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1. INTRODUCTION 
 

1.1 Heart Failure 
 

Heart failure (HF) is a complex clinical syndrome where the functionally or structurally 

damaged heart is unable to maintain the proper cardiac output [1]. Heart failure affects 

nearly 64 million people worldwide [2]. In developed countries, 2% of the adult 

population suffers from heart failure, and this proportion rises to 10-15% for those who 

are over 70 years of age [3]. It is characterized by poor clinical outcome despite the 

growing number of therapeutic approaches, moreover the number of hospitalizations for 

HF as well as the HF associated mortality is increasing, thereby placing a heavy burden 

on health services and economy [3].  

The etiological factors of heart failure can be divided into three groups including the 

diseased myocardium, the abnormal loading conditions and arrhythmias (tachy-, 

bradyarrhythmias) [4]. Considering the diseased myocardium, the most important risk 

factor of heart failure is the ischemic heart disease (IHD) especially in the case of a 

previous myocardial infarction. IHD can cause myocardial scarring, abnormal coronary 

microcirculation as well as endothelial dysfunction [5]. Some of the toxic agents for 

example recreational substance abuse (alcohol, drugs) and different medications 

(cytostatic, immunomodulating drugs) might also lead to the damage of the myocardium 

[6].  

Hypertension is the most important risk factor resulting in abnormal loading conditions. 

The treatment of hypertension is a challenging task, since a high proportion of patients 

cannot reach the goal blood pressure level, what contributes to the development of heart 

failure [7]. Sustained elevation of blood pressure induces myocardial remodelling, which 

is characterized by interstitial fibrosis and cardiomyocyte hypertrophy [8, 9]. These 

cellular alterations are promoted by oxidative stress [10] and by the activation of various 

intracellular signal transduction pathways [11, 12] . Numerous studies have demonstrated 

that mitochondria, which are responsible for the cellular energy supply, are also damaged 

in hypertension-induced cardiac remodelling and heart failure [13, 14]. Reactive oxygen 

species (ROS) induced mitochondrial DNA damage can be found in the background of 

these injuries and mitochondria themselves become the main sources of endogenous ROS 
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production [15]. The long-term presence of these pathophysiological factors can finally 

lead to heart failure [16]. 

In order to prevent the poor outcome of HF, it is crucial to identify and eliminate the 

causes and precipitating factors.  

The main terminology determines three types of HF based on the left ventricular ejection 

fraction (LVEF), which can be calculated by dividing the volume of blood pumped from 

the left ventricle per beat by the volume of blood collected in the left ventricle at the end 

of diastolic filling (end-diastolic volume) [4]. In HF with reduced EF (HFrEF), the 

contraction of the heart muscle and systolic function are affected (systolic HF; LVEF < 

40%). In patients where LVEF is> 50%, we can speak about a so-called preserved ejection 

function, however, the filling during diastole is impaired (diastolic HF, HFpEF). There is 

a “grey zone” in the range of 40-49%, which is defined as HF with mid-range ejection 

fraction (HFmrEF) [4].   

Treating heart failure, despite the numerous therapeutic possibilities, appears to be a 

challenging task nowadays. The major goal during the treatment is to improve the quality 

of life and functional capacity as well as to prevent hospital admissions and to try to 

reduce mortality. Beta blockers, angiotensin-converting enzyme inhibitors and 

mineralocorticoid receptor antagonist represent the main groups of therapeutic 

possibilities [4, 17]. In spite of these approaches, the prognosis of the HF is still poor, and 

we do not have a proven beneficial option for the treatment of diastolic HF yet. Therefore, 

finding novel therapeutic targets and developing new compounds are extremely important 

to improve the outcome of HF in the future.  

 

1.2 The Spontaneously Hypertensive Rat as an animal model for chronic 

heart failure 

 

The Spontaneously Hypertensive Rat (SHR) strain was developed by Professor Kyuzo 

Aoki and colleagues in the 1960’s [18]. This strain is the result of selective inbreeding of 

Wistar-Kyoto (WKY) rats with consistently elevated blood pressure. The SHR has 

become one of the most intensively studied murine strain of cardiovascular diseases 

because the progression of hypertrophy and impaired cardiac function in the SHR is 

similar to the clinical course of patients with hypertension [19–21].  
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SHRs are normotensive at birth with systolic blood pressure around 100-120 Hgmm. The 

persistent hypertension (160-180 Hgmm) develops by the age of approximately 8-10 

weeks [22]. Following a relatively long period of stable hypertension and compensated 

cardiac hypertrophy, at approximately 18 months of age, it begins to develop evidences 

of impaired cardiac function in animals [19, 23, 24]. The development of hypertension in 

animals is similar to humans; it evolves more rapidly and becomes more severe in male 

SHRs than in female rats. Phenotypic trait of this strain is characterized by cardiac 

hypertrophy and fibrotic remodelling during aging [25, 26]. Therefore, we decided to use 

this strain as an animal model so as to study the hypertension-induced heart failure.  

 

1.3 Oxidative stress and heart failure  
 

During oxidative stress, the production of the free radicals is increased while the 

endogenous antioxidant system is not able to protect against them adequately. Many types 

of free radicals can be distinguished, however, those derived from oxygen are the ones 

with the most significant effects on biological systems, commonly known as reactive 

oxygen species. ROS are oxygen-based chemical molecules, containing unpaired 

electrons in their outer orbit, resulting in high reactivity and instability [27]. ROS try to 

create a new electron pair, thereby exerting damaging effects as they remove the desired 

electron from other biomolecules in the body. ROS includes peroxides, superoxide anions 

and hydroxyl radicals. 

ROS can be produced by either endogenous or exogenous sources [28]. The endogenous 

sources of ROS include different cellular organs such as mitochondria, peroxisomes and 

endoplasmic reticulum, where the rate of oxygen consumption is high. It should be noted 

that white blood cells are also capable of endogenous ROS production as a part of the 

immune response, for example in various inflammatory and cardiovascular diseases. 

Endogenous ROS production can even be observed under physiological circumstances 

during aerobic metabolism of nutrients. Mitochondria produce adenosine triphosphate 

(ATP) during the process of respiration, which is called oxidative phosphorylation [29]. 

In the electron transport chain, electrons migrate through a series of proteins via 

oxidation-reduction reactions, with each acceptor protein along the chain having a greater 

reduction potential than the previous one. The last destination for an electron along this 

chain is an oxygen molecule. The superoxide radicals are produced at two major sites in 
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the electron transport chain, namely complex I (NADH dehydrogenase) and complex III 

(ubiquinone cytochrome c reductase) [30].  

Other sources of ROS production are NADPH oxidases (NOXs), nitric oxide synthase 

(NOS), lipo- and cyclooxygenases, xanthine oxidase, cytochrome P450 enzyme system 

and monoamine oxidases (MAO) [31].  

In addition to endogenous free radicals, we can also talk about exogenous free radicals. 

This type of ROS production can be stimulated by various external influences including 

smoking, xenobiotics, drugs, heavy metals or radiation [28].  

A complex antioxidant system provides protection against increased ROS production 

[29]. Antioxidant molecules donate an electron to a rampaging free radical and neutralize 

ROS molecules, thus reducing its capacity to damage. The antioxidant system might be 

divided into two groups, the enzymatic and non-enzymatic antioxidants.  

Superoxide dismutases (SODs) are responsible for catalysing the breakdown of 

superoxide anions into oxygen and hydrogen peroxide [29]. Depending on the metal 

cofactor, three different groups can be distinguished, the Fe-SOD, the Mn-SOD and the 

CuZn-SOD. In humans, three forms of SOD are present. SOD1 is located in the cytosol 

and contains CuZn ions which is fundamental in the protection against ischaemic heart 

disease [32]. SOD2 (mitochondrial SOD/mnSOD) is localised in the mitochondria and is 

in charge of the elimination of ROS production during terminal oxidation and therefore 

it maintains the proper mitochondrial function [33]. Finally, SOD3 (extracellular 

SOD/ecSOD) is presented in extracellular space and its activity in the vessels is 10-fold 

higher than in other tissues [34]. As a result of its location, the ecSOD is critical in the 

prevention of endothelium-derived ROS and DNA damage.   

Being enzymatic antioxidants, the catalase and the glutathione systems are in charge of 

the decomposition of hydrogen peroxide to oxygen and water [35]. Hydrogen peroxide 

formed as a by-product of normal metabolism proves to be extremely noxious, therefore 

it is crucial to be eliminated into less dangerous substances.    

Glutathione, glutathione peroxidases (GPx), glutathione reductase (GRx) and glutathione 

S-transferases are the parts of the glutathione system. Glutathione peroxidase catalyses 

the breakdown of hydrogen peroxide and organic lipid hydroperoxides by oxidizing 

reduced glutathione (GSH) into oxidized glutathione (GSSG). Glutathione reductase is 

responsible for the reverse transformation by regenerating GSH from GSSG[36].  

Non-enzymatic antioxidants such as vitamin A,E,C, flavonoids, glutathione and 

carotenoids are also able to terminate free radical-induced chain reactions [37, 38]. 
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Antioxidants play vital role in the defense system at different levels such as prevention, 

free radical scavenging and repair. The preventive antioxidants representing the first line 

responsible for the suppression of free radical formation. The antioxidants that have 

scavenger effect against the active radicals are the second line. These scavenging 

antioxidants could be hydrophilic or lipophilic for example vitamin C, bilirubin and 

albumin are hydrophilic while vitamin E and ubiquinol are lipophilic [39]. The third line 

consists of the repair and de novo antioxidants which can recognise and remove the 

damaged and modified proteins and are able to repair the oxidative stress-induced DNA 

damage [38]. These peptidases, proteinases, nucleases and proteolytic enzymes are 

present both in the cytosol and in the mitochondria. 

The damaging impacts of free radicals affect all organs in the human body and therefore 

play an extremely important role in the pathomechanism of many diseases including 

various cardiac diseases, but its significance cannot be neglected even in the processes of 

ageing [27]. 

Numerous experimental and clinical studies have already confirmed the role of oxidative 

stress in the development of heart failure [27, 40, 41] (Fig. 1). ROS have a major role in 

the activation of signalling pathways and transcription factors participating in 

maladaptive cardiac hypertrophy. In addition, it is important to mention that they 

significantly increase fibroblast proliferation and activate matrix metalloproteinases, 

which ultimately lead to maladaptive myocardial remodelling and heart failure [42]. 

Increased ROS production also has a direct effect on cardiomyocyte electrophysiology 

since - due to ROS production - the function of Na+/Ca2+ exchanger (NCX) is reversed 

resulting in Ca2+ influx and Na+ efflux. Moreover, ROS influence the contractile function 

of cardiomyocytes via increasing ryanodine receptor 2 (RyR2) activity and inhibiting 

sarcoplasmic reticulum Ca2+‐adenosine triphosphatase 2 (SERCA2) activity, therefore 

the calcium sensitivity of myofilaments is decreased, which leads to contractile 

dysfunction. ROS production has a negative effect on mitochondria as well, causing 

dysfunction in the energy metabolism [42].  

ROS are produced by mitochondria, NOX, uncoupled nitric oxide synthases and xanthine 

oxidase (XO) within the cardiomyocytes, among them mitochondria are considered to be 

the main source of ROS. Under physiological conditions in mitochondria, ATP is 

synthesized from approximately 98% of the electrons transported in the respiratory chain 

and only insignificant amounts of ROS are formed (approximately 2%). The endogenous 

antioxidant system is able to protect adequately against this ROS production [27]. 
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However, in the failing heart the mitochondrial electron transport could be the 

predominant source of ROS production via decreased activity of Complex I and III.  

Therefore, a very strong pathophysiological connection can be observed between 

mitochondrial dysfunction and oxidative stress [43]. NADPH oxidase complex produces 

negligible amount of superoxide anion (O2
-) via transferring an electron to molecular 

oxygen from NADPH [44].  

 

 

Figure 1. The role of oxidative stress in myocardial remodelling at heart failure [45] 

 

In the human heart, NOX1, NOX2 and NOX4 isoforms play an important role and are 

expressed abundantly in endothelial cells, cardiac myocytes and fibroblasts [46, 47]. 

Several factors - involved in the pathomechanism of heart failure - including tumor 

necrosis factor-alpha (TNF-1), endothelin-1, angiotensin II and mechanical stretch are 

able to enhance the activity of NOX [27].  

The uncoupled nitric oxide synthases can contribute to more ROS production. Under 

oxidative stress, NOS becomes uncoupled and structurally unstable leading to an 

increased generation of ROS instead of NO [48]. 
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The structural and functional cell-damaging effect of ROS is partly exerted via the 

modulation of various signalling pathways as well as intracellular molecules [49]. 

Endogenous ROS production can promote apoptosis via ROS-mediated DNA and 

mitochondrial damage. Moreover, ROS seem to play a decisive role in the progression of 

pathological cardiac hypertrophy to heart failure via activating different transcriptions 

factors and signalling pathways. Cardiomyocyte hypertrophy can be triggered via ROS 

generation by G-protein-coupled receptor (GPCR) agonists, including angiotensin II, 

endothelin-1, and α-adrenoreceptor agonists. Angiotensin II plays a crucial role in the 

progression of cardiac hypertrophy via activating Nox2 [50]. Another important negative 

effect of oxidative stress is the DNA damage and the DNA damage-induced 

overactivation of nuclear enzyme poly(ADP-ribose) polymerase-1 (PARP-1). PARP-1 

enzyme is responsible for the initiation of DNA repair and is activated by single-strand 

and double-strand DNA breaks. Cleavage of NAD results in the formation of ADP-ribose 

subunits upon its activation, which in a polymer form binds to the damaged DNA segment 

in order to aid the DNA repair process [51, 52]. However, in the case of PARP-1 enzyme 

over-activation, the amount of high-energy phosphates is significantly reduced within the 

cells, causing programmed or necrotic cell death [51]. 

In addition, matrix metalloproteinases (MMPs) activation can be observed during 

oxidative stress. MMPs are important in the remodelling, in cell migration, proliferation 

and apoptosis under normal circumstances. Nevertheless, in the failing heart an elevated 

activation of MMPs can be noticed, which finally leads to LV dilatation, systolic 

dysfunction and further progression of heart failure [53].  

 

1.4 The role of signal transduction factors in the process of oxidative cell 

damage and in cardiovascular remodelling 
 

Heart failure can be seen as a final common state of various cardiac diseases, for example, 

hypertension, cardiomyopathies and valvular heart diseases [54].  

Cardiac remodelling is referred to as a group of molecular, cellular and interstitial changes 

that manifest clinically as changes in size, mass (hypertrophy and atrophy), geometry 

(heart wall thickness), fibrosis and function of the heart after injury [55]. Cardiac 

remodelling can be divided into two major groups, the physiologic and the pathologic 

remodelling. Physiologic remodelling - typical of athletes and pregnant women - can be 

characterized by adaptive hypertrophy and is not accompanied by cardiac fibrosis [56, 
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57]. During adaptive hypertrophy, the activation of phosphatidylinositol 3-kinase (PI3K) 

and protein kinase B (Akt) can be seen. Akt-1 belongs to prosurvival signalling factors 

and can promote the physiological hypertrophy, however it inhibits the pathological 

hypertrophy that is mainly characterized by cardiac collagen accumulation [58–60]. 

Glycogen synthase kinase 3 beta (GSK-3β) is a downstream target of Akt-1 and Akt-1 

can trigger the survival of chronically stressed cardiomyocytes in heart failure via the 

phosphorylation of GSK-3β. Due to increased phosphorylation of Akt-1 and GSK-3β, the 

cytoprotective impact is mediated via their protective effect on the structure and function 

of mitochondria [61]. Moreover, the extracellular signal-regulated kinase 1/2 (ERK1/2) 

is also activated, which is responsible for hypertrophic growth [57, 59, 62]. Based on the 

fact that ERK1/2 is a member of prosurvival signalling factors, its activation is beneficial 

in the failed myocardium [23, 63]. Myocardial hypertrophy is an adaptive process that 

occurs in response to both various physiological and pathological stimuli including 

angiotensin II, endothelin-1, and catecholamines as well as mechanical stress, which 

stimulates ERK1/2 activation in cardiomyocytes [64].  

Hypertension results in abnormal loading conditions and therefore can lead to the 

development of left ventricular hypertrophy and finally to heart failure, and it is 

associated with increased production of tumor necrosis factor-α (TNF-α) and angiotensin 

II [65, 66]. Protein kinase C (PKC) and the members of mitogen-activated protein kinase 

cascades (MAPKs) family, such as ERK1/2, C-jun N-terminal kinase (JNK) and p38 

MAPK are all involved in cardiac remodelling [11]. The PKC family contains ten 

isoforms, one of them, i.e. PKCε, has an important role in ischaemic preconditioning and 

may protect against myocardial cell death[64]. It is well known that MAPK signalling 

pathway plays an important role in the pathogenesis of hypertension-induced cardiac 

remodelling and heart failure [11, 67, 68]. MAP kinases, predominantly p38 MAPK and 

JNK are also regulators of myocardial fibrosis [24, 69, 70] . The activity of MAP kinases 

is regulated by dual-specificity phosphatases (DUSPs) or MAPK phosphatases (MKPs) 

that can dephosphorylate MAPKs and in this way can inhibit their activity [67, 71]. 

Instead of myocardial hypertrophy, increased cell death and interstitial collagen 

accumulation become more and more dominant. Heart failure is characterized by an 

increased collagen type I deposition. Collagen type I is one of the major components of 

the interstitium in human cardiac tissue while collagen type III is one other important 

component [72]. Ventricular remodelling is defined by cardiomyocyte hypertrophy and 

an extensive myocardial collagen deposition [73]. Transforming growth factor-β 
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(TGFβ)/Smad signalling route seems to be also important in the regulation of cardiac 

fibrosis [74, 75]. Activation of TGF-β/Smad signalling promotes myofibroblast formation 

and extracellular matrix (ECM) production, which lead to cardiac fibrosis [76]. 

In the failing heart it is crucial to ensure adequate blood supply that follows the growth 

of the left ventricular hypertrophy. If the rate of angiogenesis is inadequate, the transition 

to heart failure can occur because of the imbalance between the supply and demand of 

nutrients and oxygen in the heart [77]. 

 

1.5 Mitochondrial structure, function and quality control 
 

Mitochondria are double-membrane-bound organelles and they are often referred to as 

the powerhouses of the cell. The outer membrane separates the mitochondria from the 

cytosol, and the inner membrane forming cristae by deep invagination encircles matrix 

space.  

The primary task of mitochondria is the generation of adenosine triphosphate (ATP) from 

adenosine diphosphate (ADP) by oxidative phosphorylation, but they also have important 

roles in ion homeostasis, in several metabolic pathways, in programmed cell death and in 

ROS production. [78]. Not surprisingly, mitochondria are most abundant in cardiac 

muscle cells, comprising approximately 25% of cell volume in the human myocardium. 

Oxidative phosphorylation takes place in the inner mitochondrial membrane, where the 

mitochondrial electron transport chain (ETC) is localised. ETC consists of 4 complexes: 

nicotinamide-adenine dinuculeotide dehydrogenase (complex I; CI), succinate 

dehydrogenase (CII), cytochrome bc1 complex (CIII), and cytochrome c oxidase (CIV) 

[79]. ATP synthase (CV) is responsible for the synthesis of ATP from ADP and inorganic 

phosphate. These complexes are in charge of mitochondrial respiration and ATP 

generation, therefore they are indispensable for proper mitochondrial and cellular 

function [80]. Complex I-III of the respiratory chain are critical for ROS production and 

therefore mitochondria can become the main source of endogenous ROS production [81]. 

Mitochondria can generate significant amounts of ROS under several pathologic 

conditions including hypoxia, mitochondrial hyperpolarization and inhibition of 

respiratory complexes. Cardiolipin, which is a phospholipid component of the inner 

mitochondrial membrane, is crucial for ETC activity and is also responsible for the 

attachment of soluble cytochrome c to the inner membrane [82]. 



15 
 

Mitochondria are also playing a part in the calcium homeostasis. They can transiently 

store calcium, which is an important second messenger and is related to contractile 

function and mitochondrial metabolism [14].  

Mitochondria contain their own genome, the mitochondrial DNA (mtDNA), which is a 

double-stranded circular molecule located in the mitochondrial matrix. Mitochondrial 

DNA encodes 13 protein subunits and all of them are involved in the oxidative 

phosphorylation system [83, 84]. During oxidative stress, among others, mitochondrial 

DNA is damaged, which leads to insufficient ATP generation, deterioration of 

mitochondrial function and finally to cell death [85].  

 

 

Figure 2. Life cycle of mitochondria [86] Mitochondria are undergoing coordinated cycles of 

fusion and fission, referred as ‘mitochondrial dynamics’, in order to maintain their shape, 

distribution and size. OPA-1 at the IMM and Mfn1 and Mfn2 at the OMM are promoting the 

fusion of membranes of juxtaposed mitochondria. Mitochondrial fission is promoted by the 

dynamin-related protein (DRP1) that is recruited to mitochondria in response to stress.  

Mitochondrial biogenesis is accompanied by an increased variation in mitochondria number, size 

and mass as well. The damaged mitochondria are degraded during mitophagy.  

 

Mitochondria are dynamically changing organelles constantly undergoing fusion and 

fission processes – called as mitochondrial dynamics - that regulate the length, shape, size 

and number of mitochondria (Fig. 2). Mitochondrial fusion is referred to as a process by 

which the fusion of two mitochondria results in a mitochondrion, in contrast the division 
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of one mitochondrion into two daughter mitochondria is called as mitochondrial fission. 

Mitochondrial fusion is mediated by GTPases homologues, mitofusins 1 and 2 (MFN1 

and MFN2) as well as optic atrophy 1 (OPA1). They regulate the fusion of outer (OMM) 

and inner mitochondrial membrane (IMM).  

The dynamin-like GTPase OPA1 plays a key role in the mediation of inner mitochondrial 

membrane fusion in mammals. OPA1 contains three conserved regions, the GTP-binding 

domain, the middle domain and the GTP-effector domain, and two sites for proteolytic 

cleavage. These cleavages are mediated by two intermembrane enzymes: the ATP-

dependent zinc metalloprotease YME1L and the mitochondrial metalloendopeptidase 

OMA1. As a result of these cleavages, short, soluble forms of OPA1 (S-OPA1) are 

generated from the long isoforms (L-OPA1). OMA1-dependent cleavage of OPA1 occurs 

only in response to cellular insults, such as mitochondrial membrane depolarization and 

results in mitochondrial fragmentation.  

Mitochondrial fission is regulated by dynamin-related protein 1 (DRP1), which is a 

member of the dynamin superfamily GTPases and contains the following regions: the 

GTPase effector domain (GED) in C-terminal, the N-terminal GTPase domain, the 

middle and the variable domains. DRP1 is usually localized in the cytosol and translocates 

to OMM where it is harboured via receptors. The following proteins are involved in the 

recruitment of DRP1 to the outer mitochondrial membrane: mitochondria fission factor 

(Mff), mitochondrial dynamics protein of 49 kDa (MID49), 51 kDa (MID51), and fission 

1 (Fis1) protein. DRP1 forms a ring-like structure around the mitochondria what results 

in the narrowing of the membrane  [87]. After that, the hydrolysis of GTP enhances the 

constriction of membrane and therefore determines the potential future site of 

mitochondrial fission [87–89]. DRP1 is controlled by numerous post-translational 

modifications including phosphorylation, ubiquitinylation, SUMOylation and 

nitrosylation [87, 90]. Two main phosphorylation sites in DRP1 have been identified 

which lead to the modulation of its function. DRP1Ser616 phosphorylation modulated by 

cyclin dependent kinase (CDK)1/ cyclinB/CDK5 or protein kinase C (PKC) activates the 

translocation of DRP1 to OMM and therefore induces subsequent mitochondrial 

fragmentation[91]. DRP1Ser637 phosphorylation regulated by protein kinase A (PKA) 

suppresses its translocation to mitochondria and thus inhibits its activity. Calcineurin on 

the other hand dephosphorylates DRP1Ser637 and activates it [89, 92]. 

In addition to mitochondrial dynamics, another very important part of the mitochondrial 

quality control is the mitochondrial biogenesis as well. Mitochondrial biogenesis can be 
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determined as the growth and division of pre-existing mitochondria, it is accompanied by 

an increased variation in mitochondria number, size and mass as well. Mitochondrial 

biogenesis is influenced by environmental stress such as low temperature, caloric 

restriction, exercise, oxidative stress and cell division [93].  

The most important regulatory factor playing a part in the mitochondrial biogenesis is 

peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), which is a co-

transcriptional regulatory factor [94]. PGC-1α enhances mitochondrial biogenesis via 

activating transcription factors e.g. nuclear respiratory factor 1 (NRF-1) and NRF-2 and 

therefore promotes the expression of mitochondrial transcription factor A (Tfam). Tfam 

is involved in the replication and transcription of mitochondrial DNA [93, 95]. The 

regulation of PGC-1α can be mediated in several ways. cAMP response element-binding 

protein (CREB) seems to be able to regulate the expression level of PGC-1α directly. 

AMP-activated protein kinase (AMPK) is another important regulator of mitochondrial 

biogenesis which is a decisive sensor of the cell energy status and becomes activated due 

to increased AMP/ATP ratio [93].  

 

1.6 The role of mitochondria in cardiac remodelling and heart failure 
 

The mitochondrial network plays a fundamental role in energy metabolism and therefore 

in maintaining the proper cardiac function. It is well known that mitochondrial energy 

production is damaged in the failing heart and the driving force behind these processes is 

the mitochondrial dysfunction. The rate of ATP production is decreased due to the defect 

of mitochondrial electron transport chain complexes. Moreover, the ROS production 

enhances during cardiac remodelling especially on the Complex I-III , therefore 

mitochondria become the main source of ROS generation as well as the major target of 

the ROS induced damage. The abnormalities of mitochondrial ultrastructure, dynamics 

and function altogether lead to a disruption of energy supply and ultimately to the 

development of heart failure (Fig.3). 
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Figure 3. The role of mitochondria in the progression of heart failure ([78] Modified by the 

author) 

 

In the human heart, there are different subpopulations of mitochondria [96]. The 

subsarcolemmal (SSM) subpopulation shows a heterogenic morphology and is primarily 

responsible for the membrane transport and further nuclear processes. Interfibrillar 

mitochondria (IFM) are more pleomorphic, packed between the contractile elements and 

play an important role in Ca2+ buffering as well as in ATP production during the process 

of contraction and relaxation. Abnormal mitochondrial morphologies including reduced 

organelle size, fragmentation, hyperplasia, disruption of inner and outer membranes have 

already been observed in animal models of heart failure as well as in humans with heart 

failure. These morphological changes are also associated with functional abnormalities, 

what contributes to energy depletion.  

The disruption of mitochondrial dynamics has also been described in several cardiac 

diseases including hypertension and heart failure. The imbalance between fusion and 

fission processes leads to impaired mitochondrial function. The reduction of fusion 

process is associated with abnormal cristae morphology, mitochondrial fragmentation and 

increased apoptosis, while increased fission results in fragmentation of mitochondrial 

network. Significant decrease has been detected in the case of OPA1 and MFN2 while 
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DRP1 expression level has been increased markedly in heart failure patients. It is also 

known that MFN1 or OPA1 ablation induces LV hypertrophy in mice [97]. In addition to 

ultrastructural and dynamic changes, functional changes such as reduced ATP production 

and elevated ROS production are also accompanied by the progression of heart failure. 

There is a strong connection between mitochondrial membrane potential and 

mitochondrial ROS production in cardiomyocytes. The opening of mitochondrial 

permeability transition pore (mPTP) is triggered by oxidative stress and elevated calcium 

concentration, which leads to the reduction of membrane potential and therefore to 

decreased ATP production leading finally to cell death. Excessive ROS production 

damages the mitochondrial ETC, causes DNA strand breaks, oxidises proteins and 

triggers lipid peroxidation thereby leading to mitochondrial functional impairment [85, 

98]. These alterations - mtDNA damage, decreased enzymatic activity of CI, CIII, 

enhanced ROS production - have been reported in animal models of heart failure [40, 99].   

In heart failure, fission processes predominate, resulting in a fragmented mitochondrial 

network that is unable to perform its function of providing energy to the cell, thereby 

inducing cell death. One of the associated phenomena of fission processes is the increased 

ROS production. These results raised the possibility that mitochondria could be new 

therapeutic targets in the treatment of heart failure [100]. Several studies have been 

performed on the inhibition of the DRP1 fission protein using the Mdivi-1 DRP1 

inhibitor, but these are only effective in the short term. Mitophagy is a process by which 

damaged, fragmented mitochondria are eliminated. DRP1 protein plays an essential role 

in the fragmentation of mitochondria, so its long-term inhibition cannot be used as a 

therapeutic option [101, 102].  

Therefore, pharmacological modulation and the promotion of mitochondrial fusion 

activity could have a beneficial effect on mitochondrial quality control processes under 

cellular stress and in this way could be a novel therapeutic approach in various cardiac 

diseases characterized by mitochondrial damage induced by oxidative stress. As a result, 

BGP-15 molecule has become the focus of our attention, which, in addition to its various 

cytoprotective effects, also promotes mitochondrial fusion [103]. 
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1.7 BGP-15 
 

BGP-15 (C14H22N4O2·2HCl; O-[3-piperidino-2-hydroxy-1-propyl]-nicotinic acid 

amidoxime dihydrochloride) is a nicotinic amidoxime derivate (Fig. 4). It was originally 

developed as an insulin-sensitizer molecule by the N-Gene Research Laboratories Inc 

(Peter Literati-Nagy and Balazs Sümegi) in the late 90’s. However, in the last few years, 

its protective effects have been proved in a wide range of experimental models. Despite 

these promising results, its specific intracellular target is still unknown and the exact 

mechanism of action has not been elucidated. 

BGP-15 molecule is able to increase insulin sensitivity in an insulin resistant state by 

supressing JNK’s inhibitory effect on the insulin receptor [104, 105]. 

BGP-15 also protects against oxidative stress during ischemia-reperfusion in a 

Langendorff heart perfusion system [106, 107]. Szabados et al. demonstrated that BGP-

15 is able to reduce the mitochondrial ROS production and to inhibit the PARP-1 enzyme 

and thus protects against oxidative stress-induced cell death. 

