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Background: Venous intimal hyperplasia (VIH) is the key pathological basis for early failure of arteriovenous fistula (AVF) and
for stenosis of hemodialysis access. Chitinase-3-like protein 1 (CHI3L1) is highly expressed during cardiovascular remodeling
and inflammation, but its role and underlying mechanisms in AVF-related VIH remain unclear.
Methods: A rat AVF model was established, and VIH, inflammatory cell infiltration, and changes in the CHI3L1/c-Jun N-
terminal kinase (JNK)/extracellular signal-regulated kinase (ERK) pathway were assessed at 7 and 21 days after surgery.
Adenovirus-mediated CHI3L1 knockdown was used to evaluate its effects on VIH, oxidative stress, and inflammation. In vitro,
a human vascular smooth muscle cell (VSMC) activation model was induced by platelet-derived growth factor-BB (PDGF-BB),
and a stable CHI3L1-knockdown cell line was generated. VSMC proliferation, migration, phenotypic switch, oxidative stress,
and inflammatory levels were evaluated, and the involvement of JNK/ERK signaling was investigated using the JNK agonist
anisomycin.
Results: In vivo, venous fistula tissue from the AVFmodel exhibited a significant increase in CHI3L1 expression, alongwith neoin-
timal hyperplasia (NIH) and the presence of CD68+ macrophage infiltration (p < 0.001). CHI3L1 knockdown reduced JNK/ERK
activation, attenuated neointimal thickening, macrophage infiltration, oxidative stress, and inflammatory responses, alongside a
reversal in the downregulation of contractile marker proteins (p < 0.001). In vitro, PDGF-BB induced upregulation of CHI3L1 in
VSMCs (p < 0.001). CHI3L1 knockdown suppressed VSMC proliferation, migration and the contractile-to-synthetic phenotypic
switch, reduced inflammatory cytokine secretion and oxidative stress markers, and inhibited JNK/ERK phosphorylation (p <
0.001); these effects were partially reversed by anisomycin.
Conclusion: CHI3L1 knockdown significantly inhibits activation of the JNK/ERK signaling pathway, mitigates vascular wall in-
flammation and oxidative stress, thereby blocking pathological phenotypic transformation, excessive proliferation, andmigration
of VSMCs, ultimately attenuating AVF-related VIH.
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Introduction

Venous intimal hyperplasia (VIH) is the central patho-
logical basis for arteriovenous fistula (AVF) failure and
hemodynamic impairment, and represents one of the most
common and challenging problems in hemodialysis for end-
stage renal disease patients [1]. Despite being regarded
as the optimal dialysis access due to its advantages in
long-term patency and lower infection risk, the AVF still
faces challenges in maintaining satisfactory long-term pa-
tency. A substantial proportion of AVF failure is attributed
to intimal hyperplasia (IH)–induced vascular stenosis, re-
duced blood flow, and even occlusion [2,3]. VIH develop-
ment entails a complex interplay of pathological processes,
such as vascular smooth muscle cell (VSMC) prolifera-
tion/migration, inflammation, oxidative stress, and extra-
cellular matrix (ECM) deposition [4], among which pheno-

typic switching and excessive proliferation of VSMC are
considered pivotal events [5]. However, VSMC pheno-
typic switching and excessive proliferation do not occur in
isolation; their initiation and progression are jointly regu-
lated by various microenvironmental factors. Among the
numerous factors influencing vascular remodeling, inflam-
mation and oxidative stress are regarded as key drivers of
IH onset and progression [6,7]. Vascular injury prompts
significant inflammatory cell infiltration and mediator re-
lease. This process directly activates VSMCs to proliferate
and migrate, which contributes to accelerated intimal re-
modeling [8]. Moreover, oxidative stress—triggered by an
overproduction of reactive oxygen species (ROS) from both
hemodynamic alterations and cellular damage—further ex-
acerbates the condition by activating pathways related to
inflammation and cell injury, which in turn progressively
compromise vascular wall structure [9]. Inflammation and
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oxidative stress mutually reinforce each other and collec-
tively promote the development of vascular stenosis [10].
Therefore, elucidating the key molecules that regulate these
two processes may help identify new strategies to halt VIH.

Chitinase-3-like protein 1 (CHI3L1) is a glycoprotein
structurally similar to chitinases that is widely involved in
inflammation, tissue remodeling, cell migration, and fibro-
sis, among other biological processes [11,12]. Elevated
expression of CHI3L1 has been observed in various vas-
cular pathologies, such as atherosclerosis, diabetic vascu-
lar complications, and vascular injury repair, indicating its
potential significance in vascular remodeling [13,14,15].
CHI3L1 can promote VSMC proliferation and migration
and enhance local inflammatory responses by activating
inflammation-related signaling pathways [16]. Moreover,
increased CHI3L1 expression has been reported to corre-
late closely with failure of autologous AVF in patients with
end-stage renal disease [17], implying that CHI3L1 may
participate in the development of VIH and stenosis; how-
ever, its precise mechanisms of action remain unclear. In
particular, whether CHI3L1 contributes to this process by
regulating oxidative stress, and whether it involves key in-
tracellular signaling pathways, remains to be demonstrated
experimentally. Therefore, further in-depth investigation
of CHI3L1 in AVF-induced VIH—especially regarding its
relationship with inflammatory responses, oxidative stress,
and the related signaling pathways—will help clarify the
pathological mechanisms underlying AVF dysfunction and
provide a theoretical basis for developing novel therapeutic
strategies.

Among the signaling pathways that regulate vascular
cell behavior, c-Jun N-terminal kinase (JNK) and extracel-
lular signal-regulated kinase (ERK), two major members
of the mitogen-activated protein kinase (MAPK) family,
have been extensively shown to play central roles in in-
flammation, oxidative stress, proliferation, and migration
[18,19,20]. Activation of JNK and ERK signaling is of-
ten triggered by stimuli such as growth factors, cytokines,
and oxidative stress, thereby promoting phenotypic switch-
ing and proliferation of VSMCs [21,22]. Platelet-derived
growth factor-BB (PDGF-BB), a prototypical VSMC acti-
vator, can induce cell proliferation and migration and is a
classical tool for modeling the IH microenvironment [23].
CHI3L1 has been implicated in the modulation of MAPK
pathway activity based on earlier findings [24], but the spe-
cific regulatory relationships, whether it influences vascu-
lar inflammation and oxidative stress through this pathway,
and the relevance of this mechanism to VIH have not been
clearly established. On this basis, the present study es-
tablished an AVF animal model and a PDGF-BB–induced
VSMC model to systematically evaluate the effects of
CHI3L1 knockdown on VIH. At the same time, by assess-
ing inflammatory cytokine levels, oxidative stress mark-
ers, and the JNK/ERK pathway, we explored the molecular
mechanisms by which CHI3L1 participates in vascular re-

modeling. This research aims at clarifying the pivotal func-
tion of CHI3L1 in VIH development and at determining its
regulatory influence on inflammation and oxidative stress
through JNK/ERK signaling. The ultimate goal is to iden-
tify newmolecular avenues for preventing and treating AVF
failure.

