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Abstract

Introduction: Myocardial infarction (MI), often caused by atherosclerotic
plaque rupture, leads to severe myocardial ischemia and necrosis. Despite
advancements in treatment, its molecular mechanisms remain incompletely
understood. Local anesthetics such as ropivacaine, while beneficial for pain
control, may induce cardiotoxicity, complicating Ml management. This study
aimed to explore the effects of ropivacaine on H9c2 cardiomyocytes and the
protective potential of Slc6a4 silencing against ropivacaine-induced cellular
damage.

Material and methods: Bioinformatics analysis of the GSE97320 dataset
identified Ml-associated differentially expressed genes (DEGs), which over-
lapped with ropivacaine-related genes. H9c2 cells were cultured and treated
with ropivacaine to induce myocardial injury. The effects on cell cycle, apop-
tosis, and oxidative stress were assessed, and the role of Slc6a4 silencing
under hypoxia/reoxygenation (H/R) conditions was investigated.

Results: Ropivacaine induced G1 phase arrest and apoptosis in H9c2 cells,
with increased Bax and caspase-3 levels and decreased Bcl-2. Oxidative
stress was elevated, as evidenced by increased ROS, MDA, and LDH lev-
els and reduced SOD, GSH, and ATP. Slc6a4 silencing under H/R conditions
mitigated these effects, reducing cell cycle dysregulation and apoptosis by
40%, lowering NLRP3 inflammasome expression, and promoting Nrf2 nucle-
ar translocation.

Conclusions: This study demonstrates that Slc6a4 silencing alleviates ropi-
vacaine-induced cellular damage by modulating oxidative stress, apoptosis,
and cell cycle dynamics, suggesting a potential therapeutic strategy for myo-
cardial ischemia-reperfusion injury.

Key words: Slc6a4, ropivacaine, myocardial infarction, oxidative stress, cell
injury.

Introduction

Myocardial infarction (MI), commonly known as a heart attack, is
a major cause of mortality and disability worldwide. It results from the
obstruction of coronary blood flow, usually due to atherosclerotic plaque
rupture and thrombosis, leading to ischemia and death of cardiomyo-
cytes [1-3]. Traditional risk factors such as hypertension, diabetes, and
smoking accelerate atherosclerosis and contribute to plague instability
[4, 5]. Recent studies have shown that excessive inflammation activation
is an important driving factor of cardiovascular disease (CVD), which can
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exacerbate cardiovascular injury and poor progno-
sis through pro-inflammatory cytokines and novel
biomarkers (such as microRNA, ST2 protein, and
adiponectin) [6].

Patients with type 2 diabetes mellitus (T2DM)
or prediabetes (PDM) exhibit heightened inflam-
matory activity and oxidative stress, which exac-
erbate atherosclerosis and increase the likelihood
of adverse cardiovascular events [7-9]. Despite
significant progress in reperfusion strategies and
pharmacotherapy, outcomes after Ml remain het-
erogeneous, highlighting the need for novel thera-
peutic targets [6, 10].

Local anesthetics play an essential role in
perioperative analgesia for cardiovascular patients.
Ropivacaine, a long-acting amino amide anesthet-
ic, is widely used due to its lower neurotoxicity and
cardiotoxicity compared with bupivacaine [11, 12].
However, accumulating evidence indicates that
ropivacaine exerts dose-dependent cardiotoxic
effects, including impaired myocardial contractil-
ity, arrhythmias, and even myocardial depression
[13, 14]. These risks are particularly concerning in
the setting of ischemia/reperfusion injury, where
the myocardium is already highly susceptible to
further damage [15]. Therefore, elucidating the
molecular mechanisms underlying ropivacaine-in-
duced cardiotoxicity is of great importance for im-
proving its clinical safety in Ml patients.

The serotonin transporter gene (SLC6A4),
which encodes the serotonin transporter (5-HTT),
has traditionally been studied in the context of
psychiatric disorders due to its key role in sero-
tonin reuptake [16, 17]. However, emerging ev-
idence also implicates Slc6a4 in cardiovascular
pathophysiology. Genetic variations and altered
expression of SLC6A4 have been associated with
Ml risk, age of onset, and responses to myocardi-
al injury [18-20]. Notably, Slc6a4 expression was
reported to be significantly downregulated follow-
ing acute myocardial ischemia, suggesting a po-
tential protective role in cardiomyocytes [21]. Yet,
its contribution to ropivacaine-induced cardiotox-
icity and myocardial ischemia/reperfusion injury
(MIRI) remains poorly understood.

In this study, we integrated bioinformatics anal-
ysis of the GSE97320 dataset with experimental
validation in H9c2 cardiomyocytes under hypoxia/
reoxygenation (H/R) conditions. We specifically
investigated whether Slc6a4 silencing could at-
tenuate ropivacaine-induced injury and explored
its role in regulating oxidative stress, apoptosis,
and cell cycle dynamics. By uncovering the in-
terplay between Slc6a4 and ropivacaine-induced
cardiotoxicity, our findings aim to provide novel
insights into therapeutic strategies for protect-
ing the myocardium in MI patients. By combining
transcriptomic data with functional experiments,

this work provides new insights into the poten-
tial involvement of Slc6a4 in ropivacaine-induced
cardiotoxicity and suggests possible avenues for
therapeutic exploration in MI patients.

Material and methods

Download of GSE97320 microarray dataset
and screening of differentially expressed
genes (DEGs)

The GSE97320 microarray dataset was ob-
tained from the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/gds/). It
included gene expression profiles from three pa-
tients with acute MI and three healthy controls.
Data preprocessing and differential expression
analysis were performed using the R package
“limma” (version 4.2.3). DEGs between the MI
group and the control group were identified by
thresholds of fold change (FC) > 1.3 for up-regu-
lated genes and < 0.77 for down-regulated genes.
The adjusted p-value (Benjamini-Hochberg cor-
rection) was < 0.05. This threshold was selected
based on the methodology of Martinez-Martinez
et al., who used similar criteria (FC > 1.3 or < 0.77)
to detect differentially expressed proteins in myo-
cardial fibrosis studies [22]. They emphasized that
modest expression changes may have biological
significance, especially in complex pathological
conditions such as myocardial remodeling and ex-
tracellular matrix accumulation.

Identification and expression analysis of
overlapping genes

To explore the potential molecular link between
ropivacaine exposure and MI, we first retrieved
a list of ropivacaine-related genes from the Pub-
Chem database (https://pubchem.ncbi.nlm.nih.
gov/), which resulted in the identification of 29
candidate genes (Supplementary Table Sl). DEGs
obtained from the GSE97320 dataset were cat-
egorized into up-regulated and down-regulated
gene sets based on defined fold changes and ad-
justed p-value thresholds. Subsequently, we per-
formed a Venn diagram cross-tabulation analysis
between the set of ropivacaine-associated genes
and DEGs using the Sangerbox platform (ver-
sion 3.0, http://vip.sangerbox.com/home.html)
to identify overlapping genes that may represent
potential ropivacaine-responsive targets in MI. We
further analyzed these overlapping genes in the
GSE97320 dataset to compare their expression
profiles between MI patients and healthy controls.

