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Background: Atherosclerosis (AS) is a primary driver of cardiovascular disease. This study aimed to investigate the effects of a
high-cholesterol diet (HD) on body weight, lipid profile, inflammatory cytokines, plaque stability, and histopathological changes
in Apolipoprotein E (ApoE)−/− and wild-type (WT) mice, to clarify the underlying mechanisms of AS.
Methods: ApoE−/− and wild-type mice were fed HD or normal diet (ND) for 4 weeks. Body weight was monitored weekly to
assess the development of obesity. The serum levels of blood lipids and inflammatory factors were examined using the corre-
sponding kits. The expression of plaque stability markers was confirmed using quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) and Western blot. Besides, the structure and fat deposition of coronary artery tissues were assessed
using hematoxylin and eosin (H&E), Masson trichrome, oil red O, Prussian blue, and immunohistochemical staining.
Results: Relative to the ND group, the body weight of mice notably increased in the HD group (p < 0.01). HD feeding elevated
serum lipids and pro-inflammatorymarkers in ApoE−/− and wild-typemice (p< 0.01). Expression of plaque instability markers
was significantly upregulated in HD-fed groups (p < 0.05). Histological analysis revealed structural disorganization, increased
lipid and iron deposition, and greater collagen accumulation in coronary tissues, particularly in the ApoE−/− mice.
Conclusion: This study demonstrated that HD might accelerate AS by promoting obesity, dyslipidemia, inflammation, plaque
instability, and vascular remodeling, especially in genetically susceptible ApoE−/− mice. These results may provide new insights
for AS prevention and therapy.
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Introduction

Atherosclerosis (AS) is a primary driver of cardiovas-
cular disease (CVD), characterized by lipid deposition in
arterial walls [1], activation of inflammatory pathways [2],
and remodeling of vascular structures [3]. As lipids accu-
mulate within the vessel wall, arteries are subject to pro-
gressive narrowing and loss of flexibility, resulting in the
formation of atherosclerotic plaques [4]. Over time, these
plaques become increasingly unstable, making them prone
to rupture and thrombosis, which can further obstruct blood
flow and lead to severe complications, such as myocardial
infarction and stroke [5]. The development and progression
of AS involve multiple interconnected processes, including
dyslipidemia, inflammatory responses, plaque instability,

and vascular remodeling [6,7]. These mechanisms interact
dynamically, accelerating vascular dysfunction; such con-
certed processes underscore the need for systematic studies
to elucidate their contributions, which are essential for un-
derstanding AS pathogenesis and advancing early diagnos-
tic tools and precise therapeutic strategies.

High-cholesterol diet (HD) is widely employed as an
experimental model to replicate the dyslipidemic state ob-
served in humans with AS [8,9]. Previous studies have
demonstrated that HD increases serum total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), and tri-
acylglycerol (TG) levels, while simultaneously reducing
high-density lipoprotein cholesterol (HDL-C), resulting in
a marked disruption of lipid homeostasis [8–10]. This dys-
lipidemic state not only promotes cholesterol deposition
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in the arterial wall but also triggers local immune activa-
tion, leading to the release of inflammatory mediators [11].
These inflammatory responses amplify endothelial dam-
age and accelerate plaque formation and progression [12].
Moreover, HD induces oxidative stress and promotes the
migration and proliferation of smooth muscle cells, con-
tributing to vascular fibrosis and remodeling, which fur-
ther destabilizes plaques and increases the risk of rupture
and thrombosis [13]. Together, these pathological changes
demonstrate that HD serves not only as a critical factor
driving AS progression but also as a valuable tool for in-
vestigating its underlying mechanisms. This diet-induced
model enables researchers to explore the intricate relation-
ships among dyslipidemia, inflammation, plaque stability,
and vascular remodeling.

Apolipoprotein E (ApoE) is an essential protein in-
volved in lipid metabolism, facilitating the clearance of
circulating cholesterol [14]. Mice deficient in ApoE
(ApoE−/− mice) are widely recognized as a robust animal
model for studying AS because their inability to efficiently
clear LDL-C results in severe hyperlipidemia and increased
lipid deposition in arterial walls [15]. These mice exhibit
many pathological features similar to human AS, including
dyslipidemia, inflammation, and plaque instability, making
them an ideal model for investigating the mechanisms un-
derlying AS [16]. Moreover, ApoE−/− mice fed an HD
develop atherosclerotic plaques rapidly and consistently,
providing a reliable platform to study lipid metabolism, in-
flammatory processes, and vascular remodeling under con-
trolled conditions. This makes ApoE−/− mice particularly
suitable for studying the effects of HD on AS progression,
as they exhibit more severe and accelerated atherosclerotic
changes due to their impaired ability to clear cholesterol.