Materials and Methods

Establishment of the Rat AVF Model
Sixty-three male Sprague–Dawley rats (350–450 g,

12–16 weeks old) were purchased from Jiangxi Laib
Biotechnology Co., Ltd. (Nanchang, China). All rats were
housed under controlled environmental conditions (temper-
ature 22 ± 2 °C, relative humidity 50% ± 5%) with a 12 h
light/12 h dark cycle, and had free access to water and stan-
dard chow. All animal experiments were approved by the
Zhejiang Free Trade Zone Ruisai Biopharmaceutical Tech-
nology Limited Company Experimental Animal Welfare
and Ethics Committee Ethics Committee (Approval Num-
ber: 2024073179). A total of 36 rats were used, with 18
rats in each group. They were randomly divided into the
control group and the AVF model group.

Rats were anesthetized via an intraperitoneal injec-
tion of ketamine/xylazine/atropine cocktail (100/10/0.05
mg/kg) and then secured in a supine position. Following
shaving and disinfection of the right groin, a longitudinal
incision was performed superior to the inguinal ligament to
reveal the common femoral artery (CFA), femoral vein, and
superficial epigastric vein (SEV). A microvascular clamp
was applied to temporarily occlude blood flow in the CFA
and SEV, and the vascular lumen was flushed with a rins-
ing solution (final concentration approximately 50 IU/ml
heparin in 0.9% sodium chloride). The distal SEV was
transected to create a venous end, and a small side win-
dow was made in the CFA to serve as the arterial opening.
The AVF was then created by anastomosing the SEV end to
the CFA side window using 10-0 monofilament nylon mi-
crosutures [25]. After completion of the anastomosis, the
venous clamp was released first, followed by the arterial
clamp. The anastomotic site was inspected for bleeding and
gently compressed to achieve hemostasis. Successful AVF
creation was confirmed by rapid filling and dilation of the
SEV, a change in color from dark red to bright red, visible
pulsation or palpable thrill, and absence of active bleeding
or thrombus formation [26]. The wound was then irrigated,
followed by layered closure of themuscle and subcutaneous
tissue, followed by continuous skin closure with 10-0 nylon
sutures.

In the control animals, having undergone the same
anesthetic and surgical exposure procedures, only the CFA
and related veins were exposed and dissected free with-
out vascular incision or anastomosis, followed by rou-
tine hemostasis and wound closure. Postoperatively, rats
were monitored daily for general condition, body weight
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changes, and wound healing. Animals were deeply anes-
thetized with an intraperitoneal injection of sodium pento-
barbital (150 mg/kg) and then euthanized by cervical dis-
location at the predetermined endpoints of 7 and 21 days
post-surgery. Under a microscope, the vessels were care-
fully dissected along the AVF tract; a 0–6 mm segment of
the venous limb proximal to the arteriovenous anastomo-
sis was harvested as AVF venous tissue for the AVF group,
while the femoral vein at the corresponding anatomical lo-
cation was collected as control venous tissue in the control
group.

Establishment of the Rat CHI3L1 Knockdown Model
The rats were randomly divided into the sham oper-

ation group, the injured + shNC group, and the injured +
shCHI3L1 group, with 9 rats in each group, totaling 27 rats.
Rat CHI3L1 shRNA (shCHI3L1 sequence, 5′-CACTGAG
AGACGCACTGCTTTTTCAAGAGAAAAGCAGTGCG
TCTCTCAGTGTTTTT-3′) and shNC (5′-TTCTCCGAAC
GTGTCACGTTTCAAGAGAACGTGACACGTTCGGA
GAATTTTT-3′) were synthesized and packaged into aden-
oviruses by RiboBio Co., Ltd. (Guangzhou, China). Imme-
diately after completion of the AVF procedure, adenoviral
suspension (5 × 108 PFU) was locally injected into the ve-
nous wall tissue surrounding the anastomotic site and main-
tained in situ for 30 min [27]. The sham-operated group
received an equal volume of normal saline. At 21 d post-
operatively, rats were euthanized by cervical dislocation,
serum was collected, and venous tissue at the anastomotic
site (including the IH region) was isolated for subsequent
analyses.

Histopathological Examination
Hematoxylin and Eosin (HE) Staining

The harvested rat venous vascular tissues were sub-
jected to 24 h fixation in 4% PFA (G1101, Servicebio,
Wuhan, China); subsequently, they were dehydrated, em-
bedded in paraffin, and cut into 4 μm-thick sections. Fol-
lowing deparaffinization and rehydration, sections were
processed for H&E staining with hematoxylin (G1004, Ser-
vicebio; 5 min) and eosin (G1001, Servicebio; 3 min). Im-
ages were acquired using a light microscope (BX53, Olym-
pus, Tokyo, Japan), and the intimal and medial areas were
manually delineated and measured using ImageJ software
(version 1.53, National Institutes of Health, Bethesda, MD,
USA). The IH severity ratio was defined as the intima-to-
media area ratio (Neointimal/Media ratio). The intimal area
was defined as the region between the luminal endothelium
and the internal elastic lamina, and the medial area was de-
fined as the region between the internal elastic lamina and
the external elastic lamina.

Immunohistochemistry (IHC)
After deparaffinization, rehydration, and antigen re-

trieval (citrate buffer, ZLI-9065, ZSGB-BIO, Beijing,

China), sections were treated to block endogenous peroxi-
dase (3%H2O2) and non-specific binding (10% goat serum,
164212, Procell, Wuhan, China). They were incubated
with primary antibodies (CD68: 1:500, 83014-5-RR, Pro-
teintech, Wuhan, China; Ki67: 1:600, AN004340L, Elab-
science, Wuhan, China) overnight at 4 °C, followed by sec-
ondary antibodies (1:1000, E-AB-1003, Elabscience) for 1
h at room temperature. Staining was visualized with DAB
(E-IR-R101, Elabscience) and counterstained with hema-
toxylin. Stained sections were imaged under a microscope.
The number of CD68-positive cells and the percentage of
Ki67-positive cells were quantified.

Cell Culture
VSMCs (CRL-1999) were obtained from ATCC

(Manassas, VA, USA) and cultured in DMEM (11885084,
Gibco, Grand Island, NY, USA) supplemented with 10%
FBS (PM00011, Proteintech) in a humidified incubator at
37 °C with 5% CO2 [28]. To guarantee optimal viability
and a stable phenotype, subsequent experiments were con-
ducted using cells harvested during the logarithmic growth
phase between passages 3 and 5. The VSMC cell line was
authenticated by STR profiling and tested negative for my-
coplasma contamination.

