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Abstract: Background: Oxidative stress and apoptosis caused by myocardial ischemia and hypoxia are the core 
mechanisms of myocardial damage in coronary heart disease (CHD). The myocardial protective effect and related 
molecular mechanisms of vitamin C (Vit C) have not been fully elucidated. Aims: To investigate whether Vit C acti-
vates the Nrf2/HO-1/NQO1 axis to inhibit oxidative stress and apoptosis, thereby alleviating CHD myocardial injury. 
Methods: A CHD rat model was constructed, and the cardiac function was detected by echocardiography after 6 
weeks of Vit C intervention. The effects of Vit C intervention on myocardial injury and myocardial fibrosis in rats were 
observed by histologic staining. The hypoxia-reoxygenation (H/R) model of H9c2 cells was established. Cell viability, 
cell survival rate, and apoptosis were evaluated by CCK-8 assay, Calcein-AM/Hoechst staining, and flow cytometry. 
The levels of cardiac troponin I (cTnI), lactate dehydrogenase (LDH), Caspase-3 activity, and inflammatory factors 
in rat serum and H9c2 cells were measured using biochemical kits; oxidative stress-related indicators of rat myo-
cardial tissue and H9c2 cells were also detected. Western blot was conducted to detect protein expression levels 
associated with myocardial injury, apoptosis, and the Nrf2/HO-1/NQO1 pathway. Results: Vit C dose-dependently 
improved cardiac function, and reduced the pathologic damage to myocardial tissue and myocardial fibrosis in CHD 
rats. Vit C intervention effectively reduced serum cTnI levels and inflammatory factor levels in CHD rats, and inhib-
ited oxidative stress. In vitro, Vit C alleviated H/R-induced H9c2 cell injury, reduced LDH release and Caspase-3 ac-
tivity, and inhibited oxidative stress and apoptosis. In addition, Vit C intervention promoted the nuclear translocation 
of Nrf2 in myocardial tissue of CHD rats and H9c2 cells, and up-regulated HO-1 and NQO1 proteins. Intraperitoneal 
injection of Nrf2 inhibitor ML385 in rats or knockdown of Nrf2 in H9c2 cells weakened the protective effect of Vit C. 
Conclusion: Vit C inhibits oxidative stress and apoptosis in CHD rats and H/R cardiomyocytes by activating the Nrf2/
HO-1/NQO1 pathway, affording myocardial protection.
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Introduction

As a common cardiovascular disorder, coronary 
heart disease (CHD) is pathologically character-
ized by coronary atherosclerosis, which causes 
myocardial ischemia, hypoxia, and even necro-
sis resulting from coronary stenosis or occlu-
sion [1, 2]. In China, CHD-related deaths ac- 
count for 20% of the total deaths [3], and the 
burden of CHD disease in low- and middle-
income countries worldwide continues to rise 

[4]. The initiation and progression of CHD in- 
volve synergistic effects of multiple pathogenic 
factors. Hypertension, obesity, diabetes, and 
high-fat diet are the main risk factors, which 
can accelerate the progress of CHD by damag-
ing vascular endothelial function, promoting 
lipid deposition and inflammatory response 
[5-7]. At present, the treatment strategies of 
CHD are mainly drug intervention, intervention-
al therapy and surgery [8]. Although these treat-
ment schemes reduce the mortality of CHD, it is 
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difficult to reverse established atherosclerotic 
plaques, and long-term drug intervention may 
be accompanied by adverse reactions such as 
liver and kidney function damage [9, 10]. 
Therefore, it is of great significance to find natu-
ral active substances with myocardial protec-
tive effects and explore the molecular mecha-
nism of their improvement in CHD to optimize 
treatment.

As a naturally occurring water-soluble antioxi-
dant, vitamin C (Vit C) widely participates in 
maintaining redox homeostasis and modulat-
ing lipid metabolism [11]. Research evidence 
has validated its protective effect in cardiovas-
cular diseases [12-14]. Vit C can eliminate 
accumulated reactive oxygen species (ROS) in 
cardiac fibroblasts and effectively regulate the 
synthesis of fibrocollagen, thereby alleviating 
myocardial fibrosis [15]. In a rat model of  
septic cardiomyopathy, Vit C pre-treatment 
reduced lipopolysaccharide-induced myocardi-
al cell injury, increased antioxidant enzyme 
activity, reduced myocardial tissue pathologic 
damage, and reduced inflammatory factor lev-
els [16]. In addition, Vit C deficiency impaired 
the vasomotor function in a high fat diet-
induced guinea pig model of coronary athero-
sclerosis, suggesting that Vit C deficiency had 
adverse effects on coronary artery function 
[17]. Although the cardiovascular protective 
effect of Vit C has been widely confirmed, its 
specific regulatory effect and molecular mecha-
nism on CHD myocardial injury were still 
unclear.

The Nuclear factor E2-related factor 2 (Nrf2)/
heme oxygenase-1 (HO-1)/NAD (P) H:quinone 
oxidoreductase 1 (NQO1) signaling axis is the 
core endogenous pathway regulating oxidative 
stress and apoptosis [18, 19]. HO-1 can specifi-
cally recognize and bind to heme molecules, 
and then catalyze the decomposition of heme. 
Its metabolites can effectively reduce oxidative 
stress injury in the body [20]. NQO1 is a cyto-
solic antioxidant flavin that increases intracel-
lular NAD+ levels and reduces the production of 
strong oxidizing semiquinone radicals, thereby 
protecting cells from oxidative damage [21]. 
Under oxidative stress, Nrf2 undergoes nuclear 
translocation and interacts with antioxidant 
response elements, and then up-regulates the 
downstream target genes such as HO-1 and 
NQO1, thereby eliminating ROS and maintain-
ing redox homeostasis [22, 23]. A previous 

study demonstrated that activating the Nrf2/
HO-1/NQO1 signaling axis reduced myocardial 
pathological damage, inhibited myocardial oxi-
dative stress and apoptosis, and improved 
blood lipid levels in mice with CHD [24]. Notably, 
Vit C can up-regulate Nrf2 and its downstream 
antioxidant genes, which in turn alleviated myo-
cardial cell damage caused by cadmium expo-
sure [25]. However, whether Vit C inhibits oxida-
tive stress and thus reduces myocardial injury 
by stimulating the Nrf2/HO-1/NQO1 axis in 
CHD models was still unclear.

