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Abstract: Endothelial dysfunction is a hallmark of cardiovascular diseases, contributing to impaired
vasodilation, altered hemodynamics, and atherosclerosis progression. Trimetazidine, traditionally
used for angina pectoris, exhibits diverse therapeutic effects on endothelial dysfunction. This review
aims to elucidate the mechanisms underlying trimetazidine’s actions and its potential as a thera-
peutic agent for endothelial dysfunction and associated cardiovascular disorders. Trimetazidine en-
hances vasodilation and hemodynamic function by modulating endothelial nitric oxide synthase
activity, nitric oxide production, and endothelin-1. It also ameliorates metabolic parameters, includ-
ing reducing blood glucose, mitigating oxidative stress, and dampening inflammation. Addition-
ally, trimetazidine exerts antiatherosclerotic effects by inhibiting plaque formation and promoting
its stability. Moreover, it regulates apoptosis and angiogenesis, fostering endothelial cell survival
and neovascularization. Understanding trimetazidine’s multifaceted mechanisms underscores its
potential as a therapeutic agent for endothelial dysfunction and associated cardiovascular disorders,
warranting further investigation for clinical translation.
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1. Introduction

Cardiovascular diseases remain a leading cause of mortality and morbidity globally,
representing a significant public health challenge [1]. Central to the pathophysiology of
cardiovascular diseases is endothelial dysfunction, a condition characterized by impaired
endothelial cell function and integrity [2]. Endothelium, lining the inner surface of blood
vessels, plays a critical role in maintaining vascular homeostasis by regulating vascular
tone, blood flow, and thrombosis [3]. Endothelial dysfunction disrupts these vital func-
tions, leading to endothelial barrier dysfunction, proinflammatory state, oxidative stress,
and impaired nitric oxide (NO) bioavailability [4-6]. Consequently, endothelial dysfunc-
tion contributes to various cardiovascular diseases, including hypertension, atherosclero-
sis, coronary artery disease, and peripheral vascular disease [2]. Understanding the mech-
anisms underlying endothelial dysfunction is essential for developing effective strategies
to prevent and treat cardiovascular diseases.

Trimetazidine (Figure 1), traditionally used in the management of angina pectoris
[7], is renowned for its efficacy as an anti-ischemic agent [8]. Recently, it has garnered
attention for its potential therapeutic use beyond its primary indication. Emerging evi-
dence indicates promising effects of trimetazidine on endothelial dysfunction, a pivotal
pathological feature in various cardiovascular diseases. Its multifaceted mechanisms of
action, including enhancing vasodilation [9], attenuating oxidative stress and inflamma-
tion [10], and modulating apoptosis and angiogenesis [11], along with its ability to reduce
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atherosclerosis [12] and blood glucose levels —a condition known to exacerbate endothe-
lial dysfunction [10] —underscore its potential as a therapeutic agent. Given its pleiotropic
effects on endothelial function, trimetazidine holds promise as a therapeutic agent for en-
dothelial dysfunction and may offer additional benefits in the prevention and treatment
of cardiovascular diseases.
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Figure 1. The molecular structure of trimetazidine.

However, the use of trimetazidine is not devoid of side effects. It commonly presents
relatively mild gastrointestinal discomfort, including nausea and vomiting [13]. Previous
reports have suggested a potential association between trimetazidine use and the inci-
dence of Parkinson’s disease, based on case reports and small patient series [14,15]. Nev-
ertheless, a clinical trial involving over 6000 patients who underwent percutaneous coro-
nary intervention revealed that the incidence of Parkinson’s disease in the group taking
trimetazidine was similar to that in the placebo group. Additionally, there was no ob-
served association of trimetazidine intake with hepatic disorders, agranulocytosis, or
thrombocytopenia [16].

This review aims to delve into the current understanding of trimetazidine’s impact
on endothelial dysfunction and its potential therapeutic implications in cardiovascular
disease management. By elucidating its mechanistic actions, this exploration seeks to pave
the way for future research endeavors and therapeutic interventions.

2. Pharmacological Treatment of Endothelial Dysfunction

Various pharmacological agents are utilized to alleviate endothelial dysfunction,
with research focusing on their potential to target this condition, aiming to improve un-
derlying pathophysiology and decrease the risk of cardiovascular diseases. Notably,
statins are prominent among these agents due to their primary function of reducing cho-
lesterol levels. Moreover, statins exert pleiotropic effects on endothelial function by exhib-
iting anti-inflammatory and antioxidant properties, thereby diminishing the formation of
reactive oxygen species (ROS) and offering protection against oxidized low-density lipo-
protein (oxLDL) through Racl inhibition. They also enhance NO synthesis in the endo-
thelium by upregulating endothelial nitric oxide synthase. However, it is essential to con-
sider that high-intensity statins, such as rosuvastatin and atorvastatin, may increase the
risk of diabetes [17,18].

Another class of drugs utilized for endothelial dysfunction is calcium channel block-
ers. The medications induce vasodilation by inhibiting the influx of calcium ions into vas-
cular smooth muscle cells [19]. Furthermore, studies indicate that these blockers stimulate
the production of endothelial NO [20]. Nonetheless, their primary side effects are linked
to hypotension, encompassing systemic hypotension, palpitations, and pedal edema [19].

Angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers
(ARBs) are commonly employed to alleviate endothelial dysfunction by antagonizing the
renin-angiotensin—-aldosterone system, thereby reducing vasoconstriction and oxidative
stress [21]. ACE inhibitors such as enalapril, ramipril, and quinapril impede the conver-
sion of angiotensin I to angiotensin II, consequently mitigating the effects of angiotensin
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II, which enhance sodium and water retention via aldosterone stimulation, as well as re-
ducing endothelin-1 (ET-1) secretion. Moreover, they inhibit the degradation of brady-
kinin, a vasodilator [22,23]. On the other hand, ARBs like losartan, irbesartan, and
telmisartan elicit similar effects to ACE inhibitors by blocking the angiotensin receptor,
without impacting angiotensin I conversion [23]. Common side effects associated with
both drug classes include headache, fatigue, and back pain [24]. However, coughing is
more frequently reported with ACE inhibitors [25].

Glucose-lowering medications, including sodium-glucose co-transporter 2 (SGLT2)
inhibitors and dipeptidyl peptidase 4 (DPP4) inhibitors, have shown promise in enhanc-
ing endothelial function [26]. Specifically, SGLT2 inhibitors such as empagliflozin have
been observed to mitigate endothelial dysfunction by preserving the integrity of the gly-
cocalyx and restoring the mechanotransduction capacity of endothelial cells affected by
glycocalyx damage [27]. Additionally, DPP4 inhibitors like vildagliptin alleviate endothe-
lial dysfunction by upregulating endothelial NO synthase (eNOS) and exerting anti-in-
flammatory effects [28]. Glucagon-like peptide receptor agonists, another class of hypo-
glycemic agents, may also alleviate endothelial dysfunction by stimulating adenylate
cyclase and promoting cyclic AMP synthesis, alongside their antioxidant and anti-inflam-
matory properties [18].

