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Abstract

This study examines the protective effects of Kinsenoside (KD), a natural bioactive compound, against
inflammation, oxidative stress, and cardiomyocyte hypertrophy in isoproterenol (ISO)-stimulated H9¢2 cells,
which serve as an in vitro model of heart failure (HF). The effects of KD were assessed using various assays, includ-
ing the CCK-8 assay for cell viability, LDH detection for cell membrane integrity, qPCR for gene expression, ELISA
for inflammatory cytokine quantification, and immunostaining for hypertrophy assessment. KD significantly
enhanced the viability of ISO-stimulated H9¢2 cells (p < 0.05) and reduced ISO-induced production of inflam-
matory cytokines, such as IL-6, IL-1, and TNF-«a (p < 0.05). Furthermore, KD reduced oxidative stress markers
(p < 0.05) and alleviated cardiomyocyte hypertrophy induced by ISO stimulation (p < 0.05). Mechanistically, KD
inhibited NLRP3 inflammasome activation (p < 0.05), a critical mediator of inflammation and cellular damage in
this model. These results suggest that KD protects H9c2 cells from isoproterenol-induced injury by suppressing
NLRP3 inflammasome activation. Due to its natural bioactive properties, KD may serve as a potential therapeutic
agent for mitigating HF progression and as a functional food ingredient for cardiovascular health support.
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Introduction

Heart failure (HF) is a complex clinical syndrome with
significant global health implications, marked by high
rates of mortality, morbidity, and substantial healthcare
costs. HF often results from progressive mechanisms,
including ventricular dysfunction, volume overload, and
high-pressure states, which may act independently or

synergistically (Baman & Ahmad, 2020; Nedkoff & Weber,
2022). In children, HF is frequently associated with con-
genital heart disease (CHD), with risk levels varying
depending on the type and severity of the malforma-
tion (Hinton & Ware, 2017). Clinical symptoms, such as
breathing difficulties, exercise intolerance, and fatigue, are
often linked to underlying molecular abnormalities, fur-
ther complicating disease management (Lasa et al., 2020).
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These multifactorial characteristics underscore the
urgent need for effective therapeutic strategies to slow
disease progression and improve clinical outcomes.

One of the major contributors to HF pathophysiology is
the overactivation of the sympathetic nervous system,
which promotes cardiac hypertrophy, arrhythmias, and
inflammation, leading to progressive myocardial damage
(Joana et al., 2025). To better understand HF pathogene-
sis and identify potential therapeutic targets, preclinical
studies often use isoproterenol (ISO), a non-selective
beta-adrenergic receptor agonist that induces HF-like
myocardial injury and inflammation. ISO-induced mod-
els provide valuable insights into disease mechanisms
and serve as an essential platform for evaluating phar-
macological interventions (Tohumcu et al., 2025). Given
that inflammation is a key driver of HF progression, tar-
geting inflammatory pathways has emerged as a promis-
ing strategy for cardiac protection.

Among the various inflammatory regulators involved
in HE, the NLRP3 inflammasome plays a pivotal role in
mediating inflammatory responses. Upon activation by
damage-associated molecular patterns, NLRP3 recruits
and activates Caspase-1, which subsequently catalyzes
the maturation of pro-inflammatory cytokines, includ-
ing IL-1f and IL-18 (Fu & Wu, 2023). Numerous studies
have shown that aberrant activation of the NLRP3 inflam-
masome contributes to HF progression, further highlight-
ing its relevance as a potential therapeutic target (Toldo,
2022). Therefore, targeting this pathway could represent a
promising strategy for HF prevention and treatment.

