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HIIT and MICT mitigate endothelial
dysfunction in early atherosclerotic
mice via PCSK9 inhibition

Guochun Liu*?3, Binyi Zhao*, Qinglong Chen%, Xiang Li%*, Xuejiao Zhu'>, Maowei Duan'*,
Mengdie Zhang¥5, Zhuohan Liu%%, Xuan Wen?, Jia Guo?, Man Zheng?, Ruiyu Wang’™ &
Minghao Luo™®**

Atherosclerosis (AS), driven by vascular endothelial dysfunction and poses a global health threat.

This study compared the therapeutic effects of high-intensity interval training (HIIT) and moderate-
intensity continuous training (MICT) on vascular endothelial function in early-stage AS mice,
specifically investigating PCSK9 modulation and the TRX/TXNIP/NLRP3/GSDMD-N pathway. ApoE~/~
mice (n=6/group) fed a high-fat diet for 12 weeks were randomized into sedentary (AS-S), HIIT (AS-
HIIT), and MICT (AS-MICT) groups, with wild-type mice as control. Training lasted 12 weeks. Outcomes
included body weight, lipid profiles (TG, TC, LDL-C, HDL-C), oxidative stress markers (T-SOD, GSH-Px,
MDA), vascular function (eNOS expression, ACh-induced vasorelaxation), and TRX/TXNIP/NLRP3/
GSDMD-N pathway activity. Both HIIT and MICT reduced body weight (p <0.05) and improved lipid
profile. Exercise groups showed reduced oxidative stress and inflammation pathways (p <0.05).

HIIT and MICT ameliorate early AS by reducing PCSK9 and oxidative/inflammatory pathway levels

(p <0.05), but HIIT demonstrates superior efficacy in improving endothelial function and pathway
activation. These findings show HIIT and MICT mitigate endothelial dysfunction in early atherosclerotic
mice via PCSK9 inhibition and advocate for HIIT as a prioritized strategy in early AS management.
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The instability of atherosclerotic plaques can lead to thrombus formation, which may result in myocardial
infarction or stroke. These plaques are primarily composed of lipids, fibrous tissue, and calcium, and they
are prone to secondary complications such as calcification, ulceration, thrombus formation, and intraplaque
hemorrhage!. Effectively halting AS progression before plaque formation remains a key area for further
investigation. The damage to vascular endothelial cells (VECs) of Atherosclerosis (AS) caused by oxidized lipids
promotes the adhesion and infiltration of leukocytes into the subintimal space. This process triggers monocytes
to mature into tissue macrophages, which then absorb lipid particles and transform into foam cells®. These
processes contribute to vascular inflammation. VECs play a crucial role not only in initiating the inflammatory
response but also in regulating the progression of AS, particularly during the early stages before plaque
formation”.

Excessive inflammation and pyroptosis of VECs are closely linked to the progression of AS*. A key driver of
this process is the activation of the NOD-like receptor protein 3 (NLRP3) inflammasome, which plays a central
role in initiating cellular inflammation and pyroptosis®. As a major inflammasome, NLRP3 assembles and
activates inflammatory complexes and caspase-1 through the adaptor protein ASC®. This, in turn, leads to the
assembly of the GSDMD protein into membrane pores, promoting the release of pro-inflammatory cytokines
such as interleukin-1beta (IL-1p) and interleukin-18 (IL-18)’. Previous studies have demonstrated the critical
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role of NLRP3 in atherosclerosis models, highlighting it as an important therapeutic target for AS in precision
medicine®.

Thioredoxin (TRX), a critical antioxidant protein, protects against free radical damage, prevents apoptosis,
and supports cell growth®. Thioredoxin-interacting protein (TXNIP) acts as an endogenous inhibitor of TRX by
binding to it and disrupting its biological functions. Research has shown that TXNIP expression is significantly
elevated in the vasculature of atherosclerotic mice, indicating its role in promoting the progression of AS™.
Additionally, the TRX/TXNIP system is vital for redox-dependent signaling pathways, particularly in the redox-
sensitive activation of the NLRP3 inflammasome. Despite these findings, the exact mechanism by which the
TRX/TXNIP system regulates AS remains unclear'’.

PCSKO9, a secretory serine protease produced by the liver'2, plays a critical role in cholesterol metabolism by
binding to and degrading low-density lipoprotein receptors (LDLR)'?. This degradation reduces LDLRs ability
to clear low-density lipoprotein cholesterol (LDL-C) from the bloodstream, leading to elevated LDL-C levels
and, consequently, an increased risk of AS'. As a result, PCSK9 has been identified as a significant genetic risk
factor for various cardiovascular diseases, including AS'®. Current research shows that both pharmacological
and genetic inhibition of PCSK9 can effectively reduce the risk of AS by preserving the normal function of
LDLR'S.

Engaging in proper physical exercise has well-documented benefits for the cardiovascular system and can
reduce the risk of AS through various molecular pathways'”. Exercise enhances nitric oxide (NO) bioavailability
and boosts antioxidant defenses, reducing oxidative stress and improving endothelial function'®. While
continuous high-intensity exercise (HICT) may increase the risk of cardiovascular diseases, high-intensity
interval training (HIIT) has shown significant potential in mitigating complications associated with chronic
cardiovascular conditions!®. HIIT consists of alternating short bursts of high-intensity activity with periods of
lower-intensity recovery?. Although the roles of inflammation, oxidative stress, and pyroptosis in cardiovascular
diseases are well-established, effective prevention strategies remain elusive?!-23, Notably, studies show that
after three months of exercise, clinical volunteers experienced significant reductions in serum PCSK9 and
LDL-C levels, suggesting a direct link between regular exercise and PCSK9 reduction'®. However, the precise
mechanisms by which exercise inhibits PCSK9 levels and affects related signaling pathways remain unclear.

