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Abstract: Objective: Studies have demonstrated that administering statins promptly following myocardial ischemia/

reperfusion (MI/R) can confer cardioprotective benefits. This study investigates whether Lovastatin can modulate the

Yes-associated protein/Transcriptional co-activator with PDZ-binding motif (YAP/TAZ) signaling pathway to

mitigate cardiomyocyte injury caused by hypoxia/reoxygenation (H/R). Methods: The in vitro MI/R model was

established by H/R in rat myocardial H9c2 cells, and the cells were pretreated with varying doses of Lovastatin before

reoxygenation. The extent of cellular injury was evaluated by measuring the myocardial enzyme content and cell

viability. The levels of oxidative stress and inflammatory factors were quantified by enzyme-linked immunosorbent

assay (ELISA). Mitochondrial function was evaluated by detecting mitochondrial reactive oxide species (ROS), oxygen

consumption rate (OCR), mitochondrial permeability transition pore (MPTP), adenosine 5′-triphosphate (ATP),

mitochondrial membrane potential (MMP), and Ca2+. Western blotting (WB) and immunofluorescence assays were

applied to detect the proteins related to apoptosis, autophagy, and YAP/TAZ signaling. YAP overexpression plasmid

(Ov-YAP) was constructed for mechanism verification. Results: H/R leads to a reduction in H9c2 cell viability, and

an elevation in the contents of myocardial enzymes, inflammatory factors, and oxidative stress. The apoptosis and

autophagy were increased, and yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif

(TAZ) expression levels were up-regulated in the H/R group. Nevertheless, all these changes were dose-dependently

reversed by Lovastatin. Meanwhile, Lovastatin restored the levels of MMP, ATP, MPTP opening, and Ca2+, and

reduced OCR in H9c2 cells exposed to H/R. Nevertheless, Ov-YAP markedly attenuated the function of Lovastatin on

apoptosis, autophagy, inflammation, and oxidative stress in H9c2 cells exposed to H/R. Conclusion: The result

indicated that Lovastatin played a protective role in H/R-induced H9c2 cells by inhibiting YAP/TAZ signaling.

Abbreviations
AMI Acute myocardial infarction
ATP Adenosine triphosphate
BCA Bicinchoninic acid
CAT Catalase
CCK-8 Cell counting kit-8
CK Creatine kinase
CK-MB Creatine kinase-MB
FBS Fetal bovine serum
GSH-Px Glutathione peroxidase

H/R Hypoxia/reoxygenation
IL-1β Interleukin-1 beta
IL-6 Interleukin-6
LC-3 Microtubule-associated protein 1 light chain 3
LDH Lactate dehydrogenase
MDA Malonaldehyde
MI/R Myocardial ischemia/reperfusion
MMP Mitochondrial membrane potential
MPTP Mitochondrial permeability transition pore
OCR Oxygen consumption rate
PBS Phosphate buffer solution
PVDF Polyvinylidene difluoride
RIPA Radio immunoprecipitation assay
ROS Reactive oxide species
SOD Superoxide dismutase
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TAZ Transcriptional co-activator with PDZ-binding
motif

TNF-α Tumor necrosis factor-alpha
YAP Yes-associated protein

Introduction

Myocardial ischemia/reperfusion (MI/R) injury represents a
prevalent cardiovascular complication, resulting in
significant global morbidity and mortality [1]. Acute
myocardial infarction (AMI) is a principal contributor to
these outcomes. Current standard therapies for AMI, which
emphasize reperfusion strategies, can paradoxically
precipitate cardiomyocyte dysfunction, known as MI/R
injury [2]. Manifestations of MI/R injury include
arrhythmias triggered by reperfusion, reversible myocardial
impairment, microvascular dysfunction, and fatal
myocardial reperfusion damage [3]. The etiologies of MI/R
injury are complex, involving molecular, cellular, and tissue
changes such as oxidative stress, inflammation, etc., [4,5].
Although considerable improvements have been made in
the management of MI/R, the intricate pathophysiological
mechanisms remain elusive [6]. As such, a deeper
exploration of the underlying mechanisms of MI/R injury is
pivotal in counteracting its detrimental impacts.

MI/R injury is a major factor exacerbating myocardial
disfunction and cardiomyocyte death after cardiac surgery
and myocardial infarction [7]. While autophagy helps
eliminate damaged proteins and organelles to support cell
survival, irreversible damage can result in cell death within
the intrafollicular microenvironment [8]. It has been shown
that exosomes sourced from bone marrow mesenchymal
stem cells reduced IR-induced cardiomyocyte apoptosis and
also regulated autophagy activity, which in turn ameliorates
cardiomyocyte injury [9]. Wu et al. [10] explored the effect
of miR-199a-3p in MI/R injury and determined that
reducing miR-199a-3p expression hastened the rate of
apoptosis and autophagy in cardiomyocytes. Yes-associated
protein (YAP) and transcriptional co-activator with PDZ-
binding motif (TAZ) are integral components of the Hippo
signaling pathway, also referred to as YAP/TAZ signaling,
which exerts a pivotal role in modulating cell growth and
differentiation [11]. Previous studies have reported that the
YAP/TAZ signaling pathway plays a regulatory role in
autophagy and mitochondrial function [12]. In MI/R injury,
modulation of this signal ameliorates MI/R-induced
necroptosis [13]. However, it is still unknown whether YAP/
TAZ has a role in regulating myocardial autophagy and
mitochondrial function in MI/R injury.

