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Abstract

Background: Coronary microembolization (CME) often occurs as a serious complication during or after percutaneous coronary in-
tervention (PCI), leading to an impairment in heart function, inflammation, and cell death. Dapagliflozin (DAPA) has been shown to
have cardioprotective effects. However, its role and exact mechanism in CME remains unclear. Methods: A preclinical CME model
was developed via the administration of microspheres into the left ventricle. In an in vitro model, the CME-created microenvironment
was observed by using lipopolysaccharide (LPS) with hypoxic induction on H9C2 cardiomyocytes. Before developing both experi-
mental models, DAPA or the sirtuin 1 (SIRT1) inhibitor “EX-527” was administered. Echocardiography, histological examination, and
molecular and immunological assays were carried out to assess the levels of cardiac tissue or cardiomyocyte damage, inflammation,
and apoptosis. Results: Heart dysfunction and tissue damage caused by CME can be alleviated by pre-treatment with DAPA, which
also reduces myocardial inflammation and apoptosis. Moreover, both experimental studies have depicted that DAPA can upregulate the
SIRT1 level and downregulate the acetylation and phosphorylation levels of nuclear factor kappa-B (NF-xB) p65. This effect inhibits
the induction of NF-xB signaling and mitigates cardiomyocyte damage. However, DAPA’s cardioprotective effect was reversed when
co-treated with EX-527. Conclusions: DAPA reduces myocardial damage caused by CME by suppressing myocarditis and apoptosis
via the SIRT1/NF-£B axis.
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1. Introduction Sirtuin 1 (SIRT1), a member of the sirtuin family, is a
highly conserved NAD*-dependent deacetylase that func-
tions as a post-translational regulator [ 10]. Its deacetylation
activity plays a crucial role in various biological processes,
including oxidative stress (OS), cellular senescence, in-
flammation, and apoptosis [11—13]. SIRT1 has been found
to suppress the nuclear factor kappa-B (NF-xB) axis, thus
reducing inflammation in myocardial-infarcted rats [14].
A recent study found that right ventricular pacing led to
increased fibrosis and a suppression of SIRT1 in the left
atrium of pigs, whereas biventricular pacing upregulated its
expression [15]. A previous study demonstrated that resver-
atrol reduces cardiomyocyte apoptosis in rats that have been
exposed to CME by deacetylating p53 through the SIRT1
pathway [16]. Thus, regulation of SIRT1 levels offers a
potential therapeutic strategy targeting cardiovascular dis-

Coronary microembolization (CME), which fre-
quently results from percutaneous coronary intervention
(PCI) or thrombolytic treatment, is typically due to the
disruption of weak atherosclerotic plaques or obstruction
of the distal end of the coronary artery by plaque debris
or small thrombi [1-3]. During peri-operation, the typi-
cal occurrence rate of CME is 15-20%, increasing to as
high as 45% in high-risk patients [4,5]. Local heart con-
tractile impairment and fatal arrhythmias can be the result
of CME causing slow flow or no flow in the heart tis-
sue. This adversely affects patient cardiac functions and
diagnosis [6,7]. It has been found that a high number of
necrotic or apoptotic cardiomyocytes and substantial in-
flammatory cell infiltration linked to with CME-induced
myocardial micro-infarctions. This mechanism is respon-

sible for CME-induced myocardial injury and heart dys-
function. Thus, targeting myocarditis and apoptosis can be
considerably improved, thereby reducing myocardial injury
and improving cardiac function [8,9]. Anti-inflammatory,
antithrombotic agents, and vasodilators are the main treat-
ments used for the prevention of CME [3]. Thus, it is neces-
sary to establish effective strategies for the prevention and
management of CME.

eases (CVDs).

Dapagliflozin (DAPA) is an oral hypoglycemic drug
that is a member of a novel class of drugs identified as
sodium-glucose cotransporter 2 (SGLT2) inhibitors. It acts
by blocking glucose reabsorption in the kidneys and en-
hancing its excretion in urine [17,18]. Apart from its

glucose-reducing abilities, DAPA has a substantial role
in CVDs [19]. Clinical studies have shown that DAPA
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markedly decreases the possibility of cardiovascular mor-
tality and is required for hospitalized heart failure patients
[20,21]. A study has suggested that DAPA can reduce
inflammation and apoptosis in hyperglycemic endothelial
cells by stimulating adenosine monophosphate-activated
protein kinase (AMPK)/SIRT1 pathway [22]. It was also
shown that DAPA inhibits endoplasmic reticulum stress and
activates SIRT1 to reduce pressure overload-induced my-
ocardial remodeling in laboratory animals [23]. However,
the function and possible mechanism of DAPA in heart in-
jury caused by CME remain unclear.

