial
fission factor (MFF), phospho-MFF (p-MFF), sirtuin 3 (SIRT3),
mitochondrial transcription factor A (TFAM), p-SMAD2,
SMAD2, p-SMAD3, and SMAD?3 from Cell Signaling Tech-
nology (Richmond, CA, USA); p-DRP1 (Serine 616) from In-
vitrogen (Waltham, MA, USA); fission protein 1 (Fisl) and
succinate dehydrogenase subunit A (SDHA) from Santa Cruz
Biotechnology (Dallas, TX, USA); and glyceraldehyde 3-phos-
phate dehydrogenase from GeneTex (Irvine, CA, USA).

Measurement of reactive oxygen species level

LX-2 cells were seeded into 96-well microplates (20,000 cells
per well). After 24 hours, cells were treated with TGF-f1 with-
out or with irisin (10 or 20 nM) for 24 hours. Cells were washed
and incubated with dichlorodihydrofluorescein diacetate (DCF-
DA) 2°,7’—dichlorofluorescin diacetate (H2DCFDA; 20 uM)
(ab113851, Abcam) for 45 minutes at 37°C in the dark. Images
were obtained using a fluorescence microscope (Olympus, To-
kyo, Japan), and the fluorescence intensity of immunostaining
was quantified using ImageJ software.

Transmission electron microscopy

LX-2 cells were seeded and treated with TGF-B1 (5 ng/mL),
without or with irisin (10 or 20 nM) for 24 hours. Following in-
cubation, the cells were fixed for 1 hour at 4°C in a solution of
2% paraformaldehyde and 2% glutaraldehyde with phosphate
buffer pH 7.4, and then post-fixed for 40 minutes at 4°C with
osmium tetroxide. The cells were dehydrated in graded concen-
trations of ethanol and treated with a graded propylene oxide
series embedded in Epon. Each block was separated into ultra-
thin sections (80 nm), which were then placed on a copper grid.
The samples were subsequently examined by transmission elec-
tron microscopy (JEOL-2100F, JEOL Ltd., Peabody, MA,
USA; 200 kV) at the Korea Basic Science Institute in Chun-
cheon, Korea after staining with uranyl acetate and lead citrate.

Measurement of malondialdehyde and adenosine
triphosphate
Malondialdehyde (MDA) content was measured using a lipid
peroxidation (MDA) assay kit (ab233471, Abcam). The reac-
tion was based on the interaction between thiobarbituric acid
and MDA, and absorbance was measured at 695 nm.

The adenosine triphosphate (ATP) content was measured us-
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ing an ATP assay kit (No. ab83355, Abcam). LX-2 cells were
harvested, washed with phosphate-buffered saline (PBS), and
then resuspended in 100 pL of ATP assay buffer. Cells were ho-
mogenized and then centrifuged (13,000 g, 5 minutes, 4°C) to
remove any insoluble material. Supernatants were collected and
incubated with ATP probes. Absorbance was measured at 570
nm using a microplate reader.

JC-1 mitochondrial membrane potential assay
Mitochondrial membrane potential (AyM) was assessed by us-
ing the JC-1 probe assay (ab113850, Abcam). LX- 2 cells were
seeded at a density of 20,000 cells per well in black clear-bot-
tom 96-well plates and incubated for 24 hours. Cells were stim-
ulated with TGF-f1 and irisin 10 or 20 nM in culture medium
without phenol red for 24 hours. After incubation, cells were
washed with 1X PBS once, and incubated with 20 uM JC-1 in
growing media without phenol red for 10 to 30 minutes at 37°C.
The cells were then washed twice with 1X dilution buffer. The
fluorescence intensity of the immunostaining was quantified us-
ing the ImageJ software.

Animal experiments

This animal research protocol has been reviewed and approved
by the Institutional Animal Care and Use Committee of Kang-
won National University (KW-230323-1). Male C57BL/6J mice
aged 6 to 8 weeks and weighing 18 to 20 g, were purchased from
Doo Yeol Biotech (Seoul, Korea). All mice were housed under
standard conditions of ambient temperature (22°C+1°C), with a
12-hour light/dark cycle and ad libitum access to water and food.
All mice were acclimatized for 1 week before starting the experi-
ment. The University Animal Care and Use Committee of Kang-
won National University issued the protocols for animal experi-
ments. To study BDL-induced liver fibrosis, mice were divided
into three groups: sham (n=4), BDL (n=6), and BDL+irisin
(n=17). Surgical procedures were performed under anesthesia
and aseptic conditions. For sham operations, all steps were the
same, except for the common BDL. Irisin (100 pg/kg/day) was
dissolved in PBS and intraperitoneal injection immediately after
surgery, once daily for a duration of 10 days. All animals were
sacrificed 1 day after the last injection. Liver and blood were col-
lected and preserved at —80°C for further analyses.

