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Abstract: Molecular processes underlying right ventricular (RV) dysfunction (RVD) and right heart
failure (RHF) need to be understood to develop tailored therapies for the abatement of mortality of
a growing patient population. Today, the armament to combat RHF is poor, despite the advancing
identification of pathomechanistic processes. Mitochondrial dysfunction implying diminished energy
yield, the enhanced release of reactive oxygen species, and inefficient substrate metabolism emerges
as a potentially significant cardiomyocyte subcellular protagonist in RHF development. Dependent
on the course of the disease, mitochondrial biogenesis, substrate utilization, redox balance, and
oxidative phosphorylation are affected. The objective of this review is to comprehensively analyze
the current knowledge on mitochondrial dysregulation in preclinical and clinical RVD and RHF and
to decipher the relationship between mitochondrial processes and the functional aspects of the right
ventricle (RV).
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1. Introduction

Right ventricular dysfunction (RVD) is an independent determinant of mortality in sev-
eral cardiovascular disorders of right ventricular (RV) pressure or volume overload such as
pulmonary arterial hypertension (PAH), congenital heart disease, left heart failure (LHF), or
tricuspid valve regurgitation (TR) [1]. Whereas the current understanding of and treatment
options for LHF have continuously improved during recent years, no therapeutic options
are available in today’s clinical routine that specifically target the right heart [2–4]. This
implies that significant interventricular differences exist, which are responsible for unsuc-
cessful pharmacological treatment. Besides differences in morphology and hemodynamics,
distinct cellular and molecular processes and their regulation under pathophysiological
conditions may significantly account for individual maladaptive mechanisms of the right
and left ventricles [3,5]. Whereas the principal pathogenic processes in right heart failure
(RHF) are the same as in LHF, their importance and order may be diverse. Importantly,
structural remodeling may play a minor role in RHF compared to LHF [6–8].

Given that the heart is the most metabolically active organ in the body, it is particu-
larly reliant on mitochondrial integrity. Thus, mitochondrial dysfunction is suggested to
play a prominent role in heart failure. Herein, we will review the current knowledge on
mitochondrial damage, mitochondrial (metabolic) dysfunction, and the mitochondrial re-
lease of reactive oxygen species (ROS) and its interplay with the cardiomyocyte contractile
function in RVD and RHF and discuss potential therapeutic options. Given the complexity
of preclinical model phenotypes, mitochondrial functional characteristics, and oxidative
stress, we will also pay attention to methodological issues.
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2. The Powerhouse of the Heart

Mitochondria are oval organelles around 0.7 to 1 µm in size containing a double
membrane structure with transversally oriented cristae formed by infolding of the inner
membrane. They are tightly connected and form chain-like structures assembled in mito-
chondrial clusters. In the cardiomyocyte, mitochondria can be perinuclear, interfibrillar,
and subsarcolemmal and possess different proteomic and physiological statuses [9,10].
Although mitochondria exhibit a dynamic characteristic, they are the source of energy gen-
erating the majority of the adenosine triphosphate (ATP) in the heart. The perpetual energy
demand in the heart requires a mitochondrial volume of 23 to 32% of the total cardiomy-
ocyte volume. The cardiac mitochondrial volume increases continuously from humans and
dogs to rats, hamsters, and mice. Thus, the increased mitochondrial density correlates well
with the increased heart rate and oxygen consumption in smaller animals [11].

In mitochondria, energy is generated via oxidative phosphorylation (OXPHOS). This
complex process can be described as a sequential passage of electrons from negative
(nicotinamide adenine dinucleotide, NADH, and flavin adenine dinucleotide, FADH2) to
positive (molecular oxygen O2) redox potentials down the electron transport chain (ETC)
in aerobic respiration. OXPHOS normalized to the number of mitochondria reflects the
generation of energy in terms of ATP and is defined as a mitochondrial function. The ETC
consists of four protein complexes located at the inner mitochondrial membrane. The main
energy conversion reactions take place at complex I (NADH dehydrogenase), complex III
(cytochrome c reductase), and complex IV (cytochrome c oxidase), which use the energy
of the stepwise electron transfer for active pumping of hydrogen ions (H+) out of the
mitochondrial matrix into the intermembrane space. Thereby, an electrochemical gradient
is established across the inner mitochondrial membrane. The translocation of H+ back into
the mitochondrial matrix through the F1FO ATPase (ATP synthase complex) is coupled to
the phosphorylation of ADP to generate ATP. The reduced coenzymes NADH and FADH2,
the electron donors for the ETC, are produced in the tricarboxylic acid (TCA) cycle within
the mitochondrial matrix. One enzyme of the TCA cycle, succinate dehydrogenase or
complex II, is part of the ETC located in the inner mitochondrial membrane. Mitochondrial
function can be determined by respirometry, which measures the O2 consumption rate
in permeabilized muscle fibers, cardiac tissue samples, or isolated mitochondria after the
addition of saturating concentrations of metabolic substrates and ADP. Of note, even by
using living cells, the information is limited to the general function of the ETC protein
complexes, their connectivity and coupling to the ATPase, and the lack of data on the
availability of NADH, FADH2, ADP, or O2.

