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ABSTRACT 

 

Heart failure (HF) represents the final stage of multiple cardiovascular disorders. Although 

LIMK1 regulates cytoskeletal dynamics and contributes to cardiac fibrosis, its exact role in HF 

remains uncertain. 

To establish an in vitro HF model, H9c2 cells were treated with isoproterenol (ISO), and 

LIMK1 expression was analyzed. LIMK1 was silenced using small interfering RNA to investigate 

its role in cell injury, hypertrophy, fibrosis, cytoskeletal dynamics, and apoptosis. Oxidative stress, 

reactive oxygen species (ROS), 8-hydroxy-2’-deoxyguanosine (8-OHdG), MDA, SOD, GSH-Px, 

NADPH oxidase, inflammation, and mitochondrial function were also assessed. Furthermore, the 

interplay between LIMK1, ROS, and nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB)/NOD-like receptor family pyrin domain containing 3 (NLRP3) signaling was explored 

using hydrogen peroxide (H2O2; a ROS inducer), diprovocim (an NF-κB activator), and N-

acetylcysteine (NAC; a ROS inhibitor). 

ISO treatment significantly upregulated the expression of LIMK1 in H9c2 cells. Silencing 

LIMK1 alleviated ISO-induced myocardial cell damage, hypertrophy, and fibrosis, inhibited Cofilin 

phosphorylation and F-actin expression, and reduced cell apoptosis and ROS production, thereby 

mitigating oxidative damage. Furthermore, LIMK1 silencing reduced mitochondrial ROS levels, 

restored mitochondrial membrane potential, and inhibited the release of inflammatory cytokines. 

However, H2O2 partially reversed the protective effect of LIMK1 silencing. LIMK1 silencing 

alleviated inflammatory injury by inhibiting NF-κB phosphorylation and NLRP3 expression, and 

these effects were partially reversed by an NF-κB activator. NAC alleviated cell damage by inhibiting 

ROS, and its protective effect was also partially reversed by the NF-κB activator. 

In conclusion, silencing LIMK1 can suppress ROS-mediated activation of the NF-κB/NLRP3 

pathway, thereby alleviating cardiomyocyte injury and the inflammatory response. 

 

Keywords: Heart failure; Inflammation; LIM domain kinase 1; Nuclear factor-kappa B; NLRP3 

inflammasome; Reactive oxygen species 

 
INTRODUCTION 

 

Heart failure (HF), as the final pathological outcome 

of multiple cardiovascular disorders, is principally 
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characterized by compromised systolic and diastolic 

functions that ultimately result in insufficient cardiac 

output to fulfill systemic metabolic requirements.1–3 

Although drug therapies and mechanical approaches 

have improved considerably, HF remains a leading 

cause of death globally, with persistently high morbidity 

and mortality.4 The prognosis is especially poor in the 

elderly and those with comorbid metabolic diseases.5,6 

The pathogenesis of HF is complex, involving multiple 

pathological processes such as myocardial cell injury, 

fibrotic remodeling, energy metabolism disorders, and 

chronic inflammation.7 Among them, excessive 

activation of oxidative stress (OS) and inflammatory 

responses is considered a key factor driving myocardial 

cell apoptosis and ventricular remodeling.8 As primary 

OS mediators, reactive oxygen species (ROS) have dual 

roles in HF: maintaining cellular homeostasis 

physiologically, while pathologically activating nuclear 

factor kappa-light-chain-enhancer of activated B cells 

(NF-κB)/NOD-like receptor family pyrin domain 

containing 3 (NLRP3) inflammasomes to promote pro-

inflammatory cytokine production, including interleukin 

1β (IL-1β) and interleukin 18 (IL-18), and cardiac 

damage.9–11 NF-κB, a key transcription factor 

downstream of ROS, induces the expression of various 

inflammatory factors, such as tumor necrosis factor-α 

(TNF-α) and interleukin 6 (IL-6),12 while the assembly 

of the NLRP3 inflammasome further amplifies the 

inflammatory response.13,14 Accumulating evidence 

indicates that pharmacological blockade of the NF-

κB/NLRP3 signaling axis exerts cardioprotective effects 

in experimental models of myocardial ischemia-

reperfusion, significantly attenuating inflammatory 

damage and enhancing cardiac performance.15 However, 

the exact molecular interactions and control points in the 

ROS-NF-κB/NLRP3 signaling cascade require further 

clarification, which currently restricts therapeutic 

optimization for HF. 

In recent years, the LIM domain kinase (LIMK) 

family, as a core molecular regulator of actin 

cytoskeleton dynamics, has received increasing 

attention in cardiovascular diseases.16 As a 

serine/threonine-specific protein kinase, LIMK1 

modulates cytoskeletal dynamics through cofilin 

phosphorylation, thereby influencing cellular 

architecture, motility, and intracellular signaling 

pathways.17 Existing studies have demonstrated 

LIMK1's involvement in multiple cellular processes, 

including neuronal differentiation, regulation of 

contractile function, and the pathogenesis of cardiac 

fibrotic remodeling.18,19 For example, in an angiotensin 

II (Ang II)-induced myocardial hypertrophy model, 

LIMK1 expression was significantly upregulated, and 

the absence of LIMK1 downregulated the RNA and 

protein levels of myocardial hypertrophy markers, 

restoring normal myocardial cell morphology.20 

Additionally, in cardiac tissue from a mouse myocardial 

infarction model, LIMK1 expression increased and was 

positively correlated with fibrosis markers (collagen 

I/III), suggesting that LIMK1 may trigger or promote 

cardiac fibrosis after myocardial infarction.21 Research 

by Su et al demonstrated that LIMK1 knockdown 

attenuates OS and inflammatory responses, leading to 

improved cardiac function and ameliorated ventricular 

remodeling in a rat model of chronic heart failure 

(CHF).22 While previous investigations have established 

LIMK1's involvement in heart failure pathogenesis, the 

precise molecular mechanisms underlying its regulation 

of ROS-dependent NF-κB/NLRP3 inflammatory 

signaling and subsequent cardiomyocyte damage require 

further elucidation. 

This study aimed to explore the role of LIMK1 in 

ROS-mediated NF-κB/NLRP3 pathway activation and 

its impact on myocardial cell inflammatory injury and 

HF, and systematically elucidate the molecular 

mechanism by which LIMK1 regulates the 

inflammatory response, thereby providing theoretical 

support and potential targets for the precise treatment of 

HF. 
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Graphical Abstract. 

 
MATERIALS AND METHODS 

 

Cell Culture 

The H9c2 cardiomyocyte cell line was obtained from 

the Cell Resource Center of Chinese Academy of 

Medical Sciences. Cell cultures were maintained in 

DMEM (11965092, Thermo) supplemented with 10% 

FBS (A5256701, Gibco) and 1% antibiotic-antimycotic 

solution (15240112, Gibco). Cells were incubated at 

37°C in a humidified atmosphere containing 5% CO2, 

with routine subculturing performed every 2 to 3 days. 

Cells were cultured in DMEM without serum containing 

10 μM isoproterenol (ISO, I0600000, Sigma) for 48 

hours to establish the HF model.23 

 

siRNA Transfection 

Small interfering RNA (siRNA)-mediated LIMK1 

knockdown was achieved using GenePharma-

synthesized si-LIMK1, with negative control siRNA (si-

NC) as the control. H9c2 cells at 60% to 70% confluence 

in 6-well plates were transfected with 50 nM siRNA 

using Lipofectamine 3000/Opti-MEM complexes 

(Gibco). After 6 hours, the medium was changed to 

complete DMEM, and cells were harvested 48 hours 

post-transfection for Western blot validation. 

