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Abstract

Acute myocardial infarction (AMI) remains a leading cause of death
worldwide and is characterized by abrupt coronary occlusion and subsequent
ischemic cardiomyocyte injury. Increasing evidence implicates endoplasmic
reticulum (ER) stress and disordered calcium handling as central drivers
of post-infarction dysfunction. Here, we investigated whether HY-021068
(HY), a thromboxane synthase inhibitor under clinical evaluation, confers
cardioprotection by restoring sarco/endoplasmic reticulum Ca?**-ATPase
2a (SERCAZ2a)-dependent calcium homeostasis and suppressing ER stress.
AMI was induced in C57BL/6 mice by left anterior descending coronary
artery ligation, and an oxygen—glucose deprivation/reperfusion (OGD/R)
model was established in AC16 cardiomyocytes. Infarct size and tissue
injury were assessed by TTC staining, H&E and Masson staining, and
cardiac function was quantified by echocardiography. Intracellular reactive
oxygen species (ROS) and Ca?* levels were measured using DCFH-DA and
Fluo-4 AM, respectively. Mitochondrial ultrastructure and function were
evaluated by transmission electron microscopy, JC-1 membrane potential
assays, and ATP quantification. Key proteins involved in calcium cycling,
ER stress, and thromboxane signaling were analyzed by immunoblotting
and immunostaining. HY treatment reduced infarct size, attenuated
myocardial fibrosis, and improved left ventricular systolic function. In
vitro, HY decreased OGD/R-induced cytosolic Ca?* overload, lowered ROS
accumulation, and restored mitochondrial membrane potential and ATP
production. Mechanistically, HY increased SERCA2a expression and shifted
the calcium-handling program toward SR Ca?" reuptake, accompanied by
reduced expression of IP3R and NCX-1 and suppression of ER stress markers
(GRP78, ATF6, and CHOP). Consistent with its pharmacological class, HY
inhibited platelet aggregation and modulated thromboxane-related proteins,
including COX-1, TBXAS-1, and PGD.Collectively, these data indicate that
HY exerts cardioprotective effects in AMI by dual modulation of calcium
homeostasis and ER stress, with SERCA2a as a key molecular node. HY
therefore represents a promising multi-target candidate for ischemic heart

disease.
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Introduction

Acute myocardial infarction (AMI) is typified by mocardium necrosis
ensuing from acute ischemia and hypoxia within the coronary arteries. In severe
scenarios, it may precipitate heart failure [1. By 2019, the global prevalence
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of cardiovascular diseases (CVD) had reached 523 million,
with 18.6 million annual deaths. According to Markov model
projections, between 2010 and 2030, China is projected to
experience 21.3 million new cardiovascular events and 7.7
million cardiovascular-related deaths ?. CVD have emerged
as the predominant cause of mortality in both urban and
rural Chinese populations, with 40% of deaths attributable
to cardiovascular incidents 4. As a critical and life-
threatening condition within the broader spectrum of CVD,
the incidence of AMI has been increasing annually, emerging
as a predominant factor contributing to global mortality
and morbidity. Nevertheless, the exact pathophysiological
mechanisms implicated in AMI still lack comprehensive
understanding, and effective therapeutic strategies have yet to
be established P! Despite major advances in reperfusion and
secondary prevention, AMI continues to impose a substantial
global health burden, and many patients progress to heart
failure because myocardial injury and remodeling are not
fully prevented. A deeper mechanistic understanding of injury
amplification pathways that operate during and after ischemia
is therefore essential for the development of adjunctive
cardioprotective therapies. Existing research indicates that
the abnormal elevation of calcium ions, a condition known
as calcium overload, is a major cause of myocardial injury
following AMI ¥ Therefore, drugs that alleviate calcium
overload are considered potential therapeutic agents for the
treatment of myocardial infarction.

Calcium overload occurs when various harmful
factors disrupt the calcium homeostasis mechanism,
leading to abnormal distribution of calcium ions and
elevated intracellular calcium concentrations 3. In 1966,
Zimmerman and Hulsmann demonstrated that perfusion of
isolated rat hearts with calcium-free saline caused membrane
damage within a short time frame ' Subsequent perfusion
with normal calcium-containing saline resulted in more
pronounced structural and functional changes in the heart.
Recent studies have shown significant alterations in calcium
regulation during myocardial infarction (M/I) development,
and restoring or maintaining calcium homeostasis has been
shown to reduce cellular damage and limit necrosis >
7. Furthermore, inhibiting calcium overload can protect
damaged mitochondria, reduce oxidative stress, and
attenuate inflammation, thereby exerting a protective effect
in myocardial infarction. Therefore, investigating the role
and underlying mechanisms of calcium overload in AMI is
crucial "1 Therapeutic strategies that stabilize Ca?" handling
are therefore expected to limit injury and improve functional
recovery.