Thus, the present research endeavors to elucidate the
impact of DAPA on CME-induced myocarditis and apopto-
sis in rats, and to investigate its connection with SIRT1 and
downstream pathways. This, in turn, will reveal the poten-
tial mechanism and role of DAPA in the context of heart
damage caused by CME.

2. Materials and Methods

2.1 Animal Model

Eight-week-old male Sprague-Dawley (SD) rats
(Guangxi Medical University, Nanning, Guangxi, China),
weighing between 250 and 300 grams, were acquired and
housed at the Guangxi Medical University’s Experimen-
tal Animal Facility. All animal-related experiments, con-
ducted in accordance with the established standards and
procedures of the National Institutes of Health, have been
approved by the Animal Care and Welfare Committee of
Guangxi Medical University.

The CME rat model was established as previously de-
scribed [8]. The rats were intraperitoneally administered
with 1% pentobarbital sodium (3040 mg/kg) to induce
anesthesia. After completing tracheal intubation and assist-
ing rat respiration with an animal ventilator, the chest was
opened to expose the heart, and the ascending aorta was
exposed and occluded for 10 sec with a vascular clamp,
and 4000 microspheres (45 pum) (Polysciences Inc., War-
rington, PA, USA) in normal saline (0.2 mL) were infused
into the left ventricle from the apex of the heart. The sham
group was only treated with 0.2 mL of normal saline and
followed by the same surgical and experimental procedures.
The chest was closed sequentially, and extubation was per-
formed when heart rate and spontaneous respiration were
restored.

2.2 Experimental Groups

All experimental rats were distributed into 4 groups
randomly: (1) Sham, (2) CME, (3) CME + DAPA, and
(4) CME + DAPA + EX-527 groups. Each group con-
sisted of 10 rats (n = 10). Before the establishment of the
CME model, rats in the CME + DAPA group received pre-
treatment of DAPA (1 mg/kg/d) (AstraZeneca Pharmaceu-
tical Co., Ltd., Cambridge, UK) through intragastric injec-
tion for 7 days. The dose setting was based on studies of
other metabolic and CVD models, along with the equal vol-

ume of drug doses between rat and human body surface
area [24-26]. Dapagliflozin was administered to rats in the
CME+ DAPA + EX-527 group for 7 days, followed by EX-
527 (5 mg/kg) (MedChem Express Co., Nanjing, Jiangsu,
China) in the tail vein for 30 min before surgery. We previ-
ously found that the heart’s functionality was at its lowest
point 12 h after the CME [8]. Echocardiography was con-
ducted 12 h after CME induction. Following this, the ex-
perimental rats were euthanized by intraperitoneal injection
of an overdose of 1% pentobarbital sodium, and blood and
cardiac tissues were collected.

2.3 Echocardiography

To evaluate cardiac function in rats postoperatively,
the left ventricular end-diastolic diameter (LVEDA), left
ventricular fractional shortening (LVFS), left ventricular
end-systolic diameter (LVESd), and left ventricular ejec-
tion fraction (LVEF) were measured by an ultrasonic car-
diograph (Philips Technologies, Andover, MA, USA). All
echocardiograms were carried out by trained specialists
who were unaware of the study.

2.4 Hematoxylin and Eosin (HE) Staining

The rat ventricle’s 4 um paraffin sections underwent
deparaffinization and rehydration processes, followed by
staining with hematoxylin and eosin. These sections were
dehydrated and dried. All histological key features were ob-
served and analyzed under optical microscopy (Olympus,
Tokyo, Japan).

2.5 Transmission Electron Microscopy (TEM)

The myocardium’s ultrastructural features were exam-
ined through the application of TEM. The myocardium of
the left ventricular free wall was divided into 1 mm? sec-
tions, immersed in 3% glutaraldehyde for 24 h at 4 °C,
and then dehydrated, embedded, and stained with respec-
tive stainings. Utilizing the Hitachi H-7650 electron mi-
croscope (Hitachi, Tokyo, Japan), these sections underwent
a thorough examination.