Despite significant progress in AS research, much of
the focus has been placed on individual pathological pro-
cesses such as dyslipidemia or inflammation. However, a
more integrated approach that examines how HD affects
multiple facets of AS, such as lipid metabolism, inflam-
matory responses, plaque stability, and vascular remodel-
ing, has been relatively underexplored. Furthermore, while
ApoE−/− mice are extensively used to study AS, there
remains a lack of studies that systematically compare the
pathological effects of HD-induced AS in both ApoE−/−

and C57BL/6 wild-type mice. This highlights the gap in
the current literature, as a systematic comparison of the
atherosclerotic pathology between these two mouse strains
under HD conditions is still lacking.

In this study, we hypothesize that ApoE−/− mice will
exhibit more severe atherosclerotic pathology, including
greater lipid accumulation, inflammation, plaque instabil-
ity, and vascular remodeling, compared to wild-type mice
when fed an HD. By comparing these two models, we aim
to elucidate the complex and dynamic mechanisms driving
the progression of AS and provide a clearer understanding
of how HD influences the multifactorial nature of AS.

Materials and Methods

Animals
Wild-type (n = 16, each weighing 20 ± 2 g) and

ApoE−/− C57BL/6J mice (n = 16, each weighing 25± 2 g)
(male, aged 8–10 weeks) were obtained from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China). Mice were housed in a controlled environment with
temperature set at 19–23 °C and humidity at 32%–55%, un-
der a 12-h light/dark cycle. Themice were given free access
to food and water. All animal experiments were approved
by the Institutional Animal Care and Use Committee of The
First Affiliated Hospital of SoochowUniversity. Before the
start of the experiment, all mice were adaptively fed with an
ordinary diet for 1 week.

Experimental Design and Sample Collection
Following a one-week acclimatization period with

normal diet (ND), the mice were randomly assigned to four
groups (n = 8 per group) and blinding was applied dur-
ing both data collection and data analysis to minimize bias.
The groups included: ApoE−/− NDgroup (ApoE−/− mice
fed an ND), ApoE−/− HD group (ApoE−/− mice fed an
HD), ND group (C57BL/6J wild-type mice fed an ND), and
HD group (C57BL/6J wild-type mice fed an HD). The ND
consisted of 10% fat, 20% protein, and 70% carbohydrate,
while the HD contained 40% fat (including 1% cholesterol),
20% protein, and 40% carbohydrate. The experimental du-
ration was 20 weeks. Body weight was measured weekly
for the first 4 weeks using an electronic scale (SECURA26-
1S, Sartorius, Göttingen, Germany), as an early indicator
of diet-induced metabolic alterations. Early-phase body
weight changes were emphasized to capture the onset of
obesity-related responses, which typically precede measur-
able histopathological and inflammatory changes.

At the end of the 20-week feeding period, the mice
were fasted for 12 h, with water provided ad libitum. Blood
collection was performed under 2% isoflurane inhalation
anesthesia, with blood drawn from the inner canthus into
sterile centrifuge tubes. The samples were centrifuged at
3000 ×g for 15 min at 4 °C, and serum was aliquoted into
20 µL portions and stored at –80 °C for future analysis.

After blood collection, the mice were humanely eu-
thanized by CO2 asphyxiation in accordance with institu-
tional animal care guidelines. Vascular perfusion was car-
ried out using cold saline (0.9% NaCl) injected into the left
ventricle, with effluent collected from the right atrium to
ensure the removal of residual blood. Following perfusion,
the heart, aorta, and carotid arteries were carefully excised,
with tissue from the aortic root near the heart base specifi-
cally collected for histological analysis.