BGP-15 also prevents against atrial fibrillation in a transgenic mouse model of heart 

failure via increased phosphorylation of the insulin-like growth factor 1 receptor 

(IGF1RB) [108]. Furthermore, it has beneficial effects on diastolic dysfunction in a 

diabetic cardiomyopathy model using Goto–Kakizaki rats [109]. BGP-15 also prevented 

against the imatinib-induced cardiotoxic effects via decreased oxidative damage [110]. 

Sarszegi et al. showed that BGP-15 decreased the activity of p38 MAP kinase and JNK, 

and increased the phosphorylation of Akt and GSK-3β. BGP-15 protects against the ROS-

induced mitochondrial ROS production and preserved the mitochondrial membrane 

potential in WRL-68 cell line [111]. Nagy G. et al. demonstrated that BGP-15 protects 

against the acetaminophen-provoked hepatocellular injury [112]. Moreover, Szabo et al. 

demonstrated that BGP-15 protects the lung structure in a model of pulmonary arterial 

hypertension [103]. More importantly it was the first article to describe that BGP-15 

promotes mitochondrial fusion via activating Opa1 protein.  

Fibrotic remodelling increased ROS production, activation of MAPK signalling pathways 

and mitochondrial damage - play a significant role in the above-mentioned diseases as 

well as in the pathomechanism of heart failure. Furthermore, it appears that very little 

information or nothing at all is available on the effect of BGP-15 regarding the 

development of hypertensive cardiomyopathy. Therefore, the aim of our study was to 

investigate the role of BGP-15 in hypertension-induced heart failure. We focused 
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predominantly on factors that regulate the remodelling processes, myocardial fibrosis and 

the pattern of related signalling pathways.  

In addition, our goal was to further characterize the mitochondrial effects of BGP-15 in a 

chronic hypertension induced heart failure animal model and “in vitro” using primer 

neonatal rat cardiomyocytes (NRCM). We studied the impact of BGP-15 on the processes 

of mitochondrial quality control, particularly on fusion-fission processes, on 

mitochondrial biogenesis as well as on mitochondrial function.  

 

 

Figure 4. Chemical structure of BGP-15 (O-[3-piperidino-2-hydroxy-1-propyl]-nicotinic acid 

amidoxime dihydrochloride)[107] 
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2. AIMS OF THE WORK 
 

The aim of our work was to examine the effects of BGP-15 in a chronic hypertension-

induced heart failure model and “in vitro” using primer neonatal rat cardiomyocytes 

(NRCM).  

1. Our goal was to study the effect of BGP-15 on structure and function of heart. 

2. We aimed to investigate the effects of BGP-15 on signal transduction pathways 

taking part in the development of cardiac remodelling and heart failure. 

3. We aimed to determine its effect on the myocardial fibrotic processes. 

4. We examined the effects of BGP-15 on mitochondrial fusion and fission 

processes as well as on mitochondrial biogenesis. 

5. We tried to clarify the role of BGP-15 on mitochondrial function under stress 

situations. 
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3. MATERIALS AND METHODS 
 

3.1 Ethics Statement 

 

Animals received care according to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institute of Health (NIH Publication No. 85–23, revised 

1996) and the experiment was approved by the Animal Welfare Committee of the 

University of Pecs, Medical School (Permit number: BA02/2000-54/2017). 

 

3.2 Animal model 

 

15-month-old male Wistar Kyoto (WKY) and spontaneously hypertensive rats (Charles 

River Laboratories, Budapest, Hungary) were used in the experiments. One or two 

animals were housed per cage under standardized conditions throughout the experiment, 

with 12h dark-light cycle in solid-bottomed polypropylene cages and received 

commercial rat chew and water ad libitum. 7 SHRs were sacrificed at the beginning of 

the experiment as a baseline group (SHR-Baseline). SHRs were randomly divided into 

two groups: SHR-B and SHR-C. SHR-B group was treated with BGP-15, a water-soluble 

compound (25 mg/b.w. in kg/day, n=7), while SHR-C group received only placebo (n=7, 

SHR-C) per os for 18 weeks. BGP-15 was a gift from N-Gene Inc. (New York, NY, 

USA). Dosage of BGP-15 administered in the drinking water was based on our 

preliminary data regarding the volume of daily fluid consumption. WKY rats were used 

as age-matched normotensive controls (n=7). Non-invasive blood pressure measurements 

were performed on each animal on three occasions at Weeks 0, 9, and 18 of the treatment 

period. Blood pressure measurements were performed by the non-invasive tail-cuff 

method as described earlier [24, 113]. Blood pressure was measured by Non-Invasive 

Blood Pressure System with rat species platform (Panlab, Harvard Apparatus; LE5002;). 

At the beginning and at the end of the 18-week-long period, echocardiographic 

measurements were performed. At the end of the 18 weeks, animals were sacrificed, 

blood was collected to determine the concentration of plasma brain-derived natriuretic 

peptide (BNP), then hearts were removed. Atria and great vessels were trimmed from the 

ventricles and the weight of the ventricles was measured. Hearts were fixed in 10% 

formalin for histology or freeze-clamped for Western blot analysis. In order to detect the 

extent of fibrotic areas, histologic samples were stained with Picrosirius red and Collagen 
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type I immunohistochemistry was also made. The phosphorylation state of TGFβ, Smad2 

and 3, Akt-1, GSK-3β and MAPK signalling molecules was monitored by Western 

blotting. In our research, the following group notations were used according to the applied 

treatment: WKY: age-matched normotensive Wistar-Kyoto rats, SHR-Baseline: 15-

month-old spontaneously hypertensive rats before the treatment period, SHR-C: 19-

month-old spontaneously hypertensive rats after the 18-week-long placebo treatment, 

SHR-B: 19-month-old spontaneously hypertensive rats after the 18-week-long treatment 

period with BGP-15. 

 

3.3 Neonatal rat cardiomyocyte (NRCM) cell culture  

 

Cardiomyocytes were isolated using the Pierce™ Primary Cardiomyocyte Isolation Kit 

(Life Technologies, Carlsbad, CA, USA #88281) from 1-3-day-old neonatal Wistar rats. 

The animals were sacrificed and then their hearts were removed and minced into 1-3 mm3 

pieces. The pieces were digested with an enzyme complex (Cardiomyocyte Isolation 

Enzyme 1 (with papain) and Cardiomyocyte Isolation Enzyme 2 (with thermolysin)). 

After the tissue became primarily a single-cell suspension, the cells were plated in 6-well 

plates with a density of 2.5 × 106 cell/well with specific Dulbecco’s modified Eagle 

Medium (DMEM) for Primary Cell Isolation containing 10% fetal bovine serum (FBS), 

100 IU/mL penicillin and 100μg/mL streptomycin. The medium was replaced 24 hours 

later with fresh Complete DMEM for Primary Cell Isolation containing Cardiomyocyte 

Growth Supplement, which inhibited the division of fibroblasts and therefore could 

maintain the cardiomyocyte suspension in high purity during the culture period. NRCMs 

were cultivated in normal culture conditions, 37°C, saturated humidity atmosphere of 

95% air and 5% CO2. Fresh medium was added every 2-3 days. 

 

3.4 Treatments of neonatal rat cardiomyocytes 

 

On the day of the experiments, cells were washed once in PBS and added fresh medium, 

then treated with 150 µM H2O2 with or without 50 µM BGP-15 for 0.5 hour. The 

following groups were created according to the applied treatment: Control group: cells 

without any treatment, BGP-15 group: cells with only 50 µM BGP-15 for 0.5 hour, H2O2 
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group: cells with 150 µM H2O2 for 0.5 hour, H2O2+BGP-15 group: cells with 150 µM 

H2O2 and 50 µM BGP-15 for 0.5 hour. 

 

3.5 Echocardiographic measurements 

 

Transthoracic echocardiography was performed under inhalation anaesthesia at the 

beginning of the experiment and on the day of sacrifice. The rats were lightly anesthetized 

with a mixture of 1.5% isoflurane and 98.5% of oxygen. The chest of animals was shaved 

and acoustic coupling gel was applied. The animals were imaged in the left lateral 

position, and a warming pad was used to maintain normothermia. Heart rate did not differ 

considerably during anaesthesia among the groups. Ventricular dimensions, wall 

thicknesses and systolic functions were measured from parasternal short and long axis 

views just above the papillary level. Parameters that are required for the evaluation of 

diastolic function (E, A, as well as E’) were measured from the apical 4 chamber view. 

For the imaging of rats, a VEVO 770 high-resolution ultrasound imaging system 

(VisualSonics, Toronto, Canada) was used, which was equipped with a 25-MHz 

transducer. The investigators were blinded to the treatment protocol. LV inner dimensions 

(LVIDd and LVIDs), thickness of septum and posterior wall (PW), LV end-diastolic 

volume (LVEDV), LV end-systolic volume (LVESV), E/A as well as E/E’ ratio were 

determined. EF (percentage) was calculated by 100×[(LVEDV−LVESV)/LVEDV]. 

 

3.6 Determination of Plasma B-Type Natriuretic Peptide Level 

 

Blood samples were collected by cardiac puncture into Vacutainer tubes containing 

EDTA and aprotinin (0.6 IU/ml) and centrifuged at 1600 g for 15 minutes at 4°C to 

separate plasma, which was collected and kept at −70°C. Plasma B-type natriuretic 

peptide-32 levels (BNP-32) were determined by Enzyme-Linked Immunosorbent Assay 

method (BNP-32, Rat BNP 32 ELISA Kit, Abcam, ab108815CA, USA) as the datasheet 

recommends. 

 

3.7 Histology 

 

For histological examination hearts were removed at the end of the study after euthanasia 

performed by overdosing of isoflurane. Ventricles were fixed in 6% formalin and sliced 



26 
 

and embedded in paraffin. 5 μm thick sections were cut serially from the base to apex by 

a microtome. 7 animals from each group and 3 sections from each animal were used to 

determine the degree of cardiac fibrosis. Three images (magnification 10 ×) were 

randomly taken from the middle region of the LV wall on each section. The fibrotic area 

was determined on each image, and the mean value of nine images represents each 

animal. LV sections were stained with Picrosirius red to detect interstitial fibrosis. Slices 

were also processed for type I collagen (Bios rabbit polyclonal 1:500) 

immunohistochemistry. Binding was visualized with biotinylated/HRP conjugated 

secondary antibody followed by the avidin-biotin-peroxidase detection system (PK-6200 

Universal Vectastain ABC Elite Kit, Vector Laboratories, Burlingame, CA) using 3,3’-

diaminobenzidine (DAB) as chromogen. Progress of the immunoreaction was monitored 

using light microscope and the reaction was stopped by the removal of excess DAB with 

a gentle buffer wash. The degree of fibrosis was quantified by the NIH ImageJ image 

processing program via its colour deconvolution plug-in. 

Picrosirius red staining was performed to measure cardiomyocyte diameter (CD) as a 

cellular marker of myocardial hypertrophy. 7 animals from each group and 3 sections 

from each animal were used to determine the cell diameter. Three images (magnification 

10 ×) were randomly taken from the free LV wall on each section. Fitted polygon 

technique was used to determine the area of the cells. Then, the calculated diameter was 

used for statistical analysis. In order to evaluate the cardiomyocyte diameter, 250 

cardiomyocytes were measured from each animal.  The mean value of cell diameter of an 

animal derived from 250 measurements and each group contained 7 animals.  

 

3.8 Transmission electron microscopy  

 

For electron microscopy analysis, hearts were perfused retrogradely through the aortic 

root with ice-cold PBS to wash out the blood and then with modified Kranovsky fixative 

(2% paraformaldehyde, 2.5 % glutaraldehyde, 0.1 M Na-cacodylate buffer, pH 7.4 and 3 

mM CaCl2). 1 mm thick sections were cut from the free wall of the left ventricle. 

Dehydrated blocks were embedded in Durcupan resin. From the embedded blocks, 

semithin sections of 500 nm and ultrathin sections of 50 nm were cut with a Leica 

ultramicrotome, and mounted either on mesh, or on Collodion-coated (Parlodion, 

Electron Microscopy Sciences, Fort Washington, PA) single-slot, copper grids. 

Additional contrast was provided to these sections with uranyl acetate and lead citrate 
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solutions and the preparations were examined with a JEOL 1200EX-II electron 

microscope. 4 animals from each group, 3–5 blocks from each animal were used. The 

area of the interfibrillar mitochondria (IFM) were measured by freehand polygon 

selection (n~500/group) using the ImageJ software. 

 

3.9 Western-blot analysis  

 

3.9.1. Total western blot sample preparation from cardiac tissue  

50 milligrams of heart samples were homogenized in ice-cold Tris buffer (50 mmol/l, pH 

8.0) containing protease inhibitor (1:100; Sigma-Aldrich Co., #P8340), phosphatase 

inhibitor (1:100; Sigma-Aldrich Co., #P5726) and 50 mM sodium vanadate. The 

supernatants were harvested in 2x concentrated sodium dodecyl sulfate (SDS)-

polyacrilamide gel electrophoresis sample buffer.  

 

3.9.2. Fractionated western blot sample preparation from cardiac tissue 

100 milligrams of heart tissues were minced in ice-cold isolation solution (150 mM NaCl, 

50 mM TRIS, 1 mM EDTA, protease inhibitor (1:100; Sigma-Aldrich Co., #P8340) and 

phosphatase inhibitor (1:100; Sigma-Aldrich Co., #P5726)). Samples were gently 

disrupted on ice with Turrax, then processed in a Potter-Elvehjem tissue homogenizer. 

Samples were centrifuged for 12 minutes at 750 g. Supernatants containing the cytosolic 

and mitochondrial fractions were aspirated and the precipitated nuclear fractions were 

harvested in 2× SDS–polyacrylamide gel electrophoresis sample buffer and denatured at 

95°C for 5 minutes. Supernatants were then centrifuged for 12 minutes at 11.000 g to gain 

cytosolic fraction in the supernatant and mitochondrial fraction in the precipitate. Samples 

were harvested separately in 2× SDS–polyacrylamide gel electrophoresis sample buffer 

and denatured at 95°C for 5 minutes. 

 

3.9.3. Total western-blot sample preparation from NRCM cells   

After the appropriate treatment cells were harvested. The cell pellet was suspended in ice-

cold PBS buffer, then centrifuged for 5 min at 1,200 rpm at room temperature. The pellets 

were suspended in 300 µL NP-40 lysis buffer (Amresco, J619) containing protease 

inhibitor (1:100; Sigma-Aldrich Co., #P8340) and phosphatase inhibitor (1:100; Sigma-

Aldrich Co., #P5726). The samples were shaken for 30 min at 4 °C, then they were 

centrifuged for 20 min (4 °C 12,000 rpm). 4x concentrated SDS-polyacrylamide gel 

electrophoresis sample buffer was added to each sample.  
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3.9.4. Fractionated western blot sample preparation from NRCM cells 

The cell pellet was suspended in an ice-cold isolation solution (0.5mM TRIS, 1M EGTA, 

0.4M sucrose) containing 0.5 mM sodium metavanadate, 0.05M EDTA and protease 

inhibitor (1:100; Sigma-Aldrich Co., #P8340). Samples were disrupted on ice by Turrax, 

then processed by a Potter-Elvehjem tissue homogenizer. Centrifugation was carried out 

for 15 minutes at 750 g. The nuclear fraction in the precipitate was harvested in 72% 

trichloroacetic acid. Subsequently, supernatants were aspirated and centrifuged for 15 

minutes at 10.000 g to gain cytosolic fraction in the supernatant and mitochondrial in the 

precipitate. Samples were harvested separately in 72% trichloroacetic acid. The 

precipitated fractions were centrifuged for 10 minutes at 15.000 g. Each precipitate was 

harvested separately in a 50 mM TRIS and SDS-polyacrilamide gel electrophoresis 

sample buffer. The samples were shaken for overnight at 4°C and denatured at 95°C for 

5 minutes. After that they were centrifuged for 10 minutes at 15.000 g and the 

supernatants were collected as the mitochondrial fraction.  

 

3.9.5. Electrophoresis and transfer of proteins 

After the preparation, the tissue and cell culture samples were processed in the 

same manner. Protein levels were measured with Nanodrop. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH; 1:1000; Cell Signaling #2118) and pyruvate dehydrogenase 

(PDC; 1:1000; Cell Signaling #3205) were used as a representative loading control. 

Proteins were separated on 12% SDS-polyacrylamide gel and transferred to nitrocellulose 

membranes. After blocking (2h with 5% BSA in Tris-buffered saline contained with 1% 

Tween-20), membranes were probed overnight at 4°C with primary antibodies 

recognizing the following antigens: transforming growth factor-β (TGF-β; 1:1000; Cell 

Signaling #3711), Smad2 (1:1000; Invitrogen, 436500), phospho-specific Smad2 

Ser465/467 (1:1000; Invitrogen, MA5-15122), Smad3 (1:1000; Cell Signaling #9523), 

phospho-specific  Smad3 Ser423/425 (1:1000; Cell Signaling #9520), protein kinase B 

(Akt; 1:1000; Cell Signaling #9272), phospho-specific Akt-1/protein kinase B-α Ser473 

(1:1000; Cell Signaling #4060), glycogen synthase kinase-3β (GSK-3β; 1:1000; Cell 

Signaling #9832), phospho-specific glycogen synthase kinase -3β Ser9 (1:1000; Cell 

Signaling #5558), p38 mitogen-activated protein kinase (p38MAPK; 1:1000; Cell 

Signaling #8690), phospho-specific p38 mitogen-activated protein kinase Thr180/Tyr182 

(1:1000; Cell Signaling #4511), c-Jun N-terminal kinase (JNK; 1:1000; Cell Signaling 
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#9252), phospho-specific c-Jun N-terminal kinase Thr183/Tyr185 (1:1000; Cell 

Signaling #9255), extracellular signal–regulated kinase (ERK1/2; 1:1000; Cell Signaling 

#4695), phospho-specific extracellular signal–regulated kinase 1/2  Thr202 (1:1000; Cell 

Signaling #4370), mitogen-activated protein kinase phosphatase-1 (MKP-1; 1:100; Santa 

Cruz Biotechnology, sc-373841, optic atrophy 1 (OPA1; 1:1000; Cell Signaling #80471), 

mitofusin-1 (MFN1; 1:1000; Abcam ab57602), mitofusin-2 (MFN2; 1:1000; Cell 

Signaling #9482), dynamin-related protein 1 (DRP1; 1:1000; Cell Signaling #8570), 

phospho-specific DRP1 Ser637 (1:500; Cell Signaling #4867), phospho-specific DRP1 

Ser616 (1:500; Cell Signaling #3455), voltage-dependent anion channel (VDAC; 1:1000; 

Cell Signaling #4661), mitochondrial fission 1 protein (FIS1; 2µg/mL, Abcam, ab71498), 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α; 1:1000; 

Novus Biologicals, NBP1-04676), cAMP response element-binding protein (CREB; 

1:1000; Cell Signaling #4820), phospho-specific cAMP response element-binding 

protein Ser133(1:1000; Cell Signaling #9198), 5' AMP-activated protein kinase (AMPK; 

1:1000; Cell Signaling #2532), phospho-specific 5' AMP-activated protein kinase Thr172 

(1:1000; Cell Signaling #2535), anti-NADH dehydrogenase Fe-S protein 1 (NDUFs1, 

Novus Biologicals, NBP1-31142, 1:1000), anti-Ubiquinol-cytochrome c reductase core 

protein I (UQCRC1, Novus Biologicals, NBP2-03825, 1:1000). Membranes were washed 

six times for 5 min in Tris-buffered saline (pH 7.5) containing 0.2% Tween (TBST) before 

the addition of horseradish peroxidase-conjugated secondary antibody (goat anti-rabbit 

IgG, Sigma Aldrich Co. A0545, 1:3000 dilution; rabbit anti-mouse IgG, Sigma Aldrich 

Co., A9044, 1:5000 dilution). Membranes were washed six times for 5 min in TBST, and 

then the antibody-antigen complexes were visualized by enhanced chemiluminescence. 

The results of Western blots were quantified using the NIH ImageJ program. 

 

3.10 Capillary electrophoresis immunoassay 

 

Due to the limited availability of primary neonatal cardiomyocytes and the lower protein 

concentration of the fractionated samples made from it, the more sensitive capillary 

immunoassay method with less sample requirements and higher throughput is more 

suitable for measurement. Simple western analysis (Wes) was performed on a Wes 

system (ProteinSimple, product number 004–600) according to the manufacturer’s 

instructions using a 12-230 kDa Separation Module (ProteinSimple SM-W004) and either 

the Anti-Rabbit Detection Module (ProteinSimple DM-001) or the Anti-Mouse Detection 
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Module (ProteinSimple DM-002), depending on the primary used antibody. Subcellular 

NRCM samples were mixed with Fluorescent Master Mix and heated at 95˚C for 5 min. 

The samples, blocking reagent (antibody diluent), primary antibodies (in antibody 

diluent), HRP-conjugated secondary antibodies and 

chemiluminescent substrate were pipetted into the plate (part of Separation Module). 

Instrument default settings were used: stacking and separation at 475 V for 30 min; 

blocking reagent for 5 min, primary and secondary antibody both for 30 min; 

Luminol/peroxide chemiluminescence detection for ~15 min (exposures of 1-2-4-8-16-

32-64-128-512 s). The resulting electropherograms were inspected to check whether 

automatic peak detection required any manual correction.  

 

3.11 Evaluation of mitochondrial fragmentation with fluorescent microscopy 

 

NRCM cells were seeded at a density of 105 cells/well in 6 well plates on glass coverslips 

with 1 % gelatin coating and cultured at least for 2 days before the experiment. On the 

day of the experiment, cells were washed once in PBS and added fresh medium, then 

treated with H2O2 with or without BGP-15. After the appropriate treatment coverslips 

were rinsed in PBS, and 75 nM MitoTracker Red CMXRos dissolved in serum free 

DMEM were added and it was incubated for 30 min at 37°C. After the incubation, 

coverslips were rinsed in PBS and the mitochondrial network was visualized by a Nikon 

Eclipse Ti-U fluorescent microscope equipped with a Spot RT3 camera using a 60x 

objective and epifluorescent illumination.  

 

3.12 Quantification of mitochondrial DNA (mtDNA) damage by real-time 

PCR 

 

After the appropriate treatment cells were harvested, and total DNA was isolated using 

GenElute™ Mammalian Genomic DNA Miniprep Kits (Sigma-Aldrich # G1N350-1KT). 

Realtime DNA amplification was performed using a CFX96 Touch Real-Time PCR 

Detection System (Bio-Rad). The following rat primer sequences were used: SRPCR (210 

bp) forward: 5’-ATGCACGATAGCTAAGACCCAA-3’; reverse: 5’-

CTGAATTAGCGAGAAGGGGTA-3’and LRPCR (14958 bp) forward: 5’-

ATTTTCTCCCAGTTACGAAAG-3’, reverse: 5’-

CTTGGTAAGTAAATTTCTTTCTCC-3’. Short fragment, cytochrome c oxidase 
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subunit 1 (COX1), cytochrome c oxidase subunit 3 (COX3) and β-actin were done using 

a Brilliant II QPCR Master Mix (Agilent Technologies, # 600804). The final SRPCR, 

COXI, COXIII and β-actin cycling parameters followed hot start of 10 min @95°C 

followed by; 30sec@95°C, 1min@60°C,30sec@72°C for 40 cycles. LRPCR was done 

using PfuUltra II Hotstart 2× Master Mix (Agilent Technologies, #600852). The final 

LRPCR cycling parameters, following the manufacturer's recommendations: hot start of 

2min@92°C followed by; 15sec@92°C, 30sec@50°C, 8:00min@68°C for 40 cycles. The 

relative mitochondrial DNA content was determined by real-time PCR, using COX1 and 

COX3 primers, normalized to a nuclear-encoded β-actin gene. The following rat primer 

sequences were used: COX1 (199 bp) forward: 5’- CACAGTAGGGGGCCTAACAG-

3’, reverse: 5’-CAAAGTGGGCTTTTGCTCAT-3’; COX3 (244 bp) forward 5’-

TCAGGAGTCTCAATTACATG-3’, reverse: 5’- CGTAGTAGACAGACAATTAGG-

3’; β-actin (191 bp) forward 5’-GCGGTGACCATAGCCCTCTTT-3’, reverse: 5’- 

TGCCACTCCCAAAGTAAAGGGTCA-3’. The software automatically generated 

crossing points and calculation of mtDNA damage was made using the Δ2Ct method. 

EvaGreen dye was used (Biotium # 31000). 

 

3.13 Mitochondrial membrane potential measurement with JC-1 assay  

 

The mitochondrial membrane potential (ΔΨm) was measured using the mitochondrial 

membrane potential specific fluorescent probe, JC-1 (Enzo Life Sciences, ENZ-52304). 

NRCM cells were seeded on glass coverslips coated with gelatin and cultured for at least 

2 days before the experiment. After the treatment, cells were washed in PBS and 

incubated for 15 min at 37°C in media containing 5 µg/mL JC-1. When excited at 488 

nm, the dye emits red fluorescence (590 nm) at high ΔΨm and green (530 nm) at low 

ΔΨm. Following incubation, the cells were washed once with PBS and then imaged with 

a Nikon Eclipse Ti-U fluorescent microscope equipped with a Spot RT3 camera using a 

60x objective and epifluorescent illumination. All experiments were repeated three times. 

Fluorescent signals were quantified by using the ImageJ software (NIH, Bethesda, MD, 

USA). 
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3.14 Evaluation of the mitochondrial energy metabolism and function 

 

Agilent Seahorse Extracellular Flux (XFp) Analyzer (Agilent Technologies, (Santa Clara, 

CA, USA)) was used to determine the NRCM cells’ oxygen consumption rate (OCR). 

NRCM cells were seeded in XFp Miniplate at a density of 4x104 cells/well in 80 µL 

complete growth medium (DMEM for Primary Cell Isolation containing 10% FBS, 100 

IU/mL penicillin and 100 μg/mL streptomycin) and incubated at 37 °C, 5% CO2 for 2 

days. On the day before the experiment, Sensor cartridges were hydrated in XFp calibrant 

and maintained at 37°C without CO2 overnight. On the day of the assay, after subjecting 

cells to the appropriate treatment, DMEM for Primary Cell Isolation medium was 

replaced by Agilent Seahorse XF Base Medium containing 1 mM pyruvate, 2 mM 

glutamine and 10 mM glucose (adjusted pH to 7.4 with 0.1 N NaOH). Before 

measurement, different compounds were loaded into the appropriate ports of a hydrated 

sensor cartridge (10 μM oligomycin, 10 μM FCCP, and 5 μM rotenone/antimycin) Three 

measurements were performed after each injection. OCR was used to determine 

mitochondrial energy metabolism. The parameter values, including basal respiration, 

maximal respiration, ATP-associated OCR and spare respiratory capacity, were 

determined according to the Seahorse XFp Cell Mito Stress user guide protocol. Data 

were analysed using the Seahorse XF test report analysis. 

 

3.15 Analysis of citrate synthase activity in NRCM cells 

 

NRCM cells were seeded at a density of 106 cells/well in 6-well plates and cultured. After 

the appropriate treatment, cells were harvested, the cell pellet was suspended in ice-cold 

citrate synthase cell lysis buffer, then centrifuged for 5 min at 4°C at 10,000 x g, then the 

supernatant was collected for further use. Citrate synthase was measured using a kit from 

Sigma Aldrich (MAK193) following the manufacturer’s instruction. The absorbance was 

recorded at 412 nm every 5 minutes for 50 minutes. The colorimetric product (GSH) was 

proportional to the enzymatic activity of citrate synthase and normalized to the quantity 

of cells.  
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3.16 Statistical analysis 

 

Statistical analysis was performed by SPSS for Windows, version 26.0. All of the data 

were expressed as the mean ± SEM. Normality of distribution was assessed by Shapiro-

Wilk test. Baseline comparison between the strains were conducted by Student’s t-test 

before randomization. The homogeneity of the groups was tested by Levene’s test. 

Differences between treatment groups were determined by one-way ANOVA. For post-

hoc comparison Tukey HSD or Dunnett T3 test were applied. A value of p<0.05 was 

considered statistically significant. 

 

  



34 
 

4. RESULTS 
 

4.1 In vivo results 
 

4.1.1 BGP-15 administration improved gravimetric parameters in SHR animals 

 

At the beginning of the study, the body weight of WKY rats was significantly higher than 

the SHR rats (WKY: 386.40±4.33 g, SHR-Baseline: 343.21±2.48 g, SHR-C: 346.90±6.65 

g, SHR-B: 340.73±6.32 g; p<0.01, WKY vs. SHR groups; Table 1). Similar observation 

can be made at the end of the study (WKY: 401.45±8.94 g, SHR-C: 358.13±5.08 g, SHR-

B: 356.85±4.54 g; p<0.05 WKY vs. SHR groups). At the end of the study, heart weights 

(HW) and weight of ventricles (VW) were significantly increased in the SHR groups 

compared to the WKY group (HW: WKY: 1.12±0.04 g, SHR-Baseline: 1.16±0.02, SHR-

C: 1.49±0.05 g, SHR-B: 1.23±0.02 g; p<0.01 SHR-B and SHR-C vs. WKY; VW: WKY: 

0.95±0.04 g, SHR-Baseline: 1.09±0.02 g, SHR-C: 1.33±0.05 g, SHR-B: 1.23±0.02 g; 

p<0.01 SHR-C vs. WKY, p<0.01 SHR-B vs. SHR-C). The ratio of ventricular weight to 

body weight (VW/BW) was markedly increased in SHR groups compared to WKY 

animals (VW/BW(mg/g): WKY: 2.28±0.11, SHR-Baseline: 3.19±0.08, SHR-C: 

3.73±0.16, SHR-B: 3.21±0.03; p<0.01 SHR groups vs. WKY, p<0.05 SHR-B vs. WKY, 

p<0.01 WKY vs. SHR-Baseline and SHR-C, p<0.01 SHR-C vs. SHR-Baseline, p<0.01 

SHR-B vs. SHR-C). The ratio of ventricular weight to the length of right tibia (VW/TL) 

was also significantly increased (VW/TL (mg/mm): WKY: 21.27±0.79, SHR-Baseline: 

24.76±0.82, SHR-C: 29.79±0.94, SHR-B: 25.76±0.46; p<0.05 WKY vs. SHR-Baseline 

and SHR-B, p<0.01 SHR-C vs. WKY and SHR-Baseline). BGP-15 treatment caused a 

significant moderation of these ratios (p<0.01 SHR-B vs. SHR-C). The ratio of the lung 

wet weight-to-dry weight was also significantly enhanced in the SHR-C group (Lung wet 

weight/dry weight(g/g): WKY: 4.42 ± 0.26 g/g, SHR-Baseline: 4.51±0.13, SHR-C: 

5.68±0.24, SHR-B: 4.68±0.13; p<0.01 SHR-C vs. WKY and SHR-Baseline). BGP-15 

caused a significant moderation of this ratio (p<0.01 SHR-B vs. SHR-C). 
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Table 1. Effect of BGP-15 administration on gravimetric parameters of SHR 

animals 

 WKY 
(n=7) 

SHR-Baseline 
(n=7) 

SHR-C 
(n=7) 

SHR-B 
(n=7) 

BWSTART (g) 386.40 ± 4.33 343.21 ± 2.48** 346.90 ± 6.65** 340.73 ± 6.32** 

BWEND (g) 401.45 ± 8.94 - 358.13 ± 5.08** 356.85 ± 4.54** 

HWEND (g) 1.12 ± 0.04 1.16 ± 0.02 1.49 ±0.05**,## 1.23± 0.02§§ 

VWEND (g) 0.95 ± 0.04 1.09± 0.02 1.33 ± 0.05**,## 1.14 ± 0.02§§ 

VW/BWEND 

(mg/g) 
2.28 ± 0.11 3.19 ± 0.08** 3.73 ± 0.16**,## 3.21 ± 0.03*,§ 

VW/TLEND 

(mg/mm) 
21.27 ± 0.79 24.76 ± 0.82* 29.79 ± 0.94**,## 25.76 ± 0.46*,§§ 

Lung wet/dry 
weightEND (g/g) 

4.42 ± 0.26 4.51 ± 0.13 5.68 ± 0.24**,## 4.68 ± 0.13§§ 

 
BWSTART: body weight at the beginning of the treatment; BWEND: body weight at the end of the 

treatment; HWEND: heart weight at the end of the treatment; VWEND: ventricles weight at the end 

of the treatment; TLEND: length of right tibia at the end of the treatment. Values are means±SEM. 

