
Front. Biosci. (Landmark Ed) 2026; 31(3): 47751
https://doi.org/10.31083/FBL47751

Copyright: © 2026 The Author(s). Published by IMR Press.
This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Original Research

High-Intensity Interval Training Outperforms Moderate-Intensity
Exercise in Hyperlipidemic ApoE⁻/⁻ Mice: A Molecular and Histological
Comparison
Chengsi Qian1 , Zuowei Pei2 , Zhou Yang3 , Min Sun3 , Ya Zhang3 , Hongyang Liu3,* ,
Yan Sun1,*
1Department of Cardiology, Zhejiang Province Rongjun Hospital, 314000 Jiaxing, Zhejiang, China
2Department of Cardiology, Affiliated Central Hospital of Dalian University of Technology, 116033 Dalian, Liaoning, China
3Department of Heart Intensive Care Unit, The First Affiliated Hospital of Dalian Medical University, 116011 Dalian, Liaoning, China
*Correspondence: liuhongyang@firsthosp-dmu.com (Hongyang Liu); 1579938913@qq.com (Yan Sun)
Academic Editor: Ioanna-Katerina Aggeli
Submitted: 28 October 2025 Revised: 3 February 2026 Accepted: 28 February 2026 Published: 20 March 2026

Abstract

Background: Hyperlipidemia is highly prevalent worldwide and can affect cardiac pathophysiology. This study aimed to compare
the effects of high-intensity interval training (HIIT) and moderate-intensity continuous training (MICT) on the molecular mechanisms of
myocardial stress and pathological remodeling in non-obese apolipoprotein E knockout (ApoE⁻/⁻) micewith hypercholesterolemia. Meth-
ods: Thirty-five 8-week-old male ApoE⁻/⁻ mice were randomly assigned to four groups as follows: control (normal diet); HFD (high-fat
diet); HFD+MICT (60% maximal running speed); and HFD+HIIT (85% maximal running speed). After a 12-week intervention, serum
levels of blood lipids and B-type natriuretic peptide (BNP) as well as pathological changes in the myocardial tissue (hematoxylin and
eosin staining and Masson’s trichrome staining) were detected. Protein expression analyses of lipid metabolism markers (CD36, CD68
(Cluster of Differentiation 36/68), lectin-type oxidized low-density lipoprotein receptor 1 and peroxisome proliferator-activated receptor-
gamma), antioxidant regulators (sirtuin 1/3 [SIRT1/3], nuclear factor erythroid 2-related factor 2 [NRF2], and superoxide dismutase 2
[SOD2]), inflammatory cytokines (interleukin [IL]-6 and IL-18), and fibrosis-related proteins (transforming growth factor-beta 1 [TGF-
β1], collagen I/III) was performed using immunohistochemistry and western blotting. Results: The HFD condition increased serum total
cholesterol (TC) and triglyceride (TG) levels, but did not increase body weight, consistent with a lean hyperlipidemia model. Compared
with the MICT condition, the HIIT condition demonstrated superior efficacy in reducing HFD-induced TC, TG and BNP levels (p <

0.05). Histologically, HIIT reduced myocardial fibrosis and inflammation. HIIT downregulated lipid transporters CD36/CD68, upreg-
ulate the antioxidant SIRT1/3-NRF2-SOD2 axis, inhibit pro-inflammatory factors IL-1β, IL-6, and IL-18, and reduce the deposition of
fibrotic TGF-β1 and collagen I and III (p< 0.05). Conclusion: In a non-obese, hypercholesterolemic ApoE⁻/⁻ model, HIIT elicited more
favorable molecular signatures than MICT for ameliorating myocardial stress and pathological remodeling in terms of lipid deposition,
oxidative stress, inflammation and fibrosis pathways.
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1. Introduction