Serum Lipid Measurement
Serum levels of TC, TG, LDL-C, andHDL-Cwere de-

termined using commercially available kits based on man-
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ufacturers’ instructions. Serum samples from 6 mice per
group, which were selected based on volume adequacy
and absence of hemolysis, were used for analysis. The
kits included TC Content Assay Kit (AKFA002M, Boxbio,
Beijing, China), TG Content Assay Kit (AKFA003M,
Boxbio, China), LDL/very-low-density lipoprotein choles-
terol (VLDL-C) Content Assay Kit (AKBL012M, Boxbio,
China), and HDL-C Content Assay Kit (AKBL011M,
Boxbio, China). The measurements were performed us-
ing a microplate reader (Varioskan ALF, Thermo Fisher,
Waltham, MA, USA) with wavelengths set at 500 nm for
TC, 420 nm for TG, and 550 nm for LDL-C and HDL-C.
The concentration of each lipid component was determined
by comparing the absorbance to a standard curve generated
using known concentrations of the lipid standards provided
in the kits.

Enzyme-Linked Immunosorbent Assay
Levels of interleukin (IL)-6, IL-1β, IL-18, C-reactive

protein (CRP), tumor necrosis factor alpha (TNF-α), and
soluble intercellular adhesion molecule 1 (sICAM-1) in
the serum were quantified by means of enzyme-linked im-
munosorbent assay (ELISA) kits according to the manu-
facturer’s protocols. The kits included mouse IL-6 ELISA
Kit (PI326, Beyotime, Shanghai, China), mouse IL-18
ELISA Kit (PI553, Beyotime, China), mouse CRP ELISA
Kit (PC186, Beyotime, China), mouse TNF-α ELISA
Kit (PT512, Beyotime, China), mouse IL-1β ELISA Kit
(E-EL-M0037, Elabscience, Wuhan, China), and mouse
sICAM-1 ELISA Kit (ml037656, Mlbio, Shanghai, China).
Absorbance was measured using a microplate reader (Var-
ioskan ALF, Thermo Fisher, Waltham, MA, USA) at a
wavelength of 450 nm. Serum samples from six mice per
group were used, based on volume sufficiency and absence
of hemolysis.

Quantitative Reverse-Transcription Polymerase
Chain Reaction

Total RNA was extracted from the aortic tissues
using the Tissue Total RNA Isolation Kit V2 (RC112,
Vazyme, Nanjing, China). RNA was assessed with
a NanoDrop spectrophotometer (ND-8000-GL, Thermo
Fisher, Waltham, MA, USA). cDNA was synthesized us-
ing the HiScript III 1st Strand cDNA Synthesis Kit (R312,
Vazyme, China). Quantitative reverse-transcription poly-
merase chain reaction (qRT-PCR) was performed using Taq
Pro Universal SYBR qPCR Master Mix (Q712, Vazyme,
China) on a CFX96 Touch Real-Time PCR System (Bio-
Rad, Hercules, CA, USA). The relative expression of
target genes was normalized to that of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and fold changes
were calculated using the 2−∆∆Ct method. Primer se-
quences are listed in Table 1.

Table 1. Primer sequences.
Gene Sequences (5′ to 3′)

PTX3
Forward: GGCCGAGAACTCGGATGATT
Reverse: AGCATGCGCTCTCTCATCTG

PLA2G7
Forward: TCACAAGACTCCAATCGG TCAG
Reverse: CGACGGGGTACGATCCATTTC

FGF23
Forward: TAGAGCCTATTCAGACACTTC
Reverse: CATCAGGGCACTGTAGATAG

MMP-9
Forward: TTCTGGCACACGCCTTTC
Reverse: CCATAGTAAGTGGGGATCACG

ICAM-1
Forward: CCTCAGCCTCGCTATGGCT
Reverse: CCGAGCAGGACCAGGAGT

VCAM-1
Forward: GCAAGTCTACATATCACCCAAG
Reverse: GCAAGTCTACATATCACCCAAG

GAPDH
Forward: CAGGTTGTCTCCTGCGACTT
Reverse: TATGGGGGTCTGGGATGGAA

PTX3, pentraxin 3; PLA2G7, phospholipase A2 group VII;
FGF23, fibroblast growth factor 23; MMP-9, matrix met-
allopeptidase 9; ICAM-1, intercellular adhesion molecule
1; VCAM-1, vascular cell adhesion molecule 1; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

