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Abstract

Background: Acute organophosphorus pesticide poisoning (AOPP) is a prevalent
cause of drug-related poisoning in hospital emergency departments, yet the mechanisms
underlying myocardial damage remain poorly understood. Sodium aesculin, the active
compound found in Aesculin, has demonstrated promising anti-inflammatory and
antioxidant properties. However, its effects on myocardial injury induced by AOPP have
not been thoroughly investigated. This study aims to explore the potential protective
effects of sodium aesculin (SA) on methyl parathion (MP)-induced cardiomyocyte
injury. Methods: MP-induced cardiomyocytes were utilized as an experimental cell
model. Cell viability was assessed using Cell Counting Kit-8 (CCK-8) assay, which
provided insights into the compound’s effects on cellular proliferation. Quantitative
Polymerase Chain Reaction (QPCR) was employed to evaluate the impact of Sodium
aesculin on inflammatory responses and pyroptotic cell death within both cellular and rat
models. Immunoblot assays were further conducted to confirm the mechanism. Results:
Using CCK-8, qPCR and immunoblot assays in H9C2 cells and rats, we observed
that SA increased MP-impaired cell viability (p < 0.01). A dosage of 1.5 mg/kg SA
reduced cardiac inflammation (p < 0.001) and pyroptosis (p < 0.001) compared to
MP controls. Mechanistically, sodium aesculin inhibits MP-induced Nuclear Factor
Kappa-Light-Chain-Enhancer of Activated B Cells (NF-xB) activation (p < 0.001).
Conclusions: Sodium aesculin (SA) alleviates inflammation and pyroptosis in MP-
induced cardiomyocytes, suggesting its potential as a therapeutic agent for AOPP-related

myocardial injury.
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1. Introduction

Organophosphorus pesticides are among the most widely used
insecticides, particularly in rural or underdeveloped regions
of developing countries [1]. Acute organophosphorus pesti-
cide poisoning (AOPP) is frequently encountered in hospital
emergency departments, and the pathogenesis of AOPP has
been thoroughly examined [2]. These pesticides irreversibly
bind to the active site of acetylcholinesterase, resulting in
the phosphorylation of the enzyme. This process leads to
the accumulation of acetylcholine and inhibits the activity
of acetylcholinesterase [3]. The clinical manifestations of
organophosphorus pesticide exposure on myocardial injury
vary from patient to patient, including arrhythmia, heart fail-
ure, cardiogenic shock, and sudden death [4]. Additionally,
organophosphorus induces oxidative stress, inflammation, and
apoptosis by producing free radicals [5]. To better understand
the myocardial damage caused by AOPP, further research into

its mechanisms and the development of effective antidotes is
essential [3].

The activation of cytokine receptors, pattern recognition
receptors, or T and B cell receptors stimulates the [xB kinase
(IKK) complex, resulting in the phosphorylation and subse-
quent degradation of IxkBa [6]. The NF-«B signal trans-
duction pathway is activated in response to parathion expo-
sure [6]. Exposure to parathion activates the NF-xB sig-
nal transduction pathway. This activation leads to an up-
regulation in the transcription of inflammation-related compo-
nents, such as Nucleotide-binding Leucine-rich Repeat Pyrin
domain-containing protein 3 (NLRP3), Proform of Interleukin-
15 (pro-IL-13) and pro-IL-18 [7]. Subsequently, the inflam-
masome adaptor protein (apoptosis-associated speck-like pro-
tein containing a caspase recruitment domain) ASC is recruited
to NLRP3, which interacts with caspase-1, facilitating its ac-
tivation. Once activated, caspase-1 catalyzes the maturation

This is an open access article under the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

Signa Vitae 2025 vol.21(7), 103-110

©2025 The Author(s). Published by MRE Press.

www.signavitae.com


https://www.signavitae.com
http://doi.org/10.22514/sv.2025.102

104

of the pro-inflammatory cytokines IL-15 and IL-18, helping
to alleviate myocardial pyrosis and inflammation via the NF-
xB/NLRP3 pathway [8, 9].