Hyperlipidemia is characterized by abnormally high
levels of lipids or lipoproteins in the blood due to abnormal
fat metabolism or function, caused by obesity and heredi-
tary disorders such as familial hypercholesterolemia (FH)
or metabolic syndrome [1,2]. Patients with hyperlipidemia
are approximately twice as likely to develop cardiovascu-
lar disease (CVD) than healthy individuals [3]. Studies
have demonstrated that hyperlipidemia can lead to vascu-
lar atherosclerosis, and cardiac fat accumulation and af-
fect cardiac function and electrophysiological activity [3–
5]. Elevated total cholesterol (TC) and free fatty acids lev-
els trigger systemic oxidative stress and proinflammatory
milieu [6,7]. Cardiomyocytes reportedly take up oxidized
low-density lipoprotein (LDL) through CD36 and lectin-

type oxidized low-density lipoprotein receptor 1 (LOX-1),
further activating the nuclear factor-kappa B (NF-κB) sig-
naling pathway and promoting inflammation and fibrosis.
Inflammation is a major predisposing factor for CVD [7].
In hypercholesterolemia, macrophage infiltration (CD68+)
and inflammasome upregulation (interleukin [IL]-1β/IL-
18) accelerate plaque instability [8]. Mast cell degranula-
tion releases profibrotic mediators that activate the trans-
forming growth factor-beta (TGF-β)/mothers against de-
capentaplegic homolog 3 (SMAD3) signaling, promoting
collagen I/III deposition and diastolic dysfunction [9]. Hy-
percholesterolemia significantly decreases the expression
of cardiac autophagy markers but increases the levels of
cleaved caspase-3, a marker of cardiac apoptosis [10,11].
These perturbations ultimately lead to mitochondrial dys-
function, which is target by deacetylases (sirtuin, SIRT1
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and 3 [SIRT1/3]) and the nuclear factor erythroid 2-related
factor 2 (NRF2) antioxidant pathway [12].

Exercise training is a critical non-pharmacological
intervention for metabolic and CVD. Moderate-intensity
continuous training (MICT) improves insulin sensitivity,
while high-intensity interval training (HIIT) preferentially
enhances mitochondrial biogenesis and oxidative capac-
ity. Structured aerobic exercise reduces the incidence of
metabolic and CVD by 30–40% [13]. Exercise exerts car-
dioprotective effects via antiapoptotic, antifibrotic, and an-
tioxidant mechanisms, mediated by SIRT1/3-NRF2 regula-
tion and mitochondrial quality control [9,13–16]. Exercise
reportedly modulates inflammation and lipid metabolism
through intensity-dependent regulation of CD36-mediated
fatty acid uptake and peroxisome proliferator-activated
receptor-gamma (PPAR-γ) transcriptional activity [17].
The pro-inflammatory cytokine IL-6 has been reported to
be the strongest predictor of comorbidity and prognosis in
patients with chronic kidney disease (CKD), and exercise
training reduces IL-6 via SIRT3-dependent deacetylation of
NF-κB [18]. Regular exercise positively impacts CVD pro-
gression by increasing antioxidant capacity via upregulat-
ing SOD2 and NRF2 and reducing hyperlipidemia-induced
oxidative imbalance [9,14]. Physical activity increases
SOD2 expression while reducing malondialdehyde (MDA)
levels, reflecting decreased lipid peroxidation, whereas
physical activity increases antioxidant enzymes (SOD2)
expression while ameliorating oxidative damage-induced
cardiac MDA levels [19]. Although HIIT is superior for
metabolic syndrome [13,15,16], its effectiveness in non-
obese and high-cholesterol conditions remains unknown,
and whether the myocardial protective effect of exercise in
patients with hyperlipidemia is intensity dependent remains
unclear.

This study compared the molecular adaptations
between HIIT and MICT in a hypercholesterolemic
apolipoprotein E knockout (ApoE⁻/⁻) model by focusing
on lipid transport, redox homeostasis, and inflammatory-
fibrotic signaling.

2. Materials and Methods
2.1 Experimental Animals

Thirty-five 8-week-old male ApoE⁻/⁻ mice were pro-
cured from the Beijing Weitong Lihua Experimental An-
imal Company Beijing Biotechnology Co., Ltd. (Bei-
jing, China) and randomly allocated into four groups. The
groups were defined as follows: Control (n = 7), which re-
ceived a standard diet (10% calories from fat); HFD (n =
9), which received a high-fat diet (35% fat calories, 1.5%
cholesterol); HFD+MICT (n = 10), which received a high-
fat diet along with moderate-intensity continuous exercise
(60% maximal speed); HFD+HIIT (n = 9), which received
a high-fat diet along with high-intensity intermittent exer-
cise (9× 1.5-min sprints at 85%maximal speed with 1-min
rest intervals). The HFD contained 83.5% basal diet, 15%