Experimental Design 

To comprehensively evaluate the cardioprotective 

mechanisms of LIMK1 knockdown against ISO-induced 

cellular injury, we designed the following experimental 

groups: (1) Untreated control group (normal culture 

conditions); (2) ISO-injury model group (10 μM ISO 

exposure for 48 hours); (3) ISO + si-NC group: treated 

with ISO after transfection with negative control siRNA; 

(4) ISO + si-LIMK1 group: treated with ISO after 

transfection with si-LIMK1. (5) Ang Ⅱ  at a 

concentration of 1 μmol/L was applied for 48 hours. 

To further clarify the mechanism by which LIMK1 

silencing alleviates ISO-induced H9c2 cardiomyocyte 

injury by regulating ROS and the NF-κB/NLRP3 

signaling pathway, 2 additional intervention groups 

were set up based on the original 4 groups: (5) ISO + si-

LIMK1 + H2O2 group: treated with ISO and H2O2 

(1 mM, ROS agonist, 7722-84-1, Sigma) after 

transfection with LIMK1 siRNA for 48 hours; (6) ISO + 

si-LIMK1 + dipro group: treated with ISO and 

diprovocim (dipro; 5 μM, NF-κB agonist, SML2522, 

Sigma) after transfection with LIMK1 siRNA for 48 

hours; (7) ISO + si-LIMK1 + Mito-TEMPO group: 

following transfection with LIMK1 siRNA, the cells 
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were co-treated with ISO and Mito-TEMPO (40 μM; a 

ROS inhibitor, HY-112879, MCE) for 48 hours. 

To examine how ROS inhibition modulates the NF-

κB/NLRP3 pathway and mitigates ISO-induced damage 

in H9c2 cells, 4 experimental conditions were 

established: (1) Untreated control; (2) ISO-treated 

group; (3) ISO + NAC group: cells exposed to ISO along 

with the ROS scavenger N-acetylcysteine (NAC; 5 mM) 

for 48 hours; (4) ISO + NAC + dipro group: cells treated 

with ISO, NAC, and dipro for the same duration. Post-

treatment samples were then subjected to further 

analysis. To ensure the reliability of the results, all 

experiments were independently repeated 3 times (n=3). 

Each experiment included 5 replicate wells, and the data 

were statistically analyzed using the average value of the 

5 replicate wells as the representative value for that 

experiment. 

 

Cell Viability Assay 

Cellular viability was quantitatively evaluated using 

a Cell Counting Kit-8 (CCK-8, CA1210, Solarbio). 

Cells were plated in 96-well plates (3 × 103 cells/well) 

and allowed to adhere for 24 hours prior to experimental 

treatments. Following interventions, 10 μL of CCK-8 

reagent was added per well, and the plates were 

incubated at 37°C for 2 hours. Optical density at 450 nm 

was determined using a Tecan Infinite M200 microplate 

reader. Results were normalized to untreated controls 

(set as 100% viability) and expressed as relative viability 

percentages. 

 

EdU Assay for Cell Proliferation 

The proliferative capacity of H9c2 cardiomyocytes 

was quantitatively analyzed using a commercial 5-

ethynyl-2'-deoxyuridine (EdU) detection kit (C0075S, 

Beyotime). H9c2 cells were seeded on glass coverslips 

in 24-well plates and incubated with 10 μM EdU  

for 2 hours under normal growth conditions. Following 

fixation with 4% PFA (15 minutes) and permeabilization 

with 0.3% Triton X-100 in PBS (10 minutes), cells  

were subjected to the Click-iT reaction (100 μL/well,  

30 minutes, dark). Nuclei were stained with DAPI  

for 5 minutes. Cells were then observed and imaged 

using a fluorescence microscope (CKX53, Olympus), 

and 5 fields were randomly selected to calculate  

the percentage of EdU-positive cells (red  

fluorescence) relative to the total number of cells (blue 

fluorescence). 

 

Biochemical Assays 

After treatment of the H9c2 cells, lysis was 

performed by adding 0.1 mL of lysis buffer (P0013, 

Beyotime) per 1 million cells. The samples were 

centrifuged (12 000g for 10 minutes), and the resulting 

supernatant was collected for further analysis. 

Myocardial injury biomarkers were quantified using 

commercial kits for LDH (C0016, Beyotime) and CK-

MB (SEKR-0059, Solarbio) following the 

manufacturers' protocols. Sample aliquots were 

incubated with specific reagents, and absorbance was 

measured at characteristic wavelengths (490 nm for 

LDH, 450 nm for CK-MB) using a microplate reader. 

Oxidative stress parameters including malondialdehyde 

(MDA, S0131S, Beyotime), superoxide dismutase 

(SOD, S0101S, Beyotime), adenosine triphosphate 

(ATP, BC0300, Solarbio), and glutathione peroxidase 

(GSH-Px, BC1195, Solarbio) were similarly assessed at 

532 nm, 450 nm, and 412 nm, respectively. Caspase-1 

activity was measured using a caspase-1 activity assay 

kit (C1101, Beyotime) by detecting absorbance at 

405 nm. 

 

WGA and Phalloidin Staining 

H9c2 cells were analyzed using wheat germ 

agglutinin (WGA) staining. After PBS washing, samples 

were fixed, permeabilized, and blocked with 5% BSA 

(30 minutes). Subsequently, cells were stained with 

FITC-labeled WGA (5 μg/mL, W849, Invitrogen) for 1 

hour at room temperature. Cells were observed and 

imaged under a fluorescence microscope using a 40× 

objective lens, and the cellular surface area was 

quantified with ImageJ software to evaluate the extent 

of cardiomyocyte hypertrophy. For cytoskeletal 

visualization, cells were processed identically to the 

WGA staining protocol before incubation with iFluor™ 

594-conjugated phalloidin (5 μg/mL, 40786ES75, 

Yeasen) for 20 minutes at room temperature under light-

protected conditions. Following PBS washes, nuclei 

were counterstained with DAPI (1:1000, 10236276001, 

Sigma) for 5 minutes. Cell morphology was examined 

under a microscope using a 40× objective lens. The 

surface area of F-actin-stained cells was measured with 

ImageJ software, normalized to that of the control group 

(set as 1), and the relative cell surface area (%) of each 

treatment group was calculated. The above procedures 

were based on 3 independent biological replicates, and 

image acquisition and quantitative analysis were 

performed in a blinded manner, with microscopic 
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imaging parameters kept constant throughout the 

experiments. 

 

ROS Level Detection 

Intracellular ROS production was measured using 6-

Carboxy-2',7'-dichlorodihydrofluorescein diacetate 

(DCFH-DA, C400, Invitrogen) at a working 

concentration of 20 μM. Following treatment, cells were 

PBS-washed twice and incubated with DCFH-DA 

(37°C, 20 minutes, dark). After 3 washes with serum-

free medium, fluorescence microscopy was performed 

immediately. 

Cells were treated with MitoSOX Red (5 μM, 

M36007, Invitrogen) at 37°C for 10 minutes (dark 

conditions) after PBS washing. Following additional 

PBS washes, fluorescence microscopy was conducted. 

Five fields of view were randomly selected, and 

fluorescence intensity was analyzed using ImageJ 

software, with the fluorescence intensity being 

proportional to the level of mitochondrial ROS. The 

results were expressed as relative fluorescence intensity, 

with the control group set to 1. 