Hippocastanaceae is a plant found worldwide. SA, the pri-
mary active compound in Aesculin, a coumarin glycoside or-
ganic compound, has demonstrated a protective effect against
liver damage caused by methyl parathion poisoning owing to
its anti-inflammatory and antioxidant properties [ 1 0]. Previous
research has also indicated that SA can mitigate myocardial
damage resulting from MP poisoning, thereby alleviating ox-
idative stress, and reducing apoptosis in cardiomyocytes [3].

This study hypothesizes that SA can protect against my-
ocardial injury induced by MP poisoning. While previous
studies have examined organophosphorus-induced oxidative
stress, the role of pyroptosis in AOPP-related cardiac injury
remains unexplored. Emerging evidence suggests that MP
induces cardiomyocyte pyroptosis through NLRP3 inflamma-
some activation, leading to irreversible contractile impairment,
a significant contributor to AOPP-related cardiac failure. Our
study is the first to demonstrate that SA specifically targets
the NF-xB-pyroptosis axis, presenting a novel therapeutic ap-
proach for AOPP-induced myocardial damage.

2. Materials and methods

2.1 Cell culture and treatment

Cardiomyocyte H9C2 cells were sourced from the Chinese
Academy of Sciences. The cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, 12800017, Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS, 10099141C, Gibco, Grand Island, NY, USA) and 1%
penicillin-streptomycin (P4333, Sigma, St. Louis, MO, USA)
in a humidified incubator at 37 °C with 5% CO,. The H9C2
rat cardiomyocyte cell line was obtained from the Cell Bank
of Chinese Academy of Sciences (Shanghai, China) and au-
thenticated by short tandem repeat (STR) profiling. Cells were
used within 15 passages and maintained under standard culture
conditions (DMEM + 10% FBS at 37 °C, 5% COs). For
the construction of the MP model, the cells were cultured in
DMEM, treated with MP (20 mM, M5293, bought from Sigma,
St.  Louis, MO, USA), and maintained at 37 °C for 24 h.
Timepoints for sample collection were standardized at 24 h
post-treatment.

2.2 Rat model

Male Sprague-Dawley rats (8 weeks old, 250-280 g, n =
6 in each group) were purchased from Vital River (Beijing,
China) and housed in standard cages under a 12-hour light/dark
cycle at a temperature of 22-24 °C and humidity of 50-60%.
The rats had unrestricted access to food and water and libi-
tum throughout the experiment. Following the experimental
period, the rats were humanely euthanized by inhalation of
isoflurane, followed by cervical dislocation to ensure a rapid
and painless procedure. Heart tissues were immediately har-
vested, rinsed with ice-cold phosphate-buffered saline (PBS),
and stored at —80 °C for subsequent analysis. For histological
examination, tissues were fixed in 10% formalin and processed
for paraffin embedding. For the construction of an AOPP
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model, an intraperitoneal injection of 10 mg/kg of MP was
administered to the rats, followed by the administration of SA
(0.5, 1 and 1.5 mg/kg, S5922, procured from Sigma, St. Louis,
MO, USA) through intraperitoneal injection. The doses of
SA and MP were chosen according to the previous study [4].
The rats were categorized into the following groups: control,
MP (10 mg/kg), SA (0.5 mg/kg) + MP (10 mg/kg), SA (1
mg/kg) + MP (10 mg/kg), as well as SA (1.5 mg/kg) + MP
(10 mg/kg), groups. Ethical approval was obtained from the
Ethics Committee of Guang’an People’s Hospital (Approval
no. 2023XM0019).

2.3 Cell viability assay

HIC2 cells were seeded into 96-well plates at a density of
1000 cells per well and incubated for 24 h to allow attachment.
The doses of SA and MP were selected based on a previous
study [4]. The cells were then treated with sodium aesculin
(SA) or methyl parathion (MP) as specified, and incubated
with 10 puL of CCK-8 reagent (CK04, Dojindo, Kumamoto,
Japan) for 4 hours at 37 °C. The absorbance at 450 nm (OD450)
was measured using a microplate reader (210125, BioTek,
Winooski, VT, USA) to evaluate cell viability, with the OD450
value indicative of the number of viable cells.