Lovastatin, a member of the statin drug class, has been
demonstrated in previous studies to confer protection to
mitochondrial and renal functions in the context of rat
kidney I/R injury [14]. Furthermore, lovastatin exhibits the
capability to ameliorate chronic cardiac damage resulting
from azithromycin treatment, serving as a myocardial
protector [15]. Moreover, additional research has indicated
that Lovastatin possesses the capacity to inhibit autophagy
and is implicated in the pathogenesis of cerebral
hemorrhage [16]. More importantly, it has been reported

that Lovastatin alleviates cardiovascular fibrosis induced by
angiotensin II by suppressing the YAP/TAZ signaling [17].
Nevertheless, the precise mechanism underlying Lovastatin’s
impact on MI/R injury remains insufficiently elucidated,
necessitating further investigation.

Therefore, this study induced a cell model of MI/R injury
and observed the indicators of myocardial damage, apoptosis,
inflammation, oxidative stress, autophagy, and mitochondrial
function to investigate whether Lovastatin could ameliorate
H9c2 cell injury caused by hypoxia/reoxygenation (H/R) via
YAP/TAZ signaling.

Materials and Methods

Cell culture
The rat myocardial cell line H9c2 (CRL-1446, ATCC,
Manassas, VA, USA) was cultivated in dulbecco’s modified
eagle medium/nutrient mixture F-12 (DMEM/F12) medium
(Gibco, Grand Island, NY, USA) with 10% fetal bovine
serum (FBS, Gibco) and an antibiotic combination
(100 U/mL streptomycin and penicillin) (C0222, Beyotime,
Shanghai, China) at 37°C with 5% CO2. All cells have been
identified by short tandem repeat (STR) and tested for
mycoplasma, and all experiments were performed under
sterile conditions.

H/R model establishment and treatment
The H/R model was adopted using H9c2 cells. Briefly, to
induce in vitro ischemic conditions, H9c2 cells were
maintained in glucose-free and FBS-free DMEM/F12
medium and exposed to a mixture of 94% N2, 1% O2, and
5% CO2 for 4 h. Then, H9c2 cells were subsequently placed
under normoxic conditions containing 21% O2, 5% CO2,
and 74% N2 for reoxygenation for a duration of 6 h.
Following 24 h cultivation under normal culture conditions,
the cells were harvested at the end of reoxygenation. During
reoxygenation, the cells were pretreated with Lovastatin
(HY-N0504, MCE, NJ, USA) at various concentrations (25,
50, 100 nmol/L).

Cell transfection
The YAP overexpression vector (ov-YAP) and its control
vector (ov-NC) were obtained from GenePharma
Technology (Shanghai, China). A total of 2 × 105 H9c2 cells
were plated in a 6-well plate. H9c2 cells were transfected
with 50 nM ov-YAP or ov-NC with the pre-prepared
transfection reagent (2 mL) after the cell confluency reached
30% to 50%. The cells were incubated for 6 h, after which
the medium was replaced. Following a 48 h transfection
period, the cells were harvested for the subsequent
experiments.

Cell viability
Following the incubation period, the treated H9c2 cells were
moved to a fresh 96-well plate (3 × 103 cells/well). Then,
cells were treated with 10 µL of cell counting kit-8 (CCK-8,
C0038, Beyotime) for 2 h at 37°C. Cell viability was
evaluated by detecting the absorbance at 450 nm by a
microplate reader (F50, TECAN, Männedorf, Switzerland).
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Enzyme-linked immunosorbent assay (ELISA)
The tumor necrosis factor-alpha (TNF-α, H052-1, Nanjing
Jiancheng, Nanjing, China), interleukin-6 (IL-6, H007-1-1,
Nanjing Jiancheng), interleukin-1 beta (IL-1β, H002,
Nanjing Jiancheng), and creatine kinase-MB (CK-MB,
SEKR-0059, Solarbio, Beijing, China), lactate dehydrogenase
(LDH, C0017, Beyotime), and creatine kinase (CK, BC1145,
Solarbio) contents in the H9c2 cells were evaluated by
ELISA kits in accordance with the producer’s guidelines.
Cells were cultured in a 96-well plate (1 × 104 cells/well)
and incubated with corresponding ELISA kits for 20 or
30 min. After washing, 3, 3′, 5, 5′-Tetramethylbenzidine
(TMB) substrate solution was added and incubated for
30 min to terminate the reaction. The absorbance at 450 nm
was detected by a microplate reader (F50, TECAN).