This study hypothesizes that exercise intensity and mode (HIIT vs. MICT) differentially regulates oxidative
stress, NLRP3/TXNIP signaling, and PCSK9 activity, thereby influencing endothelial pyroptosis and AS
progression. Clarifying these mechanisms is essential for tailoring exercise regimens to halt endothelial
dysfunction before irreversible plaque formation. These findings may assist in formulating more precise exercise
prescriptions, therapeutic interventions, and clinical management strategies for AS.

Materials and methods

Animals

Male wild-type (WT) C57BL/6 ] mice (8 weeks old, n= 6; Control group) and male C57BL/6 ] ApoE KO
mice (8 weeks old, n= 6/each group) were purchased from Jackson Laboratory (USA). The mice were housed
under standard conditions: a temperature of 22 +2°C, 45%-55% humidity, and a 12-h light/dark cycle, with
unrestricted access to deionized water and food.

AS was induced in the ApoE KO mice through a high-fat diet (HFD). HFD, irradiated mouse standard chow
diet containing 42% kcal from milk fat and 0.2% cholesterol was provided to the mice. The ApoE KO mice were
randomly divided into three groups: sedentary control (AS-S), moderate-intensity continuous training (AS-
MICT), and high-intensity interval training (AS-HIIT), with 6 mice in each group. Before the experimental
diets, all mice were fed a standard chow diet for three days, followed by a gradual transition to a HFD over
another three days. The mice were fed this diet for 12 weeks to simulate early atherosclerotic vascular endothelial
injury. Both the exercise training and HFD regimen lasted 12 weeks to establish the pathological features of
early-stage AS.

Ethics declarations

All research procedures were approved by the Ethics Committee of Chongging Medical University, following
the"Regulations on the Management of Laboratory Animals of China"and the ethical standards of the same
committee. All research procedures were approved by the Ethics Committee of Chongqing Medical University
(N0.2021101) and adhered to the regulations of the People’s Republic of China governing the management of
laboratory animals. The study was performed in accordance with the ARRIVE guidelines (https://arriveguideli
nes.org).

Training protocol

The treadmill used in this study (SA101 C; SANS Biological Technology, Jiangsu, China) was specifically
designed to evaluate the physiological and pathological responses of small experimental animals during exercise.
Operating at 220 V; 50 Hz, it provided eight running lanes and had a speed control range of 0-100 m/min, with
a precision of 0.01 m/min. Integrated with treadmill software, the system allowed continuous speed monitoring
for accurate data collection.

The exercise training protocol followed established guidelines for animal exercise and training??. A
standardized progressive exercise test was conducted to determine the maximum aerobic speed (MAS), which
is used to gauge the maximum aerobic velocity in mice. Six mice were used to determine the maximum running
speed on the treadmill. The training speeds for the MICT group (45% ~55% MAS) and the HIIT group (70%
~80% MAS) were determined using this method?’.

Both the AS + MICT and AS +HIIT groups underwent a five-day adaptive training period before starting
the official exercise program. During this adaptation phase, the mice ran on the treadmill for 10 min daily, with

Scientific Reports |

(2025) 15:30411 | https://doi.org/10.1038/s41598-025-05206-7 nature portfolio


https://arriveguidelines.org
https://arriveguidelines.org
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

speeds gradually increased to 8 m/min (for MICT) and 15 m/min (for HIIT) from day 1 to day 5, respectively.
The animals were acclimatized to their housing, diet, and treadmill exercise over one week. Following this
adaptation, both groups underwent progressive speed training for 12 weeks, five days a week, according to the
detailed exercise prescription outlined in Table 1. The treadmill remained at 0% incline throughout the study.

Animal weights were monitored weekly throughout the eight-week treadmill training and HFD period. At the
end of the training and dietary intervention, the animals were euthanized by 1% pentobarbital sodium (1 ml/100
g) with intraperitoneal injection 24 h after their last exercise, the mice fasted for 6 h before euthanasia. Following
dissection, aortic tissues and serum samples from mice were immediately frozen at —80 °C for subsequent
molecular profiling and biochemical analyses. Segments of aortic tissues were fixed in 4% paraformaldehyde
and paraffin-embedded for histopathological and morphological examinations.

Vascular morphometry and immunohistochemical staining analysis

The thoracic aortas from the mice were dissected, and 5-um-thick paraffin sections were prepared for vascular
morphometric analysis using hematoxylin and eosin staining. To facilitate antigen retrieval, the tissue sections
were deparaffinized, rehydrated, immersed in citrate buffer, and boiled for 5 min. Afterward, they were washed
twice with PBS and blocked with 5% goat serum for 30 min.