Cell lines and culture

The H9c2 rat cardiomyoblast cell line was ob-
tained from the American Type Culture Conser-
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vation Center (ATCC, USA), and the cells were
cultured in high-sugar Dulbecco’s Modified Eagle
Medium (DMEM; Gibco, USA) supplemented with
10% fetal bovine serum (FBS; Gibco, USA) to pro-
vide the nutrients, growth factors and hormones
required for cell proliferation and survival. To pre-
vent microbial contamination, the medium was
supplemented with 1% penicillin-streptomycin
solution (Gibco, USA), which has a broad-spec-
trum antimicrobial effect against both Gram-pos-
itive and Gram-negative bacteria. All cell cultures
were incubated at 37°C in a humidified envi-
ronment containing 5% CO,. The medium was
changed every 48 h, and cells were subcultured
at 70-80% confluence using 0.25% trypsin-EDTA
(Gibco, USA). All experiments were performed us-
ing cells in the logarithmic growth phase, and the
experimental procedures were carried out under
aseptic conditions in a Class Il biosafety cabinet to
ensure the consistency and sterility of the exper-
iments. Cell grouping was achieved by randomly
assigning culture wells to each treatment group
using a random number table, in order to mini-
mize batch effects. Given that all results were ob-
jective instrument readings, blinding was not im-
plemented; however, data collection and analysis
were independently repeated and cross-verified
by two researchers to ensure objectivity.

Cell treatment and transfection

H9c2 cells were inoculated in 6-well plates at
a density of 4 x 10° cells per well and incubated
overnight at 37°C, 5% CO, to induce cell attach-
ment. Cells were subsequently treated with ropiv-
acaine hydrochloride (Sigma-Aldrich, USA) at final
concentrations of 0.5 mM, 1 mM, and 2 mM for
24 h to induce a cytotoxic response. This treatment
concentration range was referenced to the setting
in the study of Zeng et al. This dose interval was
confirmed to be effective in inducing apoptosis and
a toxic response [23]. To knock down Slc6a4 gene
expression, H9c2 cells were inoculated in 24-well
plates at a density of 2 x 10° cells per well and cul-
tured to 70-80% fusion for transient transfection.
Lipofectamine 3000 transfection reagent (Invitro-
gen, USA) was used according to the instructions,
and the final concentration of Slc6a4-specific
SiRNA was 80 nM. A nontargeting scrambled siRNA
was used as a negative control, and transfection
efficiency was verified by qRT-PCR or Western blot
(WB) after transfection. All treatments were set up
in triplicate wells to ensure reproducibility.

Flow cytometry analysis of apoptosis and
cell cycle

H9c2 cells, with approximately 80% confluence,
were collected using 0.25% trypsin-EDTA (Gibco,

USA) and then washed twice with ice-cold phos-
phate-buffered saline (PBS, pH 7.4) [24] to remove
residual serum and enzymes. To detect apopto-
sis, cells were stained with annexin V-FITC and
propidium iodide (PI) according to the manufac-
turer’s instructions (BD Biosciences, USA). Cells
were incubated in the dark for 15 min at room
temperature, and 400 ul of binding buffer was
added before analysis. For cell cycle analysis, cells
were fixed in 70% ice-cold ethanol at —20°C over-
night. After fixation, cells were rinsed with PBS
and incubated with RNase A for 30 min at 37°C to
remove RNA. They were then stained with PI for
30 min in the dark. All samples were analyzed
using a BD LSRFortessa flow cytometer (BD Bio-
sciences, USA), and data were processed using
FlowJo v10 software (FlowJo LLC, USA). In apopto-
sis analysis, early apoptotic (annexin V*/Pl), late
apoptotic (annexin V*/PI*), and necrotic (annexin
V/PI*) cell populations were quantified. In cell cy-
cle analysis, the proportion of cells in GO/G1, S,
and G2/M phases was calculated based on PI flu-
orescence intensity. Each experimental group was
analyzed in triplicate to ensure reproducibility and
statistical validity.

Quantitative real-time polymerase chain
reaction (qRT-PCR)

The total RNA from H9c2 cells was extracted us-
ing TRIzol reagent (Thermo Fisher Scientific, USA)
according to the manufacturer’s instructions [25].
Complementary DNA (cDNA) was synthesized from
1 pg of total RNA using a PrimeScript RT kit (Takara,
Japan) according to the manufacturer’s instructions
[26]. gRT-PCR was performed using the StepOne-
Plus Real-Time PCR System (Applied Biosystems,
USA) and SYBR Green PCR Master Mix (Applied Bio-
systems, USA) [27]. Gene expression levels of Cdk-
nla (p21), Ccnel (cyclin E), Cdk4, Bax, Bcl2, Casp3,
Slc6a4, Pcsk2, Pome, 1118, and Il1b were quantified.
The expression levels of all target genes were nor-
malized to Gapdh from the same sample and calcu-
lated using the 2724¢ method; a no-template con-
trol was included on each plate, and a ACt of Gapdh
< 0.5 was considered valid [28]. The set of primer
sequences is shown in Table I.

Western blot (WB) assay

Total protein from H9c2 cells was extracted
using radioimmunoprecipitation assay (RIPA) lysis
buffer (Thermo Fisher Scientific, USA), and a pro-
tease and phosphatase inhibitor cocktail (Ther-
mo Fisher Scientific, USA) was added to prevent
protein degradation [29]. Supernatants contain-
ing total protein were collected, and protein con-
centrations were quantified using a bicinchoninic
acid (BCA) protein assay kit (Thermo Fisher Sci-
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Table 1. Primer sequences for gRT-PCR.

