


LMOD2 attenuates Ang II‑induced cardiomyocyte hypertrophy by activating the Nrf2‑mediated antioxidant pathwayLMOD2 alleviates cardiomyocyte hypertrophy by upregulating the antioxidant pathway
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Abstract Pathological cardiac hypertrophy constitutes a common pathway in heart failure progression. Although previous studies have identified LMOD2 as a protective factor against dilated cardiomyopathy, its functional role and mechanistic involvement in pathological hypertrophy remain elusive. Here our study demonstrates that LMOD2 expression is significantly downregulated in angiotensin II (Ang II)-induced H9c2 cardiomyocyte hypertrophy. Further studies revealed that LMOD2 overexpression markedly attenuates cardiomyocyte enlargement and decreases expression of hypertrophic markers including atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and myosin heavy chain 7 (MYH7), whereas siRNA-mediated silencing exacerbates these pathological changes. Mechanistically, LMOD2 suppresses oxidative stress by activating the nuclear factor erythroid 2-related factor 2 (Nrf2) antioxidant signaling pathway, evidenced by upregulation of Nrf2, solute carrier family 7 member 11 (SLC7A11), heme oxygenase-1 (HO-1), and glutathione peroxidase 4 (GPX4), alongside reduced levels of reactive oxygen species (ROS), malondialdehyde (MDA), and 4-hydroxy-2-nonenal (4-HNE) and elevated glutathione (GSH) content. Notably, nucleocytoplasmic fractionation assays revealed that LMOD2 overexpression promoted Nrf2 nuclear accumulation, whereas LMOD2 silencing attenuated Nrf2 translocation into the nucleus. Pharmacological rescue experiments further demonstrated that the Nrf2 inhibitor ML385 abolished the protective effects of LMOD2 overexpression, while the Nrf2 activator sulforaphane (SFN) partially reversed the aggravated hypertrophic phenotype induced by LMOD2 deficiency, confirming that the anti-hypertrophic action of LMOD2 is causally dependent on the functional integrity of the Nrf2 pathway. Our results reveal that LMOD2 functions as a crucial suppressor of Ang II-induced cardiomyocyte hypertrophy by orchestrating Nrf2-mediated antioxidant defenses, thereby revealing a potential therapeutic target for preventing pathological cardiac remodeling.
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Introduction
Cardiovascular disease has become one of the leading causes of death and disability worldwide[1, 2]. According to the World Health Organization (WHO), approximately 17.9 million people die from cardiovascular disease each year, severely impacting human quality of life and imposing a heavy economic burden on society[3, 4]. Hypertrophic cardiomyopathy represents a common pathological pathway through which various cardiovascular diseases, including hypertension, progress to heart failure[5]. Investigating the molecular mechanisms underlying the onset and progression of hypertrophic cardiomyopathy may facilitate the identification of potential therapeutic targets for preventing and treating cardiovascular diseases and heart failure[6, 7].
Hypertrophic cardiomyopathy typically manifests as an adaptive response of the heart to increased pressure or volume overload[8, 9]. In the early stages of disease, myocardial hypertrophy provides compensatory benefits by enhancing myocardial contractility, reducing wall tension, and maintaining cardiac output[10]. However, if the underlying cause persists, hypertrophy gradually transitions from a compensatory to a decompensatory phase[11]. This progression triggers severe consequences including myocardial ischemia and hypoxia, impaired energy metabolism, abnormal myocardial contractility and relaxation, and arrhythmias, ultimately leading to heart failure[12]. The molecular mechanisms underlying pathological myocardial hypertrophy are complex and multifactorial[13]. Currently recognized pathways include the renin-angiotensin-aldosterone system, Ca²⁺/calmodulin-dependent protein kinase II signaling, the mammalian target of rapamycin complex 1 (mTORC1), adenosine monophosphate-activated protein kinase, natriuretic peptides, non-coding RNAs, and mitochondria play crucial roles in pathological myocardial hypertrophy[14, 15]. These signaling pathways, key molecules, and organelles primarily promote or suppress pathological hypertrophy by regulating levels of second messengers (calcium ions, cyclic adenosine monophosphate, cyclic guanosine monophosphate, etc.), expression of hypertrophy-related genes, protein synthesis and degradation, autophagy, oxidative stress, and energy metabolism[16-20]. Among these, oxidative stress has been reported as a major driver of cardiomyocyte hypertrophy[21]. This refers to an imbalance between oxidative and antioxidant systems in the body, leading to excessive production of reactive oxygen species (ROS)[22]. ROS oxidatively modify biomolecules such as proteins, lipids, and nucleic acids, disrupting normal cellular structure and function, thereby exacerbating myocardial injury and promoting the progression of hypertrophy[23, 24]. However, the direct trigger for the abnormal enlargement of cardiomyocyte volume—the most prominent structural feature of pathological hypertrophy—remains poorly understood.
LIM domain-containing protein 2 (LMOD2), an actin-binding protein, plays a crucial role in cardiac development and functional maintenance[25]. During cardiac development, LMOD2 expression undergoes dynamic changes, significantly regulating cardiomyocyte proliferation, differentiation, and cardiac morphogenesis[26, 27]. Recent studies reveal that LMOD2 competes with tropomodulin-1 at the pointed end of thin filaments to regulate filament length[28]. Its haploinsufficiency leads to neonatal dilated cardiomyopathy, characterized by thin filament shortening and reduced contractility[29]. Latest single-cell RNA-seq data further reveal that LMOD2 deficiency is associated with downregulation of oxidative phosphorylation genes and increased mitochondrial ROS levels, suggesting a potential role in metabolic regulationLatest single-cell RNA-seq data further reveal that LMOD2 deficiency selectively downregulates oxidative phosphorylation genes and exacerbates mitochondrial ROS production, suggesting dual structural-metabolic functions[30]. However, the mechanism underlying LMOD2's role in cardiac hypertrophy remains unknown.
Here, our study demonstrates that LMOD2 is significantly downregulated in hypertrophic cardiomyocytes. Upregulating LMOD2 inhibits hypertrophy, while downregulating it promotes hypertrophy, primarily through regulating the Nrf2-mediated antioxidant pathway. Our findings establish a robust foundation for further investigating the molecular mechanisms of LMOD2 in pathological myocardial hypertrophy and for developing potential therapeutic targets for preventing and treating cardiovascular diseases.