Western Blotting
Aortic tissues were homogenized in radioimmuno-

precipitation assay (RIPA) buffer supplemented with
phenylmethylsulfonyl fluoride (PMSF) (ST506, Beyotime,
China). After quantification using the bicinchoninic acid
(BCA) Protein Assay Kit (P0012S, Beyotime, China), 30
µg of proteins were denatured and separated on a 10%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) gel (Biosharp, Hefei, China) and trans-
ferred to polyvinylidene difluoride (PVDF) membranes
(SLBN00010B, Merck Millipore, Burlington, MA, USA).
Membranes were blocked with 5% non-fat milk (BioFroxx,
China) in Tris-buffered saline (TBS; Biosharp, China) for
1 h and incubated overnight at 4 °C with primary anti-
bodies: anti-pentraxin 3 (PTX3) (1:1000, ab125007, Ab-
cam, Cambridge, UK), anti-phospholipase A2 group VII
(PLA2G7) (1:1000, A24499, ABclonal, Wuhan, China),
anti-fibroblast growth factor 23 (FGF23) (1:1000, A25006,
ABclonal, Wuhan, China), anti-matrix metallopeptidase 9
(MMP-9) (1:1000, 82854-1-RR, Proteintech, Rosemont,
IL, USA), anti-ICAM-1 (1:1000, ab109361, Abcam, Cam-
bridge, UK), and anti-vascular cell adhesion molecule
1 (VCAM-1) (1:1000, ab134047, Abcam, Cambridge,
UK). Membranes were then washed and incubated with
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (1:5000, bs-0295G, Bioss, Woburn, MA, USA).
GAPDH (1:2500, ab9485, Abcam, Cambridge, UK) was
used as an internal control to ensure equal protein loading.
Protein bands were visualized using the enhanced chemi-
luminescence (ECL) detection system (NCM Biotech,
Suzhou, China, P2100) and analyzed with ImageJ version
1.53 software (National Institutes of Health, Bethesda, MD,
USA).
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Hematoxylin and Eosin (H&E) Staining
Following the euthanization of the animals, their heart

and aorta tissues were carefully excised and immediately
fixed in 4% paraformaldehyde (AR1069, Beijing Bozhide,
Beijing, China) for 24 h. Subsequently, the tissues were
dehydrated in a graded ethanol series, cleared with xylene,
and embedded in paraffin blocks. Sections (5 µm) were
deparaffinized with xylene, rehydrated, and stained with
hematoxylin and eosin using a commercially available kit
(C0105M, Beyotime, China). After dehydration, clearing
with xylene, and mounting with a coverslip, the stained
sections were observed under a light microscope (Olympus
CX23, Olympus, Tokyo, Japan).

Oil Red O Staining
After euthanasia, aorta samples were isolated from the

mice and fixed in 4% paraformaldehyde for 24 h. Follow-
ing fixation, the aorta was washed three times. Then, the
aorta was longitudinally opened along its vessel wall to al-
low efficient staining of lipid deposits. The aorta was im-
mersed in oil red O staining solution (G1260, Solarbio, Bei-
jing, China) for 60 min at 37 °C. After staining, the vessel
was differentiated in 75% ethanol until lipid deposits. After
washing, the stained tissue was photographed. For section-
ing, the sections were fixed for 10 min, followed by wash-
ing. The sections were dehydrated using 60% isopropanol
for 5 min and incubated with oil red O staining solution
(Solarbio, China) for 10 min. After staining, the sections
were differentiated using 60% isopropanol, washed, coun-
terstained with hematoxylin for 3–5 min, washed, dehy-
drated, cleared in xylene, andmounted with glycerol gelatin
(G8590, Solarbio, China). The sections were examined us-
ing a light microscope (Olympus CX23, Olympus, Tokyo,
Japan). Quantification of lipid area percentage from the oil
red O staining was performed using ImageJ software.

Masson Trichrome Staining
Collagen deposition was assessed using the Masson

Trichrome Staining Kit (G1340, Solarbio, China) following
the manufacturer’s protocol. Briefly, tissue sections (5 µm)
were deparaffinized with xylene and rehydrated through
graded ethanol. The sections were stained with Weigert’s
iron hematoxylin solution for 10 min to stain the nuclei.
After washing, the sections were incubated with Ponceau
S for 10 min to stain collagen fibers red. Next, the sections
were treated with phosphomolybdic acid solution for 5 min,
followed by staining with aniline blue solution for 15 min
to stain collagen fibers blue. The sections were then de-
hydrated, cleared with xylene, and mounted with glycerol
gelatin. Stained sections were observed under a light micro-
scope (Olympus CX23, Olympus, Tokyo, Japan). Quantifi-
cation of collagen content was performed by measuring the
area of collagen fibers in the tissue sections using ImageJ
software. The collagen area percentage was calculated rel-
ative to the total tissue area.

