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Abstract

Introduction—Trimetazidine (TMZ) is an anti-anginal drug that has been widely used in Europe 

and Asia. The TMZ can optimize energy metabolism via inhibition of long-chain 3-ketoacyl CoA 

thiolase (3-KAT) in the heart, with subsequent decrease in fatty acid oxidation and stimulation of 

glucose oxidation. However, the mechanism by which TMZ aids in cardioprotection against 

ischemic injury has not been characterized. AMP-activated protein kinase (AMPK) is an energy 

sensor that controls ATP supply from substrate metabolism and protects heart from energy stress. 

TMZ changes the cardiac AMP/ATP ratio by modulating fatty acid oxidation, thereby triggering 

AMPK signaling cascade that contributes to the protection of the heart from ischemia/reperfusion 

(I/R) injury.

Methods—The mouse model of in vivo regional ischemia and reperfusion by the ligation of the 

left anterior descending coronary artery (LAD) was used for determination of myocardial 

infarction. The infarct size was compared between C57BL/6J WT mice and AMPK kinase dead 

(KD) transgenic mice with or without TMZ treatment. The ex vivo working heart perfusion system 

was used to monitor the effect of TMZ on glucose oxidation and fatty acid oxidation in the heart.

Results—TMZ treatment significantly stimulates cardiac AMPK and extracellular signal-

regulated kinase (ERK) signaling pathways (p < 0.05 vs. vehicle group). The administration of 
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TMZ reduces myocardial infarction size in WT C57BL/6J hearts, the reduction of myocardial 

infarction size by TMZ in AMPK KD hearts was significantly impaired versus WT hearts (p < 

0.05). Intriguingly, the administration of ERK inhibitor, PD98059, to AMPK KD mice abolished 

the cardioprotection of TMZ against I/R injury. The ex vivo working heart perfusion data 

demonstrated that TMZ treatment significantly activates AMPK signaling and modulating the 

substrate metabolism by shifting fatty acid oxidation to glucose oxidation during reperfusion, 

leading to reduction of oxidative stress in the I/R hearts. Therefore, both AMPK and ERK 

signaling pathways mediate the cardioprotection of TMZ against ischemic injury. The metabolic 

benefits of TMZ for angina patients could be due to the activation of energy sensor AMPK in the 

heart by TMZ administration.

Keywords

AMPK signaling; MAPK signaling; Trimetazidine; Cardioprotection; Ischemia/reperfusion

1. Introduction

Ischemic heart disease (IHD) is the leading cause of death as well as a major reason of 

disability due to nonfatal acute myocardial infarction (AMI), angina pectoris, or ischemic 

heart failure in the world [1,2]. In the United States alone, 15.4 million people were 

diagnosed with coronary heart disease, and 7.8 million had chronic angina and stable 

ischemic heart disease [3]. Current medical therapies for IHD involve anticoagulants, 

thrombolytic and percutaneous coronary intervention which aim to improve the blood 

supply of the heart [4]. However, these treatments will irreversibly cause myocardial 

ischemia/reperfusion injury. Over the last 30 years, researches demonstrate that partial 

inhibition of myocardial fatty acid oxidation, with mutual activation of carbohydrate 

oxidation, is an effective treatment for ischemia/reperfusion injury [5].

The greatest development in the application of metabolic therapy came in the last 15 years 

with the advent of compounds that partially inhibit myocardial fatty acid oxidation, 

specifically trimetazidine (1-[2,3,4-trimethoxibenzyl]-piperazine) and ranolazine. 

Trimetazidine selectively inhibits long-chain 3-ketoacyl-co-enzyme A (CoA) thiolase (3-

KAT), which is the enzyme that catalyzes the terminal step of fatty acid β-oxidation, thereby 

shifting cardiac energy metabolism from fatty acid oxidation to glucose oxidation [6]. Fatty 

acid and pyruvate oxidation both occur in the mitochondrial matrix and share common 

substrates and products. Suppression of myocardial fatty acid oxidation lowers the 

mitochondrial ratios of NADH/NAD+ and acetyl-CoA/free CoA, which relieves inhibition 

on pyruvate dehydrogenase (PDH) and increases glucose and lactate oxidation [7]. These 

results suggest that trimetazidine decreases the NADH/NAD+ and acetyl-CoA/free CoA 

ratios in the mitochondrial matrix via inhibition of 3-KAT. As was demonstrated in the 

working rat heart, trimetazidine significantly increased the rate of glucose oxidation despite 

only modestly reducing the rate of fatty acid oxidation [6,8]. However, the detailed 

mechanism has not been illuminated.