Materials and Methods
1.Experimental cells
H9c2 rat cardiomyocyte cell line purchased from Wuhan Punoise Biotechnology Co., Ltd.
2.Experimental Reagents
2.1Primers
All primers used in this study were purchased from Qingke Bio-Synthesis. Primer sequences are listed in Table
	This article detects the primer sequences of RT-qPCR

	Gene
	Species
	Forward primer (5'-3') 
	Reverse primer (5'-3') 

	LMOD2
	Rat
	GCTAGCATGTCCACCTTCG
	CGAAGGTGGACATGCTAGC

	Nppa
	Rat
	GAAGATGCCGGTAGAAGATGAG
	AGAGCCCTCAGTTTGCTTTTC

	Nppb
	Rat
	CTGGAGACTGGCTAGGACTTC
	GGTGCTGCCCCAGATGATT

	Myh7
	Rat
	GCCCCAAATGCAGCCAT
	CGCTCAGTCATGGCGGAT

	Nrf2
	Rat
	CACATCCAGACAGACACCAGT
	CTACAAATGGGAATGTCTCTGC

	HO-1
	Rat
	TCAGAAGGGTCAGGTGTCCA
	CAATGTTGAGCAGGAAGGCG

	SLC7A11
	Rat
	TATGCTGAATTGGGTACGAGC
	TATTACCAGCAGTTCCACCCA

	GPX4
	Rat
	AGGCAGGAGCCAGGAAGTAATC
	ACCACGCAGCCGTTCTTATC

	GAPDH
	Rat
	GGTTGTCTCCTGCGACTTCA
	TGGTCCAGGGTTACTCC


The above table shows the sequences of the primers used in the RT-qPCR test described in this article.
2.2 SiRNA
All siRNAs used in this study were purchased from Wuhan Bio-Engineering Co., Ltd. Specific details are provided in Table.
[bookmark: _Hlk198064379] The siRNA-related sequences used in this study
	Target gene
	Marking
	Justice RNA (5'-3')
	Antisense RNA (5'-3')

	LMOD2
	LMOD2
	AGCUUGCAGAAGAAGACAA
	UUGUCUUCUUCUGCAAGCU

	Negative Control contr contr control control control
	NC
	UCUCCGAACGUGUCACGUTT
	CGUGACACGUUCGGAGAATT