Prussian Blue Staining
Iron deposits were examined using a Prussian Blue

staining kit (G1029, Solarbio, China) following the man-
ufacturer’s instructions. Tissue sections (5 µm) were de-
paraffinized with xylene and rehydrated through graded
ethanol. The sections were incubated in potassium ferro-
cyanide solution for 30 min, followed by washing in dis-
tilled water. After incubation, the sections were counter-
stained with nuclear fast red for 10 min to stain the nuclei.
The sections were then dehydrated, cleared with xylene,
and mounted with glycerol gelatin. Stained sections were
observed under a light microscope (Olympus CX23, Olym-
pus, Tokyo, Japan).

Immunohistochemistry Assay
After deparaffinization and antigen retrieval, the sec-

tions were treated with 3% hydrogen peroxide for 10 min,
incubated with 5% bovine serum albumin for 20 min
and anti-potassium channel interacting protein 2 (KChIP2)
(1:100, ab252539, Abcam, Cambridge, UK) overnight
at 4 °C. Subsequently, the sections were incubated with
a secondary antibody (1:200, ab150113, Abcam, Cam-
bridge, UK) for 1 h after washing. The sections were then
developed using 3,3′-diaminobenzidine (DAB) substrate
(Sigma-Aldrich, St. Louis,MO,USA) for visualization, and
images were captured using a light microscope (Olympus
CX23, Olympus, Tokyo, Japan). KChIP2 expression was
quantified as the integrated optical density (IOD) of DAB
staining, normalized to the ApoE−/− ND group (set as 1.00
±  standard deviation (SD)) for cross-group comparison.

Statistical Analysis
Data are expressed as means ± SD from three inde-

pendent replicates. Statistical analysis and graphing were
performed using GraphPad Prism 9 (version 9.4.0; Graph-
Pad Software Inc., San Diego, CA, USA). For comparing
differences between groups, one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test was applied,
and p < 0.05 was considered statistically significant.

Results

HD Induces Obesity and Alters Lipid Metabolism in
ApoE−/− and Wild-Type Mice

To evaluate the effect of HD on obesity, the body
weight of both ApoE−/− and wild-type mice was mon-
itored weekly for 4 weeks. As shown in Fig. 1A, both
ApoE−/− and wild-type mice fed an HD exhibited a pro-
gressive increase in body weight over the 4-week period
compared to their ND-fed counterparts (p < 0.01). Under
the same dietary conditions, the body weight of ApoE−/−

mice was significantly higher than that of wild-type mice
(p < 0.001), suggesting that both genotype and diet con-
tributed to obesity susceptibility.
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Fig. 1. Effects of HD on body weight and serum lipid profile in ApoE−/− and wild-typemice. (A) The body weight of ApoE−/− and
wild-type mice fed an ND or an HD was measured weekly for 4 weeks using an electronic scale (n = 8). (B) The serum levels of TC, TG,
LDL-C, and HDL-C in ApoE−/− and wild-type mice fed an ND or an HD were quantitatively assessed using biochemical assay kits (n =
6). Data are expressed as mean± standard deviation (SD). Statistical comparisons were performed using one-way ANOVAwith Tukey’s
post-hoc test. **p < 0.01, ***p < 0.001 vs. ApoE−/−ND; ##p < 0.01, ###p < 0.001 vs. ND; &&&p < 0.001 vs. HD. Abbreviations:
ANOVA, analysis of variance; ApoE, apolipoprotein e; HD, high-cholesterol diet; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; ND, normal diet; TC, total cholesterol; TG, triacylglycerol.

To investigate changes in lipid metabolism, the serum
levels of TG, TC, LDL-C, and HDL-C were measured
(Fig. 1B). In animals of both genotypes, HD feeding
markedly elevated the levels of TC, TG, and LDL-C, while
HDL-C levels showed a significant decline (p < 0.001).
Moreover, the ApoE−/− mice displayed higher TC, TG,
and LDL-C levels and lower HDL-C levels than the wild-
type mice under HD conditions (p < 0.001), indicating a
more severe lipid disorder in the ApoE-deficient context.