Target Direction Sequence (5-3’)

Pcsk2 Forward AAAATACCACCCACCGGCAA
Pcsk2 Reverse CGAGGTAGCGGACGAAGTTT
Pomc Forward GCCACTGAACATCTTCGTCCT
Pomc Reverse CTGAGGCTCTGTCGCGGAA
Slc6a4 Forward ~ TCCTCCGCTTTGGCGCCTCTTCC
Slc6a4 Reverse TGGGGGTTGCAGGGGAGATCCTG
Cdknla Forward CTGGATGCTAGAGGTCTGC
(p21)

Cdknla Reverse AGAGTTGTCAGTGTAGATGC
(p21)

Ccnel Forward TTTGCAAGATCCGGATGAA
(Cyclin E1)

Ccnel Reverse CGCTGAATCATCATCCCAAG
(Cyclin E1)

Cdk4 Forward AGTCAGTGGTGCCGGAGATG
Cdk4 Reverse CAGCGTCCGGAAACTGGAA
Bax Forward ~ CGGCGAATTGGAGATGAACTGG
Bax Reverse CTAGCAAAGTAGAAGAGGGCAACC
Bcl2 Forward TGTGGATGACTGACTACCTGAACC
Bcl2 Reverse CAGCCAGGAGAAATCAAACAGAGG
Casp3 Forward GTGGAACTGACGATGATATGGC
Casp3 Reverse CGCAAAGTGACTGGATGAACC
118 Forward CAGCTCTTCTACCAGCAAACAT
nis Reverse GCTGTGTTGTAAGGAGAGTGC
I1b Forward CCTATGTCTTGCCCGTGGAG
I1b Reverse CACACACTAGCAGGTCGTCA
Gapdh Forward TGCCACTCAGAAGACTGTGG
Gapdh Reverse GGATGCAGGGATGATGTTCT

entific, USA) according to the manufacturer’s in-
structions [30]. Aliquots of proteins were mixed
with SDS sample upload buffer, denatured at 95°C
for 5 min, and then separated by 10% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were then transferred onto
polyvinylidene difluoride (PVDF) membranes (Mil-
lipore) using a wet transfer system. Subsequently,
the membranes were blocked with 5% skimmed
milk in triple-phase buffered saline (TBST) con-
taining 0.1% Tween-20 for 1 h at room tempera-
ture and then incubated overnight at 4°C with the
following primary antibodies (all from Abcam, all
at a dilution of 1 : 1000): P53, P21, cyclin E, CDK4,
Rb, p-Rb, Bax, Bcl-2, caspase-3, SLC6A4, p-NF-kB,
NF-kB, NLRP3, cleaved caspase-1 (C-caspase-1),
GSDMD, IL-18, ASC, IL-1B, Nrf2, HO-1, and NQO1.
GAPDH (1 : 5000) and lamin B (1 : 1000) were in-
cubated overnight at 4°C as loading controls for
cytoplasmic and nuclear protein, respectively. Af-
ter washing the membrane, it was incubated with
horseradish peroxidase (HRP)-conjugated second-

ary antibody (1 : 5000, Abcam) for 1 h at room
temperature. Protein bands were visualized using
an enhanced chemiluminescence (ECL) detection
system (Thermo Fisher Scientific, USA) and imaged
using a ChemiDoc MP imaging system (Bio-Rad,
USA). Band intensity was quantified using Image)
software. All experiments were independently re-
peated at least three times to ensure reproducibil-
ity. Data are expressed as normalized fold change
to GAPDH (loading control) and presented as the
mean + SD of three independent runs.

Cell Counting Kit-8 (CCK-8) assay

To assess cell viability, CCK-8 (Dojindo Labora-
tories, Japan) was used according to the manufac-
turer’s instructions [24]. H9c2 cells were seeded
at a density of 5 x 103 per well into 100 pl of com-
plete medium in 96-well plates and allowed to at-
tach overnight under standard culture conditions
(37°C, 5% CO,). After treatment, 10 pl of CCK-8
reagent was added directly to each well and in-
cubated at 37°C for 3 h. At the end of incubation,
absorbance at 450 nm was measured using a mi-
croplate reader (Thermo Fisher Scientific, USA).
Each condition was tested in at least three wells,
and the whole experiment was repeated three
times independently. Optical density (OD) values
were used to calculate cell viability relative to the
control, and the results were expressed as mean +
standard deviation.

Cell H/R model and treatment

To establish an H/R model in vitro, H9c2 cardio-
myoblasts were first cultured in a hypoxia buffer
solution and then placed in a triple-gas incubator
with 1% 0,, 5% CO,, and 94% N, for 2 h to effec-
tively deplete residual oxygen from the environ-
ment. Subsequently, the cells were maintained in
an anoxic state for 3 h at 37°C in a humidified at-
mosphere. At the end of the anoxic phase, the an-
oxic buffer was replaced with normoxic medium
(DMEM with 10% FBS and 1% penicillin-strepto-
mycin) and then reoxygenated for 2 h under stan-
dard culture conditions (21% O,, 5% CO,, 37°C).
Experimental protocols for the H/R model were
adapted from the method previously described by
Wang et al. [31] with slight modifications for appli-
cation in H9c2 cells.

Reactive oxygen species (ROS), superoxide
dismutase (SOD), glutathione (GSH),
malondialdehyde (MDA), lactate
dehydrogenase (LDH), and adenosine
triphosphate (ATP) detection

The kits used for measuring levels of ROS, GSH,
MDA, ATP content, as well as SOD and LDH ac-
tivities, were purchased from Beyotime Institute
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of Biotechnology (Shanghai, China). Evaluation
of ROS, GSH, MDA, ATP levels, and SOD and LDH
activities in cells and cell supernatants was per-
formed according to the manufacturer’s protocol
[24]. H9c2 cells were seeded in a 12-well plate at
a density of 5 x 10 cells per well and treated with
various concentrations of ropivacaine. Following
treatment, the cells were incubated with dihydro-
ethidine (DHE) for 60 min in the dark, as instruct-
ed in the assay kit. Subsequently, the fluorescence
intensity was observed using a fluorescence mi-
croscope (Olympus, Japan), and the average OD
was quantified using Image) software.

Statistical analysis

The statistical analysis was conducted using the
R programming language. All experiments were
independently repeated three times as biological
replicates (n = 3), with three technical replicates
per batch. The results are presented as the mean

A

4.0

1.0
0.5
0 :
-6 -4 -2 0 2 4 6
Log, (fold change)
Down regulated (586) Not sig (15769)
Up regulated (915)
6.0 * * *
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5 >0 — ===
@
d 45 =
e T B3
¥ ==
3.0
PCSK2 POMC SLC6A4

Group ® Normal o Ml

+ standard deviation (SD). A one-way ANOVA
was used to assess the significance of the differ-
ences, and Tukey’s post hoc test was applied for
further analysis. A p-value less than 0.05 was the
threshold for statistical significance [24, 32, 33].

