
Copyright: © 2026 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License  
(CC BY-NC 4.0), which permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided.  

“This article has been published in Journal of Clinical and Translational Hepatology at https://doi.org/10.14218/JCTH.2025.00592 and can also be viewed 
 on the Journal’s website at http://www.jcthnet.com ”.

Original Article

Journal of Clinical and Translational Hepatology 2026  vol. 14(2)  |  187–201 
DOI: 10.14218/JCTH.2025.00592

Cathepsin K Alleviates Liver Fibrosis by Inhibiting the TGF-β/
Smad Signaling Pathway and Inducing Hepatic Stellate Cell 
Apoptosis
Zhandong Lin, Yue Shi, Mengjiao Sun, Jiawei Cui, Dandan Zhao, Yaoyao Mao, Congyue Zhang, Ying Zhang, 
Qianqian Zheng, Yukai Chen, Shaoya Li and Yuemin Nan*

Department of Traditional and Western Medical Hepatology, Hebei Provincial Key Laboratory of Liver Fibrosis in Chronic 
Liver Diseases, Hebei Medical University Third Hospital, Shijiazhuang, Hebei, China

Received: November 07, 2025  |  Revised: December 19, 2025  |  Accepted: December 31, 2025  |  Published online: January 22, 2026

Abstract

Background and Aims: Liver fibrosis is characterized by the 
excessive deposition of extracellular matrix, a process pri-
marily driven by activated hepatic stellate cells (HSCs), and 
currently lacks effective therapy. Cathepsin K (CTSK) exhibits 
context-dependent roles across organ systems in fibrosis, but 
its function in liver fibrosis is unclear. This study aimed to 
investigate the role and underlying mechanisms of CTSK dur-
ing liver fibrosis. Methods: CTSK expression was analyzed in 
human fibrotic liver samples via transcriptomic analysis and 
confirmed in murine fibrosis models. The function of CTSK 
was investigated in both primary HSCs and LX-2 cells by as-
sessing its effects on cell activation, proliferation, apoptosis, 
and the underlying signaling pathways following CTSK over-
expression. The therapeutic potential was evaluated using 
an adeno-associated virus serotype 8 to overexpress CTSK 
in two etiologically distinct murine fibrosis models. Results: 
CTSK was upregulated in activated HSCs and fibrotic livers. 
Furthermore, we discovered that it mediates a negative feed-
back loop to inhibit the TGF-β/Smad pathway via Smad7/
Smurf2-dependent TGF-β receptor-I degradation, thereby 
suppressing HSC activation and proliferation. CTSK also in-
duced mitochondrial apoptosis through Bax/Bcl-2 imbalance 
and caspase-3 activation. Together, these actions contribute 
to the anti-fibrotic effect of CTSK. Notably, adeno-associated 
virus serotype 8-mediated CTSK overexpression attenuated 
liver fibrosis across multiple murine models. Conclusions: 
Our study demonstrates that elevated CTSK functions as an 
endogenous protective factor that attenuates liver fibrosis. 
CTSK mediates negative feedback inhibition of the TGF-β 
pathway while concurrently promoting the mitochondrial ap-
optosis pathway. The dual anti-fibrotic mechanisms identify 
CTSK as a promising therapeutic target for liver fibrosis.
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Introduction
Liver fibrosis is a pathological consequence of chronic liver in-
jury, characterized by the excessive deposition and impaired 
degradation of collagen-rich extracellular matrix.1 The pro-
gression of chronic liver fibrosis to cirrhosis and hepatocel-
lular carcinoma constitutes a substantial and growing global 
health burden.2 To date, no effective antifibrotic medications 
have been approved.3 This therapeutic gap necessitates a 
comprehensive understanding of the pathogenesis of hepatic 
fibrosis to identify novel therapeutic targets to halt fibrotic 
progression in chronic liver injury.

The activation of quiescent, vitamin A–storing HSCs into 
profibrogenic myofibroblasts represents the central driver of 
liver fibrosis.4 This transformation is orchestrated by multiple 
signaling pathways, with TGF-β serving as a master regulator 
of HSC activation. In the canonical TGF-β–Smad2/3 pathway, 
TGF-β induces Smad2/3 activation through TGF-β receptor 
I/II (TβR-I/II). Subsequently, the phosphorylated Smad2/3 
translocates into the nucleus and activates or represses tar-
get genes.5 Targeting the pleiotropic TGF-β has proven ex-
ceptionally challenging due to its critical roles in homeostasis 
and immunity.6 This impasse requires identifying precise, 
context-specific nodes in the TGF-β signaling network that 
can be safely targeted. TβRs mediate extracellular stimuli 
to intracellular responses, so their distribution and stability 
are critical for TGF-β signaling transduction.7 The ubiqui-
tin–proteasome system (UPS) is a critical mediator of pro-
tein turnover and signal transduction.8 Notably, the Smad7/
Smurf2 axis, an established negative feedback mechanism 
that targets the TβRs for ubiquitination and degradation,9,10 
presents an attractive but poorly understood target for pre-
cise therapeutic intervention in liver fibrosis.

CTSK, initially characterized for its role in bone resorp-
tion,11 is now recognized as a multifunctional regulator in-
volved in various pathological conditions. CTSK can protect 
against chronic intestinal inflammation via its antimicrobial 
function.12 Moreover, it is reported that CTSK is associated 
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with obesity and atherogenesis,13,14 indicating a potential 
role of CTSK in lipid metabolism. Recently, evidence indi-
cates that CTSK promotes the ubiquitination and subsequent 
degradation of specific protein substrates by recruiting E3 
ubiquitin ligases.15–17 Notably, CTSK exhibits tissue-specific 
roles in fibrosis across different organ systems: it acts as 
an anti-fibrotic in the heart and lungs,18,19 yet paradoxically 
accelerates fibrosis in the kidney.20 Although CTSK is upregu-
lated in human liver fibrosis,21 it remains unknown whether 
this represents a maladaptive driver of disease or a host-
protective response.

Our study sought to define the role of CTSK in HSCs dur-
ing liver fibrosis. We demonstrate that CTSK functions as 
an endogenous protective factor that represses HSC activa-
tion and proliferation. Mechanistically, CTSK inhibits TGF-β/
Smad signaling by promoting Smad7/Smurf2 axis–mediated 
ubiquitination and degradation of TβR-I. Concurrently, CTSK 
can trigger the mitochondrial pathway of apoptosis in HSCs. 
These findings extend our understanding of CTSK in liver 
disease and establish it as a promising molecular target for 
anti-fibrotic therapy.