Histological analysis of liver tissue samples

The liver tissue was fixed with formalin for 18 to 20 hours, em-
bedded in paraffin, and cut into sections using a microtome (5
um thick). For histological assessments using hematoxylin and
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eosin staining, as well as Masson’s trichrome staining, the sec-
tions were deparaffinized, rehydrated, and washed with distilled
water. An Olympus microscope (TH4-200, Olympus) was used
to examine the samples.

Blood biochemistry analysis

Serum aspartate transaminase (AST) and alanine transaminase
(ALT) levels were quantified using commercial enzyme kits
(Asan Pharmaceutical, Seoul, Korea).

Glycolytic extracellular acidification rate analysis

LX-2 cells were plated in XF24 cell culture microplates (Sea-
horse Bioscience, North Billerica, MA, USA) and treated with
TGF-B1 (5 ng/mL), without or with irisin (10 or 20 nM) for 24
hours. Extracellular acidification rates (ECARs) were measured
utilizing Agilent Seahorse XF analyzer (Agilent, Santa Clara,
CA, USA) following to the manufacturer’s protocol. Glycolysis
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was assessed using the XF Glycolysis Stress Test kit according
to the manufacturer’s instructions.

Statistical analyses

The results were presented as mean+standard error of mean
from three independent experiments. Statistical analyses were
performed using the GraphPad Prism 9 and 10 software 5
(GraphPad Software, San Diego, CA, USA). Statistical signifi-
cance was set at P<0.05.

RESULTS

Irisin suppressed TGF-B1-induced HSCs activation

In in vitro experiments, we first examined the anti-fibrotic po-
tential of irisin in LX-2 cells. As depicted in Fig. 1A, irisin dem-
onstrated a significant down-regulation of key fibrotic markers,
including a-SMA and CO1A1, which were induced by TGF-f1.
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Fig. 1. Irisin suppressed transforming growth factor-B1 (TGF-B1)-induced hepatic stellate cells (HSCs) activation. LX-2 cells were treated
with 5 ng/mL TGF-B1 and co-treated with 10 or 20 nM irisin for 24 hours. (A) Western blot analysis of a-smooth muscle actin (a-SMA) and
collagen type 1 expression in LX-2 cells. (B) Western blot analysis of p-SMAD2, SMAD2, p-SMAD3, and SMAD3 expression in LX-2
cells. The quantitation of band intensities in Western blot images was calculated using ImageJ (National Institute of Health). The protein lev-
els were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. All data are presented as mean+ standard error of
mean (n=>3). COL1A1, collagen type I alpha 1 chain. °P<0.01 vs. control; *P<0.05, °P<0.01 vs. TGF-B1.
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Furthermore, in Fig. 1B, irisin effectively attenuated the in-
creased phosphorylation of SMAD2 induced by TGF-31. These
results strongly indicate that irisin exerts its anti-fibrotic effects
by inhibiting the TGF-B1/SMAD?2 signaling pathway. These
findings hold promise for the therapeutic role of irisin in sup-
pressing liver fibrosis and highlight its potential as a valuable
candidate for further exploration in the treatment of hepatic fi-
brotic disorders.
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Irisin alleviated TGF-p1 induced reactive oxygen species
and MDA production in HSCs