2.4 Immunoblotting

Radio Immuno Precipitation Assay buffer (RIPA) lysis buffer
was added to the cells or tissues and incubated on ice for 30
minutes to lyse the samples and extract the proteins fully. The
protein concentration was then quantified using the Beyotime
Bicinchoninic Acid assay (BCA) protein assay kit (POO11,
Beijing, China) according to the manufacturer’s instructions.
Sodium Dodecyl Sulfate-PolyAcrylamide Gel Electrophore-
sis (SDS-PAGE) separated equal amounts of protein, which
were subsequently transferred onto Polyvinylidene Difluoride
(PVDF) membranes using a semi-dry transfer method. The
proteins were blocked with 5% milk for 1 h. Primary anti-
bodies including NLRP3 (1:1000, ab263899, Abcam, Cam-
bridge, UK), caspase 1 (1:1000, ab207802), IL-15 (1:500,
ab216995), IL-18 (1:1000, ab243091), p65 (1:500, ab32536),
p-p65 (S536, 1:500, ab76302, Abcam, Cambridge, UK), IkBa
(1:1000, 9242#, Cell signaling, Danvers, MA, USA), p-IxBa
(1:1000, 2859#, Cell signaling, Danvers, MA, USA), GAPDH
(Glyceraldehyde-3-Phosphate Dehydrohydrogenase) (1:3000;
ab8245, Abcam, Cambridge, UK), and secondary antibodies
were incubated for 1 h and photographed after chemilumines-
cence. Pyroptosis quantification was performed by measuring
the expression of caspase-1 and NLRP3, with all protein bands
normalized to GAPDH as the internal control.

2.5 (PCR assay

Total RNA was extracted from cells utilizing TRIzol reagent
(15596026, Thermo Fisher, Rockford, IL, USA) following the
manufacturer’s instructions. The quality and concentration of
the RNA were assessed using a NanoDrop spectrophotometer.
One microgram of RNA was reverse transcribed into cDNA
using Moloney Murine Leukemia Virus reverse transcriptase
(M-MLV) reverse transcriptase (M1705 Promega, Madison,
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WI, USA). The cDNA was then employed for quantitative
PCR (qPCR) with SYBR Green PCR Master Mix (4309155,
Thermo Fisher, Waltham, MA, USA) and specific primers
for target genes. qPCR was performed on a QuantStudio
3 system (A43179, Thermo Fisher, Waltham, MA, USA),
and gene expression was normalized to GAPDH using the
2"AACt method. The cDNA was amplified using the follow-
ing primers: Tumor Necrosis Factor-a: (or Tumor Necrosis
Factor-alpha (TNF-«): 5’-CTCCGGGCTCAGAATTTCC-3’,
5'-CGCAATCCAGGCCACTACTT-3’; IL-13: 5'-ATAGCG
TGACATTAAGAG-3', 5'-GTGACGATAGTGATGACCT-3;
IL-6: 5'-CCACCAGGAACGAAAGTCAAC-3, 5'-GGCAG
TGGCTGTCAACAACA-3'; NLRP3: 5-TTGAAGAGGAG
TGGATAGGT-3', 5'-GGTGTAGCGTCTGTTGAG-3';
caspase-1: 5’'-TGGATTGCTGGATGAACTT-3', 5'-CTGATG
GACCTGACTGAAG-3'; IL-18: 5-TGGAATCAGACCACT
TTGGC-3, 5-GTCTGGTCTGGGATTCGTTG-3;

GAPDH: 5-ACGGCAAGTTCAACGGCACAG-3', 5'-GAC
GCCAGTAGACTCCACGACA-3'.

2.6 ELISA assay

To further validate the inflammatory responses, we performed
an enzyme-linked immunosorbent assay (ELISA) to measure
the protein levels of TNF-q, IL-15 and IL-6 in the cell culture
supernatants. The ELISA kits (PI301, PI303, and PI326,
respectively, Biyotime, Beijing, China) were used following
the manufacturer’s protocols. Absorbance was measured at
450 nm using a microplate reader (BioTek, USA). All assays
were conducted in triplicate.

