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Introduction: Primary biliary cholangitis (PBC) is a chronic autoimmune-
mediated cholestatic liver disease that can progress to cirrhosis and liver
failure. Intrahepatic biliary epithelial cells (IBECs) are the primary targets of
early injury in PBC. Our previous studies have shown that exosomes derived
from hepatic stellate cells (HSCs) deliver miR-122-5p to regulate the expression
of human IBEC inflammatory factors via the p38 MAPK signaling pathway. The
purpose of this study was to investigate the therapeutic potential and molecular
mechanism of HSC-derived exosomal miR-122-5p in PBC.

Methods: The effects of exosomal miR-122-5p in inhibiting apoptosis, epithelial—
mesenchymal transition (EMT), and fibrosis were evaluated in lipopolysaccharide
(LPS)-induced human IBEC models, and its anti-inflammatory and anti-fibrotic
effects were measured in dnTGF-BRII mouse models. A variety of analytical
procedures, such as flow cytometry, Cell Counting Kit-8 (CCK-8), RT-qPCR,
ELISA, co-culture, Western blotting, immunofluorescence, gene transfection,
immunohistochemistry, and several staining methods (H&E and Masson), were
used to evaluate the effectiveness and mechanisms of these methods.

Results: The results from clinical data showed that exosomal miR-122-5p was
correlated with liver function, and when combined with gp210 and sp100
antibodies, it could improve the sensitivity of PBC diagnosis. The results from
in vitro experiments showed that exosomal miR-122-5p promoted the
proliferation and inhibited the apoptosis, EMT, and fibrosis indicators of IBECs
via the p38 MAPK signaling pathway. Dual luciferase reporter assay indicated that
tumor necrosis factor receptor superfamily (TNFRSF) 19 is a specific target of
miR-122-5p and reduces ASK1 levels. The co-immunoprecipitation (Co-IP)
experiment further indicates the interaction between TNFRSF19 and ASK1. In
vivo results indicated that the degrees of inflammatory infiltration and fibrosis in
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liver tissues of both PBC patients and model mice were more severe than those
of normal controls and were then alleviated with exosomal miR-122-

5p treatment.

Conclusion: In conclusion, exosomal miR-122-5p alleviates liver pathology in
PBC by targeting the TNFRSF19/ASK1/p38 MAPK axis, highlighting its potential
as both a diagnostic biomarker and a therapeutic target for PBC.

primary biliary cholangitis, intrahepatic biliary epithelial cells, miRNA, exosomes,
TNFRSF19/ASK1/p38 MAPK axis

1 Introduction

Primary biliary cholangitis (PBC) is a chronic autoimmune-
mediated cholestatic liver disease that can progress to cirrhosis and
liver failure, but the exact etiology is unknown (1). At present, serum
AMA-M2 is a specific marker for the diagnosis of PBC. In addition,
there are clinical immunological indicators such as gp210 and sp100
antibodies. Serum AMA-M2 was negative in some patients, which
was mainly diagnosed by liver biopsy (2). Ursodeoxycholic acid
(UDCA) is a U.S. Food and Drug Administration (FDA)-approved
first-line treatment (3). However, approximately 40% of patients have
an incomplete therapeutic response and may progress to liver
transplantation and even die (4). Therefore, the identification of
novel and promising biomarkers and therapeutic targets is crucial for
the diagnosis and treatment of PBC.

Intrahepatic biliary epithelial cells (IBECs) are epithelial cells
arranged on the surface of the intrahepatic bile duct lumen. They
form a complex network system—the bile duct tree—which is
responsible for collecting, modifying, and transporting bile secreted
by liver cells. In addition, intrahepatic bile duct epithelial cells also
express specific pattern recognition receptors, which are part of the
liver’s innate immune system and can recruit and activate immune
cells. In PBC, IBECs are the main targets of autoimmune attack. After
being attacked, the IBECs will secrete a large amount of pro-
inflammatory factors and chemokines, continuously driving the
process of inflammation and fibrosis. Persistent inflammation
eventually leads to the apoptosis and necrosis of the IBECs, and the
interlobular bile ducts are destroyed and disappear. This hinders the
normal flow of bile, leading to cholestasis. The accumulated bile acids
are toxic, further damaging liver cells and IBECs, thus forming a
vicious cycle (5). Meanwhile, IBECs activate and promote the
transformation of hepatic stellate cells (HSCs) into myofibroblasts,
indirectly driving the occurrence of liver fibrosis. Some studies have
proposed that IBECs may promote liver fibrosis cell population
through epithelial-mesenchymal transition (EMT) (6-8), and
preventing the development of IBEC EMT could control or even
reverse liver fibrosis (9). HSCs are a type of interstitial cell located in
the Disse space of the hepatic sinusoid. At rest, HSCs synthesize a
small amount of normal extracellular matrix (ECM) and express
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matrix metalloproteinases (MMPs) and their inhibitors [tissue
inhibitors of metalloproteinases (TIMPs)] to maintain the integrity
of the basement membrane and normal ECM balance. In PBC, HSCs
are activated to synthesize and secrete a large amount of fibrous
collagen, such as type I and type III collagen, while inhibiting the
expression of MMPs and increasing the expression of TIMPs, leading
to the excessive deposition of ECM, ultimately resulting in liver
fibrosis (10). MicroRNA (miRNA) is a class of non-coding single-
stranded RNA molecules approximately 19-24 nucleotides in length.
By binding to target mRNA, it regulates gene expression and
influences various physiological and pathological processes.
Previous literature has reported that certain specific miRNAs (such
as miR-506 and miR-425) are involved in the injury, inflammation,
and fibrosis processes of IBECs. Therefore, miRNA has become a
highly promising disease biomarker and a new therapeutic target (3,
11). In a previous study, we used lipopolysaccharide (LPS) treatment
of human IBECs to mimic the state of IBECs in PBC patients, and we
found that miR-122-5p level was decreased in LPS-induced IBECs
(12). Studies have reported that loss of the miR-122 gene will lead to
spontaneous liver fibrosis in mice (13, 14). A study established a
mouse model of liver cirrhosis by intraperitoneal injection of carbon
tetrachloride (CCly) and miR-122 agomir (15). The results showed
that after 8 weeks of CCl, induction, the expression of miR-122 in the
liver decreased, and the expression of 0-SMA and collagen I in the
liver tissue increased.

Our previous study (12) found the differential expression of
miR-122-5p in serum exosomes of PBC patients and healthy
controls by high-throughput sequencing and further confirmed
that HSC-derived exosomal miR-122-5p can regulate the
expression of inflammatory factors in IBECs through the p38
MAPK signaling pathway. In this study, we further clarified that
exosomal miR-122-5p targets tumor necrosis factor receptor
superfamily (TNFRSF) 19, regulates the p38 MAPK signaling
pathway through ASK1, and inhibits the apoptosis, EMT, and
fibrosis of IBECs. Additionally, using dnTGF-BRII mice (a PBC
model), we investigated the effects of exosome-mediated
overexpression of miR-122-5p on liver histopathological injury in
mice, aiming to provide new insights and a scientific basis for
interventional strategies in PBC.
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2 Materials and methods
2.1 Clinical sample

Clinical sample collection, peripheral blood detection, and
exosome extraction were the same as before (12). All patients
with PBC met the diagnostic criteria of the 2018 American
Association for the Study of Liver Diseases (16) and had not
received any related drug treatment. The exclusion criteria were
as follows: 1) severe heart, liver, and renal insufficiency; 2) acute
diseases, such as fever, various infections, and acute myocardial
infarction; 3) hepatitis A, B, C, E, etc; 4) associated with other
autoimmune diseases, such as systemic lupus erythematosus (SLE),
rheumatoid arthritis (RA), systemic sclerosis (SS), vasculitis, and
ankylosing spondylitis (AS); 5) various malignant tumors; and 6)
fatty liver, gallstones, or underwent cholecystectomy. Ten pairs of
liver tissues from PBC patients and the control group (adjacent
tissues of hepatocellular carcinoma) were collected from the
Department of Pathology of the First Affiliated Hospital of Anhui
Medical University for routine hematoxylin and eosin (H&E),
Masson staining, and immunohistochemical staining (17, 18).
This study was approved by the Ethics Committee of the First
Affiliated Hospital of Anhui Medical University, and all subjects
signed the informed consent form (No. PJ2022-06-45).

2.2 Culture and co-culture of HSCs and
IBECs

The culture of human HSCs and IBECs was the same as before
(12). Mouse HSCs were purchased from Beina Chuanglian
Biotechnology Co., Ltd., Beijing (China; Cat# C359737). Cultures
were grown under standard conditions (37°C, 5% CO,) in
Dulbecco's Modified Eagle’s Medium (DMEM) containing 10%
fetal bovine serum and 1% penicillin and streptomycin solution.
Cell passage was performed when the cells reached 70%-80%
confluence. Cells at passages 3-6 were used for experiments. To
investigate the effect of HSCs on IBECs, HSCs were seeded in the
0.4-um polyester membrane Transwell inserts suitable for six-well
plates, and the Transwell chamber containing HSCs was inserted
into the six-well plate for co-culturing with IBECs for 24h.

2.3 Cell transfection

Overexpression was achieved by TNFRSF19 plasmid, ASK1
plasmid, and miR-122-5p mimics; knockdown was achieved by
TNFRSF19 small interfering RNA (siRNA), ASK1 inhibitor, and
miR-122-5p inhibitor. They were transfected using Lipofectamine
2000 (Invitrogen, USA, Carlsbad, California) according to the
manufacturer’s protocol. If LPS was added, the medium was
replaced with complete medium containing 100 ng/mL after 24h.
The concentration of p38 inhibitor SB03580 was 500 nM, and the
treatment time was 24h. The ASK1 inhibitor NQDI-1 was used at a
concentration of 3 UM, and the treatment time was 24h. The
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plasmids and siRNA were designed by Sangon Biotech (Shanghai,
China). The mimics and inhibitors were designed by GenePharma
(Shanghai, China).

2.4 Flow cytometry

Cells were treated with pancreatic enzyme (Biyun Tian Biotech,
Shanghai, China; Cat# C0201) and phosphate buffered saline (PBS)
(Seville Biotech, Wuhan, China; Cat# SH30256.01); 400 uL
propidium iodide (PI) dye solution was added, and the cells were
stained at 4°C for 30-60 min away from light. According to the
apoptosis kit instructions, cells were collected and centrifuged (1,500
rpm X 3min), and 5 pL allophycocyanin (APC) and 10 puL PI were
added. Then, proliferation and apoptosis were tested using flow
cytometry (NovoCyte). Flow cytometry images of apoptosis were
analyzed using the NovoExpress software. Q1 represented necrotic
cells, Q2 late apoptotic cells, Q3 normal cells, and Q4 early apoptotic
cells. Apoptosis rate = Q2 + Q4. The cell cycle and apoptosis kit was
purchased from Bebo Bio, Nangjing, China (BB-4104).