2.6 Detection of Cardiomyocyte Injury Markers

Cell culture supernatants or serum samples were eval-
uated for the detection of the level of creatine kinase
myocardial band isoenzyme (CK-MB), cardiac troponin I
(cTnl), interleukin-15 (IL-15) and tumor necrosis factor-a
(TNF-«) via commercial ELISA kits (Bio-Swamp, Wuhan,
Hubei, China). Lactate dehydrogenase (LDH) activity was
quantified using a kit (Solarbio, Beijing, China). Super-
oxide dismutase (SOD) activity, malondialdehyde (MDA)
content and adenosine triphosphate (ATP) levels were eval-
uated with respective SOD, MDA, and ATP measurement
kit (Beyotime, Shanghai, China), as per the manufacturers’
recommendations.
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2.7 Hematoxylin-Basic Fuchsin-Picric Acid (HBFP)
Staining

Myocardial micro-infarction in rats after CME induc-
tion was evaluated using HBFP staining. About 4 um ven-
tricular heart paraffin sections were deparaffinized, stained
with hematoxylin, and alkaline fuchsin, and differentiated
in a picric acid acetone dye. These sections were dried and
dehydrated. These results were evaluated with an optical
microscope (Olympus, Tokyo, Japan). All erythrocytes and
ischemic myocardial tissues were stained red, while the nu-
clei were stained blue-black, and the normal myocardial tis-
sues were stained yellow or brownish-yellow. The infarct
size was quantified via Image J software (NIH, Bethesda,
MD, USA).

2.8 Immunohistochemical Staining

Precisely, the tissue sections were processed for de-
paraffinization, hydration, and antigen retrieval steps. The
sections were kept with primary antibodies: IL-15 (1:500,
ab283818, Abcam, Cambridge, UK) and TNF-« (1:500,
ab307164, Abcam, Cambridge, UK) with 1:500 dilutions
and then labeled with HRP polymer-linked secondary an-
tibody (1:1000, ab6721, Abcam, Cambridge, UK). The re-
sults were examined under the optical microscope.

2.9 Cell Culture and Group Distribution

Rats H9C2 cardiomyocytes (Zhonggiao Xinzhou
Biotechnology Co., Ltd., Shanghai, China) were used for in
vitro model induction. A complete cell culture medium was
prepared by supplementing 10% fetal bovine serum (FBS;
Gibco, Waltham, MA, USA) with Dulbecco’s Modified Ea-
gle Medium (DMEM; Gibco, MA, USA). The cell culture
was maintained at 37 °C in a 5% CO,. The H9C2 cell
line has passed short tandem repeat (STR) profiling vali-
dation and tested negative for mycoplasma. In the previous
study, a cell model was developed by exposing the cells
from lipopolysaccharide (LPS) (Solarbio, Beijing, China)
along with hypoxia to create an ischemia microenvironment
caused by CME and induced cardiac damage [27]. H9C2
was treated with LPS (10 pg/mL) under hypoxic conditions
for 12 h to induce injury. Control cells were cultured un-
der a controlled environment without any treatment. Be-
fore exposing the cells to LPS + hypoxia stimulation, they
were pre-treated with 10 uM dapagliflozin for 2 h for DAPA
treatment. In the rescue experiment, cells were pre-treated
with DAPA and EX-527 (10 uM) for 2 h before being in-
duced with LPS+ hypoxia (LPS+H).

2.10 Cell Viability

In all groups, approximately 5 x 103/well HOC2 cells
were allowed to grow into a 96-well plate. After addition of
CCK-8 solution (10 puL, Solarbio, Beijing, China) for 1 h at
37 °C, absorbances at 450 nm were read with a microplate
reader (Thermo Inc., Waltham, MA, USA).
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2.11 Measurement of ROS Generation

Each group of samples was treated with a sensitive
fluorogenic probe called dihydroethidium (DHE) to assess
the reactive oxygen species (ROS) accumulation within the
cells. Both H9C2 cells and frozen heart tissue sections
were treated with 10 mM of DHE (Servicebio, Guangzhou,
Guangdong, China) for 30 min at 37 °C in dark condi-
tions. After incubation, the fluorescence emitted by the tis-
sues and cells was recorded using a fluorescent microscope
(Olympus, Tokyo, Japan). The ROS signals were measured
via the ImagelJ software (1.51j, National Institute of Health,
Bethesda, MD, USA).