WKY: age-matched normotensive Wistar-Kyoto rats, n=7; SHR-Baseline: 15-month-old 

spontaneously hypertensive rats, n=7; SHR-C: non-treated spontaneously hypertensive rats, 

n=7; SHR-B: spontaneously hypertensive rats receiving BGP-15 for 18 weeks, n=7. *p<0.05 vs. 

WKY, **p<0.01 vs. WKY, ##p<0.01 vs. SHR-Baseline, §p<0.05 vs. SHR-C, §§p<0.01 vs. SHR-C. 

 

4.1.2 BGP-15 improved left ventricular function and moderated left ventricular 

hypertrophy 

 

At the beginning of the study there was a significant difference between the systolic 

arterial blood pressure of the WKY and the SHR group. (WKY: 134.85 ± 1.95 mmHg, 

SHR-Baseline: 214.28 ± 3.70 mmHg; p<0.05; n=7). Systolic arterial blood pressure 

values did not differ significantly between the SHR groups at the end of the study (SHR-

C: 226.14 ± 3.88 mmHg, SHR-B: 216.85 ± 3.90 mmHg; p>0.05; n=7). Long-term BGP-

15 treatment apparently did not exert any significant effect on systolic blood pressure. 

At the beginning of the study, the septum and posterior wall thickness was significantly 

higher in SHR animals compared to WKY animals (p<0.01 SHR-Baseline vs. WKY) 

(Table 2). By the end of the 18-week-long treatment period, the severity of left ventricular 

hypertrophy remained unchanged in SHR-C animals. However, wall thicknesses were 

significantly reduced as a result of BGP-15 treatment (p<0.05, SHR-B vs. SHR-C). LV 

end-diastolic (LVEDV) and LV end-systolic volumes (LVESV) were also significantly 
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elevated in SHR-C animals (p<0.01, SHR-C vs. WKY, SHR-Baseline). BGP-15 

treatment, however, was able to moderate this elevation in SHR-B animals (p<0.05 vs. 

SHR-C). LV mass was significantly higher in SHR-Baseline group compared to WKY 

(p<0.05 SHR-Baseline vs. WKY). In SHR-C animals, this parameter increased further 

compared to the initial value (p<0.01, SHR-C vs. WKY; p<0.05, SHR-C vs. SHR-

Baseline). This parameter was also decreased in the SHR-B group compared to non-

treated animals (p<0.05, SHR-B vs. SHR-C).  

The left ventricular systolic function (EF%) reduced in both SHR groups compared to the 

initial value, however, this decrease was more pronounced in the SHR-C group than in 

the treated animals (p<0.05 SHR-B vs. SHR-C). The diastolic function marker E/E' ratio 

was significantly increased in the SHR-C group (p<0.05 SHR-C vs. SHR-Baseline), 

indicating a worsening of diastolic function. However, BGP-15 treatment decreased 

significantly the E/E’ ratio in the treated group, compared to the SHR-C animals (p<0.01, 

SHR-B vs. SHR-C). 

 

Table 2. Effect of BGP-15 treatment on echocardiographic parameters 

 WKY 

(n=7) 

SHR-Baseline 

(n=7) 

SHR-C 

(n=7) 

SHR-B 

(n=7) 

 Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM 

Septum 1.93±0.03 2.29±0.07** 2.32 ± 0.07** 2.09 ± 0.08*,§ 

PW 1.90±0.04 2.06±0.06* 1.97 ± 0.08* 1.81 ± 0.07§ 

LVIDd (mm) 7.61±0.14 7.75±0.15 8.55 ± 0.23**,## 8.31 ± 0.18** 

LVIDs (mm) 4.54±0.13 4.60±0.21 5.87 ± 0.31**,## 5.19 ± 0.32§ 

LVEDV (μl) 310.25±12.85 323.07±14.59 402.40 ± 24.76**,## 377.19 ± 17.37** 

LVESV (μl) 96.01±6.85 101.51±12.27 175.52 ± 22.46**,## 137.23 ± 16.46**,§ 

LV mass (mg) 1029.81±43.84 1384.42±40.69** 1587.38 ± 106.36**,# 1321.44 ± 75.58*,§ 

EF% 70.48±1.12 69.59±2.41 57.21 ± 3.02**,## 64.30 ± 2.88*,§ 

E/A 1.37±0.07 1.70±0.09** 2.02 ± 0.06** 1.27 ± 0.08§§ 

E/E' 30.45±2.00 30.32±2.98 40.41± 2.94**,## 25.71 ± 3.03§§ 

BNP (pg/ml) 302.76±13.76 325.19±10.89 755.14±33.34*,# 352.04±22.50§ 

 

Septum: thickness of the septum, PW: thickness of the posterior wall, LVIDd: left ventricular (LV) 

end-diastolic inner diameter, LVIDs: LV end-systolic inner diameter, LVEDV: LV end-diastolic 

volume, LVESV: LV end-systolic volume, LV mass: calculated weight of left ventricle, EF: 

ejection fraction, E: mitral peak velocity of early diastolic filling, A: mitral peak velocity of late 

diastolic filling, E’: early diastolic mitral annular velocity, A’: late diastolic mitral annular 

velocity, BNP: B-type natriuretic peptide. WKY: age-matched normotensive Wistar-Kyoto rats, 

n=7; SHR-Baseline: 15-month-old spontaneously hypertensive rats, n=7; SHR-C: 19-month-old 

spontaneously hypertensive rats received placebo for 18 weeks, n=7; SHR-B: 19-month-old 
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spontaneously hypertensive rats received BGP-15 for 18 weeks, n=7.  *p<0.05 vs. WKY, 

**p<0.01 vs. WKY, #p<0.05 vs. SHR-Baseline, ##p<0.01 SHR-Baseline, §p<0.05 vs. SHR-C, 

§§p<0.01 vs. SHR-C.  

 

4.1.3 BGP-15 decreased the heart-failure-induced elevation of plasma BNP level 

 

By the end of the treatment period the plasma BNP level increased significantly in the 

SHR-C group compared to the WKY and SHR-Baseline group (p<0.05, SHR-C vs. WKY 

and SHR-Baseline group; Table 2.). BGP-15 treatment, however, caused a significant 

decrease in the level of this biomarker of heart failure in SHR animals (p<0.05, SHR-B 

vs. SHR-C). The BNP level was only slightly elevated in the SHR-B group.   

 

4.1.4 BGP-15 treatment prevented interstitial collagen deposition 

 

Histological staining of the left ventricle of rat hearts was performed with Picrosirius red 

staining (Fig. 5.a-b) and collagen I immunohistochemistry (Fig. 5.c-d), that were used to 

monitor the degree of fibrosis. Only a low amount of interstitial collagen could be seen 

in the WKY group using the Picrosirius red staining (Fig. 5.a). The extent of fibrosis was 

significantly higher in the SHR groups compared to the WKY group (p<0.05, SHR-

Baseline vs. WKY; p<0.01, SHR-C and SHR-B vs. WKY; Fig. 5.a). Chronic high blood 

pressure-induced heart failure caused a further elevation of collagen deposition in SHR-

C group (p<0.01, vs. SHR-Baseline group). BGP-15 treatment, however, resulted in a 

significant decrease in the amount of interstitial fibrosis in the SHR-B group compared 

to non-treated hypertensive animals (p<0.01, SHR-B vs. SHR-C; Fig. 5.a) (WKY: 

11.78±1.00%; SHR-Baseline: 16.59±1.03%; SHR-C: 32.42±1.52%; SHR-B: 

22.64±1.09%; Fig. 5.b).  

Similar observations could be made in the case of type I collagen immunohistochemistry 

(Fig. 5.c-d). Only a low amount of interstitial collagen was observed in the WKY group 

(WKY: 9.15±0.54%; SHR-Baseline: 15.45±0.69%; SHR-C: 31.24±0.77%; SHR-B: 

19.92±0.72%; Fig. 5.d), however, in the case of hypertensive groups, even the initial 

value was higher than in the WKY group (p<0.01 vs. SHR-Baseline). This elevation 

became more pronounced by the end of the treatment period (p<0.01 SHR-C vs. WKY, 

SHR-Baseline groups; Fig. 5.c). Due to BGP-15 treatment the interstitial collagen 

deposition was significantly decreased in the SHR-B group compared to the SHR-C group 
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(p<0.01; Fig. 5.c). It can be concluded that BGP-15 treatment significantly reduced the 

extent of interstitial fibrosis in the myocardium (Fig. 5.a-d).  

 

4.1.5 Effect of BGP-15 administration on the diameter of cardiomyocytes  

 

Histological sections from the left ventricle of the heart stained with Picrosirius red were 

also used to study the cell diameters (Fig. 5.e-f). The diameter of cardiomyocytes was 

markedly elevated in SHR groups compared to the WKY group (WKY: 16.02±0.64µm; 

SHR-Baseline: 22.76±0.70 µm; SHR-C: 33.86±1.82 µm; SHR-B: 28.57±0.57 µm; Fig. 

5.f). This difference was the most pronounced in the case of SHR-C (p<0.01, SHR-C vs. 

WKY). BGP-15 treatment resulted in significantly lower cell diameters in the SHR-B 

group compared to the SHR-C group (p<0.01; SHR-B vs. SHR-C; Fig. 5.e). 

 

4.1.6 BGP-15 treatment favourably influenced the TGF-β/SMAD signalling 

pathway 

 

The level of TGF-β was significantly elevated in all hypertensive groups compared to the 

WKY group (p<0.05, SHR-B vs. WKY, p<0.01 SHR-Baseline, SHR-C vs. WKY; Fig. 

6.). In case of SHR-C group a further increasing tendency could be seen by the end of the 

treatment period compared to the baseline values (NS). However, BGP-15 treatment 

caused a significant decrease in the TGF-β level compared to the untreated SHR animals 

(p<0.01, SHR-B vs. SHR-C), moreover TGF-β level in this group was even lower than 

in the SHR-Baseline group (p<0.05, SHR-B vs. SHR-Baseline; Fig. 6.). In the case of 

Smad2 phosphorylation we observed a mild increase in the SHR-Baseline group 

compared to the WKY group, however this elevation was not significant. The 

phosphorylation of Smad2Ser465/467 was significantly increased in the SHR-C animals 

compared to the WKY and Baseline Groups (p<0.05). BGP-15 treatment resulted in a 

significant reduction in the phosphorylation level of Smad2Ser465/467   in the treated group 

(p<0.01 SHR-B vs. SHR-C). There were no significant differences regarding the 

phosphorylation of Smad3Ser423/425 between the groups (Fig. 6.).  
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Figure 5. Effect of BGP-15 treatment on the extent of interstitial fibrosis, on the type I collagen 

deposition and on the diameter of cardiomyocytes. Representative histological sections stained 

with Picrosirius red (a) (n=7). Scale bar: 150 µm, magnification: 10-fold. Densitometric 
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evaluation of the sections is shown (b). * p<0.05 vs. WKY, ** p<0.01 vs. WKY, ##p<0.01 vs. 

SHR-Baseline, §§p<0.01 vs. SHR-C. Representative histological sections detected with type I 

collagen immunohistochemistry (c) (n=7). Scale bar: 100 µm, magnification: 10-fold. 

Densitometric evaluation of the sections is shown (d). ** p<0.01 vs. WKY, ## p<0.01 vs. SHR-C, 

§§ p<0.01 vs. SHR-C. Representative histological sections stained with Picrosirius red (e) (n=7). 

Scale bar: 50 µm, magnification: 10-fold. Average cellular diameter in the different groups is 

shown (f). **p<0.01 vs. WKY, #p<0.05 vs. SHR-Baseline, §§ p<0.01 vs. SHR-C. WKY: age-

matched normotensive Wistar-Kyoto rats; SHR-Baseline: 15-month-old spontaneously 

hypertensive rats; SHR-C: 19-month-old spontaneously hypertensive rats received placebo for 

18 weeks; SHR-B: 19-month-old spontaneously hypertensive rats received BGP-15 for 18 weeks. 

 

 

Figure 6. Effect of BGP-15 treatment on the TGFβ/Smad signalling pathway. Representative 

Western blot analysis of TGFβ, Smad2, Smad3 and phosphorylation as well as densitometric 

evaluation are shown. GAPDH was used as a loading control. WKY: age-matched normotensive 

Wistar-Kyoto rats, n=7; SHR-Baseline: 15-month-old spontaneously hypertensive rats, n=7; 

SHR-C: non-treated spontaneously hypertensive rats, n=7; SHR-B: spontaneously hypertensive 

rats receiving BGP-15 for 18 weeks, n=7. Values are mean±SEM. *p<0.05 vs. WKY, **p<0.01 

vs. WKY, #p<0.05 vs. SHR-Baseline, §§p<0.01 vs. SHR-C.  

 

4.1.7 BGP-15 favourably affected the phosphorylation of Akt-1Ser473 and GSK-

3βSer9 

 

The level of Akt-1Ser473 phosphorylation was moderate both in the WKY group and in the 

SHR-Baseline group (Fig. 7.). In the SHR-C group, phosphorylation of Akt-1Ser473 was 

slightly, but significantly increased (p<0.01 SHR-C vs. WKY and SHR-Baseline groups; 
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Fig 7.). However, BGP-15 treatment caused a marked increase in the Akt-1Ser473 

phosphorylation in SHR-B animals (p<0.01 SHR-B vs. SHR-C group).  

The phosphorylation level of GSK-3βSer9 was low in the WKY group similarly to Akt-

1Ser473 phosphorylation. In the SHR-Baseline and the SHR-C groups, however, slightly 

but not significantly elevated phosphorylation could be seen. The highest phosphorylation 

of GSK-3βSer9 was measured in the SHR-B group. This elevation was highly significant 

comparing to other SHR groups (p<0.05 SHR-B vs. SHR-C, p<0.01, SHR-B vs. SHR-

Baseline group; Fig. 7.).  

 

Figure 7. Effect of BGP-15 treatment on the phosphorylation of Akt-1Ser473 and GSK-3βSer9. 
Representative Western blot analysis of Akt-1 and GSK-3β phosphorylation as well as 

densitometric evaluation are shown. GAPDH was used as a loading control. WKY: age-matched 

normotensive Wistar-Kyoto rats, n=7; SHR-Baseline: 15-month-old spontaneously hypertensive 

rats, n=7; SHR-C: non-treated spontaneously hypertensive rats, n=7; SHR-B: spontaneously 

hypertensive rats receiving BGP-15 for 18 weeks, n=7. Values are mean±SEM. **p<0.01 vs 

WKY, ##p<0.01 vs SHR-Baseline, §p<0.05 vs SHR-C, §§ p<0.01 vs. SHR-C. 

 

4.1.8 BGP-15 decreased the activity of MAPKs 

 

The level of MKP-1 protein was low in the WKY and SHR-Baseline groups (Fig. 8.), 

however, a significant increase was observed in the SHR-C group (p<0.01, SHR-C vs. 

WKY as well as in the SHR-Baseline groups). The amount of MKP-1 protein increased 

further in the SHR-B group as a result of the BGP-15 treatment (p<0.01, SHR-B vs. SHR-

C; Fig. 8.). The level of Erk1/2Thr202/Tyr204 phosphorylation was less pronounced in the 

SHR-C group compared to the WKY group and to the baseline level (p<0.05, SHR-C vs. 

WKY, Fig. 8.). BGP-15 treatment, however, caused a significant elevation in the 
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phosphorylation of Erk1/2Thr202/Tyr204 compared to the SHR-C group (p<0.01, SHR-B vs. 

SHR-C; Fig. 8.). The level of p38-MAPKThr180/Tyr182 and JNKThr183/Tyr185 phosphorylation 

was low in the WKY and in the SHR-Baseline groups (Fig. 8.). The highest 

phosphorylation level of p38-MAPKThr180/Tyr182 and JNKThr183/Tyr185 could be seen in the 

SHR-C animals (p<0.01, SHR-C vs. WKY and SHR-Baseline). BGP-15 treatment 

reduced this phosphorylation of p38-MAPKThr180/Tyr182 and JNKThr183/Tyr185, too and this 

reduce was significant in the case of JNKThr183/Tyr185 compared to the SHR-C group 

(p<0.01; Fig. 8.).  

 

 

Figure 8. Effect of BGP-15 treatment on the phosphorylation state of MAP kinases and on the 

amount of MKP-1. Representative Western blot analyses of MKP-1 as well as ERK1/2, p38 and 

JNK phosphorylation. Densitometric evaluations are also shown. GAPDH was used as a loading 

control. WKY: age-matched normotensive Wistar-Kyoto rats, n=7; SHR-Baseline: 15-month-old 

spontaneously hypertensive rats, n=7; SHR-C: non-treated spontaneously hypertensive rats, 

n=7; SHR-B: spontaneously hypertensive rats receiving BGP-15 for 18 weeks, n=7. Values are 

mean±SEM. *p<0.05 vs. WKY, **p<0.01 vs. WKY, ##p<0.01 vs. SHR-Baseline, §§p<0.01 vs. 

SHR-C. 
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4.1.9 BGP-15 improved the mitochondrial ultrastructure in a hypertension-

induced heart failure animal model 

 

Longitudinal sections of myocardium were evaluated to assess the morphology of 

interfibrillar mitochondria (IFM) by electron microscopy. The mitochondria of SHR-C 

rats differ from the normal mitochondria of WKY rats (Fig. 9 a-c), because they are 

morphologically more heterogeneous (n = 5 from each group, 3–5 block from each 

animal). In the non-treated hypertensive animals (SHR-C), mitochondria were loosely 

arranged between the contractile elements (Fig. 10 a, b). Moreover, in the SHR-C group 

extensive disruption of mitochondrial cristae and enlarged intracristal spaces could be 

observed (Fig. 10c). Their shape was often elongated, and the mitochondrial matrix was 

very light. The mitochondrial ultrastructure in the SHR-B group was similar to that of 

WKY rats (Fig. 10 d,e). In treated SHR animals (SHR-B) normal, large and less elongated 

mitochondria with tightly packed cristae and electron-dense matrix was seen (Fig. 10 f).  

The area of IFM was assessed on electron micrographs (~500 mitochondria/group were 

measured; Fig. 11 b). We assessed relative frequencies of the measured mitochondrial 

areas in arbitrary intervals of 0.3 μm2 (Fig. 11 a). In all the groups, less than 1% of 

mitochondrial areas were above the 1.81 µm2 value. In the SHR-C group, 43.7% of the 

measured mitochondria belonged to the lowest area range (<0.3 μm2). However, in the 

WKY group the predominant area range of the measured mitochondria was between 0.3-

0.6 µm2. Due to BGP-15 treatment (SHR-B), the distribution of mitochondria was similar 

to that of WKY group and the highest number of mitochondria (48%) belonged to the 

0.3-0.6 µm2 range (p<0.05, SHR-B vs. SHR-C). Our results showed a profound decrease 

in the mean mitochondrial area of SHR-C group compared to the mitochondria of WKY 

animals (p<0.05, SHR-C, vs. WKY). The values of BGP-15 treated SHRs differed from 

that of the SHR-C group (p<0.05), and it was similar to the mitochondria of normotensive 

animals (WKY). 
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Figure 9. Ultrastructural analysis of interfibrillar mitochondria in the myocardium of WKY 

animals. Representative electron micrographs of interfibrillar mitochondria in the myocardium 

of (a, b) WKY animals (a: magnification: 15k, scale bar: 0.2 μm, b: magnification: 20k, scale 

bar: 0.2 μm). Ultrastructure of interfibrillar mitochondria in the myocardium of (c) WKY animals 

(magnification: 40k, scale bar: 0.1 μm (n=4 from each group, 3–5 blocks from each animal). 

WKY: age-matched normotensive Wistar-Kyoto rats. 

 

Figure 10. Ultrastructural analysis of interfibrillar mitochondria in the myocardium of SHR 

animals. Representative electron micrographs of interfibrillar mitochondria in the myocardium 

of (a, b) SHR-C and (d, e) SHR-B animals (magnification: 10k, scale bar: 1 μm). Ultrastructure 

of interfibrillar mitochondria in the myocardium of (c) SHR-C and (f) SHR-B animals 

(magnification: 25k, scale bar: 0.5 μm). SHR-C: non-treated spontaneously hypertensive rats, 

SHR-B: spontaneously hypertensive rats receiving BGP-15 for 18 weeks (n=4 from each group, 

3–5 blocks from each animal). 
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Figure 11. Heart failure-induced fragmentation of interfibrillar mitochondria in the 

myocardium. (a) Relative frequencies of measured mitochondrial areas in each arbitrary area 

interval. (b) Means of area values in the given groups (~500 mitochondria/group). WKY: age-

matched normotensive Wistar-Kyoto rats, SHR-C: non-treated spontaneously hypertensive rats, 

SHR-B: spontaneously hypertensive rats receiving BGP-15 for 18 weeks. Data are expressed as 

mean±SEM. *p<0.05 vs WKY, §p<0.05 vs SHR-C). 

 

 

4.1.10 BGP-15 increased the expression level of mitochondrial fusion proteins in 

SHR animals  

 

Regarding the mitochondrial fusion proteins, we determined the levels of OPA1, MFN1 

and MFN2 in the myocardium using Western blot analysis (Fig. 12). We observed that 

the level of OPA1 was moderately decreased in the SHR-C group compared to the WKY 

group (p<0.05, SHR-C vs. WKY). However, BGP-15 treatment caused a significant 

elevation of OPA1 level in the SHR-B group (p<0.01 SHR-B vs. WKY, p<0.05 SHR-B 

vs. SHR-C). Considering the amount of MFN1 protein level, there was a significant 

increase in hypertensive animals by the end of the study compared to the baseline levels 

(p<0.05, SHR-C and SHR-B vs. SHR-Baseline), however, there was no difference 

between the SHR groups. The level of MFN2 protein was moderately lower in the SHR-

C group than in the WKY group (p<0.05), and very similar changes could be seen in the 

case of OPA1. In the SHR-B group these parameters significantly increased due to the 

BGP-15 treatment compared to the other groups (p<0.01 SHR-B vs WKY, SHR-C).  
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Figure 12. Effect of BGP-15 treatment on mitochondrial fusion proteins in a hypertension-

induced heart failure model.  Western blot analysis of OPA1, MFN1 and MFN2 proteins as well 

as densitometric evaluations are shown. GAPDH was used as a loading control. WKY: age-

matched normotensive Wistar-Kyoto rats, SHR-Baseline: 15-month-old spontaneously 

hypertensive rats, SHR-C: 19-month-old non-treated spontaneously hypertensive rats, SHR-B: 

19-month-old spontaneously hypertensive rats receiving BGP-15 for 18 weeks.  (n=4). Values 

are mean±SEM.  *p<0.05 vs. WKY, **p<0.01 vs WKY, ##p<0.01 vs. SHR-Baseline, §§p<0.01 vs 

SHR-C. 

 

4.1.11 BGP-15 decreased the expression level of mitochondrial fission proteins in 

SHR animals 

 

The myocardial concentration of fission proteins Fis1 and DRP1 were determined in both 

total and fractionated Western blot samples (Fig. 13). The level of Fis1 increased in the 

SHR-C group compared to the WKY group (p<0.05, SHR-C vs. WKY). This elevation 

was, however, significantly diminished due to BGP-15 treatment (p<0.05 SHR-B vs. 

SHR-C). In the case of the fission protein DRP1, the total level was significantly 

decreased due to BGP-15 treatment compared to other groups (p<0.01 SHR-B vs. WKY, 

SHR-C). The phosphorylation level of DRP1 at the Ser616 and Ser637 residues was also 

measured. The phosphorylation of DRP1Ser616 and DRP1Ser637 was moderate in the WKY 

group. In the SHR-C group, however, phosphorylation of DRP1Ser616 was significantly 
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higher (p<0.01 vs. WKY and SHR-Baseline). BGP-15 treatment on the other hand 

decreased the DRP1Ser616 phosphorylation in SHR-B animals (p<0.01 vs. SHR-C group). 

Regarding the phosphorylation level of DRP1Ser637, we observed a significant increase in 

the SHR-C group (p<0.01 vs WKY, SHR-Baseline). Moreover, BGP-15 treatment caused 

a further increase in the DRP1Ser637 phosphorylation in SHR-B animals (p<0.01 SHR-B 

vs. SHR-C). 

The intracellular distribution of DRP1 was also measured (Fig. 14). We observed that the 

DRP1 accumulated in the mitochondrial fractions of SHR-C animals compared to 

normotensive animals (p<0.01, SHR-C vs. WKY). BGP-15 treatment resulted in a 

significantly reduced translocation of DRP1 into the mitochondria (p<0.01 vs SHR-C), 

thereby preserving it in a higher concentration in the cytosolic fraction. 

 

 

Figure 13. Effect of BGP-15 treatment on mitochondrial fission proteins in a hypertension 

induced-heart failure model. Western blot analysis of Fis1 and DRP1 proteins, as well as 

densitometric evaluations are shown. GAPDH was used as a loading control. WKY: age-matched 

normotensive Wistar-Kyoto rats, SHR-Baseline: 15-month-old spontaneously hypertensive rats, 

SHR-C: 19-month-old non-treated spontaneously hypertensive rats, SHR-B: 19-month-old 

spontaneously hypertensive rats receiving BGP-15 for 18 weeks (n=4). Values are mean±SEM.  

*p<0.05 vs. WKY, **p<0.01 vs WKY, ##p<0.01 vs. SHR-Baseline, §p<0.05 vs SHR-C, §§p<0.01 

vs SHR-C. 
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Figure 14. Effect of BGP-15 treatment on the intracellular distribution of DRP1 protein in a 

hypertension-induced heart failure model. Western blot analysis of the intracellular distribution 

of DRP1 protein, densitometric evaluation are also shown. GAPDH and PDC were used as a 

loading control. WKY: age-matched normotensive Wistar-Kyoto rats, SHR-Baseline: 15-month-

old spontaneously hypertensive rats, SHR-C: 19-month-old non-treated spontaneously 

hypertensive rats, SHR-B: 19-month-old spontaneously hypertensive rats receiving BGP-15 for 

18 weeks (n=4). Values are mean±SEM. **p<0.01 vs. WKY, §§p<0.01 vs SHR-C. 

 

4.1.12 BGP-15 enhanced the mitochondrial biogenesis in SHR animals 

 

There were no significant differences between the WKY, SHR-Baseline and SHR-C 

groups regarding the PGC-1α level (Fig. 15). However, BGP-15 treatment caused a 

significant increase in the amount of PGC-1α compared to the non-treated hypertensive 

animals (p<0.01, SHR-B vs. SHR-Baseline and SHR-C group; Fig. 15). In the case of 

AMPKThr172 phosphorylation a significant increase was observed in the SHR-C group 

compared to the SHR-Baseline group (p<0.01, SHR-C vs. SHR-Baseline; Fig. 15). BGP-

15 treatment significantly reduced the phosphorylation of AMPKThr172 compared to the 

SHR-C group (p<0.01 SHR-B vs. SHR-C). The CREBSer133 phosphorylation was modest 

in the WKY group similarly to the phosphorylation of AMPKThr172 (Fig. 15). There was 
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significant increase in the phosphorylation level of CREBSer133 in the SHR-C group 

compared to the baseline value and to the normotensive animals (p<0.01, SHR-C vs. 

WKY; Fig. 15). Moreover, BGP-15 treatment caused a further increase in the CREBSer133 

phosphorylation compared to non-treated SHR animals (p<0.05 SHR-B vs. SHR-C 

group) and to the baseline value (p<0.01 SHR-B vs. SHR-Baseline). The highest VDAC 

protein level was observed in the WKY group. This level was significantly lower in the 

hypertensive groups (p<0.01 WKY vs. SHR- Baseline, SHR-C and SHR-B). By the end 

of the treatment period VDAC became higher compared to the initial value (p<0.01, SHR-

C vs. SHR-Baseline). Further significant increase was seen in the SHR-B group (p<0.05 

SHR-B vs. SHR-C). 

 

Figure 15. Effect of BGP-15 treatment on the regulation of mitochondrial biogenesis. 