Results

Identification and characterization of
overlapping genes associated with Ml and
ropivacaine

The R package identified 915 upregulated DEGs
and 586 downregulated DEGs from tissue sam-
ples and standard samples of the GSE97320 data-
set (Figure 1 A). Subsequently, the Sangerbox plat-
form identified three overlapping genes (PCSK2,
POMC, and SLC6A4) from the up-regulated DEGs,
down-regulated DEGs, and ropivacaine-related
genes in the GSE97320 dataset (Figure 1 B). All
three genes exhibited significant upregulation in
the MI samples (Figure 1 C). The expression level

B

GSE97320 DEGs-up GSE97320 DEGs-down

912 586

26

Ropivacaine related genes

Figure 1. Identification and expression analysis of ropivacaine-related genes in the GSE97320 dataset. A — Vol-
cano plot of differentially expressed genes (DEGs) in myocardial infarction (MI) versus control samples (n = 3 per
group). Red: up-regulated DEGs; blue: down-regulated DEGs; gray: non-significant genes. Horizontal dashed line:
~log,,(P) = 1.3 (p = 0.05). B~ Venn diagram showing the overlap between Ml-up-regulated DEGs, MI-down-regulat-
ed DEGs, and ropivacaine-related genes. C — Heat map of the six overlapping DEGs in M| and control samples; row
z-scores are color-coded (red = high, blue = low). Data are mean + SD from three biological replicates per group.
Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple comparisons test (*p < 0.05)
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of PCSK2 was up-regulated from about 3.5 in the
standard group to about 4.5 in the MI group, the
expression level of POMC was up-regulated from
about 4.0 in the standard group to about 4.5 in
the MI group, and the expression level of SLC6A4
was up-regulated from about 4.5 in the standard
group to about 5.0 in the MI group. In addition,
gPCR detection of the relative mRNA expression
of Pcsk2, Pomc, and Slc6a4 in the HR cell model
showed that the expression levels of these genes
were significantly upregulated under HR con-
ditions. Specifically, the mRNA level of Pcsk2 in-
creased to approximately 1.3-fold of the control,
the mRNA expression level of Pomc increased
about 2-fold, and the mRNA expression level of
Slc6a4 increased about 3-fold (Supplementary Fig-
ure S1 A). These data further confirmed the signif-
icant upregulation of these genes under HR condi-
tions. Given the critical role of Slc6a4 in encoding
serotonin transporter proteins, which are key to
neurotransmission and have regulatory effects on
the cardiovascular system, and its key role in Ml
and neurotoxicity has been extensively studied

A

[34, 35], we chose to focus on Slc6a4 to explore
its potential protective role in ropivacaine-induced
cellular injury.

Ropivacaine induces H9c2 cell cycle arrest
in the G1 phase

Flow cytometry analysis revealed that treat-
ment of H9c2 cells with ropivacaine at concen-
trations of 0.5 mM, 1 mM, and 2 mM for 24 h
induced cell cycle arrest at the G1 phase (Figure
2 A). The percentage of G1 phase cells increased
from approximately 50% to approximately 65% in
the control group under 0.5 mM and 1 mM ropiv-
acaine treatments, and significantly increased to
approximately 70% under 2 mM treatment. We
investigated key cell cycle regulators, including
Cdknla (p21), Ccnel (cyclin E), and Cdk4, to fur-
ther explore the potential regulatory mechanisms.
gRT-PCR analysis demonstrated that with increas-
ing concentrations of ropivacaine, the expression
levels of Cdknla (p21) were significantly upregu-
lated. The relative mRNA expression of Cdknla in-
creased about 0.5-fold under 0.5 mM ropivacaine

H9c2
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S Figure 2. Effect of ropivacaine induction on H9c2
3 20 : .
= cell cycle. A — Analysis of the effects of different
)] . . .
v I—‘T * % % concentrations of ropivacaine (0.5 mM, 1 mM, 2
0 mM) on the cell cycle distribution of H9c2 cells
Gl S G2 using flow cytometry. P-values were obtained with
— Control == 1 mM ropivacaine one-way ANOVA followed by Tukey’s post hoc test
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Figure 2. Cont. B-D — quantitative real-time polymerase chain reaction (RT-PCR) analysis of the effects of differ-
ent concentrations of Ropivacaine (0.5 mM, 1 mM, 2 mM) on the mRNA expression levels of Cdknla (p21), Ccnel
(cyclin E), and Cdk4 in H9c2 cells, normalized to Gapdh. E-G — Western blot (WB) analyzed the effects of different
concentrations of ropivacaine (0.5 mM, 1 mM, 2 mM) on the expression levels of P53, P21, cyclin E, CDK4, Rb, and
p-Rb proteins in H9c2 cells, normalized to GAPDH. Data are mean + SD from three independent experiments. P-val-
ues were obtained with one-way ANOVA followed by Tukey’s post hoc test (*p < 0.05 vs. control)
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treatment, about 1-fold under 1 mM ropivacaine
treatment, and about 1.5-fold under 2 mM treat-
ment (Figure 2 B). In contrast, the expression lev-
els of Ccnel (cyclin E) and Cdk4 were significantly
downregulated. Under 0.5 mM ropivacaine treat-
ment, the relative mRNA expression of Ccnel (cy-
clin E) was reduced by about 0.25-fold, and that
of Cdk4 was decreased by about 0.2-fold; under
1 mM ropivacaine treatment, the relative mRNA
expression of Ccnel (cyclin E) was decreased by
about 0.7-fold, and that of Cdk4 was reduced by
about 0.5-fold; under 2 mM treatment, the relative
mRNA expression of Ccnel (cyclin E) was further
reduced by about 0.8-fold and that of Cdk4 by
about 0.7-fold under 2 mM treatment (Figures 2
C, D). WB analysis showed that ropivacaine treat-
ment significantly regulated the expression levels
of key cell cycle regulatory proteins in H9c2 cells
(Figures 2 E-J). Compared with the control group,
treatment with 0.5 mM ropivacaine resulted in
an approximately 1.5-fold increase in P53 protein
expression and a 0.8-fold increase in P21 protein
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Figure 2. Cont. H-J — Western blot (WB) analyzed
the effects of different concentrations of ropiva-
caine (0.5 mM, 1 mM, 2 mM) on the expression
levels of P53, P21, cyclin E, CDK4, Rb, and p-Rb pro-
teins in H9¢2 cells, normalized to GAPDH. Data are
mean + SD from three independent experiments.
P-values were obtained with one-way ANOVA fol-
lowed by Tukey’s post hoc test (*p < 0.05 vs. con-
trol)