Therefore, this study constructed a CHD rat 
model, along with an H9c2 cell injury model 
caused by hypoxia/reoxygenation (H/R), and 
systematically explored the effects of Vit C on 
cardiac function, oxidative stress, and cell inju-
ry in CHD rats. It clarified the mediating func-
tion of Nrf2/HO-1/NQO1 signaling axis. This 
study aimed to provide new insight into the 
molecular mechanism of Vit C in improving 
myocardial injury, and to offer a theoretical 
foundation and experimental evidence for the 
development of new adjuvant drugs for CHD.

Materials and methods

Construction of CHD rat model

Six-week-old male Sprague-Dawley rats (210-
225 g) were supplied by Changsheng Bio-
Technology Co., Ltd. (Liaoning, China), and 
housed at 22 ± 2°C, 50% ± 20% humidity, 
under a 12-h light/dark cycle with ad libitum 
access to food and water. After a one-week 
adaptation period, they were randomly divided 
into Control, CHD, 50 mg/kg Vit C, 100 mg/kg 
Vit C, 200 mg/kg Vit C, and 200 mg/kg Vit C + 
ML385 group (n=6).

CHD was induced by intragastric administration 
of a high-fat diet (87.3% basal diet, 2% choles-
terol, 10% lard, 0.2% propylthiouracil, and 0.5% 
sodium cholate), once a day (10 mL/kg/d) for 6 
weeks [26]. The rats in 50 mg/kg Vit C group, 
100 mg/kg Vit C group, and 200 mg/kg Vit C 
group were given corresponding doses of Vit C 
(60374ES60, Yeasen Biotechnology, Shanghai, 
China) once daily for 6 weeks, starting 1 h after 
high-fat diet feeding [27]. The rats in the 200 
mg/kg Vit C + ML385 group received an intra-
peritoneal injection of ML385 (30 mg/kg, 
HY-100523, MedChemExpress, NJ, USA) after 
feeding high-fat diet for 30 min, and then were 
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orally administered Vit C (200 mg/kg/d) 30 min 
after injection for 6 weeks [28]. The control 
group of rats received a basic feed along with 
daily administrations of same amount of nor-
mal saline. Upon completion of the intervention 
period, the ejection fraction, stroke volume, 
Posterior Wall Thickness in systole (PWTs), frac-
tional shortening, and Left Ventricular End-
Diastolic Diameter (LVDd) were recorded by a 
Sigma Vet ultrasound imaging system (Yuyan 
Scientific Instruments Co., Ltd., Shanghai, 
China), to evaluate cardiac function in rats. This 
research was approved by the Animal Ethics 
Committee of Union Hospital, Tongji Medical 
College, Huazhong University of Science and 
Technology (Approval number: 2024-4354).

Tissues and Hematoxylin and Eosin (H&E) 
staining

After the assessment of cardiac function was 
completed, all rats were anesthetized via inha-
lation of 2% isoflurane. Abdominal aortic blood 
was collected from the rats, and serum was 
separated for subsequent detection. In addi-
tion, the rats were euthanized through intraper-
itoneal administration of sodium pentobarbital 
(100 mg/kg), and the rat heart tissues were 
carefully separated with sterile tissue scissors 
and gently rinsed with precooled PBS to remove 
surface blood stains. The heart tissues were 
exposed to 4% paraformaldehyde (60536ES60, 
Yeasen Biotechnology) for 24 h, and then trim- 
med into a tissue block with a thickness of 
about 2 mm, embedded in paraffin, and prepa-
ration of 5 μm thickness of continuous sec-
tions. After drying, the slices were dewaxed 
with xylene (X821391, Macklin, Shanghai, 
China) and then hydrated in gradient ethanol. 
Tissue slices were immersed in hematoxylin 
solution (HY-K0315, MedChemExpress) for 5 
min, followed by a 30-second treatment with 
differentiation solution. After rinsing with PBS, 
the sections were stained with eosin solution 
for 2 min. Then they were dehydrated in 95% 
ethanol and absolute ethanol for 5 min each, 
subsequently cleared in xylene for 30 min,  
and mounted with neutral gum (36313ES60, 
Yeasen Biotechnology). Finally, the pathologic 
changes to myocardial tissue in rats were 
observed with DM IL LED microscope (Leica, 
Heidelberg, Germany).

Masson staining

Paraffin-embedded sections of rat myocardial 
tissue were dewaxed, followed by rinsing with 

sterile distilled water. The nuclei were stained 
with hematoxylin solution in Masson trichrome 
staining kit (C0189S, Beyotime, Shanghai, 
China) for 5 min, fully washed, and differentiat-
ed for 30 s. The sections were incubated in 
Ponceau-acid fuchsin staining solution for 10 
min, then immersed in phosphomolybdic acid 
solution for 2 min. Next, bright green staining 
reagent was applied to the sections for 1 min, 
followed by differentiation for 1 min. Then they 
underwent dehydration through graded etha-
nol, were exposed to xylene for clearing, and 
finally were viewed and photographed with a 
microscope.

Dihydroethidium (DHE) staining

The fresh heart tissue of rats was cut into tis-
sue blocks with a thickness of about 2 mm and 
immersed in OCT embedding agent (C0171A, 
Beyotime). The embedded tissue blocks were 
quickly frozen at -80°C. After the tissues were 
completely frozen, they were sliced into contin-
uous sections (5 μm). The sections were re- 
warmed for 5 min at room temperature, then 
the cleaning solution was applied to evenly 
cover the surface and allowed to stand for 5 
min. After the washing solution was removed, 
the tissue sections were treated with DHE fluo-
rescent probe (10 μM, HY-D0079, MedChem- 
Express) and kept in the dark for 30 min. After 
rinsing twice with PBS, the tissue sections were 
observed by DM3000 fluorescence microscope 
(Leica, Heidelberg, Germany), and ROS level in 
myocardial tissue was quantified by ImageJ 
1.54 h software (National Institute of Mental 
Health, USA).