These findings indicated that HD induces dyslipi-
demia and exacerbates obesity, especially in genetically
susceptible ApoE−/− mice.

HD Exacerbates Systemic Inflammation and Impairs
Plaque Stability in ApoE−/− and Wild-Type Mice

To investigate the pro-inflammatory effects of HD, we
assessed serum inflammatory cytokine levels in ApoE−/−

and wild-type mice. As shown in Fig. 2A, HD-fed mice
exhibited significantly elevated levels of IL-6, IL-1β, IL-
18, CRP, TNF-α, and sICAM-1 compared to their ND-fed
counterparts (p< 0.001). These values were higher in HD-
fed ApoE−/− mice than in HD-fed wild-type mice (p <

0.001), suggesting a synergistic effect of genetic suscepti-
bility and dietary challenge on systemic inflammation.

To further assess plaque stability, we measured the
mRNA and protein expression of instability-associated
markers in aortic tissues. The qRT-PCR results (Fig. 2B) re-
vealed significant upregulation of PTX3, PLA2G7, FGF23,
MMP-9, ICAM-1, and VCAM-1 in HD-fed groups (p <

0.01). Consistent with the transcriptomic data, Western blot
analysis (Fig. 2C) showed elevated protein expression lev-
els of the same markers (p< 0.05). Compared with HD-fed
wild-type mice, ApoE−/− mice that were fed an HD diet
displayed significantly higher levels of both inflammatory
cytokines and plaque instability markers (p < 0.01), indi-
cating that ApoE deficiency markedly amplified the detri-
mental effects of HD on vascular health.

These findings collectively indicated that HD en-
hanced systemic inflammation and reduced plaque stability
in animals of both genotypes, with a more severe response
observed in ApoE−/− mice.

HD Induces Vascular Structural Remodeling and
Lipid Deposition in ApoE−/− and Wild-Type Mice

To assess the impact of an HD on coronary artery
structure, we performed histological staining of coronary
artery tissues. H&E staining showed that the coronary ar-
teries of ND-fed ApoE−/− and wild-type mice exhibited
well-organized architecture, with thin vessel walls and uni-
formly arranged smooth muscle cells (Fig. 3A). In contrast,
HD-fedmice revealed pronounced vascular disorganization
and thickened vessel walls, especially in ApoE−/− mice,
indicating more severe structural remodeling.

Masson trichrome staining revealed minimal collagen
deposition in the coronary arteries of ND-fed groups, while
extensive collagen accumulation was observed in HD-fed
mice (p < 0.05), with the ApoE−/− HD group displaying
the highest percentage of collagen-positive area (p < 0.01)
(Fig. 3B). These results indicated that HD promotes vascu-
lar fibrosis, which is more severe in genetically susceptible
mice.

Macroscopic oil red O staining of the aorta demon-
strated minimal lipid accumulation in the ND groups. In
contrast, HD-fed mice showed substantial lipid deposi-
tion along the aortic wall, which was more extensive in
ApoE−/− mice compared to wild-type mice (Fig. 3C).
Moreover, sectional oil red O staining of coronary artery
sections showed similar trends: HD-fed ApoE−/− mice ex-
hibited significantly larger lipid-laden areas than the other
groups (p < 0.001) (Fig. 3D).

Together, these findings confirmed that HD induced
significant lipid accumulation and extracellular matrix re-
modeling in the vascular system, with ApoE deficiency am-
plifying these pathological changes.
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Fig. 2. Serum inflammatory cytokines and plaque stability markers. (A) Serum levels of IL-6, IL-1β, IL-18, CRP, TNF-α, and
sICAM-1 were measured using ELISA kits in ApoE−/− and wild-type mice after feeding with ND or HD (n = 6). (B) mRNA expression
levels of PTX3, PLA2G7, FGF23, MMP-9, ICAM-1, and VCAM-1 were analyzed in aortic tissues by qRT-PCR. (C) Protein levels
of PTX3, PLA2G7, FGF23, MMP-9, ICAM-1, and VCAM-1 were assessed in aortic tissues by means of Western blotting. Data are
expressed as means ± SD (n = 3). Statistical comparisons were performed using one-way ANOVA with Tukey’s post-hoc test. *p <

0.05, **p < 0.01, ***p < 0.001 vs. ApoE−/−ND; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. ND; &&p < 0.01, &&&p < 0.001 vs. HD.
Abbreviations: ANOVA, Analysis of variance; CRP, C-reactive protein; HD, High-cholesterol diet; IL, Interleukin; ND, Normal diet;
qRT-PCR, quantitative reverse-transcription polymerase chain reaction; sICAM-1, Soluble intercellular adhesion molecule 1; TNF-α,
Tumor necrosis factor alpha.