Cell Treatment
CHI3L1 Knockdown

To target the human CHI3L1 gene, we de-
signed and synthesized a specific short hair-
pin RNA (shRNA) sequence, shCHI3L1 (5′-
CAAGGAAATGAAGGCCGAATT-3′), and a negative
control shNC (5′-TTCTCCGAACGTGTCACGT-3′). The
shRNA sequences were cloned to create lentiviral plasmids
pLV-shCHI3L1 and pLV-shNC, with viral packaging
and titration performed by RiboBio. VSMCs were then
transfected with these plasmids using PEI (GF40062675,
Sigma, St. Louis, MO, USA) at 60–70% confluence. A
stable knockdown line was established through puromycin
selection (2 μg/mL; ST551, Beyotime, Shanghai, China),
and knockdown efficacy was verified via Western blot.

Cell Viability Assay
The experimental concentrations of PDGF-BB and

anisomycin were determined by assessing VSMC viability.
Cell viability was assessed by CCK-8 assay following treat-
ment. Cells (5 × 103/well, triplicate) in 96-well plates were
treated with PDGF-BB (0-160 ng/mL, 24 h; GF149, Sigma)
or anisomycin (0–160 ng/mL, 1 h; a JNK agonist, HY-
18982, MCE, Monmouth Junction, NJ, USA). After adding
10 μL of CCK-8 reagent (ANT181M, AntGene, Wuhan,
China) to each well and incubate at 37 °C for 3 h. Subse-
quently, measure the OD values at a wavelength of 450 nm
using a microplate reader (Synergy H1, BioTek, Winooski,
VT, USA) to assess cell viability.

https://www.discovmed.com/


2978

Cell Grouping and Drug Treatment
To assess the impact of CHI3L1 knockdown on

VSMC proliferation and migration, cells were allocated
to four treatment groups: (1) con+NC: VSMCs cul-
tured in normal medium and transfected with shNC; (2)
con+shCHI3L1: cells transfected with shCHI3L1 and
maintained in normal medium; (3) PDGF-BB+shNC:
VSMCs transfected with shNC followed by stimula-
tion with 20 ng/mL PDGF-BB for 24 h; (4) PDGF-
BB+shCHI3L1: VSMCs transfected with shCHI3L1 fol-
lowed by stimulation with 20 ng/mL PDGF-BB for 24 h.
Cell proliferation and migration were assessed using CCK-
8, EdU staining, and Transwell assays.

To further investigate the JNK/ERK pathway in the
above process, VSMCs were divided into four groups:
(1) control: standard conditions; (2) PDGF-BB+shNC:
VSMCs transfected with shNC and then stimulated with
PDGF-BB; (3) PDGF-BB+shCHI3L1: VSMCs transfected
with shCHI3L1 and then stimulated with PDGF-BB; (4)
PDGF-BB+shCHI3L1+Anisomycin: VSMCs transfected
with shCHI3L1were pretreated with 20 ng/mLAnisomycin
for 1 h before PDGF-BB stimulation, followed by PDGF-
BB induction for 24 h.

Transwell Assay
A Transwell-based migration assay was conducted to

quantify cell migration and to screen for the optimal stim-
ulating concentration of PDGF-BB. After 24 h PDGF-BB
pretreatment, cells (5 × 104/well) were seeded in serum-
free medium (22600050, Gibco) into the upper chambers
of Transwell inserts (8 μm, Corning). The lower chambers
were loaded with 600 μL of medium supplemented with
10% FBS. Following 24 h of incubation, cells remaining
on the upper surface were wiped off. Migrated cells on the
lower surface were fixed with 4% PFA (15 min), stained
with crystal violet solution (0.1%, 60505ES25, Yeasen,
Shanghai, China; 20 min), and manually counted in five
randomly chosen microscopic (BX53, Olympus) fields to
assess migratory capacity.

Flow Cytometry
CHI3L1 expression and ROS levels were analyzed

in separate cell samples. For flow cytometric analysis
of CHI3L1, cells were stained intracellularly using anti-
CHI3L1 antibody (1:100, MA5-36122, Invitrogen) and an
Alexa Fluor 488-conjugated secondary (1:500, A-10680,
Invitrogen), with unstained controls. Fluorescence was
measured to determine expression levels. Cells were
stained with DCFH-DA (10 μM, S0033, Beyotime) at 37
°C for 30 min (dark). Flow cytometry (BD FACSCanto II
flow cytometer, BD Biosciences, San Jose, CA, USA) was
then used to detect DCF fluorescence (488/525 nm), with
intensity corresponding to intracellular ROS levels.

EdU Assay
Cell proliferation was evaluated using an EdU assay

kit (C0078L, Beyotime). After treatment, cells on cover-
slips were EdU-pulsed for 2 h, then fixed, permeabilized,
and stained via click chemistry and DAPI. The percentage
of EdU+ nuclei was calculated from fluorescence micro-
graphs (IX73, Olympus) to determine proliferation rates.

Biochemical Assays
Rat venous vascular tissues were collected, weighed,

and homogenized in pre-chilled PBS at a tissue mass-to-
PBS volume ratio of 1:9, followed by centrifugation to ob-
tain the supernatant for subsequent use. VSMCs from each
group were collected, lysed, and centrifuged, and the su-
pernatant was collected. The levels of SOD (BC5165, So-
larbio, Beijing, China), MDA (BC0020, Solarbio), GSH-
Px (BC1195, Solarbio), and NAD(P)H (BC0510, Solarbio)
were measured using the corresponding assay kits. Sam-
ples were added to the working solutions according to the
manufacturers’ instructions, and absorbance was measured
at 450/532/412/340 nm using a microplate reader (Synergy
H1, BioTek).

Enzyme-Linked Immunosorbent Assay (ELISA)
Rat-specific ELISA kits were used to determine the

serum levels of TNF-α (MBS9424865, MyBioSource,
San Diego, CA, USA), IL-6 (MBS2515034), and IL-1β
(MBS355368) in each group of rats. The culture su-
pernatants of VSMCs from each group were collected
after treatment. Human-specific ELISA kits were used
to measure the levels of TNF-α (MBS396296), IL-6
(MBS490361), IL-1β (MBS490348), Intercellular Adhe-
sion Molecule 1 (ICAM-1, MBS9135745), and Monocyte
Chemoattractant Protein 1 (MCP-1, MBS335458) in the
cell supernatants. All procedures were performed strictly in
accordance with the manufacturers’ protocols. Absorbance
was read at 450 nm using a microplate reader (Synergy H1,
BioTek), and the concentrations of the corresponding pro-
teins were calculated from standard curves.

