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Abstract

Background: Ventricular arrhythmias (VAs) frequently arise as complications in chronic ischemic heart failure (CIHF).
Objectives: We evaluated the effectiveness of resveratrol (RES) in a CIHF-induced rat model of VAs and explored the
underlying mechanisms.

Materials and Methods: Animals received the left anterior descending coronary artery ligation to simulate CIHF and were
subsequently treated daily with RES for 2 months. The subjects were categorized into five groups: normal control, VAs model,
VAs model receiving simvastatin, and VAs models treated with RES at doses of 10 and 50 mg/kg. Key lipid factors, including high-
density lipoprotein cholesterol (HDL-C), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and triglycerides
(TG), were evaluated using a biochemical analyzer. Serum concentrations of inflammatory markers like interleukin- 1 (IL-18),
interleukin-8 (IL-8), 6-keto-PGFla, TXB2, endothelin (ET), and nitric oxide (NO) were quantified through radioimmunoassay
(RIA). Real-time polymerase chain reaction (PCR) analyzed the VCAM-I, ICAM-1, and caspase-3 expression in the left anterior
descending coronary artery, and Kv4.2, Cavl.2, and nerve growth factor (NGF) in the left ventricle.

Results: RES treatment led to significant improvements (p < .05) in lipid profiles, characterized by decreased concentra-
tions of LDL-C, TG, and TC, alongside an elevation in HDL-C. Additionally, RES significantly (p < .05) lowered inflammatory
cytokines and the ICAM-1 and VCAM-I| expression, while enhancing the Cavl.2, Kv4.2, and NGF expression (p < .05).
Furthermore, RES significantly (p < .05) elevated 6-keto-PGFla concentrations and increased ET and TXB2 levels.
Conclusion: RES emerges as an appropriate candidate for treating VAs.
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Introduction

In recent years, advancements in reperfusion treatment and
improved treatments for acute arrhythmias after infarction
have led to enhanced survival rates among patients experi-
encing acute myocardial infarction (MI) (Liu et al., 2024;
Salari et al., 2023). Despite this progress, there is a notable
increase in the incidence of ventricular arrhythmias (VAs)
and subsequent sudden cardiac death (SCD) due to chronic
ischemic heart failure (CIHF) linked to MI (Guo et al., 2021).
Both clinical and animal research indicate an increase in the
likelihood of developing CIHF by MI, which is primarily
responsible for SCD (Theodorakis et al., 2025; Xiang et al.,
2023). However, developing targeted therapies to reduce
arrhythmia vulnerability in CIHF patients is still a significant
issue. In contrast to the arrhythmias observed in the acute

phase following MI, which primarily arise from disruptions
in electrical uncoupling and resting membrane potential, the
mechanisms underlying arrhythmias in CIHF are not well
understood (Czyz et al., 2022). One potential therapeutic
approach involves inhibiting neural remodeling. When heart
failure presents with systolic dysfunction, there is an adaptive
activation of the sympathetic nervous system aimed at
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preserving normal cardiac output (Mavrogeni et al., 2022).
However, if the reaction becomes excessive, the VA risk esca-
lates. The left stellate ganglion stimulation possesses a pro-
arrhythmic property (Liu et al., 2021). In animal studies,
cardiac sympathetic denervation has been found to reduce the
occurrence of VAs and ventricular tachyarrhythmias (VTs)
associated with CIHF. Conversely, vagus nerve chronic elec-
trical stimulation has been shown to increase the threshold for
ventricular fibrillation in ambulatory dogs (Aguilar et al.,
2025; Xiang et al., 2023).

