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Abstract
Pathological cardiac hypertrophy(PCH) is a critical driver of heart failure and is associated with oxidative
stress, mitochondrial dysfunction, and abnormal stress-responsive signaling. This study aimed to
investigate the protective effects of leginsulin, a naturally occurring soybean-derived peptide, against
PCH and to elucidate its underlying mechanisms.Isoproterenol-induced cardiac hypertrophy was
established in mice, and angiotensin II (AngII)-stimulated H9c2 and AC16 cardiomyocytes were used as
complementary in vitro models. Cardiac remodeling, fibrosis, oxidative stress, mitochondrial function,
and mitogen-activated protein kinase signaling were evaluated following leginsulin treatment.Leginsulin
markedly attenuated cardiac hypertrophy and fibrosis in mice, as indicated by reduced cardiac
enlargement, cardiomyocyte hypertrophy, and collagen accumulation. In AngII-stimulated H9c2 and
AC16 cardiomyocytes, leginsulin suppressed the expression of hypertrophic and fibrotic markers.
Furthermore, Leginsulin reduced oxidative stress by decreasing reactive oxygen species and
malondialdehyde levels while enhancing superoxide dismutase activity. In parallel, leginsulin preserved
mitochondrial membrane potential, increased adenosine triphosphate production, and improved
mitochondrial network integrity. Mechanistically, leginsulin selectively suppressed AngII -induced
activation of c-Jun N-terminal kinase and extracellular signal-regulated kinase signaling whereasp38
signaling was not significantly affected.Leginsulin protects against PCH and fibrosis by maintaining
redox balance, preserving mitochondrial function, and regulating stress-responsive signaling pathways.
These findings reveal a physiological role of leginsulin in cardiac stress adaptation and highlight its
potential as a natural regulator of PCH.

1. Introduction
Pathological cardiac hypertrophy (PCH) is a major driver of cardiovascular disease progression,
including hypertension, myocardial infarction, valvular heart disease, and cardiomyopathy, represents an
important risk factor for heart failure and sudden cardiac death[1,2]. Although hypertrophy initially arises
serving as an adaptive response to increased workload, sustained mechanical stress and neurohumoral
activation drive fetal gene reactivation and excessive extracellular matrix deposition, leading to
myocardial fibrosis, adverse cardiac remodeling, and functional deterioration[1,3,4]. Current therapies
including renin-angiotensin system inhibitors, β-adrenergic receptor blockers, and sodium-glucose
cotransporter 2 inhibitors, have improved clinical outcomes but cannot fully prevent PCH progression[2,
5]. Identifying additional regulatory mechanisms and effective interventions therefore remains
necessary.

Oxidative stress is a central mechanism driving pathological cardiac remodeling[1,6]. Diverse
pathological stimuli, including angiotensin II (Ang II), catecholamines, and mechanical stress, promote
excessive reactive oxygen species (ROS) generation in cardiomyocytes[7,8]. When ROS production
overwhelms endogenous antioxidant capacity, the resulting redox imbalance induces lipid peroxidation,
protein oxidation, DNA damage, and activation of stress-responsive signaling pathways, thereby
promoting cardiac remodeling[9, 10].
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Mitochondria play essential roles in cardiomyocyte energy metabolism and redox regulation, but are
highly vulnerable to oxidative stress-induced injury[11,12]. Excessive ROS accumulation impairs
mitochondrial electron transport, decreases mitochondrial membrane potential and adenosine
triphosphate (ATP) production, and disrupts mitochondrial dynamics, further enhancing ROS generation
and establishing a vicious cycle between oxidative stress and mitochondrial dysfunction[13,14].
Consequently, mitochondrial impairment promotes metabolic abnormalities and activates downstream
stress pathways involved in pathological cardiac remodeling[15,16]. Maintaining mitochondrial
homeostasis therefore represents a key strategy for limiting oxidative stress-mediated cardiac injury.