Recent research has increasingly focused on bioactive
compounds derived from natural sources as poten-
tial cardioprotective agents. Kinsenoside (KD), a natu-
ral compound isolated from Anoectochilus roxburghii,
has demonstrated several pharmacological properties,
including anti-inflammatory, antioxidant, and anti-
hyperglycemic activities (Qi, 2018). KD has been shown
to reduce oxidative stress, preserve vascular integrity,
and suppress the production of inflammatory mediators,
supporting its potential role in cardiovascular protec-
tion. Moreover, KD activates the Akt signaling pathway,
which has been reported to mitigate myocardial dam-
age in ischemia-reperfusion injury models (Xiang et al.,
2022; Wang et al., 2023). Additionally, KD has been
found to alleviate inflammation and fibrosis in experi-
mental non-alcoholic steatohepatitis (NASH) by inhibit-
ing the NF-kB/NLRP3 axis (Deng et al., 2022). However,
despite these promising effects, the role of KD in HF
remains largely unexplored.

To address this gap, the present study investigates the
protective effects of KD on ISO-induced cardiomyo-
cyte injury, focusing particularly on its ability to inhibit
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NLRP3 inflammasome activation and attenuate inflam-
mation and oxidative stress. The findings from this study
may offer new insights into the therapeutic potential of
KD in HF and support its application as a functional food
ingredient or nutraceutical for cardiovascular health.

Materials and Methods
Cell culture and treatment

Rat H9¢2 cardiomyocyte cells were obtained from iCell
Bioscience Inc. (China) and cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS) at 37°C in a humidified
atmosphere containing 5% CO2. To establish an in vitro
model of HF, cells were treated with 200 uM ISO (Sigma)
for 24 h. KD (Sigma), a natural bioactive compound with
potential cardioprotective properties, was administered
at concentrations of 10, 20, 40, 80, and 160 pg/mL for
24 h to evaluate its effects on cardiomyocyte injury. The
concentrations of ISO and KD were selected based on
previous studies (Lasa et al., 2020; Xiang et al., 2022). The
approach used in this study aligns with the investigation
of KD as a dietary intervention to support heart health.

Cell viability assay

Cell viability was determined using the Cell Counting
Kit-8 (CCK-8) assay. After treatment, cells (10* per well)
were washed with phosphate-buffered saline (PBS), and
CCK-8 reagent was added. Optical density (OD) at 450
nm was measured using a microplate reader to quantify
cell viability. Next, lactate dehydrogenase (LDH) release,
an indicator of cell membrane integrity, was assessed
using an LDH assay kit (ab102526, Abcam, UK), with
absorbance measured at 450 nm. These assays were used
to evaluate the protective effects of KD against ISO-
induced cytotoxicity.

Quantitative PCR (qPCR)

Total RNA was extracted from 10° cells using a com-
mercial RNA extraction kit and reverse-transcribed into
complementary DNA (cDNA) using M-MLV reverse
transcriptase (Promega, USA). The expression levels of
pro-inflammatory cytokines were quantified by qPCR
using the following specific primers:

TNF-a: CCTGTAGCCCACGTCGTAGC (forward),
GAGGCCAAGCCCTGGTATGA (reverse)

IL-1B: CAGGTTCCATGGTGAAGTCAAC (forward),
TCACACACCAGCAGGTTATCA (reverse)
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IL-6: TCCAGTTGCCTTCTTGGGAC (forward),
GTGTAATTAAGCCTCCGACTTG (reverse)

GAPDH: AGACAGCCGCATCTTCTTGT (forward),
CTTGCCGTGGGTAGAGTCAT (reverse)

Gene expression levels were normalized to GAPDH as an
internal control. The qPCR analysis was performed to assess
the anti-inflammatory effects of KD in ISO-treated H9c2
cells. By quantifying these markers, the anti-inflammatory
properties of KD were evaluated to determine its potential
relevance in food-based strategies for reducing systemic
inflammation associated with heart conditions.

Enzyme-linked immunosorbent assay (ELISA)

Cell supernatants were collected from wells containing
10° cells after the corresponding treatments, and the lev-
els of TNF-«, IL-1p, IL-6, superoxide dismutase (SOD),
and malondialdehyde (MDA) were quantified using
ELISA kits (Beyotime, Beijing, China). The samples and
standards were incubated at 4°C for 20 h, and OD val-
ues were measured at 450 nm using a Bio-Rad microplate
reader (Bio-Rad, CA, USA). These assays were performed
to assess the antioxidant and anti-inflammatory effects of
KD in ISO-treated H9¢2 cells.