Methods

Mouse liver fibrosis induction and treatment
Male C57BL/6J mice (eight weeks old) were purchased from 
HFK Bioscience (Beijing, China) and housed under controlled 
humidity and temperature conditions with a 12-h light/dark 
cycle. All procedures were conducted in accordance with the 
guidelines of the Animal Care and Use Committee of Hebei 
Province and were approved by the Animal Experiment Ethics 
Committee of the Third Hospital of Hebei Medical University. 
The overexpression of CTSK was mediated by transduction of 
a liver-specific adeno-associated virus serotype (AAV) 8 vec-
tor in mouse models of carbon tetrachloride (CCl4) attack or 
bile duct ligation (BDL) surgery. The CTSK coding sequence 
was amplified by PCR and cloned into an AAV vector under 
the control of a CMV promoter with a C-terminal 3×FLAG 
tag. The recombinant AAV genome was then packaged into 
AAV8 capsids to produce the AAV8-CTSK virus (AAV8-CTSK-
3×FLAG, denoted as AAV8-CTSK).22 This virus, along with 
the AAV8-Scramble control virus (denoted as AAV8-vector), 
was obtained from HanBio (Shanghai, China).

CCl4-induced model: After one week of acclimatiza-
tion, male mice were randomly divided into four experi-
mental groups (n = 6): (1) Oil+AAV8-vector (Oil+vector), 
(2) Oil+AAV8-CTSK (Oil+oeCTSK), (3) CCl4+AAV8-vector 
(CCl4+vector), and (4) CCl4+AAV8-CTSK (CCl4+oeCTSK). 
Liver fibrosis was induced by intraperitoneal (i.p.) injection 
of CCl4 (1:10 v/v dilution in olive oil) at a dosage of 5 mL/
kg body weight, administered twice per week for 6 weeks.23 
At the beginning of the third week, mice received a tail vein 
injection of AAV8-vector or AAV8-CTSK (1 × 1011 vg/mouse 
in 100 µL saline).

BDL-induced model: After one week of acclimatization, 
male mice were randomly divided into four experimental 
groups (n = 6): (1) Sham+AAV8-vector (Sham+vector), (2) 
Sham+AAV8-CTSK (Sham+oeCTSK), (3) BDL+AAV8-vector 
(BDL+vector), and (4) BDL+AAV8-CTSK (BDL+oeCTSK). 
Two weeks after receiving the AAV8 injection (1 × 1011 vg/
mouse in 100 µL saline), mice were anesthetized and sub-
jected to BDL or sham surgery as previously described.24 
Briefly, for the BDL group, the common bile duct was dou-
ble-ligated with silk suture and transected between the lig-
atures. For sham-operated controls, the bile duct was ex-
posed but not ligated or transected. Liver tissues and serum 

samples were collected on postoperative day 14 for subse-
quent analysis.

Primary mouse HSCs (pHSCs) isolation and transfec-
tion
pHSCs were isolated using the collagenase perfusion method 
as previously described.25 The liver was initially perfused 
with 30 mL of perfusate solution (NaCl 8,000 mg/L, KCl 400 
mg/L, NaH2PO4 88.17 mg/L, Na2HPO4 120.45 mg/L, HEPES 
2,380 mg/L, NaHCO3 350 mg/L, EGTA 190 mg/L, glucose 
900 mg/L, pH 7.35–7.40) through the inferior vena cava. The 
liver was then perfused with 35 mL of enzyme buffer (NaCl 
8,000 mg/L, KCl 400 mg/L, NaH2PO4 88.17 mg/L, Na2HPO4 
120.45 mg/L, HEPES 2,380 mg/L, NaHCO3 350 mg/L, CaCl2 
560 mg/L, pH 7.35–7.40) containing 14 mg pronase. Finally, 
the liver was perfused with 40 mL of enzyme buffer contain-
ing 19.17 mg collagenase IV. After isolation via discontinu-
ous Percoll gradient centrifugation (25%–50%), pHSCs were 
seeded in 12-well plates at 2 × 105 cells/well and cultured 
in complete DMEM (10% FBS, 1% penicillin-streptomycin) 
at 37 °C with 5% CO2. Recombinant adenoviruses express-
ing CTSK or a scrambled control sequence were transduced 
into pHSCs to overexpress CTSK. Recombinant adenoviruses 
were obtained from HanBio.

Human HSC line LX-2 cells culture and transfection
LX-2 cells (Pricella, Wuhan, China; Cat. # CL-0560), a hu-
man HSC line, were cultured in DMEM containing 10% FBS 
and 1% penicillin-streptomycin at 37 °C in a 5% CO2 atmos-
phere. For transient transfection, cells were seeded in appro-
priate plates and transfected at 60%–70% confluence using 
Lipofectamine™ 3000 reagent according to the manufactur-
er’s instructions.26 The pcDNA3.1-CTSK plasmid and its cor-
responding empty vector were obtained from GenePharma 
(Shanghai, China). The HA-tagged pcDNA3.1-ubiquitin plas-
mid and its corresponding empty vector were obtained from 
GENCEFE (Jiangsu, China). Three siRNAs targeting Smad7 
and a negative control siRNA were obtained from GENCEFE, 
as detailed in Supplementary Table 1. For TGF-β1 treatment, 
cells were serum-starved for 24 h and then stimulated with 5 
ng/mL recombinant human TGF-β1.27

Histopathology examination and immunohistochem-
istry
For histological analysis, mouse liver specimens were fixed, 
paraffin-embedded, and sectioned. After deparaffinization 
and rehydration, staining was performed as follows: H&E 
with hematoxylin and eosin; Masson’s Trichrome with Bie-
brich Scarlet-Acid Fuchsin and aniline blue; Sirius Red with 
Sirius red solution. All stained sections were then dehydrated 
and coverslipped. For immunohistochemistry, prepared sec-
tions underwent peroxidase blocking with H2O2, antigen re-
trieval in citrate buffer, blocking with BSA, and sequential 
incubation with primary (4 °C, overnight) and secondary an-
tibodies. Signals were detected with DAB. Fibrosis was quan-
tified by measuring the collagen-positive area using ImageJ, 
expressed as a percentage of the total area.28

Immunofluorescence staining
For cell immunofluorescence, cells on coverslips were fixed 
with 4% paraformaldehyde (15 min), permeabilized with 
0.3% Triton X-100 (10 min), and blocked with 5% BSA (30 
min). After incubation with primary antibodies (4 °C, over-
night) and fluorescent secondary antibodies (Invitrogen; 
37 °C, 1 h), nuclei were stained with DAPI. For liver sec-
tion immunofluorescence, paraffin-embedded liver sections 
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were deparaffinized, rehydrated, and subjected to antigen 
retrieval in citrate buffer. After blocking with BSA, the sec-
tions were incubated sequentially with the primary antibody 
(4 °C, overnight) and the secondary antibody. Nuclei were 
stained with DAPI. Apoptosis was detected using a One Step 
TUNEL Apoptosis Assay Kit (Beyotime, China; Cat. # C1086) 
strictly according to the manufacturer’s instructions. Cells 
were processed identically through permeabilization before 
incubation with the reaction mixture (37°C, 1 h, dark).29 All 
fluorescent images were acquired using an Olympus micro-
scope and analyzed with ImageJ. Colocalization between sig-
nals from the two fluorescence channels was quantified by 
calculating Pearson’s correlation coefficient using the JACoP 
plugin in ImageJ.30

