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Abstract

Background: Myocardial ischemia-reperfusion (I/R) injury and coronary microcirculation dysfunction (CMD) are observed in patients
with myocardial infarction after vascular recanalization. The antianginal drug trimetazidine has been demonstrated to exert a protective
effect in myocardial ischemia-reperfusion injury. Objectives: This study aimed to investigate the role of trimetazidine in endothelial cell
dysfunction caused by myocardial I/R injury and thus improve coronary microcirculation. Methods: The myocardial I/R mouse model
was established, and trimetazidine was administered for 7 days before myocardial I/R model establishment. Echocardiography, 2,3,5-
triphenyltetrazolium chloride (TTC) staining, hematoxylin-eosin (H&E) staining, and thioflavin S staining were applied to assess my-
ocardial injury and microvascular function. Additionally, the oxygen-glucose deprivation/reperfusion (OGD/R) model was developed in
endothelial cells to simulate myocardial I/R injury in vitro. Griess reaction method, immunofluorescence, and western blotting (WB) were
employed to detect the expressions of nitric oxide (NO), platelet endothelial cell adhesion molecule-1 (CD31) and vascular endothelial
(VE)-cadherin, zonula occludens protein 1 (ZO-1), occludin, vascular endothelial growth factor (VEGF) and adenosine monophosphate
(AMP)-activated protein kinase (AMPK) signaling-related proteins in endothelial cells and mouse cardiomyocytes. AMPK pathway
inhibitor compound C was used for further mechanism validation. Results: Our research demonstrated that trimetazidine can alleviate
myocardial pathological injury and cardiac function injury during myocardial I/R. Trimetazidine was observed to improve microvascular
reflux phenomenon and microvascular function and barrier injury in myocardial I/R and OGD/R models. Additionally, the expressions
of AMPK signal-related proteins were found to be inhibited in myocardial I/R and OGD/R models, which were then activated in mice
administered trimetazidine. However, the effects of trimetazidine on endothelial cell function and barrier damage were attenuated after
co-treatment with compound C and trimetazidine. Conclusion: Trimetazidine ameliorated myocardial I/R-induced CMD by activating
AMPK signaling.
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1. Introduction sion, even if the large coronary arteries are reopened, the
microcirculation may still have problems such as no reflow
or slow flow, which affects the effectiveness of reperfusion
therapy and increases the risk of adverse events such as my-
ocardial infarction expansion, arrhythmia, and heart failure
[7,8]. CMD is characterized by structural and functional
abnormalities of the coronary microvasculature [9]. Coro-
nary microvascular endothelial damage leads to thrombosis
and microvascular occlusion, which is one of the key causes
of CMD [10,11]. It is therefore crucial to develop effective
strategies for improving coronary microvascular endothe-
lial injury in order to improve the treatment of CMD and

Myocardial infarction occurs mainly due to the sud-
den complete blockage of coronary arteries caused by fac-
tors such as atherosclerotic plaque rupture and thrombo-
sis, resulting in the interruption of blood flow to the my-
ocardium and subsequent myocardial cell necrosis [1]. My-
ocardial ischemia is often a precursor to myocardial in-
farction and reperfusion is a crucial treatment measure
after myocardial infarction [2,3]. However, reperfusion
may also cause injury, which known as myocardial is-
chemia/reperfusion (I/R) injury [4]. Coronary microvascu-

lar dysfunction (CMD) plays an important role in the entire
process. Itis not only related to the occurrence and develop-
ment of myocardial infarction but also significantly impacts
myocardial reperfusion [5]. During myocardial infarction,
the microcirculation is damaged due to thrombosis, vascu-
lar spasm, and endothelial cell injury [6]. After reperfu-

myocardial I/R injury.

Trimetazidine, an antianginal drug, has been em-
ployed in clinical practice for decades. Recently, trimetazi-
dine has been evidenced to exhibit cardioprotective ef-
fects by regulating energy metabolism [12]. Furthermore,
trimetazidine has been shown to attenuate pyroptosis in my-
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ocardial I/R injury by targeting Gasdermin D (GSDMD)
[13]. Early trimetazidine treatment with percutaneous coro-
nary intervention for ST-segment elevation myocardial in-
farction could reduce myocardial infarction size [14]. Chen
and colleagues have elucidated that trimetazidine treatment
can alleviate cardiac fibrosis and improve left ventricular
dysfunction [15]. These findings suggest that trimetazidine
plays a protective role in myocardial injury. However, the
question of whether trimetazidine can reduce endothelial
cell damage during myocardial I/R remains unanswered.

Collectively, this study aimed to figure out whether
trimetazidine can maintain the function of coronary en-
dothelial cells and reduce myocardial I/R injury as well as
to discuss its regulatory mechanism. It also aimed to pro-
vide a theoretical reference for the selection of drugs for the
treatment of CMD and the development of clinical applica-
tion of trimetazidine.