3. Redox-Optimized ROS Balance in the Heart

The ETC releases the superoxide radical (O2
•−), a reactive oxygen species (ROS), even

under physiological conditions, given that a small percentage of electrons prematurely
reduce O2 at complex I and complex III. This production of mitochondrial ROS (mitoROS) is
balanced by an antioxidant system located in the mitochondrial matrix [12]. The manganese-
dependent superoxide dismutase (mitochondrial isoform: SOD2) converts O2

•− to O2
and hydrogen peroxide (H2O2), which is then further reduced to water by glutathione
peroxidase (GPX) and peroxiredoxin (mitochondrial isoforms: PRX3 and PRX5). For the
regeneration of GPX and PRX, the pyridine nucleotide NADPH is needed, whose reduction
in mitochondria depends on TCA cycle activity. Therefore, TCA cycle enzyme integrity is
essential for ATP production and the regeneration of antioxidative pathways. Pathological
conditions can lead to dysfunction of the TCA cycle and OXPHOS in mitochondria, which
effects ATP production and the generation of mitoROS due to an altered redox balance
(NAD+/NADH, FAD/FADH2, NADP+/NADPH ratios).

Under physiological conditions, the emission of mitoROS in the ETC is low, allowing
the antioxidant system to balance ROS levels sufficiently with adequate NADPH availability
for the regeneration of the antioxidant enzyme systems. However, under pathophysiologi-
cal conditions, the ETC becomes uncoupled, resulting in a decreased membrane potential
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and less ATP generation. An extreme oxidized state, probably due to altered metabolic
flows and less TCA cycle activity and therefore lower restoration of reduced coenzymes
NADH and FADH2, depletes H2O2 scavenging capacity and the net ROS emission is
enhanced despite eventually lower ROS production (Figure 1).
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Figure 1. Modifications of cardiac mitochondrial integrity in right heart failure. Principal processes
of energy metabolism, the mitochondrial electron transport chain, oxidative phosphorylation, redox
regulations, mitochondrial biogenesis and dynamics, and their impact on the sarcomere are depicted.
Red arrows indicate alterations in right heart failure. The purple color indicates the pathological
consequences of mitochondrial disintegration. For better clarity, the reaction equations are simplified.
Abbreviations: ADS, antioxidative defense system; Cr, creatine; CK, creatine kinase; DRP1, dynamin-
related protein1; HK, hexokinase; LC-FA, long-chain fatty acids; mPTP, mitochondrial permeability
transition pore; NNT, nicotinamide nucleotide transhydrogenase; OPA1, optic atrophy 1; OXPHOS,
oxidative phosphorylation; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase;
PGC1α, peroxisome proliferator-activated receptor γ coactivator 1α; SOD, superoxide dismutase;
TCA, tricarboxylic acid.

In addition to the generation of O2
•− or H2O2 in mitochondria, there are other intra-

cellular sources of ROS production: monoamine oxidase (MAO), xanthine oxidase (XO),
uncoupled nitric oxide synthase (NOS) and NADPH oxidase (NOX). MAOs are located in
the outer mitochondrial membrane deputed to inactivate neurotransmitters, like serotonin,
thereby producing H2O2 [13]. Endothelial NOS generates nitric oxide (NO) in the vascular
endothelium to regulate vascular tone but is also expressed in cardiomyocytes. Uncoupled
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dysfunctional NOS produces O2
•−, contributing to increased ROS [14]. The NOX isoforms

are membrane-bound, ROS-producing enzymes. While most NOX isoforms produce O2
•−,

NOX2 and NOX4, both expressed in cardiomyocytes, generate H2O2. During the discovery
of NOX, the physiological role of ROS was highlighted, taking into account that many
redox-dependent biological processes are fine-tuned by ROS production and antioxidant
enzyme systems: SOD, GPX, PRX, coupled NOS, and catalase (CAT) [15].

An unbalanced action of ROS, which is not buffered by the antioxidant system, can
result in DNA, protein, and lipid modifications, a process which is defined as oxidative
stress (Figure 1). DNA exposed to ROS can be modified to guanine, allowing it to pair with
cytosine and adenine leading to double-strand breaks and genetic instability. In general, this
can affect nuclear and mitochondrial DNA (mtDNA). However, due to the circular nature
of mtDNA and cell-cycle-independent replication as well as the high copy number, mtDNA
is more prone to oxidative damage. mtDNA fragmentation can be detected by quantitative
real time PCR via assessment of the ratio of stable amplified long and shorter fragments
of mtDNA [16]. Oxidative DNA modification, such as 8-hydroxy-2′-deoxyguanosin (8-
OHdG), is an accepted marker of ROS and can be measured by various standard techniques
such as immunohistochemistry or high-pressure liquid chromatography (HPLC). Oxidative
post-translational modifications of proteins are often associated with functional inactivation
or even damage of the affected proteins. These include protein carbonylation, detected
by 1,3-dinitrophenylhydrazine (DNPH)-based Oxyblots [17], dityrosine, nitrotyrosine, and
nitrocysteine formation, measured with specific antibodies or mass spectrometry, oxidation
of thiol residues such as glutathionylation, and the formation of disulfides or sulfenic,
sulfinic, and sulfonic acids, which can be detected by native gel electrophoresis and specific
antibodies. For the quantitative detection of oxidative protein modifications in excised
myocardial tissue, it needs to be considered that some oxidative protein modifications
are reversible, like disulfid formation, glutathionylation, and sulfenic acid formation,
and might be reduced during sample preparation processes. Likewise, ex vivo oxidative
modifications can develop during tissue processing and will result in false positive results.
Nitrotyrosine and dityrosine formation, carbonylation, and the formation of sulfinic and
sulfonic acids from thiol groups of proteins are irreversible. In addition, there are several
mass-spectrometry-based techniques available to specifically detect oxidative modification
of proteins in comprehensive screening approaches [18,19]. Furthermore, the detection
of lipid peroxidations, like 4-hydroxynonenal (4-HNE) or malondialdehyde (MDA), is a
widely used method to indirectly detect increased ROS formation in tissues. Of note, all
the explained methods detect modifications, which occur as a consequence of increased
cellular ROS. Direct measurements of O2

•− and H2O2 are possible in tissue or isolated
mitochondria by using, for example, fluorescence-dye-based techniques. However, it
needs to be considered that mitoROS release in excised cardiac tissue does not absolutely
reflect the in vivo situation. To conclude, ROS occur naturally in the myocardium and are
important signal mediators. In contrast, oxidative stress impairs cellular function and is
associated with pathological conditions.