2.5 Cell viability assay

The activity of IBECs was detected using Cell Counting Kit-8
(CCK-8); 10 uL CCK-8 (Servicebio, Wuhan, China; Cat# G4103)
was added to each well and cultured for 1h. Enzyme-linked
immunosorbent assay (ELISA; RT6100) was used to measure the
light absorption value of each hole at optical density (OD) 450 nm.

2.6 TUNEL staining

The coverslips were immersed in permeabilization solution and
incubated at 37°C for 10min, followed by three 5-min washes with
PBS. To each sample, 100 pL of buffer was applied and equilibrated
in a humidified chamber at 37°C for 10-30 min. The buffer was
removed using absorbent paper; 50 UL of TUNEL detection fluid
(Cat# E-CK-A321; Elabscience Biotech, Wuhan, China) was added
and incubated at 37°C for 60min. Diamidino-2'-PhenylIndole
(DAPI) was used for nuclear counterstaining, and slides were
observed under a microscope (Olympus, Naganuma, Hokkaido,
Japan; CX43). The nuclei stained with DAPI appeared blue, while
the positive expression appeared green.

2.7 RNA isolation and quantitative real-time
PCR

Total RNA from cells and tissues was extracted using TRIzol
(Cat# 15596-026; Invitrogen, USA), and RNA concentrations were
determined using a spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The RNA was reverse transcribed using
cDNA Reverse Transcription Kits (Cat# 11141ES60, Yeasen
Company, Shanghai, China). Relative gene expression levels were
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assessed with an ABI QuantStudio 6 Pro Real-Time PCR System
using a SYBR mixture (Cat# 11202ES08; Yeasen Company, China).
To quantify the relative level of miR-122-5p, a Hairpin—itTM miRNA
RT-PCR Quantitation and U6 normalization kit (Cat# E22005;
GenePharma, China) was used. The 27" method was applied to
calculate the expression levels of mRNA and miRNA relative to the
endogenous control genes, B-actin/18S ribosomal RNA and U6
small nuclear RNA, respectively. All primers were synthesized by
Sangon Biotech (Shanghai, China) and are shown in SI Appendix,
Materials and Methods-Supplementary Table S1.

2.8 Western blotting

Cells or tissues were homogenized in radioimmunoprecipitation
assay buffer (Cat# P0013B; Beyotime Biotech, Shanghai, China), and
protein concentrations were determined using bicinchoninic acid
protein assay (Cat# P0010; Beyotime Biotech, China). Equal amounts
of protein were loaded, separated by 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, and transferred to polyvinylidene
difluoride membranes (Millipore, Burlington, Massachusetts, USA).
The membranes were blocked in 5% skim milk at room temperature
for 1h and incubated overnight at 4 °C with primary antibodies. The
membranes were then extensively washed in Tris-buffered saline with
0.1% Tween® 20 detergent (TBST) and incubated with secondary
antibodies for 2h at room temperature. After being washed three
times with TBST, protein bands were detected using an enhanced
chemiluminescence detection system (Bio-Rad Laboratories, Inc.,
Hercules, California). Luminescence intensity was analyzed using
Image]J. The antibodies used are shown in SI Appendix-
Supplementary Table S2.

2.9 Co-immunoprecipitation (CO-IP)

2.9.1 Preparation of cell lysates

IBECs were washed twice with ice-cold PBS at 48h after
transfection. The cells were then lysed on ice for 30min using
RadiolmmunoPrecipitation Assay (RIPA) lysis buffer. The lysates
were centrifuged at 14,000 x g for 5min at 4 °C to collect the
supernatant. Protein concentrations were determined using a
Bicinchoninic Acid (BCA) protein assay kit, and all samples were
adjusted to the same concentration.

2.9.2 Immunoprecipitation

A total of 500 g of protein lysate was incubated with 2 ug
of TNFRSF19/ASK1 with gentle rotation overnight at 4°C. The
following day, 20 UL of pre-washed Protein A/G agarose beads was
added, and the incubation continued for an additional 4h at 4°C.
The beads were pelleted by centrifugation and washed four times
with ice-cold lysis buffer to remove non-specifically bound proteins.

2.9.3 Elution and Western blotting analysis
The immunocomplexes were eluted from the beads by boiling
in 100 pL SDS-PAGE loading buffer for 5min. The eluted proteins
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were separated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinylidene
difluoride (PVDF) membrane. After blocking with 5% non-fat milk,
the membrane was incubated with the indicated primary antibodies
(anti-TNFRSF19/ASK1 antibody, 1:1,000; Affinity, Nangjing,
China/Proteintech, Rosemon, Illinois, USA, Cat# DF13610; Cat#
28201-1-AP) overnight at 4°C, followed by incubation with
appropriate horseradish peroxidase (HRP)-conjugated secondary
antibodies (1:10,000; Zs-BIO, Beijing; Cat# ZB-2301 and Cat# ZB-
2305) for 2h at room temperature. The protein signals were
visualized using an ElectroChemiLuminescence (ECL)
chemiluminescence kit and an imaging system.

2.10 Dual luciferase reporter assay

Wild-type (WT) human TNFRSF19 3’-UTR and mutant (mut)
TNFRSF19 3’-UTR containing miR-122-5p binding sites were
generated using the Site-Directed Mutagenesis Kit (General
Biotech, Chuzhou, China). The mutant TNFRSF19 3’-UTR did not
bind to miR-122-5p, while the WT did. The HEK-293 cell line has
high transfection efficiency and stable expression of proteins.
Therefore, the HEK-293 cell line was used to verify whether
TNFRSF19 was truly targeted by miR-122-5p. HEK-293 cells were
seeded in 12-well format dishes at 2 x 10°/well and co-transfected
with luciferase reporter vectors TNFRSF19-wt, TNFRSF19-mut, and
miR-122-5p mimics and mimics NC. Relative luciferase activities
were measured at 48h after transfection using a dual luciferase
reporter assay system (Beyotime Biotech, Shanghai, China)
according to the manufacturer’s protocol.

2.11 Immunofluorescence

IBECs were cultured in 12-well plates containing glass slides
and treated for 24h. Cells were then fixed with 4%
paraformaldehyde at room temperature for 30min, permeabilized
with 0.1% Triton X-100 (Cat# P0096; Beyotime Biotech, Shanghai,
China) at 4°C for 20min, and washed with PBS. Non-specific
fluorescence was blocked using immunofluorescence-specific
blocking solution (Cat# P0260; Beyotime Biotech, Shanghai,
China). Primary antibodies for TNFRSF19 (Cat# 82t9786;
Affinity, China) and ASK1 (Cat# 29r3489; Affinity, China) were
used for overnight staining at 4°C. After washing with PBS, cells
were co-incubated with fluorophore-conjugated secondary
antibodies (Abcam, Cambridge, UK). Finally, cells were mounted
with DAPI-containing mounting medium (Cat# P0131; Beyotime
Biotech, Shanghai, China), and images were acquired using a
fluorescence microscope (Cat# DMIS8; Leica, Wetzlar, Germany).
DAPI ultraviolet excitation wavelength is 330-380 nm, and
emission wavelength is 420 nm, emitting blue light. CY3 has an
excitation wavelength of 510-560 and an emission wavelength of
590 nm, emitting red light. The fluorescein isothiocyanate (FITC)
fluorophore has a peak excitation wavelength of 495 nm and a peak
emission wavelength of 519 nm, producing green fluorescence.
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2.12 Exosome extraction of mouse HSCs

Mouse HSCs were seeded in blank plates and transfected
with mmu-miR-122-5p. After 6h, the medium was replaced with
complete medium, and the cells were cultured for 48h. The medium
was removed, and 2 mL of immune cell serum-free medium was
added to each well and cultured for 48h. A total of 300 mL of cell
supernatant was collected. Then, exosomes were isolated
from cell supernatant using an exosome kit (Cat# 084001;
Beibei Biotech, Zhengzhou, China), with one aliquot of exosomal
precipitate obtained per 50 mL of supernatant. Exosomes
were labeled with PKH26 red fluorescent cell membrane
staining kit (Cat# D0030; Solarbio, Beijing, China). The extracted
exosome precipitate was resuspended in 100 pL of dilution C, and
100 UL of 2x staining solution containing 4 x 107 M PKH26
was added.

2.13 Exosome intake experiment

The exosomes derived from HSCs were labeled with red PKH26
fluorescent membrane dye (Solarbio, China). IBEC nuclei were
labeled using blue fluorescent DAPI. The labeled exosomes were
added to the culture medium of IBECs at a concentration of
90 pg/mL. After marking different times, they were washed twice
with PBS and photographed under different fields of view (x200)
using an inverted microscope (Olympus).

2.14 Breeding and identification of mice

The PBC model mice used in this study were dnTGE-BRII mice,
which were a gift from Professor Lian Zhexiong, Institute of Life
Sciences, South China University of Technology. DnTGF-BRII mice
are PBC models constructed by overexpressing the dominant inactive
form of TGF-f type II receptor (TGF-BRII) under the control of the
promoter. It can spontaneously produce AMA, 100% AMA positive,
extensive CD4" and CD8" lymphocyte infiltration in the portal vein,
increased serum IFN-y and TNF-a. levels, and interlobular bile duct
damage, which can satisfactorily mimic the clinical phenotype of the
disease. It is currently recognized as an animal model of PBC. Mice
were bred in the Specific Pathogen-Free (SPF) animal house
of Jiangsu Jichi Pharmaceutical Kang Biotechnology Co., Ltd.
C57BL/6] female and dnTGF-BRII male mice (over 8 weeks old)
were bred according to the ratio of one male to two females and
separated after 1 week; 2-3-mm tails were cut from the born mice at 3
weeks old, and the deoxyribonucleic acid (DNA) was extracted using
alkaline cleavage. The mouse genes were identified using PCR and
electrophoresis separation, and the positive female mice were
retained. The gene was identified as follows. Primer sequence
dnTg-F: GCTGCACATCGTCCTGTG; PCR amplification
conditions, 94°C for 3 min; WT (bp), 324; mutant (bp), 100.
Primer sequence dnTg-R: ACTTGACTGCACCGTTGTTG; PCR
amplification conditions, 94°C for 30 s, 60°C for 1min, 72°C for
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Imin, and 30 cycles. Primer sequence dnTg-wtF:
CTAGGCCACAGAATTGAAAGATCT; PCR amplification
conditions, 72°C for 2 min. Primer sequences dnTg-wtR:
GTAGGTGGAAATTCTAGCATCATCC; PCR amplification was
performed at 10°C. The genetic identification of some PBC model
mice is shown in SI Appendix-Supplementary Figure S13. The animal
experiment was approved by the Ethics Committee of Anhui Medical
University (LLSC20221111).