Immunofluorescence (IF)
For IF, dewaxed sections underwent antigen retrieval,

permeabilization (0.1% Triton X-100, 10 min), and block-
ing (BSA, ST023, Beyotime, 1 h). They were then incu-
bated with primary antibodies (α-SMA: 1:400, 67735-1-
Ig, Proteintech; CHI3L1: 1:100, PA5-95897, Invitrogen)
overnight at 4 °C, followed by fluorescent secondary an-
tibodies (1:500, SA00013-2; 1:200, SA00013-3, Protein-
tech) for 1 h in the dark. After DAPI nuclear staining (3
min), slides were mounted with anti-fade medium (P0126,
Beyotime).

VSMCs were fixed, permeabilized, and blocked, then
stained with primary antibodies (α-SMA: 1:1000, 14395-
1-AP, Proteintech; Osteopontin (OPN): 1:400, 22952-1-
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AP, Proteintech) overnight at 4 °C, followed by fluorescent
secondary antibody (1:200, SA00013-2, Proteintech) and
DAPI. Images were captured by confocal microscopy (TCS
SP8, Leica, Wetzlar, Germany).

Western Blot
Total protein was extracted, quantified, and subjected

to SDS-PAGE and Western blotting according to standard
protocols. Briefly, after blocking, membranes were incu-
bated with primary antibodies overnight at 4 °C, followed
by incubation with HRP-conjugated secondary antibodies
(1:5000, SA00001-2, Proteintech). Using chemilumines-
cent substrate (ECL, PK10001, Proteintech) for visualiza-
tion, images were acquired using a ChemiDoc MP imaging
system (Bio-Rad, Hercules, CA, USA). Software such as
ImageJ was used to perform densitometric analysis of the
bands and calculate the relative expression levels of the tar-
get protein to the internal reference (GAPDH).

The primary antibodies were as follows: CHI3L1
(1:500, PJJ759646, Abmart, Shanghai, China), JNK
(1:5000, 51153-1-AP, Proteintech), p-JNK (1:2000, 80024-
1-RR, Proteintech), ERK (1:3000, 11257-1-AP, Protein-
tech), p-ERK (1:1000, 44-680G, Invitrogen), calponin
1 (CNN1; 1:10,000, 13938-1-AP, Proteintech), α-SMA
(1:5000, 14395-1-AP, Proteintech), smooth muscle protein
22α (SM22α; 1:10,000, 83922-2-RR, Proteintech), OPN
(1:2000, 22952-1-AP, Proteintech), proliferating cell nu-
clear antigen (PCNA; 1:5000, 10205-2-AP, Proteintech),
iNOS (1:5000, 18985-1-AP, Proteintech), NADPH oxidase
2 (NOX2; 1:4000, 19013-1-AP, Proteintech), NADPH Ox-
idase 4 (NOX4, 1:4000, 14347-1-AP, Proteintech), ICAM-
1 (1:10,000, 10831-1-AP, Proteintech), MCP-1 (1:1000,
29547-1-AP, Proteintech), and GAPDH (1:10,000, 10494-
1-AP, Proteintech).

Statistical Analysis
All experimental data are presented as mean ± stan-

dard deviation (Mean ± SD). Prior to parametric testing,
datawere subjected to normality testing (Shapiro–Wilk test)
and homogeneity of variance testing. Statistical analyses
were performed using SPSS 26.0 software (IBM Corp., Ar-
monk, NY, USA). Student’s t-test was used for compar-
isons between two groups, while one-way analysis of vari-
ance followed by Bonferroni post hoc test was applied for
multiple-group comparisons. A p value < 0.05 was consid-
ered statistically significant.

Results

Upregulated Expression of CHI3L1 in AVF Venous
Lesions in Rats

AnAVF rat model was established to mimic the patho-
logical remodeling process of clinical hemodialysis access,
with postoperative days 7 and 21 set as key observation time
points. HE staining showed that in the AVF group, intimal

thickening at the venous side of the anastomosis accompa-
nied by massive cellular accumulation was already evident
at day 7. By day 21, a markedly thickened neointima pro-
truded into the lumen, leading to aggravated luminal steno-
sis, with a clear boundary between the neointima and the
media (Fig. 1A). In the AVF group, both the neointimal area
(Fig. 1B; p < 0.001) and the neointima-to-media ratio (Fig.
1C; p < 0.001) of the venous segment were significantly
increased at days 7 and 21. CD68 is a transmembrane gly-
coprotein expressed by the mononuclear–macrophage sys-
tem and is widely used as a classical marker of macrophage
infiltration [29]. IHC results revealed abundant infiltration
of CD68-positive cells in AVF venous lesions at days 7 and
21 (Fig. 1D,E; p < 0.001), indicating a persistent inflamma-
tory response during venous neointimal hyperplasia (NIH).
IF co-localization analysis demonstrated that the propor-
tions of α-SMA+ cells and CHI3L1+ cells were markedly
increased in AVF venous lesions at days 7 and 21 (Fig. 1F–
H; p < 0.001). Furthermore, CHI3L1 protein expression
was significantly upregulated in venous lesions of the AVF
model (Fig. 1I,J; p < 0.001). These findings suggest that
CHI3L1 expression in AVF venous lesions in rats is associ-
ated with NIH and inflammatory responses.

CHI3L1 Knockdown Inhibits PDGF-BB–Induced
VSMC Proliferation, Migration, and
Dedifferentiation

NIH ismainly driven by aberrant activation ofVSMCs
[30]. To further determine whether CHI3L1 directly partic-
ipates in the regulation of VSMC function, we first estab-
lished an in vitro activation model in human VSMCs in-
duced by PDGF-BB. PDGF-BB at concentrations of 10,
20, and 40 ng/mL increased VSMC viability (Fig. 2A;
p10 ng/mL = 0.03, p20 ng/mL < 0.001, p40 ng/mL = 0.002) and
promoted their migration (Fig. 2B,C; p < 0.001). During
PDGF-BB–induced VSMC activation, CHI3L1 protein ex-
pression was upregulated (Fig. 2D–G; p < 0.001), with the
most pronounced increase observed at 20 ng/mL PDGF-
BB. Western blot analysis further confirmed that 20 ng/mL
PDGF-BB increased CHI3L1 protein expression in a time-
dependent manner (0, 6, 12, 24 h) (Fig. 2H,I; p < 0.001).
All subsequent experiments were conducted under the con-
dition of 20 ng/mL PDGF-BB stimulation for 24 h.