ROS and phalloidin staining

Intracellular reactive oxygen species (ROS) levels were
measured using a ROS detection kit (S0033S, Beyotime,
Beijing, China). H9c2 cells (10* per well) were seeded and
allowed to adhere for 24 h before staining. To visualize
cytoskeletal structures, cells were incubated with phalloi-
din (ab176757, Abcam) for 15 min at 37°C in the dark.
This approach was used to evaluate the ability of KD to
reduce oxidative stress and maintain cytoskeletal integ-
rity in ISO-stimulated cells.

Immunoblotting

Proteins were extracted from 10° cells, quantified, and
separated by SDS-PAGE before being transferred onto
PVDF membranes. The membranes were blocked with
TBST containing 5% bovine serum albumin (BSA) for 1 h
at room temperature and incubated overnight at 4°C with
the following primary antibodies:

NLRP3 (1:1000, ab263899, Abcam)
Caspase-1 (1:1000, ab207802, Abcam)
IL-1p (1:500, ab216995, Abcam)
IL-18 (1:1000, ab243091, Abcam)
GAPDH (1:3000, ab8245, Abcam)

After washing, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 h at room temperature. The protein
bands were then visualized using chemiluminescence
detection. In this study, Western blot analysis was per-
formed to examine the effects of KD on inflammatory
signaling pathways, particularly its potential to inhibit
NLRP3 inflammasome activation.

Statistical analysis

Statistical analyses were conducted using GraphPad
Prism 7.0. Data are presented as mean + standard devi-
ation (SD). The normality of the data was assessed using
the Shapiro-Wilk test. Comparisons between two groups
were performed using an unpaired t-test, while multiple
group comparisons were analyzed using one-way ANOVA
followed by the Bonferroni post-hoc test. A p-value of
<0.05 was considered statistically significant. These analy-
ses were performed to ensure the reliability of the findings
and provide a robust framework for evaluating the bioac-
tive effects of KD in ISO-induced cardiomyocyte injury.

Results
KD enhances ISO-stimulated H9c2 cell viability

To evaluate the effects of KD on HF progression, we first
assessed its impact on H9c2 cell viability. The molecu-
lar structure of KD is shown in Figure 1A. CCK-8 assays
revealed that KD treatment at lower concentrations (10, 20,
and 40 pg/mL) had minimal effects on cell growth, whereas
higher concentrations (80 and 160 pug/mL) exhibited cyto-
toxicity, as indicated by a significant reduction in cell viabil-
ity (p < 0.05, Figure 1B). Based on these findings, lower KD
concentrations were selected for subsequent experiments.

To simulate HF progression, the H9c2 cells were treated
with ISO, which significantly reduced cell viability, as
determined by CCK-8 assays. However, KD treatment sig-
nificantly improved the viability of ISO-stimulated H9c2
cells (p < 0.05, Figure 1C). LDH release assays further
demonstrated that ISO exposure increased LDH levels,
indicating cytotoxicity, while KD treatment mitigated this
effect (p < 0.05, Figure 1D). These results suggest that KD
enhances cell viability and reduces ISO-induced cytotox-
icity, highlighting its potential cardioprotective properties.

