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1. Introduction 
Endothelial dysfunction serves as a pivotal early event 

in the initiation of atherosclerosis and other vascular ma-
ladies. Its hallmark features include a shift in endothelial 
behavior, marked by diminished vasodilation, heightened 
proinflammatory tendencies, and an inclination towards 
proliferation and prothrombotic properties [1]. Among the 
factors implicated in driving endothelial dysfunction, Ho-
mocysteine (Hcy), a sulfur-containing amino acid stem-
ming from methionine metabolism, stands prominent [2]. 
Elevated Hcy levels, a condition termed hyperhomocys-
teinemia (HHcy), have consistently surfaced in associa-
tion with an augmented susceptibility to cardiovascular 
disorders [3]. Due to the genetic background and dietary 
habits of the population, the incidence of elevated blood 
Hcy levels in China is much higher than that in Western 
populations [4], greatly increasing the risk of coronary 
heart disease.

The chemokine CXCL10 and its receptor CXCR3 have 
been identified as key players in various inflammatory di-
seases and are involved in the recruitment and activation 
of leukocytes, contributing to the inflammatory response 
[5]. Recent studies have suggested that this axis may also 

play a role in endothelial dysfunction [6], although the 
exact mechanisms remain unclear. CXCL10, also known 
as Interferon Gamma-Induced Protein 10 (IP-10), is a 
small protein that belongs to the ‘inflammatory’ chemo-
kine family [7]. It binds to its receptor CXCR3, trigge-
ring a cascade of reactions that lead to the activation and 
recruitment of leukocytes such as T cells, eosinophils, 
monocytes, and natural killer (NK) cells [8]. On the other 
hand, CXC chemokine receptor 3 (CXCR3) represents a 
transmembrane receptor belonging to the G protein-cou-
pled receptor family, with its unique ability to selectively 
engage with CXCL9, CXCL10, and CXCL11 [9]. This 
receptor finds its primary residence on immune cells, 
notably activated T lymphocytes and natural killer cells, 
where it assumes a pivotal role in orchestrating critical 
immunological functions such as facilitating the homing 
of effector cells to infection sites for effective pathogen 
clearance [10].

Hcy is a sulfur-containing amino acid that is produced 
in the body during the metabolism of methionine, an essen-
tial amino acid taken in through the diet [11]. It is normally 
present in the blood in small amounts [12]. Nonetheless, 
heightened concentrations of Hcy, manifesting as HHcy, 
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have been linked to arterial damage and an escalated sus-
ceptibility to blood clot formation [13]. This is because 
high levels of Hcy can cause inflammation in the blood 
vessels, leading to atherosclerosis, which is a hardening 
and narrowing of the arteries [14]. Therefore, maintaining 
healthy Hcy levels is important for cardiovascular health.

In this investigation, our primary objective is to delve 
into the complex interplay between Hcy and the CXCL10/
CXCR3 axis. We hypothesize that Hcy can modulate the 
expression of CXCL10 and CXCR3, thereby contributing 
to endothelial dysfunction. This study will offer novel 
perspectives on the function of Hcy and the CXCL10/
CXCR3 axis in endothelial dysfunction and highlight 
potential therapeutic strategies for managing conditions 
associated with elevated Hcy levels.

2. Materials and methods
2.1. Patient sample

Patient samples were collected in strict adherence to 
ethical protocols, and comprehensive written informed 
consent was diligently obtained from all participating 
individuals. The patient sample cohort was meticulously 
selected, adhering to ethical guidelines, and obtaining in-
formed consent. Blood samples were collected aseptically 
from patients and healthy controls, processed promptly, 
and plasma stored at ultra-low temperatures. Patients 
were chosen based on documented elevated Hcy levels 
(≥15 μmol/L), confirmed through comprehensive medical 
records. The control group comprised age-matched indivi-
duals with normal Hcy levels.

