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The equilibrium of lipid metabolism is critical to sustaining human health. Metabolic disorders often result in
a variety of cardiovascular illnesses, especially atherosclerosis. Atherosclerosis is characterized by
complicated complications and high mortality. Cholesterol deposition and oxidative stress have been
considered as critical mechanisms in the occurrence and progression of atherosclerosis, however, the
relationship between oxidative stress and lipid accumulation remains a puzzle in foam cells during the
early stages of atherosclerosis development. Hydrogen peroxide (H,O,) has been reported to participate
in various signaling pathways associated with atherosclerotic diseases. Additionally, the excessive intake
of oxidized low-density lipoprotein (ox-LDL) leads to cholesterol accumulation and viscosity increasing
in foam cells. Therefore, it is critical to investigate the internalization and modification of ox-LDL by
H,O, in foam cells. Herein, we developed a near-infrared, synergistic dual-functional fluorescent probe

capable of detecting H,O, and viscosity simultaneously with high selectivity and sensitivity. Through in
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Accepted 16th November 2024 situ imaging of H,O, and viscosity in vivo, we discovered that H,O, accumulation leads to an increased

intake of ox-LDL in the early stages of plaque formation. This finding establishes a new experimental
approach and theoretical foundation for the diagnosis and treatment of atherosclerosis, as well as the
development of new medications.
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will lead to various diseases, such as atherosclerosis, hyperli-
pemia, chronic inflammation and fatty liver.> When hyperlip-
idemia or inflammation-associated stimuli induce arterial

Introduction

Lipids are one of the most important biomacromolecules in

living systems, and they encompass a wide variety of molecules
such as free fatty acids, fatty acid esters, sterols, phospholipids,
and triglycerides. When the equilibrium of their metabolism is
disrupted by environmental or metabolic stress, lipids can
become essential components of pathophysiological cascades
that damage healthy cell and tissue function, which dysfunction
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endothelial cells to express adhesion molecules, leukocytes are
recruited, along with the release of proinflammatory cytokines.
Meanwhile, vascular endothelial permeability increases, and
low-density lipoprotein (LDL) particles penetrate into the arte-
rial wall and are oxidized to plenty of oxidized LDL (ox-LDL) by
hydrogen peroxide (H,0,).*> Macrophages ingest excess ox-LDL,
leading to cholesterol accumulation, and eventually turn into
foam cells.** Foam cells in the arterial wall are a hallmark of an
early atherosclerotic lesion as they initiate plaque formation on
blood arteries.® Atherosclerosis is defined by the deposition of
cholesterol that forms the lipid core of plaques beneath the
intima of the arterial wall, leading to arterial lumen narrowing
and increased blood flow.” The incidence of atherosclerosis has
recently risen worldwide, and the risk of serious complications
including stroke caused by plaque rupture rises with age;
therefore development of effective therapy of atherosclerosis
could be beneficial to human health.8,9

To date, many commonly used anti-atherosclerosis drugs are
still far from satisfactory. For example, aspirin, statins, and
fibrate medications mainly contribute to reducing blood lipids,
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stabilizing plaque, or inhibiting inflammation in artery blood
vessels, but none of them can alleviate arterial lumen stenosis.*®
Since the appearance of foam cells is considered an early
character during atherosclerotic plaque formation, exploring
lipid-related signaling pathways in foam cells could be condu-
cive to developing new anti-atherosclerotic drugs by providing
potential targets.

Two important elements in the pathophysiology of athero-
sclerosis are cholesterol deposition and chronic inflamma-
tion." It has been widely acknowledged that inflammation is
intimately associated with oxidative stress.'> Oxidative stress is
considered a critical mechanism in the onset and progression
of atherosclerosis. As the most stable reactive oxygen species
(ROS), H,0, is implicated to be involved in ox-LDL formation
and indirectly modulates the expression of a large number of
genes by regulating the NF-kB signaling pathway.'*'* Previous
studies had shown that the lowest concentration of H,O, levels
was close to 10 pM in the pathological environment of athero-
sclerosis.” In addition, along with cholesterol deposition in
macrophages, the intracellular viscosity will be gradually
elevated, and macrophages will transform into foam cells.**"
The increase in cellular H,O, content and viscosity is a typical
phenomenon in the early stage of foam cell formation. The
accumulation of foam cells is a hallmark of early atherosclerotic
plaque formation. However, the relationship between oxidative
stress and lipid accumulation remains a puzzle in foam cells.
Therefore, it is critical to investigate the internalization and
modification of ox-LDL by H,0, in foam cells in the early stages
of atherosclerosis development, but little research has been
conducted in this area.