TUNEL staining

Paraffin-embedded sections of rat myocardial 
tissue were first dewaxed in xylene and rehy-
drated through graded ethanol. Protease K (20 
μg/mL, without DNase, HY-108717A, MedChem- 
Express) was added to the surface of the sec-
tions and reacted for 15 min at 37°C. The sec-
tions were rinsed thoroughly with PBS, followed 
by dropping the TUNEL assay solution (C1086, 
Beyotime, Shanghai, China) to ensure uniform 
coverage of the entire tissue section, and incu-
bated for 60 min in a dark environment at 
37°C. Subsequently, DAPI staining reagent 
(C1006, Beyotime) was applied to stain cell 
nuclei for 10 min. The myocardial tissue was 
observed with fluorescence microscope, and 
the percentage of TUNEL positive cells was 
quantified by ImageJ software.
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Construction and transfection of H/R cell 
models

H9c2 rat cardiomyocytes (CL-0089) were 
sourced from Wuhan Pricella Biotechnology 
(Hubei, China) and maintained in complete 
DMEM medium (CM-0089, Wuhan Pricella 
Biotechnology) at 37°C with 5% CO2 (v/v). After 
normal culture for 24 h, H9c2 cells were cul-
tured in hypoxic incubator with 94% N2, 5% CO2, 
and 1% O2 for 24 h, and then in a normoxic incu-
bator with 5% CO2 and 95% O2 for another 24 h 
to establish the H/R cardiomyocyte model [29, 
30].

To explore the protective impact of Vit C on the 
H/R myocardial cell model, H9c2 cells were cul-
tured in a hypoxic incubator for 24 h, and then 
the media was replaced with complete media 
containing Vit C in normoxic incubator for 24 h. 
Small interfering RNA for Nrf2 (si Nrf2, positive-
sense strand: CUGAUCAGGCUCAGUCACU; anti-
sense strand: AGUGACUGAGCCUGAUCAG) and 
its control (si NC) were synthesized and con-
structed by Sangon Biotech Co., Ltd. (Shanghai, 
China). For 200 μM Vit C + si NC and 200 μM Vit 
C + si Nrf2 groups, si Nrf2 or si NC was trans-
fected into H9c2 cells for 24 h according to 
Lipofectamine 3000 (L3000001, Invitrogen, 
CA, USA) [31]. After transfection, cells were 
placed in a hypoxic incubator for 24 h, and final-
ly placed into a complete medium containing 
200 μM Vit C, and put in a normoxic incubator 
for another 24 h [32].

Cell counting Kit-8 (CCK-8) assay

H9c2 cells were inoculated into 96-well plates 
(2 × 104/well). Once the cells were observed to 
be completely adherent (about 12-16 h), the 
fresh medium containing Vit C (25, 50, 100, 
200, and 400 μM) was replaced and cultured 
for 24 h [33]. Subsequently, 10% CCK-8 reagent 
(E606335, Sangon Biotech Co., Ltd.) was intro-
duced, fully mixed, and incubated for 2 h. 
Microplate reader (SpectraMax iD3s, Molecular 
Devices, Shanghai, China) was used to mea-
sure OD450 values to evaluate cell viability.

Assessment of cardiac injury markers

Lactate dehydrogenase (LDH) assay kit (A020-
1-2), Caspase-3 activity assay kit (G015-1-3), 
and Cardiac troponin I (cTnI) assay kit (H149-2-
2) were all obtained from Jiancheng Biotech- 

nology Research Institute (Nanjing, China). 
Following the kit instructions, LDH release, 
Caspase-3 activity, and cTnI level in H9c2 cell 
culture supernatant and serum of rats in differ-
ent treatment groups were detected to evalu-
ate myocardial injury.

Assessment of oxidative stress markers

Superoxide dismutase (SOD) assay kit (S0101S), 
malondialdehyde (MDA) assay kit (S0131S) and 
catalase (CAT) assay kit (S0051) were pur-
chased from Beyotime. The heart tissues of 
rats in different treatment groups were washed 
with pre-cooled PBS and cut into pieces of 
about 1 mm3, and incubated with lysis buffer 
(P0013, Beyotime), and the supernatant was 
collected after homogenization. In addition, the 
H9c2 cells were fully lysed with the above lysis 
buffer, and the supernatant was collected. The 
levels of oxidative stress markers in heart tis-
sue and H9c2 cell lysate supernatant were 
measured using the above kits.

ELISA

The levels of inflammatory factors in H9c2 cell 
culture supernatant and rat serum were evalu-
ated by rat interleukin (IL)-1β ELISA kit 
(E-EL-R0012), IL-6 ELISA kit (E-EL-R0015), and 
tumor necrosis factor-α ELISA kit (TNF-α, 
E-EL-R2856). These ELIAS kits were obtained 
from Elabscience (Wuhan, China). Serum sam-
ples and cell culture supernatants were added 
to the corresponding wells of the ELISA plate, 
and the corresponding antibodies were added 
at 37°C for 90 min. After discarding the liquid 
from all wells, HRP-labeled Streptavidin was 
introduced and reacted for 20 min in a dark 
environment. The wells were repeatedly washed 
with washing solution, and the color developing 
agent A solution and B solution were added and 
incubated in dark for 15 min. Termination solu-
tion was added and gently blended, the OD450 
values were determined, and the specific con-
centration of inflammatory factors was calcu-
lated according to the kit instructions.

Calcein-AM/Hoechst staining

H9c2 cells were inoculated into 12-well plates, 
and when the cells had grown to a confluence 
of 60% to 70%, 1 mL Calcein-AM staining solu-
tion (5 μM, 40719ES50, Yeasen Biotechnology) 
was introduced and kept at 37°C in the dark for 
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20 min. Then Hoechst 32258 staining reagent 
(5 μg/mL, 40729ES76, Yeasen Biotechnology) 
was added and incubated for 5 min for nuclear 
staining [34]. After rinsing twice with PBS, the 
staining effect was visualized through a fluores-
cence microscope, with the proportion of 
Calcein-AM positive (surviving cells) was calcu-
lated by ImageJ software.

Flow cytometry

Following various interventions, H9c2 cells 
were gathered through centrifugation, and then 
resuspended in Binding Buffer (500 μL, AP107, 
Multi Sciences, Hangzhou, China). Subsequ- 
ently, Annexin-V-APC (5 μL) and propidium 
iodide staining solution (10 μL) were added to 
the cell suspension, gently blown and mixed, 
and incubated at 25°C in a dark environment 
for 5 min. The apoptosis rate was determined 
using flow cytometry (BD FACSCaliburTM, BD 
Biosciences, San Jose, CA, USA).

