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General  Introduction1



1: The Right Ventricle

Getting acquainted with the Right Ventricle
Historically, the right ventricle (RV) was always perceived as less important than 
the left ventricle (LV) in the maintenance of normal blood circulation. This was 
reinforced by studies performed by Starr in the 1940s, in which right ventricular 
free wall contractile function was abolished by cauterization, without significant 
changes in either systemic or venous pressures [1]. Also abolishment of RV 
function, is on an acute basis compatible with life [2,3]. The functional importance 
of the RV has for this reason been questioned in the past. However, there is now 
considerable evidence that emphasis on the significance of intact RV function 
[4-6].
The RV is responsible for the pulmonary circulation, here the RV pumps blood 
through the lungs for oxygen and carbon dioxide exchange (figure 1). While the 
LV pumps blood through the body supplying organs and tissues with nutrients 
and oxygen, which is termed the systemic circulation (figure 1). Not only do 
the RV and LV differ in function, they also develop from distinct embryological 
regions. The LV is derived from the first heart field (FHF), while the RV and the 
outflow tract (OFT) are derived from the recently discovered second heart field 
(SHF) [7]. The discovery of the SHF might explain why several genes are only 
expressed in the RV and OFT and not in the LV and atria and provides insight 
into why certain mutations in mice and diseases in humans selectively affect the 
RV [8,9]. 

Figure 1|Pulmonary circulation. Blood 
from the systemic veins is collected in 
the right atrium, from there it passes 
to the right ventricle, from which it is 
pumped through the lungs (pulmonary 
circulation). In the lungs the blood is 
reoxygenated and collected in the left 
atrium, from there it passes to the 
left ventricle, which pumps the blood 
through the entire body supplying 
organs and tissues with oxygen and 
nutrients. Adapted from Essentials of 
Anatomy & Physiology: Martini and 
Bartholomew; Prentice Hall
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Morphologically the RV is also quite different form the LV, it is formed like a pocket 
wrapped around the left ventricle [10] and therefore has a crescent or half-moon 
shape. In addition the RV is thinner and more flexible. The RV functions as a 
volume pump, as it responds and adapts to changes in venous return and delivers 
the volume to the low-pressure pulmonary circulation [10]. Finally, two regions 
in the RV differentiate RV contraction from the LV contraction. The inflow or 
sinus region is located near the tricuspid valve and extends into the trabeculated 
area in the ventricle. The outflow or conus region is located near the pulmonic 
valve. RV contraction takes place in three distinct sequential motions. The inflow 
region contracts first, which assists in pulling the tricuspid valve down towards 
the RV apex. The RV free wall then contracts, which expels a large portion of 
the volume; finally the interventricular septum (IVS) contracts, this differential 
contraction leads to a wringing motion, emptying the RV [5,6].

2: Pulmonary arterial hypertension

Characteristics of Pulmonary arterial hypertension
Pulmonary arterial hypertension (PAH) is a disease that affects RV function. PAH 
is characterized by vascular proliferation and remodeling of the small pulmonary 
arteries, which leads to a progressive increase in pulmonary vascular resistance 
(PVR), increasing RV afterload and giving rise to RV hypertrophy which ultimately 
progresses to RV failure causing death [11]. PAH is defined as a sustained 
elevation of pulmonary arterial pressure to more than 25 mm Hg at rest or 
to more than 30 mm Hg with exercise, with no increases in left-sided cardiac 
pressures [12]. 
Reproduced from McLaughlin et al [15].
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Although PAH is classified into five sub-groups [13] (table 1) they all share 
the similar characteristic of increased pulmonary resistance, which is thought 
to be caused by three common factors: vasoconstriction, pulmonary vascular 
proliferation and remodeling and thrombosis in situ [14].

Treatment of pulmonary arterial hypertension
Currently there is no cure for PAH, however treatment has improved dramatically 
leading to both relief of symptoms and prolonged survival. Advances in our 
knowledge of the molecular mechanisms involved in PAH suggest that reduced 
production of vasoactive mediators, such as nitric oxide and prostacyclin, along 
with overexpression of vasoconstrictors, such as endothelin-1 (ET-1) play a key 
role [16-18], by affecting vascular tone and promoting vascular remodeling. 
Therefore, these mediators represent targets for PAH treatment.
The current treatment of PAH includes, vasodilators, anti-coagulants, anti-
platelet agents, anti-inflammatory therapies, and vascular-remodeling therapies 
[12]. The current therapeutic targets and their treatment are depicted in figure 
2.
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Figure 2|Therapeutic Strategies for Pulmonary Hypertension. A schematic representation of the pulmonary 
arteriolar system and alveolus, with the sites of action of the major classes of therapeutic agents. Reproduced 
from Farber and Loscalzo [12].
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Right ventricular hypertrophy and failure
Although PAH is a serious disease with an overall poor prognosis, there is however 
heterogeneity in the PAH patient population, with some patients dying within 
months of diagnosis while others diagnosed with PAH continue living for decades 
[19]. Indicating that in some patients PAH-induced RV hypertrophy remains stable 
and RV function is maintained while in other patients this decomposes and RV 
failure occurs. Patients in which RV function decompensates and failure occurs, 
are characterized by a low cardiac output, hypotension, hepatic enlargement 
and raised jugular venous pressure [20].
In response to the increased RV workload as a consequence of the increased PVR, 
the RV compensates by increasing its energy turnover as well as its cardiomyocyte 
size. As an energy source the heart uses Adenosine 5’-triphosphate (ATP), which 
is produced in the mitochondria, through the process of oxidative phosphorylation 
(OXPHOS). Approximately 95% of all ATP produced in the heart comes from 
oxidative phosphorylation in the mitochondria. Mitochondrial OXPHOS is fuelled 
by NADH and FADH2 primarily derived from the fatty acid β-oxidation pathway 
and to a lesser extent from the glycolysis. During fatty acid β-oxidation, which 
takes place in the mitochondria, fatty acids are catabolized producing NADH, 
FADH2 and acetyl-CoA. The produced acetyl-CoA then enters the tricarboxylic 
acid (TCA) cycle for further oxidation to NADH and FADH2 (figure 3). During 
glycolysis, glucose is converted to pyruvate in the cytosol, pyruvate is transported 
into the mitochondria and converted to acetyl-CoA, to be further oxidized in the 
TCA cycle to NADH and FADH2 at aerobic conditions. At anaerobic conditions 
pyruvate is converted to lactate. 
Another mechanism by which the heart compensates to an increased workload 
is by expanding its mitochondrial oxidative capacity, for instance during post-
natal development [21]. Other stimuli for mitochondrial proliferation include, 
exercise training[22], thyroid hormone [23,24] and hypertrophy [25]. Cardiac 
hypertrophy is characterized by an increase in cardiomyocyte size and in contractile 
structures; mitochondria must proliferate in order to keep energy producing and 
energy consuming sites in balance. Mitochondrial proliferation or biogenesis is 
orchestrated by several transcription factors including, co-activator of peroxisome 
proliferator activated receptor gamma (PGC-1α), nuclear respiratory factor 1 and 
2 (NRF-1 and NRF-2) and mitochondrial transcription factor A (TFAM) [26,27]. 
Next to changes in cardiomyocyte size, contractile structures and mitochondrial 
number, the hypertrophied heart is also characterized by a marked shift in 
substrate preference away from fatty acids towards glucose [28]. This shift 
may initially be adaptive to reduce oxygen consumption, however over time this 
metabolic shift can become maladaptive, leading to a state of cardiomyocyte 
energy insufficiency related to reduced capacity for mitochondrial ATP production 
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[29] during the transition to heart failure [30]. However these are not the only 
characteristic changes proposed to contribute to the decompensation of the 
hypertrophied ventricle; other characteristics include, changes in extracellular 
matrix composition, β-adrenergic responsiveness, myofilament proteins, Ca2+ 
handling, signal transduction pathways and gene expression profiles and 
apoptosis [31].
Interestingly, another characteristic which has gained a lot of attention over the 
last decade and proposed to contribute to the transition of cardiac hypertrophy 
to failure is increased reactive oxygen species (ROS) production leading to 
myocardial oxidative stress [32,33]. Experimental data suggests that ROS 
generation is a component of normal physiologic activity of cardiac cells [34]. 
However, excessive ROS generation triggers cell dysfunction, lipid peroxidation, 
and DNA mutagenesis and can lead to irreversible cell damage or death [35-
38]. Recent clinical data showed that patients with left ventricular failure (LVF) 
had an increased NADPH oxidase (see page 18) activity and increased oxidative 
stress in both LV and RV. Furthermore they showed a correlation between RV 
NADPH oxidase activity and pulmonary artery pressure (PAP) in these LVF 
patients. The occurance of RV pressure overload was due to PAH secondary to 
end-stage heart failure [39], these data suggest that increase in RV overload 
increases NADPH oxidase-dependent ROS production. Patients with primary 
RV failure have increased myocardial fibrosis [40], which is also associated 
with increased ROS production [41]. These data implicate that increased ROS 
production and concomitant myocardial oxidative stress might also contribute to 
the decompensation of the RV in PAH-induced RV remodeling. 
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Figure 3|Energy metabolism and Oxidative phosphorylation. FFAs in the cytoplasm are associated with fatty acid 
binding protein (FABP). FFAs are then esterified to acyl-CoA via fatty acyl-CoA synthetase. The resulting acyl-CoA 
is then transported through the inner membrane of the mitochondrion, via the exchange of CoA for carnitine by 
carnitine palmitoyltransferase I (CPT I). Acylcarnitine is then transported by carnitine acylcarnitine translocase into 
the mitochondrial matrix where a reverse exchange takes place through the action of carnitine palmitoyltransferase 
II (CPT II). Once inside the mitochondrion acyl-CoA is a substrate for the β-oxidation pathway, resulting in acetyl-
CoA production. Each round of β-oxidation produces 1 molecule of NADH, 1 molecule of FADH2 and 1 molecule of 
acetyl-CoA. Acetyl-CoA enters the TCA cycle, where it is further oxidized to CO2 with the concomitant generation 
of 3 molecules of NADH, 1 molecule of FADH2 and 1 molecule of ATP. Glucose is converted into 2 molecules of 
pyruvate via a series of reactions. Pyruvate is then converted by Pyruvate dehydrogenase complex into acetyl-
CoA and NADH, which enters the Krebs cycle and oxidative phosphorylation, respectively. Electrons derived from 
NADH produced in the β-oxidation or TCA cycle enter the electron chain through NADH ubiquinone oxidoreductase 
(Complex I) or via the FADH2-containing enzyme in the inner membrane succinate dehydrogenase (Complex II). 
The electrons are passed sequentially to Coenzyme Q (Q), Ubiquinone cytochrome c reductase (Complex III) and 
ultimately delivered to oxygen, via Cytochrome c oxidase (Complex IV). The potential energy of the electrons is 
converted into a charge gradient across the inner membrane, positive outside, by the proton pumping activity of 
the respiratory chain. The energy potential across the inner membrane, Δψm, drives ATP synthesis via the ATP 
synthase. 
OMM: outer mitochondrial membrane; IMM: inner mitochondrial membrane; IMS: inter mitochondrial membrane 
space; CPT: carnitine palmitoyltransferase; TCA: tricarboxylic acid cycle; ANT: adenine nucleotide translocator; I: 
Complex I; II: Complex II; III: Complex III; IV: Complex IV
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3: Myocardial oxidative stress

Reactive Oxygen Species
Over the past several years there have been signs of elevated oxidative stress in 
heart failure [42]. Myocardial oxidative stress occurs when there is an excessive 
production of reactive oxygen species (ROS) within cardiomyocytes. 
As the name implies ROS are highly reactive molecules that include free radicals, 
such as superoxide (O2

- ) and hydroxyl (OH- ), which have one or more unpaired 
electrons. Hydrogen peroxide (H2O2) which is not a free radical, but regarded 
as one. In table 2 a variety of ROS are summarized. ROS have been shown to 
be harmful to several physiologically important molecules including proteins, 
lipids and DNA [36]. Superoxide radical is a reduced form of oxygen (addition 
of one electron to a molecular oxygen) and has a dual function, it can be used a 
detergent produced by phagocytic cells to inactivate viruses and bacteria [43]. 
In small amounts it also functions as a signaling molecule [34]. Its reaction 
with cations such as iron and copper will produce the most reactive species, i.e. 
hydroxyl radicals [44].

Table 2| Reactive oxygen species and the defense mechanisms [45]

H2O2 which does not have an unpaired electron but it is generated from a radical 
compound, i.e. O2

- . O2
-  is usually dismutated by superoxide dismutase (SOD) 

to generate H2O2, which is then usually converted by catalase or glutathione 
peroxidase to H2O. Under certain conditions single electron reduction of H2O2 
occurs, via the Fenton or the Haber-Weiss reaction, resulting in the formation 
of the OH-  free radical, Additionally, in the presence of elevated cellular nitric 
oxide (NO) levels, O2

-may react with NO to generate peroxynitrite (ONOO- ), 
which is also a potent ROS. This class of radicals derived from NO, is called 
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reactive nitrogen species (RNS). The diffusion capacity of most ROS is limited 
due to their lipid insolubility; their actions are therefore generally confined to 
the compartment of production, i.e. mitochondria or cytosol. In contrast, H2O2 
can diffuse across cell membranes and therefore has the potential to act at more 
distant sites [32].

Oxidative stress defense mechanisms 
While aerobic metabolism is much more efficient than anaerobic, with higher 
energy yields, however the price for aerobic metabolism is the risk of oxidative 
stress. Since ROS is produced under normal physiological conditions cells are 
equipped with an elaborate oxidant defense system to eliminate oxidative stress. 
These oxidant defense mechanisms are distributed over intra- and extracellular 
compartments and are of non-enzymatic (table 2) or enzymatic nature (table 2). 
The intracellular antioxidant system consists of SOD, catalase and glutathione 
peroxidase. SOD catalyses the dismutation of O2-  into H2O2 and oxygen. In 
the heart, this enzyme is present in two isoforms: Mn-SOD (SOD-2) which is 
present in the mitochondrial matrix and Cu/Zn-SOD (SOD-1), which is present 
in the cytosol. H2O2 generated by SOD is further reduced by catalase and by 
glutathione peroxidase (GPx) to H2O. GPx is a selenium-containing enzyme that 
catalyzes the removal of H2O2 through oxidation of reduced glutathione (GSH), 
which is recycled from oxidized glutathione (GSSG) by glutathione reductase 
(GRed). The activity of GPx is dependent on the available levels of GSH: in the 
presence of low levels of GSH the activity of GPx decreases. GRed requires 
NAD(P)H as a reductant to recycle GSSG to GSH [45].
The ratio between the reduced and oxidized forms of glutathione (GSH : GSSH) is 
an indication of the cellular oxidative status. The extracellular and intravascular 
spaces are protected from oxidative stress by extracellular SOD (ECSOD), which 
is also a Cu/Zn-containing SOD. However this is the least expressed isoform in 
the myocardium [46].

Sources of Myocardial Reactive Oxygen Species:
Mitochondria
Mitochondria are considered as the powerplant of the cell, as with any power-plant, 
mitochondria also produce waste products, i.e. ROS. Under normal physiological 
conditions approximately 1% to 5% of the consumed oxygen leaks as ROS from 
mitochondria [47], which means that conditions that increase O2 consumption, 
increase ROS production in parallel and can be considered as oxidative stresses 
[48]. Within mitochondria there are several sources of ROS production, which 
are elaborately discussed by Andreyev et al. [49]. For this introduction only the 
most prominent sources of ROS within mitochondria will be discussed.
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NADH-ubiquinone oxidoreductase or Complex I is a mitochondrial inner 
membrane multi-protein complex spanning both matrix and intermembrane 
space. It oxidizes NADH using Coenzyme Q as electron acceptor in a reaction 
coupled with proton pumping generating mitochondrial membrane potential 
[50]. Complex I is one of the two major entry points into the respiratory chain 
for reducing equivalents derived from TCA cycle substrates, the other being 
Succinate dehydrogenase (SDH) or Complex II. Already in the early eighties 
it was demonstrated that isolated Complex I can generate superoxide in the 
presence of NADH [51]. Complex I has also been reported to be a source of ROS 
production in heart failure [52]. Another potential source of mitochondrial ROS 
(mtROS) production is Complex II [53-56]. Complex II is a flavoprotein located 
at the inner surface of the inner membrane; it oxidizes succinate to fumarate 
using coenzyme Q as electron acceptor. It is also the only mitochondrial complex 
entirely encoded by the nucleus [57] and most importantly links the TCA cycle 
to the respiratory chain [58].
The most investigated source of mtROS production is Ubiquinone cytochrome c 
reductase or Complex III. Complex III is an enzyme complex oxidizing Coenzyme 
Q (QH2) using cytochrome c as electron acceptor. The oxidation of QH2 occurs in 
several steps, called the ‘Q cycle’. Linked to the oxidation of QH2 is the pumping 
protons (H+), generating mitochondrial membrane potential which is necessary 
for ATP production. Complex III is a very potent generator of O2

-  [49], O2
-  is 

believed to be generated due to auto-oxidation of the ubisemiquinone anion 
radical (UQ- ) [59].

NADPH oxidase
In addition to mitochondria another source of myocardial reactive oxygen species, 
which had its fair share of attention is NADPH oxidase.
NADPH oxidases represent a class of enzymes, whose function is to produce ROS 
[60]. They were first discovered in phagocytes where they are responsible for 
the respiratory burst. During the respiratory burst large amounts of superoxide 
and other reactive species are generated in the phagosomes of neutrophils 
and macrophages, killing microbes [61]. The phagocyte NADPH oxidase has a 
crucial role in the innate immunity, as defects in the enzyme result in chronic 
granulomatous disease (CGD) [62] an inherited disease characterized by an 
inability of neutrophils to kill microorganisms, resulting in frequent and chronic 
infections. 
NADPH oxidase consists of a catalytic  subunit gp91phox, whose activity is regulated 
by cytosolic regulatory sub-units gp22phox, gp40phox, gp47phox, gp67phox and the 
small GTPase RAC. The first non-phagocytic gp91phox homologue was discovered 
1999 by Suh et al. [63] and was called; Nox.
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To date five Nox isoforms (Nox 1–5) have been identified. Of these isoforms 
Nox2 and Nox4 are expressed in cardiomyocytes, other cell types expressing 
Nox isoforms are endothelial, vascular smooth muscle cells and fibroblasts 
[64]. Interestingly, animal studies show that NADPH oxidase-dependent ROS 
production is increased in LV hypertrophy (LVH) and LV failure (LVF) indicating 
that increased NADPH oxidase activity might contribute to the progression of 
heart failure [65]. Furthermore, Nox expression is not restricted to animals, as 
Nox activity was increased in human end-stage failing myocardium [66,67]. 

Other Sources of Myocardial ROS
Recent experimental data suggest that xanthine oxidase (XO) and XO-related 
oxidant stress also play a role in the pathogenesis of chronic heart failure. Elevated 
XO expression and activity have been demonstrated in end-stage human heart 
failure [68]. Treatment with allopurinol a XO inhibitor, improved LV function in 
a canine model of pacing–induced heart failure [69]. Nevertheless, to date no 
clinical study shows beneficial effects of allopurinol treatment in human CHF 
[70]. Interestingly, though increased XO activity has been reported in late-stage 
pressure-overload–induced RV hypertrophy [71].
A relatively new source of myocardial ROS production has been proposed; 
uncoupled endothelial NOS (eNOS). When exposed to oxidative stress or when 
deprived of BH4 or L-arginine, eNOS becomes unstable and starts generating 
O2

-  (uncoupled state) [72]. This eNOS generated ROS production contributes to 
pathologic LV remodelling in response to pressure overload in mice, at least in part 
by promoting the activation of matrix metalloproteinases (MMPs) which degrade 
the extracellular matrix and facilitate LV dilatation. Since this is a relatively new 
source of ROS production, there are some contrasting results regarding eNOS’s 
role in pressure induced heart failure [64], the specific role of eNOS in pressure 
overload heart failure therefore remains to be elucidated. However the process 
of uncoupled eNOS-induced ROS production has been linked to the endothelial 
pathophysiology in hypertension, diabetes, smoking, and atherosclerosis [73].
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4: Model of Right Ventricular Hypertrophy or failure

Monocrotaline
One of the most commonly used animal model for PAH and subsequent stable 
RV hypertrophy or failure, is the monocrotaline (MCT) model. This model was 
introduced more than 40 years ago [74]. Monocrotaline is a pyrrolizidine alkaloid 
derived from Crotolaria spectabilis. After a single subcutaneous or intraperitoneal 
injection; MCT is biotransformed in the liver to its active metabolite monocrotaline-
pyrrole (MCTP) by the cytochrome P-450 3a system [75]. MCTP has a very 
short half-life in aqueous solutions and is transported via red blood cells to the 
pulmonary vascular endothelium [76]. Once arrived in the lungs, MCTP injures 
the vascular endothelium and induces pulmonary vasculitis, causing increased 
resistance to the blood flow in the lung, which subsequently increases the 
pulmonary arterial pressure, resulting in hypertrophy of the RV.