KD suppresses ISO-induced inflammatory cytokine
production

To investigate the anti-inflammatory effects of KD in
ISO-stimulated H9¢2 cells, the expression and secretion
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KD enhances viability in ISO-stimulated H9c2 cells. (A) Molecular structure of KD. (B) CCK-8 assay results showing

the viability of H9c2 cells treated with KD at concentrations of 10, 20, 40, 80, and 160 pg/mL for 24 h. Optical density (OD) was
measured at 450 nm. #p < 0.001, KD vs. control. (C) CCK-8 assay results demonstrating the viability of H9c2 cells treated with
ISO and KD at concentrations of 10, 20, and 40 ug/mL for 24 h. OD450 values were measured. (D) LDH release assay assessing
cytotoxicity in H9c2 cells following treatment with ISO and KD at concentrations of 10, 20, and 40 ug/mL for 24 h. ##p < 0.001,
ISO vs. control; 4p < 0.05, #%&p < 0.001, ISO + KD vs. ISO. KD, Kinsenoside; ISO, Isoproterenol.

of inflammatory markers, including IL-6, IL-1f, and
TNF-a, were quantified using qPCR and ELISA.
ISO treatment significantly increased the mRNA expres-
sion of these cytokines, whereas KD treatment reduced
their expression in ISO-stimulated cells (p < 0.05,
Figure 2A). Similarly, ELISA results indicated that ISO
exposure led to elevated secretion of IL-6, IL-1P, and
TNEF-a, while KD treatment significantly suppressed these
levels (p < 0.05, Figure 2B). These results demonstrate
that KD effectively attenuates I1SO-induced inflamma-
tory responses, suggesting its potential as a natural anti-
inflammatory agent for the development of functional
foods targeting inflammation-driven cardiovascular
conditions.

KD alleviates ISO-induced oxidative stress

Given the critical role of oxidative stress in HF progres-
sion, we further investigated the ability of KD to regulate
oxidative stress in ISO-stimulated H9c2 cells. The results
showed that ROS levels were significantly elevated fol-
lowing ISO treatment, whereas KD treatment reduced
intracellular ROS accumulation (p < 0.05, Figure 3A).
Additionally, ISO exposure increased MDA levels and
decreased SOD activity, indicating oxidative damage.
KD treatment reversed these changes by reducing MDA

levels and enhancing SOD activity in ISO-stimulated
cells (p < 0.05, Figure 3B). These findings suggest that
KD exerts protective effects against ISO-induced oxida-
tive stress, supporting its potential as a bioactive com-
pound for mitigating oxidative damage in cardiovascular
diseases.

KD attenuates ISO-induced cardiomyocyte hypertrophy

To assess the effects of KD on cardiomyocyte hypertrophy;,
a key feature of HF, phalloidin staining was performed to
visualize cell morphology. ISO treatment significantly
increased cardiomyocyte size, indicative of hypertro-
phic remodeling, whereas KD treatment suppressed this
hypertrophic response in ISO-stimulated cells (Figure 4A,
B). These results indicate that KD alleviates ISO-induced
cardiomyocyte hypertrophy, further supporting its poten-
tial application in functional foods aimed at preventing
pathological cardiac remodeling in HE.

KD inhibits ISO-induced NLRP3 inflammasome activation

To elucidate the mechanism underlying KD’s protec-
tive effects against inflammation and oxidative stress
in ISO-stimulated H9c2 cells, its impact on NLRP3
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KD suppresses ISO-induced inflammatory cytokine production. (A) gqPCR analysis of TNF-«, IL-6, and IL-13 mRNA

levels in H9¢2 cells treated with ISO and KD at concentrations of 10, 20, and 40 pg/mL for 24 h. (B) ELISA quantification of TNF-
o, IL-6, and IL-1p secretion in H9c2 cells treated with ISO and KD at concentrations of 10, 20, and 40 ug/mL for 24 h. ##p < 0,001,
ISO vs. control; ép < 0.05, 44p < 0.01, &p < 0.001, ISO + KD vs. ISO. KD, Kinsenoside; ISO, Isoproterenol.

inflammasome activation was examined. We found that
ISO treatment significantly upregulated the expression of
NLRP3, caspase-1, IL-1B, and IL-18, indicating inflam-
masome activation (p < 0.05, Figure 5A, B), while KD
treatment suppressed NLRP3 expression and reduced the
levels of caspase-1, IL-1B, and IL-18 in ISO-stimulated
cells (p < 0.05, Figure 5A, B). Taken together, these find-
ings demonstrate that KD inhibits NLRP3 inflammasome
activation, thereby mitigating inflammation and oxi-
dative stress in ISO-stimulated H9¢2 cells, further sup-
porting KD’s potential role as a bioactive compound
for controlling inflammasome-driven cardiovascular
dysfunction.

