Front. Biosci. (Landmark Ed) 2026; 31(7): 51017
https://doi.org/10.31083/FBL51017

Landmark

Original Research

BTG1 Mediates the Proliferation and Activation of Hepatic Stellate
Cells via the JAK2/STAT3 Pathway in Liver Fibrosis

Weili Lub?®, Ziyi An', Muran Lu!, Jinling Kong!, Li Wang', Xiaowen Feng! *®,
Fanrong Wul-%*

!Inflammation and Immune Mediated Diseases Laboratory of Anhui Province, School of Pharmacy, Anhui Medical University, 230032 Hefei, Anhui,
China
2Department of Clinical Laboratory, The Second Hospital of Anhui Medical University, 230032 Hefei, Anhui, China
*Correspondence: fengxiaowen@ahmu.edu.cn (Xiaowen Feng); wufanrong@ahmu.edu.cn (Fanrong Wu)
Academic Editor: Christian Borgo
Submitted: 14 February 2026 Revised: 12 May 2026 Accepted: 22 May 2026 Published: 17 July 2026

Abstract

Background: Liver fibrosis is pathologically characterized by excessive extracellular matrix (ECM) deposition induced by diverse
etiological factors, which is associated with hepatic stellate cell (HSC) activation and proliferation. B-cell translocation gene 1 (BTG1)
contributes to the regulation of cellular proliferation, differentiation, and development. The biological role of BTG1 in HSC activation and
liver fibrosis remains incompletely understood. Methods: To clarify the regulatory role of BTG1, carbon tetrachloride (CCls)-induced rat
liver fibrosis models and platelet-derived growth factor-BB (PDGF-BB)-activated HSC-T6 cells were used. For in vivo studies, rats were
injected with BTG1-overexpressing recombinant adeno-associated virus (AAV). siRNA or overexpression vectors targeting BTG1 were
transfected into HSC-T6 cells in vitro, respectively. Rat serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
levels were measured using biochemical assays. Liver histopathological alterations were evaluated by histological staining. 5-ethynyl-
2'-deoxyuridine (EdU) assays and flow cytometry were used to assess cell proliferation and apoptosis. Immunohistochemistry, Western
blotting, and quantitative real-time polymerase chain reaction (RT-qPCR) were performed to quantify the levels of a-smooth muscle
actin (0-SMA), collagen I, interleukin-6 (IL-6), and tumor necrosis factor-o (TNF-a), as well as proliferation- and apoptosis-related
proteins. Furthermore, a specific JAK2 inhibitor was used to further clarify the underlying molecular mechanism. Results: BTG1 was
significantly downregulated in CCls-induced fibrotic liver tissues and activated HSCs. AAV-mediated BTG1 overexpression markedly
alleviated liver fibrosis in rats. siRNA-mediated BTG1 knockdown resulted in the significant upregulation of collagen I, a-SMA, IL-6,
and TNF-a expression in HSC-T6 cells. BTG1 deficiency enhanced HSC-T6 cell proliferation induced by PDGF-BB as evidenced by
increased expression of proliferating cell nuclear antigen (PCNA) and Ki67, while inhibiting apoptotic death, as evidenced by reduced
levels of Bax and cleaved caspase-3, and by enhanced Bcl-2 expression. BTG1 overexpression had the opposite effects. Mechanistically,
BTG deficiency enhanced JAK2/STAT?3 signaling by upregulating the phosphorylation of these signaling intermediaries, whereas BTG1
overexpression inhibited this signaling pathway. Notably, pretreatment with the JAK?2 inhibitor ruxolitinib neutralized BTG1 knockdown-
induced JAK2/STAT3 hyperactivation. Conclusions: BTG1 suppresses HSC activation by modulating the JAK2/STAT3 signaling axis
and retards liver fibrosis progression, suggesting that it may represent a promising therapeutic target for anti-fibrotic intervention.
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1. Introduction activation thus represent a potential treatment strategy for

. . o ) liver fibrosis.
Liver fibrosis, a prevalent form of chronic liver dis-

ease, exhibits the hallmark of excessive hepatic extracellu-
lar matrix (ECM) deposition [1]. There are few efficacious
clinical interventions for liver fibrosis, which may ulti-
mately advance to hepatic cirrhosis, hepatic failure, or hep-
atocellular carcinoma (HCC). Hepatic stellate cell (HSC)
is critical for the progression of liver fibrosis [2]. In the
normal liver, quiescent HSCs usually serve as lipid-storing
cells and the major cellular depot for vitamin A storage [3].
Upon liver damage, HSCs undergo activation and transdif-
ferentiate into myofibroblast-like cells, a process that in-
creases ECM synthesis and decreases ECM degradation,
thereby inducing abnormal hepatic ECM deposition and
culminating in liver fibrosis [4,5]. Efforts to regulate HSC