We have demonstrated that the activation of AMP-activated protein kinase (AMPK) exerts a 

protective effect toward ischemia/reperfusion injury [9–15]. AMPK is a widely distributed 
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and highly conserved hetero-trimetric complex composed of a catalytic α (62KDa) subunit 

and the non-catalytic β and γ subunits which are responsible for the regulation of the kinase 

activity, enzyme stability, and localization [16]. Some of the catabolic, energy-producing 

pathways AMPK up regulates include glucose uptake, glycolysis, fatty acid uptake, fatty 

acid oxidation, and autophagy [17]. AMPK also functions directly as an important energy 

sensor for cells. It is activated in response to metabolic stress on the cell that lowers the 

energy state of the cell by either inhibiting ATP production (i.e. ischemia, hypoxia, glucose 

deprivation) or accelerating ATP consumption (i.e. muscle contraction) [18]. Does 

trimetazidine activate AMPK? Could trimetazidine shift metabolism through activating 

AMPK signaling pathway? Based on these questions, we hypothesized that trimetazidine 

exerts its protective effect through activating AMPK signaling pathway.

In this study, we investigated the cardioprotective effect of trimetazidine with wild-type mice 

and AMPK-kinase dead (KD) mice. In a mouse model of ischemia/reperfusion (I/R) injury 

in which the left anterior descending coronary artery (LAD) was occluded by suture and 

released, we demonstrated that trimetazidine can activate AMPK both at the basal level and 

the I/R level. In addition to that, p-ERK which is a component of mitogen-activated protein 

(MAP) kinases signaling pathway was also activated. Trimetazidine can significantly 

decrease the myocardial infarct size through AMPK and ERK signaling pathway. By 

measuring glucose oxidation and fatty acid oxidation with [U-14C]glucose and 

[9,10-3H]oleate, the results indicate that trimetazidine can shift metabolism from fatty acid 

oxidation to glucose oxidation through AMPK signaling pathway in the working heart 

system.

2. Materials and Methods

2.1. Experimental Animals

Male C57Bl/6J mice (12 weeks of age) and AMPK kinase-dead (KD, K45R mutation driven 

by muscle creatine kinase promoter) transgenic mice [19] were used in all experiments. All 

animal protocols in this study were approved by the Institutional Animal Care and Use 

Committee of the University at Buffalo–State University of New York.

2.2. Immunoblotting Analysis and Infarct Size Measurement

C57BL/6J and AMPK KD mice were anesthetized with pentobarbital (60 mg/kg, IP), 

disinfected, intubated and ventilated with a respirator (Harvard apparatus, Holliston, MA) as 

described previously [9,20]. After a left lateral thoracotomy, the left anterior descending 

coronary artery (LAD) was occluded for 20 min with an 8-0 nylon suture and polyethylene 

tubing to prevent arterial injury and reperfused for 15 minutes. Vehicle (saline) or 

trimetazidine (0.5 mg/kg) was administered via the tail vein injection 5 min before 

reperfusion. The ECGs confirmed the ischemic manifestations of ST-segment elevation 

during coronary occlusion and T-segment inversion during reperfusion (AD Instruments, 

Colorado Springs, CO). A cardiectomy was performed at the end of reperfusion. Left 

ventricular ischemic regions were isolated prior to freeze clamping in liquid nitrogen for 

further immunoblotting analysis. The tissue were lysed in a lysis buffer containing: 50 

mmol/L β-glycerol phosphate, 2 mmol/L EGTA, 1 mmol/L DTT, 10 mmol/L NaF, 1 mmol/L 
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sodium orthovanadate, 20 mmol/L HEPES (pH 7.4), 1% Triton X-100, 10% glycerol, and a 

protease inhibitor cocktail tablet. Membranes were probed with anti-AMPK-α, p-AMPK, 

ACC, p-ACC, ERK1/2, p-ERK1/2, p-JNK, JNK, p-Akt, and Akt (Cell Signaling, Danvers, 

MA), followed by incubation with horseradish peroxidase (HRP)-coupled anti-rabbit 

secondary antibody (Cell Signaling Technology, Beverly, MA). Blue X-ray film (Phenix, 

Candler, NC) was used for photon detection and image development. Films were scanned 

with the Bio-Rad GS-700 scanner in the core facility of the School of Medicine and 

Biomedical Sciences and the relative density of the bands on the film was determined by 

Image J software [9,11,20].

For infarct size measurement, LAD was occluded for 30 minutes and reperfused for 24 h, 

compound C (0.1 μg/g) and/or PD98059 (10 μmol/L) were applied through IP injection an 

hour before ischemia to inhibit AMPK and/or ERK signaling pathway. After reperfusion, 

hearts were excised for dual staining. The non-necrotic tissue in the ischemic region was 

stained red with 2,3,5-triphenyltetrazolium (TTC) and non-ischemic regions were stained 

blue with Evans blue dye. The hearts were fixed with 10% formalin and sectioned into 1 mm 

slices, photographed utilizing a Lexica MZ95 microscope and analyzed by NIH Image 

analysis software [9,20]. The myocardial infarct size was calculated as the ratio of the 

percentage of myocardial necrosis to the ischemic area at risk (AAR).