2.7 Statistical analysis

All comparisons between multiple groups were conducted us-
ing one-way Analysis of Variance (ANOVA) (for single-factor
experiments) or two-way ANOVA (for time/dose interactions),
accompanied by Tukey’s post-hoc test, as specified in the
figure legends. Data normality was confirmed via Shapiro-
Wilk tests (p > 0.05 for all datasets), and variance homogeneity
was verified using Levene’s test prior to ANOVA application.

3. Results

3.1 Sodium aesculin promotes MP-induced
myocardial cell viability

To elucidate the effects of SA on AOPP-induced myocardial
injury, a model was constructed using HOC2 cells. These cells
were utilized to create an in vitro model through MP. CCK-
8 assays revealed that SA had modest effects on the viability
of H9C2 cells at lower concentrations (10, 30 and 50 uM).
In comparison, higher concentrations (80, 100 uM) of SA
significantly suppressed the viability of HOC2 cells (Fig. 1A).
Consequently, the lower concentrations of SA were selected
for further in vitro assays. Additionally, while MP treatment
reduced the viability of H9C2 cells, SA at concentrations of 10,
30 and 50 uM effectively reversed the decline in cell viability
induced by MP treatment (Fig. 1B). Therefore, SA promotes
MP-treated HOC2 cell viability.
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3.2 Sodium aesculin inhibits MP-induced
cardiomyocyte inflammation

The effects of SA on the inflammation of MP-induced H9C2
cells were assessed. ELISA assays revealed the mRNA levels
of inflammatory factors, including TNF-q, IL-6 and IL-10.
MP stimulated the increase of mRNA levels of these factors
in H9C2 cells (Fig. 2A). However, SA treatment mitigated
the increase in the mRNA levels of these inflammatory factors
induced by MP treatment in HOC2 cells (Fig. 2A). Similarly,
SA treatment alleviated the increase in the secretion levels
of these inflammatory factors induced by MP treatment in
HOC2 cells, which was confirmed by ELISA (Fig. 2B). Col-
lectively, these findings indicate that SA treatment mitigates
MP-induced inflammation in HOC2 cells.

3.3 Sodium aesculin inhibits MP-induced
myocyte pyroptosis

To investigate whether SA affects pyroptosis in HOC2 cells
after MP treatment, we evaluated the expression of key pyrop-
tosis markers. We aimed to determine the impact of SA on the
pyroptosis of HOC2 cells after MP exposure. The results from
qPCR assays indicated elevated mRNA levels of pyroptosis
markers, including NLRP3, caspase-1, and high expression of
inflammatory factors such as IL-18 and IL-13 in MP-induced
HIC2 cells (Fig. 3A). Notably, SA treatment suppressed the
mRNA levels of these factors after MP treatment in H9C2
cells (Fig. 3A). Similarly, immunoblot assays demonstrated
that SA treatment decreased the protein levels of these markers
in MP-induced H9C2 cells (Fig. 3B). Therefore, SA inhibits
MP-induced pyroptosis of H9C2 cells.

3.4 Sodium aesculin inhibits myocardial
inflammation and pyroptosis in MP-induced
rats

To further validate the previous findings, we examined the
effects of SA in a rat model of MP-induced myocardial injury.
gPCR assays showed elevated mRNA levels of inflammatory
markers including TNF-«, IL-18 and IL-18, in heart tissues
of rats treated with MP (Fig. 4A). In contrast, treatment with
SA significantly reduced the mRNA levels of these factors
in heart tissues of rats treated with MP (Fig. 4A). Addition-
ally, immunoblot assays demonstrated increased expression of
NLRP3, caspase-1, IL-18 and IL-13 in heart tissues from MP-
treated rats. In contrast, SA treatment decreased the expression
of these proteins (Fig. 4B). Therefore, SA inhibits myocardial
inflammation and pyroptosis in MP-induced rats.

