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2 Abbreviations 

AKT  protein kinase B 

AMI   acute myocardial infarction 

BP  biological process 

CC  cellular component 

cGMP-PKG cyclic guanosine 

monophosphate – protein 

kinase G  

CK-MB cardiac specific creatine 

kinase isoform 

CVD  cardiovascular diseases 

DCN  decorin 

EMS  electrical muscle stimulation  

ERK1/2 extracellular signal-

regulated kinase 1/2  

FDR  false discovery rate 

Fndc5  fibronectin type III domain-

containing protein 5 

FSTL1  follistatin-like 1 

GO  gene ontology 

GSEA  Gene Set Enrichment 

Analysis 

I/R  ischemia/reperfusion 

Igf1  insulin-like growth factor 1 

IHD  ischemic heart diseases 

IL  interleukin 

IPre  ischemic preconditioning 

IS  infarct size 

KEGG  Kyoto Encyclopedia of 

Genes and Genomes 

LC-MS liquid chromatography-mass 

spectrometry 

MF  molecular function 

miR  micro-ribonucleic acid 

mRNA  messenger ribonucleic acid 

NRF2  nuclear factor erythroid 2-

related factor 2 

RISK  reperfusion injury salvage 

kinase 

SAFE  survivor activating factor 

enhancement 

SDS  sodium dodecyl sulfate 

STAT3 signal transducer and 

activator of transcription 3 
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3 Summary 

Background: Ischemic heart diseases including acute myocardial infarction are the leading 

cause of death. Hypercholesterolemia is a well-known risk factor for the development of 

coronary atherosclerosis and subsequent ischemic heart diseases. Beyond its impact on the 

vasculature, direct cardiac consequences are also responsible for the adverse effects of high 

blood cholesterol levels including elevated oxidative and nitrosative stress, cardiac 

dysfunction, and disturbed ischemic adaptation. All these adverse cardiac effects are assumed 

to alter protein networks and regulatory molecules, nevertheless, the exact mechanisms are 

yet to be fully understood. Regular physical activity is considered a gold standard against the 

detrimental consequences of coronary heart diseases, however, performing regular exercise is 

often limited due to unwillingness or other health reasons. For those, electrical stimulation of 

the skeletal muscle (EMS) might provide an alternative technique to gain some of the benefits 

of exercise. Although, the potential cardiac conditioning ability of EMS is ambiguous.  

Aims: In the present thesis, we aimed to investigate the global proteome changes in the left 

ventricle of hypercholesterolemic rats to clarify the underlying protein expression changes 

associated with the direct cardiac effects. Moreover, we aimed to examine the relationship 

between the blunted infarct size limiting effect of classic ischemic preconditioning (IPre) in 

the settings of hypercholesterolemia and expression level of miR-125b-1-3p, a microRNA 

previously implicated with cardioprotection. Furthermore, we tested the potential 

cardioprotective effect of short-term EMS treatment and its impact on skeletal muscle-derived 

myokines in normocholesterolemic animals. 

Experimental setup: Male Wistar rats were fed with a laboratory rodent chow supplemented 

with 2% cholesterol and 0.25% sodium-cholate hydrate for eight weeks to induce 

hypercholesterolemia. Proteomic characterization of left ventricular samples from normo- and 

hypercholesterolemic animals was performed with liquid chromatography-mass spectrometry 

analysis. The significantly altered proteins from the proteomic data were subjected to gene 

ontology and protein interaction analyses. Moreover, gene set enrichment analysis was carried 

out through the unfiltered proteome data.  

In a separate set of experiments, hearts of normo- and hypercholesterolemic animals 

were isolated and perfused according to Langendorff and were subjected to 35 min global 

ischemia and 120 min reperfusion with or without IPre. Total RNA was isolated from left 

ventricles and next-generation sequencing was performed to investigate cardiac 

miR-125b-1-3p expression.  
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Low-frequency EMS treatment was applied on the gastrocnemius muscle of male, 

normocholesterolemic rats for three days (one treatment/day). After 24hr of the last EMS 

treatment, hearts were isolated and perfused ex vivo using 30 min global ischemia and 120 

min reperfusion protocol. At the end of reperfusion, cardiac-specific creatine kinase (CK-MB) 

and lactate dehydrogenase (LDH) enzyme release and myocardial infarct size were 

determined. Subsequently, skeletal muscle-driven myokine expression and release were also 

assessed. Phosphorylation of cardioprotective signaling pathway members AKT, ERK1/2, and 

STAT3 proteins was also measured from left ventricular samples. 

Key results: Elevated circulating cholesterol level was accompanied by mild diastolic 

dysfunction in cholesterol-fed animals. Proteomic characterization of left ventricular samples 

revealed an altered level of 45 proteins due to hypercholesterolemia. Based on our gene 

ontology and protein interaction analysis results, hypercholesterolemia was associated with 

disturbed expression of cytoskeletal and contractile proteins. Additionally, concordant 

downregulated expression patterns in proteins related to the arrangement of contractile and 

cytoskeletal systems, and in protein subunits of the mitochondrial respiratory chain system 

were identified in the unfiltered proteome dataset.  

IPre significantly reduced infarct size and was associated with the upregulated levels 

of miR-125b-1-3p in the hearts of normocholesterolemic rats. In contrast, IPre was ineffective 

in the hearts of hypercholesterolemic animals and failed to increase significantly 

miR-125b-1-3p levels.  

EMS attenuated cardiac LDH and CK-MB enzyme release without significant infarct 

size reduction in the heart of normocholesterolemic rats. The applied EMS treatment 

considerably altered the myokine content of the stimulated gastrocnemius muscle. However, 

phosphorylation of cardiac AKT, ERK1/2, and STAT3 remained unaffected compared to the 

untreated control group. 

Conclusion: Based on the results of the present thesis disturbed expression of proteins 

associated with the contractile apparatus as well as with the mitochondrial respiratory chain 

due to hypercholesterolemia may play a role in the cardiac diastolic dysfunction in 

cholesterol-fed animals. Moreover, hypercholesterolemia attenuated the upregulation of miR-

125b-1-3p by ischemic preconditioning, which seems to be associated with the loss of 

cardioprotection. Despite the lack of significant infarct size reduction, the EMS treatment 

seems to influence the course of cellular damage due to I/R in normocholesterolemia. Our 

results suggest that EMS may have a protective effect on the myocardium, however, further 

optimization of the protocol is required.   
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4 Introduction 

4.1 Epidemiological burden of ischemic heart diseases  

 According to the latest comprehensive reports of the European Society of Cardiology 

cardiovascular diseases (CVD) are the leading cause of mortality in Europe despite sustained 

declines in mortality recently (Figure 1) [1, 2]. The risk of CVD is greater with increasing 

age, however, overall one-third of premature deaths are due to diseases of the heart and 

circulatory system [1]. Ischemic heart diseases (IHD) contribute significantly to the high 

mortality rate of cardiovascular diseases (Figure 1). IHD is a group of disorders characterized 

by reduced oxygen and nutrient supply to the heart muscle, followed by functional and 

structural deterioration of the myocardium.   

 

Figure 1. The major cause of death across the European Society of Cardiology member 

countries. The table shows merged data from both sexes and all-ages. Adopted from [1]. 

 

4.2 The concept of ischemia/reperfusion injury  

Acute obstruction of a coronary artery, i.e. acute myocardial infarction is the most 

severe manifestation of IHD [3]. The reduced blood flow to the myocardium results in cardiac 

arrhythmias, contractile impairment, and irreversible myocardial cell damage depending on 

the duration of existing ischemia. In-time readmission of blood flow of the affected area, 

termed reperfusion therapy, is mandatory to salvage the ischemic myocardium. Paradoxically, 

prompt and full restoration of oxygen and nutrient supply contributes to further structural 

damage and contractile impairments; therefore, the sum of the resulting cellular and 

functional myocardial damage is called ischemia/reperfusion (I/R) injury [4]. 

The infarct size (IS) resulting from I/R is the major determinant of survival and long-term 
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prognosis of evolving heart failure in patients having a myocardial infarction. Consequently, 

testing interventions or pharmaceuticals with the special aim to minimize I/R injury is of great 

clinical importance [5].  

 

4.3 Cardiac adaptation to ischemic  injury  

Despite being susceptible to I/R injury, the heart has been shown to possess a 

remarkable ability to withstand the detrimental effects of ischemic injury. These adaptation 

mechanisms can be triggered by different cardioprotective strategies and interventions. One of 

the most powerful strategies to trigger endogenous cardioprotective mechanisms is ischemic 

conditioning when brief, repetitive cycles of I/R are applied to the myocardium. When these 

episodes are performed before the sustained lethal ischemia, it is called ischemic 

preconditioning (IPre), whereas ischemic postconditioning (IPost) refers to the application of 

the conditioning phenomenon at the beginning of the reperfusion [6]. Additionally, alternative 

approaches that mimic the ischemic conditioning mechanism without direct impact on the 

myocardium have been also developed. These techniques include temporary cessation of 

blood flow of distant organs or tissue, termed remote ischemic conditioning (RIPC), or the 

use of certain pharmacological agents. In the present thesis, we focused on classical IPre and 

an alternative way to induce RIPC in the heart.  

 

4.3.1 Molecular mechanisms of ischemic preconditioning 

IPre was first described by Murry and colleagues [7] and the protective effect against 

myocardial infarction was confirmed using numerous species in several experimental 

models [8]. IPre can be considered a biphasic process, with distinct mechanisms for each 

phase. The classical, early stage of IPre, manifested within minutes after preconditioning 

stimuli, is termed the first window of preconditioning while the late or second window 

appears after 12-24 hours of conditioning, further increasing the resistance against myocardial 

injury [6]. Although several signaling pathways have been implicated in IPre, the exact 

mechanisms are still not entirely clear. The early phase of the IPre signaling process can be 

divided into the pre-ischemic trigger phase and the early post-ischemic mediator and effector 

phases. Production of trigger molecules e.g., adenosine, opioids, bradykinin, nitric oxide, etc. 

induced by preconditioning has been shown to activate various receptors which recruit 

downstream effector proteins of the signaling cascades associated with cardioprotection [8]. 

These mechanisms involve the activation of key proteins of the Reperfusion Induced Salvage 

Kinase (RISK), the Survivor Activating Factor Enhancement (SAFE), and the cyclic 
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guanosine monophosphate – protein kinase G (cGMP-PKG) pathways, respectively [9]. 

Activation of these signaling pathways is believed to ultimately converge on mitochondria, 

possibly through the prevention of the opening of the mitochondrial permeability transition 

pore thus averting mitochondrial rupture and subsequent cellular death [10]. The activation of 

protein components of the RISK and SAFE pathways are considered effector molecules of the 

cardioprotective pathways; however, the effectors per se are not sufficient for the permanent 

survival of ischemic tissue. The beneficial effects of IPre are associated with long-lasting 

adaptive responses like changes in metabolism, activation, inhibition, or degradation of 

numerous proteins, or modulation of protein-coding gene expression suggesting multiple-

stage regulatory machinery which finally results in cellular survival.  

 

4.3.2 The role of microRNAs in ischemic preconditioning 

The non-coding microRNAs (miR) as post-transcriptional modulators completely fit 

into this phenomenon. Mature miRs are short, evolutionally conserved, single-stranded RNA 

molecules [11]. The general concept of miR-mediated post-transcriptional regulation is based 

on binding to the 3’ untranslated region of target transcripts, triggering either mRNA 

degradation or translation repression upon recruitment into effector complexes (Figure 2). 

Several studies demonstrated that miRs play an important role in the pathophysiology of 

myocardial infarction [12] and have emerged as regulators of preconditioning possibly 

through the modulation of reactive oxygen species production [13-16].  

Recently members of the miR-125b family were also implicated in the 

pathomechanism of IHD [17, 18] with a special emphasis on miR-125b-1-3p (previously 

named as miR-125b*), the passenger or antisense strand of miR-125b-1 stem-loop precursor. 

That part of the precursor miRNAs is considered to be degraded during miRNA maturation 

(Figure 2), however, recent data suggest that passenger strands also have biological functions 

[19, 20]. So far, only a few studies demonstrated associations between cardioprotection and 

miR-125b-1-3p expression levels. Upregulated expression was observed in ex vivo perfused 

rat hearts in response to IPre, while cultured cardiomyocytes transfected with miR-125b-1-3p 

mimics showed a significant survival rate upon simulated I/R injury [21]. Additionally, 

myocardial infarction was lower in precursor miR-125b-1 (encoding both 125b-1-3p 

and -5p strands) overexpressing transgenic mice, possibly due to inhibition of apoptotic 

signaling [22]. Furthermore, pretreatment with mesenchymal stem cells-derived exosomes 

containing the sense strand of miR-125b conferred cardioprotection in different experimental 

setups [23, 24]. Although pieces of evidence suggest a protective role for miR125b-1-3p in 
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the ischemic heart, little is known about whether these beneficial effects are also manifested 

in the presence of risk factors predisposing to myocardial infarction. 

 

 
Figure 2. Schematic view of miRNA processing and biological activity. The image is adapted 

from “miRNA processing in the brain” by BioRender.com (2023). RNA Pol II: RNA 

polymerase type II; DGCR8: DiGeorge syndrome critical region 8; Ago: Argonaute; TRBP: 

transactivating response RNA-binding protein; RISC: RNA-indued silencing complex.  

 

4.4 Hypercholesterolemia as a major risk factor for ischemic heart diseases 

IHDs are a complex group of diseases that are associated with certain well-known risk 

factors and comorbidities like high blood pressure, aging, sedentary lifestyle, and metabolic 

diseases (e.g.: hyperlipidemia, diabetes, insulin resistance), respectively. Among the many 

risk factors increased blood cholesterol, termed hypercholesterolemia, has a significant role in 

the development of IHD. Cholesterol is packed into and transferred by lipoproteins, mainly 

low-density lipoprotein (LDL) which transfers cholesterol from the liver to the peripheral 

tissues, whereas high-density lipoprotein (HDL) is responsible for reverse cholesterol 

transport. Elevated circulating cholesterol, especially non-HDL cholesterol, is associated with 

endothelial dysfunction and subsequent atherosclerosis of the blood vessels. The general 

hypothesis of atherosclerosis emphasizes the central role of oxidized LDL-cholesterol 

particles in the promotion of plaque formation, subsequent inflammation, and endothelial 

dysfunction. According to the latest epidemiological studies of the European Society of 

Cardiology [1, 2] and the American Heart Association [25] nearly 30% of the adult population 

have moderately high total cholesterol levels (> 5.2 mmol/L), with more than 10 % having 
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total cholesterol higher than 6.2 mmol/L. Both modern dietary patterns as well genetic factors 

influence susceptibility to hypercholesterolemia [26, 27]. However, despite the high 

prevalence of hypercholesterolemia recent data demonstrated that only 50% of the population 

received LDL-cholesterol-lowering treatment [25, 28].  

 

4.4.1 Direct effects of hypercholesterolemia on the myocardium  

Cholesterol is an essential component of all animal cell membranes and is a precursor 

of steroid hormones, bile acid, and vitamin D synthesis. Nevertheless, the accumulation of 

intracellular cholesterol disturbs the homeostasis of a wide variety of cells and tissues [29, 

30]. Independently from its proatherogenic effect, high blood cholesterol level exerts direct 

adverse effects on the heart as well. Previous studies demonstrated that many of these 

alterations are associated with enhanced formation of reactive oxygen species, decreased 

nitric oxide bioavailability, and impaired mitochondrial function in the myocardium [31-33]. 

Consequently, the redox imbalance compromised functional properties of the myocardium is 

a hallmark of the settings of hypercholesterolemia [34, 35]. Interestingly, cholesterol itself 

seems to contribute to redox imbalance. The non-enzymatic oxidation of the accumulated 

intracellular cholesterol to oxysterols, such as 7-ketocholesterol, leads to the augmentation of 

oxidative and nitrosative stress [36, 37]. Elevated tissue oxysterol level-driven oxidative stress 

might aggravate contractile impairment of the hypercholesterolemic myocardium [38, 39]. 

These data might suggest that the major contributor to the direct myocardial effects of 

hypercholesterolemia is not necessarily the circulating rather than tissue cholesterol. 

 

4.4.2 Hypercholesterolemia induces cardiac dysfunction 

The direct impact of increased plasma cholesterol on cardiac function is supported by 

human and experimental animal investigations [40]. For instance, the development of cardiac 

dysfunction is a characteristic outcome of a cholesterol-enriched diet [31, 41]. 

Echocardiographic characterization of patients with primary hypercholesterolemia or familiar 

hypercholesterolemia without a history of cardiovascular disease disclosed subclinical 

myocardial abnormalities and contractility impairment [34, 42]. Likewise, diminished cardiac 

function was also observed in hypercholesterolemic animals in vivo [43, 44]. In addition, high 

cholesterol diet seems to negatively influence the excitation-contraction coupling of cardiac 

muscle [45], including altered expression of sarcoplasmic reticulum Ca2
+
-ATPase, ryanodine 

receptor, and Na
+
/Ca

2+
 exchanger, respectively [35, 46]. Consequently, hypercholesterolemia 
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might have detrimental effects on additional structural and accessory proteins with a crucial 

role in normal cardiac function.  

 

4.4.3 Disturbed  ischemic stress adaptation in the settings of hypercholesterolemia 

Besides cardiac dysfunction, existing hypercholesterolemia suppresses the beneficial 

effects of cardioprotective approaches and disturbs cardiac stress adaption mechanisms [40, 

47]. Previous studies revealed that hypercholesterolemia impairs the cardioprotective effect of 

IPre [48-50], IPost [51, 52], and RIPC [53], respectively. Regarding the diminished IPre, 

hypercholesterolemia-induced elevated oxidative/nitrosative stress [40, 54] and decreased 

nitric oxide availability [55, 56] are considered as one of the main underlying mechanisms of 

the blunted cardioprotective effect. Moreover, activation of matrix metalloproteinases [57], 

altered gene expression of antioxidant proteins [58], and modified regulation of apoptosis and 

autophagy signaling [59, 60] are also implicated with the deleterious effects of 

hypercholesterolemia on the myocardium. Signal transduction pathways become activated by 

ischemic conditioning maneuvers converging on a common endpoint, namely, the 

mitochondria [61]. However, deteriorated mitochondrial function is a hallmark of the 

hypercholesterolemic myocardium [62, 63] which further worsen the susceptibility to 

ischemic cell death. Although the adverse cardiac effects of hypercholesterolemia are well 

known, the precise underlying molecular mechanisms and involved pathways are still not 

fully understood. Nonetheless, testing alternative conditioning approaches might provide the 

basis for the elaboration of applicable methods that can restore the endogenous adaptive 

mechanisms of the hypercholesterolaemic heart. 

 

4.5 An alternative approach for cardioprotection – electromyostimulation (EMS) 

Apart from the ischemic conditioning techniques, direct cardioprotection can be 

elicited remotely through distant organs and tissues. It is well-established that physical 

activity has potent protective effects against the development of CVD. The therapeutic 

potential of exercise is manifested in lowering blood pressure, favorably modifying plasma 

lipoprotein profile, and long-term enhancement cardiac contractile function [64]. Apart from 

the benefits of exercise, the enormous adaptation capacity of the skeletal muscle can trigger 

cardiac conditioning, subsequently protecting against the detrimental effects of I/R injury and 

having favorable outcomes in cardiac rehabilitation. However, performing regular exercise is 

often limited due to various health reasons. For those, electrical muscle stimulation or 

electromyostimulation (EMS), the rhythmical muscle activation triggered with electrical 
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impulses, might provide an alternative way to partially gain the benefits of exercise [65, 66]. 

EMS is a widely used method in sport- and rehabilitation therapy and is a far more attractive 

clinical application for subjects unable to perform regular exercise. Nevertheless, 

improvements in exercise capacity and quality of life are established outcomes of EMS 

treatment [67-69]. To date, little is known whether these beneficial effects of EMS can trigger 

cardiac preconditioning and protection against I/R injury. Previous studies suggested the 

importance of peripheral nerves and cardiac opioid receptor agonism upon transcutaneous 

electrical nerve stimulation [70, 71]. Nevertheless, the potential beneficial effect of electrical 

nerve stimulation is examined immediately after the end of the treatment protocol, and 

although the early phase of conditioning can elicit a robust response, it might have a 

significant relevance as a continuous preventive method. Moreover, EMS could exceed the 

limited clinical translational possibilities of the classic ischemic conditioning method while at 

the same time, it can include the majority of the favorable outcome of regular exercise as 

suggested by recent clinical trials [72, 73]. 

 

4.5.1 The role of myokines in the skeletal muscle-mediated cardioprotection 

Based on the advantageous systemic effects of EMS, one may speculate that electrical 

stimuli-triggered muscle contraction might induce similar signaling mechanisms as regular 

exercise. Both humoral and neural factors are implicated in the favorable effects of physical 

activity on the general health of the individual [74]. Recently, skeletal muscle-derived 

myokines are emerged as the molecular mediators of the systemic beneficial effects of 

exercise through endocrine signaling pathways. The term myokine or exerkine is collectively 

used for a wide variety of cytokines and proteins, which are predominantly produced and 

released by contracting skeletal muscles [75, 76]. Myokines exert an autocrine function to 

regulate muscle mass and energy homeostasis, as well as a paracrine/endocrine regulatory 

function on distant organs and tissues [77]. Beyond the effect on the skeletal muscles, 

myokines are associated with exercise-mediated cardioprotection [78]. Additionally, the 

release of several muscle-derived myokines has been observed in settings of remote ischemic 

preconditioning further emphasizing their beneficial role against myocardial I/R injury [79]. 