Western blotting
The proteins were lysed with the radioimmunoprecipitation
assay (RIPA) buffer (P0013B, Beyotime) and the protein
concentration was measured by a bicinchoninic acid (BCA)
protein assay kit (P0012, Beyotime). A total of 30 μg of
protein was loaded into sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE, P0012A,
Beyotime) gel for separation and transferred onto
polyvinylidene difluoride (PVDF) membranes (IPVH00010,
Merck Millipore, MA, USA). The membrane was blocked
with 5% skim milk for 1 h at room temperature (RT) and
incubated with primary antibodies (Cleaved caspase3,
1:2000, ab214430, Abcam, MA, USA; Bax, 1:2500, CST,
#2772, Danvers, MA, USA; Bcl-2, 1:3000, #3498,
CST; caspase3, 1:1000, #9662, CST; Beclin1, 1:2500, 33738,
CST; LC3, 1:2000, #4108, CST; P62, 1:2000, #5114, CST;
YAP, 1:3000, #4912, CST; TAZ, 1:2000, #4883, CST;
glyceraldehyde-3-phosphate dehydrogenase, GAPDH,
1:1000, ab9485, Abcam) overnight at 4°C. Then, incubate
the membrane for 2 h at RT with the secondary antibody
(1:5000, ab7090, Abcam). The membrane was developed in
darkness and the blots were made visible by a gel imaging
system (ChampGelTM 5000, sagecreation, Beijing, China).

Terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) staining
TUNEL Staining Kit (C1086, Beyotime) was used to
investigate the apoptosis of H9c2 cells. Initially, cells were
fixed with 4% paraformaldehyde (P0099, Beyotime) and
permeabilized by 0.1% TritonX-100 (BL934B, Biosharp,
Hefei, China) for 20 min, respectively. Then, H9c2 cells
were incubated with a mixture containing terminal
deoxynucleotidyl transferase (TDT) enzyme, dUTP, and
buffer at a ratio of 1:5:50. After 4′,6-diamidino-2-
phenylindole (DAPI, C1005, Beyotime) counterstaining, the
images were captured using a fluorescence microscope
(IX53, Olympus, Tokyo, Japan).

Immunofluorescence staining
H9c2 cells were treated with 4% paraformaldehyde and 0.1%
Triton X-100 (BL934B, Biosharp) for 20 min at RT.
Subsequently, H9c2 cells were blocked using a 1% bovine
serum albumin (BSA) solution for 30 min at RT. Then, the
cells were treated with anti-LC3 (1:200, #4108, CST) or

Mito-Tracker red CMXRos (C1049B, Beyotime) and anti-
LC3B (1:200, ab192890, Abcam) overnight at 4°C. Then, the
cells were treated with secondary antibodies (1:1000, ab7090,
Abcam) at 37°C for 1 h in darkness and stained with DAPI
for 10 min. The fluorescent images were captured by a
microscope (CKX53, Olympus).

mtROS levels assessment
H9c2 cells were grown to 70%–80% confluence following H/R
treatment. Then, the cells were treated with 5 μM MitoSOX
Red reagent (S0061M, Beyotime) at 37°C for 15 min. Cells
were rinsed with PBS and the images were captured under a
fluorescence microscope (IX53, Olympus).

Assessment of mitochondrial membrane potential (MMP)
MMP was evaluated through JC-1 assay (T3168, Thermo
Fisher Scientific, MA, USA). H9c2 cells were rinsed with
PBS and then treated with the JC-1 probe in the dark at
37°C for 30 min. Afterward, the free probe was washed out
with PBS, and results were observed under a confocal
microscope (TCS SP8, Leica, Wetzlar, Germany). Changes
in MMP were evaluated based on the red-to-green
fluorescence ratio. For immunofluorescence analysis, the
green/red immunosignals were converted into average
grayscale intensity and subjected to analysis using Image-
Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA).

Detection of adenosine triphosphate (ATP) content
H9c2 cells (1 × 104 cells) grown in 6-well plates were lysed
using ATP lysis buffer on ice and then exposed to the ATP
substrate solution. Cellular ATP level was quantified using a
bioluminescent assay kit (ab113849, Abcam).

Evaluation of mitochondrial permeability transition pore
(MPTP) opening
An MPTP kit (C2009S, Beyotime) was employed to assess the
MPTP opening. 100 μL of Calcein AM solution was added
into H9c2 cells at 37°C for 30 min in darkness, then
centrifuged and resuspended in a preheated culture
medium. Subsequently, cells were incubated at 37°C for 30
min in a dark environment, and the results were observed
under a fluorescence microscope (IX53, Olympus).