The sarco/endoplasmic reticulum Ca?>'-ATPase 2a
(SERCA2a) represents a pivotal proteinaceous entity
responsible for re-uptaking cytosolic calcium ions and
transporting them into the sarcoplasmic reticulum (SR),
thereby facilitating myocardial cell relaxation. The SR
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Ca?" pump sarco/endoplasmic reticulum Ca?’-ATPase 2a
(SERCA2a) is a central determinant of cardiac Ca*" cycling
because it clears cytosolic Ca?*" and reloads the SR to
enable both relaxation and subsequent contraction. Reduced
SERCAZ2a expression and/or activity has been documented
in ischemic and failing myocardium and is associated with
impaired SR Ca*" reuptake, diastolic Ca*" leak, and reduced
contractile reserve 22, Importantly, SERCA2a dysfunction
also intersects with endoplasmic reticulum (ER) stress. The
ER/SR is a major intracellular Ca?* store, and depletion of
luminal Ca?*" compromises protein folding capacity and
triggers the unfolded protein response. While adaptive
ER stress responses can be protective, sustained activation
of pro-death ER stress signaling (e.g., GRP78-ATF6 and
CHOP) contributes to cardiomyocyte loss and maladaptive
remodeling. Agents that enhance SERCA2a activity may
therefore provide dual benefit by correcting Ca?>" mishandling
and relieving ER stress.Reduced expression and activity of
SERCA2a disrupt calcium homeostasis in cardiomyocytes, a
hallmark feature of myocardial infarction %1, From recent
research, enhancing SERCA2a function can lessen ER stress,
restore mitochondrial function, and relieve cardiac calcium
overload . Consequently, augmenting the involvement of
SERCAZ2a activity is crucial in the therapeutic intervention
for patients afflicted with AMI.

HY-021068 (HY), a thromboxane synthase inhibitor,
has been demonstrated by extant studies to alleviate the
symptoms of cerebral infarction 7). It achieves this through
specific mechanisms: inhibiting the synthesis of thromboxane
A2 (TXA2), thereby impeding platelet aggregation, as well
as exerting anti-inflammatory and neuroprotective functions
281 Qur preliminary assessment suggests that HY-021068,
presently under clinical trials, exhibits potent antiplatelet
aggregation and ischemia-reperfusion protection capabilities.
These research findings indicate that HY exhibits potential as
a novel therapeutic agent for AMI as reported by Li et al. ),
Nevertheless, the exact molecular and cellular mechanisms
mediating its pharmacological action remain elusive. In
this work, we hypothesize that HY may enhance SERCA2a
function, hence alleviating calcium overload-induced
ER stress and mitochondrial dysfunction in myocardial
infarction. SERCA?2a, a key regulator of intracellular calcium,
is crucial for cellular homeostasis P%. Its dysfunction during
infarction disrupts calcium handling, leading to ER stress
and mitochondrial problems B!. HY may act to correct this
and mitigate pathological consequences. Our findings could
provide novel strategies for the treatment of AMI.

In this study, we tested the hypothesis that HY protects
the ischemic heart by restoring SERCA2a-dependent Ca?*
homeostasis and suppressing Ca?*-driven ER stress and
mitochondrial dysfunction. Using a mouse model of AMI
induced by left anterior descending coronary artery ligation
and an OGD/R model in AC16 cardiomyocytes, we assessed

Citation: Yuqing Chu, Xinya Wang, Hongyan Zhang, Shihao Wan, Qiuju Zhao, Yani Guo, Ke Niu, Binshan Zha, Jiajia Mo, Qichao Luo, Zhaoxing
Chu, Liwen Chen, Liuyi Dong. Unveiling the Cardioprotective Potential of HY-021068: Dual Modulation of Calcium Homeostasis
and Endoplasmic Reticulum Stress in Myocardial Infarction in Mice. Cardiology and Cardiovascular Medicine.10 (2026): 127-144.



Chu Y, et al., Cardiol Cardiovasc Med 2026
Journals DOI:10.26502/fccm.92920492

functional and histological outcomes and interrogated the
molecular pathways linking SERCA2a, Ca** cycling, ER
stress, and mitochondrial energetics. Our findings provide
mechanistic evidence that HY exerts cardioprotection through
coordinated regulation of Ca?* homeostasis and ER stress.

Materials and Methods

Animals

Eight-week-old male C57BL/6 mice (20-25 g, SPF grade)
were obtained from Zhejiang Ziyuan Laboratory Animal
Technology Co. (Hangzhou, China). Animals were housed
under controlled conditions (22-24°C, 12-h light/dark cycle)
with ad libitum access to food and water. All procedures
were approved by the Animal Ethics Committee of Anhui
Medical University (SYXK(WAN)2017-006). One hundred
twenty mice were randomly divided into six groups (n=20/
group). Namely, there was a control group and a model group
(administered with saline), three HY treatment groups (12.5,
25, and 50 mg/kg), and a clopidogrel intervention group
(15 mg/kg). By binding the left anterior descending (LAD)
coronary artery, AMI formed in the mice >34, The mice
were administered the corresponding drugs at loading doses
continuously for seven days. The daily dosage volume was
precisely 0.2 ml per 100 g of body weight.

Establishment of AMI model

Mice were anesthetized with intraperitoneal 1.2%
tribromoethanol (0.2 ml/10 g). Physiological stability was
maintained using mechanical ventilation. Following ECG lead
attachment to monitor cardiac activity, a fourth intercostal
space thoracotomy exposed the heart. The LAD coronary
artery was ligated (sham group underwent thoracotomy only
without ligation). Successful ischemia was confirmed by ST-
segment elevation, peaked T waves, QRS complex widening,
and left ventricular wall blanching. Seven days post-MI,
mice were euthanized by cervical dislocation for heart weight
measurement and heart-to-body weight ratio calculation.

Measurement of infarct size

Seven days after LAD-induced myocardial infarction, the
hearts of the mice were excised and immediately placed in a
freezer. Distal to the ligation site, the heart tissue was cut into
1-mm thick transverse sections and then placed in a solution
consisting of 1% of 2,3,5-triphenyltetrazolium chloride (TTC,
Sigma, USA) B>, Samples were incubated at 37°C for 30
minutes. Following staining, viable myocardium appeared red
and infarcted areas white. After that, tissues were preserved
histologically by putting to 4% paraformaldehyde (PFA).
Infarct area quantification was performed using Imagel
software by blinded independent investigators.