2.15 Mouse tail vein injection and in vivo
imaging

DnTGF-BRII female mice were raised to 12-14 weeks old
(20-30 g, fed and watered freely 24h before the experiment).
According to the results of the preliminary experiment (SI
Appendix-Supplementary Figure S14), 50 uL of exosomes
(extracted from 50 mL of mouse HSC supernatant loaded with
miR-122-5p) was injected into the tail vein. After 48h, five mice
were placed into the imaging dark box platform (Ivis Spectrum
Andor Camera, IS2329N9250), and the appropriate excitation and
emission filters were selected. The exosomes carried CY3
fluorescence, with an excitation wavelength of 550 nm and an
emission wavelength of 570 nm.

2.16 Histopathology

All 10 dnTGF-BRII mice and five C57BL/6] mice were
sacrificed, and peripheral blood and liver tissues were collected.
Liver tissues were excised immediately upon sacrifice; one was fixed
in 4% paraformaldehyde (PFA) solution for 2 days at room
temperature, embedded in paraffin, and cut into 4-um sections
for Masson trichrome staining and H&E staining, according to
standard protocols. The inflammation of the tissue was assessed
according to H&E staining by the following two parameters:
severity and frequency. The final scores for portal and lobular
inflammation and bile duct damage were calculated as the sum of
the indices for severity and frequency. Portal and lobular
inflammation was evaluated as 0 = none, 1 = minimal, 2 = mild,
3 = moderate, and 4 = severe inflammation. Bile duct damage was
evaluated as 0 = none, 1 = epithelial damage with cytoplasmic
change, 2 = epithelial damage with nuclear change, 3 = chronic
non-suppurative destructive cholangitis, and 4 = bile duct loss.
Frequencies were scored as 1 = none, 2 = 1%-10%, 3 = 11%-20%, 4
= 20%-50%, and 5 = more than 50% frequency. Fibrosis of the
tissue was evaluated according to Masson staining (collagen fibers
are blue). The color deconvolution function in Fiji was used to
distinguish and identify different colors. The separation parameters
for Masson staining were set in Fiji, and the blue area was selected
using the threshold function. The gray values were converted to OD
values, and the parameters were indicated for measurement. All
sections were evaluated by three pathologists who were blind to the
design of the study (18, 19).
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2.17 Immunohistochemistry

Liver tissues were fixed in 4% paraformaldehyde, followed by
paraffin embedding and sectioning into 5-pm slices. The sections
underwent deparaffinization and antigen retrieval. Primary
antibodies for TNFRSF19, ASKI1, and p-p38 were used to
measure expression levels (ST Appendix-Supplementary Table S2).
All animal procedures were approved by the Animal Care
Committee of the First Affiliated Hospital of Anhui Medical
University (LLSC20221111).

2.18 Statistical analysis

Normal distribution data were presented as mean * standard
deviation (SD). The measurement data were performed using
Student’s t-test (two groups) and one-way ANOVA (more than
two groups), followed by Bonferroni’s post-hoc tests. When n < 5,
statistical analysis was performed using permutation tests. The
count data were compared using the chi-square ()?) test.
Spearman’s correlation was used to analyze the correlation
between exosomal miR-122-5p and liver function. The R software
4.3.0 pROC package and the glmnet package were used to construct
diagnostic predictions for single and combined indicators and to
compare area under the curve (AUC) values.

3 Result
3.1 Clinical value of exosomal miR-122-5p

According to the inclusion and exclusion criteria, from January
2021 to January 2023, we collected a total of 21 serum samples from
PBC patients and 22 controls. To further understand the
relationship between exosomal miR-122-5p and liver injury and
cholestasis in patients with PBC and its diagnostic value, Pearson’s
correlation analysis was performed, which showed that the level of
exosomal miR-122-5p was positively correlated with alanine
aminotransferase (ALT), aspartate aminotransferase (AST), direct
bilirubin (DBIL), y-glutamyl transpeptidase (y-GT), alkaline
phosphatase (ALP), and total bile acid (TBA) (p<0.05), but had
no correlation with albumin (ALB), total bilirubin (TBIL), and
indirect bilirubin (IBIL) (Figure 1).

The receiver operating characteristic (ROC) curves showed that
the AUC of exosomal miR-122-5p was 0.701 (95% CI: 0.541-0.862,
p=0.995), and the cut-off values (sensitivity, specificity) were 1.088
(0.524, 0.864). The AUC values of sp100 and gp210 antibodies were
0.643 (95% CI: 0.544-0.742, p=0.995) and 0.714 (95% CI: 0.606-
0.823, p=0.994), respectively, and their cut-off values (sensitivity,
specificity) were 0.500 (0.286, 1.000) and 0.500 (0.429, 1.000),
respectively (Figure 2A). The AUC of exosomal miR-122-5p
combined with sp100 and gp210 antibodies was 0.835 (95% CI:
0.73-0.968), and the cut-off values (sensitivity, specificity) were
0.435 (0.714, 1.000). The combined AUC was higher than that of
any of the above single indicators, and the difference was statistically
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significant, which improved the sensitivity of diagnosing
PBC (Figure 2B).

3.2 Exosomal miR-122-5p promoted the
proliferation and inhibited the apoptosis,
EMT, and fibrosis of IBECs

In previous studies, we have demonstrated that exosomes
derived from HSCs deliver miR-122-5p to regulate the levels of
IBEC inflammatory factors via the p38 MAPK signaling pathway.
In this study, we co-cultured human HSCs (LX-2 cells) and IBECs
using a Transwell chamber and labeled exosomes with PKH26.
After 6 and 12h, we conducted an observation using an inverted
fluorescence microscope. We found that exosomes derived from
HSCs could be taken up by IBECs. Moreover, at 12h, the uptake of
exosomes by IBECs increased significantly (Figure 3).

To further study the role and molecular mechanism of
exosomal miR-122-5p in PBC, we transfected LX-2 with miR-
122-5p, then extracted exosomes from the supernatants of LX-2
cells, and co-cultured them with IBECs to regulate the levels of miR-
122-5p. The identification results of exosomes and methods were
the same as before (12). The results showed that the exosomes with
high expression of miR-122-5p promoted the proliferation and
inhibited the apoptosis (Figures 4A-D) and EMT and fibrosis of
IBECs (Figures 4E, F), as evidenced by increases in the cell cycle
(G2+S), cell viability, and E-cadherin and decreases in the apoptosis
rate, N-cadherin, vimentin, 0.-SMA, and collagen I of the Exo-
mimics group, and the converse applies (SI Appendix,
Supplementary Figures S1, S2). To further distinguish whether it
was exosomes or exosome-mediated miR-122-5p that
affected IBECs, we co-cultured the two again and divided them
into two groups based on whether exosome blockers (GW4869,
Cat# H-19363; MCE, Monmouth Junction, NJ, USA) were added.
The results showed that there were no statistically significant
differences in the proliferation, apoptosis (Figures 5A-D), EMT,
and fibrosis indicators (Figures 5E, F) of IBECs between the two
groups (SI Appendix, Supplementary Figure S3). It indicates that
exosomes do not have an impact on the phenotypic changes of
IBECs, and it is mainly the exosome-mediated miR-122-5p that
plays a role.

3.3 The effect on IBECs of LPS was
reversed by exosomal miR-122-5p

To further explore the effect of exosomal miR-122-5p on IBECs
based on the inflammatory injury, exosomes derived from human
LX-2 cells (transfected with miR-122-5p NC, miR-122-5p mimics,
and miR-122-5p inhibitor) were co-cultured with LPS-induced
IBECs. The results showed that LPS decreased the IBEC cycle (G2
+S) ratio, cell viability, and E-cadherin and increased the apoptosis
rate, N-cadherin, vimentin, o.-SMA, and collagen I compared with
those in the NC group. That is, LPS inhibited the proliferation and
promoted the apoptosis (Figures 6A-D), EMT, and fibrosis of
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Relationship between exosomal miR-122-5p and clinical biochemical indices. ALT, alanine aminotransferase; AST, aspartate aminotransferase;
ALB, albumin; TBIL, total bilirubin; IBIL, indirect bilirubin; DBIL, direct bilirubin; TBA, total bile acid; ALP, alkaline phosphatase; y-GT, y-glutamyl

transpeptidase; r, correlation coefficient

IBECs (Figures 6E, F). This effect was reversed by exosomes
overexpressing miR-122-5p, evidenced by increases in the cell
cycle (G2+S), cell viability, and E-cadherin and decreases in the
apoptosis rate, N-cadherin, vimentin, o-SMA, and collagen I of the
LPS+Exo-mimics group, compared to the LPS+Exo-mimics NC
group. Conversely, the low expression of miR-122-5p in exosomes
has a synergistic effect with LPS, evidenced by decreases in the cell
cycle (G2+S), cell viability, and E-cadherin and increases in the
apoptosis rate, N-cadherin, vimentin, o-SMA, and collagen I of the
LPS+Exo-inhibitor group, compared to the LPS+Exo-inhibitor NC
group (SI Appendix, Supplementary Figures S4, S5).

3.4 Exosomal miR-122-5p affects the
proliferation, apoptosis, EMT, and fibrosis
of IBECs via the p38 MAPK signaling
pathway

Previous studies (11) have shown that exosomal miR-122-5p can
affect the expression of inflammatory factors in IBECs via the p38
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MAPK signaling pathway. Similarly, we blocked the p38 MAPK
pathway through SB03580, and the results showed that the IBEC
cycle (G2+8S) ratio, cell viability, and E-cadherin were increased and
the apoptosis rate, N-cadherin, vimentin, 0.-SMA, and collagen I were
decreased compared to those in the NC group (Figures 7A-D).
Furthermore, the p38 blocker can partially reverse the effect of LPS
on IBECs, which was basically consistent with the results of exosomes
overexpressing miR-122-5p. That is, the IBEC cycle (G2+°S) ratio, cell
viability, and E-cadherin were increased and the apoptosis rate, N-
cadherin, vimentin, o-SMA, and collagen I (Figures 7E, F) were
decreased in the LPS+p38 blocker group, compared to the LPS group
(SI Appendix, Supplementary Figures S6, S7).