Western blot analysis
Liver tissues or cells were lysed on ice for 30 min using RIPA 
buffer supplemented with protease and phosphatase inhibi-
tors. The lysates were centrifuged at 12,000 rpm at 4 °C 
for 20 min, and the supernatants were collected for protein 
concentration measurement using a BCA assay. After separa-
tion by SDS-PAGE, proteins were transferred to PVDF mem-
branes. The membranes were blocked with 5% non-fat milk 
in TBST for 1 h at room temperature, followed by incubation 
with primary antibodies at 4 °C overnight and subsequent in-
cubation with DyLight 800-conjugated secondary antibodies 
at room temperature for 1 h. Information for the related an-
tibodies is provided in Supplementary Table 2. Protein bands 
were visualized using an Odyssey fluorescence imaging sys-
tem (LI-COR) and quantified with ImageJ software. The ex-
pression of target proteins was normalized to GAPDH.26

Coimmunoprecipitation (Co-IP) and immunoblotting
Co-IP assays were performed to investigate the interaction 
between TβR-I and Smurf2. Protein lysates were prepared 
using RIPA buffer supplemented with protease inhibitors. For 
each sample, 10% of the lysate was reserved as an input 
control. The remainder was subjected to immunoprecipita-
tion overnight at 4 °C with an anti-TβR-I antibody, using an 
Antibody Crosslink Immunoprecipitation Kit (Beyotime, Cat. 
# P2180S) according to the manufacturer’s protocol.31 The 
immunoprecipitated complexes and input controls were then 
analyzed by western blotting with antibodies against Smurf2 
and TβR-I. To assess TβR-I ubiquitination, LX-2 cells were 
transfected with an HA-ubiquitin plasmid. Subsequently, cell 
lysates were immunoprecipitated with an anti-TβR-I anti-
body, and the ubiquitination level was determined by immu-
noblotting the precipitates with an anti-HA antibody.

Quantitative RT-PCR
Total RNA was isolated using TRIzol, and 1 µg RNA was re-
verse-transcribed into cDNA using the PrimeScript RT Rea-
gent Kit (Takara, China; Cat. # RR047A) based on the manu-
facturer’s instructions. Quantitative RT-PCR was performed 
using an ABI 7500 Real-Time PCR System (Applied Biosys-
tems, USA) with TB Green™ Premix Ex Taq™ II (Takara, Cat. 
# RR820A) according to the manufacturer’s instructions.32 
The primer sequences are listed in Supplementary Table 3. 
Gene expression was normalized to GAPDH as an internal 
control and quantified using the 2−ΔΔCt method.

Cell Counting Kit-8 assay
LX-2 cells were seeded in 96-well plates at a density of 5 
× 103 cells per well and subjected to transfection. At 12, 
24, 48, and 72 h post-seeding, cell viability was assessed by 
adding 10 µL of Cell Counting Kit-8 solution to each well, fol-

lowed by incubation for 2 h. The absorbance at 450 nm was 
then measured using a microplate reader (ELX800, BioTek, 
USA).33

Flow cytometry
For cell cycle analysis, cells were harvested, fixed in 80% ice-
cold ethanol at 4 °C overnight, and then treated with RNase 
A at 37 °C for 30 min. Subsequently, the cells were stained 
with propidium iodide in the dark on ice for 30 min before 
analysis on a CytoFLEX flow cytometer (Beckman Coulter).34 
Data were processed using ModFit software to determine the 
cell cycle phase distribution. For apoptosis assessment, cells 
were resuspended in 100 µL of 1× Annexin V binding buffer 
and stained with 2.5 µL of Annexin V-FITC and 2.5 µL of pro-
pidium iodide for 15 min at room temperature in the dark. 
Then, 400 µL of additional binding buffer was added, and the 
samples were immediately analyzed using the CytoFLEX cy-
tometer.35 Information on the corresponding reagents used 
in experiments can be found in Supplementary Table 4.

Blood chemistry and cytokine measurement
Peripheral blood was collected from mice and centrifuged at 
3,000 rpm for 10 min at 4 °C to obtain serum. Serum levels 
of alanine aminotransferase and aspartate aminotransferase 
were measured using commercial enzymatic kits on an auto-
mated biochemistry analyzer (Chemray 800, Shenzhen, Chi-
na). The concentrations of TGF-β1 and IL-6 were determined 
by enzyme-linked immunosorbent assay using a Rayto RT-
6100 microplate reader.

RNA sequencing (RNA-seq) and bioinformatic analy-
sis
RNA-seq was performed on LX-2 cells transfected with ei-
ther a pcDNA3.1-CTSK plasmid or an empty vector (n = 4 
per group). Following total RNA extraction, cDNA libraries 
were constructed and sequenced on an Illumina NovaSeq 
platform. Raw reads were processed, and differential expres-
sion analysis was conducted on the Novomagic Cloud Plat-
form (Novogene), applying a false discovery rate < 0.05 and 
|log2(fold change)| ≥ 0.5 as significance thresholds.36 Sig-
nificantly differentially expressed genes were subsequently 
subjected to functional enrichment analysis, including Gene 
Ontology, Reactome, and Gene Set Enrichment Analysis.

Statistical analysis
Data were presented as the mean ± standard deviation. 
GraphPad Prism 9.0 (San Diego, CA, USA) was used for 
data processing and statistical plotting. A t-test was used to 
compare the differences between two groups, and one-way 
ANOVA was used for multi-group analysis. All experiments 
were conducted in triplicate, and the results were considered 
statistically significant at p < 0.05.

Results

CTSK expression is upregulated in fibrotic liver tis-
sues and activated HSCs
To delineate the role of CTSK during fibrogenesis, we first 
assessed its expression in clinical cohorts. Interrogation of 
Gene Expression Omnibus datasets revealed that CTSK ex-
pression progressively increased with advancing stages of 
hepatitis B virus-associated liver fibrosis (Fig. 1A). Further-
more, CTSK levels were significantly elevated in human cir-
rhotic tissues from diverse etiologies, including hepatitis C vi-
rus infection and alcohol-related injury, compared to healthy 
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controls (Fig. 1A). We next validated these findings in two 
established mouse models of liver fibrosis, induced by CCl4 or 
BDL. Successful fibrogenesis was confirmed by the upregula-
tion of canonical fibrosis markers (Col1a1, α-SMA, Vimentin; 
Supplementary Fig. 1A and B) and increased α-SMA protein 
(Fig. 1C and D; quantifications in Supplementary Fig. 1C and 

D). Consistent with the human data, both CTSK mRNA and 
protein levels were markedly increased in fibrotic mouse liv-
ers (Fig. 1B–D). Histological analysis demonstrated that the 
progression of fibrosis, visualized by Sirius Red and Masson’s 
staining, paralleled the upregulation of CTSK (Fig. 1E). Im-
munohistochemistry localized the elevated CTSK expression 