2. Materials and Methods
2.1 Establishment of the Myocardial I/R Mice

Male C57BL/6 mice (10 weeks) obtained from the
Experimental Animal Center at Yangzhou University were
raised for 1 week in a SPF animal laboratory with con-
trolled environmental conditions (at 21-23 °C, 60%—65%
humidity). The mice were grouped into Control, Sham, I/R,
I/R+Vehicle (10% DMSO) and I/R+trimetazidine groups,
with 9 mice in each group. Mice in I/R group were in-
traperitoneally injecting with 1% pentobarbital sodium (40
mg/kg) for anesthetization and fixed in the supine position.
After connected with ventilator, the left chest of the mouse
were exposed. The left anterior descending coronary artery
(LAD) was ligated with a 7-0 ophthalmic suture to com-
pletely block the blood flow. Myocardial ischemia was di-
agnosed when mice presented with st segment elevation and
high-amplitude T waves on the ECG. After 30 min of oc-
clusion, the ligature was released and reperfusion was im-
plemented for 24 h. Mice in the Sham group were opened
thorax and pericardium, but were not subjected to ligation.
Mice in I/R+trimetazidine group or I[/R+Vehicle group were
orally treated with either trimetazidine (20 mg/kg/d, Cat
HY-B0968A, MCE, Monmouth Junction, NJ, USA) or ve-
hicle before I/R injury for 7 days. All mice were sacrificed
at the end of the experiment by cervical dislocation. All an-
imal experiments were approved by the ethical committee
of Zhaofenghua Biotechnology [TACUC-20221009-03].

2.2 Cardiac Function Test

An animal ultrasound imaging system (Vevo 3100, Vi-
sualSonics, Canada) was applied to assess left ventricular
end-diastolic diameter (LVEDD) and left ventricular end-
systolic diameter (LVESD). Left ventricular ejection frac-
tion (EF) as well as left ventricular fractional shortening
(FS) was determined by computer algorithms.

2.3 Measurement of Myocardial Infarct Size

2,3,5-triphenyltetrazolium chloride (TTC) staining
was applied for the estimation of myocardial infarct size.
The frozen hearts were cut transversally into 1-mm slices
and then exposed to 1 % TTC (Cat G3005, Servicebio,
Wuhan, China) at 37 °C for 10 min. Image Pro Plus soft-
ware (Version 6.0, Media Cybernetics, Silver Springs, MD,
USA) was employed to express infarct volume. For statis-
tical analysis, we calculated the infarct area of the heart at
each level and then multiplied the sum of the infarct area
of each heart by the thickness (1 mm) to obtain the total
infarct volume. The size of the infarct area was calculated
as Infarct volume % = (infarct volume / total volume) X
100%.

2.4 HE& Staining

Heart tissues were fixed with 4% paraformaldehyde
(Cat MKCL5723, Sigma, St. Louis, MO, USA) and
paraffin-embedded after 24 hours. Then, the tissues were
sectioned into 5-um sections and were deparaffinized and
rehydrated. The sections were stained with hematoxylin
solution (Cat 170103, shzychem, Shanghai, China) for 10
min, followed by differentiation in 1% ethanol hydrochlo-
ride. The sections were then stained in eosin staining so-
lution (Cat 17372-87-1, shzychem) for 2 min. Finally, the
sections were dehydrated and sealed with neutral gum, the
results were observed under a microscope.

2.5 Detection of Myocardial Reflow

Thioflavin S (Th-S) staining was employed to mea-
sure no-reflow areas [16,17]. Two hours after the end of
the cardiac function test, mice were restrained and injected
with 200 pL of 1% Th-S (Cat 1326-12-1, Sigma) was via
the tail vein. After 2 min, the mice were anaesthetised and
sacrificed (by cervical dislocation), and the heart tissue was
removed and fixed in 4% paraformaldehyde overnight. The
heart tissue was cut into sections with a thickness of 1 mm
and sequentially placed on the slides. The results were cap-
tured by virtue of a stereo microscope at 359 nm (M205
FCA, Leica, Wetzlar, Germany).

2.6 Griess Reaction Method

Nitric oxide (NO) level in tissues or cells was es-
timated using Griess reagent Kit (Cat ml076941, mlbio,
Shanghai, China). Briefly, the heart tissues were homog-
enized at 4 °C by adding 10-fold volume of RIPA lysate
(Cat BL504A, Biosharp, Hefei, China) to the tissue. Tis-
sue samples were then centrifuged at 10,000 g for 15 min
at 4 °C, and the supernatant was collected for tissue NO de-
tection. A total of 0.1 mL of tissue or cell supernatant was
added to 1 mL of Griess solution. After 15 min, the OD
value was determined with the application of a microplate
reader (VARIOSKAN LUX, Thermo Scientific, Waltham,
MA, USA) at 540 nm.
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2.7 Cell Culture

Primary mouse heart microvascular endothelial cells
(HCMECs) were extracted from the mouse. Briefly, the
hearts of mice were collected in a sterile environment after
mice were euthanized and stored in cold PBS. The hearts
were trimmed to eliminate excess tissue and major blood
vessels, then cut into small fragments measuring 1-2 mm?.
These tissue fragments underwent enzymatic digestion with
a combination of collagenase and trypsin at 37 °C for 30
minutes while being gently shaken. The digestion process
was halted by adding endothelial cell growth medium con-
taining 10% FBS. The resulting cell suspension was passed
through a cell strainer (40-70 pm) and the filtered cells
were centrifuged at 1500 rpm for 10 minutes. The cell pel-
let was resuspended in endothelial cell medium (ECM, Cat
1001, Sciencell, Carlsbad, CA, USA) with 10% FBS (Cat
2068801CP, Thermo Fisher, Waltham, MA, USA) and 1%
penicillin-streptomycin (Cat C0222, Beyotime, Shanghai,
China) for 3 d at 37 °C with 5% COs. The isolated en-
dothelial cells were identified by detection of the endothe-
lial cell marker platelet endothelial cell adhesion molecule-
1 (CD31). The cells were passaged every two and a half
days. All cell lines were validated by short tandem repeats
(STR) profiling and tested negative for mycoplasma. Cells
were all cultured in a humidified incubator at 37 °C and 5%
COs.