Detection of oxygen consumption rate (OCR)
The Seahorse XF Cell Mito Stress Test Kit on a Seahorse XFp
analyzer (Agilent, CA, USA) was employed for OCR
assessment. H9c2 cells were seeded in XFe96 plates at
a density of 5 × 104 cells per well. Then, 1 μM oligomycin,
1 μM carbonyl cyanide-4- (trifluoromethoxy)
phenylhydrazone, and 1 μM rotenone were automatically
added to test OCR.

Detection of Ca2+ concentration
H9c2 cells were seeded in a 96-well plate (1 × 104 cells/well)
and treated with a calcium assay Kit (S1061S, Beyotime) for
5 min. The absorbance at 610 nm was measured by a
microplate reader (Infinite F50, TECAN, Beijing, China).
Additionally, the mitochondrial Ca2+ was detected using the
Rhod-2 (40776ES50, Yeasen, Shanghai, China) and
MitoTracker Green (40742ES50, Yeasen). Briefly, Rhod-2
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and MitoTracker Green were solubilized in dimethyl sulfoxide
and diluted to a working solution, respectively. H9c2 cells
were treated with Rhod-2 (5 μM) and MitoTracker Green
(20 nM) away from light for 30 min at 37°C, followed by
the added tyrode’s solution for 30 min of incubation in
darkness. Afterward, the cells were washed to eliminate any
excess or non-specific probes in the mitochondria. Rhod-2
fluorescence (Ex/Em: 549/578 nm) and MitoTracker green
fluorescence (Ex/Em: 488/523 nm) were measured under a
confocal microscope (TCS SP8, Leica).

Measurement of oxidative stress
H9c2 cells were grown in a 96-well plate (1 × 103 cells/well).
Subsequently, the levels of malonaldehyde (MDA, A003-4-1,
Nanjing Jiancheng), superoxide dismutase (SOD, A001-3-2,
Nanjing Jiancheng), glutathione peroxidase (GSH-Px, S0056,
Beyotime) and catalase (CAT, S0051, Beyotime) levels were
quantified using assay kits. The absorbance at 532 nm was
recorded by a microplate reader (Infinite F50, TECAN).

Statistical analysis
The data was utilized by IBM SPSS 26.0 (IBM SPSS, Watson,
NY, USA) and were exhibited as mean ± standard deviation
(SD). A One-way ANOVA with Tukey’s post hoc test was
used to compare the differences among the experimental
groups. Kruskal-Wallis test was employed for statistical
analysis when n < 3. Statistical significance was established
when the p-value < 0.05.

Results

Lovastatin ameliorates H/R-induced injury and apoptosis in
H9c2 cells
Initially, H9c2 cells were treated with varying doses of
Lovastatin (25, 50, 100 nmol/L), and the results revealed no
impact on cell viability (Fig. 1A). Lovastatin dose-
dependently increased the viability of H9c2 cells in contrast
with the H/R group (Fig. 1B). Concurrently, a reduction was
exhibited in the levels of intracellular enzymes including

FIGURE 1. Lovastatin ameliorates H9c2 cell damage caused by hypoxia/reoxygenation (H/R). Effect of varying doses of Lovastatin on the
H9c2 cell viability (A), (n = 5). Lovastatin up-regulated the viability of H9c2 cells (B), (n = 5). Lovastatin reduced the contents of LDH, CK-
MB, and CK (C), (n = 5). Lovastatin decreased the TUNEL fluorescence intensity in H9c2 cells (D), (n = 3). Lovastatin was observed to reduce
pro-apoptotic proteins and increase anti-apoptotic protein expression in H9c2 cells (E), (n = 3). **p < 0.01, ***p < 0.001 vs. Control; #p < 0.05,
##p < 0.01, ###p < 0.001 vs. H/R. CK-MB, creatine kinase-MB; LDH, lactate dehydrogenase; CK, creatine kinase.
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LDH, CK-MB, and CK as the dosage of Lovastatin was
increased (Fig. 1C). Next, the apoptotic level was assessed.
TUNEL staining revealed that Lovastatin intervention at
varying doses reduced the apoptosis in H9c2 cells when
compared to the H/R group, with the highest dose exerting
the most significant effect (Fig. 1D). WB analysis
demonstrated that Lovastatin reduced the expression of
Cleaved caspase-3, and Bax dose-dependently, while up-
regulating the level of Bcl2 (Fig. 1E). These findings
indicated that Lovastatin could mitigate injury and
apoptosis in the H/R-induced cellular model dose-
dependently.

Lovastatin attenuates H/R-induced autophagy in H9c2 cells
Immunofluorescence assay was utilized to measure the levels
of the autophagic marker microtubule-associated protein 1
light chain 3 (LC3). Lovastatin treatment effectively reduced

the fluorescence intensity of LC3, displaying a dose-
dependent manner (Fig. 2A). Additionally, a similar trend
was observed in the level of autophagy-related proteins, with
lower expression of Beclin1 and LC3-II/LC3I in the
Lovastatin group relative to the H/R group, while P62
expression was increased (Fig. 2B). Meanwhile, the
fluorescence intensity of LC3 was detected in mitochondria.
The findings displayed that Lovastatin decreased the
fluorescence intensity of LC3B in the mitochondria of H9C2
cells induced by H/R (Fig. 2C). These findings suggested
that Lovastatin might suppress autophagy in H9c2 cells
treated by H/R dose-dependently.