To further verify whether exosomal miR-122-5p really affects
IBECs via the p38 MAPK signaling pathway, IBECs were co-
transfected with exosomal miR-122-5p and p38 blockers. After
the p38 MAPK signaling pathway was blocked, it played a
synergistic role with exosomes that overexpressed miR-122-5p,
but had a reverse effect with exosomes that had low expression of
miR-122-5p, as evidenced by increases in the IBEC cycle (G2+S)
ratio, cell viability, and E-cadherin expression and decreases in the
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apoptosis rate (Figures 8A-D), N-cadherin, vimentin, o-SMA, and
collagen I in the Exo-mimics+p38 blocker group and Exo-inhibitor
+p38 blocker group, compared to the Exo-mimics group and Exo-
inhibitor group (Figures 8E, F), respectively (SI Appendix,
Supplementary Figures S8, S9). All the above results indicated
that exosomal miR-122-5p really affected the proliferation,
apoptosis, EMT, and fibrosis of IBECs via the p38 MAPK
signaling pathway.

LX-2/EXO

6h

12h

FIGURE 3
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3.5 Effects of exosomal miR-122-5p and
p38 MAPK blocker in the IBEC
inflammatory model

To further explore the influence of exosomal miR-122-5p and
p38 MAPK pathway blocker on IBECs in the case of inflammatory
injury, we co-transfected the IBECs induced by LPS with exosomal
miR-122-5p and p38 MAPK pathway blocker. The results showed

Merge

HSC exosomes were taken up by IBECs as observed under inverted fluorescence microscope (x200) at 6 and 12h. Red fluorescence is the
exosomes labeled with PKH26 dye, blue fluorescence is the IBEC nucleus, and Merge is the combination picture. HSC, hepatic stellate cell; IBECs,
intrahepatic biliary epithelial cells
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Exosomal miR-122-5p promoted the proliferation and inhibited the apoptosis, EMT, and fibrosis of IBECs. (A) Flow cytometry was used to detect the
cycle of IBECs. (B) CCK-8 was used to detect the viability of IBECs. (C, D) Flow cytometry and TUNEL staining (x200) were used to detect the
apoptosis of IBECs. (E, F) RT-qPCR and Western blotting were used to assess the mRNA and protein levels of EMT- and fibrosis-related markers in
IBECs. ns, no significance; *p<0.05, compared to Exo-mimics NC group; #p<0.05, compared to Exo-inhibitor NC group; **p<0.01, compared to NC
group. NC: untreated IBECs; Exo-mimics NC: exosomes transfected with miR-122-5p mimics NC were added to the IBEC culture medium; Exo-
mimics: exosomes overexpressing miR-122-5p were added to the IBEC culture medium; Exo-inhibitor NC: exosomes transfected with miR-122-5p
inhibitor NC were added to the IBEC culture medium; Exo-inhibitor: exosomes transfected with miR-122-5p inhibitor were added to the IBEC
culture medium. a-SMA, a.-smooth muscle actin. Statistical analysis was performed (n > 5) using one-way ANOVA followed by Bonferroni's post-hoc
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FIGURE 5

Exosomes have no effect on the phenotypic changes of IBECs. HSCs and IBECs were co-cultured using Transwell chambers. (A) Flow cytometry was
used to detect the cycle of IBECs. (B) CCK-8 was used to detect the viability of IBECs. (C, D) Flow cytometry and TUNEL staining (x200) were used
to detect the apoptosis of IBECs. (E, F) RT-gPCR and Western blotting were used to assess the mRNA and protein levels of EMT- and fibrosis-related
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The effect on IBECs of LPS was reversed by exosomal miR-122-5p. (A) Flow cytometry was used to detect the cycle of IBECs. (B) CCK-8 was used
to detect the viability of IBECs. (C, D) Flow cytometry and TUNEL staining (x200) were used to detect the apoptosis of IBECs. (E, F) RT-gPCR and
Western blotting were used to assess the mRNA and protein levels of EMT- and fibrosis-related markers in IBECs. *p<0.05, compared to NC group;
#£<0.05, compared to LPS+Exo-mimics NC group; #p<0.05, compared to LPS+Exo-inhibitor NC group. NC: untreated IBECs; LPS: 0.1 pg/mL LPS
treated for 24h; Exo-mimics NC: exosomes transfected with miR-122-5p mimics NC were added to the IBEC culture medium; Exo-mimics
exosomes overexpressing miR-122-5p were added to the IBEC culture medium; Exo-inhibitor NC: exosomes transfected with miR-122-5p inhibitor
NC were added to the IBEC culture medium; Exo-inhibitor: exosomes transfected with miR-122-5p inhibitor were added to the IBEC culture
medium. o.-SMA, a.-smooth muscle actin. Statistical analysis was performed (n > 5) using one-way ANOVA followed by Bonferroni's post-hoc tests;
when n < 5, it was performed using permutation tests. IBECs, intrahepatic biliary epithelial cells; LPS, lipopolysaccharide; CCK-8, Cell Counting Kit-8;
EMT, epithelial-mesenchymal transition.
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FIGURE 7

Exosomal miR-122-5p affects the proliferation, apoptosis, EMT, and fibrosis of IBECs via p38 MAPK signaling pathway. (A) Flow cytometry was used
to detect the cycle of IBECs. (B) CCK-8 was used to detect the viability of IBECs. (C, D) Flow cytometry and TUNEL staining (x200) were used to
detect the apoptosis of IBECs. (E, F) RT-qPCR and Western blotting were used to assess the mRNA and protein levels of EMT- and fibrosis-related

markers in IBECs. *p<0.05, compared to NC group; #p<0.05, compared to LPS group. NC: untreated IBECs; LPS: 0.1 ug/mL LPS treated for 24h; p38
blocker: p38 MAPK pathway blocker SB0O3580 treated for 24h. a.-SMA, a-smooth muscle. Statistical analysis was performed (n > 5) using one-way
ANOVA followed by Bonferroni's post-hoc tests; when n < 5, it was performed using permutation tests. EMT, epithelial-mesenchymal transition;

IBECs, intrahepatic biliary epithelial cells; CCK-8, Cell Counting Kit-8

that in the case of IBEC inflammatory injury, the p38 MAPK
pathway blocker also had a synergistic effect with exosomes that
overexpressed miR-122-5p and could reverse the effects of LPS
and exosomes that had low expression of miR-122-5p on IBECs,
and the converse applies. That is, the cycle (G2+S) ratio, cell
viability, and E-cadherin were decreased and the apoptosis rate,
N-cadherin, vimentin, oi-SMA, and collagen I were increased in the
LPS group, compared to the IBEC group. The cycle (G2+S) ratio,
cell viability, and E-cadherin were increased and the apoptosis rate,
N-cadherin, vimentin, 0.-SMA, and collagen I were decreased in the
LPS+Exo-mimics group, compared to the LPS+Exo-mimics NC
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group. The cycle (G2+S) ratio, cell viability, and E-cadherin were
increased and the apoptosis rate, N-cadherin, vimentin, o-SMA,
and collagen I were decreased in the LPS+Exo-mimics+p38 blocker
group, compared to the LPS+Exo-mimics group. The cycle (G2+S)
ratio, cell viability, and E-cadherin were decreased and the
apoptosis rate, N-cadherin, vimentin, o-SMA, and collagen I were
increased in the LPS+Exo-inhibitor group, compared to the
LPS+Exo-inhibitor NC group. The cycle (G2+S) ratio, cell
viability, and E-cadherin were increased and the apoptosis rate
(Figures 9A-D) and N-cadherin, vimentin, a-SMA, and collagen I
(Figures 9E, F) were decreased in the LPS+Exo-inhibitor+p38
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blocker group, compared to the LPS+Exo-inhibitor group (SI
Appendix, Supplementary Figures S10, S11).

3.6 TNFRSF19 is target gene of miR-122-5p
and regulates p38 MAPK pathway

We predicted the target genes of miR-122-5p using TargetScan,
miRDB, miRTarBase, and TarBase (Supplementary Material—
targetgene_query), and we took the intersection with the previous
mRNA sequencing results. The Venn plot shows that there are a
total of 1,488 overlapping target genes between the two (SI
Appendix, Supplementary Figure S12). Finally, based on the
MAPK signaling pathway map (https://www.kegg.jp/pathway/
map04010), we speculated that TNFRSF19 may be a target gene
of miR-122-5p. To verify this hypothesis, we transfected IBECs with
miR-122-5p, which showed that miR-122-5p negatively regulated
the expression of TNFRSF19 (Figures 10A-C) (SI Appendix,
Supplementary Figure S13A). Dual luciferase reporter assay
showed that the relative luciferase activity in the TNFRSF19-wt
+mimics group was significantly lower than that in the TNFRSF19-
wt+mimics NC group (Figure 10D). This indicated that TNFRSF19
had binding sites with miR-122-5p and was the target gene of miR-
122-5p.

To verify that TNFRSF19 was targeted by miR-122-5p and then
regulates the p38 MAPK signaling pathway, we designed three
different siRNAs and selected siRNA-1 (TNFRSF19-785, 79.7%)
with the highest interference efficiency by detecting the level of
TNFRSF19 mRNA to complete the following tests (Figure 10E).
The transfection of TNFRSF19 siRNA (si-1 for short) resulted in a
significant decrease in the expression of p38 and p-p38 proteins,
indicating that TNFRSF19 regulates the p38 MAPK signaling
pathway. Moreover, the protein expression of p38 and p-p38 was
decreased in the inhibitor+si-1 group (Figure 10F) compared to the
inhibitor group (SI Appendix, Supplementary Figure S13B). This
means that TNFRSF19 siRNA can reverse the increase in p38 and
p-p38 protein caused by the low expression of miR-122-5p. That is,
miR-122-5p really regulates the p38 MAPK signaling pathway by
targeting TNFRSF19. In summary, miR-122-5p targeting
TNFRSF19 affects the proliferation and apoptosis of IBECs, EMT,
and fibrosis via the p38 MAPK signaling pathway.

3.7 TNFRSF19 regulates p38 MAPK pathway
through ASK1

ASK1 is known to be the upstream regulatory protein of the p38
MAPK signaling pathway, which can be stimulated and activated by
various substances, including stress and cytokines such as TNF-o
(20). We further explored whether TNFRSF19 also regulates the
p38 MAPK signaling pathway through ASKI. Pre-experimental
results showed that the level of ASK1 was decreased in the si-1
group, compared to the si-NC group (Figures 11A-C). It means that
TNFRSF19 could regulate ASK1. In the formal experiment, we
transfected TNFRSF19 siRNA, plasmid (OE-TNFRSF19 and OE-
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ASK1), control (si-NC, OE-TNFRSF19 NC, and OE-ASK1 NC),
and ASK1 inhibitor. The results showed that the protein levels
of p38 and p-p38 in the si-1+OE-ASK1 group were higher than
those in the si-1+OE-ASK1 NC group. The protein levels of p38 and
p-p38 in the OE-TNFRSF19+ASK1 inhibitor group were higher
than those in the OE-TNFRSF19 group (Figures 11D, E) (SI
Appendix, Supplementary Figure S14). This result further proves
that TNFRSF19 regulates the p38 MAPK signaling pathway
through ASK1.