Integrated perspective

These findings collectively highlight KD as a bioactive
compound with significant cardioprotective proper-
ties. By improving cell viability, suppressing inflamma-
tory cytokine production, reducing oxidative stress,

and attenuating cardiomyocyte hypertrophy, KD

demonstrates potential therapeutic relevance. Its abil-
ity to inhibit NLRP3 inflammasome activation further
strengthens its role in inflammation-associated cardio-
vascular conditions.

Discussion

HF is a condition characterized by the inability of the
heart to pump sufficient blood to meet the body’s met-
abolic demands, affecting millions worldwide and posing
a significant public health burden (Wilcox et al., 2020).
The progression of HF involves complex pathophysiolog-
ical mechanisms, including neurohormonal activation,
inflammation, oxidative stress, and structural remodel-
ing, all of which contribute to declining cardiac function.
Despite advances in pharmacological and interventional
treatments, HF continues to be associated with high mor-
bidity and mortality, underscoring the need for novel and
effective therapeutic strategies. This study investigated
the protective effects of KD in ISO-stimulated H9c2
cells, focusing on its role in attenuating inflammation,
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Figure 3. KD reduces ISO-induced oxidative stress. (A) Representative images of ROS staining in H9c2 cells treated with ISO

and KD at concentrations of 10, 20, and 40 pg/mL for 24 h. Green fluorescence indicates ROS accumulation. Scale bar, 100 pm.
(B) Quantification of MDA (upper panel) and SOD (lower panel) levels in H9c2 cells treated with ISO and KD at concentrations of
10, 20, and 40 pg/mL for 24 h. ##p < 0.001, ISO vs. control; ¥p < 0.05, 3¢p < 0.01, #4%p < 0.001, ISO + KD vs. ISO. KD, Kinsenoside;
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oxidative stress, and cardiomyocyte hypertrophy. These
findings provide insight into KD’s potential as a thera-
peutic candidate for HF.

KD has received increasing attention as a bioactive
compound due to its diverse pharmacological prop-
erties, including anti-inflammatory, antioxidant, anti-
hyperglycemic, and anti-fibrotic effects (Wang et al.
2019). In this study, KD was found to significantly
improve the viability of ISO-treated H9c2 cells, indicating
its cytoprotective effects in a stress-induced HF model.
This aligns with previous studies demonstrating that KD
preserves cellular integrity and function, potentially con-
tributing to the prevention of cardiac deterioration.

Inflammation is a key driver of HF progression, and ele-
vated levels of pro-inflammatory cytokines such as TNF-a,

IL-6, and IL-1p have been shown to play a central role in
adverse cardiac remodeling and dysfunction (Adamo
et al. 2020; Halade & Lee, 2022). The results of this study
demonstrate that KD significantly suppressed the produc-
tion of these cytokines in ISO-stimulated H9c2 cells. The
anti-inflammatory effects of KD appear to be mediated,
at least in part, through the inhibition of NLRP3 inflam-
masome activation, a key regulator of inflammation impli-
cated in various cardiovascular diseases. By suppressing
NLRP3 inflammasome activity, KD effectively mitigates
inflammatory responses and their deleterious effects on
cardiac structure and function. These findings highlight
KD’s potential as a dietary or therapeutic intervention for
inflammation-driven cardiac conditions.