We investigated the effect of irisin on reactive oxygen species
(ROS) production in LX-2 cells. ROS production contributes
significantly to liver damage and the process of hepatic fibro-
genesis [21]. As illustrated in Fig. 2A, the presence of TGF-1
significantly elevated ROS levels in HSCs compared to the con-
trol. However, irisin treatment effectively mitigated the increase
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Irisin alleviated transforming growth factor-p1 (TGF-B1)-induced reactive oxygen species (ROS) and malondialdehyde (MDA) pro-
duction in hepatic stellate cells (HSCs). LX-2 cells were treated with 5 ng/mL TGF-B1 and co-treated with 10 or 20 nM irisin for 24 hours.
(A) Cellular ROS by dichlorodihydrofluorescein diacetate (DCFDA) assay. The graph showing fluorescence intensity of immunostaining
was quantified using Image] (National Institute of Health). (B) MDA level. (C) Western blot analysis of the expression of superoxide dis-
mutase 2 (SOD2) acetylation on lysine 68 (acetyl superoxide dismutase2-K68 [AcSOD2-K68]) in LX-2 cells. The protein levels were nor-
malized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. All data are presented as mean=standard error of mean (n =
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in ROS production. This observation was further validated
through the measurement of MDA levels, a well-known marker
of oxidative stress, indicating a consistent trend (Fig. 2B). Addi-
tionally, we investigated the role of SOD2, a crucial enzyme
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that regulates mitochondrial ROS levels. Western blotting re-
sults revealed that TGF-B1 induced an increase in SOD acetyla-
tion at lysine 68. Importantly, irisin treatment counteracted this
effect, as demonstrated in Fig. 2C. In summary, these results
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Fig. 3. Irisin attenuated transforming growth factor-p1 (TGF-B1)-induced mitochondrial fission in hepatic stellate cells (HSCs). LX-2 cells
were treated with 5 ng/mL TGF-B1 and co-treated with 10 or 20 nM irisin for 24 hours. (A) Mitochondrial fission morphology was detected
using transmission electron microscopy. Black arrows indicate mitochondria. (B) Western blot analysis of fission protein 1 (Fis1), phospho-
dynamin-related protein 1 (p-DRP1), phospho-mitochondrial fission factor (p-MFF), total DRP1, total MFF, optic atrophy 1 (OPA1), mito-
fusin 1 (MFN1), and mitofusin 2 (MFN2) expression in LX-2 cells. The quantitation of band intensities in Western blot images was calculat-
ed using ImageJ (National Institute of Health). The protein levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression. All data are presented as mean+standard error of mean (n=3). *P<0.05, "P<0.01 vs. control.
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highlighted the protective effects of irisin against oxidative
stress during HSC activation, emphasizing its potential thera-
peutic significance in the management of hepatic fibrosis-relat-
ed oxidative damage.

Irisin attenuated TGF-p1-induced mitochondrial fission in
HSCs

Next, we investigated the role of irisin in mitochondrial dynam-
ics in vitro. We observed that under normal conditions, mito-
chondria displayed lengthy tubular forms, whereas TGF-B1
treatment showed an apparent alteration of mitochondrial mor-
phology in transmission electron microscopy (Fig. 3A). The mi-
tochondria were fissured into single mitochondrial units and
swelling. However, irisin treatment reversed these effects and
alleviated the mitochondrial morphology. In terms of protein
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expression, markers associated with mitochondrial fission in-
cluding p-DRP1 and mitochondrial Fisl except p-MFF were
significantly increased by stimulation with TGF-B1 and greatly
suppressed by irisin treatment. Interestingly, the expression lev-
els of mitochondrial fusion markers, including optic atrophy 1
(OPAL1), mitofusin 1 (MFN1) and mitofusin 2 (MFN2) re-
mained unchanged (Fig. 3B).

Irisin alleviated TGF-p1-induced mitochondrial
dysfunction in HSCs

Next, we examined the protective effects of irisin on mitochon-
drial function. TFAM and SIRT3 protein were significantly de-
creased by TGF-B1; however, after irisin treatment, there was
an evident rise of these two proteins (Fig. 4A). In addition, both
ATP level and AYm were notably lower in TGF-B1-activated
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Fig. 4. Irisin alleviated transforming growth factor-f1 (TGF-B1)-induced mitochondrial dysfunction in hepatic stellate cells (HSCs). LX-2
cells were treated with 5 ng/mL TGF-B1 and co-treated with 10 or 20 nM irisin for 24 hours. (A) Western blot analysis of sirtuin 3 (SIRT3)
and mitochondrial transcription factor A (TFAM) expression in LX-2 cells. (B) Mitochondrial membrane potential (AyM) was assessed us-
ing the JC-1 probe assay. The fluorescence intensity of immunostaining was quantified using ImagelJ (National Institute of Health). (C) Ade-
nosine triphosphate (ATP) production level in various groups of in vitro experiments. (D) Western blot analysis of succinate dehydrogenase
subunit A (SDHA) expression in LX-2 cells. The quantitation of band intensities in Western blot images was calculated using ImageJ. The
protein levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. All data are presented mean = standard
error of mean (n=3). (E) Seahorse analysis of extracellular acidification rate (ECAR), and glycolysis, glycolytic capacity and glycolytic re-
serve with 5 ng/mL TGF-B1 and co-treated with irisin (10 or 20 nM). Analysis of densitometry was performed and present data as the
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trol; °P<0.05, “P<0.01 vs. TGF-B1. (Continued to the next page)
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HSCs compared to control and irisin administration reversed it
(Fig. 4B, C). Protein levels of SDHA, an essential respiratory
enzyme specific to mitochondrial complex II, were also in-
creased by irisin treatment (Fig. 4D). The ECAR data indicated
that treatment with TGF-B1 significantly increased glycolysis
and treatment with irisin reduced glycolysis in LX-2 cells as in-
dicated by the ECAR data (Fig. 4E).