2.2. Cell culture and treatment
Human aortic endothelial cells (HAECs, PCS-100-011, 

ATCC, USA) were meticulously cultured in Vascular Cell 
Basal Medium (PCS-100-030, ATCC, USA). These cells 
were nurtured under precise conditions within a humidi-
fied incubator set at 37°C, with a controlled atmosphere 
of 5% CO2. Subsequently, HAECs underwent treatments 
with a spectrum of Hcy concentrations (0, 50, 100, 200 
μM, H-116-50, GoldBio, USA) for 20 h. Among them, 
100 μM was employed to induce HHcy conditions. Addi-
tionally, HAECs were exposed to specific agents including 
Anti-CXCL10 antibodies (701225, Invitrogen, USA), An-
ti-CXCR3 antibodies (ab71864, Abcam, UK), IgG control 
antibodies (31154, Thermo Fisher, USA), NBI-74330 
(a CXCR3 inhibitor, 4528, Tocris Bioscience, UK), and 
CXCL10 agonist (266-IP, R&D Systems, USA). These 
treatments aimed to dissect the mechanistic underpinnings 
of Hcy-induced endothelial dysfunction and the role of the 
CXCL10/CXCR3 axis in this process.

2.3. Assessment of plasma levels of Hcy
The plasma levels of Hcy were measured using Ho-

mocysteine Assay Kit (MAK354, Sigma-Aldrich, USA). 
In summary, a precise 1x solution of the Homocysteine 
Enzyme Mix was meticulously prepared by diluting the 
reconstituted 10x stock with Homocysteine Assay Buffer 
(without DTT) in a 10-fold manner. For each dedicated 
test sample and standard curve reaction, 30 µL of the 1x 
Homocysteine Enzyme Mix was thoughtfully dispensed 
into their respective wells, while the wells designated for 
sample background controls received 30 µL of Homocys-
teine Assay Buffer (without DTT). Following thorough 
mixing, the plate was gently incubated at room tempe-

rature for 5 minutes, taking care to shield it from light. 
Concurrently, we prepared the Fluorogenic Developer 
Mix by expertly combining 30 µL of Fluorogenic Probe 
Solution with 20 µL of Developer Solution for each indivi-
dual reaction well, and this mix was immediately added to 
all wells. Subsequently, the plate was incubated for 15 mi-
nutes at room temperature with continuous shaking. The 
fluorescence emanating was quantified in endpoint mode 
at λex = 658 nm/λem = 708 nm to determine homocysteine 
levels in accordance with assay specifications.

2.4. Cell counting Kit-8 (CCK-8) assay
Cell viability was evaluated using the Cell Counting 

Kit-8 (CCK-8) provided by Dojindo Molecular Techno-
logies, Inc. (CK04-11, Dojindo, USA). In a nutshell, a 
100 µL cell suspension was dispensed into each well of 
a 96-well plate and pre-incubated in a humidified incuba-
tor. Subsequently, 10 µL of the CCK-8 solution was intro-
duced into every well of the plate. The plate was then incu-
bated at a temperature of 37°C for a duration of 2 hours. 
After this incubation period, the absorbance at 450 nm was 
meticulously measured using a microplate reader.

2.5. Transwell assay
In the Transwell assay, Transwell inserts (3422, Cor-

ning, USA) furnished with polycarbonate membranes 
featuring an 8.0-μm pore size were employed. Within the 
upper chamber, HAECs were carefully suspended in se-
rum-free medium, while the lower chamber was stocked 
with culture medium enriched with 10% fetal bovine se-
rum (FBS) as an enticing chemoattractant. The cells were 
granted a 24-hour migration period at a temperature of 
37°C within a humidified incubation environment charac-
terized by a 5% CO2 atmosphere. Following this migration 
timeframe, meticulous removal of cells residing on the 
upper side of the membrane was carried out using cotton 
swabs. Meanwhile, the migrated cells on the lower side 
were subjected to a fixation process involving 4% parafor-
maldehyde, followed by staining with crystal violet (0.5% 
in 25% methanol, C0775, Sigma-Aldrich, USA). Precise 
quantification of the migrated cells was conducted under 
the scrutiny of a light microscope (Olympus, Japan), en-
compassing five randomly selected fields within each well.

2.6. Wound healing assay
Confluence at 70% was attained by seeding HAECs in 

6-well plates. A sterile pipette tip (PT-200, USA Scientific, 
USA) was used to create a standardized cell-free "wound" 
or scratch across the cell monolayer. The scratched cells 
were washed gently with phosphate-buffered saline (PBS) 
to remove debris and replenished with fresh serum-free 
medium. Images of the scratch were captured at 0 hours 
and 24 hours using an inverted microscope (Olympus, 
Japan) equipped with a camera. The extent of wound clo-
sure was quantified by measuring the reduction in scratch 
width over time.