2.8 OGD/R Model Induction

The HCMECs were incubated without glucose and
1% 05-94% N5-5% COsconditions for 4 h. Then, nor-
mal medium was replaced and the cells were cultivated
under normal conditions for 6, 12 or 24 h. Varying
concentrations of trimetazidine (20, 40, and 80 uM, Cat
HY-B0968A, MCE, Monmouth Junction, NJ, USA) were
applied for the pre-treatment of cells for 24 h prior to
oxygen-glucose deprivation/reperfusion (OGD/R) stimula-
tion. The Adenosine Monophosphate (AMP)-activated pro-
tein kinase (AMPK) inhibitor compound C (1 uM, Cat HY-
13418A, MCE, Monmouth Junction, NJ, USA) was em-
ployed for the pre-treatment of cells for 48 h prior to OGD/R
stimulation.

2.9 Immunofluorescence (IF)

The myocardial tissue sections were deparaf-
finized and permeabilized using 0.1% Triton x-100 (Cat
1139ML500, BioFROXX, Germany) for 10 min. Then,
the sections were blocked with 5% BSA (Cat 4240GR500,
BioFROXX, Germany) for 1 h at room temperature.
Meanwhile, after different treatment, mouse heart mi-
crovascular endothelial cells (HCMECs) were fixed
with 4% paraformaldehyde (Cat MKCL5723, Sigma, St.
Louis, MO, USA) for 20 min and then treated with 0.1%
Triton x-100 (Cat 1139ML500, BioFROXX, Germany)
for 20 min. After being washed, cells were blocked in
5% BSA (Cat 4240GR500, BioFROXX, Germany) for
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30 min at room temperature. Subsequently, the sections
and cells were exposed to primary antibodies specific to
CD31 (1:100, Ab24590, Abcam, Cambridge, MA, USA),
vascular endothelial (VE)-cadherin (1:100, AF6265,
Affinity, Jiangsu, China) and zonula occludens protein 1
(ZO-1) (1:100, Cat AF5145, Affinity, Jiangsu, China) at 4
°C, followed by cultivation with fluorescein isothiocyanate
(FITC) (150 pL) conjugated goat anti-rabbit IgG (Cat
GB21301, Servicebio, Wuhan, China) at room temperature
for 1 h. Hoechst33258 staining (Cat C1017, Beyotime,
Shanghai, China) or DAPI staining solution (Cat C1005,
Beyotime, Shanghai, China) was employed for the staining
of sections. The photographs were imaged with Olympus
X73 fluorescence microscope (Tokyo, Japan). The number
of positive cells expressing the target protein was analyzed
using Image]J software 1.49 (NIH, Bethesda, MD, USA).
The percentage of cells expressing both CD31 and VE-
cadherin was calculated as CD31"VE-cadherin™ -positive
area (%) = (number of cells expressing both CD31 and VE-
cadherin/total number of cells) x100%. ZO-1 expression
was analyzed by ZO-1%-positive area (%) = (number of
cells expressing ZO-1/total number of cells) x100%. The
mean fluorescence intensity (MFI) of VE-cadherin and
Z0O-1 in cells were calculated as MFI = total Fluorescence
Intensity in the cell/the total number of pixels in the cell.
The average optical density values for FITC staining
were calculated by average optical density = the sum of
the weighted fluorescence intensities/the total number of
pixels within the cell area.