 

Mitochondrial Membrane Potential Detection 

Mitochondrial membrane potential was measured 

using JC-1 (10 μg/mL, T3168, Invitrogen). Cells were 

stained (30 minutes, 37°C), washed, and imaged 

(BX600, Olympus). The red/green fluorescence ratio 

was calculated, with lower values indicating 

mitochondrial depolarization. 

 

qRT-PCR 

Total RNA isolation was performed using TRIzol 

reagent (T9424, Sigma) following the manufacturer's 

protocol. RNA quality was verified by 

spectrophotometric analysis (DS-11+, DeNovix) 

demonstrating A260/A280 ratios ranging from 1.8 to 

2.0. Reverse transcription of 1 μg total RNA was carried 

out using a commercial kit (RR092, Takara). 

Quantitative PCR analysis was conducted on an ABI 

7500 Fast Real-Time PCR System (Thermo) with SYBR 

Green master mix (CN830A, Takara). Gene-specific 

primers (Sangon Biotech) were designed as detailed in 

Table 1. Relative gene expression was normalized to 

GAPDH. 

 

Flow Cytometry 

Cell apoptosis was evaluated using Annexin V-APC/PI 

double staining (E-CK-A217, Elabscience).24 After 

treatment, cells (2 × 105 cells) were collected, PBS-

washed, and resuspended in binding buffer (100 μL). 

Samples were then stained with Annexin V-APC and PI 

(5 μL each, 15 minutes, RT, dark) before dilution with 

400 μL buffer for immediate flow cytometric analysis. 

 

ELISA 

Culture supernatants were collected and centrifuged 

(1000g for 10 minutes at 4°C) to remove cellular debris. 

Inflammatory cytokine concentrations (IL-6, IL-1β, 

TNF-α, MCP-1) were quantified using commercial 

ELISA kits (Solarbio: SEKR-0005, SEKR-0002, 

SEKR-0009, SEKR-0024) following manufacturer 

protocols. Briefly, samples were incubated in antibody-

coated wells (37°C, 1 hour), followed by enzyme 

conjugate (37°C, 30 minutes) and TMB substrate (room 

temperature, 10 to 15 minutes, dark). Reactions were 

terminated and absorbance measured at 450 nm, with 

cytokine concentrations determined from standard 

curves. 

 

Immunofluorescence 

The treated H9c2 cells were PBS-washed and fixed with 

4% PFA for 30 minutes at room temperature. After 

permeabilization with 0.5% Triton X-100 (20 minutes) 

and blocking with 5% BSA (30 minutes), cells were 

incubated overnight at 4°C with the following primary 

antibodies: anti-8-OHdG (1:100, bs-1278R, Bioss), anti-

Cofilin (1:200, 10960-1-AP, Proteintech), anti-NF-κB 

p65 (2 μg/mL, ab16502, Abcam), and anti-NLRP3 

(1:50, ab283819, Abcam). Following PBST washes, 

Alexa Fluor-conjugated secondary antibodies (1:200, 

ab150077, Abcam) were applied (1 hour, 37°C). Nuclei 

were counterstained with DAPI before confocal imaging 

(TCS SP8, Leica). Quantitative analysis of fluorescence 

intensity and colocalization was performed using 

ImageJ. 

 

Western Blot 

Following treatment, cellular proteins were extracted 

using RIPA lysis buffer with 30-minute incubation on 

ice. Lysates were centrifuged at 12 000 rpm for 15 

minutes at 4°C to obtain soluble protein fractions. 

Protein concentrations were quantified, and equal 

amounts (20 to 30 μg) were resolved by SDS-PAGE, 

followed by electrophoretic transfer to PVDF 

membranes. To control for batch variation, all samples 

from the groups compared within the same experiment 

were subjected to electrophoresis on the same gel and 
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transferred and incubated on the same membrane. After 

1-hour blocking with 5% BSA, membranes were probed 

with primary antibodies at 4°C overnight. The primary 

antibodies used in this study (all at 1:1000 dilution 

unless specified) included: From Cell Signaling 

Technology: LIMK1 (#3842), Cofilin (#5175), p-

Cofilin (#3313), Bax (#2772), Bcl-2 (#28150), cleaved 

caspase-3 (#9664), Caspase3 (#9662), NF-κB p65 

(#8242), p-NF-κB p65 (#3033), IκB-α (#9242), p-IκB-α 

(#2859), Cleaved-caspase-1 (#9661), Caspase-1 

(#83383), OPA1 (#80471), DRP1 (#8570), phospho-

DRP1 (#4867), PINK1 (#85325), and Parkin (#32833), 

and GAPDH (#5174). From Abcam: ANP (ab225844), 

BNP (1:500, ab19645), β-MHC (MYH7, ab172967), F-

actin (1:500, ab205), α-SMA (1 μg/mL, ab7817), 

Collagen I (ab270993), TGF-β1 (ab215715), NOX2 

(1:500, ab310338), NOX4 (ab133303), NLRP3 

(ab263899), ASC (ab309497), IL-1β (ab283818), and 

IL-18 (0.3 μg/mL, ab191860). 

The membranes were subjected to three 10-minute 

washes with TBST, followed by incubation with HRP-

linked secondary antibodies (ab6721, ab205719; 1:5000 

dilution) at room temperature for 60 minutes. Following 

additional TBST washes, protein bands were visualized 

using ECL substrate (P0018, Beyotime) and captured 

digitally. ImageJ software was used to analyze the gray-

scale values of protein bands, with GAPDH serving as 

the internal reference protein. The relative expression 

level of the target protein was calculated as the ratio of 

the target protein's gray-scale value to that of the internal 

reference protein. For standardized presentation, the 

relative expression level of the target protein in the 

control group was used as the reference for data 

normalization. The processed data were visualized as 

bar charts. 

 

Statistical Analysis 

Prior to statistical testing, the normality of data in 

each group was assessed using the Shapiro–Wilk test, 

and homogeneity of variance was evaluated using 

Levene’s test. For comparisons between 2 groups that 

met the assumptions of normal distribution and 

homoscedasticity, Student’s t-test was applied; for 

multiple-group comparisons, one-way ANOVA 

followed by the Bonferroni post hoc test was used. 

When the data did not conform to a normal distribution 

or showed significant heterogeneity of variance, 

appropriate nonparametric tests were performed (the 

Mann–Whitney U test for two-group comparisons, and 

the Kruskal–Wallis test with corresponding post hoc 

analyses for multiple-group comparisons). Statistical 

significance was set at p<.05. For experiments such as 

ELISA and Western blot performed across multiple 

batches, “batch” was incorporated as a covariate/factor 

into the model to assess and control for potential batch 

effects. Key data were analyzed using two-way ANOVA 

(group + batch) or linear mixed-effects models, with 

results reported as adjusted means ± SEM. To minimize 

observer bias, all data analyses were conducted in a 

blinded manner, with the investigators unaware of the 

specific treatment allocation throughout the 

quantification process. No outliers were artificially 

excluded in this study; all experimental data that met the 

predefined inclusion criteria were included in the 

statistical analyses. 

 

RESULTS 

 

Silencing LIMK1 Alleviates ISO-Induced Injury in 

H9c2 Cardiomyocytes 

The H9c2 cell line, a subclone originating from rat 

embryonic cardiac tissue, serves as a well-established in 

vitro model for cardiovascular research.25,26 In this 

study, H9c2 cardiomyocyte injury was induced by ISO. 