2.7. Tube formation assay
Plates were pre-coated with growth factor-reduced 

Matrigel (356231, Corning, USA). Growth factor-reduced 
Matrigel was thawed on ice, diluted 1:1 with serum-free 
medium, and added to each well to create a uniform layer. 
HAECs were then seeded onto the Matrigel-coated wells. 
Tube-like structures formed by HAECs were visualized 
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Thermo Fisher, USA). Imaging was performed using a 
light microscope (Olympus, Japan).

2.11. Enzyme-linked immunosorbent assay (ELISA) 
for cytokine detection

ELISA assays for TNF-α, IL-6, and IL-1β were per-
formed using the following kits purchased from Invi-
trogen (USA): TNF-α Mouse ELISA Kit (BMS607-3), 
IL-6 Mouse ELISA Kit (BMS603-2), IL-1β Mouse ELISA 
Kit (BMS6002). Mice serum samples were kept frozen at 
-80°C until required. In summary, 50 µL of serum was in-
troduced into the wells of pre-coated 96-well plates. These 
plates were then subjected to a 2-hour incubation at room 
temperature with gentle agitation. Following this incuba-
tion, the wells were washed four times with wash buffer. 
Subsequently, 100 µL of biotinylated detection antibody 
was added to each well, and the plates were incubated for 
an additional 1-hour period at room temperature. After 
another series of four washes, 100 µL of Streptavidin-HRP 
was administered to each well, and the plates were incu-
bated for 30 minutes at room temperature. Following fur-
ther washing, 100 µL of TMB One-Step Substrate Reagent 
was dispensed into each well, and the plates were left to 
incubate in the dark for 30 minutes at room temperature. 
The reaction was halted by the addition of 50 µL of Stop 
Solution to each well, and the absorbance at 450 nm was 
determined using a microplate reader.

2.12. Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR)

Total RNA was extracted from cells or tissues using the 
RNAeasy Mini Kit (74104, QIAGEN, USA), followed by 
cDNA synthesis using SuperScript IV Reverse Transcrip-
tase (18090010, Thermo Fisher, USA). Gene-specific pri-
mers for CXCL10 and CXCR3 were designed and synthe-
sized, and qPCR reactions were set up with SYBR Green 
PCR Master Mix (4312704, Thermo Fisher, USA). Ther-
mal cycling was performed using a QuantStudio 3 thermal 
cycler (Thermo Fisher, USA), and fluorescence signals 
were collected to monitor amplification. Gene expression 
levels were determined relative to GAPDH using the 2-ΔΔCt 
method. Primers used were: CXCL10: Forward Sequence: 
GGTGAGAAGAGATGTCTGAATCC; Reverse 
Sequence: GTCCATCCTTGGAAGCACTGCA, CXCR3: 
Forward Sequence: TACGATCAGCGCCTCAATGCCA; 
Reverse Sequence: AGCAGGAAACCAGCCACTAGCT, 
GAPDH: Forward Sequence: ACCAGGGAGGCTG-
CAGTCC; Reverse Sequence: TCAGTTCGGAGCCCA-
CACGC.

2.13. Statistical analysis
Statistical significance assessments for intergroup dif-

ferences were conducted using suitable tests, including 
t-tests or analysis of variance (ANOVA), followed by 
post-hoc tests when warranted. A significance threshold of 
0.05 was applied. GraphPad Prism was employed for all 
statistical analyses. Error bars in graphical presentations 
generally denote the standard error of the mean (SEM) or 
standard deviation (SD) as explicitly indicated.

3. Results
3.1. Hcy induced endothelial dysfunction by inhibiting 
cell migration and angiogenesis

In this study, the impact of Hcy on endothelial cell 

using an inverted microscope and quantified for parame-
ters.

2.8. Western blot
HAECs were initially lysed using RIPA lysis buffer, 

and the resulting protein lysates were quantified using the 
BCA Protein Assay Kit (23225, Thermo Fisher, USA). 
Subsequently, protein samples were subjected to SDS-
PAGE on gels with varying acrylamide concentrations, fol-
lowed by the transfer of separated proteins onto a nitrocel-
lulose or PVDF membrane. Immunoblotting ensued with 
an overnight incubation with primary antibodies against 
ICAM-1 (ab282575, Abcam, UK), VCAM-1 (ab134047, 
Abcam, UK) and β-actin (ab8226, Abcam) at 1: 1000. Af-
ter washing, the membrane was exposed to HRP-conjuga-
ted secondary antibody (ab96879, Abcam, UK), followed 
by chemiluminescent detection using SuperSignal™ West 
Pico PLUS Chemiluminescent Substrate (34580, Ther-
mo Fisher, USA). Captured images of chemiluminescent 
bands were analyzed to quantify the expression levels of 
ICAM-1 and VCAM-1, with normalization to a loading 
control.