To elucidate the function of CHI3L1, we gener-
ated a VSMC cell line with stable CHI3L1 knockdown
(shCHI3L1). Western blot analysis verified that shCHI3L1
effectively reduced CHI3L1 protein levels under both basal
conditions and PDGF-BB stimulation (Fig. 2J,K; p <
0.001). Functional assays showed that CHI3L1 knockdown
suppressed VSMC proliferation (Fig. 2L–N; Con: pCCK-8 =
0.002, pEdU = 0.004; PDGF-BB: p < 0.001), and markedly
attenuated their migratory capacity (Fig. 2O,P; p < 0.001).
PDGF-BB stimulation markedly enhanced VSMC prolif-
eration and migration, whereas CHI3L1 knockdown effec-
tively inhibited PDGF-BB–induced cell proliferation and
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Fig. 1. Upregulated expression of CHI3L1 in AVF venous lesions in rats. (A–C) HE staining images of rat AVF venous lesions (20×,
100 μm). The dashed line delineates the boundary between the neointima and the media. Quantitative analysis of neointimal area and the
intima-to-media ratio of AVF veins (7 d, 21 d). (D,E) Immunohistochemical staining of CD68 in AVF venous lesions (7 d, 21 d) (20×,
100 μm). (F–H) IF staining of α-SMA, CHI3L1, and nuclear DAPI in AVF venous lesions showing co-localized expression (7 d, 21 d)
(20×, 100 μm). (I,J) CHI3L1 protein expression in AVF venous lesions (7 d, 21 d). n = 9 biological replicates in vivo per group. *** p <
0.001 vs Control7 d; ### p < 0.001 vs Control21 d. CHI3L1, Chitinase-3-like protein 1; AVF, arteriovenous fistula; HE, Hematoxylin and
Eosin; IF, Immunofluorescence; α-SMA, α-smooth muscle actin; DAPI, 4',6-diamidino-2-phenylindole.

migration (p < 0.001). PDGF-BB stimulation downregu-
lated the expression of CNN1, α-SMA, and SM22α [31],
while significantly upregulating OPN and PCNA expres-
sion (Fig. 2Q,R; p < 0.001). CHI3L1 knockdown partially
reversed these changes (p < 0.001). These results indicate
that CHI3L1 is a key regulator that mediates PDGF-BB–
driven VSMC phenotypic switching toward a dedifferenti-
ated, synthetic phenotype and enhances their proliferative
and migratory capacities.

Knockdown of CHI3L1 Reduces PDGF-BB–Induced
Oxidative Stress in VSMCs

Oxidative stress is one of the key drivers of patho-
logical activation of VSMCs [32]. To investigate whether
CHI3L1 participates in regulating this process, we exam-
ined oxidative stress levels and related indicators in VSMCs
following PDGF-BB stimulation. The results showed
that intracellular ROS levels were significantly elevated in
VSMCs treated with PDGF-BB (Fig. 3A,B; p < 0.001).
PDGF-BB stimulation also reduced the cellular antioxidant
capacity, as evidenced by decreased SOD activity (Fig.

3C; p < 0.001); the level of MDA, a marker of oxidative
damage, was markedly increased (Fig. 3D; p < 0.001),
whereas the level of NAD(P)H, which reflects cellular re-
ducing capacity, was reduced (Fig. 3E; p < 0.001). These
findings indicate that PDGF-BB disrupts intracellular re-
dox homeostasis. Knockdown of CHI3L1 markedly ame-
liorated these changes, suggesting that CHI3L1 may be in-
volved in PDGF-BB–mediated oxidative stress responses.
Western blot analysis further showed that PDGF-BB stimu-
lation upregulated the protein expression of iNOS, NOX2,
and NOX4 (Fig. 3F,G; p < 0.001); after CHI3L1 knock-
down, the PDGF-BB–induced upregulation of these pro-
oxidant proteins was attenuated (p < 0.001). In addition,
compared with the con+shNC group, the con+shCHI3L1
group exhibited reduced levels of ROS andMDA, as well as
decreased protein expression of iNOS, NOX2, and NOX4.
Collectively, these results suggest that CHI3L1 may be an
important regulatory factor in PDGF-BB–induced oxida-
tive stress in VSMCs.
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Fig. 2. Knockdown of CHI3L1 inhibits PDGF-BB–inducedVSMCproliferation, migration, and dedifferentiation. (A) Assessment
of PDGF-BB dose-dependent proliferation (CCK-8). (B,C) Evaluation of PDGF-BB-stimulated migration (Transwell; 20×, 100 μm).
(D,E) Measurement of CHI3L1-positive cell proportion (Flow cytometry). (F–I) Examination of PDGF-BB-induced CHI3L1 expression
(Western blot). * p < 0.05, ** p < 0.01, *** p < 0.001 vs Control. (J,K) Validation of CHI3L1 knockdown efficiency (Western blot)
across four experimental groups. (L–N) Assessment of proliferative capacity (CCK-8 and EdU; 40×, 50 μm). (O,P) Evaluation of
migratory capacity (Transwell; 20×, 100 μm). (Q,R) Detection of phenotypic markers (Western blot). n = 6. ** p < 0.01, *** p < 0.001
vs Con+shNC; ### p < 0.001 vs PDGF-BB+ shNC. PDGF-BB, Platelet-derived growth factor-BB; VSMC, vascular smooth muscle cell;
CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-2′-deoxyuridine.

Knockdown of CHI3L1 Attenuates
PDGF-BB–Induced Inflammatory Responses in
VSMCs

Inflammatory responses also influence the pathologi-
cal activation of VSMCs [33]. ICAM-1 andMCP-1 are key
inflammatory molecules involved in diseases such as AS
and vascular inflammation [34], which promote inflamma-
tory cell infiltration, and their expression is regulated by in-
flammatory stimuli [35]. To elucidate CHI3L1’s function in
VSMC inflammation, inflammatory mediators were quan-
tified. PDGF-BB treatment robustly enhanced the produc-
tion and secretion of multiple inflammatory factors (TNF-
α, IL-6, and IL-1β), and increased the protein levels of
ICAM-1 and MCP-1 (Fig. 4A–H; p < 0.001). These
pro-inflammatory effects were significantly attenuated by
CHI3L1 knockdown, as evidenced by reduced levels of se-
creted cytokines and diminished expression of ICAM-1 and
MCP-1 compared to the PDGF-BB+shNC group. Under
basal conditions, CHI3L1 silencing alone did not alter these
inflammatory markers (p > 0.05).