The mitogen-activated protein kinase (MAPK) signaling pathway is a major downstream effector of
oxidative stress and an important regulator of PCH progression[17,18]. ROS-induced activation of MAPK
cascades, including c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and p38
MAPK, regulates cardiomyocyte stress responses and pathological gene expression[19,20]. Activation of
JNK and ERK promotes fetal gene re-expression, including atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP), and β-myosin heavy chain (β-MHC), while enhancing transforming growth
factor-β (TGF-β)-dependent profibrotic responses and extracellular matrix (ECM) accumulation[21,22].
Moreover, MAPK signaling interacts with inflammatory responses, apoptosis, autophagy, and
mitochondrial dysfunction to regulate cardiac remodeling[23]. However, the functional contribution of
individual MAPK isoforms varies among disease models; JNK and ERK are generally considered major
mediators of hypertrophic signaling, whereas p38 MAPK exhibits stimulus- and context-dependent
effects[24,25]. Collectively, these findings suggest that precise modulation of oxidative stress-related
MAPK signaling may offer new therapeutic insights for PCH.

Leginsulin is a cysteine-rich bioactive peptide of plant origin belonging to the plant albumin 1 (PA1)
family and exhibiting substantial sequence and structural similarity to PA1b. The originally identified
Leginsulin was isolated from the radicles of germinated soybean seeds and consists of 37 amino acids,
including six cysteine residues that form three disulfide bonds [26]. Leginsulin shares approximately 60%
sequence identity and more than 80% sequence similarity with PA1b, indicating a close structural
relationship between these peptides[27]. Previous studies have demonstrated that PA1b-like bioactive
peptides can be isolated from pea seeds and possess diverse biological activities[28]. Building on this
evidence, our laboratory isolated and prepared Leginsulin from pea seeds, and its biological activities
were subsequently characterized in our previous study[29].Accumulating evidence indicates that
Leginsulin exhibits insulin-like activity by promoting glucose uptake and enhancing Akt activation and
GLUT4 translocation to the plasma membrane in differentiated L6 and C2C12 myotubes[30]. Beyond its
role in glucose metabolism, recent evidence suggests that Leginsulin also exerts cytoprotective effects
by alleviating glucose toxicity-induced mitochondrial dysfunction and maintaining cellular ROS and ATP
levels as well as mitochondrial membrane potential through interaction with voltage-dependent anion
channel 1[29]. These findings suggest that the biological functions of Leginsulin extend beyond glucose
metabolic regulation and that its ability to preserve mitochondrial homeostasis may contribute
importantly to its cytoprotective effects.Despite these findings, the cardiovascular effects of Leginsulin
remain largely unexplored, particularly its potential role in PCH and the underlying mechanisms. Given
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that mitochondrial dysfunction is an important contributor to PCH and that Leginsulin has demonstrated
mitochondrial-protective potential, we hypothesized that Leginsulin may attenuate PCH by preserving
mitochondrial homeostasis in cardiomyocytes. Therefore, in the present study, we investigated the
cardioprotective effects of Leginsulin in PCH and further explored the underlying molecular
mechanisms. Our findings may provide new insights into the biological functions of plant-derived
bioactive peptides in cardiovascular disease and contribute to the development of novel peptide-based
strategies for preventing pathological cardiac remodeling.

In this study, we investigated the protective effects of leginsulin against PCH using an Isoproterenol
(ISO) induced cardiac hypertrophy model in mice and an Ang II-stimulated cardiomyocyte model. We
further examined whether these cardioprotective, leginsulin, effects are associated with the regulation of
oxidative stress, mitochondrial function, and MAPK signaling.

2. Materials and Methods
2.1 Reagents

DMEM (4.5 g/L glucose, G4511), DMSO (D8370), and MitoTracker Red CMXRos (M9940) were obtained
from Servicebio (Wuhan, China) or Solarbio (Beijing, China). ROS detection kit (S0033S), JC-1
mitochondrial membrane potential assay kit (C2006), ATP assay kit (S0027), and hematoxylin and eosin
(H&E) staining kit (C0105S) were purchased from Beyotime (Shanghai, China). total superoxide
dismutase (T-SOD) and malondialdehyde (MDA) assay kits were obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Fluorescent Phalloidin (SB-YP0060) and Picrosirius Red (PSR)
staining solution (DC0041) were purchased from Sheng’er Biology (Shanghai, China) and Leigen Bio
(Beijing, China), respectively. TRIzol reagent (15596018CN), reverse transcription kit (RT333-01), and
SYBR Green Mix (Q411-02) were obtained from Thermo Fisher Scientific (USA) and Vazyme (Wuhan,
China), respectively. Ang II (05-23-0101) and ISO (HY-B0468) were purchased from Sigma-Aldrich (USA)
and MedChemExpress (USA), respectively. Leginsulin was prepared as previously described[29],
dissolved in PBS, and sterilized through a 0.22 μm filter.