Lovastatin attenuates H/R-induced inflammation, oxidative
stress injury and mitochondrial dysfunction in H9c2 cells
Then, the inflammatory response, oxidative stress, and
mitochondrial function were further determined following

FIGURE 2. Lovastatin attenuates autophagy in H9c2 cells caused by H/R. Lovastatin decreased the fluorescence intensity of LC3 in
cardiomyocytes (A), (n = 3). Lovastatin regulated autophagy-related proteins expression in H9c2 cells (B), (n = 3). Lovastatin decreased
mitochondrial LC3B fluorescence intensity in H9c2 cells (C), (n = 3). **p < 0.01 vs. Control; #p < 0.01 vs. H/R. LC-3, microtubule-associated
protein 1 light chain 3.
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myocardial injury. ELISA results showed that the levels of
TNF-α, IL-6, and IL-1β were accelerated in H/R group
(Fig. 3A). However, the concentrations of TNF-α, IL-6, and
IL-1β were declined with the increasing doses of Lovastatin.
Likewise, biochemical assay kits were used to detect
oxidative stress markers. In comparison with the H/R group,
Lovastatin resulted in the decreased MDA levels, and
increased contents of SOD, GSH-Px, and CAT (Fig. 3B).
Next, the mitochondrial function in H9c2 cells were detected
after different treatments. The result demonstrated that the
mitochondrial ROS level was upregulated after H/R injury
and decreased following Lovastatin intervention (Fig. 3C).
The results of JC-1 staining exhibited that Lovastatin dose-
dependently enhanced the red fluorescence and diminished
the green fluorescence in H/R-induced H9c2 cells (Fig. 3D).
Additionally, Lovastatin restored the levels of MPTP

opening (Fig. 4A), ATP (Fig. 4B) and OCR (Fig. 4C) in
H9c2 cells subjected to H/R. Finally, the intracellular and
mitochondrial Ca2+ concentrations were separately
measured. The outcomes exhibited that Lovastatin dose-
dependently reduced the levels of Ca2+ in H9c2 cells
(Fig. 4D) and in the mitochondria of H9c2 cells (Fig. 4E).
This implied that Lovastatin might mitigate inflammation,
oxidative stress, and mitochondrial damage in H/R-induced
H9c2 cells in a concentration-dependent manner.

Lovastatin ameliorates H/R-induced injury in H9c2 cells
through YAP/TAZ signaling
In the context of YAP/TAZ signaling, YAP was overexpressed
by plasmid transfection, aiming to validate the impacts of
Lovastatin on YAP/TAZ signaling-related proteins and
determine whether the protective role of Lovastatin was

FIGURE 3. Lovastatin attenuates inflammation, oxidative stress and mitochondrial damage in H9c2 cells subjected to H/R. Lovastatin reduced
the levels of proinflammatory cytokines in H9c2 cells (A), (n = 5). Lovastatin lowered MDA level and up-regulated SOD, GSH-Px and CAT
contents in H9c2 cells (B), (n = 5). Lovastatin reduced mitochondrial ROS level in H9c2 cells (C), (n = 3). Lovastatin regulated MMP in H9c2
cells (D), (n = 3). **p < 0.001, ***p < 0.001 vs. Control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. H/R. MDA, malonaldehyde; SOD, superoxide
dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; ROS, reactive oxygen species; MMP, mitochondrial membrane potential.
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linked to the signaling pathway. Initially, the expression of
YAP and TAZ proteins involved in the signaling pathway
were detected. The result illustrated that H/R treatment up-
regulated the level of YAP and TAZ proteins, which were
subsequently declined after Lovastatin intervention
(Fig. 5A). Subsequently, Ov-YAP and Ov-NC plasmids were
established and the transfection efficiency was assessed. As a
result, YAP protein expression was significantly elevated
after transfection of Ov-YAP (Fig. 5B). CCK-8 assay
demonstrated that Ov-YAP impaired the effect of Lovastatin
on H9c2 cell viability (Fig. 5C), and the contents of LDH,
CK-MB, and CK were increased after overexpression of
YAP (Fig. 5D). Similarly, TUNEL staining exhibited that the
fluorescence intensity in the H/R + Lovastatin + Ov-YAP
group was notably enhanced compared with the H/R +
Lovastatin + Ov-NC group (Fig. 5E). Moreover, the H/R +
Lovastatin + Ov-YAP group demonstrated the increased
expression of Cleaved caspase-3, Bax, and the reduced Bcl2
expression compared with the H/R + Lovastatin + Ov-NC

group (Fig. 5F). These research findings suggested that the
protective role of Lovastatin in the myocardium might
potentially be achieved via the mediation of the YAP/TAZ
pathway.