lard, and 1.5% cholesterol (Beijing Biotechnology Co., Ltd.
(Beijing, China)), yielding approximately 3.94 kcal/g of en-
ergy with 35% calories from fat. This formulation mim-
ics the lean hypercholesterolemic phenotype but not diet-
induced obesity. The mice were housed in a controlled
environment with a temperature maintained between 24–
26 °C, humidity at 40–60%, and exposure to a 12-hour
light/dark cycle. Each mouse was provided free access to
both food and tap water. At the termination of the study,
the mice were euthanized by exsanguination under deep
anesthesia. Anesthesia was induced and maintained with
1.5% isoflurane (delivered via nose-cone, flow adjusted by
weight). Adequate anesthetic depth was confirmed bymon-
itoring respiratory rate, heart rate, and pedal reflexes be-
fore proceeding with carotid artery exsanguination. Blood
samples were collected from the carotid artery, centrifuged
(3000 rpm, 15 min, 4 °C), and stored in serum tubes at –80
°C until analysis. Cardiac tissues were fixed in 10% forma-
lin for subsequent histological evaluation and embedded in
paraffin. The remaining cardiac tissue was rapidly frozen
in liquid nitrogen for subsequent western blot analysis. All
animal procedures adhered to the guidelines stipulated in
the “Guide for the Care and Use of Laboratory Animals”
and were approved by the Animal Ethics Committee of Af-
filiated Central Hospital of Dalian University of Technol-
ogy (approval No. [2023-057-55]). This approval covered
a series of related studies investigating exercise interven-
tions in hyperlipidemic ApoE⁻/⁻ mice, including the present
work and subsequent mechanistic studies [15].

2.2 Exercise Training Regimen

To determine the maximum running speed, ApoE⁻/⁻
mice in the exercise group underwent a running test on
an XR-PT-10B treadmill (Shanghai XinRuan Information
Technology Co., Ltd., Shanghai, China). The test com-
menced at a speed of 10 m/min with an incline of 0° for
20 min, and the speed was gradually increased by 4 m/min
until exhaustion was reached. The mice were considered
exhausted if they remained stationary on the grid for 3 s
or exhibited no movement in response to gentle nudges
with a soft brush. The maximum velocity achieved during
exercise was defined as maximum running speed (Vmax).
All exercise groups underwent a 5-minute warm-up at 40%
Vmax before formal training. For the HFD+HIIT group,
the exercise regimen involved nine sets of higher-intensity
treadmill exercises at 85%Vmax, each lasting 1.5min, with
a 1-min recovery interval at 40%Vmax between each sprint
set, totaling 21.5 min per session. No adverse events (injury
or death) occurred during the training, confirming the safety
of the intensity protocol for this genotype. Conversely, the
HFD+MICT group participated in continuous endurance
training, maintaining a speed equivalent to 60% Vmax un-
til their running distance matched that of the HFD+HIIT
group. This design ensured that any observed differences
were attributable to the intensity modality rather than the
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total work volume. Following formal training, both groups
underwent a 5-min recovery period at 40% Vmax. This
exercise routine was repeated five times per week for 12
weeks.

2.3 Serum Measurements
Serum lipid (TC and triglyceride [TG]) and B-type na-

triuretic peptide (BNP) levels were quantified using a com-
mercial assay kit, following the protocols outlined by the
manufacturer (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

2.4 Histological Staining
The procured hearts were fixed in 10% neutral-

buffered formalin for 24 h, then dehydrated in graded
ethanol (75%, 85%, 90%, and 100%, each for 5 min each),
and embedded in paraffin. Sections (4 µm) were cut and
mounted on glass slides coated with poly-L-lysine. To
prepare the sections for analysis, deparaffinization was
achieved by immersion in xylene, with three changes of xy-
lene (5 min each). Rehydration was then performed using
reduced concentrations of alcohol (100 to 75% for 5 min
each). Hematoxylin and eosin (HE) staining was performed
according to standard protocols. Masson’s trichrome stain-
ing was used to visualize the collagen deposition (blue) and
myocardial architecture (red) to assess interstitial fibrosis.
Imaging was conducted using an upright light microscope
(Murzider, Beijing, China) at 200× magnification (objec-
tive 20×, numerical aperture 0.45). Scale bars = 20 µm.