Primary antibodies against factor-beta 1 (TGF-β1), type I alpha 1 chain (COL1A1), ERK1/2, p-ERK1/2,
JNK, p-JNK, p38 MAPK, p-p38, GAPDH, and β-actin were used for Western blotting. ERK1/2 antibody was
obtained from Abmart (Shanghai, China), and other antibodies were purchased from Proteintech
(Wuhan, China).

2.2 Animal Experiments

Mice used in the experiment are male C57BL/6 J mice (6 weeks old, 22 ± 3 g, Specific Pathogen Free
grade) were supplied by Rat-Lover Biotechnology Co., Ltd. (Wuhan, China; animal production license no.
SYXX(E)2021-0115). Mice were housed in the SPF animal facility at Hubei University of Technology
under controlled conditions (22 ± 2°C, 50%-60% humidity, 12 h light/dark cycle) with free access to food
and water.
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After a 7-day acclimatization period, mice were randomly divided into four groups (n = 5/group): Control,
ISO, ISO + Leg-20, and ISO + Leg-50. Control and ISO groups received saline gavage, whereas leginsulin-
treated groups received leginsulin (20 or 50 mg/kg) daily for 30 days. From day 7 onward, ISO groups
were injected intraperitoneally with ISO (7 mg/kg) once daily for 7 consecutive days to induce cardiac
hypertrophy, while control mice received equal volumes of saline. Body weight and general health status
were monitored during the experiment. At the endpoint, mice were euthanized, and cardiac tissues were
collected for subsequent analyses.

2.3 Histological Analysis

Heart tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 5 μm
thickness. H&E staining was performed for morphological evaluation, while PSR staining was conducted
to assess myocardial fibrosis. Images were captured with a light microscope, and cardiomyocyte cross-
sectional area (CSA) and collagen-positive area were quantified using ImageJ.

2.4 Cell Culture and Treatment

Rat cardiomyoblast H9c2 cells and human cardiomyocyte AC16 cells were obtained from Servicebio
Biotechnology Co., Ltd. (Wuhan, China). Cells were cultured in high-glucose DMEM containing 10% fetal
bovine serum and 1% penicillin-streptomycin at 37°C with 5% CO₂. Cardiomyocyte hypertrophy was
induced by Ang II (1 μmol/L) stimulation, with or without leginsulin (20 or 50 μg/mL), for 48 h.

2.5 Phalloidin and MitoTracker Red Staining

Cells were treated as described above. For Phalloidin staining, cells were fixed, permeabilized, and
stained with fluorescent Phalloidin, followed by 4′,6-diamidino-2-phenylindole staining. Cell morphology
was observed using fluorescence microscopy, and cell area was quantified using ImageJ. For
mitochondrial visualization, cells were incubated with MitoTracker Red CMXRos (200 nM) and analyzed
using confocal microscopy. Mitochondrial fluorescence intensity was quantified using ImageJ.

2.6 ROS and Oxidative Stress Detection

Intracellular ROS production was detected using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA)
staining. After treatment, cells were incubated with DCFH-DA (10 μmol/L), and fluorescence intensity
was quantified using ImageJ. Cells were collected and lysed after treatment. Total protein
concentrations were determined using a BCA assay kit. T-SOD activity and MDA levels were measured
using commercial kits according to the manufacturer's instructions and normalized to total protein
content.

2.7 Mitochondrial Function Analysis

Mitochondrial membrane potential (ΔΨm) was evaluated using a JC-1 assay kit. Cells were incubated
with JC-1 working solution, and fluorescence images were captured by fluorescence microscopy. The
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JC-1 red/green fluorescence intensity ratio was calculated using ImageJ. Intracellular ATP levels were
measured using an ATP assay kit (Beyotime, Shanghai, China) and normalized to total protein
concentrations.