Based on the above, the development of novel methods for
simultaneous detection of H,O, levels with viscosity changes
could not only indicate foam cell formation, but also may
resolve the signaling pathways associated with oxidative stress-
caused lipid accumulation during foam cell formation. In the
past decade, fluorescent imaging has been widely applied for
the detection of bioactive molecules due to its advantages of
high sensitivity, good selectivity and allowing real-time imaging
in situ.**?" Many fluorescent probes for the single/double
detection of ROS or viscosity have been reported by Lin's
group,” Ma's group® and Tang's group,**>® and they success-
fully used these probes in vivo (Table S1}). In addition, many
studies on fluorescence imaging of atherosclerosis have also
been reported in recent years,””*® but small-molecule fluores-
cent probes with dependent excitation and emission wave-
lengths for real-time and simultaneous imaging of H,0, and
viscosity in atherosclerotic plaques have not been developed so
far.

Herein, a novel near-infrared dual-functional fluorescence
probe, HV-AS, was designed for synergistic fluorescent imaging
of H,0, and viscosity using independent emission wavelengths.
In our strategy, an a,B-unsaturated malonitrile moiety was
conjugated to the hemicyanine framework through a C-C bond,
and a p-phenyl boronic acid ester moiety was selected as the
H,0, reactive site, coupled to hemicyanine by ether connection.
The a,B-unsaturated malonitrile moiety disrupts the coplanarity
of the whole molecule.*’** In a low viscosity environment, the
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rotor freely revolves around the large conjugate structure of
hemicyanine, dissipating the excited state energy of the HV-AS
through non-radiation and quenching its fluorescence.
Viscosity rises cause the rotor's free rotation to be restricted.
This leads to the expansion of HV-AS coplanarity, which results
in a redshifted emission wavelength and enhanced fluorescence
intensity. In the presence of H,0,, the boronic ester moiety
reacts with H,0, to expose a phenolic group, then a quinone
derivative leaves, and a subsequent intramolecular cyclization
reaction proceeds forming a coumarin derivative.*** The
enhanced conjugation effect caused a redshift of the fluores-
cence wavelength to the near-infrared region (from 660 nm to
680 nm after reaction with H,0,). Using HV-AS, we were able to
observe the real-time changes of H,O, and viscosity in foam
cells and atherosclerotic plaques for the first time. By cell and in
vivo fluorescence imaging experiments, the signaling pathways
associated with oxidative stress-caused lipid accumulation
during foam cell formation were ultimately resolved, and
eventually, the source of H,0, and H,0, accumulation
promoting ox-LDL internalization during foam cell formation
were identified. This signaling was further demonstrated by
feeding the mice setanaxib that reduced the generation of H,O,
and consequently prevented plaque development.

Results and discussion
Photophysical properties of HV-AS

The fluorescent probe HV-AS has been successfully synthesized.
The synthetic route and responding mechanism are shown in
Fig. S1-S37 and Scheme 1. The key intermediates and final
synthesized products were characterized by "H NMR, *C NMR,
and HRMS (Fig. $30-5331).