2.10 Western Blot (WB)

The heart tissues and endothelial cells were homoge-
nized RIPA lysates (Cat BL504A, Biosharp, Hefei, China)
to obtain total protein. BCA assay kits (Cat P0012, Bey-
otime, Shanghai, China) were applied for the quantifica-
tion of protein concentration. 30 pg of protein for was
added into 12% SDS-polyacrylamide gels and transferred
to PVDF membranes (Cat IPVH00010, Millipore, Billerica,
MA, USA). The membranes were sealed with 5% BSA (Cat
4240GR500, BioFROXX, Germany) and subsequently
subjected to primary antibodies at 4 °C overnight. Then the
membranes were exposure to secondary antibodies (goat
anti-rabbit IgG, 1:5000, ab150077, Abcam, Cambridge,
MA, USA) for 2 h at RT. The results were visualized using
an ECL kit (Cat WBKLS0100, Millipore, Billerica, MA,
USA) and analyzed with Image] software. The primary an-
tibodies used in this study included endothelial nitric ox-
ide synthase (eNOS) (1:1000, 27120-1-AP, Wuhan, China),
phosphorylated eNOS (p-eNOS) (1:1500, AF3247, Affin-
ity, Jiangsu, China), endothelin-1 (ET-1) (1:1000, 12191-
1-AP, Proteintech, Wuhan, China), ZO-1 (1:5000, 21773-
1-AP, Proteintech, Wuhan, China), Occludin (1:1000,
#91131, CST, Danvers, MA, USA), VE-cadherin (1:1000,
27956-1-AP, Proteintech, Wuhan, China), AMPK (1:2000,
10929-2AP, Proteintech, Wuhan, China), phosphorylated
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Adenosine Monophosphate (AMP)-activated protein ki-
nase (p-AMPK) (1:1500, AP1002, ABclonal, Wuhan,
China), kruppel-like factor 4 (KLF4) (1:1000, ab241666,
Abcam, Cambridge, MA, USA), peroxisome proliferator-
activated receptor delta (PPARJ) (1:1000, 60193-1-1g, Pro-
teintech, Wuhan, China), CD31 (1:1000, #77699, CST,
Danvers, MA,USA), vascular endothelial growth factor
(VEGF) (1:1500, AF5131, Affinity, Jiangsu, China), pro-
tein kinase B (AKT) (1:3000, 10176-2-AP, Proteintech,
Wuhan, China), phosphorylated AKT (p-AKT) (1:2000,
66444-1-1g, Proteintech, Wuhan, China), phosphatidyli-
nositol 3-Kinase (PI3K) (1:5000, 60225-1-1g, Proteintech,
Wuhan, China), phosphorylated-PI3K (p-PI3K) (1:1000,
AF4372, Affinity, Jiangsu, China) and GAPDH (1:1500,
AF7021, Affinity, Jiangsu, China).

2.11 Cell Counting Kit-8 (CCK-8) Assay

The CCK-8 assay (Cat PR645, Dojindo, Kumamoto,
Japan) was performed to detect the cell proliferation capac-
ity. Cells that inoculated into 96-well plates were cultivated
for 24 h. Following indicated treatment, added 10 mL of
CCK-8 solution into each well and incubate for additional
2 h. A microplate reader (VARIOSKAN LUX, Thermo Sci-
entific, Waltham, MA, USA) was applied to determine the
OD at 450 nm.

2.12 Flow Cytometry

Apoptosis was assessed using the double staining
with Annexin V-FITC Apoptosis Detection Kit (Cat KCD-
T2008, KCT Technology Corporation, Shenzhen, China).
Following indicated treatment, 400 pL binding buffer was
applied to suspend cells, after which were the exposure to
Annexin V-FITC (5 pL) for 10 min and propidium iodide
(PI, 10 pL) for 15 min in the dark. Cells were subsequently
analyzed using flow cytometry (FACSAria™III, BD Bio-
sciences, San Jose, CA, USA).

2.13 Cell Permeability Detection

The In Vitro Vascular Permeability Assay (96-well) kit
(Cat ECM642, Merck Millipore, Billerica, MA, USA) was
employed for cell permeability detection. Briefly, 125 uL
ECM medium was added into the upper chamber to wash
the chamber, and then the chamber was placed at room tem-
perature for 15 min. Then 100 uL mouse vascular endothe-
lial cells (1 x 108 cells/mL) were injected into the upper
chamber of 96-well transwell plates for 12 h, and 250 pL
ECM media was placed on the lower chamber and cultured
at 37 °C, 5% CO- incubator for 72 h. The cells in the upper
chamber were then treated and modeled according to groups
for 24 h. And 75 pL of the prepared FITC-Dextran work-
ing solution was added to the upper chamber, and 250 pL
of ECM medium was added to the lower chamber, and the
plates were allowed to stand for 20 min at RT and protected
from light. Media were removed from the lower chamber
and the fluorescence intensity of each sample was measured

with excitation wavelength of 485 nm and emission wave-
length of 535 nm by a multifunctional plate reader (VAR-
IOSKAN LUX, Thermo Scientific, Waltham, MA, USA).

2.14 Tubule Formation Assays

HCMECs angiogenesis was observed using p-slide
Angiogenesis (Cat 190807/4, ibidi, Martin rader, Ger-
many). The p-slide Angiogenesis was placed into a ster-
ile petri dish, and 10 uL of Matrigel (Cat 356231, Corning,
Corning, NY, USA) on ice was added to the wells of the
p-slide using a sterile syringe. The p-slide was then placed
into an incubator for 30 min to allow the gel to solidify.
Subsequently, 50 uL of cell suspension at the density of 2
x 10° cells/mL were added to the Matrigel matrix and the
p-slide with seeded cells was placed back into the incubator
and cultured according to the experimental protocol. Cells
were cultivated at 37 °C for 8 h. At last, pictures were im-
aged and analyzed by means of ImagelJ software.

2.15 Statistical Analysis

Student’s z-test was applied while differences among
three or more groups were demonstrated with one-way
ANOVA followed by Tukey’s post hoc test (GraphPad
Prism 8, La Jolla, CA, USA)). p less than 0.05 was supposed
to indicate statistical significance. All data were exhibited
in the format of mean £ SD.