3.5 Sodium aesculin inhibits MP-induced
NF-xB activation in vivo and in vitro

To investigate the underlying mechanism by which SA allevi-
ates MP-induced injury in H9C2 cells and rat heart tissues, we
investigated the effects of SA on the activation of the NF-xB
signaling pathway. The mechanism underlying SA relieving
MP-induced injury of HIC2 cells and heart tissues of rats was
subsequently determined. Treatment with MP resulted in the
phosphorylation of p65 and IxBa while reducing the expres-
sion of [kBa in HIC2 cells (Fig. 5A). However, SA treatment
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FIGURE 1. Sodium aesculin promotes MP-induced myocardial cell viability. (A) CCK-8 assays showed the effects of SA
on the growth of H9C2 cells at the concentrations of 10, 30, 50, 80 and 100 M for 24 h. The OD450 value was measured. ***p
< 0.001, SA vs. control. (B) CCK-8 assay showed the effects of SA on the growth of H9C2 cells at the concentrations of 10, 30
and 50 uM upon treating MP for 24 h. The OD450 value was measured. ***p < 0.001, SA vs. control. ***p < 0.001, MP vs.
control, #p < 0.001, MP + SA vs. MP. SA, Sodium aesculin; MP, methyl parathion; Cont: control.
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FIGURE 2. Sodium aesculin inhibits MP-induced cardiomyocyte inflammation. (A) qPCR assays showed the mRNA
levels of TNF-q, IL-6 and IL-13 in HOC2 cells upon SA treatment at the concentrations of 10, 30 and 50 ©M, following the
treatment of MP for 24 h. (B) ELISA assays showed the secretion levels of TNF-«, IL-6 and IL-18 in H9C2 cells upon SA
treatment at the concentrations of 10, 30 and 50 1M, following the treatment of MP for 24 h. ***p < 0.001, SA vs. control. ***p
< 0.001, MP vs. control, p < 0.05, #p < 0.01, ¥ p < 0.001, MP + SA vs. MP. SA, Sodium aesculin; MP, methyl parathion;
TNF, Tumor Necrosis Factor; IL, Interleukin; Cont, control.
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FIGURE 3. Sodium aesculin inhibits MP-induced myocyte pyroptosis. (A) qPCR assays showed the mRNA levels of
NLRP3, caspase-1, IL-15 and IL-18 in H9C2 cells upon SA treatment at the concentration of 10, 30 and 50 M upon the treatment
of MP for 24 h. (B) Immunoblot assays showed the expression levels of NLRP3, caspase-1, IL-15 and IL-18 in H9C2 cells upon
SA treatment at the concentration of 10, 30 and 50 4M upon the treatment of MP for 24 h. ***p < 0.001, SA vs. control. ***p
< 0.001, MP vs. control, *p < 0.05, #p < 0.01, #p < 0.001, MP + SA vs. MP. SA, Sodium aesculin; MP, methyl parathion;
NLRP3, Nucleotide-binding oligomerization Leucine-rich Repeat and Pyrin domain-containing protein 3; IL, Interleukin; Cont,
control; GAPDH, Glyceraldehyde-3-Phosphate Dehydrohydrogenase.

effectively reversed the decrease in IxBa expression. The
promotion of p65 and IkBa phosphorylation in HOC2 cells
induced by MP treatment (Fig. 5A). Similarly, immunoblot
assays confirmed that SA treatment countered the effects of
MP on IxBa expression and the phosphorylation of p65 and
IkBa in rat heart tissues, aligning with our previous results
(Fig. 5B). These data suggest that SA inhibits MP-induced NF-
kB activation in vivo and in vitro.

4. Discussion

Acute organophosphorus pesticide poisoning (AOPP) results
from rapid exposure to organophosphates, leading to toxicity

through acetylcholinesterase (AChE) inhibition [11]. This in-
hibition causes an accumulation of acetylcholine in the tissues,
disrupting cholinergic receptor activity and resulting in organ
dysfunction [12]. The fatality rate associated with AOPP
varies based on the type, dose, and timing of the exposure, with
a high mortality rate observed in severely poisoned patients [3].
Recent advancements in the treatment of AOPP, ranging from
cholinesterase inhibitors to novel therapeutic approaches, have
significantly improved patient outcomes [ 13]. Our findings in-
dicate that sodium aescinate (SA) provides cardioprotection in
MP-induced injury primarily through the dual inhibition of NF-
xB-mediated inflammation and NLRP3-dependent pyroptosis.