2.8 RT-qPCR Analysis

Total RNA was extracted using TRIzol reagent and reverse-transcribed into cDNA. RT-qPCR was
performed using SYBR Green Master Mix on a CFX96 Real-Time PCR Detection System (Bio-Rad, USA).
Relative gene expression levels were calculated using the 2⁻ΔΔCt method with GAPDH as the internal
control. Primer sequences are listed in Table 1

Table 1. Primer sequences used for qPCR amplification

Primer name Sequence�5’→3’）

ANP-F(human) GAGCAAATCCCGTATACAGTGC

ANP-R(human) ATCTTCTACCGGCATCTCCTCC

BNP-F(human) GCTGCTGGAGCTGATAAGAGAA

BNP-R(human) GTTCTTTTGTAGGGCCTTGGTC

β-MHC-F(human) AGTTGCCTCTTGAGGTCCTC

β-MHC-R(human) GCAGATCATCAAGGCCAAGG

GAPDH-F(human) AGAAGGCTGGGGCTCATTTG

GAPDH-R(human) AGGGGCCATCCACAGTCTTC

Anp-F(mouse) ACAGATCTGATGGATTTCAAGAACCTG

Anp-R(mouse) AGTGCGGCCCCTGCTTCCTCA

Bnp-F(mouse) GGATCGGATCCGTCAGTCGTT

Bnp-R(mouse) AGACCCAGGCAGAGTCAGAAA

β-mhc-F(mouse) CGGACCTTGGAAGACCAGAT

β-mhc-R(mouse) GACAGCTCCCCATTCTCTGT

Gapdh-F(mouse) CGACTTCAACAGCAACTCCCACTCTTCC

Gapdh -R(mouse) TGGGTGGTCCAGGGTTTCTTACTCCTT

2.9 Western Blot Analysis

Total proteins were extracted using RIPA buffer containing protease and phosphatase inhibitors. For
hypertrophy- and fibrosis-related proteins, cells were treated with Ang II and leginsulin for 48 h. For
MAPK pathway analysis, cells were serum-starved, pretreated with leginsulin for 24 h, and stimulated
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with Ang II for 30 min before protein extraction. Protein samples were separated by SDS-PAGE,
transferred onto PVDF membranes, and incubated with specific primary antibodies followed by HRP-
conjugated secondary antibodies. Protein signals were detected using an enhanced chemiluminescence
system. Protein expression was quantified using ImageJ. Phosphorylated MAPK proteins were
normalized to their corresponding total proteins, whereas TGF-β1 and COL1A1 levels were normalized to
GAPDH.

2.10 Statistical Analysis

Data are presented as mean ± SD. Each mouse was considered an independent experimental unit, and
cell experiments were independently repeated at least three times. Statistical analyses were performed
using GraphPad Prism 9. Data distribution assessed by normality testing. Multiple comparisons were
performed using one-way ANOVA followed by Tukey’s multiple comparisons test. P < 0.05 was
considered statistically significant.

3. Results

3.1 Leginsulin Attenuates ISO-Induced Cardiac
Pathological Remodeling in Mice
To evaluate the protective effects of leginsulin against PCH in vivo, a mouse model of ISO-induced
cardiac hypertrophy was established. Male C57BL/6J mice were randomly divided into four groups:
Control, ISO, ISO + Leg-20, and ISO + Leg-50. Mice received daily oral administration of leginsulin (20 or
50 mg/kg) for 30 days, and cardiac hypertrophy was induced by intraperitoneal injection of ISO (7
mg/kg) for 7 consecutive days beginning on day 7 (Fig. 1A). During the experimental period, no
significant differences in body weight or food intake were observed among the groups (Fig. 1B,C),
suggesting that neither ISO-induced cardiac stress nor leginsulin treatment substantially affected overall
growth.

Gross morphological examination showed that ISO administration resulted in enlarged hearts with a
rounded ventricular appearance compared with Control mice, whereas leginsulin treatment markedly
improved these hypertrophic changes (Fig. 1D). Consistently, ISO significantly increased heart weight
(HW) and heart weight/body weight ratio (HW/BW) by approximately 18.7% and 20.6%, respectively (Fig.
1E,F). Leginsulin administration significantly reduced both HW and HW/BW relative to ISO-treated mice,
with the high-dose group exhibiting a stronger protective effect.