The sections were incubated overnight at 4 °C with primary antibodies, washed three times with PBS,
followed by a 1-h incubation at 37 °C with secondary antibodies. The sections were then washed again three
times with PBS. Diaminobenzidine (DAB) color development was applied for 5 min, and the slides were rinsed
with distilled water to remove excess stain. The tissue was counterstained with hematoxylin for 10 s, dehydrated
in a graded ethanol series (3 min per concentration), cleared in xylene for 5 min, mounted with resin, and
examined under a light microscope (Leica Biosystems, Nussloch, Germany).

The primary antibodies used were GSDMD-N (1:200; Novus Biologicals, CO, USA) and NLRP3 (1:200;
AlFang, Changsha, China). Immunostaining density was quantified using Image J software. All microscopic
images were captured using a Leica DM4B upright metallurgical microscope (Leica Biosystems, Nussloch,
Germany).

Vascular reactivity experiment

Fresh thoracic aortas were immediately placed in physiological salt solution (PSS) to preserve their integrity.
Adherent tissues were carefully removed, and the aortas were cut into 3-mm rings. These rings were transferred
to the chambers of the Multi Myograph System (DMT620; Danish Myo Technology, Aarhus, Denmark) to avoid
damage to the vascular endothelium. The chambers were filled with warmed (37 °C) and oxygenated PSS (95%
0., 5% CO,) to maintain optimal experimental conditions, and vascular tension was continuously recorded
using LabChart software.

To establish a baseline, the aortic rings were maintained under 0.5 g of tension for 90 min. They were then
stimulated twice with KCI (60 mmol/L) in PSS. Endothelial integrity was assessed by testing the ability of
acetylcholine (ACh, 107> M) to relax vessels precontracted with norepinephrine (NE, 10”7 M). Rings showing
80% or greater relaxation were considered to have intact endothelium.

After verifying endothelial function, the aortic rings were precontracted with NE (10”7 M) until maximal
contraction and a stable tension curve were achieved. Cumulative concentration-response curves were generated
for ACh (endothelium-dependent relaxation) and sodium nitroprusside (SNP; endothelium-independent
relaxation) at concentrations ranging from 10~ M to 10~ M. Average concentration-response curves were then
plotted.

Mice aorta rings culture
Fresh thoracic aortic rings from wild-type C57BL/6 ] mice were immediately immersed in a culture medium. In
brief, 3-mm wide aortic rings were placed in 2 ml of DMEM containing 10% fetal bovine serum, supplemented

MICT HIIT
Monday to Friday Sat. Sun. Monday to Friday Sat. Sun.
Week
Training Rest Training Rest
Preconditioning training regimen: progressive increasing speed
1
1-8m/min Rest 1-15m/min Rest
Maximum Time Stage Progressive increasing Rest Maximum Time Stage Progressive increasing Rest
1-5min 4m/min 1-5min 1-10m/min
6-10min 6m/min 6-10min 10-15m/min
2-5 8m/min 60min 15m/min 60min
11-55min 8m/min 11-55min | 15m/min
55-60min Descend at 3m/min per min 55-60min | Descend at Sm/min per min
1-5min 4m/min 1-5min 1-10m/min
6-10min 6m/min 6-10min 10-20m/min 30s rest after a 30-
6-9 10m/min 60min Rest 20m/min 60min Rest
11-55min 10m/min 11-55min | 20m/min second sprint
55-60min Descend at 3m/min per min 55-60min | Descend at Sm/min per min
1-5min 4m/min 1-5min 1-10m/min
6-10min 6m/min 6-10min 10-25m/min
10-12 12m/min 60min 25m/min 60min
11-55min 12m/min 11-55min | 25m/min
55-60min Descend at 3m/min per min 55-60min | Descend at Sm/min per min

Table 1. Protocol for MICT and HIIT for mice.
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with 100 U/ml penicillin and 100 U/ml streptomycin. The rings were incubated with either the compound or
vehicle control at 37 °C in an atmosphere of 95% air and 5% CO, for 12 h.

To simulate the progression of AS in vitro, aortic rings were treated with PCSK9 protein (1000 ng/ml;
MedChemExpress, New Jersey, USA). To assess the potential effects of the TRX/TXNIP/NLRP3 pathway
on vascular function, specific inhibitors were applied: MCC950 (NLRP3 inhibitor), TXNIP-IN-1 (TXNIP
inhibitor), and Ruscogenin (another TXNIP inhibitor), all from MCE (MedChemExpress, Shanghai, China).
These inhibitors were added to the culture at a concentration of 10 ug/ml. After incubation, the aortic rings
were either analyzed by western blot or mounted in the Multi Myograph System chambers for vascular reactivity
testing.

Western blot analysis

Aortic tissues were lysed on ice for 1 h using a lysis buffer. Protein concentrations were determined using the
Bradford assay (Beyotime, Shanghai, China), and 50 pg of protein per sample was used for western blot analysis.
The proteins were separated by 10% sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% non-fat
milk at room temperature (22 °C) for 1 h before overnight incubation with primary antibodies at 4 °C.

After incubation with primary antibodies, the membranes were treated with horseradish peroxidase-
conjugated secondary antibodies for 1 h at 22 °C. Protein bands were visualized using a chemiluminescence
detection reagent (Beyotime, Shanghai, China). Image Lab 6.0 software was used to analyze the gray values of
the bands, and the target protein levels were normalized to the internal control (B-actin).