Concerning cardioprotection, the most investigated myokines include interleukin-6 (IL-6), 

irisin, follistatin-like 1 (FSTL1), and myonectin, respectively, [80-82], but several other 

exercise-mediated myokines are also seemed to confer protection against I/R injury [83]. 

However, little is known whether muscle contractions evoked by electrical stimuli can trigger 

the expression and secretion of different myokines.    
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5 Aims 

The present thesis aimed to investigate different aspects of cardiac adaptation 

mechanisms against I/R injury. In our work, we focused on the detrimental effects of 

hypercholesterolemia on the heart as well as whether electrical stimuli-triggered skeletal 

muscle contraction evoked cardiac preconditioning in normocholesterolemia. The specific 

aims of the thesis are the followings:  

 

1. The recent advances in the field of ‘omics’ techniques provide a great and effective tool 

for high throughput screening and molecular profiling of different conditions and diseases. 

Therefore we aimed to utilize proteomics and subsequent bioinformatic analyses to 

characterize the global left ventricle proteome in the settings of hypercholesterolemia. 

Additionally, we were also interested in identifying enriched pathways and protein 

interaction networks concerning the adverse cardiac effects of hypercholesterolemia. 

 

2. Cardioprotection conferred by IPre is lost in diet-induced hypercholesterolemia, however, 

limited literature data is available focusing on the precise molecular background and the 

possible amelioration strategies against the deleterious myocardial effects of 

hypercholesterolemia. Hence we aimed to address whether is there any association 

between the blunted cardioprotection of IPre in the settings of hypercholesterolemia and 

IPre-induced upregulation of miR-125b-1-3p in the heart.  

 

3. The development of alternative conditioning approaches to confer cardioprotection in the 

presence of different comorbidities has great importance. Taking together the promising 

therapeutic potential of EMS, we also applied a pilot experimental setup in 

normocholesterolemic rats to test the remote preconditioning manner of short-term EMS 

treatment. Moreover, the investigation of skeletal muscle-derived myokine expression and 

secretion, as the possible mediators of EMS-associated cardioprotection, was also in the 

scope of the present thesis.  
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6 Materials and Methods 

 

6.1 Animals 

Male Wistar rats, weighing between 300-350 g were used in this study. The animals 

were kept in pairs in individually ventilated cages in a temperature-controlled room with 12 

h:12 h light/dark cycles. Laboratory chow and water were supplied ad libitum throughout the 

study. All experiments conformed to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH publication No. 85-23, revised 1996) 

and were approved by the Animal Research Ethics Committee of Csongrád County 

(XV.1181/2013, XV.2153/2022) and the local animal ethics committee of the University of 

Szeged.  

 

6.2 Effect of hypercholesterolemia on the left ventricular proteome 

 

6.2.1 Experimental setup 

 Male Wistar rats (250–300 g) were fed with 2% (w/w) cholesterol and 0.25% (w/w) 

sodium-cholate enriched laboratory chow for eight weeks. The control animals were fed with 

standard rat chow. At the end of the diet period, hearts were isolated from anesthetized 

animals (sodium pentobarbital, 50 mg/kg i.p., Produlab Pharma b.v., Raamsdonksveer, The 

Netherlands) and placed into ice-cold Krebs-Henseleit buffer. Isolated hearts were then 

cannulated and perfused with oxygenated Krebs–Henseleit buffer at 37 °C. After 5 minutes of 

perfusion, left ventricular tissue samples were rapidly frozen in liquid nitrogen and stored 

at -80 °C until proteomics and subsequent bioinformatics analyses.  

 

6.2.2 Transthoracic echocardiography 

Cardiac morphology and function were assessed by transthoracic echocardiography 

with a Vivid IQ ultrasound system (General Electric Medical Systems, USA) using a phased 

array 5.0-11 MHz transducer (GE 12S-RS probe). Rats were anesthetized with 2% isoflurane 

during the experiment (Forane, AESICA, Queenborough Limited Kent, UK). Systolic and 

diastolic wall thicknesses were obtained from a parasternal short-axis view at the level of the 

papillary muscles (anterior and inferior walls) and a long-axis view at the level of the mitral 

valve (septal and posterior walls). The left ventricular diameters were measured by means of 

M-mode echocardiography from long-axis and short-axis views between the endocardial 

borders. Functional parameters, including the ejection fraction and fractional shortening, were 
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calculated on M-mode images in the long-axis view. Diastolic function was assessed using 

pulse-wave Doppler across the mitral valve and tissue Doppler on the septal mitral annulus 

from the apical four-chamber view. Early (E) and atrial (A) flow velocities, as well as septal 

mitral annulus velocity (e’), indicate diastolic function. Data from three consecutive heart 

cycles were analyzed (EchoPac Dimension software, General Electric Medical Systems, 

USA). 

 

6.2.3 Blood lipid measurement  

After eight weeks feeding period with cholesterol-enriched diet freshly collected blood 

samples from the thoracic aorta were collected into EDTA-containing blood collection tubes 

and separated with centrifugation. The upper, cell-free phase was used to determine total 

cholesterol and triglyceride concentrations using a colorimetric detection method 

(Diagnosticum, Budapest, Hungary) with a microplate reader (BMG Labtech, Ortenberg, 

Germany).  

 

6.2.4 Proteomics analysis by liquid chromatography-mass spectrometry 

Frozen left ventricular tissue samples were homogenized in 2% sodium dodecyl 

sulfate (SDS) and 0.1 M dithiothreitol (DTT) containing lysate buffer and were precipitated 

with a methanol/chloroform mixture. The homogenates were further reduced and denatured 

with 0.1 M ammonium bicarbonate (pH = 8.0) buffer supplemented with 0.1% RapiGest 

surfactant (Waters, MA, USA) and 100 mM DTT solutions. Subsequently, 200 mM 

iodoacetamide solution was added to alkylate the proteins. The samples were digested with 

trypsin and pooled to build a spectral library for quantitative liquid chromatography–mass 

spectrometry (LC-MS) analysis. The separation of the digested samples was carried out on a 

nanoAcquity Ultra Performance Liquid Chromatograph (Waters, MA, USA). The LC was 

coupled to a high-resolution Q Exactive Plus quadrupole-orbitrap hybrid mass spectrometer 

(Thermo Scientific, MA, USA). The measurements of the digested samples were performed in 

gas-phase fractionated data-independent acquisition mode to build a spectral library.  

The quantitative analysis was performed in Encyclopedia v0.9. [84] using the default 

settings. For the building of the chromatogram library, a spectral library predicted by 

Prosit [85]. Statistical evaluations were carried out using Perseus [86]. Cutoff values of 

p<0.05 of Welch’s t-test as well as 1.2< and <0.83 fold change was used as criteria for 

significant changes.  

 



20 

 

6.2.5 Pathway enrichment analysis  

 Pathway enrichment analysis was performed with the web-based g:Profiler public 

server using the g:GOSt tool (https://biit.cs.ut.ee/gprofiler) [87]. Functional enrichment 

profiling was carried out defining Rattus norvegicus as a queried organism, using g:SCS 

multiple testing correction method and p<0.05 as the threshold value. For visualization of the 

results, the output gem file of the over-represented Gene Ontology Biological Process and 

Cellular Component terms was loaded to Cytoscape v3.8.2 [88]. The enrichment map was 

created with the EnrichmentMap v3.3.2. application based on the instructions of Reimand and 

colleagues with <0.1 adjusted p-value similarity score [89]. 

 

6.2.6 Functional protein-protein interaction and network clustering analysis  

 Protein-protein interactions analysis among the identified proteins was performed with 

STRING v11.5 database (https://string-db.org) [90] using the default 0.4 medium confidence 

and 5% false discovery rate stringency values. Without any modification, the resulting 

protein-protein interactions chart was incorporated into Cytoscape and modified using the 

STRINGApp v1.7.0 and STRING Enrichment applications [91]. Cluster analysis was 

performed with clusterMaker2 v1.3.1 using Markov Clustering Algorithm. The clustering was 

based on the combined score calculated from experimental and computational interaction 

values assigned by the STRING database.  

 

6.2.7 Gene set enrichment analysis of the proteomic dataset 

 Enriched gene sets from the whole, unfiltered proteomics data were explored with 

Gene Set Enrichment Analysis (GSEA) software v4.1.0 [92]. The preprocessed raw dataset 

was ranked according to calculated fold change values and GSEA was performed with all the 

annotated ontology sets from the Molecular Signatures Database collections [93]. Only gene 

sets with a false discovery rate (FDR) value of <0.1 was considered as significant enrichment. 

Interaction analysis was performed on gene sets falling into FDR 0.1 > criteria and was 

visualized with Cytoscape as described in the previous sections. Subsequent leading edge 

analysis was performed from the core enrichment proteins of the significantly enriched gene 

sets with the in-built plugin of the GSEA software.  

All the proteins which contributed to the core enrichment of the previously described 

GSEA analysis were further analyzed and classified according to the Kyoto Encyclopedia of 

Genes and Genome (KEGG) resource using Pathview Web (https://pathview.uncc.edu/home) 

[94, 95].  

https://biit.cs.ut.ee/gprofiler
https://string-db.org/
https://pathview.uncc.edu/home
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6.3 Influence of hypercholesterolemia on preconditioning-induced miR-125b-1-3p 

expression  

 

6.3.1 Experimental setup 

In a separate set of experiments, hypercholesterolemia was induced as described 

above. At the end of the eight-week feeding period, serum samples were collected for 

cholesterol and triglyceride measurements, and hearts from both feeding groups were isolated 

and perfused according to Langendorff. Isolated hearts were divided into global I/R or IPre 

subgroups. The time-matched I/R control group hearts were equilibrated for 45 min before 35 

min global ischemia and 120 min reperfusion. In the IPre group after 15 min equilibration 

time, three intermittent cycles of 5 min no-flow ischemia, separated by 5 min aerobic 

perfusion was applied before the onset of global ischemia to induce IPre. At the end of the 

reperfusion, either infarct size was determined or left ventricles were snap-frozen in liquid 

nitrogen and stored at −80 °C for subsequent miR analysis.  

 

6.3.2 Infarct size determination 

After the end of reperfusion, atria were removed, and the ventricles were used to 

determine the infarcted area. Briefly, frozen ventricles were cut into 7–8 equal slices and 

incubated in triphenyl tetrazolium chloride (TTC) solution (Sigma, Saint Louis, MO, USA). 

As a result, the surviving area turned to red-stained while the necrotic area remained pale 

[96]. Digitalized images from the stained heart slices were evaluated with planimetry method 

and the amount of myocardial necrosis was expressed as infarct size/area at risk %. 

 

6.3.3 Creatine-kinase release measurement  

Coronary effluents were collected after 2, 5, 30, and 120 minutes of the beginning of 

the reperfusion to measure the release of cardiac-specific creatine kinase (CK-MB) enzyme. 

Enzyme release was measured via kinetic enzyme activity assay using colorimetric assay 

detecting kits (Diagnosticum, Hungary) and a microplate reader (Clariostar Plus, BMG 

Labtech). Enzyme activity was normalized to the volume of coronary effluent and the total 

weight of the respective heart. Enzyme releases were expressed as U/min/g.  

 

6.3.4 Measurement of cardiac miR-125b-1-3p level with miR-sequencing  

In a separate set of experiments, hearts were isolated and perfused as described above 

to identify differentially expressed miRs. Six heart samples from each group were used for 
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miR-sequencing. Total RNA was isolated from left ventricles with Qiagen miRNeasy Mini 

kit. Total RNA samples were quality checked and quantified by capillary gel electrophoresis 

in an Agilent Bioanalyzer 2100 instrument using Agilent 6000 RNA Nano Kit. Then 1000 ng 

total RNA samples were used to prepare sequencing libraries using NEBNext Multiplex 

Small RNA Library Prep Set for Illumina (New England Biolabs) following the 

recommendations of the manufacturer. Sequencing libraries were size selected with AMPure 

XP beads (Beckman Coulter). Validated library pools were loaded in MiSeq Reagent Kit V3-

150 and sequenced with an Illumina MiSeq instrument generating 36 nucleotides long single-

end reads. Sequencing reads were quality checked with FastQC and were trimmed using 

Cutadapt ver. 1.8.1. Trimmed oligos were analyzed with the mirdeep2 package. Reads were 

aligned to the rat reference genome assembly ver. 6.0. Differential expression analyses were 

performed with Deseq2. Fold change greater than 1.5 (log2=0.585) and p<0.05 were used as 

criteria for differentially expressed miRs.  

 

6.4 The effect of skeletal muscle electrical stimulation on cardioprotection and muscle-

derived myokine levels 

 

6.4.1 Experimental setup 

Aiming to test whether EMS could be a feasible alternative to cardiac preconditioning 

a similar ex vivo heart perfusion setup was applied as described above, involving only 

normocholesterolemic rats. EMS treatment was performed in sedated control animals with 

stimulating electrodes placed on the gastrocnemius muscles of the rats. Three EMS sessions 

were applied; each included 10 Hz frequency continuous stimulation for 35 minutes daily. 

Twenty-four hours after the last EMS treatment, rats were anesthetized with an intraperitoneal 

injection of 50 mg/kg sodium pentobarbital, then blood and gastrocnemius muscle samples 

were collected for myokine level measurements. Hearts from EMS-treated and untreated 

animals were isolated and perfused according to Langendorff; equilibrated for 15 min 

followed by 30 min global ischemia and 120 min reperfusion. During reperfusion, coronary 

effluents were collected and used to measure cardiac lactate-dehydrogenase (LDH) and CK-

MB release. At the end of the reperfusion, infarct size was determined by TTC staining as 

described above.  
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6.4.2 Electrical muscle stimulation 

EMS treatment was performed with a portable electrostimulation device (Sanitas SEM 

44 digital EMS/TENS, Hans Dinslage GmbH, Germany). Rats were sedated with a 

40 mg/kg
-1

 sodium pentobarbital solution (Produlab Pharma b.v., Raamsdonksveer, The 

Netherlands), placed in a heating pad in a supine position, and hind limbs were fixed. 

Bilateral EMS was applied to target the gastrocnemius muscles with stimulating electrodes 

once a day for three consecutive days. The EMS treatment consisted of 35 minutes of 

continuous stimulation with applied bipolar rectangular pulses at 10 Hz frequency and 250 µs 

pulse width with minimal intensity to produce a visible muscle contraction. The control group 

underwent the same procedure, without turning on the EMS equipment.     

 

6.4.3 Determination of skeletal muscle myokine expression and secretion 

Total RNA was isolated from the gastrocnemius muscles with the phenol-chloroform 

extraction method and total RNA concentration was determined. Reverse transcription of 500 

ng RNA was performed with iScript cDNA Synthesis Kit (BioRad, CA, USA), and the 

resulting cDNA was used as the template for qPCR measurement of myokine expression 

levels using SYBR Green PCR Super Mix (BioRad) and CFX96 Touch Real-Time PCR 

machine (BioRad). Relative expression levels were determined with the 2
^-ΔΔCt 

method with 

GAPDH used as the housekeeping gene. 

 Double-antibody sandwich ELISA kits (Fine Test, Wuhan, China) specific for rat 

Irisin, Decorin, Myonectin, Myoglobin, IL-6, IL15, and FSTL1 proteins, respectively, were 

used to measure protein content in gastrocnemius and serum samples according to the 

manufacturer’s instructions. Myokine content was determined with a colorimetric detection 

method using a microplate reader (Clariostar Plus, BMG Labtech). 

 

6.4.4 Western Blot analysis 

Frozen left ventricular samples were homogenized with an ultrasonicator in Radio 

Immunoprecipitation Assay (RIPA) buffer (Cell Signaling) supplemented with a protease 

inhibitor cocktail and phosphatase inhibitors phenylmethane sulfonyl fluoride and sodium 

fluoride. Homogenates were centrifuged, and protein concentrations of the supernatants were 

determined using BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Twenty μg of reduced 

and denatured protein was loaded in 10% polyacrylamide gel, and SDS gel electrophoresis 

was performed. Separated proteins were transferred to 0.22 μM pore size nitrocellulose 

membranes. After checking the transfer efficiency with Ponceau-staining, membranes were 
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blocked for 1 h in 5% (w/v) bovine serum albumin (BSA) at room temperature. Blocked 

membranes were incubated with the following primary antibodies in the concentrations of 

1:1000 phosphorylated-AKT (Ser473), AKT, phosphorylated-ERK1/2 (Thr202/Tyr204), 

ERK1/2, phosphorylated-STAT3 (Tyr705) and STAT3, respectively, and in 1:5000 

concentration against GAPDH at 4 °C overnight. After incubation with horseradish 

peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody membranes were developed 

with an enhanced chemiluminescence kit. After the development of phosphorylated signals of 

AKT, ERK1/2, and STAT3 membranes were stripped and reassessed for the total amount of 

proteins. Signals were analyzed and evaluated by Quantity One Software (BioRad). 

 

6.5 Statistics 

All values are expressed as the mean + SEM. Student’s t-test was used to evaluate the 

effect of the cholesterol-enriched diet on body weight, serum or plasma lipid levels, and 

echocardiographic parameters. The Shapiro-Wilk normality test was used to test the normal 

distribution of the data. Two-way analysis of variance (ANOVA) with post hoc Fisher’s Least 

Significant Difference test was used to evaluate the infarct size limiting effect of IPre in 

normo- and hypercholesterolemic animals. For proteomic data, the two-one-sided test was 

used for the equivalence test and the statistical significance was tested using an unpaired 

Welch test. Multiple testing correction was applied in the pathway-enriched analysis. Wald 

test was performed in differential miR expression analysis and expression ratio with 

p-value <0.05 and >1.5 fold change were considered as significant expression differences. 

 Student’s t-test was used to evaluate the effect of EMS on infarct size. For the 

evaluation of LDH and CK-MB releases repeated measures ANOVA with Holm-Sidak all 

pairwise multiple comparison method was applied. Relative expression levels of myokines 

were determined with the 2^-ΔΔCt method. For all statistical evaluations through the 

experiments, a p-value < 0.05 was considered as an indicator of significant difference among 

the groups.  
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7 Results 

7.1 Characterization and network analysis of the left ventricular proteome in the 

settings of hypercholesterolemia 

7.1.1 Effect of cholesterol-enriched diet on plasma lipid levels 

At the end of the eight-week feeding period, there was no significant difference in the 

body weight and the left ventricular tissue weight of the animals receiving a cholesterol-

enriched diet or a standard diet (Table 1). Nevertheless, the total plasma cholesterol showed a 

marked elevation in the cholesterol-fed group, supporting the manifestation of diet-induced 

hypercholesterolemia. The plasma total triglyceride level also increased significantly in the 

hypercholesterolemic animals.  

 
Normochol Hyperchol 

Body weight (g) 485 ± 22 521 ± 17 

Tibia length (cm) 4.20 ± 0.08 4.21 ± 0.05 

Left ventricle weight (mg) 1242 ± 42 1230 ± 48 

Total cholesterol (mmol/L)  1.52 ± 0.11 4.35 ± 0.21* 

Total triglyceride (mmol/L) 0.44 ± 0.03 1.18 ± 0.08* 

Table 1. General characterization of normocholesterolemic (Normochol) and hypercholesterolemic 

(Hyperchol) rats after eight weeks. Data are expressed as mean ± SEM; n=6; *p<0.05 

  

7.1.2 Cardiac function assessed by transthoracic echocardiography 

Transthoracic echocardiography was performed at the end of the feeding period to 

investigate the effects of diet-induced hypercholesterolemia on cardiac morphology and 

function. After eight weeks, gross cardiac morphology remained unaffected, as shown by 

systolic and diastolic wall thickness parameters (Table 2). Furthermore, there were no 

differences in left ventricular end-diastolic and end-systolic volume, fractional shortening, 

and ejection fraction, respectively. Interestingly, heart rate was significantly decreased in the 

settings of hypercholesterolemia. Early (E) and late (A) ventricular filling velocities showed a 

trend toward a decrease, thus significantly elevating the E/A ratio in the hypercholesterolemic 

hearts, suggesting impaired diastolic function. The presence of diastolic dysfunction was 

further supported by significantly decreased mitral annulus velocity (e’) and mitral valve 

deceleration time. The E/e’ ratio was unaffected. 
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 Normochol Hyperchol p-value  

AWTs (mm) 3.86 ± 0.01 3.74 ± 0.13 0.471 

AWTd (mm) 2.03 ± 0.10 2.17 ± 0.13 0.420 

IWTs (mm) 3.88 ± 0.12 3.62 ± 0.13 0.154 

IWTd (mm) 2.39 ± 0.13 2.30 ± 0.14 0.660 

PWTs (mm) 3.71 ± 0.09 3.70 ± 0.22 0.938 

PWTd (mm) 2.46 ± 0.20 2.43 ± 0.13 0.902 

SWTs (mm) 3.81 ± 0.05 3.69 ± 0.13 0.442 

SWTd (mm) 2.18 ± 0.06 2.27 ± 0.13 0.548 

LVESD (mm) 2.39 ± 0.10 2.85 ± 0.28 0.155 

LVEDD (mm) 6.32 ± 0.30 6.72 ± 0.25 0.343 

FS (%) 62.06 ± 1.43 63.89 ± 4.06 0.679 

EF (%) 93.61 ±  0.63 90.56 ± 2.18 0.209 

MV E velocity (m/s) 1.28 ± 0.19 0.80 ± 0.14 0.067 

MV A velocity (m/s) 0.95 ± 0.16 0.50 ± 0.16 0.076 

E/A 1.39 ± 0.06 1.81 ± 0.17* 0.043 

e' (m/s) 0.06 ± 0.00 0.04 ± 0.00 *  0.005 

E/e' 20.78 ± 3.38 20.08 ± 3.80 0.894 

E deceleration time 79.00 ± 9.08 51.56 ± 6.12* 0.031 

Heart rate (1/min) 350.33 ± 10.89 323.50 ± 5.00* 0.049 

Table 2. Left ventricular morphological and functional parameters examined by echocardiography 

after the feeding period in both normocholesterolemic (Normochol) and hypercholesterolemic 

(Hyperchol) rats. Values are mean ± SEM (n=6), *p<0.05. A: mitral late flow velocity, AWT: anterior 

wall thickness, d: diastolic, E: mitral early flow velocity, e’: septal mitral annular velocity, EF: 

ejection fraction, FS: fractional shortening, IWT: inferior wall thickness, LVEDD: left ventricular end-

diastolic diameter, LVESD: left ventricular end-systolic diameter, MV: mitral valve, PWT: posterior 

wall thickness, s: systolic, SWT: septal wall thickness. 