HD Promotes Coronary Iron Deposition and
Upregulates KChIP2 Expression in ApoE−/− and
Wild-Type Mice

To further explore the pathological consequences of
HD on the cardiovascular system, we assessed iron deposi-
tion and KChIP2 protein expression in coronary artery tis-
sues.

Prussian blue staining revealed negligible iron accu-
mulation in the ND-fed ApoE−/− and wild-type mice. In
contrast, marked iron deposition was observed in the coro-
nary vessels of HD-fed ApoE−/− mice, while only mild or
sparse deposition was noted in the HD group (Fig. 4A).

To assess myocardial remodeling, we analyzed the ex-
pression of KChIP2, a potassium channel-interacting pro-

tein implicated in cardiac excitability and remodeling. Im-
munohistochemical staining demonstrated weak KChIP2
expression in ND-fed animals of both genotypes. However,
HD feeding significantly increased KChIP2 expression in
coronary arteries (p < 0.001), with the strongest staining
observed in the ApoE−/− HD group (p< 0.001) (Fig. 4B).

Together, these data indicated that HD induced
iron accumulation and upregulated myocardial remodeling
markers, particularly in ApoE−/− mice.

Discussion

The onset and progression of AS involve multiple
complex pathological mechanisms, including dyslipidemia,
inflammation, plaque instability, and vascular remodeling
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Fig. 3. Histological analysis of coronary artery tissues. (A) The morphology of coronary artery tissues from ND- or HD-fed ApoE−/−

and wild-type mice was evaluated using H&E staining. Scale bar = 100 µm. Red arrows indicate regions of thickened vessel walls, and
yellow arrows denote vascular disorganization. (B) Collagen fibers in the coronary artery tissues of mice were visualized by means of
Masson trichrome staining. Scale bar = 100 µm. (C) Oil red O staining of lipid deposition in aortic tissues. (D) The lipid droplets in
coronary artery sections were visualized using oil red O staining. Scale bar = 100 µm. Data are expressed as means ± SD (n = 3).
Statistical comparisons were performed using one-way ANOVA with Tukey’s post-hoc test. ***p < 0.001 vs. ApoE−/−ND; #p < 0.05
vs. ND; &&p< 0.01, &&&p< 0.001 vs. HD. Abbreviations: ANOVA, Analysis of variance; HD, High-cholesterol diet; ND, Normal diet.

[17,18]. As a widely used method for inducing AS in
animal models, HD exerts its effects through the disrup-
tion of lipid metabolism and induction of inflammatory and
structural vascular changes [19]. In this study, HD signifi-
cantly elevated serum TC, LDL-C, and TG levels, while de-
creasing HDL-C, consistent with previous findings [20,21].
These lipid disturbances accelerate cholesterol deposition
in the arterial wall, contributing to the initiation of plaque
formation [22–24].

Inflammation is a central driver of AS progression
[25,26], as evidenced by the elevated levels of inflamma-
tory markers (such as IL-6, IL-1β, TNF-α, and CRP) in
the serum of HD-fed mice. These markers enhance en-
dothelial permeability, facilitating lipid and monocyte in-
filtration, which further promotes plaque instability [27–
29]. This study found that HD significantly upregulated key
markers associated with plaque instability, such as MMP-9
and PTX3. These markers play pivotal roles in extracel-

lular matrix degradation and inflammatory cell infiltration,
which compromise the structural integrity of plaques and
make themmore prone to rupture [30–33]. Therefore, these
findings provide valuable insights into the molecular mech-
anisms of plaque instability, highlighting potential targets
for therapeutic intervention.