Induction of stable RV hypertrophy or RV failure
As an experimental model for PAH-induced RV remodeling, we used the MCT-
model. An advantage of the MCT-model is that it is possible to dose dependently, 
induce either a stable hypertrophic or a failing phenotype [77].This was done 
by injecting rats with two different doses of MCT, i.e. 30 mg/kg or 80mg/kg. 
These two dosages induce distinct pulmonary arterial pressures (PAPs), leading 
to either stable RV hypertrophy or failure.
Both dosages induce an initial phase of stable RV hypertrophy (day 14-19). 
However from day 19 on, the 30 mg/kg MCT dosage continues to remain 
stable, while, the 80 mg/kg MCT dosage progresses to RV failure and ultimately 
death around days 23-25 after injection [78]. This decompensated phase is 
characterized by weight loss and a decrease in cardiac output [79].
The advantage of this model is that it enables us to study, and define, critical 
factors in the development of either stable RV hypertrophy or RV failure.
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Aim and outline of this Thesis

The general aim of this thesis was to determine whether increased ROS production 
was also present in RV failure, and whether this is a distinguishing factor between 
stable RV hypertrophy and RV failure. The next step was to determine, what 
the main source or sources were of the increased ROS production in RV failure. 
This source or sources of increased ROS production; could be used as a novel 
therapeutic target(s) for treatment of RV failure.
To achieve the goals described above, we used an animal model of either stable 
RV hypertrophy or RV failure induced by PAH. Chapter 2 describes important 
distinguishing factors between stable hypertrophy and RV failure. In Chapter 
3, RV myocardium from control and failing RV was assed for ROS production, 
concomitantly the major sources of ROS production in failing RV myocardium 
were identified. In Chapter 4, we investigated a plausible causality between RV 
oxidative stress and RV failure. This was determined by treating MCT-injected 
rats with a potent antioxidant; EUK 134. The final chapter, Chapter 5, discusses 
the experimental data presented in this thesis which are placed in a broader 
perspective and discussed in relation to the available literature concerning the 
role of ROS in heart failure in general.
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Abstract

The present study investigates the role of mitochondrial biogenesis in the 
development of compensatory right-ventricular (RV) hypertrophy or failure. 
A rat model in which either stable compensatory RV hypertrophy (HYP) or 
failure (CHF) is induced by graded pulmonary arterial hypertension following 
subcutaneous injection of 30 mg/kg or 80mg/kg monocrotaline, respectively, 
was used to compare a hypertrophic and a failing phenotype in parallel at day 
19 and 25. At day 19 neither group shows signs of failure, while at day 25 
only the CHF group shows RV failure. We investigated mitochondrial density, 
expression of mitochondrial membrane proteins adenine nucleotide translocator 
(ANT), voltage-dependent anion-selective channel (VDAC-1), and expression of 
transcription factors i.e., nuclear respiratory factor 1 and 2 (NRF-1 and NRF-2), 
mitochondrial transcription factor A (TFAM) and the co-activator of peroxisome 
proliferator activated receptor gamma 1α (PGC-1α). Furthermore, intracellular 
localization of pro-apoptotic Bax, expression of anti-apoptotic caspase inhibitor 
Apoptosis Repressor with CARD (ARC), and superoxide dismutase 1 and 2 (SOD-
1 and SOD-2) were investigated.
At day 25 and only in HYP did mitochondrial density, VDAC-1 and ANT expression 
increase. This was accompanied by an increased NRF-1, NRF-2 and TFAM 
transcription. The HYP group also showed an increased ARC expression and 
unaltered Bax translocation, whereas the CHF group was characterized by 
unaltered mitochondrial biogenesis and increased Bax translocation.
Conclusion: stable compensatory RV hypertophy due to pressure overload is 
associated with upregulation of mitochondrial biogenesis, while hypertrophy 
and decompensation in response to a higher pressure load is associated with 
the absence of mitochondrial biogenesis and an increase in pro-apoptotic 
signalling.
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Introduction

Failure of the right ventricle (RV) may occur due to chronic pulmonary 
arterial hypertension (PAH), but also secondary to left ventricular (LV) failure. 
Nevertheless, the myocardial response to cardiac overload has mainly been 
studied in LV and, as a consequence, our knowledge and understanding of the 
mechanisms involved in either maintenance or failure of RV function is limited. 
Further understanding of these mechanisms is therefore needed, as emphasized 
by Voelkel and colleagues [1].
The initial LV response to a chronically increased workload is myocyte hypertrophy, 
which is aimed at normalizing wall stress. This compensatory response is 
accompanied by an increase in mitochondrial content and oxidative capacity to 
accommodate the increase in energy turnover. Compensatory LV hypertrophy 
often progresses to decompensation and failure. During this stage several 
changes occur affecting mitochondrial function, including decreased activity and 
expression of mitochondrial enzymes [2]. Recent reports also show depressed 
mitochondrial transcription in ventricular tissue, as well as in skeletal muscle of 
heart failure patients [3]. 
Previous reports have suggested mitochondrial involvement in compensatory RV 
hypertrophy and RV failure [4,5]. However, comparative studies of mitochondrial 
behaviour in compensated and failing RV are lacking. The present study aimed to 
determine involvement of mitochondria in the development of stable compensatory 
RV hypertrophy and RV failure, and to investigate a possible mechanism that 
might affect their function and number.
To this end we used an established model of PAH-induced RV hypertrophy and 
heart failure [4]. This model enables us to dose-dependently induce two distinct 
pulmonary arterial pressures resulting in either a compensatory RV hypertrophic 
(HYP) or a RV failing (CHF) phenotype [6], and to compare these phenotypes 
in parallel at distinct time points. There are no signs of failure at day 19 in 
either group, but at day 25, failure is present in the CHF group, while the HYP 
group remains stable. This model allows for delineation of the temporal pattern 
of alterations in mitochondrial density and in expression of mitochondrial 
transcription factors during both compensatory RV hypertrophy and RV failure. 
Principal transcription factors involved in mitochondrial biogenesis, and which 
were included in this study, are nuclear respiratory factor 1 and 2 (NRF-1 and 
NRF-2), mitochondrial transcription factor A (TFAM) and the co-activator of 
peroxisome proliferator activated receptor gamma 1α (PGC-1α) reviewed in [7]. 
In addition, we also investigated the expression of genes involved in oxidant 
defence (SOD-1 and SOD-2) as well as the expression of proteins important for 
controlling mitochondrial energy flux, i.e., VDAC-1 and ANT [8]. 
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Finally, we investigated the intracellular localization of the pro-apoptotic Bcl 2 
family member Bax and the expression of the anti-apoptotic caspase inhibitor 
apoptosis repressor with CARD (ARC). In contrast to LV overload leading to 
failure, where initially there is an increase in mitochondrial density followed by 
a decrease in the phase of LV decompensation, our results demonstrate that in 
RV overload there is no increase in mitochondrial density preceding the phase of 
decompensation. However, at a lower level of RV overload the development of 
stable compensatory hypertrophy is associated with mitochondrial biogenesis.
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Materials and Methods
 
Animals 
Animals were treated according to the national guidelines and with the permission 
of the Institutional Animal Care and Use Committee (IACUC) of the VU University 
Medical Center Amsterdam, the Netherlands, which conforms to the Guide for 
the Care and Use of Laboratory Animals published by the US National Institutes 
of Health (NIH Publication No. 85-23, revised 1996). Male Wistar Rats, weighing 
180-200 g (Harlan, Zeist, The Netherlands) were housed individually (250 cm2/
animal) and received food and water ad libitum.
Animals were randomly assigned to three groups. All animals received a 
single subcutaneous injection with either saline (control group (CON)), 30 mg 
monocrotaline (MCT)/kg body weight (compensatory RV hypertrophy group 
(HYP)), or 80 mg MCT/kg body weight (congestive RV heart failure group (CHF)). 
At 19 and 25 days after treatment the animals were sacrificed with an isoflurane 
overdose. Hearts were excised and rinsed by perfusion and RV, LV and septum 
weights were determined. Finally, all tissues were weighed and snap frozen in 
liquid nitrogen and stored at -80°C.

Quantitative real-time PCR 
Gene-specific primers (Invitrogen) for TFAM, PGC-1α, NRF-1, NRF-2, SOD-1, 
SOD-2, were designed with Primer Express v.2.0 to generate amplicons (table 
1), as described previously [4]. Hypoxanthine-guanine phosporibosyltransferase 
(HPRT) was used as an internal control to normalize gene expression. A total of 
5 μg total RNA was used to generate cDNA strands in a 20 μl reaction volume, 
using the Cloned AMV First Strand Synthesis Kit (Invitrogen). 
An equivalent of 25 ng of total RNA was subsequently used in the amplification 
with 50 nM gene-specific primers and 4 μl of SYBR green master mix (Applied 
Biosystems) in a total volume of 8 μl, using standard cycle parameters on an 
Applied Biosystems model 7700.

Immunofluorescence microscopy and image analysis
To asses mitochondrial density (OXPHOS protein content), RV cryosections 
were incubated with a primary mouse antibody-mix against OXPHOS complexes 
(Mitosciences). A secondary anti-mouse alexafluor 488 antibody (Molecular 
Probes) was used. Sections were counterstained for the sarcolemma with 10% 
(vol/vol) wheat germ agglutinin (Molecular Probes). Finally sections were mounted 
using 4’,6 diamidino-2-phenylindole (DAPI)–containing mounting medium 
(H1200, Vectashield; Vector Laboratories) and visualized by immunofluorescence 
microscopy. Image acquisition and analysis was performed on a Marianas™ 
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digital imaging microscopy workstation using Slidebook™ software. For 
quantification of cardiomyocyte mitochondrial density, the above mentioned 
software was used to randomly generate digital masks (binary overlays) on 
approximately 50 individual cardiomyocytes per image (interstitial cells were 
not included: see sets of blue example masks in Fig. 2A-F). Approximately 250 
masks per group were used for quantification purposes (including determination 
of cardiomyocyte cross sectional area). Fluorescence intensity within the masks 
on the green channel (OXPHOS) was thresholded to correct for autofluorescence 
and sum intensity of fluorescence per cardiomyocyte was expressed in arbitrary 
units.
For the mitochondrial Bax-translocation studies, sections were 
paraformaldehyde fixed, incubated overnight with a primary mouse antibody-
mix against OXPHOS complexes (Mitosciences) and a rabbit anti-Bax (Santa 
Cruz) antibody. A mixture of a secondary anti-rabbit alexafluor 488 antibody 
(Molecular Probes) and a secondary anti-mouse alexafluor 555 antibody 
(Molecular Probes) was applied. Sections were mounted using 4’,6 diamidino-
2-phenylindole (DAPI)–containing mounting medium (H1200, Vectashield; 
Vector Laboratories) and visualized by immunofluorescence microscopy. 
For quantification of mitochondrial Bax-translocation, the above mentioned 
software program was used to operator-independently generate digital masks 
on both mitochondria (using the red channel for OXPHOS) and on Bax (using 
the green channel), and to subsequently calculate cross-channel Pearson 
correlation factors.

Immunoblotting 
RV protein samples were prepared as described previously [5]. Whole RV 
tissue homogenates were immunoblotted for ANT (Santa Cruz), VDAC-1 (Santa 
Cruz) and ARC (Cayman Europe). Western-blotting reagents were purchased 
from Amersham International (Amersham, UK). Equal amounts of protein 
(20 µg; BCA assay) were separated by electrophoresis and transferred to 
nitrocellulose membranes. Protein transfer and equal loading was confirmed 
by Ponceau staining, which was also used for normalization. Membranes were 
blocked with 5% nonfat milk (Bio-Rad) in 20 mmol/L Tris-HCl buffered saline 
(TBS)/Tween, pH: 7.6; for 1 h at room temperature. The antibodies were 
incubated in TBS/Tween containing 5% nonfat milk overnight at 4°C. After 
membranes were washed with TBS/Tween, they were incubated with the 
appropriate secondary antibodies conjugated to horseradish peroxidase for 1 h 
at room temperature. Bands were visualized by enhanced chemiluminescence 
and quantified using a FujiFilm LAS 3000 laser densitometer.
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Statistics
All data are presented as mean ± SEM. Comparisons were made by 1-way 
ANOVA, with Bonferroni correction for multiple testing; P≤0.05 was considered 
significant.
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Results

MCT-induced development of either compensated RV hypertrophy or 
RV heart failure
As reported previously [4,9], a dose of 30 mg MCT/kg body weight resulted in 
an increase in pulmonary arterial pressure and subsequent compensated RV 
hypertrophy (HYP), while a dose of  80 mg MCT/kg induces a higher level of 
pressure and subsequent RV hypertrophy which progresses to failure (CHF) 
[5]. Figure 1A and D, show the growth curves for controls and MCT-treated 
animals. There is no difference in body weight at day 19 between HYP and CHF, 
however, at day 25 body weight is reduced in CHF indicative of heart failure, 
which was confirmed by the presence of pleural effusion and ascites. The degree 
of RV hypertrophy 19 and 25 days after MCT treatment is indicated by the 
RV/LV+Septum weight ratios depicted in figure 1B and E, respectively. This 
hypertrophy parameter was increased similarly in both HYP and CHF compared 
to CON at day 19. At day 25, this parameter was significantly higher in CHF 
compared to both HYP and CON. The cross sectional area of cardiomyocytes at 
day 19 and 25 was also measured. Already at day 19 cardiomyocytes in CHF had 
the largest cross sectional area compared to both CON and HYP, while at day 
25 cross sectional area was equally increased in HYP and CHF compared to CON 
(Fig. 1C and F, respectively).

Figure 1│Growth curve of MCT treated rats followed for 19 days (A) and 25 days (D). The degree of RV hypertrophy 
19 days (B) and 25 days (E) after MCT injection. RV wet weight is expressed relative to the combined wet weights 
of LV and septum. Values are depicted as Mean ± SEM, CON: n=≥5; HYP: n≥6; CHF: n=8, *: p<0.05 vs CON, #: 
p<0.05 vs HYP. Cardiomyocyte cross sectional area 19 days (C) and 25 days (F) after MCT injection. Values are 
depicted as Mean + SEM, CON: n=3; HYP: n=3; CHF: n=3, *: p<0.05 vs CON, #: p<0.05 vs HYP.
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Mitochondrial density in compensated RV hypertrophy and RV heart 
failure
To examine whether changes in mitochondrial density occur during the 
development of hypertrophy and failure, immunofluorescent analysis of OXPHOS 
protein content was undertaken on cryosections of CON, HYP and CHF right 
ventricles (Fig. 2A-F). Quantification of the mitochondrial density showed that, 
at day 19, there was no difference in mitochondrial density between groups (Fig. 
2G left panel). In contrast, at day 25 there was an increase in mitochondrial 
density only in the HYP group compared to CON and CHF (Fig. 2G right panel). 
There was no difference in mitochondrial density between the CON and CHF 
groups. 

Figure 2│Representative immunofluorescence micrographs of RV sections labelled for OXPHOS complexes. 
Labelling for OXPHOS complexes (green channel) in control (A), hypertrophied (B) and failing (C) RV at day 
19; and control (D), hypertrophied (E) and failing (F) RV at day 25. Inserts show high magnification of single 
cardiomyocytes (arrows point to increased OXPHOS labeling). Red channel displays cell membranes. Blue channel 
displays nuclei. Note the example sets of blue masks in Fig. 2A-F (see also methods section).
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Figure 2│(G) Sum intensity of OXPHOS fluorescence per cardiomyocyte was expressed in arbitrary units (A.U.) at 
day 19. (H) Sum intensity of OXPHOS fluorescence per cardiomyocyte was expressed in arbitrary units (A.U.) at 
day 25, *: p<0.05 vs CON, #: p<0.05 vs HYP.

Expression of mitochondrial membrane proteins in compensated RV
hypertrophy and RV heart failure
Mitochondrial energy flux can be regulated by the mitochondrial membrane 
proteins adenine nucleotide translocator (ANT) and voltage-dependent anion 
channel-1 (VDAC-1). Immunoblotting RV tissue homogenates for ANT and 
VDAC-1 showed alterations in their expression comparable to the mitochondrial 
density at day 25 (Fig. 3). Both ANT and VDAC-1 expression was increased in 
HYP compared to CON and CHF. These results indicate that in addition to the 
increase in mitochondrial density, mitochondria from compensatory hypertrophied 
myocardium also have an increased expression of proteins that can regulate 
mitochondrial energy flux.
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Figure 3│Left panel: densitometric analysis of ANT expression levels in RV homogenates at day 25 and 
representative immunoblot for ANT expression. Expression levels were normalized to CON levels and expressed 
as Mean ± SEM; CON: n=4; HYP: n=4; CHF: n=4, *: p<0.05 vs CON, #: p<0.05 vs HYP. 
Right panel: densitometric analysis of VDAC-1 expression levels in RV homogenates at day 25 and representative 
immunoblot for VDAC-1 expression. Expression levels were normalized to CON levels and expressed as Mean ± 
SEM; CON: n=5; HYP: n=6, CHF: n=6, *: p<0.05 vs CON, #: p<0.05 vs HYP. 

36

Chapter 2



Expression of transcription factors involved in mitochondrial 
biogenesis
One of the possible mechanisms for the observed increased mitochondrial 
density in HYP at day 25 compared to both CON and CHF, might be alterations in 
expression of transcription factors essential for mitochondrial biogenesis. Already 
at day 19, both PGC-1α (Fig. 4C) and NRF-1 (Fig. 4A) expression are increased 
in HYP compared to CHF. In contrast, both TFAM (Fig. 4D) and NRF-2 (Fig. 4B) 
were increased in CHF compared to HYP at this time-point. 
At day 25, NRF-1 expression remained increased in HYP compared to CHF, 
which was accompanied by an increased TFAM and NRF-2 expression (Fig. 5). 
Interestingly, also the gene expression levels of both SOD-1 and SOD-2 were 
decreased at day 19 in CHF compared to HYP, indicating that already at day 19 
there was less protection against oxidative stress in CHF in both cytosol and 
mitochondria (Fig. 4E and F). At day 25, SOD-1 as well as SOD-2 expression 
remained depressed in CHF (Fig. 5E and F).
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Figure 4│Real-time quantitative PCR analysis of mRNA expression of (A) nuclear respiratory factor 1 (NRF-1), (B) 
nuclear respiratory factor 2 (NRF-2), (C) peroxisome proliferator activated receptor gamma co-activator 1α (PGC-
1α), (D) mitochondrial transcription factor A (TFAM), (E) superoxide dismutase 1 (SOD-1) and (F) superoxide 
dismutase 2 (SOD-2) at day 19. Levels are expressed as Mean ± SEM; CON: n≥5; HYP: n≥6, CHF: n≥5, *: 
p<0.05 vs CON, #: p<0.05 vs HYP.

NRF-1

CON HYP CHF
0.0

0.5

1.0

1.5

2.0

2.5

#

ra
tio

NRF-2

CON HYP CHF
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
#*

ra
tio

SOD-1

CON HYP CHF
0.0

0.5

1.0

1.5

2.0

2.5

#ra
tio

SOD-2

CON HYP CHF
0.0

0.5

1.0

1.5

#ra
tio

 Day 19

TFAM

CON HYP CHF
0

1

2

3

4

5

6

7 # *

ra
tio

PGC-1a

CON HYP CHF
0.0

0.5

1.0

1.5

2.0

#ra
tio

38

Chapter 2

A B

C

E

D

F



Figure 5│Real-time quantitative PCR analysis of mRNA expression of (A) nuclear respiratory factor 1 (NRF-1), (B) 
nuclear respiratory factor 2 (NRF-2), (C) peroxisome proliferator activated receptor gamma co-activator 1α (PGC-
1α), (D) mitochondrial transcription factor A (TFAM), (E) superoxide dismutases 1 (SOD-1) and (F) superoxide 
dismutases 2 (SOD-2) at day 25. Levels are expressed as Mean ± SEM; CON: n≥3; HYP: n≥5, CHF: n=≥5, *: 
p<0.05 vs CON, #: p<0.05 vs HYP. 
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Table 1
Gene GenBank 

accession number
Forward primer(5’-3’)
Reverse primer (5’-3’)

Amplicon length

TFAM AJ312746 GAAAGCACAAATCAAGAGGAG
CTGCTTTTCATCATGAGACAG

175

PGC-1α NM_031347 CAATGAGCCCGCGAACATA
CAATCCGTCTTCATCCACCG

109

NRF-1 XM_231566 TTAACAGTGAAGCTGCCGCC
CTATCTGTCCCCCGCCTTGTA

72

NRF-2 XM_344002 GCTGCACTGGAAGGCTACAGA
TTACCCAAACCACCCAATGC

103

SOD-1 NM_017050 GGCTGTACCACTGCAGGACC
ACATGCCTCTCTTCATCCGCT

77

SOD-2 NM_017051 ACCACGCGACCTACGTGAAC
TTGTAACATCTCCCTTGGCCA

78

HPRT M63983 ATGGGAGGCCATCACATTGT
ATGTAATCCAGCAGGTCAGCAA

77

Table 1│Primers used in the real-time PCR determination of the expression levels of TFAM, PCG-1α, NRF-1, NRF-
2, superoxide dismutases 1 and 2. 

Increased Bax translocation to mitochondria and decreased ARC 
expression in RV heart failure at day 25
Cardiomyocyte apoptosis can be triggered by mitochondrial dysfunction [10], 
which can contribute to failure of the ventricle. Therefore we investigated 
whether there were signs of pro-apoptotic signalling in RV tissue of the MCT-
treated rats. We stained RV cryo-sections from all groups at day 19 and 25 
for Bax and examined the intracellular distribution of Bax. We specifically 
investigated whether Bax translocated to the mitochondria, as this is a pro-
apoptotic signal [11]. Figure 6 shows that at day 19 hardly any Bax translocated 
to the mitochondria (Fig. 6A-C). However, at day 25, there is an increased Bax 
translocation to the mitochondria in CHF (Fig. 6F). Pearson correlation factors 
between OXPHOS and Bax fluorescence signals in Fig. 6A-E ranged between 
0.13 and 0.18, and increased significantly to 0.38 in Fig. 6F. Since it has been 
reported that ARC is able to inhibit apoptosis through binding to Bax, preventing 
its translocation to the mitochondria [12], we also investigated ARC expression 
in RV tissue homogenates from all groups at day 25. Figure 6G shows that ARC 
expression at day 25 is decreased in CHF compared to HYP, indicating that the 
failing myocardium is more susceptible to the detrimental effects of mitochondrial 
Bax translocation.
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Figure 6│Representative immunofluorescence 
micrographs of RV sections labelled for OXPHOS 
complexes (red) and Bax (green) in control (A), 
hypertrophied (B) and failing (C) RV at day 19, as 
well as at day 25 in control (D), hypertrophied (E) 
and failing (F) RV, respectively. Note the increased 
size and number of yellow particles in CHF at day 
25, which are indicative of increased colocalization 
of Bax and OXPHOS in this group (see arrows in 
F). (G) Densitometric analysis of ARC expression 
levels at day 25 and representative immunoblot 
for ARC expression in RV. Expression levels were 
normalized to CON levels and expressed as 
mean ± SEM; CON: n=7; HYP: n=7, CHF: n=11, 
#: p<0.05 vs HYP.