3.8 The exosomes derived from HSCs
deliver miR-122-5p to alleviate the
pathological damage of liver tissue

We identified mouse genes using agarose gel electrophoresis (SI
Appendix, Supplementary Figure S15) and then evaluated hepatic
inflammation and fibrosis using H&E and Masson staining. The
results revealed that the hepatic portal and lobular inflammation,
bile duct damage, and fibrosis (Figures 12A-D) of clinical PBC
patients were more serious than those of normal controls.
Immunohistochemical staining indicated that the levels of p-p38,
TNFRSF19, and ASK1 were higher than those of normal controls
(Figures 12E-G). Our previous studies (11) have proved that
exosomal miR-122-5p is derived from HSCs. To further verify the
effect of exosomal miR-122-5p on liver tissues of PBC patients, we
transferred mmu-miR-122-5p into mouse HSCs and then extracted
exosomes. The identification results of exosomes are shown in
Figure 13A. Exosomes were labeled with PKH26. In vivo imaging
of mice and liver RT-qPCR indicated that exosomes carrying miR-
122-5p reached the liver (Figures 13B, H, SI Appendix,
Supplementary Figure S16). The results showed that PBC model
mice had hepatic portal, lobular inflammation, bile duct damage,
and fibrosis and that the levels of TNF-o. and TNF-v in peripheral
blood were more serious than those of normal control mice. The
hepatic portal inflammation, bile duct damage, and fibrosis of
model mice injected with exosomal miR-122-5p were less severe
than those of non-injected model mice, and the levels of TNF-o and
TNF-y in peripheral blood also decreased (Figures 13C-G). In
addition, we further detected TNFRSF19 and fibrosis index in the
liver tissues of three groups of mice. The results showed that the
levels of TNFRSF19, fibrosis index a-SMA, and collagen I in the
liver tissue of PBC model mice were higher than those of control
mice. After injection of exosomes with overexpressed miR-122-5p,
the levels of TNFRSF19, 0-SMA, and collagen I were decreased
compared with those of non-injected model mice (Figures 13I-K).

4 Discussion

Our previous studies have confirmed that exosomal miR-122-
5p is derived from HSCs and regulates the expression of IBEC
inflammatory factors through the p38 MAPK signaling pathway
(11). In this study, we found that exosomal miR-122-5p is
associated with liver injury and cholestasis indicators, and the
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FIGURE 9

Effects of exosomal miR-122-5p and p38 MAPK pathway blocker on
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fluorescein. Scale bar, 100 um. (C) Western blotting was used to detect the expression of TNFRSF19 protein. (D) Dual luciferase reporter assay
proved that TNFRSF is the target gene of miR-122-5p; ***p<0.001, compared with mimics NC+TNFRSF19-wt group. (E) TNFRSF19 siRNA screening
test; *#8p<0.001, compared to si-NC group. (F) Western blotting was used to detect the expression of p38 and p-p38 protein; *p<0.05, compared
to si-NC; #p<0.05, compared with inhibitor NC; ®p<0.05, compared to inhibitor. Mimics NC and inhibitor NC: negative sequence control of miR-
122-5p mimics and inhibitors; mimics and inhibitors: miR-122-5p mimics and inhibitors; si-NC: negative sequence control of TNFRSF19 siRNA; si-1:
TNFRSF19 siRNA. Statistical analysis was performed (n > 5) using one-way ANOVA followed by Bonferroni's post-hoc tests; when n < 5, it was

performed using permutation tests. IBECs, intrahepatic biliary epithelial cells.

combination of gp210 and spl00 antibodies can improve the
sensitivity of PBC diagnosis. In vitro experiments have shown
that exosome miR-122-5p regulates ASK1 level by targeting
TNFRSF19, promotes IBEC proliferation through the p38 MAPK
signaling pathway, and inhibits apoptosis, EMT, and fibrosis.
Animal experiments further confirmed that the exosomal miR-
122-5p can improve the pathological damage of liver tissue in PBC
model mice.

Exosomes are known to be important communication
mediators between cells, mediating miRNAs to participate in
various life processes in the body, and do not increase the risk of
tumorigenesis or immune response (21, 22). Our previous study
found that the expression of miR-122-5p in serum exosomes of PBC
patients was increased (11). MiR-122-5p is a highly abundant liver-
specific miRNA (23), which has been identified as a marker of
various liver injuries (24-28). In this study, we analyzed the
correlation between exosomal miR-122-5p and liver function, and
we found that exosomal miR-122-5p was positively correlated with
ALT, AST, DBIL, y-GT, ALP, and TBA, but had no significant
correlation with ALB, TBIL, and IBIL. This may be related to the
characteristics of biochemical indices in PBC patients; that is, the
increase in DBIL, y-GT, ALP, ALT, AST, and TBA was evident in
PBC, while the increase in TBIL and IBIL was not obvious, and the
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level of ALB did not change in the early stage. In addition, the ROC
curve showed that the combination of exosomal miR-122-5p with
spl00 and gp210 antibodies can improve the sensitivity of
diagnosing PBC. That is, when clinical patients have positive
autoantibodies, normal liver function indicators, or abnormal
liver function indicators but negative AMA-M2 and are unwilling
to undergo liver biopsy, the level of miR-122-5p in serum exosomes
can be combined to assist in clinical diagnosis. Therefore, exosomal
miR-122-5 is expected to be a potential biomarker of PBC.
Studies have reported that mice with miR-122/miR-122-5p gene
deletion show a high incidence of lipid metabolism alteration, liver
inflammation, liver spontaneous fibrosis, and hepatocellular
carcinoma (13, 14). Li et al. (29) showed that miR-122-5p could
inhibit the proliferation of activated HSC-LX2 and reduce collagen
maturation by targeting P4HA1, thus inhibiting liver fibrosis. The
inhibition of miR-122-5p expression resulted in increased collagen
maturation and extracellular matrix production, which is basically
consistent with the results of this study. However, current studies on
miR-122-5p and liver fibrosis mainly focus on HSCs. It is known
that IBECs are the main target cells of early PBC injury, and bile
duct proliferation and disappearance are the main causes of
cholestatic cirrhosis (30). However, there have been few reports
on miR-122-5p and IBECs so far. Our previous studies have shown
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FIGURE 11

TNFRSF19 regulates p38 MAPK signaling pathway through ASK1. (A) TNFRSF19 siRNA downregulates ASK1 mRNA levels; ***p<0.001, compared to
si-NC. (B) Immunofluorescence was used to detect the expression of TNFRSF19 and ASK1 in IBECs. The nuclei stained by DAPI appear blue, and the
positive expression is red (TNFRSF19) and green (ASK1) when labeled with the corresponding fluorescein. Scale bar, 100 um. (C) TNFRSF19 siRNA
downregulates ASK1 protein levels. (D) Overexpression of ASK1 can reverse the effects of si-TNFRSF19 on p38 and p-p38 protein levels. (E) The
Co-IP experiment confirmed the interaction between TNFRSF19 and ASK1. ns, no significance; *p<0.05, compared to si-NC; #p<0.05, compared to
si-TNFRSF19+OE-ASK1 NC group; “p<0.05, compared to OE-TNFRSF19 NC group; ’p<0.05, compared to OE-TNFRSF19 group. Si-NC: negative
sequence control of TNFRSF19 siRNA; si-1: TNFRSF19 siRNA; OE-ASK1: overexpression of ASK1 plasmid; OE-ASK1 NC: negative sequence control of
ASK1 plasmid; OE-TNFRSF19: overexpression of the TNFRSF19 plasmid; OE-TNFRSF19 NC: negative sequence control of the TNFRSF19 plasmid.
Statistical analysis was performed using Student’s t-test and one-way ANOVA, followed by Bonferroni's post-hoc tests; when n < 5, it was performed
using permutation tests. IBECs, intrahepatic biliary epithelial cells; Co-IP, co-immunoprecipitation.
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FIGURE 12
Pathological staining of liver tissue in clinical subjects. (A, B) HGE staining and pathological score. Scale bar, 200 um. (C, D) Masson staining and
collagen area. Normal: liver tissue structure was normal, and there was no obvious degeneration or necrosis of liver cells. Scale bar, 200 um. A small
amount of inflammatory cells could be seen in some of the inlet areas, no obvious inflammation was seen in the other lobules and the inlet areas,
and no bile duct damage was seen. PBC: more liver cells in the lobule with mild vesicular lipolysis, spotty necrosis, a few small fragments had
necrosis, Kupffer cell proliferation, and mild to moderate inter-facial inflammation; the portal area was enlarged, interlobular bile duct was destroyed
more with medium to multiple inflammatory cell infiltration, fibrous tissue hyperplasia, and interlobular fibrous septa was formed in some areas.
(E-G) Immunohistochemical staining was used to detect the expression of p-p38, TNFRSF19, and ASK1. Brown indicates the position of positive
expression. Scale bar, 100 um. **p<0.01, ***p<0.001, compared to normal group. o.-SMA, a.-smooth muscle actin. Statistical analysis was performed
using Student’s t-test. PBC, primary biliary cholangitis.

Frontiers in Immunology 17 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1684064
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al. 10.3389/fimmu.2025.1684064

B 12w-14w a8
/' \J o\

Q)\( x5
HSCs C57BL/6J
6 8 100 120 150 s
Size (nm) =
e

.