 

7.1.3 Proteomic characterization of the hypercholesterolemic left ventricle 

 Altogether, 901 proteins were reliably identified from left ventricular samples through 

mass spectrometry. Statistical analysis (Welch’s t-test) performed on the identified proteins 

revealed altered levels (p<0.05) of 75 proteins due to hypercholesterolemia. Among the 

significant hits, proteins with at least a 1.2-fold change value were considered for further 

network analyses. Based on these criteria, we observed the upregulation of 23 proteins and 

downregulation of 22 in the left ventricle of hypercholesterolemic animals compared with the 

normocholesterolemic controls (Table 3, Figure 3). 
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UniProt ID Gene Symbol Protein Name Fold Change 

P09895 Rpl5 60S ribosomal protein L5 2.60 

Q03626 Mug1 Murinoglobulin-1 1.96 

O35814 Stip1 Stress-induced-phosphoprotein 1  1.91 

P09006 Serpina3n Serine protease inhibitor A3N  1.90 

P52873 Pc Pyruvate carboxylase 1.54 

P02680 Fgg Fibrinogen gamma chain 1.45 

P02564 Myh7 Myosin-7 1.42 

P06399 Fga Fibrinogen alpha chain  1.42 

P01026 C3 Complement C3  1.35 

D3ZWC6 Sntb1 Syntrophin, basic 1  1.31 

P25113 Pgam1 Phosphoglycerate mutase 1  1.30 

P29147 Bdh1 D-beta-hydroxybutyrate dehydrogenase 1.30 

Q68FP1 Gsn Gelsolin  1.29 

P05545 Serpina3k Serine protease inhibitor A3K 1.27 

Q5RKI0 Wdr1 WD repeat-containing protein 1 1.27 

P07335 Ckb Creatine kinase B-type  1.25 

A0A0G2K542 Ugp2 UTP--glucose-1-phosphate uridylyltransferase  1.22 

Q99PD4 Arpc1a Actin-related protein 2/3 complex subunit 1A 1.22 

P50137 Tkt Transketolase 1.22 

D4A5W5 Recql4 RecQ-like helicase 4 1.22 

P63102 Ywhaz 14-3-3 protein zeta/delta  1.21 

P61589 Rhoa Transforming protein RhoA 1.21 

Q08163 Cap1 Adenylyl cyclase-associated protein 1  1.21 

G3V885 Myh6 Myosin-6 0.83 

Q925Q9 Sh3kbp1 SH3 domain-containing kinase-binding protein 1 0.83 

F1LNF0 Myh14 Myosin heavy chain 14 0.83 

F1M7L9  Uncharacterized protein 0.82 

P38650 Dync1h1 Cytoplasmic dynein 1 heavy chain 1 0.81 

Q925F0 Smpx Small muscular protein 0.78 

O35115 Fhl2  Four and a half LIM domains protein 2  0.77 

P02401 Rplp2 60S acidic ribosomal protein P2 0.77 

Q6PCU8 Ndufv3 NADH dehydrogenase [ubiquinone] flavoprotein 3 0.76 

P41123 Rpl13 60S ribosomal protein L13 0.76 

Q5XIG9 Mtfp1 Mitochondrial fission process 1  0.74 

P02650 Apoe Apolipoprotein E 0.68 

P62902 Rpl31 60S ribosomal protein L31 0.66 

C0KUC6 Lims1 
LIM and senescent cell antigen-like-containing 

domain protein 
0.61 

Q924S5 Lonp1 Lon protease homolog 0.58 

P02466 Col1a2 Collagen alpha-2(I) chain 0.52 

P60711 Actb Beta-actin 0.47 

A0A0G2K1W9 Ldhd  Lactate dehydrogenase D 0.37 

M0RB63 LOC684509 NADH-ubiquinone oxidoreductase B9 subunit 0.34 

A0A0G2KAA3 Ndufa3 NADH:ubiquinone oxidoreductase subunit A3 0.34 

P13697 Me1 NADP-dependent malic enzyme 0.34 

Q9QZA6 Cd151 CD151 antigen 0.28 

Table 3. List of hypercholesterolemia-induced significant alterations in the left ventricular proteins. 

Fold-change cut-off values of significantly expressed proteins were set as > 1.2 for upregulated and 

< 0.83 for downregulated levels, respectively. The fold change values are shown as ratio pairs.  
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Figure 3. Diet-induced hypercholesterolemia leads to alterations in the myocardial proteome. Volcano 

plot showing the significantly (p<0.05 of Welch’s t-test and 1.2-fold changes) altered proteins induced 

by hypercholesterolemia in the left ventricles of rats. Each dot represents one distinct protein. The 

downregulated (blue) and upregulated (red) proteins are highlighted in the plot. The dashed line 

indicates the threshold value of statistical significance.  

 

7.1.4 Pathway enrichment analysis of the significantly altered proteins  

To assign biological functions and reveal potential networks for the significantly 

changed proteins, Gene Ontology (GO) and subsequent pathway enrichment analyses were 

carried out. The GO analysis covered all three independent ontology categories, including 

molecular function (MF), biological process (BP), and cellular component (CC). We observed 

the enrichment of 31 GO terms at FDR < 0.1, altogether (Figure 4). Interestingly, according to 

the GO terminology, a substantial number of the enriched nodes were in the CC category, 

possibly indicating hypercholesterolemia-induced rearrangements of subcellular structures 

and macromolecular complexes in the left ventricle. Based on the GO analysis, the enriched 

ontology terms involved proteins associated with contractile function and cytoskeletal 

organization (Figure 4). Additionally in the same analysis, a minor enrichment of 

mitochondrial proteins was also observed. Overall, the involvement of the observed processes 

might contribute to the initiation of the subcellular structural remodeling and subsequent 

contractile impairment of the myocardium in hypercholesterolemic animals. 
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Figure 4.  Pathway enrichment analysis of the proteomic results revealed enrichment of proteins 

related to the contractile and cytoskeletal systems. Significantly changed proteins were subjected to 

gene ontology (GO) and pathway enrichment analysis, and visualized with Cytoscape v. 3.8.2. The 

size of the nodes corresponds to the number of proteins falling into the respective category, while the 

GO terminologies are marked as differently colored borders (MF: molecular function, BP: biological 

process, CC: cellular component). Edges (lines) represent overlaps and functional interactions among 

the nodes. The width of each edge corresponds to the similarity score between the nodes. The numbers 

of up (red) and downregulated (blue) proteins were incorporated into the nodes as pie charts.  
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7.1.5 Functional interaction analysis of the differentially expressed proteins  

As the next step, we assessed the functional interactions and conducted subsequent 

cluster analysis within the significantly altered proteins. Our analyses revealed a modest 

number of connections among the identified proteins (Figure 5). Interestingly, beta-actin 

(ACTB) was downregulated in the hypercholesterolemic myocardium and ACTB established 

a prominent hub of the revealed network. ACTB turned out to be connected to both structural 

and accessory proteins. Among these interactions, many proteins were upregulated, such as 

Actin-related protein 2/3 complex subunit 1A (ARPC1A), Adenylyl cyclase-associated 

protein 1 (CAP1), WD repeat-containing protein 1 (WDR1), Myosin-7 (MYH7), Gelsolin 

(GSN), and Ras homolog family member A (RHOA). At the same time, the levels of Myosin-

6 (MYH6), Myosin heavy chain 14 (MYH14), Collagen type 1 alpha 2 chains (COL1A2), and 

Cytoplasmic dynein heavy chain 1 (DYNC1H1) were downregulated (Figure 5). 

Additionally, the cluster analysis revealed other minor subnetworks among the 

resulting interactions, which might implicate disturbed metabolic functions and subsequent 

energy production. For instance, the resulting functional interaction network contains a couple 

of metabolic enzymes with altered expression such as Pyruvate carboxylase (PC), 

Phosphoglycerate mutase 1 (PGAM1), Transketolase (TKT), Creatine kinase (CKB), Malic 

enzyme 1 (ME1) and Lactate dehydrogenase, respectively (Figure 5). Moreover, three 

subunits of the NADH dehydrogenase complex showed significantly downregulated 

expression and formed one of the loops in the network (Figure 5). These subnetworks suggest 

an impaired mitochondrial function and imbalance in the energy production of the 

hypercholesterolemic myocardium. 
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Figure 5. Downregulated beta-actin was established as a prominent hub of the protein interaction 

network in the hypercholesterolemic myocardium. Each node (circle) represents one protein and is 

labeled according to gene IDs. The node size corresponds with the number of interactions of the 

respective protein. The color of each node indicates the fold change values (red for upregulated and 

blue for downregulated expression). Edges (grey lines) represent the interactions between nodes, with 

their thickness indicating interactions within the clusters (wide edges) or among the proteins in 

different clusters (narrow edges).  

 

7.1.6 Protein-specific gene set enrichment analysis  

For deeper analyses of the global changes in the left ventricular proteome, a gene set 

enrichment analysis (GSEA) was performed on the unfiltered, whole proteomic dataset. 

The GSEA identified similar downregulated expression patterns among the proteins 

associated with mitochondrial complexes, with particular emphasis on the elements of the 

respiratory chain complexes (Figure 6). Additionally, our analysis revealed downregulated 

expression patterns of proteins previously assigned to heart development processes according 

to the GO terminology. Then, subsequent leading-edge analysis was carried out to determine 

which subsets of proteins contributed the most to the enriched GO terms. As expected, 

proteins of the respiratory chain complexes, i.e., subunits of the NADH:Ubiquinone 

oxidoreductase complex (NDFU), were among the leading enrichment set (Figure 7). 

Furthermore, another set of leading-edge proteins could be identified with important roles in 
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normal cardiac contractile function (Figure 7). For instance, downregulated expression 

patterns were observed in the case of cardiac-specific isoforms of the troponin complex, such 

as Troponin T2 (TNNT2), Troponin C1 (TNNC1), Troponin I3 (TNNI3), and Tropomyosin 1 

(TPM1). Furthermore, hypercholesterolemia seemed to negatively affect the protein 

expression pattern of the ventricular isoform of myosin light chain (MYL3), as well as myosin 

heavy chain 6 (MYH6), which is preferably expressed in the ventricles of smaller mammals 

with rapid heart rates. 

 

Figure 6. Enrichment map of the major GO sets influenced by hypercholesterolemia at the whole 

proteome level. Pathway enrichment analysis was performed with protein-specific GSEA. The nodes 

represent enriched gene sets. The node size corresponds with the number of proteins falling into a 

respective gene set category. The color of each node represents the trend of quantitative change in the 

hypercholesterolemic left ventricle, while the color of the nodes’ border indicates the respective GO 

category. Edges represent similarity among the gene sets, as the thickness of each edge corresponds 

with the overlap between the nodes. The enriched gene sets were visualized with Cytoscape v3.8.2.  
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Figure 7. The output of leading edge analysis of the enriched ontology terms. The numbers of the 

horizontal axis indicate the appearance of the respective protein in the significantly enriched subsets. 

Furthermore, the core enrichment proteins from the previous GSEA analysis were 

further analyzed according to the Kyoto Encyclopedia of Genes and Genomes (KEGG). 

Expression levels of proteins related to cardiac muscle contraction were affected by 

hypercholesterolemia, as shown by the concordant downregulated expression patterns of 

cardiac-specific troponins and myosin complex in the left ventricle of hypercholesterolemic 

animals (Figure 8). Additionally, the results of the KEGG-based analysis of our protein sets 

further support the possible deterioration of the mitochondrial function in the 

hypercholesterolemic left ventricle, affecting the expression of components of all the five 

major complexes of the respiratory chain system responsible for oxidative phosphorylation 

(Figure 9). 

 

Figure 8. KEGG analysis showed concordant downregulated expression patterns of cardiac-specific 

troponins and the myosin complex. Visual representation of leading-edge protein subsets based on the 

Kyoto Encyclopedia of Genes and Genomes database. Each protein was divided into six sections and 

was colored based on the relative expression count compared with the normocholesterolemic group. 

Pathway graphs were created with Pathview Web (https://pathview.uncc.edu/home). 

https://pathview.uncc.edu/home
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Figure 9. KEGG analysis showed concordant downregulated expression changes in protein 

components of the respiratory chain in the hypercholesterolemic left ventricle. Visual representation of 

leading-edge protein subsets based on the Kyoto Encyclopedia of Genes and Genomes database. Each 

protein was divided into six sections and was colored based on the relative expression count compared 

with the normocholesterolemic group. Pathway graphs were created with Pathview Web. 
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7.2 Testing the effect of hypercholesterolemia on ischemic preconditioning-induced 

miR-125b-1-3p upregulation and cardioprotection 

7.2.1 Verification of hypercholesterolemia 

In a separate set of experiments, hypercholesterolemia was induced in male rats 

similarly as described above. At the end of the eight-week diet period, the body weight of 

animals receiving a cholesterol-enriched diet was not different from the weight of control 

animals fed with a standard diet (Table 4). Serum total cholesterol as well as triglyceride 

levels were significantly higher in cholesterol-fed rats when compared to control animals fed 

with a standard chow.  

 
Normochol Hyperchol 

Body weight (g)   504 ± 8.6   502 ± 9.5 

Total cholesterol (mmol/L)      1.73 ± 0.12      6.04 ± 1.11* 

Total triglyceride (mmol/L)     0.52 ± 0.06      1.07 ± 0.10* 

Table 4. Body weight and serum lipid parameters of normo- (Normochol) and hypercholesterolemic 

(Hyperchol) animals. Data are expressed as mean ± SEM; n=16/group. *p<0.05 

 

7.2.2 Effect of hypercholesterolemia on ischemic preconditioning 

To assess the cardioprotective effect of IPre, infarct size was measured in hearts 

undergoing I/R. In the hearts of normocholesterolemic rats, IPre significantly decreased 

infarct size compared to the I/R control group (Figure 10). However, IPre failed to 

significantly attenuate infarct size in the hearts of hypercholesterolemic animals.  

Additionally, CK-MB enzyme release was measured from the coronary effluents 

collected at different time points of the reperfusion. We found that at the end of the 

reperfusion, IPre significantly decreased CK-MB enzyme release activity only in 

normocholesterolemic but not in hypercholesterolemic hearts (Figure 11). 
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Figure 10. Infarct size values at the end of ex vivo heart perfusion. Hearts isolated from normo- and 

hypercholesterolemic rats were subjected to 35 min global ischemia and 120 min reperfusion (I/R) 

with or without ischemic preconditioning (3 × 5 min cycles of I/R applied before index ischemia; 

IPre). Data are expressed as mean ± SEM; n=8/group. *p<0.05 vs. corresponding I/R group. 

N: normocholesterolemia, H: hypercholesterolemia, IR: ischemia/reperfusion, Pr: ischemic 

preconditioning, respectively. 

 

 

 

Figure 11. IPre decreased CK-MB enzyme release in normo- but not in hypercholesterolemic hearts. 

Coronary effluents were collected at different time points of the reperfusion and used for colorimetric 

CK-MB enzyme activity measurement. Data are expressed as mean ± SEM; n=8. *p<0.05 vs. 

corresponding I/R group. The abbreviations are N: normocholesterolemia, H: hypercholesterolemia, 

IR: ischemia/reperfusion, and Pr: ischemic preconditioning, respectively.  
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7.2.3 The effect of preconditioning on miR-125b-1-3p levels 

To assess if miR-125b-1-3p correlates with cardioprotection, miR expression was 

determined in hearts subjected to I/R with or without IPre in both normo- and 

hypercholesterolemic groups (Figure 12). At the end of reperfusion, IPre significantly 

upregulated miR-125b-1-3p in normocholesterolemic hearts compared to I/R controls. 

In contrast, IPre failed to increase significantly miR-125b-1-3p levels in the hearts of 

hypercholesterolemic animals, thereby showing a clear correlation with the blunted 

cardioprotective effects of IPre in the settings of hypercholesterolemia. 

 

Figure 12. miR-125b-1-3p expression changes induced by ischemic preconditioning (IPre) in 

the hearts of normocholesterolemic and hypercholesterolemic rats. Values are log2 expression 

changes ± SEM calculated with Deseq2. Normochol and Hyperchol refer to normo- and 

hypercholesterolemia, respectively. 

  



38 

 

7.3 The effect of electrical stimulation of skeletal muscle against cardiac 

ischemia/reperfusion and on muscle-derived myokine levels 

 

7.3.1 Effect of skeletal muscle EMS on ex vivo perfused hearts  

To assess the cardioprotective effect of EMS, ex vivo heart perfusion was performed 

on isolated hearts from EMS-treated and untreated control rats. Cardiac CK-MB and LDH 

release were significantly lower upon EMS at the end of reperfusion (Figure 13). 

Furthermore, myocardial infarct size was also determined at the end of reperfusion, and 

although the mean value of infarct size tended to be lower in the EMS group compared to the 

nonstimulated control group (approximately by 20%), the applied EMS treatment failed to 

attenuate infarct size significantly (Figure 14). 

 

Figure 13. Testing the potential preconditioning effect of EMS treatment against I/R in ex vivo 

perfused hearts. CK-MB and LDH enzyme release measurement. Coronary effluents were collected at 

different time points of the reperfusion and used for colorimetric CK-MB and LDH enzyme activity 

measurement. Data are expressed as mean ± SEM; n=6/group. *p<0.05.   

 

Figure 14. Infarct size values at the end of ex vivo heart perfusion. Hearts isolated from EMS-treated 

and untreated rats were subjected to 30 min global ischemia and 120 min reperfusion (I/R). The 

infarcted area/area at risk (IS/AAR%) Data are expressed as mean ± SEM; n=6/group.  
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7.3.2 Assessment of myokine expression levels in the stimulated muscle  

 To determine the possible mediators of EMS-associated cardioprotection, myokine 

expression was measured in the stimulated gastrocnemius muscles. Among the investigated 

myokines the applied EMS treatment upregulated Fstl1, Il6, and Igf1 mRNA expression in the 

gastrocnemius muscle (Table 3). Additionally, Il15 mRNA content was downregulated in 

response to EMS. Next, we assessed the protein content of some selected myokines in the 

stimulated gastrocnemius muscle. Irisin, Decorin, Myonectin, FSTL1, and Myoglobin 

proteins were upregulated as a consequence of EMS (Table 4). Nevertheless, IL-6 and IL-15 

protein levels remained unaffected upon EMS treatment, despite their altered mRNA levels. 

 

Myokine Relative mRNA expression levels 

Control EMS 

Fstl1 1.02 ± 0.08   2.80 ± 0.59* 

Fgf21 1.55 ± 0.47 1.44 ± 0.38 

Il6 1.11 ± 0.17   3.90 ± 1.10* 

Bdnf 1.10 ± 0.15 0.93 ± 0.19 

Erfe 1.07 ± 0.16 0.98 ± 0.11 

Igf1 0.93 ± 0.07   1.42 ± 0.19* 

Lif 1.91 ± 0.70 1.50 ± 0.61 

Dcn 1.08 ± 0.11 1.31 ± 0.21 

Fndc5 1.06 ± 0.12 0.92 ± 0.15 

Il15 1.04 ± 0.09   0.56 ± 0.07* 

Table 5. Myokine RNA expression in the gastrocnemius muscle after EMS treatment. Fstl1: 

Follistatin-like 1, Fgf21: Fibroblast growth factor 21, Il6: Interleukin-6, Bdnf: Brain-derived 

neurotrophic factor, Erfe: Erythroferrone / myonectin, Igf1: Insulin-like growth factor 1, Lif: Leukemia 

inhibitory factor, Dcn: Decorin, Fndc5: Fibronectin type III domain-containing protein 5 / Irisin 

precursor, Il15: Interleukin-15, respectively. Data are expressed as mean ± SEM; n=10, *p<0.05. 
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Myokine Tissue protein content (ng mg
-1

) 

Control EMS 

Irisin 22.14 ± 3.52   39.59 ± 5.26* 

Decorin   0.24 ± 0.05     0.55 ± 0.09* 

Myonectin    2.13 ± 0.32     4.84 ± 0.94* 

FSTL1 25.46 ± 2.52   33.00 ± 1.87* 

IL-6   9.28 ± 0.89 10.61 ± 1.12 

IL-15   0.97 ± 0.08   0.94 ± 0.08 

Myoglobin   0.57 ± 0.10     1.31 ± 0.34* 

Table 6. Myokine protein levels in the stimulated gastrocnemius muscle. Protein concentration 

values are expressed as ng mg
-1

 tissue protein. FSTL1: Follistatin-like 1, IL-6: Interleukin 6, IL-15: 

Interleukin-15. All data are mean ± SEM; n = 8/group, * p < 0.05. 

7.3.3 Measurement of serum myokine levels upon EMS  

To elucidate whether skeletal muscle-derived myokines may contribute to the 

cardioprotective effects of EMS, serum myokine levels were measured by ELISA. However, 

at the time of serum sampling none of the measured myokines showed significant differences 

in the blood compared to the untreated control animals (Table 5).  