CIHF is closely associated with alterations in lipid pro-
files, particularly triglyceride (TG), high-density lipoprotein
cholesterol (HDL-C), total cholesterol (TC), and low-density
lipoprotein cholesterol (LDL-C). Increased LDL-C concen-
trations are associated with the progression of atherosclero-
sis, causing coronary artery disease and subsequent cardiac
failure, while HDL-C is recognized for its protective effects
against cardiovascular diseases through reverse cholesterol
transport (Wittenbecher et al., 2021). Dyslipidemia, charac-
terized by high TC and TG levels, exacerbates inflammation
and oxidative stress, promoting the development of VAs. The
inflammatory milieu in CIHF is marked by elevated concen-
trations of cytokines, like interleukin-8 (IL-8) and IL-1p,
which promote myocardial inflammation, fibrosis, and apop-
tosis. Pathways involving 6-keto-PGF1a, thromboxane B2
(TXB2), endothelin (ET), and nitric oxide (NO) play crucial
roles in vascular function and cardiac remodeling, with
increased TXB2 indicating heightened thromboxane synthe-
sis that can lead to vasoconstriction and platelet aggregation,
complicating heart failure (Zhao et al., 2021). Conversely,
NO acts as a vasodilator, though its bioavailability may be
compromised in heart failure, impairing endothelial func-
tion. In CIHF, the expression of adhesion molecules, vascu-
lar cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1), is upregulated, facilitating
leukocyte infiltration into the myocardium and exacerbating
inflammation and myocardial damage (Singh et al., 2023).
Additionally, caspase-3, a key mediator of apoptosis, is acti-
vated in response to cellular stress and inflammation, high-
lighting the interplay between these adhesion molecules and
apoptotic pathways as critical in reducing the incidence of
VAs (Lan et al., 2021). Furthermore, ion channels like Kv4.2
and Cavl.2 in the left ventricle are significant for cardiac
action potential generation and conduction; alterations in
their expression or function can lead to electrical instability
and increased arrhythmia susceptibility (Wu et al., 2023).
Nerve growth factor (NGF) has also been implicated in car-
diac remodeling and arrhythmogenesis, enhancing sympa-
thetic nervous system activity and contributing to the
pro-arrhythmic state observed in heart failure. Understanding
such molecular mechanisms can be used to develop targeted
therapies aimed at restoring normal cardiac function and pre-
venting arrhythmias in patients with CIHF (Dokshokova
etal., 2022).

Resveratrol (RES) is a polyphenolic compound with signifi-
cant pharmacological properties, demonstrating potential in
modern medicine for its cardioprotective and neuroprotective
effects. It has been shown to mitigate atherosclerosis by lower-
ing LDL cholesterol, enhancing endothelial function, and
exerting anti-inflammatory effects that protect against vascular
damage (Raj et al., 2021). In cardiac tissues, RES can resist
calcium overloading, inhibit myocyte apoptosis, alleviate the
MI area, and reduce susceptibility against atrial fibrillation,
making it a promising agent in ischemia/reperfusion (I/R) sce-
narios (Hosoda et al., 2023). Conversely, RES has been recog-
nized for its ability to improve neuronal degeneration in
Alzheimer’s disease and reduce infarct size in cerebral I/R,
highlighting its therapeutic potential in neuroprotection.
Together, these compounds represent a multifaceted approach
to addressing cardiovascular and neurodegenerative diseases,
warranting further investigation into their mechanisms and
clinical applications (Fan et al., 2022).

We investigated the impact of RES on VAs in CIHF rats
and delved into the underlying mechanisms involved. This
was accomplished through a comprehensive approach that
integrated biochemical and molecular analyses to clarify how
RES both prevents and treats VAs in this animal model.