AOPP induces arrhythmias through cholinesterase inhibi-
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tion (causing acetylcholine accumulation) or direct cardiomy-
ocyte toxicity [2]. The cardiac damage resulting from AOPP
compromises myocardial contractility due to ischemic injury,
which may progress to toxic myocarditis. Although SA ex-
hibits multi-organ protective effects against AOPP, its cardio-
protective mechanisms are not yet fully understood. Our find-
ings show that SA significantly alleviates myocardial injury
induced by methyl parathion (MP), providing new insights into
its potential therapeutic effects on AOPP-related heart damage.

In cardiomyocytes, pyroptosis contributes to the pathogen-
esis of myocardial infarction, cardiac ischemia-reperfusion
injury, diabetic cardiomyopathy, and other diseases [7, 14].
Pyroptosis plays a critical role in myocardial injury stem-
ming from various diseases and can occur via classical, non-
classical, and Caspase 3-mediated pathways [15]. Notably,
SA inhibits myocardial inflammation and pyroptosis in MP-
induced rats. The exact mechanism by which this occurs
requires further investigation.

Dysregulation of NF-xB has been linked to a variety of
human diseases such as cancer, inflammatory and autoimmune
diseases, viral infections, septic shock, and abnormal devel-
opment of the immune system [16]. Pyroptosis is a form
of inflammatory cell death triggered by the NF-xB signaling
pathway [17]. The NF-xB signaling pathway plays a crucial
role in numerous physiological and pathological processes,
such as immune response, inflammation, cell survival, and
proliferation [18-20]. In this study, SA inhibits MP-induced
NF-xB activation, as evidenced by examining p65 and IxBa
phosphorylation levels. These results support the NF-«<B path-
way as a promising target for AOPP treatment. Our study
specifically investigates the myocardial protective effects of
SA and its underlying mechanisms, with a particular focus
on the NF-xB signaling pathway and pyroptosis. The nov-
elty of our research lies in the detailed exploration of these
mechanisms in the heart, a topic that has not been thoroughly
addressed in previous research.

Our study illustrates that SA significantly reduces inflam-
mation and pyroptosis in cardiomyocyte injury induced by MP.
By targeting key inflammatory pathways and mechanisms of
cell death, sodium aesculin may act as a promising therapeutic
agent in mitigating myocardial damage caused by organophos-
phate toxicity. These findings offer valuable insights into
the molecular mechanisms of MP-induced cardiac injury and
suggest that targeting inflammation and pyroptosis could be an
effective strategy for therapeutic intervention.

However, this study has limitations, including the absence
of in vivo long-term follow-up to evaluate the lasting effects
of sodium aesculin on cardiac function and recovery. Fur-
thermore, the precise molecular targets of sodium aesculin
in modulating pyroptosis and inflammation warrant further
investigation to comprehend its therapeutic potential in AOPP
fully.

The preferential suppression of IL-15 and IL-18 by SA,
as opposed to other cytokines such as TNF-q, indicates its
targeted inhibition of the NLRP3 inflammasome, which is
the canonical pathway for processing pro-IL-1/5 and IL-18.
While our study highlights the acute cardioprotective effects of
SA, the lack of histological scoring and long-term functional
monitoring necessitates caution when extrapolating the results

109

to chronic recovery scenarios. Furthermore, although NF-<B
inhibition seems to play a central role, the potential off-target
effects of SA on related pathways remain to be elucidated.
Future studies should incorporate longitudinal echocardiogra-
phy to track functional recovery, single-cell RNA sequencing
to identify SA-responsive cardiomyocyte subpopulations, and
comparative studies with standard AOPP therapies to assess
clinical translatability. SA could complement existing treat-
ment regimens for severe AOPP cases involving myocardial
damage, though clinical synergy studies are warranted.

5. Conclusions

SA reduces myocardial inflammation and pyroptosis in MP-
induced rats by inhibiting NF-xB activation in vivo and in
vitro. Therefore, SA could serve as a promising drug for AOPP
treatment.
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