B-cell translocation gene 1 (BTG1), which belongs
to the TOB/BTG family, has been reported to regulate
cell cycle progression, suppress proliferative activity, and
modulate cell differentiation [6]. In non-alcoholic fatty
liver disease (NAFLD), BTGI can inhibit triglyceride ac-
cumulation, thereby ameliorating disease progression [7,8].
Moreover, BTGI acts as a potential tumor suppressor, and
its downregulation is associated with hepatocarcinogenesis
and poor clinical prognosis in HCC [9]. We previously
reported that miR-301a-3p, which was bioinformatically
predicted to target BTG1, promoted HSC activation [10].
These findings implied that the HSC-activating properties
of miR-301a-3p may be mediated by BTG1. However,
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BTG1’s exact function in liver fibrogenesis and its regu-
latory pathways governing HSC activation remain unclear.
Our study therefore aimed to clarify how BTG1 modulates
HSC activation and proliferation to affect fibrotic disease
progression in the liver.

The Janus kinase/signal transducer and activator of
transcription (JAK/STAT) signaling pathways play an es-
sential role in relaying cytokine signals from the cell mem-
brane to the nucleus, thereby shaping multiple biologi-
cal processes [11,12,13,14]. Prior investigations have in-
dicated aberrant JAK2/STAT3 pathway activation in acti-
vated HSCs, driving liver fibrogenesis [11,12,15]. How-
ever, no previous reports have investigated whether BTG1
regulates HSC activation via the JAK2/STAT3 pathway.
The present study aimed to clarify the functional mech-
anisms of BTG1 in modulating liver fibrosis and HSC
activation, and further elucidate the key contribution of
JAK2/STATS3 signaling to the regulatory effects of BTGI.

2. Materials and Methods
2.1 Cell Culture

HSC-T6 (CL-0116, Procell, Wuhan, China), an im-
mortalized rat HSC line, was maintained at 37 °C with
5% CO; in high-glucose DMEM (Yuanpei Biotechnology,
Shanghai, China) containing 10% fetal bovine serum (FBS;
Gibco, Waltham, MA, USA), 1% penicillin and strepto-
mycin (Beyotime, Shanghai, China). Cells at passages
3-8 were used for all cellular experiments in this study.
To induce activation, HSC-T6 cells were incubated with
10 ng/mL of platelet-derived growth factor (PDGF-BB,
105-10, PrimeGene, Shanghai, China) for 48 h. Authen-
tication of the cell line was performed using STR profiling,
confirming the mycoplasma-free.

2.2 Animals

Six-week-old male Sprague-Dawley rats weighing
160-180 g were obtained from the Experimental Animal
Center of Anhui Medical University (Anhui, China). Rats
were randomly divided into four groups (n = 8 per group)
by a random number table: control group, carbon tetrachlo-
ride (CCly) group, CCly + adeno-associated virus (AAV)-
control group, and CCly + AAV-BTG1 group. Predefined
animal exclusion criteria included abnormal weight, sick-
ness, death, and unsuccessful fibrosis modeling. No ani-
mals were excluded throughout the study. For serum bio-
chemical detection, hemolyzed or clotted serum samples
were discarded; two serum samples from the CCly group
were excluded due to hemolysis, and six randomly selected
serum samples per group were analyzed to balance sam-
ple sizes across cohorts. No samples were excluded from
Western blotting, reverse transcription quantitative real-
time polymerase chain reaction (RT-qPCR) or histologi-
cal staining. Due to cost constraints, plate capacities, and
time limitations, four randomly selected samples per group
were analyzed for Western blotting and RT-qPCR, while

three randomly selected liver tissue samples per group were
used for histological evaluation. All remaining samples
were retained as backups. To achieve blinding, all sam-
ples were labeled with unique coded identifiers. Group
allocation, AAV injection, and CCly administration were
performed by an unblinded researcher due to procedural
necessity. Subsequent tissue collection, histological stain-
ing, and immunohistochemical evaluation were completed
by operators fully blinded to group assignments. Statis-
tical analyses were completed by a fully blinded statisti-
cian, and unblinding was implemented only after all data
processing was finalized. Rats were housed under con-
trolled environmental conditions (20 + 2 °C) with a 12-
h light-dark cycle. For liver-specific BTG overexpres-
sion, rats in the CCly + AAV-BTG1 group received tail-vein
injection of AAVs (HBAAV2/9-r-Btgl-3xflag-LUC, 1.6 %
10'2 genome copies/mL, Hanheng Biotechnology, Shang-
hai, China). Rats in the CCly + AAV-control group were
injected with an empty AAV vector via the tail vein. Two
weeks after AAV administration, liver fibrosis was induced
by intraperitoneal injection of a 40% CCly-olive oil mix-
ture (1 mL/kg), twice weekly for 8 weeks. Equal volumes
of olive oil were intraperitoneally administered to the con-
trol rats at consistent intervals. 72 h after the last CCly in-
jection, all rats were anesthetized with isoflurane (3—4%
induction concentration; 2—2.5% maintenance concentra-
tion). Blood and liver tissue samples were harvested after
stable deep anesthesia was confirmed. After tissue collec-
tion, deeply anesthetized rats were placed into a sealed eu-
thanasia chamber supplied with continuousand 100% CO,
at a flow rate of 24 L/min. Following complete cessation of
respiration, CO, exposure was maintained for a minimum
of 10 min to confirm irreversible death via CO, inhalation
euthanasia. The animal experiments were approved by the
Animal Experimentation Ethics Committee of Anhui Med-
ical University (No. LLSC20210990).