41

Mitochondrial biogenesis distinguishes hypertrophy from failure



Discussion

In the present study, we demonstrated that RV myocardium in the compensated 
hypertrophic group (HYP) has an increased mitochondrial density compared 
to both normal (CON) and hypertrophic but failing (CHF) RV myocardium. In 
addition, ANT and VDAC 1 expression are increased in HYP compared to both CON 
and CHF. Furthermore, we demonstrated that transcription factors essential for 
mitochondrial biogenesis, i.e., NRF-1, NRF-2, TFAM and PGC-1α, are differentially 
expressed at the examined time points. At day 19, both NRF-1 and PGC-1α 
expression are increased in HYP compared to CHF, whereas TFAM and NRF-2 are 
increased in CHF compared to both CON and HYP. At day 25, PGC-1α expression 
is decreased in CHF compared to CON, whereas NRF-1, NRF-2, and TFAM are all 
increased in HYP. Finally, we demonstrated that SOD-1 and SOD-2 expression 
already decreased at day 19 in CHF and remain decreased at day 25, while at 
this time-point and in CHF only, there is an increased translocation of Bax to the 
mitochondria and a decreased ARC expression. 

Role of mitochondria in the development of cardiac hypertrophy and 
heart failure
Since the myocardium depends heavily on ATP produced by the mitochondria, 
it is not surprising that mitochondrial dysfunction often results in development 
of cardiomyopathies. Both inherited and acquired disorders of mitochondria 
lead to defects in cardiac function such as exercise intolerance, arrhythmias, 
hypertrophy and heart failure [13]. Not only mitochondrial defects but also an 
insufficient rise in the number of mitochondria contributes to heart failure [14]. 
Initially, the left ventricle increases its oxidative capacity in response to pressure 
overload, however, this is followed by a subsequent decrease in oxidative capacity 
resulting in decompensation. In the present study, we demonstrate that this initial 
increase in mitochondrial biogenesis is absent in the failing right ventricle (CHF), 
whereas at a lower level of overload (HYP) there is an increase in mitochondrial 
density between day 19 and day 25 (Figure 2D-F). Both alterations in the 
expression of ANT and VDAC-1 (Figure 3) are in accordance with the changes in 
mitochondrial density at day 25. These results are in line with – and extend – the 
recent findings described by Zungu et al. [15]. Since ANT is responsible for the 
exchange of ATP and ADP over the inner mitochondrial membrane, it has a critical 
role in maintaining cellular energy metabolism and function. This critical role is 
exemplified by a previous study, which showed that Ant mutant mice develop 
cardiomyopathy [16]. Another study in which ANT was overexpressed and as a 
consequence the mitochondrial energy flux increased, reported that increased 
ADP/ATP transport protects against hypertension-induced cardiac pathology 
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[17]. Since all metabolites that enter and leave mitochondria must cross the 
mitochondrial outer membrane through VDAC [18], it is also an important player 
for maintaining cellular energy metabolism. In light of our present finding that 
metabolite transporters increase in parallel with mitochondrial density in the HYP 
group, we propose that this is part of the successful adaptation to the higher 
energy demand in these animals.
In contrast, neither an increase in mitochondrial density nor expression of 
metabolite transporters is seen in CHF. Hence we conclude that this hampers the 
ability to adapt to the higher energy demand in the CHF group, contributing to 
the progression of hypertrophy to heart failure.

Expression of mitochondrial transcription factors in cardiac 
hypertrophy and heart failure
Increased mitochondrial proliferation is a mechanism used by cells to adapt 
to changing metabolic needs. Stimuli that can initiate mitochondrial biogenesis 
range from changes in temperature, neurohormonal stimulation (adrenergic 
and thyroid hormones) and dietary conditions. This process is orchestrated by 
several transcription factors including NRF-1, NRF-2, TFAM and PGC-1α. The 
crucial role of these transcription factors for proper cardiac function is exemplified 
by murine studies in which mutants missing transcription factors necessary 
for mitochondrial biogenesis [19] developed heart failure. Mutants for NRF-1 
and 2 [20] are even embryonically lethal, indicating that these transcription 
factors coordinate processes essential for life. Furthermore, mice lacking PGC-1α 
demonstrate that this transcription factor is essential for adaptive mitochondrial 
biogenesis in response to physiological stress [21].
In this study, we show that at day 19, when there are no signs of failure in either 
group, there are already differences in expression of the studied mitochondrial 
transcription factors. The selective increase of NRF-2 and TFAM in CHF is probably 
a result of the fact that energy demand is highest in the CHF group [22]. The 
expression patterns of PGC-1α and NRF-1 at day 19 preceded the changes in 
mitochondrial density at day 25 (Fig. 4C and A). It is therefore tempting to 
suggest that, based on the expression of these transcription factors, it is possible 
to predict the mitochondrial density and, possibly, also the cardiac phenotype, 
i.e., hypertrophy or failure. At day 25, PGC-1α (Fig. 5C) expression in HYP has 
returned to control levels while the expression patterns of NRF-1, 2 and TFAM 
(Fig. 5A, B and D) at this time-point are in accordance with the changes in 
mitochondrial density. This is in line with previous studies reviewed by Finck et 
al. [23], which show that PGC-1α is an early initiator of mitochondrial biogenesis, 
while the other transcription factors (NRF-1, 2 and TFAM) are probably involved 
in maintaining the increased mitochondrial density.
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Pro-apoptotic signalling in right ventricular heart failure
Earlier reports have shown increased transcription of pro-apoptotic genes in 
right ventricular failure [4]. In line with these studies we show an increased 
translocation of the pro-apoptotic Bax to the mitochondria (Fig. 6). Bax is a 
member of the Bcl-2 pro-apoptotic family. It is believed that the pro-apoptotic 
Bcl-2 family members, such as Bax, trigger cell death by disrupting mitochondrial 
function resulting in permeability transition pore (PTP) opening. Several reports 
have suggested a relationship between mitochondrial PTP and the death inducing 
factor Bax [10]. Following an apoptotic stimulus, Bax translocates from the 
cytosol to the mitochondria [24], where it presumably causes mitochondrial 
membrane defects and PTP opening as a result of membrane insertion, leading 
to diminished mitochondrial membrane potential (∆Ψ), cytochrome c release 
and, ultimately, cell death. Propagation and execution of apoptotic signals in 
cells is largely dependent upon active caspases. Apoptosis can be regulated by 
a subset of proteins, which prevent the activation of pro-caspases and inhibit 
the activity of mature caspases. One of these caspase inhibitors is known as 
Apoptosis Repressor with CARD (ARC), which is expressed almost exclusively 
in heart and skeletal muscle [25]. ARC has been reported to selectively interact 
with caspase 2 and 8 and to inhibit receptor-induced apoptosis. ARC has been 
shown to inhibit apoptosis induced by hypoxia and hydrogen peroxide in H9c2 
cells [26] as well as in isolated perfused hearts subjected to ischemia/reperfusion 
[27]. In addition, ARC expression has been shown to be reduced in human heart 
failure [28] and in cardiomyocytes during oxidative stress mediated apoptosis 
[29]. We have previously shown that oxidative stress is indeed present at day 
25 in the failing RV [5]. Our present results further indicate that at day 19 as 
well as at day 25, the HYP group is better protected against oxidative stress, 
as SOD-1 and SOD-2 mRNA expression is higher in HYP compared to CHF (Fig. 
4E, 4F and 5E, 5F, respectively). This is also reflected by higher ARC expression 
levels in HYP compared to CHF at day 25 (Fig. 6G). Recently, is has been shown 
that ARC is able to inhibit apoptosis by binding to Bax, involving ARC’s CARD 
and the Bax C terminus [18]. This inhibits Bax activation and translocation to 
the mitochondria. By showing that 25 days after MCT injection the CHF group 
had increased translocation of Bax to the mitochondria (Fig. 6F) and decreased 
expression of ARC (Fig. 6G) compared to HYP, we suggest that pro-apoptotic 
signalling prevails in the failing right myocardium and that this ultimately 
contributes to its failure.
In summary, mitochondrial density as well as ANT and VDAC-1 expression were 
increased in HYP at day 25 compared to CON and CHF. At day 19 all groups had 
similar densities, indicating that over a time period of 6 days the mitochondrial 
density in HYP increased to meet the higher energy demand. 
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PGC-1α and NRF-1 expression patterns at day 19 already predicted the changes 
in mitochondrial density observed at day 25. Stable compensatory hypertrophy 
of the RV therefore develops at the level of overload present in the HYP group 
and this is associated with mitochondrial biogenesis.
In contrast, at the higher level of overload present in the CHF group, mitochondrial 
density at day 25 was still similar to CON and this was associated with increased 
Bax translocation to the mitochondria. We therefore suggest that impaired 
mitochondrial biogenesis as well as apoptotic signalling play important roles 
in the development of failure of the RV due to high levels of overload. The 
response of the RV therefore appears to be different from that of the LV, where 
decompensation and failure are preceded by a phase of increased mitochondrial 
biogenesis.
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Abstract

Reactive Oxygen Species (ROS) have been implicated in the progression of 
ventricular hypertrophy to congestive heart failure. However, the source of 
increased oxidative stress in cardiomyocytes remains unclear. 
Here we examined NADPH oxidase and mitochondria as sources of ventricular 
ROS production in a rat model of right-ventricular (RV) failure (CHF) induced by 
pulmonary arterial hypertension (PAH). 
Western analysis showed increased expression of the catalytic subunit gp91phox 

of the NADPH oxidase, as well as its activator Rac1 in RV in CHF compared to 
non-failing myocardium (CON). In addition, analysis of mitochondrial respiratory 
chain complexes showed a selective increase in the expression of Complex II 
subunit B. Using lucigenin chemiluminescence, tissue homogenates showed 
increased NADPH oxidase and Complex II-dependent ROS production in failing 
RV, with no increase in the left ventricle. Functional analyses of isolated RV 
mitochondria showed an increase in Complex II activity, as well as Complex II-
associated ROS production, in CHF vs. CON. An increase in the reduction state of 
the mitochondrial Coenzyme Q in failing RV, together with increased expression of 
hypoxia-inducible factor 1α, indicated conditions in CHF that strongly favor ROS 
production by mitochondria. Reduced ROS-scavenging capacity was indicated 
by decreased mRNA levels of superoxide dismutases. Oxidative stress in failing 
RV was indicated by a two-fold increase in the level of phospho-p38 mitogen 
activated protein kinase and by immunohistochemical evidence of extensive 
protein nitration. 
These data show that the development of PAH-induced RV heart failure is 
associated with an increased capacity for ROS production by NADPH oxidase 
as well as mitochondria. The selective increase in expression and activity of 
mitochondrial Complex II may be particularly important for ventricular ROS 
production in heart failure.
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Introduction
 
Reactive oxygen species (ROS) such as superoxide (O2

- ) have been shown to 
be harmful to proteins, lipids and DNA. An increase in cellular ROS levels leads 
to oxidative stress [1] and this has been implicated in the etiology of a wide 
variety of diseases, including cystic fibrosis, cancer, type-2 diabetes, Alzheimer’s 
disease, Parkinson’s disease, arteriosclerosis, as well as in myocardial ischemia/
reperfusion injury [2]. Recently, increased ROS production was also suggested 
to play a role in the progression of both left (LV) and right ventricular (RV) 
hypertrophy to congestive heart failure [3-5]. This is supported by several 
animal studies showing prevention of heart failure by antioxidant treatment [6-
8]. However, the source of the ROS production is a matter of intense debate, 
as recently reviewed by Murdoch et al. [9]. Studies of LV hypertrophy and 
failure using different animal models as well as human material indicate either 
membrane-bound NADPH oxidase [3,10] or mitochondria as the principal 
source of increased ROS production [11-13]. Additionally, xanthine oxidase and 
uncoupled endothelial nitric oxide synthase have also been implicated [9,14]. In 
the case of mitochondrial ROS production, there are several potential sources 
within the mitochondrial electron transport chain, i.e., Complex I, II and III. 
Of these complexes the contribution to ROS production by Complex III is best 
understood. Complex III contributes to ROS generation by auto-oxidation of the 
ubisemiquinone anion radical (UQ- ). During this process, one-electron reduction 
of oxygen by UQ-  leads under certain conditions to O2

-  production [15]. The 
site of Complex I O2

-  generation is less precisely known. It was suggested that 
O2

-  is generated either by reverse electron transfer upon succinate oxidation at 
Complex II, or in much lower amounts by forward electron transfer from 
NAD+-linked substrates [2].
Several authors have considered succinate dehydrogenase (Complex II) as a 
source of ROS, although not in the context of heart failure [16]. Complex II 
consists of two subunits embedded in the inner membrane of the matrix surface 
and stabilized by anchoring proteins. Complex II readily generates O2

-  when 
solubilized, most probably by oxidation of the flavin semiquinone radical formed 
by reduced flavin in the absence of an immediate electron transfer partner [16]. 
This can happen in vivo when the enzyme is damaged by oxidative stress or 
aging [2] or under hypoxic conditions [17]. 
Studies of RV remodeling and failure so far point to a role of diminished cellular 
antioxidant activity, but ROS-producing activities have not yet been determined 
[4,5]. 
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In the present study, we used an established model of RV failure following 
pulmonary arterial hypertension (PAH) induced by monocrotaline (MCT) [18]. 
MCT is a pyrrolizidine alkaloid, which is oxidized to monocrotaline pyrolle in the 
liver and this bioactive metabolite, which has a short half-life, selectively injures 
the vascular endothelium of the lung, leading to pulmonary hypertension [19]. 
We show that both NADPH oxidase and mitochondria-derived ROS production 
increases in RV failure. Unexpectedly, mitochondria from failing hearts were 
characterized by increased expression and activity of Complex II. Additional 
experiments suggest that this complex may play an important role in right-
ventricular ROS production in heart failure.

52

Chapter 3



Materials and Methods

Animals 
Animals were treated according to the national guidelines and with the permission 
of the Institutional Animal Care and Use Committee (IACUC) of the VU University 
Medical Center Amsterdam, the Netherlands; which conforms with the Guide for 
the Care and Use of Laboratory Animals published by the US National Institutes 
of Health (NIH Publication No. 85-23, revised 1996). Male Wistar Rats, weighing 
180-200 g (Harlan, Zeist, The Netherlands) were housed individually (250 cm2/
animal) and received food and water ad libitum.
Animals were randomly assigned to two groups and received a single subcutaneous 
injection with either saline (control group (CON)), or 80 mg MCT/kg body weight 
(congestive heart failure group (CHF)). The animals were killed 25 days later 
with an isoflurane overdose, and heart and lungs were excised. Hearts were 
rinsed by perfusion and RV and LV weights were determined. Tissue samples 
were snapfrozen in liquid nitrogen and stored at –80 °C. 

Force measurements
A parallel group of CON and CHF animals was used for assessing RV contractile 
properties by analysis of isolated trabeculae at 25 days after imposition of 
pressure overload. The heart was rapidly excised and a trabecula was isolated 
from the RV as described in detail before [20]. Trabeculae were stretched to 
87% of the length at which maximum force was developed (Lmax), yielding a 
passive force of ~8% of Fmax. Trabeculae were equilibrated in Tyrode buffer 
(120 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 1 mM CaCl2, 2 mM NaH2PO4, 24 
mM NaHCO3, 10 mM Glucose, pH 7.4), 95% O2, 5% CO2, 24 °C for 45 min 
at a stimulation frequency of 0.5 Hz. Maximum force was determined by post-
extrasystolic potentiation (PESP) following stimulation at 6 Hz at 37 °C. The 
force-frequency relationship (FFR) was determined at 37 °C by measuring the 
developed active force relative to baseline (0.2 Hz) in response to a stepwise 
increase in the stimulation frequency up to 8 Hz. Length and dry-weight of the 
trabeculae were determined to calculate the cross-sectional area, assuming a 
cylindrical preparation.

Isolation of mitochondria and oxygen consumption
Mitochondria were isolated, essentially as described previously [21], in medium 
containing 225 mmol/L Mannitol, 10 mmol/L MOPS, 75 mmol/L sucrose, 1 mmol/
L EDTA, 0.5 % BSA and 12 mg protease (Bacterial proteinase , Fluka), pH 7.25. 
Protein content was determined using a BCA kit (Amersham), with BSA as the 
standard. The respiration was measured at 25 °C with a Clark type 
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oxygen electrode in a micro-chamber equipped with a magnetic stirring device in 
medium containing 225 mmol/L Mannitol, 75 mmol/L sucrose, 5 mmol/L MOPS, 
3 mmol/L KH2PO4, 7 mmol/L K2HPO4, 1 mmol/L EDTA, pH: 7.1) (final volume 
2 ml), respiration was recorded. The intactness of mitochondria was confirmed 
by measuring the respiratory control ratio, i.e., the respiration rate in state 3 
(in the presence of 0.5 mmol/L ADP) over the respiration rate in state 4 (non-
phosphorylating respiration) using succinate (10 mmol/L) as the respiratory 
substrate and in the presence of rotenone (5 µmol/L). The respiratory control 
ratios were: CON: 2.08 ± 0.20 (n=5); CHF: 2.09 ± 0.21 (n=6), means ± SD.

Lucigenin Chemiluminescence 
Production of O2

-  in RV and LV tissue homogenates and isolated mitochondria 
was measured using lucigenin-enhanced chemiluminescence on a Lumat LB 
9507 in modified Hepes buffer (140 mmol/L NaCL, 5 mmol/L KCl, 25 mmol/L 
HEPES, 0.8 mmol/L MgCl2, 1 mmol/L Na2PO4, 0.8 mmol/L CaCl2, pH 7.2) [3]. 
To minimize O2

-  production by redox cycling, 5 µmol/L lucigenin was employed. 
Ventricular tissue samples were homogenized in (20 mmol/L) Histidine/(100 
mmol/L) KCl buffer, pH 7.35) and diluted (1:200) in modified HEPES. NADPH 
(100 µmol/L) or succinate (10mmol/L) and dark-adapted lucigenin were added 
to the test tubes just before reading. Production of O2

-  was measured at room 
temperature during 10 min and expressed as arbitrary units (A.U.). To determine 
the source of O2

- , experiments were performed in the absence or presence of 
diphenyleneiodonium (DPI) (100 µmol/L), a flavo-protein inhibitor that blocks 
NADPH oxidase or thenoyltrifluoroacetone (TTFA) (100 µmol/L), a Complex 
II inhibitor. The measurements with isolated mitochondria were performed in 
modified HEPES buffer in the presence of rotenone (1 µmol/L) and (10 mmol/
L) succinate [22] as substrate, with or without TTFA (1 µmol/L) or Myxothiazol 
(Myxo) (1 µmol/L).

Protein extraction, Immunoblotting and Immunofluorescence 
microscopy
RV tissue homogenates were immunoblotted for Oxidative Phosphorylation 
(OXPHOS) complexes using a kit containing a set of premixed monoclonal 
antibodies against an essential single subunit from each of the 5 OXPHOS 
complexes from human mitochondria (Mitosciences); ND6 (Complex I), SDHB 
(Complex II), core protein 2 (Complex III), COX II (Complex IV) (not cross 
reactive with rat tissue), F1α ATP synthase (Complex V). The same RV tissue 
homogenates were also immunoblotted for gp91phox (Santa Cruz), Rac1 
(Chemicon), p-p38 (Santa Cruz) and HIF-1α (Santa Cruz). Western-blotting 
reagents were purchased from Amersham International (Amersham, UK). Equal 
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amounts of protein (10 µg) were separated by electrophoresis (10 or 20% SDS-
PAGE) and transferred to nitrocellulose membranes. Equal protein transfer was 
checked by Ponceau staining and samples were normalized using α-actin staining 
(Sigma). Membranes were blocked with 5% nonfat milk (Bio-Rad) in 20 mmol/L 
Tris-HCl buffered saline (TBS)/Tween, pH: 7.6; for 1 h at room temperature. The 
antibodies were incubated overnight at 4 °C in TBS containing 1% nonfat milk. 
After membranes were washed with TBS/Tween 20, they were incubated with 
the appropriate secondary antibodies conjugated to horseradish peroxidase for 1 
hr at room temperature. Bands were visualized by enhanced chemiluminescence 
and quantified using a FujiFilm LAS 3000 laser densitometer.
To assess myocardial nitrotyrosine content, RV cryo sections were incubated 
with a primary antibody (rabbit) raised against nitrotyrosine (Molecular Probes), 
then incubated with the appropriate secondary antibody and visualized by 
immunofluorescence microscopy, as previously described by Bouwman et al. 
[23].

Cytochrome-a amount
Spectral scans were between 500 and 650 nm, with 578 nm as reference, 3 nm 
bandwidth and a scanning rate of 5 nm•s-1. To determine the total amount of the 
cytochrome-a, spectra were recorded with mitochondria diluted (40x) in 5mM 
MOPS pH 7.2 in the absence of substrate (oxidized) and after addition sodium 
dithionite (reduced). A difference spectrum was calculated by subtraction of the 
oxidized from the reduced spectrum. For cytochrome-a, the difference spectrum 
was corrected for light scattering by substracting a straight line between 580 
and 650nm. The spectrum was deconvoluted for one Gaussian peak (603.7nm 
peak, 19.4nm width) [24]. The area of the peak was taken to be proportional to 
the amount of cytochrome-a and divided by the amount of protein in the cuvet.