Representative Western blot analysis of PGC-1α, VDAC, CREB, AMPK as well as 

phosphorylation of CREB and AMPK. Densitometric evaluation are also shown. GAPDH was 

used as a loading control. WKY: age-matched normotensive Wistar-Kyoto rats, n=7; SHR-

Baseline: 15-month-old spontaneously hypertensive rats, n=7; SHR-C: non-treated 

spontaneously hypertensive rats, n=7; SHR-B: spontaneously hypertensive rats receiving BGP-

15 for 18 weeks, n=7. Values are mean±SEM. *p<0.05 vs WKY, **p<0.01 vs WKY, ##p<0.01 vs 

SHR-Baseline, §p<0.05 vs. SHR-C, §§p<0.01 vs. SHR-C.  
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4.2 In vitro results 

 

4.2.1 Effect of BGP-15 administration on mitochondrial morphology of NRCM 

cells 

 

To examine the changes of the mitochondrial network we used the MitoTracker Red 

CMXRos staining method (Fig. 16). BGP-15 per se had no effect on the complexity of 

the mitochondrial network. Filamentous mitochondrial network was observed in the 

Control group, H2O2 treatment, however, caused a marked injury to the mitochondrial 

network. As a result of the H2O2 induced fission processes, degradation of the 

mitochondrial network could be observed, which led to mitochondrial fragmentation. 

BGP-15 treatment prevented the mitochondrial network from the oxidative stress-induced 

fragmentation and preserved the normal filamentous network of mitochondria. 

 

Figure 16. Effect of BGP-15 administration on the morphology of mitochondrial network in 

NRCM cells. For methodical details see chapter “Materials and Methods”. BGP-15 treatment 

prevented the mitochondrial network from the oxidative stress induced fragmentation and 
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preserved mitochondria predominantly in the normal filamentous state. The inserts show the 

filamentous and fragmented states, showing that BGP-15 protected the mitochondrial network. 

Control group: cells without any treatment, BGP-15 group: cells with only 50 µM BGP-15 for 

0.5 hour, H2O2 group: cells with 150 µM H2O2 for 0.5 hour, H2O2+BGP-15 group: cells with 150 

µM H2O2 and 50 µM BGP-15 for 0.5 hour. 

 

4.2.2 BGP-15 treatment increased the level of fusion proteins in NRCMs 

 

We assessed the levels of OPA1, MFN1 and MFN2 proteins in total Western blot samples 

of NRCM cells (Fig. 17). BGP-15 treatment per se had no effect on the amount of these 

parameters in the non-stressed cells in compared to the Control group. H2O2 treatment 

caused a slight decrease in the level of MFN1 and MFN2 proteins and a slight increase in 

the level of OPA1, but these changes were not significant. However, BGP-15 treatment 

caused a significant increase in the amount of OPA1, MFN1 and MFN2 proteins in H2O2 

stressed cells compared to the untreated H2O2-stressed group (p<0.05 H2O2-BGP15 vs. 

H2O2).  

 

Figure 17. Effect of BGP-15 treatment on mitochondrial fusion proteins in NRCM cells.  
Western blot analysis of OPA1, MFN1 and MFN2 as well as densitometric evaluation are shown. 

GAPDH was used as a loading control. Control group: cells without any treatment, BGP-15 

group: cells with only 50 µM BGP-15 for 0.5 hour, H2O2 group: cells with 150 µM H2O2 for 0.5 
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hour, H2O2+BGP-15 group: cells with 150 µM H2O2 and 50 µM BGP-15 for 0.5 hour. Values 

are mean±SEM (n=4).  *p<0.05 vs. Control, §p<0.05 vs. H2O2 group. 

 

4.2.3 BGP-15 reduced the mitochondrial fission proteins level in NRCMs 

 

We determined the levels of Fis1 and DRP1 in total and in fractionated Western blot 

samples in NRCM cells (Fig. 18). No significant difference was found in non-stressed 

cells due to BGP-15 compared to the Control group. The level of Fis1 increased markedly 

in the H2O2 group compared to the Control group (p<0.01, H2O2 vs. Control). BGP-15 

treatment blunted this change (p<0.05, H2O2-BGP15 vs. H2O2 group). In the case of the 

total level of the fission mediator DRP1 protein, that was a significant elevation in the 

H2O2 group due to oxidative stress (p<0.05 H2O2 vs. Control group). However, a control-

like value could be seen in the treated group compared to the H2O2 group (p<0.05 H2O2-

BGP15 vs. H2O2 group). The phosphorylation of DRP1 on Ser616 and Ser637 residues 

was also evaluated. The phosphorylation of both DRP1 phospho-form was moderate in 

the Control group. Phosphorylation of DRP1Ser616 considerably increased in the H2O2 

group (p<0.05 H2O2 vs. Control group). However, BGP-15 treatment decreased 

DRP1Ser616 phosphorylation compared to non-treated stressed cells (p<0.05 H2O2-BGP-

15 vs. H2O2 group). Measuring the phosphorylation level of DRP1Ser637, a significant 

decrease could be observed in the H2O2 group compared to the Control group (p<0.01 

H2O2 vs. Control group). However, BGP-15 treatment remarkably enhanced the 

DRP1Ser637 phosphorylation (p<0.01 H2O2-BGP15 vs. H2O2 group).  

Finally, the intracellular distribution of the fission mediator DRP1 protein was examined 

(Fig. 19). Significantly higher portion of DRP1 could be found in the mitochondrial 

fraction of cells in the H2O2 group compared to the BGP-15 treated group. The 

translocation of DRP1 protein from the cytosol to the mitochondria was decreased due to 

BGP-15 treatment and in this way it resulted in higher levels of DRP1 in the cytosolic 

fraction and lower concentration in the mitochondrial fraction (p<0.01 vs. H2O2 group). 

 

 

 

 

 

 

 



53 
 

 

 

 

 

 

Figure 18. Effect of BGP-15 treatment on mitochondrial fission proteins in NRCM cells . 

Western blot analysis of Fis1, DRP1 proteins, as well as densitometric evaluations are shown. 

GAPDH was used as a loading control. Control group: cells without any treatment, BGP-15 

group: cells with only 50 µM BGP-15 for 0.5 hour, H2O2 group: cells with 150 µM H2O2 for 0.5 

hour, H2O2+BGP-15 group: cells with 150 µM H2O2 and 50 µM BGP-15 for 0.5 hour. Values 

are mean±SEM (n=4).  *p<0.05 vs. Control, **p<0.01 vs. Control, §p<0.05 vs. H2O2 group, §§ 

p<0.01 vs. H2O2 group. 
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Figure 19. Effect of BGP-15 treatment on intracellular distribution of DRP1 protein in stressed 

NRCM cells. Western blot analysis of DRP1 protein regarding its intracellular disruption, as 

well as densitometric evaluations are shown. GAPDH and PDC were used as a loading control. 

Control group: cells without any treatment, BGP-15 group: cells with only 50 µM BGP-15 for 

0.5 hour, H2O2 group: cells with 150 µM H2O2 for 0.5 hour, H2O2 +BGP-15 group: cells with 

150 µM H2O2 and 50 µM BGP-15 for 0.5 hour. Values are mean±SEM (n=4).  **p<0.01 vs. 

Control, §§p<0.01 vs. H2O2 group. 

 

4.2.4 BGP-15 favourably influenced the regulation of mitochondrial biogenesis in 

NRCMs  

 

We determined the levels of PGC-1α, CREB and VDAC in the total Western blot samples 

of NRCMs. BGP-15 treatment had no effect on these factors in non-stressed cells 

compared to the Control group. The PGC-1α level was increased in the H2O2 group 

compared to the Control group (p<0.01 vs. Control; Fig. 20). However, this elevation was 

much more marked in the treated group (p<0.01 H2O2-BGP15 vs. Control and H2O2 

groups). The phosphorylation level of CREBSer133 was low in the Control group. 

However, a significant increase was seen in the phosphorylation level of CREBSer133 in 

the H2O2 group (p<0.01 H2O2 vs. Control) (Fig. 20). BGP-15 treatment further increased 

the phosphorylation level of CREBSer133 (p<0.01, H2O2-BGP15 vs. H2O2 group). The level 
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of VDAC was slightly decreased in the H2O2 group compared to the Control group 

(p<0.05 H2O2 vs. Control). However, it was significantly elevated in the BGP-15 treated 

group (p<0.01 H2O2-BGP-15 vs. H2O2 group).  

 

Figure 20. Effect of BGP-15 treatment on the regulation of mitochondrial biogenesis in NRCM 

cells. Western blot analysis of PGC-1α, CREB and VDAC proteins as well as densitometric 

evaluations are shown. GAPDH was used as a loading control. Control group: cells without any 

treatment, BGP-15 group: cells with only 50 µM BGP-15 for 0.5 hour, H2O2 group: cells with 

150 µM H2O2 for 0.5 hour, H2O2 +BGP-15 group: cells with 150 µM H2O2 and 50 µM BGP-15 

for 0.5 hour. Values are mean±SEM (n=4).  *p<0.05 vs. Control, **p<0.01 vs. Control, §§p<0.01 

vs H2O2 group. 

 

Moreover, we investigated mitochondrial DNA content compared to the nuclear DNA. 

The relative mitochondrial DNA content was determined by “real-time” PCR, using 

COX1 and COX3 primers, normalized to a nuclear-encoded β-actin gene. We found that 

BGP-15 treatment increased the relative expression levels of COXI and COXIII genes 

compared to the H2O2 group (p<0.05 H2O2-BGP-15 vs. H2O2 group; Fig. 21).  

Furthermore, we also performed a widely used method for studying mitochondrial 

biogenesis by measuring the activity of citrate synthase (Fig. 21). Citrate synthase activity 

was reduced in hydrogen-peroxide stressed group compared to control group (p<0.01 
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H2O2 vs. Control). The citrate synthase activity was increased significantly due to the 

treatment (p<0.01 H2O2-BGP-15 vs. H2O2 group; Fig. 21).  

 

 

 

Figure 21. Effect of BGP-15 treatment on the relative DNA content and citrate synthase 

activity. Relative expression level of electron transport chain complex IV genes (COX1 and 

COX3) are presented. Comparison of citrate synthase activity in NRCM cells. Control group: 

cells without any treatment, BGP-15 group: cells with only 50 µM BGP-15 for 0.5 hour, H2O2 

group: cells with 150 µM H2O2 for 0.5 hour, H2O2+BGP-15 group: cells with 150 µM H2O2 and 

50 µM BGP-15 for 0.5 hour. Values are mean±SEM (n=4). **p<0.01 vs. Control, §§p<0.01 vs 

H2O2 group. 

 

Finally, we measured the level of NDUFs1 subunit of NADH-ubiquinone oxidoreductase 

and UQCRC1 subunit of Ubiquinol Cytochrome c Reductase proteins in order to support 

our finding regarding the effect of BGP-15 on mitochondrial biogenesis. The expression 

level of NDUFs1 was significantly decreased in the H2O2 group (p<0.01 H2O2 vs. 

Control; Fig. 22). Similar observation was made in the case of UQCRC1 (p<0.05 H2O2 

vs. Control). However, BGP-15 treatment not only protected against the decrease but also 

significantly increased the amount of NDUFs1 and UQCRC1 proteins (p<0.01 H2O2-

BGP-15 vs. H2O2 group). 
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Figure 22. Effect of BGP-15 treatment on the electron transport chain complex I and III 

proteins in NRCMs. Western blot analysis of UQCRC1 and NDUFs1 proteins as well as 

densitometric evaluation are shown. GAPDH was used as a loading control. Control group: cells 

without any treatment, BGP-15 group: cells with only 50 µM BGP-15 for 0.5 hour, H2O2 group: 

cells with 150 µM H2O2 for 0.5 hour, H2O2 +BGP-15 group: cells with 150 µM H2O2 and 50 µM 

BGP-15 for 0.5 hour. Values are mean±SEM (n=4).  *p<0.05 vs. Control, **p<0.01 vs. Control, 

§§p<0.01 vs H2O2 group.  

 

4.2.5 BGP-15 treatment protected mitochondrial genome integrity against the 

ROS-induced damage  

 

Real time detection of long-range polymerase chain reaction (LRPCR) was used to 

examine the impact of H2O2-induced oxidative injury on mtDNA (Fig. 23). No significant 

difference was found with BGP-15 treatment alone compared to the Control group.  H2O2 

induced a significant damage of the mtDNA (p<0.05, H2O2 vs Control), the amplification 

rate of the entire mitochondrial genome was markedly diminished. This unfavourable 

damage was significantly reduced by BGP-15 treatment (p<0.01, H2O2-BGP15 vs. H2O2).  
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Figure 23. Effect of BGP-15 treatment on oxidative stress-induced mitochondrial DNA 

damage. Total DNA was isolated for LRPCR and SRPCR analysis. mtDNA damage was 

calculated using the Δ2Ct method. Control group: cells without any treatment, BGP-15 group: 

cells with only 50 µM BGP-15 for 0.5 hour, H2O2 group: cells with 150 µM H2O2 for 0.5 hour, 

H2O2+BGP-15 group: cells with 150 µM H2O2 and 50 µM BGP-15 for 0.5 hour. Values are 

mean±SEM (n=4). *p<0.05 vs. Control, §§p<0.01 vs H2O2 group. 

 

4.2.6 Effect of BGP-15 on mitochondrial membrane potential (ΔΨ) in NRCM cells 

 

We examined the effect of BGP-15 on mitochondrial membrane potential using JC-1, a 

cell-permeable voltage-sensitive fluorescent mitochondrial dye (Fig. 24). JC-1 emits red 

fluorescence if the mitochondrial membrane potential is high (aggregated dye), while 

depolarized mitochondria emit green fluorescence (monomer dye). In the control cells 

fluorescence microscopy showed strong red fluorescence and weak green fluorescence, 

what indicates a high ΔΨm in mitochondria (Fig. 24a). BGP-15 per se had no effect on 

mitochondrial membrane potential. The addition of H2O2 to cells facilitates the 

depolarization of mitochondria, resulting in weaker red fluorescence and stronger green 

fluorescence (p<0.01 H2O2 vs. Control; Fig. 24b). If BGP-15 was also administered in 

peroxide-stressed NRCM cells, the intensity of red fluorescence increased and green 

fluorescence decreased compared to the H2O2 treated cells (p<0.01, H2O2-BGP15 vs. 

H2O2; Fig. 24b). Therefore, the quantitative assessment revealed that BGP-15 treatment 
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reduced the H2O2-induced depolarization of the mitochondrial membrane, the ΔΨm was 

similar to that of the Control cells.  

 

Figure 24. Effect of BGP-15 on the mitochondrial membrane potential in NRCMs, as 

determined by JC-1. (A) Effect of BGP-15 on H2O2-induced mitochondrial membrane 

depolarization in NRCM cells. Cells were exposed to 150 µm H2O2 in the absence or presence of 

50 µm BGP-15 for 0.5 hours, after that stained with 100ng/ml of JC-1. The dye was loaded, and 

after a 15-minute-long incubation fluorescent microscopic images were taken using both the red 

and green channels. Representative merged images are presented. (B) Quantitative analysis of 

mitochondrial depolarization induced by H2O2 (150 μM) and its reduction by BGP-15 (50 μM) in 

NRCM cells. Control group: cells without any treatment, BGP-15 group: cells with only 50 µM 

BGP-15 for 0.5 hour, H2O2 group: cells with 150 µM H2O2 for 0.5 hour, H2O2+BGP-15 group: 



60 
 

cells with 150 µM H2O2 and 50 µM BGP-15 for 0.5 hour. Data are presented as the mean ± SEM. 

**p<0.01 vs. Control cells; §§ p<0.01 vs H2O2-treated cells. 

 

4.2.7 BGP-15 improved mitochondrial oxygen consumption and energy 

metabolism in NRCM cells under oxidative stress  

 

To determine the mitochondrial energy metabolism and respiratory function, we used the 

Agilent Seahorse XFp Analyzer system and the Agilent Seahorse XFp Cell Mito Stress 

Test (Fig. 25). BGP-15 itself had no effect on the rate of mitochondrial respiration. 

Oxygen consumption rate of NRMC cells was decreased in the presence of H2O2 to cells 

compared to Control cells (Fig. 25a). H2O2 treatment decreased the basal respiration 

although this difference was not significant (Fig. 25b). However, the maximal respiration, 

the spare respiratory capacity and the ATP production were markedly decreased as a 

result of H2O2-induced oxidative damage compared to the Control group (p<0.05, H2O2 

vs. Control) (Fig. 25c-e). In the presence of both H2O2 and BGP-15, the maximal 

respiration, spare respiratory capacity and the ATP production were significantly higher 

compared to the H2O2 group (p<0.05, H2O2 – BGP15 vs. H2O2).  
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Figure 25. Effect of BGP-15 on mitochondrial oxygen consumption and energy metabolism in 

NRCM cells, as determined by Agilent Seahorse XFp. Mitochondrial energy metabolism was 

measured using a Seahorse XFp analyser. During testing, NRCMs cells were treated with 10 μM 

oligomycin, 10 μM FCCP, and 5 μM rotenone/antimycin A. Data were automatically calculated 

according to the Agilent Seahorse XF Cell Mito Stress Test Report Generator. (A) Oxygen 

consumption rate (OCR). (B) basal respiration. (C) ATP production. (D) maximal respiration. 

(E) spare respiratory capacity. Control group: cells without any treatment, BGP-15 group: cells 

with only 50 µM BGP-15 for 0.5 hour, H2O2 group: cells with 150 µM H2O2 for 0.5 hour, 

H2O2+BGP-15 group: cells with 150 µM H2O2 and 50 µM BGP-15 for 0.5 hour. Values are 

mean±SEM (n=4).  *p<0.05 vs. Control, §p<0.05 vs. H2O2 group. 
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5. DISCUSSION 
 

In this work we aimed to examine the cardio protective effect of BGP-15 in chronic 

hypertension induced heart failure. Furthermore, we aimed to clarify the effect of BGP-

15 on various processes of mitochondrial quality control in a hypertension-induced heart 

failure model and in vitro using hydrogen peroxide-induced oxidative stress.  

The major findings of this study are that BGP-15 has positive effects on cardiac function 

and structure by inhibiting profibrotic signalling factors and therefore the remodelling 

itself in an animal model of hypertension-induced heart failure. This cardio protective 

effect can also be attributable to the mitochondrial effects of BGP-15. BGP-15, besides 

its mitochondrial fusion promoting effect, also inhibits factors playing part in the 

mitochondrial fission and enhances their de novo biogenesis under stress situations. As a 

result of these effects, BGP-15 preserves mitochondrial structure and energy production 

during hydrogen peroxide-induced oxidative stress as well as in an in vivo heart failure 

model.  

In our recent work, spontaneously hypertensive rats (SHR) were used, which is a widely 

used model in experimental cardiology for the examination of hypertension-induced 

cardiovascular remodelling and heart failure because it resembles the human essential 

hypertension [19, 21, 114]. In SHRs by the age of 15 months a severe left ventricular 

hypertrophy with mild signs of heart failure has already been developed. In our work, 

BGP-15 exerted a positive effect on cardiac remodelling and on cardiac function [115]. 

BGP-15 treatment decreased slightly the severity of cardiac hypertrophy, which was 

proved by several gravimetric ratios (weight of ventricles/body weight and weight of 

ventricles/tibia length) as well as by echocardiography.  

Left ventricular wall thicknesses and LV mass were already markedly increased in the 

SHR animals compared to normotensives (Table 2.). However, systolic left ventricular 

function was still normal in both normotensive and hypertensive animals. This is in 

accordance with the results of other workgroups and with our former results [23, 116].  

The signs of left ventricular hypertrophy remained marked also by the end of the study in 

SHR animals. However, systolic (EF%) as well as diastolic left ventricular function 

(E/E’) worsened significantly by that time and animals showed the signs of heart failure. 

The worsening of these parameters were considerably lower due to BGP-15 treatment of 

hypertensive animals (Table 2.). This result supports and complements the results of 

Sapra et al., that BGP-15 has beneficial effects on cardiac function in murine heart failure 
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[108]. Moreover, left ventricular hypertrophy as well as the severity of left ventricular 

diastolic dysfunction were not only moderated due to BGP-15 treatment but also 

improved slightly, showing a so-called “reverse remodelling” phenomenon.  

BNP plasma level is a biomarker of heart failure. There is a direct proportionality between 

the severity of heart failure and the BNP level [117]. The marked increase of BNP that 

was seen in non-treated hypertensive animals (SHR-C) was also positively affected by 

BGP-15, because it decreased the BNP level to the level of normotensive animals (Table 

2.).   

Hypertensive heart disease including heart failure is characterized by cardiomyocyte 

hypertrophy and cardiac fibrosis. Extracellular matrix (ECM) accumulation can be 

observed during cardiac remodelling, which is characterized by abnormalities in matrix 

composition and quality and it can decrease the heart function [8, 118]. Heart failure and 

the remodelling are characterized by increased type I collagen deposition. Thus type I 

collagen is a marker of cardiac fibrosis. Type I collagen is the major interstitial component 

of the adult human cardiac tissue (approximately 85%) while type III collagen is the other 

important component (11%) [72]. Both phenomena could be seen in our hypertensive 

animals. BGP-15, however, prevented against hypertension-induced cardiac interstitial 

fibrosis and cardiomyocyte hypertrophy (Fig. 5).  

Transforming growth factor-β (TGFβ)/Smad signalling route has a major role in the 

regulation of cardiac fibrosis [74, 75]. Activation of TGF-β/Smad signalling promotes 

myofibroblast formation and extracellular matrix (ECM) production, that are leading to 

cardiac fibrosis[76]. In our recent work, hypertension induced a marked cardiac fibrosis 

by the activation of the TGF-β/Smad pathway (Fig. 6). Both the level of TGF-β and the 

phosphorylation state of Smad2Ser465/467 were significantly reduced due to BGP-15 

treatment; therefore, it can be a mechanism of the decreased fibrosis, which could be 

observed in the SHR-B group. The BGP-15-induced inhibition of fibrosis and 

cardiomyocyte hypertrophy are on the other hand the main causes of the improved cardiac 

function and structure compared to non-treated SHRs (Table 1., 2.).  

It is well known, that MAPK signalling pathway also plays an important role in the 

pathogenesis of hypertension-induced cardiac remodelling and heart failure [11, 67, 68]. 

MAP kinases, predominantly p38 MAPK and JNK are other important regulators of 

myocardial fibrosis [24, 69, 70] . The activity of MAP kinases are regulated by dual-

specificity phosphatases (DUSPs) or MAPK phosphatases (MKPs) that can 

dephosphorylate MAPKs and in this way they can regulate – actually inhibit – their 



64 
 

activity [67, 71]. In our recent work, the expression of MKP-1 increased significantly due 

to BGP-15 treatment compared to SHR-C animals (Fig. 8) As a consequence of the 

increased amount of MKP-1, the p38 MAPK and JNK phosphorylation decreased in the 

treated animals, in accordance with several previous studies that also confirmed the 

beneficial effect of BGP-15 on the phosphorylation state of p38 MAPK and JNK (Fig. 8) 

[103, 110]. In the case of ERK phosphorylation, an opposite change could be seen in our 

work, namely BGP-15 increased the ERK1/2 phosphorylation (Fig. 8). Regarding this 

effect of BGP-15, there are studies that are in accordance with our results. Szabo et al. 

demonstrated that BGP-15 treatment increased the phosphorylation of ERK1/2 in WRL-

68 cells[103]. However, in another work, BGP-15 decreased the phosphorylation of 

ERK1/2 in imatinib-induced cardiotoxicity [110]. Because ERK1/2 is a member of pro-

survival signalling factors, its activation is beneficial in the failed myocardium[23, 63].  

Akt-1 also belongs to the prosurvival signalling factors and it can promote the so-called 

“physiological” hypertrophy, however, it inhibits the pathological hypertrophy that is 

mainly characterized by cardiac collagen accumulation [58–60]. GSK-3β is a downstream 

target of Akt-1 and Akt-1 via the phosphorylation of GSK-3β can promote the survival 

of chronically stressed cardiomyocytes in heart failure as demonstrated by previous works 

[23]. The cytoprotective effect due to increased phosphorylation of Akt-1 and GSK-3β is 

mediated via their protective effect on the structure and function of mitochondria[61]. In 

our recent study, BGP-15 increased significantly the phosphorylation of Akt-1 and GSK-

3β compared to non-treated SHR animals (Fig. 7), therefore BGP-15 treatment activates 

the pro-survival signalling pathways.  

Mitochondria are dynamic organelles constantly undergoing fusion and fission processes. 

Hypertension-induced heart failure is characterized by the fragmentation of mitochondria 

and by compromised energy production leading to decreased contractile force of 

myofilaments [119, 120]. In our work, mitochondria were structurally damaged in non-

treated hypertensive animals (SHR-C). They were loosely arranged between the 

contractile elements (Fig. 10a-c). The average size of mitochondria was markedly 

reduced in the SHR-C group, approximately 40% of mitochondria were smaller than 0.3 

µm2 as a result of heart failure-induced mitochondrial fragmentation (Fig. 11). 

Ultrastructurally extensive disruption of mitochondrial cristae and enlarged intracristal 

spaces were observed. However, BGP-15 treatment resulted in structurally markedly 

healthier mitochondria that were similar to that of normotensive animals. Mitochondria 

in the SHR-B group were tightly packed between the myofibrils. Most of mitochondria 
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belonged to the normal size range (0.3-0.6 µm2), which can be – at least partially – the 

consequence of increased mitochondrial biogenesis. On the ultrastructural level large 

mitochondria with tightly packed cristae and electron-dense matrix were seen in the 

treated group (Figure 10d-f).  

Oxidative stress induces an imbalance in processes of mitochondrial dynamics, 

potentially leading to cell death. Proper mitochondrial functions regulated by the quality 

control processes are fundamental for cardiac work. The deterioration of mitochondrial 

quality control greatly contributes to the hypertension-induced cardiac remodelling and 

its progression to heart failure [121–123]. In our recent study, the expression level of 

proteins promoting the mitochondrial fusion, particularly OPA1 and MFN2 were 

increased significantly in the BGP-15 treated animals compared to the SHR-C group (Fig. 

12). Our results are in accordance with the results of Szabo et al., who published earlier 

that BGP-15 has promoted mitochondrial fusion in both in vitro and in vivo [103].  

Regarding mitochondrial fission, a marked decrease could be seen in the expression levels 

of DRP1 and Fis1 in hypertensive animals due to BGP-15 treatment (Fig. 13). DRP1 is 

regulated by several posttranslational modifications [87, 90, 124]. DRP1Ser637 

phosphorylation suppresses its translocation to mitochondria and thus inhibits its activity, 

while DRP1Ser616 phosphorylation promotes DRP1 translocation and therefore the 

mitochondrial fission. BGP-15 treatment increased markedly the DRP1Ser637 

phosphorylation and decreased the DRP1Ser616 phosphorylation in SHR-B animals 

compared to non-treated hypertensive animals (Fig. 13). The subcellular distribution of 

DRP1 showed changes consistent with the phosphorylation pattern of DRP1. In non-

treated hypertensive animals (SHR-C) a high portion of DRP1 could be found in the 

mitochondrial fraction (Fig. 14). BGP-15 treatment resulted in a significantly reduced 

translocation to mitochondria of DRP1, retaining it in the cytosolic fraction. This can be 

a consequence of increased DRP1Ser637 phosphorylation in SHR-B animals. Altogether 

BGP-15 prevented mitochondria against hypertension-induced fragmentation. 

Contractile function of cardiomyocytes is in strong correlation with the energy producing 

capacity of the mitochondrial network [125]. Numerous studies have demonstrated that 

mitochondrial biogenesis is an essential step in mitochondrial quality control and is a 

highly vulnerable process in heart failure [126, 127]. PGC-1α is the master signalling 

factor of biogenesis, and it is regulated by different ways, among others by AMPK and 

CREB [94, 128, 129]. We found that the expression level of PCG-1α increased due to 

BGP-15 treatment compared to SHR-C animals (Fig. 15). Phosphorylation of AMPK 
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was, however, reduced as a result of the treatment (Fig. 15). AMPK activation is a 

consequence of increased AMP:ATP ratio, which is a sign of energy depletion. Therefore 

this reduction of AMPK phosphorylation indicates a favourable change in the energy 

production of cardiomyocytes [130, 131]. Phosphorylation of CREB was on the other 

hand increased in BGP-15 treated SHR animals compared to non-treated ones (Fig. 15). 

BGP-15 via the activation of CREB increased the expression level of PGC-1α, which in 

turn can yield in enhanced mitochondrial biogenesis and in increased high energy 

phosphate production. CREB transcription factor can also increase the production of 

MKP-1 and thereby can decrease the activity of MAPKs signal pathway, too [132, 133], 

which could be seen in our study. We determined the amount of VDAC, an outer 

mitochondrial membrane protein to characterize the number of mitochondria in 

cardiomyocytes. The elevation of VDAC in BGP-15 treated animals proved that there is 

an increased mitochondrial biogenesis and mitochondrial mass in cardiomyocytes.  

In our in vitro experiments hydrogen-peroxide was used to induce oxidative injury of 

NRCM cells. Degradation of the filamentous mitochondrial network by mitochondrial 

fragmentation could be observed in H2O2-stressed NRCM cells similarly to heart failure. 

BGP-15 treatment prevented the mitochondrial network from the oxidative stress-induced 

fragmentation and preserved mitochondria predominantly in the filamentous state.  

Similar changes were seen in the case of fusion and fission processes in NRCM cell 

culture compared to in vivo model. BGP-15 treatment increased the expression level of 

fusion proteins (OPA1, MFN1, MFN2) and thus it can promote mitochondrial fusion 

during oxidative stress (Fig. 17). On the other hand, the level of fission mediators (DRP1, 

Fis1) was decreased due to BGP-15 treatment (Fig. 18). BGP-15 also moderated the 

mitochondrial translocation of DRP1 protein from the cytosol as a result of enhanced 

DRP1Ser637 phosphorylation and decreased phosphorylation of DRP1Ser616 (Fig. 19). 

Therefore, BGP-15 treatment has beneficial effects on mitochondrial dynamics by 

promoting the fusion and moderating the fission processes.  