NO donors are also employed to induce vasodilation in cases of endothelial dysfunc-
tion. These agents encompass nitroglycerin, isosorbide nitrates, and sodium nitroprus-
side. By releasing NO into the vascular system, they prompt augmented vascular capaci-
tance and vasodilation [29,30]. However, it has been reported that organic nitrates may
paradoxically lead to endothelial dysfunction, attributed to the excessive production of
highly reactive peroxynitrite, a byproduct of the reaction between NO and superoxide
anion [30].

Despite the availability of major therapeutic options, there is still a need for novel
interventions targeting endothelial dysfunction. Trimetazidine is not currently utilized
clinically for this purpose. Nevertheless, emerging research suggests its potential as a ther-
apy for this clinical problem.

3. Effects of Trimetazidine on Endothelium-Dependent Vasodilation and
Hemodynamic Parameters

The endothelium plays a pivotal role in regulating vascular function, governing es-
sential aspects such as vascular tone, blood flow, and permeability. In response to various
physiological stimuli, it releases vasoactive compounds, notably NO and ET-1. NO, syn-
thesized by eNOS, serves as a potent vasodilator, facilitating vessel relaxation [31]. Con-
versely, ET-1 exerts vasoconstrictor effects, opposing vasodilation and influencing vascu-
lar tone [32]. Hemodynamic parameters, including blood pressure and vascular re-
sistance, are intricately linked to endothelial function, particularly vasodilation, with sev-
eral cardiovascular risk factors associated with endothelium-dependent vasodilation [33].
Impaired vasodilatory capacity leads to endothelial dysfunction, contributing to abnor-
malities in hemodynamic parameters such as hypertension. Conversely, hemodynamic
disturbances, such as elevated blood pressure, can exacerbate endothelial dysfunction,
perpetuating a cycle of impaired vasodilation and vascular dysfunction.

Trimetazidine has been observed to enhance acetylcholine-stimulated endothelium-
dependent dilation while not affecting nitroglycerin-induced vasorelaxation in patients
with ischemic heart disease and left ventricular dysfunction, a phenomenon linked with
increased oxygen consumption and improved heart function (Table 1) [34]. Additionally,
it demonstrates an improvement in vasorelaxation during exercise and an augmentation
of flow-mediated dilation [9,35], possibly attributed to its potential to enhance NO release.
It increases NO synthesis by activating protein kinase B (Akt), leading to upregulation of
its downstream substrate eNOS. Increased expression of eNOS would elevate NO synthe-
sis, hence its level. In the presence of an Akt inhibitor, the protective effects of trimeta-
zidine were abolished, confirming the involvement of Akt/eNOS [36]. Nevertheless, its
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impact on blood NO levels appears inconsistent across studies, hinting at alternative
mechanisms of action (Table 2) [37,38]. It did not significantly affect NO levels in patients
with unstable angina undergoing perioperative percutaneous coronary intervention [38]
or in patients with lower extremity arteriosclerosis obliterans when combined with
alprostadil, a prostaglandin known for its platelet aggregation suppression properties
[37]. Hence, it could be hypothesized that the vasodilatory effects of the drug are mediated
by mechanisms other than solely increasing NO bioavailability. Alternative pathways
might involve other vasoactive substances such as angiotensin II, dopamine, and norepi-
nephrine. Nonetheless, research on the effects of trimetazidine on these substances re-
mains scarce.

Table 1. Effects of trimetazidine on endothelium-dependent vasodilation and hemodynamic pa-
rameters in patients with cardiovascular disease and experimental animals.

Subjects Dose of Trimetazidine Type of Study Findings Reference
Combined with berber-
Patients with CHD and pri- ine. No information on
. . T FMD [9]
mary hypertension (1 = 68) the dose and duration of
treatment
Alloxan-induced diabetic 10 and 30 mg/kg (p.o.) Both doses: [10]
rats for 8 weeks 7T systolic pressure
Without exercise (vs. control):
T % EDD
<> systolic BP
. . . . o < diastolic BP
Patients with IHD and LV 20 mg (p.o., t.i.d.) for 8 Randomized longitudi- [33]
dysfunction (n =116) weeks nal controlled With exercise (vs. TMZ):
T % EDD
7T systolic BP
1 diastolic BP
Patients with CHF second- T ACh-induced vasorelaxation
2 .0., t.i.d.) for 4 34
ary to ischemic cardiomyo- 0mg (p-o., tid.)for Randomized <> GTN-induced vasorelaxation (341
weeks . .
pathy (n=51) ? radial artery diameter
Patients with endothelial 10 weeks after angiography:
dysfunction after sheath in- 20 mg (p.o., t.i.d.) for 10 . N . g.og Phy: [35]
. . Randomized 7 radial artery diameter
jury of radial artery and PCI weeks
T FMD
(n=120)
Compared to baseline:
1 VPV of superficial femoral artery
. . 30 mg (p.o, ti.d.) com- 1 VPV of posten.or t1b1.al artery
Patients with lower extrem- . . . 1 VPV of dorsalis pedis artery
. . . . bined with alprostadil . . [37]
ity arteriosclerosis obliter- . Retrospective T blood flow of superficial femoral ar-
(0.1 pg/day, i.v.) for 14
ans (n =132) d tery
ays T blood flow of posterior tibial artery
T blood flow of dorsalis pedis artery
1 left ankle brachial index
At 6 months:
vs. NSTE-ACS:
. L FMV
Patients with CAD (n=570) > ™8 XR p-0, bi.d,) Randomized 1 YWF activity [39]
for 5 years
vs. CCS:
« FMV
<~ vWF activity
Patients with endothelial . 10 weeks after angiography:
2 .0., ti.d.) for 1 4
dysfunction after sheath in- 0mg (pv?/e;ekls ) for 10 Randomized ? radial artery diameter [40]

jury of radial artery (n = 60)

T FMD
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T NMD

Patients with ischemic heart 35 mg (p.o. bi.d.) for 12

disease (n = 56)

< GTN-induced diameter
<> GTN-induced blood flow
T % GTN-induced blood flow
1 % FMD
Randomized T FMD/GTN-induced blood flow [41]
T hyperemia-induced arterial diameter
< hyperemia-induced blood flow
7T baseline diameter
7 baseline blood flow

weeks

ACh, acetylcholine; ACS, acute coronary syndrome; AT, anaerobic threshold; b.i.d., twice daily; BP,
blood pressure; CAD, coronary artery disease; CHD, coronary heart disease; CHF, congestive car-
diac failure; CCS, chronic coronary syndrome; EDD, endothelium-dependent dilation; FMD, flow-
mediated dilation; FMV, flow-mediated vasodilation; GTN, glyceryl trinitrate; LV, left ventricle;
NMD, nitrate-mediated dilation; NSTE, non-ST elevation; PCI, percutaneous coronary intervention;
p-o., per oral; t.i.d., three times daily; TMZ, trimetazidine; VPC, vascular peak velocity; VPV, vascu-
lar peak velocity; vVWF, von Willebrand factor; XR, extended release; T, increase; |, decrease; <, no
change.