The primary antibody for eNOS was obtained from Cell Signaling Technology (Danvers, MA, USA). Primary
antibodies for TRX, TXNIP, NLRP3, GSDMD, B-actin, and secondary antibodies were sourced from Proteintech
(Proteintech Group, Wuhan, China). All other chemicals, unless otherwise noted, were purchased from Sigma
(Sigma-Aldrich, MO, USA).

Serum biochemical analysis
Serum oxidative stress markers were evaluated using commercial assay kits (Nanjing Jiancheng Bioengineering
Institute, China) with three specific quantification approaches. Total Superoxide Dismutase (T-SOD) activity
was determined through the xanthine oxidase-mediated hydroxylamine method, which quantifies SOD-
mediated inhibition of superoxide anion generation. Glutathione Peroxidase (GSH-Px) activity was measured
by monitoring the oxidation rate of reduced glutathione (GSH) to oxidized glutathione (GSSG) using hydrogen
peroxide as substrate. Malondialdehyde (MDA) concentration was spectrophotometrically quantified via
thiobarbituritic acid (TBA) reaction. All assays were performed in triplicate according to the manufacturer’s
protocols, with results expressed as U/mL for enzymatic activities and nmol/mL for lipid peroxidation products.
Additionally, serum concentrations of total cholesterol (TC), triglycerides (TG), LDL-C, and high-density
lipoprotein cholesterol (HDL-C) were quantified using specific assay kits from the same institute, following the
manufacturer’s protocols. PCSK9 levels in the serum were measured using an ELISA kit from Abcam (Abcam,
MA, USA).

Statistical analysis

Data were presented as means + standard deviation. For multiple group comparisons (three or more groups), one-
way analysis of variance (ANOVA) followed by the Bonferroni post hoc test was used for normally distributed
data, and the Kruskal-Wallis test followed by the Dunn post hoc test was applied to non-normally distributed
data. Statistical analysis was performed using GraphPad Prism 9.0 software (GraphPad Software, California,
USA), with a P-value of less than 0.05 considered statistically significant.

Results

Effects of MICT and HIIT on body weight, oxidative stress indicators, and lipid profiles and
vascular function in early-stage atherosclerotic mice

Body weight was measured weekly over eight weeks. Mice in the exercise training groups showed a significant
reduction in body weight compared to the sedentary group (AS-S) (Fig. 1A; P< 0.05). Notably, both the MICT
and HIIT groups exhibited significant weight differences from the AS-S group (both P < 0.05).

To assess the impact of MICT and HIIT on oxidative stress, Total Superoxide Dismutase (T-SOD) activity,
Malondialdehyde (MDA) levels, and Glutathione Peroxidase (GSH-Px) were measured in the serum. T-SOD
and GSH-Px levels were significantly lower in AS-S mice compared to the control group (Fig. 1B and D, P<
0.05), while levels in the AS-MICT and AS-HIIT groups were significantly higher than those in the AS-S group
(P<0.05). MDA, a marker of lipid peroxidation that reflects ROS production, was significantly decreased in both
exercise training groups (MICT and HIIT) compared to the sedentary group (Fig. 1C, P< 0.05).

Additionally, serum levels of TG, TC, LDL-C, and HDL-C were measured. Results indicated that both MICT
and HIIT significantly reduced levels of TG, TC, and LDL-C (Fig. 1E, E, and H, P< 0.05). Furthermore, only
HIIT resulted in a significant increase in HDL-C levels compared to the AS-S group (Fig. 1G, 1< 0.05).

To investigate the effects of MICT and HIIT on vascular structure and function during early AS, vascular
morphology was examined. A 12-week high-fat diet led to increased blood lipid levels but did not result in
significant plaque formation in the ascending aorta (Fig. 1I). This finding suggests that early AS may be present
when endothelial damage begins to occur.

Dysregulation of NO production, driven by eNOS in VECs, is a key characteristic of vascular endothelial
dysfunction. Western blot analysis revealed a significant decrease in eNOS expression in the aorta of AS-S mice
compared to the control group (Fig. 1] and K; P< 0.05). In contrast, eNOS levels were significantly elevated

Scientific Reports |

(2025) 15:30411 | https://doi.org/10.1038/s41598-025-05206-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A 40— © Control B C D
AS-S . = 200- = 807 800- 5
3515 hewir "o E ¢ £ . =
2.0 35T sy 2 150 2 607 E 600+ i
-E, e ‘g # = o 2 * ©
= X o)
T 25 y o 5 £ 100 |° 3 404 & 400
2 )'a JErS . ) s 3 # . +
20 5o 8 50- ﬁ < 207 i 5 & 2001
@
18— T oo = L& ﬁ 0
> o A & > o A & > A Q&
123456738 9101112 0(.‘¢° & \so ‘bg}\ &@ & é\o J& o(»\@ V"bg '\so ‘bg}\
Weeks [& ‘;f DS ® vcf B [& ¥ ¥
E F G H
10 % 30~ . 4 , 25
. Ty —_ *
5 & 52 ’ 3 3 : 2 20- ,
2 o o 220 £ £ 15
g £ 15 # < 21 E #
= 4 5 Q Q 104
o O 101 _1 o
4 - 5 o 14 o
24 ® 5 T 4 54
0 y 6 A & 0 % o A L 0 > & A & N 5 A &
RN I SRR R SRR RN RECEEN
AR & N R R SRS Sy
® Y%’ v{o P vf’ W ® ?9 ??" c® Y"b &
| J
eNOS | www e -—
B-actin| w— w— — a—
Y Control AS-S AS-MICT AS-HIT
AS-MICT AS-HIIT
K L M
° 25 # 0 0
< 9 S
Z 20 < ~
2 c 25 & 25
<15 2 8 50
§ = # %50 -O- Control * E -O- Control
s 1.0 © 75|k ASS C 75 T Ass
@ * o - AS-MICT o~ s # x ~ AS-MICT
%0'5 ﬁ 100d T ASHIT # 100d T ASHIT
0.0 T T T T T T T T T T
0@@\ & & gx\\<‘ 9 8 -7 6 5 9 8 7 6 -5
2 & ¥ ACh [logM] SNP [logM]