Histological analysis using (H&E) staining further demonstrated that ISO induced cardiomyocyte
enlargement, myocardial fiber disorganization, and increased intercellular spaces, which were
substantially alleviated following leginsulin treatment (Fig. 1G). Quantitative analysis showed that ISO
nearly doubled cardiomyocyte CSA, whereas high-dose leginsulin reduced CSA by approximately 59%
compared with the ISO group.
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Because myocardial fibrosis is a major feature of pathological cardiac remodeling, PSR staining was
performed to assess collagen deposition. ISO markedly increased collagen accumulation, with the
collagen-positive area elevated approximately 2.3-fold compared with the Control group (Fig. 1H).
Leginsulin treatment significantly reduced collagen deposition, with the high-dose group showing an
approximately 43% decrease compared with ISO-treated mice. Together, these results demonstrate that
leginsulin attenuates ISO-induced cardiac hypertrophic remodeling and myocardial fibrosis in mice.

3.2 Leginsulin Suppresses Ang II-Induced Cardiomyocyte
Hypertrophy and Fibrotic Responses
To investigate the direct effects of leginsulin on cardiomyocyte remodeling, Ang II-induced hypertrophy
models were established in H9c2 and AC16 cells. Cells were treated with Ang II (1 µmol/L) alone or in
combination with leginsulin (20 or 50 µg/mL) for 48 h. Ang II stimulation induced characteristic
hypertrophic alterations in both H9c2 and AC16 cells, as visualized by Phalloidin staining, which showed
increased F-actin organization and enlarged cell size (Fig. 2A). Quantitative analysis showed that Ang II
increased cardiomyocyte area by approximately 15.8% in H9c2 cells and 39.5% in AC16 cells compared
with the control group (Fig. 2B). Leginsulin treatment significantly reversed these morphological
changes, with the 50 µg/mL dose producing a greater reduction in cell hypertrophy.

At the molecular level, Ang II activated the hypertrophic fetal gene program, resulting in marked
upregulation of ANP, BNP, and β-MHC mRNA expression in both cell models (Fig. 2C,D). Leginsulin
treatment substantially suppressed induction of these hypertrophic markers, indicating inhibition of Ang
II-driven transcriptional remodeling. Because pathological hypertrophy is closely associated with
extracellular matrix remodeling, the expression of fibrosis-related proteins was further examined.
Western blot analysis revealed that Ang II markedly increased transforming growth TGF-β1 and collagen
COL1A1 protein abundance in H9c2 and AC16 cells, whereas leginsulin treatment significantly
attenuated these profibrotic responses (Fig. 2E-G). Collectively, leginsulin counteracts Ang II-induced
cardiomyocyte remodeling by simultaneously limiting cellular hypertrophy, suppressing fetal gene
reactivation, and reducing profibrotic signaling.

3.3 Leginsulin Attenuates Ang II-Induced Oxidative Stress
in Cardiomyocytes
Because oxidative stress is a key contributor to pathological cardiac remodeling, intracellular ROS
generation, antioxidant capacity, and lipid peroxidation were evaluated in Ang II-treated H9c2 and AC16
cells (Fig. 3A-D). DCFH-DA staining showed that Ang II markedly increased intracellular ROS
accumulation in both cell types, with ROS levels elevated approximately 2.1-fold and 2.5-fold in H9c2 and
AC16 cells, respectively (Fig. 3A,B). Leginsulin treatment significantly reduced ROS accumulation,
particularly at the high dose.

Consistent with ROS elevation, Ang II stimulation decreased T-SOD activity and increased MDA levels in
both H9c2 and AC16 cells (Fig. 3C,D). Leginsulin treatment restored T-SOD activity and reduced MDA
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accumulation, with high-dose leginsulin decreasing MDA levels by approximately 55.7% and 45.5% in
H9c2 and AC16 cells, respectively, compared with the Ang II group. These results demonstrate that
leginsulin alleviates Ang II-induced oxidative stress by reducing ROS accumulation, restoring antioxidant
defense, and limiting lipid peroxidation in cardiomyocytes.