The results showed that cell viability gradually 

decreased with increasing ISO concentrations (Figure 

1A). Based on these findings, treatment with 10 μM ISO 

for 48 hours was selected as the experimental condition 

for subsequent assays. Based on the preliminary 

experimental results, we ultimately chose 10 μM ISO for 

48 hours to establish a heart failure cell model and to 

investigate the role of LIMK1 in ISO-induced H9c2 

cardiomyocyte injury. Immunofluorescence, qRT-PCR, 

and immunoblot analyses consistently demonstrated that 

ISO stimulation significantly enhanced LIMK1 

expression in H9c2 cardiomyocytes (Figure 1B–F), 

confirming ISO's ability to potently upregulate LIMK1 

in these cells. This suggests that LIMK1 may act as a 

stress response molecule involved in the injury 

mechanism of cardiomyocytes during HF. To 

investigate LIMK1's functional role, we performed 

siRNA-mediated knockdown in H9c2 cells, with 

immunoblot analysis confirming successful suppression 

of LIMK1 protein levels in si-LIMK1-transfected groups 

(Figure 1G–H), thereby establishing a cell model with 

low LIMK1 expression and providing a reliable 

experimental foundation for subsequent functional 

studies. 
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HF leads to cardiomyocyte hypertrophy, structural 

disarray, energy metabolism dysfunction, increased 

apoptosis and necrosis, and since proliferation ability is 

extremely low, it cannot effectively repair damage, 

ultimately resulting in decreased cardiac function and 

fibrotic remodeling.27,28 Microscopic observation 

showed that ISO treatment induced morphological 

changes in some H9c2 cells (Figure 1I). Both CCK-8 

and EdU incorporation assays revealed that ISO 

exposure markedly impaired the viability and 

proliferation of H9c2 cardiomyocytes (Figure 1J–L). 

LDH and CK-MB, as important biomarkers of 

myocardial injury, directly reflect the integrity and 

damage of the cardiomyocyte membrane.29,30 Following 

ISO stimulation, H9c2 cells exhibited a marked 

elevation in LDH and CK-MB release (Figure 1M–N). 

While no notable changes were observed between the 

ISO + si-NC and ISO-treated groups, knockdown of 

LIMK1 substantially attenuated ISO-induced cellular 

injury. This protective effect was demonstrated by 

improved cell morphology, elevated viability, enhanced 

proliferation, and reduced leakage of LDH and CK-MB. 

These results confirm that LIMK1 silencing can alleviate 

ISO-induced injury in H9c2 cardiomyocytes. 

 

Silencing of LIMK1 Reduces ISO-Induced 

Hypertrophy, Fibrosis, and Apoptosis in H9c2 

Cardiomyocytes 

This study comprehensively elucidates the 

regulatory function and underlying mechanisms of 

LIMK1 in ISO-mediated cardiomyocyte hypertrophy, 

fibrosis, and apoptosis through multiple experimental 

approaches, including WGA staining, phalloidin 

staining, qRT-PCR, flow cytometry, and Western blot 

analysis. WGA staining revealed that Ang II and ISO 

treatment significantly increased the surface area of 

cardiomyocytes (Figure 2A–D). In addition, qRT-PCR 

and Western blot analyses revealed that the expression 

levels of the myocardial hypertrophy markers ANP, 

BNP, and β-MHC were significantly upregulated 

following ISO treatment. These changes showed no 

significant differences in the si-NC control group but 

were significantly improved in the LIMK1-silenced 

group (Figure 2E–G). As a key kinase regulating  

actin dynamics, LIMK1 promotes F-actin 

polymerization and stress fiber formation by 

phosphorylating its downstream effector, Cofilin. This 

process is critically involved in the pathological 

remodeling of cardiomyocytes.31 Cytochalasin staining 

revealed that ISO treatment markedly enlarged 

cardiomyocyte surface area relative to controls, whereas 

LIMK1 knockdown effectively reversed this 

hypertrophic response (Figure 2J–K). Complementary 

Western blot data showed that ISO stimulation 

substantially enhanced Cofilin phosphorylation and F-

actin expression (Figure 2L–O). Importantly, LIMK1 

silencing suppressed both Cofilin activation and F-actin 

accumulation, demonstrating its regulatory function in 

cardiomyocyte hypertrophy. 

The study also found that silencing LIMK1 had a 

significant inhibitory effect on myocardial fibrosis and 

cell apoptosis. TGF-β and ISO stimulation markedly 

elevated the expression of fibrotic markers (α-SMA, 

Collagen I, and TGF-β1), while LIMK1 knockdown 

effectively suppressed these pro-fibrotic mediators 

(Figure 2H–I, P–Q). Flow cytometry analysis 

demonstrated a significant increase in apoptosis 

following ISO exposure (Figure 2R–S). Corresponding 

Western blot results showed elevated Bax expression, 

reduced Bcl-2 levels, and enhanced caspase-3 

activation, collectively indicating enhanced apoptotic 

signaling (Figure 2T–U). Importantly, LIMK1 silencing 

effectively reversed these abnormal changes in 

apoptosis-related markers. 

 

Silencing of LIMK1 Reduces ISO-Induced ROS 

Production, Mitochondrial Damage, and 

Inflammatory Injury in H9c2 Cardiomyocytes 

To explore the key role of LIMK1 in regulating the 

OS response induced by ISO in H9c2 cardiomyocytes, 

DCFH-DA staining revealed that ISO treatment 

significantly increased intracellular ROS levels, while 8-

OHdG immunofluorescence signals were significantly 

enhanced, indicating exacerbated DNA oxidative 

damage in cardiomyocytes (Figure 3A–C). Biochemical 

analysis revealed that ISO treatment substantially 

increased MDA levels while decreasing SOD and GSH-

Px activities in H9c2 cells, confirming ISO-induced OS 

(Figure 3D–F). Consistent with these findings, Western 

blotting detected elevated expression of ROS-generating 

enzymes NOX2 and NOX4 after ISO exposure (Figure 

3G–H). While no alterations were observed in the ISO + 

si-NC group, LIMK1 knockdown effectively normalized 

these OS parameters. 

To assess LIMK1's impact on mitochondrial 

homeostasis and inflammation, we performed MitoSOX 

and JC-1 staining assays. ISO treatment markedly 

elevated mitochondrial ROS generation and decreased 
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the JC-1 red/green ratio, indicating impaired membrane 

potential (Figure 3I–L). These effects remained 

unaltered in the ISO + si-NC group. Notably, LIMK1 

silencing substantially attenuated mitochondrial ROS 

accumulation and restored membrane potential, 

demonstrating its protective role in mitochondrial 

function. 

ELISA analysis demonstrated that ISO treatment 

markedly enhanced the secretion of pro-inflammatory 

mediators (IL-6, IL-1β, TNF-α, and MCP-1) (Figure 

3M–P), while LIMK1 knockdown substantially 

suppressed their release. These findings suggest that 

LIMK1 plays a pivotal role in regulating ISO-induced 

inflammatory responses in cardiomyocytes. Western 

blotting and related assay kits further showed that 

LIMK1 silencing markedly reduced ISO-induced DRP1 

phosphorylation, while significantly upregulating 

OPA1, PINK1, and PRKN expression as well as ATP 

content (Figure 3Q–T). These findings suggest that 

LIMK1 may participate in ISO-induced cardiomyocyte 

injury by modulating OS, mitochondrial dysfunction, 

and inflammatory responses. 