To verify whether the probe HV-AS can be used for synergistic
fluorescence imaging of H,0, and viscosity, the photophysical
properties of HV-AS were first detected before and after reaction
with H,0, under physiological conditions. As shown in Fig. 1a,
the characteristic absorption peak of HV-AS at 530 nm gradually
rose after reaction with H,O, (0-500 pM) accompanied by
obvious color changes (Fig. S4f), and its molar extinction
coefficient elevated from 180 to 6.79 x 10° L mol ' em .
Additionally, the fluorescence intensity of the probe at 680 nm
also increased significantly (40.3-fold, CH,O, = 500 uM), which
shows a clear linear correlation with the concentration of H,O,
(0-80 uM, Fig. 1b). The linear equation is calculated as Fego =
35.5 [H,0,](uM) + 214 (R*> = 0.998), and the detection limit
toward H,0, was 0.361 uM (Fig. 1c). The fluorescence quantum
yield of HV-AS was 0.00100 and 0.201 before and after reacting
with H,0,, respectively. These results indicate that HV-AS
shows high sensitivity towards H,0, and can be used for near-
infrared detection of H,0,. Subsequently, the anti-
interference ability and stability of HV-AS in response to H,0,
were further investigated. As shown in Fig. 1d and S5-S6,7 after
co-incubation of HV-AS with various bioactive molecules, the
fluorescence change was negligible and showed specificity only
to H,0,. When detecting H,0, with HV-AS in the biologically
relevant pH (6.5-8.5), the activated fluorophore existed in
a deprotonated form, which facilitated cyclization reactions. It

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 In vitro optical properties of HV-AS (20 pM) in response to H,O, and viscosity. (a) UV/vis absorption of HV-AS in the H,O, channel. (b)
Fluorescence spectra of HV-AS incubation with different concentrations of H,O,. (c) Linear correlation of HV-AS in response to H,O, (0—-80 pM).
(d) Selectivity of HV-AS toward different analytes. The fluorescence intensity of the blank group was defined as 1. (e) UV/vis absorption of HV-AS
in the viscosity channel. (f) Fluorescence spectra of HV-AS upon treatment with MeOH—glycerol systems (0.300-140 cp) (g) Linear correlation of
HV-AS with different viscosities. (h) Selectivity of HV-AS toward different analytes in the viscosity channel. The fluorescence intensity of the blank
group was defined as 1. H,O, channel: 2ex =570 nm, A = 680 nm, slit:10 nm, 10 nm. Viscosity channel: dex = 360 NM, Aem = 537 nm, slit: 5 nm,
5nm.
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enabled better detection of H,O, under physiological condi-
tions (Fig. S77). The reaction kinetics of HV-AS exhibited good
photostability after reactions with H,O, (Fig. S8 and S97). The
above results all indicate that HV-AS has good specificity for the
fluorescence detection of H,0,, which shows promise for
imaging and detecting H,O, in complex biological systems.

Next, the fluorescence response of HV-AS towards viscosity
was investigated. As shown in Fig. 1e and S10,} in solution with
high viscosity (methanol-glycerol system), a new absorption
peak of HV-AS appeared at 426 nm (molar extinction coefficient
=1.58 x 10* L mol ' cm ') and the maximum emission was at
537 nm. The fluorescence intensity of HV-AS gradually increases
along with increasing viscosity (Fig. 1f and Table S27), and the
fluorescence quantum yields of HV-AS in low-viscosity and high-
viscosity media were 0.00250 and 0.0277, respectively. More-
over, the fluorescence intensity exhibited a good linear corre-
lation with the medium viscosity (log 5, 0.300-140 cp), which
the linear regression equation is log Fs3, = 0.513log 5 + 2.37 (R®
= 0.997, Fig. 1g). These results indicate that HV-AS can sensi-
tively respond to changes in viscosity. It's worth noting that, in
high-viscosity media, the response of HV-AS to viscosity grad-
ually decreased along with increasing H,0,, indicating a struc-
tural change, and at the same time proving that malononitrile is
the group responsible for the viscosity response (Fig. S117). The
selectivity and photostability of HV-AS were studied further. In
a medium with low viscosity, the fluorescence of HV-AS at
537 nm was always weak no matter what analytes were added
into the medium (Fig. 1h and S127), but once in a medium with
high viscosity, the fluorescence of HV-AS was raised up and
stable within 30 minutes (Fig. S13t). These experiments
collectively confirm that HV-AS is a highly sensitive and specific
tool for assessing changes in viscosity.