Materials and Methods

VAs Induction and Animal Grouping

Fifty male Wistar rats (3 months old, 185 + 15 g) were obtained
from Xi’an Gaoling Hospital and kept in propylene cages
under controlled environmental conditions. The temperature
was set at 22°C + 2°C, with a relative humidity of 36% = 3%,
and a dark/light cycle of 12 h each. The left anterior descend-
ing coronary artery was ligated to induce CIHF, and the rats
were daily treated with RES for 2 months. Animals were ran-
domly allocated to five groups of 10 animals: a normal control
group (given 100 pL of isovolumic saline orally), a VAs model
group, a VAs model group treated with simvastatin (20 mg/kg
orally), and a VA model groups treated with RES at 10 and
50 mg/kg orally (Crowell et al., 2004; Kapetanovic et al.,
2011; Liu et al., 2005). The research was approved by the
Animal Experimental Administration of Xi’an Gaoling
Hospital and was conducted based on the Guide for the Use
and Care of Laboratory Animals. The VAs model was estab-
lished using a well-documented rat model following MI.
Following anesthetization using nalbuphine HCI (2 mg/kg)
and pentobarbital sodium (3%, 0.3 mL/kg), animals under-
went ventilation with room air using a respirator (KW-100-2,
Karwin Biotechnology Company, China). The VAs groups
underwent thoracotomy followed by left anterior descending
coronary artery ligation, causing transmural MI. For 1 week,
all rats received intramuscular penicillin injections (200,000
IU) two times a day. After the MI induction, follow-up was
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performed following 2 months of standard feeding. Animals
were excluded from the analysis if they exhibited any of the
following conditions: (a) mortality occurring post-ligation,
which indicated a failure in the surgical procedure or an inabil-
ity to survive the induced MI; (b) failure to develop arrhyth-
mias, as confirmed by continuous monitoring during the
follow-up period; and (c) any significant complications aris-
ing from the surgical procedure that could affect the outcomes.
After the study, following a 12-h fast, the rats were anesthe-
tized using xylazine (100 mg/kg) and ketamine (15 mg/kg),
and blood specimens were obtained via cardiac puncture for
plasma and serum analysis (Lankin et al., 2022).

Analysis of Serum Lipid Profile

An automatic biochemistry analyzer (GFD-800; Gaomi
Caihong Analyzer Co., China) assessed serum TG, LDL-C,
HDL-C, and TC levels, following the guidelines provided by
the manufacturer (Qian et al., 2024).

Serum Inflammatory Cytokines

Serum IL-8 and IL-1p levels were measured via radioimmu-
noassay (RIA) utilizing commercially available kits as
instructed. Likewise, the concentrations of C-reactive protein
(CRP) and TNF-a were evaluated through enzyme-linked
immunosorbent assay (ELISA) using commercially supplied
kits, following the established guidelines (Song et al., 2022).

Lipid Peroxidation (LPO) and Antioxidative
Enzyme Activities

LPO in both liver and serum tissues was analyzed using quan-
tifying thiobarbituric acid-reactive substances (TBARS),
with malondialdehyde (MDA) serving as the standard, based
on the protocol by Naseri et al. (2019). Additionally, the cata-
lase (CAT), glutathione peroxidase (GSH-Px), and superox-
ide dismutase (SOD) activity in liver and serum samples were
assessed using, respectively, the chemical colorimetric, xan-
thine oxidase, and ammonium molybdate methods (Mufioz-
Prieto et al., 2025).

NO, 6-keto-PGF |, ET, and TXB2 Serum Levels

The serum NO level was quantified by a commercially avail-
able kit as instructed. Similarly, plasma 6-keto-prostaglandin
Fla (6-keto-PGF1a), ET, and TXB2 levels were assessed by
RIA using commercially supplied kits (Chen et al., 2022).

Real-time Polymerase Chain Reaction (PCR)

Total RNA isolation was done from 60 mg of tissue from the
left anterior descending coronary artery and the left ventricle

by adding TRIzol reagent (1 mL; Catalog No. 12183555;
Invitrogen Inc., Germany), followed by a 2-min incubation at
room temperature (25°C). For cDNA synthesis, 1,000 ng of
total RNA from each tissue sample was combined with Takara
Bio Mastermix (10 pL), random and oligo primers (1 pL),
and deionized water (8 pL). The mixture was then subjected
to reverse transcription using a thermal cycler (Thermo Fisher
Scientific Inc., Germany) as follows: 10 min at 25°C, 45 min
at 60°C, and 5 min at 60°C. For real-time PCR, 1,000 ng of
cDNA was amplified with 1 pL each of reverse and forward
primers targeting ICAM-1, VCAM-1, caspase-3, Cavl.2,
Kv4.2, and NGF, combined with 8 plL of Takara Bio
Mastermix. Reactions were performed on an Applied
Biosystems QuantStudio 1 thermocycler (Chicago, USA)
with 42 cycles at 60°C for 1 min each, and then melting curve
analysis from 60°C to 95°C at 1°C/s. The ICAM-1, VCAM-1,
and caspase-3 expression levels were quantified by the 2724t
method: AACt = [(Ct sample — Ct B-actin) — (Ct control — Ct
B-actin)], and the fold change was calculated as 272ACt
Primer3 software designed the primers (http://primer3.wi.mit.
edu), and they were validated via NCBI Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Table 1
lists the primer sequences (Li et al., 2021). B-actin was the
internal reference gene.