2.3. Glucose Oxidation and Fatty Acid Oxidation Analysis

Cardiac substrate metabolism was determined in the working heart model as previously 

described [20]. The heart preload was set at 15 cm H2O and afterload at 80 cm H2O. The 

flow rate was maintained at 15 mL/min. Mouse hearts were cannulated through the aorta to 

initiate retrograde Langendorff perfusion followed by cannulation of the pulmonary vein to 

initiate anterograde perfusion in the working heart mode. Isolated mouse hearts were 

subjected to 20 minutes of baseline perfusion, followed by 10 minutes of global, no-flow 

ischemia and 20 minutes of reperfusion. Glucose oxidation was determined by the 

production of 14CO2 from [U-14C]glucose in the perfusate. Fatty acid oxidation was 

determined by the production of 3H2O from [9,10-3H]oleate in the perfusate. The 14CO2 in 

the coronary effluent was captured with hyamine hydroxide. The 14CO2 and 3H2O were 

enumerated by scintillation counting.

2.4. Histological Evaluation

After subjected to 20 minutes of ischemia and 4 hours of reperfusion, hearts were perfused 

with relaxation buffer (25 mmol/L KCl and 5% dextrose in PBS) with heparin to wash out 

blood. The hearts were removed, fixed in 10% formalin and embedded in paraffin. Paraffin-

embedded myocardial sections (5 μm), stained with hematoxylin and eosin, were examined 

by light microscopy.

2.5. Statistical Analysis

Data followed a normal distribution with constant variance and were expressed as means ± 

standard error of the mean [21]. Significance was tested by 2-tailed Student t tests or 2-way 

analysis of variance with post hoc analysis. A p < 0.05 was considered as significant.
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3. Results

3.1. Trimetazidine Treatment Triggers Phosphorylation of AMPK and ERK

To determine whether trimetazidine (TMZ) protects against myocardial injury through 

AMPK signaling pathway, we first examined the effect of TMZ on cardiac AMPK signaling 

pathway. The C57BL/6J mice were subjected to tail vein injection of vehicle (saline) or 

TMZ (0.5 mg/kg) after intraperitoneal injection (IP) of pentobarbital (60 mg/kg), hearts 

were collected 10 minutes after injection. For ischemia and reperfusion (I/R) group, 

C57BL/6J mice were subjected to 20 minutes of ischemia followed by 15 minutes of 

reperfusion (Fig. 1A). Trimetazidine or vehicle (saline) was injected intravenously via the 

tail vein injection 5 minutes before reperfusion. The ECGs confirmed the ischemic 

manifestations of ST-segment elevation during coronary occlusion and T-segment inversion 

during reperfusion (Fig. 1B). Representative levels of p-AMPK, p-ACC, p-ERK and p-Akt 

are shown in Fig. 1C. Administration of trimetazidine at a 0.5 mg/kg dose significantly 

activated AMPK, and its downstream effector, ACC (Fig. 1C). The estrogen-regulated 

protein kinase (ERK) is identified as one of the major components of the RISK (reperfusion 

injury salvage kinase) pathway. Both p-ERK and p-Akt were augmented in both the basal 

and I/R groups. p-JNK, one of the kinase of MAP kinase signaling pathway did not change. 

p-AMPK, p-ACC, and p-Akt were not activated in the I/R vehicle group, however, p-ERK 

was stimulated in the I/R vehicle group.

3.2. Trimetazidine Reduces Myocardial Infarction Through AMPK and ERK Signaling 
Pathway

To determine whether trimetazidine can protect against myocardial injury through AMPK 

and ERK signaling pathway, we performed TTC staining to measure the infarction area. 

C57Bl/6J and AMPK KD mice were subjected to 30 min of ischemia followed by 24 h of 

reperfusion. At every group, trimetazidine (0.5 mg/kg) or vehicle (saline) was injected 

intravenously via the tail vein 5 minutes before starting reperfusion. Representative cardiac 

sections dually stained with TTC and Evans blue dye are shown in Fig. 2A. Ratios of the 

area at risk to the total myocardial area were similar among the ten groups, indicating that an 

equal extent of ischemic stress has been induced in all groups (Fig. 2B). Administration of 

trimetazidine at a dose of 0.5 mg/kg significantly decreased myocardial infarction in WT 

mice (Fig. 2B, 0.11 ± 0.02 vs. 0.23 ± 0.01, p < 0.05 vs. vehicle). With AMPK KD group, the 

infarction size of trimetazidine group increased compared with WT + trimetazidine group 

(Fig. 2B, 0.19 ± 0.01 vs. 0.11 ± 0.02, p < 0.05 vs. vehicle), indicating that trimetazidine 

reduces myocardial infarction injury partially through AMPK signaling pathway. However, 

the infarction size was smaller compared to corresponding vehicle group (0.34 ± 0.01 vs. 

0.19 ± 0.02, p < 0.05 vs. corresponding vehicle), suggesting that there are other signal 

pathways that trimetazidine can interact with, so that it can relieve the injury caused by 

ischemia/reperfusion injury. Concerning immunoblotting results, we applied ERK inhibitor 

PD98059 to see the role of ERK signaling pathway in the ischemia/reperfusion injury. 

Injection of trimetazidine at a dose of 0.5 mg/kg significantly decreased myocardial 

infarction in WT + PD98059 mice (Fig. 2B, 0.21 ± 0.01 vs. 0.34 ± 0.02, p < 0.05 vs. 

vehicle). Between the two pathways, AMPK signaling pathway appears to be more 
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predominant than ERK signaling pathway. The histological results also demonstrated that 

trimetazidine can reduce myocardial infarction judging from morphological change (Fig. 3).