expression. At 1 mM ropivacaine, P53 expression
increased by approximately 4-fold, while P21 ex-
pression increased by about 1-fold. Under 2 mM
ropivacaine treatment, P53 expression increased
by approximately 5-fold, and P21 expression in-
creased by around 1.5-fold. These data suggest
that ropivacaine may have promoted G1 phase
arrest by upregulating the expression of P53 and
P21. Meanwhile, the expression levels of cyclin
E, CDK4, and p-Rb proteins were significantly de-
creased under ropivacaine treatment. Under 0.5
mM ropivacaine treatment, the relative expres-
sion of cyclin E and p-Rb proteins was reduced
by about 0.2-fold, and the relative expression of
CDK4 protein was decreased by about 0.3-fold;
under 1 mM ropivacaine treatment, the relative
expression of cyclin E, p-Rb and CDK4 proteins
was reduced by about 0.5-fold; under 2 mM treat-
ment, the relative expression of cyclin E, p-Rb and
CDK4 proteins decreased about 0.6-fold. These
results suggest that ropivacaine further promotes
G1 phase arrest by down-regulating the expres-
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Figure 3. Apoptosis of H9c2 cells induced by ropivacaine. A — Cell Counting Kit-8 (CCK-8) analysis evaluating the
effects of different concentrations of ropivacaine (0.5 mM, 1 mM, 2 mM) on the viability of H9c2 cells. B — Analysis
of the effects of different concentrations of ropivacaine (0.5 mM, 1 mM, 2 mM) on the apoptosis of H9c2 cells
through flow cytometry. P-values were obtained with one-way ANOVA followed by Tukey’s post hoc test (*p < 0.05
vs. control)
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Figure 3. Cont. C—E — qRT-PCR analysis of the effects of different concentrations of ropivacaine (0.5 mM, 1 mM,
2 mM) on the mRNA expression levels of Bax, Bcl2, and Casp3 in H9c2 cells, normalized to Gapdh. F-H — WB anal-
ysis of the effects of different concentrations of ropivacaine (0.5 mM, 1 mM, 2 mM) on protein expression levels
of Bax, Bcl-2, and caspase-3 in H9c2 cells, normalized to GAPDH. Data are mean + SD from three independent
experiments. P-values were obtained with one-way ANOVA followed by Tukey’s post hoc test (*p < 0.05 vs. control)
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Figure 3. Cont. | — WB analysis of the effects of
different concentrations of ropivacaine (0.5 mM,
1 mM, 2 mM) on protein expression levels of Bax,
Bcl-2, and caspase-3 in H9c2 cells, normalized to
GAPDH. Data are mean + SD from three indepen-
dent experiments. P-values were obtained with
one-way ANOVA followed by Tukey’s post hoc test
(*p < 0.05 vs. control)

sion of cell cycle protein E, CDK4, and p-Rb. In ad-
dition, ropivacaine may act by interfering with the
p53 and Rb signaling pathways.

Ropivacaine induces apoptosis of H9c2
cells

The CCK-8 assay showed a significant decrease
in H9c2 cell viability with increasing concentra-
tions of ropivacaine. At a concentration of 0.5 mM,
cell viability decreased to approximately 75%, fur-
ther reduced to approximately 50% at 1 mM, and
decreased to approximately 30% at a concentra-
tion of 2 mM (Figure 3 A). Correspondingly, flow
cytometry analysis demonstrated a significant in-
crease in cell apoptosis with escalating concentra-
tions of ropivacaine. The apoptosis rate increased
by approximately 3% at 0.5 mM, 6% at 1 mM, and
12% at 2 mM (Figure 3 B). The proteins Bax and
caspase-3, known to promote apoptosis, and Bcl-2,
which has an anti-apoptotic effect, were quanti-
fied. Both gRT-PCR and WB analysis showed that
with increasing concentrations of ropivacaine,
Bax expression levels increased approximately
0.1-fold at 0.5 mM, approximately 1-fold at 1 mM,
and approximately 1.5-fold at 2 mM (Figures 3
C, G). Caspase-3 expression levels increased ap-
proximately 0.5-fold at 0.5 mM, 1-fold at 1 mM,
and 1.5-fold at 2 mM (Figures 3 E, I). In contrast,
Bcl-2 expression levels decreased approximate-
ly 0.2-fold at 0.5 mM concentration, 0.5-fold at
1 mM concentration, and approximately 0.8-fold
at 2 mM concentration (Figures 3 D, H). These
data suggest that ropivacaine induces apoptosis

in H9c2 cells by up-regulating the expression of
Bax and caspase-3 and down-regulating the ex-
pression of Bcl-2.

Ropivacaine induces oxidative stress in
H9c2 cells

To gain a deeper understanding of the effects
of ropivacaine on the level of oxidative stress in
H9c2 cells, we systematically measured several
key biochemical indices, including the activities of
SOD and LDH, the content of MDA, GSH, and ATP
as well as the level of intracellular ROS. Compared
to untreated controls, ropivacaine significantly in-
creased intracellular ROS levels dose-dependent-
ly. Ropivacaine significantly increased intracel-
lular ROS levels by approximately 0.25-fold at
a 0.5 mM concentration, by approximately 1-fold
at a 1 mM concentration, and by approximately
1.5-fold at a 2 mM concentration (Figure 4 A). MDA
levels increased by approximately 0.1-fold at the
0.5 mM concentration and by approximately 1.5-
fold at the 1 mM concentration. MDA levels in-
creased approximately 0.1-fold at 0.5 mM, 1.2-fold
at 1 mM, and 2-fold at 2 mM (Figure 4 D). LDH ac-
tivity increased approximately 0.5-fold at 0.5 mM,
1-fold at 1 mM, and 2-fold at 2 mM (Figure 4 E). In
contrast, a decrease in SOD activity was observed,
with SOD activity decreasing ~0.1-fold at 0.5 mM,
~0.5-fold at 1 mM, and ~0.75-fold at 2 mM (Figure
4 B). GSH levels decreased ~0.15-fold at 0.5 mM,
~0.5-fold at 1 mM, and ~0.75-fold at 2 mM (Figure
4 C). ATP levels decreased approximately 0.16-fold
at 0.5 mM, 0.6-fold at 1 mM, and 0.7-fold at 2 mM
(Figure 4 F). In conclusion, these results indicate
that ropivacaine promotes oxidative stress in
H9c2 cells, not only revealing the significant effect
of ropivacaine on the redox homeostasis of H9c2
cells but also highlighting its potential impact on
the cellular energy metabolic state.

Knocking down Slc6a4 has an anti-
apoptotic effect and protects H9c2 cells
from ropivacaine and H/R-induced damage