4. Mitochondrial Integrity Is Impaired in Right Heart Failure

In order to assess the significance of mitochondrial function in the development of RHF,
the experimental model system needs to be considered critically. Experimental studies
measuring ROS or oxidative modifications in RV myocardium in different RVD/RHF
models are summarized in Table 1 with a special focus on the postulated mechanism
leading to ROS generation and functional consequences.
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Table 1. Experimental studies addressing oxidative stress and/or mitochondrial dysfunction in right
heart dysfunction and failure.

Model/
Species

Main Finding
ROS
(Method)

Main Finding
Mitochondrial
Dysfunction

Postulated
Molecular
Mechanism

Association
with PV
Function?
(Yes/No)

Association
with RV
Function?
(Yes/No)

Refs.

TOF
RVOT tissue
Human

Severity of cyanosis
(O2 saturation and
hematocrit)

-

Chronic hypoxia in
TOF associated
with higher RV
structural
remodeling

no no [20]

LHF
RV/LV tissue NF,
DCM, ICM human

Increased ROS in
RV compared to LV
(NOX O2

•−

lucigenin and MDA
ELISA)

-

Less activation of
antioxidative
enzyme system in
RV
NOX-dependent
O2
•− production is

the main ROS
source in the failing
heart

no no [21,22]

LHF
RV/LV tissue NF,
DCM, ICM human

Increased ROS in
RV not in LV
(carbonylation
Oxyblot and MDA
ELISA)

-

MAO-dependent
H2O2 source of
ROS; the RV
protein oxidation
index correlates
with pulmonary
artery pressure

yes no [23]

LHF
RV tissue DCM
human

Increased ROS in
RV (8OHdG IHC) -

Increased mitoROS
associated with
impaired RV
function

yes yes [6]

PAH
PAB
SuHx rat (male)

Increased ROS in
SuHx compared to
PAB RV (MDA
IHC)

-

Antioxidant
Nrf2/HO1
signaling prevents
RV remodeling and
RHF not PV
remodeling

yes yes [24]

PAH
SuHx rat (male)

Increased ROS in
RV (8OHdG IHC)

Impaired mito
morphology
(TEM)
Decreased mito
copy number
Decreased mito
biogenesis
Decreased OCR

Increased ROS and
decreased mito
biogenesis results
in decreased
OXPHOS in RHF

yes yes [25]

PAH
SuHxNx rat (male)

Increased ROS in
RV (DHE IF in vivo;
nitrotyrosine IHC;
NOX O2

•−

lucigenin)

-

Reduction in
NOX-dependent
ROS production
prevents RV
structural
remodeling and
dysfunction

yes yes [26]
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Table 1. Cont.

Model/
Species

Main Finding
ROS
(Method)

Main Finding
Mitochondrial
Dysfunction

Postulated
Molecular
Mechanism

Association
with PV
Function?
(Yes/No)

Association
with RV
Function?
(Yes/No)

Refs.

PAH
SuHxNx rat (male)

Increased ROS in
RV (NOX O2

•−

lucigenin)
-

ROS-dependent
inhibition of
aconitase and
altered pyridine
nucleotide
metabolism in mito

no no [27]

PAH
SuOVA rat (male)

Increased ROS in
RV (protein level:
GSSG,
nitrotyrosine, and
nitrocysteine)
Unchanged
(protein level:
MDA, 4-HNE, and
carbonylation
Oxyblot)

-

Increased oxidative
modification in RV
originates from
xanthine oxidase

yes no [28]

PAH
SuHxNx rat (male)

Increased ROS in
RV (GSSG MS)

Impaired mito
morphology
(TEM)
Decreased energy
efficiency of mito
(TEM)

Disruption of
mitochondrial
structure and
reduced energy
production
associated with
mortality

no no [29]

PAH
MCT rat (female)

Increased ROS in
RV (NOX O2

•−

lucigenin and
nitrotyrosine IHC)

Increased
complex II
protein level;
reduced
ubiquinone
Decreased OCR

ROS-induced ROS
release through
initial
NOX-dependent
ROS generation
associated with
mito dysfunction

no yes [30]

PAH
MCT rat (male)

Increased ROS in
RV (nitrotyrosine
IHC and
carbonylation
Oxyblot)

Increased mito
fusion

Antioxidative
treatment improves
RV hypertrophy
and function, but
PV remodeling is
not affected

yes yes [31]

PAH
MCT rat (male)

Unchanged ROS
(H2O2 AmplexRed)

Unchanged mito
copy number
Increased
distance between
mito- and
myofibril
Decreased OCR

Lower OXPHOS
and impaired ATP
supply to
myofibrils

no no [32]



Int. J. Mol. Sci. 2023, 24, 11108 7 of 22

Table 1. Cont.