2.9. Animal model
Male C57BL/6 mice, aged 6 weeks and weighing 

between 20 and 25 grams, were housed under controlled 
conditions in our animal facility. The maintenance of the 
environment included the provision of a 12-hour light/
dark cycle, a temperature range of 22–24°C, and humidity 
levels within the range of 50–60%. The mice were given 
free access to standard rodent chow and water throughout 
the study and were acclimated for at least one week before 
the experiments began. Subsequently, they were alloca-
ted into three groups, each comprising 6 mice: the control 
group received intraperitoneal (i.p.) injections of PBS-
DMSO for one month, administered once every two days; 
the HHcy group consumed a 2% (m/v‐1) methionine solu-
tion in their drinking water for a duration of two months, 
in conjunction with i.p. injections of the vehicle; and the 
HHcy + NBI-74330 group followed the same methionine 
regimen for two months, supplemented by i.p. injections 
of NBI-74330 (100 mg/kg) once every two days for one 
month. Following the final administration, mice were 
humanely anesthetized and euthanized using 4% chloral 
hydrate (400 mg/kg) with i.p. injections. Plasma and tho-
racic aorta samples were then meticulously collected for 
subsequent experimental analyses.

2.10. Immunohistochemistry (IHC) staining
Paraffin-embedded tissue sections (4 μm thickness) 

were deparaffinized, subjected to heat-induced epitope 
retrieval using a microwave, and blocked with 5% bovine 
serum albumin (BSA) in phosphate-buffered saline (PBS). 
Primary antibodies targeting ICAM-1 (ab171123, Abcam, 
UK), VCAM-1 (ab115135, Abcam, UK), CD45 (PA1396, 
Boster Bio, USA), CD3 (600-020, Thermo Fisher, USA), 
CD20 (MAB160, Bio-Techne, USA), CD68 (ab125047, 
Abcam, UK), CXCL10 (10937-1-AP, Proteintech, USA), 
and CXCR3 (26756-1-AP, Proteintech, USA) were incu-
bated overnight at 4°C. After washing, secondary antibo-
dies (ab97046, Abcam, UK) were applied for 1 hour. Dia-
minobenzidine (DAB) staining using DAB substrate kit 
(003836, Bioenno Lifesciences, USA) was performed, fol-
lowed by counterstaining with hematoxylin (411165000, 
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function was investigated. Firstly, elevated Hcy levels 
were observed in patient serum compared to healthy 
controls, highlighting its clinical relevance (Figure 1A). 
Subsequently, various concentrations of Hcy (0, 50, 100, 
200 μM) were applied to HAECs. A dose-dependent inhi-
bitory effect on HAEC viability was demonstrated, with 
higher concentrations resulting in decreased cell vitality, 
as indicated by CCK8 assays (Figure 1B). Furthermore, 
endothelial cell migration was significantly impeded by 
Hcy, as demonstrated by Transwell and scratch assays, thus 
diminishing their ability to traverse barriers and contribute 
to vascular repair processes (Figures 1C, D). Moreover, 
angiogenesis was shown to be reduced by Hcy, as indi-
cated by tube formation assays, suggesting a critical role 
for Hcy in vascular network formation modulation (Figure 
1E). Additionally, upregulation of adhesive protein expres-
sion in response to Hcy treatment was revealed by Western 
blot analysis, implying that Hcy-induced adhesive protein 
expression may exacerbate HAEC damage (Figure 1F). 
These results collectively underscored the adverse effects 
of elevated Hcy levels on endothelial cell function, poten-
tially contributing to endothelial dysfunction and impaired 
vascular homeostasis.