Echocardiography

At the end of the treatment, echocardiographic assessment
was performed. Images were acquired using the VINNO 6 Vet
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portable Doppler ultrasound system, and M-mode was used
to measure cardiac function. The acquired data was utilized to
compute the Left Ventricular Ejection Fraction (LVEF) and
the Left Ventricular Fractional Shortening (LVES).

Histological examination

The murine hearts were initially fixed with 4%
paraformaldehyde solution, followed by a dehydration
process using a series of graded ethanol concentrations, and
then cleared with xylene to enhance tissue transparency.
Subsequently, the heart tissue was embedded in paraffin wax
for stabilization and sectioned into slices with a thickness of
precisely 5 mm. These histological sections were subjected
to hematoxylin and eosin (H&E) staining to meticulously
observe any pathological alterations. In addition, Masson's
trichrome staining was applied to precisely gauge the amount
of collagen released in the tissue P%,

Immunohistochemistry staining

Tissues fixed in paraffin were cut into 5 mm sections
and put on slides. After deparaffinization and rehydration,
sections were blocked with 5% goat serum/PBS containing
0.3% Triton X-100 for 1 h at room temperature to reduce
nonspecific binding. Primary antibody against SERCA2a
(1:300, Affinity) was applied overnight at 4°C. Following
PBS washes, sections were incubated with secondary
antibody (1 h, RT) and developed using DAB (ZSGB-BIO).

ELISA

Serum levels of 6-keto-PGFla, TXB2, CK-MB, LDH
and cTnl were quantified using a commercial ELISA kit
(Jiangsu Enzyme Immunoassay). Following sample dilution,
aliquots were added to antibody-coated 96-well plates. After
incubation and washing, plates were sequentially incubated
with biotinylated secondary antibody and streptavidin-HRP
conjugate. Reactions were halted after the addition of substrate
and color development, and absorbance was measured using a
Bio-Rad microplate reader at 450 nm. Analyte concentrations
(ng/ml) were calculated from standard curves.

Mouse platelet aggregation in vitro

maximum aggregation rate (MAR) of NS-treated PRP

PAI=(1-
( MAR of sample-treated PRP

) x 100%

Blood samples were collected from the carotid artery and
instantaneously anticoagulated with sodium citrate in a
volume ratio of 9:1. To obtain platelet-rich plasma (PRP), the
blood samples underwent centrifugation at 120 g for exactly
10 minutes. Subsequently, once the platelet-rich plasma
(PRP) had been isolated, the residual blood was subjected
to further centrifugation at 1600 g for 10 minutes in order
to obtain platelet-poor plasma (PPP). The obtained PRP was
then incubated with one of the following: normal saline (NS),
clopidogrel at a dose of 15 mg/kg, or HY at concentrations
of 12.5, 25, and 50 mg/kg*-1. Following incubation, the
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PRP was stimulated with an aggregating agent, adenosine
diphosphate (ADP) at a concentration of 10 mm. Finally,
the platelet aggregation inhibition rate (PAI) was calculated
using the formula:

AC16 cell culture and oxygen glucose deprivation
model

AC16 and 293T cells were maintained in DMEM/F12
medium (Gibco) supplemented with 10% FBS and 100
pg/ml penicillin-streptomycin at 37°C in 5% CO,, with
medium changes every 48 hours. For the oxygen-glucose
deprivation/reperfusion (OGD/R) experiments, AC16 cells
were phosphate-buffered saline (PBS)-washed and incubated
in glucose/FBS-free DMEM/F12 under hypoxic conditions
(95% N,/5% CO,) for 6 h at 37°C . The medium was
subsequently replaced with complete DMEM/F12, and the
culture conditions were restored to 37°C with 95% O and
5% CO: for 2 hours.

Reactive oxygen species (ROS) detection

The DCFH-DA fluorescent probe served to test the
level of intracellular ROS. AC16 cells were incubated with
10 mm DCFH-DA at a precisely regulated temperature
of 37 °C for 30 minutes. After incubation, the cells were
washed using phosphate-buffered saline (PBS) to remove any
surplus and unreacted DCFH-DA. An inverted fluorescence
microscope (Axio Observer 3, Germany) and a high-content
filter (ImageXpress MicroConfocal, USA) were then used to
collect the fluorescent signals. A mean fluorescence intensity
followed.

Ca* content detection

Intracellular Ca?" levels were measured using 5 mm Fluo-
4 AM (Beyutime, China) dissolved in Ca?*/Mg?*-free HBSS.
ACI16 cells were seeded in 24-well plates and incubated
overnight in F12 medium supplemented with 0.2% fetal
bovine serum. After removing the medium, the cells were
incubated with Fluo-4 AM at 37 °C for 30 minutes, followed
by three washes with PBS. Next, fluorescent microscopy and
high-content screening were used to record the intensity of
fluorescence.

For extracellular Ca®*, a calcium assay kit (Nanjing
Jiancheng) was used. Mouse serum and extracellular fluid
samples were mixed with MTB reagent and an alkaline
solution and incubated at a constant temperature for 5
minutes. A microplate reader was used to detect absorbance
at 610 nm, and the standard formula was used to determine
the Ca?" concentrations.

Immunofluorescence staining

As outlined above, AC16 cells were treated with HY and
subjected to OGD. The cells were subjected to fixation and
permeabilization procedures in preparation for subsequent
immunostaining. Following that, 5% BSA was used to
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inhibit the cells for two hours at 37°C. The cells were treated
with the anti-SERCA2a primary antibody for the full night
at 4°C. Subsequently, the cells were placed in an incubator
and cultured with a fluorescence-conjugated anti-rabbit
secondary antibody at 37°C for 1 hour. After that, the nuclei
were stained using DAPI. Subsequently, fluorescence images
were acquired through the use of a confocal laser scanning
microscope.