Kv4.2, Cavl.2, and NGF Protein Expression with
Western Blotting

Western blot analysis evaluated the Kv4.2, Cav1l.2, and NGF
expression levels. Tissue samples from the left ventricle were
homogenized, with 100 mg of tissue combined with RIPA
buffer (100 puL) and PBS (50 pL). After centrifugation, load-
ing buffer (20 uL) was applied to a PVDF membrane, which
then underwent incubation with primary antibodies against
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(1:10,000; Abcam), Kv4.2 (1:1,000; Abcam), Cavl.2
(1:1,000; Abcam), and NGF (1:200; Abcam). Proteins were
separated on a 10% SDS-PAGE gel. After being incubated for
over 12 h at 4°C, the membrane was treated using an HRP-
conjugated secondary antibody (1:1,000; Abcam) at 37°C for
40 min. An ECL reagent with the Image-Quant ECL Imager
(GE Healthcare) visualized protein bands, then they were
analyzed with Bio-Rad software and further processed using
ImagelJ (Bei et al., 2023).

Statistical Analysis

Data analyses were performed by Statistical Package for the
Social Sciences (SPSS) 16, employing one-way ANOVA fol-
lowed by Duncan’s post hoc test, with a significance level set
at p < .05. The data normality was assessed with the
Kolmogorov—Smirnov test, where a p value >.05 suggested
the normal data. Values are mean + standard deviation (SD).
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Table I. Primer Sequences.

Gene Sequences (5'-3’)
B-actin Forward: AGGCATCCTCACCCTGAAGTA
Reverse: CACACGCAGCTCATTGTAGA
Cavl.2 Forward: GCTGGAGCTGATGCTGATG
Reverse: CTGGTGTTTCCGTCTCCTG
ICAM-| Forward: TGGAGAGCAAGAGGACACG
Reverse: TCCATGAGGAGGAACATCG
Kv4.2 Forward: ATGGCTGAGCTGGAAGC
Reverse: CTGAGGTGAGGTGAGGTG
VCAM-I Forward: GCCAGGAGTATGAGGAAAGG
Reverse: TTGGGGTGTTGGTGGTGAG
NGF Forward: GCTGCTGCTGCTGCTGTT
Reverse: GGTGGTGGTGGTGGTGTT
Caspase-3 Forward: GAGCAAGGAGGAAGTGGA
Reverse: CAGTCCAGCAGGAGGAAAG
Results and CAT, alongside elevated MDA levels versus the normal

Serum Levels of Serum Lipids

The results indicated that the VAs group demonstrated sig-
nificantly high TG, TC, and LDL-C levels versus the controls
(p < .05). Simvastatin resulted in a significant reduction in
TC, LDL-C, and TG versus the VAs group (p < .05).
Furthermore, both 10 and 50 mg/kg doses of RES demon-
strated a significant decrease in LDL-C and TC levels in com-
parison to the VAs group. However, TG concentrations
remained unchanged with the 10 mg/kg RES treatment and
were significantly reduced with the 50 mg/kg RES treatment.
The HDL-C levels were comparable between the controls and
the VAs + simvastatin group, but significantly lower in the
VAs group (p < .05). Overall, RES demonstrated a beneficial
effect on serum lipid profiles, particularly in reducing TC and
LDL-C levels in rats subjected to VAs (Table 2).

Serum Inflammatory Cytokine Levels

The analysis of serum inflammatory cytokines revealed signifi-
cant differences among the study groups. The VAs group dis-
played elevated CRP, IL-8, TNF-a, and IL-1P concentrations in
comparison to the normal group (p < .05). Simvastatin caused
no significant reduction in these markers (p > .05). In contrast,
10 mg/kg RES caused a significant decrease in IL-8 and CRP
concentrations in comparison to the VAs group (p < .05).
Furthermore, the 50 mg/kg RES group exhibited even more pro-
nounced reductions in CRP, IL-8, TNF-a, and IL-1p, all signifi-
cantly lower in comparison to the VAs group (p <.05) (Table 3).