Table 2. Effects of trimetazidine on vasoactive substances in patients with cardiovascular disease
and experimental study.

Subjects Dose of Trimetazidine Type of Study Findings Reference
Patients with CHD and Combined with berberine. 2
. . . . plasma NO
primary hypertension No information on the dose [9]
. T eNOS mRNA
(n=68) and duration of treatment
1 eNOS protein
H202-induced HUVECs 10 pM T eNOS mRNA [36]
TNO
Patle.nts w1th. lower e>.<— 39 mg (p.o., t.1..d.) combined . Compared to baseline:
tremity arteriosclerosis with alprostadil (0.1 pg/day, Retrospective [37]
. . > serum NO
obliterans (n = 132) i.v.) for 14 days
Pati ith 1
atients with unstable =, o 0 0., ti.d.) 24 h be- ,
angina in perioperative Randomized <> serum NO [38]
fore and after PCI
PCI (n=97)
Patients with T2DM and Short-term:
hypokinetic cardiomyo- 20 mg (p.o., tid) for 30 days Randomized, double- { plasma ET-1 [42]
pathy secondary to IHD and 12 months blind, crossover study Long-term:
(n=16) { plasma ET-1
. With euglycemic clamp:
Patients with T2DM and ng:gmlé icii)colo;l)‘t:e- { endothelial ET-1 release
ischemic cardiomyopa- 20 mg (p.o., tid) for 15 days trolled P 1 { endothelial ET-1 [43]
thy (n=15) rotied, crossover para T endothelial cGMP

lel study T endothelial cGMP release

c¢GMP, cyclic guanosine monophosphate; CHD, coronary heart disease; eNOS, endothelial nitric
oxide synthase; ET-1, endothelin-1; HUVECs, human umbilical vein endothelial cells; IHD, ischemic
heart disease; NO, nitric oxide; PCI, percutaneous coronary intervention; p.o., per oral; T2DM, type
2 diabetes mellitus; t.i.d., three times daily; T, increase; 1, decrease; <>, no change.

Trimetazidine elevates endothelial cyclic guanosine monophosphate (cGMP) levels
[43]. This increase is attributed to the stimulation of cGMP production by NO, which ac-
tivates the enzyme guanylate cyclase. Acting as a second messenger, cGMP mediates the
relaxation effects of NO on smooth muscle cells, facilitating vasodilation [44]. The height-
ened release of endothelial cGMP indirectly suggests increased NO availability. However,
the consistent impact of trimetazidine on this vasoactive substance remains uncertain. No-
tably, when combined with berberine, a traditional Chinese medicine, trimetazidine
demonstrated an increase in plasma NO levels, which correlated with elevated expression
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of the eNOS gene [9]. Berberine is recognized for its anti-inflammatory properties and its
ability to enhance eNOS expression, thereby augmenting NO levels [45]. Consequently,
the combination of trimetazidine and berberine may exert a synergistic effect.

NO is highly susceptible to oxidative stress, leading to decreased levels due to its
inactivation [46]. Trimetazidine may not directly shield NO against oxidative stress. Its
antioxidant and anti-inflammatory properties likely contribute to its promotion of endo-
thelial relaxation in patients with cardiovascular conditions [9,33-35,37,41]. It is plausible
that trimetazidine facilitates vasorelaxation through pathways beyond NO release. More-
over, it demonstrates beneficial effects on both plasma and endothelial ET-1 levels in di-
verse cardiovascular diseases, resulting in reduction in the peptide levels [42,43]. Its pro-
tective mechanisms may also involve endothelium-derived hyperpolarizing factors or
prostacyclin. Further investigation is warranted to explore its impact on potassium chan-
nel opening and muscarinic receptors in smooth muscle cells.

To date, only one study has compared the effects of trimetazidine with another drug
targeting endothelial dysfunction, namely ranolazine [41]. Ranolazine is a new anti-
anginal medication that shares structural similarities with trimetazidine but possesses a
different mechanism of action—it suppresses the late phase of the inward sodium current
[19]. Both drugs demonstrated similar vasodilation effectiveness in terms of baseline di-
ameter, hyperemia-induced diameter, baseline blood flow, percentage of flow-mediated
dilation, and nitroglycerine-induced dilation after 12 weeks of treatment in patients with
chronic ischemic heart disease [41]. However, further studies comparing the effectiveness
of trimetazidine with other vasodilators should be conducted.

4. Effects of Trimetazidine on Glucose Metabolism

Hyperglycemia, clinically seen in diabetes mellitus, promotes endothelial dysfunc-
tion which occurs due to an imbalance in the production of vasoconstrictors and vasodi-
lators, affecting both macrovasculature and microvasculature [47]. The rise in extracellu-
lar glucose level elevates its uptake across endothelial cells, leading to enhanced glucose
metabolism via the polyol pathway. In the pathway, increased formation of sorbitol from
glucose occurs due to elevated activities of aldose reductase [48]. Accumulation of sorbitol
results in cellular changes leading to endothelial dysfunction [49].

Diabetic patients with cardiovascular disease who received 20 mg of trimetazidine
three times daily demonstrated a reduction in blood glucose levels (Table 3) [33,42,43]. It
is important to note that trimetazidine does not directly decrease blood glucose levels.
Instead, its primary mechanism involves inhibition of 3-ketoacyl coenzyme A thiolase, an
enzyme involved in mitochondrial fatty acid oxidation. This inhibition shifts cellular me-
tabolism towards glucose metabolism [50]. Increased cellular glucose utilization conse-
quently promotes a decrease in circulating glucose levels [51]. Trimetazidine increases
forearm glucose uptake, total body glucose disposal (M value), and oxidation for energy
production and reduces basal forearm non-glucose glycolysis, leading to decreased fast-
ing blood glucose and insulin levels [42,43]. Additionally, the reduction in fasting insulin
levels could be indicative of improved pancreatic beta-cell function, as lower insulin levels
may suggest that the pancreas is producing insulin more efficiently in response to glucose
levels. However, further investigation and clinical assessment would be necessary to fully
understand the underlying mechanisms behind these changes.
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Table 3. Effects of trimetazidine on blood glucose metabolism in patients with diabetes and cardiac
disease and experimental diabetic animals.