Myokine Serum protein content (ng mg
-1

) 

Control EMS 

Irisin 6.13 ± 0.62 6.22 ± 0.96 

Decorin 1.11 ± 0.01 1.20 ± 0.01 

Myonectin 0.22 ± 0.01 0.22 ± 0.01 

FSTL1 2.51 ± 0.18 2.63 ± 0.30 

Myoglobin 6.64 ± 0.80 6.95 ± 0.84 

Table 7. Serum myokine levels. Protein concentration values expressed as ng mg
-1 

serum protein 

FSTL1: Follistatin-like 1, Data are mean±SEM; n=8/group, *p<0.05 

 

7.3.4 Effect of EMS on cardiac conditioning-associated pathways 

To further clarify the possible cardioprotective effect of the skeletal muscle EMS, the 

key protein elements of the RISK and the SAFE pathways were investigated in ventricular 

samples at the end of the reperfusion. Regarding the RISK pathway, phosphorylation of AKT 

was not affected significantly upon EMS, while phosphorylation of ERK1 and ERK2 showed 

a trend toward an increase (p=0.18 and 0.21, respectively) in the hearts of EMS-treated 

animals compared to the untreated controls (Figure 15). Additionally, phosphorylation of 

STAT3, the key transcription factor of the SAFE pathway, was not affected in the left 

ventricles either.  
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Figure 15. Effect of skeletal muscle EMS training on the phosphorylation of STAT3, AKT, and 

ERK1/2 proteins assessed by Western blots. Data are expressed as mean ± SEM; n=4, * p<0.05.   
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8 Discussion 

In the present thesis, we investigated different aspects of myocardial infarction and its 

major risk factor, hypercholesterolemia. Based on our results, hypercholesterolemia alters the 

expression of proteins related to the maintenance of the contractile and cytoskeletal structure 

and energy generation processes. We have also shown an inverse correlation between the 

attenuated cardioprotective effect of IPre in hypercholesterolemia with diminished 

miR-125b-1-3p induction, suggesting that miR-125b-1-3p may be an important activator of 

IPre-induced cardioprotection and its decreased expression level seems to interfere with the 

infarct size limiting effect of IPre in hypercholesterolemia. Furthermore, despite the lack of 

significant infarct size reduction in normocholesterolemia, EMS application seems to 

influence the course of cellular damage due to I/R and alters the expression levels of several 

myokines in the skeletal muscle, which might be potential mediators of the beneficial effects 

of EMS in the cardiovascular system. 

 

8.1 New findings  

 The novel findings of the present thesis can be summarized as follows:  

 Hypercholesterolemia is associated with an altered left ventricular proteome. 

 Pathway enrichment and interaction analyses revealed hypercholesterolemia-

associated protein changes in contractile and cytoskeletal systems as well as in the 

protein components of the mitochondrial respiratory chain.  

 Upregulation of miR-125b-1-3p induced by preconditioning is lost in settings of 

hypercholesterolemia. 

 EMS treatment seems to alleviate the I/R damage of ex vivo perfused 

normocholesterolemic hearts  

 EMS is associated with modified myokine mRNA and protein levels in the 

targeted gastrocnemius muscle tissue 

 

8.2 Alterations in the contractile and cytoskeletal system and mitochondrial 

respiratory chain possibly contribute to hypercholesterolemia-associated cardiac 

dysfunction     

Independently from its proatherogenic effect, high blood cholesterol level exerts direct 

adverse effects on the myocardium leading to cardiac dysfunction and disturbed stress 

adaptation against I/R injury. These processes might involve proteome-level changes and 
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altered molecular interactions and networks. Therefore, we utilized the advantages of 

downstream bioinformatics analyses of the proteomics dataset to clarify the underlying 

protein expression changes associated with the direct cardiac effects of hypercholesterolemia. 

Mild diastolic dysfunction developed in hypercholesterolemic rats as reported previously [31, 

35, 97]. In line with the impaired cardiac function, the proteome scale analyses of the 

hypercholesterolemic myocardium revealed modest quantitative changes on the left 

ventricular proteome which is in line with other proteomics-based studies of the left ventricle 

with impaired contractile function [98, 99]. One of the most notable changes in the level of an 

individual protein was observed in the case of the downregulated expression of ACTB, an 

essential component of the non-contractile cytoskeleton system and distributions in actin 

filament assembly and dynamics are implicated to contribute to heart diseases [100, 101]. The 

central role of ACTB in hypercholesterolemia-induced cardiac dysfunction was further 

supported by the protein-protein interactions network analysis, which showed that ACTB 

formed the hub of the revealed network, thus forming many interactions with other accessory 

proteins (e.g., CAP1, WDR1, GSN, RHOA, and ARPC1A, respectively), which might 

indicate cytoskeletal rearrangements. Similarly, metabolic perturbations such as 

hyperglycemia and hyperlipidemia reduced ACTB in both ventricles, which was associated 

with further impairment of cellular elasticity and disorganized myocardial actin cytoskeleton 

[102-104]. Possible rearrangements of subcellular structures and macromolecular complexes 

in the left ventricle upon hypercholesterolemia is further supported by our GO analysis of the 

differentially expressed proteins as the resulting network implicates alterations in the 

contractile apparatus and cytoskeletal system of the hypercholesterolemic left ventricle. 

Previous studies suggested that hyperlipidemia, especially hypercholesterolemia, leads to the 

augmentation of oxidative and nitrosative stress and enhanced proinflammatory cytokine 

production, consequently contributing to cardiac and endothelial dysfunction [3,4,16]. 

The related oxidative damage possibly involves contractile and cytoskeletal proteins and, 

hence, likely contributes to contractile impairment. Nevertheless, in this study, quantitative 

changes in myofibrillar proteins were also demonstrated which might also be responsible for 

the direct cardiac effects of hypercholesterolemia. 

A deeper analysis of the whole, unfiltered left ventricular proteome turned out that 

hypercholesterolemia negatively influenced many protein components of the mitochondrial 

respiratory chain system in the heart. Although the individual expression of the majority of 

the proteins in the enriched protein sets failed to meet the criteria of significant change, as a 

group their coordinated downregulation was significant. Impaired mitochondrial function is 
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implicated in the adverse cardiac effects of hypercholesterolemia [105].                              

Mitochondrial cholesterol accumulation interferes with the normal function of mitochondrial 

membrane proteins and transporters [106], as well as disturbs myocardial ATP synthesis and 

bioenergetics [62], which might be associated with the downregulation of the elements of the 

respiratory chain complex. However, further proof-of-concept studies are recommended to 

confirm the causal role of the proteins or network of proteins identified in our study in 

diastolic dysfunction in the heart using targeted proteomics or immunochemical methods. 

 

8.3 The attenuated cardioprotective effect of ischemic preconditioning upon 

hypercholesterolemia is correlated with diminished miR-125b-1-3p induction  

IPre is one of the most powerful endogenous cardioprotective approaches as it 

markedly enhances the ability of the heart to withstand ischemic injury [107]. Although 

several signaling pathways have been implicated in IPre, the exact mechanism is still not 

entirely clear. Previous findings suggested that miR-125b-1-3p upregulation might be an 

important mediator of IPre-induced cardioprotection [17, 21]. In our study, the application of 

IPre in the presence of hypercholesterolemia failed to upregulate miR-125b-1-3p expression 

as compared to I/R. This is in line with previous reports demonstrating that 

hypercholesterolemia abolished the infarct size-limiting effect conferred by IPre [49, 57, 108, 

109]. Additionally, hypercholesterolemia seems to alter cardiac miRNA expression profile, 

which is possibly associated with the alleviated protective effect of ischemic conditioning. For 

instance, the downregulation of miR-25 mediates oxidative/nitrosative stress in the 

myocardium upon diet-induced hypercholesterolemia in rats [32]. Moreover, cardiac miRNA 

interactome analysis of hypercholesterolemic rats revealed that mRNA targets of the 

differentially expressed miRNAs are likely associated with hypercholesterolemia-induced 

cardiac dysfunction [110]. Although several studies revealed relationships between IPre and 

cardiac miRNA levels in normocholesterolemic subjects, this is the first demonstration that 

hypercholesterolemia influences miRNA expression changes induced by IPre.  

Upregulation of miR-125b-1-3p is considered an adaptive response of IPre, however, 

the mRNA targets in the myocardium are still not clear. The cytoprotective role of the 

miR-125b family members possibly comprises the alleviation of oxidative damage ensuing 

apoptosis of cardiomyocytes [22, 111, 112]. Nevertheless, miR-125b-1-3p expression is 

enhanced by nuclear factor erythroid 2-related factor 2 (NRF2) protein. Acting as a 

transcription factor, NRF2 binds to a cis-regulatory sequence, called antioxidant response 

element, in the promoter region of the miR-125b-1 gene, thereby enhancing miR-125b-1 
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expression level [113, 114]. Additionally, there are existing data in the literature about the 

cardioprotective role of NRF2 through the modulation of oxidative stress [115] which further 

supports a positive effect of miR-125b-1-3p upregulation to alleviate cardiac I/R injury. 

Our study suggests that the upregulation of miR-125b-1-3p in response to IPre may be an 

important element in the cardioprotective mechanism, however, further studies need to 

confirm a direct causative relationship.  

 

8.4 Electromyostimulation treatment seems to mitigate I/R injury on ex vivo perfused 

heart – the possible role of myokines 

EMS has been long utilized to either supplement or substitute muscle strengthening in 

several rehabilitation settings [116]. Although inferior to conventional training, nevertheless, 

the encouragement of muscle strength and improvements in exercise capacity make EMS a 

feasible alternative for exercise, therefore patients can start to perform more daily activities 

[117, 118]. To test whether EMS could be a feasible alternative for cardiac conditioning, an 

ex vivo heart perfusion method was applied. In our perfusion model, LDH and CK-MB 

release during the reperfusion was significantly decreased in the ex vivo perfused hearts of 

animals that received EMS. However, EMS before global I/R failed to significantly decrease 

the infarcted area. Our results suggest that despite the lack of significant infarct size reduction 

EMS treatment might initiate different cardioprotective mechanisms which were partially 

retained during the ex vivo heart perfusion. The effect of electrical stimulation as a cardiac 

remote preconditioning maneuver was tested previously with different experimental setups. 

In an early study, the combination of remote ischemic preconditioning and electrical 

stimulation of the gastrocnemius muscle conferred cardioprotection in a rabbit model of in 

vivo I/R [119]. Interestingly, the same approach failed to enhance the efficiency of 

preconditioning of human patients who underwent coronary angioplasty [120]. Nevertheless, 

previous research mainly focused on the direct electrical stimulation of peripheral nerves 

rather than the muscle contraction-mediated preconditioning effects. Targeted electrical 

stimulation of peripheral nerves of the limbs straight before I/R mitigated myocardial infarct 

size and improved the post-ischemic cardiac performance in rodents. [71, 121-123].  

Several hundred cytokines and oligopeptides, termed myokines, are produced and 

released by muscle in response to muscle contractions [124]. These molecules may act as 

mediators which link muscle exercise to the whole body physiology, nevertheless, the 

majority of myokines were also shown to exert protection against ischemia. Based on our 

findings, the applied EMS protocol increased Il6 mRNA, but not IL-6 protein content in the 



46 

 

gastrocnemius muscle. In the skeletal muscle, the exercise-induced release of IL-6 seems to 

exert anti-inflammatory actions [125] and could act as one of the major mediators of exercise-

induced cardioprotection against myocardial I/R injury [126]. Another myokine, FSTL1 was 

the only myokine upregulated both in mRNA and protein levels in the muscle, without any 

change in the bloodstream upon EMS. Exercise-induced FSTL1 expression has been 

implicated with improved endothelial cell function, mitigation of myocardial ischemic injury, 

and revascularization in ischemic heart [127-129]. Additionally, without changes in mRNA 

content, EMS induced an increment in the protein levels of Decorin, Irisin, Myonectin, and 

Myoglobin, respectively, after three days of the stimulation period. However, none of the 

selected myokines showed altered levels in the serum of EMS-treated animals. To the best of 

our knowledge, Decorin, Irisin, and Myonectin levels were not yet investigated upon EMS 

treatment and the disclosure of their paracrine and endocrine functions might provide great 

value to the better understanding of the systemic effects of involuntary contractions of the 

skeletal muscles elicited by electrical stimulations. Notably, previous studies suggested the 

importance of intact peripheral nerves for triggering electrical stimulation-driven 

cardioprotection. However, the produced myokines might overcome the necessity of damaged 

peripheral sensory nerves which further strengthens their prominent role in the possible 

protection of the myocardium during the application of EMS [130]. 

 

8.5 Limitations and future perspectives  

Similar to all experimental investigations, our study is not without limitations. First of 

all, since we have applied a rodent model of hypercholesterolemia in our present study, 

further confirmation of our results is urged in the future in humans due to potential 

species-dependent differences in the cardiac effects of hypercholesterolemia. Moreover, we 

applied a shotgun proteomic analysis in the present study, which may have higher limits of 

detection than targeted approaches; however, it provides the possibility to obtain quantitative 

information about as many proteins as possible. Our study and the applied protocols were 

focused on the detection of differences in the expression of proteins, and the identification of 

possible changes in posttranslational modifications of proteins was outside of the scope of the 

present study.  

We have analyzed microRNA at a single time-point, i.e. at 2 h of reperfusion. This may 

limit proper interpretation of early molecular changes in the course of cardioprotection, 

therefore assaying miR-125b-1-3p and triggers for miR-125-b-1-3p induction at earlier 

time-points in future studies may have some added value. Although we have demonstrated a 
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correlation between miR-125b-1-3p expression and cardioprotection of IPre, there is limited 

information about the putative mRNA targets and biological role of miR-125b-1-3p against 

I/R injury. Despite these limitations, the present data might provide valuable information 

regarding the effect of experimental hypercholesterolemia on some aspects of the potential 

molecular mechanism of ischemic preconditioning. 

To test the potential preconditioning effect of EMS, we applied an ex vivo heart 

perfusion system, where global ischemia was induced. This approach is different from the 

stress during in vivo occurring I/R. As known, ischemic preconditioning triggered 

cardioprotection of the second window of preconditioning may be less robust than that of the 

first window, which requires further consideration of the exact time of testing EMS. Despite 

there being clear evidence of the beneficial effect of EMS measuring secondary endpoints, 

like the incidence of myocardial arrhythmias might also be helpful to determine the 

preconditioning effect of EMS.  

Additionally, myokine levels were only measured after one day of the last EMS 

session, which could also hide changes upon EMS due to the fast turnover of circulating 

proteins. Nevertheless, more robust changes in circulating myokine levels might happen with 

the involvement of greater muscle mass. Therefore, different sampling times for serum 

myokine measurements as well as assessment of previously described myokine-evoked 

molecular changes in the heart might elucidate the conditional role of several myokines in 

EMS-induced cardioprotection.  
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9 Conclusions 

 

In this thesis, we focused (i) on the underlying molecular mechanism leading to the 

direct adverse cardiac effects on hypercholesterolemia and (ii) the application of electrical 

stimuli provoked involuntary contraction of the skeletal muscle to trigger remote 

cardioprotection.  

Based on the findings of the present thesis we can conclude that hypercholesterolemia 

induced quantitative changes in the left ventricular proteome, affecting both the contractile 

and cytoskeletal apparatus as well as the mitochondrial respiratory chain system. These 

alterations might provide a feasible explanation for the mild cardiac dysfunction observed in 

hypercholesterolemia. Nevertheless, these results of our network and enrichment analyses 

might contribute to a better understanding and development of further therapeutic approaches 

mitigating cardiac dysfunction in the presence of metabolic risk factors. 

 As suggested previously, IPre-associated miR-125b-1-3p upregulation is an adaptive 

response to prevent I/R-induced cellular damage.  However, hypercholesterolemia attenuates 

IPre-induced miR-125b-1-3p upregulation, which is likely associated with the loss of 

cardioprotection. Therefore modulation of cardiac miR-125b-1-3p could be a feasible target 

for cardioprotection even in cases when risk factors and comorbidities are present; however, 

this hypothesis remained to be confirmed in future experimental studies. 

Despite the lack of significant infarct size reduction, EMS seems to influence the 

course of cellular damage due to I/R in normocholesterolemic animals. We conclude that 

electrical stimulation of the skeletal muscle might provide an alternative remote 

preconditioning approach; nevertheless, further optimization of the protocol is warranted 

before deeper investigations of the method. Still, our data might serve as the basis of future 

research. Similarly to voluntary exercise, myokines might be also involved in the 

cardioprotective effects of EMS, however, verification of their mechanistic role remains for 

the scope of future studies.  
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Abstract: Ischemic preconditioning (IPre) reduces ischemia/reperfusion (I/R) injury in the heart.
The non-coding microRNA miR-125b-1-3p has been demonstrated to play a role in the mechanism
of IPre. Hypercholesterolemia is known to attenuate the cardioprotective effect of preconditioning;
nevertheless, the exact underlying mechanisms are not clear. Here we investigated, whether
hypercholesterolemia influences the induction of miR-125b-1-3p by IPre. Male Wistar rats were fed
with a rodent chow supplemented with 2% cholesterol and 0.25% sodium-cholate hydrate for 8 weeks
to induce high blood cholesterol levels. The hearts of normo- and hypercholesterolemic animals were
then isolated and perfused according to Langendorff, and were subjected to 35 min global ischemia
and 120 min reperfusion with or without IPre (3 × 5 min I/R cycles applied before index ischemia).
IPre significantly reduced infarct size in the hearts of normocholesterolemic rats; however, IPre was
ineffective in the hearts of hypercholesterolemic animals. Similarly, miR-125b-1-3p was upregulated
by IPre in hearts of normocholesterolemic rats, while in the hearts of hypercholesterolemic animals
IPre failed to increase miR-125b-1-3p significantly. Phosphorylation of cardiac Akt, ERK, and STAT3
was not significantly different in any of the groups at the end of reperfusion. Based on these results
we propose here that hypercholesterolemia attenuates the upregulation of miR-125b-1-3p by IPre,
which seems to be associated with the loss of cardioprotection.

Keywords: hypercholesterolaemia; cardioprotection; miR-125b; miR-125b*; miRNA; protectomiR;
risk factor; comorbidity; RISK; SAFE

1. Introduction

Myocardial infarction, characterized by restriction of blood flow to the myocardium, is a
major cause of death worldwide [1,2]. Nevertheless, the heart is able to adapt remarkably to
withstand the detrimental effects of ischemic injury. One of the most powerful strategies to trigger
endogenous cardioprotective mechanisms in the myocardium is ischemic preconditioning (IPre), i.e.,
when short, repetitive cycles of ischemia/reperfusion (I/R) are applied before the sustained lethal
ischemia [3]. The molecular mechanism of IPre is complex and still not entirely clear. Trigger molecules
(e.g., adenosine, opioids, bradykinin, and nitric oxide) induced by preconditioning has been shown
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to activate G-protein-coupled receptors and cardioprotective protein kinases (e.g., Akt, Erk, STAT3,
and PKG), thereby leading to cell survival [4,5]. Besides activation of several signaling pathways,
changes in protein-coding gene expression of the heart in response to preconditioning have been
demonstrated, too. Moreover, non-coding microRNAs (miRNA) have emerged as regulators of
preconditioning [6]. Indeed, we have previously shown that preconditioning alters the expression of
several miRNAs in the heart in settings of ischemia/reperfusion [7]. We have identified miR-125b*,
more specifically miR-125b-1-3p, as a cardioprotective miRNA, since preconditioning enhanced its
expression and cardiac cells transfected with miR-125b* mimics showed significant survival rate during
simulated ischemia/reperfusion injury [7].

Interestingly, metabolic diseases like diabetes or hyperlipidemia may interfere with the efficacy
of IPre [8]. Hypercholesterolemia is a well-known risk factor for myocardial infarction due to its
promoting effect on coronary atherosclerosis [2]. Nevertheless, independently from its proatherogenic
effect, a high blood cholesterol level exerts a direct adverse effect on the myocardium leading to cardiac
dysfunction, altered tolerance to I/R injury, and disturbed stress adaptation [8,9]. High cholesterol
level is thought to induce oxidative/nitrosative stress in the myocardium [9,10], thereby leading to
dysregulation of cardioprotective signaling pathways (e.g., decreases in nitric oxide bioavailability,
and in activation of cardioprotective protein kinases). In addition, hypercholesterolemia was shown
to alter cardiac gene expression of mRNAs as well as miRNAs. We have demonstrated for instance,
that downregulation of cardiac miR-25 in hypercholesterolemic rats mediates oxidative/nitrative
stress in the heart [11]. Nevertheless, the exact underlying mechanisms responsible for the attenuated
cardioprotective effect of preconditioning in hypercholesterolemia are unclear; therefore we investigated
whether hypercholesterolemia influences miR-125b-1-3p upregulation induced by preconditioning.

2. Results

2.1. Verification of Hypercholesterolemia

At the end of the 8-week diet period, the body weight of animals receiving cholesterol-enriched
diet was not different from the weight of control animals fed a standard diet (Figure 1A). In order
to verify the development of hypercholesterolemia in our model, total blood cholesterol level was
measured. Total cholesterol was significantly higher in cholesterol-fed rats when compared to control
animals fed with standard chow (Figure 1B).
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2.2. Hypercholesterolemia Attenuates the Infarct Size-Limiting Effect of Ischemic Preconditioning

To assess the cardioprotective effect of IPre, infarct size was measured in hearts undergoing I/R.
In the hearts of normocholesterolemic rats, IPre significantly decreased infarct size compared to the I/R
control group (Figure 2). However, IPre failed to significantly attenuate infarct size in the hearts of
hypercholesterolemic animals (Figure 2).
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Figure 2. Infarct size values at the end of ex vivo heart perfusion. Hearts isolated from normo-
and hypercholesterolemic rats were subjected to 35 min global ischemia and 120 min reperfusion
(ischemia/reperfusion (I/R)) with or without ischemic preconditioning (3 × 5 min cycles of I/R applied
before index ischemia; IPre). IS/AAR = infarct size/area at risk %. Data are expressed as mean ±
SEM; n = 8. * p < 0.05 vs. corresponding I/R group. Normochol and Hyperchol refer to normo- and
hypercholesterolemia, respectively.