Fig. 1.  Analysis of CTSK expression in human and experimental liver fibrosis. (A) Boxplot of CTSK expression in liver biopsies from three independent cohorts: 
across fibrosis stages in HBV-associated cirrhosis (GSE84044); versus healthy controls in HCV-associated cirrhosis (GSE14323); and versus healthy controls in alcohol-
associated cirrhosis (GSE143318). (B) qRT-PCR analysis of CTSK mRNA levels in livers from CCl4-treated mice (at 0, 3, and 6 weeks; left) and BDL-operated mice (at 0, 
1, and 2 weeks; right) (n = 6). GAPDH was used as an internal control. (C) and (D) Western blot analysis of CTSK and α-SMA expression in mouse liver fibrosis tissues. 
Quantification data are shown in Supplementary Fig. 1C and D, respectively (n = 6). (E) Representative images of Sirius Red, Masson’s trichrome, and immunohisto-
chemistry for CTSK staining of liver sections from these mice. Quantitative analysis of the positive staining areas. Data are representative of 3 mice (5 random fields 
per mouse). Magnification, 100×. (F) Western blot analysis of CTSK and α-SMA expression in pHSCs isolated from normal mice and cultured for the indicated times (2, 
7, 14 days). Quantification data are shown in Supplementary Fig. 1F (n = 3). (G) Representative immunofluorescence images of pHSCs (from normal mice) cultured 
for 2, 7, or 14 days, co-stained for CTSK (green) and α-SMA (red). Nuclei are counterstained with DAPI (blue). Data are representative of 3 mice (5 random fields per 
mouse). Magnification, 200×. *p < 0.05; **p < 0.01; ***p < 0.001. All data are illustrated as mean ± SD. CTSK, Cathepsin K; HBV, hepatitis B virus; HCV, hepatitis C 
virus; qRT-PCR, quantitative reverse transcription polymerase chain reaction; CCl4, carbon tetrachloride; BDL, bile duct ligation; α-SMA, alpha-smooth muscle actin.
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predominantly to the periportal fibrotic regions (Fig. 1E). To 
confirm that activated HSCs are a major source of CTSK, we 
analyzed its expression during the spontaneous activation in 
vitro of pHSCs isolated from normal mice (Supplementary 
Fig. 1E). Western blot analysis revealed a time-dependent 
upregulation of both α-SMA and CTSK protein during this pro-
cess (Fig. 1F; quantified in Supplementary Fig. 1F). Immu-
nofluorescence analysis further confirmed that the increase 
in CTSK expression coincided with the morphological transi-
tion to activated, α-SMA-positive myofibroblasts (Fig. 1G). 
To validate our in vitro observations, fibrotic mouse liver sec-
tions were stained by dual immunofluorescence for CTSK and 
the activated HSC marker α-SMA. Significant colocalization 
was quantified specifically in fibrotic areas, with a Pearson’s 
correlation coefficient of 0.599 ± 0.045. This result demon-
strates the specific enrichment of CTSK in activated hepatic 
stellate cells within the fibrotic liver microenvironment, con-
sistent with the immunohistochemistry findings (Supplemen-
tary Fig. 1G and H). Furthermore, analysis of basal CTSK 
expression across different cell lines, AML12 hepatocytes, 
RAW 264.7 macrophages, LX-2 cells, and pHSCs, demon-
strated markedly higher expression in HSCs compared to 
hepatocytes and macrophages (Supplementary Fig. 1I and 
J). Collectively, these data from human tissues, mouse mod-
els, and primary cells established that CTSK expression is a 
conserved feature of liver fibrogenesis.

CTSK overexpression inhibits HSC activation and 
proliferation in vitro
To obtain a comprehensive profile of CTSK function, we per-
formed RNA-seq on LX-2 cells overexpressing CTSK. This 
analysis identified 3,428 upregulated and 3,448 downregu-
lated genes (Fig. 2A). Interrogation of a fibrosis-related gene 
set revealed that CTSK overexpression suppressed the HSC 
activation signature, which was characterized by the coor-
dinated downregulation of multiple collagens, MMP2, and 
MMP9, alongside the upregulation of MMP1 and MMP11 (Fig. 
2B). We next directly validated this anti-fibrotic activity us-
ing gain-of-function approaches. Following efficient overex-
pression of CTSK in LX-2 cells (via plasmid) and pHSCs (via 
adenovirus) (Supplementary Fig. 2A and B), we assessed 
key fibrotic markers. In LX-2 cells, CTSK overexpression 
significantly downregulated the mRNA and protein levels of 
COL1A1, α-SMA, and Vimentin, both with and without TGF-β 
stimulation (Fig. 2C and D; quantification in Supplementary 
Fig. 2C). This inhibitory effect was consistently recapitulated 
in pHSCs, as confirmed by Western blot (Fig. 2E; quantifi-
cation in Supplementary Fig. 2D) and immunofluorescence 
analyses (Fig. 2F). Furthermore, we investigated whether 
CTSK impacted HSC proliferation. Flow cytometric cell cycle 
analysis demonstrated that CTSK overexpression induced G1 
phase arrest, evidenced by a significant increase in the pro-
portion of cells in G1 phase (Fig. 2G). Taken together, these 
data established that CTSK functions as an inhibitor of both 
HSC activation and proliferation in vitro.

CTSK overexpression inhibits the TGF-β/Smad path-
way by promoting ubiquitin-mediated degradation of 
TβR-I
Pathway analysis of the RNA-seq data from CTSK-overex-
pressing LX-2 cells revealed significant enrichment of dif-
ferentially expressed genes in the TβR signaling pathway 
and ubiquitin-mediated proteolysis (Fig. 3A). This prompted 
us to investigate a potential link between CTSK and TGF-β 
signaling. Given that TGF-β1 is a potent fibrogenic cytokine,5 
we first confirmed that its treatment of LX-2 cells induced 

activation and also led to a gradual upregulation of CTSK 
(Supplementary Fig. 2E), mirroring our earlier findings in ac-
tivated pHSCs (Fig. 1G). Strikingly, while TGF-β1 treatment 
activated downstream signaling in LX-2 cells, as evidenced 
by increased Smad2/3 phosphorylation, CTSK overexpres-
sion effectively suppressed this phosphorylation in both LX-2 
cells and pHSCs without altering total Smad2/3 levels (Fig. 
3B and C; quantifications in Supplementary Fig. 2G and H). 
This inhibition was functionally confirmed by immunofluores-
cence, which showed that CTSK overexpression blocked the 
TGF-β-induced nuclear translocation of p-Smad2/3 in both 
cell types (Fig. 3D and E). These results indicated that CTSK 
is a negative regulator involved in TGF-β/Smad signaling. 
To elucidate the mechanism underlying this suppression of 
TGF-β signaling, we next examined the effect of CTSK over-
expression on TβRs (TβR-I and TβR-II). CTSK overexpres-
sion significantly decreased the protein levels of TβR-I but 
not TβR-II in LX-2 cells (Fig. 3F; quantification in Supple-
mentary Fig. 2I), without a corresponding decrease in TβR-I 
mRNA (Supplementary Fig. 2J), suggesting a post-transla-
tional mechanism for TβR-I downregulation. Pre-treatment 
of the cells with the proteasome inhibitor MG132 rescued the 
CTSK-induced downregulation of both TβR-I and the fibrotic 
markers COL1A1 and α-SMA (Fig. 3G; quantification in Sup-
plementary Fig. 2K). These data collectively demonstrated 
that CTSK targets TβR-I for ubiquitin-mediated proteasomal 
degradation, thereby blunting the TGF-β/Smad pathway and 
subsequent HSC activation.