Real-time quantitative RT-PCR analysis
Gene-specific primers (Invitrogen) were designed as previously described 
(table 1) [18]. Hypoxanthine-guanine phosporibosyltransferase (HPRT) was used 
as an internal control to normalize gene expression. A total of 5 μg total RNA 
were used to generate cDNA strands in a 20 μl reaction volume, using the Cloned 
AMV First Strand Synthesis Kit (Invitrogen). An equivalent of 25 ng of total RNA 
was subsequently used in the amplification with 50 nM gene-specific primers and 
4 μl of SYBR green master mix (Applied Biosystems) in a total volume of 8 μl, 
using standard cycle parameters on an Applied Biosystems model 7700.
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Coenzyme Q reduction
As previously described by Wagner et al [25], freshly isolated mitochondria (0.2-
0.7 mg protein) from control and failing myocardium were added to 1 ml of 
reaction medium. The mixture was then added to 3 ml 0.2M HClO4 in methanol 
(0 oC). Rapidly, 3 ml ice-cold petroleumether (boiling point 40-60 oC) was added 
and the mixture was vortexed for 30 sec. After the mixture was centrifuged 
(1000 x g, 1 min) the upper phase was removed and transferred to a test tube 
and another 3 ml of ice-cold petroleumether was added to the lower phase 
and the mixture was again vortexed and centrifuged. The upper phases were 
combined and evaporated to dryness under a flow of nitrogen.
After evaporation the extracted ubiquinone/ubiquinol was resuspended in 60µl 
ethanol with a glass rod and analyzed by HPLC (Perkin Elmer LC-235 diode array 
with a Gilson pump model 303). The column was a Lichrosorb (Phenomenex) 10 
RP 18 reversed phase (4.6x250mm), with ethanol:methanol (3:2, v/v) as the 
mobile phase at a flow rate of 1 ml/min. Detection of the quinones was performed 
at 290nm. The amounts of UQ10 and UQ10-H2 were calculated from the peak 
areas. Calibration of the peaks was performed using oxidized and reduced UQ10 
(Sigma).

Statistical analysis
The results are presented as Mean ± SEM. Data were analyzed using a t-test, 
p<0.05 was considered significant.
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Results

Monocrotaline-induced right-ventricular failure
As reported previously [18], [26] a dose of 80 mg/kg body weight MCT resulted in 
an increase in pulmonary arterial hypertension and subsequent RV hypertrophy 
and failure. The degree of RV hypertrophy 25 days after MCT treatment is 
indicated by the RV/LV+Septum weight ratios depicted in Figure 1A. Lung weight 
was determined as an indication of the degree of pulmonary arterial hypertension 
[18], (Figure 1B). The MCT-dependent increase is not related to edema, since 
dry-to-wet weight ratios of lung tissue do not differ between the groups, as 
previously shown [18]. All CHF animals showed signs of heart failure, including 
pleural effusion and ascites. Contractile properties of RV trabeculae at day 25 
were analyzed to assess myocyte function relative to controls. Control trabeculae 
exhibited a positive FFR between 0.2 and 8 Hz, in agreement with earlier reports 
[27,28], while those from the CHF group showed no potentiation, indicative of 
the critical impairment of myocyte function in heart failure (Figure 1C). 

Figure 1│(A) The  degree  of RV hypertrophy 
25 days after MCT injection. RV wet weight 
is expressed relative to the combined wet 
weights of LV and septum. Values are depic-
ted as Mean ± SEM, CON: n=9; CHF: n=8, 
*: p<0.05 vs CON. (B) Lung weight 25 days 
after MCT injection. Values are depicted 
as Mean ± SEM, CON: n=9; CHF: n=8, *: 
p<0.05 vs CON. (C) Force frequency relati-
onship of isolated trabeculae. Active twitch 
force is expressed relative to that at 0.2 
Hz (100%). Data represent Mean ± SEM, 
CON: n=4; CHF: n=4; *: p<0.05 vs CON.
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Figure 2│ (A) Left panel: densitometric analysis of gp91phox expression levels in RV homogenates and 

representative immunoblot for gp91phox expression. Expression levels were normalized to CON levels and 
expressed as Mean ± SEM; CON: n=4; CHF: n=6, *: p<0.05 vs CON. 
Right panel: densitometric analysis of Rac1 expression levels in RV homogenates and representative immunoblot 
for Rac1 expression. Expression levels were normalized to CON levels and expressed as Mean ± SEM; CON: n=4; 
CHF: n=5, *: p<0.05 vs CON. 

Expression of NADPH oxidase subunits and mitochondrial respiratory 
chain complexes in failing right ventricles
Since NADPH oxidase is reported to be an important source of ROS production 
in LV failure, we investigated the expression levels of the catalytic subunit 
gp91phox of NADPH oxidase and its activator Rac1 in RV homogenates. The 
data in Figure 2A show that the expression of both proteins was significantly 
increased in CHF.
Mitochondrial ROS production is also reported in heart failure [11,12], where it 
was associated with decreased mitochondrial activity and possibly altered protein 
expression. We therefore first determined mitochondrial protein levels by Western 
analysis of subunits of the oxidative phosphorylation complexes (OXPHOS), i.e., 
I, II, III and V. Since the antibody from the OXPHOS Western blotting kit for 
the Complex IV subunit was not cross reactive with rat tissue, we determined 
Cytochrome-a content, a component of Complex IV, by spectrophotometry. The 
data in Figure 2B and C show that the expression levels of Complexes I, III, V 
and Cytochrome-a in RV did not change in CHF relative to CON. Surprisingly, 
however, Complex II expression was significantly increased in CHF.

A
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Figure 2│(B) Upper panel: representative immunoblot for components of Complex I, Complex II, Complex III 
and Complex V expression in RV homogenates. Human heart mitochondria solubilized in SDS-PAGE loading 
buffer were supplied by the manufacturer and used as a positive control. Note that the human COX II antibody 
(Complex IV) does not cross react with rat COX II. Lower panel: densitometric analysis of expression levels of 
these components. Expression levels of each component were normalized to its CON level and expressed as Mean 
± SEM; CON and CHF: n=4, *: p<0.05 vs CON. (C) Cytochrome-a content was determined spectophotometrically. 
There was no difference in cytochrome-a content between CON and CHF. Data are expressed as Mean ± SEM; 
CON: n=6 and CHF: n=3.

B C
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NADPH oxidase and Complex II-dependent ROS production in 
ventricular homogenates
Having shown that NADPH oxidase is present in right ventricles and is increased 
in CHF, we wanted to know whether this could be a source of increased ROS 
production. Although non-specific effects of MCT on the heart are not expected 
based on the available literature (see [18] and references therein), we included 
LV tissue in the subsequent analyses of the failing RV to exclude the possibility 
of such effects. Therefore right and left ventricles from control and failing 
hearts were isolated 25 days after MCT injection, homogenized and analyzed for 
ROS production using lucigenin-enhanced chemiluminescence with NADPH as 
substrate and diphenyleneiodonium (DPI) as an inhibitor of NADPH oxidase.
Figure 3A shows that NADPH-dependent ROS production was significantly 
increased in CHF in RV homogenates, but not in the LV of the same hearts. 
The RV-restricted increase in ROS production could furthermore be inhibited 
by DPI. Given the reported ROS-generating capabilities of Complex II in bovine 
heart [16], we tested whether the increased expression of Complex II in failing 
myocardium could play a role in ROS production in addition to NADPH oxidase. RV 
and LV homogenates were analyzed for Complex II-dependent ROS production 
with succinate as substrate and in the presence rotenone (50 µmol/L). ROS 
production was significantly increased in CHF in RV only. This activity was 
Complex-II dependent since it could be inhibited by TTFA (Figure 3B), but this 
does not necessarily identify Complex II as the source of ROS (see next page).

Figure 3│(A) O2
-  production was determined by lucigenin chemiluminescence in RV and LV homogenates with 

NADPH as substrate in the presence of rotenone. NADPH oxidase derived ROS production was inhibited with DPI. 
Oxypurinol (100 µmol/L), a xanthine oxidase inhibitor, did not affect ROS production (data not shown). Values are 
depicted as Mean ± SEM, RV: CON: n=9; CHF: n=6; LV: CON: n=6; CHF: n=5; *: p<0.05 vs CON, #: p<0.05 
vs CHF. 
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Figure 3│(B) O2
-  production was determined by lucigenin chemiluminescence in RV and LV homogenates with 

succinate as substrate in the presence of rotenone. Complex II derived ROS production was inhibited with TTFA. 
Values are depicted as Mean ± SEM; RV: CON: n=4; CHF: n=4; LV: CON: n=5; CHF: n=4;
*: p<0.05 vs CON, #: p<0.05 vs CHF.

Complex II-dependent mitochondrial ROS production 
Given the limitations of assessing mitochondrial activities in crude homogenates, 
we further examined the Complex II-dependent ROS production using isolated 
mitochondria. 
To determine whether the increased Complex II expression was functional, we 
determined the maximal rate of O2 consumption with succinate as substrate. 
This rate was indeed increased in CHF relative to CON, with no difference 
between mitochondria isolated from LV in both groups (Figure 4A). Furthermore, 
as can be seen in Figure 4B, in the presence of succinate, only the isolated 
mitochondria from the failing RV  showed increased Complex II-dependent, i.e., 
TTFA inhibitable, ROS production. To further pinpoint the actual site of ROS 
release, we used the Complex III-specific inhibitor myxothiazol, which prevents 
the binding of coenzyme Q at the Qo-site of Complex III. The data in Fig. 4B 
show that myxothiazol almost completely blocked the Complex II-dependent ROS 
production. This indicates that Complex III is the primary site of ROS release 
with succinate as substrate under the present in vitro conditions.

Figure 4│(A) The rate of oxygen consumption mitochondria from CON and CHF ventricles, with succinate as 
substrate and in the presence of ADP to induce maximal respiratory rates. Values are depicted as Mean ± SEM, 
RV: CON and CHF: n=6; LV: CON: n=5, CHF: n=6, *: p<0.05 vs CON.
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Figure 4│ (C) Expression levels of superoxide dismutase-1 (SOD-1) and superoxide dismutase-2 (SOD-2) deter-
mined by real-time PCR. Expression levels were normalized to CON levels and expressed as Mean ± SEM; CON: 
n=7, CHF: n=7, *: p<0.05 vs CON. 

C

Figure 4│(B) Complex II-dependent ROS production was determined by lucigenin chemiluminescence in the 
presence of rotenone (1 µmol/L) with succinate as substrate. Complex II-dependent ROS production was inhibited 
with TTFA (1 µmol/L) and Myxo (1 µmol/L). Values were normalized to CON and expressed as Mean ± SEM, 
CON: n=9; CHF: n=9, *: p<0.05 vs CON, #: p<0.05 vs CHF. ROS production in the absence of rotenone was not 
significantly higher in either group (data not shown). 

Antioxidant capacity in failing right ventricles
Since we determined that both NADPH oxidase and mitochondrial ROS production 
were increased in CHF, we also wanted to know whether there were any changes 
in antioxidant capacity of the failing myocardium. We therefore analyzed the 
expression of the superoxide dismutase-1 (SOD-1) and superoxide dismutase-2 
(SOD-2) gene by RT-PCR. SOD-1 is predominantly located in the cytosol while 
SOD-2 is located in the mitochondria. The expression of both SOD-1 and SOD-2 
was decreased in CHF compared to CON (Figure 4C). 
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Table 1
Gene GenBank 

accession number
Forward primer(5’-3’)
Reverse primer (5’-3’)

Amplicon length

SOD-1 NM_017050 GGCTGTACCACTGCAGGACC
ACATGCCTCTCTTCATCCGCT

77

SOD-2 NM_017051 ACCACGCGACCTACGTGAAC
TTGTAACATCTCCCTTGGCCA

78

HPRT M63983 ATGGGAGGCCATCACATTGT
ATGTAATCCAGCAGGTCAGCAA

77

Table 1│Primers used in the real-time PCR determination of the expression levels of superoxide dismutases 1 and 
2. 

Expression of hypoxia-inducible factor 1α in right ventricles
Complex II has been shown to be a potential site of ROS production under 
hypoxic conditions [17], which may be present in hypertrophic myocardium 
[29]. We investigated whether this applied to our model by immunoblotting 
RV and LV homogenates for hypoxia-inducible factor 1α (HIF-1α) expression. 
Right-ventricular HIF-1α expression was indeed significantly increased in CHF 
compared to CON (Figure 5A), suggesting conditions in these cardiomyocytes 
that would increase Complex II-dependent  ROS production. Additionally, the 
data in Figure 5B show that there is positive correlation between SDHB and HIF-
1α expression. 

Figure 5│(A) Densitometric analysis of HIF-
1α expression levels and representative 
immunoblot for HIF-1α expression in RV 
(CON: n=9, CHF: n=8) and LV (CON: 
n=3, CHF: n=3) homogenates. Expression 
levels were normalized to CON levels and 
expressed as Mean ± SEM; *: p<0.05 vs 
CON. (B) HIF-1α protein expression in RV 
tissue homogenates is positively correlated 
with Complex II subunit B (SDHB) protein 
expression. CON: n=9; CHF: n=8, p<0.05; 
r2=0.39.
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Signs of oxidative stress in failing right ventricles 
Hydrogen peroxide (H2O2), which is formed via dismutation of O2

-  by SOD-2, is 
produced by mitochondria in an elevated reduction state [13,30]. Therefore, as 
an indicator of mitochondrial function in vivo, we measured the reduction state 
of Coenzyme Q. As depicted in Figure 6A, the reduction state was significantly 
increased in CHF, indicating a condition that may favour ROS production. Since 
oxidative stress has been shown to lead to activation of p38 Mitogen Activated 
Protein Kinase (p38 MAPK) [31,32], we determined phospho-p38 levels in RV 
homogenates. Figure 6B shows that phospho-p38 expression was significantly 
increased in CHF compared to CON. To confirm the presence of oxidative 
stress in the failing myocardium we stained cryo-sections of right ventricles for 
nitrotyrosine, a marker of oxidative stress [33]. The nitrotyrosine staining was 
markedly increased in CHF compared to CON (Figure 6C), indicating increased 
damage to proteins as a result of oxidative stress.

Figure 6│(A) Mitochondria from CON and CHF right and left ventricles were used for measuring Coenzyme Q 
reduction status. Values are depicted as Mean ± SEM, CON: n=3, CHF: n=4; *: p<0.05 vs CON. Total Coenzyme 
Q levels (nmol Q/mg protein) were similar in all groups: CON: RV: 0.80 ± 0.16, LV: 0.96 ± 0.24; CHF: RV: 0.75 
± 0.15, LV: 0.81 ± 0.22. (B) Densitometric analysis of p-p38 expression levels in RV (CON: n=4; CHF: n=7) and 
LV (CON: n=3; CHF: n=3) homogenates and representative immunoblot for p-p38 expression. Expression levels 
were normalized to CON levels and expressed as Mean ± SEM; *: p<0.05 vs CON. 
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Figure 6│(C) Nitrotyrosine staining (green channel) of RV cryo-sections 25 days after MCT treatment. 
Upper panel: nitrotyrosine-stained CON RV; Lower panel: nitrotyrosine-stained CHF RV. Note the marked increase 
in tyrosine nitration in CHF compared to CON. Nitrated proteins can be seen in sarcolemma, nuclei and intracellular 
organelles (see arrows). Blue channel represents nuclei. Bar = 20 μm. Mean intensity fluorescence increase in 
green channel; CHF vs. CON: 147±19% (n=3; p<0.05).

C
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Discussion

In the present study we demonstrated in failing RV myocardium: 
(1) Increased expression of the NADPH-oxidase subunit gp91phox and its activator 
Rac1, and concomitantly increased ROS production in tissue homogenates. 
(2) The mitochondrial protein composition was characterized by a selectively 
increased expression of Complex II, which led to increased ROS production in 
tissue homogenates in the presence of succinate. (3) Isolated mitochondria 
showed increased Complex II activity and increased Coenzyme Q reduction levels. 
Complex III was the site of succinate-dependent ROS production. (4) Ventricular 
hypoxia was indicated by increased HIF-1α expression. (5) Expression levels 
of SOD-1 and SOD-2 mRNA were reduced and nitrotyrosine staining confirmed 
oxidative stress. 
Collectively, these findings indicate that PAH-induced ventricular failure is 
associated with increased myocardial oxidative stress, at least in part caused by 
both a cytosolic and a mitochondrial component. The latter may be of particular 
importance, given the increased mitochondrial Coenzyme Q reduction levels and 
the apparent hypoxic condition of the failing ventricle. 

NADPH oxidase-derived ROS production
As previously reported for LV hypertrophy and heart failure in both human 
and animal studies [9], we also observed NADPH oxidase as a source of ROS 
production in the RV homogenates. NADPH oxidase consists of a catalytic unit 
called gp91phox and regulatory subunits p47phox, p67phox, p40phox [9]. 
The catalytic unit gp91phox is furthermore activated by the small GTP-binding 
protein Rac1 [34]. In the present study, both pg91phox and Rac1 expression 
increased in CHF (Figure 2A). This is in line with the established role of gp91phox 
and Rac1 in the activation of NADPH-oxidase activity in murine cardiac hypertrophy 
[3,35], as well as with a study in human LV myocardium from patients with 
either ischemic or dilated cardiomyopathy in which increased ROS production by 
NADPH oxidase was associated with increased expression of Rac1 [36]. 

Mitochondria-derived ROS production
In contrast to studies of homogenates of failing LV from human and guinea pig 
showing NADPH oxidase as the principal source of ROS production [3,10], our 
data indicated mitochondria to be an additional source in RV homogenates in 
failure.
Expression levels in these RV homogenates of several components of the 
respiratory chain, i.e., Complex I, III, IV and V, as well as total ubiquinon/ubiquinol 
levels (Coenzyme Q), remained unchanged. The fact that these components do 
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not change does not necessarily mean that other portions of these complexes 
remain the same. However, at least with respect to Complex I no alterations 
are apparent, since respiratory rates and mitochondrial ROS production with 
glutamate/malate as substrates were unchanged (data not shown). Unlike these 
complexes, the expression of the succinate dehydrogenase subunit B (SDHB) of 
Complex II was increased by 60% (Figure 2B). Maximal succinate-dependent 
respiration of isolated mitochondria from failing RV was similarly increased (Figure 
4A), indicating upregulation of the entire Complex II. In line with this, we found 
that isolated mitochondria from failing RV, but not from the LV, had significantly 
increased succinate-dependent ROS production (Figure 4B). Earlier data have 
shown that mitochondria respiring on succinate produce ROS through leakage 
of electrons from Complex III [22], although in vitro analysis indicated that 
Complex II itself can be a site of ROS production under certain conditions [16]. 
However, our data showing almost complete inhibition of succinate-dependent 
ROS production by myxothiazol (Fig. 4B) argue for Complex III as the principal 
site of ROS release. Myxothiazol prevents the oxidation of coenzyme Q (QH2) 
at the Qo-site of Complex III. The unstable semiquinone (Q-) otherwise formed 
in the Qo-site is responsible for the superoxide formation in Complex III [15]. 
These experiments were conducted in the presence of rotenone and it cannot be 
excluded that reverse electron transfer to Complex I may contribute to succinate-
dependent O2

- generation under different conditions. However, experiments in 
which the effect of rotenone was tested ruled out a substantial role of Complex 
I as a site of ROS release in either group (data not shown). 
Cellular hypoxia, which leads to an elevated reduction state of components of 
the respiratory chain, has been shown to trigger an increase in mitochondrial 
ROS release at Complex III [37-39]. This in turn activates p38 MAPK which is 
required for the stabilization of HIF-1α as part of the cellular response to the 
diminished oxygen availability [40], [37]. That a condition of sustained hypoxia 
and elevated reduction state applies to the mitochondria in failing RV in vivo in 
our study, is suggested by the increase in the reduction state of Coenzyme Q 
of freshly isolated RV mitochondria relative to that of mitochondria from the LV 
of the same hearts (Figure 6A), and by the significantly increased expression 
of HIF-1α in failing RV relative to the LV (Figure 5A). Furthermore, activation of 
p38 MAPK levels was similarly increased in the failing RV (Figure 6B) confirming 
our earlier observation [18]. The p38 MAPK is one of the effectors of the MAPK 
stress-signalling pathways and accumulating evidence also implicates p38 as a 
pro-apoptotic factor in ventricular remodeling and heart failure [41]. Activation 
of apoptosis has indeed been shown in PAH-induced RV failure [18,42].
Myocardial hypoxia in hypertrophy has been hypothesized to occur as a 
consequence of the mismatch between the increased oxygen demand of the 
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hypertrophied cardiomyocytes and the limited capacity of the vasculature. Indeed, 
capillary density did not increase in proportion to myocyte growth in a study of 
MCT-induced RV hypertrophy and HIF-1α was detected in these myocytes [29]. 
HIF-1α is a member of the basic helix-loop-helix (bHLH) superfamily of eukaryotic 
nuclear transcription factors. The target genes regulated by HIF-1α include 
genes involved in angiogenesis, apoptosis and energy metabolism [43]. The 
latter group comprises key enzymes of glucose transport and glycolysis, whose 
expression is increased in chronic hypoxia as part of the switch from fatty acids 
to glucose as substrate, requiring less oxygen per mol of ATP produced. Complex 
II is in its entirety encoded by nuclear genes and our data showing a significant 
correlation between the protein levels of HIF-1α and SDHB in the failing RV 
(Fig. 5B), suggest a mechanistic link. However, to our knowledge transcriptional 
regulation of SDHB by HIF-1α has not been shown. Alternatively, the hypoxic 
condition indicated by increased HIF-1α expression will be associated with 
activation of AMP-Kinase [44] and subsequent activation of nuclear respiratory 
factor 1 (NRF-1) [45]. NRF-1 is one of the known transcription factors regulating 
SDHB [46] and its activation in hypoxia may explain the observed correlation 
between the expression of HIF-1α and SDHB. 
Although our in vitro data and the studies cited above indicate Complex III 
as the main site of ROS release, other studies of Complex II in mitochondria 
from yeast and various tissues suggest that this complex is also a potential 
site of ROS production [16,47-49]. Recent results using intact tissue show that 
such Complex II-derived ROS production is particularly high under conditions 
of hypoxia and elevated reduction state when Complex II may act as fumarate 
reductase rather than as SDH [17]. It can therefore not be ruled out that in 
the failing right ventricles Complex II is an additional site of ROS production in 
vivo.