The above table shows the sequences of the primers used in the silent LMOD2 experiment.
2.3 Instruments and reagents
Water purification system (Wuhan Pinguan Instruments Equipment Co., Ltd.); pH meter (Mettler Toledo, Switzerland); constant temperature water bath (Boxun Instruments, China); thermal cycler/denaturation apparatus (Eppendorf, Germany); microplate reader (Thermo Fisher Scientific, China); vertical electrophoresis apparatus, electrotransfer tank, gel imaging and analysis system, and real-time PCR detection system (Bio-Rad, USA); NanoDrop 2000 (Thermo Fisher Scientific); refrigerated ultracentrifuge (Eppendorf, Germany); CO₂ cell culture incubator (Thermo Fisher Scientific); clean bench (Suzhou Purification Equipment Co., Ltd.), etc.
Trypsin and fetal bovine serum (GIBCO); penicillin-streptomycin solution (Biosharp, BL505A); DMEM basal medium (Wuhan Servicebio Technology Co., Ltd., G4515-500ML); serum-free cell cryopreservation medium (Biosharp, BL203B); PBS (Biosharp, BL302A); Tris-base (Biosharp, BS083-1kg); phosphatase inhibitor solution A, solution B, and PMSF (Wuhan Servicebio Technology Co., Ltd., G2008-1ML); BCA kit (Wuhan Servicebio Technology Co., Ltd., G2026-1000T); non-fat dry milk (Wuhan Servicebio Technology Co., Ltd., GC310001-100g); Tween20 (Wuhan Servicebio Technology Co., Ltd., GC204002-100ml); GP-transfect-Mate transfection reagent (Suzhou GenePharma Co., Ltd.); absolute ethanol, methanol, isopropanol, and chloroform (Shanghai Sinopharm Chemical Reagent Co., Ltd.); RNA extraction reagent (Wuhan Servicebio Technology Co., Ltd., G3013-100ML); DEPC water (Wuhan Servicebio Technology Co., Ltd., G3004-100ML); primary antibody diluent (Biosharp, BL506A); Nrf2 (Zen BioScience, R380773), GPX4 (Zen BioScience, R24461), HO-1 (Zen BioScience, R24541), SLC7A11 (Zen BioScience, R26116); ECL chemiluminescent substrate kit (Biosharp, BL520B); mounting medium with DAPI (Biosharp, BL701A); phalloidin (Biosharp, BL6217A).
3. Experimental Methods
3.1P assaging and Culturing of H9c2 Myocardial Cells
Passage H9c2 cells when their density reaches over 80% under microscopic observation. Pre-warm sterilized PBS, trypsin containing 0.25% EDTA, and 10% DMEM complete medium in a 37°C water bath. Aspirate and discard the original medium from the culture dish. Add 2 mL of pre-warmed sterile PBS to the 10 cm cell culture dish and wash once. Add 2 mL trypsin to digest and detach cells, allowing it to sit for 30–60 seconds. Observe cells under a microscope; when cells round up and detach extensively, immediately pipette until all cells detach. Add 4 mL complete medium and mix thoroughly to terminate digestion. Collect the cell suspension into a sterile 15 mL centrifuge tube and centrifuge at 1000 rpm for 3 minutes. After centrifugation, discard the supernatant (medium and trypsin mixture). Add 1 mL of pre-warmed complete medium and mix thoroughly. Using a 1:3 pass ratio, seed 1 mL of cell suspension into three 10 cm cell culture dishes containing 10 mL of complete medium each. Continue culture in a 37°C, 5% CO₂ incubator.
3.2 Measurement of the Cross-sectional Area of Myocardial Cells
Resuspended cells were seeded at 1 × 10⁵ cells per dish into confocal culture dishes. Following transfection or drug treatment for the specified duration, the original medium was discarded. The cells were washed three times with 1 mL of sterile PBS pre-warmed to 37°C. After discarding the PBS, 1 mL of 4% paraformaldehyde was added to cover the dish bottom. Fix at room temperature for 15 min. Discard the 4% paraformaldehyde, add PBS, and wash three times. Discard the PBS, add 1 mL of 0.1% Triton X-100, and penetrate at room temperature for 20 min. Discard the 0.1% Triton X-100, Add PBS and wash three times. Discard PBS. Add 200 µL 100 nM Anti-stain 488 Fluorescent Phalloidin. Discard the liquid in the dish. Add PBS and wash three times. Discard PBS. Add 100 µL ProLong™ Gold antifade reagent with DAPI. Observe and photograph using a confocal microscope. Cell Sens software was used to calculate the cross-sectional area of cells.
3.3 Detection of Marker Genes for Cardiomyopathy
First, extract total cellular RNA and determine its concentration using NanoDrop2000 software. Store at -80°C. Next, transcribe the extracted total cellular RNA into cDNA. Add all reagent components to RNase-free PCR tubes and mix before placing in the PCR instrument for reverse transcription. Subsequently, transfer the mixture to a 96-well plate dedicated for RT-qPCR and seal with the provided optical sealing film. Using the corresponding PCR primers (Table 1), set the RT-qPCR reaction program (Table 2): 95°C enzyme activation for 3 min, 95°C denaturation for 5 s, 60°C annealing for 30 s, 72°C extension for 30 s, repeated for 40 cycles.
3.4 Plasmid transfection
Seed the cell suspension at a density of 1×10⁵ cells per well into a 6-well plate, then transfer to a 37°C, 5% CO₂ incubator for 24 hours. Once cells are in good condition and reach 60%-80% confluence, proceed with subsequent experimental steps. First, remove the medium from the 6-well plate, wash once with sterile PBS pre-warmed to 37°C, then add 1.6 mL of basal medium. Place the plate in a 37°C, 5% CO₂ incubator for later use. Following the transfection reagent instructions, proceed as follows: In a 1.5 mL sterile Eppendorf tube, add 200 µL of basal medium, then add the appropriate volume of GP-transfect-Mate transfection reagent (allow to equilibrate at room temperature for 30 minutes prior to use). Simultaneously, prepare a 1.5 mL sterile Eppendorf tube containing 200 µL serum-free, antibiotic-free basal medium. Add the appropriate amount of plasmid containing the LMOD2 gene fragment as specified in the instructions. Allow both tubes containing plasmid and transfection reagent to stand separately for 5 minutes. Thoroughly mix the transfection reagent with the basal medium. Next, add the GP-transfect-Mate-containing mixture to the plasmid-containing medium, gently pipette to mix, and incubate at room temperature for 15 minutes to form the transfection complex. Subsequently, dispense 400 µL of the transfection complex into a 6-well plate. Gently swirl the plate in a figure-eight motion to ensure even distribution. Transfer the plate to a 37°C, 5% CO₂ incubator for 6 hours. After incubation, replace the medium with 2 mL of complete medium. Continue culturing for 72 hours before proceeding with subsequent experiments.
3.5 siRNA transfection
Resuspended cells were seeded into 6-well plates at a density of approximately 1×10⁵ cells per well. Incubate at 37°C in a 5% CO₂ incubator. under 5% CO₂ at 37°C. When cells appear healthy and reach 60-80% confluence, proceed with transfection. Remove the medium from the 6-well plate, wash once with sterile PBS pre-warmed to 37°C, then replace with 1.6 mL of serum- and antibiotic-free DMEM basal medium. Temporarily place the plate in the incubator. Add 200 µL of basal medium to a sterile 1.5 mL Eppendorf tube. Add the GP-transfect-Mate transfection reagent corresponding to the DNA amount specified in the manual (allow the transfection reagent to stand at room temperature for 30 minutes prior to use). Gently pipette to ensure thorough mixing of the transfection reagent with the basal medium. Take another sterile Eppendorf tube, add 200 µL DMEM basal medium, then add the corresponding amount of siLMOD2 RNA fragment to the transfection reagent. Gently pipette to ensure thorough mixing of the RNA fragment with the medium. Allow the medium mixtures containing transfection reagent and siLMOD2 to stand separately for 5 minutes; Add the transfection reagent mixture to the siLMOD2-containing medium. Gently mix by pipetting and let stand for 15 min to ensure thorough mixing. Transfer the mixture to the corresponding 6-well plate containing basal medium. Mix using the “figure-eight” technique. Incubate at 37°C, 5% CO₂ for 6 hours; Discard the medium containing the transfection complex and transfection reagent, add 2 mL of complete DMEM medium, and continue culture at 37°C, 5% CO₂ for 72 hours.