Antioxidative Enzyme Activities and Serum LPO
Levels

There was a significant difference across the groups. The VAs
group exhibited markedly reduced levels of GSH-Px, T-SOD,

group (p < .05). Simvastatin did not significantly alter these
parameters. However, administration of 10 mg/kg RES caused
significant improvements in GSH-Px, T-SOD, and CAT con-
centrations, while also decreasing MDA in comparison to the
VAs group (p <.05). Notably, the 50 mg/kg RES group demon-
strated even greater enhancements in GSH-Px, T-SOD, and
CAT activities, alongside a further reduction in MDA levels, all
notably different from the VAs group (p < .05) (Table 4).

Serum 6-keto-PGFl o, ET, NO, and TXB2
Concentrations

The analysis of serum NO, ET, TXB2, and 6-keto-PGFla
concentrations revealed significant differences among the
study groups. The VAs group indicated significantly elevated
concentrations of TXB2, NO, and ET, while 6-keto-PGFla
levels were notably reduced in comparison to the controls (p
< .05). Simvastatin caused a significant reduction in TXB2
and ET levels, but NO levels remained elevated, and 6-keto-
PGFla levels were still significantly lower than normal. In
contrast, administration of 10 mg/kg RES led to significant
reductions in TXB2, NO, and ET levels, along with an
increase in 6-keto-PGF 1o versus the VAs group (p <.05). The
50 mg/kg RES group exhibited the most pronounced effects,
with further decreases in TXB2, NO, and ET levels, and a
significant increase in 6-keto-PGFla, all versus the VAs
group (p <.05) (Table 5).

VCAM-1, ICAM-1, and Caspase-3 Gene
Expression
The assessment of gene expression levels for ICAM-I,

VCAM-1, and caspase-3 in the left anterior descending coro-
nary artery revealed significant variations among the study
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Table 2. Effect of RES on Serum Lipids (mmol/L).

Group TC TG HDL-C LDL-C
Normal 121 £ 04 0.23 £ 0.09 0.81 +0.09 0.14 £ 0.01
VAs 343 £ 0.6% 1.06 £ 0.11# 0.43 + 0.03# 0.39 + 0.06*
VAs + simvastatin 1.67 £ 0.2 0.52 £ 0.03" 0.83 + 0.06" 0.29 £ 0.05*
VAs + 10 RES 1.94 £ 0.2 0.64 + 0.06 0.71 £ 0.04 0.24 £ 0.02"
VAs + 50 RES 1.81 +0.4° 0.52 £ 0.03" 0.61 +0.05" 0.18 £ 0.01"

Notes: Values are mean + SD, obtained from 10 rats. #p < .05, versus the normal group. “p < .05, versus the VAs group. HDL-C: High-density
lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; RES: Resveratrol; SD: Standard deviation; TC: Total cholesterol; TG: Triglycerides;
VAs: Ventricular arrhythmias.

Table 3. Effect of RES on Serum Inflammatory Cytokines.

Group CRP (ng/L) TNF-a (ng/L) IL-8 (ng/mL) IL-1B (ng/mL)
Normal 321 £06 184+ 1.3 .61 £0.2 0.31 £0.06
VAs 7.1 £0.8#% 352 £2.4# 3.03£0.3# 141 £0.16#
VAs + simvastatin 851 £06 29.6 £ 3.1 3.64+06 1.19 0.1
VAs + 10 RES 6.11 £0.8 244 +27 3.01 £ 04" 0.71 £0.19°
VAs + 50 RES 521 +0.6" 21.7 £22° 2.11 £0.5" 0.64 + 0.09"

Notes: Values are mean + SD, obtained from 10 rats. #p < .05, versus the normal group. “p < .05, versus the VAs group. CRP: C-reactive protein; IL-8:
Interleukin-8; IL-1B: Interleukin-| beta; RES: Resveratrol; SD: Standard deviation; TNF-a: Tumor necrosis factor alpha; VAs: Ventricular arrhythmias.

Table 4. Effect of RES on Serum Lipid Peroxidation and Antioxidative Enzyme Activity.