Taken together, these results suggested that irisin has a protec-
tive effect against mitochondrial dysfunction in HSCs.

Irisin improved BDL-induced liver injury and liver
fibrosis in mice

The BDL procedure typically induces significant liver injury
and severe hepatocellular damage. The morphology of the mice
liver was observed to have a rougher appearance, including yel-
low dots, in the BDL groups compared with the sham groups,

EnM

and irisin treatment considerably improved these appearances
(Fig. 5A). Furthermore, the liver weight-to-body weight ratio
and serum levels of AST and ALT (Fig. 5B) were markedly in-
creased in the BDL group, whereas animals receiving irisin in-
jections had lower levels of these variables. Moreover, histo-
pathological changes in the liver were analyzed by hematoxylin
and eosin staining, which revealed that BDL treatment promot-
ed cell infiltration, bile duct proliferation, and hepatocyte necro-
sis, whereas irisin improved these features. BDL treatment re-
sulted in hepatic fibrosis, which was explained by the accumu-
lation of collagen, whereas irisin improved these features as ob-
served in Masson’s trichrome staining (Fig. 5C). The protein
levels of key fibrosis markers (a-SMA, collagen type I alpha 1
chain [COL1A1]), along with p-SMAD?2, were also markedly
reduced following irisin administration (Fig. 5D). These find-
ings suggested that irisin alleviates liver fibrosis by suppressing
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Fig. 5. Irisin improved bile duct ligation (BDL)-induced liver injury and liver fibrosis in mice. Mice underwent BDL to induce liver fibrosis.
(A) Morphology of representative mice livers from the sham, BDL, and BDL+I groups. (B) The ratio of liver weight-to-body weight, serum
alanine transaminase (ALT), and aspartate transaminase (AST) levels. (C) Sections of liver were stained with hematoxylin and eosin (H&E)
staining; Masson’s trichrome. The slides are magnified 10X and 40X. (D) Western blot analysis of a-smooth muscle actin (a-SMA), colla-
gen type 1, p-SMAD2, and SMAD?2 expression in liver from the sham, BDL, and BDL+I groups. The protein levels were normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. All data are presented as mean=standard error of mean (n=3). CO-
L1A1, collagen type I alpha 1 chain. *P<0.05, *P<0.01 vs. sham group; °P<0.05 vs. BDL group.
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the TGF-B1/SMAD?2 pathway in BDL models.
Irisin recovered oxidative stress and mitochondrial

dysfunction in BDL mice
To confirm our in vitro results, we investigated the effects of iri-
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sin on oxidative stress and mitochondrial function in a BDL
mice model. The level of acetyl-SOD2 and MDA, both indica-
tive markers of oxidative stress, were higher in the BDL mice
than in the sham group. However, irisin administration effec-
tively lowered the levels of both these markers (Fig. 6A, B).
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Fig. 6. Irisin recovered oxidative stress and mitochondrial dysfunction in bile duct ligation (BDL) mice. Irisin reversed the oxidative stress
in the liver, as illustrated by the markers of oxidative stress. (A) The protein expression of acetyl superoxide dismutase 2-K68 (AcSOD2-
K68) and (B) malondialdehyde (MDA) level. (C) Western blot analysis of fission protein 1 (Fis1), phospho-dynamin-related protein 1 (p-
DRP1), phospho-mitochondrial fission factor (p-MFF), sirtuin 3 (SIRT3), mitochondrial transcription factor A (TFAM), and succinate dehy-
drogenase subunit A (SDHA) expression in liver. The quantitation of band intensities in Western blot images was calculated using ImageJ
(National Institute of Health). The protein levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. All
data are presented as mean+standard error of mean (n=3). SOD2, superoxide dismutase 2; NS, no significance. *P<0.05, "P<0.01 vs.

sham group; ¢P<0.05, ‘P<0.01 vs. BDL group.
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Additionally, the results of the Western blot analysis were con-
sistent with the in vitro data for irisin in the BDL model. These
included mitochondrial fission markers (p-DRP1 and Fisl),
markers associated with mitochondrial biogenesis (TFAM and
SIRT3), and mitochondrial respiratory enzymes (SDHA) (Fig.
6C). Thus, our findings indicate that altered mitochondrial dys-
function, such as mitochondrial fission, may be involved in the
protective effects of irisin against BDL-induced liver fibrosis.