Model/
Species

Main Finding
ROS
(Method)

Main Finding
Mitochondrial
Dysfunction

Postulated
Molecular
Mechanism

Association
with PV
Function?
(Yes/No)

Association
with RV
Function?
(Yes/No)

Refs.

PAH
MCT rat (male)

Increased ROS in
RV not LV (H2O2
phenol red, TBARS
content; sulfhydryl
content)

-

Insufficient
antioxidative
system do not
prevent early ROS
production leading
to RV structural
remodeling and
dysfunction

no yes [33]

RHF
PAB FVB mouse
(male)

Increased ROS in
RV (4HNE protein
level)

Impaired mito
morphology
(TEM) decreased
mito copy
number
Impaired mito
fission/fusion
Decreased OCR

Decreased
transcription of
ETC complexes and
increased ROS
leading to mito
dysfunction in RHF

no yes [34]

RHF
PAB C57BL/6N
mouse (male)

Increased ROS in
RV (PRX-SO2/3
protein level and
8OHdG IHC)

Decreased mito
copy number

Transition of RV
dysfunction to
failure dissociated
from RV structural
remodeling and
hypertrophy;
mitoROS trigger for
RHF

no yes [6]

PH
Cav−/−/Hx mouse

Increased ROS in
RV (NOX O2

•−

lucigenin)
-

RV structural
remodeling and
RHF independent
of PA pressure

yes yes [35]

Chronic NO
deficiency
L-NAME, rat
eNOS−/− mouse
(female)

Increased ROS in
RV not LV (DHE IF,
oxiTm, and
peroxynitrate
ELISA)
Increased mitoROS
in RV (MitoSOX
IHC)

Unchanged mito
biogenesis

Prevented
antioxidative
defense system in
RV and increased
ROS associated
with increased RV
structural
remodeling and
dysfunction

no yes [36]

Abbreviation: TOF, tetralogy of Fallot; RVOF, right ventricular outflow tract; RV, right ventricle; LV, left ven-
tricle; NF, non-failing; DCM, dilated cardiomyopathy; ICM, idiopathic cardiomyopathy; LHF, left heart failure;
PAH, pulmonary artery hypertension; OVA, ovalbumin; PAB, pulmonary artery banding; Su, sugen5416; Hx,
hypoxia; Nx, normoxia; MCT, monocrotaline; FVB, friend leukemia virus B mouse strain; RHF, right heart failure;
C57BL/6N, inbred mouse strain; PH, pulmonary hypertension; NO, nitric oxide; L-NAME, Nω-nitro-l-arginine
methyl ester; eNOS, endothelial nitric oxide synthase; O2, oxygen; O2

•−, superoxide; NOX, NADPH oxidase;
MDA, malondialdehyde; ELISA, enzyme-linked immunosorbent assay; 8-OHdG, 8-hydroxy-2′-deoxyguanosin;
IHC, immunohistochemistry; TEM, transmission electron microscopy; OCR, oxygen consumption rate; DHE,
dihydroethidium; IF, immunofluorescence; GSSG, oxidized glutathione; 4HNE, 4-hydroxynonenal; ROS, reactive
oxygen species; MS, mass spectrometry; H2O2, hydrogen peroxide; OXPHOS, oxidative phosphorylation; ETC,
electron transport chain; PRX-SO2/3, peroxiredoxin sulfenic and sulfonic acid at cysteine; TBARS, thiobarbituric
acid reactive substances.

As RHF is a leading cause of mortality in PAH patients, many experimental studies
have used rodent models of PAH, induced either by injection of the vascular endothelial
growth factor (VEGF) inhibitor, Sugen 5416, followed by hypoxia (SuHx) or the injection
of monocrotaline (MCT), a pneumotoxic pyrrolizidine alkaloid. Both model systems are
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characterized by pulmonary arterial (PA) remodeling and constriction with increased PA
pressure and pulmonary vascular resistance leading to compensated RV hypertrophy and
eventually RHF. In contrast to the PAH rodent model systems, the model of PA banding
(PAB) is widely used to study RV remodeling independently of pulmonary vascular disease.
Of note, different mouse wild-type strains might react differently to RV pressure overload,
either developing compensated RV dysfunction or failure [6], which was also observed
by Shults et al. [29] in SuHx Sprague Dawley and Fisher rats. It might be obvious that the
degree of afterload triggered by the degree of PA stenosis in PAB rodent models is associated
with the extent of RV dysfunction and structural remodeling [6,37]. However, to assess the
molecular mechanisms mediating the transition of compensated RV hypertrophy (RVH)
and RVD to RHF, it is essential to determine the signs of RHF in experimental rodent models.
Signs of congestion reliably reflect the presence of RHF, as presented in experimental studies,
i.e., liver weight [31–34], macroscopic signs of a nutmeg-colored liver [6], and ascites. In
addition, impaired exercise capacity [34] and/or mortality [6,24,29] can reflect RHF. A
quantitative parameter to determine signs of RHF might be the morphometric assessment
of congestion-modified areas in haematoxylin/eosin-stained liver sections. The extent of
hepatic congestion showed a strong positive correlation with right atrial (RA) area and a
strong negative correlation with systolic RV function assessed by echocardiography in PAB
mice [6].