CTSK overexpression induces the ubiquitin-mediated 
degradation of TβR-I via the Smad7/Smurf2 axis
The Smad7/Smurf2 axis is an established complex that me-
diates TβR-I ubiquitination and degradation.37 We found a 
significant positive correlation between CTSK and Smad7 ex-
pression in human liver fibrosis (Fig. 4A). Accordingly, CTSK 
overexpression elevated Smad7 protein levels in LX-2 cells 
(Fig. 4B; quantification in Supplementary Fig. 3A). Further-
more, CTSK overexpression reduced Smurf2 protein levels 
and promoted its nuclear-to-cytoplasmic relocalization, a 
hallmark of its activation (Fig. 4B and C). This is consistent 
with a model wherein activated Smurf2, after ubiquitinat-
ing its targets, is itself degraded.38 To establish a functional 
requirement for Smad7, we performed knockdown experi-
ments (efficiency confirmed in Supplementary Fig. 3B). 
Smad7 knockdown reversed the CTSK-mediated degradation 
of TβR-I and blocked the cytoplasmic translocation of Smurf2 
(Fig. 4D and E; quantification in Supplementary Fig. 3C), 
confirming that Smad7 is essential for both processes. Co-
IP experiments directly tested this model. In CTSK-overex-
pressing cells, the interaction between endogenous Smurf2 
and TβR-I was enhanced (Fig. 4F, Supplementary Fig. 3D 
and E), leading to significantly increased TβR-I ubiquitination 
(Fig. 4G, Supplementary Fig. 3F and G). Critically, Smad7 
knockdown abolished both the enhanced Smurf2/TβR-I inter-
action and TβR-I ubiquitination (Fig. 4F and G). Collectively, 
these results demonstrated that CTSK promotes TβR-I ubiq-
uitination and degradation by upregulating Smad7 to assem-
ble and activate the Smurf2-TβR-I complex.