2.3. Upregulation of miR-125b-1-3p Induced by Preconditioning is Lost in Settings of Hypercholesterolemia

In order to assess if miR-125b-1-3p correlates with cardioprotection, miRNA expression
was determined in hearts subjected to I/R with or without IPre in both normo- and
hypercholesterolemic groups. At the end of reperfusion, IPre significantly upregulated miR-125b-1-3p
in normocholesterolemic hearts compared to I/R controls (Figure 3). In contrast, IPre failed to increase
significantly miR-125b-1-3p level in hearts of hypercholesterolemic animals (Figure 3).
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Figure 3. miR-125b-1-3p expression changes induced by ischemic preconditioning (IPre) in hearts
of normocholesterolemic and hypercholesterolemic rats. Values are log2 expression changes ± SEM
calculated with Deseq2. * p < 0.05 and log2 fold change is greater than 0.585 vs. corresponding
ischemia/reperfusion (I/R) control group. Normochol and Hyperchol refer to normo- and
hypercholesterolemia, respectively.
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2.4. Ischemic Preconditioning Failed to Affect the RISK and SAFE Pathways at the End of Reperfusion

To elucidate the possible downstream mechanism of IPre in normo- and hypercholesterolemic
conditons, Reperfusion Injury Salvage Kinases (RISK) and Survivor Activating Factor Enhancement
(SAFE) pathways were investigated in ventricular samples obtained at the end of reperfusion. Although,
a slight decrease of Akt phosphorylation and a slight increase in ERK2 and STAT3 phosphorylation may
be seen in preconditioned normocholesterolemic hearts compared to I/R controls, the phosphorylation
of Akt, ERK1/2, and STAT3 were not affected significantly by any of the interventions (Figure 4).
In hypercholesterolemic groups phosphorylation of Akt, ERK1/2, and STAT3 were not affected by IPre.
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Figure 4. Delayed phosphorylation of STAT3, Akt, and ERK1/2 proteins assessed by Western blots.
Ventricular samples were harvested at the end of reperfusion from normo- and hypercholesterolemic
hearts subjected to ischemia/reperfusion (I/R) with or without ischemic preconditioning (IPre). Data are
expressed as mean ± SEM; n = 5, Two-way ANOVA. Normochol and Hyperchol refer to normo- and
hypercholesterolemia, respectively.

3. Discussion

In the present study, we have shown an association of the attenuated cardioprotective effect of
IPre in hypercholesterolemia with diminished miR-125b-1-3p induction. This is the first demonstration
that diet-induced hypercholesterolemia blunts the cardiac overexpression of miR-125b-1-3p triggered
by IPre. Together with previous findings, our present results suggest that miR-125b-1-3p may be
an important activator of IPre-induced cardioprotection and its decreased expression level seems to
interfere with the infarct size limiting effect of IPre in hypercholesterolemia.

Similarly to literature data [5], in our isolated perfused heart model, the application of IPre in
normocholesterolemic hearts decreased infarct size compared to the I/R group. IPre is one of the most
powerful endogenous cardioprotective approaches as it markedly enhances the ability of the heart to
withstand a subsequent ischemic injury. The early phase of IPre (i.e., classic preconditioning or first
window of protection) manifested within minutes after preconditioning stimulus, was first described
by Murry and colleagues [3]. The protective effect of IPre against myocardial infarction was confirmed
using numerous species in several experimental models [4]. Although a number of signaling pathways
have been implicated in IPre, the exact mechanism is still not entirely clear.
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Non-protein-coding miRNAs have been proposed to play a role in IPre [4,5,7]. MiR-125b-1-3p
(previously named miR-125b*) is the passenger antisense strand of miR-125b-1 stem-loop precursor.
Antisense miRNAs are considered to be degraded during miRNA maturation. However, recent data
suggest that passenger strands also have biological functions [12,13]. So far, only a few studies have
revealed that miR-125b-1 protects the heart against I/R injury. In the present study, we investigated
the expression levels of miR-125b-1-3p in ex vivo perfused hearts, and we showed upregulation of
miR-125b-1-3p by IPre in normocholesterolemic hearts, suggesting that miR-125b-1-3p may play a role
in IPre-induced cardioprotection. This finding is in accordance with our previous studies, when we
identified miR-125b-1-3p as a protectomiR since both IPre and postconditioning induced miR-125b-1-3p
expression in the setting of I/R [7]. Moreover, in the same study, cardiomyocytes transfected
with miR-125b-1-3p showed enhanced cell viability following simulated I/R injury. In contrast,
Li and colleagues found that decreased level of miR-125b-1-3p is associated with rutin-induced
cardioprotection in HL-1 cells [14]. These discrepancies may arise due to substantial differences
in the applied models since the molecular mechanism of I/R may differ from the mechanisms of
drug–induced cardiotoxicity. Interestingly, literature data support the cardioprotective effect of the
predominantly expressed sense strand of mature miR-125b-1 as well. Myocardial infarction was
lower in precursor miR-125b-1 (encoding both 125b-1-3p and -5p) overexpressing transgenic mice,
possibly due to inhibition of apoptotic signaling [15]. In a separate study, pharmacological induction of
miR-125b-5p conferred cardioprotection against ischemia/reperfusion by suppressing Bak1 and Kfl13
protein expressions [16]. Furthermore, pretreatment with miR-125b-5p containing exosomes derived
from mesenchymal stem cells protected the murine heart from myocardial infarction and cultured
cardiomyocytes against simulated I/R injury [17,18]. Nevertheless, the expression of miR-125b-5p
seems to have adverse effects in the failing heart through inducing cardiac fibrosis [19–21].

In the present study, we have found that hypercholesterolemia abolished the infarct size limiting
effect of IPre. This is in line with previous reports from our group and others, demonstrating that
hypercholesterolemia interferes with cardioprotection [22–26]. However, here we found that in contrast
to findings obtained in normocholesterolemia, the application of IPre in hypercholesterolemia failed
to upregulate miR-125b-1-3p expression as compared to I/R. We have previously demonstrated that
diet-induced hypercholesterolemia alters cardiac miRNA expression profile, and as a consequence,
downregulation of miR-25 mediates oxidative/nitrosative stress in the myocardium [11]. Although
several studies revealed relationships between IPre and cardiac miRNA levels in normocholesterolemic
subjects, this is the first demonstration that hypercholesterolemia influences miRNA expression changes
induced by IPre. Our study suggests that the upregulation of miR-125b-1-3p in response to IPre may
be an important element in the cardioprotective mechanism; however, further studies need to confirm
a direct causative relationship.

In our current study, we also looked at possible downstream signaling mechanism of IPre as an
attempt to relate the observed alterations in miR-125b-1-3p expression with known cardioprotective
mechanisms. Therefore, we have assessed phosphorylation rates of Akt, ERK1/2, and STAT3 at the end
of reperfusion, as both infarct size and miR analysis was performed at that timepoint in the current study.
IPre in normocholesterolemic hearts failed to increase significantly the delayed phosphorylation of Akt,
ERK1/2, and STAT3 proteins, respectively. This seems to be against the general view that these kinases
contribute to the protective effect of IPre. The discrepancies may be explained by the experimental
protocol that we used. We have determined kinase phosphorylations 2 h after the onset of reperfusion,
while the phosphorylation status of IPre-related kinases is mostly investigated at the beginning of
reperfusion. Nevertheless, some studies have already assessed the late activation of cardiac RISK and
SAFE pathways after 30, 120, or 180 min of reperfusion in response to ischemic conditionings [27–29].
Our present findings do not exclude the possible activation of the RISK and/or SAFE pathways by IPre
in earlier phases of the protocol we used. However, at the late phase, when miR-125b-1-3p induction
was evident, the activation of RISK and SAFE pathways does not seem to play a crucial role in the
cardioprotective mechanism of IPre. This may be a valuable conclusion as some other microRNAs has
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been linked to STAT3 modulation, e.g., miR-874 inhibition targeting STAT3 has been shown to protect
the heart against I/R injury by attenuating cardiomyocyte apoptosis in a mouse model [30]. Based
on our results, one may speculate that upregulation of miR-125b-1-3p is rather a consequence of the
activation of RISK and SAFE pathways; however, further research is needed to prove this hypothesis.
We have found in the current study that IPre failed to affect significantly the delayed phosphorylation of
Akt and ERK1/2 proteins in hypercholesterolemic hearts. Interestingly, Akt may stimulate nitric oxide
production via activation of endothelial nitric oxide synthase (eNOS) in response to preconditioning
stimuli [31,32] and a decreased cardiac nitric oxide content was suggested to correlate with impaired
cardioprotection due to IPre in cholesterol-fed rats [9,22,33]. Based on our present results, it is unlikely
that miR-125b-1-3p would regulate Akt-eNOS-nitric oxide-PKG signaling in our model, however,
whether nitric oxide is able to affect cardiac miR-125b-1-3p expression in normocholesterolemia needs
to be assessed in the future. Our current results also show that hypercholesterolemia does not affect
STAT3 phosphorylation after I/R with or without IPre, thereby providing a deeper insights into the
rather unclear effects of metabolic disorders on cardiac STAT3 signaling [34].

Similarly to all experimental investigations, our study is not without limitations. We have analyzed
microRNA expression and the RISK and SAFE pathways at a single time-point, i.e., at 2 h of reperfusion.
This may limit proper interpretation of early molecular changes in the course of cardioprotection,
therefore assaying miR-125b-1-3p, triggers for miR-125-b-1-3p induction and survival kinases at earlier
time-points in future studies may have some added value. Although it is clinically less relevant,
a common feature of studies performed on I/R—including ours—is that the ischemic tissue may contain
both viable and non-viable cells, and the lack of separation of these cells for biochemical analysis
may potentially affect overall molecular markers of the tissue. This is especially problematic when
regional ischemia is used, because it is almost impossible to separate the non-ischemic, ischemic-viable,
and ischemic-non-viable cells. Therefore, in the present study we applied global ischemia, where all
cells were exposed to the same stress (i.e., ischemia). Despite these limitations our study provides
valuable data regarding the effect of experimental hypercholesterolemia on some aspects of the potential
molecular mechanism of ischemic preconditioning.

We conclude that miR-125b-1-3p upregulation is an adaptive response to prevent cellular damage
induced by I/R, however, the exact role and molecular targets of miR-125b-1-3p should be further
analyzed in future studies. This is the first demonstration that hypercholesterolemia attenuates
IPre-induced miR-125b-1-3p upregulation, which is likely associated with the loss of cardioprotection.
These results may suggest that modulation of cardiac miR-125b-1-3p could be a feasible target for
cardioprotection even in cases when risk factors and comorbidities are present; however, this hypothesis
remained to be confirmed in future experimental studies.

4. Materials and Methods

4.1. Animals

A total of 56 adult male Wistar rats were used in this study. All experiments conformed to
the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of
Health (NIH publication No. 85-23, revised 1996) and was approved by the Animal Research Ethics
Committee of Csongrád County (approval code: XV.1181/2013) and the local animal ethics committee
of the University of Szeged.

4.2. Experimental Setup

Male Wistar rats (250–300 g) were fed for 8 weeks with a laboratory chow enriched with 2% (w/w)
cholesterol and 0.25% sodium-cholate hydrate (w/w). The control animals were fed with standard rodent
chow. At the end of the diet period rats were anesthetized with intraperitoneal injection of sodium
pentobarbital (50 mg/kg; Produlab Pharma b.v., Raamsdonksveer, The Netherlands), blood samples
were collected from the thoracic aorta and hearts were isolated and placed into ice-cold Krebs–Henseleit
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buffer. After cannulation of the aorta, isolated hearts were perfused with an oxygenated Krebs–Henseleit
buffer at 37 ◦C in a retrograde manner according to Langendorff as described previously [35–37].
Then hearts from both feeding groups were divided into global ischemia/reperfusion (I/R) or ischemic
preconditioning (IPre) groups (Figure 5). The time-matched I/R control group hearts were equilibrated
for 45 min before 35 min global ischemia and 120 min reperfusion. In the IPre group after 15 min
equilibration time IPre was induced by 3 intermittent cycles of 5 min no-flow ischemia, separated by
5 min aerobic perfusion before the onset of global ischemia. At 120 min after the onset of reperfusion,
either infarct size was determined (n = 8 in each group) or left ventricles were snap-frozen in liquid
nitrogen and stored at −80 ◦C for miRNA analysis and Western blot experiments (n = 6 in each group).
Global ischemia was used in this study in order to apply the same degree of stress (i.e., ischemia) for
the entire myocardium.
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Figure 5. Experimental protocols for ex vivo ischemia/reperfusion (IR) and IR with ischemic
preconditioning (IPre). At the end of reperfusion infarct size, miRNA expression analyses and
Western blotting measurements were performed from the left ventricles. Normochol and Hyperchol
refer to normo- and hypercholesterolemia, respectively.

4.3. Serum Total Cholesterol Measurement

Serum was separated from the freshly collected blood samples and used to determine total
cholesterol concentrations using a colorimetric cholesterol detecting kit (Diagnosticum, Budapest,
Hungary) and a microplate reader (BMG Labtech, Ortenberg, Germany) as described previously [10,11].

4.4. Infarct Size Determination

In a separate set of experiments, hearts were isolated and perfused as described above. After the
end of reperfusion, atria were removed, and the total ventricles were used to determine the infarcted
area as described previously [38,39]. Briefly, frozen ventricles were cut to 7–8 equal slices and placed
into triphenyl-tetrazoliumchloride solution (Sigma-Aldrich, Saint Louis, MO, USA) for 10 min at 37 ◦C
followed by a 10 min formaldehyde fixation and phosphate buffer washing steps. As a result, survived
area were red-stained while the necrotic area become pale. Digitalized images from the stained heart
slices were evaluated with planimetry method and the amount of myocardial necrosis was expressed
as infarct size/area at risk %.

4.5. Measurement of Cardiac miR-125b-1-3p Level

Six heart sample from each group were used for miRNA-sequencing. Total RNA was isolated from
left ventricles with miRNeasy Mini kit (Qiagen, Hilden, Germany). Total RNA samples were quality
checked and quantified by capillary gel electrophoresis in an Agilent Bioanalyzer 2100 instrument
using Agilent 6000 RNA Nano Kit (Agilent Technologies, Santa Clara, CA, USA). Then 1000 ng total
RNA samples were used to prepare sequencing libraries using NEBNext Multiplex Small RNA Library
Prep Set for Illumina (New England Biolabs, Iswich, MA, USA) following the recommendations of
the manufacturer. Sequencing libraries were size selected with AMPure XP beads (Beckman Coulter,
Pasadena, CA, USA) then validated and quantitated in an Agilent 2100 Bioalayzer using Agilent
DNA 1000 kit. Validated library pools were denatured and loaded in MiSeq Reagent Kit V3-150
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(New England Biolabs, Iswich, MA, USA) and sequenced with an Illumina MiSeq (Illumina Inc, San
Diego, CA, USA) instrument generating 36 nucleotides long single-end reads.

4.6. Bioinformatic Analysis

Sequencing reads were quality checked with FastQC (Babraham Bioinformatics, UK) and adapter
trimmed using Cutadapt ver. 1.8.1 [40]. Trimmed oligos were analyzed with mirdeep2 [41]. Reads were
aligned to the rat reference genome using the mapper module than sequenced reads were mapped to
predefined miRNA precursors, and the expression of the corresponding miRNAs were determined
using the quantifier module. Differential expression analysis were performed with Deseq2 [42].

4.7. Western Blotting

Frozen left ventricular samples were homogenized in Radio Immunoprecipitation Assay buffer
(Cell Signaling Technology, Danvers, MA, USA) supplemented with protease inhibitor cocktail,
phenylmethane sulfonyl fluoride and sodium fluoride (Sigma-Aldrich, Saint Louis, MO, USA) as
described previously [37,43–45]. Homogenates were centrifuged, and protein concentrations of the
supernatants were determined using BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Twenty-five
micrograms of reduced and denatured protein was loaded in 10% polyacrylamide gel, and SDS gel
electrophoresis was performed. Separated proteins were transferred to 0.22 µM pore size nitrocellulose
membranes. After checking, the transfer efficiency with Ponceau-stained membranes were blocked for
1 h in 5% (w/v) bovine serum albumin (Sigma-Aldrich, Saint Louis, MO, USA) at room temperature.
Blocked membranes were incubated with the following primary antibodies in the concentrations of
1:1000 phospho-Akt (Ser473, #4060), Akt (#9272), phospho-ERK1/2 (Thr202/Tyr204, #9101), ERK1/2
(#9102), phospho-STAT3 (Tyr705, #9145), STAT3 (#4904 and in 1:5000 concentration against GAPDH
(#2118) at 4 ◦C overnight (Cell Signaling Technology, Danvers, MA, USA). After incubation with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (Dako, Glostrup,
Denmark) membranes were developed with an enhanced chemiluminescence kit. After development
of phosphorylated signals of Akt, Erk1/2, and STAT3, respectively, the stripped membranes were
reassessed for the total amount of proteins. The developed signals were evaluated by Quantity One
Software (Bio-Rad, Hercules, CA, USA).

4.8. Statistical Analysis

Values are expressed as mean ± SEM. Student’s t-test was used to evaluate the effect of
cholesterol-enriched diet in body weight and serum cholesterol level, while two-way analysis of
variance (ANOVA) was used to evaluate infarct size values and Western blotting results. Wald test
was performed in differential miRNA expression analysis. MiRNA expression ratio with p-value <0.05
and >1.5 fold change (0.585 log2 fold change) are considered as significant expression difference.
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39. Csont, T.; Sárközy, M.; Szűcs, G.; Szűcs, C.; Bárkányi, J.; Bencsik, P.; Gáspár, R.; Földesi, I.; Csonka, C.;
Kónya, C.; et al. Effect of a multivitamin preparation supplemented with phytosterol on serum lipids and
infarct size in rats fed with normal and high cholesterol diet. Lipids Health Dis. 2013, 12, 138. [CrossRef]

40. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011,
17, 10–12. [CrossRef]

41. Friedländer, M.R.; Mackowiak, S.D.; Li, N.; Chen, W.; Rajewsky, N. miRDeep2 accurately identifies known
and hundreds of novel microRNA genes in seven animal clades. Nucleic Acids Res. 2012, 40, 37–52. [CrossRef]

42. Anders, S.; Huber, W. Differential expression analysis for sequence count data. Genome Biol. 2010, 11, R106.
[CrossRef] [PubMed]

43. Gáspár, R.; Pipicz, M.; Hawchar, F.; Kovács, D.; Djirackor, L.; Görbe, A.; Varga, Z.V.; Kiricsi, M.; Petrovski, G.;
Gácser, A.; et al. The cytoprotective effect of biglycan core protein involves Toll-like receptor 4 signaling in
cardiomyocytes. J. Mol. Cell. Cardiol. 2016, 99, 138–150. [CrossRef] [PubMed]
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Abstract: Elevated blood cholesterol is a major risk factor for coronary heart disease. Moreover, 
direct effects on the myocardium also contribute to the adverse effects of hypercholesterolemia. 
Here, we investigated the effect of hypercholesterolemia on the cardiac proteome. Male Wistar rats 
were fed with a laboratory rodent chow supplemented with 2% cholesterol for 8 weeks to induce 
hypercholesterolemia. The protein expression data obtained from the proteomic characterization of 
left ventricular samples from normo- and hypercholesterolemic animals were subjected to gene on-
tology (GO) and protein interaction analyses. Elevated circulating cholesterol levels were accompa-
nied by diastolic dysfunction in cholesterol-fed rats. The proteomic characterization of left ventric-
ular samples revealed altered expression of 45 proteins due to hypercholesterolemia. Based on the 
Gene Ontology analysis, hypercholesterolemia was associated with disturbed expression of cyto-
skeletal and contractile proteins. Beta-actin was downregulated in the hypercholesterolemic myo-
cardium, and established a prominent hub of the protein interaction network. Analysis of the unfil-
tered dataset revealed concordant downregulated expression patterns in proteins associated with 
the arrangement of the contractile system (e.g., cardiac-specific troponins and myosin complex), 
and in subunits of the mitochondrial respiratory chain. We conclude that the observed changes in 
the cardiac proteome may contribute to the development of diastolic dysfunction in hypercholes-
terolemia. 

Keywords: hypercholesterolemia; myocardial proteomics; network analysis; cardiac dysfunction; 
mitochondrial respiratory chain; contractile proteins 
 

1. Introduction 
Metabolic disorders, e.g., dyslipidemia, diabetes mellitus, or metabolic syndrome, 

are major risk factors for ischemic heart diseases [1]. Imbalance in the lipid metabolism, 
especially sustained hypercholesterolemia, contributes to the development of cardiovas-
cular diseases through the formation of atherosclerosis and subsequent acute ischemic 
events [2]. Moreover, independent of the vascular effects, hypercholesterolemia exerts di-
rect adverse effects on the myocardium, which further impair cardiac function and stress 
tolerance [3–6]. Previous studies reported the presence of mild diastolic dysfunction and 
blunted adaptation to ischemia in rodent models of diet-induced hypercholesterolemia 
[7,8]. 