3.2. HHcy-induced vascular inflammation
A murine model of hyperhomocysteinemia (HHcy) was 

constructed through a high methionine, low vitamin diet to 
investigate the influence of HHcy on vascular inflamma-
tion. Initially, an increase in serum homocysteine levels 
was detected in mice exposed to this dietary regimen, 
confirming HHcy induction (Figure 2A). Subsequently, 
IHC analysis of the mouse aorta revealed an upregulation 
of adhesion molecule expression (ICAM-1 and VCAM-
1), indicating that HHcy promotes endothelial cell damage 
(Figure 2B). Further examination of serum samples via 
enzyme-linked immunosorbent assay (ELISA) demonstra-
ted elevated levels of pro-inflammatory cytokines (TNF-α, 
IL-6, IL-1β) in the HHcy group compared to the control 
group, underscoring the pro-inflammatory effects of HHcy 
(Figure 2C). In addition, IHC analysis of the aorta showed 
a notable increase in the number of leukocytes in the 

HHcy group, further confirming the promotion of vascu-
lar inflammation by HHcy (Figure 2D). Collectively, these 
findings emphasized the role of HHcy in initiating vascu-
lar inflammation and suggested its potential contribution 
to endothelial dysfunction.

3.3. Hcy induced increased CXCL10/CXCR3 expres-
sion in vitro and in vivo

In this study, the influence of Hcy on CXCL10 and 
CXCR3 expression was investigated both in vitro and 
in vivo. A dose-dependent upregulation of CXCL10 and 
CXCR3 expression was observed in HAECs when ex-
posed to varying concentrations of Hcy (0, 50, 100, 200 
μM), with higher concentrations correlating with increased 
expression levels, as presented by qRT-PCR and Western 
blot analyses (Figures 3A, B). Moreover, IHC analysis of 
the aorta in HHcy mice demonstrated a notable upregu-
lation in CXCL10 and CXCR3 expression compared to 
the control group, further confirming the in vivo impact of 
HHcy on these chemokines and their receptor (Figure 3C). 
Moreover, examination via qRT-PCR of arterial endothe-
lial cells unveiled a significant upregulation in CXCL10 
and CXCR3 expression within the HHcy group in com-
parison to the control group (Figure 3D). These findings 
collectively emphasize the influence of Hcy in promoting 
heightened CXCL10 and CXCR3 expression, both in in 
vitro and in vivo settings, thus emphasizing its potential 
contribution to the regulation of endothelial function and 
vascular responses.

3.4. Inhibition of CXCL10 or CXCR3 resists homocys-
teine-induced vascular damage

In this study, the impact of inhibiting CXCL10 or 
CXCR3 on Hcy-induced vascular damage was explored 

Fig. 1. (A) Levels of Hcy in patient serum. (B) HAECs treated with 
different concentrations of Hcy (0, 50, 100, 200 μM). (C) Transwell 
assays assessing cell migration. (D) Wound healing assays examining 
cell migration. (E) Tube formation assays assessing angiogenesis. (F) 
Western blot analysis of adhesion molecule expression.

Fig. 2. (A) Levels of Hcy in mice serum in HHcy and Con groups. 
(B) IHC analysis of the mouse aorta detecting adhesion molecule ex-
pression. (C) ELISA analysis of pro-inflammatory cytokines in mice 
serum. (D) IHC analysis of leukocyte counts in the aorta.
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in a comparative analysis of the Con group, Hcy group, 
Hcy+Anti-CXCL10 group, and Hcy+Anti-CXCR3 group. 
Cell viability assessed through CCK8 assays indicated 
that Hcy suppressed HAEC vitality, whereas the intro-
duction of CXCL10 or CXCR3 neutralizing antibodies 
restored this impact (Figure 4A). Transwell and wound 
healing assays further corroborated the inhibitory effect 
of Hcy on HAEC migration, as presented by number of 
migration cells and migration rate, and demonstrated that 
neutralizing antibodies against CXCL10 or CXCR3 aug-
mented HAEC migration ability (Figures 4B, C). Western 
blot analysis revealed increased expression of adhesion 
molecules (VCAM-1 and ICAM-1) in Hcy + IgG group, 
which was however rescued in Hcy+Anti-CXCL10 group 
and Hcy+Anti-CXCR3 group, suggesting that Hcy regula-
ted HAEC damage through CXCL10 or CXCR3 (Figure 
4D). Moreover, tube formation assay detected suppressed 
angiogenesis in Hcy + IgG group and relatively increased 
one in neutralizing antibody group (Figure 4E). Collecti-
vely, these findings underscored that Hcy-induced vascu-
lar damage can be mitigated by the inhibition of CXCL10 
or CXCR3, highlighting their potential as therapeutic tar-
gets for countering endothelial dysfunction.