2.3 Small Interfering RNAs (siRNAs) and Transfection

BTG1-siRNA, negative control siRNA,
and BTG -overexpressing pcDNA3.1 vec-
tors were supplied by Genepharma Co., Ltd
(Suzhou,  China). BTGI1-siRNA: sense, 5'-

UGGACUGAGCAGUCAAGAGTT-3'; antisense, 5'-
CUCUUGACUGCUCAGUCCATT-3". NC siRNA: sense,
5'-UUCUCCGAACGUGUCACGUTT-3"; antisense, 5'-
ACGUGACACGUUCGGAGAATT-3". pcDNA-BTGI:
sense, 5'-TGGGCAGAACAAGCCCTTAAAAACT-3';
antisense, 5'-ACAATATGATGACTGTATCAGGTTAA-3'.

According to the manufacturer’s directions, HSC-T6
cells plated at 5 x 103 cells/well were transfected with
BTGI1-siRNA, pcDNA-BTGI, or NC siRNA constructs us-
ing Lipofectamine 2000 (11668019, Invitrogen, USA). At
6 hours post-transfection, the cells were stimulated with 10
ng/mL PDGF-BB for 48 hours, then harvested.
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2.4 JAK?2 Inhibitor Treatment

Pretreatment with or without 3 pM ruxolitinib (a spe-
cific JAK2 inhibitor, S81142, Yuanye, Shanghai, China)
for 6 h, cells transfected with BTG1-siRNA were incubated
with 10 ng/mL PDGF-BB for 48 h. Cells transfected with
negative control siRNA served as the control group.

2.5 Biochemical Analysis

Serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels were assayed utilizing com-
mercial assay kits (105-000442-00 and 105-000443-00,
Mindray, Shenzhen, China) with an automated biochemi-
cal analyzer (Mindray, Shenzhen, China). Following qual-
ity control and calibration, 10-fold diluted rat serum sam-
ples were loaded into the analyzer for precise measure-
ment. Measurements were performed following the man-
ufacturer’s protocols.

2.6 Histopathology and Immunohistochemistry

4 um-thick paraffin sections of liver tissue treated
with 4% paraformaldehyde were stained with Masson’s
trichrome, hematoxylin and eosin (H&E), and Sirius red.
To stain a-smooth muscle actin (a-SMA) and BTG1 im-
munohistochemically, paraffin liver sections were initially
cultured with primary antibodies against a-SMA (1:500,
AF1032, Affinity, USA) and BTG1 (1:500, 14879-1-AP,
Proteintech, China) for 12 h at 4 °C, then incubated with bi-
otinylated secondary antibody (bs-0295G-Bio, Bioss, Bei-
jing, China) for 60 min at 25 °C. Diaminobenzidine (DAB)
staining was used to view the sections, and hematoxylin was
applied as a counterstain. Quantitative analysis was per-
formed for five randomly selected fields per liver section.

2.7 Flow Cytometry Assay

The apoptotic rate of cells after BTG transfection was
detected by an Annexin V-FITC/PI flow cytometry assay.
Cells were harvested by EDTA-free trypsin 48 h after trans-
fection, and processed according to the apoptosis detection
kit’s instructions (BB-4101, BestBio, Shanghai, China). 5
pL of Annexin V-FITC and 5 pL of propidium iodide (PI,
20 pg/mL) were employed to stain 4 x 10° cells for 15 min
at 4°C in the dark. Subsequently, each sample with 10,000
cells was examined by a flow cytometer (Beckman Coulter,
USA).