 

Silencing of LIMK1 Alleviates ISO-Induced H9c2 

Cardiomyocyte Injury by Inhibiting ROS 

To elucidate the mechanism underlying LIMK1-

mediated protection against ISO-induced cardiomyocyte 

injury, 6 experimental groups were established: Control, 

ISO, ISO + si-NC, ISO + si-LIMK1, ISO + si-LIMK1 + 

H2O2, and ISO + si-LIMK1 + Mito-TEMPO. First, we 

confirmed that treatment with 1 mM H2O2 exerted no 

obvious cytotoxicity (Figure 4A). DCFH-DA assays 

revealed that ISO treatment substantially increased 

intracellular ROS levels, whereas LIMK1 knockdown 

effectively attenuated this OS response. However, when 

H2O2 (a ROS agonist) was added to the LIMK1 silencing 

group, ROS levels significantly increased again (Figure 

4B–C). This trend was also reflected in OS indicators: 

MDA content was significantly increased in ISO-treated 

H9c2 cardiomyocytes, while SOD and GSH-Px levels 

were significantly reduced. Silencing LIMK1 effectively 

reversed these changes, but H2O2 treatment partially 

counteracted this protective effect (Figure 4D–F). 

Evaluation of myocardial injury markers revealed that 

ISO treatment substantially elevated LDH and CK-MB 

release in H9c2 cardiomyocytes. While LIMK1 

knockdown significantly attenuated this effect, 

subsequent H2O2 exposure reversed the cardioprotection 

(Figure 4G–H). In addition, Mito-TEMPO treatment 

further enhanced the antioxidant effect of si-LIMK1. 

Cytochalasin staining demonstrated that ISO 

treatment induced cardiomyocyte enlargement, which 

was attenuated by LIMK1 knockdown but partially 

restored upon H2O2 exposure (Figure 4I–J). Western blot 

analysis confirmed ISO-induced upregulation of both 

hypertrophic markers (ANP, BNP, β-MHC) and fibrotic 

proteins (α-SMA, Collagen I, TGF-β1). LIMK1 

silencing effectively inhibited these abnormal 

expression changes, but H2O2 treatment partially 

reversed this inhibition (Figure 4K–N). Apoptosis 

analysis by flow cytometry revealed consistent results: 

ISO stimulation markedly enhanced H9c2 cell 

apoptosis, which was attenuated by LIMK1 knockdown 

but subsequently restored upon H2O2 exposure (Figure 

4O–P). In addition, Mito-TEMPO treatment further 

potentiated the inhibitory effects of si-LIMK1 on cardiac 

hypertrophy and fibrosis, as well as on cell apoptosis 
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Figure 1. Silencing LIMK1 alleviates ISO-induced damage in H9c2 cardiomyocytes. A. Cell viability of H9c2 cells treated with 

different concentrations of ISO for 48 hours was assessed by CCK-8 to determine the optimal induction concentration. ns 

p>0.05, *p<0.05, **p<0.01, ***p<0.001 vs Control; B–F. Immunofluorescence, qRT-PCR, and Western blot were used to detect 

LIMK1 expression at the mRNA and protein levels in H9c2 cells following ISO induction (Scale bar 50 μm); G–H. Western blot 

was performed to verify the transfection efficiency of si-LIMK1 and to confirm the successful establishment of the LIMK1 

knockdown cell model; I. Morphological changes in each group (Control, ISO, ISO + si-NC, ISO + si-LIMK1) were observed 

under a microscope (Scale bar 200 μm); J–L. CCK-8 and EdU staining were used to evaluate changes in cell viability and 

proliferative capacity in each group (Scale bar 50 μm); M–N. Biochemical assay kits were used to measure the release levels of 

the myocardial injury markers LDH and CK-MB in the cell culture supernatant. n=3. ##p<0.01 vs Control; **p<0.01 vs ISO.  
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Figure 2. Silencing LIMK1 alleviates ISO-induced hypertrophy, fibrosis, and apoptosis in H9c2 cardiomyocytes. A–D. WGA 

staining was used to observe and quantify the cardiomyocyte surface area in each group, thereby assessing the degree of cellular 

hypertrophy (Scale bar 50 μm); E–G. qRT-PCR and Western blot were employed to determine the expression levels of the 

hypertrophic markers ANP, BNP, and β-MHC; H–I. Western blot was used to detect the expression of the fibrosis-related 

proteins α-SMA and Collagen I; J–K. Phalloidin staining was performed to observe cell surface area and microfilament 

cytoskeletal remodeling (Scale bar 50 μm); L–O. Immunofluorescence and Western blot were used to assess p-Cofilin levels 

and F-actin protein expression, in order to analyze the regulatory effects of LIMK1 on the cytoskeleton (Scale bar 50 μm); P–

Q. Western blot was further conducted to determine the expression of the fibrosis-related proteins α-SMA, Collagen I, and 

TGF-β1; R–S. Flow cytometry was used to detect and quantify the apoptotic rate of cells in each group; T–U. Western blot was 

used to examine the activation status of the apoptosis-related proteins Bax, Bcl-2, and Caspase-3. n=3. ##p<0.01 vs Control; 

**p<0.01 vs ISO.  
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Figure 3. Silencing LIMK1 reduces ISO-induced ROS production, mitochondrial damage, and inflammatory injury in H9c2 

cardiomyocytes. A–C. DCFH-DA staining was used to assess intracellular ROS levels, and 8-OHdG immunofluorescence was 

applied to evaluate the extent of DNA oxidative damage (Scale bar 100 μm); D–F. Biochemical assay kits were employed to 

measure the content of the lipid peroxidation product MDA and the activities of the antioxidant enzymes SOD and GSH-Px; 

G–H. Western blot was used to detect the expression of the ROS-generating proteins NOX2 and NOX4; I–L. MitoSOX staining 

was performed to detect mitochondrial superoxide production, and JC-1 staining was used to evaluate changes in 

mitochondrial membrane potential (Scale bar 50 μm); M–P. ELISA was used to determine the concentrations of the 

proinflammatory cytokines IL-6, IL-1β, TNF-α, and MCP-1 in the cell culture supernatant; Q–T. Western blot was conducted 

to examine DRP1 phosphorylation and the expression of the mitochondrial dynamics–related proteins OPA1, PINK1, and 

PRKN, and ATP content was measured to evaluate mitochondrial function. n=3. ##p<0.01 vs Control; **p<0.01 vs ISO.  

 
Silencing of LIMK1 Alleviates ISO-Induced H9c2 

Cardiomyocyte Injury by Inhibiting ROS 

To elucidate the mechanism underlying LIMK1-

mediated protection against ISO-induced cardiomyocyte 

injury, 6 experimental groups were established: Control, 

ISO, ISO + si-NC, ISO + si-LIMK1, ISO + si-LIMK1 + 

H2O2, and ISO + si-LIMK1 + Mito-TEMPO. First, we 

confirmed that treatment with 1 mM H2O2 exerted no 

obvious cytotoxicity (Figure 4A). DCFH-DA assays 

revealed that ISO treatment substantially increased 

intracellular ROS levels, whereas LIMK1 knockdown 

effectively attenuated this OS response. However, when 

H2O2 (a ROS agonist) was added to the LIMK1 silencing 

group, ROS levels significantly increased again (Figure 

4B–C). This trend was also reflected in OS indicators: 

MDA content was significantly increased in ISO-treated 

H9c2 cardiomyocytes, while SOD and GSH-Px levels 

were significantly reduced. Silencing LIMK1 effectively 

reversed these changes, but H2O2 treatment partially 

counteracted this protective effect (Figure 4D–F). 