3.5. Blocking the CXCL10/CXCR3 pathway affected 
endothelial cell function

In this study, the impact of CXCR3 inhibition using 
the inhibitor NBI-74330 on endothelial cell function 
was investigated, with comparisons made among three 
experimental groups: Con group, CXCL10 group, and 
CXCL10+NBI-74330 group. Cell viability, as assessed 
by CCK8 assays, revealed a suppression in the CXCL10 
group, while the CXCL10+NBI-74330 group demonstrated 
the restoration of reduced cell viability (Figure 5A). Trans-
well assays indicated reduced number of migrated cells in 
the CXCL10 group, whereas the CXCL10+NBI-74330 
group exhibited a restoration (Figure 5B). Western blot 
demonstrated increased expression of adhesion molecules 
(ICAM-1 and VCAM-1) in the CXCL10 group, while the 

CXCL10+NBI-74330 group showed a restoration (Figure 
5C). Wound healing assay measuring migration rate revea-
led a decrease in the CXCL10 group, with a subsequent 
restoration observed in the CXCL10+NBI-74330 group 
(Figure 5D). Furthermore, tube formation assays showed 
suppressed angiogenesis in the CXCL10 group, with a 
restoration of diminished angiogenesis observed in the 
CXCL10+NBI-74330 group (Figure 5E). Collectively, 
these findings confirmed that exogenous CXCL10 protein 
could inhibit endothelial cell proliferation and migration. 
Furthermore, the use of the CXCR3 inhibitor NBI-74330 

Fig. 3. (A, B) qRT-PCR and Western blot analysis of CXCL10 and 
CXCR3 expression in HAECs treated with different concentrations of 
Hcy. (C) IHC analysis of the aorta in HHcy mice showing CXCL10 
and CXCR3 expression. (D) qRT-PCR analysis of CXCL10 and 
CXCR3 expression in arterial endothelial cells.

Fig. 4. (A) CCK8 assays assessing cell viability. (B, C) Transwell 
and wound healing assays examining cell migration. (D) Western blot 
analysis of adhesion molecules expression. (E) Tube formation assays 
assessing angiogenesis.

Fig. 5. (A) CCK8 assays measuring cell viability. (B) Transwell as-
says assessing cell migration. (C) Western blot analysis of adhesion 
molecules expression (ICAM-1 and VCAM-1). (D) Wound healing 
assays measuring migration rate. (E) Tube formation assays evalua-
ting angiogenesis.
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can reverse these effects, providing evidence of the regula-
tory role of the CXCL10/CXCR3 axis in HAEC function.

3.6. Injection of NBI-74330 alleviates inflammation in 
HHcy mice

In this study, the impact of tail vein injection of the 
CXCR3 inhibitor NBI-74330 on inflammation in HHcy 
mice was investigated, comparing two experimental 
groups: HHcy group and HHcy+NBI-74330 group. Mea-
surement of Hcy levels in mouse serum revealed a decrease 
in the HHcy+NBI-74330 group (Figure 6A). IHC analysis 
of mouse aortas demonstrated reduced adhesion mole-
cules protein expression in the HHcy+NBI-74330 group 
(Figure 6B). ELISA analysis of pro-inflammatory cyto-
kines (TNF-α, IL-6, IL-1β) in serum showed a decrease 

in the HHcy+NBI-74330 group (Figure 6C). IHC analysis 
of leukocyte counts in the aorta indicated a decrease in the 
HHcy+NBI-74330 group (Figure 6D). These results col-
lectively indicated that the injection of NBI-74330 led to 
a reduction in serum Hcy levels and a decrease in vascular 
inflammation in HHcy mice.

4. Discussion
Our study comprehensively examined the impact of 

Hcy on endothelial function, revealing significant impli-
cations for vascular health. As demonstrated, Hcy exerted 
detrimental effects on endothelial cell viability, migration, 
and angiogenesis. Furthermore, our inquiry unveiled that 
HHcy precipitates vascular inflammation, as indicated by 
heightened serum levels of pro-inflammatory cytokines 
and an augmented count of white blood cells within the 
aorta. These findings resonate with previous research. A 
recent review of the literature reveals a significant corre-
lation between elevated Hcy levels and endothelial dys-
function. HHcy, defined as fasting plasma Hcy levels 
exceeding 15 μmol/L, is identified as a critical risk factor 
for atherosclerosis (AS), promoting its development and 
the occurrence of cardiovascular events [15]. This condi-
tion is also directly and indirectly associated with cerebral 
small vessel disease (cSVD), with endothelial dysfunction 
playing a pivotal role [16]. Furthermore, increased Hcy le-
vels have been linked to atherosclerosis in healthy indivi-
duals, reinforcing the detrimental impact of elevated Hcy 
on vascular health [17]. The disruption of Hcy metabolism 
is shown to contribute to endothelial dysfunction and athe-
rosclerosis [18]. HHcy’s harmful effects extend to renal 
function as well, where it reduces nitric oxide utilization, 
increases oxidative stress, induces endothelial dysfunc-
tion, and promotes vascular smooth cell proliferation [19].