2.12 TdT-Mediated dUTP Nick-End Labeling (TUNEL)
Staining

Apoptosis rates in H9C2 cardiomyocytes and heart tis-
sue sections were assessed with a TUNEL Cell Apoptosis
Detection Kit (Servicebio, Guangzhou, China). Briefly, the
sections were incubated with the TUNEL reaction reagent
to stain apoptotic cells, with 4’°,6-diamidino-2-phenylindole
(DAPI, Solarbio, Guangzhou, Guangdong, China) counter-
staining of the nuclei to assess the number of cells. These
sections were then examined under a fluorescence micro-
scope (Olympus, Tokyo, Japan). The proportion of apop-
totic cardiomyocytes was measured by dividing the number
of TUNEL+ve cardiomyocyte nuclei by the overall number
of cardiomyocyte nuclei.

2.13 Immunofluorescence (IF) Staining

IF was employed to assess levels of apoptosis-
associated proteins in H9C2 cardiomyocytes and rat heart
tissues. Briefly, cardiomyocyte slides and heart tissue sec-
tions were immersed in paraformaldehyde (PFA, 4%), per-
meabilized with Triton-X (0.5%), and blocked with bovine
serum albumin (5%). Sections were then treated with pri-
mary antibodies against SIRT1 (1:100, ab189494, Abcam,
Cambridge, UK), Bcl-2 (1:300, ab194583, Abcam, Cam-
bridge, UK), Bax (1:300, ab53154, Abcam, Cambridge,
UK), and cleaved caspase-3 (1:300, #9661, Cell Signaling
Technology, CST, Danvers, MA, USA) at 4 °C for 24 h.
Subsequently, the sections were probed with Cy3-linked
secondary antibodies (1:500, ab6939, Abcam, Cambridge,
UK) in the dark for 1 h. DAPI (Solarbio, Guangzhou,
Guangdong, China) was used to counterstain the cell nu-
clei. After each treatment step, the sections and slides are
examined using a fluorescence microscope.

2.14 Western Blot (WB)

Proteins were isolated from rat heart tissues and
HOC2 cells via radio immunoprecipitation assay (RIPA)
buffer. After electrophoresis separation and transfer, the
extracted proteins are transferred to the membrane, fol-
lowed by blocking and primary antibody incubation. Pri-
mary antibodies included SIRT1 (1:1000, ab189494, Ab-
cam, Cambridge, UK), TNF-« (1:1000, ab307164, Ab-
cam, Cambridge, UK), Bax (1:1000, ab53154, Abcam,
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Cambridge, UK), IL-15 (1:1000, ab283818, Abcam, Cam-
bridge, UK), Bcl-2 (1:1000, ab194583, Abcam, Cam-
bridge, UK), NF-xB P65 (1:1000, #8242, CST, Danvers,
MA, USA), cleaved caspase-3 (1:1000, #9661, CST, Dan-
vers, MA, USA), Phospho-NF-xB p65 (Ser536) (1:1000,
#3033, CST, Danvers, MA, USA), and Acetyl-NF-xB p65
(Lys310) (1:1000, #3045, CST, Danvers, MA, USA). -
actin (1:10,000, ab8227, Abcam, Cambridge, UK) served
as a reference internal control. Subsequently, the mem-
brane is washed and incubated with the secondary antibody
(1:10,000, sc-2357, Santa Cruz Biotechnology, Dallas, TX,
USA). For protein band visualization, a chemiluminescence
detection kit (Pierce, Rockford, IL, USA) was utilized. All
bands were quantified via ImageJ software.

2.15 Statistical Analysis

Data was statistically evaluated via SPSS software
(26.0 V, IBM, Chicago, IL, USA). All observations and
analyses are represented as mean + standard deviation
(SD). Multiple group comparison was carried out via One-
way analysis of variance (ANOVA) with Student-Newman-
Keuls post hoc tests. A significance level of p < 0.05 was
regarded as a significance threshold.

3. Results

3.1 DAPA Attenuates Cardiac Dysfunction and
Myocardial Injury Induced by CME

The echocardiogram results indicated that heart func-
tion in the CME rats was substantially impaired as op-
posed to the Sham group. This was apparent in the
higher LVEDd and LVESd, together with the reduced LVFS
and LVEF. Conversely, the CME+DAPA group demon-
strated improved LVFS and LVEF, together with decreased
LVEDd and LVESd, relative to the CME rats, indicating
that DAPA treatment greatly enhanced heart failure. The
cardioprotective effect of DAPA can be reversed by EX-
527 (Fig. 1A-E).