CHI3L1 Knockdown Attenuates PDGF-BB-Induced
VSMC Proliferation, Migration, and
Dedifferentiation via the JNK/ERK Pathway

To further elucidate the role of the JNK/ERK path-
way in CHI3L1-mediated regulation of VSMC function,
Western blot analysis showed that CHI3L1 knockdown
markedly reduced the phosphorylation levels of JNK and
ERK induced by PDGF-BB (Fig. 5A,B; p < 0.001). CCK-
8 assays demonstrated that Anisomycin had no obvious cy-
totoxicity on VSMCs at relatively low concentrations (≤20
ng/mL, p > 0.05) (Fig. 5C). We then screened for the opti-
mal concentration of Anisomycin that maximally activated
JNK phosphorylation, when used alone (Fig. 5D,E; p <
0.001) or in combination with PDGF-BB (Fig. 5F,G; p <
0.001), and ultimately selected 20 ng/mL for subsequent
experiments.

Cell viability assays revealed that CHI3L1 knock-
down suppressed PDGF-BB-induced proliferation, and this
inhibitory effect was partially reversed byAnisomycin (Fig.
5H; p < 0.001). Western blot analysis confirmed that Ani-
somycin restored the phosphorylation levels of JNK and
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Fig. 3. Knockdown of CHI3L1 reduces PDGF-BB–induced oxidative stress in VSMCs. (A,B) Intracellular ROS in VSMCs. (C–E)
Oxidative stress markers in VSMCs. (F,G) Expression of iNOS, NOX2, NOX4 in VSMCs. n = 6. ns p > 0.05, * p < 0.05, ** p < 0.01,
*** p < 0.001 vs Con+shNC; ### p < 0.001 vs PDGF-BB+shNC. ROS, reactive oxygen species; NOX2, NADPH oxidase 2.

Fig. 4. Knockdown of CHI3L1 attenuates PDGF-BB–induced inflammatory responses in VSMCs. (A–C) ELISA of inflammatory
cytokines (TNF-α, IL-6, IL-1β) in VSMC supernatants. (D–H) ELISA and Western blot analysis of ICAM-1 and MCP-1 in VSMCs. n =
6. ns p > 0.05, *** p < 0.001 vs con+shNC; ### p < 0.001 vs PDGF-BB+shNC. ELISA, Enzyme-Linked Immunosorbent Assay; TNF-α,
Tumor Necrosis Factor-α; IL-6, Interleukin-6; ICAM-1, Intercellular Adhesion Molecule 1; MCP-1, Monocyte Chemoattractant Protein
1.

ERK that had been reduced by CHI3L1 knockdown (Fig.
5I,J). EdU staining (Fig. 5K,L) and Transwell migration
assays (Fig. 5M,N) showed that the suppressive effects

of CHI3L1 knockdown on PDGF-BB-induced VSMC pro-
liferation and migration were significantly weakened af-
ter co-treatment with Anisomycin (p < 0.001). IF stain-
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Fig. 5. CHI3L1 knockdown attenuates PDGF-BB-induced VSMC proliferation, migration, and dedifferentiation via the
JNK/ERK pathway. (A,B) Western blot was used to analyze the phosphorylation levels of JNK (p-JNK/JNK) and ERK (p-ERK/ERK)
in vascular smooth muscle cells of each group. ns p > 0.05, * p < 0.05, *** p < 0.001 vs Con+shNC; ### p < 0.001 vs PDGF-BB+shNC.
(C) CCK-8 assay assessing the effects of different concentrations of Anisomycin (0, 5, 10, 20, 40, 80, 160 ng/mL) on VSMC viabil-
ity. (D–G) Western blot screening for the optimal effective concentration of Anisomycin and assessing its impact on JNK signaling in
PDGF-BB-stimulated VSMCs. ns p > 0.05, *** p < 0.001 vs Control; ### p < 0.001 vs PDGF-BB. (H) CCK-8 assay assessing prolifer-
ative activity of VSMCs in the following groups: control, PDGF-BB+shNC, PDGF-BB+shCHI3L1, PDGF-BB+shCHI3L1+20 ng/mL
Anisomycin. (I,J) Western blot analysis of p-JNK, JNK, p-ERK, and ERK protein levels in the above groups. (K,L) EdU staining for
VSMC proliferation in each group (40×, 50 μm). (M,N) Transwell assays for VSMC migration in each group (20×, 100 μm). (O–R) IF
staining of α-SMA and OPN expression (40×, 50 μm). (S,T) Western blot analysis of differentiation markers (CNN1, α-SMA, SM22α),
dedifferentiation marker (OPN), and proliferation marker (PCNA) in VSMCs from each group. n = 6. *** p < 0.001 vs Control; ### p <
0.001 vs PDGF-BB+shNC; && p < 0.01, &&& p < 0.001 vs PDGF-BB+ shCHI3L1. JNK, c-Jun N-terminal kinase; ERK, extracellular
signal-regulated kinase; CNN1, calponin 1.

ing indicated that CHI3L1 knockdown partially restored
the PDGF-BB-induced decrease in the expression of the
contractile protein α-SMA and reduced the expression of
the synthetic protein OPN, while the addition of Ani-
somycin reversed these effects of CHI3L1 knockdown (Fig.
5O–R; p < 0.001). Western blot analysis revealed that
knockdown of CHI3L1 upregulated the expression of con-
tractile phenotype markers (CNN1, α-SMA, and SM22α),
while downregulating the expression of the dedifferentia-
tion marker OPN and the proliferation marker PCNA (p <
0.001). Notably, activation of the JNK pathway by ani-
somycin partially reversed the aforementioned alterations
in marker expression induced by CHI3L1 knockdown (Fig.

5S,T). These findings indicate that CHI3L1 knockdown
suppresses PDGF-BB-induced activation of the JNK and
ERK signaling pathways. Pharmacological re-activation of
the JNK pathway partially abrogates the inhibitory effects
of CHI3L1 knockdown on VSMC proliferation, migration,
and transition to a synthetic phenotype.

CHI3L1 Knockdown Attenuates PDGF-BB-Induced
VSMC Inflammation and Oxidative Stress via the
JNK/ERK Pathway

To determine whether the JNK/ERK pathway medi-
ates the inhibitory effects of CHI3L1 knockdown on PDGF-
BB-induced oxidative stress and inflammatory responses,
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Fig. 6. CHI3L1 knockdown attenuates PDGF-BB-induced VSMC inflammation and oxidative stress via the JNK/ERK pathway.
(A,B) Detection of ROS levels in VSMCs by flow cytometry. (C–E) Assessment of oxidative stress indices in VSMCs. (F,G) Evalu-
ation of iNOS, NOX2, and NOX4 expression in VSMCs via Western blot. (H–J) Quantification of TNF-α, IL-6, and IL-1β in VSMC
supernatants using ELISA. (K–O) Analysis of ICAM-1 and MCP-1 levels in VSMCs by combined ELISA and Western blot. n = 6. ***
p < 0.001 vs Con; ### p < 0.001 vs PDGF-BB+shNC; &&& p < 0.001 vs PDGF-BB+ shCHI3L1.

we performed rescue experiments using the JNK agonist
Anisomycin. With respect to oxidative stress, compared
with the PDGF-BB+NC group, CHI3L1 knockdown re-
duced intracellular ROS and MDA levels and increased
SOD activity and NAD(P)H levels (Fig. 6A–E; p <
0.001). These beneficial effects were attenuated by Ani-
somycin treatment. CHI3L1 knockdown inhibited PDGF-
BB-induced upregulation of iNOS, NOX2, and NOX4 ex-
pression (Fig. 6F,G; p < 0.001), and this suppression was
likewise partially reversed by Anisomycin.