3. Results

3.1 Trimetazidine Alleviates Myocardial Pathological
Injury and Cardiac Function Injury during Myocardial I/R

The echocardiography results showed that compared
with the Sham group, EF and FS were greatly decreased,
and LVESD was significantly increased after I/R mod-
eling, while there were no significant changes in the
LVEDD, indicating that modeling was successful. Follow-
ing trimetazidine treatment, EF and FS were evidently in-
creased (Fig. 1A,B). TTC staining was utilized for the es-
timation of myocardial ischemic area. The results showed
that by contrast with Sham group, the heart of mice had
obvious ischemia after I/R modeling, which was then de-
creased by trimetazidine treatment, with significant differ-
ence (Fig. 1C). The observation of the pathological changes
in hearts was implemented with hematoxylin-eosin (H&E)
staining. It was discovered that the morphology of car-
diomyocytes in the Control group and the Sham group was
intact, with normal tissue structure. The myocardium of
the I/R group was disorganized, infiltration by numerous
inflammatory cells, and a considerable number of myocar-
dial cell necrotic changes, accompanied by hyperplasia of
fibrous tissue. The pathological changes observed in the
I/R+Vehicle and I/R groups were found to be similar. Fol-
lowing the pre-treatment with trimetazidine, the infiltration
of inflammatory cells and necrotic cardiomyocytes were
markedly reduced (Fig. 1D).
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Fig. 1. Trimetazidine alleviates myocardial pathological injury and cardiac function injury during myocardial is-
chemia/reperfusion (I/R). (A) Cardiac function by echocardiography, n = 6. (B) Quantitative analysis of cardiac function by echocar-
diography, n = 6. (C) Myocardial ischemic area was detected by 2,3,5-triphenyltetrazolium chloride (TTC) staining, n = 3. (D) H&E
staining was used to observe the pathological changes of the heart (scale bar: 100 pm), n=3. *¥*p < 0.01, ***p < 0.001 vs Sham; “p <
0.05, #p < 0.01, #p < 0.001 vs I/R+Vehicle.
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Myocardium reflux was measured by thioflavin S (Th-S) staining (scale bar: 2 mm). (B) The nitric oxide (NO) expression in myocardial

tissue was detected by Griess reagent Kit. (C) Immunofluorescence (IF) was used to detect platelet endothelial cell adhesion molecule-1
(CD31) and vascular endothelial (VE)-cadherin expression (scale bar: 50 pm). n =3, **p < 0.01, ***p < 0.001 vs Sham; *p < 0.05,

##1 < 0.001 vs I/R+Vehicle.

3.2 Trimetazidine Improves Microvascular Reflux,
Microvascular Function and Barrier Injury during
Mpyocardial I/R

Myocardium reflux was evaluated with Th-S staining.
The image showed that the bright blue fluorescent area rep-
resented the myocardium that had restored blood supply af-
ter reperfusion, while some myocardium failed to restore
blood flow smoothly and formed no-reflow phenomenon,
which is depicted in the figure as a black area. The blood
flow was normal in the Control group and Sham group, and
there was no distinct diversity between I/R+Vehicle group
and I/R group. Trimetazidine pre-treatment can effectively
reduce the area without reflux (Fig. 2A). The detection re-
sults of NO expression within myocardial tissue exhibited
that NO level in myocardial tissue was markedly descended
in I/R group, which was subsequently ascended after the
intervention with trimetazidine (Fig. 2B). No distinct dif-
ference can be found in CD31 and VE-cadherin expression
between Control and Sham group. Relative to Sham group,

the expressions of CD31 and VE-cadherin in I/R group were
remarkably reduced, and there was no distinct difference
between I/R+Vehicle group and I/R group. The expressions
of CD31 and VE-cadherin were greatly elevated after the
pre-treatment with trimetazidine (Fig. 2C).

In addition, trimetazidine increased the expressions
of ZO-1 in the heart tissue of mice compared with the
I/R+Vehicle group and I/R group (Fig. 3A). Results ob-
tained from WB revealed that by contrast with Control
group and Sham group, the expressions of eNOS, p-eNOS,
Z0-1, Occludin and VE-cedherin in I/R group were con-
spicuously decreased, while ET-1 expression was signif-
icantly elevated, which were then reversed following the
intervention of trimetazidine (Fig. 3B). Moreover, we ex-
amined the activation of PI3K/AKT, a signaling path-
way upstream of eNOS. The results showed that the ra-
tio of p-PI3K/PI3K and p-AKT/AKT was decreased in the
I/R group, but was restored after the pre-treatment with
trimetazidine (Fig. 3C).
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Fig. 3. Trimetazidine improves microvascular reflux, microvascular function and barrier injury during myocardial I/R. (A) IF

was used to detect zonula occludens protein 1 (ZO-1) expression (scale bar: 25 pm). (B) Western blot analysis was performed to detect
the expressions of endothelial nitric oxide synthase (eNOS), phosphorylated eNOS (p-eNOS), endothelin-1 (ET-1), ZO-1, occludin and
vascular endothelial(VE)-cadherin. (C) Western blot analysis was performed to detect the expressions of phosphatidylinositol 3-Kinase
(PI3K), phosphorylated PI3K (p-PI3K), Protein Kinase B (AKT), phosphorylated AKT (p-AKT). n =3, **p < 0. 01, ***p < 0.001 vs

Sham; *p < 0.05, *p < 0.001 vs I/R+Vehicle.