3.3. Trimetazidine Shifts Metabolism from Fatty Acid Oxidation to Glucose Oxidation

Decrease myocardial fatty acid oxidation and increase glucose oxidation will result in a 

greater ratio of ATP synthesis to O2 consumption, and also reduce lactate production and the 

fall in pH, which is advantageous to the ischemia/reperfusion heart [22]. We examined the 

effect of trimetazidine in a well-established ex vivo model. In C57BL/6J + trimetazidine 

group, the glucose oxidation increased while fatty acid oxidation decreased compared to 

vehicle group in the reperfusion period (Fig. 4, p < 0.05 vs. vehicle). While in AMPK KD + 

trimetazidine group the glucose oxidation decreased while fatty acid oxidation increased 

compared to C57Bl/6J + trimetazidine group in the reperfusion period (Fig. 4). The 

metabolism between AMPK KD + trimetazidine group and AMPK KD vehicle group did 

not change. The results indicated that trimetazidine can shift metabolism from fatty acid 

oxidation to glucose oxidation during reperfusion period through modulating AMPK 

activation. It is interesting to note that at basal period in C57BL/6J + trimetazidine group, 

trimetazidine increases fatty acid oxidation and decreases glucose oxidation compared to 

vehicle group (Fig. 4A).

3.4. Trimetazidine Improves Contractile Functions of Cardiomyocytes during Hypoxia

The contractile function of cardiomyocytes isolated from mouse hearts was measured by 

IonOptix system [17]. Data shown in Fig. 5 indicate that TMZ significantly increased 

maximal velocity of relengthening (+dL/dt) and maximal velocity of shortening (−dL/dt), 

peak height and peak shortening (PS) amplitude compared with cardiomyocytes from 

respective vehicle groups, while TMZ treatment did not affect time-to-90% peak shortening 

(TPS90). These data indicate that TMZ facilitates the contractility of cardiomyocytes which 

is an ATP-consuming process.

To study how TMZ treatment induces the activation of AMPK, we measured intracellular 

ATP levels. Intracellular ATP levels of cardiomyocytes with or without TMZ (10 μmol/L) 

were measured using luminescence-based technique. The ATP levels were measured with or 

without exposure of cardiomyocytes to hypoxia/reoxygenation in the presence or absence of 

TMZ. The ATP levels without TMZ of basal and hypoxia/reoxygenation were 28 ± 2 and 27 

± 3.1 nmol/mg protein, respectively. The ATP levels with TMZ were 13.6 ± 2.1 and 14.6 

± 2.2 nmol/mg protein, respectively. Fig. 5G shows that TMZ treatment induced ATP 

depletion in cardiomyocytes in both the basal and hypoxia/reoxygenation groups, which 

indicates an increase of the AMP/ATP ratio.

4. Discussion

In this study for the first time we demonstrate that trimetazidine regulates metabolism during 

myocardial ischemia/reperfusion injury through regulating AMPK signaling pathway, and 

trimetazidine can reduce myocardial infarction size through AMPK and ERK signaling 

pathways. The result that AMPK KD mice or AMPK inhibitor compound C, ERK inhibitor 

PD98059 abolished the cardioprotective effect of trimetazidine further confirmed the 
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hypothesis that trimetazidine exerts its protective effect through activating AMPK signaling 

pathway as well as trimetazidine’s protective effect through regulating ERK signaling 

pathway. Trimetazidine binds to mitochondria, with a high affinity/low density binding site 

on the outer mitochondrial membrane (Ka 0.96 μmol/L) and low affinity/high density site on 

the inner membrane (84 μmol/L) [23,24]. The long chain isoform of 3-KAT is also bound to 

the inner mitochondrial membrane [24,25], however it is still unknown if trimetazidine must 

bind tightly to 3-KAT in order to inhibit enzyme activity. AMPK switches on catabolic 

pathways, such as the uptake of glucose and fatty acids, and their metabolism by 

mitochondrial oxidation and glycolysis [26]. In physiological conditions, AMPK modulates 

lipid metabolism by phosphorylating and inactivating acetyl-CoA carboxylase (ACC) [27]. 

ACC is a biotin-dependent enzyme and catalyzes the synthesis of malonyl CoA, which is an 

essential substrate for fatty acid synthase and a potent inhibitor of carnitine palmitoyl-CoA 

transferase-I (CPT-I) [28,29]. In summary, AMPK acts as an important regulator of 

myocardial lipid oxidation by inactivating ACC and reducing malonyl CoA levels, which 

subsequently increase CPT-I activity and mitochondrial lipid oxidation. Our results indicates 

that trimetazidine activates p-AMPK and p-ACC at basal period. In the working heart 

system, at basal period of C57BL/6J + trimetazidine group, trimetazidine increases fatty acid 

oxidation and decreases glucose oxidation compared to vehicle group, because of the 

activation of p-ACC. In the ischemic heart, AMPK enhances glucose uptake by mediating 

the translocation of GLUT4 from storage vesicles to the cell surface [10,28]. AMPK also 

stimulates glycolysis by directly activating phosphofructo-kinase 2 (PFK-2) through 

phosphorylation at Ser466, which further increases the production of fructose 2,6-

bisphophate, an allosteric activator of PFK-1 in the glycolytic pathway [30]. AMPK 

activation maintains enhanced glucose uptake during the initial reperfusion stage to improve 

cardiac contractile functions, as shown by transgenic mice expressing a kinase dead 

mutation exhibiting impaired glucose uptake and post-ischemic contractile function [10]. 