Regarding inflammation, CHI3L1 knockdown de-
creased the levels of TNF-α, IL-6, and IL-1β secreted
by VSMCs in response to PDGF-BB stimulation (Fig.
6H–J; p < 0.001), whereas Anisomycin treatment in-
creased the secretion of these pro-inflammatory cytokines.
Moreover, CHI3L1 knockdown downregulated PDGF-BB-

induced ICAM-1 and MCP-1 expression (Fig. 6K–O; p <
0.001), and co-treatment with Anisomycin weakened this
downregulation. These data indicate that the ameliorative
effects of CHI3L1 knockdown on PDGF-BB-induced ox-
idative stress and inflammatory responses can be reversed
by re-activation of the JNK pathway. This further supports
that CHI3L1 influences redox homeostasis and inflamma-
tory responses in VSMCs by modulating the downstream
JNK/ERK pathway.

CHI3L1 Knockdown Alleviates VIH in Rats by
Inhibiting Vascular Inflammation and Oxidative
Stress via the JNK/ERK Pathway

To validate in vivo the role of CHI3L1 in regulat-
ing vascular inflammation, oxidative stress, and IH via the
JNK/ERK pathway, we performed adenovirus-mediated
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Fig. 7. Knockdown of CHI3L1 attenuates rat VIH by inhibiting vascular inflammation and oxidative stress via the JNK/ERK
pathway. (A,B) Western blot detection of venous CHI3L1 knockdown efficiency. (C,D) Western blot analysis of CHI3L1, p-JNK/JNK,
and p-ERK/ERK protein expression in venous tissues. (E–G) HE staining of venous tissues and quantitative analysis of neointimal area
and intima-to-media ratio in each group (20×, 100 μm). (H–K) Immunohistochemical staining of Ki67 and CD68 in venous tissues to
assess cell proliferation and macrophage infiltration (20×, 100 μm). (L–N) Measurement of serum levels of the inflammatory cytokines
TNF-α, IL-6, and IL-1β. (O–Q) Detection of oxidative stress indices in venous tissues: SOD activity and MDA and GSH-Px contents.
(R,S) Western blot detection of CNN1, α-SMA, SM22α, OPN, PCNA, iNOS, NOX2, and NOX4 protein expression levels in venous
tissues. n = 9 biological replicates in vivo per group. *** p < 0.001 vs Sham; ### p < 0.001 vs injured+shNC.

CHI3L1 knockdown in AVF model rats (Fig. 7A,B; p <
0.001). Western blot analysis at 21 days post-operation
showed that CHI3L1 protein expression was markedly up-
regulated in venous tissues of the injured+shNC group, ac-
companied by a pronounced increase in JNK and ERK
phosphorylation (Fig. 7C,D; p < 0.001). In contrast, these
changes were effectively reversed in the injured+shCHI3L1
group, as evidenced by decreased CHI3L1 expression and
concomitant reductions in p-JNK and p-ERK levels (p <
0.001). This indicates that in vivo CHI3L1 knockdown also
inhibits AVF-induced activation of the JNK/ERK signaling
pathway.

HE staining revealed prominent neointimal IH at
the venous anastomosis in the injured+shNC group com-
pared with the sham group, whereas the injured+shCHI3L1

group exhibited significantly reduced neointimal thickness,
intima-to-media area ratio, and total neointimal area (Fig.
7E–G; p < 0.001), suggesting that CHI3L1 knockdown ef-
fectively suppresses NIH progression in rats. Meanwhile,
IHC staining showed that the Ki67-positive cell rate was
markedly higher in the injured+shNC group than in the
sham group, while CHI3L1 knockdown significantly re-
duced cell proliferation (Fig. 7H,I; p < 0.001). CD68-
positive macrophage infiltration in the venous wall was
markedly increased in the injured+shNC group and was
reduced by CHI3L1 knockdown (Fig. 7J,K; p < 0.001).
ELISA assays further showed elevated serum levels of pro-
inflammatory cytokines in the injured+shNC rats, which
were reduced by CHI3L1 knockdown (Fig. 7L–N; p <
0.001). Regarding oxidative stress, compared with the in-
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jured+shNC group, CHI3L1 knockdown partially restored
SOD activity and GSH-Px content in venous tissue, while
reducing MDA levels (Fig. 7O–Q; p < 0.001). CHI3L1
knockdown upregulated the expression of contractile mark-
ers (CNN1, α-SMA, SM22α) and downregulated the ex-
pression of the synthetic marker OPN, the proliferation
marker PCNA, and pro-oxidant proteins (iNOS, NOX2,
NOX4) (Fig. 7R,S; p < 0.001). Collectively, these results
demonstrate that CHI3L1 knockdown effectively inhibits
activation of the JNK/ERK signaling pathway at the venous
anastomosis in AVFmodel rats, reduces local inflammatory
cell infiltration and inflammatorymediator levels, improves
redox imbalance, and ultimately alleviates VIH.

Discussion

VIH is a key pathological process leading to early
failure of AVF and stenosis of hemodialysis access [36].
Driven by hemodynamic alterations and surgical injury fol-
lowing AVF creation, the vessel wall undergoes intense
pathological remodeling, in which phenotypic switching,
excessive proliferation, and migration of VSMCs play piv-
otal roles [37]. In this study, using a rat AVF model, we
found that CHI3L1 expressionwasmarkedly upregulated in
venous fistula tissues and positively correlated with neoin-
timal area and the extent of macrophage infiltration. This
finding is highly consistent with recent studies on the role
of CHI3L1 in cardiovascular remodeling [38]. As a pro-
inflammatory cytokine, CHI3L1 plays an important role in
tissue injury repair and chronic inflammation [39]. Pre-
vious studies have demonstrated that serum CHI3L1 lev-
els are an independent risk factor for early AVF failure in
uremic patients [40] and is highly expressed in vulnerable
atherosclerotic plaques [41]. Our experimental results fur-
ther confirm the critical role of CHI3L1 in VIH, suggesting
that it is not only a biomarker of vascular injury, but also an
important regulator of venous pathological remodeling.