2’,7’-dichlorofluorescin (DCFH) staining

DCFH-DA working solution (10 μM, 50101ES01, 
Yeasen Biotechnology) was added to ensure 
full cover adherent H9c2 cells, followed by a 
30-min light-protected incubation at 37°C. 
Cells were rinsed thoroughly with PBS, the 
staining was visualized using a fluorescence 
microscope, and the fluorescence intensity was 
quantified with ImageJ software to evaluate the 
ROS level in the cells.

Immunofluorescence

The myocardial tissue paraffin sections were 
dewaxed and hydrated, and then placed into a 
citric acid buffer (pH 6.0) and subjected to 
microwave heating for 15 min for antigen 
retrieval. The tissue sections were immersed in 
0.3% Triton X-100 (T824275, Macklin) for 10 
min, followed by rinse with PBS. 5% bovine 
serum albumin (BSA, A801320, Macklin) was 
dropped onto the surface of the sections and 
blocked for 30 min. The sections were incubat-
ed at 4°C with the primary antibody 8-oxoG 
(1:100, sc-130914, Santa Cruz Biotechnology, 
Inc., TX, USA) overnight. Sections were rinsed 
thoroughly with PBS afterwards, and exposed 
to secondary antibody IgG (1:100, F-2765, 
Invitrogen) for 90 min in dark. The sections 
were covered with DAPI staining reagent for 10 
min, mounted with AntiFade mounting medium 

(E675011, Sangon Biotech Co., Ltd.), and then 
visualized by fluorescence microscope.

H9c2 cells were fixed with 4% paraformalde-
hyde for half an hour after different treatments, 
and then incubated with 0.3% Triton X-100 for 
10 min to increase cell membrane permeabili-
ty. After blocking with 5% BSA, cells were incu-
bated overnight with primary antibody 8-oxoG 
at 4°C. The subsequent operation is consistent 
with the fluorescent staining steps of myocar-
dial tissue sections.

Western blot

H9c2 cells in different treatment groups were 
treated with RIPA lysate (P0013B, Beyotime), 
and the protein supernatant was collected 
after centrifugation. At the same time, the rat 
heart tissue was cut into pieces of about 1 
mm3, and the supernatant was collected after 
the lysate was fully homogenized. The superna-
tant was mixed with SDS-PAGE loading buffer 
for gel electrophoresis. After protein separa-
tion, the target protein was moved onto PVDF 
membrane (Invitrogen) and then blocked using 
5% BSA for 2 h. The membrane was placed at 
4°C with primary antibody matrix metallopro-
teinase (MMP)-2 (1:500, AF5330, Affinity Bio- 
sciences, OH, USA), vascular endothelial growth 
factor (VEGFA, 1:1000, ab46154, Abcam, MA, 
USA), Nrf2 (1:500, AF7006, Affinity Bioscien- 
ces), HO-1 (1:500, AF5393, Affinity Biosciences), 
Bcl-2 (1:2000, AF0769, Affinity Biosciences), 
NQO1 (1:10000, ab80588, Abcam), Bax 
(1:500, AF0120, Affinity Biosciences), c-Cas-
pase-3 (1:500, ab32042, Abcam), or caspase-3 
(1:2000, ab184787, Abcam) overnight. After 
washing with TBST buffer for three times, the 
membranes were treated with the secondary 
antibody IgG (1:10000, 31460, Invitrogen) for 2 
h. The ECL luminescence reagent (C520045, 
Sangon Biotech Co., Ltd.) was uniformly cov-
ered on the membrane surface, and visualized 
by JP-2880 gel imaging system (Jinpeng An- 
alysis Instrument Co., Ltd., Shanghai, China). 
Using GAPDH (1:3000, T0004, Affinity Bio- 
sciences) as an internal reference, the gray val-
ues of the protein bands were quantitatively 
analyzed through ImageJ software. Additionally, 
Nuclear and Cytoplasmic Protein Extraction Kit 
(P0028, Beyotime) was used to separate the 
nucleus and cytoplasm of rat myocardial tissue 
and H9c2 cells, and Nrf2 protein expression in 
these two components was detected respec- 
tively.
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Statistical analysis

All experiments were independently repeated 
at least three times, and all data were expressed 
as mean ± standard deviation. Statistical anal-
yses were conducted using SPSS 26.0 soft-
ware (IBM SPSS Statistics 26). Normality and 
homogeneity of variance were verified by the 
Shapiro-Wilk test and Levene’s test, respective-
ly. All data met the assumptions of normal dis-
tribution and equal variance. Comparisons 
between two groups were performed using 
Student’s t-test, while comparisons among mul-
tiple groups were performed using one-way 
ANOVA followed by Bonferroni post-hoc test. 
P<0.05 was considered significant. The data 
graph was drawn using Prism software (Grap- 
hpad 9.0), and the Mechanistic diagram was 
drawn using BioRender (https://www.bioren-
der.com/).

Results

Vit C reduces cardiac dysfunction and myocar-
dial damage in CHD rats

A rat model of CHD was established to system-
atically evaluate the effects of Vit C on cardiac 
dysfunction and myocardial damage. The ejec-
tion fraction and fractional shortening of CHD 
rats were notably decreased, and the stroke 
volume, PWTs and LVDd were markedly in- 
creased, suggesting that CHD rats had severe 
cardiac dysfunction. Vit C intervention improved 
the above cardiac function indexes in a dose-
dependent manner and effectively reverse CHD- 
induced cardiac dysfunction (Figure 1A-E). H&E 
staining showed disordered arrangement of 
myocardial fibers accompanied by inflammato-
ry cell infiltration in CHD rats. However, Vit C 
treatment effectively alleviated inflammatory 
cell infiltration and normalized the structure 
and arrangement of myocardial fibers (Figure 
1F). Masson staining showed extensive degen-
eration and necrosis of myocardial fibers in 
CHD rats, accompanied by marked fibrosis; Vit 
C intervention attenuated myocardial fibrosis 
(Figure 1G). In addition, the serum levels of cTnI 
and LDH in CHD rats were significantly increa- 
sed, suggesting severe myocardial injury. Vit C 
intervention dose-dependently reduced serum 
cTnI and LDH levels and alleviated CHD-induced 
myocardial injury (Figure 1H, 1I). Western blot 
indicated a notable elevation in MMP-2 and 
VEGFA protein levels in CHD rats; Vit C interven-

tion effectively reduced their expression (Figure 
1J, 1K). Moreover, the serum levels of TNF-α, 
IL-1β, and IL-6 in CHD rats were markedly 
increased, whereas Vit C intervention reduced 
these inflammatory factor levels (Figure 1L). 
These results indicate that Vit C effectively 
improves cardiac dysfunction in CHD rats and 
reduces myocardial pathological damage, fibro-
sis, and inflammation.