The intricate relationship was highlighted between Hcy 
and the CXCL10/CXCR3 axis, demonstrating that Hcy 
could modulate the expression of CXCL10 and CXCR3 
in both in vitro and in vivo settings. Additionally, we ex-
plored interventions aimed at mitigating Hcy-induced vas-
cular damage. The experiments involving CXCR3 inhibi-
tion through NBI-74330 provided further support for the 
efficacy of this approach in reversing Hcy-induced endo-
thelial cell dysfunction. This is consistent with previous 
studies that have shown the therapeutic potential of targe-
ting the CXCL10/CXCR3 axis. For instance, the interplay 
of the CXCL9, CXCL10, CXCL11/CXCR3 axis, along 
with the involvement of G protein-coupled receptor kinase 
2 (GRK2), has been linked to a myriad of processes within 
the realms of inflammation and immunity [20, 21]. The 
CXCL10/CXCR3 signaling pathway, renowned for its 
regulatory role in immune cell differentiation, migration, 
and infiltration, exerts a far-reaching impact on phenomena 
like tumor progression and metastasis [22]. Interestingly, 
CXCL10 has exhibited its capacity to attract regulatory T 
cells (Tregs) to the liver via their surface receptor CXCR3, 
while also playing a pivotal role in mechanisms underlying 
pain perception [23]. Moreover, CXCL10 engages its re-
ceptor CXCR3, fine-tuning immune responses by orches-
trating the recruitment of a diverse array of leukocytes, 
encompassing T cells and monocytes/macrophages [24]. 
Pertinently, as a potential therapeutic avenue, the bloc-
kade of the CXCR3/CXCL10 axis has displayed promise 
in mitigating inflammation stemming from disruptions in 
immunoproteasome function [25], and CXCR3 inhibition 

Fig. 6. (A) Levels of Hcy in HHcy mice serum. (B) IHC analysis of 
adhesion molecules in mouse aortas. (C) ELISA analysis of pro-in-
flammatory cytokines in serum. (D) IHC analysis of leukocyte counts 
in the aorta. (E) Hcy in Human Aortic Endothelial Cells.
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by AMG487 has been found to enhance autophagy and 
reduce the inflammatory response [26]. In conclusion, our 
results not only corroborated previous findings but also 
contributed new insights specifically in the context of Hcy 
and the CXCL10/CXCR3 axis.

Based on intervention with NBI-74330, we dig fur-
ther into its therapeutic impact on impairing endothelial 
function. It was shown that the injection of NBI-74330 
alleviated inflammation in HHcy mice. Such findings alig-
ned with existing literature on the therapeutic potential of 
CXCR3 inhibition. For instance, one study reported that 
the inhibition of the CXCR3/CXCL10 axis effectively 
alleviated inflammation induced by immunoproteasome 
dysfunction [27]. Additionally, another study demonstra-
ted that blocking the CXC chemokine receptor 3 (CXCR3) 
resulted in reduced inflammation and enhanced survival in 
a murine model of nearly lethal polymicrobial sepsis [28]. 
This further supported our results, suggesting that CXCR3 
inhibition could be a promising therapeutic strategy for 
conditions associated with inflammation.

In conclusion, our study illuminated the multiface-
ted effects of Hcy on endothelial function, with specific 
attention to HHcy-induced vascular inflammation. Addi-
tionally, we emphasized the regulatory role Hcy plays in 
the CXCL10/CXCR3 axis and the potential therapeutic 
significance of targeting this axis in the management of 
endothelial dysfunction. Future studies should delve into 
the clinical applicability of CXCR3 inhibition as a treat-
ment strategy for conditions associated with elevated Hcy 
levels, such as cardiovascular diseases and atherosclerosis.
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