Evaluation of myocardial injury markers revealed that 

ISO treatment substantially elevated LDH and CK-MB 

release in H9c2 cardiomyocytes. While LIMK1 

knockdown significantly attenuated this effect, 

subsequent H2O2 exposure reversed the cardioprotection 

(Figure 4G–H). In addition, Mito-TEMPO treatment 

further enhanced the antioxidant effect of si-LIMK1. 
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Cytochalasin staining demonstrated that ISO 

treatment induced cardiomyocyte enlargement, which 

was attenuated by LIMK1 knockdown but partially 

restored upon H2O2 exposure (Figure 4I–J). Western blot 

analysis confirmed ISO-induced upregulation of both 

hypertrophic markers (ANP, BNP, β-MHC) and fibrotic 

proteins (α-SMA, Collagen I, TGF-β1). LIMK1 

silencing effectively inhibited these abnormal 

expression changes, but H2O2 treatment partially 

reversed this inhibition (Figure 4K–N). Apoptosis 

analysis by flow cytometry revealed consistent results: 

ISO stimulation markedly enhanced H9c2 cell 

apoptosis, which was attenuated by LIMK1 knockdown 

but subsequently restored upon H2O2 exposure (Figure 

4O–P). In addition, Mito-TEMPO treatment further 

potentiated the inhibitory effects of si-LIMK1 on cardiac 

hypertrophy and fibrosis, as well as on cell apoptosis. 

 

Silencing of LIMK1 Alleviates ISO-Induced 

Inflammatory Injury in H9c2 Cardiomyocytes by 

Inhibiting the NF-κB/NLRP3 Pathway 

This investigation delineates the cardioprotective 

mechanism of LIMK1 silencing against ISO-mediated 

inflammatory damage in H9c2 cardiomyocytes, 

involving coordinated modulation of the NF-κB/NLRP3 

axis. The synergistic interplay between NF-κB and 

NLRP3 amplifies inflammatory cascades through 

reciprocal activation.32 Immunofluorescence and 

Western blot analyses showed that NF-κB p65 

expression was markedly upregulated in the ISO group, 

accompanied by significant increases in the p-NF-κB-

p65/NF-κB-p65 and p-IκB-α/IκB-α ratios (Figure 5A–

D), indicating activation of the NF-κB signaling 

pathway. Further immunofluorescence analysis revealed 

that ISO treatment markedly enhanced NF-κB p65 

nuclear translocation and the fluorescence intensity of 

NLRP3 (Figure 5E–H), suggesting that ISO strongly 

induces upregulation of NF-κB and NLRP3 expression. 

The NLRP3 inflammasome, a crucial innate immune 

complex comprising NLRP3, ASC, and caspase-1,33 

exhibited elevated expression of its components 

(NLRP3, ASC) and enhanced caspase-1 cleavage in 

ISO-treated cells (Figure 5I–J). Importantly, LIMK1 

knockdown suppressed both NF-κB/NLRP3 activation 

and IκB-α phosphorylation. The expression of 

inflammasome-related proteins was significantly 

downregulated, thereby suppressing inflammasome 

activation. These findings demonstrate that LIMK1 

knockdown modulates myocardial inflammatory 

responses through NF-κB/NLRP3 signaling pathway 

regulation. 

The above mechanism was further validated by 

intervention experiments using an NF-κB agonist 

(dipro), and it was confirmed that 5 μM dipro had no 

significant effect on cell viability (Figure 5K). ELISA 

analysis demonstrated elevated secretion of pro-

inflammatory cytokines (IL-6, IL-1β, TNF-α, MCP-1) in 

ISO-stimulated cardiomyocytes, corroborated by 

Western blot showing upregulated IL-1β and IL-18 

expression (Figure 5L–O). LIMK1 knockdown 

substantially suppressed this inflammatory response, an 

effect reversed by NF-κB activation. Similarly, LIMK1 

silencing attenuated NLRP3 inflammasome activation 

(NLRP3, ASC, cleaved caspase-1 downregulation), 

while NF-κB agonist treatment restored inflammasome 

component expression (Figure 5P–S). These findings 

establish that LIMK1 inhibition protects against ISO-

induced cardiac inflammation through NF-κB/NLRP3 

pathway suppression. 

 

Inhibition of ROS Alleviates ISO-Induced H9c2 

Cardiomyocyte Injury by Inhibiting NF-κB/NLRP3 

Activation 

To investigate ROS-mediated regulation of NF-

κB/NLRP3 signaling in ISO-induced cardiomyocyte 

injury, 4 experimental groups were examined: Control, 

ISO, ISO + NAC (ROS inhibitor), and ISO + NAC + 

dipro (NF-κB agonist). Western blot analysis revealed 

that ISO stimulation markedly enhanced 

phosphorylation of NF-κB p65 and IκB-α, along with 

increased expression of NLRP3 inflammasome 

components (NLRP3, ASC, cleaved caspase-1) (Figure 

6A–C). ROS inhibition by NAC substantially attenuated 

these effects, demonstrating ROS's pivotal role in NF-

κB/NLRP3 pathway activation. Subsequent NF-κB 

agonism with dipro reversed NAC's suppressive effects, 

conclusively establishing ROS-dependent regulation of 

cardiac injury via the NF-κB/NLRP3 axis. 

The LDH assay revealed that ISO stimulation 

substantially elevated LDH activity in culture 

supernatants, whereas NAC treatment significantly 

attenuated this release, demonstrating ROS inhibition's 

membrane-stabilizing effect. However, when dipro was 

added to the NAC treatment, the LDH release increased 

again (Figure 6D). WGA staining demonstrated ISO-

induced cardiomyocyte enlargement characteristic of 

pathological hypertrophy, which was attenuated by 

NAC treatment but partially restored upon dipro co-
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administration (Figure 6E–F). Cytochalasin staining 

confirmed cardiomyocyte enlargement following ISO 

treatment, which was effectively mitigated by NAC 

administration. However, dipro treatment caused the cell 

surface area to increase again (Figure 6G–H). Western 

blot analysis of fibrotic markers revealed that ISO 

stimulation markedly enhanced α-SMA, Collagen I, and 

TGF-β1 expression, whereas NAC treatment effectively 

suppressed this fibrotic response. Dipro treatment 

partially blocked the inhibitory effect of NAC (Figure 

6I–J). Flow cytometric analysis revealed ISO-induced 

cardiomyocyte apoptosis, which was attenuated by NAC 

treatment. Dipro treatment led to a rebound in the 

apoptosis rate (Figure 6K–L). Quantification of secreted 

inflammatory mediators by ELISA demonstrated that 

ISO treatment markedly elevated extracellular levels of 

IL-6, IL-1β, IL-18, and MCP-1 in cultured supernatants. 

NAC treatment inhibited the production of these 

inflammatory factors, while dipro treatment partially 

restored the secretion levels of these inflammatory 

factors (Figure 6M–P). Collectively, these findings 

demonstrate that ROS-mediated cardiomyocyte 

dysfunction occurs through NF-κB/NLRP3 pathway 

activation, as evidenced by multiple cellular injury 

parameters. 