3.4 Leginsulin Ameliorates Ang II-Induced Mitochondrial
Dysfunction in Cardiomyocytes
Because oxidative stress is closely associated with mitochondrial impairment, the effects of leginsulin
on Ang II-induced mitochondrial dysfunction were evaluated by assessing membrane potential, ATP
production, and mitochondrial morphology (Fig. 4A-D). JC-1 staining showed that Ang II markedly
decreased the red/green fluorescence ratio in both H9c

2 and AC16 cells, indicating mitochondrial membrane depolarization (Fig. 4A). Leginsulin treatment
significantly restored the JC-1 fluorescence ratio, with the high-dose group exhibiting a stronger effect.
Ang II stimulation also markedly reduced intracellular ATP levels, whereas lleginsulin treatment
significantly increased ATP level. High-dose leginsulin restored ATP levels to approximately 95% and 92%
of Control levels in H9c2 and AC16 cells, respectively (Fig. 4B).

MitoTracker Red staining further revealed that Ang II induced mitochondrial fragmentation and loss of
network integrity, whereas leginsulin treatment preserved mitochondrial morphology and limited
networkdisruption (Fig. 4C,D). Together, these findings demonstrate that leginsulin protects
cardiomyocytes against Ang II-induced mitochondrial dysfunction by maintaining membrane potential,
restoring energy production, and preserving mitochondrial structural integrity.

3.5 Leginsulin Suppresses Ang II-Induced Activation of the
MAPK Signaling Pathway in Cardiomyocytes
To explore the molecular mechanism underlying the protective effects of leginsulin, MAPK pathway
activation was assessed by Western blot analysis in Ang II-treated H9c2 and AC16 cells (Fig. 5A-D). Ang
II stimulation markedly increased the phosphorylation levels of JNK, p38, and ERK without significantly
affecting their total protein expression levels, indicating that MAPK signaling was activated primarily
through phosphorylation. Leginsulin treatment significantly inhibited Ang II-induced JNK and ERK
phosphorylation, with stronger effects observed at 50 µg/mL. In H9c2 cells, high-dose leginsulin reduced
the Ang II-induced increases in p-JNK/JNK and p-ERK/ERK ratios from 1.28- and 1.51-fold to 0.74- and
1.18-fold, respectively. Similar inhibitory effects were observed in AC16 cells, where leginsulin treatment
decreased these ratios from 1.76- and 1.29-fold to 1.04- and 1.02-fold.. Although leginsulin showed a
decreasing trend in p-p38/p38 levels, no significant differences were observed compared with the Ang II
group. These results indicate that leginsulin selectively suppresses Ang II-induced activation of the JNK
and ERK pathways, while exerting limited effects on p38 signaling, suggesting that JNK/ERK inhibition
may contribute to its protective effects against pathological cardiac remodeling.
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4. Discussion
This study systematically evaluated the protective effects of leginsulin against PCH and myocardial
fibrosis. The results demonstrated that leginsulin significantly attenuated ISO-induced cardiac
hypertrophy and myocardial fibrosis in mice, and effectively alleviated Ang II-induced cardiomyocyte
hypertrophy, reactivation of the fetal gene program, and abnormal expression of profibrotic molecules.
Moreover, leginsulin reduced oxidative stress, alleviated mitochondrial dysfunction, and selectively
suppressed the aberrant activation of the JNK and ERK signaling pathways, indicating its multifaceted
cardioprotective effects (Fig. 6).

PCH is a major pathological driver of cardiovascular disease progression toward heart failure and is
characterized by cardiomyocyte hypertrophy, fetal gene reactivation, and myocardial interstitial
remodeling[31, 32]. Persistent neurohumoral activation and mechanical stress induce abnormal
expression of fetal genes, including ANP, BNP, and β-MHC, while promoting TGF-β1-mediated fibroblast
activation and ECM deposition, such as COL1A1 accumulation, ultimately resulting in myocardial fibrosis
and cardiac dysfunction[33, 34]. Previous studies have shown that inhibition of Ang II- or pressure
overload-induced cardiac hypertrophy reduces ANP, BNP, and β-MHC expression and alleviates
myocardial fibrosis[35, 36]. Consistently, our study demonstrated that leginsulin suppressed
hypertrophic remodeling and fetal gene reactivation. In vivo, leginsulin reduced HW and HW/BW ratios,
attenuated cardiomyocyte hypertrophy, and decreased collagen deposition. In vitro, leginsulin inhibited
Ang II-induced cardiomyocyte hypertrophy, downregulated ANP, BNP, and β-MHC expression, and
reduced TGF-β1 and COL1A1 protein levels. These findings indicate that leginsulin alleviates
pathological cardiac remodeling by simultaneously improving hypertrophic responses and profibrotic
alterations.