Vit C inhibits oxidative stress and cell apopto-
sis in CHD rats

Next, we investigated the effects of Vit C inter-
vention on oxidative stress and apoptosis in 
myocardial tissue of CHD rats. DHE staining 
revealed that ROS level in myocardial tissue of 
CHD rats was markedly elevated, and Vit C 
intervention could reduce ROS level (Figure 2A, 
2B). Moreover, the content of MDA in myocar-
dial tissue of CHD rats increased significantly, 
and CAT and SOD activity decreased signifi-
cantly. Vit C intervention reduced MDA level, 
increased CAT and SOD activity, and effectively 
reduced CHD-induced myocardial oxidative 
stress injury (Figure 2C-E). Immunofluorescence 
showed that the level of oxidative damage 
marker 8-oxoG in CHD rats was notably increa- 
sed, and Vit C treatment markedly reduced the 
expression of 8-oxoG, further confirming the 
attenuation of myocardial oxidative damage 
(Figure 2F, 2G). The proportion of TUNEL posi-
tive cells in myocardial tissue of CHD rats was 
increased, while Vit C treatment significantly 
reduced the proportion of TUNEL-positive cells 
(Figure 2H, 2I). Caspase-3 activity in myocardi-
al tissue of CHD rats was markedly increased, 
and Vit C treatment effectively reduced Cas- 
pase-3 activity (Figure 2J). At the same time, 
Bax and c-Caspase-3/Caspase-3 levels in CHD 
rats were notably increased, while Bcl-2 expres-
sion was down-regulated. Vit C intervention 
reversed the expression trend of the above 
apoptosis-associated proteins (Figure 2K, 2L). 
These results together indicated that Vit C 
inhibits the oxidative stress and apoptosis of 
myocardial tissue in CHD rats, thereby exerting 
a cardioprotective effect.

Vit C inhibits oxidative stress and apoptosis by 
activating the Nrf2/HO-1/NQO1 axis in CHD 
rats

To clarify the specific molecular mechanism by 
which Vit C inhibits oxidative stress and apopto-
sis in myocardial tissue of CHD rats, we focused 
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Figure 1. Vit C can reduce cardiac dysfunction and myocardial injury in CHD rats. (A-E) The ejection fraction (A), stroke volume (B), fractional shortening (C), PWTs 
(D), and LVDd (E) in CHD rats were detected by echocardiography. (F) The extent of myocardial damage in rats following vitamin C intervention was assessed using 
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H&E staining (20×, 100 μm). (G) Masson staining detected the effect of vitamin C on myocardial fibrosis in CHD rats (20×, 100 μm). (H, I) The cTnI and LDH levels in 
the serum of rats with CHD following vitamin C intervention were measured using different assay kits. (J, K) Western blot detected MMP-2 and VEGFA protein levels 
in myocardial tissue from rats with CHD. (L) Serum TNF-α, IL-1β, and IL-6 levels in CHD rats were measured by ELISA kits. n=6, ***P<0.001 vs. control; ##P<0.01, 
###P<0.001 vs. CHD.
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Figure 2. Vitamin C suppress oxidative stress and apoptosis in the hearts of rats with CHD. A, B. ROS levels in myocardial tissue were detected by DHE staining (20×, 
100 μm). C-E. MDA levels were increased and CAT and SOD activities were decreased in CHD rats, which were reversed by Vit C intervention. F, G. The level of 8-oxoG 
in myocardial tissue was detected by immunofluorescence (20×, 100 μm). H, I. The proportion of TUNEL-positive cells in CHD rats (20×, 100 μm). J. Caspase-3 activ-
ity was increased in CHD rats, which was reduced by Vit C intervention. K, L. Bax, Bcl-2, and C-caspase-3/Caspase-3 in myocardial tissue of CHD rats were detected 
through western blot. n=6, **P<0.01, ***P<0.001 vs. control; ###P<0.001 vs. CHD.
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on the Nrf2/HO-1/NQO1 axis. The nuclear Nrf2 
level in myocardial tissue of CHD rats was sig-
nificantly decreased, while cytoplasmic Nrf2 
protein level was increased, and HO-1 and 
NQO1 protein were also significantly downregu-
lated. Vit C treatment promoted the transloca-
tion of Nrf2 into the nucleus, and simultane-
ously up-regulated HO-1 and NQO1, suggesting 
that Vit C stimulates the Nrf2/HO-1/NQO1 axis 
(Figure 3A-D). Next, we used Nrf2-specific 
inhibitor ML385 to verify the role of this path-
way in Vit C reducing myocardial injury in CHD 
rats. After ML385 intervention, the nuclear 
Nrf2 level in rat myocardial tissue decreased, 
and the level of Nrf2 in the cytoplasm increased, 
confirming that ML385 could successfully 
inhibit Nrf2 nuclear translocation (Figure 3E, 
3F). ML385 intervention attenuated the im- 
provement of Vit C on myocardial injury in CHD 
rats, leading to the recurrence of disordered 
fiber arrangement and aggravated pathologic 
damage in rat myocardial tissue (Figure 3G). 
After ML385 intervention, serum cTnI and LDH 
levels in CHD rats increased again (Figure 3H, 
3I), and TNF-α, IL-1β, and IL-6 levels also in- 
creased significantly (Figure 3J), suggesting 
that inhibition of Nrf2 activation aggravated 
myocardial tissue damage and the inflammato-
ry response. In addition, ML385 reversed the 
inhibitory effect of Vit C on ROS production in 
myocardium of CHD rats (Figure 3K, 3L), and 
weakened the regulatory effect of Vit C on oxi-
dative stress indicators, resulting in a further 
rise in MDA level and a decline in CAT and SOD 
activities in myocardium (Figure 3M-O). More- 
over, ML385 intervention led to a significant 
increase in Bax and c-Caspase-3/Caspase-3 
levels in the myocardial tissue of CHD rats, and 
Bcl-2 expression was notably down-regulated 
(Figure 3P, 3Q). Importantly, ML385 also 
blocked the activation effect of Vit C on the 
Nrf2/HO-1/NQO1 axis, causing a decline in 
nuclear Nrf2 levels and down-regulation of 
HO-1 and NQO1 expression in myocardial tis-
sue (Figure 3R-U). The above results indicate 
that Vit C inhibits oxidative stress and apopto-
sis by triggering the Nrf2/HO-1/NQO1 axis, 
thereby alleviating myocardial damage in CHD 
rats.