Myocardial tissues were histopathologically exam-
ined by HE and HBFP stainings. The HE-stained tissue
section of the sham group did not show any apparent patho-
logical abnormalities. However, the CME group revealed
microembolic spheres within the arterioles, surrounded by
areas of microinfarction. These areas were characterized
by cell swelling, degeneration, erythrocyte extravasation,
and invasion of inflammatory cells (Fig. 1F). The region of
myocardial microinfarction is often detected using HBFP
staining. The staining results indicated that the myocardium
of rats in the sham group failed to show any apparent mi-
croinfarction, whereas the CME group displayed multiple
microinfarctions (Fig. 1G,H). The CME group displayed
higher levels of CK-MB, LDH, and cTnl relative to the
Sham group, as per serum biochemical assays (Fig. 11-K).
After CME, these findings suggest severe cardiac damage
and myocardial morphological abnormalities. Importantly,
the pathological injury to myocardial tissue was amelio-
rated by DAPA pretreatment, which also resulted in a de-

crease in the severity of myocardial microinfarcts and the
levels of serum CK-MB, LDH, and cTnl. Conversely, the
positive effects of DAPA turned ineffective when combined
with EX-527.

3.2 DAPA can Attenuate CME-Induced Mitochondrial
Damage and Oxidative Stress

The TEM analysis of myocardial tissue revealed no
abnormalities in the ultrastructure of the sham group. it
was depicted that, the myocardial cell myofibrils were well-
organized, and the mitochondrial membranes were intact.
In contrast, the CME group displayed disorganized and par-
tially fragmented myofibrils in myocardial cells. Vacuo-
lar degeneration and swelling of mitochondria were also
observed in the CME group. Moreover, the ultrastruc-
tural alterations and mitochondrial damage that were caused
by CME were substantially alleviated by DAPA treatment
(Fig. 2A). The myocardial cells in the CME group con-
tained greater amounts of ROS and MDA, together with
reduced SOD and ATP, relative to the Sham group. How-
ever, DAPA mitigated ROS production, increased ATP lev-
els and SOD activity, and decreased MDA levels (Fig. 2B—
F). Conversely, the antioxidant and mitochondrial therapeu-
tic effects of DAPA were markedly reduced by co-treatment
with EX-527. Collectively, these data indicate that DAPA
reduces OS and mitochondrial injury induced by CME.

3.3 DAPA Attenuates H9C2 Cardiomyocyte Injury Induced
by LPS Combined with Hypoxia

Relative to the controls, the viability of H9C2 car-
diomyocytes in the LPS+H group decreased substantially,
as indicated by the results of CCK-8 assays. Conversely,
the viability of the cells was significantly enhanced by
DAPA (Fig. 3A). The biochemical detection of CK-MB,
LDH, and cTnl in the culture supernatant of the LPS+H
group was higher than that of the controls. Following
DAPA treatment, the levels of CK-MB, LDH, and c¢Tnl
in the supernatants decreased (Fig. 3B—D). Moreover, the
LPS+H group of HIC2 cells exhibited greater ROS gen-
eration relative to the controls. Conversely, the formation
of ROS decreased after DAPA treatment (Fig. 3E,F). How-
ever, the protective effect of DAPA on H9C2 cells was al-
most reversed by co-treatment with EX-527.