After activating AMPK, trimetazidine increases glucose oxidation and decreases fatty acid 

oxidation probably through enhanced glucose uptake. These results, together with our 

previous findings, indicate that trimetazidine modulates cardiac glucose metabolism through 

activation of the AMPK signaling pathway.

Our results also indicate that trimetazidine reduces myocardial infarction size through 

stimulating p-ERK1/2, which is an important component of mitogen-activated protein 

kinases (MAPKs) signaling pathway. MAPKs are multifunctional regulators that play an 

indispensable role in a number of biological processes in heart including cell proliferation, 

survival, apoptosis, actin reorganization and cytokine production [31]. Primarily there are 

four MAP kinase subfamilies including extracellular signal-regulated kinases (ERK1/2), c-

Jun NH2-terminal kinases (JNK1, JNK2 and JNK3), p38 kinase (α, β, γ, δ), and big MAPK 

(BMK or ERK5) [32,33]. Activation ERK1/2 signaling has been identified as one of the 

major components of the RISK (reperfusion injury salvage kinase) pathway [34]. Our results 

showed that during ischemia/reperfusion period, p42/p44 ERK increased, which is 

consistent to the research before [34–37]. During ischemia, reactive oxygen species (ROS) 

was produced in mitochondria and then an extra burst of ROS generation took place at 

reperfusion. The oxidative stress response occurred, and the imbalance of oxidation/

antioxidant system was broken, resulting in myocardial tissue injury. In addition, ROS 
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activates a variety of inflammatory molecular cascades [38,39]. The activation of ERK1/2 is 

beneficial to cell survival and have a protective compensatory effect on antioxidant 

imbalance, whereas p38 MAPK and JNK can promote apoptosis [40,41]. Trimetazidine 

reduces myocardial infarction size through stimulating the activation of ERK1/2, so as to 

relieve the injury brought by ROS produced during reperfusion period. However, the detailed 

mechanism needs to be further explored.

Our results are not consistent with the study of Mahmood Khan et al. [42], which 

demonstrated that trimetazidine cannot activate ERK1/2 during ischemia/reperfusion period. 

This could be explained by the different experimental protocols employed. In the 

aforementioned research, the authors employed a protocol involving 30 min of ischemia and 

48 h of reperfusion, and collected hearts after 48 h of reperfusion for immunoblotting 

analysis, which is drastically different from our protocol of 20 min of ischemia and 15 min 

of reperfusion. On the other hand, it is possible that the activations of ERK1/2 may have 

been missed. These differences in experimental design might explain the contrasting results.

Trimetazidine has been in clinical use for more than 20 years. It is an effective treatment for 

stable angina and a potential drug for treating systolic dysfunction in cardiac failure patients. 

Both in vivo and in vitro studies have exhibited that, during ischemia, trimetazidine relieves 

intracellular acidosis, inhibits sodium and calcium accumulation, maintains intracellular 

ATP levels, reduces creatine kinase (CK) release, and preserves mitochondrial function [6]. 

Furthermore, multiple studies reveal that patients treated with TMZ experience fewer 

episodes of angina and a longer interval before angina onset in exercise tests compared to 

patients given placebo or other anti-angina drugs [43]. In one particularly impressive study, 

50 patients with stable angina were treated with the calcium blocker diltiazem with or 

without the addition of TMZ. A remarkable 68% of TMZ recipients experienced fewer 

angina attacks per week compared with baseline, while only 12% of the control group 

exhibited the same response [44]. This study revealed that trimetazidine, in addition to its 

above-mentioned therapeutic benefits, could shift fatty acid oxidation to glucose oxidation 

and attenuate reperfusion-induced injury by its activation of the energy modulator AMPK 

and the ERK1/2 which is an important component of MAPK signaling pathway. Our future 

studies will be focused on the more detailed mechanism, such as the relationship between 

AMPK and MAPK signaling pathway in trimetazidine’s protective effect, and the upstream 

regulator of AMPK and MAPK, etc. In conclusion, the present study highlights the potential 

clinical significance of administering TMZ before the beginning of reperfusion, which may 

be valuable for patients undergoing coronary angioplasty or percutaneous coronary 

interventions.

Acknowledgments

Funding

These studies were supported by American Heart Association 14IRG18290014, American Diabetes Association 
Basic Sciences Grant 1-14-BS-131, NIH R21AG044820 and R01AG043895, National Natural Science Foundation 
of China (NNSFC) 31171121, 81370230, 81200195 and 81570279, Science and Technology Program of 
Guangzhou China 201508020107, and Technology Foundation for Selected Overseas Chinese Scholar of Ministry 
of Human Resources and Social Security of China Z012013046.