Despite the well-known adverse cardiac effects of hypercholesterolemia, the under-
lying molecular mechanisms and involved pathways are still not fully understood. Previ-
ous studies suggested that deteriorated mitochondrial function was possibly related to 
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the adverse cardiac effects of hypercholesterolemia [9,10]. Moreover, endothelial dysfunc-
tion and enhanced oxidative damage-related mechanisms, such as increased NADPH ox-
idase activity [3,4], were also implied in the direct cardiac consequences of hypercholes-
terolemia. 

The recent advances in the field of ‘omics’ methods provide a great and effective tool 
for the high-throughput screening and molecular profiling of different diseases. Microar-
ray screening revealed transcriptomic alterations in the myocardium induced by hyper-
lipidemia and metabolic syndrome, showing altered expression of genes related to energy 
production, structural development, and stress [11–13]. However, to date, there are no 
comprehensive data regarding the global left ventricular proteome changes in the setting 
of hypercholesterolemia. Therefore, in the present study, we aimed to investigate the 
global changes in the left ventricular proteome in a rat model of diet-induced hypercho-
lesterolemia using shotgun proteomic analyses. Subsequently, bioinformatic analyses 
(pathway enrichment and protein interaction analyses) were performed on the proteomic 
data in order to elucidate the potential underlying molecular mechanisms and pathways 
regarding the direct adverse cardiac effects of hypercholesterolemia. 

2. Results 
2.1. Eight Weeks of Cholesterol-Enriched Diet in Rats Resulted in Elevated Plasma Lipid Levels 

At the end of an 8-week feeding period, there was no difference in the body weight 
and the left ventricular tissue weight of the animals receiving a cholesterol-enriched diet 
or a standard diet (Table 1). However, the total plasma cholesterol was markedly elevated 
in the cholesterol-fed group, supporting the manifestation of diet-induced hypercholes-
terolemia. Interestingly, the plasma total triacylglycerol level also increased significantly 
in the hypercholesterolemic group compared with the control rats. 

Table 1. Cholesterol-enriched-diet-induced high blood cholesterol. General characterization of 
normocholesterolemic (Normochol) and hypercholesterolemic (Hyperchol) rats after the 8-week 
diet period. * p < 0.05; n = 6. 

 Normochol Hyperchol 
Body weight (g) 485 ± 22 521 ± 17 
Tibia length (cm) 4.20 ± 0.08 4.21 ± 0.05 
Left ventricular weight (mg) 1242 ± 42 1230 ± 48 
Total cholesterol (mmol/L)  1.52 ± 0.11 4.35 ± 0.21 * 
Total triglyceride (mmol/L) 0.44 ± 0.03 1.18 ± 0.08 * 

2.2. Cholesterol-Enriched-Diet-Induced Diastolic Dysfunction in the Heart 
Transthoracic echocardiography was performed at the end of the feeding period to 

investigate the morphological and functional effects of diet-induced hypercholesterole-
mia on the myocardium. After 8 weeks of the diet, the cardiac morphology remained un-
affected, as shown by the systolic and diastolic wall thickness parameters (Table 2). Fur-
thermore, there were no differences in the left ventricular end-diastolic and end-systolic 
diameters, fractional shortening, and ejection fraction, respectively, which indicate pre-
served left ventricular systolic function (Table 2). Interestingly, the heart rate was signifi-
cantly decreased in the settings of hypercholesterolemia. The early (E) and late (A) ven-
tricular filling velocities showed a trend toward a decrease; however, the E/A ratio was 
significantly elevated in the hearts of hypercholesterolemic animals, suggesting impaired 
diastolic function (Table 2). The presence of diastolic dysfunction was further supported 
by the significantly decreased values of the mitral annulus velocity (e’) and mitral valve 
deceleration time in the hypercholesterolemic rats. Nevertheless, the E/e’ ratio was not 
affected significantly (Table 2). 



Int. J. Mol. Sci. 2022, 23, 7387 3 of 18 
 

 

Table 2. Diet-induced hypercholesterolemia leads to cardiac dysfunction. Left ventricular morpho-
logical and functional parameters examined by echocardiography after the 8-week diet period in 
both normocholesterolemic (Normochol) and hypercholesterolemic (Hyperchol) rats. Values are the 
mean ± SEM (n = 6), * p < 0.05. AWT: anterior wall thickness, d: diastolic, MV A: late (atrial) ventric-
ular filling velocity measured at the mitral valve, MV E: early ventricular filling velocity measured 
at the mitral valve, e’: septal mitral annular velocity, EF: ejection fraction, FS: fractional shortening, 
IWT: inferior wall thickness, LVEDD: left ventricular end-diastolic diameter, LVESD: left ventricular 
end-systolic diameter, PWT: posterior wall thickness, s: systolic, and SWT: septal wall thickness. 

 Normochol Hyperchol p-Value 
AWTs (mm) 3.86 ± 0.01 3.74 ± 0.13 0.471 
AWTd (mm) 2.03 ± 0.10 2.17 ± 0.13 0.420 
IWTs (mm) 3.88 ± 0.12 3.62 ± 0.13 0.154 
IWTd (mm) 2.39 ± 0.13 2.30 ± 0.14 0.660 
PWTs (mm) 3.71 ± 0.09 3.70 ± 0.22 0.938 
PWTd (mm) 2.46 ± 0.20 2.43 ± 0.13 0.902 
SWTs (mm) 3.81 ± 0.05 3.69 ± 0.13 0.442 
SWTd (mm) 2.18 ± 0.06 2.27 ± 0.13 0.548 
LVESD (mm) 2.39 ± 0.10 2.85 ± 0.28 0.155 
LVEDD (mm) 6.32 ± 0.30 6.72 ± 0.25 0.343 
FS (%) 62.06 ± 1.43 63.89 ± 4.06 0.679 
EF (%) 93.61 ± 0.63 90.56 ± 2.18 0.209 
MV E velocity (m/s) 1.28 ± 0.19 0.80 ± 0.14 0.067 
MV A velocity (m/s) 0.95 ± 0.16 0.50 ± 0.16 0.076 
E/A 1.39 ± 0.06 1.81 ± 0.17 * 0.043 
e’ (m/s) 0.06 ± 0.00 0.04 ± 0.00 *  0.005 
E/e’ 20.78 ± 3.38 20.08 ± 3.80 0.894 
E deceleration time 79.00 ± 9.08 51.56 ± 6.12 * 0.031 
Heart rate (1/min) 350.33 ± 10.89 323.50 ± 5.00 * 0.049 

2.3. General Proteomic Characterization of the Left Ventricle of Hypercholesterolemic Rats 
Altogether, 901 proteins were reliably identified from left ventricular samples by 

means of mass spectrometry. Statistical analysis (Welch’s t-test) performed on the identi-
fied proteins revealed altered levels (p < 0.05) of 75 proteins due to hypercholesterolemia. 
Proteins showing p < 0.05 and >1.2 or <0.83-fold changes in response to hypercholesterol-
emia were considered as significant alterations and used for further network analysis. 
Based on these criteria, we observed the upregulation of 23 proteins and downregulation 
of 22 in the left ventricle of hypercholesterolemic animals compared with the normocho-
lesterolemic controls (Figure 1; Table 3). 
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Figure 1. Diet-induced hypercholesterolemia leads to alterations in the myocardial proteome. Vol-
cano plot showing the significantly (p < 0.05 of Welch’s t-test, 1.2< and <0.83-fold changes) altered 
proteins induced by hypercholesterolemia in the left ventricles of rats. Each dot represents one dis-
tinct protein. The downregulated (blue) and upregulated (red) proteins are highlighted in the plot. 
The dashed line indicates the threshold value of significance (−log10 1.3<) The differentially ex-
pressed proteins are listed in Table 3. 

Table 3. List of hypercholesterolemia-induced significant alterations in the left ventricular proteins. 
Proteins with fold changes of >1.2 or <0.83 were considered as significant. The fold change values 
are shown as ratio pairs. 

UniProt ID Gene Symbol Protein Name Fold Change 
P09895 Rpl5 60S ribosomal protein L5 2.60 
Q03626 Mug1 Murinoglobulin-1 1.96 
O35814 Stip1 Stress-induced-phosphoprotein 1  1.91 
P09006 Serpina3n Serine protease inhibitor A3N  1.90 
P52873 Pc Pyruvate carboxylase 1.54 
P02680 Fgg Fibrinogen gamma chain 1.45 
P02564 Myh7 Myosin-7 1.42 
P06399 Fga Fibrinogen alpha chain  1.42 
P01026 C3 Complement C3  1.35 
D3ZWC6 Sntb1 Syntrophin, basic 1  1.31 
P25113 Pgam1 Phosphoglycerate mutase 1  1.30 
P29147 Bdh1 D-beta-hydroxybutyrate dehydrogenase 1.30 
Q68FP1 Gsn Gelsolin  1.29 
P05545 Serpina3k Serine protease inhibitor A3K 1.27 
Q5RKI0 Wdr1 WD repeat-containing protein 1 1.27 
P07335 Ckb Creatine kinase B-type  1.25 
A0A0G2K542 Ugp2 UTP--glucose-1-phosphate uridylyltransferase  1.22 
Q99PD4 Arpc1a Actin-related protein 2/3 complex subunit 1A 1.22 
P50137 Tkt Transketolase 1.22 
D4A5W5 Recql4 RecQ-like helicase 4 1.22 
P63102 Ywhaz 14-3-3 protein zeta/delta  1.21 
P61589 Rhoa Transforming protein RhoA 1.21 
Q08163 Cap1 Adenylyl cyclase-associated protein 1  1.21 
G3V885 Myh6 Myosin-6 0.83 
Q925Q9 Sh3kbp1 SH3 domain-containing kinase-binding protein 1 0.83 
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F1LNF0 Myh14 Myosin heavy chain 14 0.83 
F1M7L9  Uncharacterized protein 0.82 
P38650 Dync1h1 Cytoplasmic dynein 1 heavy chain 1 0.81 
Q925F0 Smpx Small muscular protein 0.78 
O35115 Fhl2  Four and a half LIM domains protein 2  0.77 
P02401 Rplp2 60S acidic ribosomal protein P2 0.77 
Q6PCU8 Ndufv3 NADH dehydrogenase [ubiquinone] flavoprotein 3 0.76 
P41123 Rpl13 60S ribosomal protein L13 0.76 
Q5XIG9 Mtfp1 Mitochondrial fission process 1 0.74 
P02650 Apoe Apolipoprotein E 0.68 
P62902 Rpl31 60S ribosomal protein L31 0.66 

C0KUC6 Lims1 
LIM and senescent cell antigen-like-containing domain 
protein 0.61 

Q924S5 Lonp1 Lon protease homolog 0.58 
P02466 Col1a2 Collagen alpha-2(I) chain 0.52 
P60711 Actb Beta-actin 0.47 
A0A0G2K1W9 Ldhd  Lactate dehydrogenase D 0.37 
M0RB63 LOC684509 NADH-ubiquinone oxidoreductase B9 subunit 0.34 
A0A0G2KAA3 Ndufa3 NADH:ubiquinone oxidoreductase subunit A3 0.34 
P13697 Me1 NADP-dependent malic enzyme 0.34 
Q9QZA6 Cd151 CD151 antigen 0.28 

2.4. Pathway Enrichment Analysis of the Significantly Altered Proteins Revealed Changes in the 
Contractile and Cytoskeletal Systems 

In order to assign biological functions and reveal potential networks for the signifi-
cantly changed proteins, Gene Ontology (GO) and subsequent pathway enrichment anal-
yses were carried out. The GO analysis covered all three independent ontology categories, 
including molecular function (MF), biological process (BP), and cellular component (CC). 
We observed the enrichment of 31 GO terms at FDR < 0.1, altogether (Figure 2). Interest-
ingly, according to the GO terminology, a substantial number of the enriched nodes were 
in the CC category, possibly indicating hypercholesterolemia-induced rearrangements of 
subcellular structures and macromolecular complexes in the left ventricle. Based on the 
GO analysis, the enriched ontology terms involved proteins associated with contractile 
function and cytoskeletal organization (Figure 2). Additionally, a minor enrichment of 
mitochondrial proteins was also observed (Figure 2). Overall, the involvement of the ob-
served processes might contribute to the initiation of the subcellular structural remodeling 
and subsequent contractile impairment of the myocardium in hypercholesterolemic ani-
mals. 
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Figure 2. Pathway enrichment analysis revealed changes in the contractile and cytoskeletal systems. 
Significantly changed proteins were subjected to gene ontology (GO) and pathway enrichment anal-
ysis and visualized with Cytoscape v. 3.8.2. (Institute of Systems Biology, Seattle, WA, USA). The 
size of the nodes corresponds to the number of proteins falling into the respective category, while 
the GO terminologies are marked as differently colored borders (MF: molecular function, BP: bio-
logical process, CC: cellular component). Edges (lines) represent overlaps and functional interac-
tions among the nodes. The width of each edge corresponds to the similarity score between the 
nodes. The numbers of up (red) and downregulated (blue) proteins were incorporated into the 
nodes as pie charts. 

2.5. Functional Interaction Analysis of the Differentially Expressed Proteins 
As the next step, we assessed the functional interactions and conducted subsequent 

cluster analysis within the significantly altered proteins. Our analyses revealed a modest 
number of connections among the identified proteins (Figure 3). Interestingly, beta-actin 
(ACTB) was downregulated in the hypercholesterolemic myocardium and ACTB estab-
lished a prominent hub of the revealed network (Figure 3). ACTB turned out to be con-
nected to both structural and accessory proteins. Among these interactions, many proteins 
were upregulated, such as Actin-related protein 2/3 complex subunit 1A (ARPC1A), Ad-
enylyl cyclase-associated protein 1 (CAP1), WD repeat-containing protein 1 (WDR1), My-
osin-7 (MYH7), Gelsolin (GSN), and Ras homolog family member A (RHOA). At the same 
time, the levels of Myosin-6 (MYH6), Myosin heavy chain 14 (MYH14), Collagen type 1 
alpha 2 chain (COL1A2), and Cytoplasmic dynein heavy chain 1 (DYNC1H1) were down-
regulated (Figure 3). 

Additionally, the cluster analysis also revealed other minor subnetworks among the 
resulting interactions (Figure 3), which might implicate disturbed metabolic functions and 
subsequent energy production. For instance, the resulting functional interaction network 
contained metabolic enzymes with altered expressions, including Pyruvate carboxylase 
(PC), Phosphoglycerate mutase 1 (PGAM1), Transketolase (TKT), Creatine kinase (CKB), 
Malic enzyme 1 (ME1), and Lactate dehydrogenase (Figure 3). Moreover, three subunits 
of the mitochondrial NADH dehydrogenase complex (NDUFV3, NDUFA3, and 
LOC684509) showed significantly downregulated expression and formed one of the loops 
in the network (Figure 3). These subnetworks may suggest impaired mitochondrial func-
tion and imbalance in the energy production of the hypercholesterolemic myocardium. 
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Figure 3. Downregulated beta-actin was established as a prominent hub of the protein interaction 
network in the hypercholesterolemic myocardium. Functional protein–protein interaction network 
and subsequent cluster analysis according to Markov Clustering Algorithm using the STRING da-
tabase and the in-built plugin of Cytoscape. Each node (circle) represents one protein and is labeled 
according to gene IDs. The node size corresponds with the number of interactions of the respective 
protein. The color of each node indicates the fold change values (red for upregulated and blue for 
downregulated expression). Edges (grey lines) represent the interactions between nodes, with their 
thickness indicating interactions within the clusters (wide edges) or among the proteins in different 
clusters (narrow edges). 

2.6. Protein-Specific Gene Set Enrichment Analysis Revealed Downregulated Expression 
Patterns of Mitochondrial and Contractile Proteins in the Unfiltered, Whole Left Ventricular 
Proteome 

To reveal the potential associations between hypercholesterolemia-induced cardiac 
phenotype and classes of similarly changed proteins in the heart, gene set enrichment 
analysis (GSEA) was performed on the unfiltered, whole proteomic dataset. The GSEA 
identified similar downregulated expression patterns among the proteins related to spe-
cific pathways. The most prominent enrichment was observed in the GO terms associated 
with mitochondrial complexes, with particular emphasis on the elements of the respira-
tory chain complexes (Figure 4A). Additionally, our analysis revealed downregulated ex-
pression patterns of proteins previously assigned to heart development processes in the 
GO terminology (Figure 4A). Then, subsequent leading-edge analysis was carried out to 
determine which subsets of proteins contributed the most to the enriched GO terms. As 
expected, proteins of the respiratory chain complexes, i.e., subunits of the NADH:Ubiqui-
none Oxidoreductase complex (NDFU), were among the leading enrichment set (Figure 
4B). Furthermore, another set of leading-edge proteins could be identified with important 
roles in normal cardiac contractile function (Figure 4B). For instance, downregulated ex-
pression patterns were observed in the case of cardiac-specific isoforms of the troponin 
complex, such as Troponin T2 (TNNT2), Troponin C1 (TNNC1), Troponin I3 (TNNI3), 
and Tropomyosin 1 (TPM1). Furthermore, hypercholesterolemia seemed to negatively af-
fect the protein expression pattern of the ventricular isoform of myosin light chain 
(MYL3), as well as myosin heavy chain 6 (MYH6), which is preferably expressed in the 
ventricles of smaller mammals with rapid heart rates. 
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Figure 4. GSEA analysis of the unfiltered proteomic dataset revealed concordant downregulated 
expression patterns of proteins associated with the arrangement of the contractile and cytoskeletal 
system, as well as with the mitochondrial respiratory chain. (A) Enrichment map of the major GO 
sets influenced by hypercholesterolemia at the whole proteome level. Pathway enrichment analysis 
was performed with protein-specific GSEA. Circles represent enriched gene sets (nodes). The node 
size corresponds to the size of the number of proteins falling into a respective gene set category. The 
two node colors represent the trend of the quantitative change in the hypercholesterolemic left ven-
tricle, while the color of the nodes’ border indicates the respective GO category. Edges represent 
similarity among the gene sets, as the thickness of each edge corresponds to the overlap between 
the nodes. The enriched gene sets were visualized with Cytoscape v3.8.2. (B) Output of the leading-
edge analysis of the enriched GO terms at FDR < 0.1 performed with GSEA. The numbers on the 
horizontal axis indicate the number of appearances of the respective protein in the significantly en-
riched subsets. The graph was created with SigmaPlot v.12.0. 



Int. J. Mol. Sci. 2022, 23, 7387 9 of 18 
 

 

2.7. KEGG Analysis of the Output of GSEA 
In order to categorize the output protein list of the previous GSEA analysis, the core 

enrichment proteins from the significantly enriched gene sets were further analyzed ac-
cording to the in-built Kyoto Encyclopedia of Genes and Genomes (KEGG) of the Path-
view package. Proteins related to cardiac muscle contraction were affected, as shown by 
the concordant downregulated expression patterns of cardiac-specific troponins and my-
osin complex in the left ventricle of hypercholesterolemic animals (Figure 5). Addition-
ally, the results of the KEGG-based analysis of our protein sets further support the possi-
ble deterioration of the mitochondrial function in the hypercholesterolemic left ventricle, 
affecting the expression of components of all the five major complexes of the respiratory 
chain system responsible for oxidative phosphorylation (Figure 6). 

 
Figure 5. KEGG analysis showed concordant downregulated expression patterns of cardiac-specific 
troponins and the myosin complex. Visual representation of leading-edge protein subsets based on 
the Kyoto Encyclopedia of Genes and Genomes database. Each protein was divided into six sections 
and was colored based on the relative expression count compared with the normocholesterolemic 
group. Pathway graphs were created with Pathview Web (https://pathview.uncc.edu/home ac-
cessed on 17 January 2022).
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Figure 6. KEGG analysis showed concordant downregulated expression changes in protein components of the respiratory chain in the hypercholesterolemic left 
ventricle. Visual representation of leading-edge protein subsets based on the Kyoto Encyclopedia of Genes and Genomes database. Each protein was divided into 
six sections and was colored based on the relative expression count compared with the normocholesterolemic group. Pathway graphs were created with Pathview 
Web (https://pathview.uncc.edu/home accessed on 17 January 2022). 
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3. Discussion 
In the present study, we investigated the effect of diet-induced hypercholesterolemia 

on the left ventricular proteome. To the best of our knowledge, this is the first proteomic 
study focusing on the myocardium of hypercholesterolemic animals. Our results show 
that chronic hypercholesterolemia alters the level of cardiac proteins related to the mainte-
nance of cytoskeletal structure and energy-generation processes. Moreover, our enrich-
ment and functional interaction analyses revealed solid networks among the identified 
proteins, thereby providing new aspects and deeper insights into the potential underlying 
subcellular mechanisms of the direct myocardial effects of hypercholesterolemia leading 
to cardiac dysfunction. 

The general characterization and echocardiographic parameters demonstrating dias-
tolic dysfunction in our experimental model are in accordance with previous reports from 
our laboratory and others using rodent models of diet-induced hypercholesterolemia 
[3,4,10,14,15]. In the present study, eight-week excess cholesterol uptake elevated the cir-
culating cholesterol and resulted in diastolic cardiac dysfunction without any significant 
morphological changes in the heart. Previous studies suggested that hyperlipidemia, es-
pecially hypercholesterolemia, leads to the augmentation of oxidative and nitrosative 
stress and enhanced proinflammatory cytokine production (e.g., TNF-α and IL-6), conse-
quently contributing to cardiac and endothelial dysfunction [3,4,16]. The related oxidative 
damage possibly involves contractile and cytoskeletal proteins and, hence, likely contrib-
utes to contractile impairment. The direct impact of increased plasma cholesterol on car-
diac function is supported by both human and experimental animal investigations [8]. 
Echocardiographic characterization of patients with primary hypercholesterolemia or fa-
milial hypercholesterolemia without a history of cardiovascular disease disclosed subclin-
ical myocardial abnormalities and contractility impairment [17,18]. Likewise, diminished 
cardiac function was also observed in hypercholesterolemic animals in vivo [19,20]. In 
accordance with the literature, our measured echocardiographic parameters suggest im-
paired diastolic function [21], while the ventricular wall thicknesses remained unaffected 
in the hypercholesterolemic myocardium, similar to previous studies [4,22]. 