2.5 Immunohistochemistry
Heart tissue sections were fixed in 10% formalin, de-

hydrated using an ethanol series, and embedded in paraffin
for a histological evaluation. After deparaffinization and
antigen retrieval (citrate buffer, pH 6.0, 95 °C, 20 min),
the sections were blocked with 3% H2O2 (15 min) and
5% bovine serum albumin (BSA), then incubated overnight
with primary antibodies at 4 °C (all from Proteintech,
Wuhan, China). The dilutions were as follows: rabbit anti-
CD36 (1:600, Cat# 32371-1-AP), rabbit anti-CD68 (1:500,
Cat# 30929-1-AP), rabbit anti-PPAR-γ (1:400, Cat# 16643-
1-AP), rabbit anti-LOX-1 (1:200, Cat# 11837-1-AP), rab-
bit anti-interleukin (IL)-1β (1:100, Cat# 26048-1-AP), rab-
bit anti-IL-6 (1:100, Cat# 21865-1-AP), rabbit anti-IL-10
(1:100, Cat# 15102-1-AP), rabbit anti-IL-18 (1:100, Cat#
10663-1-AP), rabbit anti-NRF2 (1:200, Cat# 16396-1-AP),
rabbit anti-SIRT1 (1:200, Cat# 13161-1-AP), rabbit anti-
SIRT3 (1:200, Cat# 10099-1-AP), rabbit anti-SOD2 (1:200,
Cat# 24127-1-AP), rabbit anti-TGF-β (1:500, Cat# 26155-
1-AP), rabbit anti-SMAD3 (1:200, Cat# 30130-1-AP), rab-
bit anti-Collagen I (1:500, Cat# 14695-1-AP), and rab-
bit anti-Collagen III (1:1000, Cat# 22734-1-AP). Subse-
quently, the sections were incubated for 30 min at room
temperature with goat anti-rabbit Horseradish Peroxidase
(HRP) secondary antibody (Anti-rabbit Universal Immuno-

histochemical Detection Kit; Cat# PK10006; Proteintech
Group, Inc., Wuhan, China). All sections were exam-
ined meticulously using an upright light microscope (Nikon
ECLIPSE Ti-U, Nikon Corporation, Tokyo, Japan) for a
precise and detailed analysis. Positive cells were quanti-
fied as the percentage of total nucleated cells in five random
high-power fields (200× magnification) per section.

2.6 Western Blotting
Total protein was extracted using Radio Immuno-

precipitation Assay (RIPA) buffer (P0013B; Beyotime
Biotechnology, Shanghai, China) supplemented with pro-
tease/phosphatase inhibitors. The protein concentration
was determined using a bicinchoninic assay (Beyotime
Biotechnology, Shanghai, China) with bovine serum al-
bumin (BSA) standards and transferred to polyvinylidene
fluoride membranes (Immobilon, MilliporeSigma, Biller-
ica, MA, USA). After being blocked with 5% milk/Tris-
buffered saline containing 0.1% Tween-20 at room temper-
ature for 1 hour, themembranes were incubated overnight at
4 °C with primary antibodies (all from Proteintech, Wuhan,
China) at the following dilutions: rabbit anti-CD36 (Cat#
32371-1-AP), anti-CD68 (Cat# 30329-1-AP), anti-PPAR-γ
(Cat# 16643-1-AP), anti-LOX-1 (Cat# 11837-1-AP), anti-
SIRT1 (Cat# 13161-1-AP) and anti-SOD2 (Cat# 24127-1-
AP) at 1:1000; rabbit anti-SIRT3 (Cat# 10099-1-AP) and
anti-NRF2 (Cat# 16396-1-AP) at 1:2000; rabbit anti-β-
actin (Cat# 20536-1-AP) at 1:10,000. After being thor-
oughly washed, the membranes were incubated with the ap-
propriate secondary antibody (anti-rabbit IgG, 1:5000) for
1 h. Bands were quantified using ImageJ software (Version
1.43u, National Institutes of Health, Bethesda, MD, USA),
with β-actin serving as the internal control. The protein
levels were expressed as protein/β-actin ratios to ensure an
accurate and comparative analysis.

2.7 Statistical Analysis
All data are presented as the mean± standard error of

the mean (mean± SEM). The statistical analyses were per-
formed using GraphPad Prism v9.0 (GraphPad Software,
Inc., San Diego, CA, USA). Intergroup differences were
assessed using one-way analysis of variance followed by
Tukey’s post hoc test (*p < 0.05, **p < 0.01). All histo-
logical results were quantified using Image J software by a
color threshold analysis of three random areas per section.