3.6 Western blot
Total cellular proteins were extracted using RIPA lysis buffer containing phosphatase inhibitors and PMSF. Protein concentrations were determined using a BCA protein assay kit (Servicebio, Wuhan, G2026-1000T) with bovine serum albumin (BSA) as the standard. Equal amounts of protein (20 µg) per lane were subjected to SDS-PAGE and subsequently transferred onto PVDF membranes. The membranes were blocked with 5% non-fat milk in TBST (Tris-buffered saline containing 0.1% Tween-20) for 1 hour at room temperature, followed by incubation with primary antibodies overnight at 4°C: anti-LMOD2, anti-Nrf2, anti-GPX4, anti-HO-1, anti-SLC7A11 (all from Zen BioScience), as well as anti-GAPDH and anti-α-tubulin (Biosharp). All target proteins and their corresponding internal controls (GAPDH or α-tubulin) were detected on the same PVDF membrane. The membrane was cut into different regions according to molecular weight to allow independent antibody incubation and chemiluminescent detection for each target protein, ensuring that each target band and its in-lane control were paired on the same membrane. After washing with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 hour at room temperature. Signals were visualized using an enhanced chemiluminescence (ECL) substrate kit (Biosharp, BL520B) and imaged with the Bio-Rad ChemiDoc XRS+ system. Densitometric analysis was performed using ImageJ software (NIH, USA). For each sample, the normalized relative expression level was calculated as the integrated optical density value of the target protein band divided by that of the corresponding internal control (GAPDH or α-tubulin). Data are presented as mean ± standard deviation from at least four independent experiments (n ≥ 4).
3.7 Total cellular protein was extracted, mixed with lysis buffer, centrifuged, and the supernatant collected. Protein concentration was measured using the BCA assay. Based on the standard curve, the appropriate volumes of lysis buffer and 5× SDS-PAGE loading buffer were prepared. The samples were denatured by heating at 98°C for 5–10 min, followed by SDS-PAGE electrophoresis. The concentration gel was run at a constant voltage of 80 V, run the resolving gel at 100–120 V. After electrophoresis, transfer the gel at 250 mA for 120 min. Block the membrane in 5% non-fat dry milk for 1 h, then wash on a shaking platform for 5–10 min. Repeat washing three times. Incubate with primary antibody overnight at 4°C. Wash three times in 1×TBST. Apply secondary antibody for 1 h, then wash three times in 1×TBST. Develop the membrane. Statistical analysis of gray values was performed using ImageJ software.
Fluorescent Probe Method for Detecting Intracellular Reactive Oxygen Species (ROS) Expression Levels
Detect intracellular ROS levels using the DCFH-DA fluorescent probe. The specific procedure is as follows: H9c2 cardiomyocytes were seeded at a density of 1×10⁵ cells/mL in confocal culture dishes. After treatment, cells were washed three times with PBS, then incubated with 10 μmol/L DCFH-DA working solution at 37°C in the dark for 30 min. Finally, images were captured using a fluorescence microscope for semi-quantitative analysis. Excitation wavelengths were 561 nm and 488 nm.
3.8 Colorimetric Method for Determining MDA Content
After establishing the cell model, add pre-chilled cell lysis buffer for lysis. Following the MDA assay kit instructions, thoroughly mix the blank control, samples, and standards separately, then add the MDA working solution. Incubate the mixture at 100°C for 15 minutes, cool, and centrifuge at 1000 rpm for 10 minutes. Transfer 200 μL of supernatant to a 96-well plate. Measure absorbance at 532 nm using a microplate reader.
3.9 Microplate Assay for GSH Content
After completing cell seeding, collect the cells and perform a cell count. Following the kit instructions, add reagents and sonicate the cells on ice. Transfer the supernatant for color development. Set up blank and standard wells, strictly adhering to the kit protocol. Finally, measure the absorbance at 405 nm using a microplate reader.
3.10 Enzyme-Linked Immunosorbent Assay (ELISA) for 4-Hydroxy-2-nonenal (4-HNE)
After cell lysis and centrifugation, collect the supernatant and proceed according to the 4-HNE ELISA kit instructions: Add 50 μL of sample or standard to the pre-coated plate and incubate at 37°C for 1 hour. After washing the plate, add anti-4-HNE antibody (1:100 dilution) and incubate at 37°C for 1 hour. Develop color with TMB for 10 minutes, then measure absorbance at 450 nm. Calculate the 4-HNE concentration (ng/mL) using the standard curve.
3.11 Image Processing and Statistical Analysis
Image analysis was performed using ImageJ, while statistical processing and data analysis were conducted with GraphPad Prism 9 software. Image processing was carried out using Photoshop CC 2015 software. Experimental data are expressed as mean ± standard deviation (SD). Comparisons between two groups were performed using t-tests, while comparisons among multiple groups were conducted using one-way analysis of variance (ANOVA). Differences were considered statistically significant at p < 0.05.
3.12 RT-qPCR Quantification
Total RNA was extracted using RNA extraction reagent (Wuhan Servicebio, G3013-100ML) according to the manufacturer’s protocol. RNA concentration and purity were assessed with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) by measuring absorbance at 260 nm and 280 nm. Only samples with an A₂₆₀/A₂₈₀ ratio between 1.8 and 2.0 were used. First-strand cDNA was synthesized from 1 µg of total RNA using a reverse transcription kit with random primers. Real-time quantitative PCR (RT-qPCR) was performed on a Bio-Rad CFX96 Real-Time PCR Detection System using SYBR Green master mix. GAPDH was used as the internal reference gene. The primer sequences for all target genes (LMOD2, Nppa, Nppb, Myh7, Nrf2, HO-1, SLC7A11, GPX4) and GAPDH are listed in Table 1. Each reaction was performed in triplicate in a 20 µL reaction volume. The thermal cycling protocol was: 95°C for 3 min, followed by 40 cycles of 95°C for 5 s, 60°C for 30 s, and 72°C for 30 s. Melting curve analysis was performed to confirm amplicon specificity. The relative expression levels of target genes were calculated using the 2^−ΔΔCt method. ΔCt was calculated as the difference in Ct between the target gene and GAPDH (ΔCt = Cttarget − CtGAPDH). ΔΔCt was determined by subtracting the ΔCt of the control group from the ΔCt of each experimental group. The fold-change for each experimental group was calculated as 2^−ΔΔCt, with the control group normalized to 1.0. All data are presented as mean ± SD from six independent biological replicates (n = 6), with each sample run in technical triplicate. Only primer pairs with amplification efficiencies between 90% and 110% and R² > 0.99 were included.