3.3 Trimetazidine Regulates AMPK Signaling during
Mpyocardial I/R

The result of WB demonstrated that the expressions of
p-AMPK, KLF4 and PPARJ in myocardial tissue of mice
were obviously reduced in I/R mice compared with mice in
Control and Sham groups. Following the trimetazidine pre-
treatment, the expressions of p-AMPK, KLF4 and PPARS
were markedly elevated (Fig. 4).
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3.4 Effects of Trimetazidine with Varying Concentrations
on the Viability of Primary Mouse Heart Microvascular
Endothelial Cells Induced by OGD/R

The extracted mouse heart microvascular endothelial
cells were shown in Fig. 5A. To characterize the isolated
cell types, we assessed the expression of the endothelial cell
marker CD31. The results showed that the extracted cells
expressed CD31 (Fig. 5B), indicating that the extracted
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Fig. 4. Trimetazidine regulates the expression of AMPK signaling pathway during myocardial I/R. The expressions of adenosine
monophosphate (AMP)-activated protein kinase (AMPK), phosphorylated AMPK (p-AMPK), kruppel-like factor 4 (KLF4) and per-
oxisome proliferator-activated receptor delta (PPARS) were detected by western blot. n = 3, ***p < 0.001 vs Sham; **p < 0.001 vs
I/R+Vehicle.
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Fig. 5. Effects of trimetazidine with varying concentrations on the viability of primary mouse heart microvascular endothelial
cells induced by oxygen-glucose deprivation/reperfusion (OGD/R). (A) Mouse heart microvascular endothelial cells (scale bar: 200
um). (B) Endothelial cell marker CD31 immunofluorescence identification (scale bar: 50 pm). (C—E) Cell Counting Kit-8 (CCK-8) was
used to detect the cell viability. n = 3, ***p < 0.001 vs Control; "*p < 0.001 vs OGD/R.

cells were endothelial cells. Different doses of trimetazi-  ate the impacts of reoxygenation time in OGD/R model on
dine (20, 40, and 80 uM) were adopted to pre-treat primary cell viability, and it was found that the cell viability was in-
mouse heart microvascular endothelial cells, and it was dis-  jured with the extension of reoxygenation time. The reoxy-

covered that trimetazidine had no significant effect on cell genation time with cell viability in the range of about 50%—
viability (Fig. 5C). Then CCK-8 was employed to evalu- 60% was selected, that is, OGD4/R24 was used as the hy-
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Fig. 6. Effect of trimetazidine with varying concentrations on AMPK signaling pathway in primary mouse heart microvascular

endothelial cells induced by OGD/R. Western blot assay was used to detect the expressions of AMPK signaling pathway-related proteins.

n=3, ***p < 0.001 vs Control; #p < 0.01, **p < 0.001 vs OGD/R.

poxia reoxygenation condition for further study (Fig. 5D).
The cells were grouped into Control, OGD/R, trimetazi-
dine (20 uM), trimetazidine (40 pM) and trimetazidine (80
uM). Results obtained from CCK-8 results presented that
the viability of cell in OGD/R group was dramatically re-
duced by contrast with that in Control group, which was
the partially revived by trimetazidine treatment with dose-
dependent (Fig. 5E).

3.5 Effect of Trimetazidine with Varying Concentrations on
AMPK Signaling Pathway in OGD/R Induced Primary
Mouse Heart Microvascular Endothelial Cells

WB was selected as the method of estimation for
AMPK signaling pathway-associated proteins. The results
indicated that the p-AMPK, KLF4 and PPARJ expressions
in OGD/R groups were conspicuously diminished, which
were concentration dependently ascended by trimetazidine
treatment (Fig. 6). Given the distinctive regulatory impart
of trimetazidine at 80 uM concentration on AMPK signal-
ing pathway in cells, 80 uM trimetazidine was adopted for
follow-up experiments.

3.6 Trimetazidine Alleviates the Viability and Apoptosis of
OGD/R-Induced Primary Mouse Heart Microvascular
Endothelial Cells through AMPK Signaling Pathway
Subsequently, we applied trimetazidine together with
an AMPK inhibitor compound C to the cells. Results ob-
tained from WB elucidated that the decreased contents of p-
AMPK, KLF4 and PPARJ in OGD/R group were elevated
by trimetazidine treatment, which were then decreased
again following compound C treatment (Fig. 7A). Addition-
ally, cell viability in OGD/R group showed a significant de-
cline, which was then improved by trimetazidine treatment.
Relative to the OGD/R+trimetazidine group, compound C
administration diminished the cell viability again (Fig. 7B).
As Fig. 7C depicted, the induced apoptosis in OGD/R group
was suppressed by trimetazidine treatment, while com-
pound C imparted opposite impacts on it, evidenced by in-
creased apoptosis in OGD/R+trimetazidine+Compound C

group.
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3.7 Trimetazidine Alleviates Functional Impairment of
OGD/R-Induced Primary Mouse Heart Microvascular
Endothelial Cells through AMPK Signaling Pathway