3.4 DAPA Attenuates CME-Induced Myocardial
Inflammatory Damage

Serum levels of IL-15 and TNF-a were measured
using ELISAs. In contrast to the sham group, the CME
group revealed substantially elevated IL-18 and TNF-«
levels in serum. However, their levels decreased after pre-
treatment with DAPA (Fig. 4A,B). The results of immuno-
histochemistry and WB indicated that the protein levels of
IL-15 and TNF-« in the heart tissue of the CME group
were substantially higher than those in the sham group,
thereby confirming the presence of myocarditis after CME
(Fig. 4C-E). However, their levels in rat myocardium de-
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Fig. 1. DAPA attenuates cardiac dysfunction and myocardial injury induced by CME. (A) Images from echocardiography, repre-
sentative of each group, are presented. (B—E) Measurement results of LVEDd, LVESd, LVEF, and LVFS (n = 10). (F) Representative
images of HE-stained tissues each group (x200; scale bar =200 pm). Black arrows indicate microspheres. (G) Images showing HBFP
staining for each group (x200; scale bar = 200 pm). Black arrows indicate the microinfarct area. (H) Quantitative of the microinfarct
areas in each group (n = 10). (I-K) Levels of ¢Tnl, CK-MB, and LDH in serum measured for each group (n = 10). *p < 0.05 vs. the
Sham group; *p < 0.05 vs. the CME group; “p < 0.05 vs. the CME + DAPA group. Abbreviations: CME, coronary microemboliza-
tion; DAPA, dapagliflozin; EX, EX-527; LVEDd, left ventricular end-diastolic diameter; LVESd, left ventricular end-systolic diameter;
LVETF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; HBFP, hematoxylin-basic fuchsin-picric acid; ¢Tnl,
cardiac troponin I; CK-MB, creatine kinase myocardial band isoenzyme; LDH, lactate dehydrogenase.

clined markedly after DAPA pre-treatment. Interestingly, 3.5 DAPA Attenuates Cardiomyocyte Apoptosis Induced by
the impact of DAPA on IL-1( and TNF-a levels decreased =~ CME

after co-treatment with EX-527.
The apoptosis of cardiomyocytes was further assessed

using TUNEL staining. In comparison to the sham group,
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Fig. 2. DAPA can attenuate CME-induced mitochondrial damage and oxidative stress. (A) Representative TEM images from each

group (x6000; scale bar = 1 um). (B,C) DHE fluorescence probe was used to measure ROS production (x200; scale bar = 100 um) (n
= 10). (D-F) Assessment of MDA, SOD, and ATP levels in the different groups (n = 10). *p < 0.05 vs. the Sham group; *p < 0.05 vs.
the CME group; p < 0.05 vs. the CME + DAPA group. Abbreviations: TEM, transmission electron microscopy; ROS, reactive oxygen

species; MDA, malondialdehyde; SOD, superoxide dismutase; DHE, dihydroethidium.

the staining revealed a substantial increase number of
TUNEL-positive nuclei in the CME group. DAPA pre-
treatment led to a substantial reduction in the proportion
of TUNEL-positive cardiomyocytes (Fig. 5SA). The levels
of apoptosis-related protein expression were analyzed us-
ing immunofluorescence staining and WB. In contrast to the
sham group, the CME group showed substantially increased
levels of cleaved caspase-3 and Bcl2-associated X protein
(Bax) proteins in rat myocardial tissue, while the level of B-
cell lymphoma-2 (Bcl-2) protein was significantly reduced.

DAPA pre-treatment markedly reduced the expression of
cleaved caspase-3 and Bax, while simultaneously increas-
ing the level of Bcl-2 (Fig. 5SB-E). However, co-treatment
with EX-527 remarkably reversed the inhibitory effect of
DAPA on apoptosis in rat cardiomyocytes. Overall, the re-
sults suggest that the positive effects of DAPA on CME are
correlated with the inhibition of cardiomyocyte apoptosis.
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Fig. 3. DAPA attenuates HOC2 cardiomyocyte injury induced by the combination of LPS and hypoxia. (A) A CCK-8 assay was
used to evaluate cell viability (n =5). (B-D) The levels of cTnl, CK-MB, and LDH in the cell culture supernatant of each group (n = 5).
(E.F) ROS levels were determined through DHE fluorescence probing (x200; scale bar = 100 pm) (n = 5). *p < 0.05 vs. the Control
group; “p < 0.05 vs. the LPS+H group; *p < 0.05 vs. the LPS+H+DAPA group. Abbreviations: LPS+H, lipopolysaccharide + hypoxia;

DHE, dihydroethidium.

3.6 DAPA Attenuates H9C2 Cardiomyocyte Apoptosis
Induced by LPS Combined with Hypoxia

Apoptosis assessed using TUNEL staining in an in
vitro study. Relative to controls, the staining revealed a
significantly elevated proportion of TUNEL-positive nuclei
in the LPS+H group which was markedly reduced follow-
ing DAPA pre-treatment (Fig. 6A). The levels of apoptosis-
related protein expression were analyzed using IF staining
and WB. The cleaved caspase-3 and Bax protein contents of
H9C2 cardiomyocytes of the LPS+H group increased con-
siderably in comparison to the control group, whereas Bcl-
2 protein expression levels were markedly reduced. DAPA
pretreatment substantially decreased the levels of cleaved
caspase-3 and Bax, while simultaneously enhancing the
level of Bcl-2 (Fig. 6B-E). In contrast, the inhibiting im-
pact of DAPA on apoptosis in HOC2 cells was substantially
reversed by co-treatment with EX-527. As a result, these
data offer evidence of DAPA’s involvement in the reduc-
tion of apoptosis in cardiomyocytes.