Cellular fluorescence imaging of H,O, and viscosity

We first investigated the biocompatibility and hemocompati-
bility of probe HV-AS. The MTT results suggested that cell
viability was unaffected even when incubating with high levels
of HV-AS (80 uM) (Fig. S14%). In vivo testing of male C57BL/6]
mice procured directly from Nanjing GemPharmatech LLC,
aged 4 weeks and weighing between 15-20 g was performed. All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Shandong
Normal University and approved by the Animal Ethics
Committee of Shandong Normal University
(AEECSDNU2024016). The body weight of mice showed no
abnormal changes, and H&E staining revealed no significant
tissue damage, confirming that HV-AS has great biocompati-
bility and hemocompatibility (Fig. S15t-S17). The photo-
stability of the probe was also detected, and results indicated
that HV-AS has good photostability in the mice macrophage cell
line of RAW 264.7 cells (BNCC354753, purchased from BeNa
Culture Collection, China), making it suitable for cellular
applications (Fig. S18a-ct). To explore the subcellular distri-
bution of the probe, we co-incubated cells with commercial
organelle dyes and the probe. As shown in Fig. S19 and S20,} the
red fluorescence of the probe (H,O, channel) exhibited high
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Pearson's colocalization coefficients with Mito-Tracker Green
(Pr = 0.909), while the blue fluorescence of the probe (viscosity
channel) did not exhibit obvious overlap with any organelle dye.
Given that the probe lacks organelle-targeting groups, we
suspect these results might be due to that H,0, is enriched in
mitochondria, as mitochondria is the major organelle of H,O,
production.***

Next, to evaluate the probe's capability to image H,0, and
viscosity, we applied HV-AS in RAW 264.7 cells when under
different stimulants. As shown in Fig. S21-S23, stimulation
with H,0, enhanced the red fluorescence of the probe in cells
2.19-fold compared to the control group cells, while stimulation
with Nystatin increased the blue fluorescence of the probe by
approximately 3.02-fold. When cells were incubated with lipo-
polysaccharide (LPS), bright fluorescence was observed in both
blue channels (3.16-fold for viscosity) and red channels (3.11-
fold for H,0,), implying that LPS can induce oxidative stress
and metabolic abnormalities in cells to rise H,O, and viscosity
levels.***® All these results demonstrate that HV-AS is an
excellent near-infrared dual-functional fluorescence probe,
which can sensitively and selectively assess H,O, levels and
viscosity changes in cells.

Encouraged by the fluorescence performance of HV-AS in
cells, the probe was further applied to explore the changes of
H,0, and viscosity levels during the process of foam cell
formation. First, CD40 expression was examined by standard
immunofluorescence staining (IF staining) methods to certify
that RAW 264.7 macrophages were successfully transformed to
foam cells after incubating with ox-LDL for 24 hours (Fig. S24a
and bt).°>** Then, we performed fluorescence imaging of HV-AS
at different time points of incubation of RAW 264.7 with ox-LDL
(0, 8, 16, 24 hours). The fluorescence of HV-AS in both channels
was gradually increased with prolonged incubation time,
eventually reaching a 3.49-fold increase in the viscosity channel
and a 3.36-fold in the H,0, channel (Fig. S25a-ct).

Exploring the potential signaling pathway in foam cell
formation

To explore a new signaling pathway related to oxidative stress
for foam cell formation, we initially investigated the sources of
H,0, in foam cells. Previous research indicates that nicotin-
amide adenine dinucleotide phosphate oxidases (NADPH
oxidases, NOXs) are the primary source of vascular superoxide
anions (O, "), which can spontaneously convert to H,O, or be
catalyzed by superoxide dismutase.>” Since apocynin was re-
ported to be a selective inhibitor of NOXs in both phagocytic
and non-phagocytic cells,*** we inhibited the activity of NOXs
using apocynin and investigated changes in H,O, and viscosity
through fluorescence imaging of HV-AS in foam cells (Fig. 2a).
As depicted in Fig. 2b and ¢, both H,0, and viscosity markedly
decreased by 1.46-fold and 2.03-fold in apocynin pretreated
foam cells compared to control foam cells, suggesting that
NOXs were upstream regulators of H,0, and viscosity. To
further elucidate which NOX isoforms play a pivotal role, seta-
naxib, a NOX1/4 inhibitor, was employed to replicate the
aforementioned experiments.>® The results demonstrate that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Confocal fluorescence imaging of H,O, and viscosity fluctuations in foam cells under different stimulations. (a) Construction of the cell
model. Created with https://www.biorender.com. (b and c) Confocal fluorescence images of H,O5 (red channel: Aex = 561 nm, Aep, = 570-720
nm) and viscosity (blue channel: Aex = 405 NM, A = 420-550 nm) in foam cells after incubation with apocynin (100 uM, 1 h) or setanaxib (10 uM,
1.5 h). (d and e) Relative fluorescence intensity (%) output of (b) and (c), respectively. The fluorescence intensity of the control group was defined
as 100%. The data are expressed as the mean 4 SD (n = 3). ***p < 0.001, **p < 0.01.