Transmission electron microscopy (TEM)

HY-pretreated AC16 cells were fixed in 2.5%
glutaraldehyde/0.1 M phosphate buffer (pH 7.4) to whole
night at 4°C. After post-fixation with 1% OsQOa, samples were
ethanol-dehydrated and Epon Araldite-embedded. Ultrathin
sections (50 nm) were prepared using an ultramicrotome
(Leica Ultracut E), double-stained with uranyl acetate/lead
citrate, and examined by TEM (Hitachi H-7000).

Measurement of mitochondrial membrane potential
(AY)

Mitochondrial membrane potential (AY) was assessed
using the JC-1 kit (Beyutime, China). For 20 minutes, cells
are taken at 37°C with 50 nM JC-1. Fluorescence intensity
was recorded using high-content screening (ImageXpress
MicroConfocal, USA) to visualize the samples.

Detection of ATP content

An adenosine triphosphate (ATP) test kit was used to
assess the value of ATP in the cells. Cell suspensions were
seeded into 6-well plates or other appropriate culture plates
at a specific density. The plates were then incubated under
standard culture conditions until the cells adhered and grew
to an appropriate confluence. After inducing cells with
OGDJ/R and treating them with HY, cell lysis buffer and ATP
detection reagent were added for the reaction. Subsequently,
the absorbance was measured at 610 nm using a microplate
reader (Bio-Rad, USA).

Plasmid constructs and transfection

The Myc-tagged SERCA2a domain was overexpressed
and subsequently cloned into the pcDNA3.1-mCherry vector,
which was obtained from Qingke Biotech (Beijing, China).

Simulation of molecular dynamics and molecular
docking

Molecular docking was performed to assess HY's
binding affinity with IP3R, RYR2, and SERCA2a. Receptor
structures (RCSB PDB) and HY (PubChem) were prepared in
AutoDockTools by converting to PDBQT format, removing
solvents/ligands, and adding hydrogens/Kollman charges.
Docking simulations used AutoDock Vina, with results
visualized in PyMol. The HY-SERCA2a complex was further
analyzed through 100-ns MD simulations (Gromacs 2022.4,
Amber99 force field) in an SPC water solvated system (1.2
nm periodic box) with PME for electrostatics. The system
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was neutralized with Nat/Cl- ions using Monte Carlo
placement. Following energy minimization (steepest descent,
50,000 steps, Fmax<1000 kJ/mol), three equilibration phases
were performed: (1) NVT (310 K, 50,000 steps, 2 fs); (2)
NPT (310 K, 1 atm, 50,000 steps, 2 fs); and (3) production
MD (100 ns, 2 fs).

Western blot

Total protein was extracted from frozen heart tissue
with the aid of a cold tissue grinder in ice-cold RIPA buffer
(Beyotime Biotechnology, Shanghai). The protein level was
analyzed by a BCA assay kit (Beyotime Biotechnology,
Shanghai). Subsequently, exactly 20 pg aliquots of protein
were separated by 10% SDS-PAGE and then transferred
onto a PVDF membrane (Millipore, USA) to conduct
immunoblotting analysis. The membrane was blocked
with 5% non-fat milk in Tris-buffered saline with 0.05%
(v/v) Tween 20 (TBST) at room temperature for 2 hours,
followed by overnight incubation with primary antibodies
for SERCA2a (1:500, Affinity, DF6240), RYR2 (1:500,
Affinity, AF0015), IP3R (1:500, Affinity, DF3000), PGD
(1:500, Affinity, DF3714), COX-1 (1:500, Affinity, AF7002),
TBXAS-1 (1:1000, Affinity, DF6739), ATF6 (1:1000,
Affinity, DF6009), GRP78 (1:1000, Affinity, AF5366),
CHOP (1:1000, Affinity, AF6277), p-CREB (1:500,
Affinity, AF3189), CREB (1:500, Affinity, AF6188) and
B-actin (1:10,000, Affinity, AF7018). Subsequent to three
consecutive 10-minute washes with TBST, the membrane was
subjected to incubation for one hour at ambient temperature
in the presence of secondary antibodies conjugated either to
goat anti-mouse (dilution 1:10,000, ZSGB-BIO, ZB2305) or
goat anti-rabbit (dilution 1:10,000, ZSGB-BIO, ZB-2301).
The target protein bands were visualized using a ChemiDoc
imaging system (Bio-Rad, USA) and quantified with Image
J software (NIH, USA). Expression levels were determined
by normalizing each target band to its corresponding B-actin
band.

Statistical analysis

Data are presented as mean + SEM/SD. Statistical
analyses were performed using GraphPad Prism 8.0, with
Student's t-test for pairwise comparisons and one-way
ANOVA (Tukey's HSD or Fisher's LSD post hoc tests) for
multiple comparisons. Normality was verified for parametric
tests. A threshold as statistical significance was p<0.05.

Results
HY's protective features against OGD/R-induced
injury in vitro

To directly evaluate the inhibitory effect of HY on
myocardial infarction in vitro, we employed an OGD/R-
induced AC16 cell model to investigate its cardioprotective
activity. As HY's concentration rose to 160mm, arose minimal
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cytotoxicity compare to the control (Figure 1A). Within a
non-toxic concentration range, HY effectively protected
ACI16 cells from OGD/R-induced injury, demonstrating the
highest cell viability and the lowest cytotoxicity at 40 mm
(Figure 1B). Furthermore, cytotoxicity was further assessed
by the LDH release assay, and the results indicated that
HY treatment did not result in an increase in cytotoxicity
(Figure 1C).