Group T-SOD (U/mL) GSH-Px (U/mL) CAT (U/mL) MDA (nmol/mL)
Normal 1334+ 11.2 202.2 + 142 592 £ 041 522 £0.27
VAs 66.4 + 9.4# 139.6 £ 11.2# 2.15 £ 0.32# 6.24 £ 0.27#
VAs + simvastatin 72.2 £ 10.1 141.3 £ 10.5 221 £ 041 6.11 £0.32
VAs + 10 RES 86.2 £ 10.9 154.1 £9.2 3.02 £ 0.40 581 £0.32
VAs + 50 RES 120.1 £ 12.1% 191.7 £ 9.28" 3430517 481 £ 0.42°

Notes: Values are mean + SD, obtained from 10 rats. #p < .05, versus the normal group. “p < .05, versus the VAs group. CAT: Catalase; GSH-Px:
Glutathione peroxidase; MDA: Malondialdehyde; RES: Resveratrol; SD: Standard deviation; T-SOD: Total superoxide dismutase; VAs: Ventricular
arrhythmias.

Table 5. Effect of RES on Serum Concentrations of NO, ET, 6-keto-PGFla, and TXB2.

Group TXB2 (pg/mL) NO (umol/L) ET (pg/mL) 6-keto-PGFla (pg/mL)
Normal 50.24 + 8.1 471 £0.94 1712 £ 9.1 2114+ 147

VAs 202.4 £ 21.4# 791 + 0.84% 311.6 £ 19.1# 1412 £ 12.1#

VAs + simvastatin 181.2 + 144" 6.21 £ 1.06 2324 % 142" 724+ 114

VAs + 10 RES 141.5 + 12.9" 5.52 £ 0.85" 2214+ 94" 166.2 £ 14.2
VAs + 50 RES 91.2+£ 132" 323 £ 0.74" 1512 £ 9.1 1212+ 11.2°

Notes: Values are mean + SD, obtained from 10 rats. #p < .05, versus the normal group. “p < .05, versus the VAs group. ET: Endothelin; NO: Nitric
oxide; RES: Resveratrol; SD: Standard deviation; TXB2: Thromboxane B2; 6-keto-PGFla: 6-keto Prostaglandin FI alpha, VAs: Ventricular arrhythmias.

groups. The VAs group showed significantly elevated expres- was non-significant (p > .05). Administration of 10 mg/kg
sions of ICAM-1, VCAM-1, and caspase-3 (p <.05) incom- RES further decreased ICAM-1 and VCAM-1 expression,
parison to the normal group. Simvastatin resulted in decreased ~ alongside a reduction in caspase-3, but these changes were
expression levels for all three markers; however, this decrease  not significant (p > .05). The most significant impacts
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(p < .05) were observed with 50 mg/kg RES, which resulted
in the lowest ICAM-1, VCAM-1, and caspase-3 expressions,
indicating a protective role of RES against inflammation and
apoptosis in the coronary artery (Figure 1a).

Kv4.2, Cavl.2, and NGF Gene Expression

The VAs group exhibited a marked reduction (p <.05) in the
Kv4.2, Cavl.2, and NGF expressions compared to the normal
group. Treatment with simvastatin resulted in a partial recov-
ery of Kv4.2, Cavl.2, and NGF expression levels; however,
this was not significant (p > .05). Notably, administration of
10 mg/kg RES further improved the Kv4.2, Cav1.2, and NGF
expression levels, but again, this was not significant (p > .05).
The most significant enhancement (p < .05) was observed in
the 50 mg/kg RES group, which demonstrated high expres-
sion levels of Cavl.2, Kv4.2, and NGF, indicating a positive
effect of RES on gene expression in the left ventricle in com-
parison to the VAs group (Figure 1b).

Cavl.2, Kv4.2, and NGF Protein Expression

Similarly, the VAs group exhibited reduced protein levels
(p <.05) for Kv4.2, Cav1.2, and NGF compared to the normal
group. Treatment with simvastatin led to a partial recovery of
these protein expressions, although it was not significant
(p>.05). Administration of 10 mg/kg RES further enhanced the
protein expressions of Cavl.2, Kv4.2, and NGF, but this

elevation was also non-significant (p > .05). The most substan-
tial increase (p <.05) in Kv4.2, Cav1.2, and NGF protein expres-
sion was observed in the 50 mg/kg RES group in comparison to
the VAs group, highlighting the beneficial effects of RES on
protein expression in the left ventricle (Figure 2a and 2b).