In this study, we further explored the molecular mech-
anisms by which CHI3L1 regulates VSMC function using
an in vitro PDGF-BB–induced VSMC activation model.
We found that CHI3L1 knockdown significantly inhib-
ited VSMC proliferation, migration, and phenotypic switch
from a contractile to a synthetic state. Phenotypic transi-
tion of VSMCs is the initiating event of vascular remodel-
ing. Synthetic VSMCs exhibit stronger proliferative and se-
cretory capacities and can produce large amounts of ECM,
ultimately leading to luminal narrowing [42,43]. Evidence
indicates that CHI3L1 exerts its effects via theMAPK path-
way in various inflammatory diseases [44]. Our study
further demonstrated that CHI3L1 knockdown markedly
reduced PDGF-BB–induced phosphorylation of JNK and
ERK, whereas application of the JNK agonist Anisomycin
partially reversed the inhibitory effects of CHI3L1 knock-
down on VSMC proliferation and phenotypic switching.
Although anisomycin is commonly used as a JNK pathway

activator, it may also influence other stress-related signal-
ing cascades; therefore, our data support the involvement
of the JNK/ERK axis rather than proving absolute pathway
specificity. These findings nevertheless suggest that acti-
vation of the JNK/ERK signaling pathway is an important
link in the pro-proliferative effect of CHI3L1. The ERK
pathwaymainly regulates cell cycle progression and protein
synthesis [45], while the JNK pathway is closely associated
with oxidative stress responses and cell migration [46]. The
two pathways act synergistically to drive the pathological
activation of VSMCs.

CHI3L1 in vascular pathology is context-dependent.
Although this study clarified its pro-inflammatory and pro-
proliferative effects in the AVF model, there are also re-
ports that CHI3L1 may exhibit anti-inflammatory potential
under certain immune conditions. For example, in sep-
sis, CHI3L1 can limit tissue damage and promote repair
by driving macrophage polarization toward the M2 pheno-
type [47]. However, in the pathological process of AVF,
the pro-inflammatory effects of CHI3L1 clearly predom-
inate. This “double-edged sword” phenomenon suggests
that the function of CHI3L1 may depend on the repertoire
of receptors it engages and the local microenvironment. In
addition, the interaction between vascular endothelial cells
and VSMCs is likewise non-negligible in the progression of
IH. CHI3L1 not only acts directly on VSMCs, but may also
exacerbate vascular remodeling by inducing endothelial-to-
mesenchymal transition in endothelial cells. According to
recent research, CHI3L1 engages the CD44 receptor to trig-
ger mTORC1 pathway activation [48]. This, in turn, drives
endothelial cells to undergo endothelial-to-mesenchymal
transition (EndMT), a key event in the development of
neointima. In the AVF model, injured endothelial cells re-
lease CHI3L1, which not only induces VSMC phenotypic
switching through paracrine signaling, but may also un-
dergo EndMT themselves to transform into fibroblast-like
cells; this dual mechanism jointly accelerates luminal oc-
clusion.

Inflammatory responses and oxidative stress are the
two major driving forces behind VSMC phenotypic switch-
ing and IH progression. We found that CHI3L1 knockdown
markedly reduced TNF-α, IL-6, IL-1β, MCP-1, ICAM-1
expression in VSMCs. CHI3L1 per se has chemotactic ef-
fects on macrophages and promotes inflammatory infiltra-
tion; its high expression in the vascular wall can shape a
pro-inflammatory microenvironment that further drives the
transition of VSMCs toward the synthetic phenotype. At
the same time, oxidative stress is likewise a critical compo-
nent of CHI3L1-mediated vascular injury. Our data showed
that CHI3L1 knockdown effectively suppressed ROS gen-
eration, reduced MDA levels, and increased SOD activ-
ity. Mechanistically, CHI3L1 maintains intracellular re-
dox homeostasis by regulating the expression of iNOS and
NADPH oxidase isoforms NOX2 and NOX4. The NOX
family proteins are the main source of ROS in the vascu-
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lar wall, and their activation is tightly controlled by the
MAPK pathway [49]. When CHI3L1 is silenced, the inhi-
bition of the JNK/ERK pathway leads to downregulation of
NOX2/4 expression, thereby attenuating oxidative stress–
induced cellular injury. Under the control of CHI3L1, the
interplay between inflammation and oxidative stress forms
a vicious cycle: inflammatory mediators induce ROS pro-
duction, whereas ROS, in turn, amplify the inflammatory
response by activating redox-sensitive transcription factors,
ultimately synergistically driving excessive VIH.

In the in vivo experiments, adenovirus-mediated
CHI3L1 knockdown significantly attenuated intimal thick-
ening in the rat AVF model and ameliorated inflammatory
infiltration and oxidative damage in the vascular wall. The
identification of CHI3L1’s critical role in IH pathogene-
sis represents a significant finding, underscoring its poten-
tial as a novel therapeutic target. To further validate the
generalizability of CHI3L1’s effects, future studies could
perform multi-model verification using, for example, AS
models or carotid artery ligation models. Human studies
have already shown that serum CHI3L1 levels correlate
closely with the severity of coronary artery disease [50],
implying considerable potential for translation from animal
models to clinical practice. Interventions targeting CHI3L1
should carefully consider both timing and delivery strat-
egy. Our data suggest that early intervention after AVF cre-
ation (e.g., within 7 days postoperatively) may yield opti-
mal preventive effects by suppressing the early inflamma-
tory cascade. Compared with systemic administration, lo-
cal drug delivery (such as drug-coated balloons or perivas-
cular slow-release gels) can achieve higher local concentra-
tions with fewer systemic side effects and thus represents a
key direction for future clinical translation [51]. Combining
CHI3L1-targeted therapy with existing antiplatelet agents
or statins may produce synergistic effects and further im-
prove long-term patency of dialysis access.

Conclusion

In summary, knockdown of CHI3L1 can signifi-
cantly inhibit activation of the JNK/ERK signaling path-
way, attenuate vascular wall inflammatory responses and
oxidative stress, thereby blocking the pathological pheno-
typic switching, excessive proliferation, and migration of
VSMCs, and ultimately alleviating AVF-related VIH. Al-
thoughCHI3L1may exert complex biological functions un-
der different contexts, its role as a pro-inflammatory and
pro-proliferative factor in pathological vascular remodeling
is well established. Future studies should further elucidate
the intricate crosstalk between CHI3L1 and the immune
system, particularly its precise role in immune cell recruit-
ment, and develop more comprehensive, multi-targeted in-
tervention strategies, with the aim of providing new ap-
proaches for long-term maintenance of vascular access in
hemodialysis patients.
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