[ 1000w Q_\( x5

<_,‘ -~ dnTGF-BRII+PBS
. Exosomal Y
iR-122-5)
N
e " 5‘ < x5
SN
110 100 1k 10k 100k 1M dnTGF-BRIlI+Exosomes
SS-H

odel

Portal inflammation Lobular inflammation

o \
oo g
TNF-a levels in peripheral 3 | 25

D i
*k z5 2F
4 10 okl # < 5 NS 2 # % =)
S 8 S4 == S o A 2 4 R
@ @ @ (] ~ =Ty
= 6 ° L 5 3 L = g 3 £.2
= g : §<
S 4 ° 22 ol 2 = 2 D=
2> - S = < 3
2 2 Z 1 - ‘2‘ -8 1 -~ -g
£l T E| amm o g 33
. . . 0——— 01— T . = Z3 0
NC Model Treat NC Model Treat NC Model Treat NC Model Treat = NC Model Treat
F

Treat 5 sokok HHH

NC Model Treat

J 46kpa -TNFRSFm K

H 1

g 1.5 & o ﬁ 13 B NC @ Model B Treat
£a 3 s 155kDa-ASKl e
1 e =z @
2210 24 43kDa — -
"z - 3 =5

i £C
E 505 2o 45kDa e s
=T S 1 1 =3
= E = 45kDa Collagen g

0.0- 2o
NC Model Treat NC Model Treat  42kDa

- B-Actin & & & SN &
< & v DAL
v\o&'\&*@ & S

FIGURE 13

Hepatic portal inflammation and bile duct damage of PBC model mice were alleviated after exosome treatment. (A) Identification of exosomes from
mouse HSCs. Through transmission electron microscopy and particle size detection, the identification results were consistent with the
characteristics of exosomes: the exosomes captured under the transmission electron microscope are small, round, or oval vesicles with a shape
similar to "tea tray type” or concave hemispherical type, and have a distinct bilayer membrane structure. The particle sizes were evenly distributed in
the range of 40-150 nm, with an average particle size of 81.68 nm and a concentration of 8.16 x 10® particles/mL. (B) Flowchart of animal
experiment and in vivo imaging. (C, D) H&E staining and pathological score. (E) Inflammatory factor levels in peripheral blood. Scale bar, 200 um.

(F, G) Masson staining and collagen area. Scale bar, 200 um. NC (C57BL/6J): liver cell structure was normal, no obvious inflammation was observed
in the lobule and the portal area, no bile duct damage, and no fiber tissue proliferation was observed in the lobule and the portal area. Model
(dnTGF-BRII+PBS): scattered spot-like necrosis of hepatic cells in the lobules, individual small fragmentary necrosis, slight increase in Kupffer cells,
mild to moderate inflammation in the local portal area (mainly lymphocyte infiltration), disappearance of local interlobular bile duct destruction with
lymphocyte infiltration (that is, the specific manifestation of chronic non-suppurative destructive cholangitis), and obvious proliferation of fibrous
tissue in the portal area. Treat (dnTGF-BRIl+exosomes): mild alveolar steatosis of some lobules of hepatocytes, very individual spot-like necrosis,
slight increase in Kupffer cells, a small amount of inflammatory cell infiltration in the local area, no obvious bile duct damage, mild hyperplasia of the
local small bile duct, and a small amount of fibrous hyperplasia in the portal area. ***p<0.001, compared to NC group; **#p<0.001, compared to
Model group; *p<0.01, compared to Model group; ns, no significance. (H, I) RT-gPCR was used to detect the levels of miR-122-5p and TNFRSF19
MRNA in the three groups of animals. (J, K) Western blotting was used to detect the protein levels of NFRSF19, ASK1, p38 pathways, and fibrosis
indicators in the three groups of animals.*p<0.001, compared to NC group; ##4h<0.001, compared to Model group. o.-SMA, a.-smooth muscle actin.
Statistical analysis was performed using one-way ANOVA followed by Bonferroni's post-hoc tests. PBC, primary biliary cholangitis; HSCs, hepatic
stellate cells.
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that exosomes derived from HSCs mediate miR-122-5p to regulate
the expression of IBEC inflammatory factors through the p38
MAPK signaling pathway (11). In this study, exosomes
overexpressing miR-122-5p were transfected into human IBECs,
and LPS-induced inflammatory damage of IBECs was used to
simulate the state of IBECs in PBC patients. The results showed
that the overexpression of miR-122-5p in exosomes promoted the
proliferation of IBECs and inhibited the apoptosis, EMT, and
fibrosis of IBECs; the effect was synergistic after blocking the p38
MAPK signaling pathway. On the contrary, low expression of miR-
122-5p in exosomes inhibited the proliferation of IBECs and
promoted the apoptosis, EMT, and fibrosis of IBECs. This effect
was reversed after blocking the p38 MAPK signaling pathway.
These indicated that exosomal miR-122-5p could also promote
the proliferation of IBECs and inhibit the apoptosis, EMT, and
fibrosis of IBECs through the p38 MAPK signaling pathway.
Under normal conditions, cell proliferation and apoptosis
maintain a dynamic balance. Apoptosis is essential for the
maintenance of immune cell populations (31, 32). Some scholars
have studied the apoptosis of biliary epithelial cells in PBC, and
their results showed that DNA fragments were increased in biliary
epithelial cells in PBC patients and that the levels of apoptosis-
inducing ligands associated with Fas, FasL, perforin, granzyme B,

10.3389/fimmu.2025.1684064

and TNF were significantly increased (33-35). In addition,
compared with other chronic cholestasis diseases with similar
levels of inflammation, biliary epithelial cell apoptosis is increased
in PBC patients (33-37). EMT refers to the biological process by
which epithelial cells are transformed into cells with an interstitial
phenotype by a specific procedure. It plays an important role in
chronic inflammation, tissue reconstruction, cancer metastasis, and
a variety of fibrosis diseases (38, 39). Its main characteristics include
reduction/loss of E-cadherin and upregulation of N-cadherin and
vimentin, which contribute to the fibrogenesis process (40, 41).
Immunohistochemistry studies of liver sections from patients with
PBC showed attenuated epithelial markers and increased
mesenchymal markers in cholangiocytes (9). A study of patients
with PBC after liver transplantation found that EMT occurs before
the development of any other features of recurrent PBC, suggesting
that EMT may be an initiating event (potentially explaining biliary
epithelial cells loss) (42). Therefore, the inhibitory effect of miR-
122-5p on IBEC apoptosis, EMT, and fibrosis may have certain
prospects in the treatment of PBC.

TNFRSF19 is an orphan member of the TNF receptor
superfamily, and most previous studies on TNFRSF19 focused on
tumor-related diseases (43, 44). In recent years, TNFRSF19 has
been found to be involved in cytokine and cytokine receptor
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FIGURE 14

Molecular mechanism diagram of exosomal miR-122-5p alleviating liver tissue pathological damage. PBC, primary biliary cholangitis; HSCs, hepatic
stellate cells; a-SMA, a-smooth muscle actin; ASK1, apoptosis signal-regulated kinase 1; TNFRSF19, tumor necrosis factor receptor superfamily 19.
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interactions and associated with B-cell survival (45, 46). ASK1, also
known as MAP3KS5, is a widely expressed member of the MAPK
family, regulating the JNK and p38 MAPK signaling pathways (47).
ASK1 is expressed in a variety of tissues and is involved in
apoptosis, inflammation, oxidative stress, and other processes.
The abnormal activation of ASK1 can lead to pathological
changes in these tissues (48-50). In the liver, the abnormal
activation of ASK1 can lead to a variety of liver diseases, such as
fatty liver (51), liver fibrosis, and liver cancer (52, 53). In this study,
we found that TNFRSF19 is a target gene of miR-122-5p and can
regulate the level of ASK1, and the overexpression of ASK1 can
reverse the decrease in p38 and p-p38 caused by TNFRSF19 siRNA.
These indicate that TNFRSF19 can regulate the p38 MAPK
signaling pathway through ASKI. To our knowledge, this is the
first study to report the molecular mechanism of exosomal miR-
122-5p and PBC.

In order to further investigate the effect of exosomal miR-122-5p
on the pathological damage of PBC, we injected exosomes
overexpressing miR-122-5p into PBC model mice (dnTGF-BRII)
through the tail vein and compared the inflammation of the hepatic
portal and lobule, bile duct damage, and fibrosis by H&E and
Masson staining. The results showed that the hepatic portal
inflammation, bile duct damage, and fibrosis of the PBC model
mice were less severe than those of non-injected model mice, and the
levels of TNF-o. and TNF-y in peripheral blood also decreased.
Lobular inflammation of liver tissue was slightly improved but not
statistically significant, which may be related to the characteristics of
dnTGF-BRII (lobular inflammation itself is not serious). In addition,
the TNFRSF19, ASK1, p-p38, and fibrosis indices in liver tissue were
basically consistent with the cellular results, indicating that
exosomal miR-122-5p does indeed target TNFRSF19 to regulate
the ASK1 level and alleviate the pathological damage of liver tissue
in PBC mice via the p38MAPK signaling pathway (Figure 14).
Meanwhile, this study also has some limitations. For instance, the
combined AUC results of this study have not yet been verified in
independent cohorts, which is a work that needs to be carried out in
the future. In addition, the sample size was relatively small, with only
one male patient, making it impossible to analyze the gender
differences in PBC. Due to the relatively small number of
patients undergoing liver puncture, it is impossible to analyze the
level of miR-122-5p based on the severity of the pathology.
Moreover, only one PBC model mouse was included in this study.
In subsequent studies, other PBC models (such as 2ra”’~ mice) can
be considered to verify the role of exosome miR-122-5p in PBC
more comprehensively.

In summary, this study is the first to explore the relationship
between serum exosomal miR-122-5p and liver function and
diagnostic antibodies in patients with PBC. Through in vivo and
in vitro experiments, it was further confirmed that exosomal miR-
122-5p affected the level of ASK1 by targeting TNFRSF19, regulated
the p38 MAPK signaling pathway, and inhibited the apoptosis,
EMT, and fibrosis of IBECs, thus alleviating the pathological
damage of PBC liver tissue. Therefore, we believe that the
exosomal miR-122-5p is expected to be a potential marker and
therapeutic target for the diagnosis of PBC.

Frontiers in Immunology

10.3389/fimmu.2025.1684064

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/, GSE231432.

Ethics statement

The studies involving humans were approved by the First
Affiliated Hospital of Anhui Medical University. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study. The animal studies were
approved by Ethics Committee of Anhui Medical University. The
studies were conducted in accordance with the local legislation and
institutional requirements. Written informed consent was obtained
from the owners for the participation of their animals in this study.

Author contributions

YZ: Conceptualization, Data curation, Formal Analysis,
Methodology, Writing - original draft. RC: Data curation, Formal
Analysis, Investigation, Methodology, Writing - original draft. XY:
Formal Analysis, Supervision, Writing - review & editing. LQ:
Validation, Writing — review & editing. BS: Writing — review &
editing. ZS: Conceptualization, Funding acquisition, Writing -
review & editing.

Funding

The author(s) declare financial support was received for
the research and/or publication of this article. This study was
funded by the National Natural Science Foundation of China
(81871296) and National Natural Science Foundation Incubation
Program of The Second Affiliated Hospital of Anhui Medical
University (2024GQFY02).