Experimental results
1 LMOD2 is significantly downregulated in cardiac hypertrophy.
We successfully induced and established a model of cardiomyocyte hypertrophy using Ang II (Fig. 1 A-C). Furthermore, LMOD2 was found to be significantly downregulated in hypertrophic cardiomyocytes (Fig. 1 D-F).
	

	Fig. 1 Detection of LMOD2

	A Representative fluorescence image of Ang II-treated cardiomyocytes (scale bar, 50 100 µm). Green fluorescence indicates microfilaments, blue fluorescence indicates cell nuclei; B Statistical graph of cross-sectional area of cardiomyocytes in Control and Ang II groups, n = 33. C RT-qPCR detection of Nppa, Nppb, and Myh7 gene transcription levels in Control and Ang II groups, n = 6. D Western blotting detection of LMOD2 protein levels, LMOD2 and GAPDH were probed on the same PVDF membrane, which was cut into distinct regions to allow separate antibody incubation and chemiluminescent detection for each target protein; E Statistics for D, n = 4; F: RT-qPCR detection of LMOD2 gene transcription levels in Control and Ang II groups, n = 6.


2 Overexpression of the LMOD2 gene suppresses Ang II-induced cardiac hypertrophy.
We successfully overexpressed the LMOD2 gene by constructing an LMOD2 overexpression vector and transfecting cardiomyocytes (Fig. 2A-E). Overexpression of the LMOD2 gene suppressed Ang II-induced increases in cardiomyocyte cross-sectional area (Fig. 2F-G). Furthermore, LMOD2 overexpression inhibited the reactivation of Ang II-induced hypertrophy-related marker genes (Nppa, Nppb, Myh7) (Fig. 2H-J). Thus, LMOD2 overexpression suppresses Ang II-induced cardiomyocyte hypertrophy.
	

	Fig 2 Overexpression of the LMOD2 gene suppresses Ang II-induced cardiac hypertrophy.

	A: Western blotting detection of LMOD2 protein levels in Control and LMOD2 OE groups, LMOD2 and GAPDH were probed on the same PVDF membrane, which was cut into distinct regions to allow separate antibody incubation and chemiluminescent detection for each target protein; B: Statistical graph for A, n = 4; C: Western blotting detection of LMOD2 protein levels in Control, Ang II, LMOD2 OE, and LMOD2 OE+Ang II groups, LMOD2 and GAPDH were probed on the same PVDF membrane, which was cut into distinct regions to allow separate antibody incubation and chemiluminescent detection for each target protein; D: Statistical graph for C, n = 4; E: RT-qPCR detection of LMOD2 gene transcription levels in Control, Ang II, LMOD2 OE, and LMOD2 OE+Ang II groups, n = 6; F: Statistical graph of cardiomyocyte cross-sectional area in Control, Ang II, LMOD2 OE, and LMOD2 OE+Ang II groups, n = 33; G: Representative fluorescence images of cardiomyocytes in Control, Ang II, LMOD2 OE, and LMOD2 OE + Ang II groups. Scale bar, 50 µm; H-J: RT-qPCR detection of Nppa, Nppb, and Myh7 gene transcription levels in Control, Ang II, LMOD2 OE, and LMOD2 OE + Ang II groups, n = 6.