Lovastatin attenuates autophagy in H9c2 cells caused by H/R
via YAP/TAZ signaling
Next, to ascertain whether the impacts of Lovastatin on
autophagy might be partially mediated by the YAP/TAZ
signaling pathway. The result displayed that the fluorescence
intensity of LC3 (Fig. 6A) and the level of Beclin1 and LC3-
II/LC3I were up-regulated in the H/R + Lovastatin +
Ov-YAP group in comparison with the H/R + Lovastatin +
Ov-NC group, whereas P62 expression was reduced
(Fig. 6B). Also, LC3B fluorescence intensity was detected in
mitochondria. The results exhibited that Ov-YAP increased
the fluorescence intensity of LC3B in the mitochondria of
H9c2 cells, in contrast with the H/R + Lovastatin + Ov-NC
group (Fig. 6C). The results illustrated that the inhibitory

FIGURE 4. Lovastatin attenuates mitochondrial damage in H9c2 cells caused by H/R. Lovastatin increased mitochondrial permeability transition
pore (MPTP) in H9c2 cells (A), (n = 3). Lovastatin increased mitochondrial ATP levels in H9c2 cells (B), (n = 5). Lovastatin increased oxygen
consumption rate (OCR) in H9c2 cells (C), (n = 3). Lovastatin decreased the concentrations of Ca2+ in H9c2 cells (D), (n = 5). Lovastatin
decreased the levels of mitochondrial Ca2+ in H9c2 cells (E), (n = 3). **p < 0.01, ***p < 0.001 vs. Control; #p < 0.05, ##p < 0.01, ###p < 0.001
vs. H/R.
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role of Lovastatin in H9c2 cell autophagy might be related to
the YAP/TAZ signaling pathway.

Lovastatin attenuates inflammation, oxidative stress and
mitochondrial injure in H/R-induced H9c2 cells via YAP/
TAZ signaling
Ultimately, whether Lovastatin exerted its influence on
inflammation, oxidative stress, and mitochondrial
dysfunction in H9c2 cells through mediating the YAP/TAZ
signaling was explored. In contrast to the H/R + Lovastatin
+ Ov-NC group, the pro-inflammatory cytokines (Fig. 7A)
and MDA contents were increased in H/R + Lovastatin +
Ov-YAP group, and the contents of SOD, GSH-Px, and
CAT were declined (Fig. 7B). Concurrently, through

detecting mitochondrial ROS, the results affirmed that
mitochondrial ROS level was elevated in the H/R +
Lovastatin + Ov-YAP group compared with the H/R +
Lovastatin + Ov-NC group (Fig. 7C). Through detecting
MMP, it was discovered that the red fluorescence intensity
was diminished and the green fluorescence intensity was
enhanced in the H/R + Lovastatin + Ov-YAP group in
comparison with the H/R + Lovastatin + Ov-NC group
(Fig. 7D), Moreover, the levels of MPTP opening (Fig. 8A),
ATP (Fig. 8B) and OCR (Fig. 8C) in H/R + Lovastatin +
Ov-YAP group were decreased by contrast with the H/R +
Lovastatin + Ov-NC group. Lastly, Ov-YAP up-regulated
the concentrations of Ca2+ in H9c2 cells (Fig. 8D) and in
mitochondria of H9c2 cells (Fig. 8E).

FIGURE 5. Lovastatin ameliorates H/R induced H9c2 cell injury through YAP/TAZ signaling. Lovastatin reduced the level of YAP and TAZ in
H9c2 cells (A), (n = 3). WB detected the transfection efficacy of Ov-YAP (B), (n = 3). Ov-YAP impaired the effect of Lovastatin on H9c2 cell
viability (C), (n = 5). Ov-YAP reversed effect of Lovastatin on myocardial enzymes in H9c2 cells (D), (n = 5). Ov-YAP enhanced the TUNEL
fluorescence intensity in H9c2 cells treatment with H/R and Lovastatin (E), (n = 3). Ov-YAP increased pro-apoptotic proteins expression and
decreased anti-apoptotic proteins expression in H9c2 cells in contrast with the H/R + Lovastatin + Ov-NC group (F), (n = 3). **p < 0.01, ***p <
0.001 vs. Control or Ov-NC; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. H/R; &p < 0.001, &&&p < 0.001 vs. H/R + Lovastain or H/R + Lovastain +
Ov-NC.
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Discussion

MI/R represents a predominant pathological process in the
development of myocardial infarction and the subsequent
heart failure, presenting a significant global health threat.
Considering that, the MI/R cell model was created by H/R
in H9c2 cells and treated by varying concentrations of
Lovastatin. The results demonstrated that Lovastatin exerted
inhibitory effects on cell injury, apoptosis, autophagy,
inflammation, mitigated oxidative stress, and mitochondrial
damage. Furthermore, through the construction of YAP
overexpression plasmids, we have unveiled that the
protective role of Lovastatin in H9c2 cells might be
correlated with the YAP signaling pathway.