3.7 DAPA Regulates CME-Induced Heart Damage via the
SIRT1/ NF-kB Signaling Pathway

The levels of SIRT1 in heart tissue and the levels
of NF-xB pathway-related biomarkers were detected us-
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ing WB and immunofluorescence to investigate whether
DAPA improves CME-induced myocardial damage is re-
lated to the SIRT1/NF-xB axis. In contrast to the sham
group, the WB results demonstrated that the levels of Ace-
p65 and P-p65 proteins, as well as total P65 protein ex-
pression were enhanced, whereas SIRT1 protein levels were
substantially reduced in the CME group. However, relative
to the CME group, DAPA pre-treatment increased SIRT1
protein expression, while decreasing the levels of Ace-p65
and P-p65 proteins, as well as total p65 protein expression
(Fig. 7A). The impacts of DAPA on the expression of the
SIRT1/NF-xB axis were reversed after co-treatment with
EX-527. The IF results of SIRT1 in myocardial tissue were
consistent with the WB results (Fig. 7B). Simultaneously,
the WB results of H9C2 cardiomyocytes in vitro are con-
sistent with the results of animal experiments. DAPA treat-
ment increased SIRT1 protein expression, while decreas-
ing the levels of Ace-p65 and P-p65 proteins, as well as to-
tal p65 protein expression (Fig. 7C). The effects of DAPA
were reversed after co-treatment with EX-527. The IF find-
ings of SIRT1 in H9C2 cardiomyocytes were also consis-
tent with the WB results (Fig. 7D). Overall, the combined
results of both experimental studies indicate that DAPA re-
duces CME-induced myocarditis and apoptosis by modulat-
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group. Abbreviations: TNF-«, tumor necrosis factor-a; IL-14, interleukin-15.

ing the SIRT1/NF-xB axis and decreasing p65 acetylation
and phosphorylation levels (Fig. 8).

4. Discussion

This study has revealed novel discoveries. The find-
ings indicate that DAPA effectively reduces myocarditis
and apoptosis, thereby reducing CME-caused myocardial
damage, as evidenced by the development of a rat CME
model and an in vitro model of LPS + hypoxia-induced car-
diomyocytes. To the best of the current understanding, this
is the first investigation of the role of DAPA on myocarditis
and cell apoptosis in this specific CVD animal model. Fur-
ther studies, utilizing EX-527, have revealed that DAPA at-
tenuates myocarditis and apoptosis after CME by modulat-
ing the SIRT1/NF-xB axis. This, in turn, leads to the ame-
lioration of CME-induced cardiac dysfunction and a reduc-
tion in myocardial damage. Thus, DAPA showed promising
therapeutic potential for CME-induced heart damage.

The extent of cardiac function impairment induced
by CME is not directly proportional to the reduction in
coronary blood flow [28]. Hence, with the occurrence of
CME-induced myocardial damage, there must be additional
factors beyond the direct damage resulting from reduced
blood flow. Previous research has shown that cardiomy-
ocyte apoptosis and inflammation are significant factors in
the occurrence of myocardial damage following CME, es-
pecially for the typical myocardial tissue near microinfarct

regions [9,29]. The suppression of cardiac apoptosis and
inflammation has been shown to significantly improve car-
diac dysfunction resulting from CME. This study demon-
strated that the heart function of rats in the CME model was
considerably impaired relative to that of the sham group,
and the degree of cardiomyocyte apoptosis and inflamma-
tion was worse in the CME model. All these results are
consistent with previous research.