Several studies have demonstrated that mitochondrial biogenesis is compromised in 

cardiac remodelling and heart failure [126, 127, 134]. PGC-1α is the key regulator of 

mitochondrial biogenesis, which in turn is regulated by CREB [94, 128, 129]. In 

accordance with these data, we also found that oxidative stress had negative effect on 

mitochondrial morphology and function via impaired mitochondrial biogenesis. We 

observed that the expression level of PCG-1α increased significantly due to BGP-15 

treatment (Fig. 20). Moreover, BGP-15 treatment further enhanced the phosphorylation 
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of CREB compared to H2O2 group, too (Fig. 20). CREB increased the expression level of 

PGC-1α and therefore can enhance mitochondrial biogenesis. VDAC is located in the 

outer mitochondrial membrane and can be used for mitochondrial loading protein. We 

found that VDAC was significantly elevated in BGP-15 treated cells that can support our 

previous results regarding enhanced biogenesis.  

Furthermore, we examined the level of NDUFs1 subunit of NADH-ubiquinone 

oxidoreductase and UQCRC1 subunit of Ubiquinol Cytochrome c Reductase proteins. 

These proteins are the part of the mitochondrial electron transport chain (ETC Complex 

I and III) and in this way they are essentially important in the maintaining of proper 

mitochondrial function [80, 135]. The amount of ETC Complex I and Complex III 

proteins levels were increased significantly due to BGP-15 treatment, which is consistent 

with our previous results (Fig. 22).  

In order to support our finding more adequately regarding the effect of BGP-15 on 

mitochondrial biogenesis, the relative content of ETC Complex IV was determined. We 

found that BGP-15 treatment increased the relative expression levels of both tested genes 

(COXI and COXIII; Fig. 21). Since both genes are encoded by mitochondrial DNA, this 

suggests that mitochondrial DNA content were increased in NRCMs cells treated with 

BGP-15.  

Moreover, we also performed a well-accepted and frequently used method for studying 

mitochondrial biogenesis by measuring the activity of citrate synthase (CS) [136–138]. 

Citrate synthase is localized within the mitochondrial matrix and it catalyses the synthesis 

of citrate from oxaloacetate in the Krebs tricarboxylic acid cycle [137]. Maximal activity 

of citrate synthase indicates the mitochondrial content of heart muscle. Citrate synthase 

activity was reduced in hydrogen-peroxide stressed group compared to control group. The 

citrate synthase activity was increased significantly due to the treatment (Fig. 21). 

Summarizing these results, we can conclude that mitochondrial biogenesis was increased 

under oxidative stress in treated NRCMs cells as a result of BGP-15 treatment and in this 

way, it was able to enhance the proper mitochondrial function.  

Oxidative stress can damage the mtDNA, which is extremely sensitive to it[30, 98]. In 

our recent work, PCR results showed extensive damage of mtDNA caused by hydrogen 

peroxide. Thus, the amplification of the entire mitochondrial genome was restrained. 

BGP-15 treatment, however, preserved mitochondrial genome integrity markedly 

decreasing the breakage of mtDNA (Fig. 23). The protection of mtDNA is extremely 

important, because the mitochondrial respiratory chain (ETC) complexes are encoded on 
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mtDNA [83, 139]. Complex I-III are critical for ROS production by the respiratory 

chain[81]. It can generate significant amounts of ROS under several conditions including 

hypoxia, mitochondrial hyperpolarization and inhibition of respiratory complexes. BGP-

15 is able to reduce the mitochondrial ROS production at complex I [103, 107]. Along 

these lines, BGP-15 can protect against ROS induced mitochondrial DNA damage and 

maintain the appropriate mitochondrial function. 

The preservation of mitochondrial membrane potential is also important to maintain the 

metabolic capacity of mitochondria. Well-functioning mitochondrial oxidative 

phosphorylation and ATP production are essential for the proper function of 

cardiomyocytes [140, 141]. BGP-15 is able to prevent oxidative stress-induced 

mitochondrial membrane potential loss and therefore improved mitochondrial function 

(Fig. 24). We observed that oxidative stress lead to mitochondrial respiration damage 

(Fig. 25). However, BGP-15 treatment preserved the mitochondrial function 

characterized by ATP production and spare respiratory capacity thereby ensuring the 

ability of cells to respond to increased energy demand under stress scenario. 

BGP-15 also supports the maintenance of mitochondrial function partially via the 

preservation of the mitochondrial structure.  

In conclusion, BGP-15 treatment exerted a marked protective effect against the 

development of hypertension-induced heart failure via the inhibition of fibrotic 

remodelling of the heart (Fig. 26). This effect could be explained by its beneficial effect 

on signal transduction factors and on mitochondrial dynamics as well as on mitochondrial 

biogenesis. 

Moreover, our study is the first to demonstrate that BGP-15 preserved the mitochondrial 

ultrastructure by increased mitochondrial fusion and decreased fission processes and 

positively affected the translocation processes in chronic hypertension-induced heart 

failure animal model. Very similar observation could be made in another oxidative stress, 

in a primary rat cardiomyocytes cell culture stressed by hydrogen-peroxide. Similar 

changes were seen in the case of fusion and fission processes in NRCM cell culture 

compared to in vivo model. Moreover, BGP-15 treatment preserved the mitochondrial 

membrane potential and improved the mitochondrial function. BGP-15 protected the 

integrity of the mitochondrial genome and enhanced the de novo biogenesis of 

mitochondria during hydrogen peroxide-induced oxidative stress. Nevertheless, the exact 

molecular mechanism of the effects is still unknown, but there are clear evidences 

regarding the specific mechanism how to BGP-15 acts at important integrator points of 
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signal transduction in certain pathological processes. In order to elucidate the potential 

underlying molecular mechanisms, further targeted studies should be performed in the 

future. 

Our results revealed that pharmacological modulation of the mitochondrial dynamics 

under cellular stress could be a novel therapeutic approach in various cardiac diseases 

characterized by oxidative stress-induced mitochondrial damage. 

 

 
 

Figure 26. The suspected mechanism of BGP-15 treatment in a hypertension-induced heart 

failure model. BGP-15 has beneficial effect against hypertension induced cardiac remodelling 

and cardiac fibrosis. BGP-15 treatment decreases the activity of TGFβ/Smad and MAPKs 

signalling factors and in this way it prevents against hypertension induced interstitial collagen 

deposition. BGP-15 favourably influences the pro-survival signalling pathways. Moreover, the 

mitochondrial biogenesis is activated due to BGP-15 administration, thereby resulting in an 

increase in mitochondrial mass. BGP-15 increases the expression level of fusion mediators OPA1 

and MFN1/2, moreover decreases the expression level of fission mediators DRP1 and Fis1. 
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6. SUMMARY OF THE NEW FINDINGS 
 

1. The effect of BGP-15 on structure and function of heart. 

Our research group verified the first time that BGP-15 treatment has beneficial 

effects on cardiac function in hypertension-induced heart failure. 

2. The effects of BGP-15 on signal transduction pathways taking part in the 

development of cardiac remodelling and heart failure. 

BGP-15 treatment beneficially influences the activity of signalling pathways            

involved in remodelling (Akt/GSK-3β, ERK1/2, JNK, p38 MAPK). 

3. The effect of BGP-15 on the myocardial fibrotic processes. 

BGP-15 protects against the interstitial collagen deposition via favourable effect 

on TGF-β/Smad pathway.  

4. The effects of BGP-15 on mitochondrial fusion and fission processes as well 

as on mitochondrial biogenesis. 

- BGP-15 prevents mitochondrial ultrastructure against ROS-induced 

mitochondrial fragmentation. 

- BGP-15 increases the expression level of fusion mediators OPA1 and 

MFN1/2, moreover decreases the expression level of fission mediators DRP1 

and Fis1 in the animal model of heart failure. 

- Mitochondrial biogenesis is enhanced due to BGP-15 treatment in heart 

failure. 

- BGP-15 preserves the mitochondrial network against oxidative stress-induced 

mitochondrial fragmentation. 

- BGP-15 increases the expression level of fusion mediators OPA1 and 

MFN1/2, moreover decreases the expression level of fission mediators DRP1 

and Fis1 in NRCMs cell culture in oxidative stress scenarios. 

- Mitochondrial biogenesis increases under hydrogen-peroxide-induced 

oxidative stress in treated NRCMs cells as a result of BGP-15 treatment. 

- BGP-15 protects against oxidative stress-induced mitochondrial DNA 

damage. 

5. The role of BGP-15 on mitochondrial function under stress situations. 

BGP-15 treatment preserves the mitochondrial membrane potential and improves 

mitochondrial function.  
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Heart failure (HF) is a complex clinical syndrome with poor clinical outcomes despite the growing number of therapeutic
approaches. It is characterized by interstitial fibrosis, cardiomyocyte hypertrophy, activation of various intracellular signalling
pathways, and damage of the mitochondrial network. Mitochondria are responsible for supplying the energy demand of
cardiomyocytes; therefore, the damage of the mitochondrial network causes cellular dysfunction and finally leads to cell death.
BGP-15, a hydroxylamine derivative, is an insulin-sensitizer molecule and has a wide range of cytoprotective effects in animal as
well as in human studies. Our recent work was aimed at examining the effects of BGP-15 in a chronic hypertension-induced
heart failure model. 15-month-old male SHRs were used in our experiment. The SHR-Baseline group represented the starting
point (n = 7). Animals received BGP-15 (SHR-B, n = 7) or placebo (SHR-C, n = 7) for 18 weeks. WKY rats were used as age-
matched normotensive controls (n = 7). The heart function was monitored by echocardiography. Histological preparations were
made from cardiac tissue. The levels of signalling proteins were determined by Western blot. At the end of the study, systolic
and diastolic cardiac function was preserved in the BGP-treated animals. BGP-15 decreased the interstitial collagen deposition
via decreasing the activity of TGFβ/Smad signalling factors and prevented the cardiomyocyte hypertrophy in hypertensive
animals. BGP-15 enhanced the prosurvival signalling pathways (Akt/Gsk3β). The treatment increased the activity of MKP1 and
decreased the activity of p38 and JNK signalling routes. The mitochondrial mass of cardiomyocytes was also increased in BGP-
15-treated SHR animals due to the activation of mitochondrial biogenesis. The mitigation of remodelling processes and the
preserved systolic cardiac function in hypertension-induced heart failure can be a result—at least partly—of the enhanced
mitochondrial biogenesis caused by BGP-15.

1. Introduction

Heart failure remained a leading cause of death despite the
broadening of therapeutic possibilities [1]. The most impor-
tant risk factors of heart failure are ischemic heart disease
and hypertension [2]. The treatment of hypertension is
challenging; there is a high portion of patients who cannot

reach the goal blood pressure level having a high risk for
the development of heart failure [3]. Sustained elevation of
blood pressure induces myocardial remodelling, which is
characterized by interstitial fibrosis and cardiomyocyte
hypertrophy [4, 5]. These cellular alterations are promoted
by oxidative stress [6] and by the activation of various
intracellular signal transduction pathways [7, 8]. Numerous
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studies have demonstrated that mitochondria which are
responsible for the cellular energy supply are also damaged
in hypertension-induced cardiac remodelling and heart
failure [9, 10]. ROS-induced mtDNA damage can be found
in the background of these injuries, and mitochondria
themselves become the main sources of endogenous ROS
production [11]. The long-term presence of these pathophys-
iological factors finally can lead to heart failure [12]. Sponta-
neously hypertensive rat (SHR) has become one of the most
intensively studied murine strain in experimental cardiology
with pathologies resembling human essential hypertension
[13, 14]. Therefore, SHR was used in our work as a
hypertension-induced heart failure animal model.

BGP-15 (O-[3-piperidino-2-hydroxy-1-propyl]-nicotinic
acid amidoxime dihydrochloride) is an insulin sensitizer mol-
ecule, with a protective effect in a wide range of experimental
models. BGP-15 protects against oxidative stress in ischemia-
reperfusion-induced injury in the Langendorff heart perfusion
system [15, 16]. Furthermore, it prevents against atrial fibrilla-
tion in a transgenic mouse model of heart failure [17]. BGP-15
has beneficial effects on diastolic dysfunction in diabetic car-
diomyopathy on Goto–Kakizaki rats [18]. BGP-15 prevented
against the imatinib-induced cardiotoxic effects via decreasing
the oxidative damages [19]. BGP-15 protects against the ROS-
induced mitochondrial ROS production and preserved the
mitochondrial membrane potential in the WRL-68 cell line
[20]. Nagy et al. demonstrated that BGP-15 protects against
the acetaminophen-provoked hepatocellular injury [21].
Moreover, BGP-15 protects lung structure and activates mito-
chondrial fusion processes in a model of pulmonary arterial
hypertension [22].

Fibrotic remodelling, increased ROS production, activa-
tion of MAPK signalling pathways, and mitochondrial dam-
age play a significant role in the abovementioned diseases as
well as in the pathomechanism of heart failure. Furthermore,
it appears that very little information is available or nothing
at all on the effect of BGP-15 in the development of hyperten-
sive cardiomyopathy. Therefore, the aim of our study was to
investigate the role of BGP-15 in hypertension-induced heart
failure.

We focused predominantly on factors that regulate the
remodelling processes, myocardial fibrosis, the pattern of
related signalling pathways, and the regulation of mitochon-
drial biogenesis as well.

2. Materials and Methods

2.1. Ethics Statement. Animals received care according to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institute of Health (NIH Publication No.
85–23, revised 1996), and the experiment was approved by
the Animal Welfare Committee of the University of Pecs,
Medical School (permit number: BA02/2000-54/2017).

2.2. Experimental Protocol. 15-month-old male Wistar Kyoto
(WKY) and spontaneously hypertensive rats (Charles River
Laboratories, Budapest, Hungary) were used in the experi-
ments. One or two animals were housed per cage under
standardized conditions throughout the experiment, with

12 h dark-light cycle in solid-bottomed polypropylene cages,
and received commercial rat chew and water ad libitum.
Seven SHRs were sacrificed at the beginning of the experi-
ment, as a baseline group (SHR-Baseline). SHRs were
randomly divided into two groups: SHR-B and SHR-C. The
SHR-B group was treated with BGP-15, a water-soluble com-
pound (25mg/b.w. in kg/day, n = 7), while the SHR-C group
received only placebo (n = 7, SHR-C) per os for 18 weeks.
BGP-15 was a gift from N-Gene Inc. (New York, NY,
USA). The dosage of BGP-15 administered in the drinking
water was based on preliminary data regarding the volume
of daily fluid consumption. WKY rats were used as age-
matched normotensive controls (n = 7). Noninvasive blood
pressure measurements were performed on each animal on
three occasions at weeks 0, 9, and 18 of the treatment period.
Blood pressure measurements were performed by a noninva-
sive tail-cuff method as described earlier [23, 24]. Blood
pressure was measured by the Non-Invasive Blood Pressure
System with rat species platform (Panlab, Harvard Appara-
tus; LE5002). At the beginning and at the end of the 18-
week-long period, echocardiographic measurements were
performed. At the end of the 18 weeks, the animals were
sacrificed, blood was collected to determine the concentra-
tion of plasma brain-derived natriuretic peptide (BNP), then
hearts were removed. Atria and great vessels were trimmed
from the ventricles, and the weight of the ventricles was mea-
sured. Hearts were fixed in 10% formalin for histology or
freeze-clamped for Western blot analysis. In order to detect
the extent of fibrotic areas, histologic samples were stained
with Picrosirius red, and collagen type I immunohistochem-
istry was made. The phosphorylation state of TGFβ, Smad2
and 3, Akt-1, GSK-3β, and MAPK signalling molecules were
monitored by Western blotting. In our research, the following
group notations were used according to the applied treatment:
WKY: age-matched normotensive Wistar-Kyoto rats; SHR-
Baseline: 15-month-old spontaneously hypertensive rats before
the treatment period; SHR-C: 19-month-old spontaneously
hypertensive rats after the 18-week-long placebo treatment;
and SHR-B: 19-month-old spontaneously hypertensive rats
after the 18-week-long treatment period with BGP-15.

2.3. Echocardiographic Measurements. Transthoracic echo-
cardiography was performed under inhalation anaesthesia
at the beginning of the experiment and on the day of sacrifice.
The rats were lightly anesthetized with a mixture of 1.5%
isoflurane and 98.5% oxygen. The chest of the animals was
shaved, and acoustic coupling gel was applied. The animals
were imaged in the left lateral position, and a warming pad
was used to maintain normothermia. Heart rate did not differ
considerably during anaesthesia among the groups. Ventric-
ular dimensions, wall thicknesses, and systolic functions were
measured from parasternal short and long-axis views at the
midpapillary level. Parameters (E, A, and E’) required for the
evaluation of diastolic function were measured from the apical
4 chamber view. For the imaging of rats, VEVO 770 high-
resolution ultrasound imaging system (VisualSonics, Toronto,
Canada) was used, which was equipped with a 25MHz trans-
ducer. The investigators were blinded to the treatment proto-
col. LV inner dimensions (LVIDd and LVIDs), the thickness

2 Oxidative Medicine and Cellular Longevity



of septum and posterior wall (PW), LV end-diastolic volume
(LVEDV), LV end-systolic volume (LVESV), E/A, and E/E’
ratio were determined. EF (percentage) was calculated by 100
× ½ðLVEDV − LVESVÞ/LVEDV�.

2.4. Determination of Plasma B Type Natriuretic Peptide
Level. Blood samples were collected into vacutainer tubes
containing EDTA and aprotinin (0.6 IU/ml) and centrifuged
at 1600 g for 15 minutes at 4°C to separate plasma, which was
collected and kept at −70°C. Plasma B type natriuretic
peptide-32 levels (BNP-32) were determined by Enzyme-
Linked Immunosorbent Assay method (BNP-32, Rat BNP
32 ELISA Kit, Abcam, ab108815CA, USA) as the datasheet
recommends.

2.5. Histology. For histological examination, hearts were
removed at the end of the study after euthanasia was
performed by overdosing isoflurane. Ventricles were fixed
in 6% formalin and sliced and embedded in paraffin. Five-
micrometer-thick sections were cut serially from the base to
the apex by a microtome. Seven animals from each group
and 3 sections from each animal were used to determine
the degree of cardiac fibrosis. Three images (magnification
10x) were randomly taken from the middle region of the
LV wall on each section. The fibrotic area was determined
on each image, and the mean value of nine images represents
each animal. LV sections were stained with Picrosirius red to
detect interstitial fibrosis. Slices were also processed for type I
collagen (Bios rabbit polyclonal 1 : 500) immunohistochem-
istry. The binding was visualized with biotinylated/HRP-
conjugated secondary antibody followed by the avidin-
biotin-peroxidase detection system (PK-6200 Universal Vec-
tastain ABC Elite Kit, Vector Laboratories, Burlingame, CA)
using 3,3′-diaminobenzidine (DAB) as a chromogen. Prog-
ress of the immunoreaction was monitored using a light
microscope, and the reaction was stopped by the removal of
excess DAB with a gentle buffer wash. Animals from each
group were used. The degree of fibrosis was quantified by
the NIH ImageJ image processing program via its colour
deconvolution plug-in.

Picrosirius red staining was performed to measure car-
diomyocyte diameter (CD) as a cellular marker of myocardial
hypertrophy. Seven animals from each group and 3 sections
from each animal were used to determine the cell diameter.
Three images (magnification 10x) were randomly taken from
the free LV wall on each section. The fitted polygon tech-
nique was used to determine the area of the cells. Then, the
calculated diameter was used for statistical analysis. In order
to evaluate the cardiomyocyte diameter, 250 cardiomyocytes
were measured from each animal. The mean value of cell
diameter of an animal derived from 250 measurements and
each group contained 7 animals.

2.6. Western Blot Analysis. Fifty milligrams of heart samples
were homogenized in ice-cold Tris buffer (50mmol/l, pH8.0)
containing protease inhibitor (1 : 100; Sigma-Aldrich Co.,
#P8340) and phosphatase inhibitor (1 : 100; Sigma-Aldrich
Co., #P5726) as well as 50mM sodium vanadate. The superna-
tant was harvested in 2x concentrated SDS-polyacrylamide gel

electrophoresis sample buffer. Protein levels were measured
with NanoDrop. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; 1 : 1000; Cell Signaling #2118) was used as a loading
control. Proteins were separated on 12% SDS-polyacrylamide
gel and transferred to nitrocellulose membranes. After blocking
(2h with 5% BSA in Tris-buffered saline contained with 1%
Tween-20), membranes were probed overnight at 4°Cwith pri-
mary antibodies recognizing the following antigens: transform-
ing growth factor-β (TGF-β; 1 : 1000; Cell Signaling #3711),
Smad2 (1 : 1000; Invitrogen, 436500), phospho-specific Smad2
Ser465/467 (1 : 1000; Invitrogen,MA5-15122), Smad3 (1 : 1000;
Cell Signaling #9523), phospho-specific Smad3 Ser423/425
(1 : 1000; Cell Signaling #9520), protein kinase B (Akt;
1 : 1000; Cell Signaling #9272), phospho-specific Akt-1/protein
kinase B-α Ser473 (1 : 1000; Cell Signaling #4060), glycogen
synthase kinase-3β (GSK-3β; 1 : 1000; Cell Signaling #9832),
phospho-specific glycogen synthase kinase-3β Ser9 (1 : 1000;
Cell Signaling #5558), p38 mitogen-activated protein kinase
(p38MAPK; 1 : 1000; Cell Signaling #8690), phospho-specific
p38 mitogen-activated protein kinase Thr180/Tyr182
(1 : 1000; Cell Signaling #4511), c-Jun N-terminal kinase
(JNK; 1 : 1000; Cell Signaling #9252), phospho-specific c-Jun
N-terminal kinase Thr183/Tyr185 (1 : 1000; Cell Signaling
#9255), extracellular signal-regulated kinase (ERK1/2; 1 : 1000;
Cell Signaling #4695), phospho-specific extracellular signal-
regulated kinase 1/2 Thr202 (1 : 1000; Cell Signaling #4370),
mitogen-activated protein kinase phosphatase-1 (MKP-1;
1 : 100; Santa Cruz Biotechnology, sc-373841), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1α; 1 : 1000; Novus Biologicals, NBP1-04676), cAMP
response element-binding protein (CREB; 1 : 1000; Cell
Signaling #4820), phospho-specific cAMP response element-
binding protein Ser133(1 : 1000; Cell Signaling #9198), 5′
AMP-activated protein kinase (AMPK; 1 : 1000; Cell Signaling
#2532), phospho-specific 5′ AMP-activated protein kinase
Thr172 (1 : 1000; Cell Signaling #2535), and voltage-
dependent anion channel (VDAC; 1 : 1000; Cell Signaling
#4661). Membranes were washed six times for 5min in
Tris-buffered saline (pH7.5) containing 1% Tween-20 (TBST)
before the addition of horseradish peroxidase-conjugated
secondary antibody (goat antirabbit IgG, Sigma Aldrich Co.
A0545, 1 : 3000 dilution; rabbit antimouse IgG, Sigma Aldrich
Co., A9044, 1 : 5000 dilution). Membranes were washed six
times for 5min in TBST, and the antibody-antigen complexes
were visualized by means of enhanced chemiluminescence.
The results of Western blots were quantified using the NIH
ImageJ program.

2.7. Statistical Analysis. Statistical analysis was performed by
SPSS for Windows, version 26.0. All of the data were
expressed as the mean ± SEM. The normality of distribution
was assessed by the Shapiro-Wilk test. The baseline compar-
ison between the strains was conducted by Student’s t-test
before randomization. The homogeneity of the groups was
tested by Levene’s test. Differences between treatment groups
were determined by one-way ANOVA. For post hoc compar-
ison, Tukey HSD or Dunnett T3 test was applied. A value of
p < 0:05 was considered statistically significant.
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3. Results

3.1. Effect of BGP-15 Administration on Gravimetric
Parameters. At the beginning of the study, the body weight
of WKY rats was significantly higher than the SHR rats
(WKY: 386:40 ± 4:33 g, SHR-Baseline: 343:21 ± 2:48 g, SHR-
C: 346:90 ± 6:65 g, SHR-B: 340:73 ± 6:32 g; p < 0:01, WKY
vs. SHR groups; Table 1). A similar observation can be made
at the end of the study (WKY: 401:45 ± 8:94 g, SHR-C:
358:13 ± 5:08 g, SHR-B: 356:85 ± 4:54 g; p < 0:05 WKY vs.
SHR groups). At the end of the study, the heart weights
(HW) and ventricles weight (VW) were significantly increased
in the SHR groups compared to the WKY group (HW: WKY:
1:12 ± 0:04 g, SHR-Baseline: 1:16 ± 0:02, SHR-C: 1:49 ± 0:05
g, SHR-B: 1:23 ± 0:02 g; p < 0:01 SHR-B and SHR-C vs.
WKY; VW: WKY: 0:95 ± 0:04 g, SHR-Baseline: 1:09 ± 0:02 g
, SHR-C: 1:33 ± 0:05 g, SHR-B: 1:23 ± 0:02 g; p < 0:01 SHR-
C vs. WKY, p < 0:01 SHR-B vs. SHR-C). The ratio of
ventricular weight to body weight (VW/BW) was increased
markedly in the SHR groups compared to WKY animals
(VW/BW(mg/g): WKY: 2:28 ± 0:11, SHR-Baseline: 3:19 ±
0:08, SHR-C: 3:73 ± 0:16, SHR-B: 3:21 ± 0:03; p < 0:01 SHR
groups vs. WKY, p < 0:05 SHR-B vs. WKY, p < 0:01 WKY
vs. SHR-Baseline and SHR-C, p < 0:01 SHR-C vs. SHR-Base-
line, p < 0:01 SHR-B vs. SHR-C). Ventricular weight to the
length of right tibia ratio (VW/TL) was also significantly
increased (VW/TL (mg/mm): WKY: 21:27 ± 0:79, SHR-Base-
line: 24:76 ± 0:82, SHR-C: 29:79 ± 0:94, SHR-B: 25:76 ± 0:46;
p < 0:05 WKY vs. SHR-Baseline and SHR-B, p < 0:01 SHR-C
vs. WKY and SHR-Baseline). BGP-15 treatment caused a
significant moderation of these ratios (p < 0:01 SHR-B vs.
SHR-C). The ratio of the lung wet weight-to-dry weight was
enhanced in the SHR-C group significantly (lung wet weight/-
dry weight(g/g): WKY: 4:42 ± 0:26 g/g, SHR-Baseline: 4:51 ±
0:13, SHR-C: 5:68 ± 0:24, SHR-B: 4:68 ± 0:13; p < 0:01 SHR-
C vs. WKY and SHR-Baseline). BGP-15 caused a significant
moderation of this ratio (p < 0:01 SHR-B vs. SHR-C).

3.2. Effect of BGP-15 Administration on Systolic Blood
Pressure and Echocardiographic Parameters. At the begin-
ning of the study, there was a significant difference between
the systolic arterial blood pressure of the WKY and the
SHR-Baseline group (WKY: 134:85 ± 1:95mmHg, SHR-
Baseline: 214:28 ± 3:70mmHg; p < 0:05; n = 7). Systolic arte-
rial blood pressure values did not differ significantly between
the SHR groups at the end of the study (SHR-C: 226:14 ±
3:88mmHg, SHR-B: 216:85 ± 3:90mmHg; p > 0:05; n = 7).
Long-term BGP-15 treatment apparently did not exert any
significant effect on systolic blood pressure.

At the beginning of the study, the septum and posterior
wall thickness was significantly higher in SHR animals com-
pared to WKY animals (p < 0:01 SHR-Baseline vs. WKY)
(Table 1). By the end of the 18-week treatment period, the
severity of left ventricular hypertrophy remained unchanged
in SHR-C animals. However, wall thicknesses were signifi-
cantly reduced as a result of BGP-15 treatment (p < 0:05,
SHR-B vs. SHR-C). LV end-diastolic (LVEDV) and LV end-
systolic volumes (LVESV) were also significantly elevated in
SHR-C animals (p < 0:01, SHR-C vs. WKY, SHR-Baseline).

BGP-15 treatment was however able to moderate this eleva-
tion in SHR-B animals (p < 0:05 vs. SHR-C). LV mass was
significantly higher in the SHR-Baseline group compared to
WKY (p < 0:05 SHR-Baseline vs. WKY). In SHR-C animals,
this parameter increased further compared to the initial value
(p < 0:01, SHR-C vs.WKY; p < 0:05, SHR-C vs. SHR-Baseline).
This parameter was also decreased in the SHR-B group com-
pared to the nontreated animals (p < 0:05, SHR-B vs. SHR-C).

The left ventricular systolic function (EF%) reduced in
both the SHR groups compared to the initial value; however,
this decrease was more pronounced in the SHR-C group than
in the treated animals (p < 0:05 SHR-B vs. SHR-C). The dia-
stolic function marker E/E’ ratio was significantly increased
in the SHR-C group (p < 0:05 SHR-C vs. SHR-Baseline),
indicating a decrease a diastolic dysfunction.

Meanwhile, the BGP-15 treatment decreased signifi-
cantly the E/E’ ratio in the treated group, compared to the
SHR-C animals (p < 0:01, SHR-B vs. SHR-C).

3.3. Effect of BGP-15 Administration on Plasma BNP Level.
By the end of the treatment period, the plasma BNP level
increased significantly in the SHR-C group compared to the
WKY and SHR-Baseline group (p < 0:05, SHR-C vs. WKY
and SHR-Baseline group; Table 2). The BGP-15 treatment,
however, caused a significant decrease in the level of the
biomarker of heart failure in SHR animals (p < 0:05, SHR-B
vs. SHR-C). The BNP level was only slightly elevated in the
SHR-B group.

3.4. Effect of the BGP-15 Administration on Interstitial
Collagen Deposition.Histological staining of the left ventricle
of the heart was performed with Picrosirius red staining
(Figures 1(a) and (b)) and collagen I immunohistochemistry
(Figures 1(c) and (d)), which was used to monitor the degree
of fibrosis. Only a low amount of interstitial collagen could be
seen in the WKY group with Picrosirius red staining
(Figure 1(a)). The extent of fibrosis was significantly higher
in the SHR groups compared to the WKY group (p < 0:05,
SHR-Baseline vs. WKY; p < 0:01, SHR-C and SHR-B vs.
WKY; Figure 1(a)). Chronic high blood pressure-induced
heart failure caused a further elevation of collagen deposition
in the SHR-C group (p < 0:01, vs. SHR-Baseline group). The
BGP-15 treatment however resulted in a significant decrease
in the amount of interstitial fibrosis in the SHR-B group
compared to nontreated hypertensive animals (p < 0:01,
SHR-B vs. SHR-C; Figure 1(a)) (WKY: 11:78 ± 1:00%;
SHR-Baseline: 16:59 ± 1:03%; SHR − C : 32:42 ± 1:52%;
SHR − B : 22:64 ± 1:09%; Figure 2(b)).