To understand RHF, it is important to consider that already under physiological condi-
tions, the RV differs from the left ventricle (LV) in loading conditions and morphology and
displays fundamental differences on the cellular and molecular levels. There is accumulat-
ing evidence that the RV is more susceptible to oxidative stress probably because of a less
adaptable antioxidant enzyme system. In healthy rats, Nagendran et al. [38] measured a
lower mitochondrial membrane potential in RV cardiomyocytes and RV tissue compared
to the LV, which might provide evidence for a lower activity of the ETC complexes in RV
compared to LV tissue. Furthermore, the membrane potential rose with disease severity in
a mouse model of PAH induced by MCT [38], indicating adaptation of RV cardiomyocytes
to increasing workloads. Interestingly, Phillips et al. detected an identical expression
pattern and relative amount of proteins, the same amount of post-translational protein
modifications, and an identical amount of mitochondria in RV and LV tissue of healthy
rabbits and pigs [39]. Given the lower oxygen consumption and lower ATP generation
rate [40,41] of the resting RV, the RV should hold larger metabolic reserve capacities than
the LV. This should imply lower mitoROS generation and a less vulnerable RV under an
increasing workload. But in contrast to the LV showing enhanced antioxidative capacity
under the progression of pathological conditions [22,23,36], the antioxidant enzyme sys-
tem is unchanged or is even decreased in the RV myocardium of mice after RV pressure
overload [6,34], rats with chronic NO deficiency [36], and in human end-stage HF patients
secondary to ischemic HF or idiopathic dilated cardiomyopathy [21–23]. To detect the
status of the antioxidative system in the RV, several preclinical studies have measured SOD
expression on mRNA levels [6,34,36] with differentiation between Sod1, an isoform mainly
expressed in the cytosol, and Sod2, the mitochondrial isoform. In studies using human RV
myocardium, CAT activity was determined [22,23] in the tissue of end-stage LHF patients.

Progressive destruction of the mitochondrial network, which may result in impaired
formation of ATP due to decreased OXPHOS under aerobic conditions, is associated with
the development of RHF (Figure 1). A decreased amount of mitochondria has been shown
in experimental PAH [25,32,42] and RV pressure overload [6,34] by detecting decreased
activity of citrate synthetase (CS), the pace-maker enzyme of the TCA cycle in mitochon-
dria, or decreased amounts of mtDNA. Experimental data could be confirmed in RV tissue
samples of congenital heart disease patients divided into two groups of compensated RVH
and RHF based on postoperative cardiac magnetic resonance imaging (MRI) [43]. While CS
and succinate dehydrogenase activities were maintained in RVH, they were significantly
decreased in RHF. The mtDNA copy number progressively decreased during the transition
from RVH to RHF and inversely correlated with RV systolic pressure [43]. In contrast with



Int. J. Mol. Sci. 2023, 24, 11108 9 of 22

reduced mitochondrial biogenesis, reflected by decreased Pparagc1a (PGC1α) mRNA levels,
reported in SuHx rats [25], Karamanlidis et al. showed significantly increased Pparagc1a
(PGC1α) mRNA expression in human RVH and again normalized mRNA levels in human
RHF [43]. This might indicate mitochondrial biogenesis as a highly dynamic, compen-
satory effect during the progression of RVH/RVD to RHF. The mitochondrial architecture
is also influenced by impaired mitochondrial fission and fusion (Figure 1), a process by
which mitochondria divide or fuse to maintain their integrity and function [44]. Of note,
increased mitochondrial fission as well as enhanced fusion are reported in experimental
PAH [31,45–47]. The fission/fusion ratio and thereby mitochondrial biogenesis might also
depend on disease severity, as Hwang et al. [34] showed significantly increased mito-
chondrial fusion in compensated RVH upon RV pressure overload by protein expression
of mitochondrial dynamin-like GTPase (OPA1). Both OPA1 isoforms were significantly
decreased in RHF upon RV pressure overload, while the mitochondrial fission protein,
dynamin-related protein (DRP1), was significantly increased in isolated RV mitochondria
in RHF upon PAB [34]. The same expression pattern, which ultimately leads to an impaired
fission/fusion ratio in RVH, was also shown by Wüst et al. [42] in MCT rats. After injection
of low-dose MCT resulting in compensated RVH, increased fusion and decreased fission
were observed, while rats injected with a higher MCT dosage suffered from RHF and
showed disrupted fission as well as fusion [42]. In accordance, data from transmission elec-
tron microscopy (TEM) of RV tissue showed an elevated mitochondrial area and increased
mitochondrial size and higher amounts of mitochondrial clusters with a decreased number
of mitochondria per cluster in the RV of SuHx rats at early time points. In contrast, at later
time points, the mitochondrial area significantly decreased and mitochondrial integrity was
disrupted, which was associated with increased ROS generation and reduced energy pro-
duction in the RV tissue of SuHx rats [29]. An impaired mitochondrial ultrastructure was
also shown in other PAH rodent models [25,32,42], models of RV pressure overload [25,34],
and in human RV tissue of congenital heart disease patients [43].