A novel class of hypoglycemic agents, SGLT-2i, has
demonstrated remarkable cardioprotective properties, in-
cluding the prevention of atherosclerotic events and the
preservation of renal function [30]. Previously, it was
considered that the cardioprotective effect of SGLT-2i
was a result of their diuretic and antihypertensive im-
pacts, which decrease ventricular burden [31]. Accord-
ing to a study, DAPA reduces cardiac damage by block-
ing electrical remodeling and cardiomyocyte apoptosis via
the phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT) signaling cascade [32]. Another study demon-
strates that DAPA regulates AKT-mediated OS, cardiac ren-
ovation, and inflammation, thereby reducing doxorubicin-
induced myocardial damage [33]. These results indicate
that DAPA’s cardioprotective effects may involve addi-
tional mechanisms. The current results suggested that the
stimulation of myocardial injury by CME and LPS + hy-
poxia resulted in substantial myocarditis and cardiomy-
ocyte apoptosis. However, the aberrant alterations were
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successfully repaired by the DAPA pretreatment. There- outcomes of this study, the direct effect of DAPA occurs by
fore, the direct cardiac mechanism of DAPA may clarifythe ~ reducing mitochondrial dysfunction, ROS production, car-
explanation of these findings. Based on the experimental  diac inflammation and apoptosis, and the ability to activate
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SIRTT. SIRT1 was the first SIRT protein identified in mam-
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via regulation of the SIRT1/NF-xB signaling pathway.

mals, and it is widely recognized for its involvement in
improving life expectancy [34]. SIRT1 has a strong as-
sociation with CVDs. For example, Hesperetin regulates
the SIRT1/Nrf2 axis to prevent myocardial ischemia by in-
hibiting OS, inflammation, and apoptosis [35]. NF-xB is
a nuclear transcription factor that is essential for the reg-
ulation of cellular immune and inflammatory responses.
SIRT1 blocks inflammatory reactions triggered by the NF-
B pathway by deacetylating the p65 subunit of the NF-
B complex [36]. Ginsenoside Rg3 reduces angiotensin II-
induced cardiac hypertrophy by blocking the nod-like re-
ceptor protein 3 (NLRP3)-mediated inflammation and OS
through regulation of the SIRT1/NF-xB pathway [37]. Dur-
ing both normal and abnormal physiological states, NF-xB
undergoes several different post-translational changes, in-
cluding acetylation and phosphorylation [38]. Acetylation,
combined with phosphorylation, has a significant impact
on the regulation of NF-xB’s nuclear activity [39]. Stud-
ies showed that the induction of NF-xB can cause inflam-
mation and apoptosis in the tissue of the heart. Prolonged
activation of p65 worsens cardiac damage by stimulating
inflammation, fibrosis, and apoptosis [40,41]. In contrast,
inhibiting the triggering of NF-xB activation can alleviate
pro-inflammatory cytokines and cell apoptosis, further im-
proving cardiac dysfunction [42,43]. The current findings

12

suggest that the expression of SIRT1 is reduced in a CME
model and an in vitro model of LPS + hypoxia-induced car-
diomyocytes, while NF-xB activity is elevated, including
increased levels of acetylation and phosphorylation. Fur-
ther, pre-treatment with DAPA can reverse this situation,
including activation of SIRT1 in the rat heart, improvement
of cardiac function in CME rats, and reduction of NF-xB
p65 acetylation and phosphorylation levels. Further study
has demonstrated that the protective role of DAPA on car-
diomyocytes was inhibited when SIRT1 inhibitor EX527
was administered, and NF-xB p65 acetylation and phospho-
rylation levels were equally elevated. The results demon-
strate that SIRT1 is a critical factor in cardiomyocyte apop-
tosis and inflammation following CME. The association is
attributed to the suppression of NF-xB activation.

There are also specific limitations associated with this
study. First, the CME model in this research employed
polyethylene microspheres to induce physical blockage,
which may not fully replicate the physiological alterations
observed in CME as a result of atheromatous plaque rup-
ture in the actual physiological state of the body. Second,
H9C2 cardiomyocytes were used instead of primary car-
diomyocytes. It is crucial to acknowledge that HOC2 cells
may not completely reflect all the attributes of primary car-
diac cells, and any potential disparities should be duly con-
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sidered. Third, further studies are demanded to evaluate if
additional signaling cascades or mechanisms are implicated
in CME-induced heart damage.

5. Conclusions

In summary, DAPA inhibits myocardial inflammation
and apoptosis through regulation of the SIRT1/NF-xB sig-
naling pathway, thereby protecting against injury to the
myocardium induced by CME. This study elucidates the
possible mechanistic role of the cardioprotective impact of
DAPA and establishes a groundwork for the use of DAPA
in preventing and treating CME-induced heart damage.
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