Gating strategy: Cell debris was excluded via
FSC/SSC gating (P1), and single cells were further selected
using FSC-A/FSC-H to remove cell doublets (P2). Fluo-
rescence compensation was calibrated with single-stained
controls to resolve spectral overlap between FITC and PIL
With Annexin V-FITC on the x-axis and PI on the y-
axis, quadrants were defined using unstained and single-
stained controls: Q1 (necrotic cells, Annexin V—/PI+), Q2
(late apoptotic/necrotic cells, Annexin V+/PI+), Q3 (live
cells, Annexin V—/PI-), Q4 (early apoptotic cells, An-
nexin V+/PI-). The total apoptotic rate was calculated as
the sum of Q2 and Q4.
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2.8 S-ethynyl-2"-deoxyuridine (EdU) Proliferation Assay

For evaluation of cell proliferation, HSC-T6 cells
transfected with BTG1-siRNA or pcDNA-BTG1 as de-
scribed above were incubated with a 10 uM EdU solution
(C0078, Beyotime, Shanghai, China) at 37 °C for 2 h. Af-
ter fixation in 4% paraformaldehyde and permeabilization
in 0.3% Triton X-100, the cells were incubated with 0.5 mL
of Click reaction solution for 30 min in the dark. Hoechst
33342 was used to stain cell nuclei. EdU-positive prolifer-
ating cells (red fluorescence) and nuclei (blue fluorescence)
were observed and imaged by a fluorescence microscope
(Leica, Germany).

2.9 Western Blotting

Protein from lysed samples was extracted using RIPA
buffer containing PMSF (1:100). Proteins were sep-
arated using SDS-PAGE and transferred electrophoreti-
cally onto PVDF membranes (Millipore, Billerica, MA,
USA). These membranes were incubated with primary an-
tibodies overnight at 4 °C, followed by incubation with
horseradish peroxidase-conjugated secondary antibodies
(1:10,000, Zhongshan Jingiao, China). Protein bands were
visualized by ECL chemiluminescence, and the band in-
tensity was quantitatively analyzed with ImagelJ software
(NIH, Bethesda, MD, USA). B-actin was used as the in-
ternal control. The primary antibodies utilized were spe-
cific for the following targets: a-SMA (AF1032), collagen
I (AF7001), STAT3 (AF6294), p-STAT3 (AF3293), JAK2
(AF6022), p-JAK2 (AF3022) (1:1000, Affinity, USA),
TNF-a (AF7014), cleaved caspase-3 (AF7022) (1:500,
Affinity), B-actin (T0022, 1:2000, Affinity), BTG1 (14879-
1-AP), Bcl-2 (26593-1-AP), Bax (50599-2-Ig), PCNA
(10205-2-AP), Ki67 (84432-1-RR) and IL-6 (21865-1-AP)
(1:1000, Proteintech, China). Representative blots are pre-
sented from three independent experiments.

2.10 RT-gPCR

The RNA extraction kit (AG21022, Accurate Biology,
Hunan, China) was applied to extract total RNA. cDNA was
synthesized by a reverse transcription kit (AG11705, Ac-
curate Biology). RT-qPCR was conducted with the SYBR
Green Premix Pro Taq HS qPCR kit (AG11701, Accurate
Biology) with the real-time PCR detection system (Bio-
Rad, USA). With B-actin as the internal normalization ref-
erence, the delta-delta threshold cycle (2724¢%) approach
was used to calculate relative gene expression levels. The
primers used are provided in Table 1.

2.11 Statistical Analysis

All data analysis and figure generation were con-
ducted using GraphPad Prism 8 (La Jolla, CA, USA).
Multiple-group differences were performed using one-way
ANOVA followed by Tukey’s post-hoc test, while two-
group differences were analyzed using Student’s ¢-test. All
data are presented as the mean + standard deviation (SD).
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Table 1. RT-qPCR primer sequences.

Forward Reverse
B-actin GAGCGCAAGTACTCTGTGTG CCTGCTTGCTGATCCACATC
a-SMA GAGGGATCCTGACCCTGAAG CCACGCGAAGCTCGTTATAG
collagen I ACCTCAGGGTATTGCTGGAC GACCAGGGAAGCCTCTTTCT
IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA
TNF-a ATGGGCTCCCTCTCATCAGTTCC GCTCCTCCGCTTGGTGGTTTG
PCNA TCACAAAAGCCACTCCACTGT GCAACGCCTAAGATCCTTCC
Ki67 AACCATCATTGACCGCTCCTT TTGACCTTCCCCATCAGGGT
Bax CCAAGAAGCTGAGCGAGTGTCTC  CCAAGAAGCTGAGCGAGTGTCTC
Bcl-2 CAACATCGCCCTGTGGATGAC CAACATCGCCCTGTGGATGAC
BTGl CGTTGTATTCGCATCAACC AGCCATCCTCTCCAATCC

a-SMA, a-smooth muscle actin; IL-6, interleukin-6; TNF-a, tumor necrosis factor-a; PCNA, pro-
liferating cell nuclear antigen; BTG1, B-cell translocation gene 1; RT-qPCR, reverse transcription

quantitative real-time polymerase chain reaction.