under setanaxib inhibition, not only foam cell formation
delayed (Fig. 2d and e), but H,0, and viscosity also decreased by
1.96-fold and 1.81-fold in cells, respectively. These findings

strongly indicate that NOX1/4 likely serves as the primary source
of H,0,, and also serves as an upstream positive regulator of
H,0, and viscosity in foam cells.
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(b) Oil red O staining of mouse vascular sections. (c) Nile Red staining of mouse vascular sections. (d) Ex vivo fluorescence imaging of HV-AS
(H>O, channel) in control group mice, ApoE~'~/HF group mice and ApoE~~/HF/setanaxib group mice. (e) Immunofluorescence images of
CD40 and Hoechst 33342 indicated CD40 epitopes (red fluorescence) and nucleus (blue fluorescence), respectively. Plaques are marked by
red dotted curves. (f) Immunofluorescence images of IL-1B. (g) Immunofluorescence images of LOX-1. (h) Confocal fluorescence imaging of
HV-AS in frozen sections from aorta. (i) Zoom in confocal fluorescent images of ApoE*/*/HF group mice in (h), plagues are marked by white
dotted curves. (j) Data output diagram of (b—h). (k) Data output diagram of plaque area (%) in (d). The fluorescence intensity of the control
group was defined as 100%. The data are expressed as the mean + SD (n = 3). ***p < 0.001, **p < 0.01, *p < 0.05.

The accumulation of cholesterol, which is a primary
metabolite of ox-LDL, leads to increased viscosity, and the
scavenger receptor LOX-1 serves as the primary receptor for ox-
LDL entry into foam cells.’® Therefore, we explored whether the
activities of NOXs would influence expression levels of LOX-1 in
foam cells. As shown in Fig. 3a, b, e and f, when foam cells were
treated with apocynin or setanaxib, the immunofluorescence
intensity of LOX-1 considerably lowered (1.60-fold or 2.51-fold),
indicating that reduced NOX1/4 activity can severely down-
regulate LOX-1 expression levels. Subsequently, we try to explore

350 | Chem. Sci,, 2025, 16, 345-353

the signaling pathway between NOXs and LOX-1. It is known
that NOXs, the source of H,0,, can activate the NF-kB signaling
pathway and increase pro-IL-1B expression, and therefore we
first investigated whether the expression of IL-1p is influenced
by NOX activity.””*°* As expected, the immunofluorescence
intensity of IL-1B also decreased (1.34-fold) in NOX-inhibitor
pretreated cells (Fig. 3¢, d, g and h). It is worth noting that IL-1p
has been reported to regulate LOX-1 expression.’® Based on
these findings, it is evident that NOX1/4 plays a crucial role in
foam cell formation (Fig. S26, S27a and bf). By generating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a substantial amount of H,0O, through NOX1/4, the NF-kB
signaling pathway is activated, leading to increased IL-1B
expression, which then activates LOX-1 expression, therefore
promoting ox-LDL uptake and cholesterol accumulation, even-
tually viscosity increase and foam cell formation (Fig. 3i).