Subjects Dose of Trimetazidine Type of Study Findings Reference
Alloxan-induced dia- 10 and 30 mg/kg (p.o.) for 8 Both doses:
! . [10]
betic rats weeks { fasting blood glucose
> fasting glucose
Carotid injury in dia- 10 and 20 mg/kg (p.o.) er 2 o post—l.oad. gluc.ose
betic rat weeks before and after in- > fasting insulin [11]
encras jury  HOMA-IR
{ adiponectin
Without exercise (vs. control):
{ glucose
Patients withIHD and 20 mg (p.o., ti.d.) for 8 = Randomized longitudi- « HbAIC [33]
LV dysfunction (n = 116) weeks nal controlled With exercise (vs. TMZ):
{ glucose
{ HbA1C
Pati ith IHD .0.b.i.d.) for 12 fasting bl 1
atients wit 35 mg (p.o. b.i.d.) for Randomized > fasting b 09d glucose [41]
(n=56) weeks (compared to ranolazine-treated group)
Short-term:
{ fasting blood glucose
1 end-clamp forearm glucose uptake
Patients with T2DM and « HbAIC
hypokinetic cardiomyo- 20 mg (p.o., ti.d.) for 30 = Randomized, double- 1 M value [42]
pathy secondary to IHD days and 12 months blind, crossover study Long-term:
(n=16) > fasting blood glucose
T end-clamp FGU
«— HbA1C
T M value
TFGU
1 forearm glucose oxidation
Patients with T2DM and ' Rar}domlzed, double- <> forearm glucose storage .
. . . 20 mg (p.o., ti.d.) for 15 blind, placebo-con- | basal forearm non-glucose glycolysis
ischemic cardiomyopa- . [43]
days trolled, crossover paral- { fasting blood glucose
thy (n=15) . .
lel study { fasting blood citrate
{ fasting blood B-OH-butyrate
{ fasting insulin
fasting bl 1
High-fat diet mouse in-  fasting b O(?d g icose
lin resistance model 10 mg/kg (p.o.) for 8 weeks { plasma insulin [52]
sulin resistance mode 1 HOMA-IR

HbA1C, hemoglobin Alc; FGU, forearm glucose uptake; HOMA-IR, Homeostatic Model Assess-
ment of Insulin Resistance; IHD, ischemic heart disease; LV, left ventricle; M value, index of total
body glucose disposal; 3-OH-butyrate, B-hydroxybutyrate; p.o., per oral; T2DM, type 2 diabetes
mellitus; t.i.d., three times daily; TMZ, trimetazidine; T, increase; ¥, decrease; <, no change.

The reduction in fasting blood citrate and -hydroxybutyrate levels may reflect im-
proved glucose metabolism and reduced reliance on fatty acid oxidation [53]. The findings
collectively suggest a metabolic shift indicative of improved glucose metabolism and ef-
ficiency (Figure 2). These changes align closely with the known mechanisms of trimeta-
zidine that enhances myocardial energy production by favoring glucose oxidation over
fatty acid metabolism, thereby improving myocardial energy efficiency [54]. Conse-
quently, the reduction in reliance on non-glucose substrates for energy production leads
to improved glucose metabolism and glycemic control. These metabolic improvements
may have significant implications for endothelial function and cardiovascular health. En-
dothelial dysfunction, characterized by impaired endothelial function and increased in-
flammation, is a key precursor to cardiovascular diseases such as atherosclerosis. The ob-
served metabolic changes, particularly the reduction in fasting blood glucose, citrate, [3-
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hydroxybutyrate, and insulin levels, are consistent with improvements in endothelial
function. Reduced inflammation and oxidative stress, along with improved glucose me-
tabolism, may contribute to the amelioration of endothelial dysfunction. Hyperglycemia
is also known to deplete endothelial NO level, leading to impairment of vasorelaxation
[55]. Overall, the reported effects of trimetazidine suggest a potential for improving en-
dothelial function and reducing the risk of cardiovascular complications in patients with
diabetes mellitus.

LUMEN

Tz Trimetazidine
- Inhibits

+ Stimulates/Increases

Adhesion /-5

molecules (V'

e"a
&2

ndothelial cells

INTIMA
m cells

B-oxl?tlon onyS|s

Acetyl CoA

Prolifer: |on and * oxLDL
ratl

Figure 2. Sites of action of trimetazidine in endothelial dysfunction. ACh, acetylcholine; cAMP, cy-
clic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; eNOS, endothelial nitric
oxide synthase; ET-1, endothelin 1; FFA, free fatty acid; ICAM, intercellular adhesion molecule; IL,
interleukin; L-Arg, L-arginine; LDL, low-density lipoprotein; LOOH, lipid hydroperoxides; M, mus-
carinic receptor; MDA, malondialdehyde; NO, nitric oxide; oxLDL, oxidized low-density lipopro-
tein; ROS, reactive oxygen species; SOD, superoxide dismutase; VCAM, vascular cell adhesion mol-
ecule.

The protective effects of trimetazidine were more prominent in patients who per-
formed exercise training. It was believed that combination of the drug and exercise ex-
erted synergistic effects [33] since individually the treatments lowered blood glucose level
[33,56]. However, it is worth mentioning that a study by Rehberger-Lizokar and Sebestjen
[41] showed no significant effect of trimetazidine on fasting blood glucose levels in dia-
betic patients with ischemic heart disease, particularly when compared to a ranolazine-
treated group. Notably, this study did not include a placebo-treated group, which might
have provided a more comprehensive comparison.

Similar results were observed in animal studies. Administration of trimetazidine at
doses of 10 and 30 mg/kg/day led to a reduction in blood glucose levels in diabetic rodents
[10,52]. This effect was attributed to a decrease in insulin resistance, as indicated by a de-
cline in the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) index in
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diabetic mice fed a high-fat diet. Furthermore, treatment with trimetazidine resulted in
elevated levels of phosphorylated Akt (p-Akt) and phosphorylated insulin receptor sub-
strate-1 [52]. In mouse myoblasts exposed to lipid overload, it increased cellular glucose
uptake, an effect that was associated with upregulation of p-Akt and phosphorylated in-
sulin receptor substrate-1 [52]. However, trimetazidine had no significant effect on glu-
cose parameters in diabetic rats despite significant beneficial effects on vascular smooth
muscle morphology [11].

The significance of the impact of trimetazidine on metabolic parameters, particularly
blood glucose levels, in diabetic patients is still a matter of ongoing research and debate.
While some studies have reported potential benefits such as improvements in insulin sen-
sitivity and glucose utilization, the overall impact may not be considered significant in all
cases. The effects of trimetazidine on blood glucose levels can vary among individuals
and may depend on factors such as the severity of diabetes, concurrent medications, and
the specific metabolic profile of the patient.

Taken together, it could be summarized that trimetazidine reduces blood glucose
levels by decreasing insulin resistance, thereby improving endothelial function. However,
studies investigating the effects of trimetazidine on blood glucose metabolism at the mo-
lecular level are still lacking. Other aspects of glucose metabolism, such as glucose trans-
porter type 4 (GLUT4) [57] and Twistl, a transcription factor associated with lipid and
glucose metabolism [58], could also be of interest.

5. Effects of Trimetazidine on Atherosclerosis

Atherosclerosis, starting as a response to arterial endothelium damage, underscores
endothelial dysfunction as a primary event in its pathogenesis. As atherosclerosis ad-
vances, the accumulation of inflammatory cells, lipids, and fibrous tissues in the arterial
intima further exacerbates endothelial dysfunction. Elevated low-density lipoprotein
(LDL) levels, a hallmark of hyperlipidemia, significantly contribute to endothelial dys-
function [18]. LDL is susceptible to oxidation, resulting in its transformation into oxLDL,
which is known for its proinflammatory and proatherogenic properties. oxLDL disrupts
cholesterol efflux, triggering injurious events like endoplasmic reticulum stress and apop-
tosis, thereby perpetuating endothelial damage [59].