Fig. 1. Effects of MCIT and HIIT on basic data and vascular function in atherosclerotic mice. The groups
included wild-type mice (Control), ApoE KO HFD sedentary mice (AS-S), ApoE KO HFD mice undergoing
moderate-intensity continuous training (AS-MICT), and ApoE KO HFD mice undergoing high-intensity
interval training (AS-HIIT). Mice were trained on a treadmill following specific exercise protocols for 12
weeks. The following parameters were measured. Changes of (A) body weight were recorded. (B) T-SOD
activity, (C) MDA, (D) GSH-Px, (E) TG, (F) TC, (G) HDL-C, and (H) LDL-C in the serum of mice were tested
by kits. (I) Representative hematoxylin and eosin (HE)-stained images of aortas from each group. (J) and (K)
The protein expression of eNOS in aortas was determined by western blotting. (L) ACh-induced relaxation
and (M) SNP-induced relaxation of aortas were measured by vascular reactivity experiment. *P< 0.05, AS-S
compared with Control; #P < 0.05, AS-MICT and AS-HIIT compared with AS-S. Data are presented as means
+SD.

in both the AS-MICT and AS-HIIT groups (both P< 0.05), with the HIIT group exhibiting the highest eNOS
expression.

Endothelium-dependent diastolic dysfunction, marked by an impaired response to ACh in the aorta, is a
prominent indicator of early vascular dysfunction. The impact of different exercise interventions on ACh- and
sodium nitroprusside (SNP)-induced relaxation of the aorta was assessed. The results indicated a significant
reduction in ACh-induced relaxation in AS-S mice compared to the control group (Fig. 1L; P< 0.05). Both MICT
and HIIT significantly enhanced ACh-induced relaxation of the aorta (both P< 0.05). However, no significant
differences were observed in SNP-induced vasodilation among the groups (Fig. IM).
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Effects of MICT and HIIT on PCSK9 Levels in different organs and effects of pcsk9 on eNOS
expression and vasodilation function of aorta in atherosclerotic mice

PCSKO9 is primarily secreted by parenchymal organs and plays a crucial role in reducing the LDLR capacity to
scavenge LDL-C, thereby increasing the risk of AS. PCSK9 levels were measured in the liver, kidney, skeletal
muscle, heart, aorta, and serum. As shown in Fig. 2A-C, PCSK9 levels were significantly elevated in the liver,
kidney, heart, aorta, and serum of AS-S mice compared to the control group (all P< 0.05).

Interestingly, the effects of MICT and HIIT on PCSK9 levels varied across different tissues. Both MICT
and HIIT markedly increased PCSKY levels in the liver (both P< 0.05), while their effects in other organs were
opposite. Specifically, PCSK9 levels in the kidney and aorta were significantly lower in the AS-HIIT group
compared to the AS-S group (both P< 0.05), but no significant difference was observed between the AS-MICT
and AS-S groups. Additionally, both exercise modalities significantly reduced PCSK9 levels in the skeletal
muscle of atherosclerotic mice (P < 0.05). Importantly, neither exercise mode had a significant effect on PCSK9
levels in heart tissue.

Crucially, as shown in Fig. 2C, serum PCSK9 levels were significantly decreased in both the AS-MICT and
AS-HIIT groups compared to the AS-S group (both P< 0.05), with HIIT demonstrating a more pronounced
inhibitory effect on PCSK9 than MICT.

To investigate the impact of PCSK9 on endothelial function, experiments were conducted using cultured
aortic rings in vitro. As illustrated in Fig. 2D and E, PCSK9 treatment significantly reduced eNOS expression in
the aorta (P< 0.05). Additionally, the ACh-induced relaxation test demonstrated that PCSK9 markedly impaired
the endothelium-dependent vasodilatory function of the aorta (Fig. 2F, I < 0.05). however, it did not affect SNP-
induced vasodilation (Fig. 2G).
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Fig. 2. MICT and HIIT improve vascular function through inhibiting PCSK9 level. (A and B) PCSK9
expression in the liver, kidney, skeletal muscle, heart, and aorta was measured using western blotting. (C)
PCSK9 levels in the serum were quantified via ELISA. *P< 0.05, AS-S compared with Control; #P< 0.05, AS-
MICT and AS-HIIT compared with AS-S. Data are presented as means +SD. (D and E) Protein expression of
eNOS in aortic tissue, either Vehicle- or PCSK9-treated in vitro, was analyzed. (F) ACh-induced and (G) SNP-
induced vasodilation function of in vitro-cultured aortas treated with or without PCSK9. *P < 0.05, Vehicle
group compared with PCSK9 group. Data are presented as means + SD.
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Effects of MICT and HIIT on TRX/TXNIP/NLRP3/GSDMD-N Expression in the Aorta of
Atherosclerotic Mice