Liu et al. Page 8

Metabolism. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Murray CJ, Vos T, Lozano R, Naghavi M, Flaxman AD, Michaud C, et al. Disability-adjusted life 
years (DALYs) for 291 diseases and injuries in 21 regions, 1990–2010: a systematic analysis for the 
Global Burden of Disease Study 2010. Lancet. 2012; 380:2197–223. [PubMed: 23245608] 

2. Moran AE, Forouzanfar MH, Roth GA, Mensah GA, Ezzati M, Flaxman A, et al. The global burden 
of ischemic heart disease in 1990 and 2010: the global burden of disease 2010 study. Circulation. 
2014; 129:1493–501. [PubMed: 24573351] 

3. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ, et al. Executive summary: 
heart disease and stroke statistics —2014 update: a report from the American Heart Association. 
Circulation. 2014; 129:399–410. [PubMed: 24446411] 

4. Worner F, Cequier A, Bardaji A, Bodi V, et al. Grupo de Trabajo de la Sociedad Espanola de 
Cardiologia para la guia de practica clinica sobre el sindrome coronario agudo con elevacion del 
segmento ST. Comments on the ESC guidelines for the management of acute myocardial infarction 
in patients presenting with ST-segment elevation. Rev Esp Cardiol. 2013; 66:5–11. Coordinadores. 
[PubMed: 23485179] 

5. Stanley WC, Marzilli M. Metabolic therapy in the treatment of ischaemic heart disease: the 
pharmacology of trimetazidine. Fundam Clin Pharmacol. 2003; 17:133–45. [PubMed: 12667223] 

6. Kantor PF, Lucien A, Kozak R, Lopaschuk GD. The antianginal drug trimetazidine shifts cardiac 
energy metabolism from fatty acid oxidation to glucose oxidation by inhibiting mitochondrial long-
chain 3-ketoacyl coenzyme A thiolase. Circ Res. 2000; 86:580–8. [PubMed: 10720420] 

7. Randle PJ, Garland PB, Hales CN, Newsholme EA. The glucose fatty-acid cycle. Its role in insulin 
sensitivity and the metabolic disturbances of diabetes mellitus. Lancet. 1963; 1:785–9. [PubMed: 
13990765] 

8. Lopaschuk GD. Optimizing cardiac energy metabolism: how can fatty acid and carbohydrate 
metabolism be manipulated? Coron Artery Dis. 2001; 12:S8–S11. [PubMed: 11286307] 

9. Wang J, Yang L, Rezaie AR, Li J. Activated protein C protects against myocardial ischemic/
reperfusion injury through AMP-activated protein kinase signaling. J Thromb Haemost. 2011; 
9:1308–17. [PubMed: 21535395] 

10. Russell RR, Li J, Coven DL, Pypaert M, Zechner C, Palmeri M, et al. AMP-activated protein 
kinase mediates ischemic glucose uptake and prevents postischemic cardiac dysfunction, 
apoptosis, and injury. J Clin Invest. 2004; 114:495–503. [PubMed: 15314686] 

11. Costa R, Morrison A, Wang J, Manithody C, Li J, Rezaie AR. Activated protein C modulates 
cardiac metabolism and augments autophagy in the ischemic heart. J Thromb Haemost. 2012; 
10:1736–44. [PubMed: 22738025] 

12. Morrison A, Chen L, Wang J, Zhang M, Yang H, Ma Y, et al. Sestrin2 promotes LKB1-mediated 
AMPK activation in the ischemic heart. FASEB J. 2015; 29:408–17. [PubMed: 25366347] 

13. Morrison A, Li J. PPAR-gamma and AMPK — advantageous targets for myocardial ischemia/
reperfusion therapy. Biochem Pharmacol. 2011; 82:195–200. [PubMed: 21536015] 

14. Wang J, Tong C, Yan X, Yeung E, Gandavadi S, Hare AA, et al. Limiting cardiac ischemic injury 
by pharmacological augmentation of macrophage migration inhibitory factor-AMP-activated 
protein kinase signal transduction. Circulation. 2013; 128:225–36. [PubMed: 23753877] 

15. Ma H, Wang J, Thomas DP, Tong C, Leng L, Wang W, et al. Impaired macrophage migration 
inhibitory factor-AMP-activated protein kinase activation and ischemic recovery in the senescent 
heart. Circulation. 2010; 122:282–92. [PubMed: 20606117] 

16. Young LH. A crystallized view of AMPK activation. Cell Metab. 2009; 10:5–6. [PubMed: 
19583947] 

17. Hardie DG. AMP-activated protein kinase: an energy sensor that regulates all aspects of cell 
function. Genes Dev. 2011; 25:1895–908. [PubMed: 21937710] 

18. Hardie DG, Scott JW, Pan DA, Hudson ER. Management of cellular energy by the AMP-activated 
protein kinase system. FEBS Lett. 2003; 546:113–20. [PubMed: 12829246] 

19. Mu J, Brozinick JT, Valladares O, Bucan M, Birmbaum MJ. A role of AMP-activated protein 
kinase in contraction- and hypoxia-regulated glucose transport in skeletal muscle. Mol Cell. 2001; 
7:1085–94. [PubMed: 11389854] 