HY inhibits Ca** cycling and ER stress in vitro

Abnormal increases in intracellular calcium, induced by
various factors, lead to cellular dysfunction and metabolic
structural abnormalities, and in severe cases, may cause
cell death ™41, To understand how HY protects against
myocardial injury in vitro, we examined its effects using
AC16 cells. Our findings indicate that oxygen-glucose
deprivation/reperfusion (OGD/R) significantly raises
intracellular Ca?* levels while lowering extracellular Ca?*,
resulting in calcium overload (Figure 1D, G). Treatment
with HY markedly reduced this overload. The underlying
mechanism appears to involve the regulation of calcium-
handling proteins. HY increases the expression of SERCA2a
and ryanodine receptor 2 (RYR2), which enhances the uptake
of Ca** by the sarcoplasmic/endoplasmic reticulum (SR/ER).
At the same time, it decreases the expression of the inositol
trisphosphate receptor (IP3R) and sodium-calcium exchanger
(NCX-1), thereby mitigating calcium overload (Figure 1E).
Excess intracellular Ca?* disrupts ionic balance and the redox
state, leading to excessive reactive oxygen species (ROS)
production and oxidative stress. This process also stresses
the endoplasmic reticulum, causing protein misfolding and,
in severe cases, cell death. Consistent with these effects, we
observed that OGD/R significantly hindered ATP production
and increased ROS levels (Figure 1H, I). In addition, OGD/R
activated glucose-regulated protein (GRP7S8), activating
transcription factor 6 (ATF6), and C/EBP homologous protein
(CHOP), three key endoplasmic reticulum stress markers.
Notably, HY treatment significantly reduced the expression
of these proteins (Figure 1J, K). In summary, HY exhibits a
protective effect against OGD/R-induced myocardial injury,
primarily mediated by reducing calcium overload, alleviating
endoplasmic reticulum stress, and inhibiting pro-apoptotic
pathways.

HY exhibits synergistic inhibitory effect with
BAPTA-AM in vitro

BAPTA-AM (BA) is a selective calcium chelator that
protects cells by alleviating intracellular Ca?" overload #¢ 7,
To validate our hypothesis that HY exerts its protective effect
in vitro through the regulation of [Ca?] i, we investigated its
impact on OGD/R-induced myocardial injury. Our findings
demonstrate that HY can correct the abnormal calcium
cycling in myocardial cells caused by OGD/R, reduce the
levels of ROS, increase the synthesis of ATP, alleviate
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Figure 1: HY ameliorates the damage of AC16 cells induced by OGD/R. (A) Effects of different concentrations of HY on cell viability under
normoxic conditions, n=6; (B) Effects of different concentrations of HY on cell viability under OGD/R conditions, n=6; (C) Effect of HY on
LDH content in AC16 cell supernatant of OGD/R, n=4; (D) Intracellular Ca** fluorescence and quantification, scale bar 200 pm, n=6; (E-F)
The expression of IP3R, RYR2, SERCA2a, and NCX-1 proteins, n=3; (G) Extracellular Ca?>* concentration changes, n=4; (H) ATP levels in
OGD/R-injured cells with HY, n=5; (I) ROS fluorescence and quantification, scale bar 200 um, n=4; (J-K) ER stress markers (ATF6, GRP78,
CHOP) and CREB/p-CREB expression, n=3. “P<0.05 VS Control, #P<0.01 VS Control, #P<0.001 VS Control, "P<0.05 VS OGD/R, ""P<VS
OGD/R, ""P<0.001 VS OGD/R.
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Figure 2: HY exhibits synergistic inhibitory effect with BA in vitro. (A) Intracellular Ca*" levels, scale bar 200 pm, n=6; (B-C) Calcium
channel protein expression (IP3R/RYR2/SERCA2a/NCX-1), n=3; (D-E) SERCA2a immunofluorescence and semi-quantitative analysis, scale
bar 50 um, n=4; (F) ATP concentration, n=6; (G) ROS fluorescence levels and analysis, scale bar 200 pm, n=6; (H) ER stress markers (ATF6,
GRP78, CHOP) expression, n=3. “P<0.05 VS Control, #P<0.01 VS Control, ###P<0.001 VS Control, "P<0.05 VS OGD/R, *P<0.01 VS

OGD/R, ""P<0.001 VS OGD/R.
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endoplasmic ER, and its effects are comparable to those of
BA (Figure 2A, F-G). The results of detecting the expression
levels of calcium ion channels and ER stress-related proteins
in myocardial cells show that both HY and BA upregulate
the expressions of SERCA2a and RYR2, and simultaneously
downregulate the expressions of IP3R, NCX-1, ATF6,
GRP78, and CHOP. These two compounds exhibit similar
protective effects on myocardial cells (Figure 2B-C, H-I).
In addition, immunofluorescence experiments indicate that,
compared with the OGD/R group, the treatment with HY
and BA significantly enhances the fluorescence expression of
SERCAZ2a in myocardial cells (Figure 2D, E).