Representative images are shown. Statistical significance
was set at p < 0.05.

Formal a priori power analysis was not conducted be-
fore animal assignment. The sample size (n = 8§ per group)
was determined based on our laboratory’s previous expe-
rience with SD rat liver fibrosis models. Post-hoc power
analysis was performed with o = 0.05 for two-tailed t-
tests. For the primary comparisons (AAV-control vs. AAV-
BTG, control vs. CCly), the primary readouts (ALT, AST,
a-SMA, Collagen I) exhibited Cohen’s d values >4.58, and
statistical power >0.99, confirming that n = 8 per group was
sufficient to detect CCly-induced hepatic fibrosis and the
therapeutic effect of BTG1.

3. Results
3.1 BTG1 Alleviates CCly-Induced Liver Fibrosis in Rats

To elucidate BTG1’s function in liver fibrosis, an
adeno-associated viral vector (AAV-Brgl) was employed
to generate rats with liver-specific BTG1 overexpression.
A 40% CCly solution was injected intraperitoneally to es-
tablish the rat model of liver fibrosis. BTG1 was suc-
cessfully overexpressed in the livers of CCl4;+AAV-BTG1
group rats relative to CCly-treated rats, as demonstrated by
Western blotting and RT-qPCR (Fig. 1A,B). To investigate
whether BTG1 alleviates CCly-induced liver injury in this
experimental system, serum ALT and AST levels of rats
following an 8-week treatment with 40% CCly were mea-
sured. Rats treated with CCly exhibited markedly higher
serum ALT and AST levels than the normal controls, in-
dicating the hepatic function impairment induced by CCly.
AAV-mediated BTG1 overexpression significantly attenu-
ated CCly-induced increases in serum ALT and AST lev-
els, indicating alleviation of liver injury (Fig. 1C,D). Hep-
atic histopathological changes and collagen deposition were
evaluated following the staining methods detailed in Sec-
tion 2.6. As illustrated in Fig. 1E, compared with the nor-
mal controls, livers from CCly-treated rats displayed disor-
dered hepatic lobular structures, lipid degeneration, inflam-

matory cell infiltration, collagen deposition, and fibrous
tissue proliferation in the portal area, thus confirming the
successful induction of experimental rat liver fibrosis. In
rats from the CCl4+AAV-BTGI1 group, liver fibrosis was
markedly attenuated, as evidenced by restored hepatic lob-
ular architecture, reduced hepatic steatosis, decreased in-
flammatory cell infiltration and collagen deposition, and re-
duced portal fibrous tissue hyperplasia. As assessed by im-
munohistochemistry, a-SMA expressionwas increased in
the liver tissue of CCly-treated rats relative to the normal
controls, whereas it was decreased in CCl4+AAV-BTG1
rats compared with the CCly-treated rats (Fig. 1F). The ex-
pression of IL-6, TNF-a, a-SMA, and collagen I in rat liver
tissue was measured. CCly treatment induced a marked
upregulation of the expression of these markers compared
with the normal controls, which was significantly down-
regulated by AAV-mediated BTG1 overexpression (Fig.
1G,H). These findings indicate that BTG1 overexpression
alleviates CCly-induced liver damage and ameliorates liver
fibrosis in rats.

3.2 BTG1 is Downregulated in Activated HSCs

The expression of BTG, fibrotic markers (a-SMA
and collagen I), IL-6, and TNF-a was analyzed in PDGF-
BB-induced activated HSC-T6 cells by Western blotting
and RT-qPCR. Compared with untreated controls, a-SMA,
collagen I, IL-6, and TNF-a expression was markedly up-
regulated in the PDGF-BB-treated cells with a correspond-
ing significant decline in BTG1 protein and mRNA expres-
sion (Fig. 2). PDGF-BB was thus found to induce HSC-
T6 cell activation, while reducing BTG1 expression in ac-
tivated HSCs.

3.3 Liposome-Mediated Transfection Results in BTG
Overexpression or Knockdown in HSC-T6 Cells

As illustrated in Fig.  3A,B, Western blotting
and RT-gPCR analyses demonstrated that BTGl ex-
pression was markedly downregulated in BTG1-siRNA-
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transfected HSC-T6 cells, whereas transfection with BTG1-
overexpression plasmids (pcDNA-BTG1) significantly up-
regulated BTG1 expression in HSC-T6 cells (Fig. 3C,D).
These findings lay the foundation for subsequent functional
studies of BTG1 in HSC-T6 cells.