 

 

Figure 4. Silencing LIMK1 alleviates ISO-induced damage in H9c2 cardiomyocytes by inhibiting ROS production. A. CCK-8 

assay was used to assess the effect of H2O2 (1 mM) on cell viability to verify the safety of the intervention concentration. ns 

p>0.05, ***p<0.001 vs Control; B–C. DCFH-DA staining was used to detect changes in intracellular ROS levels in each group 

after treatment with the ROS agonist (H2O2) or scavenger (Mito-TEMPO) (Scale bar 100 μm); D–F. The levels of oxidative 

stress indicators MDA, SOD, and GSH-Px in each group were measured; G–H. The release of LDH and CK-MB in each group 

was determined to evaluate the extent of cell injury; I–J. Phalloidin staining was performed to quantitatively analyze changes 

in cell surface area in each group (Scale bar 50 μm); K–N. Western blot analysis was conducted to determine the expression 

levels of hypertrophy markers (ANP, BNP, β-MHC) and fibrosis markers (α-SMA, Collagen I, TGF-β1); O–P. Flow cytometry 

was used to quantitatively analyze the differences in apoptosis rates among the groups. n=3. ##p<0.01 vs Control; **p<0.01 vs 

ISO; &p<.05, &&p<.01 vs ISO + si-LIMK1.  
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Figure 5. Silencing LIMK1 alleviates ISO-induced inflammatory injury in H9c2 cardiomyocytes by inhibiting NF-κB/NLRP3. 

A–D. Western blot analysis of the expression and phosphorylation levels of key proteins in the NF-κB signaling pathway, 

including p65, p-p65, IκB-α, and p-IκB-α (Scale bar 50 μm); E–H. Immunofluorescence assay to observe the nuclear 

translocation of NF-κB p65 and changes in NLRP3 fluorescence intensity (Scale bar 50 μm); I–J. Western blot analysis of the 

expression of inflammasome components, including NLRP3, ASC, and cleaved caspase-1; K. CCK-8 assay to evaluate the effect 

of the NF-κB agonist dipro on cell viability. ns p>0.05, ***p<0.001 vs Control; L–O. ELISA to determine the concentrations of 

the pro-inflammatory cytokines IL-6, IL-1β, TNF-α, and MCP-1 in each group; P–S. Western blot analysis of the expression 

of mature inflammatory cytokines IL-1β and IL-18, as well as NLRP3-related proteins, to assess the antagonistic effect of dipro 

on the protective role of LIMK1. n=3. ns p>.05, ##p<0.01 vs Control; **p<0.01 vs ISO; &p<0.05, &&p<0.01 vs ISO + si-LIMK1.  
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Figure 6. Inhibition of ROS alleviates ISO-induced damage in H9c2 cardiomyocytes by suppressing NF-κB/NLRP3 activation. 

A–C. Four experimental groups (Control, ISO, ISO + NAC, ISO + NAC + dipro) were established to investigate ROS-mediated 

NF-κB/NLRP3 activation in ISO-induced injury. Immunoblot analysis examined key pathway components: NF-κB p65 

(phosphorylation status), IκB-α (degradation), NLRP3 inflammasome complex formation (ASC, caspase-1 cleavage); D. 

Cellular damage was quantified by LDH release; E–F. WGA staining visualized hypertrophic morphology (Scale bar 50 μm); 

G–H. Phalloidin-based morphometry determined cell surface area changes (Scale bar 50 μm); I–J. Fibrotic responses were 

assessed through α-SMA, Collagen I, and TGF-β1 immunodetection; K–L. Apoptotic rates were measured by flow cytometry; 

M–P. Inflammatory cytokine secretion (IL-6, IL-1β, IL-18, MCP-1) was quantified via ELISA to validate ROS-NF-κB/NLRP3 

axis involvement. n=3. ##p<0.01 vs Control; **p<0.01 vs ISO; &&p<0.01 vs ISO + NAC.  

 
DISCUSSION 

 

The LIMK family mainly includes 2 members, 

LIMK1 and LIMK2, which regulate actin cytoskeletal 

remodeling by phosphorylating downstream substrates, 

such as cofilin.34 LIMK demonstrates broad expression 

patterns across cardiovascular tissues and participates in 

modulating critical pathological mechanisms such as 

endothelial dysfunction, vascular smooth muscle cell 

dynamics, cardiomyocyte hypertrophy, and fibrotic 

remodeling.19 This investigation provides the first 

comprehensive analysis of LIMK1's involvement in 

ISO-mediated cardiomyocyte injury. Our data 

demonstrate that ISO stimulation markedly elevates 

LIMK1 expression in H9c2 cells, aligning with previous 

findings of upregulated LIMK1 in cardiac tissues from 

fibrotic rat models.35 The study demonstrated that ISO 

exposure induced cardiomyocyte enlargement 

accompanied by reduced viability and proliferative 

capacity. Concurrently, we observed elevated secretion 

of cardiac injury biomarkers and upregulation of 

hypertrophic markers. Notably, LIMK1 silencing 
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effectively attenuated these pathological alterations. 

Furthermore, our data revealed that LIMK1 silencing 

substantially reduced ISO-induced expression of 

fibrosis-associated proteins and suppressed apoptotic 

cell death. These findings indicate that LIMK1 inhibition 

mitigates ISO-triggered cardiomyocyte injury, 

hypertrophic responses, and fibrotic remodeling, 

highlighting its multifaceted involvement in myocardial 

pathological progression. 

Studies have shown that the cardiovascular system is 

particularly susceptible to OS. Excessive ROS can 

directly damage cardiomyocytes, leading to tissue injury 

and functional impairment.36–38 DCFH-DA fluorescence 

analysis demonstrated that ISO stimulation markedly 

elevated intracellular ROS levels in H9c2 

cardiomyocytes, with concurrent intensification of 8-

OHdG immunofluorescence signals, suggesting 

substantial oxidative DNA damage. Biochemical assays 

further revealed that ISO exposure significantly 

increased MDA content while suppressing SOD and 

GSH-Px activities, collectively indicating severe OS in 

cardiomyocytes. Research indicates that excessive ROS 

can damage cardiomyocytes through multiple pathways, 

including directly oxidizing proteins, lipids, and DNA, 

disrupting calcium homeostasis, activating pro-

apoptotic signaling pathways, and inducing 

inflammation.39 This study found that the increase in 

ROS induced by ISO was accompanied by hypertrophy, 

fibrosis, and apoptosis in cardiomyocytes, consistent 

with the multiple damage mechanisms of ROS. To 

further verify the key role of ROS in LIMK1-mediated 

cardiomyocyte protection, we performed intervention 

experiments by adding H2O2 (a ROS agonist) after 

LIMK1 silencing. H2O2 co-treatment attenuated the 

cardioprotective effects of LIMK1 knockdown against 

ISO-induced cellular damage, including hypertrophic, 

fibrotic, and apoptotic responses, substantiating ROS as 

a pivotal mediator in LIMK1-dependent cardiac injury. 

Mitochondrial impairment represents a key 

pathological mechanism in ROS-induced cardiac 

injury.40 Our experimental data demonstrated that ISO 

exposure triggered mitochondrial OS (MitoSOX) and 

depolarization (JC-1), confirming ISO-induced 

mitochondrial dysfunction. These findings align with 

previous reports of ROS-induced mitochondrial 

dysregulation in cardiomyocyte injury.41 LIMK1 

knockdown effectively attenuated OS by reducing 

mitochondrial ROS accumulation and restoring 

membrane potential. Furthermore, both mitochondrial 

impairment and inflammatory activation are established 

contributors to HF pathogenesis.42 In this study, ISO-

induced inflammatory factor levels in H9c2 

cardiomyocytes were significantly elevated, while 

LIMK1 silencing significantly reduced the levels of 

inflammatory factors, suggesting that LIMK1 silencing 

can ameliorate cardiomyocyte injury by inhibiting 

mitochondrial damage and inflammatory injury. 