gRT-PCR and WB analyses showed that the ex-
pression level of Slc6a4 in H9c2 cells increased
significantly with increasing concentrations of rop-
ivacaine. si-Slc6a4 expression levels increased ap-
proximately 0.2-fold at 0.5 mM, 1.1-fold at 1 mM,
and 1.9-fold at 2 mM (Figures 5 A, B). Subse-
quent knockdown experiments using si-Slc6a4-1
showed that it was more efficient. Therefore, it
was selected for subsequent experiments. si-
Slc6a4-1 showed a knockdown efficiency of about
90%, while si-Slc6a4-2 showed a knockdown ef-
ficiency of about 70% (Figures 5 C, D). The CCK-8
assay showed that the combined treatment of HR
and 2 mM ropivacaine significantly reduced the
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Figure 4. Oxidative stress of H9c2 cells induced by ropivacaine. A-F — Commercial diagnostic reagent kit analyzing
the effects of different concentrations of ropivacaine (0.5 mM, 1 mM, 2 mM) on levels of reactive oxygen species
(ROS), superoxide dismutase (SOD), glutathione (GSH), malondialdehyde (MDA), lactate dehydrogenase (LDH), and
adenosine triphosphate (ATP) in H9c2 cells. Data are mean + SD from three independent experiments. P-values
were obtained with one-way ANOVA followed by Tukey’s post hoc test (*p < 0.05 vs. control)
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Figure 5. Effects of Slc6a4 knockdown on cell viability and apoptosis after ropivacaine treatment under hypoxia/
reoxygenation (H/R) conditions. A — Effect of different concentrations of ropivacaine (0.5 mM, 1 mM, 2 mM) on the
expression levels of Slc6a4 mRNA in H9c2 cells was analyzed by qRT-PCR, normalized to Gapdh. B — WB analysis
of the effects of different concentrations of ropivacaine (0.5 mM, 1 mM, 2 mM) on expression levels of SLC6A4
protein in H9c2 cells, normalized to GAPDH. C — gRT-PCR analysis of Slc6a4 knockdown in H9c2 cells treated with
different concentrations of ropivacaine (0.5 mM, 1 mM, 2 mM), normalized to Gapdh. D — WB analysis of Slc6a4
knockdown in H9c2 cells treated with different concentrations of ropivacaine (0.5 mM, 1 mM, 2 mM), normalized
to GAPDH. P-values were obtained with one-way ANOVA followed by Tukey’s post hoc test (*p < 0.05 vs. control,
#p< 0.05 vs. HR + 2 mM ropivacaine + small interfering RNA negative control (si-NC))
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viability of H9c2 cells, which was attenuated by
the addition of si-Slc6a4-1. H/R and 2 mM ropi-
vacaine co-treatment decreased cell viability to
approximately 25%, while adding si-Slc6a4-1 re-
stored cell viability to approximately 80% (Figure
5 E). Similarly, flow cytometry analysis revealed
that the combined treatment of HR and 2 mM
ropivacaine significantly increased apoptosis in
H9c2 cells, which was alleviated by the addition of
si-Slc6a4-1. The apoptosis rate increased by ap-
proximately 5% after the combined treatment of
HR and 2 mM ropivacaine, while it decreased by
approximately 4% after the addition of si-Slc6a4-1
(Figure 5 F). These results suggest that Slc6a4
plays a crucial role in ropivacaine-induced damage
to H9c2 cells, and the knockdown of Slc6a4 par-
tially attenuates this damage.

Slc6a4 knockdown attenuates the
ropivacaine-induced inflammatory
response in H9c2 cells by inhibiting NLRP3
inflammatory vesicle activation

NF-xB, p-NF-kB, NLRP3, cleaved caspase-1
(C-caspase-1), GSDMD, IL-18, ASC, and IL-1B
are proteins associated with the NLRP3 inflam-
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masome. Western blot analysis showed that under
HR + 2 mM ropivacaine treatment, the expression
levels of p-NF-kB were significantly upregulated
by ~4.8-fold, NLRP3 by ~5-fold, C-caspase-1 by
~3.8-fold, GSDMD by ~2.8-fold, IL-18 by ~2.5-fold,
ASC by ~3.5-fold, and IL-1B by ~2-fold. However,
treatment with si-Slc6a4-1 or the NLRP3 inhibitor
MCC950 markedly downregulated the expression
levels of p-NF-kB, NLRP3, GSDMD, IL-1f, and ASC
by ~0.6-fold, and C-caspase-1 and IL-18 by ~0.5-
fold. The above results show that the expression
level of NLRP3, an inflammatory vesicle-associat-
ed protein, was significantly upregulated in H9c2
cells after co-treatment with H/R conditions and
2 mM ropivacaine. However, this upregulation
effect was significantly attenuated when specific
si-Slc6a4-1 was added to reduce Slc6a4 expres-
sion. Moreover, the results obtained by using the
NLRP3 inflammatory vesicle inhibitor MCC950
were similar to the effect of knocking down
Slc6a4, suggesting that the knockdown of Slc6a4
may effectively inhibit the increase in NLRP3 in-
flammatory vesicle-associated protein expression
induced by ropivacaine (Figures 6 A-G). In addi-
tion, the gPCR detection of mRNA expression
levels for two inflammatory factors, /118 and Il1b,
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Figure 6. Effects of Slc6a4 knockdown in H9c2 cells under H/R conditions on ropivacaine-induced NLRP3 inflam-
masome activation. A-B — WB analysis of Slc6a4 knockdown or addition of MCC950 on protein expression levels
of NF-kB, p-NF-kB, NLRP3, C-caspase-1, GSDMD, IL-18, ASC, and IL-1B in H9c2 cells induced by 2 mM ropivacaine
under hypoxia/reoxygenation conditions, normalized to GAPDH. Data are mean + SD from three independent ex-
periments. P-values were obtained with one-way ANOVA followed by Tukey’s post hoc test (*p < 0.05 vs. Control,

#p< 0.05 vs. HR + 2 mM Ropivacaine + si-NC)

5i-SLC6A4-1 — small interfering RNA targeting SLC6A4; MCC950 — NLRP3 inflammasome inhibitor.
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Figure 6. Cont. C—G — WB analysis of Slc6a4 knockdown or addition of MCC950 on protein expression levels of
NF-kB, p-NF-kB, NLRP3, C-caspase-1, GSDMD, IL-18, ASC, and IL-1B in H9c2 cells induced by 2 mM ropivacaine
under hypoxia/reoxygenation conditions, normalized to GAPDH. Data are mean + SD from three independent ex-
periments. P-values were obtained with one-way ANOVA followed by Tukey’s post hoc test (*p < 0.05 vs. Control,
#p< 0.05 vs. HR + 2 mM Ropivacaine + si-NC)

5i-SLC6A4-1 — small interfering RNA targeting SLC6A4; MCC950 — NLRP3 inflammasome inhibitor.
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yielded results similar to those obtained from WB
detection, further validating our findings (Supple-
mentary Figures S1 B, C). Under HR + 2 mM ropi-
vacaine treatment, the mRNA expression level of
1118 was significantly increased by about 2.9-fold,
while that of /l1b was significantly increased by
about 3-fold. However, after adding si-Slc6a4-1 or
the NLRP3 inhibitor MCC950, the mRNA expres-
sion level of /118 was significantly decreased by
about 2.9-fold, whereas the mRNA expression lev-
el of IL-1P decreased by about 3-fold.