CTSK overexpression induces mitochondrial apopto-
sis in HSCs by disrupting the Bax/Bcl-2 balance
RNA-seq analysis of CTSK-overexpressing LX-2 cells indi-
cated a profound impact on apoptosis. Both Gene Ontology 
analysis of apoptotic mitochondrial changes and Gene Set 
Enrichment Analysis revealed significant enrichment of apo-
ptotic pathways (Fig. 5A and B). Prompted by these findings, 
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Fig. 2.  Effects of CTSK overexpression on HSC activation and proliferation in vitro. (A) Volcano plot displaying DEGs from RNA-seq data of LX-2 cells over-
expressing CTSK for 48 h (upregulated: 3,428, red; downregulated: 3,448, blue). (B) Heatmap of mRNA expression for fibrosis-related DEGs identified by RNA-seq. 
(C) qRT-PCR analyses of Col1A1, α-SMA, and vimentin in CTSK-overexpressing LX-2 cells treated with or without TGF-β1 (5 ng/mL) for 24 h (n = 3). GAPDH was used 
as an internal control. (D) and (E) Western blot analysis of Col1a1, α-SMA, and vimentin in (D) CTSK-overexpressing LX-2 cells and (E) CTSK-overexpressing pHSCs, 
treated with or without TGF-β1 (5 ng/mL, 24 h) (n = 3). Quantification data are shown in Supplementary Fig. 2C and D. (F) Representative images of double immu-
nofluorescence staining for CTSK (green) and α-SMA (red) in pHSCs following CTSK overexpression and treatment with or without TGF-β1 (5 ng/mL) for 24 h. Nuclei 
were counterstained with DAPI (blue). Data are representative of 3 mice (5 random fields per mouse). Magnification, 200×. (G) Cell cycle analysis of pHSCs (left) 
and LX-2 cells (right) overexpressing CTSK and treated with or without TGF-β1 for 24 h. The distribution of cell cycle phases was quantified by flow cytometry with PI 
staining. Bar graphs show the quantitative results (n = 3). **p < 0.01, ***p < 0.001 vs. oeNC group; ###p < 0.001 vs. TGF-β1 group. **p < 0.01; ***p < 0.001. All data 
are illustrated as mean ± SD. The symbols “+” and “–” represent groups with or without CTSK overexpression, respectively. CTSK, Cathepsin K; DEGs, differentially 
expressed genes; qRT-PCR, quantitative reverse transcription polymerase chain reaction; α-SMA, alpha-smooth muscle actin; TGF-β1, transforming growth factor beta 
1; pHSCs, primary hepatic stellate cells; PI, propidium iodide.
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Fig. 3.  Effects of CTSK overexpression on the TGF-β/Smad pathway. (A) Reactome pathway analysis of DEGs identified by RNA-seq. (B) and (C) Western blot 
analysis of Smad2/3 and p-Smad2/3 in (B) pHSCs and (C) LX-2 cells following CTSK overexpression and stimulation with or without TGF-β1 (5 ng/mL, 24 h) (n = 3). 
Quantification data are shown in Supplementary Fig. 2G and H. (D) and (E) Representative images of immunofluorescence staining for p-Smad2/3 (green) in CTSK-
overexpressing LX-2 cells (D) or pHSCs (E) treated with or without TGF-β1 (5 ng/mL) for 24 h. Nuclei were counterstained with DAPI (blue). Quantitative analysis of the 
mean fluorescence intensity for p-Smad2/3 (N = 3, n = 5 fields/experiment). (F) Western blot analysis of TβR-I and TβR-II in CTSK-overexpressing LX-2 cells treated 
with or without TGF-β1 for 24 h. Quantification data are shown in Supplementary Fig. 2I (n = 3). (G) Western blot analysis of TβR-I, α-SMA, and COL1A1 protein levels 
in LX-2 cells overexpressing CTSK and treated with or without the proteasome inhibitor MG132 (10 µM, 4 h) (n = 3). Quantification data are shown in Supplementary 
Figure 2K (n = 3). ns = not significant. *p < 0.05; **p < 0.01; ***p < 0.001. All data are illustrated as mean ± SD. The symbols “+” and “–” represent groups with or 
without CTSK overexpression, respectively. CTSK, Cathepsin K; DEGs, differentially expressed genes; TGF-β, transforming growth factor beta; TβR-I/II, transforming 
growth factor-β receptor I/II; pHSCs, primary hepatic stellate cells; α-SMA, alpha-smooth muscle actin.
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Fig. 4.  Effects of CTSK overexpression on Smad7/Smurf2 expression and their interaction with TβR-I. (A) Scatter plot with linear regression fit showing 
the correlation between CTSK and Smad7 mRNA expression in HBV-associated cirrhosis (GSE84044) (Pearson r = 0.4109, p < 0.0001). (B) Western blot analysis of 
Smad7 and Smurf2 in CTSK-overexpressing LX-2 cells treated with or without TGF-β1 (5 ng/mL) for 24 h. Quantification data are shown in Supplementary Fig. 3A (n 
= 3). (C) Representative immunofluorescence images of Smurf2 (green) in CTSK-overexpressing LX-2 cells treated with or without TGF-β1 (5 ng/mL) for 24 h, with 
higher magnification views shown. Nuclei were counterstained with DAPI (blue). Quantitative analysis of the mean fluorescence intensity for Smurf2 (N = 3, n = 5 fields/
experiment). Magnification, 200×. (D) Representative immunofluorescence images of Smurf2 (green) in LX-2 cells after CTSK overexpression and Smad7 knockdown 
for 24 h, with higher magnification views shown. Nuclei were counterstained with DAPI (blue). Quantitative analysis of the mean fluorescence intensity for Smurf2 (N 
= 3, n = 5 fields/experiment). Magnification, 200×. (E) Western blot analysis of Smad7, Smurf2, and TβR-I in LX-2 cells after CTSK overexpression and Smad7 knock-
down followed by TGF-β1 (5 ng/mL) treatment for 24 h (n = 3). Quantification data are shown in Supplementary Fig. 3C. (F) Co-IP analysis of the interaction between 
TβR-I and Smurf2 in LX-2 cells overexpressing CTSK with or without Smad7 knockdown, and treated with MG132 (10 µM, 4 h) (n = 3). Input lysates are shown in 
Supplementary Fig. 3D. Quantitative analysis of the binding efficiency is shown in Supplementary Fig. 3E. (G) Ubiquitination assay for TβR-I in LX-2 cells under the 
same conditions as in (F), co-transfected with an HA-Ubiquitin plasmid and treated with MG132 (10 µM, 4 h) (n = 3). Quantitative analysis of TβR-I ubiquitination levels 
is shown in Supplementary Fig. 3F. **p < 0.01; ***p < 0.001. All data are illustrated as mean ± SD. The symbols “+” and “–” indicate the presence or absence of the 
respective treatment (CTSK overexpression, siSmad7, or HA-Ub transfection), respectively. CTSK, Cathepsin K; HBV, hepatitis B virus; TGF-β1, transforming growth 
factor beta 1; TβR-I, transforming growth factor-β receptor I; Co-IP, co-immunoprecipitation.
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Fig. 5.  Analysis of apoptosis and apoptosis-related protein expression in HSCs overexpressing CTSK. (A) Dot plot showing significantly enriched GO terms 
for DEGs identified by RNA-seq. (B) GSEA shows significant enrichment of the apoptosis gene set. (C) Apoptosis in LX-2 cells with CTSK overexpression was assessed 
by TUNEL staining after treatment with or without TGF-β1 (5 ng/mL) for 24 h (N = 3, n = 3 fields/experiment). (D) Apoptosis was assessed by flow cytometry in pHSCs 
and LX-2 cells overexpressing CTSK. Cells were treated with or without TGF-β1 (5 ng/mL) for 24 h (n = 3). (E) and (F) Western blot analysis of the effect of CTSK 
overexpression on apoptosis-related proteins (Bcl-2, Bax, Caspase-3, and cleaved Caspase-3) in (E) pHSCs and (F) LX-2 cells treated with or without TGF-β1 (5 ng/
mL) for 24 h (n = 3). Quantification data are shown in Supplementary Fig. 4C and D, respectively. (G) Representative images of double immunofluorescence staining 
for CTSK (green) and cleaved Caspase-3 (red) in CTSK-overexpressing LX-2 cells and pHSCs for 24 h. Nuclei were counterstained with DAPI (blue) (N = 3, n = 5 fields/
experiment). Magnification, 200×. ***p < 0.001. All data are illustrated as mean ± SD. The symbols “+” and “–” represent groups with or without CTSK overexpression, 
respectively. CTSK, Cathepsin K; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; GO, Gene Ontology; DEGs, differentially expressed genes; GSEA, Gene 
Set Enrichment Analysis; TGF-β1, transforming growth factor beta 1; pHSCs, primary hepatic stellate cells.
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we assessed the functional impact of CTSK on HSC survival. 
CTSK overexpression significantly increased the propor-
tion of TUNEL-positive LX-2 cells (Fig. 5C). Flow cytometry 
confirmed that CTSK elevated both early and late apoptotic 
populations in LX-2 cells and pHSCs (Fig. 5D), culminating in 
a significant reduction in overall cell viability (Supplementary 
Fig. 4A and B). We next investigated the mitochondrial apop-
totic pathway, where an imbalance between the pro-apoptot-
ic protein Bax and the anti-apoptotic protein Bcl-2 can trig-
ger cell death.39 CTSK overexpression in both LX-2 cells and 
pHSCs upregulated Bax, downregulated Bcl-2, and promoted 
proteolytic activation of caspase-3 (Fig. 5E and F; quantifi-
cations in Supplementary Fig. 4C and D). Immunofluores-
cence further confirmed that CTSK overexpression increased 
Cleaved caspase-3 levels (Fig. 5G). To determine whether 
CTSK regulates HSC apoptosis via TGF-β/Smad signaling, a 
rescue experiment was performed through Smad7 inhibition. 
Restoration of TGF-β/Smad signaling was confirmed by el-
evated phosphorylated Smad2/3 levels; however, apoptosis-
related protein expression (Bax, Bcl-2, cleaved caspase-3) 
remained unaltered (Supplementary Fig. 4E and F). Collec-
tively, these data established that CTSK triggers mitochon-
drial apoptosis in HSCs by shifting the Bax/Bcl-2 balance to-
ward a pro-apoptotic state.