Proteomic characterization of the hypercholesterolemic myocardium in the current 
study revealed modest quantitative changes in a substantial number of proteins, which is 
in accordance with other proteomics-based studies of the left ventricle with impaired con-
tractile function [23,24]. One of the most notable changes in the level of an individual pro-
tein was observed in the case of the downregulated expression of ACTB, an essential com-
ponent of the non-contractile cytoskeleton system. Similar to our results, metabolic per-
turbations, such as hyperglycemia and hyperlipidemia, reduced ACTB in both ventricles, 
which was associated with the further impairment of cellular elasticity and disorganized 
myocardial actin cytoskeleton [25–27]. Furthermore, in our study, MYH6 decreased, and 
MYH7 increased in the heart as a result of cholesterol feeding. The MYH6/MYH7 ratio is 
considered as a descriptive indicator of cardiac function, and the shift from MYH6 to 
MYH7 resulting in a decreased ratio indicated a maladaptive change in cardiac diseases 
[28–31]. The actin-activated ATPase activity of MYH6 is higher than that of MYH7, so both 
the relative and absolute repression of MYH6 may lead to compromised heart function 
[32]. 

Based on our GO analysis of the differentially expressed proteins, the resulting net-
work indicates alterations in the contractile apparatus and cytoskeletal system of the hy-
percholesterolemic left ventricle. To date, this study is the first to propose that quantitative 
changes in myofibrillar proteins might also be responsible for the direct cardiac effects of 
hypercholesterolemia. Additionally, the protein–protein interaction network analysis of 
the significantly altered proteins further affirmed the influence of high cholesterol levels 
on cytoskeletal organization and structural development in the left ventricle. Interaction 
analysis showed that ACTB formed the hub of the revealed network, being involved in 
many interactions with other accessory proteins (e.g., with upregulated CAP1, WDR1, 
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GSN, RHOA, and ARPC1A), suggesting myocardial cytoskeleton rearrangement in re-
sponse to hypercholesterolemia. These findings are in accordance with studies indicating 
the crucial role of actin assembly and disassembly dynamics in heart diseases [33,34]. 

A deeper analysis of the whole, unfiltered left ventricular proteome demonstrated 
that many protein sets are downregulated in the hypercholesterolemic heart. In accord-
ance with the GO analysis restricted to the list of significantly altered proteins, contractile 
proteins showed similarly downregulated expression patterns in the hypercholester-
olemic heart. Moreover, our results showed that hypercholesterolemia negatively influ-
enced many protein components of the respiratory chain system in the heart, potentially 
leading to disturbances in energy supply and consequent contractile impairment. Alt-
hough the individual expression of the majority of proteins in the enriched protein sets 
failed to meet the criteria of a significant change, the coordinated downregulation of these 
proteins as a group was significant. These findings are in line with other reports where 
impaired mitochondrial function was implicated in metabolic diseases, such as diabetes, 
obesity, and hypertension, accompanied by heart failure and dysfunction [35,36]. Simi-
larly, the impairment of mitochondrial function is also implicated in the adverse cardiac 
effects of hypercholesterolemia [37]. Mitochondrial cholesterol accumulation is suggested 
to be a decisive factor for mitochondrial dysfunction, as increased cholesterol levels inter-
fere with the normal function of mitochondrial membrane proteins and transporters [38]. 
Additionally, disturbed myocardial ATP synthesis and bioenergetics impairment are doc-
umented outcomes of a high-cholesterol diet [10], which might be associated with the 
downregulation of the elements of the respiratory chain complex. 

Similar to all experimental investigations, our study is not without limitations. First 
of all, since we have applied a rodent model of hypercholesterolemia in our present study, 
further confirmation of our results is urged in the future in humans due to potential spe-
cies-dependent differences in the cardiac effects of hypercholesterolemia. Moreover, we 
applied a shotgun proteomic analysis in the present study, which may have higher limits 
of detection than targeted approaches; however, it provides the possibility to obtain quan-
titative information about as many proteins as possible. Our study and the applied proto-
cols were focused on the detection of differences in the expression of proteins, and the 
identification of possible changes in posttranslational modifications of proteins was out-
side of the scope of the present study. Future proof-of-concept studies are recommended 
to further confirm the causal role of the proteins or network of proteins identified in our 
study in diastolic dysfunction in the heart using targeted proteomics or immunochemical 
methods. 

4. Materials and Methods 
4.1. Animals 

Altogether, 12 adult male Wistar rats were used in this study. The animals were kept 
in pairs in individually ventilated cages in a temperature-controlled room with 12 h:12 h 
light/dark cycles. Laboratory chow and water were supplied ad libitum throughout the 
study. The experiment conformed to the Guide for the Care and Use of Laboratory Ani-
mals published by the US National Institutes of Health (NIH publication No. 85-23, re-
vised 1996) and was approved by the Animal Research Ethics Committee of the University 
of Szeged (approval code: XV.1181/2013-2018). 

4.2. Experimental Setup 
Hypercholesterolemia was induced as described previously [10,39]. Male Wistar rats 

were fed with laboratory chow enriched with 2% (w/w) cholesterol (Hungaropharma Zrt., 
Budapest, Hungary) and 0.25% (w/w) sodium–cholate hydrate (Sigma, St. Louis, MO, 
USA) for 8 weeks (n = 6), while rats fed with standard laboratory chow were used as the 
control (n = 6). At the end of the diet period, the rats were anesthetized by the intraperito-
neal injection of pentobarbital sodium (Euthasol; 50 mg/kg; Produlab Pharma b.v., 
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Raamsdonksveer, The Netherlands). Blood samples were collected from the thoracic aorta 
for plasma lipid measurements, and then hearts were immediately excised and placed in 
ice-cold Krebs–Henseleit buffer. The isolated hearts were cannulated and perfused with 
oxygenated Krebs–Henseleit buffer at 37 °C, according to Langendorff, in order to elimi-
nate blood from the coronary vessels [39,40]. After 5 min of perfusion, the left ventricular 
tissue was frozen and stored at −80 °C until proteomic analysis. The body weight and tibia 
length were also measured. 

4.3. Plasma Lipid Measurement 
Blood samples were collected in EDTA-containing blood collection tubes. The plasma 

was separated by centrifugation (3000× g for 15 min at 4 °C). The upper, cell-free phase 
was used to determine the total cholesterol and triglyceride concentrations using a color-
imetric detection method (Diagnosticum, Budapest, Hungary) with a microplate reader 
(BMG Labtech, Ortenberg, Germany). The plasma total cholesterol and triglyceride meas-
urements were performed as described previously [39]. 

4.4. Transthoracic Echocardiography 
Cardiac morphology and function were assessed by transthoracic echocardiography 

at week 8, as described previously [22,24]. The rats were anesthetized with 2% isoflurane 
(Forane, AESICA, Queenborough Limited, Kent, UK). Two-dimensional, M-mode, Dop-
pler, tissue Doppler, and four-chamber-view images were performed according to the cri-
teria of the American Society of Echocardiography with a Vivid IQ ultrasound system 
(General Electric Medical Systems, New York, NY, USA) using a phased array 5.0–11 MHz 
transducer (GE 12S-RS probe, General Electric Medical Systems, New York, NY, USA). 
Data of three consecutive heart cycles were analyzed (EchoPac Dimension software v201, 
General Electric Medical Systems, New York, NY, USA) by an experienced investigator in 
a blinded manner. The mean values of the three measurements were calculated and used 
for statistical evaluation. Systolic and diastolic wall thicknesses were obtained from the 
parasternal short-axis view at the level of the papillary muscles (anterior and inferior 
walls) and the long-axis view at the level of the mitral valve (septal and posterior walls). 
The left ventricular diameters were measured by means of M-mode echocardiography 
from long-axis and short-axis views between the endocardial borders. Functional param-
eters, including the ejection fraction and fractional shortening, were calculated on M-
mode images in the long-axis view. Diastolic function was assessed using pulse-wave 
Doppler across the mitral valve and tissue Doppler on the septal mitral annulus from the 
apical four-chamber view. The early (E) and atrial (A) flow velocities, as well as septal 
mitral annulus velocity (e’), indicated diastolic function. 

4.5. Protein Extraction 
Approximately 30 mg of powered left ventricular tissue samples were homogenized 

in lysate buffer (containing 2% Sodium dodecyl sulfate (SDS) and 0.1 M Dithiothreitol 
(DTT) in 0.1 M Tris solution). The homogenized samples were incubated at 98 °C for 5 
min. Proteins were precipitated by the addition of a methanol/chloroform mixture (4:1) 
and were resuspended in 8 M urea. The total protein contents were determined using the 
BCA (Thermo Scientific, Waltham, MA, USA) protocol. 

4.6. Protein Digestion 
Homogenates of all individual pulverized tissue samples containing 20 µg protein 

were diluted to 30 µL with 0.1 M NH4HCO3 (pH = 8.0) buffer, and then 15 µL 0.1% 
RapiGest SF (Waters) and 2 µL 100 mM DTT solution were added and the mixture was 
stored at 60 °C for 30 min to unfold and reduce the proteins. A volume of 2 µL 200 mM 
iodo-acetamide (IAA) solution was added to alkylate the proteins, which were kept for an 
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additional 30 min in the dark at room temperature. The samples were digested with tryp-
sin (Promega, enzyme/protein ratio: 0.4/1) for 3 h at 37 °C. The digestion was stopped by 
the addition of 1 µL of concentrated hydrochloric acid. Pooled samples were created by 
mixing equal amounts of all digested samples to build a spectral library for quantitative 
liquid chromatography–mass spectrometry (LC-MS) analysis of individual samples. 

4.7. LC-MS Analysis 
The separation of the digested samples was carried out on a nanoAcquity Ultra Per-

formance Liquid Chromatograph (UPLC, Waters, Milford, MA, USA) using a Waters AC-
QUITY UPLC M-Class Peptide C18 (130 Ǻ, 1.78 µm, 75 µm×250 mm) column with a 90 
min gradient. The eluents were water (A) and acetonitrile (B) containing 0.1 v/v% formic 
acid, and the separation of the peptide mixture was performed at 45 °C with a 0.35 µL/min 
flow rate using an optimized nonlinear LC gradient (3%–40% B). The LC was coupled to 
a high-resolution Q Exactive Plus quadrupole-orbitrap hybrid mass spectrometer 
(Thermo Scientific, Waltham, MA, USA). The measurements of the digested samples were 
performed in the DIA (Data Independent Acquisition) mode. The survey scan for the DIA 
method operated with a 35,000 resolution. The full scan was performed between 380 and 
1020 m/z. The AGC target was set to 5×106 or 120 ms maximum injection time. In the 400–
1000 m/z region, 22 m/z-wide overlapping isolation windows were acquired at 17,500 res-
olution (AGC target: 3×106 or 100 ms injection time, normalized collision energy: 30 for 
charge 2). Gas-phase fractionated (GPF) DIA measurements of the pooled samples were 
used to build a spectral library using the same settings, except for the m/z range. Four 
GPF LC-MS analyses of the pooled samples were run, each of them covering a 150 Th-
wide fraction of the total 400–1000 m/z range using 6 m/z-wide overlapping isolation win-
dows. 

4.8. Proteomic Data Analysis 
The quantitative analysis was performed in Encyclopedia 0.9 [41] using default set-

tings. For the building of the GPF chromatogram library, a spectral library predicted by 
Prosit [42] from the UniProt rat reference proteome was used as the input. The quantita-
tive samples were then analyzed using the empirically corrected GPF chromatogram li-
brary in Encyclopedia. The statistical evaluations were carried out using Perseus [43] soft-
ware on text reports exported from Encyclopedia software. A p < 0.05 of the Welch’s t-test 
and 1.2< and <0.83-fold change values were used as the criteria for significant changes. 
Protein quantification data and annotations from the UniProt database can be found in 
Table 3. 

4.9. Pathway Enrichment Analysis 
Pathway enrichment analysis was performed with the web-based g:Profiler public 

server using the g:GOSt tool (https://biit.cs.ut.ee/gprofiler accessed on 10 January 2022) 
[44]. Functional enrichment profiling was carried out, defining Rattus norvegicus as the 
queried organism, using the g:SCS multiple testing correction method and p = 0.05 as a 
threshold value. For the visualization of the results, the output gem file of the over-repre-
sented Gene Ontology Biological Process and Cellular Component terms were loaded to 
Cytoscape v3.8.2 [45]. An enrichment map was created with the EnrichmentMap v3.3.2. 
application of Cytoscape based on the instructions of Reimand and colleagues with <0.1 
adjusted p-value similarity score [46]. 

4.10. Functional Protein–Protein Interaction and Network Clustering Analysis 
Protein–protein interaction analysis among the identified proteins was performed 

with the STRING v11.5 database (https://string-db.org ELIXIR, Cambridge, UK, accessed 
on 31 December 2021) [47] using the default 0.4 medium confidence and 5% false discov-
ery rate (FDR) stringency values. Without any modification, the resulting protein–protein 
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interaction chart was incorporated into Cytoscape and modified using the STRINGApp 
v1.7.0 and STRING Enrichment applications [48]. Cluster analysis was performed with 
clusterMaker2 v1.3.1 using the Markov Clustering Algorithm in Cytoscape. The clustering 
was based on the combined score calculated from the experimental and computational 
interaction values assigned by the STRING database. 

4.11. Gene Set Enrichment Analysis of the Proteomic Dataset 
Enriched gene sets from the whole, unfiltered proteomics data were explored with 

GSEA software v4.1.0 (joint project of UC San Diego, CA, USA and Broad Institute, Cam-
bridge, MA, USA) [49]. After preprocessing to the requested format and the addition of 
appropriate phenotypes labels, the raw data were ranked according to the calculated fold 
change values, and GSEA was performed with all of the annotated ontology sets from the 
Molecular Signatures Database collections [50]. Only gene sets with FDR value 0.1 > were 
considered as significantly enriched. Interaction analysis was performed on only gene sets 
falling into FDR 0.1 > criteria and were visualized with Cytoscape as described in the pre-
vious sections. Subsequent leading-edge analysis was performed from the core enrich-
ment proteins of the significantly enriched gene sets with the in-built plugin of the GSEA 
software. 

4.12. KEGG Analysis and Visualization of Core Enrichment Proteins with Pathview 
All the proteins that contributed to the core enrichment of the previously described 

GSEA analysis were further analyzed and classified according to the Kyoto Encyclopedia 
of Genes and Genome resource using Pathview Web (https://pathview.uncc.edu/home ac-
cessed on 17 January 2022). [51,52]. Proteins from the input list were colored according to 
the relative fold change values compared with the normocholesterolemic control group 
and then integrated into graphical images of the respective processes. 

4.13. Statistics 
All values are expressed as the mean + SEM (n = 6 in each group). Student’s t-test was 

used to evaluate the effect of the cholesterol-enriched diet on the plasma lipid levels and 
echocardiographic measurements. For proteomic data, a two-one-sided test was used for 
the equivalence test, and the statistical significance was tested using the unpaired Welch 
test. Multiple testing correction was applied in pathway enriched analysis. A p value < 
0.05 was considered as an indicator of significant difference among the groups. 

5. Conclusions 
We conclude that hypercholesterolemia leads to alterations in the left ventricular pro-

teome, affecting both the structural and metabolic protein networks. Cholesterol feeding 
seemed to modify the cardiac cytoskeleton arrangement and contractile apparatus, and 
also impaired mitochondrial function. These alterations in the proteome may provide a 
feasible explanation for the mild cardiac dysfunction observed in hypercholesterolemia. 
The results of our network and enrichment analyses might contribute to a better under-
standing of how alterations in the proteome may contribute to cardiac dysfunction in the 
presence of metabolic risk factors. 
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ABSTRACT

Electrical muscle stimulation (EMS) is a widely used method in sports and rehabilitation therapies to simulate
physical exercise. EMS treatment via skeletal muscle activity improves the cardiovascular functions and the overall
physical condition of the patients. However, the cardioprotective effect of EMS has not been proven so far,
therefore, the aim of this study was to investigate the potential cardiac conditioning effect of EMS in an animal
model. Low-frequency 35-min EMS was applied to the gastrocnemius muscle of male Wistar rats for three
consecutive days. Their isolated hearts were then subjected to 30min global ischemia and 120min reperfusion. At
the end of reperfusion cardiac specific creatine kinase (CK-MB) and lactate dehydrogenase (LDH) enzyme release
and myocardial infarct size were determined. Additionally, skeletal muscle-driven myokine expression and release
were also assessed. Phosphorylation of cardioprotective signaling pathway members AKT, ERK1/2, and STAT3
proteins were also measured. EMS significantly attenuated cardiac LDH and CK-MB enzyme activities in the
coronary effluents at the end of the ex vivo reperfusion. EMS treatment considerably altered the myokine content
of the stimulated gastrocnemius muscle without altering circulating myokine levels in the serum. Additionally,
phosphorylation of cardiac AKT, ERK1/2, and STAT3 was not significantly different in the two groups. Despite
the lack of significant infarct size reduction, the EMS treatment seems to influence the course of cellular damage
due to ischemia/reperfusion and favorably modifies skeletal muscle myokine expressions. Our results suggest that
EMS may have a protective effect on the myocardium, however, further optimization is required.
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INTRODUCTION

Ischemic heart diseases including myocardial infarction are the leading cause of death worldwide [1].
It has been well established that there are remarkable endogenous adaptive responses of the heart to
withstand the detrimental effects of ischemia/reperfusion (I/R) injury. Additionally, cardiac condi-
tioning can be elicited through other organs termed as remote conditioning. Such interventions,
which benefit multiple organs of the body at the same time, are of great clinical importance [2, 3].

The lack of physical exercise represents a global public health problem particularly because the
human body rapidly adapts to insufficient physical activity [4]. The cardio-preventive and thera-
peutic potential of long-term exercise is manifested in lowering blood pressure, favorably modifying
plasma lipoprotein profile, and enhancing cardiac contractile function. Apart from the advantageous
outcome of exercise, the enormous adaptation capacity of the skeletal muscle might be transferred to
the heart thereby inducing cardiac conditioning and subsequently protecting against the detrimental
effects of I/R injury and having favorable outcomes in cardiac rehabilitation. However, performing
regular exercise is often limited due to various health reasons. For those, electrical muscle stimulation
(EMS), the rhythmical muscle activation triggered with electrical impulses, might provide an alter-
native way to partially gain the benefits of exercise [5, 6]. EMS is a widely used method in sport and
rehabilitation therapy and is an attractive clinical application for subjects unable to perform regular
exercise [7, 8]. Nevertheless, little is known whether the application of EMS can trigger cardiac
preconditioning and protection against I/R injury.

Both humoral and neurological factors are implicated in the advantageous effects of skeletal
muscle activity on the general health of the individual. Recently, skeletal muscle-derived myo-
kines are emerged as important effectors of exercise-induced cardioprotection [9]. Myokines are
a wide variety of molecules predominantly released by contracting skeletal muscles, supposed to
regulate muscle mass and energy homeostasis [10]. Beyond the effect on the skeletal muscles,
myokines are also considered as molecular mediators which link muscle exercise to the whole
body physiology through endocrine signaling pathways [11, 12].

Taken together the promising therapeutic potential of EMS, the aim of the present study was
to test (i) whether short-term EMS confers cardioprotection as a remote preconditioning inter-
vention and (ii) whether EMS modulates myokine levels in the stimulated skeletal muscle.

MATERIALS AND METHODS

Animals

Altogether 20 male Wistar rats (300–350 g) were used in this study. The animals were kept in pairs in
individually ventilated cages in a temperature-controlled room with 12 h:12 h light/dark cycles. Labo-
ratorychowandwaterwereavailablead libitumthroughout the study.Theexperimentconformedto the
Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health
(NIH publication No. 85-23, re-vised 1996) and was approved by the Animal Research Ethics Com-
mittee of the University of Szeged (approval number: XV./2153/2022).
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Experimental setup

EMS treatment was performed in sedated animals with stimulating electrodes placed on the gastroc-
nemius muscles of the animals. EMS sessions were applied for three days; each session in each days
includes 10-Hz frequency continuous stimulation for 35min. Twenty-four hours after the last EMS
treatment, rats were anesthetized with an intraperitoneal injection of sodium pentobarbital (50mg/
kg; Produlab Pharma b.v., Raamsdonksveer, The Netherlands), and blood and gastrocnemius muscle
samples were collected for myokine level measurement. Hearts from EMS-treated and untreated
animals were isolated and perfused according to Langendorff as described previously [13, 14]. A 15-
min equilibration period was applied followed by 30min global ischemia and 120min reperfusion (I/
R). Global ischemia was achieved via the complete closure of perfusion fluid toward the heart,
therefore, the same degree of stress (i.e. ischemia) was applied to the entire myocardium. During
reperfusion, coronary effluents were collected and used to measure cardiac lactate-dehydrogenase
(LDH) and creatine kinase MB isoform (CK-MB) release. At the end of the reperfusion, infarct size
was determined by TTC staining [15].