Liu et al. Page 9

Metabolism. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Miller EJ, Li J, Leng L, McDonald C, Atsumi T, Bucala R, et al. Macrophage migration inhibitory 
factor stimulates AMP-activated protein kinase in the ischaemic heart. Nature. 2008; 451:578–82. 
[PubMed: 18235500] 

21. Semsei I. On the nature of aging. Mech Ageing Dev. 2000; 117:93–108. [PubMed: 10958926] 

22. Stanley WC. Partial fatty acid oxidation inhibitors for stable angina. Expert Opin Investig Drugs. 
2002; 11:615–29.

23. Morin D, Elimadi A, Sapena R, Crevat A, Carrupt PA, Testa B, et al. Evidence for the existence of 
[3H]-trimetazidine binding sites involved in the regulation of the mitochondrial permeability 
transition pore. Br J Pharmacol. 1998; 123:1385–94. [PubMed: 9579734] 

24. Morin D, Sapena R, Elimadi A, Testa B, Labidalle S, Le Ridant A, et al. [(3)H]-trimetazidine 
mitochondrial binding sites: regulation by cations, effect of trimetazidine derivatives and other 
agents and interaction with an endogenous substance. Br J Pharmacol. 2000; 130:655–63. 
[PubMed: 10821795] 

25. Kunau WH, Dommes V, Schulz H. beta-oxidation of fatty acids in mitochondria, peroxisomes, and 
bacteria: a century of continued progress. Prog Lipid Res. 1995; 34:267–342. [PubMed: 8685242] 

26. Jeong KJ, Kim GW, Chung SH. AMP-activated protein kinase: an emerging target for ginseng. J 
Ginseng Res. 2014; 38:83–8. [PubMed: 24748831] 

27. Kudo N, Gillespie JG, Kung L, Witters LA, Schulz R, Clanachan AS, et al. Characterization of 
5′AMP-activated protein kinase activity in the heart and its role in inhibiting acetyl-CoA 
carboxylase during reperfusion following ischemia. Biochim Biophys Acta. 1996; 1301:67–75. 
[PubMed: 8652652] 

28. Abu-Elheiga L, Matzuk MM, Abo-Hashema KA, Wakil SJ. Continuous fatty acid oxidation and 
reduced fat storage in mice lacking acetyl-CoA carboxylase 2. Science. 2001; 291:2613–6. 
[PubMed: 11283375] 

29. Ramanjaneya M, Conner AC, Brown JE, Chen J, Digby JE, Barber TM, et al. Adiponectin (15–36) 
stimulates steroidogenic acute regulatory (StAR) protein expression and cortisol production in 
human adrenocortical cells: role of AMPK and MAPK kinase pathways. Biochim Biophys Acta. 
2011; 1813:802–9. [PubMed: 21334384] 

30. Marsin AS, Bertrand L, Rider MH, Deprez J, Beauloye C, Vincent MF, et al. Phosphorylation and 
activation of heart PFK-2 by AMPK has a role in the stimulation of glycolysis during ischaemia. 
Curr Biol. 2000; 10:1247–55. [PubMed: 11069105] 

31. Sun HY, Wang NP, Halkos M, Kerendi F, Kin H, Guyton RA, et al. Postconditioning attenuates 
cardiomyocyte apoptosis via inhibition of JNK and p38 mitogen-activated protein kinase signaling 
pathways. Apoptosis. 2006; 11:1583–93. [PubMed: 16820962] 

32. Johnson GL, Lapadat R. Mitogen-activated protein kinase pathways mediated by ERK, JNK, and 
p38 protein kinases. Science. 2002; 298:1911–2. [PubMed: 12471242] 

33. Qi M, Elion EA. MAP kinase pathways. J Cell Sci. 2005; 118:3569–72. [PubMed: 16105880] 

34. Rose BA, Force T, Wang Y. Mitogen-activated protein kinase signaling in the heart: angels versus 
demons in a heartbreaking tale. Physiol Rev. 2010; 90:1507–46. [PubMed: 20959622] 

35. Fryer RM, Pratt PF, Hsu AK, Gross GJ. Differential activation of extracellular signal regulated 
kinase isoforms in preconditioning and opioid-induced cardioprotection. J Pharmacol Exp Ther. 
2001; 296:642–9. [PubMed: 11160653] 

36. Yue TL, Wang C, Gu JL, Ma XL, Kumar S, Lee JC, et al. Inhibition of extracellular signal-
regulated kinase enhances Ischemia/Reoxygenation-induced apoptosis in cultured cardiac 
myocytes and exaggerates reperfusion injury in isolated perfused heart. Circ Res. 2000; 86:692–9. 
[PubMed: 10747006] 

37. Ferrandi C, Ballerio R, Gaillard P, Giachetti C, Carboni S, Vitte PA, et al. Inhibition of c-Jun N-
terminal kinase decreases cardiomyocyte apoptosis and infarct size after myocardial ischemia and 
reperfusion in anaesthetized rats. Br J Pharmacol. 2004; 142:953–60. [PubMed: 15210584] 