3 Silencing LMOD2 Promotes Ang II-Induced Cardiomyocyte Hypertrophy
Successful silencing of the LMOD2 gene was achieved by transfecting cells with siRNA fragments (Fig. 3A-E). Silencing LMOD2 promoted Ang II-induced increases in cardiomyocyte cross-sectional area (Fig. 3F-G). Furthermore, LMOD2 silencing enhanced the reactivation of Ang II-induced hypertrophy-related marker genes (Nppa, Nppb, Myh7) (Fig. 3H-J); thus, LMOD2 silencing promoted Ang II-induced cardiomyocyte hypertrophy.
	

	Fig 3 The siRNA-directed gene silencing of LMOD2 promotes Ang II-induced cardiomyocyte hypertrophy

	A: Western blotting detection of LMOD2 protein levels in Control, siNC, and siLMOD2 groups, LMOD2 and GAPDH were probed on the same PVDF membrane, which was cut into distinct regions to allow separate antibody incubation and chemiluminescent detection for each target protein; B: Statistical analysis of Figure A, n = 4, p=; C: Western blotting detection of LMOD2 protein levels in siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups, LMOD2 and GAPDH were probed on the same PVDF membrane, which was cut into distinct regions to allow separate antibody incubation and chemiluminescent detection for each target protein; D: Statistical analysis of Figure C, n = 4; E: RT-qPCR detection of LMOD2 gene transcription levels in siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups, n = 6; F: Statistical analysis of cross-sectional area of cardiomyocytes in siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups, n = 33; G: Representative fluorescence images of cardiomyocytes in siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups. Scale bar, 50 µm; H-J: RT-qPCR detection of Nppa, Nppb, and Myh7 gene transcription levels in siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups, n = 6.


4 Overexpression of LMOD2 suppresses Ang II-induced cardiomyocyte hypertrophy by enhancing Nrf2-mediated redox regulationOverexpression of the LMOD2 gene suppresses Ang II-induced cardiomyocyte hypertrophy by activating the Nrf2-mediated antioxidant pathway.
Overexpression of LMOD2 suppressed Ang II-induced downregulation of Nrf2, SLC7A11, HO-1, and GPX4 expression levels (Fig. 4A-C). Compared with the Control group, Ang II-induced groups exhibited increased intracellular reactive oxygen species (ROS), malondialdehyde (MDA), and 4-hydroxy-2-nonenal (4-HNE) levels (Fig. 4D-G), along with significantly decreased glutathione (GSH) levels (Fig. 4H). Overexpression of the LMOD2 gene reversed Ang II-induced effects, downregulating ROS, MDA, and 4-HNE levels while upregulating glutathione (GSH) levels. Thus, LMOD2 overexpression effectively mitigated oxidative stress and inhibited cardiomyocyte hypertrophy by upregulating Nrf2-mediated antioxidant pathways.
	

	Fig. 4 Overexpression of LMOD2 suppresses Ang II-induced cardiomyocyte hypertrophy by enhancing Nrf2-mediated redox regulation.

	A: Western blot analysis of Nrf2, SLC7A11, HO-1, and GPX4 protein levels in the Control, Ang II, LMOD2 OE, and LMOD2 OE+Ang II groups, Nrf2, HO-1, and GPX4 were probed together with α-tubulin on one PVDF membrane, while SLC7A11 and GAPDH were probed on a separate PVDF membrane. Each membrane was cut into distinct sections according to the molecular weights of the target proteins to allow independent antibody incubations and subsequent chemiluminescent detection; B: Statistical graph for A, n = 4; C: RT-qPCR detection of Nrf2, SLC7A11, HO-1, and GPX4 gene transcription levels in Control, Ang II, LMOD2 OE, and LMOD2 OE+Ang II groups, n = 6. D: Detection of intracellular ROS levels in cardiomyocytes from Control, Ang II, LMOD2 OE, and LMOD2 OE+Ang II groups. scale bar, 100 µm; E: Quantitative analysis of panel D, n = 4; F: Detection of MDA levels in Control, Ang II, LMOD2 OE, and LMOD2 OE+Ang II groups, n = 4; G: Detection of 4-HNE levels in Control, Ang II, LMOD2 OE, and LMOD2 OE+Ang II groups, n=4. H: Detection of GSH levels in Control, Ang II, LMOD2 OE, and LMOD2 OE+Ang II groups, n=4.


5 LMOD2 silencing exacerbates Ang II-induced cardiomyocyte hypertrophy by impairing Nrf2-mediated redox regulationThe siRNA-directed gene silencing of LMOD2 exacerbates Ang II-induced cardiomyocyte hypertrophy by downregulating the Nrf2-mediated antioxidant pathway.
Silencing LMOD2 promotes Ang II-induced downregulation of Nrf2, SLC7A11, HO-1, and GPX4 expression levels (Fig. 5A-C);Compared with the siNC group, the siNC + Ang II-treated group exhibited increased intracellular reactive oxygen species (ROS), malondialdehyde (MDA), and 4-hydroxy-2-nonenal (4-HNE) levels (Fig. 5D-G), along with significantly downregulated glutathione (GSH) expression (Fig. 5H); Conversely, the siRNA-directed gene silencing of LMOD2 promoted Ang II-induced effects by upregulating ROS, MDA, and 4-HNE levels while downregulating glutathione (GSH) levels. Thus, LMOD2 silencing exacerbated oxidative stress, promoting cardiomyocyte hypertrophy by downregulating Nrf2-mediated antioxidant pathways.
	