In exploring therapeutic avenues, human studies on the effects of trimetazidine re-
garding endothelial dysfunction in atherosclerosis are sparse. Nonetheless, animal studies
provide insights. Administration of trimetazidine in rodents on a high-fat diet has exhib-
ited promising outcomes in mitigating atherosclerotic lesions (Table 4) [5,12]. Notably, it
enhances plaque stability and reduces susceptibility to rupture by diminishing cholesterol
clefts and reinforcing fibrous caps. It improves plaque structural integrity by reducing the
number of fragmented elastin fibers [12]. Additionally, it demonstrates potential in reduc-
ing the ratio of tunica intima to tunica media thickness in diabetic rats with carotid injury
[11]. Mechanistically, trimetazidine appears to hinder key events such as proliferation,
adhesion, and migration in endothelial cells under conditions of oxidative stress [36] and
inflammation [11] (Figure 2). These events are critical in the development and progression
of atherosclerotic plaques, suggesting that trimetazidine may potentially alleviate endo-
thelial dysfunction.
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Table 4. Effects of trimetazidine on atherosclerotic plaque in experimental animals.
Models Dose of Trimetazidine Findings Reference
High fat/vitamin D-i her- .0.) for 12
ig at/v1tamm. .mduced ather- 30 mg/kg/day (p.o.) for 1 atherosclerotic lesion (5]
osclerosis in rats weeks
Carotid injury in diabetic rats 10and 20 mg/kg (p.o'.) ,2 { intima-media ratio [11]
weeks before and after injury
100-500 puM:
Rat aortic SMC d to TNF 25-500 uM ¥ cell proliferation [11]
at aortic s exposed to a u 500 LIM:
{ cell migration
{ atherosclerotic plaque area
High-fat-diet-induced atherosclero- 15 mg/kg/day via tap water { cholesterol clefts
o - . ' (12]
sis in LDL-R~- male mice for 8 weeks (post-treatment) T fibrous cap
{ elastin fiber breaks
H:20z-induced HUVECs 10 UM ¥ cell migration 36]

d cell adhesion

HUVECs, human umbilical vein endothelial cells; LDL-R™-, low-density lipoprotein receptor knock-
out model; p.o., per oral; SMCs, smooth muscle cells; TNF-a, tumor necrosis factor o; 7T, increase; |,

decrease.

Despite LDL’s significant role in the pathogenesis of atherosclerosis [60], trimetazidine
surprisingly did not notably affect LDL levels in patients with various cardiovascular diseases
and experimental models (Table 5) [5,10,11,33,41,43]. This suggests that trimetazidine may
mitigate endothelial dysfunction and the progression of atherosclerosis through alternative
mechanisms, such as its antioxidant and anti-inflammatory properties. Additionally, it
demonstrated an ability to increase the aortic energy charge, as evidenced by elevated levels
of ATP, ADP, and AMP in atherosclerotic aortas. This increase was associated with a reduc-

tion in atherosclerotic events [5].

Table 5. Effects of trimetazidine on blood lipid profile in patients with cardiovascular diseases and ani-

mal studies.
Subjects Dose of Trimetazidine Type of Study Findings Reference
T
High fat/vitamin D-induced 30 mg/kg/day (p.o.) for 12 < Tg (5]
.. <«
atherosclerosis in rats weeks - LDL
Both doses:
L TC
. . . 10 and 30 mg/kg (p.o.) for L TG
Alloxan-induced diabetic rats 8 weeks o HDL [10]
«— LDL
{ VLDL
T
10 and 20 mg/kg (p.o.) for HH[();L
>
Carotid injury in diabetic rats 2 weeks before and after TC [11]
. . Ad
injury o LDL
Without exercise (vs. control):
«— HDL
Patients with IHD and LV~ 20 mg (p.o., t.i.d.) for 8 Randomized longitu- « TG [33]
dysfunction (1 =116) weeks dinal controlled With exercise (vs. TMZ):
T HDL
TTG
«— HDL
Patients with IHD 35 mg (p.o. b.i.d.) for 12 . <~ LDL
Rand d 41
(n =56) weeks andormze « TC [41]

TTG
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« HDL
Randomized, double-
Pati ith T2D is- ! FFA
chihrr?ir;ti;:clltiom Ohi;nd(f_ 20 mg (p.o., ti.d.) for 15  blind, placebo-con- : TG [43]
1 5)y pathy days trolled, crossover par- TC
<>

allel study o lactate

FFA, free fatty acid; HDL, high-density lipoprotein; IHD, ischemic heart disease; LDL, low-density
lipoprotein; LV, left ventricle; M value, glucose infusion rate during clamp; p.o., per oral; T2DM,
type 2 diabetes mellitus; TC, total cholesterol; TG, triglyceride; t.i.d., three times daily; 7T, increase;
{, decrease; <, no change.

In summary, endothelial dysfunction is a key factor in both the initiation and pro-
gression of atherosclerosis. Although trimetazidine holds promise for mitigating athero-
sclerosis, additional research is necessary to understand its precise impact on endothelial
dysfunction and its effectiveness in clinical settings. Given the pivotal role of oxidative
stress in atherosclerosis, it is imperative to investigate the potential involvement of fer-
roptosis, a form of regulated cell death driven by iron-dependent lipid peroxidation [61].

6. Effects of Trimetazidine on Oxidative Stress and Inflammation

Atherosclerosis is a chronic inflammatory condition that impacts the vasculature,
triggered by oxidative stress, eventually resulting in endothelial dysfunction. In
dyslipidemia, LDL penetrates arterial tunica intima and transforms into oxLDL following
oxidation by ROS. oxLDL is a significant component in the process of atherosclerosis
[62,63].