The potential regulatory mechanisms by which MICT and HIIT improve vascular function in atherosclerotic
mice were explored. The alterations in the TRX/TXNIP complex and NLRP3-induced pyroptosis in the aorta
were initially assessed using western blot analysis. As shown in Fig. 3A and B, the balance of the TRX/TXNIP
complex was disrupted in AS mice, indicated by increased TXNIP levels and decreased TRX levels. Furthermore,
the protein expressions of NLRP3 and GSDMD-N were significantly elevated in the aorta of AS mice compared
to normal mice (both P< 0.05). Similar results were confirmed through immunohistochemical staining (Fig. 3C
and D). Importantly, both MICT and HIIT effectively restored the disturbed TRX/TXNIP complex and inhibited
the elevated expressions of NLRP3 and GSDMD-N in the aortas of atherosclerotic mice.

PCSK9 Impairs Vasodilation Function through TRX/TXNIP/NLRP3/GSDMD-N-Mediated
Pyroptosis

The effect of PCSK9 on the activation of TRX/TXNIP/NLRP3/GSDMD-N was intially detected in the cultivating
aorta in vitro.As shown in Fig. 4A and B, western blot analysis revealed significantly decreased TRX expression
and increased levels of TXNIP, NLRP3, and GSDMD-N in aortas treated with PCSK9 (all P< 0.05). Subsequently,
specific inhibitors—MCC950 (a selective NLRP3 inhibitor), TXNIP-IN-1 (a specific TXNIP inhibitor), and
Ruscogenin (another TXNIP inhibitor)—were applied to assess the effects of the TRX/TXNIP/NLRP3 pathway
on vascular function and pyroptosis in PCSK9-treated aortas. Western blot analysis demonstrated that the
abnormal expressions of TRX, NLRP3, and GSDMD-N were significantly reversed by the TXNIP inhibitors
(Fig. 4C and D, all P< 0.05). Furthermore, inhibition of NLRP3 effectively decreased the elevated expression of
GSDMD-N (P< 0.05). Additionally, inhibiting both TXNIP and NLRP3 significantly upregulated the suppressed
eNOS expression in PCSK9-treated aortas (all P< 0.05). Consequently, vasodilation tests revealed that inhibiting
TXNIP and NLRP3 significantly improved endothelium-dependent diastolic dysfunction induced by PCSK9
(Fig. 4E and F).
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Fig. 3. MICT and HIIT inhibit the TRX/TXNIP/NLRP3/GSDMD-N signaling pathway in the aortas of
atherosclerotic mice. (A and B) The protein expressions of TRX/TXNIP and NLRP3/GSDMD-N were detected
by western blot. (C and D) Immunohistochemical staining was performed to detect NLRP3 and GSDMD-N

in the aortas. *P < 0.05, AS-S compared with Control; #P < 0.05, AS-MICT and AS-HIIT compared with AS-S.
Data are presented as means + SD.
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Fig. 4. PCSK9 impairs endothelial function through activating the TRX/TXNIP/NLRP3/GSDMD-N signaling
pathway. (A and B) Protein expressions of TRX, TXNIP, NLRP3, and GSDMD-N were analyzed by western
blotting in Vehicle- or PCSK9-treated aortas in vitro. MCC950 (a specific NLRP3 inhibitor), TXNIP-IN-1 (a
specific TXNIP inhibitor), and Ruscogenin (another TXNIP inhibitor) were applied, with a final intervention
concentration of 10 ug/ml for all inhibitors. (C and D) The protein expressions of TRX, TXNIP, NLRP3

and GSDMD-N were detected by western blot. (E) ACh-induced and (F) SNP-induced vasodilation in vitro

of aortas treated with or without PCSK9. *P < 0.05, Vehicle group compared with PCSK9 group. Data are
presented as means +SD.

Discussion

AS significantly damages blood vessels in several ways. First, it reduces vascular wall function, impairing the
ability of blood vessels to regulate blood pressure. Second, patients with AS may experience thrombosis due
to endothelial damage, which leads to platelet aggregation and thrombus formation within blood vessels.
Third, vascular stenosis can occur, resulting in ischemic conditions in tissues or organs, such as myocardial
infarction and cerebral infarction. Lastly, secondary lesions associated with AS, including calcification and
atheromatous ulcer formation, can further exacerbate vascular damage and elevate the risk of cardiovascular
and cerebrovascular diseases®*.

Given the challenges in reversing atherosclerotic plaque formation, this study focuses on preventing AS
development at its early stages, prior to plaque formation. Early atherosclerotic lesions primarily manifest as
spotty lipid streaks in the arterial intima and increased lipid deposition, leading to fibrous tissue proliferation
and hyaline degeneration. Both of these changes are a consequence of vascular endothelial injury. To simulate
early vascular endothelial injury in AS, ApoE knockout (KO) mice were utilized and fed a high-fat diet for 12
weeks, and 12 weeks of exercise during this period.