Effects of oxidative stress in failing myocardium
Earlier studies of MCT-induced RV hypertrophy suggested a role of ROS in the 
progression to failure, based on a diminished antioxidant capacity and increased 
lipid peroxidation [4,5,50]. The former is in line with our data showing that both 
SOD-1 and SOD-2 mRNA expression is decreased in CHF compared to CON. 
Our data now suggest that right-ventricular ROS production in fact increases 
in CHF. In combination with the apparent decrease in oxidant defense capacity, 
this may be expected to result in substantial oxidative stress in the hypertrophic 
cardiomyocyte in CHF. Increased levels of superoxide give rise to highly reactive 
peroxynitrite as a product of the reaction with nitric oxide. Peroxynitrite can 
react with and damage DNA, lipids and proteins, which can impair myocyte 
function [51] The data in Figure 6C, showing increased protein tyrosine nitration 
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in faling RV, indeed suggest the presence of substantial oxidative stress in the 
failing myocardium. 

In summary, our data show increased expression of the catalytic subunit 
gp91phox and its activator Rac1 of the myocardial NADPH oxidase in PAH-
induced RV failure, together with a selective increase in mitochondrial Complex 
II expression. Although we show that this results in an increased capacity for 
mitochondrial and NADPH oxidase-derived ROS production, this study is limited 
by the fact that we did not assess ROS production under physiologically more 
relevant conditions. However, oxidative stress is evident in the failing RV and the 
apparent hypoxia and increased mitochondrial reduction state, which strongly 
favor ROS production, suggest that mitochondria are the principal source of 
ROS. Apart from the suggested role of ROS in inducing apoptosis, we think 
that mitochondrial ROS production may be particularly important in directly 
affecting contraction and Ca2+ handling in heart failure, given that mitochondria 
are located in close proximity to the contractile apparatus and sarcoplasmic 
reticulum throughout the cardiomyocyte.
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Abstract

Reactive oxygen species (ROS) have been implicated in the development of 
pathologic ventricular hypertrophy and the ensuing contractile dysfunction. Using 
the rat monocrotaline (MCT) model of pulmonary arterial hypertension (PAH), 
we recently reported oxidative stress in the failing right ventricle (RV) with no 
such stress in the left ventricle of the same hearts. 
We used the anti-oxidant EUK-134 to assess the role of ROS in the pathologic 
remodeling and dysfunction of the RV. PAH was induced by injection of MCT (80 
mg/kg, day 0) and treatment with EUK-134 (25 mg/kg, once every 2 days) of 
control (CON) and MCT-injected animals (congestive heart-failure group, CHF) 
was started at day 10 and animals were analyzed at day 22. EUK-134 treatment 
of the CHF group attenuated cardiomyocyte hypertrophy and associated changes 
in mRNA expression (MHC-β and type 3 deiodinase). It also reduced RV oxidative 
stress and pro-apoptotic signalling and prevented interstitial fibrosis. Cardiac 
magnetic resonance imaging showed that ROS scavenging did not affect the 
37% increase in end-diastolic volume of the RV in the CHF relative to the CON 
group, but the 3-fold increase in end-systolic volume was reduced by 42% in the 
EUK-134-treated CHF group. The improved systolic function was confirmed using 
echocardiography by assessment of tricuspid annular plane systolic excursion. 
These data indicate an important role of ROS in RV cardiomyocyte hypertrophy 
and contractile dysfunction due to PAH and show the potential of EUK-class 
antioxidants as complementary therapeutic in the treatment of RV dysfunction 
in PAH.

76

Chapter 4



Introduction

Pulmonary arterial hypertension (PAH) due to increased pulmonary vascular 
resistance causes pressure overload of the right ventricle (RV), which in turn 
leads to RV hypertrophy. This response is aimed at normalizing wall stress 
and may be successfully compensatory, but at higher levels of PAH pathologic 
remodeling of the RV progresses to dilation and failure[1,2]. RV failure is a 
principal secondary cause of morbidity and mortality in patients suffering from 
PAH[3] and the degree of RV remodeling is predictive of patient outcome[4]. 
Earlier studies in animal models of PAH suggested a role of reactive oxygen species 
(ROS) in pathologic RV remodeling[5,6]. This is corroborated by a recent study 
of PAH in rats in which we detected increased oxidative stress in cardiomyocytes 
of failing RV[7]. In this study, NADPH oxidase and mitochondria were identified 
as sources of the increase in ROS production. These changes were specific to 
the overloaded RV, since they were not observed in the left ventricles (LV) of 
the same hearts[7]. The oxidative stress may at least in part account for the 
activation of pro-apoptotic pathways found in the failing RV in PAH[8,9], but 
may also account for other aspects of pathologic remodeling. In vitro studies 
have shown that ROS may act as a signaling molecule driving cardiomyocyte 
hypertrophy[10]. Studies of left ventricular (LV) remodeling have shown that 
high cellular ROS levels activate matrix remodeling and increase fibrosis[11], 
which are also aspects of PAH-induced RV hypertrophy. In addition, high ROS 
levels may lead to contractile dysfunction by directly affecting proteins involved 
in Ca2+ handling and contraction[12,13]. Studies of pathologic LV remodeling in 
which the antioxidant capacity of myocytes was modulated pharmacologically or 
genetically, generally also point to a role of ROS in this proces[11].   
Taken together, the available data suggest involvement of oxidative stress in 
PAH-induced RV remodeling and dysfunction, but the possibility of a causal role 
for ROS in this process has so far not been investigated. This is a particularly 
relevant issue, since the treatment options for PAH patients are limited and 
increased RV ROS activity may be amenable to therapeutic intervention aimed 
at alleviating the principal secondary problem of PAH. Therefore, in the present 
study we used the synthetic anti-oxidant EUK-134 to test the hypothesis that 
increased ROS production is a causative factor in the development of PAH-induced 
pathologic remodeling of the RV. EUK-134 belongs to a class of salen-manganese 
complexes and is a superoxide dismutase and catalase mimetic[14] capable of 
scavenging ROS of both cytosolic[15] and mitochondrial origin[16]. 
As in our earlier studies, we used the monocrotaline-treated rat as an experimental 
model of PAH-induced RV failure[8,7]. Monocrotaline (MCT) is a pyrrolizidine 
alkaloid, and its bioactive metabolite selectively injures the vascular 
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endothelium of the lung vessels. Progressive pulmonary vasculitis leads to 
increasing vascular resistance and a gradual rise in arterial pressure starting 
around seven days following the single dose of MCT[17,18]. The increase in 
RV afterload induces hypertrophy, which, depending on the dose of MCT used, 
progresses to dilation and failure[8,17-19]. Our data now show that treatment 
with EUK-134 reduces oxidative stress, attenuates pathologic remodeling and 
improves contractile function in PAH-induced RV hypertrophy.
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Materials and Methods

Animals 
Animals were treated according to national guidelines and with permission of 
the Institutional Animal Care and Use Committee (IACUC) of the VU University 
Medical Center Amsterdam, the Netherlands, which conforms to the Guide for 
the Care and Use of Laboratory Animals published by the US National Institutes 
of Health (NIH Publication No. 85-23, revised 1996). Male Wistar rats (Harlan, 
The Netherlands) were housed individually (250 cm2/animal) and received food 
and water ad libitum. Rats were randomized and received a single subcutaneous 
injection with either saline (control group (CON)), or 80 mg MCT/kg body weight 
(congestive heart failure group (CHF)). Animals were sacrificed 22 days after 
MCT treatment with an isoflurane overdose, and heart and lungs were excised. 
Lungs were weighed as a measure of the degree of pulmonary vasculitis and 
as an indication of the increase in pulmonary arterial pressure[8]. Transmural 
biopsies (78.54 mm2) of the RV free wall were weighed to determine wall 
thickness. Ventricular tissue samples for immunoblotting and RNA extraction 
were snapfrozen in liquid nitrogen and stored at –80 ºC. 

Antioxidant treatment
Animals were randomized to treatment with either EUK-134 (Cayman Chemical) 
(25 mg/kg in phosphate-buffered saline) by intraperitoneal injection, or an 
equal volume of vehicle. Animals were injected 5 times over the course of 10 
days, starting at day 10 after MCT treatment. Animals were sacrificed at day 22 
following MCT treatment. 

Cardiac Magnetic Resonance Imaging procedure
Cardiac Magnetic Resonance Imaging (cMRI) was performed immediately prior 
to sacrifice, using a 9.4 T horizontal bore MR system equipped with a 12 cm inner 
diameter gradient, set with gradients up to 500 mT/m (Varian, Palo Alto, CA) and 
a quadrature volume coil with an inner diameter of 72 mm (Rapid Biomedical 
GmbH, Rimpar, Germany). Rats were kept anesthetized with 1.5% isoflurane in 
a mixture of air and oxygen (70% and 30% respectively) administered with a 
nose cone. ECG, temperature and respiration rate were continually monitored 
using a small animal monitoring system (SA Instruments, New York, NY). After 
initial positioning, ECG- and respiration-gated gradient echo cine imaging was 
performed on 17 short axis slices of 1 mm thickness (TE/TR 1.1/10 ms, FOV 
60*60 mm2, 20° flip angle, 8 averages). The number of phases per cine loop 
depended on the heart rate of the rat (10-26 phases). 
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Image analyses
Images were analyzed with Segment v1.65 (http://segment.heiberg.se). The 
phases corresponding to the largest (end-diastolic) and smallest (end-systolic) 
RV volumes were used to measure the septal-lateral end-diastolic diameter 
(EDD) and end-systolic diameter (ESD) and to calculate stroke volume (SV) and 
ejection fraction (EF). The product of the SV and heart rate was expressed as the 
RV cardiac output (CO). 

Echocardiography 
Following cMRI, noninvasive echocardiographic measurements were performed 
with a Hewlett Packard Sonos 5500 instrument (Hewlett Packard) using a 15 
MHz transducer (15-6L linear probe, Philips) applied parasternally to the shaved 
chest wall of rats anesthetized with 1.5% isoflurane in a mixture of air and 
oxygen (70% and 30% respectively). Tricuspid annular plane systolic excursion 
(TAPSE) and pulmonary artery acceleration time normalized to cardiac cycle 
length (PAAT/CL) were measured as described previously by Hardziyenka et 
al.[17]. 

Immunolabeling and histological analysis
Heart tissue was embedded in paraffin and sectioned (5 μm). Cardiac collagen 
deposition was analyzed in Picrosirius red-stained sections viewed under circularly 
polarized light and was quantified using a microscope densitometer[20] and the 
threshold option in NIH Image (http://rsbweb.nih.gov/nih-image)[21].
Cardiomyocyte cross sectional area (CSA) was determined on hematoxylin 
and eosin (H&E) stained sections by quantitative image analysis using ImageJ 
(http://rsbed.nih.gov/ij). Four different areas were analyzed in each sample and 
the average CSA of a total of 40 myocytes was determined. 
Myocardial oxidative stress was assessed by staining sections for nitrotyrosine 
(Santa Cruz)[7].

Real-time PCR 
Quantitative real-time PCR was performed using the Applied Biosystems 
model 7700, using standard cycle parameters in combination with SYBR Green 
(Applied Biosystems) as described previously[8]. Atrial natriuretic factor (ANF) 
forward: TGCGAAGGTCAAGCTGCTT, reverse: TGGCTGTTATCTTCGGTACCG; 
cyclin D1 forward: TGCCATCCATGCGGAAA, reverse: GGCCAGCGGGAAGACCT; 
Myosin Heavy Chain beta (MHC-ß) forward: GCCCAGTCCCGAGGTGTACT, 
reverse: AGGCGCGGATGTTCCAC; mitofusin-2 (Mfn-2) forward: 
CTCAGGAGCAGCGGGTTTATTGTCT, 
reverse: TGTCGAGGGACCAGCATGTCTATCT; deiodinase type III (D3) forward: 

80

Chapter 4



CCATCTGCGTATCCGACGA, reverse: ATGGGCCTGCTTGAAGAAATC. Hypoxanthine-
guanine phosporibosyltransferase (HPRT) forward: ATGGGAGGCCATCACATTGT, 
reverse: ATGTAATCCAGCAGGTCAGCAA; was used to normalize gene 
expression.

Statistical analysis
The results are presented as mean ± SEM. Data were analyzed using Student’s 
t-test or 1-way ANOVA, with Bonferonni correction for multiple testing, p<0.05 
was considered significant.
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Results

Previously we showed that distinct gene-expression profiles predictive of failure 
were already present 14 days after injection of MCT (80 mg/kg, CHF group)[8]. 
Because of the potential role of ROS in early hypertrophic signaling as well as in 
ultimate contractile dysfunction, EUK-134 treatment of the CHF and CON groups 
was started at day 10 following the injection of MCT or carrier, respectively. 
Treatment with EUK-134 was continued until the time of sacrifice at day 22.

General features
Earlier studies have shown that body-weight gain is reduced in MCT-treated 
animals, resulting in 10% lower body weight at day 18 compared to controls[8]. 
Those animals that develop CHF then start to loose weight[8]. In line with this, 
the data in Table 1 show a 15% lower body weight of the MCT-treated groups at 
day 22 compared to the CON group, indicative of the onset of CHF. RV hypertrophy 
is indicated by a 35% increase in RV wall thickness. Treatment with EUK-134 did 
not affect these parameters, nor did it affect lung wet weight in the CON+EUK 
and CHF+EUK groups (Table 1). The increase in lung wet weight following MCT 
treatment reflects the pulmonary vasculitis and is not related to edema, since the 
wet weight/dry weight ratios did not differ between groups (Table 1). Analysis of 
an echocardiographic index of pulmonary arterial hypertension, i.e., pulmonary 
artery acceleration time normalized on cycle length (PAAT/CL)[17], showed that 
the degree of PAH was indeed the same in the CHF and CHF+EUK groups (Table 
1). This is furthermore supported by the equally high expression level in the CHF 
and CHF+EUK groups of atrial natriuretic factor (ANF) mRNA in RV (Table 1), 
which was shown earlier to increase in proportion to the degree of PAH[8].
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Table 1
CON (n=6) CON+EUK (n=5) CHF (n=5) CHF+EUK (n=5)

Body weight (g) 305±6 299±6 260±5*# 251±9*#

Tibia length 
(cm) 3.76±0.02 3.73±0.03 3.77±0.03 3.66±0.04

Heart weight 
(mg) 867±18 897±31 951±20 876±9

Wall thickness 
(mm) 1.24±0.04 1.21±0.06 1.67±0.06*# 1.70±0.07*#

Lung wet weight 
(g) 1.06±0.09 1.25±0.03 2.21±0.13*# 1.95±0.12*#

Lung wet/dry 
weight ratio 4.81±0.07 4.91±0.19 4.58±0.27 4.36±0.43

PAAT/CL (ratio) 0.152±0.016 0.178±0.017 0.060±0.006*# 0.081±0.015*#

RV ANF 
mRNA expres-
sion (AU)

1.00±0.94 0.54±0.49 5.48±0.72*# 5.73±1.93*#

Table 1│General characteristics of CON, CHF and EUK-134-treated animals. RV free wall thickness was calculated 
from the weight of a transmural biopsy with a surface area of 78.54 mm2. Pulmonary artery acceleration time 
normalized on cycle length (PAAT/CL) was determined by echocardiography as an index of pulmonary arterial 
pressure17. Expression of ANF mRNA was determined by RT-PCR and normalized to the expression of HPRT (see 
Materials and Methods section for details). Heart rate did not differ significantly between the experimental groups 
and averaged 350 bpm. Data are expressed as Mean ± SEM; *: p < 0.05 vs CON, #: p < 0.05 vs CON+EUK.

EUK-134 treatment attenuates RV dysfunction
The cMRI images in Figure 1 of mid-ventricular slices at systole and diastole 
show the remodeling of the RV induced by PAH (CHF group). LV geometry is 
consequently affected, with septal flattening in diastole and inward movement in 
systole. Two sets of images are presented for the CHF+EUK group showing the 
range of the effect of EUK-134 treatment observed in this study. Figure 2 presents 
the end-diastolic (EDD) and end-systolic (ESD) diameters of RV as well as the RV 
volumes at diastole and systole obtained from the cMRI analyses. The EDV was 
increased by 37%, whereas the ESV showed a 3-fold increase, corresponding to 
a 5-fold increase in ESD. EUK-134 treatment of CHF animals from day 10 onward 
did not affect diastolic dimensions, but resulted in a significantly lower ESD
(-28%) and a concomitant 42% reduction of the ESV compared to the untreated 
group (Figure 2). Treatment of CON animals did not affect any of the parameters. 
The attenuating effect of EUK-134 treatment of CHF animals on changes in RV 
stroke volume (SV), ejection fraction (EF) and cardiac output (CO) is illustrated 
in Figure 3, panels A, B and C, respectively. In addition, tricuspid annular plane 
systolic excursion (TAPSE) was determined by echocardiography as a further 
index of RV systolic function[17] (Figure 3D). In line with the positive effect of 
EUK-134 treatment on the EF, the decrease in TAPSE seen in CHF animals was 
significantly less in the CHF+EUK group.
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CON CON+EUK CHF CHF+EUK CHF+EUK

LV LV LV LV LV

RV RV RV RV RV

LV LV LV LV LV
RV RV RV RV RV

Figure 2│RV end-diastolic diameter (A), end-systolic diameter (B), end-diastolic volume (C) and end-systolic 
volume (D) were obtained from short-axis cMRI images (see Figure 1 and Materials and Methods section for 
details). Values are expressed as Mean ± SEM; CON: n=6; CON+EUK: n=5; CHF: n=5; CHF+EUK: n=5; *: p < 
0.05 vs CON, #: p < 0.05 vs CON+EUK, $: p < 0.05 vs CHF.

Figure 1│Transverse mid-ventricle sections obtained from control (CON), control treated with EUK-134 (CON+EUK), 
RV failure (CHF) and RV failure treated with EUK-134 (CHF+EUK) animals at day 22 at end diastole (top panel) 
and end systole (bottom panel). Two sets of images are presented for the CHF+EUK group showing the range of 
the effect of EUK treatment observed.

84

Chapter 4



Figure 3│(A) RV stroke volume (SV), (B) ejection fraction (EF), (C) cardiac output (CO), (D) TAPSE. Data for A-C 
were calculated from the cMRI analyses (see Figure 1), while D was obtained from echocardiographic analyses. 
Values are expressed as Mean ± SEM; CON: n=6; CON+EUK: n=5; CHF: n=5; CHF+EUK: n=5; *: p < 0.05 vs 
CON, #: p < 0.05 vs CON+EUK, $: p < 0.05 vs CHF.
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EUK-134 treatment reduces oxidative stress in RV myocardium 
Next, nitrotyrosine staining of RV myocardium was used to assess the effect of 
EUK-134 treatment on oxidative stress. The images in Figure 4A show extensive 
nitrotyrosine staining in CHF, confirming our earlier results[7]. Markedly less 
staining was observed in RV of CHF+EUK animals. This is corroborated by the 
effect of EUK-134 treatment on the mRNA expression level of Mitofusin-2 (Mfn-
2). Mfn-2 is a mitochondrial membrane protein that can trigger cardiomyocyte 
apoptosis and its expression was recently shown to be upregulated by oxidative 
stress[22]. The high RV Mfn-2 mRNA expression seen in the CHF group was 
virtually absent in the CHF+EUK group (Figure 4B). Oxidative stress and pro-
apoptotic signalling in PAH-induced RV remodeling was previously shown to be 
associated with increased mRNA expression of the cell-cycle regulator cyclin 
D1[9,8]. Figure 4C shows that EUK-134 treatment also attenuated this effect of 
PAH.
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Figure 4│Representative nitrotyrosine-stained RV sections of CON (A), CON+EUK (B), CHF (C) and CHF+EUK 
(D); green, blue and red channels represent nitrotyrosine, nuclei and sarcolemma, respectively. 

10μm

Figure 4│ Expression of mRNAs of Mitofusin-2 (Mfn-2) (B) and cyclin D1  (C) was determined in RV tissue by RT-
PCR and normalized to the expression of HPRT (see Materials and Methods section for details). The expression 
levels of Mfn-2 mRNA in CON and CON+EUK were below the detection limit. Values are expressed as Mean ± 
SEM; CON: n=6; CON+EUK: n=5; CHF: n=5; CHF+EUK: n=5. *: p < 0.05 vs CON, #: p < 0.05 vs CON+EUK, 
$: p < 0.05 vs CHF.
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Figure 5│Representative hematoxylin and eosin (H&E) stained RV sections of CON (A), CON+EUK (B), CHF (C) 
and CHF+EUK animals (D). (E) Quantification of cardiomyocyte cross-sectional area (CSA) from the indicated 
groups (see Materials and Methods for details). Values are Mean ± SEM; CON: n=4; CON+EUK: n=6; CHF: n=6; 
CHF+EUK: n=6. *: p < 0.05 vs CON, #: p < 0.05 vs CON+EUK, $: p < 0.05 vs CHF. The average cardiomyocyte 
CSA in LV did not differ between groups (data not shown).