Conflict of interest
The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3389/fimmu.2025.1684064
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

1. Lv T, Chen S, Li M, Zhang D, Kong Y, Jia J, et al. Regional variation and temporal
trend of primary biliary cholangitis epidemiology: A systematic review and meta-
analysis. J Gastroenterol Hepatol. (2021) 36:1423-34. doi: 10.1111/jgh.15329

2. Kouroumalis E, Samonakis D, Voumvouraki A. Biomarkers for primary biliary
cholangitis: current perspectives. Hepatic medicine: evidence Res. (2018) 10:43-53.
doi: 10.2147/HMER.S135337

3. Erice O, Munoz-Garrido P, Vaquero ], Perugorria MJ, Fernandez-Barrena MG,
Saez E, et al. MicroRNA-506 promotes primary biliary cholangitis-like features in
cholangiocytes and immune activation. Hepatology. (2018) 67:1420-40. doi: 10.1002/
hep.29533

4. Gulamhusein AF, Hirschfield GM. Primary biliary cholangitis: pathogenesis and
therapeutic opportunities. Nat Rev Gastroenterol Hepatol. (2020) 17:93-110.
doi: 10.1038/541575-019-0226-7

5. Kawata K, Kobayashi Y, Gershwin ME, Bowlus CL. The immunophysiology and
apoptosis of biliary epithelial cells: primary biliary cirrhosis and primary sclerosing
cholangitis. Clin Rev Allergy Immunol. (2012) 43:230-41. doi: 10.1007/s12016-012-
8324-0

6. Omenetti A, Yang L, Li YX, McCall SJ, Jung Y, Sicklick JK, et al. Hedgehog-
mediated mesenchymal-epithelial interactions modulate hepatic response to bile duct
ligation. Lab Invest. (2007) 87:499-514. doi: 10.1038/labinvest.3700537

7. Omenetti A, Porrello A, Jung Y, Yang L, Popov Y, Choi SS, et al. Hedgehog
signaling regulates epithelial-mesenchymal transition during biliary fibrosis in rodents
and humans. J Clin Invest. (2008) 118:3331-42. doi: 10.1172/JCI35875

8. Rygiel KA, Robertson H, Marshall HL, Pekalski M, Zhao L, Booth TA, et al.
Epithelial-mesenchymal transition contributes to portal tract fibrogenesis during
human chronic liver disease. Lab Invest. (2008) 88:112-23. doi: 10.1038/
labinvest.3700704

9. Zhao YL, Zhu RT, Sun YL. Epithelial-mesenchymal transition in liver fibrosis.
Biomed Rep. (2016) 4:269-74. doi: 10.3892/br.2016.578

10. Jin C, Jiang P, Zhang Z, Han Y, Wen X, Zheng L, et al. Single-cell RNA
sequencing reveals the pro-inflammatory roles of liver-resident Thl-like cells in
primary biliary cholangitis. Nat Commun. (2024) 15:8690. doi: 10.1038/s41467-024-
53104-9

11. Nakagawa R, Muroyama R, Saeki C, Goto K, Kaise Y, Koike K, et al. miR-425
regulates inflammatory cytokine production in CD4(+) T cells via N-Ras upregulation
in primary biliary cholangitis. ] Hepatol. (2017) 66:1223-30. doi: 10.1016/
j.jhep.2017.02.002

12. Zhang Y, Zhang X, Chen R, Jiao Z, Shen B, Shuai Z, et al. HSCs-derived
exosomes regulate the levels of inflammatory cytokines in HIBECs through miR-122-
5p mediated p38 MAPK signaling pathway. Genomics. (2024) 116:110795.
doi: 10.1016/j.ygen0.2024.110795

13. Hsu SH, Wang B, Kota J, Yu ], Costinean S, Kutay H, et al. Essential metabolic,
anti-inflammatory, and anti-tumorigenic functions of miR-122 in liver. J Clin Invest.
(2012) 122:2871-83. doi: 10.1172/JCI163539

14. Tsai WC, Hsu SD, Hsu CS, Lai TC, Chen SJ, Shen R, et al. MicroRNA-122 plays a

critical role in liver homeostasis and hepatocarcinogenesis. J Clin Invest. (2012)
122:2884-97. doi: 10.1172/JCI63455

15. Ma ], Zhao Q, Chen M, Wang W, He B, Jiang Y, et al. microRNA-122 inhibits
hepatic stellate cell proliferation and activation in vitro and represses carbon
tetrachloride-induced liver cirrhosis in mice. Ann Hepatol. (2022) 27:100700.
doi: 10.1016/j.a0hep.2022.100700

16. Lindor KD, Bowlus CL, Boyer J, Levy C, Mayo M. Primary biliary cholangitis:
2018 practice guidance from the American association for the study of liver diseases.
Hepatology. (2019) 69:394-419. doi: 10.1002/hep.30145

17. Xiao S, Lei H, Li P, Ma D, Chen S, Huang X, et al. Is oxidative stress involved in
the hepatic inflammatory response to apical periodontitis? A comparative study in

Frontiers in Immunology

21

10.3389/fimmu.2025.1684064

reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2025.1684064/full#supplementary-material

normal and hyperlipidaemic rat. Int endodontic J. (2023) 56:722-33. doi: 10.1111/
iej.13907

18. Zhang W, Shao T, Leung PSC, Tsuneyama K, Heuer L, Young HA, et al. Dual B-
cell targeting therapy ameliorates autoimmune cholangitis. J Autoimmun. (2022)
132:102897. doi: 10.1016/j.jaut.2022.102897

19. Moritoki Y, Tsuneyama K, Nakamura Y, Kikuchi K, Shiota A, Ohsugi Y,
et al. Anti-drug antibodies against a novel humanized anti-CD20
antibody impair its therapeutic effect on primary biliary cholangitis in human CD20-
and FcyR-expressing mice. Front Immunol. (2018) 9:2534. doi: 10.3389/
fimmu.2018.02534

20. Peng Z, Wei G, Huang P, Matta H, Gao W, An P, et al. ASK1/p38 axis inhibition
blocks the release of mitochondrial “danger signals” from hepatocytes and suppresses
progression to cirrhosis and liver cancer. Hepatology. (2024) 80:346-62. doi: 10.1097/
HEP.0000000000000801

21. Admyre C, Johansson SM, Qazi KR, Filén JJ, Lahesmaa R, Norman M, et al.
Exosomes with immune modulatory features are present in human breast milk. J
Immunol (Baltimore Md.: 1950). (2007) 179:1969-78. doi: 10.4049/jimmunol.179.3.1969

22. Johnstone RM, Bianchini A, Teng K. Reticulocyte maturation and exosome
release: transferrin receptor containing exosomes shows multiple plasma membrane
functions. Blood. (1989) 74:1844-51. doi: 10.1182/blood.V74.5.1844.1844

23. Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, Tuschl T, et al.
Identification of tissue-specific microRNAs from mouse. Curr biology: CB. (2002)
12:735-9. doi: 10.1016/S0960-9822(02)00809-6

24. Vliegenthart AD, Shaffer JM, Clarke JI, Peeters LE, Caporali A, Bateman DN,
et al. Comprehensive microRNA profiling in acetaminophen toxicity identifies novel
circulating biomarkers for human liver and kidney injury. Sci Rep. (2015) 5:15501.
doi: 10.1038/srep15501

25. ChengJL, Zhao H, Yang SG, Chen EM, Chen WQ, Li L], et al. Plasma miRNA-122-
5p and miRNA-151a-3p identified as potential biomarkers for liver injury among CHB
patients with PNALT. Hepatol Int. (2018) 12:277-87. doi: 10.1007/s12072-018-9871-0

26. Yang Z, Wu W, Ou P, Wu M, Zeng F, Zhou B, et al. MiR-122-5p knockdown
protects against APAP-mediated liver injury through up-regulating NDRG3. Mol Cell
Biochem. (2021) 476:1257-67. doi: 10.1007/s11010-020-03988-0

27. Miyaaki H, Ichikawa T, Kamo Y, Taura N, Honda T, Shibata H, et al.
Significance of serum and hepatic microRNA-122 levels in patients with non-
alcoholic fatty liver disease. Liver Int. (2014) 34:¢302-307. doi: 10.1111/liv.12429

28. Inomata Y, Oh JW, Taniguchi K, Sugito N, Kawaguchi N, Hirokawa F, et al.
Downregulation of miR-122-5p Activates Glycolysis via PKM2 in Kupffer Cells of Rat
and Mouse Models of Non-Alcoholic Steatohepatitis. Int | Mol Sci 23. (2022) 23:5230.
doi: 10.3390/ijms23095230

29. LiJ, Ghaz wani M, Zhang Y, Lu J, Li ], Fan J, et al. miR-122 regulates collagen
production via targeting hepatic stellate cells and suppressing PAHA1 expression. J
Hepatol. (2013) 58:522-8. doi: 10.1016/j.jhep.2012.11.011

30. Tanaka A. Current understanding of primary biliary cholangitis. Clin Mol
Hepatol. (2021) 27:1-21. doi: 10.3350/cmh.2020.0028

31. Ramaswamy M, Deng M, Siegel RM. Harnessing programmed cell death as a
therapeutic strategy in rheumatic diseases. Nat Rev Rheumatol. (2011) 7:152-60.
doi: 10.1038/nrrheum.2010.225

32. Nagata S, Hanayama R, Kawane K. Autoimmunity and the clearance of dead
cells. Cell. (2010) 140:619-30. doi: 10.1016/j.cell.2010.02.014

33. Takeda K, Kojima Y, Ikejima K, Harada K, Yamashina S, Okumura K, et al. Death
receptor 5 mediated-apoptosis contributes to cholestatic liver disease. Proc Natl Acad Sci
United States America. (2008) 105:10895-900. doi: 10.1073/pnas.0802702105

34. Harada K, Ozaki S, Gershwin ME, Nakanuma Y. Enhanced apoptosis relates to
bile duct loss in primary biliary cirrhosis. Hepatol (Baltimore Md.). (1997) 26:1399-405.
doi: 10.1002/hep.510260604