5. Mitochondrial Oxidative Stress Mediates Right Heart Failure

Oxidative stress is suggested to contribute to the development of right ventricular
dysfunction (RVD) and the transition from RVD to RHF [41,48,49]. In experimental models,
significantly increased ROS generation in the RV myocardium has been frequently de-
scribed [6,21–31,33–36,50], while in a minor number of studies, an association of increased
ROS generation with RV function [6,23–26,30,31,33–36,50] or RHF [6,24,31,33,34] has been
disclosed (Table 1). Zimmer et al. showed significantly increased H2O2 levels measured by
oxidized phenol red absorbance in the RV myocardium of MCT rats already at early disease
stages, while RV systolic function declined later [33]. This is in accordance with our own
data in the PAB mouse model which presented significantly increased hyperoxidized PRX
in RV already after one week. Interestingly, antioxidant treatment prevented RHF through
a reduction in RV remodeling but did not change increased PA pressure or PA remodeling
in SuHx rats [24] Accordingly, Redout et al. [31] showed that antioxidant therapy with the
SOD/CAT-mimetic EUK124 attenuated RV hypertrophy and systolic dysfunction, but PA
remodeling was not affected in MCT rats. In contrast, Bogaard et al. [24] observed signifi-
cantly increased PA structural remodeling, ROS generation and RHF-dependent mortality
in SuHx rats, but not in PAB rats. A causal relationship between mitoROS and RV systolic
function is further supported by the data of Gomez-Arroyo et al. [25], showing significantly
increased ROS generation in the RVs of SuHx rats going along with enhanced mRNA ex-
pression of Pparagc1a (PGC1α), the mitochondrial master regulator. Interestingly, the level
of Pparagc1a (PGC1α) correlated with RV systolic function [25]. Of note, enhanced produc-
tion of mitoROS was associated with mitochondrial dysfunction characterized by decreased
oxygen (O2) consumption rates in the RV tissue of PAH rat models induced by SuHx [25] or
MCT [32]. Hwang et al. [34] presented the involvement of mitochondrial dysfunction in the
progression of RHF in a mouse model of PAB. They distinguished between RVD and RHF
via exercise capacity in mice exposed to RV pressure overload and showed decreased tran-
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scription of ETC protein complexes, increased lipid peroxidation, and decreased oxygen
consumption in the RV myocardium of mice with RHF compared to RVD [34]. Our group
disclosed that mitoROS mediate the development of RHF following pressure overload in
mice induced by PAB. In fact, C57BL/6J (6J) mice, which exhibit a genetic mutation leading
to mitochondrial nicotinamide nucleotide transhydrogenase (NNT) deficiency [51] and thus
generate fewer mitoROS under pressure overload, were protected from RHF compared to
NNT-competent C57BL/6N (6N) mice [6]. The NNT is located in the inner mitochondrial
membrane and regenerates NADPH to sustain antioxidative capacity [52,53] (Figure 1).
It has already been disclosed for the pressure-overloaded LV [54] that the NNT acts in
reversed mode under pathological conditions and requires the NADPH pool leading to
increased mitoROS. In accordance with the LV data, 6N mice exhibited greater impairment
in RV function, a more enlarged right atrial area, more pronounced venous liver congestion,
and increased mortality upon RV pressure overload. Mechanistically, enhanced mitoROS
and elevated apoptosis were detected in the RV myocardium of 6N mice compared to 6J
mice upon PAB [6]. Interestingly, RV maladaptive remodeling reflected by RV fibrosis and
hypertrophy were induced to the same extent in both mouse strains and were dissociated
from the development of RHF upon RV pressure overload. This is in accordance with
data from Hwang et al. [34], who used the same murine model of RV pressure overload
and Boehm et al. [7], who analyzed a PAB mouse model with a self-dissolving suture [7].
In addition, anti-fibrotic therapy did not improve RV function in animal models of RV
pressure overload and PAH [8]. In contrast, fibrosis correlates with systolic function in
the LV and is an accepted predictor of mortality in left heart failure (LHF) [55–58]. The
disconnection of fibrosis and hypertrophy with functional parameters in the development
of RHF might reflect a pivotal difference of RHF and LHF pathomechanisms.

Subcellular mechanisms in RV cardiomyocytes might be more important than struc-
tural RV remodeling in the pathogenesis of RHF, which is also supported by earlier studies
of Redout et al. [30]. The authors showed significantly increased NOX-dependent ROS
generation as well as mitoROS generation in the RV tissue and isolated mitochondria
of MCT rats to be associated with decreased active twitch force of the RV myocardium
and the decreased oxygen consumption rate (OCR) of the RV mitochondria. The results
describe the concept of ROS-induced ROS release (RIRR), meaning that O2

•−, produced
by NOX in early compensated RVD, might modify mitochondrial function with decreased
ETC-dependent OXPHOS [30,32,34,42,59–61] resulting in increased generation of mito-
chondrial O2

•− [27,32,36]. RIRR resulting in enhanced levels of O2
•− in mitochondria

is further amplified by the opening of ROS-sensitive channels such as the permeability
transition pore (PTP) in the inner mitochondrial membrane, leading to depolarization
of the mitochondrial network and impaired mitochondrial function. The vicious cycle
again results in enhanced O2

•− production, which is then released and distributed via
H2O2 throughout the myocardium [62] (Figure 1). The concept is confirmed by the data of
Frazziano et al. [63], who presented enhanced Nox4 mRNA expression in RV tissue after
1 h of PAB surgery leading to significantly increased H2O2 levels in mice after 6 h of PAB
and, while the O2

•− levels were not affected [63]. Alzoubi et al. [26] also detected enhanced
O2
•− production by using DHE fluorescence after in vivo injection in the RV myocardium

of SuHx rats [26]. Translational studies further support NOX-dependent ROS release in
the compensated disease stages of RVH/RVD, as shown by the data of Borchi et al. [22]
and Nediani et al. [21] detecting increased O2

•− in RV tissue in end-stage LHF patients.
In addition, Manni et al. [23] showed a correlation of PA pressure with RV protein car-
bonylation [23] in the same cohort of end-stage LHF patients, underlining an association
between disease severity and oxidative damage in RV of patients with PH secondary to
LHF. Our group found increased immunoreactivity for 8-OHdG, reflecting oxidative DNA
modification in the RV tissue of explanted hearts in LHF patients with severely impaired
RV systolic function and increased PA pressure compared to LHF patients with normal RV
function and PA pressure [6].
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An increase in mitoROS involved in the transition of RVD to RHF can be caused by
mitochondrial dysfunction (Figure 1). The following paragraph will discuss therapeutic
options to target mitoROS in RVD and RHF.