Discussion

CIHF is a complex clinical condition characterized by signifi-
cant alterations in cardiac function and structure, often lead-
ing to the development of VAs. The present research indicates
the therapeutic potential of RES, a polyphenolic compound,
in mitigating VAs in a rat model of CIHF. RES administration
not only improved lipid profiles but also reduced inflamma-
tory markers and enhanced the expression of critical cardiac
proteins and genes associated with arrhythmogenesis. The
biochemical and molecular analyses conducted in this study
provide insights into the multifaceted mechanisms through
which RES exerts its cardioprotective effects, making it an
appropriate candidate for treating arrhythmias in CIHF.

One of the critical observations in our study was the sig-
nificant improvement in lipid profiles following RES treat-
ment. Elevated levels of LDL-C and TC are well-documented
risk factors for cardiovascular diseases, including CIHF. RES
has been shown to exert lipid-lowering effects by inhibiting
cholesterol absorption and enhancing hepatic lipid metabo-
lism (Jia et al., 2024). Research by Faghihzadeh et al. (2014),
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Figure 1. (a) Effect of RES on ICAM-I, VCAM-I, and Caspase-3 Gene Expression in the Left Anterior Descending Coronary Artery. (b)
Effect of RES on Cavl.2, Kv4.2, and NGF in the Left Ventricle Gene Expression. (c) Effect of RES on Cavl.2, Kv4.2, and NGF in the Left

Ventricle Protein Expression.

Notes: Values are mean * SD, obtained from 10 rats. #p < .05, versus the normal group. p < .05, versus the VAs group. Cav|.2: Calcium voltage-gated
channel subunit alphal C; ICAM-I: Intercellular adhesion molecule-|; Kv4.2: Potassium voltage-gated channel subfamily D member 2; NGF: Nerve growth
factor; RES: Resveratrol; VAs: Ventricular arrhythmias; VCAM-1: Vascular cell adhesion molecule-1.
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Notes: Values are mean + SD, obtained from 10 rats. #p < .05, versus the normal group. p < .05, versus the VAs group. Cav|.2: Calcium voltage-gated
channel subunit alphal C; Kv4.2: Potassium voltage-gated channel subfamily D member 2; NGF: Nerve growth factor; RES: Resveratrol; VAs: Ventricular

arrhythmias.

Berrougui et al. (2009), and Cao et al. (2003) found that RES
regulates the lipid profiles of patients with atherosclerosis
and heart failure. This regulation occurs through hormone-
sensitive lipase pathways, stimulation of hepatic hepatocyte
pathways, and modulation of the sympathetic nervous sys-
tem, which is crucial in visceral lipogenesis, as demonstrated
in randomized controlled trials. RES has shown anti-athero-
sclerotic effects by reducing plaque formation in arteries,
improving endothelial function, and decreasing inflammation
in animal models, while human studies indicate improve-
ments in vascular health through enhanced endothelial func-
tion and reduced inflammatory markers. Our results
corroborate previous findings, indicating a significant
decrease in TC and LDL-C concentrations in the RES-treated
groups in comparison to the VAs model group. Furthermore,
the elevation in HDL-C concentrations observed with RES
treatment is particularly noteworthy, as HDL-C is known for
its protective role against atherosclerosis and cardiovascular
events. The modulation of lipid profiles by RES may cause
the stabilization of cardiac function and reduction of arrhyth-
mogenic potential, emphasizing the importance of managing
dyslipidemia in CIHF patients (Darwish et al., 2021).
Besides its effects on lipid metabolism, RES demonstrated
potent anti-inflammatory properties, significantly reducing
levels of inflammatory cytokines, like IL-8, IL-1(3, and TNF-a
(Lietal., 2021). Chronic inflammation is a hallmark of CTHF,
contributing to myocardial damage and remodeling, which
predisposes patients to VAs. Atherosclerosis, CIHF, and
arrhythmias are chronic inflammatory diseases identified by
many important molecules, including IL-1B, TNF-0, CRP,
and IL-8 (Stone et al., 2023). Elevated levels of these markers