Similar observations were made in the case of type I
collagen immunohistochemistry (Figures 1(c) and (d)). Mod-
erate interstitial collagen deposition was observed in theWKY
group (WKY: 9:15 ± 0:54%; SHR-Baseline: 15:45 ± 0:69%;
SHR-C: 31:24 ± 0:77%; SHR-B: 19:92 ± 0:72%; Figure 1(d)),
in the case of hypertensive groups, even the initial value was
higher than the in the WKY group (p < 0:01 vs. SHR-Base-
line). This elevation became more pronounced by the end of
the treatment period (p < 0:01 SHR-C vs. WKY, SHR-
Baseline groups; Figure 1(c)). Due to the treatment, the inter-
stitial collagen deposition was significantly decreased in the
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SHR-B group compared to the SHR-C group (p < 0:01;
Figure 1(c)). It can be concluded that BGP-15 treatment
significantly reduced the formation of fibrotic deposits in the
myocardium (Figures 1(a)–(d)).

3.5. Effect of BGP-15 Administration on the Diameter of
Cardiomyocytes. Histological sections from the left ventricle
of the heart stained with Picrosirius red were also used to
study the cell diameters (Figures 1(e) and (f)). The diameter
of cardiomyocytes was markedly elevated in SHR groups
compared to the WKY group (WKY: 16:02 ± 0:64μm;
SHR-Baseline: 22:76 ± 0:70 μm; SHR-C: 33:86 ± 1:82μm;
SHR-B: 28:57 ± 0:57 μm; Figure 1(f)). This difference was
the most pronounced in the case of SHR-C (p < 0:01, SHR-
C vs. WKY). The BGP-15 treatment resulted in significantly

lower cell diameters in the SHR-B group compared to the
SHR-C group (p < 0:01; SHR-B vs. SHR-C; Figure 1(e)).

3.6. Effect of BGP-15 Administration on the TGF-β/SMAD
Signalling Pathway. The level of TGF-β was significantly
elevated in all hypertensive groups compared to the WKY
group (p < 0:05, SHR-B vs. WKY, p < 0:01 SHR-Baseline,
SHR-C vs. WKY; Figure 2). In the case of the SHR-C group,
a further increasing tendency could be seen by the end of the
treatment period compared to the baseline values (NS).
However, the BGP-15 treatment caused a significant decrease
in the TGF-β level compared to the untreated SHR animals
(p < 0:01, SHR-B vs. SHR-C); moreover, the TGF-β level in
this group was even lower than in the SHR-Baseline group
(p < 0:05, SHR-B vs. SHR-Baseline; Figure 2). In the case of

Table 1: Effect of BGP-15 administration on gravimetric parameters of SHR animals.

WKY (n = 7) SHR-baseline (n = 7) SHR-C (n = 7) SHR-B (n = 7)
BWSTART (g) 386:40 ± 4:33 343:21 ± 2:48∗∗ 346:90 ± 6:65∗∗ 340:73 ± 6:32∗∗

BWEND (g) 401:45 ± 8:94 — 358:13 ± 5:08∗∗ 356:85 ± 4:54∗∗

HWEND (g) 1:12 ± 0:04 1:16 ± 0:02 1:49 ± 0:05∗∗ ,## 1:23 ± 0:02§§

VWEND (g) 0:95 ± 0:04 1:09 ± 0:02 1:33 ± 0:05∗∗ ,## 1:14 ± 0:02§§

VW/BWEND (mg/g) 2.28± 0.11 3:19 ± 0:08∗∗ 3:73 ± 0:16∗∗ ,## 3:21 ± 0:03∗ ,§

VW/TLEND (mg/mm) 21:27 ± 0:79 24:76 ± 0:82∗ 29:79 ± 0:94∗∗ ,## 25:76 ± 0:46∗ ,§§

Lung wet weight/weightEND (g/g) 4:42 ± 0:26 4:51 ± 0:13 5:68 ± 0:24∗∗ ,## 4:68 ± 0:13§§

BWSTART: body weight at the beginning of the treatment; BWEND: body weight at the end of the treatment; HWEND: heart weight at the end of the treatment;
VWEND: ventricles weight at the end of the treatment; TLEND: length of the right tibia at the end of the treatment. Values aremeans + SEM. WKY: age-matched
normotensive Wistar-Kyoto rats, n = 7; SHR-Baseline: 15-month-old spontaneously hypertensive rats, n = 7; SHR-C: nontreated spontaneously hypertensive
rats, n = 7; SHR-B: spontaneously hypertensive rats receiving BGP-15 for 18 weeks, n = 7. ∗p < 0:05 vs. WKY, ∗∗p < 0:01 vs. WKY, ##p < 0:01 vs. SHR-
Baseline, §p < 0:05 vs. SHR-C, §§p < 0:01 vs. SHR-C.

Table 2: Effect of BGP-15 treatment on echocardiographic parameters.

WKY (n = 7) SHR-Baseline (n = 7) SHR-C (n = 7) SHR-B (n = 7)
Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM

Septum 1:93 ± 0:03 2:29 ± 0:07∗∗ 2:32 ± 0:07∗∗ 2:09 ± 0:08∗ ,§

PW 1:90 ± 0:04 2:06 ± 0:06∗ 1:97 ± 0:08∗ 1:81 ± 0:07§

LVIDd (mm) 7:61 ± 0:14 7:75 ± 0:15 8:55 ± 0:23∗∗ ,## 8:31 ± 0:18∗∗

LVIDs (mm) 4:54 ± 0:13 4:60 ± 0:21 5:87 ± 0:31∗∗ ,## 5:19 ± 0:32§

LVEDV (μl) 310:25 ± 12:85 323:07 ± 14:59 402:40 ± 24:76∗∗ ,## 377:19 ± 17:37∗∗

LVESV (μl) 96:01 ± 6:85 101.51± 12.27 175:52 ± 22:46∗∗ ,## 137:23 ± 16:46∗∗ ,§

LV mass (mg) 1029:81 ± 43:84 1384:42 ± 40:69∗∗ 1587:38 ± 106:36∗∗ ,# 1321:44 ± 75:58∗ ,§

EF% 70:48 ± 1:12 69:59 ± 2:41 57:21 ± 3:02∗∗ ,## 64:30 ± 2:88∗ ,§

E/A 1:37 ± 0:07 1:70 ± 0:09∗∗ 2:02 ± 0:06∗∗ 1:27 ± 0:08§§

E/E’ 30:45 ± 2:00 30:32 ± 2:98 40:41 ± 2:94∗∗ ,## 25:71 ± 3:03§§

BNP (pg/ml) 302:76 ± 13:76 325:19 ± 10:89 755:14 ± 33:34∗ ,# 352:04 ± 22:50§

Septum: thickness of the septum; PW: thickness of the posterior wall; LVIDd: left ventricular (LV) inner diameter end-diastolic; LVIDs: LV inner diameter end-
systolic; LVEDV: LV end-diastolic volume; LVESV: LV end-systolic volume; LV mass: calculated weight of left ventricle; EF: ejection fraction; E: mitral peak
velocity of early filling; A: mitral peak velocity of late filling; E’: early diastolic mitral annular velocity; A’: late diastolic mitral annular velocity; BNP: B type
natriuretic peptide. WKY: age-matched normotensive Wistar-Kyoto rats, n = 7; SHR-Baseline: 15-month-old spontaneously hypertensive rats, n = 7; SHR-C:
19-month-old spontaneously hypertensive rats received placebo for 18 weeks, n = 7; SHR-B: 19-month-old spontaneously hypertensive rats received BGP-
15 for 18 weeks, n = 7. ∗p < 0:05 vs. WKY, ∗∗p < 0:01 vs. WKY, #p < 0:05 vs. SHR-Baseline, ##p < 0:01 SHR-Baseline, §p < 0:05 vs. SHR-C, §§p < 0:01 vs.
SHR-C.
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Figure 1: Effect of BGP-15 treatment on the extent of interstitial fibrosis, collagen type I deposition, and on the diameter of cardiomyocytes.
Representative histological sections stained with Picrosirius red (a) (n = 7). Scale bar: 150 μm, magnification: 10-fold. Densitometric
evaluation of the sections is shown (b). ∗p < 0:05 vs. WKY, ∗∗p < 0:01 vs. WKY, ##p < 0:01 vs. SHR-Baseline, §§p < 0:01 vs. SHR-C.
Representative histological sections detected with collagen type I immunohistochemistry (c) (n = 7). Scale bar: 100μm, magnification: 10-
fold. Densitometric evaluation of the sections is shown (d). ∗∗p < 0:01 vs. WKY, ##p < 0:01 vs. SHR-C, §§p < 0:01 vs. SHR-C.
Representative histological sections stained with Picrosirius red (e) (n = 7). Scale bar: 50 μm, magnification: 10-fold. The average cellular
diameter in the different groups is shown (f). ∗∗p < 0:01 vs. WKY, #p < 0:05 vs. SHR-Baseline, §§p < 0:01 vs. SHR-C. WKY: age-matched
normotensive Wistar-Kyoto rats; SHR-Baseline: 15-month-old spontaneously hypertensive rats; SHR-C: 19-month-old spontaneously
hypertensive rats received placebo for 18 weeks; SHR-B: 19-month-old spontaneously hypertensive rats received BGP-15 for 18 weeks.

6 Oxidative Medicine and Cellular Longevity



Smad2 phosphorylation, we observed a mild increase in the
SHR-Baseline compared to the WKY; however, this elevation
was not significant. The phosphorylation of Smad2Ser465/467

was significantly increased in the SHR-C compared to the
WKY and Baseline groups (p < 0:05). BGP-15 treatment
resulted in a significant reduction in the phosphorylation
level of Smad2Ser465/467 in the treated group (p < 0:01 SHR-
B vs. SHR-C). There were no significant differences regarding
the phosphorylation of Smad3Ser423/425 between the groups
(Figure 2). GAPDH was used as a loading control.

3.7. Effect of BGP-15 Administration on the Phosphorylation
Level of Akt-1 and GSK-3β. The level of Akt-1Ser473 phos-
phorylation was moderate in the WKY group as well as in
the SHR-Baseline group (Figure 3.). In the SHR-C group,
the phosphorylation of Akt-1Ser473 was increased slightly,
but significantly (p < 0:01 SHR-C vs. WKY and SHR-
Baseline groups; Figure 3). However, BGP-15 treatment
increased a marked increase in the Akt-1Ser473 phosphoryla-
tion in SHR-B animals (p < 0:01 SHR-B vs. SHR-C group).

The phosphorylation level of GSK-3βSer9 was low in the
WKY group similar to the Akt-1Ser473 phosphorylation. In
the SHR-Baseline and the SHR-C groups, however, slightly
but not significantly elevated phosphorylation could be seen.
The highest phosphorylation of GSK-3βSer9 was measured in

the SHR-B group. This elevation was highly significant to
other SHR groups (p < 0:05 SHR-B vs. SHR-C; p < 0:01,
SHR-B vs. SHR-Baseline group; Figure 3). GAPDH was used
as a loading control.

3.8. Effect of BGP-15 Administration on the Activity of
MAPKs. The level of MKP-1 protein was low in the WKY
and SHR-Baseline groups (Figure 4). A significant increase
was however observed in the SHR-C group (p < 0:01, SHR-
C vs. WKY as well as SHR-Baseline groups). The amount
of MKP-1 protein increased further in the SHR-B group as
a result of the BGP-15 treatment (p < 0:01, SHR-B vs. SHR-
C; Figure 4). The level of Erk1/2Thr202/Tyr204 phosphorylation
was less pronounced in the SHR-C group compared to the
WKY group and to baseline level (p < 0:05, SHR-C vs.
WKY, Figure 4). BGP-15 treatment however caused a signifi-
cant elevation in the phosphorylation of Erk1/2Thr202/Tyr204

compared to the SHR-C group (p < 0:01, SHR-B vs. SHR-C;
Figure 4). The level of p38-MAPKThr180/Tyr182 and
JNKThr183/Tyr185 phosphorylation was low in the WKY and in
the SHR-Baseline groups (Figure 4). The highest phosphoryla-
tion level of p38-MAPKThr180/Tyr182 and JNKThr183/Tyr185 could
be seen in the SHR-C animals (p < 0:01, SHR-C vs. WKY and
SHR-Baseline). The BGP-15 treatment reduced this phosphor-
ylation of p38-MAPKThr180/Tyr182 and JNKThr183/Tyr185 too, and
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Figure 2: Effect of BGP-15 treatment on the TGFβ/Smad signalling pathway. Representative Western blot analysis of TGFβ, Smad2, Smad3,
and phosphorylation and densitometric evaluation are shown. GAPDH was used as a loading control. WKY: age-matched normotensive
Wistar-Kyoto rats, n = 7; SHR-Baseline: 15-month-old spontaneously hypertensive rats, n = 7; SHR-C: nontreated spontaneously
hypertensive rats, n = 7; SHR-B: spontaneously hypertensive rats receiving BGP-15 for 18 weeks, n = 7. Values are mean ± SEM. ∗p < 0:05
vs. WKY, ∗∗p < 0:01 vs. WKY, #p < 0:05 vs. SHR-Baseline, §§p < 0:01 vs. SHR-C.
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this reduction was significant in the case of JNKThr183/Tyr185

compared to the SHR-C group (p < 0:01; Figure 4). GAPDH
was used as a loading control.

3.9. Effect of BGP-15 Administration on the Regulation of
Mitochondrial Biogenesis. There were no significant differ-
ences between the WKY, SHR-Baseline, and SHR-C groups
regarding the PGC-1α level (Figure 5). However, the BGP-
15 treatment caused a significant increase in the amount of
PGC-1α compared to the nontreated hypertensive animals
(p < 0:01, SHR-B vs. SHR-Baseline and SHR-C group;
Figure 5). In the case of AMPKThr172 phosphorylation, a sig-
nificant increase was observed in the SHR-C group compared
to the SHR-Baseline group (p < 0:01, SHR-C vs. SHR-
Baseline; Figure 5). The BGP-15 treatment significantly
reduced the phosphorylation of AMPKThr172 compared to
the SHR-C group (p < 0:01 SHR-B vs. SHR-C). The CREB-
Ser133 phosphorylation was modest in theWKY group similar
to the phosphorylation of AMPKThr172 (Figure 5). There was
a significant increase in the phosphorylation level of CREB-
Ser133 in the SHR-C group compared to the baseline value
and to the normotensive animals (p < 0:01, SHR-C vs.
WKY; Figure 5). However, the BGP-15 treatment caused a
further increase in the CREBSer133 phosphorylation compared
to nontreated SHR animals (p < 0:05 SHR-B vs. SHR-C
group) and to the baseline value (p < 0:01 SHR-B vs. SHR-
Baseline). The highest VDAC protein level was observed in
the WKY group. This level was significantly lower in the
hypertensive groups (p < 0:01 WKY vs. SHR-Baseline, SHR-
C, and SHR-B). By the end of the treatment period, VDAC
became higher compared to the initial value (p < 0:01, SHR-

C vs. SHR-Baseline). A further significant increase was seen
in the SHR-B group (p < 0:05 SHR-B vs. SHR-C). GAPDH
was used as a loading control.

4. Discussion

In this work, we aimed to examine the cardioprotective effect of
BGP-15 in chronic hypertension-induced heart failure. The
major findings of this study are that BGP-15 has a positive effect
on cardiac function and on remodelling processes by inhibiting
profibrotic signalling factors and by promoting mitochondrial
biogenesis in an animal model of hypertension-induced heart
failure.

SHR was used to provoke hypertension-induced heart
failure. SHR is a widely used animal model in experimental
cardiology because it resembles the human essential hyper-
tension [13]. 15-months-old SHRs already showed the
unquestionable signs of hypertensive heart disease at the start
of the experiments. Left ventricular wall thicknesses and the
LV mass were markedly increased in the SHR animals
compared to normotensives (Table 2). However systolic left
ventricular function was still normal in both normotensive
and hypertensive animals. This is in accordance with the
results of other workgroups and with our former results
[25, 26]. The signs of left ventricular hypertrophy remained
marked also by the end of the study in SHR animals.
However, systolic (EF%) as well as diastolic left ventricular
function (E/E’) worsened significantly by that time, and
animals showed the signs of heart failure. The worsening of
these parameters was considerably lower due to the BGP-15
treatment of hypertensive animals (Table 2). This result
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Figure 3: Effect of BGP-15 treatment on the phosphorylation of Akt-1Ser473 and GSK-3βSer9. Representative Western blot analysis of Akt-1
and GSK-3β phosphorylation and densitometric evaluation are shown. GAPDH was used as a loading control. WKY: age-matched
normotensive Wistar-Kyoto rats, n = 7; SHR-Baseline: 15-month-old spontaneously hypertensive rats, n = 7; SHR-C: nontreated
spontaneously hypertensive rats, n = 7; SHR-B: spontaneously hypertensive rats receiving BGP-15 for 18 weeks, n = 7. Values are mean ±
SEM. ∗∗p < 0:01 vs. WKY, ##p < 0:01 vs. SHR-Baseline, §p < 0:05 vs. SHR-C, §§p < 0:01 vs. SHR-C.
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supports and complements the results of Sapra et al. that
BGP-15 has beneficial effects on cardiac function in murine
heart failure [17]. Moreover, left ventricular hypertrophy as
well as the severity of left ventricular diastolic dysfunction
was not only moderated due to BGP-15 treatment but also
improved slightly, showing a so-called reverse remodelling
phenomenon.

The BNP plasma level is a biomarker of heart failure.
There is a direct proportionality between the severity of heart
failure and the BNP level [27]. The marked increase of BNP
that was seen in nontreated hypertensive animals (SHR-C)
was also positively affected by BGP-15, because it decreased
the BNP level to the level of normotensive animals (Table 2).

Hypertensive heart disease including heart failure is char-
acterised by cardiac fibrosis. Extracellular matrix (ECM)
remodelling can be observed during cardiac fibrosis, which
leads to abnormalities in matrix composition and quality,
as well as to decrease heart function [4, 28]. Heart failure is
characterized by an increased collagen type I deposition.
Thus, collagen type I is a marker of cardiac fibrosis. Collagen
type I is one of the major components of the adult human
cardiac tissue (approximately 85%) while collagen type III
is the other important component (11%) [29]. Ventricular

remodelling was characterized by cardiomyocyte hypertro-
phy and an extensive myocardial collagen deposition [30].
Both phenomena could be seen in hypertensive animals.
BGP-15, however, prevented against hypertension-induced
cardiac interstitial fibrosis and cardiomyocyte hypertrophy
(Figure 1). The transforming growth factor-β (TGFβ)/Smad
signalling route has a major role in the regulation of cardiac
fibrosis [31, 32]. Activation of TGF-β/Smad signalling pro-
motes myofibroblast formation and extracellular matrix
(ECM) production that are leading to cardiac fibrosis [33].
In our recent work, hypertension induced a marked cardiac
fibrosis by the activation of the TGF-β/Smad pathway
(Figure 2). Both the level of TGF-β and the phosphorylation
of Smad2Ser465/467 were significantly reduced due to BGP-15
treatment; therefore, it can be a mechanism in the back-
ground of decreased fibrosis, observed in the SHR-B group.
The BGP-15-induced inhibition of fibrosis and cardiomyo-
cyte hypertrophy are on the other hand the main causes of
the improved cardiac function and structure compared to
nontreated SHRs (Tables 1 and 2).

It is well known that the MAPK signalling pathway also
plays an important role in the pathogenesis of hypertension-
induced cardiac remodelling and heart failure [7, 34, 35].

0
0.2
0.4
0.6
0.8

1
1.2
1.4

pp
38

 Th
r1

80
/T

yr
18

2/
to

ta
lp

38

0
0.2
0.4
0.6
0.8

1
1.2
1.4

pJ
N

KTh
r1

83
/T

yr
18

5/
to

ta
lJN

K

0
0.2
0.4
0.6
0.8

1
1.2
1.4

pE
RK

1/
2 

Th
r2

02
/T

yr
04

/to
ta

l
ER

K1
/2

⁎

pp38 (Thr180/Tyr182)
(43 kDa)
ERK1/2
(42,44 kDa)
pERK1/2 (Thr202/Tyr204)
(42,44 kDa)

JNK
(46,54 kDa)
pJNK (Thr183/Tyr185)
(46,54 kDa)
p38
(43 kDa)

GAPDH
(37 kDa)

##
⁎⁎

MKP-1
(39 kDa)

0
5

10
15
20
25
30
35
40
45

A
rb

itr
ar

y 
U

ni
ts 

(A
U

)

MKP-1

W
KY

SH
R-

Ba
se

lin
e

SH
R-

C

SH
R-

B

WKY SHR-Baseline SHR-C SHR-B WKY SHR-Baseline SHR-C SHR-B

WKY SHR-Baseline SHR-C SHR-B

WKY SHR-Baseline SHR-C SHR-B

, ##⁎⁎

§§

#, §§

, ##⁎

, ##⁎
, ##, §§⁎⁎

Figure 4: Effect of the BGP-15 treatment on the phosphorylation state of MAP kinases and on MKP-1. Representative Western blot analysis
of MKP-1 as well as ERK1/2, p38, and JNK phosphorylation. Densitometric evaluation is also shown. GAPDH was used as a loading control.
WKY: age-matched normotensive Wistar-Kyoto rats, n = 7; SHR-Baseline: 15-month-old spontaneously hypertensive rats, n = 7; SHR-C:
nontreated spontaneously hypertensive rats, n = 7; SHR-B: spontaneously hypertensive rats receiving BGP-15 for 18 weeks, n = 7. Values
are mean ± SEM. ∗p < 0:05 vs. WKY, ∗∗p < 0:01 vs. WKY, ##p < 0:01 vs. SHR-Baseline, §§p < 0:01 vs. SHR-C.
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MAP kinases, predominantly p38 MAPK and JNK, are other
important regulators of myocardial fibrosis [24, 36, 37]. The
activity of MAP kinases are regulated by dual-specificity phos-
phatases (DUSPs) or MAPK phosphatases (MKPs) that can
dephosphorylate MAPKs and in this way regulate—actually
inhibit—their activity [34, 38]. In our recent work, the expres-
sion of MKP-1 increased significantly due to BGP-15 treat-
ment in comparison with the SHR-C animals (Figure 4) As a
consequence of the increased amount of MKP-1, the p38
MAPK and JNK phosphorylation decreased in the treated
animals, in accordance with several previous studies that also
confirmed the beneficial effect of BGP-15 on the phosphoryla-
tion state of p38 MAPK and JNK (Figure 4) [19, 22]. In the
case of ERK phosphorylation, an opposite change could be
seen in our work, because BGP-15 increased the ERK1/2 phos-
phorylation (Figure 4). Regarding BGP-15, there are studies
that are in accordance with our results. Szabo et al. demon-
strated that BGP-15 treatment increased the phosphorylation
of ERK1/2 in WRL-68 cells [22]. However, in another work,
BGP-15 decreased the phosphorylation of ERK1/2 in

imatinib-induced cardiotoxicity [19]. Because ERK1/2 is a
member of prosurvival signalling factors, its activation is
beneficial in the failed myocardium [25, 39].

Akt-1 also belongs to prosurvival signalling factors, and it
can promote “physiological” hypertrophy; however, it inhibits
the pathological hypertrophy that is mainly characterised by
cardiac collagen accumulation [40–42]. GSK-3β is a down-
stream target of Akt-1 and Akt-1 which via the phosphoryla-
tion of GSK-3β can promote the survival of chronically
stressed cardiomyocytes in heart failure as demonstrated by
previous works [25]. The cytoprotective effect due to increased
phosphorylation of Akt-1 and GSK-3β is mediated via their
protective effect on the structure and function ofmitochondria
[43]. In our recent study, BGP-15 increased significantly the
phosphorylation of Akt-1 and GSK-3β compared to the
nontreated SHR animals (Figure 3); therefore, the BGP-15
treatment activates the prosurvival signalling pathways.

The contractile function of cardiomyocytes is in strong
correlation with the energy-producing capacity of the mito-
chondrial network [44]. Numerous studies have demonstrated
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that mitochondrial biogenesis is an essential step in mitochon-
drial quality control and is a highly vulnerable process in heart
failure [45, 46]. PGC-1α is the master signalling factor of
biogenesis, and it is regulated in different ways, among others
by AMPK and CREB [47–49]. We found that the expression
level of PCG-1α increased due to BGP-15 treatment compared
to SHR-C animals (Figure 5). Phosphorylation of AMPK was
however reduced as a result of the treatment (Figure 5).
AMPK activation is a consequence of increased AMP to
ATP ratio, which is a sign of energy depletion. Therefore, this
reduction of AMPK phosphorylation indicates a favourable
change in the energy production of cardiomyocytes [50, 51].
Phosphorylation of CREB was on the other hand increased
in BGP-15-treated SHR animals compared to nontreated ones
(Figure 5). BGP-15 via the activation of CREB increased the
expression level of PGC-1α, which in turn can yield in
enhanced mitochondrial biogenesis and in increased high
energy phosphate production. CREB transcription factor can
also increase the production of MKP-1 and thereby can
decrease the activity of the MAPK signal pathway, too [52,
53], which could be seen in our study. We determined the
amount of VDAC, an outer mitochondrial membrane protein
to characterize the number of mitochondria in cardiomyo-
cytes. The elevation of VDAC in BGP-15-treated animals
proved that there is an increased mitochondrial biogenesis
and mitochondrial mass in cardiomyocytes.

In conclusion, BGP-15 treatment exerted a marked
protective effect against the development of hypertension-
induced heart failure via the inhibition of the fibrotic remod-
elling of the heart. This effect could be explained by its
beneficial effect on signal transduction factors and by the
increased mitochondrial biogenesis (Figure 6).
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Heart failure (HF) is a complex chronic clinical disease characterized by among others the damage of the mitochondrial network.
The disruption of the mitochondrial quality control and the imbalance in fusion-fission processes lead to a lack of energy supply
and, finally, to cell death. BGP-15 (O-[3-piperidino-2-hydroxy-1-propyl]-nicotinic acid amidoxime dihydrochloride) is an
insulin sensitizer molecule and has a cytoprotective effect in a wide variety of experimental models. In our recent work, we
aimed to clarify the mitochondrial protective effects of BGP-15 in a hypertension-induced heart failure model and “in vitro.”
Spontaneously hypertensive rats (SHRs) received BGP-15 or placebo for 18 weeks. BGP-15 treatment preserved the normal
mitochondrial ultrastructure and enhanced the mitochondrial fusion. Neonatal rat cardiomyocytes (NRCMs) were stressed by
hydrogen-peroxide. BGP-15 treatment inhibited the mitochondrial fission processes, promoted mitochondrial fusion,
maintained the integrity of the mitochondrial genome, and moreover enhanced the de novo biogenesis of the mitochondria. As
a result of these effects, BGP-15 treatment also supports the maintenance of mitochondrial function through the preservation of
the mitochondrial structure during hydrogen peroxide-induced oxidative stress as well as in an “in vivo” heart failure model. It
offers the possibility, which pharmacological modulation of mitochondrial quality control under oxidative stress could be a
novel therapeutic approach in heart failure.

1. Introduction

Several studies have demonstrated that mitochondria, the
powerhouse of cells are damaged in heart failure as well as
in hypertension-induced cardiac remodelling [1–3]. The bal-
ance of fusion and fission processes that regulate mitochon-
drial dynamics is essential for maintaining energy
production [4, 5]. The most important fusion proteins in
the regulation of mitochondrial dynamics are the optic atro-
phy 1 (OPA1) and the mitofusin 1 and 2 (MFN1, MFN2)

proteins, while the fission processes of mitochondria are con-
trolled by dynamin-related protein 1 (DRP1) [6–8].

In heart failure due to the increased ROS production, fis-
sion processes become predominant, resulting in fragmented
mitochondrial network, which is unable to perform its func-
tion of providing energy to the cell; thereby, mitochondrial
fragmentation can induce cell death [2, 4, 9, 10]. The subject
of numerous researches is the regulation of mitochondrial
dynamics as a new therapeutic target in cardiovascular dis-
eases [6, 11–14].

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 6643871, 22 pages
https://doi.org/10.1155/2021/6643871

https://orcid.org/0000-0002-5456-7200
https://orcid.org/0000-0002-8269-7256
https://orcid.org/0000-0002-7544-009X
https://orcid.org/0000-0001-6827-9894
https://orcid.org/0000-0002-8904-3976
https://orcid.org/0000-0002-7147-0080
https://orcid.org/0000-0002-1906-4333
https://orcid.org/0000-0002-0114-5231
https://orcid.org/0000-0002-6965-7743
https://orcid.org/0000-0003-1808-3724
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6643871


BGP-15 (O-[3-piperidino-2-hydroxy-1-propyl]-nico-
tinic acid amidoxime dihydrochloride) is an insulin sensitizer
molecule and has a cytoprotective effect in a wide variety of
experimental models (Figure 1). BGP-15 protects against oxi-
dative stress [15–17], promotes mitochondrial fusion [18],
inhibits the mitogen-activated protein kinase (MAPK) acti-
vation [19–22], and improves cardiac function [21–23], but
its specific intracellular target is still unknown.

This study was aimed to further characterize the mito-
chondrial effects of BGP-15 in a chronic hypertension-
induced heart failure animal model and “in vitro” using
primer neonatal rat cardiomyocytes (NRCM). We studied
the effect of BGP-15 on the processes of mitochondrial qual-
ity control, particularly on fusion-fission processes, on mito-
chondrial biogenesis as well as on mitochondrial function.

2. Materials and Methods

2.1. Ethics Statement. Animals received care according to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institute of Health and the experiment
was approved by the Animal Research Review Committee
of the University of Pecs, Medical School (Permit number:
BA02/2000-54/2017).