CTSK overexpression attenuates liver fibrosis in vivo 
across etiologically distinct models
To evaluate the anti-fibrotic efficacy of CTSK in vivo, we em-
ployed AAV8-mediated gene delivery to overexpress CTSK 
in two etiologically distinct mouse models: CCl4-induced 
toxic injury and BDL-induced cholestasis (Figs. 6A and 7A). 
Colocalization analysis showed overlap between CTSK-Flag 
and α-SMA signals, with a Pearson’s correlation coefficient 
of 0.494 ± 0.030 (Supplementary Fig. 5B). Additionally, a 
subset of CTSK-Flag signal was distributed independently of 
α-SMA. Successful hepatic CTSK overexpression was con-
firmed by RT-qPCR (Supplementary Fig. 5C). Both mouse 
models exhibited robust fibrosis induction, as evidenced 
by upregulation of key profibrotic markers (α-SMA, Col1a1, 
Vimentin) at the mRNA (Figs. 6B and 7B) and protein lev-
els (Figs. 6C and 7C; quantified in Supplementary Fig. 5D 
and F). This fibrotic response was significantly repressed by 
AAV8-CTSK injection (Figs. 6B and C, 7B and C). Histologi-
cally, a considerable reduction of fibrosis was confirmed in 
AAV8-CTSK-injected mice, as shown by Sirius Red, Mas-
son staining, and Vimentin immunohistochemistry (Figs. 6D 
and 7D). H&E staining revealed that CTSK overexpression 
improved overall hepatic histoarchitecture (Figs. 6D and 
7D). These histological improvements were paralleled by a 
significant amelioration of serum biomarkers, including re-
duced levels of hepatocellular injury markers (alanine ami-
notransferase, aspartate aminotransferase) and pro-fibrotic 
mediators (TGF-β1, IL-6) (Figs. 6E and 7E). These results 
indicated that CTSK overexpression ameliorated CCl4- and 
BDL-induced hepatic fibrosis in mice. Following AAV8-CTSK 
treatment, a significant increase in activated caspase-3 ex-
pression was observed, accompanied by clear colocalization 
with α-SMA (Fig. 7F; quantified in Supplementary Fig. 5G 
and H), suggesting that CTSK overexpression promotes apo-
ptosis in HSCs, consistent with in vitro observations. Further-
more, phosphorylated Smad2/3, TβR-I, and Smurf2 levels 
were markedly reduced in livers injected with AAV8-CTSK 
(Figs. 6F and 7G; quantified in Supplementary Fig. 5E and 
I). These findings demonstrated that in vivo overexpression 
of CTSK suppresses the TGF-β/Smad signaling pathway, col-
lectively establishing CTSK as a negative regulator of TGF-β 
signaling in mouse models of hepatic fibrosis.

Discussion
CTSK is highly expressed in the fibrotic livers of human pa-
tients and mice. Contrary to the conventional perception of 
its role, our findings redefine CTSK upregulation during fi-
brosis not as a passive pathological response, but as an acti-
vated endogenous protective mechanism.

The persistence of fibrosis following chronic liver injury 
suggests that the endogenous protective response from up-
regulated CTSK is insufficient to suppress the pathological 
process. Critically, in two distinct mouse models of liver fibro-
sis, we demonstrated that exogenous CTSK overexpression 
exerted significant anti-fibrotic effects. These effects were 
primarily mediated through two mechanisms: suppressing 
the TGF-β/Smad signaling pathway and inducing HSC mito-
chondrial apoptosis. Together, these results provide a theo-
retical basis for targeting CTSK as a potential therapeutic 
strategy for liver fibrosis.

CTSK, a member of the cathepsin protease family, is 
highly expressed in osteoclasts and activated in the acidic 
lysosomal environment through cleavage of its proenzyme 
precursor.40 While CTSK is well established as a cysteine 
protease with potent ECM–degrading activity and has been 
shown to attenuate fibrosis in the heart and lungs by de-
grading ECM,18,19 its role in the liver remained incompletely 
understood. This study shows that CTSK directly inhibits HSC 
activation and proliferation by suppressing TGF-β signaling, 
identifying a novel anti-fibrotic mechanism beyond its con-
ventional role in ECM degradation. Interestingly, we dem-
onstrate that TGF-β upregulates the expression of CTSK in 
HSCs in a time-dependent manner, establishing a negative 
feedback loop. Mechanistically, CTSK executes this feedback 
by facilitating the degradation of its key receptor, TβR-I, 
thereby blocking the transduction of extracellular signals 
into intracellular events. This finding is consistent with previ-
ous research demonstrating that the degradation of TβR-I in 
HSCs alleviates liver fibrosis.41 Given the pleiotropic roles of 
TGF-β in tissue homeostasis,6 the CTSK-mediated negative 
feedback through TβR-I degradation constitutes a precisely 
targeted mechanism that circumvents the systemic adverse 
effects of broad pathway inhibition.

Evidence shows that CTSK recruits E3 ubiquitin ligases to 
mediate substrate ubiquitination and degradation, thereby 
governing distinct biological processes in muscle wasting, 
hepatocellular carcinoma, and cervical cancer.15–17 In our 
study, we demonstrate that CTSK drives the cytoplasmic 
translocation of the E3 ligase Smurf2 to facilitate its binding 
to TβR-I, thereby inducing TβR-I ubiquitination and degra-
dation. This finding extends the established role of CTSK in 
ubiquitin-mediated proteolysis to HSCs and defines a precise, 
Smurf2-dependent mechanism for inhibiting liver fibrosis. 
Furthermore, we elucidate that CTSK facilitates the assembly 
of the Smurf2–TβR-I complex through Smad7, a critical step 
in the ubiquitination pathway. Smad7, a key negative regula-
tor of the TGF-β pathway, acts through competitive binding 
to TβR-I to inhibit Smad2/3 phosphorylation.42 Our experi-
ments demonstrate that Smad7 mediates the cytoplasmic 
translocation of Smurf2 and promotes its binding to TβR-I 
in HSCs, consistent with previous studies.37,43 Knockdown 
of Smad7 expression inhibited CTSK-induced cytoplasmic 
translocation of Smurf2 and the ubiquitination and degrada-
tion of TβR-I, further confirming the central role of Smad7 in 
the CTSK-facilitated assembly of the Smurf2–TβR-I complex. 
Therefore, our study defines a precise Smad7/Smurf2-de-
pendent mechanism in the UPS through which CTSK inhibits 
TGF-β signaling and liver fibrosis. Given the pleiotropic na-
ture of the UPS,44,45 our findings suggest that CTSK’s func-
tion as a regulator of protein stability likely extends beyond 
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TβR-I, potentially targeting additional substrates and exert-
ing wider biological influence.

While liver fibrosis was historically viewed as irreversible, 
recent studies have demonstrated its regression following 
etiology elimination or effective therapeutic intervention.46 
The apoptosis-resistant phenotype of activated HSCs consti-
tutes a major barrier to fibrosis reversal.47 Mechanistically, 

activated HSCs evade apoptosis through two key strategies: 
maintaining the dominance of the anti-apoptotic protein Bcl-
2 and suppressing death receptor signaling.47,48 Thus, it has 
been established that inducing apoptosis in activated HSCs is 
a promising therapeutic strategy to reverse liver fibrosis.49,50 
Given that the lysosomal protease CTSK can proteolytically 
regulate Bcl-2 family members,51,52 we investigated its role 