Effect of EUK-134 on cardiomyocyte hypertrophy and fibrosis
Hematoxylin-eosin stainings were performed to determine average cardiomyocyte 
cross-sectional area (CSA) in RV sections. Representative images and results 
of the quantitative analyses are presented in Figure 5A and B, respectively, 
showing significantly less hypertrophy in the CHF+EUK group relative to the 
CHF group. Upregulation of the mRNA level of myosin heavy chain-β (MHC-
β), a characteristic feature of pathologic cardiomyocyte hypertrophy, was also 
significantly attenuated by EUK-134 treatment (Figure 6A). Similarly, expression 
of mRNA of the thyroid-hormone-inactivating enzyme deiodinase type 3 (D3), 
which was shown to be upregulated in RV myocyte hypertrophy[23,24], was 
prevented by EUK-134 treatment of the CHF group (Figure 6B). Collagen content 
was next quantified following staining of RV sections with Picrosirius Red. Figure 
7A and the quantitative data in Figure 7B show that EUK-134 treatment prevented 
the interstitial fibrosis that characterizes RV tissue of the CHF group. 
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Figure 6│Gene expression of (A) myosin heavy chain-β (MHC-β) and (B) deiodinase type 3 (D3) was determined 
in RV tissue form all experimental groups by RT-PCR and normalized to the expression of HPRT (see Materials and 
Methods section for details). Values are Mean ± SEM. CON: n=6; CON+EUK: n=5; CHF: n=5; CHF+EUK: n=5. 
*: p < 0.05 vs CON, #: p < 0.05 vs CON+EUK, $: p < 0.05 vs CHF. 

Figure 7│Representative Picrosirius 
Red-stained RV sections of CON (A), 
CON+EUK (B), CHF (C) and CHF+EUK 
(D) animals. (E) Quantification of 
Picrosirius Red staining of RVs of 
all experimental groups. Values are 
expressed as Mean ± SEM; CON: n=6; 
CON+EUK: n=5; CHF: n=5; CHF+EUK: 
n=5; *: p < 0.05 vs CON, #: p < 0.05 
vs CON+EUK, $: p < 0.05 vs CHF.
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Discussion

In the present study we show in an animal model of PAH-induced RV hypertrophy 
that treatment with the anti-oxidant EUK-134 attenuates the development of 
cardiomyocyte hypertrophy, decreases RV oxidative stress and prevents RV 
fibrosis.  The overall effect of ROS scavenging on pathologic remodeling of the 
RV results in significantly improved systolic function.  

Effect of EUK-134 treatment on PAH-induced RV remodeling and 
dysfunction
A single dose of MCT of 60 or 80 mg/kg was previously shown to induce progressive 
PAH resulting in RV hypertrophy and ultimately failure[19,17]. Assessment of 
PAH by echocardiography[17] or radio-telemetry[18], shows that PAH starts 
to develop one week following MCT administration. RV hypertrophy is evident 
at two weeks reaching a 45-75% increase in wall thickness around the fourth 
week[8,17-25], with progressive dilation and diminished ejection fraction and 
cardiac output[19,18,26]. Most animals become cachexic after the third week 
and succumb before the sixth week with signs and symptoms of congestive heart 
failure[8,17,19,25]. A time-course study has shown that following the onset 
of RV dilation, EDV increases more than two-fold over the course of ten days 
culminating in overt failure[17]. Our present data obtained at day 22 following 
MCT administration confirm these earlier studies, showing a 35% increase in 
RV wall thickness[17,19,18] and a moderate degree of RV dilation, i.e., a 37% 
increase in EDV (Figure 2)[17]. Altered ventricular geometry was evident, 
particularly with respect to the shape of the septum during the cardiac cycle 
(Figure 1). Septal flattening during diastole and bulging into the LV cavity during 
systole has also been described for PAH-induced RV hypertrophy and failure in 
patients, where it is was shown to affect LV filling[27]. 
The data in Figure 3A and B show a 35% reduction in stroke volume due to a 
54% drop in EF in the CHF-group. The systolic dysfunction was corroborated by 
a similar decrease in the echocardiographic parameter TAPSE (Figure 3D). This 
degree of systolic dysfunction was previously found at the time of overt failure (day 
28 following MCT administration, 80 mg/kg) using either echocardiography[18] 
or pressure-volume measurements[19,26]. In these studies, RV dilation had 
progressed to a two- to three-fold increase of the EDV. Our data at day 22 now 
show that systolic dysfunction is already near maximal when RV dilation is still 
moderate. 
EUK-134 treatment from day 10 through day 22 significantly attenuated the 
decline in systolic function induced by PAH, with EF and TAPSE both being 55% 
higher in the CHF+EUK group compared to the CHF group (Figure 3). Different 
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indicators of the degree of PAH, i.e., the PAAT/CL[17] and the expression level of 
ANF mRNA in the RV[8] were the same in the treated and untreated groups (Table 
1), indicating that EUK-134 does not affect the MCT-induced remodeling of the 
pulmonary vasculature. This is corroborated by the same increase in lung wet 
and dry weights in both groups. Furthermore, the RV wall thickness and diastolic 
dimensions in the CHF and CHF+EUK groups are indicative of the same degree 
of RV afterload. None of the parameters were affected by EUK-134 treatment of 
the CON group.  
Taken together, this suggests a direct action of EUK-134 on the overloaded 
cardiomyocyte, improving contractile properties in the treated group. Analyses 
of isolated hearts[28] as well as muscle strips[25], RV trabeculae[7,29] and 
papillary muscles[30] have shown that MCT-induced hypertrophy results in a 
reduction of the rate of force development and force decline, a reduction of 
maximal force and a flat or even negative force-frequency relation. A shift in 
contractile protein expression from the fast MHC-α to the slow MHC-β isoform 
underlies part of these changes[29,31]. This shift is a hallmark of pathologic 
ventricular hypertrophy and in the MCT-model it becomes evident at both the 
mRNA and protein level 2 weeks following MCT administration, i.e., at the onset 
of hypertrophy[23,29]. The data on myocyte CSA area as well as on MHC-β 
mRNA expression in Figures 5B and 6 show that EUK-134 treatment reduces 
concentric myocyte hypertrophy and prevents at least part of the associated 
changes in contractile-gene expression. The latter effect provides an explanation 
for the observed partial preservation of systolic function in the CHF+EUK group. 
We recently showed in this model that RV myocyte hypertrophy and concomitant 
cellular hypoxia stimulates the expression of the thyroid-hormone degrading 
enzyme deiodinase type 3 (D3), possibly as part of an adaptive mechanism 
aimed at reducing cellular metabolism[24]. EUK-134 treatment fully prevented 
the stimulation of D3 mRNA expression (Figure 6B), suggesting that the reduction 
of myocyte hypertrophy is sufficient to prevent cellular hypoxia. 

Effect of EUK-134 treatment on PAH-induced ROS production and 
action in RV
EUK-134 is a ROS scavenger belonging to a class of superoxide dismutase and 
catalase mimetics capable of dismutating O2

- to H2O2, with further catalytic 
breakdown to O2 and H2O, and of breaking down nitrosative species[32]. The 
effect of EUK-134 on myocyte hypertrophy, in spite of the same degree of 
PAH, corroborates earlier studies in which ROS were shown to be the down-
stream effector of various hypertrophic stimuli, both in vitro an in vivo[11,33]. 
Mechanical stretch of isolated cardiomyocytes was shown to increase cellular 
ROS production and the concomitant hypertrophy could be prevented by SOD/
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 CON  CHF catalase mimetics, including EUK-8, which is comparable to EUK-134[34,14]. 
Treatment with the antioxidants N-2-mercaptoproprionylglycine[35] and N-
acetylcysteine[36] was shown to diminish LV hypertrophy in mice subjected to 
pressure overload. More recently, EUK-8 treatment of mice subjected to TAC for 
a period of 28 days prevented cardiomyocyte hypertrophy and improved systolic 
function[37]. Potential sources of increased cardiomyocyte ROS production 
include NADPH and xanthine oxidase activities, the mitochondrial electron 
transport chain and uncoupling of nitric oxide synthase (NOS3)[11]. Of these, 
NADPH oxidases play a major role in cardiac redox-signaling and are thought 
to relay hypertrophic stimuli, including pressure overload[33]. Previously we 
found increased ROS-producing activity from NADPH oxidase[7] in RV failure. 
Mitochondria were an additional source of ROS at this stage, but this activity 
becomes particularly important when myocyte hypertrophy has progressed and 
cellular hypoxia ensues[7]. EUK-134 treatment diminished hypertrophy and 
cellular hypoxia, as mentioned above, and this source of ROS may therefore 
be expected to be reduced. Together with the powerful mitochondrial- and 
cytosolic-ROS scavenging activity of EUK-134[15,16], this resulted in markedly 
less oxidative stress indicated by the reduction of nitration damage seen in 
the CHF+EUK group (Figure 4). The level of nitrotyrosine staining in the CHF 
group at day 22 is comparable to what we found earlier at day 28[7] and the 
attenuating effect of EUK-134 will contribute to the preservation of contractile 
function, given the inhibitory effect of ROS-induced damage of proteins involved 
in Ca2+-regulation and energy metabolism, among others[13,12]. High levels of 
ROS have been shown to be associated with activation of apoptosis and fibrosis 
in LV hypertrophy[11]. In the earlier mentioned study of LV hypertrophy in TAC 
mice, treatment with EUK-8 prevented fibrosis and cardiomyocyte apoptosis, 
particularly in a mutant mouse with reduced endogenous capacity for scavenging 
of mitochondrial free radicals[37]. Although fibrosis is not consistently observed 
in the MCT-model[19], we found significant interstitial fibrosis in the hypertrophic 
RV, in agreement with other studies[5,25,31]. Furthermore, the observed effect 
of EUK-134 treatment on the level of fibrosis (Figure 7) indicates that matrix 
remodeling is also in the overloaded RV at least in part dependent on increased 
ROS levels, confirming the earlier proposed role of ROS-dependent activation of 
matrix metalloproteinases in PAH-induced RV remodeling[26]. Similarly, our data 
confirm the suggested role of ROS in the activation of pro-apoptotic pathways 
in the hypertrophic RV[8,9,7]. ROS are known to activate such pathways in 
cardiomyocytes[38] and upregulation of cyclin D1 together with downregulation 
of anti-apoptotic Bcl-2 was shown in PAH-induced RV failure[8,9] and also shown 
to be associated with cardiomyocyte apoptosis[9]. The observed increased levels 
of Mfn-2 mRNA (Figure 4B) corroborate a role of ROS, since Mfn-2 expression 
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is stimulated by oxidative stress and triggers cardiomyocyte apoptosis through 
activation of the mitochondrial cell-death pathway[22]. Finally, EUK-134 treatment 
largely prevented the upregulation of Mfn-2 and cyclin D1 expression in the CHF 
group indicating a causal relationship between ROS and cardiomyocyte apoptosis. 
Although we did not quantify apoptosis, our morphological data suggest that 
EUK-134 treatment may indeed have prevented myocyte loss in the hypertrophic 
RV. RV wall thickness was increased by approximately 37% in the CHF and 
CHF+EUK groups relative to CON groups (Table 1) and end-diastolic dimensions 
were also similarly increased in both groups (Figure 2). In line with the degree 
of hypertrophy, the average cardiomyocyte CSA was increased by approximately 
32% in the CHF+EUK group, whereas the CSA was significantly higher in the 
untreated group (Figure 5), indicative of a lower number of cardiomyocytes in 
the RV of the CHF group compared to the EUK-134 treated group. 

Clinical Perspectives
Current treatment options of PAH are largely targeted at reducing pathologic 
vascular remodeling. Although improvement of clinically relevant end-points is 
achieved with various pharmacological strategies, there is no cure for PAH and 
RV failure is often the fatal complication as the disease progresses. The present 
study shows for the first time a critical role for oxidative stress in the onset of 
RV hypertrophy and the subsequent development of contractile dysfunction in a 
model of PAH. With the current dose of EUK-134 of 25 mg/kg given every two 
days, scavenging of cardiomyocyte ROS diminished myocyte hypertrophy, fibrosis 
and possibly apoptosis, and largely preserved systolic function in the pressure 
overloaded RV. The present data show the potential benefit of the EUK class of 
salen-manganese complexes as a complementary therapy in the treatment of 
PAH, particularly in the early stages of the disease. 

92

Chapter 4



Reference List

[1] Pokreisz P, Marsboom G, Janssens S. Pressure overload-induced right ventricular   
 dysfunction and remodelling in experimental pulmonary hypertension: the right heart  
 revisited. Eur Heart J Suppl. 2007;9(suppl_H):H75-H84.

[2] Bristow MR, Zisman LS, Lowes BD, Abraham WT, Badesch DB, Groves BM, Voelkel 
 NF, Lynch DMB, Quaife RA. The Pressure-Overloaded Right Ventricle in Pulmonary   
 Hypertension. Chest 1998;114(1 Suppl):101S-106S.

[3] Lee SH, Rubin LJ. Current treatment strategies for pulmonary arterial hypertension. J  
 Intern Med 2005;258:199-215.

[4] van Wolferen SA, Marcus JT, Boonstra A, Marques KM, Bronzwaer JG, Spreeuwenberg  
 MD, Postmus PE, Vonk-Noordegraaf A. Prognostic value of right ventricular mass, 
 volume, and function in idiopathic pulmonary arterial hypertension. Eur Heart J.   
 2007;28:1250-1257.

[5] Farahmand F, Hill MF, Singal PK. Antioxidant and oxidative stress changes in 
 experimental cor pulmonale. Mol Cell Biochem 2004;260:21-29.

[6] Ecarnot-Laubriet A, Rochette L, Vergely C, Sicard P, Teyssier JR. The activation pattern 
 of the antioxidant enzymes in the right ventricle of rat in response to pressure overload  
 is of heart failure type. Heart Dis 2003;5:308-312.

[7] Redout EM, Wagner MJ, Zuidwijk MJ, Boer C, Musters RJ, van Hardeveld C, Paulus WJ, 
 Simonides WS. Right-ventricular failure is associated with increased mitochondrial 
 complex II activity and production of reactive oxygen species. Cardiovascular Res   
 2007;75:770-781.

[8] Buermans HP, Redout EM, Schiel AE, Musters RJ, Zuidwijk M, Eijk PP, van Hardeveld   
 C, Kasanmoentalib S, Visser FC, Ylstra B, Simonides WS. Microarray analysis reveals
 pivotal divergent mRNA expression profiles early in the development of either 
 compensated ventricular hypertrophy or heart failure. Physiol Genomics. 2005;21:314- 
 323.

[9] Ecarnot-Laubriet A, Assem M, Poirson-Bichat F, Moisant M, Bernard C, Lecour S, Solary  
 E, Rochette L, Teyssier JR. Stage-dependent activation of cell cycle and apoptosis
  mechanisms in the right ventricle by pressure overload. Biochim Biophys Acta.   
 2002;1586:233-242.

[10] Sugden PH, Clerk A. Oxidative stress and growth-regulating intracellular signaling   
 pathways in cardiac myocytes. Antioxid Redox Signal 2006;8:2111-2124.

[11] Takimoto E, Kass DA. Role of Oxidative Stress in Cardiac Hypertrophy and Remodeling.  
 Hypertension 2007;49:241-248.

[12] Giordano FJ. Oxygen, oxidative stress, hypoxia, and heart failure. J Clin Invest   
 2005;115:500-508.

[13] Zima AV, Blatter LA. Redox regulation of cardiac calcium channels and transporters.   
 Cardiovasc Res 2006;71:310-321.

[14] Doctrow SR, Huffman K, Marcus CB, Tocco G, Malfroy E, Adinolfi CA, Kruk H, Baker K,  
 Lazarowych N, Mascarenhas J, Malfroy B. Salen-Manganese Complexes as Catalytic
  Scavengers of Hydrogen Peroxide and Cytoprotective Agents: Structure-Activity   
 Relationship Studies. J Med Chem 2002;45:4549-4558.

[15] Remondino A, Kwon SH, Communal C, Pimentel DR, Sawyer DB, Singh K, Colucci WS.  

93

EUK-134 attenuates RV failure



 {beta}-Adrenergic Receptor-Stimulated Apoptosis in Cardiac Myocytes Is Mediated 
 by Reactive Oxygen Species/c-Jun NH2-Terminal Kinase-Dependent Activation of the   
 Mitochondrial Pathway. Circ Res 2003;92:136-138.

[16] Melov S, Doctrow SR, Schneider JA, Haberson J, Patel M, Coskun PE, Huffman K, 
 Wallace DC, Malfroy B. Lifespan Extension and Rescue of Spongiform Encephalopathy 
 in Superoxide Dismutase 2 Nullizygous Mice Treated with Superoxide Dismutase-
 Catalase Mimetics. J Neurosci 2001;21:8348-8353.

[17] Hardziyenka M, Campian ME, Rianne de Bruin-Bon HA, Michel MC, Tan HL. Sequence of  
 Echocardiographic Changes During Development of Right Ventricular Failure in Rat. J 
 Am Soc Echocardiogr 2006;19:1272-1279.

[18] Handoko ML, Schalij I, Kramer K, Sebkhi A, Postmus PE, Van Der Laarse WJ, Paulus   
 WJ, Vonk-Noordegraaf A. A refined radio-telemetry technique to monitor right ventricle 
 or pulmonary artery pressures in rats: a useful tool in pulmonary hypertension 
 research. Pflugers Arch 2008;455:951-959.

[19] Hessel MH, Steendijk P, den Adel B, Schutte CI, van der Laarse A. Characterization of  
 right ventricular function after monocrotaline-induced pulmonary hypertension in the
 intact rat. Am J Physiol Heart Circ Physiol 2006;291:H2424-2430.

[20] Lee-de Groot MB, des Tombe AL, van der Laarse WJ. Calibrated Histochemistry of 
 Myoglobin Concentration in Cardiomyocytes. J Histochem Cytochem 1998;46:1077-  
 1084.

[21] van der Laarse WJ, des Tombe AL, Beek-Harmsen BJ, Lee-de Groot MB, Jaspers RT. 
 Krogh’s diffusion coefficient for oxygen in isolated Xenopus skeletal muscle fibers and 
 rat myocardial trabeculae at maximum rates of oxygen consumption. J Appl Physiol   
 2005;99:2173-2180.

[22] Shen T, Zheng M, Cao C, Chen C, Tang J, Zhang W, Cheng H, Chen KH, Xiao RP. 
 Mitofusin-2 Is a Major Determinant of Oxidative Stress-mediated Heart Muscle Cell   
 Apoptosis. J Biol Chem 2007;282:23354-23361.

[23] Wassen FW, Schiel AE, Kuiper GG, Kaptein E, Bakker O, Visser TJ, Simonides WS. 
 Induction of Thyroid Hormone-Degrading Deiodinase in Cardiac Hypertrophy and 
 Failure. Endocrinology 2002;143:2812-2815.

[24] Simonides WS, Mulcahey MA, Redout EM, Muller A, Zuidwijk MJ, Visser TJ, Wassen FW,  
 Crescenzi A, da Silva WS, Harney J, Engel FB, Obregon MJ, Larsen PR, Bianco AC, 
 Huang SA. Hypoxia-inducible factor induces local thyroid hormone inactivation during  
 hypoxic-ischemic disease in rats. J Clin Invest 2008;118:975-983.

[25] Lourenco AP, Roncon-Albuquerque R, Jr., Bras-Silva C, Faria B, Wieland J, 
 Henriques-Coelho T, Correia-Pinto J, Leite-Moreira AF. Myocardial dysfunction and   
 neurohumoral activation without remodeling in left ventricle of monocrotaline-induced  
 pulmonary hypertensive rats. Am J Physiol Heart Circ Physiol 2006;291:H1587-H1594.

[26] Umar S, Hessel M, Steendijk P, Bax W, Schutte C, Schalij M, van der Wall E, Atsma D, 
 van der Laarse A. Activation of signaling molecules and matrix metalloproteinases in 
 right ventricular myocardium of rats with pulmonary hypertension. Pathol Res Pract   
 2007;203:863-872.

[27] Marcus JT, Vonk Noordegraaf A, Roeleveld RJ, Postmus PE, Heethaar RM, Van Rossum  
 AC, Boonstra A. Impaired Left Ventricular Filling Due to Right Ventricular Pressure 
 Overload in Primary Pulmonary Hypertension: Noninvasive Monitoring Using MRI. Chest  
 2001;119:1761-1765.

94

Chapter 4



[28] Lamberts RR, Caldenhoven E, Lansink M, Witte G, Vaessen RJ, St Cyr JA, Stienen GJM.  
 Preservation of diastolic function in monocrotaline-induced right ventricular 
 hypertrophy in rats. Am J Physiol Heart Circ Physiol 2007;293:H1869-H1876.

[29] Korstjens IJ, Rouws CH, van der Laarse WJ, Van der Zee L, Stienen GJ. Myocardial force  
 development and structural changes associated with monocrotaline induced 
 cardiac hypertrophy and heart failure. J Muscle Res Cell Motil 2002;23:93-102.

[30] Versluis JP, Heslinga JW, Sipkema P, Westerhof N. Contractile reserve but not tension is  
 reduced in monocrotaline-induced right ventricular hypertrophy. Am J Physiol Heart 
 Circ Physiol 2004;286:H979-H984.