3.4 BTG1 Modulates PDGF-BB-Induced HSC-T6 Cell
Activation

The regulatory effects of BTG1 on fibrotic marker ex-
pression were analyzed. siRNA-mediated BTG1 knock-
down significantly upregulated a-SMA and collagen I ex-
pression in PDGF-BB-treated HSC-T6 cells (Fig. 4A,B),
whereas BTG1 overexpression led to the marked down-
regulation of both fibrotic markers (Fig. 4C,D). These re-
sults indicate that BTG1 inhibits fibrotic marker expression
in activated HSCs, indicating that it functions as an anti-
fibrotic gene in liver fibrosis.

3.5 BTG1 Modulates PDGF-BB-Induced Inflammatory
Response in HSC-T6 Cells

IL-6 and TNF-a are critical mediators of hepatic in-
flammation and promote HSC activation and liver fibrosis
progression [16]. The expression of IL-6 and TNF-a was
determined in HSC-T6 cells. As shown in Fig. 5A,B, BTG1
knockdown significantly elevated IL-6 and TNF-a expres-
sion. Conversely, BTG1 overexpression markedly down-
regulated the expression of both cytokines (Fig. 5C,D).
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Thus, the observations above suggest that BTG1 alleviates
hepatic inflammatory response.

3.6 BTG1 Regulates PDGF-BB-Induced Proliferation and
Apoptosis in HSC-T6 Cells

To clarify BTG1’s roles as a key mediator in the pro-
liferation and apoptosis of activated HSCs, BTG1 was si-
lenced or overexpressed in HSC-T6 cells, prior to PDGF-
BB treatment. The EdU proliferation assay suggested that
siRNA-mediated BTG1 knockdown promoted the prolifer-
ation of PDGF-BB-treated HSC-T6 cells (Fig. 6A). Cor-
respondingly, quantitative western blotting and RT-qPCR
analyses revealed marked upregulation of the key pro-
liferation markers Ki67 and PCNA upon BTGI silenc-
ing (Fig. 6C,D). Moreover, representative EdU staining
showed fewer PDGF-BB-induced EdU-positive cells fol-
lowing BTG1 overexpression (Fig. 6B), accompanied by
significant downregulation of Ki67 and PCNA (Fig. 6E,F).

To explore a potential link between the anti-
proliferative effect of BTG1 and cellular apoptosis, An-
nexin V-FITC/PI flow cytometry staining was performed.
The results showed that siRNA-mediated BTG1 silenc-
ing significantly decreased the apoptotic rate of PDGF-
BB-treated HSC-T6 cells from 22.05 + 1.62% to 12.86 +
1.25% (Fig. 7A). In contrast, BTG1 overexpression sig-
nificantly increased the apoptotic rate of PDGF-BB-treated
HSC-T6 cells from 20.99 + 1.83% to 27.66 + 1.06% (Fig.
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A representative Western blotting image is shown. Quantitative data were analyzed by one-way ANOVA (n = 3). **p <0.01, ***p <
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7B). As shown in Fig. 7C,D, BTGI silencing resulted
in a significant downregulation of the pro-apoptotic me-
diators Bax and cleaved caspase-3, while causing the up-
regulation of the anti-apoptotic protein Bcl-2 in activated
HSC-T6 cells. Bcl-2 and Bax showed consistent expres-
sion changes at protein and mRNA levels, while cleaved
caspase-3 was only assessed at the protein level. Con-
versely, BTG1 overexpression exerted the opposite effect
on the PDGF-induced expression of these apoptotic regu-
lators (Fig. 7E,F). These results demonstrate that BTGI
inhibits the proliferation of activated HSCs and promotes
apoptosis.

3.7 BTG1 Suppresses JAK2/STAT3 Pathway Signaling in
Activated HSCs

Compelling evidence indicates that aberrant activa-
tion of the JAK2/STAT3 signaling pathway represents a
major molecular event mediating HSC activation [13]. To
elucidate the potential regulatory mechanism underlying
BTG1-mediated anti-fibrotic action, the protein levels of
p-JAK2, total JAK2, p-STAT3, and total STAT3 were
measured in activated HSCs. Western blotting showed
that PDGF-BB treatment induced a marked increase in p-
JAK2 and p-STAT3 levels in HSC-T6 cells, whereas to-
tal protein expression of JAK2 and STAT3 remained un-
changed (Fig. 8A,B). Next, BTGl-silenced or BTGI-

overexpressing HSC-T6 cells were employed to evaluate
the key regulatory effect of BTG1 on the JAK2/STAT3
signaling pathway. siRNA-mediated BTG1 knockdown
markedly enhanced PDGF-BB-induced JAK2 and STAT3
phosphorylation, whereas BTG1 overexpression exerted
the opposite effect, reducing p-JAK2 and p-STAT3 lev-
els in HSC-T6 cells (Fig. 8A,B). Subsequently, the JAK
inhibitor ruxolitinib was used to block JAK2/STAT3 sig-
naling in HSCs. Ruxolitinib pretreatment effectively re-
versed the BTG1-silencing-induced hyperphosphorylation
of JAK2 and STAT3 (Fig. 8C), and attenuated the upreg-
ulation of key myofibroblast activation markers (a-SMA,
collagen I) and inflammatory cytokines (IL-6, TNF-a) (Fig.
8D). The data indicate that BTG1 inhibits HSC activation
by negatively regulating the JAK2/STAT3 pathway.