Our previous research has shown that different intensities of continuous training have distinct effects on
oxidative stress and vascular inflammation in hypertensive rats?2. Following similar methodologies, a tailored
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exercise regimen of MICT and HIIT was developed for the ApoE KO mice, mimicking clinical rehabilitation
training paradigms. Evidence supports that both MICT and HIIT effectively reduce total body fat mass in
adults and patients with AS?. In this study, it was found that both MICT and HIIT reduced body weight in
atherosclerotic mice, with MICT proving more effective for weight loss, aligning with clinical findings in adults
with metabolic syndrome. Furthermore, while previous studies suggest that HIIT offers greater cardiovascular
benefits than MICT?!, there is limited research directly comparing their effects on vascular endothelial function.

Endothelial dysfunction is associated with decreased NO production in blood vessels or compromised NO
availability in AS?®. As an endogenous vasodilator, NO plays a crucial role in regulating vascular morphology
and reducing ROS production?’. Disruption of eNOS expression impairs NO synthesis, ultimately contributing
to vascular endothelial dysfunction?®. The positive effects of exercise on endothelial function can be assessed
through ACh-induced aortic endothelium-dependent relaxation, which relies on eNOS-mediated NO
production. In this study, eNOS levels and endothelial-dependent vasodilation were measured to assess the
extent of endothelial injury. Our findings indicate that both MICT and HIIT upregulated eNOS expression in the
aorta of AS mice, thereby enhancing endothelial dilation function during the early stages of AS.

The inflammasome is a complex of multiprotein signaling pathways that includes NLRP1, NLRP3, AIM2,
and NLRC4, which orchestrate host defense mechanisms against infections and physiological disturbances?.
Among these, NLRP3 is particularly relevant to cardiovascular diseases and vascular endothelial function®.
Previous studies have shown that excessive activation of the NLRP3 inflammasome occurs in the aorta of ApoE
KO mice, and silencing NLRP3 can alleviate vascular inflammation and aortic remodeling>!. NLRP3 has emerged
as a critical initiator of cardiovascular diseases and plays a significant role in AS formation?2. Cholesterol crystals
present in atherosclerotic plaques can activate NLRP3 in macrophages, leading to cell apoptosis and accelerating
AS progression. Conversely, genetic deletion of NLRP3 has been shown to inhibit inflammatory responses,
endothelial barrier damage, fibrosis, and the formation of atherosclerotic plaques®. Targeting interleukin IL-1,
a primary product of the inflammasome, can mitigate vascular inflammation and AS by reducing the supply
of inflammatory cells and their infiltration into atherosclerotic tissue*!. Therefore, targeting NLRP3 in VECs
represents a promising strategy for reducing the incidence of AS.

MICT, HIIT, and resistance training have demonstrated the ability to inhibit NLRP3 inflaimmasome
activation in various pathological conditions, including diabetes®®, non-alcoholic fatty liver disease®®, and
obesity”’. Notably, aerobic exercise has been shown to mitigate AS by regulating fibroblast growth factor 21
(FGF21) and the harmful effects mediated by the NLRP3 inflammasome on vascular tissue®®. However, the
precise mechanisms by which different types of exercise influence atherosclerotic inflammation are not fully
understood. This gap limits the ability to establish evidence-based exercise prescriptions for managing AS. Our
study confirmed that both MICT and HIIT downregulated the protein levels of NLRP3, TXNIP, and GSDMD-N
in the vascular tissue of AS mice. These proteins are closely associated with oxidative stress, inflammation, and
pyroptosis. Given that PCSK9 is widely recognized as a significant upstream factor in the development of AS¥,
it is proposed that the protective effects of exercise on endothelial function may involve the PCSK9-mediated
activation of the TRX/TXNIP/NLRP3/GSDMD-N pathway.

To verify this hypothesis, the levels of PCSK9 in key solid organs, blood vessels, and serum were measured.
Interestingly, exercise significantly increased PCSK9 expression in the liver while reducing it in the serum
and blood vessels. It is speculated that exercise may promote the release of PCSK9 from the liver?’, thereby
regulating its stimulatory effect on vascular lipid metabolism.Another important finding was that exogenous
administration of PCSK9 significantly elevated the expression of TXNIP, NLRP3, and GSDMD-N in in vitro-
cultured aorta rings. Under conditions of oxidative stress, inflammation, and other harmful stimuli, TXNIP can
be activated, leading to increased cholesterol synthesis and metabolism by inhibiting the antioxidant activity
of TRX and promoting NLRP3 inflammasome activation*!. Notably, there may be both direct and indirect
interactions between PCSK9 and TXNIP. Specifically, TXNIP may regulate PCSK9 expression, while PCSK9
could influence TXNIP expression and activity by affecting the cellular redox state*2.

Additionally, as a major activator of the NLRP3 inflammasome, ROS can facilitate the dissociation of the TRX-
TXNIP complex, thereby enhancing the interaction between NLRP3 and TXNIP*. This physical interaction
may explain how the inflammasome is activated in a ROS-sensitive manner, particularly in macrophages**. In
our study, the relationship between TXNIP and NLRP3 was also confirmed using in vitro-cultured aorta rings.
The results revealed a significant decrease in NLRP3 levels in the aorta when stimulated with TXNIP inhibitors.
Furthermore, inhibiting TXNIP and NLRP3 effectively increased eNOS expression, reduced GSDMD-N levels,
and restored endothelial function in PCSK9-treated aorta. These findings suggest that targeting the TRX/
TXNIP/NLRP3/GSDMD-N pathway*® may elucidate the underlying mechanisms by which MICT and HIIT
protect endothelial function in the early stages of AS.