Increasing evidence indicates that oxidative stress and mitochondrial dysfunction are central
mechanisms driving PCH progression[37, 38]. Ang II stimulation activates NADPH oxidase and disrupts
mitochondrial electron transport, leading to excessive ROS accumulation. Elevated ROS induces lipid
peroxidation, protein oxidation, and DNA damage, while promoting mitochondrial membrane
depolarization, ATP reduction, and fragmentation, thereby forming a vicious cycle that aggravates
oxidative injury and cardiac remodeling[39, 40]. Consistent with previous findings, our study showed that
leginsulin reduced ROS production, increased T-SOD activity, and decreased MDA accumulation.
Moreover, leginsulin restored mitochondrial membrane potential, enhanced ATP production, and
improved mitochondrial network integrity. These results suggest that leginsulin maintains redox balance
and mitochondrial function, thereby protecting cardiomyocytes against Ang II-induced oxidative stress
injury.

Oxidative stress also acts as an upstream regulator of stress-responsive signaling pathways. Among
these, the MAPK signaling pathway is a critical mediator of ROS-associated cardiac remodeling[41, 42].
Previous studies have demonstrated that excessive ROS activates MAPK cascades and enhances
phosphorylation of JNK, ERK, and p38, thereby regulating cardiomyocyte stress responses and
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hypertrophic remodeling[17, 43]. JNK and ERK are considered major regulators of cardiomyocyte growth,
fetal gene reactivation, and hypertrophic signaling, whereas p38 MAPK is more closely associated with
inflammation, stress adaptation, and cell fate regulation, though its role remains context-dependent and
controversial in cardiac remodeling[44, 45]. In our study, Ang II increased phosphorylation of JNK, ERK,
and p38, whereas leginsulin selectively inhibited JNK and ERK phosphorylation without significantly
affecting p38 activation. These findings indicate that leginsulin does not broadly suppress MAPK
signaling but preferentially regulates specific MAPK branches, with JNK and ERK potentially serving as
key downstream mediators of its cardioprotective effects.

Based on these findings, we propose that leginsulin exerts cardioprotective effects through regulation of
the “oxidative stress-mitochondrial function-JNK/ERK signaling axis.” Leginsulin reduces ROS
accumulation and enhances antioxidant capacity, while preserving mitochondrial membrane potential,
ATP production, and mitochondrial integrity, thereby disrupting the vicious cycle between oxidative
stress and mitochondrial dysfunction. Consequently, ROS-mediated activation of JNK and ERK is
inhibited, resulting in reduced expression of hypertrophic and fibrotic markers, including ANP, BNP, β-
MHC, TGF-β1, and COL1A1, and ultimately attenuating pathological cardiac remodeling. This mechanism
integrates the histological, cellular, and molecular findings of this study and provides a comprehensive
explanation for the protective effects of leginsulin.

whereas previous studies mainly focused on the metabolic regulatory effects and insulin-like activities of
leginsulin, this study provides the first systematic evaluation of its protective effects against PCH and
reveals its multi-level cardioprotective actions involving physiological, cellular, and molecular
regulation[29, 46]. These findings expand the biological functions of leginsulin and suggest that natural
bioactive proteins may protect cardiovascular health through coordinated regulation of oxidative stress,
mitochondrial function, and MAPK signaling, providing experimental evidence for their potential
application in cardiovascular disease intervention.