4. Discussion

Liver fibrosis is pathologically characterized by hep-
atic architectural alterations that arise in response to chronic
injury, which involve persistent HSC activation, hepatocyte
damage and regeneration, and excessive ECM deposition
[17,18,19]. Liver fibrosis has a complex pathogenesis that
is driven by multiple factors, including hepatotoxic stimuli,
hepatic metabolic dysfunction, and cholestasis, which col-
lectively induce hepatocyte injury and immune cell infil-
tration, thereby promoting the differentiation of HSCs into
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Fig. 7. BTGI1 regulates the PDGF-BB-induced apoptosis in HSC-T6 cells. (A,B) An Annexin V-FITC/PI flow cytometry assay was
applied to analyze the apoptotic rate of HSC-T6 cells. In the presented scatterplots, quadrant Q1 corresponds to necrotic cells (Annexin
V—/PI+), quadrant Q2 corresponds to late apoptotic cells (Annexin V+/PI+), quadrant Q3 corresponds to live cells (Annexin V—/PI-),
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centage of early and late apoptotic cells. (C—F) The expression of apoptosis-associated proteins was assessed in HSC-T6 cells transfected
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tified by RT-qPCR. A representative Western blotting image is shown. Quantitative data were analyzed by one-way ANOVA (n = 3). *p

<0.05, **p <0.01, ***p < 0.001; ns, no significant difference.

myofibroblasts [20,21,22,23]. Activated HSCs produce a-
SMA, collagen, and other ECM components, leading to ex-
cessive ECM accumulation and subsequent progression to
liver fibrosis and HCC [24]. Multiple cytokines and signal-
ing pathways interact to regulate HSC activation, including
those stimulated by TGF-B1, PDGF, and VEGF, and HSC
activation is additionally responsive to oxidative stress and
endoplasmic reticulum stress [25,26,27]. The elucidation
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of the regulatory mechanisms underlying HSC activation
is thus crucial to guide the formulation of therapeutic ap-
proaches suitable for liver fibrosis.

BTGI, an anti-proliferative factor, is essential for
governing cell proliferation, differentiation, and apoptosis
[28,29]. Emerging evidence has linked the dysregulated
BTGI expression to the pathogenesis of certain diseases.
Existing literature has confirmed that BTG1 upregulation
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significantly suppresses the proliferation of malignant cells gression [32]. Furthermore, BTG1 induces apoptosis in

in lung cancer and breast cancer [30,31]. BTG1 overexpres- prostate cancer cells and vascular smooth muscle cells by
sion reportedly reduces the levels of key cell cycle check- reducing the levels of Bcl-2 [33,34]. Notably, BTG al-
point proteins, suggesting that it suppresses cell cycle pro- leviates hepatic steatosis in NAFLD by inhibiting intra-

@B IMR Press 1"


https://www.imrpress.com

hepatic triglyceride accumulation and adipogenesis-related
gene expression [7]. Despite these advances, the functional
importance of BTG1 in HSCs and liver fibrosis remains un-
explored. Given its anti-proliferative properties and regu-
latory effects on metabolic pathways, we hypothesized that
BTG1 may modulate HSC activation and proliferation in
liver fibrosis, prompting this study to investigate BTGI
mechanistic functions in the pathogenesis of liver fibrosis.

The CCly-induced liver fibrosis rat model is well-
validated, with pathological features similar to human
chemical-induced liver fibrosis. As previously reported,
liver injury is correlated with the downregulation of BTG1
protein levels in the livers of HCC patients and NAFLD
mice [7]. Our study demonstrated significantly downregu-
lated BTG1 expression in liver tissues and increased serum
ALT/AST activities in CCly-induced fibrotic rats. Notably,
hepatic-specific overexpression of BTG1 significantly re-
duced serum ALT/AST levels compared with the CCly-
treated group, indicating its hepatoprotective effect against
chemical-induced liver injury. Histopathological analysis
revealed that BTG1 overexpression ameliorated hepatic tis-
sue architecture disorder and alleviated collagen deposi-
tion. Western blotting illustrated that BTG1 overexpression
markedly downregulated the protein levels of a-SMA, col-
lagen I, IL-6, and TNF-a in liver tissues. Since inflamma-
tory factors promote HSC activation to accelerate fibrosis
[17], BTG1 may exert anti-fibrotic effects through attenuat-
ing inflammatory responses. In vitro, BTG1 was downregu-
lated in activated HSC-T6 cells. BTG1 knockdown induced
HSC activation and proliferation, inhibited HSC apopto-
sis, and upregulated fibrosis- and inflammation-associated
markers, while BTG1 overexpression exerted the opposite
effects. These outcomes confirm that BTG1 is a critical in-
hibitor of HSC activation, exerting an anti-fibrotic effect in
the pathogenesis of liver fibrosis.