[31] Kogler H, Hartmann O, Leineweber K, Nguyen van P, Schott P, Brodde OE, 
 Hasenfuss G. Mechanical Load-Dependent Regulation of Gene Expression in 
 Monocrotaline-Induced Right Ventricular Hypertrophy in the Rat. Circ Res 2003;93:230- 
 237.

[32] Sharpe MA, Ollosson R, Stewart VC, Clark JB. Oxidation of nitric oxide by 
 oxomanganese-salen complexes: a new mechanism for cellular protection by 
 superoxide dismutase/catalase mimetics. Biochem J 2002;366(Pt 1):97-107.

[33] Murdoch CE, Zhang M, Cave AC, Shah AM. NADPH oxidase-dependent redox signalling 
 in cardiac hypertrophy, remodelling and failure. Cardiovasc Res 2006;71:208-215.

[34] Pimentel DR, Amin JK, Xiao L, Miller T, Viereck J, Oliver-Krasinski J, Baliga R, 
 Wang J, Siwik DA, Singh K, Pagano P, Colucci WS, Sawyer DB. Reactive Oxygen 
 Species Mediate Amplitude-Dependent Hypertrophic and Apoptotic Responses to   
 Mechanical Stretch in Cardiac Myocytes. Circ Res 2001;89:453-460.

[35] Date MO, Morita T, Yamashita N, Nishida K, Yamaguchi O, Higuchi Y, Hirotani S, 
 Matsumura Y, Hori M, Tada M, Otsu K. The antioxidant N-2-mercaptopropionyl glycine  
 attenuates left ventricular hypertrophy in in vivo murine pressure-overload model. 
 J Am Coll Cardiol 2002;39:907-912.

[36] Jonathan A, Grieve DJ, Bendall JK, Li JM, Gove C, Lambeth JD, Cave AC, Shah AM.   
 Contrasting Roles of NADPH Oxidase Isoforms in Pressure-Overload Versus 
 Angiotensin II-Induced Cardiac Hypertrophy. Circ Res 2003;93:802-805.

[37] van Empel VP, Bertrand AT, van Oort RJ, van der Nagel R, Engelen M, van Rijen
 HV, Doevendans PA, Crijns HJ, Ackerman SL, Sluiter W, De Windt LJ. EUK-8, a 
 Superoxide Dismutase and Catalase Mimetic, Reduces Cardiac Oxidative Stress 
 and Ameliorates Pressure Overload-Induced Heart Failure in the Harlequin Mouse 
 Mutant. J Am Coll Cardiol 2006;48:824-832.

[38] Baines CP, Molkentin JD. STRESS signaling pathways that modulate cardiac myocyte   
 apoptosis. J Mol Cell Cardiol 2005;38:47-62.

95

EUK-134 attenuates RV failure





Conclusions & 
General Discussion5



Conclusions and General Discussion

This thesis is focused on the role of reactive oxygen species (ROS) during 
the development of right ventricular hypertrophy and failure in a rat model of 
monocrotaline (MCT)-induced pulmonary arterial hypertension. The aims of the 
research described in this thesis were to (1) determine whether or not increased 
ROS production occurred in RV hypertrophy and failure; (2) determine which 
ROS producing systems are the major contributors to RV myocardial oxidative 
stress; (3) investigate possible mechanisms contributing or leading to increased 
RV oxidative stress in RV hypertrophy and failure; (4) to establish the causality 
between oxidative stress and the progression to RV failure.

Main findings
The main findings of the research described in this thesis are:
(1) Comparison of RV hypertrophy and failure at two time points, e.g., day 19 and 
25, revealed decreased mitochondrial biogenesis as well as antioxidant defense 
in RV failure, which may lead to a state of oxidatively stressed RV myocardium. 
(2) RV failure in a rat model of MCT-induced PAH is characterized by an increased 
ROS production and an increase in myocardial oxidative stress. 
(3) The major ROS producing systems in RV failure are the mitochondria and the 
membrane-bound enzyme complex NADPH oxidase.
(4) Antioxidant treatment of PAH-induced RV failure improved RV function and 
reduced the secondary reactions resulting from oxidative stress following pressure 
overload, including cell death, fibrosis and unfavorable RV gene expression.

The Role of mitochondria and ROS in right ventricular compensatory 
hypertrophy and failure
To investigate whether there is a role of ROS in the progression of RV hypertrophy 
to RV failure, we compared both cardiac phenotypes at a time point (day 19) when 
both are hypertrophied and at a time point (day 25) when one is decompensated 
and the other remains stable (Fig. 1). This allows us to distinguish signaling 
cascades characteristic for hypertrophy or failure that can also contribute to 
increased RV oxidative stress and contractile dysfunction observed in Chapter 3. 
One of the signaling cascades we uncovered which distinguishes compensatory 
hypertrophy from decompensated hypertrophy is the signaling cascade leading 
to mitochondrial biogenesis [1]. 
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The transcriptional regulation of mitochondrial biogenesis is coordinated by 
several genes including NRF-1, NRF-2, PGC-1α and TFAM. In Chapter 2, we 
reported the differential expression of the “master” regulator of cellular energy 
metabolism: PGC-1α [2]. Already at day 19, when RVs from both experimental 
groups are hypertrophied, PGC-1α expression is decreased in the group with 
the highest level of pressure overload. Decreased expression of PGC-1α has 
been associated with pathological hypertrophy and heart failure [3,4]. While an 
increase in PGC-1α has been observed in forms of physiological hypertrophy such 
as postnatal growth [5] and endurance training [2], an intermediate pressure 
overload induced with 30 mg/kg MCT results in a phenotype that apparently 
resembles endurance training. Akimoto et al. [6] showed that in skeletal muscle 
exercise stimulates PGC-1α transcription through activation of p38. During 
exercise, activation of p38 phosphorylates and activates PGC-1α. The activated 
PGC-1α then moves into the nucleus enhancing the expression of mitochondrial 
proteins [7], initiating the first phase of mitochondrial biogenesis. 
Interestingly, already at day 14 we found activation of p38 [8], which is still 
present at day 25 [9]. However, this does not translate into an increased PGC-
1α expression in CHF at day 19 or 25, but in HYP it does. An explanation for 
this could be that there is a stimulus-dependent, isoform-specific activation of 
p38. It has been shown that overexpression of p38β leads to hypertrophy in 
cardiomyocytes, while overexpression of p38α leads to cardiomyocyte apoptosis 
[10]. The problem with the study of Akimoto et al. [6], is that they used p38 
inhibitors that inhibit both p38α and p38β [11]. Activation of p38 arises from 

Figure 1|Schematic representation of the induction of either RV 
compensatory hypertrophy or failure.
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Figure 2|ROS production. The ROS production 
was measured in RV homogenates from control 
(CON), hypertrophied (HYP) and failing (CHF) 
myocardium at day 19.

different stimuli, including oxidative stress [12].
In Figure 2, we show that already at day 19, ROS production was increased in 
CHF, although not significant. The fact that ROS production tends to increase at 
day 19 in CHF is an interesting observation as this might be an early predictor 
of failure. As ROS production further increased in CHF over a six day period 
(Chapter 3), the expression of SOD-1 and SOD-2 decreased in CHF, also already 
at day 19, and remained decreased, indicating that myocardium in CHF is more 
susceptible to the deleterious effects of oxidative stress. This coincided with a 
decreased gene expression of NRF-1 and PGC-1α, but we do not know if these 
changes are related to an increased ROS production. In addition to the increased 
oxidative stress in CHF, there was an increase in pro-apoptotic signaling. This 
increase in pro-apoptotic signaling presented itself as an increased translocation 
of Bax to the mitochondria. From literature reviewed in [13,14], we know that 
increased oxidative stress is able to induce the onset of cardiomyocyte apoptosis. 
Translocation of Bax to mitochondria has been reported to result in dysfunctional 
mitochondria, by inducing loss of mitochondrial membrane potential and release 
of Cytochrome C [15], which are well known hallmarks of apoptosis. The induction 
of apoptosis in CHF to a large extent explains the eventual failure of the RV 
(Fig. 3). However, the reason for the absence of mitochondrial biogenesis in CHF is 
still not completely clear, but we think that this might be connected to a previous 
observation made in this model. The observation was the overload-dependent 
induction of the thyroid hormone-degrading deiodinase type 3 (D3) [16]. It has 
been shown in astrocytes that D3 is also induced by oxidative stress and that 
p38 is involved in its induction [17]. We know that in our model D3 expression, 
oxidative stress and p38 activation are all increased and recently we showed that 
this virtually blocks T3-dependent signaling in cardiomyocytes in CHF [18]. It may 
be expected that this contributes to the absence of mitochondrial biogenesis in 
CHF, as T3 is a potent inducer of mitochondrial biogenesis [19]. Another possibility 
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might be the altered calcium (Ca2+) handling and subsequent Ca2+signaling in 
CHF. However, the only solid evidence we have for altered Ca2+homeostasis 
in CHF is the decreased expression of SERCA2a [16]. Previous reports have 
shown calcium responsive factors including, calcineurin, NFAT and MEF2a to be 
involved in mitochondrial function and biogenesis [20-23]. Nevertheless, at this 
point we have no solid data regarding alterations in calcineurin, NFAT or MEF2a 
expression, which could underlie the absence of mitochondrial biogenesis in CHF. 
Therefore, further studies should be done regarding the effects of alterations in 
Ca2+signaling on oxidative capacity in RV failure.

Compensatory
Hypertrophy

Pressure overload

Mitochondrial 
Biogenesis

Heart
Failure

Absence of mitochondrial 
biogenesis and 
mitochondrial dysfunction

PGC-1α
NRF-1
NRF-2

HighIntermediate

Figure 3|Divergent regulation of mitochondrial transcription factors and mitochondrial biogenesis in compensatory 
hypertrophy and failure. 
Intermediate pressure overload induces a hypertrophic cardiac phenotype accompanied by an increase in 
mitochondrial biogenesis. While a high level of pressure overload induces cardiac failure characterized by a 
decreased NRF-1, NRF-2 and PGC-1α expression, an absence of mitochondrial biogenesis, as well as the presence 
of dysfunctional mitochondria. Moreover, in the failing heart, mitochondrial dysfunction may lead to an energy-
deficient state, which could contribute to the pathology of the disease.
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Reactive oxygen species and their sources during heart failure
In this thesis we provide evidence that ROS production is increased in RV failure. 
Next, we determined which potential sources of ROS were of relevance to PAH-
induced RV failure. In the literature several sources are reported: Xanthine 
oxidase (XO), NADPH oxidase, mitochondria and uncoupled nitric oxide synthase 
(NOS).

Uncoupled NOS
At this moment there are no reports that indicate that uncoupled nitric oxide 
synthase (NOS) is a source of ROS production in RV failure. In LV failure 
increased ROS production by uncoupled NOS has been associated with pathologic 
remodeling [24]. Recoupling of NOS by tetrahydrobiopterin (BH4) was found to 
ameliorate cardiac hypertrophy and fibrosis [25].

Xanthine oxidase
A previous report [26] showed an increased XO activity in RV failure, while 
in hypertrophied RVs there was no increase in XO activity. Since XO produces 
ROS and its activity was only increased in failure, the authors suggested XO to 
participate in the transition form hypertrophy to failure. Our results are quite 
different. We could not detect any increase in XO activity in either RV hypertrophy 
or failure; at day 19 or 25 (unpublished data). However, we used another assay 
to determine XO-derived ROS production. 

NADPH oxidase
In contrast, a cardiac source of ROS that was abundant enough to be detected 
was NADPH oxidase. Already at day 19 NADPH oxidase activity was highest in 
failing ventricles and remained highest in failing ventricles until day 25. NADPH 
oxidase has been reported to be an important ROS producer in various cell types 
[27]. Importantly, NADPH oxidase is also of clinical importance as its activity is 
also increased in end-stage human heart failure [28]. The role of NADPH oxidase 
in hypertrophy and failure is not quite clear yet. What is known, is that mice 
deficient of Nox2 (or gp91phox), the catalytic subunit of the NADPH oxidase 
complex, are not responsive to Angiotensin II (Ang II) induced hypertrophy 
[29]. Nevertheless, these same mice subjected to pressure overload do develop 
hypertrophy [30]. The occurrence of hypertrophy in Nox2-/- mice was attributed to 
the upregulation of Nox4 expression and subsequently increased ROS production. 
These results suggest a differential response of the cardiac Nox isoforms to Ang 
II and pressure overload. It seems that Nox-isoform expression is regulated in 
a stimulus-dependent manner; Ang II-induced hypertrophy is mediated through 
Nox2, while induction by pressure overload is more complex. In the absence 
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of Nox2, Nox4 takes over in order for hypertrophy to occur. Important to note, 
however, is the fact that ROS production is needed for hypertrophy to occur, 
since hypertrophy was attenuated by the antioxidant N-Acetyl-Cysteine (NAC) 
[30]. These results underlie the assumption that Nox isoforms mediate overall 
cardiomyocyte hypertrophy through ROS production and thereby potentially 
contribute to the progression of hypertrophy to failure. In addition, increased ROS 
production may promote contractile dysfunction through several mechanisms 
such as alterations in excitation-contraction coupling [31], cellular energetics 
[32] and oxygen deficits [33].
 
Mitochondria
Another important source of cardiac ROS production intimately linked to both 
cardiac metabolism and cellular respiration are mitochondria [34]. The ability 
of these organelles to produce ROS was demonstrated over thirty years ago 
[35]. An inherent aspect of the myocardium is that conditions that increase 
O2 consumption, for instance increased workload, increase mitochondrial ROS 
(mtROS) production in parallel, which may enhance oxidative stress [36]. O2 
consumption is proportional to ventricular wall tension and according to Laplace’s 
law, wall tension is proportional to P × r / 2π (where P is pressure, r is the 
radius of curvature of the ventricle, and π is ventricular wall thickness). Thus, 
as RV pressure increases in PAH, so does the O2 consumption per gram tissue. 
The subsequent increase in wall thickness (concentric hypertrophy) is aimed at 
normalizing tension, but when insufficient the ensuing dilation (an increase of the 
radius) will further increase wall tension and O2 consumption. Taken together, a 
hypertrophying ventricle has to deal with more oxidative stress than a normal 
one. Because of this, mitochondria have a central role in cardiac oxidative stress 
[14]. This is further exemplified by animal studies, which show that when heart 
mitochondria loose their ability to scavenge the ROS they produce, heart failure 
develops [37-39]. In the third chapter of this thesis, we demonstrated that 
the mitochondria are a source of increased ROS production in RV failure. To be 
more precise, the actual site of mtROS production was Complex II, however, 
the mtROS production was released through Complex III. The increased ROS 
production of mitochondria in failing RV was accompanied by a reduction in 
SOD-2 mRNA expression. In addition the failing RV were hypoxic, which also 
appears to be a major determinant for mtROS production [40-42]. 
Furthermore, under hypoxic conditions p38 MAPK could also be activated by 
mtROS in cardiomyocytes [43] as there was no p38 MAPK phosphorylation in 
the presence of both Rotenone and TTFA [44]. This indicates that mtROS also 
participates in signal transduction. In our study we showed that increased p38 
MAPK activation is only associated with CHF, which further confirms that p38 
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Figure 4|Proposed sequence of events leading to RV failure based on literature and results described in this 
thesis.

In response to pressure overload, NADPH oxidase starts producing ROS, 
activating signal transduction cascades leading to a hypertrophic response, 
aimed at normalizing wall stress. If the oxygen supply to the hypertrophic 
cardiomyocytes becomes limiting, the RV myocardium will become hypoxic. This 
indeed occurs, resulting in increased mitochondrial ROS production as there 
is not enough oxygen to use as electron acceptor. This not only considerably 
increases myocardial oxidative stress but also hampers efficient ATP production, 
which concomitantly leads to failure of the right ventricle.

MAPK is a pro-death effector associated with failure.
The complexity of RV failure is illustrated by the presence of two sources of ROS 
production as well as the presence of hypoxic conditions in the cardiomyocytes. 
From the results and literature discussed above, we postulate the following 
sequence of events leading to RV failure (Fig. 4).
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Administration of antioxidant attenuates PAH-induced right ventricular 
failure 
In the final experimental chapter, we tried to establish causality between 
oxidative stress and RV failure. In Chapter 3, we proposed that the increased 
ROS production by NADPH oxidase and mitochondria, which consequently leads 
to RV oxidative stress, contributes to the ultimate failure of the RV. Therefore 
in Chapter 4 we administered a synthetic antioxidant, EUK 134, to attenuate 
RV oxidative stress and protect the myocardium from its noxious effects. We 
showed that administering EUK 134 beginning at day 10 until day 22, reduced 
cardiomyocyte CSA, pathologic hypertrophic gene expression, pro-apoptotic gene 
expression, fibrosis and RV oxidative stress, and that these changes resulted in 
an improvement in RV function. 
We started EUK 134 administration at day 10 when there is no hypertrophy. From 
our experience with the MCT model we know that hypertrophy is significantly 
increased 14 days after MCT treatment. The fact that cardiomyocyte CSA is 
reduced in CHF+EUK, indicates that EUK 134 administration attenuated 
hypertrophic signaling. This is further supported by the attenuation of hypertrophic 
gene expression in CHF+EUK rats. These results suggest that at least part of 
the hypertrophic response is mediated by ROS and this is in line with previous 
studies showing that antioxidant treatment attenuates LV hypertrophy [45,46]. 
Recent data show that the catalytic subunit of NADPH oxidase, Nox2, contributes 
to contractile dysfunction [30] and adverse remodeling [47], however, it is not 
essential for the development of hypertrophy in response to pressure overload, 
as Nox4 is able to compensate for the loss of Nox 2 and induce hypertrophy 
[30]. This is in contrast to hypertrophy induced by angiotensin II administration 
[29]. Nevertheless, in both cases the hypertrophic response is mediated through 
ROS production [30]. These results indicate that ROS production is an important 
mediator of the hypertrophic response as well as that there are Nox-isoform 
specific downstream effects on distinct components of the overall hypertrophic 
response. Analogous to those reports [30,45,46], we show that in CHF+EUK 
hypertrophic gene expression, cardiomyocyte CSA and interstitial fibrosis are 
less increased compared to CHF. These results indicate that administration 
of EUK 134 at a time point prior to cardiac hypertrophy is able to attenuate 
NADPH oxidase-dependent, ROS-mediated hypertrophy signaling in response 
to pressure overload. As mentioned in Chapter 3, RV failure was characterized 
by an increased ROS production by both NADPH oxidase and mitochondria. As a 
determinant of mitochondrial ROS production we proposed myocardial hypoxia. 
A previous report [48] using the MCT model (40 mg/kg MCT), indeed showed a 
mismatch between oxygen supply and demand in RV cardiomyocytes, resulting 
in cellular hypoxia. This was indicated by increased levels of hypoxia inducible 
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factor-1 α, similar to our finding in Chapter 3. We have reason to believe that 
cardiomyocyte hypoxia was attenuated in CHF+EUK rats, as expression of the 
hypoxia-responsive deiodinase type 3 (D3) was reduced. The less hypertrophied 
cardiomyocytes of CHF+EUK rats would therefore consume less oxygen, which 
is likely to have beneficial effects on mitochondrial ROS production. Mitochondria 
are also able to produce more ROS in the absence of hypoxia when they are 
subjected to increased workload [49]. In Chapter 3, we showed that in addition 
to mtROS, SOD-2 gene expression was decreased in CHF. Mice deficient for SOD-
2 develop heart failure [37] and mitochondria from these SOD-2 deficient mice 
have an increased ROS production [38]. Increased mitochondrial ROS production 
sensitizes cardiomyocytes to apoptotic cell death and thereby contributes to 
ventricular failure [39,50]. We have reason to assume that EUK 134 treatment 
attenuated mtROS production and thereby apoptotic cell death, as RV transmural 
biopsy weight of both CHF and CHF+EUK rats was similarly increased, but 
cardiomyocyte CSA of CHF+EUK rats was less increased than CHF cardiomyocytes, 
indicating a greater number of cardiomyocytes in RVs of the CHF+EUK group. 
Analogous to this observation gene expression of the pro-apoptotic Mfn-2 and 
Cyclin D1 was less increased in CHF+EUK. The multiple pathways affected by 
EUK 134 treatment, which converge to improved RV function, make this class of 
antioxidants interesting pharmaceuticals in the treatment of PAH-induced heart 
failure. 

Study limitations and perspectives for future experiments
The main topic of this thesis was to determine the role of ROS in hypertrophy and 
failure. We showed in Chapter 4 that reduction of oxidative stress ameliorated 
PAH-induced RV failure. However, a study limitation was that we were not able 
to investigate whether ROS production contributed to the progression from 
hypertrophy to heart failure. In order for us to determine whether increased ROS 
production also contributes to the progression from hypertrophy to failure, we 
need to start administration of EUK 134 at day 18 after MCT treatment, as this 
is one day prior to decompensation, and continue treatment beyond 25 days, as 
day 25 is typically the time of death of CHF rats. 
Another study limitation is that we were unable to determine which source of RV 
ROS production critically contributed to RV failure. To investigate this we need 
to inhibit NADPH-oxidase activity, which can be achieved by the commonly used 
NADPH-oxidase inhibitor apocynin [29,51,52]. In another experimental group we 
need to inhibit only mitochondrial ROS production, which can be done by using 
mitochondrial targeted antioxidants [53,54]. By comparing the efficacy of each 
scavenger in ameliorating RV failure, it is then possible to assess the contribution 
of each individual source to decompensation of the ventricle. Subsequently, 
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the source that contributes the most to failure of the ventricle should than be 
considered as the prime target for treatment.
In the previous Chapters we reported that the MAPK p38 was activated in failure. 
However, it was not determined whether there was load-dependent, isoform-
specific activation of p38. It will therefore be interesting to determine whether 
there is divergent p38 activation in response to pressure overload associated 
with either hypertrophy or failure. An additional reason for interest in p38, is 
that it has been reported to induce D3 expression [17], which influences cardiac 
thyroid-hormone metabolism in heart failure [18]. 