Several limitations should be acknowledged. First, although ISO-induced mouse cardiac hypertrophy and
Ang II-induced cardiomyocyte models reproduce several pathological characteristics of PCH, they
cannot fully reflect clinical disease complexity. Second, the proposed mechanisms were mainly based on
correlative evidence. The lack of genetic or pharmacological validation, including MAPK-specific
inhibitors, gene knockout, or overexpression approaches, limits definitive confirmation of the causal role
of JNK/ERK signaling in lleginsulin-mediated cardioprotection. Third, the direct molecular targets and
upstream receptors of leginsulin remain unknown. Future studies integrating RNA sequencing,
proteomics, and receptor screening approaches are needed to identify its direct targets and further
clarify its signaling network.

Ang II induces oxidative stress and mitochondrial dysfunction, activating ERK/JNK signaling and
promoting hypertrophic markers (ANP, BNP, and β-MHC) and fibrotic markers (COL1A1 and TGF-β),
thereby contributing to cardiomyocyte hypertrophy and fibrosis. Leginsulin attenuates these effects by
reducing oxidative stress, preserving mitochondrial function, and inhibiting ERK/JNK activation
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Figure 1

Leginsulin attenuates isoproterenol-induced pathological cardiac remodeling in mice
(A) Experimental design. (B) Body weight changes during the experimental period. (C) Food intake. (D)
Representative gross morphology of hearts. Scale bar = 0.5 cm. (E) Heart weight (HW). (F) Heart weight-
to-body weight ratio (HW/BW). (G) Representative hematoxylin and eosin (H&E) staining of left
ventricular sections and quantitative analysis of cardiomyocyte cross-sectional area (CSA). Scale bar =
100 μm. (H) Representative Picrosirius Red (PSR) staining of left ventricular sections and quantitative
analysis of collagen-positive area. Scale bar = 100 μm. Data are presented as mean ± SD (n = 5).
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Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple comparisons test.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus Control; #P < 0.05, ##P < 0.01, ###P <
0.001, and ####P < 0.0001 versus ISO; ns, not significant

Figure 2

Leginsulin attenuates Ang II-induced cardiomyocyte hypertrophy and profibrotic responses

(A, B) Representative phalloidin staining images and quantitative analysis of cell area in H9c2 and AC16
cells. Scale bar = 100 μm. (C, D) Relative mRNA expression of ANP, BNP, and β-MHC. (E) Representative
Western blots of COL1A1 and TGF-β1. (F, G) Quantitative analysis of COL1A1 and TGF-β1 protein
expression. Data are presented as mean ± SD (n = 5). Statistical analysis was performed using one-way
ANOVA followed by Tukey's multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001 versus Control; #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 versus Ang II; ns, not
significant
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Figure 3

Leginsulin attenuates Ang II-induced oxidative stress in cardiomyocytes  (A, B) Representative
intracellular ROS staining and quantitative analysis of fluorescence intensity in H9c2 and AC16 cells.
Scale bar = 100 μm. (C) T-SOD activity. (D) MDA content. Data are presented as mean ± SD (n = 5).
Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple comparisons test.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus Control; #P < 0.05, ##P < 0.01, ###P <
0.001, and ####P < 0.0001 versus Ang II; ns, not significant
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Figure 4

Leginsulin ameliorates Ang II-induced mitochondrial dysfunction in cardiomyocytes

(A) Quantitative analysis of the JC-1 red/green fluorescence intensity ratio in H9c2 and AC16 cells. (B)
Intracellular ATP levels. (C, D) Representative MitoTracker Red staining and quantitative analysis of
mitochondrial morphology in H9c2 and AC16 cells. Scale bar = 20 μm. Data are presented as mean ± SD
(n = 5). Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple
comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus Control; #P < 0.05, ##P <
0.01, ###P < 0.001, and ####P < 0.0001 versus Ang II; ns, not significant

Figure 5

Leginsulin suppresses Ang II-induced MAPK pathway activation in cardiomyocytes

(A, B) Representative Western blots of total and phosphorylated JNK, p38, and ERK1/2 in H9c2 and AC16
cells. (C, D) Quantitative analysis of p-JNK/JNK, p-p38/p38, and p-ERK1/2/ERK1/2 ratios. Data are
presented as mean ± SD (n = 3). Statistical analysis was performed using one-way ANOVA followed by
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Tukey's multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus Control;
#P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 versus Ang II; ns, not significant

Figure 6

Proposed mechanism of Leginsulin against cardiac hypertrophy and fibrosis

Page 22/22