2.2. Animal Model. 15-month-old maleWistar Kyoto (WKY)
and spontaneously hypertensive rats (SHR) (Charles River
Laboratories, Budapest, Hungary) were used. Two animals
were housed per cage under standardized conditions
throughout the experiment, with 12 hours of dark-light cycle
in solid-bottomed polypropylene cages and received com-
mercial rat chew and water ad libitum. 8 of the 24 animals
were sacrificed at the beginning of the experiment, as a base-
line (SHR-Baseline). The surviving 16 SHRs were randomly
divided into two groups: SHR-B and SHR-C. SHR-B group
was treated with the water-soluble BGP-15 (25mg/b.w. in
kg/day, n = 8), while SHR-C group received only placebo
(n = 8, SHR-C) per os for 18 weeks. BGP-15 was a gift from
N-Gene Inc. (New York, NY, USA). The dosage of BGP-15
administered in the drinking water was based on preliminary
data about the volume of daily water consumption. WKY rats
were used as age-matched controls (n = 8). At the end of the
18-week long treatment period, animals were sacrificed, and
blood was collected to determine the concentration of plasma
brain-derived natriuretic peptide (BNP). Hearts were
removed, atria and great vessels were trimmed from the ven-
tricles, and the weight of the ventricles was measured; then, it
was normalized to the body mass and to the length of the

right tibia (indices of cardiac hypertrophy). Hearts were fixed
in modified Kranovsky fixative for transmission electron
microscopy or freeze-clamped for Western blot analysis.
The levels of proteins which are involved in the processes
of mitochondrial dynamics and biogenesis were monitored
byWestern blot analysis. In our research, the following group
notations were used according to the applied treatment:
WKY: age-matched normotensive Wistar Kyoto rats; SHR-
Baseline: 15-month-old spontaneously hypertensive rats;
SHR-C: 19-month-old spontaneously hypertensive rats
received placebo for 18 weeks; SHR-B: 19-month-old sponta-
neously hypertensive rats received BGP-15 for 18 weeks.

2.3. Neonatal Rat Cardiomyocyte (NRCM) Cell Culture. Car-
diomyocytes were isolated using the Pierce™ Primary Car-
diomyocyte Isolation Kit (Life Technologies, Carlsbad, CA,
USA #88281) from 1-3-day-old neonatal Wistar rats. The
animals were sacrificed, and then, their hearts were removed
and minced into 1-3mm3 pieces. The pieces were digested
with an enzyme complex (Cardiomyocyte Isolation Enzyme
1 (with papain) and Cardiomyocyte Isolation Enzyme 2 (with
thermolysin)). After the tissue became primarily a single-
cell suspension, the cells had been plated in 6-well plates
with a density of 2:5 × 106 cell/well with specific Dulbecco’s
Modified Eagle Medium (DMEM) for Primary Cell Isola-
tion containing 10% fetal bovine serum (FBS), 100 IU/mL
penicillin and 100μg/mL streptomycin. The medium was
replaced 24 hours later with fresh Complete DMEM for Pri-
mary Cell Isolation containing Cardiomyocyte Growth Sup-
plement, which inhibited the division of fibroblasts and
therefore maintained the cardiomyocyte suspension in high
purity during the culture period. NRCMs were cultivated in
normal culture conditions, 37°C, saturated humidity atmo-
sphere of 95% air and 5% CO2. Fresh medium was added
every 2-3 days.

2.4. Treatments of Neonatal Rat Cardiomyocytes. On the day
of the experiments, cells were washed once in PBS and added
fresh medium and, then, treated with 150μM H2O2 with or
without 50μM BGP-15 for 0.5 hours. The following groups
were created according to the applied treatment: Control
group: cells without any treatment; BGP-15 group: cells with
only 50μM BGP-15 for 0.5 hours; H2O2 group: cells with
150μM H2O2 for 0.5 hours; H2O2+BGP-15 group: cells with
150μM H2O2 and 50μM BGP-15 for 0.5 hours.

2.5. Determination of Plasma B-Type Natriuretic Peptide
Level. Blood samples were collected into Vacutainer tubes
containing EDTA and aprotinin (0.6 IU/ml) and centrifuged
at 1600 g for 15 minutes at 4°C to separate plasma, which was
collected and kept at −70°C. Plasma B-type natriuretic
peptide-32 levels (BNP-32) were determined by Enzyme-
Linked Immunosorbent Assay method (BNP-32, Rat BNP
32 ELISA Kit, Abcam, ab108815CA, USA) as the datasheet
recommends.

2.6. Transmission Electron Microscopy. For electron micros-
copy analysis, hearts were perfused retrogradely through the
aortic root with ice-cold PBS to wash out the blood and then
with modified Kranovsky fixative (2% paraformaldehyde,

N

NH2

CH2

BGP-15

+2HCL

CH2 NCH

OH

N O
C

Figure 1: Chemical structure of BGP-15 (O-[3-piperidino-2-
hydroxy-1-propyl]-nicotinic acid amidoxime dihydrochloride)
[24].
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2.5% glutaraldehyde, 0.1M Na-cacodylate buffer, pH7.4, and
3mM CaCl2). 1mm thick sections were cut from the free wall
of the left ventricle. Dehydrated blocks were embedded in
Durcupan resin. From the embedded blocks, semithin sections
of 500nm and ultrathin sections of 50nm were cut with a
Leica ultramicrotome and mounted either on mesh or on
Collodion-coated (Parlodion, Electron Microscopy Sciences,
Fort Washington, PA) single-slot, copper grids. Additional
contrast was provided to these sections with uranyl acetate
and lead citrate solutions, and the preparations were exam-
ined with a JEOL 1200EX-II electron microscope. 4 animals
from each group, 3–5 blocks from each animal were used.
The area of the interfibrillar mitochondria (IFM) was mea-
sured by freehand polygon selection (n~500/group) using
the ImageJ software.

2.7. Western-Blot Analysis

2.7.1. Total Western Blot Sample Preparation from Cardiac
Tissue. 50 milligrams of heart samples were homogenized
in ice-cold Tris buffer (50mmol/l, pH8.0) containing prote-
ase inhibitor (1 : 100; Sigma-Aldrich Co., #P8340) and phos-
phatase inhibitor (1 : 100; Sigma-Aldrich Co., #P5726) and
50mM sodium vanadate. The supernatants were harvested
in 2x concentrated sodium dodecyl sulfate- (SDS-) polyacryl-
amide gel electrophoresis sample buffer.

2.7.2. Fractionated Western Blot Sample Preparation from
Cardiac Tissue. 100 milligrams of heart tissues were minced
in ice-cold isolation solution (150mM NaCl, 50mM TRIS,
and 1mM EDTA), protease inhibitor (1 : 100; Sigma-
Aldrich Co., #P8340), and phosphatase inhibitor (1 : 100;
Sigma-Aldrich Co., #P5726)). Samples were disrupted on
ice with gently Turrax and, then, processed in a Potter-
Elvehjem tissue homogenizer. Samples were centrifuged
for 12 minutes at 750 g. Supernatants containing the cyto-
solic and mitochondrial fractions were aspirated and the
precipitated nuclear fractions were harvested in 2x SDS–
polyacrylamide gel electrophoresis sample buffer and dena-
tured at 95°C for 5 minutes. Supernatants were then cen-
trifuged for 12 minutes at 11.000 g to gain cytosolic
fraction in the supernatant and mitochondrial fraction in

the precipitate. Samples were harvested separately in 2x
SDS–polyacrylamide gel electrophoresis sample buffer and
denatured at 95°C for 5 minutes.

2.7.3. Total Western-Blot Sample Preparation from NRCM
Cell Culture. After the appropriate treatment, cells were
harvested. The cell pellet was suspended in ice-cold PBS
buffer and, then, centrifuged for 5min at 1,200 rpm at
room temperature. The pellets were suspended in 300μL
NP-40 lysis buffer (Amresco, J619) containing protease
inhibitor (1 : 100; Sigma-Aldrich Co., #P8340) and phos-
phatase inhibitor (1 : 100; Sigma-Aldrich Co., #P5726).
The samples were shaken for 30min at 4°C; then, they
were centrifuged for 20min (4°C 12,000 rpm). 4x concen-
trated SDS-polyacrylamide gel electrophoresis sample
buffer was added to each sample.

2.7.4. Fractionated Western Blot Sample Preparation from
NRCM Cell Culture. The cell pellet was suspended in an
ice-cold isolation solution (0.5mM TRIS, 1M EGTA, and
0.4M sucrose) containing 0.5mM sodium metavanadate,
0.05M EDTA, and protease inhibitor (1 : 100; Sigma-
Aldrich Co., #P8340). Samples were disrupted on ice by Tur-
rax and, then, processed by a Potter-Elvehjem tissue homog-
enizer. Centrifugation was carried out for 15 minutes at
750 g. The nuclear fraction in the precipitate was harvested
in 72% trichloroacetic acid. Subsequently, supernatants were
aspirated and centrifuged for 15 minutes at 10.000 g to
gain cytosolic fraction in the supernatant and mitochon-
drial in the precipitate. Samples were harvested separately
in 72% trichloroacetic acid. The precipitated fractions were
centrifuged for 10 minutes at 15.000 g. Each precipitate
was harvested separately in a 50mM TRIS and SDS-
polyacrylamide gel electrophoresis sample buffer. The sam-
ples were shaken for overnight at 4°C and denatured at
95°C for 5 minutes. After that, they were centrifuged for
10 minutes at 15.000 g, and the supernatants were col-
lected as the mitochondrial fraction.

2.7.5. Electrophoresis and Transfer of Proteins.After the prep-
aration, the tissue and cell culture samples were processed in
the same manner. Protein levels were measured with

Table 1: Effect of BGP-15 administration on gravimetric parameters and on BNP level of SHR animals.

WKY SHR-C SHR-B

BWSTART (g) 391:51 ± 8:64 340:66 ± 6:74∗ 347:4 ± 10:38∗

BWEND (g) 403:22 ± 10:35 352:13 ± 6:86∗ 365:29 ± 6:82∗

HWEND (g) 1:11 ± 0:03 1:41 ± 0:03∗∗ 1:28 ± 0:02∗∗ ,#

VWEND (g) 0:98 ± 0:03 1:27 ± 0:02∗ 1:12 ± 0:02∗

VW/BWEND (mg/g) 2:43 ± 0:07 3:60 ± 0:04∗ 3:07 ± 0:09∗ ,#

VW/TLEND (mg/mm) 21:43 ± 0:71 29:14 ± 0:39∗ 24:81 ± 0:53∗ ,#

p-BNP (pg/ml) 302:76 ± 13:77 755:15 ± 33:34∗ 352:05 ± 22:50#

BWSTART: body weight at the beginning of the treatment; BWEND: body weight at the end of the treatment; HWEND: heart weight at the end of the treatment;
VWEND: ventricles weight at the end of the treatment; TLEND: length of right tibia at the end of the treatment; p-BNP: plasma brain-type natriuretic peptide.
Values are means + SEM. WKY: age-matched normotensive Wistar-Kyoto rats, n = 8, SHR-C: nontreated spontaneously hypertensive rats, n = 8, SHR-B:
spontaneously hypertensive rats receiving BGP-15 for 18 weeks, n = 8. ∗p < 0:05 vs. WKY, ∗∗p < 0:01 vs. WKY, #p < 0:05 vs. SHR-C.
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Nanodrop. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; 1 : 1000; Cell Signaling #2118) and pyruvate dehy-
drogenase (PDC; 1 : 1000; Cell Signaling #3205) were used as
a representative loading control. Proteins were separated on
12% SDS-polyacrylamide gel and transferred to nitrocellu-
lose membranes. After blocking (2 h with 5% BSA in Tris-
buffered saline contained with 1% Tween-20), membranes
were probed overnight at 4°C with primary antibodies recog-
nizing the following antigens: optic atrophy 1 (OPA1;
1 : 1000; Cell Signaling #80471), mitofusin-1 (MFN1;
1 : 1000; Abcam ab57602), mitofusin-2 (MFN2; 1 : 1000; Cell
Signaling #9482), dynamin-related protein 1 (DRP1; 1 : 1000;
Cell Signaling #8570), phosphor-specific DRP1 Ser637
(1 : 500; Cell Signaling #4867), phosphor-specific DRP1
Ser616 (1 : 500; Cell Signaling #3455), voltage-dependent
anion channel (VDAC; 1 : 1000; Cell Signaling #4661), mito-
chondrial fission 1 protein (FIS1; 2μg/mL, Abcam, ab71498),
peroxisome proliferator-activated receptor gamma coactiva-
tor 1-alpha (PGC-1α; 1 : 1000; Novus Biologicals, NBP1-
04676), cAMP response element-binding protein (CREB;
1 : 1000; Cell Signaling #4820), phosphor-specific cAMP
response element-binding protein Ser133 (1 : 1000; Cell Sig-
naling #9198), anti-NADH dehydrogenase Fe-S protein 1
(NDUFs1, Novus Biologicals, NBP1-31142, 1 : 1000), and
anti-Ubiquinol-cytochrome c reductase core protein I
(UQCRC1, Novus Biologicals, NBP2-03825, 1 : 1000).
Membranes were washed six times for 5min in Tris-
buffered saline (pH7.5) containing 0.2% Tween (TBST)
before the addition of horseradish peroxidase-conjugated
secondary antibody (goat anti-rabbit IgG, Sigma Aldrich
Co. A0545, 1 : 3000 dilution; rabbit anti-mouse IgG, Sigma

Aldrich Co., A9044, 1 : 5000 dilution). Membranes were
washed six times for 5min in TBST, and then, the
antibody-antigen complexes were visualized by enhanced
chemiluminescence. The results of Western blots were
quantified using the NIH ImageJ program.

2.8. Capillary Electrophoresis Immunoassay. Due to the lim-
ited availability of primary neonatal cardiomyocytes and
the lower protein concentration of the fractionated samples
made from it, the more sensitive capillary immunoassay
method with less sample requirements and higher through-
put is more suitable for measurement. Simple western analy-
sis (Wes) was performed on a Wes system (ProteinSimple,
product number 004–600) according to the manufacturer’s
instructions using a 12-230 kDa Separation Module (Protein-
Simple SM-W004) and either the Anti-Rabbit Detection
Module (ProteinSimple DM-001) or the Anti-Mouse Detec-
tion Module (ProteinSimple DM-002), depending on the pri-
mary used antibody. Subcellular NRCM samples were mixed
with Fluorescent Master Mix and heated at 95°C for 5min.
The samples, blocking reagent (antibody diluent), primary
antibodies (in antibody diluent), HRP-conjugated secondary
antibodies, and chemiluminescent substrate, were pipetted
into the plate (part of Separation Module). Instrument
default settings were used: stacking and separation at 475V
for 30min; blocking reagent for 5min, primary and second-
ary antibody both for 30min; Luminol/peroxide chemilumi-
nescence detection for ~15min (exposures of 1-2-4-8-16-32-
64-128-512 s). The resulting electropherograms were
inspected to check whether automatic peak detection
required any manual correction.

(a) (b)

(c)

Figure 2: Ultrastructural analysis of interfibrillar mitochondria in the myocardium of WKY animals. Representative electron micrographs of
interfibrillar mitochondria in the myocardium of (a, b) WKY animals ((a) magnification: 15 k, scale bar: 0.2 μm; (b) magnification: 20 k, scale
bar: 0.2 μm). Ultrastructure of interfibrillar mitochondria in the myocardium of (c) WKY animals (magnification: 40 k, scale bar: 0.1μm
(n = 4 from each group, 3–5 blocks from each animal). WKY: age-matched normotensive Wistar-Kyoto rats.
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(c) (d)

Figure 3: Continued.
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2.9. Evaluation of Mitochondrial Fragmentation with
Fluorescent Microscopy.NRCM cells were seeded at a density
of 105 cells/well in 6 well plates on glass coverslips with 1%
gelatin coating and cultured at least for 2 days before the
experiment. On the day of the experiment, cells were washed
once in PBS and added fresh medium and, then, treated with
H2O2 with or without BGP-15. After the appropriate treat-
ment, coverslips were rinsed in PBS and were added 75nM
MitoTracker Red CMXRos dissolved in serum-free DMEM
and incubated for 30min at 37°C. After the incubation, cov-
erslips were rinsed in PBS, and the mitochondrial network
was visualized by a Nikon Eclipse Ti-U fluorescent micro-
scope equipped with a Spot RT3 camera using a 60x objective
and epifluorescent illumination.

2.10. Quantification of Mitochondrial DNA (mtDNA)
Damage by Real-Time PCR. After the appropriate treatment,
cells were harvested, and total DNA was isolated using Gen-
Elute™ Mammalian Genomic DNA Miniprep Kits (Sigma-
Aldrich # G1N350-1KT). Real-time DNA amplification was
performed using a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad) as we performed earlier [25]. The following
rat primer sequences were used: SRPCR (210bp) forward: 5′
-ATGCACGATAGCTAAGACCCAA-3 ′; reverse: 5 ′-CTGA
ATTAGCGAGAAGGGGTA-3′ and LRPCR (14958bp) for-
ward: 5 ′-ATTTTCTCCCAGTTACGAAAG-3 ′, reverse: 5 ′
-CTTGGTAAGTAAATTTCTTTCTCC-3 ′. Short fragment,
cytochrome c oxidase subunit 1 (COX1), cytochrome c oxi-
dase subunit 3 (COX3), and β-actin were done using a Bril-
liant II QPCR Master Mix (Agilent Technologies, # 600804).

The final SRPCR, COXI, COXIII, and β-actin cycling param-
eters followed hot start of 10min at 95°C, followed by 30 sec at
95°C, 1min at 60°C, and 30 sec at 72°C for 40 cycles. LRPCR
was done using PfuUltra II Hotstart 2x Master Mix (Agilent
Technologies, #600852). The final LRPCR cycling parameters
followed manufacturer’s recommendations: hot start of 2min
at 92°C, followed by 15 sec at 92°C, 30 sec at 50°C, and
8 : 00min at 68°C for 40 cycles. The relative mitochondrial
DNA content was determined by real-time PCR, using
COX1 and COX3 primers, normalized to a nuclear-encoded
β-actin gene. The following rat primer sequences were used:
COX1 (199bp) forward: 5 ′-CACAGTAGGGGGCCTA
ACAG-3 ′, reverse: 5 ′-CAAAGTGGGCTTTTGCTCAT-3 ′;
COX3 (244bp) forward 5 ′-TCAGGAGTCTCAATTA
CATG-3 ′, reverse: 5 ′-CGTAGTAGACAGACAATTAGG-
3 ′; β-actin (191bp) forward 5 ′-GCGGTGACCATAGCCC
TCTTT-3 ′, reverse: 5 ′-TGCCACTCCCAAAGTAAAGGG
TCA-3 ′. The software automatically generated crossing
points and calculation of mtDNA damage was made using
the Δ2Ct method. EvaGreen dye was used (Biotium # 31000).

2.11. Mitochondrial Membrane Potential Measurement with
JC-1 Assay. The mitochondrial membrane potential (ΔΨm)
was measured using the mitochondrial membrane potential
specific fluorescent probe, JC-1 (Enzo Life Sciences, ENZ-
52304) as we performed it earlier [25]. NRCM cells were
seeded on glass coverslips coated with gelatin and cultured
for at least 2 days before the experiment. After the treatment,
cells were washed in PBS and incubated for 15min at 37°C in

(e) (f)

Figure 3: Ultrastructural analysis of interfibrillar mitochondria in the myocardium of SHR animals. Representative electron micrographs of
interfibrillar mitochondria in the myocardium of (a, b) SHR-C and (d, e) SHR-B animals (magnification: 10 k, scale bar: 1μm). Ultrastructure
of interfibrillar mitochondria in the myocardium of (c) SHR-C and (f) SHR-B animals (magnification: 25 k, scale bar: 0.5μm). SHR-C:
nontreated spontaneously hypertensive rats; SHR-B: spontaneously hypertensive rats receiving BGP-15 for 18 weeks (n = 4 from each
group, 3–5 blocks from each animal).
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media containing 5μg/mL JC-1. When excited at 488 nm, the
dye emits red fluorescence (590 nm) at high ΔΨm and green
(530 nm) at low ΔΨm. Following incubation, the cells were
washed once with PBS and then imaged with a Nikon Eclipse
Ti-U fluorescent microscope equipped with a Spot RT3 cam-
era using a 60x objective and epifluorescent illumination. All
experiments were repeated three times. Fluorescent signals
were quantified by using the ImageJ software (NIH,
Bethesda, MD, USA).

2.12. Evaluation of the Mitochondrial Energy Metabolism and
Function. As we described earlier, Agilent Seahorse Extracel-
lular Flux (XFp) Analyzer (Agilent Technologies, (Santa
Clara, CA, USA)) was used to determine the NRCM cells’
oxygen consumption rate (OCR) [25]. NRCM cells were
seeded in XFp Miniplate at a density of 4 × 104 cells/well in
80μL complete growth medium (DMEM for Primary Cell
Isolation containing 10% FBS, 100 IU/mL penicillin and
100μg/mL streptomycin) and incubated at 37°C, 5% CO2
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Figure 4: Heart failure-induced fragmentation of interfibrillar mitochondria in the myocardium. (a) Relative frequencies of measured
mitochondrial areas in each arbitrary area interval. (b) Means of area values in given groups (~500 mitochondria/group). WKY: age-
matched normotensive Wistar-Kyoto rats; SHR-C: nontreated spontaneously hypertensive rats; SHR-B: spontaneously hypertensive rats
receiving BGP-15 for 18 weeks. Data are expressed as mean ± SEM. ∗p < 0:05 vs. WKY, §p < 0:05 vs. SHR-C.
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for 2 days. On the day before the experiment, sensor car-
tridges were hydrated in XFp calibrant and maintained at
37°C without CO2 overnight. On the day of the assay, after
subjecting cells to the appropriate treatment, DMEM for Pri-
mary Cell Isolation medium was replaced by Agilent Sea-
horse XF Base Medium containing 1mM pyruvate, 2mM
glutamine, and 10mM glucose (adjusted pH to 7.4 with
0.1N NaOH). Before measurement, different compounds
were loaded into the appropriate ports of a hydrated sensor
cartridge (10μM oligomycin, 10μM FCCP, and 5μM rote-
none/antimycin). Three measurements were performed after
each injection. OCR was used to determine mitochondrial
energy metabolism. The parameter values, including basal
respiration, maximal respiration, ATP-associated OCR, and
spare respiratory capacity, were determined according to
the Seahorse XFp Cell Mito Stress user guide protocol. Data
were analyzed using the Seahorse XF test report analysis.

2.13. Analysis of Citrate Synthase Activity in NRCM Cells.
NRCM cells were seeded at a density of 106 cells/well in 6-
well plates and cultured. After the appropriate treatment,
cells were harvested; the cell pellet was suspended in ice-
cold citrate synthase cell lysis buffer and, then, centrifuged
for 5min at 4°C at 10,000 x g; then, the supernatant was col-
lected for further use. Citrate synthase was measured using a
kit from Sigma Aldrich (MAK193) following the manufac-
turer’s instruction. The absorbance was recorded at 412 nm

every 5 minutes for 50 minutes. The colorimetric product
(GSH) was proportional to the enzymatic activity of citrate
synthase and normalized to the quantity of cells.

2.14. Statistical Analysis. Statistical analysis was performed
by analysis of variance, and all of the data were expressed
as the mean ± SEM. The homogeneity of the groups was
tested by F-test (Levene’s test). There were no significant dif-
ferences among the groups. Comparisons among groups
were made by one-way ANOVA with a post hoc correction
(SPSS for Windows, version 21.0). The Student’s t-test was
used to compare the mean values of two groups. A value of
p < 0:05 was considered statistically significant.

3. Results

3.1. In Vivo Results

3.1.1. Effect of BGP-15 Administration on Gravimetric
Parameters and on BNP Level. At the beginning of the study,
the body weight of WKY rats was significantly higher than
the SHR rats (WKY: 391:51 ± 8:64 g, SHR-C: 340:66 ± 6:74
g, SHR-B: 347:4 ± 10:38 g; p < 0:05, WKY vs. SHR groups;
Table 1). Similar observation can be made at the end of the
study (WKY: 403:22 ± 10:35 g, SHR-C: 352:13 ± 6:86 g,
SHR-B: 365:29 ± 6:82 g; p < 0:05 WKY vs. SHR groups). At
the end of the study, heart weights (HW) and ventricles
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Figure 5: Effect of BGP-15 treatment on mitochondrial fusion proteins in a hypertension-induced heart failure model. Western blot analysis
of OPA1, MFN1, and MFN2 proteins as well as densitometric evaluations is shown. GAPDH was used as a loading control. WKY: age-
matched normotensive Wistar-Kyoto rats; SHR-Baseline: 15-month-old spontaneously hypertensive rats; SHR-C: 19-month-old
nontreated spontaneously hypertensive rats; SHR-B: 19-month-old spontaneously hypertensive rats receiving BGP-15 for 18 weeks (n = 4).
Values are mean ± SEM. ∗p < 0:05 vs. WKY, ∗∗p < 0:01 vs. WKY, ##p < 0:01 vs. SHR-Baseline, §§p < 0:01 vs SHR-C.
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weight (VW) were significantly increased in the SHR groups
compared to the WKY group (HW: WKY: 1:11 ± 0:03g,
SHR-C: 1:41 ± 0:03g, SHR-B: 1:28 ± 0:02g; p < 0:01 SHR-B
and SHR-C vs.WKY, p < 0:05 SHR-B vs. SHR-C; VW: WKY:
0:98 ± 0:03g, SHR-C: 1:27 ± 0:02g, SHR-B: 1:12 ± 0:02 g; p
< 0:05 SHR-groups vs. WKY). The ratio of ventricular weight
to body weight (VW/BW) was increased markedly in SHR
groups compared to WKY animals (VW/BW (mg/g): WKY:
2:43 ± 0:07, SHR-C: 3:60 ± 0:04, SHR-B: 3:07 ± 0:09; p < 0:01
SHR groups vs.WKY, p < 0:05 SHR-B vs. SHR-C). Ventricular
weight to the length of right tibia ratio (VW/TL) was also sig-
nificantly increased (VW/TL (mg/mm): WKY: 21:43 ± 0:71,
SHR-C: 29:14 ± 0:14, SHR-B: 24:81 ± 0:53; p < 0:05 SHR-
groups vs. WKY). BGP-15 treatment caused a significant mod-
eration of these ratios (p < 0:05 SHR-B vs. SHR-C).

By the end of the treatment, the plasma BNP level
increased significantly in the SHR-C group compared to the
WKY group (BNP (pg/ml): WKY: 302:76 ± 13:7684; SHR-
C: 755:14 ± 33:34; SHR-B: 352:04 ± 22:50; p < 0:05 vs.

WKY group; Table 1). However, BGP-15 treatment caused
a marked reduction of the BNP level in hypertensive animals
(p < 0:05, SHR-B vs. SHR-C).

3.1.2. Effect of BGP-15 Administration on Mitochondrial
Ultrastructure. Longitudinal sections of the myocardium
were evaluated to assess the status of interfibrillar mito-
chondria (IFM) by electron microscopy. The mitochondria
of SHR-C rats differ from the normal mitochondria of
WKY rats (Figures 2(a)–2(c)), because they are morpho-
logically more heterogeneous (n = 5 from each group, 3–
5 block from each animal). In the nontreated hypertensive
animals (SHR-C), mitochondria were loosely arranged
between the contractile elements (Figures 3(a) and 3(b)).
Moreover, in the SHR-C group, extensive disruption of
mitochondrial cristae and enlarged intracristal spaces
could be observed (Figure 3(c)). Their shape was often
elongated, and the mitochondrial matrix was very light.
The mitochondrial ultrastructure in the SHR-B group was
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Figure 6: Effect of BGP-15 treatment on mitochondrial fission proteins in a hypertension induced-heart failure model. Western blot analysis
of Fis1 and DRP1 proteins, as well as densitometric evaluation, is shown. GAPDH was used as a loading control. WKY: age-matched
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similar to that of WKY rats (Figures 3(d) and 3(e)). In treated
SHR animals (SHR-B), normal, large, and less elongated mito-
chondria with tightly packed cristae and electron-densematrix
were seen (Figure 3(f)). The area of IFM was assessed on elec-
tron micrographs (~500 mitochondria/group were measured;
Figure 4(b)). We assessed relative frequencies of the measured
mitochondrial areas in arbitrary intervals of 0.3μm2

(Figure 4(a)). In all the groups, less than 1% of mitochondrial
areas were above the 1.81μm2 value. In the SHR-C group,
43.7% of the measured mitochondria belonged to the lowest
area range (<0.3μm2). However, in the WKY group, the pre-
dominant area range of the measured mitochondria was
between 0.3 and 0.6μm2. Due to BGP-15 treatment (SHR-
B), the distribution of mitochondria was similar to that of
the WKY group and the highest number of mitochondria
(48%) belonged to the 0.3-0.6μm2 range (p < 0:05, SHR-B
vs. SHR-C). Our results showed a profound decrease in the
mean mitochondrial area of SHR-C group compared to the
mitochondria of WKY animals (p < 0:05, SHR-C, vs. WKY).
The values of BGP-15-treated SHRs differed from that of the
SHR-C group (p < 0:05), and it was similar to the mitochon-
dria of normotensive animals (WKY).

3.1.3. Effect of BGP-15 Treatment on Mitochondrial Fusion
Proteins in SHR Animals. Regarding the mitochondrial
fusion proteins, we determined the levels of OPA1, MFN1,
and MFN2 in the myocardium using Western blot analysis
(Figure 5). We observed that the level of OPA1 was moder-
ately decreased in the SHR-C group compared to the WKY
group (p < 0:05, SHR-C vs. WKY). However, BGP-15 treat-
ment caused a significant elevation of OPA1 level in the
SHR-B group (p < 0:01 SHR-B vs. WKY, p < 0:05 SHR-B
vs. SHR-C). Considering the amount of MFN1 protein level,
there was a significant increase in hypertensive animals by
the end of the study compared to the baseline levels
(p < 0:05, SHR-C and SHR-B vs. SHR-Baseline); however,
there was no difference between the SHR groups. The level
of MFN2 protein was moderately lower in the SHR-C group
than in the WKY group (p < 0:05), as observed in the case of
OPA1. In the SHR-B group, this parameter increased signif-
icantly due to the treatment compared to the other groups
(p < 0:01 SHR-B vs WKY, SHR-C).