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1684064/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1684064/full#supplementary-material
https://doi.org/10.1111/jgh.15329
https://doi.org/10.2147/HMER.S135337
https://doi.org/10.1002/hep.29533
https://doi.org/10.1002/hep.29533
https://doi.org/10.1038/s41575-019-0226-7
https://doi.org/10.1007/s12016-012-8324-0
https://doi.org/10.1007/s12016-012-8324-0
https://doi.org/10.1038/labinvest.3700537
https://doi.org/10.1172/JCI35875
https://doi.org/10.1038/labinvest.3700704
https://doi.org/10.1038/labinvest.3700704
https://doi.org/10.3892/br.2016.578
https://doi.org/10.1038/s41467-024-53104-9
https://doi.org/10.1038/s41467-024-53104-9
https://doi.org/10.1016/j.jhep.2017.02.002
https://doi.org/10.1016/j.jhep.2017.02.002
https://doi.org/10.1016/j.ygeno.2024.110795
https://doi.org/10.1172/JCI63539
https://doi.org/10.1172/JCI63455
https://doi.org/10.1016/j.aohep.2022.100700
https://doi.org/10.1002/hep.30145
https://doi.org/10.1111/iej.13907
https://doi.org/10.1111/iej.13907
https://doi.org/10.1016/j.jaut.2022.102897
https://doi.org/10.3389/fimmu.2018.02534
https://doi.org/10.3389/fimmu.2018.02534
https://doi.org/10.1097/HEP.0000000000000801
https://doi.org/10.1097/HEP.0000000000000801
https://doi.org/10.4049/jimmunol.179.3.1969
https://doi.org/10.1182/blood.V74.5.1844.1844
https://doi.org/10.1016/S0960-9822(02)00809-6
https://doi.org/10.1038/srep15501
https://doi.org/10.1007/s12072-018-9871-0
https://doi.org/10.1007/s11010-020-03988-0
https://doi.org/10.1111/liv.12429
https://doi.org/10.3390/ijms23095230
https://doi.org/10.1016/j.jhep.2012.11.011
https://doi.org/10.3350/cmh.2020.0028
https://doi.org/10.1038/nrrheum.2010.225
https://doi.org/10.1016/j.cell.2010.02.014
https://doi.org/10.1073/pnas.0802702105
https://doi.org/10.1002/hep.510260604
https://doi.org/10.3389/fimmu.2025.1684064
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

35. Harada K, Kono N, Tsuneyama K, Nakanuma Y. Cell-kinetic study of
proliferating bile ductules in various hepatobiliary diseases. Liver. (1998) 18:277-84.
doi: 10.1111/j.1600-0676.1998.tb00166.x

36. Harada K, Furubo S, Ozaki S, Hiramatsu K, Sudo Y, Nakanuma Y, et al.
Increased expression of WAF1 in intrahepatic bile ducts in primary biliary cirrhosis
relates to apoptosis. ] Hepatol. (2001) 34:500-6. doi: 10.1016/S0168-8278(00)00075-1

37. Tinmouth J, Lee M, Wanless IR, Tsui FW, Inman R, Heathcote EJ, et al.
Apoptosis of biliary epithelial cells in primary biliary cirrhosis and primary sclerosing
cholangitis. Liver. (2002) 22:228-34. doi: 10.1046/j.0106-9543.2002.01595.x

38. Lu Z, Shi X. Study on the effect of DMBT1 on the development and development
of chronic glomerulonephritis based on WNT/B-catenin signaling pathway. J Clin
Nephrol. (2020) 20:297-302. X. W.

39. Wei X, Zhao Y. GMFG protein expression in cervical cancer and its correlation
with EMT. J shanxi Med Univ. (2018) 49:1306-10. J. J.

40. Kang Y, Massague J. Epithelial-mesenchymal transitions: twist in development
and metastasis. Cell. (2004) 118:277-9. doi: 10.1016/j.cell.2004.07.011

41. Sato Y, Harada K, Ozaki S, Furubo S, Kizawa K, Sanzen T, et al.
Cholangiocytes with mesenchymal features contribute to progressive hepatic fibrosis
of the polycystic kidney rat. Am J Pathol. (2007) 171:1859-71. doi: 10.2353/
ajpath.2007.070337

42. Robertson H, Kirby JA, Yip WW, Jones DE, Burt AD. Biliary epithelial-
mesenchymal transition in posttransplantation recurrence of primary biliary
cirrhosis. Hepatol (Baltimore Md.). (2007) 45:977-81.

43. Deng C, Lin YX, Qi XK, He GP, Zhang Y, Zhang HJ, et al. TNFRSF19
inhibits TGFP Signaling through interaction with TGFP Receptor type I to
promote tumorigenesis. Cancer Res. (2018) 78:3469-83. doi: 10.1158/0008-
5472.CAN-17-3205

44. Schon S, Flierman I, Ofner A, Stahringer A, Holdt LM, Kolligs FT, et al. B-
catenin regulates NF-xB activity via TNFRSF19 in colorectal cancer cells. Int ] Cancer.
(2014) 135:1800-11. doi: 10.1002/ijc.28839

Frontiers in Immunology

22

10.3389/fimmu.2025.1684064

45. GuoL, Gao R, GanJ, Zhu Y, MaJ, Lv P, et al. Downregulation of TNFRSF19 and
RAB43 by a novel miRNA, miR-HCC3, promotes proliferation and epithelial-
mesenchymal transition in hepatocellular carcinoma cells. Biochem Biophys Res
Commun. (2020) 525:425-32. doi: 10.1016/j.bbrc.2020.02.105

46. Wu L, Zhou R, Diao J, Chen X, Huang J, Xu K, et al. Differentially expressed
circular RNAs in orbital adipose/connective tissue from patients with thyroid-
associated ophthalmopathy. Exp eye Res. (2020) 196:108036. doi: 10.1016/
j.exer.2020.108036

47. Tobiume K, Matsuzawa A, Takahashi T, Nishitoh H, Morita K, Takeda K, et al.
ASK1 is required for sustained activations of JNK/p38 MAP kinases and apoptosis.
EMBO Rep. (2001) 2:222-8. doi: 10.1093/embo-reports/kve046

48. Liu Q, Sargent MA, York AJ, Molkentin JD. ASK1 regulates cardiomyocyte death
but not hypertrophy in transgenic mice. Circ Res. (2009) 105:1110-7. doi: 10.1161/
CIRCRESAHA.109.200741

49. Patel PH, Pénalva C, Kardorff M, Roca M, Pavlovi¢ B, Thiel A, et al. Damage
sensing by a Nox-Askl-MKK3-p38 signaling pathway mediates regeneration in the
adult Drosophila midgut. Nat Commun. (2019) 10:4365. doi: 10.1038/s41467-019-
12336-w

50. Brenner C, Galluzzi L, Kepp O, Kroemer G. Decoding cell death signals in liver
inflammation. J Hepatol. (2013) 59:583-94. doi: 10.1016/j.jhep.2013.03.033

51. Xiang M, Wang PX, Wang AB, Zhang XJ, Zhang Y, Zhang P, et al.
Targeting hepatic TRAF1-ASK1 signaling to improve inflammation, insulin
resistance, and hepatic steatosis. ] Hepatol. (2016) 64:1365-77. doi: 10.1016/
jjhep.2016.02.002

52. Takeda K, Noguchi T, Naguro I, Ichijo H. Apoptosis signal-regulating kinase 1 in
stress and immune response. Annu Rev Pharmacol Toxicol. (2008) 48:199-225.
doi: 10.1146/annurev.pharmtox.48.113006.094606

53. Schuster-Gaul S, Geisler L], McGeough MD, Johnson CD, Zagorska A, Li L, et al.
ASK1 inhibition reduces cell death and hepatic fibrosis in an Nlrp3 mutant liver injury
model. JCI Insight. (2020) 5:e123294. doi: 10.1172/jci.insight.123294

frontiersin.org


https://doi.org/10.1111/j.1600-0676.1998.tb00166.x
https://doi.org/10.1016/S0168-8278(00)00075-1
https://doi.org/10.1046/j.0106-9543.2002.01595.x
https://doi.org/10.1016/j.cell.2004.07.011
https://doi.org/10.2353/ajpath.2007.070337
https://doi.org/10.2353/ajpath.2007.070337
https://doi.org/10.1158/0008-5472.CAN-17-3205
https://doi.org/10.1158/0008-5472.CAN-17-3205
https://doi.org/10.1002/ijc.28839
https://doi.org/10.1016/j.bbrc.2020.02.105
https://doi.org/10.1016/j.exer.2020.108036
https://doi.org/10.1016/j.exer.2020.108036
https://doi.org/10.1093/embo-reports/kve046
https://doi.org/10.1161/CIRCRESAHA.109.200741
https://doi.org/10.1161/CIRCRESAHA.109.200741
https://doi.org/10.1038/s41467-019-12336-w
https://doi.org/10.1038/s41467-019-12336-w
https://doi.org/10.1016/j.jhep.2013.03.033
https://doi.org/10.1016/j.jhep.2016.02.002
https://doi.org/10.1016/j.jhep.2016.02.002
https://doi.org/10.1146/annurev.pharmtox.48.113006.094606
https://doi.org/10.1172/jci.insight.123294
https://doi.org/10.3389/fimmu.2025.1684064
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	HSC-derived exosomal miR-122-5p inhibits EMT and fibrosis of intrahepatic biliary epithelial cells to alleviate primary biliary cholangitis
	1 Introduction
	2 Materials and methods
	2.1 Clinical sample
	2.2 Culture and co-culture of HSCs and IBECs
	2.3 Cell transfection
	2.4 Flow cytometry
	2.5 Cell viability assay
	2.6 TUNEL staining
	2.7 RNA isolation and quantitative real&dash;time PCR
	2.8 Western blotting
	2.9 Co-immunoprecipitation (CO-IP)
	2.9.1 Preparation of cell lysates
	2.9.2 Immunoprecipitation
	2.9.3 Elution and Western blotting analysis

	2.10 Dual luciferase reporter assay
	2.11 Immunofluorescence
	2.12 Exosome extraction of mouse HSCs
	2.13 Exosome intake experiment
	2.14 Breeding and identification of mice
	2.15 Mouse tail vein injection and in vivo imaging
	2.16 Histopathology
	2.17 Immunohistochemistry
	2.18 Statistical analysis

	3 Result
	3.1 Clinical value of exosomal miR-122-5p
	3.2 Exosomal miR-122-5p promoted the proliferation and inhibited the apoptosis, EMT, and fibrosis of IBECs
	3.3 The effect on IBECs of LPS was reversed by exosomal miR-122-5p
	3.4 Exosomal miR-122-5p affects the proliferation, apoptosis, EMT, and fibrosis of IBECs via the p38 MAPK signaling pathway
	3.5 Effects of exosomal miR-122-5p and p38 MAPK blocker in the IBEC inflammatory model
	3.6 TNFRSF19 is target gene of miR-122-5p and regulates p38 MAPK pathway
	3.7 TNFRSF19 regulates p38 MAPK pathway through ASK1
	3.8 The exosomes derived from HSCs deliver miR-122-5p to alleviate the pathological damage of liver tissue

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