	Fig. 5 LMOD2 silencing exacerbates Ang II-induced cardiomyocyte hypertrophy by impairing Nrf2-mediated redox regulation

	A: Western blot analysis of Nrf2, SLC7A11, HO-1, and GPX4 protein levels in siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups, HO-1 was probed together with α-tubulin on one PVDF membrane, while Nrf2, SLC7A11, and GPX4 were probed together with GAPDH on a separate PVDF membrane. Each membrane was cut into distinct sections according to the molecular weights of the target proteins to allow independent antibody incubations and subsequent chemiluminescent detection; B: Statistical graph for A, n = 4; C: RT-qPCR detection of Nrf2, SLC7A11, HO-1, and GPX4 gene transcription levels in siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups, n = 6. D: Detection of intracellular ROS levels in cardiomyocytes from siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups. scale bar, 100µm; E: Quantitative analysis of panel D, n=4; F: Detection of MDA levels in siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups, n=4; G: Detection of 4-HNE levels in siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups, n=4. H: Detection of GSH levels in siNC, siNC + Ang II, siLMOD2, and siLMOD2 + Ang II groups, n=4.


6 Nrf2 is required for LMOD2-mediated protection against Ang II-induced hypertrophy
To determine whether the anti-hypertrophic effect of LMOD2 is causally dependent on Nrf2 activation, we performed pharmacological rescue experiments using the selective Nrf2 inhibitor ML385 and the Nrf2 activator sulforaphane (SFN). ML385 treatment significantly attenuated the protective effects of LMOD2 overexpression, as evidenced by the upregulation of Nppa, Nppb, and Myh7 (Fig. 6A–C). Conversely, administration of SFN to LMOD2-silenced cells partially rescued the exacerbated hypertrophic phenotype induced by LMOD2 deficiency under Ang II stimulation (Fig. 6D–F). These findings indicate that the hypertrophic response regulated by LMOD2 is largely dependent on the functional integrity of the Nrf2 pathway. To further investigate whether LMOD2 influences Nrf2 nuclear translocation, we performed nuclear-cytosolic fractionation assays. Western blot analysis revealed that Ang II stimulation reduced the nuclear protein levels of Nrf2, whereas LMOD2 overexpression significantly restored Nrf2 accumulation in the nucleus. In contrast, LMOD2 knockdown markedly diminished the nuclear levels of Nrf2 protein (Fig. 6G–H). Collectively, these results demonstrate that LMOD2 attenuates Ang II‑induced cardiomyocyte hypertrophy through activation of the Nrf2‑dependent antioxidant pathway.