The interaction between exercise and PCSK9 alterations is complex and multifactorial®. It is hypothesized
that during intense muscle stimulation, specific metabolites or myokines are produced and released into the
bloodstream during HIIT and MICT. These metabolites may influence PCSK9 generation as well as downstream
TRX/TXNIP and NLRP3-mediated pyroptosis. Given that training intensity and methods differ, the activation
of metabolic processes initiated by these metabolites or myokines is crucial in regulating the expression and
secretion of PCSK9Y. This regulation can, in turn, disrupt redox homeostasis and lipid metabolism*®. It is
proposed that a metabolite threshold may explain the distinct vascular responses observed between MICT
and HIIT. Additionally, investigating variations in myokine content across different exercise intensities and
their related outcomes represents a promising research avenue to clarify the connections between exercise and
cardiovascular health.

While both MICT and HIIT demonstrated protective effects on endothelial function, HIIT exhibited distinct
mechanistic advantages over MICT in modulating key pathways linked to atherosclerotic progression. Notably,
HIIT induced a more pronounced downregulation of NLRP3 inflammasome components (NLRP3, TXNIP,
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and GSDMD-N) in vascular tissues compared to MICT. This differential suppression aligns with previous
reports that high-intensity stimuli preferentially inhibit inflammasome activation by amplifying antioxidant
defenses and attenuating ROS-triggered TXNIP/NLRP3 interactions. Furthermore, HIIT enhanced hepatic
PCSKO9 expression while reducing its circulating levels, suggesting enhanced hepatic clearance of atherogenic
lipoproteins—a regulatory pattern less evident in MICT. This dual modulation may synergistically mitigate
lipid-driven endothelial injury, as PCSK9 overexpression in vessels directly activates TXNIP/NLRP3 signaling.
Mechanistically, HIIT’s intermittent high-intensity bursts likely generate stronger metabolic stress, triggering
myokine release (e.g., irisin, FGF21) that suppresses NLRP3 priming and pyroptosis more effectively than steady-
state MICT. Clinically, HIIT’s superior NLRP3 pathway inhibition correlates with its established efficacy in
improving cardiovascular outcomes in AS patients. However, MICT’s greater weight-reduction effect highlights
context-dependent utility. These findings suggest that HIIT’s intensity-dependent metabolic perturbations may
offer amplified protection against endothelial dysfunction by targeting both inflammasome activation and lipid
regulation, warranting further investigation into optimal intensity thresholds for distinct AS phenotypes.

Study strengths and limitations
In clinical practice, the effects of exercise on vascular function and structure depend significantly on the
characteristics of the training load, making the determination of exercise intensity in exercise prescriptions
critical. The total running distance for the MICT and HIIT protocols were very close. Although the distances
were not explicitly matched, the difference was minimal, and the primary focus of the study was to compare
the effects of exercise intensity rather than total workload. It is essential to understand how different exercise
modalities influence the development of AS. Our study demonstrated that both MICT and HIIT can protect
vascular tissue from endothelial dysfunction during the early stages of AS. These findings may aid in the creation
of more precise exercise prescriptions, therapeutic interventions, and clinical management strategies for AS.

However, it is important to recognize several limitations within this study. Firstly, the sample size was
relatively small, which may constrain the generalizability of the findings. Secondly, the duration of the exercise
interventions was relatively short, and the long-term effects warrant further investigation. Thirdly, the control
of exercise in animal studies and the extent to which such studies can be reliably applied to humans remains an
open question, which will offer additional insights into the benefits of exercise versus inactivity. Future research
should aim to address these limitations by employing larger sample sizes, longer intervention periods, and more
precise exercise control methods to further validate the protective effects of exercise on vascular health and to
refine exercise recommendations for the prevention and management of AS.

Besides, although the levels of PCSK9 and its downstream signaling pathways were assessed, the specific
regulatory molecular mechanisms by which exercise influences PCSK9 levels remain partially unexplored. This
aspect is the focus of ongoing research.

Conclusion

The present study demonstrated that both MICT and HIIT alleviated endothelium-dependent diastolic
dysfunction in AS mice (Fig. 5). Among them, HIIT was more effective than MICT in ameliorating early
atherosclerotic vascular injury in AS mice.These protective effects may be related to the inhibition of PCSK9-
induced activation of the TRX/TXNIP/NLRP3/GSDMD-N pathway. This study provides scientific proof from
basic research for the clinical practice of exercise prescription, and HIIT could be chosen more often to obtain
the maximum benefit from exercise workouts. of course this needs to be considered in special cases such as the
elderly and contraindications to exercise.
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Fig. 5. MICT and HIIT can alleviate endothelial-dependent vasodilation dysfunction in mice with
atherosclerosis (AS) by suppressing the levels of PCSK9 in serum and blood vessels. These protective effects
may be related to the blockade of the PCSK9-induced TRX/TXNIP/NLRP3/GSDMD-N pathway activation.
Both types of training can effectively prevent the progression of endothelial dysfunction in the early stages of
AS.
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