Vascular remodeling, which includes smooth muscle
cell migration, proliferation, and extracellular matrix re-
modeling, is another critical feature of AS [34,35]. This
process is enhanced by HD, as evidenced by increased col-
lagen deposition in the arterial wall, which was confirmed
by Masson trichrome staining. Importantly, the increased
expression of MMP-9 may facilitate extracellular matrix
degradation, triggering compensatory collagen deposition
as part of a maladaptive vascular remodeling process, ulti-
mately contributing to vascular fibrosis and stiffness [30].
These changes, induced by HD, may contribute to the struc-
tural disorganization of the vascular wall and the desta-
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Fig. 4. Iron deposition andKChIP2 protein expression in coronary artery tissues. (A) Prussian blue staining showing iron deposition
in coronary artery tissues of ND- or HD-fed ApoE−/− and wild-type mice. Scale bar = 50 µm. (B) Immunohistochemical staining of
KChIP2 protein expression in the coronary artery tissues of mice. Scale bar = 50 µm. Data are expressed as mean± SD (n = 3). Statistical
comparisons were performed using one-way ANOVA with Tukey’s post-hoc test. ***p< 0.001 vs. ApoE−/−ND; ###p< 0.001 vs. ND;
&&&p < 0.001 vs. HD. Abbreviations: ANOVA, Analysis of variance; HD, High-cholesterol diet; ND, Normal diet.

bilization of atherosclerotic plaques [36]. Our study also
highlights the role of iron deposition in AS progression. In-
creased iron accumulation, as shown by Prussian blue stain-
ing, may promote oxidative stress and exacerbate inflam-
matory responses, further accelerating vascular damage and
plaque instability [37–39].

Additionally, we observed an increase in KChIP2 ex-
pression in HD-fed mice. While KChIP2 is not a conven-
tional marker for AS, it has been implicated in the regula-
tion of vascular tone and endothelial function [40]. KChIP2
is known to be involved in modulating the electrical activity
of vascular smooth muscle cells and endothelial cells, influ-
encing vascular tone and response to hemodynamic stress.
Altered KChIP2 expression could influence the mechani-
cal properties and inflammatory profile of the vascular wall,
suggesting its potential role in AS progression. Its upregu-
lation in the HD group may represent an adaptive response
to altered vascular function or stress. Further investigation
into KChIP2’s involvement in atherosclerotic vascular re-
modeling is warranted to determine its precise role in plaque
stability and the progression of AS.

In terms of model comparison, ApoE−/− mice on
HD displayed more pronounced pathological changes com-
pared to wild-type mice, underscoring the impact of ApoE
deficiency in amplifying the effects of HD. ApoE−/− mice,
which are prone to severe lipid accumulation and plaque
formation, serve as a useful model for studying the ad-
vanced stages of AS [15]. In contrast, wild-type mice on
HD exhibit milder forms of AS, which potentially represent
early-stage or moderate disease progression. This high-
lights the utility of the ApoE−/− model for studying the
exacerbated effects of AS and the lipid metabolism and in-
flammatory pathways in more clinically relevant stages of
the disease.

This study provides a comprehensive analysis of the
interconnected processes of lipid metabolism, inflamma-
tion, plaque instability, and vascular remodeling in re-
sponse to an HD. However, this study has several limi-
tations. First, the present study focused solely on static
measurements of key markers without addressing dynamic
pathological changes or causal relationships between the
observed factors. Second, while the ApoE−/− mouse
model is valuable for studying AS, it may not fully replicate
the complexity of human disease, necessitating cautious in-
terpretation of the results [41]. Additionally, while KChIP2
expression was significantly upregulated in the coronary ar-
teries of HD-fed mice, its mechanistic role in plaque in-
stability remains unclear. Further research is needed to
clarify whether KChIP2 contributes to plaque destabiliza-
tion by modulating vascular smooth muscle cell behavior
(e.g., contractility, proliferation) or promoting endothelial
inflammation.

To address these limitations and strengthen the trans-
lational relevance of the findings, future studies should in-
corporate interventional approaches targeting key molecu-
lar markers, such as KChIP2, and employ more clinically
relevant AS models. A more integrated investigation of the
interplay between lipid metabolism, inflammation, plaque
stability, and vascular remodeling will help clarify disease
mechanisms and facilitate the development of targeted ther-
apies for cardiovascular diseases.

Conclusion

This study demonstrated that an HD induces dyslipi-
demia, elevates inflammatory factors, increases the expres-
sion of plaque instability-related markers (such as PTX3,
PLA2G7, and MMP-9), and exacerbates vascular fibrosis
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and iron deposition. These findings highlight the critical
role of HD in AS progression and provide valuable data to
support further investigations into its underlying patholog-
ical mechanisms and to aid in the identification of potential
therapeutic targets.
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