During the MI/R process, ROS is significantly produced
[18]. Excessive ROS accumulation within cells can cause

severe oxidative damage to cellular membranes, proteins, as
well as RNA and DNA molecules [19]. Consequently, an
excess of ROS production may lead to mitochondrial
dysfunction, which may substantially impair both
mitochondrial and cellular function [20]. Our research
additionally revealed that H/R induction led to myocardial
cell injury, elevated ROS levels, the impaired mitochondrial
function, as evidenced by the conversion of the JC-1
staining fluorescent signal and changes of MPTP opening,
OCR and Ca2+. In response to mitochondrial and organelle
impairment, autophagy may be activated in cells [21].
During the initial phases of damage, autophagosomes can
degrade compromised organelles to restore cellular
equilibrium. Nevertheless, under I/R conditions, autophagy
may be excessively activated, further aggravating cell death
[22]. Due to mitochondrial impairment, cells are directed

FIGURE 6. Lovastatin attenuates autophagy in H9c2 cells caused by H/R through YAP/TAZ pathway. Ov-YAP enhanced the expression of
LC3 in H9c2 cells in contrast with the H/R + Lovastatin + Ov-NC group (A), (n = 3). Ov-YAP partially inhibited the role of Lovastatin in
autophagy-related proteins expression in H9c2 cells (B), (n = 3). Ov-YAP increased the expression of LC3B in the mitochondria of H9c2
cells in contrast with the H/R + Lovastatin + Ov-NC group (C), (n = 3). **p < 0.01, ***p < 0.001 vs. Control; ##p < 0.01 vs. H/R; &p < 0.05
vs. H/R + Lovastain.
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towards a programmed cell death pathway known as
apoptosis. In this process, signaling pathways including the
caspase pathway, become activated, leading to the
breakdown of cellular structure [23]. In our experimental
investigations, we identified the presence of both apoptosis
and autophagy and verified that autophagy might occurs via
this pathway, substantiated by the up-regulated expression
of Cleaved caspase-3, Bax, and the down-regulated
expression of Bcl2. Eventually, the accumulation of ROS, the
apoptosis factors released from damaged cells, and the
remnants of deceased cells might provoke an inflammatory
response that exacerbates the damage, ultimately resulting in
more severe myocardial impairment.

As previously discussed, our research findings were
consistent with earlier research, confirming an increase in
apoptosis and autophagy in myocardial cells following MI/R
injury [24]. Furthermore, we explored the activation of the
YAP/TAZ signaling pathway in MI/R injury, which was in
line with previous research studies [13]. The YAP/TAZ
signaling pathway has the capacity to regulate autophagy
and mitochondrial function [25]. A study has also revealed
a correlation between YAP/TAZ signaling pathway and
autophagy. Autophagy inhibits the activity of YAP/TAZ
signaling when the levels of α-catenin are low, while
elevated α-catenin levels enhance YAP/TAZ activity [26].
This suggests that the role of YAP/TAZ signaling pathway

FIGURE 7. Lovastatin attenuates inflammation, oxidative stress and mitochondrial dysfunction in H/R-induced H9c2 cells via YAP/TAZ
signaling. Ov-YAP up-regulated the contents of pro-inflammatory cytokines in H9c2 cells in contrast with the H/R + Lovastatin + Ov-NC
group (A), (n = 5). Ov-YAP reversed the effect of Lovastatin on oxidative stress in H9c2 cells (B), (n = 5). Ov-YAP increased ROS level in
mitochondria of H9c2 cells compared with the H/R + Lovastatin + Ov-NC group (C), (n = 3). Ov-YAP upregulated MMP in H9c2 cells
compared the H/R + Lovastatin + Ov-NC group (D), (n = 3). ***p < 0.001 vs. Control; ##p < 0.01, ###p < 0.001 vs. H/R; &p < 0.05, &&&p <
0.001 vs. H/R + Lovastain.
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in the initiation and progression of MI/R injury may be related
to the regulation of autophagy and mitochondrial function.
Lovastatin, a medication belonging to the statin class, has
been demonstrates to exert protective effects in a range of
organ models of I/R injury [14]. Our research results further
substantiated that Lovastatin significantly reduced apoptosis,
autophagy, inflammatory responses, and oxidative stress in
H9c2 cells following H/R injury. This finding was consistent
with earlier research on the protective properties of
Lovastatin against tissue damage [16,27,28], indicating its
ability to mitigate a series of pathological responses
following myocardial injury. Furthermore, we have also
found that Lovastatin significantly inhibits vascular fibrosis
via inhibition of YAP/TAZ signaling [17]. This offers new
insights into the cardioprotective mechanisms of Lovastatin,
suggesting that it may suppress apoptosis, autophagy,
oxidative and inflammatory damage in myocardial cells by
modulating the YAP/TAZ signaling pathway, thus
ameliorating myocardial injury. In addition, this study

investigated the mechanism of myocardial protection by
Lovastatin and focused more comprehensively on the effects
of Lovastatin on a range of biological processes, including
inflammation, apoptosis, oxidative stress, autophagy, and
mitochondrial damage in cardiomyocytes. It was
preliminarily demonstrated that the regulation of
inflammation, oxidative stress, apoptosis, autophagy and
mitochondrial damage in H/R-induced H9c2 cells by
Lovastatin was related to the suppression of YAP/TAZ
signaling. This might bring out a new insight for exploring
the cardioprotective mechanism of Lovastatin and the
relevance of YAP/TAZ signaling in inflammation, apoptosis,
oxidative stress and autophagy.