Molecular docking and dynamic simulation of
HY binding to sarco/endoplasmic reticulum Ca”
receptors

Molecular docking studies revealed that HY interacts
with three sarco/endoplasmic reticulum calcium-related
proteins—SERCA2a, RYR2, and IP3R—with distinct
binding characteristics (Figure 3A). For SERCA2a,
the docking showed a binding energy of —4.3 kcal/mol,
primarily due to hydrogen bonding with ARG-677 along
with hydrophobic contacts. In contrast, HY exhibited weaker
binding to RYR2 (-3.2 kcal/mol, involving a hydrogen
bond with LEU-9) and IP3R (3.8 kcal/mol, with hydrogen
bonds at THR-268 and ARG-503), which may contribute
to modulating calcium release while its key action remains
on SERCA2a. When the SERCA2 channel adopts an open
conformation, a cavity between Helix 1 and Helix 2 of the
pore-forming domain accommodates small molecules.
Molecular docking demonstrated that HY binds to this
region, suggesting its potential to stabilize the channel's open
state (Figure 3B). Molecular dynamics simulations (>100 ns)
confirmed the stability of the HY-SERCA2a complex. Root
mean square deviation (RMSD) analysis revealed dynamic
equilibrium after 20 ns with minimal structural drift (Figure
3C). The radius of gyration (Rg) indicated preserved global
compactness without significant deformation, confirming
that HY binding does not disrupt protein folding (Figure 3D).
Solvent-accessible surface area (SASA) analysis suggested
no substantial alteration in surface exposure, implying HY
binding within a hydrophobic cavity (e.g., the Helix1-Helix2
interface) (Figure 3E). Residue-wise root mean square
fluctuation (RMSF) showed high flexibility in the calcium-
binding domain (residues 200—600), essential for functional
activity, while the transmembrane core (residues 800—1000)
maintained rigidity to ensure structural stability (Figure 3F).
Hydrogen bond analysis revealed persistent interactions
between HY and SERCAZ2a, enhancing binding affinity
and interfacial stability (Figure 3G). Collectively, these
results indicate that HY stabilizes the open conformation of
SERCA2a by occupying the Helix1-Helix2 cavity, forming
a stable hydrogen-bonding network to maintain dynamic
equilibrium, and likely modulates calcium transport activity
through allosteric effects.
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Figure 3: Molecular docking and dynamic simulation of HY binding
to sarco/endoplasmic reticulum Ca*" receptors. (A) Molecular
docking of HY with SERCA2a, RYR2, and IP3R receptors; (B)
Activation mechanism of the HY-SERCA2a complex; (C) RMSD
analysis of the HY-SERCA2a complex; (D) Rg analysis of the
HY-SERCA2a complex; (E) SASA analysis of the HY-SERCA2a
complex; (F) RMSF analysis of the HY-SERCA2a complex; (G)
Hydrogen bond variations in the HY— SERCA2a complex.

SERCA2a silencing aggravates calcium overload,
ER stress, and mitochondrial damage in myocardial
injury

SERCA2a is the primary isoform of the SR calcium
pump in cardiac cells, playing a crucial role in regulating
intracellular Ca?" concentration, which is essential for both
cardiac relaxation and contraction % Our study shows
that SERCAZ2a activity is critical for controlling myocardial
injury. When SERCA2a was silenced, the OGD/R group
exhibited clear disruptions in calcium cycling in cardiac
myocytes (Figure 4A), which led to reduced intracellular
ATP production (Figure 4D). Under OGD/R conditions in
vitro, electron microscopy of ACI16 cells revealed severe
mitochondrial damage, such as increased fragmentation,
disrupted cristae, and loss of the outer membrane (Figure 4E).
Further analysis of calcium ion channels and endoplasmic
reticulum stress markers confirmed that silencing SERCA2a
worsened calcium cycling dysfunction and ER stress compared
to the OGD/R group. Treatment with the small molecule HY
partly relieved the damage caused by SERCA2a silencing. HY
restored SERCA2a protein levels and reduced the expressions
of NCX-1, ATF-6, GRP78, and CHOP (Figures 4B-C, F-G).
In myocardial infarction, reduced SERCA2a expression
contributes to calcium overload, increased p-CREB levels,
activation of apoptotic pathways, and worsening of injury.
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Figure 4: SERCAZ2a silencing aggravates calcium overload, ER stress, and mitochondrial damage in myocardial injury. (A) ROS fluorescence
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Notably, silencing SERCA2a raised p-CREB levels, and
HY did not counteract this effect, highlighting SERCA2a's
key role in regulating CREB phosphorylation. Overall, these
results indicate that SERCA2a is crucial in the protective
effects of HY against calcium overload-induced myocardial
injury by modulating ER stress, mitochondrial damage, and
the pro-apoptotic pathway.

SERCA2a overexpression and HY synergistically
protect against OGD/R-induced myocardial damage

SERCAZ2a regulates cardiac contraction and relaxation
by transporting Ca?" from the cytoplasm into the SR [!-33],
Enhanced expression of SERCA2a has been shown to improve
cardiac contractile performance in myocardial infarction 4561,
Both the transcriptional and protein levels of SERCA?2a fall in
cardiac tissue of those with myocardial infarction. This study
found that the transfection of the empty plasmid (EV group)

OGODR
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had little effect on the cells relative to the OGD/R group.
Although the oxidative stress got on by OGD/R was a lot
reduced by the SERCA2a overexpression group (SERCA2a-
OE group), and also reduced the making at ATP and the
potential of the mitochondrial membrane (Figure 5A, B).
The overexpression of SERCA2a significantly inhibited the
expressions of NCX-1, ATF-6, GRP78, CHOP and p-CERB
(Figure 5C-D, F-G). HY further synergistically enhances this
effect, indicating that the activity of SERCAZ2a is negatively
correlated with the levels of NCX-1, ATF-6, GRP78, CHOP,
and p-CREB. Further, the HY-induced low lipid ROS levels
was further aided by the SERCA2a-OE group (Figure 5E).
The experimental results showed that the small molecule HY
enhanced the protective effect of SERCA2a overexpression
against myocardial infarction, indicating that HY can directly
regulate the expression of SERCAZ2a, thereby improving
myocardial injury.
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HY protects against LAD-induced acute myocardial
infarction