Results obtained from WB exhibited a reduction in
eNOS and p-eNOS contents and an ascending ET-1 ex-
pression in OGD/R group, which were then reversed fol-
lowing the pre-treatment of trimetazidine. However, com-
pound C attenuated the effect of trimetazidine (Fig. 8A).
Relative to the OGD/R group, trimetazidine pre-treatment
led to a notable elevation in NO level, which was subse-
quently declined again following the administration of com-
pound C (Fig. 8B). The results of WB assay showed that
the ratio of p-PI3K/PI3K and p-AKT/AKT was increased
after the pre-treatment with trimetazidine compared with
the OGD/R group. Also, compound C attenuated the ef-
fect of trimetazidine (Fig. 8C). Results obtained from tubule
formation presented that the tube number in OGD/R cells
was remarkably decreased, which was then increased fol-
lowing trimetazidine pre-treatment. By contrast with the
OGD/R-+trimetazidine group, compound C administration
diminished the tube number again (Fig. 8D). Relative to the
OGDJ/R group, trimetazidine treatment greatly elevated the
contents of CD31 and VEGF, which were subsequently re-
duced after the addition of compound C (Fig. 8E).

3.8 Trimetazidine Alleviates Barrier Damage of
OGD/R-Induced Primary Mouse Heart Microvascular
Endothelial Cells through AMPK Signaling Pathway

The endothelial cell permeability experiment demon-
strated that the fluorescence value in OGD/R group was
increased, which was then reduced following the pre-
treatment of trimetazidine. However, the addition of com-
pound C led to an increase in fluorescence values compared
with the OGD/R+trimetazidine group (Fig. 9A). The ex-
pression of VE-cadherin was detected by IF to investigate
the integrity of cell membrane and the results illustrated
that VE-cadherin fluorescence brightness was dimmed in
OGD/R group, indicating that cell membrane integrity was
injured. Nevertheless, the damaged cell membrane in-
tegrity in OGD/R group was subsequently improved by
trimetazidine pretreatment (Fig. 9B). Additionally, it was
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cells through AMPK signaling pathway. (A) Western blot was used to detect the expressions of AMPK signaling pathway-related
proteins. (B) CCK-8 was used to detect cell viability. (C) Flow cytometry was used to detect cell apoptosis. n = 3, ***p < 0.001 vs
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10 @IMR Press


https://www.imrpress.com

=
=
A 2 15
NOS WD s SRS s 3300 £s
23
5<
p-cNOS #NEEB «  meem ses 133KDa 5oz 10
Sz
: Sz
e - — -0 G
S5 s
Garpi (NS GHD OGN GMM 0. DS
£°
£ 00
3
&
B
s pPI3K |
3
H
S
=
2 PI3K
g
H
H p-AKT
H
3
)
z AKT
>
I &
. &v} & GAPDH
<& S
Q\Q} & & & &
& &yb & & & 0.&\
5
& &
& &
o &
D Control

n

°

D31 - . e 135K

0.5

Relative CD31 expression in
different groups (fold)

0.0

85 kDa
85 kDa
60 kDa
60 kDa

37 kDa

OGD/R+Trimetazidine

Relative ET-1 expression in
different groups (fold)

in

5

0.5

different groups (fold)
different groups (fold)

0.0:

Relative p-PI3K/PI3K expression in
Relative p-AKT/AKT expression in

Tube numbers

° n

e
n

Relative VEGF expression in
different groups (fold)

e
Y
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&&) < 0.01, “**p < 0.001 vs OGD/R+ trimetazidine.

observed that the declined contents of ZO-1, Occludin and
VE-cadherin in the OGD/R group were elevated follow-
ing trimetazidine pre-treatment (Fig. 9C). The fluorescence
intensity of ZO-1 was increased in trimetazidine group
compared with the OGD/R group (Fig. 9D). However,
compound C reversed the effect of trimetazidine on VE-
cadherin, ZO-1 and Occludin expression.
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4. Discussion

CMD is the underlying cause of ischemic heart dis-
ease. A reduction in coronary flow reserve is related to
an increased risk of myocardial infarction size, a decline
in left ventricular EF and FS, and impaired left ventric-
ular remodeling [18-20]. The outcomes of percutaneous
coronary intervention (PCI) treatment for patients suffer-
ing from microvascular dysfunction are not satisfied. How-
ever, reperfusion paradoxically contributes to additional tis-
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um). (B) The expression of VE-cadherin was detected by IF to investigate the integrity of cell membrane (scale bar: 50 um). (C) Western

blot detected the expressions of ZO-1, Occludin and VE-cadherin. (D) IF was used to detect ZO-1 expression (scale bar: 50 ym). n=3,
*+%p < 0.001 vs Control; " p < 0.001 vs OGD/R; #*p < 0.01, #4%p < 0.001 vs OGD/R+trimetazidine.

sue damage, which results in patients developing muscle
damage and heart failure [21]. Therefore, maintaining nor-
mal microvascular function after myocardial infarction has
emerged as a cruical element in the management of the con-
dition.