Fig. 6 Nrf2 is required for LMOD2-mediated protection against Ang II-induced hypertrophy
A: RT-qPCR analysis of Nppa, Nppb, and Myh7 mRNA levels in Control, Ang II, LMOD2 OE + Ang II, and LMOD2 OE + Ang II + ML385 groups. Data are presented as mean ± SEM, n = 6 per group. D-F: RT-qPCR analysis of Nppa, Nppb, and Myh7 mRNA levels in Control, Ang II, SiLMOD2 + Ang II, and SiLMOD2 + Ang II + SFN groups. Data are presented as mean ± SEM, n = 6 per group. G: Western blot analysis of Nrf2 protein expression in the cytoplasmic and nuclear fractions of each group. Nrf2, GAPDH, and Lamin B1 were detected on the same PVDF membrane. The membrane was cut into distinct regions according to the molecular weights of the target proteins prior to antibody incubation and subsequent chemiluminescent detection, n = 4 per group.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary information files.
Discussion and Outlook
[bookmark: OLE_LINK1]This study reveals that LIM domain-containing protein 2 (LMOD2) significantly inhibits angiotensin II (AngII)-induced cardiomyocyte hypertrophy. As an actin-binding protein, LMOD2 plays a pivotal regulatory role in cardiac pathophysiology, participating not only in regulating cardiomyocyte contraction and cardiac development but also exhibiting abnormal expression patterns in pathological states such as myocardial hypertrophy[31-32]. Results demonstrate that LMOD2 overexpression significantly reduces the surface area of AngII-induced cardiomyocytes while downregulating the transcriptional levels of hypertrophy marker genes such as ANP and BNP. This suggests LMOD2 may maintain cardiomyocyte homeostasis by inhibiting the pathological effects of AngII. Further mechanistic investigation revealed that LMOD2's inhibitory effect on AngII-induced hypertrophy depends on the activation of the antioxidant pathway mediated by nuclear factor E2-related factor 2 (Nrf2). As a core transcription factor for antioxidant stress, Nrf2 initiates the expression of antioxidant genes like heme oxygenase-1 (HO-1) to maintain cellular redox balance[33, 34]. Its dysfunction is closely associated with oxidative stress damage in cardiac hypertrophy. Experiments demonstrated that LMOD2 overexpression significantly increased Nrf2 levels in AngII-treated cardiomyocytes, concurrently elevating expression of downstream genes like HO-1 while reducing reactive oxygen species (ROS) levels. Conversely, silencing LMOD2 downregulated the Nrf2-mediated antioxidant pathway. This suggests LMOD2 may enhance cellular antioxidant defenses by promoting Nrf2 translocation from the cytoplasm to the nucleus, thereby mitigating AngII-induced oxidative stress damage. While SLC7A11 and GPX4 are recognized as integral components of the ferroptosis defense system, we acknowledge that the present study was not designed to functionally investigate ferroptotic cell death, as we did not assess canonical ferroptosis hallmarks such as cell viability, mitochondrial morphological changes, or the use of ferroptosis-specific inhibitors. Accordingly, we interpret the observed alterations in SLC7A11 and GPX4 expression primarily as indicators of the cellular redox equilibrium and Nrf2-mediated antioxidant capacity, rather than as definitive evidence of ferroptosis regulation. We concur that future studies incorporating functional ferroptosis-specific assays are warranted to rigorously determine whether LMOD2 directly modulates ferroptotic pathways in cardiomyocytes. This study refines the regulatory network of the Nrf2 pathway in cardiac hypertrophy, providing novel experimental evidence for investigating its molecular mechanisms(Fig 6).
Despite these significant findings, substantial gaps remain in the detailed molecular mechanisms. The precise interaction mode between LMOD2 and Nrf2—whether through direct binding or by regulating KEAP1-Nrf2 complex dissociation to modulate cardiomyocyte hypertrophy—remains unclear[35-37]. Furthermore, the current research remains confined to cellular experiments. The ameliorative effect of LMOD2 overexpression on AngII-induced myocardial hypertrophy in in vivo animal models has yet to be validated. The lack of data from studies closer to physiological conditions limits the persuasiveness and generalizability of the findings. A considerable distance remains before the complete regulatory mechanism of LMOD2 in the myocardial hypertrophy process can be fully elucidated. Another limitation of this study is the use of the H9c2 cell line. While H9c2 cells are derived from embryonic rat heart and share many biochemical and electrophysiological properties with primary cardiomyocytes, they lack fully organized sarcomeres and do not fully recapitulate the phenotype of adult cardiomyocytes. Therefore, although this model has been widely used for mechanistic studies of cardiac hypertrophy, our findings should be interpreted with this caveat in mind. Future experiments in primary neonatal rat ventricular myocytes (NRVMs) or adult mouse cardiomyocytes will be essential to confirm that LMOD2 similarly regulates the Nrf2 antioxidant pathway and suppresses hypertrophic responses in more physiologically relevant cell systems.
In future research endeavors, animal experiments will become a crucial avenue for exploring LMOD2's functions. We plan to establish animal models of myocardial hypertrophy using established methods such as aortic stenosis surgery. Using mice and rats as experimental subjects, we will partially constrict their aortas through precise surgical procedures to mimic the pathological process of human myocardial hypertrophy[38-39]. Following successful model establishment, we will employ gene editing techniques to induce LMOD2 overexpression in these animals and observe its ameliorative effects on Angiotensin II-induced myocardial hypertrophy. This will provide a robust in vivo experimental foundation for subsequent research by elucidating LMOD2's regulatory mechanisms in myocardial hypertrophy. From a clinical perspective, developing targeted therapies for cardiac hypertrophy by leveraging the LMOD2-Nrf2 axis as a potential therapeutic target holds significant promise. Researchers will focus on developing drugs or biological agents that specifically activate or enhance this axis[40]. High-throughput drug screening technologies will be employed to identify small-molecule drugs targeting LMOD2 or Nrf2 from extensive compound libraries[41]. Alternatively, gene therapy approaches will be utilized to develop vectors that upregulate LMOD2 expression or enhance Nrf2 activity. Comprehensive safety and efficacy evaluations of these drugs or biological agents will be conducted in cellular and animal models, assessing their inhibitory effects on cardiomyocyte hypertrophy, improvements in cardiac function, and potential adverse reactions. Upon demonstrating favorable outcomes in preliminary studies, clinical trials will be initiated to provide novel therapeutic strategies for hypertrophic cardiomyopathy. This approach holds promise for improving patient prognosis, enhancing quality of life, and offering new hope for cardiovascular disease management.
	

	Fig. 7 LMOD2 alleviates Ang II-induced cardiomyocyte hypertrophy by activating the Nrf2-mediated antioxidant pathway
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Fig. 1 Detection of LMOD2
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Fig 2 Overexpression of the LMOD2 gene suppresses Ang II-induced cardiac hypertrophy.
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Fig 3 The siRNA-directed gene silencing of LMOD2 promotes Ang II-induced cardiomyocyte hypertrophy
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Fig. 4 Overexpression of LMOD2 suppresses Ang II-induced cardiomyocyte hypertrophy by enhancing Nrf2-mediated redox regulationOverexpression of the LMOD2 gene can upregulate the Nrf2-mediated antioxidant pathway.













[image: fig5]
Fig. 5 LMOD2 silencing exacerbates Ang II-induced cardiomyocyte hypertrophy by impairing Nrf2-mediated redox regulationSilencing the LMOD2 gene downregulates the Nrf2-mediated antioxidant pathway.
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Fig. 6 Nrf2 is required for LMOD2-mediated protection against Ang II-induced hypertrophy
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Fig. 7 LMOD2 alleviates Ang II-induced cardiomyocyte hypertrophy by activating the Nrf2-mediated antioxidant pathwaySchematic Diagram of LMOD2 Inhibiting Cardiomyocyte hypertrophy
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