Fig. 6.  Analysis of CCl4-induced liver fibrosis in mice overexpressing CTSK. (A) Schematic diagram of the experimental timeline. (B) qRT-PCR analysis of Col1a1, 
vimentin, and α-SMA in mouse liver tissues (n = 6). GAPDH was used as an internal control. (C) Western blot analysis of Col1a1, vimentin, α-SMA, and CTSK in mouse 
liver tissues. Quantification data are shown in Supplementary Fig. 5D (n = 6). (D) Representative images of H&E, Masson’s trichrome, Sirius Red, and immunohisto-
chemistry for vimentin staining of liver sections. Quantitative analysis of the positive staining areas. Data are representative of 3 mice (5 random fields per mouse). 
Magnification, 100×. (E) Serum levels of ALT, AST, IL-6, and TGF-β1 in each group (n = 6). (F) Western blot analysis of Smad2/3, p-Smad2/3, Smurf2, and TβR-I in 
mouse liver tissues (n = 6). Quantification data are shown in Supplementary Fig. 5E. ns = not significant. **p < 0.01; ***p < 0.001. All data are illustrated as mean ± 
SD. CTSK, Cathepsin K; CCl4, carbon tetrachloride; qRT-PCR, quantitative reverse transcription polymerase chain reaction; α-SMA, alpha-smooth muscle actin; H&E, 
hematoxylin and eosin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; IL-6, interleukin-6; TGF-β1, transforming growth factor beta 1.
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Fig. 7.  Analysis of BDL-induced cholestatic fibrosis in mice overexpressing CTSK. (A) Schematic diagram of the experimental timeline. (B) qRT-PCR analysis 
of Col1a1, vimentin, and α-SMA in mouse liver tissues (n = 6). GAPDH was used as an internal control. (C) Western blot analysis of Col1a1, vimentin, α-SMA, and 
CTSK in mouse liver tissues (n = 6). Quantification data are shown in Supplementary Fig. 5F. (D) Representative images of H&E, Sirius Red, Masson’s trichrome, and 
immunohistochemistry for vimentin staining of liver sections. Quantitative analysis of the positive staining areas. Data are representative of 3 mice (5 random fields per 
mouse). Magnification, 100×. (E) Serum levels of ALT, AST, IL-6, and TGF-β1 in each group (n = 6). (F) Representative immunofluorescence images of dual staining for 
cleaved Caspase-3 (green) and α-SMA (red) in fibrotic liver tissues from BDL- and CCl4-induced mouse models. Nuclei are counterstained with DAPI (blue). Magnifica-
tion, 200×. Data are representative of 3 mice (3 random fields per mouse). Quantification data are shown in Supplementary Fig. 5G and H. (G) Western blot analysis 
of Smad2/3, p-Smad2/3, Smurf2, and TβR-I in mouse liver tissues (n = 6). Quantification data are shown in Supplementary Fig. 5I. ns = not significant. **p < 0.01; 
***p < 0.001. All data are illustrated as mean ± SD. CTSK, Cathepsin K; BDL, bile duct ligation; qRT-PCR, quantitative reverse transcription polymerase chain reac-
tion; α-SMA, alpha-smooth muscle actin; H&E, hematoxylin and eosin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; IL-6, interleukin-6; TGF-β1, 
transforming growth factor beta 1.
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in HSC fate determination. Collectively, our data demon-
strate that CTSK shifts the HSC survival–apoptosis balance 
toward apoptosis by modulating the Bax/Bcl-2 ratio. This 
pro-apoptotic effect, which promotes the clearance of patho-
logical myofibroblasts in vitro and aligns with prior findings,20 
was critically validated in vivo. In two independent animal 
models, CTSK overexpression potently enhanced the apo-
ptosis of activated HSCs within established fibrotic niches, 
confirming the therapeutic relevance of this mechanism in 
a pathophysiological context. TGF-β regulates diverse cellu-
lar processes, including cell fate decisions, through crosstalk 
with other signaling pathways.53 Our rescue experiments us-
ing Smad7 inhibition demonstrate that CTSK’s suppression 
of this pathway is functionally independent of its ability to 
induce Bax/Bcl-2 imbalance. This dual and independent ac-
tion enables CTSK to simultaneously attenuate a key pro-
fibrotic survival signal (TGF-β) and directly activate apoptosis 
in HSCs. Consequently, targeting CTSK presents a rational 
strategy to counteract both HSC activation and persistence, 
supporting its potential as a therapeutic approach for revers-
ing liver fibrosis.

The diverse etiology and complex nature of liver fibrosis 
hamper its successful translation from bench to bedside. 
In this context, the broad-spectrum anti-fibrotic efficacy of 
CTSK in both CCl4- and BDL-induced liver fibrosis models un-
derscores its promising clinical translational potential. More-
over, its consistent upregulation across diverse fibrotic condi-
tions, particularly within activated HSCs, positions CTSK as 
a strong candidate for a disease progression biomarker; this 
hypothesis warrants further clinical investigation. While sys-
temic CTSK inhibition has proven effective in osteoporosis 
and rheumatoid arthritis,54,55 our findings raise concerns by 
revealing that the same strategy could inadvertently exacer-
bate liver fibrosis. This potential adverse effect, contrasting 
with its beneficial role in other diseases, underscores that 
the net effect of CTSK modulation is highly tissue-specific. 
Therefore, translating these insights will require a paradigm 
shift from broad systemic inhibition to tissue-specific or path-
way-precise targeting, achievable by developing advanced 
delivery systems that maximize efficacy and minimize off-
target risks.

Our study establishes a significant role for CTSK in inhibit-
ing liver fibrosis, yet it has several limitations. First, while the 
gain-of-function approach defines the therapeutic potential of 
CTSK, it cannot fully elucidate the physiological functions of 
the endogenous protein. Second, while our AAV8-mediated 
overexpression of CTSK successfully targeted HSCs and elic-
ited the expected biological effects, the inherent tropism of 
AAV8 for multiple liver cell types means this approach lacks 
definitive cellular specificity. Consequently, future studies 
employing HSC-specific promoters and conditional knockout 
models will be essential to: (i) definitively confirm the cell-
autonomous functions of CTSK within HSCs, and (ii) decipher 
its potential paracrine or broader signaling roles in hepatic in-
tercellular crosstalk. A key translational consideration stems 
from the difference between experimental models and hu-
man disease: the cellular specificity of CTSK upregulation in 
human fibrotic livers remains undefined. Conclusively map-
ping CTSK-expressing cells in patient tissues using spatial 
transcriptomics is therefore essential to validate the clinical 
relevance of our findings. Furthermore, our findings prompt 
important questions regarding long-term therapeutic strat-
egy. A recent study revealed that CTSK has dual roles in 
pulmonary fibrosis: its early elevation inhibits fibrosis by de-
grading ECM, whereas sustained elevation pathologically ac-
tivates glutamine metabolism to exacerbate fibrosis.56 Given 
this finding, the long-term efficacy, systemic safety, and po-

tential side effects of sustained CTSK expression in our liver 
fibrosis models remain a critical area for future investigation.

Conclusions
Our study demonstrates that CTSK ameliorates hepatic fi-
brosis through dual mechanisms: suppression of the TGF-β/
Smad pathway via a Smad7/Smurf2-dependent ubiquitina-
tion mechanism, and direct disruption of the apoptosis-re-
sistant barrier in HSCs. This work extends the role of CTSK 
beyond that of a conventional ECM-degrading enzyme to 
a key regulator of protein homeostasis and cell fate. As a 
multifunctional regulatory protein, CTSK presents a promis-
ing therapeutic target warranting further exploration for the 
treatment of liver fibrosis.
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