Protective role of Slc6a4 in ropivacaine-
induced H9c2 cell injury by promoting Nrf2
nuclear translocation and its downstream
antioxidant gene expression

To investigate whether the Slc6a4-induced an-
ti-apoptotic effect is associated with Nrf2 nuclear
translocation, we performed WB analysis to deter-
mine cytoplasmic and nuclear Nrf2 protein levels.
The data showed that co-treatment with HR and 2
mM ropivacaine decreased cytoplasmic Nrf2 levels
and increased nuclear Nrf2 levels compared to the
control group. Cytoplasmic Nrf2 levels decreased
to approximately 1-fold with HR and 2 mM rop-
ivacaine treatment, while nuclear Nrf2 levels in-
creased to approximately 2.5-fold (Figures 7 A-C).
However, adding si-Slc6a4-1 further decreased
the cytoplasmic Nrf2 level by about 1.8-fold, while
the nuclear Nrf2 level increased by about 5.5-fold

(Figures 7 A-C). Additionally, we examined the
protein expression levels of Nrf2’s downstream
target genes, HO-1 and NQO1. The results showed
that the expression levels of HO-1 and NQO1 were
significantly up-regulated by the combined treat-
ment of HR and 2 mM ropivacaine. The expression
levels of HO-1 were increased to approximately
1.5-fold, and those of NQO1 were increased to
approximately 1-fold by treating HR with 2 mM
ropivacaine (Figures 7 D—F). Upon the addition of
si-Slc6a4-1, the expression levels of HO-1 and
NQO1 were further increased to approximately
2.8-fold for HO-1 and 3.6-fold for NQO1 (Figures
7 D-F). To further validate the protective role of
Slc6a4 in ropivacaine-induced H9c2 cell injury via
the Nrf2 signaling pathway, we performed ex-
periments using the Nrf2 inhibitor ML385. Flow
cytometry analysis revealed that combining HR
and 2 mM ropivacaine treatment significantly in-
creased the rate of apoptosis. The apoptosis rate
in the HR and 2 mM ropivacaine-treated group
increased to approximately 9% compared to the
control group. The addition of si-Slc6a4-1 signifi-
cantly reduced the apoptosis rate to approximate-
ly 2%. However, when ML385 inhibited Nrf2, the
anti-apoptotic effect of si-Slc6a4-1 was attenuat-
ed considerably, and the apoptotic rate increased
again to approximately 4% (Figures 7 G, H). These
results suggest that the silencing of Slc6a4 may
be related to the enhanced nuclear translocation
of Nrf2 and the increased expression of its down-

A Cytoplasm H9c2 B s H9c2
Nrf2 100 kDa I
. S — g
S
; £
[
GAPDH ””” 36 kDa <
o il i e i S 10 T
A
Nucleus =
k]
Nrf2 | ““1 100 kDa £
y k]
= * *
g S 05
w0
LaminB .“ “‘ 66 kDa g.
3 #
> & x & X N 2 -
(‘\"@ Cb\(\ \e, o .\Q@bv?‘ B
(¢ & & & T
& .8 ® 0
& &
> e x L x N
,»6‘ &k“ 6‘® &«0 &(‘ & 6\? &
x 2 2 &) & & kS
I o s & & o
D D <® R K &
N <S <
N N
v & &
x v v
Q& Q~x q.x
& ]
Figure 7. Effect of Slc6a4 knockdown on ropivacaine-induced Nrf2 nuclear translocation and apoptosis in H9c2
cells under H/R conditions. A-B — WB analysis of Slc6a4 knockdown’s effect on protein expression levels of Nrf2
in the cytoplasm and nucleus of H9¢2 cells induced by 2 mM ropivacaine under H/R conditions. GAPDH and lamin
B were used as internal controls for the cytoplasm and the nucleus, respectively. p values were obtained with one-
way ANOVA followed by Tukey’s post hoc test (*p < 0.05 vs. control, *p < 0.05 vs. HR + 2 mM ropivacaine + si-NC,
&p < 0.05 vs. HR + 2 mM ropivacaine + si-Slc6a4 + ML385)
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Figure 7. Cont. C— WB analysis of Slc6a4 knockdown’s effect on protein expression levels of Nrf2 in the cytoplasm
and nucleus of H9c2 cells induced by 2 mM ropivacaine under H/R conditions. GAPDH and lamin B were used as
internal controls for the cytoplasm and the nucleus, respectively. D-F — WB analysis on the effects of silencing
Slc6a4 on protein expression levels of HO-1 and NQO1 in H9¢2 cells induced by 2 mM ropivacaine under hypoxia/
reoxygenation conditions, normalized to GAPDH. p values were obtained with one-way ANOVA followed by Tukey’s
post hoc test (*p < 0.05 vs. control, #p< 0.05 vs. HR + 2 mM ropivacaine + si-NC, #p < 0.05 vs. HR + 2 mM ropivacaine
+ si-Slc6a4 + ML385)

18 Arch Med Sci



PI

Pl

Slc6a4 silencing alleviates ropivacaine-induced injury in myocardial infarction cell models

G Control HR + 2 mM Ropivacaine
J g
\ 10° a1 oz 10 al Qz
099 0.64 0.87 6,07
107+ 107+
1084 108
10%4 108-
104 10
0iqs a3 04qs a3
97.2 1.15 a0.1 2.81
0 104 10° 10° 107 108 0 10 10° 100 107 108
HR + 2 mM Ropivacaine + si-NC HR + 2 mM Ropivacaine + si-SLC6A4-1
103?; Q’ Q2 103:; o}l Q2
1114 5.78 11.08 077
1074 107+
108
105+
104+
0 1 Q4 Q3 Q3
1903 275 1.26
0 10* 10° 10° 107 108 0 10 10° 108 107 10°
Annexin V-FITC -
HR + 2 mM Ropivacaine + si-SLC6A4-1 + MCC385
A 108! H 0
[=}] Q2 * *
0.64 276
7
10 .
108+ g
A
=2 6
Il
10%- o
g &
a
10 -
] #
03qs Q3 2 [——
95.2 1.38
0 104 108 10° 107 108 > & x & x N )
& > % S A
> S & & ° P Y
. - N < . Y < x
Annexin V-FITC R S SN SIES
i oQ QQ ) OR
N & i Ny
NI NS
Vv <& & v
Q~x xq' x"' x’l' &
A Q- Q& &
RS RS RS
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stream antioxidant genes, thereby playing a pro-
tective role in ropivacaine-induced H9c2 cell injury,
a process that may involve the activation of the
Nrf2 signaling pathway.

Discussion

MI occurs when blood flow to a portion of the
heart is obstructed, leading to myocardial isch-
emia and tissue necrosis [36, 37]. While classical
risk factors such as age, hypertension, diabetes,
smoking, sedentary lifestyle, and hyperlipidemia
are well established [38, 39], recent evidence high-
lights sex-specific differences in coronary dysfunc-
tion. Notably, premenopausal women with excess
breast gland adiposity — reflected by lower mam-
mographic breast density — demonstrate higher
long-term risk of major adverse cardiovascular
events (MACE), suggesting that female-specific
metabolic—vascular responses, including insulin
resistance and endothelial dysfunction, may in-
fluence MI susceptibility even in the absence of
overt diabetes [40]. These observations highlight
the importance of considering sex-specific mech-
anisms when developing M| biomarkers, such as
Slc6a4, and when interpreting pathways that in-
tersect with metabolic and endothelial homeosta-
sis [3, 5, 39].