In patients with cardiovascular issues, treatment involving trimetazidine at a total
daily dosage of 60-70 mg for 4 to 24 weeks has demonstrated efficacy in reducing oxidative
stress, as evidenced by decreased plasma levels of malondialdehyde (MDA) and lipid hy-
droperoxides, alongside enhancements in total antioxidant status (Table 6) (Figure 2)
[34,39]. The antioxidant properties of trimetazidine stem from its ability to inhibit free
fatty acid B-oxidation [43], thus mitigating the excessive production of ROS by monocytes,
which may otherwise damage the endothelium through LDL oxidation. Studies have
demonstrated that trimetazidine reduces ROS expression and levels in rat aortic smooth
muscle and endothelial cells [5,11], and these effects correlate with a decrease in oxLDL
levels observed in patients with cardiovascular problems [39]. Additionally, the drug’s
ability to reduce oxidative stress coincides with increased activity of superoxide dis-
mutase (SOD), an antioxidant enzyme that transforms superoxide anions (a type of ROS)
into less reactive byproducts [64], particularly evident in aortic smooth muscle cells sub-
jected to oxLDL or hydrogen peroxide to simulate atherosclerotic conditions [5]. The an-
tioxidant effects of trimetazidine are consistently observed in numerous studies including
experimental neurodegeneration [65,66]. Molecular investigations into the antioxidant ef-
fects of trimetazidine in endothelial dysfunction are currently lacking. However, it has
been reported to activate the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling
pathway —a transcription factor pivotal in cellular defense against oxidative stress—in a
mouse model of skeletal muscle insulin resistance [52]. Upon activation, Nrf2 translocates
to the nucleus, where it binds to antioxidant response elements, consequently regulating
the transcription of antioxidant enzymes such as heme oxygenase-1 (HO-1) and
NAD(P)H:quinone oxidoreductase 1 (NQO1) [67]. Notably, trimetazidine has been shown
to elevate the expression of Nrf2 and both enzymes, as well as enhance SOD activity and
reduce MDA content in the aforementioned mouse model [36]. N1f2 is regulated by Kelch-
like ECH-associated protein 1 (Keapl) [67]. However, the precise mechanisms through
which trimetazidine influences Nrf2 activation, or whether it directly interacts with
Keapl, remain unclear.
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Table 6. Effects of trimetazidine on oxidative stress and inflammation in patients with cardiovascu-
lar disease and animal studies.

Subjects Dose of Trimetazidine Type of Study Findings Reference
High fat/vitamin D-i .0.) for 12
ig at/v1tam1n. . induced 30 mg/kg/day (p.o.) for 1 aortic ROS (5]
atherosclerosis in rats weeks
oxLDL-induced prolifera- { ROS
tion in human aortic smooth 10 M 150D activity [5]
muscle cells { MDA
H202-induced proliferation { ROS
in human aortic smooth 10 uM 150D activity [5]
muscle cells { MDA
Both doses:
Alloxan-induced diabetic 10 and 30 mg/kg (p.o.) for 8 { plasma MDA
(10]
rats weeks { plasma TNFa
{ plasma IL-6
e | intimal 8-OH-dG
Carotid m]urty in diabetic 10 511:1(; 2? mg/kg (}c;o.).fo.r 2 1 intimal hsCRP [11]
rats weeks before and after injury 1 intimal TNFoc
Rat aortic smooth muscle
cells and HUVECs exposed 250 and 500 uM { ROS expression [11]
to lysophosphatidylcholine
<> adherent granulocytes
« E-selectin
Rh-IL-13-stimulated HU- « ICAM-1
VECs 500 uM (pre-treatment) o VCAM-1 [12]
« IL-8
< nuclear p65
LIL-1B
N I M11IL-1B
LPS/nigericin-induced mac- 500 uM (pre-treatment) < CD80 mRNA [12]
rophages © TNF mRNA
— uPAR mRNA
1 1 IL-1
High-fat-diet-induced ath- . ¥ plaque c ea.ved p area
.. _. 15mg/kg/day via tap water { plaque neutrophil extracellular traps
erosclerosis in LDL-R™ [12]
. for 8 weeks (post-treatment) ! serum IL-1B
male mice
{ serum IL-18
Patients with CHF second-
{pl MDA
ary to ischemic cardiomyo- 20 mg (p.o., t.i.d.) for 4 weeks =~ Randomized ! plastma [34]
plasma LOOH
pathy (n=51)
. { MDA
H20z-induced HUVECs 10 uM 150D [36]
Patient: ith L t - .0., ti.d. ined
atents with fower extrem 39 mg (p-o - ) combine . Compared to plasmin+alprostadil:
ity arteriosclerosis obliter- with alprostadil (0.1 pg/day, = Retrospective [37]
. < hs-CRP
ans (n =132) i.v.) for 14 days
vs. NSTE-ACS
T TAS
| oxLDL
« MPO
| CRP
Patients with CAD (n=570) > & XR po,bid)for poy0ived ¥ fibrinogen [39]
months vs. CCS:
T TAS
— oxLDL
« MPO
« CRP

> fibrinogen
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Femoral artery ligation in 10 mg/kg/day (i.g.) for 2

N ICAM-1 68
diabetic mice weeks (post-treatment) serum [68]

b.i.d., twice daily; CAD, coronary artery disease; CCS, chronic coronary syndrome; CHF, congestive
heart failure; CRP, C-reactive protein; hs-CRP, high-sensitivity C-reactive protein; HUVECs, human
umbilical vein endothelial cells; ICAM-1, intercellular adhesion molecule-1; IL-1{3, interleukin 1f3;
IL-6, interleukin 6; IL-8, interleukin 8; i.v., intravenous; LDL-R™, low-density lipoprotein receptor
knockout model; LPS, lipopolysaccharide; LOOH, M1, proinflammatory macrophages; MDA,
malondialdehyde; MPO, myeloperoxidase; NSTE-ACS, non-ST elevation acute coronary syndrome;
8-OH-dG, 8-hydroxy-2’-deoxyguanosine; oxLDL, oxidized low-density lipoprotein; Rh-IL-1f3, re-
combinant human interleukin 1@; ROS, reactive oxygen species; SOD, superoxide dismutase; TAS,
total antioxidant status; t.i.d., three times daily; TNF, tumor necrosis factor; VCAM, vascular cell
adhesion molecule; XR, extended release; T, increase; {, decrease; <>, no change.

oxLDL can activate inflammatory pathways within endothelial cells, leading to the
production of inflammatory cytokines and adhesion molecules. This process exacerbates
the inflammatory response associated with atherosclerosis. Trimetazidine has been shown
to suppress inflammatory events in various animal models of atherosclerosis and diabetes
(Table 6) [10-12]. Its anti-inflammatory effects have been reported in many studies, in-
cluding muscle atrophy and mercury-induced nephrotoxicity models [65,66,69] It is be-
lieved the drug exerts its anti-inflammatory effect via inhibition of the NOD-like receptor
family pyrin domain containing 3/gasdermin D (NLRP3/GSDMD) pathway, AMP-acti-
vated protein kinase (AMPK), and galectin-3 [66,69,70].

Propagated inflammation results in the recruitment of immune cells, such as T-lym-
phocytes and monocytes, to the site of injury. This recruitment is facilitated by adhesion
molecules, including vascular cell adhesion molecule (VCAM), intercellular adhesion
molecule (ICAM), and E-selectin [71]. However, trimetazidine has demonstrated no sig-
nificant effect on adhesion molecules in inflamed endothelial cells. Nonetheless, it does
reduce the levels of cytokines such as interleukin 1 in stimulated macrophages [12].
These findings suggest that trimetazidine suppresses the release of cytokines from T cells
for the conversion of macrophages from monocytes but does not affect the earlier event of
cell adhesion.