3.1.4. Effect of BGP-15 Administration on Mitochondrial
Fission Proteins in SHR Animals. The levels of fission
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Figure 7: Effect of BGP-15 treatment on DRP1 protein intracellular distribution in a hypertension-induced heart failure model. Western blot
analysis regarding the intracellular distribution of DRP1 protein and densitometric evaluation are also shown. GAPDH and PDCwere used as
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proteins Fis1 and DRP1 were determined in the myocardium
in total and in fractionated Western blot samples (Figure 6).
The level of Fis1 increased in the SHR-C group compared to
the WKY group (p < 0:05, SHR-C vs. WKY). This elevation
was, however, diminished significantly due to BGP-15 treat-
ment (p < 0:05 SHR-B vs. SHR-C). In the case of the fission
protein DRP1, the total level was significantly decreased
due to BGP-15 treatment compared to other groups
(p < 0:01 SHR-B vs. WKY, SHR-C). The phosphorylation
level of DRP1 at the Ser616 and Ser637 residues was also
measured. The phosphorylation of DRP1Ser616 and DRP1Ser637

was moderate in the WKY group. In the SHR-C group, how-
ever, phosphorylation of DRP1Ser616 was increased signifi-
cantly (p < 0:01 vs. WKY and SHR-Baseline). BGP-15
treatment decreased DRP1Ser616 phosphorylation in SHR-B
animals (p < 0:01 vs. SHR-C group). Regarding the phosphor-
ylation level of DRP1Ser637, we observed a significant increase
in the SHR-C group (p < 0:01 vs.WKY, SHR-Baseline). More-
over, BGP-15 treatment caused a further increase in the
DRP1Ser637 phosphorylation in SHR-B animals (p < 0:01
SHR-B vs. SHR-C).

The intracellular distribution of DRP1 was also mea-
sured (Figure 7). We observed that the Drp1 accumulated
in the mitochondrial fractions of SHR-C animals com-
pared to normotensive animals (p< 0.01, SHR-C vs.

WKY). BGP-15 treatment resulted in a significantly
reduced translocation of Drp1 into the mitochondria
(p< 0.01 vs. SHR-C), thereby preserving it in a higher con-
centration in the cytosolic fraction.

3.2. In Vitro Results

3.2.1. Effect of BGP-15 Administration on Mitochondrial
Morphology of NRCM Cells. To examine the changes of the
mitochondrial network, we used the MitoTracker Red
CMXRos staining method (Figure 8). BGP-15 per se had no
effect on the complexity of the mitochondrial network. Fila-
mentous mitochondrial network was observed in the Control
group; H2O2 treatment, however, caused a marked injury to
the mitochondrial network. As a result of the H2O2-induced
fission processes, degradation of the mitochondrial network
could be observed which led to mitochondrial fragmentation.
BGP-15 treatment prevented the mitochondrial network
from the oxidative stress-induced fragmentation and pre-
served the normal filamentous network of mitochondria.

3.2.2. Effect of BGP-15 Treatment on Mitochondrial Fusion
Proteins in NRCMs. We assessed the levels of OPA1, MFN1
and MFN2 proteins in total Western blot samples of NRCM
cells (Figure 9). BGP-15 treatment per se had no effect in the

Control BGP-15

H2O2+ BGP-15H2O2

25 𝜇m25 𝜇m

25 𝜇m 25 𝜇m

Figure 8: Effect of BGP-15 administration on the morphology of mitochondrial network in NRCM cells. For methodical details, see chapter
“Materials and Methods.” BGP-15 treatment prevented the mitochondrial network from the oxidative stress-induced fragmentation and
preserved mitochondria predominantly in the normal filamentous state. The inserts show the filamentous and fragmented states, showing
that BGP-15 protected the mitochondrial network. Control group: cells without any treatment; BGP-15 group: cells with only 50μM BGP-
15 for 0.5 hours; H2O2 group: cells with 150μMH2O2 for 0.5 hours; H2O2+BGP-15 group: cells with 150 μMH2O2 and 50 μMBGP-15 for 0.5
hours.
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nonstressed cells in comparison to the Control group. H2O2
treatment caused a slight decrease in the level of MFN1 and
MFN2 proteins and a slight increase in the level of OPA1,
but these changes were not significant. BGP-15 treatment
caused a significant increase of OPA1, MFN1, and MFN2
proteins in H2O2 stressed cells compared to the H2O2-
stressed group (p < 0:05 H2O2-BGP15 vs. H2O2).

3.2.3. Effect of BGP-15 Administration on Mitochondrial
Fission Proteins in NRCMs. We determined the levels of
Fis1 and DRP1 in total and in fractionatedWestern blot sam-
ples in NRCM cells (Figure 10). No significant difference was
found with BGP-15 treatment in nonstressed cells compared
to the Control group. The level of Fis1 increased markedly in
the H2O2 group compared to the Control group (p < 0:01,
H2O2 vs. Control). Due to BGP-15 treatment, this change
was blunted (p < 0:05, H2O2-BGP15 vs. H2O2 group). The
case of the fission mediator DRP1 protein total level was a
significant elevation in the H2O2 group due to oxidative
stress (p < 0:05H2O2 vs. Control group). However, a
control-like value could be seen in the treated group com-
pared to the H2O2 group (p < 0:05 H2O2-BGP15 vs. H2O2
group). The phosphorylation of DRP1 on Ser616 and
Ser637 residues was also evaluated. The phosphorylation of

both DRP1 phospho-form was moderate in the Control
group. Phosphorylation of DRP1Ser616 increased consider-
ably in the H2O2 group (p < 0:05 H2O2 vs. Control group).
However, BGP-15 treatment decreased DRP1Ser616 phos-
phorylation compared to nontreated stressed cells (p < 0:05
H2O2-BGP-15 vs. H2O2 group). Measuring the phosphoryla-
tion level of DRP1Ser637, a significant decrease could be
observed in the H2O2 group compared to the Control group
(p < 0:01 H2O2 vs. Control group). However, BGP-15 treat-
ment enhanced remarkably the DRP1Ser637 phosphorylation
(p < 0:01 H2O2-BGP15 vs. H2O2 group).

Finally, the intracellular distribution of fission mediator
DRP1 protein was examined (Figure 11). A significantly
higher portion of DRP1 could be found in the mitochondrial
fraction of cells in the H2O2 group compared to the BGP-15-
treated group. The translocation of DRP1 protein from the
cytosol to the mitochondria was moderated as a result of
the BGP-15 treatment and in this way resulted in higher
levels of DRP1 in the cytosolic fraction and lower concentra-
tion in the mitochondrial fraction (p < 0:01 vs. H2O2 group).

3.2.4. Effect of BGP-15 Treatment on the Regulatory Factors of
Mitochondrial Biogenesis in NRCMs. We determined the
levels of PGC-1α, CREB and VDAC in the total Western blot
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Figure 9: Effect of BGP-15 treatment on mitochondrial fusion proteins in NRCM cells. Western blot analysis of OPA1, MFN1, and MFN2 as
well as densitometric evaluation is shown. GAPDH was used as a loading control. Control group: cells without any treatment; BGP-15 group:
cells with only 50μM BGP-15 for 0.5 hours; H2O2 group: cells with 150 μM H2O2 for 0.5 hours; H2O2+BGP-15 group: cells with 150μM
H2O2 and 50μM BGP-15 for 0.5 hours. Values are mean ± SEM (n = 4). ∗p < 0:05 vs. Control, §p < 0:05 vs. H2O2 group.
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samples of NRCMs. BGP-15 treatment had no effect on these
factors in nonstressed cells compared to the Control group.
The PGC-1α level was increased in the H2O2 group com-
pared to the Control group (p < 0:01 vs. Control;
Figure 12). However, this elevation was much more marked
in the treated group (p < 0:01 H2O2-BGP15 vs. Control and
H2O2 groups). The phosphorylation level of CREBSer133

was low in the Control group. However, a significant
increase was seen in the phosphorylation level of CREB-
Ser133 in the H2O2 group (p < 0:01 H2O2 vs. Control)
(Figure 12). BGP-15 treatment increased further the phos-
phorylation level of CREBSer133 (p < 0:01, H2O2-BGP15 vs.
H2O2 group). The level of VDAC was slightly decreased in
the H2O2 group compared to the Control group (p < 0:05
H2O2 vs. Control). The level of the VDAC, however, was
significantly elevated in the BGP-15 treated group
(p < 0:01 H2O2-BGP-15 vs. H2O2 group).

Moreover, we investigated mitochondrial DNA content
compared to the nuclear DNA. The relative mitochondrial
DNA content was determined by “real-time” PCR, using
COX1 and COX3 primers, normalized to a nuclear-
encoded β-actin gene. We found that BGP-15 treatment

increased the relative expression levels of COXI and COXIII
genes compared to the H2O2 group (p < 0:05 H2O2-BGP-15
vs. H2O2 group; Figure 13).

Furthermore, we also performed a well-accepted method
for studying mitochondrial biogenesis by measuring the
activity of citrate synthase (Figure 13). Citrate synthase activ-
ity was reduced in hydrogen-peroxide stressed group com-
pared to the control group (p < 0:01 H2O2 vs. Control). The
citrate synthase activity was increased significantly due to
the treatment (p < 0:01 H2O2-BGP-15 vs. H2O2 group;
Figure 13).

Finally, we measured the level of NDUFs1 subunit of
NADH-ubiquinone oxidoreductase and UQCRC1 subunit
of Ubiquinol Cytochrome c Reductase proteins in order to
support our finding regarding the effect of BGP-15 on mito-
chondrial biogenesis. The expression level of NDUFs1 was
significantly decreased in the H2O2 group (p < 0:01 H2O2
vs. Control; Figure 14). A similar observation was made in
the case of UQCRC1 (p < 0:05 H2O2 vs. Control). However,
BGP-15 treatment not only protected against the decrease
but also significantly increased the amount of NDUFs1 and
UQCRC1 proteins (p < 0:01 H2O2-BGP-15 vs. H2O2 group).

0
5

10
15
20
25
30
35

Control BGP-15 H2O2 H2O2+BGP-15

Control BGP-15 H2O2 H2O2+BGP-15

Control BGP-15 H2O2 H2O2+BGP-15

A
rb

itr
ar

y 
un

its
 (A

U
)

0
0,2
0,4
0,6
0,8

1
1,2
1,4

0
0,2
0,4
0,6
0,8

1
1,2
1,4
1,6

Fis1
(17 kDa)

DRP
(78-82 kDa)

pDRP Ser616
(78-82 kDa)

pDRP Ser637
(78-82 kDa)

GAPDH
(37 kDa)

Co
nt

ro
l

BG
P-

15

H
2O

2

H
2O

2 +
BG

P1
-1

5

Fis1

DRP1

§

§

§§

0
5

10
15
20
25
30
35
40

Control BGP-15 H2O2 H2O2+BGP-15

A
rb

itr
ar

y 
un

its
 (A

U
) §

⁎

Ph
os

ph
o 

D
RP

1 
S6

16
/to

ta
l D

RP
1

Ph
os

ph
o 

D
RP

1 
S6

37
/to

ta
l D

RP
1

⁎

⁎⁎

⁎⁎

Figure 10: Effect of BGP-15 treatment on mitochondrial fission proteins in NRCM cells. Western blot analysis of Fis1 and DRP1 proteins, as
well as densitometric evaluation, is shown. GAPDHwas used as a loading control. Control group: cells without any treatment, BGP-15 group:
cells with only 50μM BGP-15 for 0.5 hours; H2O2 group: cells with 150 μM H2O2 for 0.5 hours; H2O2+BGP-15 group: cells with 150μM
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group, §§p < 0:01 vs. H2O2 group.
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3.2.5. Effect of BGP-15 Administration on Mitochondrial
Genome Integrity. Real-time detection of long-range poly-
merase chain reaction (LRPCR) was used to examine the
impact of H2O2-induced oxidative injury on mtDNA
(Figure 15). No significant difference was found with BGP-
15 treatment alone compared to the Control group. H2O2
induced a significant damage of the mtDNA (p < 0:05,
H2O2 vs. Control); the amplification rate of the entire mito-
chondrial genome was markedly diminished. This unfavour-
able damage was significantly reduced by BGP-15 treatment
(p < 0:01, H2O2-BGP15 vs. H2O2).

3.2.6. Effect of BGP-15 on Mitochondrial Membrane Potential
(ΔΨ) in NRCM Cells. We examined the effect of BGP-15 on
mitochondrial membrane potential using JC-1, a cell-
permeable voltage-sensitive fluorescent mitochondrial dye
(Figure 16). JC-1 emits red fluorescence if the mitochondrial
membrane potential is high (aggregated dye), while depolar-
ized mitochondria emit green fluorescence (monomer dye).
In the control cells, fluorescence microscopy showed strong
red fluorescence and weak green fluorescence, which indi-
cates a high ΔΨm in mitochondria (Figure 16(a)). BGP-15
per se had no effect on mitochondrial membrane potential.
The addition of H2O2 to cells facilitates the depolarization
of mitochondria, resulting in weaker red fluorescence and

stronger green fluorescence (p < 0:01 H2O2 vs. Control;
Figure 16(b)). If BGP-15 was also administered in peroxide-
stressed NRCM cells, red fluorescence increased and green
fluorescence decreased compared to the H2O2-treated cells
(p < 0:01, H2O2-BGP15 vs. H2O2) (Figure 16(b)). Therefore,
the quantitative assessment revealed that BGP-15 treat-
ment reduced the H2O2-induced depolarization of the
mitochondrial membrane; the ΔΨm was similar to that
of the Control cells.

3.2.7. Effect of BGP-15 on Mitochondrial Oxygen
Consumption and Energy Metabolism in NRCM Cells. To
determine the mitochondrial energy metabolism and respira-
tory function, we used the Agilent Seahorse XFp Analyzer
system and the Agilent Seahorse XFp Cell Mito Stress Test
(Figure 17). BGP-15 itself had no effect on the rate of mito-
chondrial respiration. The oxygen consumption rate of
NRMC cells was decreased in the presence of H2O2 to cells
compared to Control cells (Figure 17(a)). H2O2 treatment
decreased the basal respiration although this difference was
not significant (Figure 17(b)). However, the maximal respira-
tion, the spare respiratory capacity, and the ATP production
were markedly decreased as a result of H2O2-induced oxida-
tive damage compared to the Control group (p < 0:05, H2O2
vs. Control) (Figures 17(c)–17(e)). In the presence of both

Co
nt

ro
l

BG
P-

15

H
2O

2

H
2O

2+
BG

P1
-1

5

Co
nt

ro
l

BG
P-

15

H
2O

2

H
2O

2+
BG

P1
-1

5

0

5

10

15

20

25

Control BGP-15 H2O2 H2O2+BGP-15 Control BGP-15 H2O2 H2O2+BGP-15

A
rb

itr
ar

y 
un

its
 (A

U
)

Cytosolic DRP1

0

2

4

6

8

10

12

14

16

A
rb

itr
ar

y 
un

its
 (A

U
)

Mitochondrial DRP1

OPA1
(85-100 kDa)

DRP1
(78-82 kDa)

GAPDH
(37 kDa)

OPA1
(85-100 kDa)

DRP1
(78-82 kDa)

PDC
(43 kDa)

⁎⁎

⁎⁎,§§
⁎⁎,§§

⁎⁎
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H2O2 and BGP-15, the maximal respiration, spare respira-
tory capacity, and the ATP production were significantly
higher compared to the H2O2 group (p < 0:05, H2O2–
BGP15 vs. H2O2).

4. Discussion

We aimed to study the effect of BGP-15 on various processes
of mitochondrial quality control in a hypertension-induced
heart failure model and in vitro using hydrogen peroxide-
induced oxidative stress. The major findings of this study
are that BGP-15, besides its promoting effect on mitochon-
drial fusion, also inhibits factors playing part in the mito-
chondrial fission and enhances their de novo biogenesis
under stress situations. As a result of these effects, BGP-15
preserves mitochondrial structure and energy production
during hydrogen peroxide-induced oxidative stress as well
as in an in vivo heart failure model.

In our recent work, spontaneously hypertensive rats
(SHR) were used, which is a widely used model in experi-
mental cardiology for the examination of hypertension-
induced cardiovascular remodelling and heart failure [26–

28]. 15-month-old SHRs showed already severe left ventricu-
lar hypertrophy with mild signs of heart failure. BGP-15 has a
positive effect on remodelling processes and cardiac function
[29]. In our work, BGP-15 treatment decreased slightly the
severity of cardiac hypertrophy, which was proved by gravi-
metric parameters (weight of ventricles/body weight, weight
of ventricles/tibia length) and decreased the severity of heart
failure characterized by BNP level (Table 1). In the back-
ground of these favourable changes, the mitochondrial struc-
tural and functional alterations were assumed.

Mitochondria are dynamic organelles constantly under-
going fusion and fission processes. Hypertension-induced
heart failure is characterized by the fragmentation of mito-
chondria and by compromised energy production leading
to decreased contractile force of myofilaments [30, 31]. In
our work, mitochondria were structurally damaged in non-
treated hypertensive animals (SHR-C). They were loosely
arranged between the contractile elements (Figures 3(a)–
3(c)). The average size of mitochondria was markedly
reduced in the SHR-C group; approximately 40% of mito-
chondria were smaller than 0.3μm2 as a result of heart
failure-induced mitochondrial fragmentation (Figures 4(a)–
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4(c)). Ultrastructurally, extensive disruption of mitochon-
drial cristae and enlarged intracristal spaces was observed.
However, BGP-15 treatment resulted in structurally mark-
edly healthier mitochondria that were similar to that of
normotensive animals. Mitochondria in the SHR-B group
were tightly packed between the myofibrils. Most of mito-
chondria belonged to the normal size range (0.3-0.6μm2),
which can be—at least partially—the consequence of
increased mitochondrial biogenesis. On the ultrastructural
level, large mitochondria with tightly packed cristae and
electron-dense matrix were seen in the treated group
(Figures 3(d)–3(f)).

Oxidative stress induces an imbalance in processes of
mitochondrial dynamics, potentially leading to cell death.
Proper mitochondrial functions regulated by the quality con-
trol processes are fundamental for cardiac work. The deteri-
oration of mitochondrial quality control greatly contributes
to the hypertension-induced cardiac remodelling and its pro-
gression to heart failure [4, 7, 8]. In our recent study, the
expression level of proteins promoting the mitochondrial
fusion, particularly OPA1 and MFN2, was increased signifi-
cantly in the BGP-15-treated animals compared to the
SHR-C group (Figure 5). Our results are in accordance with
the results of Szabo et al., who published earlier that BGP-
15 has promoted mitochondrial fusion in both in vitro and
in vivo [18].

Regarding mitochondrial fission, a marked decrease
could be seen in the expression levels of DRP1 and Fis1 in
hypertensive animals due to BGP-15 treatment (Figure 6).
DRP1 is regulated by several posttranslational modifications
[32–34]. DRP1Ser637 phosphorylation suppresses its translo-
cation to mitochondria and thus inhibits its activity, while
DRP1Ser616 phosphorylation promotes DRP1 translocation
and therefore the mitochondrial fission. BGP-15 treatment
increased markedly the DRP1Ser637 phosphorylation and
decreased the DRP1Ser616 phosphorylation in SHR-B animals
compared to nontreated hypertensive animals (Figure 6).
The subcellular distribution of DRP1 showed changes consis-
tent with the phosphorylation pattern of DRP1. In non-
treated hypertensive animals (SHR-C), a high portion of
DRP1 could be observed in the mitochondrial fraction
(Figure 7). BGP-15 treatment resulted in a significantly
reduced translocation to mitochondria of DRP1, retaining it
in the cytosolic fraction. This can be a consequence of
increased DRP1Ser637 phosphorylation in SHR-B animals.
Altogether, BGP-15 prevented mitochondria against
hypertension-induced fragmentation.

In our in vitro experiments, hydrogen-peroxide was used
to induce oxidative injury of NRCM cells. Degradation of the
filamentous mitochondrial network by mitochondrial frag-
mentation could be observed in H2O2-stressed NRCM cells.
BGP-15 treatment prevented the mitochondrial network
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Figure 13: Effect of BGP-15 treatment on the relative DNA content and citrate synthase activity. Relative expression level of electron
transport chain complex IV genes (COX1 and COX3 are presented. Comparison of citrate synthase activity in NRCM cells. Control
group: cells without any treatment; BGP-15 group: cells with only 50μM BGP-15 for 0.5 hours, H2O2 group: cells with 150μM H2O2 for
0.5 hours, H2O2+BGP-15 group: cells with 150 μM H2O2 and 50μM BGP-15 for 0.5 hours. Values are mean ± SEM (n = 4). ∗∗p < 0:01 vs.
Control, §§p < 0:01 vs. H2O2 group.
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from the oxidative stress-induced fragmentation and pre-
served mitochondria predominantly in the filamentous state.

Similar changes were seen in the case of fusion and fission
processes in NRCM cell culture compared to in vivo model.
BGP-15 treatment increased the expression level of fusion
proteins (OPA1, MFN1, and MFN2), and thus, it can pro-
mote mitochondrial fusion during oxidative stress
(Figure 9). On the other hand, the level of fission mediators
(DRP1 and Fis1) was decreased due to BGP-15 treatment
(Figure 10). BGP-15 also moderated the mitochondrial trans-
location of DRP1 protein from the cytosol as a result of
enhanced DRP1Ser637 phosphorylation and decreased phos-
phorylation of DRP1Ser616 (Figure 11). Therefore, BGP-15
treatment has beneficial effects on mitochondrial dynamics
by promoting the fusion and blocking the fission processes.

Several studies have demonstrated that mitochondrial
biogenesis is compromised in cardiac remodelling and
heart failure [35–37]. PGC-1-α is the key regulator of bio-
genesis, which in turn is regulated by CREB [38–40]. We
found that the expression level of PCG-1α increased sig-
nificantly due to BGP-15 treatment (Figure 12). Moreover,
BGP-15 treatment further enhanced the phosphorylation
of CREB compared to H2O2 group, too (Figure 12). CREB
increased the expression level of PGC-1α and therefore

Co
nt

ro
l

BG
P-

15

H
2O

2+
BG

P-
15

H
2O

2

NDUFs1
(79 kDa)

GAPDH
(37 kDa)

UQCRC1
(52,5 kDa)

0

5

10

15

20

25

30

35

Control BGP-15 H2O2 H2O2+BGP-15

Control BGP-15 H2O2 H2O2+BGP-15

A
rb

itr
ar

y 
un

its
 (A

U
)

UQCRC1

0

5

10

15

20

25

30

35

A
rb

itr
ar

y 
un

its
 (A

U
)

NDUFs1

§§

§§

⁎

⁎⁎

Figure 14: Effect of BGP-15 treatment on the electron transport chain complex I and III proteins in NRCMs. Western blot analysis of
UQCRC1 and NDUFs1 proteins as well as densitometric evaluation is shown. GAPDH was used as a loading control. Control group: cells
without any treatment; BGP-15 group: cells with only 50 μM BGP-15 for 0.5 hours; H2O2 group: cells with 150 μM H2O2 for 0.5 hours;
H2O2+BGP-15 group: cells with 150μM H2O2 and 50 μM BGP-15 for 0.5 hours. Values are mean ± SEM (n = 4). ∗p < 0:05 vs. Control, ∗∗

p < 0:01 vs. Control, §§p < 0:01 vs H2O2 group.
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Figure 15: Effect of BGP-15 treatment on oxidative stress-induced
mitochondrial DNA damage. Total DNA was isolated for LRPCR
and SRPCR analysis. mtDNA damage was calculated using the
Δ2Ct method. Control group: cells without any treatment; BGP-15
group: cells with only 50μM BGP-15 for 0.5 hours; H2O2 group:
cells with 150μM H2O2 for 0.5 hours; H2O2+BGP-15 group: cells
with 150 μM H2O2 and 50 μM BGP-15 for 0.5 hours. Values are
mean ± SEM (n = 4). ∗p < 0:05 vs. Control, §§p < 0:01 vs H2O2
group.
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can enhance mitochondrial biogenesis. VDAC is located in
the outer mitochondrial membrane and can be used for
mitochondrial loading protein. We found that VDAC
was significantly elevated in BGP-15-treated cells that can
support our previous results regarding enhanced
biogenesis.

Moreover, we examined the level of NDUFs1 subunit of
NADH-ubiquinone oxidoreductase and UQCRC1 subunit
of Ubiquinol Cytochrome c Reductase proteins. These pro-
teins are part of the mitochondrial electron transport chain
(ETC Complex I and III), and in this way, they are essentially
important in the maintaining of proper mitochondrial func-
tion [41, 42]. The amount of ETC Complex I and Complex
III proteins levels was increased significantly due to BGP-15
treatment, which is consistent with our previous results
(Figure 14).

In order to support our finding more adequately regard-
ing the effect of BGP-15 on mitochondrial biogenesis, the rel-
ative DNA content of ETC Complex IV was determined. We
found that BGP-15 treatment increased the relative expres-
sion levels of both tested genes (COXI and COXIII;
Figure 13). Since both genes are encoded by mitochondrial
DNA, this suggests that mitochondrial DNA content was
increased in NRCMs cells treated with BGP-15.

Moreover, we also performed a well-accepted and fre-
quently used method for studying mitochondrial biogenesis
by measuring the activity of citrate synthase (CS) [43–45].
Citrate synthase is localized within the mitochondrial matrix,
and it catalyses the synthesis of citrate from oxaloacetate in
the Krebs tricarboxylic acid cycle [44]. Maximal activity of
citrate synthase indicates the mitochondrial content of heart
muscle. Citrate synthase activity was reduced in hydrogen-
peroxide stressed group compared to control group. The cit-
rate synthase activity was increased significantly due to the

treatment (Figure 13). Summarizing these results, we can
conclude that mitochondrial biogenesis was increased under
oxidative stress in treated NRCMs cells as a result of BGP-15
treatment, and in this way, it was able to enhance the proper
mitochondrial function.

Oxidative stress can damage the mtDNA, which is
extremely sensitive to it [46, 47]. In our recent work, PCR
results showed extensive damage of mtDNA caused by
hydrogen peroxide. Thus, the amplification of the entire
mitochondrial genome was restrained. BGP-15 treatment,
however, preserved mitochondrial genome integrity mark-
edly decreasing the breakage of mtDNA (Figure 15). The
protection of mtDNA is extremely important, because the
mitochondrial respiratory chain (ETC) complexes are
encoded on mtDNA [48, 49]. Complex I-III are critical for
ROS production by the respiratory chain [50]. It can generate
significant amounts of ROS under several conditions includ-
ing hypoxia, mitochondrial hyperpolarization, and inhibition
of respiratory complexes. BGP-15 is able to reduce the mito-
chondrial ROS production at complex I [18, 24]. Along these
lines, BGP-15 can protect against ROS induced mitochon-
drial DNA damage and maintain the appropriate mitochon-
drial function.

The preservation of mitochondrial membrane potential
is also important to maintain the metabolic capacity of
mitochondria. Well-functioning mitochondrial oxidative
phosphorylation and ATP production are essential for
the proper function of cardiomyocytes [51, 52]. BGP-15
is able to prevent oxidative stress-induced mitochondrial
membrane potential loss and therefore improved mito-
chondrial function (Figure 16). We observed that oxidative
stress leads to mitochondrial respiration damage
(Figure 17). However, BGP-15 treatment preserved the
mitochondrial function characterized by ATP production
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Figure 16: Effect of BGP-15 on the mitochondrial membrane potential in NRCMs, as determined by JC-1. (a) Effect of BGP-15 on H2O2-
induced mitochondrial membrane depolarization in NRCM cells. Cells were exposed to 150μm H2O2 in the absence or presence of 50 μm
BGP-15 for 0.5 hours, after that stained with 100 ng/ml of JC-1. The dye was loaded, and after a 15-minute-long incubation, fluorescent
microscopic images were taken using both the red and green channels. Representative merged images are presented. (b) Quantitative
analysis of mitochondrial depolarization induced by H2O2 (150 μM) and its reduction by BGP-15 (50 μM) in NRCM cells. Control group:
cells without any treatment; BGP-15 group: cells with only 50μM BGP-15 for 0.5 hours; H2O2 group: cells with 150 μM H2O2 for 0.5
hours; H2O2+BGP-15 group: cells with 150 μM H2O2 and 50μM BGP-15 for 0.5 hours. Data are presented as the mean ± SEM. ∗∗p < 0:01
vs. Control cells; §§p < 0:01 vs H2O2-treated cells.
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and spare respiratory capacity thereby ensuring the ability
of cells to respond to increased energy demand under
stress scenario.

BGP-15 also supports the maintenance of mitochondrial
function partially via the preservation of the mitochondrial
structure.
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Figure 17: Effect of BGP-15 on mitochondrial oxygen consumption and energy metabolism in NRCM cells, as determined by Agilent
Seahorse Xfp. Mitochondrial energy metabolism was measured using a Seahorse XFp analyzer. During testing, H9c2 cells were treated
with 10μM oligomycin, 10 μM FCCP, and 5μM rotenone/antimycin A. Data were automatically calculated according to the Agilent
Seahorse XF Cell Mito Stress Test Report Generator. (a) Oxygen consumption rate (OCR). (b) Basal respiration. (c) ATP production. (d)
Maximal respiration. (e) Spare respiratory capacity. Control group: cells without any treatment; BGP-15 group: cells with only 50μM
BGP-15 for 0.5 hours; H2O2 group: cells with 150μM H2O2 for 0.5 hours; H2O2+BGP-15 group: cells with 150μM H2O2 and 50 μM BGP-
15 for 0.5 hours. Values are mean ± SEM (n = 4). ∗p < 0:05 vs. Control, §p < 0:05 vs. H2O2 group.
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Our study is the first to demonstrate that BGP-15 pre-
served the mitochondrial ultrastructure by increased mito-
chondrial fusion and decreased fission processes as well as
positively affected the translocation processes in chronic
hypertension-induced heart failure animal model. Further-
more, we can make a similar observation in the case of
primer rat cardiomyocytes cell culture experiment during
hydrogen-peroxide induced oxidative stress. Comparable
changes were seen in the case of fusion and fission processes
in NRCM cell culture compared to in vivo model. Moreover,
BGP-15 treatment preserved the mitochondrial membrane
potential and improved the mitochondrial function. BGP-
15 protected the integrity of the mitochondrial genome and
enhanced the de novo biogenesis of mitochondria during
hydrogen peroxide-induced oxidative stress. Nevertheless,
the exact molecular mechanism of the effects is still
unknown, but there are clear evidences regarding the specific
mechanism of how BGP-15 acts at important integrator
points of signal transduction in certain pathological pro-
cesses. In order to elucidate the potential underlying molecu-
lar mechanisms, further targeted studies should be
performed in the future.

Our results reveal that pharmacological modulation of
the mitochondrial dynamics under cellular stress could be a
novel therapeutic approach in various cardiac diseases char-
acterized by oxidative stress-induced mitochondrial damage.
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