Electrical muscle stimulation

Rats were sedated with a 40 mg kg�1 sodium pentobarbital solution (Produlab Pharma b.v.,
Raamsdonksveer, The Netherlands), placed on a heating pad in a supine position, and hind
limbs were fixed. EMS treatment was performed with a portable electrostimulator device (San-
itas SEM 44 digital EMS/TENS, Hans Dinslage GmbH, Germany) for three consecutive days.
The stimulating pads of the EMS device were replaced with acupuncture needles to easily access
the skeletal muscle with the electrodes. Bilateral EMS was applied targeting the gastrocnemius
muscles with the stimulating electrodes once a day for three consecutive days with low frequency
as reported in human studies [7, 16], respectively. The EMS treatment consisted of 35 min of
continuous stimulation with bipolar rectangular pulses at 10 Hz frequency and 250 μs pulse
width with minimal intensity to produce a visible muscle contraction. The control group un-
derwent the same procedure, without switching on the EMS device.

Infarct size determination

Myocardial infarct size was measured after ex vivo global I/R in hearts isolated from both EMS-
treated and untreated animals. After the end of reperfusion, atria were removed, and the total
ventricles were used to determine the infarcted area. Briefly, frozen ventricles were cut into 7–8
equal slices and placed into triphenyl tetrazolium chloride (TTC) solution (Sigma, Saint Louis,
MO, USA) for 10 min at 37 8C followed by a 10 min formaldehyde fixation and phosphate buffer
washing steps [15]. As a result, survived area was stained red while the necrotic area remained
pale. Digitalized images from the stained heart slices were evaluated with planimetry method
and the amount of myocardial necrosis was expressed as infarct size/area at risk %.

LDH and CK-MB release measurement

Coronary effluents were collected 2, 5, 30, and 120 min after the beginning of reperfusion to
measure the release of LDH and CK-MB enzymes. Enzyme activity was measured via kinetic
enzyme activity assay using colorimetric LDH and CK-MB detecting kits (Diagnosticum,
Hungary) and a microplate reader (Clariostar Plus, BMG Labtech). Enzyme activity was
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normalized to the volume of coronary effluent and the total weight of the respective heart.
Enzyme release was expressed as U min�1 g�1wet weight.

Western blot

In a separate set of experiments, left ventricles of isolated hearts from EMS-treated and un-
treated animals were homogenized with an ultrasonicator in Radio Immunoprecipitation Assay
(RIPA) buffer (Cell Signaling, Danvers, MA, USA) supplemented with protease inhibitor cock-
tail and phosphatase inhibitors phenylmethane sulfonyl fluoride (PMSF) and sodium fluoride
(NaF, Sigma, Saint Louis, MO, USA). Homogenates were centrifuged, and protein concentra-
tions of the supernatants were determined using BCA Protein Assay Kit (Pierce, Rockford, IL,
USA). Twenty μg of reduced and denatured protein was loaded in 10% polyacrylamide gel, and
SDS gel electrophoresis was performed. Separated proteins were transferred to 0.22 μm pore size
nitrocellulose membranes. After checking the transfer efficiency with Ponceau-staining, mem-
branes were blocked for 1 h in 5% (w/v) bovine serum albumin (BSA) at room temperature.
Blocked membranes were incubated with the following primary antibodies in the concentrations
of 1:1000 phospho-AKT (Ser473, #4060), AKT (#9272), phospho-ERK1/2 (Thr202/Tyr204,
#9101), ERK1/2 (#9102), phospho-STAT3 (Tyr705, #9145), STAT3 (#4904) and in 1:5000 con-
centration against GAPDH (#2118) at 4 8C overnight (Cell Signaling, Danvers, MA, USA). After
incubation with horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody
membranes were developed with an enhanced chemiluminescence kit. After the development of
phosphorylated signals of AKT, ERK1/2, and STAT3 membranes were stripped and reassessed
for the amount of total proteins. Signals were analyzed and evaluated by Quantity One Software.

ELISA

Double-antibody sandwich ELISA kits specific for rat Irisin, Decorin, Myonectin, Myoglobin,
IL6, IL15, and FSTL1 proteins, respectively, were used to measure protein content in gastroc-
nemius and serum samples (Fine Test, Wuhan, China) according to the manufacturer’s instruc-
tion. Myokine content was determined with a colorimetric detection method using a microplate
reader (Clariostar Plus, BMG Labtech, Germany).

RT-qPCR

RNA was isolated from the gastrocnemius muscles with the phenol:chloroform:isoamyl alcohol
extraction method and total RNA concentrations were determined. Reverse transcription of 500
ng RNA was performed with iScript cDNA Synthesis Kit (BioRad) and the resulting cDNA was
used as a template for qPCR measurement of myokine expression levels using SYBR Green PCR
Super Mix (BioRad) and BioRad CFX96 Touch Real-Time PCR machine (BioRad). Relative
expression levels were determined with the 2�ΔΔCt method and GAPDH was used as a house-
keeping gene. Primer sequences are listed in Table 1, while primers used for the measurement of
Dcn, Fndc5, and Il15 are designed by BioRad (#10025636), and their relative expression was
normalized for Gapdh provided by the same manufacturer.

Statistics

All values are expressed as mean ± SEM. The Shapiro-Wilk normality test was used to test the
normal distribution of the data. Student’s t-test was used to evaluate the effect of EMS on infarct
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size. Repeated measures ANOVA was applied for changes in mean scores over different time
points of reperfusion for the evaluation of LDH and CK-MB releases. Relative expression levels
of myokines at the transcript level were determined with the 2�ΔΔCt method. For all statistical
evaluation P value <0.05 was considered as an indicator of significant difference among the
groups.

RESULTS

Testing the cardioprotective effect of skeletal muscle EMS treatment on ex vivo
perfused hearts

To assess the cardioprotective effect of EMS, ex vivo heart perfusion was performed on isolated
hearts from EMS-treated and untreated control rats. LDH and CK-MB enzyme release, cardiac
markers of the myocardial infarction, were measured from the coronary effluents collected at
different time points of the reperfusion (Fig. 1A and B). Based on our results both cardiac LDH
and CK-MB release were significantly lower upon EMS at the end of reperfusion. Furthermore,
myocardial infarct size was also determined at the end of reperfusion, and although the mean
value of infarct size tended to be lower in the EMS group compared to the nonstimulated control
group, the applied EMS treatment failed to attenuate infarct size significantly (Fig. 1C).

Altered myokine expression in the gastrocnemius muscle in response to EMS

To determine the possible mediators of EMS-associated cardioprotection, myokine expression was
measured in the stimulated gastrocnemius muscles. Among the investigated myokines the applied
EMS treatment upregulated Fstl1, Il6, and Igf1mRNA levels in the gastrocnemius muscle (Table 2).
Additionally, Il15 mRNA content was downregulated in response to EMS.

Table 1. Primer sequences used for the determination of myokine expression levels in the
gastrocnemius muscle. Fwd: forward, Rev: reverse primer

Fstl1 Fwd GGCCTGTGTGTGGCAGTAAT Follistatin-like 1
Fstl1 Rev CAGCTCATCACGGTTAGCCT
Fgf21 Fwd CTCCAGTTTGGGGGTCAAGT Fibroblast growth factor 21
Fgf21 Rev GGAGACTTTCTGGACTGCGG
Lif Fwd AGTTGGTCGAGCTGTATCGG Leukemia inhibitory factor
Lif Rev GCCCACATGGTACTTGTTGC
Il6 Fwd GAGTTCCGTTTCTACCTGGAGT Interleukin-6
Il6 Rev TTGGTCCTTAGCCACTCCTTC
Erfe Fwd TCAAGCAGAGTGACAAGGGC Erythroferrone/myonectin
Erfe Rev CGTACCGCACCTTTCAACAA
Bdnf Fwd TCCCGGTATCAAAAGGCCAA Brain-derived neurotrophic factor
Bdnf Rev ATGAACCGCCAGCCAATTCT
Igf1 Fwd CTGGTGGACGCTCTTCAGTT Insulin-like growth factor 1
Igf1 Rev CGGATGGAACGAGCTGACTT
Gapdh Fwd GGTCATCAACGGGAAACCCA Glyceraldehyde-3-phosphate

dehydrogenaseGapdh Rev GAAGGGGCGGAGATGATGAC
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Fig. 1. Testing the potential preconditioning effect of EMS treatment against I/R in ex vivo perfused hearts.
LDH (A) and CK-MB (B) enzyme release measurement. Coronary effluents were collected at different time
points of the reperfusion and used for colorimetric CK-MB and LDH enzyme activity measurement. Infarct
size values at the end of ex vivo heart perfusion (C). Hearts isolated from EMS-treated and untreated rats
were subjected to 30 min global ischemia and 120 min reperfusion (I/R). Data are expressed as mean ±

SEM; n 5 6 in each group. pP < 0.05

Table 2.Myokine mRNA expression in the gastrocnemius muscle after EMS treatment. Fstl1: Follistatin-
like 1, Fgf21: Fibroblast growth factor 21, Il6: Interleukin-6, Bdnf: Brain-derived neurotrophic factor, Erfe:
Erythroferrone/myonectin, Igf1: Insulin-like growth factor 1, Lif: Leukemia inhibitory factor, Dcn: Decorin,
Fndc5: Fibronectin type III domain-containing protein 5/Irisin precursor, Il15: Interleukin-15, respectively.

Data are expressed as mean ± SEM; n 5 10, pP < 0.05

Myokine mRNA

relative mRNA expression levels

Control EMS

Fstl1 1.02 ± 0.08 2.80 ± 0.59 p

Fgf21 1.55 ± 0.47 1.44 ± 0.38
Il6 1.11 ± 0.17 3.90 ± 1.10 p

Bdnf 1.10 ± 0.15 0.93 ± 0.19
Erfe 1.07 ± 0.16 0.98 ± 0.11
Igf1 0.93 ± 0.07 1.42 ± 0.19 p

Lif 1.91 ± 0.70 1.50 ± 0.61
Dcn 1.08 ± 0.11 1.31 ± 0.21
Fndc5 1.06 ± 0.12 0.92 ± 0.15
Il15 1.04 ± 0.09 0.56 ± 0.07 p
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Next, we assessed the protein content of some selected myokines in the stimulated gastroc-
nemius muscle. Based on our results Irisin, Decorin, Myonectin, FSTL1, and Myoglobin proteins
were upregulated as a consequence of EMS (Table 3). Nevertheless, IL-6 and IL-15 protein levels
remained unaffected upon EMS treatment, despite the increased level of their mRNA
transcripts.

Serum myokine levels remained unaffected upon EMS treatment

To elucidate whether skeletal muscle-derived myokines may contribute to the cardioprotective
effects of EMS, serum myokine levels were measured by ELISA. However, at the time of serum
sampling none of the measured myokines showed significant differences in the blood compared
to the untreated control animals (Table 4).

Investigation of the possible involvement of cardiac conditioning-associated pathways
upon EMS of the gastrocnemius muscle

To further clarify the possible cardioprotective effect of the skeletal muscle EMS, the key protein
elements of the Reperfusion Injury Salvage Kinase (RISK) and the Survivor Activating Factor

Table 3. Myokine protein levels in the stimulated gastrocnemius muscle determined with ELISA.
Protein concentration values are expressed as ng mg�1 tissue protein. FSTL1: Follistatin-like 1, IL-6:

Interleukin 6, IL-15: Interleukin-15. All data are mean ± SEM; n 5 8, pP < 0.05

Myokine

Tissue protein content ng mg�1

Control EMS

Irisin 22.14 ± 3.52 39.59 ± 5.26p

Decorin 0.24 ± 0.05 0.55 ± 0.09p

Myonectin 2.13 ± 0.32 4.84 ± 0.94p

FSTL1 25.46 ± 2.52 33.00 ± 1.87p

IL-6 9.28 ± 0.89 10.61 ± 1.12
IL-15 0.97 ± 0.08 0.94 ± 0.08
Myoglobin 0.57 ± 0.10 1.31 ± 0.34p

Table 4. Serum myokine levels after one day of the last EMS treatment. Protein concentration values
expressed as ng mg�1 serum protein FSTL1: Follistatin-like 1, Data are mean ± SEM; n 5 8, pP < 0.05

Myokine

Serum protein content

Control EMS

Irisin 0.61 ± 0.06 0.62 ± 0.10
Decorin 0.011 ± 0.006 0.012 ± 0.013
Myonectin 2.22 ± 0.21 2.55 ± 0.31
FSTL1 0.25 ± 0.02 0.26 ± 0.03
Myoglobin 6.64 ± 0.80 6.95 ± 0.84
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Enhancement (SAFE) pathways were investigated in ventricular samples at the end of the
reperfusion. In regard to the RISK pathway, phosphorylation of AKT kinase was not affected
significantly upon EMS, while phosphorylation of ERK1 and ERK2 showed a trend toward an
increase (P5 0.18 and P5 0.21, respectively) in the hearts of EMS-treated animals compared to
the untreated controls (Fig. 2). Additionally, phosphorylation of STAT3, the key transcription
factor of the SAFE pathway, was not affected in the left ventricles either.

DISCUSSION

In the present study, we investigated whether EMS of the skeletal muscle confers cardiopro-
tection in a remote preconditioning-like manner as well as if skeletal muscle myokine produc-
tion and secretion is modified upon EMS treatment. Despite the lack of significant infarct size
reduction, the EMS treatment seems to influence the course of cellular damage due to I/R shown
by the decreased cardiac markers LDH and CK-MB release. Additionally, EMS altered the
expression levels of several myokines in the skeletal muscle, which might be potential mediators
of the beneficial effects of EMS in the cardiovascular system.

EMS has been long utilized to either supplement or substitute muscle strengthening in
several rehabilitation settings [17, 18]. Although inferior to conventional training, nevertheless,
improvements in exercise capacity and quality of life are established outcomes of EMS treatment
in patients unable to perform regular exercise [7, 16, 19, 20]. The aim of the present study was to

Fig. 2. Effect of skeletal muscle EMS training on the phosphorylation of STAT3, AKT and ERK1/2 proteins
assessed by Western blots. Data are expressed as mean ± SEM; n 5 4, pP < 0.05
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test whether a short duration of EMS treatment of rats protects their heart against ex vivo I/R
injury. In our perfusion model LDH and CK-MB release during the reperfusion were signifi-
cantly decreased in the ex vivo perfused hearts of animals that received EMS. However, EMS
prior to global I/R failed to significantly decrease the infarcted area. Our results suggest that
despite the lack of significant infarct size reduction EMS treatment might initiate different
cardioprotective mechanisms which were partially retained during the ex vivo heart perfusion.
The effect of electrical stimulation as a cardiac remote preconditioning maneuver was tested in
previous studies with different experimental setups. In an early study, Birnbaum and colleagues
[21] reported that in combination with remote ischemic preconditioning electrical stimulation
of the gastrocnemius muscle conferred cardioprotection in a rabbit model of in vivo I/R, how-
ever, the same approach failed to enhance the efficiency of preconditioning of human patients
underwent coronary angioplasty [22]. Nevertheless, previous research mainly focused on the
direct electrical stimulation of peripheral nerves rather than the muscle contraction-mediated
preconditioning effects. Targeted electrical stimulation of the medial nerve [23], the femoral
nerve [24–26], or electroacupuncture pretreatment [27, 28] straight before I/R mitigated
myocardial infarct size and improved the post-ischemic cardiac performance in rodents. These
observations implicated the immediate release of small molecular weight blood-borne humoral
factors upon electrical stimuli and subsequent cardiac opioid receptor agonism.

Several hundred cytokines, other small proteins, proteoglycans, and oligopeptides are pro-
duced and released by muscle in response to muscle contractions [29]. These molecules, termed
myokines or exerkines, exert their effects on other organs through inflammation modulation or
metabolic control. The effect of EMS on skeletal muscle myokine levels was also addressed in
our current study. Based on our results, the applied EMS protocol increased Il6 mRNA, but not
IL-6 protein levels in the gastrocnemius muscle. Similarly to our findings, electrical stimulation
of rat myotube culture evoked an increase in Il6 mRNA levels [30]. Additionally, a short
duration of neuromuscular electrical stimulation led to markedly increased circulating IL-6
levels in healthy individuals [31, 32]. In the skeletal muscle, the exercise-induced release of
IL-6 seems to exert anti-inflammatory actions [32] and could act as one of the major mediators
of exercise-induced cardioprotection against myocardial I/R injury [33]. In contrast with obser-
vations of exercise-mediated IL-15 response, in our experimental settings, EMS decreased Il15
mRNA expression in the stimulated gastrocnemius muscles, without any effect on muscle IL-15
protein content. During exercise, IL-15 is one of the expressed cytokines in the muscle, with
essential roles in skeletal muscle anabolic processes. Moreover, these data suggest a possible link
in the exercise-mediated muscle-fat crosstalk [34, 35] and indicate potential anti-inflammatory
effects [36]. However, based on our results, the applied EMS seems to have no effect on IL-15
production.

Another myokine, FSTL1 was the only myokine upregulated both in mRNA and protein
levels in the muscle, without any change in the bloodstream upon EMS. FSTL1 is a glycoprotein,
secreted by skeletal muscle in a contraction-regulated manner [37, 38]. However, the effect of
EMS on skeletal muscle FSTL1 production and secretion has not been clarified yet. Görgens and
colleagues found that acute exercise-induced FSTL1 expression is possibly regulated by inflam-
matory cytokines rather than electrical pulse stimulation in myoblast culture [39]. However,
opposite scenario was observed in mesenchymal stem cell culture after short-term electrosti-
mulation and it might be associated with cardiomyogenic differentiation [40]. Furthermore,
FSTL1 has been described as a cardioprotective myokine [41–43]. The related beneficial effects
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on the myocardium are shown to involve improved endothelial cell function, mitigation of
myocardial ischemic injury, and revascularization in ischemic tissue [44, 45].

In contrast to the observed myokine mRNA expression levels, EMS induced an increment in
the protein levels of Decorin, Irisin, Myonectin and Myoglobin, respectively, after three days of the
stimulation period. However, none of the selected myokines showed altered levels in the serum of
EMS-treated animals. All of the selected myokines were previously implicated with exercise-
mediated secretion and protection against various ischemic injury-related cell death [9, 46, 47].
To the best of our knowledge, Decorin, Irisin, and Myonectin levels were not yet investigated upon
EMS treatment and the disclosure of their paracrine and endocrine functions might provide great
value to the better understanding of the systemic effects of involuntary contractions of the skeletal
muscles elicited by electrical stimulations. However, apart from the myokines of the scope of our
research, previous studies highlighted the local and systemic effects of many other electrical
stimulation-driven myokine production and secretion [48]. Altered circulating myokine levels
upon neuromuscular electrical stimulation treatment, notably, brain-derived neurotrophic factor
(BDNF), meteorin-like (METRNL), and IGF-1, respectively, possibly exert beneficial metabolic
effects on glucose metabolism of the diabetic patient, skeletal muscle anabolic processes as well
mitigation of sarcopenia in elderly people [49–52]. Previous studies suggested the importance of
intact peripheral nerves for triggering electrical stimulation-driven cardioprotection. However,
myokines might overcome the damaged peripheral sensory nerves which seem to be mandatory
for remote conditioning, which further strengthens their prominent role in the potential protec-
tion of the myocardium during the application of EMS [53].

In the present study, the possible activation of the cytosolic protein components of the cardiac
preconditioning-associated mechanisms were also investigated. Based on our results, EMS treat-
ment failed to significantly modify the phosphorylation of ERK1, ERK2 and AKT kinases, respec-
tively. Furthermore, the key protein component of the SAFE pathway was also unaffected upon
EMS of the gastrocnemius muscles as shown in the phosphorylated state of STAT3 in the left
ventricle. Upon phosphorylation, the activation of the STAT3, AKT and ERK1/2 kinases share a
crucial role triggering cardiac conditioning accompanied by protection against ischemic injury.
Similarly to the classical ischemic preconditioning maneuver, signal transduction of remote
ischemic preconditioning through skeletal muscles or regular physical activity led the activation
of the RISK and SAFE as well the endothelial nitric oxide synthase/protein kinase G (eNOS/PKG)
pathways, respectively, as reviewed elsewhere [54, 55]. Interestingly, previous findings of Tsai and
colleagues [56] revealed that electrical stimulation of the median nerve induced phosphorylation of
myocardial AKT, GSK-3, and PKCε proteins, respectively, suggesting the potential remote pre-
conditioning ability of EMS on the heart via a yet-to-be confirmed mechanisms.

LIMITATIONS

We are aware that the present study is not without limitations. In order to test the potential
cardioprotective effect of EMS, we applied an ex vivo heart perfusion system, where global
ischemia was induced. This approach is different from the stress during in vivo occurring
ischemia and reperfusion. As known, the second window of preconditioning may be less robust
than that of the first window, which requires further consideration of the exact time of testing
the beneficial effects of EMS against I/R on the heart. However, the potential role of myokines
on EMS-induced remote protection was also assessed, which molecules possibly contribute in a
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later phase of the protection. Moreover, measuring secondary endpoints, like the incidence of
myocardial arrhythmias might also be helpful to determine the preconditioning effect of EMS.
Myokine levels were only measured one day after the third EMS session, which could also hide
changes upon EMS due to the fast turnover of circulating proteins. Therefore, different sampling
times for serum myokine measurements, as well as assessment of previously described myokine-
evoked molecular changes in the heart, might elucidate the conditional role of several myokines
in EMS-induced cardioprotection. Additionally, due to the anatomical characteristics of rats,
EMS treatment was only applied to the gastrocnemius muscle, which is easily accessible for
surface electrodes. Nevertheless, a more robust change in circulating myokine levels might
happen with the involvement of greater muscle mass.

CONCLUSIONS

Despite the lack of significant infarct size reduction, the EMS treatment seems to influence the
course of cellular damage due to ischemia/reperfusion. Our results suggest that EMS may have a
protective effect on the myocardium, however, further optimization of the protocol is required.
Similarly to voluntary exercise, myokines might be also involved in the cardioprotective effects of
EMS, however, verification of their mechanistic role remains for the scope of future studies.
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