PDGF, which serves as a pro-proliferative factor for
HSCs, activates multiple signaling pathways, especially the
MAPK, PI3K, and JAK pathways, by binding to its re-
ceptor (PDGF-BR), thereby driving fibrogenic responses
[35,36]. The JAK/STAT3 signaling axis, in particular, has
been firmly established as a critical mediator of HSC acti-
vation. Notably, functional divergence in JAK/STAT3 sig-
naling has been reported depending on the specific kinases
involved. While JAK1/STAT3 activation exerts cytoprotec-
tive effects in HSCs, the JAK2/STAT3 axis predominantly
mediates profibrotic responses [37,38]. Upon PDGF stim-
ulation, receptor dimerization triggers a sequential phos-
phorylation cascade: JAK2 undergoes autophosphorylation
and subsequently phosphorylates STAT3, which promotes
STAT3 dimerization and nuclear translocation. The acti-
vated STAT3 complex subsequently binds to promoter re-
gions of pro-fibrotic genes (e.g., a-SMA), thereby facilitat-
ing HSC activation [39]. The present study revealed that
BTG1 knockdown markedly increased JAK2 and STAT3
phosphorylation levels in activated HSCs, accompanied
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by upregulation of a-SMA, collagen I, IL-6, and TNF-
a. Conversely, BTG1 overexpression exhibited the oppo-
site effects by suppressing JAK2/STAT3 pathway activa-
tion and its downstream fibro-inflammatory targets. To
confirm BTG1’s regulatory function in the JAK2/STAT3
pathway, the selective JAK2 inhibitor ruxolitinib was ap-
plied in BTG1-silenced HSCs. The results demonstrated
that the JAK?2 inhibitor significantly attenuated the BTG1
knockdown-induced hyperphosphorylation of JAK2 and
STAT3, along with the upregulation of fibrotic markers and
inflammatory cytokines. Collectively, these results confirm
that BTG1 suppresses HSC activation primarily through in-
hibition of the JAK2/STAT3 pathway. Alongside our prior
findings [10], these results establish a functional regula-
tory axis that governs HSC activation in the form of the
miR-301a-3p/BTG1/JAK2-STAT3 pathway. Meanwhile,
the highlight of BTG1 as a critical mediator that links non-
coding RNA regulation to the JAK2/STAT3 signaling cas-
cade during liver fibrosis, thereby providing a promising
target for therapeutic intervention in this pathological con-
dition.

While the above findings are promising, this study
has several limitations. Although our current data con-
firmed that BTG1 negatively regulates the JAK2/STAT3
pathway by altering the phosphorylation levels of JAK2 and
STAT?3, thereby inhibiting HSC activation and hepatic in-
flammatory infiltration, the detailed molecular mechanisms
by which BTG modulates JAK2/STAT3 phosphorylation
are yet to be elucidated. We will elucidate the underly-
ing mechanism in subsequent studies to determine whether
BTG regulates this pathway through direct physical inter-
action with JAK2/STAT3 or by modulating the activity of
relevant phosphatases. Furthermore, the present study pri-
marily relied on HSC models and rat liver fibrosis models,
which, despite their extensive use, cannot accurately reca-
pitulate the intricate pathological features and progression
of human liver fibrosis. Therefore, additional studies em-
ploying human liver samples and clinical investigations are
warranted to systematically verify the expression and reg-
ulatory mechanism of BTG1 during different stages of hu-
man liver fibrosis, thereby providing more reliable exper-
imental and clinical evidence for its translational potential
in the therapeutic intervention of liver fibrosis.

5. Conclusion

These results demonstrate that BTG1 can significantly
suppress the development of CCly-induced liver fibrosis in
rats. Furthermore, in vitro data indicate that BTG1 modu-
lates the PDGF-BB-induced activation, proliferation, apop-
tosis, and inflammatory responses of HSCs. Mechanisti-
cally, these biological effects of BTG1 are achieved by in-
hibiting the activation of the JAK2/STAT3 signaling path-
way. Collectively, the present study demonstrates that
BTG acts as a critical regulator of key cellular events un-
derlying liver fibrosis progression, suggesting that target-

&% IMR Press


https://www.imrpress.com

ing BTG1 to inhibit HSC activation may provide a potential
strategy for anti-fibrotic interventions.
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