While trimetazidine predominantly influences oxidative stress over inflammatory
events in endothelial cells, its observed effects include a reduction in atherosclerotic
plaques [5,12], leading to enhanced endothelial function [12]. However, to gain a compre-
hensive understanding of its impact on endothelial dysfunction, further investigation into
additional mechanistic parameters is warranted. For instance, exploring factors such as
Keap-1, which regulates oxidative stress, or the role of various components of the regula-
tory subunit of the IxB kinase (IKK) complex, namely the o, 3, and y subunits, which are
involved in the activation of the inflammatory nuclear factor-kappa B (NF-«B) signaling
pathway [72], could provide valuable insights.

7. Effects of Trimetazidine on Endothelial Cell and Vascular Smooth Muscle Cell
Apoptosis and Angiogenesis

Apoptosis and angiogenesis are pivotal processes intimately involved in endothelial
dysfunction. Apoptosis of endothelial cells exacerbates endothelial dysfunction, resulting
in compromised endothelial barrier function, disruption of cell-cell junctions, and im-
paired regulation of vascular permeability and tone [4]. Conversely, angiogenesis serves
as a compensatory mechanism to restore tissue perfusion and oxygenation in endothelial
dysfunction [73]. This process entails the formation of new blood vessels and is crucial for
tissue repair. Apoptosis is involved in vascular remodeling that takes place during angi-
ogenesis [74].

Trimetazidine suppresses neointimal proliferation and cell migration while promot-
ing apoptosis by elevating caspase activity in vascular smooth muscle cells following vas-
cular injury (Table 7) [5,11], suggestive of reduced vascular remodeling. Trimetazidine
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induces a shift in myocardial energy metabolism from fatty acid oxidation towards glu-
cose oxidation, leading to increased ATP production and improved energy efficiency
[50,75]. In vascular smooth muscle cells, this metabolic shift may disrupt the balance of
energy substrates required for cell proliferation. Conversely, increased glucose oxidation
induced by trimetazidine may promote apoptosis by altering cellular redox status and
mitochondrial function [76]. It is also plausible that trimetazidine, by enhancing tissue
oxygenation and alleviating ischemic conditions, mitigates the activation of hypoxia-in-
ducible factor (HIF) in vascular smooth muscle cells. These events result in reduced ex-
pression of genes associated with proliferation and survival. HIF serves as a transcription
factor governing cellular responses to hypoxia, including angiogenesis and cell survival
[77].

Table 7. Effects of trimetazidine on endothelial cells and vascular smooth muscle cell apoptosis and
angiogenesis in experimental studies.

Models Dose of Trimetazidine Findings Reference
oxLDL—lndgced proliferation in hu- 01,1, and 10 M U proliferation (5]
man aortic smooth muscle cells
Both doses:
Alloxan-induced diabetic rats 10and 30 m/kg (p-o.) for 8 1 plasma miR24 protein [10]
weeks . .
T plasma miR126 protein
10 and 20 mg/kg (p.o.) 2
Carotid injury in diabetic rats weeks before and after in- { muscle proliferation index [11]
jury
250 and 500 uM:
{ proliferation
Rat aortic smooth muscle cells ex- 50, 100, 250, and 500 M All concentrat.io.ns: (1]
posed to TNFa T caspase activity
500 uM:
{ migration
T viability
Rat aortic SMCs exposed to TNF-a 25-500 uM { active caspase-3 [11]
{ apoptotic cells
LPS/nigericin-induced macrophages 500 uM (pre-treatment) { cleaved caspase-1 [12]
High-fat-diet-induced atherosclero- 15 mg/kg/day via tap water { aortic plaque cleaved caspase-1
sis in LDL-R7~ male mice for 8 weeks (post-treatment) { aortic plaque cell count [12]
HoO»-induced HUVECs 10 uM Ti apoptosis [36]
proliferation
TAC-induced cardiac hypertroph . T CD31
mice P Py 2.8 mg/100 pL (i.g.) A VEGF [78]
T proliferation
PE-induced HUVECs 5 uM T cell migration [78]
? tube formation
| proliferation
{ cell migration
Diabetic retinopathy in human reti- 1-10 uM | VEGF [79]

nal endothelial cells

d cell invasion
{ tube formation
{ cell permeability

CD31, platelet endothelial cell adhesion molecule-1; HUVECs, human umbilical vein endothelial
cells; i.g., intragastric; LDL-R7, low-density lipoprotein receptor knockout model; LPS, lipopoly-
saccharide; oxLDL, oxidized low-density lipoprotein; PE, phenylephrine; TAC, transverse aortic
constriction; TNFa, tumor necrosis factor o; p.o., per oral; VEGF, vascular endothelial growth factor;
7T, increase; ¥, decrease.
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Trimetazidine can directly or indirectly modulate signaling pathways involved in the
proliferation and apoptosis of vascular smooth muscle cells. Studies have demonstrated
its ability to activate AMP-activated protein kinase (AMPK), a regulator that inhibits cell
proliferation and promotes apoptosis in various cell types, including vascular smooth
muscle cells [75,80,81]. Additionally, trimetazidine may influence other signaling path-
ways such as phosphoinositide-3-kinase/protein kinase B/mammalian target of rapamy-
cin (PI3K/Akt/mTOR) [82] and mitogen-activated protein kinase (MAPK) [83], which are
known to regulate cell survival and proliferation. Furthermore, trimetazidine’s anti-in-
flammatory properties may indirectly impact vascular smooth muscle cell proliferation
and survival by suppressing proproliferative and antiapoptotic signals induced by in-
flammatory cytokines and mediators [84]. This multifaceted modulation of signaling
pathways highlights the potential of trimetazidine as a therapeutic agent for regulating
vascular smooth muscle cell behavior in various pathological conditions.

In contrast, endothelial cells demonstrate increased proliferation and reduced apop-
totic activity, as evidenced by decreased caspase activity following trimetazidine treat-
ment [11,36]. Similar finding of reduced apoptosis has been reported in lipopolysaccha-
ride-stimulated macrophages, serving as a model of endothelial dysfunction [12]. This ef-
fect may be mediated by the upregulation of miR-24 and miR-126, microRNAs crucial in
vascular development, angiogenesis, apoptosis, and endothelial cell function [10]. These
observations suggest that trimetazidine promotes angiogenesis, indicative of active tissue
repair processes.

Research investigating the influence of trimetazidine on angiogenesis in endothelial
dysfunction is currently insufficient. Nonetheless, in rats with pressure overload-induced
cardiac hypertrophy, trimetazidine has been observed to enhance the expression of vas-
cular endothelial growth factor (VEGF), a crucial angiogenic factor, as well as platelet en-
dothelial cell adhesion molecule-1 (CD31) which facilitates interactions between endothe-
lial cells and other cell types during angiogenesis. Additionally, cell migration and tube
formation, indicative of neovascularization, are increased in endothelial cells treated with
trimetazidine [78]. These findings suggest that the drug promotes endothelial cell prolif-
eration and angiogenesis. Consequently, trimetazidine facilitates endothelial cell prolifer-
ation as part of the neovascularization process, ultimately improving endothelial function.
However, in hyperglycemic conditions, the drug alleviates angiogenesis in retinal endo-
thelial cells, as evidenced by reduced cell migration and invasion, decreased tube for-
mation, and VEGF expression [79]. In diabetic retinopathy, characterized by an abnormal
increase in angiogenesis, trimetazidine reverses these detrimental effects [79]. The find-
ings of these studies suggest that trimetazidine modulates pathological angiogenesis.