3. Results
3.1 Determination of Body Weight, Lipid Levels and BNP
Levels

To investigate the effects of different exercise inten-
sities on hyperlipidemia, we established a hyperlipidemia
model using a high-cholesterol diet that exhibited a lean
hyperlipidemic phenotype. Serological findings indicated
notably higher TC and TG in the HFD group, but no signif-
icant increase in total body weight or heart weight (Fig. 1),
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Fig. 1. Effects of high-intensity interval training (HIIT) on body weight, blood lipids levels and B-type natriuretic peptide (BNP)
levels in mice. (A) Body weight. (B) Heart weight. (C) Total cholesterol (TC). (D) Triglyceride (TG). (E) BNP. *p< 0.05 versus high-fat
diet (HFD); **p < 0.01 versus HFD. The data are expressed as mean ± SEM, n = 5. MICT, moderate-intensity continuous training.

Fig. 2. Histological analysis (hematoxylin and eosin [HE] and Masson’s trichrome staining) of the hearts of HFD-fed apolipopro-
tein E knockout (ApoE⁻/⁻) mice subjected to HIIT. (A) HE-stained tissue showing inflammatory infiltration and microvesicular steato-
sis in the HFD group. Masson-stained tissue reflecting collagen deposition (blue) and myocardial architecture. 200× magnification,
Scale bar = 20 µm. The arrows indicate areas with positively stained cells. (B) Quantitative analysis of areas with positively stained
cells. n = 3 per group. *p < 0.05 versus HFD.

confirming the successful establishment of the familial hy-
percholesterolemic mouse model in which cardiac damage
precedes systemic obesity. This allowed us to isolate di-
rect myocardial lipotoxicity from the confounding hyper-
lipidemic effects. In contrast, the HIIT+HFD group ex-
hibited significantly reduced TC and TG levels (p < 0.05,
Fig. 1), suggesting the efficacy of HIIT at effectively low-
ering these lipid parameters in the mice. Owing to the lim-
itations of the experimental conditions, echocardiography
was not performed to evaluate cardiac function, and BNP
was selected as a surrogate index to evaluate cardiac wall
stress and hemodynamic load. We further assessed the BNP
levels to ascertain their potential protective effects against
hyperlipidemia-induced myocardial stress at different exer-
cise intensities. As demonstrated in Fig. 1, HFD increased
serum BNP levels 2.4-fold, indicating an increased cardiac
load. BNP level was reduced by exercise in both groups,
but the HIIT group intervention was more effective (p <

0.01). These results suggest that HIIT exerts a significant
protective effect against hyperlipidemia-induced myocar-
dial stress.

3.2 HIIT Reduces Myocardial Stress in Hyperlipidemic
Mice

The HE results confirmed HFD-induced inflamma-
tory infiltration and microvesicular steatosis in the my-
ocardial tissue. MICT improved these lesions moderately,
whereas HIIT significantly reduced them (Fig. 2). Mas-
son’s trichrome staining revealed no histological abnormal-
ities in the myocardial structures in the control group. How-
ever, the mice in the HFD group showed significant my-
ocardial interstitial fibrosis (blue). The exercise interven-
tions reduced fibrosis, with a modest effect of MICT and a
more dramatic effect of HIIT.

3.3 HIIT Reduces Lipid Deposition in HFD-Fed ApoE⁻/⁻
Mice

These lipid deposition markers collectively capture
the full spectrum of lipid handling ranging, from cellular
uptake (CD36) and oxidized LDL recognition (LOX-1) to
storage regulation (PPAR-γ) and inflammatory responses
(CD68), and their dysregulation leads to myocardial lipo-
toxicity. Our observations indicated substantially elevated
CD36, CD68, PPAR-γ, and LOX-1 levels in HFD versus
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Fig. 3. HIIT reduced lipid metabolism-related protein expression in HFD-fed ApoE⁻/⁻ mice. (A) Immunohistochemical staining
of CD36, CD68 (Cluster of Differentiation 36/38), lectin-type oxidized low-density lipoprotein receptor 1 (LOX-1), and peroxisome
proliferator-activated receptor-gamma (PPAR-γ). The arrows indicate positively stained cells (brown 3,3′-Diaminobenzidine (DAB)
precipitate indicates positivity). 200×magnification; Scale bar = 20 µm. (B) Bar graph showing quantification of immunohistochemical
(IHC) positive cell percentage. (C) Western blotting analysis of CD36, CD68, LOX-1 and PPAR-γ protein levels in mice. (D) Bar graph
quantifing the lipid metabolism protein. Data are shown as the mean± SEM; n = 3 per group; *p< 0.05 versus HFD, **p< 0.01 versus
HFD.
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control group mice, but HIIT reversed these elevations (all
p < 0.05 vs. HFD), while MICT showed partial effects
(Fig. 3A,B). Changes in protein expression corroborated the
immunohistochemical (IHC) data (Fig. 3C,D).