were found in VAs rats (Shi et al., 2023). Notably, IL-1p and
TNF-a levels were markedly reduced in the VAs + RES group
versus the VAs group, and IL-8 levels also dropped signifi-
cantly with RES treatment. Thus, RES’s anti-atherosclerotic
effects are linked to its ability to suppress inflammatory
responses in these rats. Endothelial dysfunction, an early
indicator of atherosclerosis, is associated with 6-keto-PGF1a,
NO, ET, and TXB2 levels (Ziyu et al., 2023). Compared to
the normal group, decreased 6-keto-PGF1a and NO concen-
trations alongside increased TXB2 and ET concentrations
were detected in the VAs group. After RES treatment, TXB2
and ET concentrations decreased while 6-keto-PGFla con-
centrations increased, suggesting that RES administration
benefits VAs rats by protecting endothelial function. The
upregulation of adhesion molecules, such as VCAM-1 and
ICAM-1, observed in the VAs model, facilitates leukocyte
infiltration into the myocardium, exacerbating inflammation
and fibrosis. RES treatment effectively downregulated the
expression of these adhesion molecules, suggesting a protec-
tive role against myocardial inflammation. The reduction in
inflammatory markers aligns with the observed decrease in
caspase-3 expression, indicating a potential anti-apoptotic
effect of RES. By mitigating inflammation and apoptosis,
RES may enhance myocardial resilience and stability, thereby
reducing the incidence of VAs in the context of CIHF.
Atherosclerosis is a chronic inflammatory disease charac-
terized by several key molecules, including CRP (a cardio-
vascular disease marker), TNF-a, IL-1f (an important factor
in the AS inflammatory pathway), and IL-8 (crucial for
monocyte recruitment). Elevated levels of these markers
were found in AS rats (Sinitsky et al.,, 2020; Tyrrell &
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Goldstein, 2021). Notably, TNF-a and IL-1B levels signifi-
cantly decreased in the AS + RAL group compared to the AS
group, and IL-8 levels also dropped significantly with RAL
treatment. Thus, RAL’s anti-atherosclerotic effects are linked
to its ability to suppress inflammatory responses in these rats.
Endothelial dysfunction, an early indicator of atherosclerosis,
is associated with levels of NO, 6-keto-PGFla, ET, and
TXB2 (Yu et al., 2022). Compared to the normal group, the
AS group showed decreased NO and 6-keto-PGFla levels
alongside increased ET and TXB2 levels. After RAL treat-
ment, ET and TXB2 levels decreased while 6-keto-PGF1a
levels increased, suggesting that RAL administration benefits
AS rats by protecting endothelial function. The RAL is known
for its high polyphenol content, with various compounds
exhibiting biological effects on cardiovascular health. For
instance, hyperoside and rutin enhance coronary flow, while
rutin, chlorogenic acid, isoquercitrin, and epicatechin reduce
TBARS in Cu**-induced LDL oxidation. Procyanidin B2 can
inhibit the proliferation and migration of human aortic smooth
muscle cells induced by advanced glycation end products
(Khaliq et al., 2023; Li et al., 2022). These compounds are
believed to contribute significantly to the anti-atherosclerotic
properties of RAL.

Conclusion

Our study demonstrates that RES exerts significant anti-
arrhythmic effects in a rat model of CIHF through multiple
mechanisms, including lipid modulation, anti-inflammatory
activity, and endothelial protection. The treatment with RES
notably improved lipid profiles by reducing TC and low-den-
sity lipoprotein levels while increasing high-density lipopro-
tein levels. Furthermore, RES effectively diminished
inflammatory cytokines and adhesion molecules, which are
critical in the pathogenesis of VAs. The upregulation of
Cavl.2, Kv4.2, and NGF expression in the left ventricle sug-
gests that RES enhances cardiac electrical stability, poten-
tially mitigating the risk of VAs. While these findings
highlight the promising role of RES as a therapeutic agent for
managing arrhythmias in CIHF, the study acknowledges limi-
tations, such as the need for further research to validate these
results in human subjects and explore the long-term effects of
RES treatment. Overall, this investigation underscores the
novel impact of RES on cardiac health and its potential clini-
cal applications in preventing arrhythmias associated with
chronic heart failure.
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