DISCUSSION

In this study, we successfully demonstrated the inhibitory ef-
fects of irisin on HSC activation in vitro and its ability to reduce
liver fibrosis in an in vivo BDL-induced animal model. Notably,
irisin exhibited a protective role by preserving both the morpho-
logical and functional integrity of mitochondria, which were
otherwise compromised by the influence of TGF-$1 and BDL.

We also further investigated the signaling pathways involved
in the biological effects of TGF-B1 in hepatic fibrosis. TGF-1,
a potent regulator in fibrogenesis, exerts its effects by activating
downstream mediators, namely SMAD2 and SMAD3 [22].
Notably, our research revealed that irisin effectively mitigates
TGF-B1-induced liver fibrosis in LX-2 cells by alleviating the
phosphorylation of SMAD?2, a critical component of the TGF-
B1/SMAD?2 signaling pathway. This compelling evidence not
only validates the potential therapeutic efficacy of irisin but also
identifies TGF-$1/SMAD?2 signaling as a promising and specif-
ic target for interventions aimed at combating liver fibrosis.

Growing evidence indicates that HSC activation causes he-
patic fibrosis and is often associated with mitochondrial dys-
function [23-25]. Many liver diseases, including steatohepatitis,
cirrhosis, alcoholic liver disease, mitochondrial dysfunction,
and oxidative stress are interconnected processes involving cell
death, inflammation, and fibrosis [26]. In this study, we discov-
ered that the fibrogenesis markers (a-SMA and CO1A1) and
some of mitochondrial fission markers (the phosphorylation of
Drp-1 and Fisl), as well as ROS production, were all increased
in LX-2 cells by TGF-B1 treatment and in BDL mice model. In-
terestingly, irisin treatment counteracted these effects. It also at-
tenuated TGF-B1 induced mitochondrial morphological chang-
es, increased ATP production, and AyM. However, the path-
ways underlying this process have not yet been elucidated.

In terms of mitochondrial dynamics, the mitochondria within
each cell undergo fusion and fission, which perform crucial
functions in maintaining functional mitochondria when cells are
exposed to metabolic or environmental stresses [27,28]. In our

www.e-enm.org

study, mitochondrial fusion markers remained unchanged, sug-
gesting that irisin primarily influences mitochondrial fission
rather than fusion. Numerous studies have demonstrated the
therapeutic benefits of irisin in mitochondrial fission in various
organs and other diseases [29-31].

Recent studies have shed light on irisin’s mechanism of action
through integrin aVPS5 in various tissues, including bone (osteo-
cytes), white adipose tissue (adipocytes), and heart (cardiomyo-
cytes) [32,33]. Specifically, in cardiomyocytes, irisin has been
shown to mitigate mitochondrial fission, oxidative/nitrosative
stress, and apoptosis through integrin aVB5-protein kinase B
(AKT)-dependent signaling pathways [33]. While our study did
not investigate integrin V5 in the liver or HSCs, future inves-
tigations will aim to elucidate its role in hepatocytes or HSCs.

In our study, irisin injection was found to reduce AST/ALT
levels in mice with BDL induction. Several studies have high-
lighted irisin’s hepatoprotective role, showing its ability to miti-
gate oxidative stress induced by palmitic acid in hepatocytes
[34] and enhance autophagy in aged hepatocytes [35]. Recently,
another study showed that administration of irisin attenuated
liver fibrosis by reversing the release of fibrogenic extracellular
vesicles from activated HSCs [36] suggesting the various target
of irisin. However, the precise mechanisms underlying irisin’s
protective effects against liver injury or liver fibrosis remain
elusive. Further investigations are warranted to elucidate these
mechanisms.

Based on in vitro and in vivo investigations, we identified a
protective role for irisin in the context of liver fibrosis. Never-
theless, the present study has some limitations. We have not yet
clarified the precise signaling pathway between HSC activation
and mitochondrial function. Irisin has been shown in previous
studies to control body metabolism via the AMP-activated pro-
tein kinase (AMPK) and phosphoinositide 3-kinase (PI3K)/Akt
[37,38]. To fully understand the therapeutic effects of irisin on
liver fibrosis, further research is required to determine the
mechanism by which irisin regulates mitochondrial dysfunc-
tion, both in vitro and in vivo.

In conclusion, the present study demonstrated that irisin miti-
gates HSC activation, ameliorates liver fibrosis in BDL mice,
and improves mitochondrial dysfunction, revealing the strong
potential of irisin as a valuable candidate for the development of
effective liver fibrosis therapies. Further exploration and clinical
studies in this direction hold significant promise for the ad-
vancement of liver disease treatment.
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