The current study focused on the protection of
Lovastatin in H/R-induced H9c2 cells through YAP/TAZ
signaling, especially in terms of autophagy and
mitochondrial damage. However, the limitations of the
current research should not be overlooked. For example,
maintaining the equilibrium between mitochondrial fusion

FIGURE 8. Lovastatin attenuates H/R-induced mitochondrial damage via YAP/TAZ signaling. Ov-YAP decreased the MPTP opening in H9c2
cells compared with the H/R + Lovastatin + Ov-NC group (A), (n = 3). Ov-YAP reduced the mitochondrial ATP levels in H9c2 cells compared
with the H/R + Lovastatin + Ov-NC group (B), (n = 5). Ov-YAP decreased the OCR in H9c2 cells compared with the H/R + Lovastatin + Ov-
NC group (C), (n = 3). Ov-YAP increased the levels of Ca2+ in H9c2 cells compared with the H/R + Lovastatin + Ov-NC group (D), (n = 5).
Ov-YAP up-regulated the levels of Ca2+ in mitochondria of H9c2 cells compared with the H/R + Lovastatin + Ov-NC group (E), (n = 3). **p <
0.01, ***p < 0.001 vs. Control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. H/R; &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. H/R + Lovastain.
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and fission is crucial for preserving mitochondrial
morphology and function [29]. Further research is required
to illustrate the regulatory mechanisms governing
mitochondrial function in H/R-induced cardiomyocytes in
the presence of Lovastatin. Therefore, in future studies, the
fusion and fission of mitochondria should be fully
considered, through investigating key regulatory factors such
as mitofusin 1 and dynamin-related protein 1, to ascertain
the impact of Lovastatin on mitochondrial fusion/fission in
H/R-induced myocardial cells. Furthermore, the present
study demonstrated that the protection of Lovastatin on
H9c2 cells induced by was influenced by the YAP/TAZ
signaling, and the regulation of YAP/TAZ signaling was
observed at an overall level. The study indicates that YAP
phosphorylation can inhibit YAP transcriptional activity
[30]. Therefore, how Lovastatin affects the YAP/TAZ
signaling, whether it affects YAP phosphorylation or
transcriptional activity, is worth further investigation.
Additionally, we observed that Ov-YAP did not completely
reverse the regulatory effects of Lovastatin on autophagy,
apoptosis, and mitochondrial function in H9c2 cells
stimulated by H/R. This suggested that the protective effect
of Lovastatin on H9c2 cells might not solely depend on the
YAP/TAZ pathway. Moreover, the current study is still
preliminary. On one hand, the current results and
conclusions were drawn from H9c2 cells. On the other
hand, in vitro experiments cannot fully simulate the
complex in vivo environment. Therefore, to clarify the role
of Lovastatin in myocardial damage caused by I/R, more
myocardial cell lines need to be included for a
comprehensive study of Lovastatin’s role in I/R injury and
further validation in animal MI/R models. The present
results observed in H9c2 cells may provide a reference and
general direction for future research. Lastly, statins work by
competitively restraining the active site of HMG-CoA
reductase, which in turn prevents cholesterol synthesis and
decreases the risk of cardiovascular disease [31]. Other
statins such as simvastatin, atorvastatin have also been
shown to attenuate MI/R injury by inhibiting inflammation
[32] and endoplasmic reticulum stress-related apoptosis
[33], improving mitochondrial ultrastructure [34]. These
studies focus on the regulation of inflammation, apoptosis,
mitochondrial function, and other processes in myocardial
cells by statin drugs. The findings are consistent with some
of the results imposed by Lovastatin in this study.
Therefore, the investigation into the role of Lovastatin and
the exploration of mechanisms may serve as a reference for
studying the role of other statin drugs in MI/R injury.
Further research is warranted to systematically comprehend
the role of statin drugs and to advance the development and
utilization of such medications.

To summarize, our study has produced innovative
mechanistic evidence regarding the cardioprotective
properties of Lovastatin in MI/R injury. The consequences
showed that Lovastatin played a protective effect on H/R-
induced H9c2 cell damage by inhibiting YAP/TAZ
signaling. These findings may offer new insights and
references for a comprehensive understanding of the effect
and mechanism of Lovastatin in MI/R injury.
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