We made a mouse model of myocardial infarction using
the LAD artery ligation means aiming to further study the
routine affect of HY against myocardial infarction. The
successful establishment of the M/I model was confirmed by
a blood flow imager (Figure 6A). To our findings, the M/I
group's blood level of LDH and heart weight to body weight
ratio (HW/BW) rose relative to the Sham group; though,
these increases were significantly reduced following getting
HY or clopidogrel therapy (Figure 6B-C). Additionally, we
found that compared with the M/I group, administration
of HY significantly improved cardiac function, reduced
the area of myocardial infarction, alleviated the disordered
arrangement of myocardial cells, and decreased myocardial
fibrosis, demonstrating that its protective effect against
myocardial infarction was comparable to that of clopidogrel
(Figure 6D-J).
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HY attenuates M/I-induced myocardial calcium
overload and ER stress in mice

Thromboxane synthase inhibitors reduce thromboxane
(TXA2) synthesis, thereby inhibiting platelet aggregation and
vasoconstriction. This improves myocardial blood flow, limits
infarct size, alleviates cardiomyocyte injury, and provides
significant cardioprotection. TXB: and 6-keto-PGFla are
stable metabolites of TXA2 and PGI2, respectively, and
their balance is crucial for maintaining normal platelet-
vascular interactions. Our results show that both HY and
clopidogrel suppressed the M/I-induced increase in TXB2
and platelet aggregation, while preventing the reduction
in 6-keto-PGFla (Figure 7 A, D). In addition, HY and
clopidogrel downregulated thromboxane synthesis-related
proteins, including TBXAS-1, PGD, and COX-1 (Figure 7B,
C). Immunohistochemistry and calcium level measurements
further revealed that HY enhanced SERCA2a expression,
reduced CHOP levels, and
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Figure 6: HY protects against LAD-induced acute myocardial infarction. (A) Cardiac blood flow imaging of the hearts of mice in the sham
operation control group or the M/I group, n=4; (B) The ratio of the left ventricular heart weight to the body weight (HW/BW) of mice, n=6;
(C) The level of LDH in the serum of mice, n=6; (D-H) Results of M-mode echocardiography, TTC staining, HE staining, Masson staining and
semi-quantitative analysis of mice, scale bar 50 um, n=6; (I-J) The levels of ¢cTnl and CK-MB in the serum of mice, n=6. “P<0.05 VS Control,
#P<0.01 VS Control, #P<0.001 VS Control, "P<0.05 VS OGD/R, ""P<0.01 VS OGD/R, ""P<0.001 VS OGD/R.
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Figure 7: HY attenuates M/I-induced myocardial calcium overload and ER stress in mice. (A) Serum levels of TXB2 and 6-keto-PGF1la
in mice, n=6; (B-C) Western blot analysis of TBXAS-1, PGD, and COX-1 expression, n=3; (D) Platelet aggregation rate in mice, n=6; (E)
Immunohistochemical analysis of SERCA2a expression in mouse hearts, n=6; (F, H) Western blot analysis of SERCA2a, NCX-1, RYR2, and
IP3R, n=3; (G) Ca*" levels in serum and myocardial tissue, n=6; (I) Immunohistochemical analysis of CHOP expression in mouse hearts (n=6);
(J-K) Western blot analysis of ATF6, GRP78, and CHOP, n=3. *P<0.05 VS Control, #P<0.01 VS Control, #*P<0.001 VS Control, “P<0.05 VS
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lowered myocardial Ca*" concentration compared to the
M/I group, thereby improving calcium cycling and reducing
cell death (Figure 7E, I). Protein analysis showed that, in
contrast to the Sham group, M/I greatly altered the expression
of markers related to calcium and ER stress (IP3R, RYR2,
SERCA2a, NCX-1, GRP78, ATF6, and CHOP) (Figure 7F-
G, J-K). Treatment with HY (25 or 50 mg/kg) or clopidogrel
(25 mg/kg) effectively reversed these changes, indicating
that HY restores calcium homeostasis and ER function in the
AMI mouse model.

Discussion

In this work, we show that the myocardial contractile
function of mice with a myocardial infarction is directly and
positively driven by the activation of SERCA2a via HY.
Myocardial ischemic necrosis, resulting from obstructed
coronary blood flow, leads to reduced SERCA2a activity,
which impairs calcium reuptake, decreases SERCAZ2a-
mediated Ca?" transport into the SR, increases NCXI-
mediated Ca?* efflux, and induces RYR2 dysfunction, all of
which culminate in diastolic calcium leak %781, They fall SR
calcium levels, avoid contractile and relaxation factors, and
ultimately cut the amplitude of myocardial cell shortening.
HY mitigates these effects by directly upregulating SERCA2a
expression, improving intracellular Ca** cycling, inhibiting
ER stress, and preventing ROS production, thereby enhancing
cardiac function.

HY is a thromboxane TXA: synthase inhibitor and a novel
Class I chemical entity. Previous studies have shown that
HY possesses antiplatelet aggregation and antithrombotic
properties, providing therapeutic benefits in conditions such
as laurate-induced peripheral vascular occlusive vasculitis
and ischemic stroke. In the present study, we found that
HY treatment highly rebuilt heart activity and improved
prognosis after myocardial infarction. Specifically, HY
boosted SERCA2a activity, restored calcium homeostasis
in myocardial cells, alleviated oxidative stress, and reversed
mitochondrial dysfunction, all of which contributed to its
cardioprotective effects. Moreover, silencing the SERCA2a
gene abolished the cardioprotective effects of HY, resulting
in calcium cycling dysregulation and exacerbation of ER
stress. In contrast, overexpression of SERCA2a conferred
protective effects, suggesting a pivotal role for SERCA2a in
mediating HY's therapeutic benefits.