Clinical Perspectives
Pulmonary arterial hypertension is a disease characterized by an increase in 
pulmonary vascular resistance as a result of pathologic changes in the pulmonary 
vasculature. These pathologic changes subsequently lead to an increase RV 
afterload which gives rise to RV hypertrophy that may finally progress into 
RV failure [55]. Recent data show that the severity of RV remodeling in these 
patients is predictive of patient outcome [56]. Current medication strategies for 
PAH treatment consist of prostanoids, endothelin receptor antagonists (ERAs) 
and phosphodiesterase-5 (PDE-5) inhibitors [57]. These treatment modalities all 
target reversal of pathologic vascular remodeling, thereby reducing pulmonary 
hypertension and RV load. However, as the disease progresses RV failure develops 
followed ultimately by death. With the successful use of an antioxidant to improve 
RV function in PAH-induced RV failure, we provide an exciting new complementary 
treatment strategy for this life-threatening condition. Vitamin E was previously 
used as an antioxidant in clinical trails in cardiovascular disease, but the results 
were disappointing [58,59]. This is possibly related to the fact that Vitamin E is a 
not an efficient scavenger of O2-[60] and that it accumulates in cell membranes 
and low density lipid (LDL), while most oxidative-stress related reactions that 
contribute to heart failure take place in the cytoplasm. With the availability of 
salen-manganese compounds such as EUK 134, which are superoxide dismutase 
and catalase mimetics [61] with powerful intracellular antioxidant properties 
[62], we suggest that more research needs to be done to test the applicability of 
these compounds for the treatment of human heart failure.
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Summary

Oxidative stress arises when the concentration of reactive oxygen species (ROS) 
increases in such a manner that it cannot be countered sufficiently by the cellular 
antioxidant defense, thereby damaging biomolecules, including DNA, lipids and 
proteins. The interest in oxidative stress comes from the fact that it has been 
implicated in the etiology of a wide variety of diseases, including atherosclerosis, 
hypertension, ischemia-reperfusion injury, cancer, type-2 diabetes, Parkinson’s 
and Alzheimer’s disease. Furthermore, it has also been implicated in the 
progression of ventricular hypertrophy to heart failure. This thesis focused on the 
role of ROS in compensatory right ventricular (RV) hypertrophy and RV failure. We 
investigated the sources of ROS production, ROS-mediated signaling pathways 
as well as its contribution to RV failure, in response to increased afterload.

In Chapter 1, a general overview is given concerning: normal RV function; 
pulmonary arterial hypertension, a disease which affects normal RV function; 
oxidative stress and its proposed sources in heart failure; and antioxidant defense 
mechanisms. In the final part of this chapter the monocrotaline (MCT) model of 
compensatory RV hypertrophy and failure is discussed and the aims of the study 
are outlined. 

The characteristics that distinguish compensatory RV hypertrophy from RV failure 
were investigated in Chapter 2. In this chapter we compared a hypertrophic 
(HYP) and a failing (CHF) phenotype in parallel at day 19 and 25 after MCT 
treatment. At day 19 neither group showed signs of failure, while at day 25 
only the CHF group showed RV failure. We report that mitochondrial biogenesis 
is an important distinguishing factor between HYP and CHF. Already at day 
19 divergent expression of the transcription factors, NRF-1, NRF-2, PGC-1α 
and TFAM were detected between HYP and CHF, preceding the differences in 
mitochondrial biogenesis between both groups. Furthermore, we showed that 
antioxidant defense already decreases at day 19 in CHF, implicating oxidative 
stress in the decompensation of the myocardium. Another distinguishing factor 
between HYP and CHF is the extent of pro-apoptotic signaling. We showed that 
in HYP the expression of the anti-apoptotic factor ARC was increased. This was 
accompanied by unaltered Bax translocation to mitochondria, whereas in CHF 
there was an increased Bax translocation, implying the presence of increased 
pro-apoptotic signaling. 

In Chapter 3, we showed that ROS levels were indeed increased in RV failure. 
In addition to the reduction in antioxidant defense we identified two sources 
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of increased ROS production in RV failure, which are, NADPH oxidase and 
mitochondria. Furthermore, we demonstrated that the increased mitochondrial 
ROS production was mediated by Complex II and released at Complex III. We 
also showed the presence of cellular hypoxia and an increased reduction state 
of mitochondrial coenzyme Q in RV failure. Finally we showed that the increased 
ROS production by NADPH oxidase and mitochondria resulted in myocardial 
oxidative stress. 

To investigate causality between oxidative stress and RV failure, we treated 
rats developing RV failure with an antioxidant, EUK 134. The results from this 
experiment are presented in Chapter 4. In this chapter we showed that treatment 
with an antioxidant attenuates RV failure. We used both cardiac Magnetic 
Resonance Imaging (cMRI) and echocardiography to assess RV function. EUK 134 
treatment of the CHF group attenuated cardiomyocyte hypertrophy and related 
changes in mRNA expression of MHCβ and type 3 deiodinase. It also reduced RV 
oxidative stress and pro-apoptotic signaling, preventing interstitial fibrosis. cMRI 
showed that ROS scavenging by EUK 134 significantly improved systolic function 
in the CHF group. Here we showed an important role of ROS in RV cardiomyocyte 
hypertrophy and contractile dysfunction, as well as the potential of EUK-class 
antioxidants as a therapeutic in the treatment of RV failure.

In Chapter 5, the results obtained in this thesis regarding the role of ROS 
in compensatory RV hypertrophy and RV failure are discussed with respect 
to oxidative stress in hypertrophy and heart failure in general. Furthermore, 
suggestions for future investigations are proposed, advocating more clinical 
research to be conducted in the application of antioxidants in the treatment of 
human RV failure.
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Samenvatting

Oxidatieve stress treedt op wanneer de concentratie van vrije zuurstofradicalen 
dusdanig toeneemt dat deze niet meer onschadelijk kan worden gemaakt door 
het cellulaire antioxidant mechanisme, waardoor DNA, lipiden en proteïnen 
beschadigd kunnen raken. De interesse in vrije zuurstofradicalen wordt gevoed 
door het feit dat ze betrokken worden geacht bij de etiologie van verschillende 
ziekten zoals, arteriosclerose, hypertensie, ischemie-reperfusie schade, kanker, 
diabetes type-2, ziekte van Parkinson en ziekte van Alzheimer. Verder worden 
vrije zuurstofradicalen ook betrokken geacht bij de overgang van ventriculaire 
hypertrofie naar hartfalen. Het onderzoek beschreven in dit proefschrift richtte 
zich op de rol van vrije zuurstofradicalen in stabiele rechter ventriculaire (RV) 
hypertrofie en rechter hartfalen. We hebben onderzocht wat de bronnen waren van 
de vrije zuurstofradicaal productie, welke signaaltransductieroutes geactiveerd 
werden als gevolg van een verhoogde vrije zuurstofradicaal productie en wat de 
bijdrage is van een verhoogde zuurstofradicaal productie aan de ontwikkeling 
van RV hypertrofie en rechter hartfalen.

Hoofdstuk 1, geeft een globaal overzicht van normale RV functie; pulmonale 
hypertensie, een ziekte waarbij de functie van het rechter ventrikel verslechtert; 
oxidatieve stress, de vermoede bronnen van vrije zuurstofradicaal productie in 
hartfalen en het antioxidant beschermingsmechanisme. In het laatste gedeelte 
van dit hoofdstuk wordt het monocrotaline (MCT) model beschreven. Dit is een 
diermodel voor zowel stabiele rechter ventriculaire hypertrofie alsook rechter 
hartfalen. Ten slotte eindigt dit hoofdstuk met een uiteenzetting van het doel 
van dit proefschrift.

De karakteristieke kenmerken die stabiele rechter ventriculaire hypertrofie 
van rechter hartfalen onderscheiden staan beschreven in Hoofdstuk 2. In 
dit hoofdstuk wordt stabiele rechter ventriculaire hypertrofie (HYP) parallel 
vergeleken met rechter hartfalen (CHF) op 19 en 25 dagen na MCT behandeling. 
Op dag 19 is er nog geen sprake van falen in de experimentele groepen, terwijl 
op dag 25 alleen de CHF groep rechter hartfalen vertoont. Een belangrijk 
onderscheidend kenmerk tussen HYP en CHF is mitochondriale biogenese. Al op 
dag 19 werd afwijkende expressie van de transcriptiefactoren, NRF-1, NRF-2, PGC-
1α en TFAM gedetecteerd tussen HYP en CHF, voorafgaand aan de verschillen in 
mitochondriale biogenese. Verder laten wij zien dat het antioxidant mechanisme 
op dag 19 al verlaagd is in CHF, wat impliceert dat oxidatieve stress betrokken 
is bij het verslechteren van het hart. Een ander onderscheidend kenmerk tussen 
HYP en CHF is de mate van pro-apoptotische signaaltransductie. Wij laten zien 
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dat in HYP de expressie van het anti-apoptotische ARC verhoogd is. Dit ging 
samen met een onveranderde Bax translocatie naar de mitochondriën, terwijl er 
in CHF een verhoogde translocatie was van Bax naar de mitochondriën, wat een 
verhoogde activatie van pro-apoptotische signaaltransductieroutes impliceert.

In Hoofdstuk 3, laten wij zien dat de vrije zuurstofradicaal productie inderdaad 
verhoogd is bij rechter hartfalen. Verder laten wij ook zien dat er een vermindering 
is van het antioxidant beschermingsmechanisme en dat mitochondriën en NADPH 
oxidase de twee bronnen van verhoogde vrije zuurstofradicaal productie in rechter 
hartfalen zijn. Vervolgens laten wij zien dat de verhoogde mitochondriale vrije 
zuurstofradicaal productie plaats vindt in Complex II en het mitochondrion verlaat 
via Complex III. Ook laten wij zien dat er cellulaire hypoxie is en een verhoogde 
reductiegraad van het mitochondriale co-enzym Q in rechter hartfalen. Ten 
slotte hebben wij aangetoond dat de verhoogde vrije zuurstofradicaal productie 
door de mitochondriën en NADPH oxidase resulteren in een verhoogde cardiale 
oxidatieve stress.

Om de causaliteit te onderzoeken tussen oxidatieve stress en rechter hartfalen 
hebben wij ratten die rechter hartfalen ontwikkelden behandeld met een antioxiant, 
EUK 134. De resultaten van dit experiment staan beschreven in Hoofdstuk 4. In 
dit hoofdstuk laten wij zien dat behandeling met een antioxidant rechter hartfalen 
vermindert. Dit werd aangetoond door hartfunctie te bepalen met behulp van 
zowel ‘cardiac Magnetic Resonance Imaging’ (cMRI) als echocardiografie. EUK 
134 behandeling van de CHF groep verminderde ook hypertrofie gerelateerde 
mRNA expressie van MHCβ en type 3 deiodinase. Verder verminderde EUK 134 
behandeling de oxidatieve stress in de falende rechter ventrikel en verminderde 
de pro-apoptotische signaaltransductie, waardoor vorming van interstitiële 
fibrose werd voorkomen. cMRI liet zien dat de systolische functie significant werd 
verbeterd door EUK 134 behandeling in de CHF groep. In dit hoofdstuk laten wij 
een belangrijke rol zien van vrije zuurstofradicalen in cardiomyocyt hypertrofie 
en contractiele dysfunctie. Deze resultaten laten het potentieel zien van EUK 134 
als therapeuticum voor de behandeling van rechter hartfalen. 

In Hoofdstuk 5 worden de resultaten die beschreven staan in dit proefschrift 
samengevat en bediscussieerd. Afsluitend wordt een aantal aanbevelingen gedaan 
voor toekomstig onderzoek. Er wordt vooral gepleit voor meer klinisch onderzoek 
naar de toepassing van antioxidanten voor de behandeling van patiënten met 
rechter hartfalen.
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Eindelijk is het dan zover………mijn proefschrift is af !!!!!!!!!!!!!! Ik kan het bijna 
niet geloven. Maar dit proefschrift kon alleen tot stand komen door de steun van 
een heleboel mensen, die ik dan ook erg graag wil bedanken.

Bedankt!
; )

 



Maar hierbij wil ik het natuurlijk niet laten, dat zou wel erg flauw zijn.
De afgelopen 6 jaar heb ik met veel plezier gewerkt op het Fysiologielab, 5 jaar 
als AIO en 1 jaar als post-doc voor de afdeling Anesthesiologie. 

Allereerst wil ik mijn copromotoren Dop en René bedanken. Dop wat ik erg 
waardeer, is dat jij mij altijd veel vrijheid hebt gegeven om onderzoek te doen 
en fouten te maken, want daar leer je het meeste van. Maar ook het vertrouwen 
dat jij mij hebt gegeven waardeer ik zeer, hierdoor heb ik veel van mijzelf in het 
onderzoek kunnen stoppen. Vaak hadden wij goede gesprekken en af en toe 
konden wij ook flink discussiëren, jij bent moeilijk te overtuigen en ik krijg graag 
gelijk. En natuurlijk niet te vergeten mijn andere copromoter, René. René ook 
jij hebt mij veel vrijheid gegeven om mijn weg te vinden binnen het onderzoek. 
Wat ik waardeer en bewonder aan jou, is je optimisme. Steeds kwam jij met 
een positieve insteek die mij vaak weer net de juiste impuls gaf om met “goede 
moed” verder te gaan. En niet te vergeten mijn promotor Walter Paulus. Walter 
van jouw strategische insteek voor het positioneren van de onderzoeksresultaten 
heb ik veel geleerd. Ook is mijn kennis van het Vlaams in de afgelopen jaren 
toegenomen.
Beste Marian, vooral het laatste jaar van mijn AIO tijd hebben wij veel 
samengewerkt. Een hele maand in Utrecht. Ook al werden wij bedwelmd door de 
isofluraan dampen, omdat de afzuiging bij de MRI slecht was, was het erg gezellig. 
Zonder jou hulp was de EUK studie nooit een succes geworden, bedankt!

Christa jij begon als een van mijn copromoteren maar halverwege nam je een 
korte detour naar Abbott. Na een korte afwezigheid kwam je weer terug bij de 
afdeling Anesthesiologie. Daar hebben wij nog een jaar kunnen samenwerken 
aan een ESA project. Christa jij hebt mij altijd gesteund en gestimuleerd om me 
te blijven ontwikkelen, ik heb dan ook met veel plezier met jou samengewerkt. 
En niet te vergeten Stephan ook jou wil ik bedanken voor een fijne tijd bij de 
afdeling Anesthesiologie. In de korte tijd dat ik bij de afdeling was heb ik veel 
vertrouwen van jou gekregen, dit waardeer ik erg. Ook mijn andere collega’s bij 
Anesthesiologie Hans, Sjoerd en Arthur wil ik bedanken voor hun collegialiteit. 

In de afgelopen 6 jaar heb ik een aantal kamergenoten gehad. Mijn eerste 
werkplek bij Fysiologie was op het lab waar nu het vatenlab is. Ed veel succes 
met je Veni, hopelijk komt er ook een Vedi. Toen ben ik verhuisd naar 
B-138, waar ik op de kamer kwam bij Ronald, Henk en Arthur. Een echte 
mannenkamer. Nouja mannenkamer de enige die het over echte mannen 
onderwerpen hadden zoals grafische kaarten, waren Henk en ik. De andere 
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twee gingen dan liever koffie drinken. Henk we moeten weer eens een potje 
Quaken, ook al zal jij wel weer winnen. Ik wil je veel succes wensen met je 
Horizon-aanvraag. Ronald we hebben veel goede gesprekken gehad en veel 
gemopperd als het tegen zat, maar ook veel gelachen. Wij zijn naar Santa Fe 
gegaan, waar we een mooie wandeling hebben gemaakt van 2 uur naar het 
plaatselijke winkelcentrum. Ik had mij vergist in de afstand. Verder hebben 
wij nog kennis gemaakt met de plaatselijke culinaire hoogstandjes; de buffalo 
burger! En wij hebben zelfs genetwerkt, ook al was Erick Olson tijdens de pauze 
meer geïnteresseerd in zijn koffie, is het je toch gelukt om de knock-outs naar 
de VU te krijgen. Ook nu wij niet meer bij de Fysiologie zijn hebben wij nog 
geregeld contact, het volgende biertje doen wij in Den Haag! 

Van een mannenkamer werd het een vrouwenkamer. Dat was wel even wennen 
van Yeun-Ying moesten de vuile borden gelijk weer terug naar de kantine. Sabine 
vond ook dat de kamer schoner kon. Yeung-Ying, Sabine, Amanda en Corrina 
heel erg bedankt voor de gezelligheid.

Marijke bedankt voor de hulp en gezelligheid tijdens de mito experimenten.
Annette bedankt voor de hulp tijdens de MRI experimenten.

Michiel en Ruud bedankt voor de gezelligheid op het grote lab.

Als ik behoefte had aan afleiding dan kon ik altijd met Viola praten over anime’s. 
Viola bedankt voor de gezelligheid, de dropjes en de ELISA platen.
Louis het was grappig om je te zien groeien van student tot zelfstandige 
onderzoeker veel succes met het afronden van je promotie.

Ook Charissa, Ester, Christine, Lonneke, Yuen-Ying, Sabine, Corrina, Wineke, 
Jacqueline, Frances en Kakkhee veel succes met het afronden van jullie promotie. 
Robert veel succes met de laatste loodjes. 

Nazha, Lynda en Cora veel succes met jullie post-doc projecten. 

Naast een heleboel fijne collega’s zijn er nog een aantal vrienden en familieleden 
die bij hebben gedragen aan het feit dat ik nu ga promoveren. Zij zorgden voor  
steun, stimuleerden mij en/of zorgden voor de nodige ontspanning.
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Bibi jij bent een echte vriendin, van jou krijg ik altijd precies te horen wat ik op 
dat moment niet horen wil, maar dat is wel precies wat ik nodig heb om te horen 
op dat moment. Begrijp je het nog een beetje? Vast wel. In ieder geval wil ik je 
bedanken voor je vriendschap.

Vincent, Roger, Roy en Fabian wij kennen elkaar van de middelbare school, Roger 
zelfs nog van de kleuterschool, en nog steeds zijn wij vrienden! Daar hecht ik 
heel veel waarde aan. Ook al laat ik niet altijd evenveel van mij horen als wij 
samen een biertje drinken is het altijd erg gezellig. En dat is het belangrijkste!
Marc en Stook wij zien elkaar nauwelijks, maar als wij elkaar zien is het net als 
vroeger. Alvinio, Gershon en Ray, hetzelfde geldt ook voor jullie.

Yo, Vinnie en Dino ook al woonden wij maar één straat van elkaar verwijderd, 
heb ik jullie toch pas rond m’n 16de/ 17de leren kennen op het Koningsplein. Al 
snel bleek dat wij dezelfde hobby’s hadden basketbal en comics. Wij gingen dan 
ook vaak comics halen bij de Haagse stripshop en de Walk-in. Nog steeds zijn wij 
vrienden en kunnen wij het uren over comics hebben.

Ook mijn studie vrienden en vriendinnen wil ik bedanken. Marieke, Daniel en 
Thirza ook al is het contact wat verwaterd nadat ik vader werd. Jullie zijn wel op 
kraambezoek geweest, wat ik erg waardeer. Thirza, wij zijn nu zelfs collega’s! Ik 
had geen betere kamergenoot bij ZonMw kunnen wensen, fanTAStisch. Wendy 
bedankt voor de steun en het aanhoren van mijn gezeur tijdens onze lunch 
afspraken.
Tom wij hadden wilde onderzoeksplannen, helaas hebben wij ze niet kunnen 
uitvoeren, ik heb met heel veel plezier met jou samengewerkt aan het 
Hartstichtingsproject. Nog veel succes met de NRG. 

Natuurlijk wil ik ook mijn ouders bedanken voor hun steun en begrip. Pa en ma, 
wat ben ik ontzettend blij met jullie. Zonder jullie hulp had ik nooit mijn studie 
en promotie afgerond. Jullie hebben mij altijd onvoorwaardelijk gesteund en 
in mij geloofd. Nouja, bijna onvoorwaardelijk, ik wilde eigenlijk striptekenaar 
worden, maar moest eerst een ‘echte’ studie volgen. Dat is gelukkig Medische 
Biologie geworden wat achteraf ook een uitstekende keus bleek te zijn. Jullie 
begrepen vaak niet helemaal wat ik aan het doen was, mijn proefschrift werd 
ook stug een scriptie genoemd, maar jullie waren wel altijd geïnteresseerd en 
trots op wat ik deed en doe.
Tante Loes, Ome Cees, Jirka, Michelle en Charlene ook jullie wil ik bedanken. Voor 
jullie steun en begrip als ik niet altijd even aanwezig was. Ook mijn schoonfamilie, 
Hans, Nel, Debbie en Lion wil ik bedanken voor de steun, was het niet voor mij 
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dan voor wel voor mijn vrouw, Joyce. Een promoverende echtgenoot is niet altijd 
even gemakkelijk om mee te leven ; ) 

En als laatste wil ik mijn gezin bedanken. Lieve Joyce, Jerrold en Noa ik zou 
niet eens weten hoe ik jullie zou moeten bedanken voor jullie onvoorwaardelijke 
steun en liefde. Jullie zijn het allerbelangrijkst voor mij. Ik had mij geen fijner 
gezin kunnen wensen. Dank jullie wel.

Mocht ik iemand zijn vergeten, bedankt :)
Zo dat was het, toch nog best wat schrijfwerk zo’n dankwoord. Ben blij dat die 
promotie erop zit, kan ik eindelijk strips gaan tekenen ; ) !!!!!!!!!!!
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