Research indicates that the protective effects of trimetazidine on angiogenesis stem
from the activation of Akt and the facilitation of heat shock factor 1 (HSF1) nuclear trans-
location [78]. HSF1 exerts its influence on angiogenesis by directly modulating the expres-
sion of key angiogenic factors, notably VEGF [85]. Evidence suggests that inhibition of
HSF1 abolishes the beneficial effects of trimetazidine in endothelial cells [78]. In diabetic
retinopathy, trimetazidine modulates angiogenesis by activating the PI3K/Akt/mTOR sig-
naling pathway [79]. This, in turn, suppresses autophagy —a cellular process responsible
for breaking down and recycling damaged or unnecessary components within cells,
thereby maintaining cellular health and adapting to stress [72]. Evidence of this modula-
tion includes reduced levels of microtubule-associated protein light chain 3 II (LC3-II) and
beclin 1, as well as increased expression of p62 [79]. Beclin-1 initiates the autophagy pro-
cess [86], LC3-1II participates in autophagosome formation, and p62 is involved in cellular
component degradation through autophagy [72]. Decreased autophagy is linked to di-
minished apoptosis activity in endothelial cells [87]. In summary, trimetazidine appears
to regulate angiogenesis and autophagy, influencing endothelial dysfunction. However,
further study is needed to fully understand the role of trimetazidine in autophagy.

Similarly, the precise mechanisms through which trimetazidine influences apoptosis
in the endothelium are not fully understood, primarily due to limited research in this area.
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This gap in knowledge poses a challenge to the potential therapeutic application of trimet-
azidine in endothelial dysfunction. However, it is hypothesized that trimetazidine may
modulate intracellular signaling pathways involved in apoptosis regulation, potentially
by activating the Nrf2 signaling pathway [52]. Activation of Nrf2 can lead to the upregu-
lation of antioxidant enzymes and the suppression of apoptotic pathways [88]. Trimeta-
zidine may indirectly inhibit apoptotic signaling pathways activated by oxidative stress,
or directly interact with apoptotic proteins involved in the regulation of cell death. It has
been suggested that trimetazidine may inhibit the activity of poly ADP-ribose polymerase
(PARP), a caspase substrate involved in DNA repair and maintenance. Inhibition of PARP
activity could promote apoptosis in certain cellular contexts [89]. Trimetazidine has been
reported to regulate the expression of B-cell lymphoma 2 (Bcl-2) family proteins, which
play key roles in apoptosis regulation. It has been reported to increase the expression of
the antiapoptotic protein Bcl-2 while decreasing the expression of the proapoptotic pro-
tein Bcl-2-associated X protein (Bax) in experimental models [90]. Similar effects may oc-
cur in the endothelium. Additionally, its metabolic effects [75] and anti-ischemic proper-
ties [8] may supply endothelial cells with the necessary resources for proliferation and
survival, further mitigating apoptosis. However, further investigation is warranted to
fully elucidate the role of trimetazidine in regulating endothelial cell apoptosis and its
therapeutic implications for endothelial dysfunction.

Further investigation is warranted to fully elucidate the precise mechanisms by
which trimetazidine impacts endothelial cell proliferation and apoptosis. Exploration of
endothelial mitochondrial function, including parameters such as the dynamin-related
protein 1 (Drpl)-mediated pathway [91], should also be pursued, given the significant
role of apoptosis in mitochondrial function. Nevertheless, the angiogenic and antiapop-
totic properties of trimetazidine, along with its metabolic effects and ability to alleviate
ischemic conditions, likely contribute to its observed effects on endothelial cells. The pro-
tective effects observed with trimetazidine therapy underscore its potential as an effective
treatment strategy for patients with ischemic heart disease.

8. Limitations

While compelling evidence suggests that trimetazidine exhibits protective effects
against endothelial dysfunction, a critical factor in maintaining vascular health and pre-
venting cardiovascular diseases, there are several limitations to its therapeutic use in this
context. Firstly, it poses a limited direct effect on endothelial function, primarily targeting
myocardial metabolism rather than directly influencing endothelial cells. Consequently,
its direct effects on endothelial cells are not well established. Furthermore, the specific
mechanisms by which trimetazidine may influence endothelial function, involving com-
plex molecular and cellular processes, are not fully understood.

Trimetazidine therapy may yield inconsistent outcomes due to patient compliance
issues. Initially, it is prescribed thrice daily in 20 mg immediate-release tablets. However,
to enhance compliance, a modified-release formulation of 35 mg tablets taken twice daily
has been suggested [92]. Switching to a slow-release tablet formulation could potentially
improve compliance, thus optimizing the therapeutic benefits while minimizing risks.

Trimetazidine is primarily eliminated unchanged, with over 60% excreted through
urine [93]. Consequently, it is contraindicated in patients with chronic kidney disease [19],
as its use in such individuals can significantly elevate plasma levels [94]. Additionally,
trimetazidine may interact with medications prescribed for other coexisting conditions in
patients with endothelial dysfunction, potentially compromising its efficacy or increasing
the likelihood of adverse effects. Recent findings suggest that trimetazidine can attenuate
the effects of antiepileptic drugs such as phenytoin and carbamazepine without affecting
their brain levels [95]. Therefore, healthcare providers must exercise caution and meticu-
lously assess potential drug interactions when prescribing trimetazidine to patients with
endothelial dysfunction.
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9. Conclusion and Avenues for Future Research

As of now, the mechanisms by which trimetazidine alleviates endothelial dysfunc-
tion likely involve the regulation of angiogenesis and apoptosis, the reduction in oxidative
stress and inflammation, and the augmentation of endothelial NO bioavailability. How-
ever, further studies are essential to fully elucidate the precise molecular pathways in-
volved and to explore potential long-term effects. Investigating potential synergistic ef-
fects with other cardiovascular medications could offer valuable insights into maximizing
its therapeutic benefits. Moreover, examining the interplay between trimetazidine and
lifestyle interventions, such as dietary modifications, in enhancing endothelial function
warrants further investigation.

While ongoing research on trimetazidine and its effects on endothelial function holds
promise for advancing cardiovascular medicine and enhancing patient outcomes, it is im-
portant to note that no clinical trials have been conducted to explore the long-term benefits
of the drug specifically on endothelial dysfunction. Currently, its usage is mainly for
symptomatic control of angina and is typically discontinued once treatment goals are met.
To confirm its positive effects on endothelial dysfunction, long-term administration of
trimetazidine is necessary to assess whether it could prevent the further initiation of ath-
eroma after improving endothelial dysfunction. Additionally, future studies should con-
sider the translational potential of trimetazidine in addressing endothelial dysfunction-
related complications beyond cardiovascular diseases, including diabetic nephropathy,
erectile dysfunction, and pre-eclampsia.
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