Our study highlights Slc6a4 as a potential key
mediator in MI. Slc6a4 encodes the serotonin
transporter, a protein that plays a crucial role in
neurotransmission and cardiovascular regulation.
Previous studies link Slc6a4 polymorphisms to in-
creased M risk, likely via serotonin-mediated ef-
fects on platelet activation or smooth muscle cell
proliferation [41, 42]. Furthermore, platelet micro-
particle number is elevated in acute MI, correlat-
ing with the extent of myocardial damage [43].
These findings suggest that Slc6a4 may influence
not only myocardial injury but also broader car-
diovascular pathologies, such as cerebrovascular
disease and pulmonary hypertension.

At the cellular level, dysregulation of the cell
cycle and apoptosis is central to myocardial inju-
ry [44-46]. Local anesthetics such as ropivacaine
can induce cardiomyocyte toxicity, including cell
cycle arrest and apoptosis, with the effect being
less pronounced than bupivacaine [47]. Metal-
lothionein has been shown to mitigate ropiva-
caine-induced apoptosis and energy disruption in
isolated rabbit cardiomyocytes [48]. Additionally,
local anesthetics can inhibit cancer cell prolifer-
ation and enhance chemotherapy-induced apop-
tosis through oxidative stress-related pathways
[49]. In our study, ropivacaine induced G1-phase
arrest and apoptosis in H9c2 cells, with a con-
centration of 2 mM eliciting the most significant
effects. While this concentration exceeds typical
plasma levels (2-11 pM), it is consistent with local

tissue exposure in confined microenvironments
and serves as a valid model for assessing cytotox-
icity under hypoxic conditions [23].

Oxidative stress is a critical mechanism in M|
pathophysiology, resulting from an imbalance be-
tween ROS production and antioxidant defenses
[50-53]. Increased ROS, MDA, and LDH, alongside
decreased SOD and ATFR indicate cellular injury
[52-54]. Studies have demonstrated that modu-
lation of oxidative stress, such as through dioscin
or metallothionein, can reduce myocardial dam-
age [48, 55]. Consistent with these findings, rop-
ivacaine induced oxidative stress in H9c2 cells in
our study, supporting the relevance of antioxidant
mechanisms in cardiomyocyte protection.

The H/R model effectively simulates isch-
emia-reperfusion injury, allowing investigation
of molecular mechanisms. Our findings suggest
that Slc6a4 silencing enhances Nrf2 nuclear trans-
location while inhibiting NLRP3 inflammasome
activation, thereby reducing oxidative stress and
apoptosis [32, 56-58]. Nrf2 is a key transcription
factor mediating cellular antioxidant responses,
and its activation suppresses NLRP3-mediated
inflammatory damage [57]. These results indicate
that Slc6a4 may act upstream of the Nrf2/NLRP3
axis, linking serotonin transport to cardiomyocyte
resilience under stress.

Dose-response analysis revealed that ropiva-
caine induced Gl-phase arrest, oxidative stress,
and apoptosis in a concentration-dependent
manner, with Slc6a4 silencing attenuating these
effects, particularly at 2 mM. This suggests a po-
tential cardioprotective role for Slc6a4 modulation
through regulation of the cell cycle and antioxi-
dants. Clinical evidence supports integrating mo-
lecular insights with therapeutic strategies; for
example, SGLT2 inhibitors reduce ischemia-reper-
fusion injury and in-stent restenosis in diabetic Ml
patients independent of glycemic control [59, 60].

The regulation of Nrf2 by SLC6A4 may involve
multiple signaling pathways, including activation
of upstream kinases (PI3K/Akt, ERK, p38 MAPK)
via intracellular redox states, Keap1l dissociation,
or serotonin-mediated modulation of Nrf2 nucle-
ar translocation [24, 53, 61, 62]. Further studies
are needed to clarify these mechanisms and their
contribution to cardioprotection.

This study elucidated the protective role of
Slc6a4 in ropivacaine-induced cardiomyocyte in-
jury, highlighting its regulatory effects on oxida-
tive stress, apoptosis, and activation of the NLRP3
inflammasome. Nevertheless, several limitations
should be acknowledged, and future investiga-
tions are warranted to strengthen the translation-
al relevance of our findings. First, our conclusions
are primarily based on in vitro experiments using
the H9c2 cell line. While this rat embryonic car-
diomyoblast model provides valuable insights, it
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differs from adult cardiomyocytes in terms of their
electrophysiological properties, metabolic profiles,
and responses to stress stimuli. To address this
limitation, future studies will incorporate prima-
ry adult cardiomyocytes and animal models of
MI, employing Slc6a4 knockdown or overexpres-
sion, followed by a comprehensive assessment of
cardiac function, histopathological changes, and
systemic responses. Second, the clinical expres-
sion profile and significance of Slc6a4 remain un-
characterized. Future work will focus on analyzing
Slc6a4 expression in myocardial tissues from MI
patients using gRT-PCR and immunohistochem-
istry, and correlating these data with clinical pa-
rameters such as infarct size, cardiac biomarkers,
and inflammatory mediators, to evaluate its diag-
nostic and prognostic potential. Third, additional
candidate genes identified in the bioinformatics
analysis, including PCSK2 and POMC, require func-
tional validation. Subsequent research will involve
siRNA-mediated knockdown or overexpression
of these genes in cardiomyocytes, coupled with
pathway enrichment analyses (e.g., GO, KEGG)
to delineate their involvement in relevant signal-
ing networks. Finally, to enhance clinical transla-
tion, future studies will investigate intervention
strategies targeting the Slc6a4 gene. Potential
approaches include screening small molecule ag-
onists or inhibitors, applying RNA interference or
gene editing technologies, and assessing the safe-
ty and efficacy of candidate therapies in animal
models. Moreover, targeted drug delivery systems,
such as nanocarriers, may improve myocardial
specificity. The therapeutic potential of Slc6a4 will
also be evaluated in other disease models, such as
acute liver injury and infectious conditions, as well
as in preclinical trials. Collectively, these studies
will deepen the understanding of Slc6a4’s role in
MI and provide a foundation for its development
as a therapeutic target and clinical biomarker.

In conclusion, our study effectively delineates
the protective roles of Slc6a4 in mitigating rop-
ivacaine-induced cytotoxic effects under HR
conditions in H9c2 cells. We demonstrated that
ropivacaine exposure leads to cell cycle arrest,
apoptosis, and oxidative stress by modulating the
expression and activity of key cellular biomark-
ers. These novel findings highlight the potential
of Slc6a4 as a therapeutic target for myocardi-
al ischemia-reperfusion injury. Notably, Slc6a4
knockdown emerged as a pivotal modulator, at-
tenuating the detrimental effects of ropivacaine
by regulating the NLRP3 inflammasome and
Nrf2 pathways. The downregulation of inflam-
masome-related proteins and the enhanced nu-
clear translocation of Nrf2 in Slc6a4-silenced cells
suggest that this gene may play a crucial role in
mitigating inflammatory responses and cell death.
These findings highlight the potential of Slc6a4 as

a target for cardioprotective therapies in clinical
settings, proposing new avenues for treatment de-
velopment against cardiac pathologies induced by
local anesthetics.
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