3.4 HIIT is Associated With Reduced Myocardial
Oxidative Stress in HFD Mice

Hyperlipidemia is associated with increased reactive
oxygen species (ROS) production; therefore, here we ex-
amined the effects of different exercise on oxidative stress
markers and antioxidants in mice. These markers collec-
tively reflect the mitochondrial antioxidant defense axis,
spanning upstream regulators (SIRT1/3), transcriptional ac-
tivators (NRF2), and the key effector enzyme (SOD2). Our
findings revealed a notable reduction in SIRT1, SIRT3,
NRF2, and SOD2 levels in HFD mice versus control mice.
However, HIIT attenuated the reduction in SIRT1, SIRT3,
NRF2, and SOD2 levels observed in the HFD group, as
shown in the HIIT+HFD group (Fig. 4).

3.5 HIIT Ameliorates HFD-Induced Inflammation in Mice
IHC was performed to detect the expressions of the

HFD-induced inflammation-related factors. We observed
increases in IL-1β, IL-6, and IL-18 levels in HFD-induced
myocardial stress, but lower IL-10 levels in HFD mice ver-
sus control mice (Fig. 5A). While some studies demon-
strated that exercise increases IL-10 levels, our finding of
reduced IL-10 levels in the exercised groups may reflect
intensity-dependent effects or negative feedback from re-
duced inflammatory stimuli. However, this finding war-
rants further investigation in future studies. HIIT effec-
tively reduced this elevation. These findings provide com-
pelling evidence of the protective role of HIIT against HFD-
induced inflammatory damage (Fig. 5B).

3.6 HIIT Reduces Fibrosis in Mice
Markers such as TGF-β, an upstream cytokine;

SMAD3, an intracellular transduction factor; and collagen
I/III, the major structural proteins deposited during fibrosis,
represent the core of the myocardial fibrosis pathway. The
expression levels of SMAD3 and TGF-β were increased in
HFD mice. HIIT reversed both effects (p < 0.01), whereas
MICT partially reduced TGF-β (p< 0.05) but not SMAD3
levels (Fig. 6A). Collagen I (fibrotic) was more responsive
to HIIT than collagen III (developmental), suggesting that
HIIT preferentially reduces pathological fibrosis (Fig. 6B).

4. Discussion
This study used a hypercholesterolemic ApoE⁻/⁻

model without obesity, in which cardiovascular risk is in-
dependent of obesity-related factors. Our systematic com-
parison of HIIT and MICT revealing that HIIT elicits su-
perior signatures, including the downregulation of lipid
transporters, upregulation of the SIRT3-NRF2 antioxidant
axis, reduction expression of pro-inflammatory cytokines

and fibrotic signaling. These intensity-dependent effects
are correlated and the requirement for functional valida-
tion and causal mechanistic experiments are major limita-
tion (Fig. 7).

Interestingly, Geng et al. [20] proposed that exces-
sive exercise paradoxically exacerbates cardiac lipotoxi-
city via lipid redistribution under high-fat, high-calorie
dietary conditions. However, Li et al. [21] proposed
that compared with MICT, HIIT can comprehensively im-
prove cardiac function and has greater potential to pre-
vent cardiac aging in aged mice. Our research group
previously demonstrated that swimming exercise amelio-
rated hyperlipidemia-induced cardiac injury through anti-
inflammatory and antioxidant mechanisms. However, the
study did not distinguish between exercise intensities [9].
Hyperlipidemia, a primary CVD risk factor, shows unde-
fined exercise intensity responses in hypercholesterolemic
ApoE⁻/⁻ models [9,15]. In this study, a hypercholes-
terolemic ApoE⁻/⁻ model was successfully established us-
ing a dietary formula with 35% fat and 1.5% cholesterol.
This model can reproduce myocardial stress caused by hy-
percholesterolemia without inducing obesity, similar to the
clinicopathological features of FH [5,9]. This preliminary
study compared HIIT and MICT to identify the optimal ex-
ercise protocol for subsequent mechanistic work [15]. In
this study, we compared the abilities of HIIT and MICT
to reduce hypercholesterolemia-induced myocardial stress
within an ApoE⁻/⁻ model without obesity or advanced age.
HIIT showed superior protective effects against various as-
pects of lipid metabolism, oxidative stress, inflammation,
and fibrosis cascades, thereby extending previous observa-
tions that did not directly compare these exercise modali-
ties. The advantages of HIIT for metabolic diseases were
previously reported. Our contribution is the parallel as-
sessment of multiple molecular pathways in an obesity-free
mouse model that provided insight into the protective ef-
fects of different exercise intensities against hyperlipidemic
myocardial stress.