6. Therapeutic Options to Reduce Mitochondrial Oxidative Stress in Right
Heart Failure

Pharmacological treatment options reducing ROS in RV myocardium are currently
under investigation. Here, we focus on experimental studies directly targeting mitoROS
(Table 2).

Table 2. Experimental studies reducing mitochondrial oxidative stress in right heart dysfunction
and failure.

Component Experimental
Model

Molecular Marker
Improved/Method

Functional Marker
Improved/Method Main Results Ref.

mitoTEMPO
PAB
C57BL/6J
C57BL/6N
mice

Apoptosis/TUNEL

TAPSE/echocardiography
Hepatic venous
congestion/stain liver
sections

MitoTEMPO treatment
protects ROS-dependent
RHF upon PAB.

[6]

mitoQ
Hx
PAB
C57BL/6J
mice

Hx and PAB:
O2
•− concentra-

tion/electron spin
resonance
spectrometry

Hx:
RVWT; RVID;
RVOTD/echocardiography
Fulton/morphometric
PAB:
RVID;
TAPSE/echocardiography
Fulton/morphometric

MitoQ treatment reduces
RV remodeling in chronic
hypoxia and upon PAB.
RV systolic function
improved only upon PAB.

[64]

SS-31
TAC
C57BL/6
mice

NOX1/NOX2
expression/protein
level (lung)
Protein carbonyla-
tion/Oxyblot
(lung)

RV fibrosis/stain RV
sections
RVSP/RV catheter
Vessel density and arterial
muscularization/stain
lung parenchyma
Alveolar sacs/IHC

SS-31 treatment attenuates
TAC-induced PH. [65]

Melatonin
or
NAC

PAH MCT
Sprague-Dawley
rat

MDA fluorescence
(RV)

RV hypertrophy/stain RV
sections
RV fibrosis/stain RV
sections
TAPSE, RVEDD, RV
Area/echocardiography
RVSP, TPR/PV loop

Melatonin or NAC
reduced RV remodeling
and improved RV function
in PAH rats

[66]

Abbreviation: PAB, pulmonary artery banding; C57BL/6N, inbred mouse strain; TUNEL, TdT-mediated dUTP-
biotin nick end labeling; TAPSE, tricuspid annular plane systolic excursion; ROS, reactive oxygen species; Hx,
hypoxia; O2

•−, superoxide; TAC, transverse aortic constriction; NOX1 and NOX2, NADPH oxidase; RVWT, right
ventricular wall thickness; RVID, right ventricular internal diameter; RVOTD, right ventricular outflow tract
diameter; RVSP, right ventricular systolic pressure; PH, pulmonary hypertension; IHC, immunohistochemistry;
MDA, malondialdehyde; RVEDD, right ventricular end diastolic diameter; TPR, total pulmonary resistance; PV,
loop pressure volume loop.

The antioxidant mitoTEMPO is a SOD mimetic and accumulates in mitochondria
due to coupling to a cationic triphenylphosphonium molecule. It induces the dismutation
of O2

•− to H2O2 [67]. Recent results from our group demonstrated that mitoTEMPO
treatment in a preventive approach for up to 4 weeks significantly improved RV systolic
function and reduced apoptosis in the RV myocardium of mice upon RV pressure overload.
Importantly, reducing mitoROS prevented RHF in this mouse model of PAB, demonstrated
by reduced hepatic venous congestion [6]. Although experimental studies have demon-
strated improved LV function [68], restored mitochondrial respiratory capacity [68], and
the prevention of ventricular arrythmias [69] after mitoTEMPO administration upon LV
pressure overload, there are currently no clinical trials ongoing.

Another antioxidative component is mitoQ, which is a ubiquinone covalently attached
to a cationic triphenylphosphonium molecule. It exerts its antioxidative potential, when
ubiquinone is reduced to ubiquinol by complex II of the ETC, which then prevents oxidative
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damage like lipid peroxidation by O2
•− and the hydroperoxyl radical [70–72]. Preclinical

studies focusing on the LV demonstrated that mitoQ reduced H2O2 production [73,74],
preserved mitochondrial respiration [73], prevented cardiac fibrosis [74], and improved LV
function [74] in LV pressure overload. In models of right heart diseases, mitoQ was found
to attenuate acute hypoxic pulmonary vasoconstriction in PA and to inhibit PAB-induced
RV dilation by decreasing the O2

•− concentration [64]. To quantify the O2
•− concentration

in the heart homogenate, electron spin resonance spectroscopy was used. In addition,
it was shown that RV dilation was significantly reduced, and RV systolic function was
significantly increased after PAB in the mitoQ-treated mice [64]. MitoQ is currently being
tested in clinical trials (for studies in cardiovascular diseases: NCT03586414, NCT05561556,
NCT05410873, NCT03960073, and NCT02690064, see Table 3), but no results have been
published yet.