Oxidative stress is another major contributor to HF
pathogenesis, exacerbating cellular injury, inflammation,
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Figure 4. KD mitigates ISO-induced cardiomyocyte hypertrophy. (A) Representative images of phalloidin staining demonstrat-
ing the extent of cardiomyocyte hypertrophy in H9c2 cells treated with ISO and KD at concentrations of 10, 20, and 40 pg/mL for
24 h. Red fluorescence indicates actin filaments. Scale bar, 100 ym. (B) Quantification of cardiomyocyte hypertrophy following
ISO and KD treatment. ##p < 0.001, ISO vs. control; 3p < 0.05, 3p < 0.01, #4%p < 0.001, ISO + KD vs. ISO. KD, Kinsenoside; ISO,

Isoproterenol.

and myocardial dysfunction (van der Pol et al., 2019; Ren
et al., 2023). In this study, KD significantly reduced ISO-
induced oxidative stress, as evidenced by decreased ROS
and MDA levels and increased SOD activity in H9¢2 cells.
These findings are consistent with the well-documented
antioxidant properties of KD in other disease models. By
reducing oxidative stress, KD may protect cardiomyo-
cytes from ISO-induced damage, further supporting its
potential application as a functional food ingredient for
promoting cardiovascular health.

Cardiomyocyte hypertrophy is a hallmark of HF and is
associated with maladaptive cardiac remodeling and dis-
ease progression (Wan et al., 2023; Nomura et al., 2018).
The results of this study demonstrate that KD effectively
attenuated ISO-induced cardiomyocyte hypertrophy,
likely through the inhibition of NLRP3 inflammasome
activation and modulation of cell growth and differenti-
ation pathways. Given that hypertrophic remodeling is
a major contributor to HF pathogenesis, KD’s ability to
mitigate this process reinforces its potential as a thera-
peutic agent for preventing HF progression.

Compared to other natural compounds such as res-
veratrol and quercetin, which have demonstrated
anti-inflammatory and cardioprotective effects in HF

primarily through oxidative stress reduction and mod-
ulation of signaling pathways, KD presents a distinct
advantage due to its specific inhibition of the NLRP3
inflammasome (Wan et al., 2023). While resveratrol and
quercetin have been shown to regulate inflammatory
pathways, their direct effects on NLRP3 inflammasome
activation are less well-characterized (Wan et al., 2023).
In contrast, KD’s ability to suppress NLRP3 activation
offers a unique mechanism for attenuating inflammation
in HF, further supporting its potential as a promising
candidate for therapeutic development.

Although this study provides important insights into the
cardioprotective effects of KD, several limitations should
be acknowledged. First, the experiments were conducted
in vitro using H9¢c2 cells, which, while widely used, do
not fully replicate the physiological characteristics of
human cardiomyocytes. Therefore, further validation in
more physiologically relevant models, including animal
studies and clinical trials, is necessary. Second, this study
primarily focused on the NLRP3 inflammasome path-
way, leaving open the possibility that additional molec-
ular mechanisms contribute to KD’s protective effects.
Future research should investigate other signaling path-
ways involved in HF and assess the long-term effects of
KD in vivo.
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Figure 5. KD inhibits 1ISO-induced NLRP3 inflammasome activation. (A) Inmunoblot analysis of NLRP3 expression in H9c2
cells treated with ISO and KD at concentrations of 10, 20, and 40 ug/mL for 24 h. Relative expression levels of NLRP3 were
quantified. (B) Immunoblot analysis of caspase-1, IL-1p, and IL-18 expression in H9c2 cells treated with ISO and KD at con-
centrations of 10, 20, and 40 pg/mL for 24 h. Relative protein expression levels were quantified. ##p < 0.001, ISO vs. control;
&p < 0.05, 44p < 0.01, 34p < 0.001, ISO + KD vs. ISO. KD, Kinsenoside; ISO, Isoproterenol.

Conclusion

In conclusion, this study demonstrates that KD can atten-
uate ISO-induced damage in H9c2 cells by inhibiting
NLRP3 inflammasome activation, reducing inflamma-
tion and oxidative stress, and preventing cardiomyocyte
hypertrophy. These findings support KD’s potential as a
therapeutic agent for HF and provide a foundation for
future research into its clinical applications.
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