As a master transcriptional regulator, NF-κB 

coordinates fundamental biological processes spanning 

from immune-inflammatory cascades to proliferation 

and apoptosis control.43,44 Under basal conditions, NF-

κB remains sequestered in the cytoplasm through 

binding with its inhibitory subunit IκB. Upon cellular 

activation, IκB undergoes phosphorylation-dependent 

degradation, liberating NF-κB for nuclear translocation 

and subsequent transcriptional activation of target 

genes.45 The NF-κB pathway critically contributes to HF 

pathogenesis by mediating cardiomyocyte hypertrophy, 

fibrosis, and apoptosis in response to OS, hypoxia, or 

inflammatory stimuli.9 Concurrently, the NLRP3 

inflammasome - a tripartite innate immune complex 

(NLRP3/ASC/caspase-1) - synergistically amplifies 

inflammatory responses during cardiac injury.46 

Previous studies have established that NLRP3 

inflammasome activation occurs through multiple 

mechanisms, including NF-κB-dependent 

transcriptional upregulation of NLRP3 and pro-IL-1β, as 

well as ROS-mediated inflammasome assembly which 

triggers caspase-1 activation and subsequent maturation 

of IL-1β and IL-18.47 This study pioneers the 

investigation of NF-κB/NLRP3 pathway activation in 

ISO-induced cardiomyocyte injury. ISO treatment 

enhanced the expression of NF-κB and NLRP3 and 

promoted activation of the NLRP3 inflammasome by 

activating the NF-κB/NLRP3 signaling pathway. 

Notably, LIMK1 silencing effectively inhibited the 

expression of NF-κB and NLRP3 as well as the 

phosphorylation of NF-κB and IκB-α, while 

downregulating the expression of NLRP3 

inflammasome–related proteins, indicating that LIMK1 

silencing attenuates inflammatory injury in 

cardiomyocytes by suppressing the NF-κB/NLRP3 

signaling pathway. To further validate this mechanism, 

the NF-κB agonist dipro was added after LIMK1 

silencing for intervention experiments. The results 

showed that dipro treatment significantly reversed the 

inhibitory effects of LIMK1 silencing on the production 

of inflammatory cytokines and concomitantly 
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upregulated the expression of NLRP3 inflammasome–

related proteins, thereby further confirming the pivotal 

role of the NF-κB/NLRP3 signaling pathway in the 

LIMK1-mediated cardioprotective effects. 

OS and inflammatory processes exhibit a complex 

bidirectional relationship, in which ROS function as key 

mediators of multiple pro-inflammatory signaling 

cascades, particularly the NF-κB pathway and NLRP3 

inflammasome activation.48–50 Mechanistically, ROS 

contribute to NLRP3 inflammasome stimulation 

through direct oxidative post-translational modifications 

of inflammasome components, as well as through 

indirect regulation of its assembly and subsequent 

activation. In this pioneering study, we comprehensively 

elucidate the mechanistic involvement of ROS-NF-

κB/NLRP3 signaling in ISO-mediated cardiomyocyte 

damage. Our experimental data revealed that ISO 

stimulation potently enhanced the protein expression of 

both NF-κB pathway components and NLRP3 

inflammasome elements. Importantly, pharmacological 

inhibition of ROS by NAC effectively normalized these 

aberrant protein expressions, while simultaneously 

mitigating multiple ISO-induced pathological 

manifestations including LDH leakage, cellular 

hypertrophy, fibrotic remodeling, apoptotic cell death, 

and inflammatory cytokine generation. The most 

compelling evidence emerged when co-administration 

of the NF-κB agonist dipro with NAC restored NF-

κB/NLRP3 pathway activity and attenuated NAC's 

cardioprotection, definitively establishing ROS-

dependent activation of NF-κB/NLRP3 signaling as a 

central regulatory mechanism in this cardiomyocyte 

injury model. 

Although this study provides preliminary 

experimental evidence for the role of LIMK1 in ISO-

induced myocardial injury, certain limitations exist that 

warrant further investigation in future research. 

Regarding validation of molecular biological 

mechanisms, the functional knockout experiments for 

LIMK1 in this study primarily relied on a single siRNA. 

While the results demonstrated significant silencing 

effects, parallel validation using multiple different 

siRNA sequences was not performed. In subsequent 

studies, we will employ multiple siRNAs targeting 

different LIMK1 sites and exogenous expression vector 

restoration experiments to more rigorously confirm the 

specificity of LIMK1-mediated effects. Second, the 

H9c2 cell line used in this study, derived from 

embryonic rat heart tissue, is widely employed in 

cardiomyopathy research. However, its skeletal muscle 

lineage prevents it from fully mimicking the contractile 

properties and complex electrophysiological 

characteristics of adult cardiomyocytes (e.g., selective 

expression of key cardiac ion channels). Future studies 

should incorporate primary cardiomyocytes or human 

induced pluripotent stem cell-derived cardiomyocytes 

(iPSC-CMs) for validation to enhance the biological 

validity of the conclusions. Furthermore, all current data 

originate from in vitro cellular models. While these 

models facilitate cellular and molecular-level analysis of 

LIMK1 mechanisms, they cannot fully reflect complex 

processes at the organismal level, such as cardiac 

structural remodeling, hemodynamic alterations, and 

multi-organ interplay. Therefore, subsequent studies 

should establish in vivo heart failure animal models that 

more closely mimic clinical disease progression. 

Through multilevel assessments, including cardiac 

function measurement, histology, and molecular 

biology, the role of LIMK1 in the development of heart 

failure and the efficacy of its intervention should be 

systematically validated. Additionally, 48-hour 

treatment with 10 μM ISO tends to induce acute 

adrenergic stress injury rather than fully mirroring the 

complex pathophysiology of chronic clinical heart 

failure. Furthermore, all biochemical and molecular 

expression analyses were conducted at a single time 

point. Given the highly dynamic evolution of HF-related 

signaling pathways (e.g., ROS-mediated NF-κB/NLRP3 

axis), single-time-point observations may overlook 

critical stage-specific changes during disease 

progression. In summary, future research requires 

integrating dynamic multi-time-point observations, 

more physiologically relevant in vivo experimental 

models, and comprehensive validation using 

cardiomyocytes from diverse sources to further 

elucidate the pathological mechanisms of LIMK1 in 

heart failure and assess its potential as a clinical 

therapeutic target. 

Our investigation reveals that LIMK1 knockdown 

effectively diminishes ROS accumulation, blocks NF-

κB/NLRP3 pathway stimulation, and consequently 

ameliorates OS, cellular enlargement, fibrotic changes, 

programmed cell death, and inflammatory responses in 

cardiomyocytes. This provides new ideas and a 

theoretical foundation for developing treatment 

strategies for HF. However, the current study was 

conducted only in the H9c2 cardiomyocyte cell line. 

Although in vitro experiments can effectively reveal 
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molecular mechanisms, certain limitations remain: on 

the one hand, the cell model cannot fully replicate the 

complex in vivo microenvironment and inter-organ 

interactions; on the other hand, the findings still need to 

be further validated in animal models and clinical 

samples for their physiological relevance. Future 

research will delve deeper into the LIMK1-regulated 

molecular network through in vivo experiments, aiming 

to provide a more reliable basis for targeting LIMK1 in 

HF treatment. 
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