Vit C ameliorates H/R myocardial cell viability 
damage and apoptosis

At the cellular level, an H9c2 cardiomyocyte 
injury model induced by H/R was established to 

investigate the cardioprotective effect of Vit C. 
CCK-8 assay results showed that treatment 
with 0-400 μM Vit C for 24 h had no significant 
toxicity to H9c2 cells, and Vit C effectively 
improved cell viability at 50-400 μM (Figure 
4A). Subsequently, we selected 50-200 μM Vit 
C to investigate the protective effects of Vit C in 
H9c2 cardiomyocytes. H/R treatment caused a 
marked reduction in H9c2 cell viability, where-
as Vit C intervention increased H9c2 cell viabil-
ity (Figure 4B). In addition, LDH release and 
cTnI levels in the supernatant of H9c2 cardio-
myocytes were significantly increased after 
H/R treatment. Vit C treatment significantly 
reduced LDH release and cTnI levels, thereby 
alleviating myocardial cell injury (Figure 4C, 
4D). Calcein-AM/Hoechst staining showed that 
H/R treatment caused a notable decline in the 
survival rate of H9c2 cardiomyocytes, while Vit 
C treatment significantly increased cell viability 
(Figure 4E, 4F). Flow cytometry demonstrated 
that H/R treatment led to a significant rise in 
the apoptosis rate of H9c2 cells, while Vit C 
treatment reduced the apoptosis rate (Figure 
4G, 4H). Furthermore, Caspase-3 activity in 
H/R-treated H9c2 cells was increased, where-
as Vit C intervention significantly reduced 
Caspase-3 activity (Figure 4I). Moreover, H/R 
treatment also increased Bax and c-Cas-
pase-3/Caspase-3 levels in H9c2 cells, and 
down-regulated Bcl-2 expression. These chang-
es were effectively reversed by Vit C interven-
tion (Figure 4J, 4K). These findings suggest 
that Vit C alleviates H/R-induced H9c2 cell 
injury, effectively enhances cell viability, and 
inhibits apoptosis.

Vit C inhibits oxidative stress in H/R cardio-
myocytes

We further verified the suppressive effects of 
Vit C on H/R-induced oxidative stress in H9c2 
cells. The fluorescence intensity of ROS in H/R-
treated H9c2 cells increased significantly, while 
Vit C treatment reduced ROS production (Figure 
5A, 5B). MDA levels in H/R-treated cardiomyo-
cytes were increased, and SOD and CAT activi-
ties were significantly reduced. Vit C treatment 
reversed these changes, effectively reducing 
MDA content and increasing CAT and SOD 
activities (Figure 5C-E). In addition, H/R treat-
ment caused a rise in the fluorescence intensi-
ty of 8-oxoG in H9c2 cells; Vit C intervention 
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Figure 3. Vit C inhibits oxidative stress and apoptosis by activating the Nrf2/HO-1/NQO1 axis to improve myocardial injury in CHD rats. A-D. Western blot detected 
Nrf2 levels of in the nucleus and cytoplasm of myocardial tissue, and HO-1 and NQO1 levels. E, F. Western blot detected Nrf2 expression in the nucleus and cyto-
plasm of myocardial tissue after treatment with Nrf2 inhibitor ML385. G. Myocardial pathologic damage in CHD rats following ML385 intervention was viewed using 
H&E staining (20×, 100 μm). H, I. The serum cTnI and LDH levels in rat following ML385 intervention were determined using different assay kits. J. The serum TNF-α, 
IL-1β, and IL-6 levels were measured through ELISA kits. K, L. DHE staining revealed that ML385 reduced the inhibitory effect of vitamin C on ROS production in the 
myocardium of rats with CHD (20×, 100 μm). M-O. ML385 attenuated the beneficial effects of vitamin C, leading to a renewed increase in MDA levels and a decline 
in CAT and SOD activity in the myocardial tissue of rats with CHD. P, Q. Western blot determined Bax, Bcl-2, and c-Caspase-3/Caspase-3 levels in myocardial tissue 
from rats with CHD. R-U. Western blot detected Nrf2 levels in the nucleus and cytoplasm of myocardial tissue, and HO-1 and NQO1 levels. n=6, ***P<0.001 vs. 
control; ##P<0.01, ###P<0.001 vs. CHD; &&&P<0.001 vs. 200 mg/kg Vit C.
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Figure 4. Vit C ameliorates H/R myocardial cell viability damage and apoptosis. A. The CCK-8 assay assessed the 
effect of 0, 25, 50, 100, 200, and 400 μM vitamin C treatments on H9c2 cell viability after 24 hours. B. CCK-8 as-
say showed that H/R reduced the viability of H9c2 cells, while Vit C (50-200 μM) treatment raised cell viability. C, D. 
LDH release and cTnI level in the supernatant of H/R cardiomyocytes treated with Vit C were detected by different 
kits. E, F. Calcein-AM/Hoechst staining showed a decreased viability of H/R cardiomyocytes, which was improved by 
Vit C treatment (20×, 100 μm). G, H. Flow cytometry assessed the apoptosis rate of H/R cardiomyocytes after Vit C 
treatment. I. Caspase-3 activity in H/R cardiomyocytes after Vit C treatment was assessed using Caspase-3 activ-
ity assay kit. J, K. Bax, Bcl-2, and C-caspase-3/Caspase-3 levels in H9c2 cells were detected by western blot. n=6, 
**P<0.01, ***P<0.001 vs. control; #P<0.05, ###P<0.001 vs. H/R.

significantly reduced the level of 8-oxoG, sug-
gesting that it reduced H/R-induced oxidative 
damage in cardiomyocytes (Figure 5F, 5G). The 
above results indicate that Vit C effectively 
removes excessive ROS in H9c2 cells and 
increases the activity of antioxidant enzymes, 
thereby inhibiting H/R-induced oxidative stress.