Validation of setanaxib effects in vivo

To verify this signaling pathway “NOX1/4-H,0,-NF-kB-IL-1f-0x-
LDL uptake-viscosity” in vivo, we attempted to block the source
of H,0O, to observe whether it could inhibit the formation of
atherosclerotic plaques. Atherosclerosis was induced in mice by
feeding ApoE~'~ mice (purchased from GemPharmatech,
China) a high-fat diet (ApoE '~ /HF mice), while C57BL/6] mice
were used as control group mice (C57BL/6] mice) (Fig. 4a). The
NOX1/4 inhibitor setanaxib was used as an anti-atherosclerosis
drug by reducing the generation of H,O, to treat the athero-
sclerotic mice (ApoE~’'~/HF/setanaxib mice) (Fig. 4a). After 18
weeks, we compared the body weight and serum lipids
(triglycerides TG, cholesterol CHO, high-density lipoprotein
HDL, low-density lipoprotein-cholesterol LDL) among the three
groups of mice, and performed oil red O and Nile red staining
on vascular sections. Serum and vascular sections were isolated
from C57BL/6] and ApoE '~ mice in the lab. As shown in
Fig. 4b, ¢ and S28,f serum lipid data of C57BL/6] mice were
within normal limits, and its content on vascular sections
suggested that this group mice did not suffer from atheroscle-
rosis. As expected, the body weight and serum lipid data of
ApoE '~ /HF/setanaxib mice and ApoE'"/HF mice were
elevated compared with those of C57BL/6] mice (Fig. S28 and
S297). However, it is noteworthy that the oil red O and Nile red
staining results from ApoE ' ~/HF/setanaxib mice were similar
to those of C57BL/6] mice, which were significantly lower (2.48-
fold) than those of ApoE~/~/HF mice (Fig. 4b and c). This result
indicates that under setanaxib treatment, the severity of
atherosclerosis in mice was prominently reduced compared to
untreated mice, demonstrating a notable therapeutic effect of
setanaxib. In order to more intuitively observe the extent of
plaques by the naked eye in the blood vessels of mice, we
dissected and fluorescence imaged the intact aortas of the mice.
As indicated in Fig. 4d and j-k, the aortas of ApoE '~ /HF/seta-
naxib mice were more transparent, had fewer plaques (2.49-
fold), and exhibited weaker fluorescence (1.32-fold) compared
to ApoE ' /HF mice, with all indicators approaching those of
healthy mice. All the above results demonstrated that NOX1/4
inhibitor setanaxib could heavily postpone the generation of
atherosclerotic plaque. Additionally, immunofluorescence
staining of vascular sections for CD40, IL-1p, and LOX-1 also
revealed that after inhibiting NOX1/4 expression with setanaxib,
the expression of these proteins in ApoE '~ /HF/setanaxib mice
was suppressed (1.87-fold for CD40, 1.76-fold for IL-1B, and
2.04-fold for LOX-1) compared to those in ApoE™'"/HF mice.
Fluorescence imaging detection of vascular sections using HV-
AS also showed a significant decrease in both H,0, (1.31-fold)
and viscosity (1.28-fold) (Fig. 4e-j). These data fully demonstrate
that atherosclerotic mice treated with setanaxib exhibited
excellent therapeutic effects due to the reduction in H,0, levels,
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which hindered foam cell formation and prevented plaque
development.

Conclusions

To elucidate the oxidative stress-caused lipid accumulation
related signaling pathways involved in foam cell formation
during early atherosclerosis, we exploited an ingenious near-
infrared, dual-functional small-molecule fluorescent probe,
HV-AS. This probe fluoresces in response to H,O, (red fluores-
cence) and viscosity (blue fluorescence) with distinguishable
spectra. By utilizing HV-AS, we revealed a novel signaling
pathway of ox-LDL endocytosis in foam cells, which is the
“NOX1/4-H,0,-NF-kB-IL-1B-0x-LDL uptake-viscosity” pathway,
and validated these findings both in cells and in vivo. Based on
this pathway, we also attempted to treat atherosclerotic mice
using the NOX1/4 inhibitor setanaxib, and significant thera-
peutic effects were observed. We envision that HV-AS will
benefit fundamental research into the pathogenic mechanisms
of atherosclerosis, and provide a robust tool for evaluation of
future atherosclerosis treatment and drug development.
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