38. Meldrum DR, Dinarello CA, Cleveland JC, Cain BS, Shames BD, Meng X, et al. Hydrogen 
peroxide induces tumor necrosis factor alpha-mediated cardiac injury by a P38 mitogen-activated 
protein kinase-dependent mechanism. Surgery. 1998; 124:291–6. [PubMed: 9706151] 

39. Meldrum DR. Tumor necrosis factor in the heart. Am J Physiol. 1998; 274:R577–95. [PubMed: 
9530222] 

Liu et al. Page 10

Metabolism. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40. Fischer S, Wiesnet M, Renz D, Schaper W. H2O2 induces paracellular permeability of porcine 
brain-derived microvascular endothelial cells by activation of the p44/42 MAP kinase pathway. 
Eur J Cell Biol. 2005; 84:687–97. [PubMed: 16106912] 

41. Wang J, Shen YH, Utama B, Wang J, LeMaire SA, Coselli JS, et al. HCMV infection attenuates 
hydrogen peroxide induced endothelial apoptosis — involvement of ERK pathway. FEBS Lett. 
2006; 580:2779–87. [PubMed: 16650413] 

42. Khan M, Meduru S, Mostafa M, Khan S, Hideg K, Kuppusamy P. Trimetazidine, administered at 
the onset of reperfusion, ameliorates myocardial dysfunction and injury by activation of p38 
mitogen-activated protein kinase and Akt signaling. J Pharmacol Exp Ther. 2010; 333:421–9. 
[PubMed: 20167841] 

43. Szwed H, Sadowski Z, Elikowski W, Koronkiewicz A, Mamcarz A, Orszulak W, et al. 
Combination treatment in stable effort angina using trimetazidine and metoprolol: results of a 
randomized, double-blind, multicentre study (TRIMPOL II). Trimetazidine in Poland. Eur Heart J. 
2001; 22:2267–74. [PubMed: 11728147] 

44. Manchanda SC, Krishnaswami S. Combination treatment with trimetazidine and diltiazem in stable 
angina pectoris. Heart. 1997; 78:353–7. [PubMed: 9404250] 

Liu et al. Page 11

Metabolism. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
The levels of p-AMPK, p-ACC, p-ERK1/2 and p-AKT. The mice were subjected to 20 

minutes of ischemia followed by 15 minutes of reperfusion. (A) Trimetazidine or vehicle 

(saline) was injected intravenously via the tail vein injection 5 minutes before reperfusion. 

(B) The effects of trimetazidine on p-AMPK, p-ACC, p-ERK1/2 and p-AKT at basal and 

ischemia/reperfusion levels in C57BL/6J mice. *p < 0.05 vs. corresponding vehicle group, 

respectively. †p < 0.05 vs. basal vehicle group.
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Fig. 2. 
The mice were subjected to IP injection with compound C and/or PD98059 an hour before 

ischemia, followed by 30 min of ischemia and 24 h of reperfusion, trimetazidine (0.5 mg/kg) 

or vehicle (saline) was injected intravenously via the tail vein 5 minutes before reperfusion. 

(A) Representative sections of myocardial infarction. (B) The ratio of area at risk (AAR) to 

the myocardial area (left panel) and the ratio of infarct area to AAR (right panel). Values are 

means ± SEM. *p < 0.05 vs. corresponding vehicle group, respectively. †p < 0.05 vs. WT + 

trimetazidine group.
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Fig. 3. 
Histopathologic changes in ischemia/reperfusion (I/R)-injured hearts. Left ventricular 

sections from representative mice are shown. Vehicle refers to ischemia 20 min and 

reperfusion 4 h, trimetazidine refers to I/R (20 min/4 h) + trimetazidine (0.5 mg/kg) 

treatment. The sections are stained with hematoxylin and eosin, demonstrating interstitial 

hypercellularity and apoptosis.
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Fig. 4. 
AMPK-dependent trimetazidine’s shift metabolism from fatty acid oxidation to glucose 

oxidation. Values are means ± SEM for 4 dependent experiments. *p < 0.05 vs. 

corresponding vehicle group. †p < 0.05 vs. C57BL/6J + trimetazidine.
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Fig. 5. 
Contractile properties of cardiomyocytes with or without TMZ treatment. Contractile 

properties of cardiomyocytes isolated from WT mice with or without TMZ treatment. TMZ 

facilitates the contractile function of cardiomyocytes both at basal and hypoxia/

reoxygenation levels. (A) Resting sarcomere length; (B) peak height; (C) maximal velocity 

of shortening (−dL/dt); (D) maximal velocity of re-lengthening (+dL/dt); (E) peak 

shortening (normalized to the resting sarcomere length); (F) time-to-90% peak shortening 

(TPS90) (G) the intracellular ATP change at basal at hypoxia/reoxygenation levels. After 
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TMZ treatment, intracellular ATP level is decreased both at basal and hypoxia/

reoxygenation levels. Means ± SEM, n = 30 cells from 3 mice per group,*p < 0.05 vs. 

vehicle group, respectively. †p < 0.05 vs. basal group.
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