Vit C attenuates H/R cardiomyocyte injury 
through activating the Nrf2/HO-1/NQO1 axis

Finally, we explored whether Vit C alleviated 
H/R-induced H9c2 cardiomyocyte injury thr- 
ough the Nrf2/HO-1/NQO1 axis. H/R treatment 
markedly suppressed Nrf2 nuclear transloca-
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Figure 5. Vit C inhibits oxidative stress in H/R cardiomyocytes. A, B. ROS levels in H/R cardiomyocytes after Vit C 
treatment were measured by DCFH staining (20×, 100 μm). C-E. MDA levels increased and CAT and SOD activities 
decreased in H/R cardiomyocytes, which were reversed by Vit C treatment. F, G. Immunofluorescence was used to 
assess the effect of Vit C on 8-oxoG expression, an oxidative damage marker, in H/R cardiomyocytes (40×, 50 μm). 
n=6, ***P<0.001 vs. Control; ###P<0.001 vs. H/R.

tion in H9c2 cells, and down-regulated HO-1 
and NQO1 expression, while Vit C intervention 
effectively reversed this suppression, suggest-
ing that Vit C activated the Nrf2/HO-1/NQO1 
axis in H9c2 cells (Figure 6A-D). After transfec-
tion of si-Nrf2 in H9c2 cells, Nrf2, HO-1, and 
NQO1 protein levels were markedly decreased, 
indicating that Nrf2 was successfully knocked 
down and could be used for subsequent experi-
ments (Figure 6E, 6F). Transfection of si-Nrf2 
caused a marked decrease in cell viability 
(Figure 6G), and a significant increase in LDH 
release and cTnI levels (Figure 6H, 6I). In addi-
tion, knockdown of Nrf2 increased Bax and 
c-Caspase-3/Caspase-3 levels, and down-regu-
lated Bcl-2 expression, indicating that knock-
down of Nrf2 attenuated the regulatory effect 
of Vit C on apoptosis-related proteins (Figure 
6J, 6K). Transfection of si-Nrf2 weakened the 
suppressive effect of Vit C on oxidative stress 
in H9c2 cells, leading to increased ROS and 
MDA levels and reduced CAT and SOD activities 

(Figure 6L-P). Furthermore, transfection of si-
Nrf2 also diminished the activating effects of 
Vit C on the Nrf2/HO-1/NQO1 axis, as eviden- 
ced by decreased nuclear Nrf2 levels, increased 
cytoplasmic Nrf2 levels, and reduced HO-1 and 
NQO1 expression (Figure 6Q-T). These results 
suggest that Vit C inhibits apoptosis and oxida-
tive stress by activating the Nrf2/HO-1/NQO1 
axis, thereby reducing H/R-induced myocardial 
cell injury.

Discussion

Coronary heart disease (CHD) has extremely 
high mortality and disability worldwide [35, 36]. 
The existing treatment strategies cannot meet 
all the needs of myocardial protection, and it is 
urgent to find safe and efficient new interven-
tion drugs. As a natural water-soluble antioxi-
dant, Vit C has demonstrated protective effects 
in various cardiovascular disease models [14, 
37]. However, the cardioprotective role and 
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Figure 6. Vit C alleviates H/R cardiomyocyte injury through activating the Nrf2/HO-1/NQO1 axis. A-D. Western blot detected Nrf2 levels in the nucleus and cytoplasm 
of H/R cardiomyocytes after Vit C treatment, and HO-1 and NQO1 protein levels. E, F. After transfection with siNC or siNrf2, Nrf2, HO-1, and NQO1 levels in H/R car-
diomyocytes were determined through western blot. G. CCK-8 assay detected the viability of H9c2 cells. H, I. LDH release and cTnI level in H9c2 cells were detected 
by kits. J, K. Bax, Bcl-2, and C-caspase-3/Caspase-3 levels in H9c2 cells were determined through western blot. L, M. Knockdown of Nrf2 weakened the suppres-
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specific molecular mechanism of Vit C in CHD 
myocardial damage had not been systemati-
cally clarified. In the present work, we estab-
lished a high-fat diet-induced CHD rat model 
and a H/R-induced H9c2 cell injury model with 
reference to the previous CHD model construc-
tion methods [26, 29, 30], to systematically 
explore the cardioprotective role of Vit C on 
CHD myocardial injury. The 50-200 mg/kg dose 
of Vit C used in this study was selected based 
on published studies and pilot experiments. By 
FDA-recommended body surface area conver-
sion (rat Km=6, human Km=37), this corre-
sponds to a 60-kg adult equivalent of 486-
1944 mg/d, which aligns with clinical antioxi- 
dant intervention doses (500-2000 mg/d) and 
remains below the 2000 mg/d tolerable upper 
intake level [38], supporting its clinical rele-
vance. Moreover, rats synthesize Vit C endoge-
nously, exhibit higher metabolic clearance, and 
at high doses absorb it mainly through passive 
diffusion, whereas humans lack the key syn-

ischemia and hypoxia, which drives cardiac 
dysfunction, myocardial structural damage, 
and cell death [42, 43]. Accumulation of ROS in 
ischemic myocardium causes mitochondrial 
dysfunction, calcium homeostasis imbalance, 
and the release of inflammatory factors, which 
ultimately lead to cardiac dysfunction, myocar-
dial fibrosis, and apoptosis [44]. Although cur-
rent research indicates that natural antioxi-
dants have potential in improving cardiac 
function and reducing myocardial injury in CHD, 
their clinical translation still faces challenges 
[45, 46]. This study found that Vit C interven-
tion improves myocardial systolic and diastolic 
function in CHD rats, inhibits inflammatory infil-
tration and collagen deposition in myocardial 
tissue, and effectively inhibits the accumula-
tion of ROS and the expression of DNA oxida-
tive damage marker 8-oxoG. In line with the 
findings reported by Fang et al., Vit C reduces 
ROS production, thereby promoting the repro-
gramming of human fibroblasts into cardiomyo-

sive effect of Vit C on intracellular ROS production in H/R cardiomyocytes as measured by DCFH staining (20×, 100 
μm). N-P. MDA level, CAT, and SOD activities in H9c2 cells after transfection with si Nrf2 were detected using kits. 
Q-T. Western blot detected Nrf2 levels in the nucleus and cytoplasm of H/R-treated cardiomyocytes, and HO-1 and 
NQO1 protein levels. n=6, ***P<0.001 vs. control; ##P<0.01, ###P<0.001 vs. H/R; &&P<0.01, &&&P<0.001 vs. 
200 μM Vit C + si NC.