CD36 is a membrane fatty acid transporter whose
myocardial upregulation contributes to lipotoxicity [7,17].
CD68 is a marker of macrophage infiltration that reflects
inflammatory cell recruitment [8,22]. LOX-1 mediates the
uptake of atherogenic lipoproteins, thereby triggering ox-
idative stress [7,22,23]. PPAR-γ regulates lipid storage
but can exacerbate cardiac lipotoxicity when overexpressed
[17]. CD36 and LOX-1 expressions were increased in
visceral mature adipocytes of obese patients versus non-
obese controls [22,24]. Our findings suggest that HIIT
has a stronger lipid-lowering effect than MICT. In FH-like
models (unlike metabolic syndrome), PPAR-γ upregula-
tion is maladaptive; the HIIT-induced suppression likely
dampens excessive lipid storage. The CD68 reduction af-
ter HIIT suggests anti-inflammatory polarization, whereas
CD36 downregulation may limit lipotoxicity at the poten-
tial cost of impaired fatty acid oxidation—a trade-off re-
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Fig. 4. HIIT reduces antioxidant protein expression in HFD-fed ApoE⁻/⁻ mice. (A) Immunohistochemical staining of sirtuin 1
(SIRT1), sirtuin 3 (SIRT3), superoxide dismutase 2 (SOD2), and nuclear factor erythroid 2-related factor 2 (NRF2). The arrows indicate
positively stained cells. Scale bar = 20 µm at 200×magnification. (B) Bar graph quantifying IHC positive cell percentage (SIRT1,
SIRT3, SOD2, and NRF2). Data are shown as the mean ± SEM; n = 3 per group; *p < 0.05 versus HFD. (C) Western blot analysis of
SIRT1, SIRT3, SOD2, and NRF2 in mice. (D) Bar graph showing the quantification of antioxidant protein expression. Data are shown
as the mean ± SEM; n = 3 per group; *p < 0.05 versus HFD.
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Fig. 5. HIIT reduces inflammatory marker expression in HFD-fed ApoE⁻/⁻ mice. (A) Immunohistochemical staining for interleukin
(IL)-1β, IL-6, IL-10, and IL-18. The arrows indicate positively stained cells. Scale bar = 20 µm at 200× magnification. (B) Bar graph
quantifying IHC-positive cell percentages. Data are shown as the mean ± SEM; n = 3 per group; *p < 0.05 versus HFD group. **p <

0.01 versus HFD.

quiring metabolic flux studies. LOX-1 suppression is par-
ticularly protective in FH where oxidated LDL is abundant.
Our 1.5% cholesterol dose, although supraphysiological, is
necessary for rapid atherogenesis in ApoE⁻/⁻ mice, a limita-
tion when extrapolating to human patients with FH.

Oxidative stress is the major manifestation of pe-
ripheral atherosclerosis. SIRT1/3 is a Nicotinamide Ade-
nine Dinucleotide (NAD+)-dependent deacetylases that
governs mitochondrial function and antioxidant responses
[15,25]. SIRT1 orchestrates lipid and glucose metabolism
by deacetylating target proteins, thus assuming a crucial
regulatory function in cellular stress resistance, energy