Calcium overload is a central mechanism underlying
myocardial damage induced by AMI % Under normal
physiological conditions, action potentials (APs) propagate
along the sarcolemma and T-tubules (TT), activating L-type
calcium channels (LTCCs), which allow a small influx of
Ca?* 11 This increase in local Ca?" concentration between
the sarcolemma or TT and Junctophilin-2 (JPH2) triggers
calcium sparks, which in turn activate the SR to release
Ca?" into the cytoplasm via RYR2, resulting in calcium

Volume 10 ¢ Issue 3 139

transients %, This phenomenon, known as calcium-induced
calcium release (CICR), rapidly elevates cytosolic Ca**
concentrations in cardiomyocytes, which leads to muscle
contraction through the binding of Ca** to troponin, inducing
conformational changes in actin and myosin filaments ©2.
The contractile force generated is proportional to the number
of cross-bridges formed, which is influenced by intracellular
Ca?* concentration and myocardial cell sensitivity to
calcium. In our study, an in vitro model demonstrated that,
following OGD/R, Ca** and ROS levels were significantly
elevated in AC16 cells, while extracellular Ca?>" and ATP
levels were reduced, indicating calcium overload associated
with myocardial infarction. BA, a calcium chelator, bound
free Ca?*, forming stable calcium complexes and effectively
inhibited the rise in Ca?* and ROS levels induced by OGD/R,
while reducing ATP production and Ca?* efflux. HY treatment
exhibited similar effects, underscoring its role in preventing
calcium overload and oxidative stress.

The role of SERCA2a in maintaining calcium
homeostasis is well-documented ¢4, SERCA2a is the
primary calcium pump in the SR of cardiac cells, crucial for
regulating cytosolic Ca** concentrations and enabling cardiac
relaxation and contraction %657 ]t has been shown that
the expression of SERCAZ2a is regulated by phospholamban
(PLN) and phospholamban-like proteins (PLB) 8. PLN
inhibits SERCA2a activity by reducing its affinity for Ca*"
91 Under low cytosolic Ca?* conditions, PLN interacts
with SERCA2a, decreasing its affinity for calcium [,
Upon increased calcium concentration, Ca?"/calmodulin-
dependent protein kinase II (CaMKII) becomes activated,
leading to phosphorylation of PLN at Thr-17, which relieves
PLN's inhibitory effect on SERCA2a. Additionally, protein
kinase A (PKA) phosphorylates PLN at Serl6, diminishing
its inhibition of SERCA2a, thus promoting more efficient
myocardial relaxation '72, Daniel et al. " provided further
structural insights into the interaction between PLN and
SERCAZ2a, clarifying their roles in calcium transport. Our
findings, however, suggest that silencing the SERCA2a
gene significantly reduced SERCA2a immunofluorescence
intensity, impaired mitochondrial membrane potential,
suppressed ATP production, and reduced intracellular Ca?*
efflux, indicating mitochondrial damage in cardiomyocytes.
Immunoblotting confirmed that silencing SERCA2a
downregulated its activity and upregulated NCX-1
expression. Treatment with HY (40 mm) partially reversed
the myocardial damage caused by SERCAZ2a silencing.
This result aligns with previous studies confirming that
SERCAZ2a overexpression is an effective therapeutic strategy
for myocardial infarction. Our data also indicate that HY
enhances the protective effects of SERCA2a overexpression,
suggesting that the compound improves cardiac function by
directly modulating SERCA2a expression.
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Maintaining ER calcium homeostasis is critical for
proper cellular function and Ca?* signaling U*7l. The ER's
calcium balance is regulated by calcium-binding proteins
such as calnexin, BiP, and GRP78, along with ER-resident
Ca?" transporters and regulators, including RYRs, IP3Rs,
and SERCA V. It is known that the SERCA inhibitor TG
induces ER calcium leakage, leading to depletion of ER Ca?*
stores, triggering ER dysfunction, and activating the unfolded
protein response (UPR) ", The UPR involves three main
signaling pathways: the IREla pathway (involving GRP78),
the PERK pathway (involving CHOP), and the ATF6
pathway 8. During ER stress, these pathways are activated
to mitigate stress and promote cell survival . However,
if adaptive UPR feedback is insufficient, UPR signaling
remains activated, leading to chronic ER stress, terminal UPR
activation, and cell death®. Our study demonstrates that HY -
021068 inhibited the activity of ATF6, GRP78, and CHOP
proteins, thus mitigating ER stress-induced damage in the
myocardium following OGD/R and LAD surgery.

Conclusions

In summary, our study suggests HY rises SERCA2a
activity, preserving the heart in myocardial infarction. This
mechanism mitigates calcium overload induced by infarction,
alleviates ER stress, prevents mitochondrial damage, and
suppresses pro-apoptotic pathways. These findings provide
novel insights into the cardioprotective mechanisms of HY,
highlighting its potential as a multi-target therapeutic agent
for ischemic heart disease.

Graphical Abstract

Schematic diagram of the mechanism by which HY
inhibits calcium overload to prevent acute myocardial
infarction injury. HY upregulates SERCA2a to stabilize
the calcium pump, restore myocardial calcium homeostasis,
inhibit oxidative/ER stress, thereby preventing calcium
overload and alleviating acute myocardial infarction injury.
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