Figure 7. Mechanistic diagram. By promoting Nrf2 nuclear translocation 
and up-regulating HO-1 and NQO1, Vitamin C inhibits oxidative stress and 
cardiomyocyte apoptosis, and ultimately improves cardiac function and re-
duces myocardial pathologic damage in coronary heart disease (CHD) rats.

thase gene and depend on 
saturable active transport [39-
41]. These interspecies phar-
macokinetic differences ratio-
nalize the higher exogenous 
doses required in rats. Our 
findings demonstrate that Vit C 
could enhance the cardiac 
function of CHD rats, reduce 
myocardial pathologic damage 
and fibrosis, and lower the lev-
els of myocardial injury mark-
ers. Additionally, it alleviated 
H/R-induced reductions in 
myocardial cell viability, oxida-
tive stress imbalance, and 
apoptosis. Mechanistic stud-
ies have shown that Vit C 
exerts cardioprotective effects 
by promoting Nrf2 nuclear 
translocation and up-regulat-
ing HO-1 and NQO1 expres- 
sion (Figure 7).

The core pathologic feature of 
CHD is that coronary athero-
sclerosis leads to myocardial 
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cytes and offering a strategy for treating myo-
cardial infarction (severe clinical phenotype of 
CHD) [47]. Additionally, Vit C reduced the 
expression of MMP-2 and VEGFA in myocardial 
tissue, suggesting that it inhibits extracellular 
matrix degradation and improves angiogenesis 
in CHD.

Cardiomyocyte apoptosis is a significant patho-
logic manifestation of myocardial ischemia and 
hypoxia damage in CHD, and it is also a key fac-
tor leading to irreversible damage to myocardial 
function and promoting disease progression 
[48]. In the pathologic state of CHD, excessive 
ROS accumulation can activate the apoptotic 
signaling pathway, leading to increased cardio-
myocyte apoptosis rate, which further aggra-
vates myocardial structural injury and cardiac 
dysfunction [49, 50]. Abnormal changes in 
myocardial injury markers and apoptosis-relat-
ed indicators can directly reflect the degree of 
myocardial injury. cTnI is a unique structural 
protein of cardiomyocytes, and its elevated 
level is an important marker of cardiomyocyte 
injury or death [51]. LDH is present mainly in 
the cytoplasm. When the myocardial cell mem-
brane is damaged, a large amount of LDH is 
released to the outside of the cell, thus directly 
reflecting the degree of myocardial cell injury 
[52, 53]. Previous studies have confirmed that 
Vit C can alleviate the damage of various tis-
sues or organs by inhibiting oxidative stress 
and regulating the process of apoptosis [54, 
55]. However, in CHD and H/R cardiomyocyte 
models, its regulatory effect on apoptosis-relat-
ed indicators remained to be fully elucidated. 
Our findings demonstrated that Vit C interven-
tion reduced serum cTnI and LDH levels in CHD 
rats, lowered the proportion of apoptotic cells 
in myocardial tissue, and reduced Caspase-3 
activity. In vitro, Vit C also effectively reduced 
cTnI and LDH levels in H9c2 cell culture medi-
um after H/R, and reversed the aberrant ex- 
pression of apoptosis-related proteins. Zhang 
et al. found that in the model of lipopolysaccha-
ride-induced cardiomyocyte injury, Vit C inhibits 
the production of ROS in cardiomyocytes, 
reduces the level of LDH, and thus alleviates 
cardiomyocyte pyroptosis [56]. These findings 
show that Vit C may exert myocardial protective 
effects by inhibiting more than one type of cell 
death.

The Nrf2/HO-1/NQO1 signaling axis, as a core 
pathway of the body’s antioxidant defense, is 

essential for maintaining redox homeostasis by 
scavenging ROS, inhibiting lipid peroxidation 
and apoptosis [57, 58]. Recent studies have 
shown that Nrf2 pathway activation improves 
myocardial ischemia-reperfusion injury and 
reduces myocardial fibrosis [59, 60]. This study 
found that the nuclear translocation of Nrf2 in 
myocardial tissue of CHD rats was blocked, and 
HO-1 and NQO1 expression was down-regulat-
ed, while Vit C intervention reversed these 
changes. Further mechanistic studies revealed 
that Vit C stimulated Nrf2 nuclear translocation 
and up-regulated the expression of HO-1 and 
NQO1, thereby scavenging ROS and inhibiting 
myocardial oxidative stress injury. In the model 
of sodium fluoride-induced cardiotoxicity, Labib 
et al. also found that Vit C pretreatment acti-
vates the Nrf2 pathway, thereby enhancing cell 
antioxidant capacity and reducing myocardial 
tissue damage [61]. In this study, the interven-
tion of Nrf2-specific inhibitor ML385 attenuat-
ed the protective effects of Vit C on cardiac 
function in CHD rats, and aggravated myocar-
dial oxidative stress injury. After transfection of 
si-Nrf2 in H9c2 cells, the protective effects of 
Vit C on H/R myocardial cell injury was signifi-
cantly reduced, suggesting that the Nrf2/HO-1/
NQO1 signal axis is the core target of Vit C to 
exert myocardial protection.

Conclusion

Vit C activates the Nrf2/HO-1/NQO1 pathway, 
thereby inhibiting oxidative stress and apopto-
sis, reducing myocardial pathologic damage in 
CHD rats and alleviating H/R-induced H9c2 
cardiomyocyte injury. This study reveals the 
molecular mechanism of Vit C improving myo-
cardial injury in CHD, and offers a novel theo-
retical foundation and potential target for the 
prevention and treatment of CHD. It should be 
noted that this study verified the protective 
effect of Vit C only in a CHD rat model and in 
H9c2 cardiomyocytes, and it was not validated 
using clinical patient samples. Therefore, the 
applicability of these findings to clinical transla-
tion remains to be validated.
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