metabolism, and tumorigenesis [25,26]. NRF2 is a master
transcriptional activator of cellular antioxidant defense be-
cause it regulates over 200 cytoprotective genes in response
to oxidative stress [27,28]. SOD2 is a mitochondrial an-
tioxidant enzyme that mediates myocardial protection via
NRF2 [28]. SIRT3, a NAD+-dependent deacetylase pri-
marily situated within the mitochondria, governs numer-
ous mitochondrial proteins through post-translational mod-
ifications [15,26]. SIRT3 activates SOD2 via deacetyla-
tion, thereby enhancing intracellular ROS scavenging ac-
tivity [29]. Exercise significantly reduces oxidative stress
caused by hyperlipidemia. In addition, HIIT was associated
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Fig. 6. HIIT reduces the expression of fibrotic markers in HFD-fed ApoE⁻/⁻ mice. (A) Immunohistochemical staining of collagen I,
collagen III, mothers against decapentaplegic homolog 3 (SMAD3), and transforming growth factor-beta (TGF-β) in the cardiac tissues.
The arrows indicate positively stained cells. (B) Bar graph quantifying the IHC positive cell percentage (collagen I, collagen III, SMAD3,
and TGF-β); Scale bar = 20 µm at 200× magnification. The data are shown as the mean ± SEM; n = 3 per group; *p < 0.05 versus
HFD; **p < 0.01 versus HFD.

with greater attenuation of hyperlipidemia-induced cardiac
oxidative stress damage compared to MICT group.

The chemokine system plays a key role in the patho-
physiology of cardiometabolic diseases. Myocardial IL-
1β, IL-6, IL-18, and IL-10 are established inflammatory
mediators driving metabolic disease pathogenesis [30,31].
LDL cholesterol stimulates inflammasome activation, pre-
cipitating the synthesis of IL-1β and IL-18, subsequently
hastening atherosclerosis progression [22–24]. Similarly,
HIIT decreased the production of IL-related factors by peri-

toneal macrophages [32]. While some studies have shown
that exercise increases IL-10 levels, our finding of reduced
IL-10 levels in the exercise groups may reflect intensity-
dependent effects or negative feedback from reduced in-
flammatory stimuli. This warrants investigation in future
studies.

Hyperlipidemia drives myocardial fibrosis through
TGF-β1/Smad3-mediated collagen I/III deposition, which
ultimately leads to ventricular remodeling and heart failure
[9]. The TGF-β1/Smad 3 signaling pathway regulates my-
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Fig. 7. Proposed molecular mechanism illustrating the superior cardioprotective effects of HIIT versus MICT in hyperlipidemic
ApoE⁻/⁻ mice. Created using Gemini, Nanobanana, and Adobe Photoshop (https://gmn.hopeai.cc; https://www.nanoai.cn).
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ocardial fibrosis, and TGF-β1 promotes the progression of
myocardial fibrosis through Smad3 phosphorylation. Con-
sistently, the knockout of both genes in fibroblasts alle-
viated pressure overstress-induced fibrosis in mice [9,33].
The present study observed that HFD upregulated the entire
fibrosis axis: TGF-β, interstitial staining, SMAD3 nuclear
translocation, and collagen I/III deposition. HIIT reversed
these changes more effectively than MICT, suggesting that
the former has a stronger anti-fibrotic effect. This may re-
flect the dual inhibition of HIIT on upstream lipid toxic-
ity (reduction of CD36/LOX-1) and inflammation (reduc-
tion of IL-1β/6/18), and its protective effect on myocardial
stress may be based on the disruption of the lipotoxicity-
inflammation-fibrosis cascade.

Study Limitations

Although BNP can be used as a valid surrogate for car-
diac load [34], the lack of echocardiographic assessments
is a major limitation. Therefore, our conclusions are lim-
ited to molecular and histological correlates of myocardial
stress rather than functional outcomes. Due to limited sam-
ple resources, comprehensive transcriptional validationwas
not performed. All mechanistic conclusions in this study
are hypothesis-generating rather than definitive. This study
only compared different exercise intensities at the molecu-
lar level, and in-depth mechanistic studies are required in
the future. Our study cannot explain the general superiority
of HIIT inmyocardial damage in patients with hypercholes-
terolemia, especially in those with obesity and metabolic
syndrome or in the elderly population.

5. Conclusions
In the non-obese hypercholesterolemic ApoE⁻/⁻ model

used in this study, HIIT elicited superior molecular adapta-
tions compared to MICT by upregulating antioxidant de-
fenses, downregulating of lipid deposition, suppressing
pro-inflammatory cytokines, and reducing fibrotic signal-
ing. However, these conclusions are limited by the absence
of functional cardiac assessment and direct quantification
of myocardial lipid content; thus further functional valida-
tion of our findings is required (Fig. 7).
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