12

CMD is characterized by abnormal structure and func-
tion of coronary microvessels with a vessel diameter within
500 pum, contributing to a disparity in blood and oxygen
supply to the myocardium [9]. The disruption of coronary
microvascular endothelium, platelet adhesion and inflam-
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matory response promote the in-situ formation of throm-
bosis and microvascular occlusion, which are the primary
causes of CMD [10,11]. Therefore, effective improvement
of coronary microvascular endothelial injury is very impor-
tant to restore coronary microcirculation and enhance my-
ocardial I/R.

The previous study has shown that trimetazidine
belongs to a new class of drugs promoting myocardial
metabolism, which can help to relax myocardium, suppress
myocardial ischemia, and improve the cardiac function of
patients [22]. trimetazidine exhibited protective effects on
myocardial I/R by inhibiting excessive autophagy [23]. In
addition, trimetazidine could improve rat myocardium after
I/R injury by effectively alleviating myocardial apoptosis
injury, which is of great value for myocardial ischemia and
reperfusion treatment [24]. However, it remains unclear
whether it can reduce the damage to endothelial cells during
myocardial I/R. In our experiment, it was discovered that
trimetazidine can alleviate myocardial pathological injury
and cardiac dysfunction, improve microvascular reflux phe-
nomenon and microvascular function and alleviate barrier
injury during myocardial I/R. In cell experiments, trimetazi-
dine could promote the viability and inhibit the apoptosis
of OGD/R-induced primary mouse heart microvascular en-
dothelial cells. Moreover, trimetazidine could alleviate the
damage to the function and the barrier of OGD/R-induced
primary mouse heart microvascular endothelial cells. It has
been shown that trimetazidine could reduce endothelial dys-
function in ischemic heart disease patients [25]. Addition-
ally, trimetazidine was evidenced to alleviate and prevent
endothelial dysfunction caused by PCI in unstable angina
pectoris patients [26]. The above-mentioned findings are
consistent with our experimental investigation. Our out-
comes revealed that trimetazidine could improve myocar-
dial I/R injury-induced endothelial cell disfunction, thereby
improving CMD.

Studies have shown that trimetazidine can stimulate
the expression of AMPK signal in cardiomyocytes [22,27],
and the activation of AMPK can improve myocardial I/R in-
jury [28] and promote eNOS expression in myocardial I/R
tissues [29]. Meanwhile, it has been reported that AMPK
can mitigate endothelial cell dysfunction resulting from ele-
vated glucose levels by activating downstream PPARG [30].
Besides, AMPK was involved in alleviating endothelial
cell aging and dysfunction induced by high sugar levels
via KLF4 signal [31]. The above-mentioned findings in-
dicated that the activation of AMPK signal was involved
in endothelial cell dysfunction by regulating the down-
stream signal. In our experiments, the results exhibited that
trimetazidine activated the AMPK signaling in myocardial
I/R mice and OGD/R-induced primary mouse microvascu-
lar endothelial cells. Further administration of AMPK sig-
naling pathway inhibitor compound C attenuated the pro-
tective effects of trimetazidine on primary mouse microvas-
cular endothelial cells induced by OGD/R.
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Myocardial ischemia is caused by epicardial coro-
nary artery stenosis or atherosclerotic disease affecting mi-
crocirculation. Trimetazidine promotes glucose oxidation
which optimizes cellular energy processes in ischemic con-
ditions. A study have demonstrated that trimetazidine treat-
ment prior to elective percutaneous coronary intervention
(PCI) reduced microvascular dysfunction by lowering post-
procedural index of microcirculatory resistance (IMR) val-
ues [32]. There has been a lack of research into how
trimetazidine enhances vascular ring function. This study
is the first to examine the mechanisms by which trimetazi-
dine alleviates microvascular dysfunction resulting from
myocardial infarction and ischemia-reperfusion. The find-
ings reveal that trimetazidine enhances the function and
mitigates barrier damage in mouse heart microvascular en-
dothelial cells by modulating the PI3K/AKT/eNOS/NO sig-
naling pathway. Additionally, prior research has indicated
that trimetazidine can stimulate AMPK signaling in car-
diomyocytes [22,27], which helps to alleviate myocardial
ischemia-reperfusion injury [28]. In this study, we noted
the activation of AMPK signaling in heart microvascular
endothelial cells, and the protective effects of trimetazidine
on these cells were significantly diminished when AMPK
signaling was inhibited. This suggests that trimetazidine
activates the AMPK signaling pathway not only in car-
diomyocytes during ischemia-reperfusion but also in heart
microvascular endothelial cells. Furthermore, we discov-
ered that the AMPK signaling pathway inhibitor compound
C notably reduced the protective effects of trimetazidine
on the function and barrier integrity of heart microvas-
cular endothelial cells and inhibited the activation of the
PI3K/AKT/eNOS/NO signaling pathway. This indicated
that trimetazidine’s regulation of the PI3K/AKT signaling
pathway in mouse heart microvascular endothelial cells was
mediated through the AMPK signaling pathway.

5. Conclusion

Trimetazidine could improve CMD induced by my-
ocardial infarction by activating AMPK signal. Our study
offers a theoretical basis for trimetazidine in the clinical
treatment of CMD caused by myocardial infarction.
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