Table 3. Clinical studies addressing cardiovascular diseases.

Component Treatment Disease Patient Cohort Outcome/Status Number
Clinical Trail

Elamipretide 40 mg once daily for
28 ds HF Stable HF (NYHA II-III)

LVEF < 45%

Elamipretide was
well tolerated but did
not improve LVESV
at 4 wks in patients
with stable HFrEF
compared with
the placebo

NCT02814097
[75]

Elamipretide 20 mg once daily for
7 ds HF

Patients hospitalized with
congestion due to HF
LVEF < 40%
NT-proBNP >1500
pg/mL

Unknown NCT02914665

mitoQ 20 mg twice daily for
4 wks

Diastolic dysfunction
due to ageing

Healthy patients between
50 to 75 years of age Recruiting NCT03586414

mitoQ 20 mg once daily for
8 wks Hypertension

BP > 150/90 mmHg and
BMI ≤ 40 kg/m2 Recruiting NCT05561556

mitoQ 40 mg daily for
12 mths DCM

LVEF < 45%
plasma NT-pro-BNP >
250 ng/L

Recruiting NCT05410873

mitoQ 20 mg daily for 4 wks HFpEF Stable HF (NYHA II-III)
LVEF > 50% Unknown NCT03960073

mitoQ
10 mg on 2 ds
separated by at least
72 h

CF
FEV1 percent predicted
> 30%
Resting O2 consumption
> 90%

Active, not recruiting NCT02690064

NAC High dose twice
daily for 2 ds MI

ST-elevation
infarction < 12 h
Angina

No benefit with
respect to CIN and
myocardial
perfusion injury

NCT00463749
[76]

NAC 600 mg twice daily
for 12 wks HF Stable HF (NYHA II-III)

LVEF < 45%

NAC significantly
improved RV and LV
systolic function in
HFrEF compared to
the placebo

IRCT20120215009014N333
[77]

SG1002
200 mg for 7 ds, then
400 mg for 7 ds, and
then 800 mg for 7 ds

HF Stable HF (NYHA II-III)
LVEF < 40%

SG1002 was well
tolerated, and
patients showed
increased/stable
H2S level

NCT01989208
[78]

Abbreviation: HF, heart failure; NYHA, New York Heart Association classification; LVESV, left ventricular end
systolic volume; HFrEF, heart failure with reduced ejection fraction; BP, blood pressure; BMI, body mass index;
DCM, dilated cardiomyopathy; NT-proBNP, B-type natriuretic peptide; LVEF, left ventricular ejection fraction;
CF, cystic fibrosis; FEV1, forced expiratory pressure in 1 s; MI, myocardial infarction; CIN, contrast induced
nephropathy; H2S, hydrogen sulfide; O2, oxygen; mths, months; wks, weeks; ds, days; h, hours; mg, milligrams.

The synthetic tetrapeptide SS-31 (Szeto-Schiller 31, elamipretide) acts selectively on
mitochondria by restoring mitochondrial bioenergetics. It binds to cardiolipin, a phos-
pholipid that is exclusively expressed in the inner mitochondrial membrane. Cardiolipin
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plays a central role in cristae membrane structure formation and organization of the respi-
ratory chain components of the ETC [79]. Studies have shown that SS-31 protects against
cardiolipin peroxidation, thereby preventing the loss of molecular interaction with cy-
tochrome c [80,81]. This leads to the maintenance of mitochondrial cristae integrity and
accelerates ATP recovery. It was demonstrated that ROS-dependent cell death was at-
tenuated [80,82–84]. Currently, SS-31 is being tested in clinical trials for several diseases,
including mitochondrial myopathies, aging, ischemia reperfusion injury, and heart failure
(for studies in cardiovascular diseases: NCT02814097 and NCT02914665, see Table 3). In
patients with stable heart failure with reduced ejection fraction (HFrEF), elamipretide was
well tolerated but did not improve LV end systolic volume (ESV) after 4 weeks compared
with the placebo [75]. The effects of SS-31 on the RV were investigated in a mouse model
of PH induced by transverse aortic constriction (TAC). Administration of SS-31 for 60
days effectively attenuated the TAC-induced increase in RV systolic pressure and reduced
BNP protein expression and mRNA expression of ROS-secreting proteins (NOX1/NOX2).
However, given that in lung parenchyma of these animals, similar effects on the protein
expression levels of NOX1/NOX2 and a reduction in oxidative damage were found, it is
unclear whether SS-31 exerted a direct effect on the RV [65].

Small molecules such as the cysteine precursor N-acetylcysteine (NAC) or H2S donors
are antioxidants that exert their effects by increasing glutathione (GSH) levels or stimulating
the expression of thioredoxin. Thus, these molecules reinforce the antioxidative defense
system [85–89]. A study by Chaumais et al. [90] revealed the beneficial effects of NAC
treatment in a MCT-induced PAH model, showing significantly reduced PA remodeling,
lung inflammation, RV hypertrophy, and fibrosis. In addition, NAC treatment significantly
improved RV systolic function. However, ROS markers were not determined [90]. In
accordance, Chen et al. [66] presented attenuated TAPSE and RV dilation going along with
reduced RV hypertrophy and fibrosis in MCT rats [66]. Of note, Yazdi et al. [77] showed
significantly improved RV systolic function in parallel with benefits in LV systolic function
in HF patients with reduced ejection fraction (HFrEF) after 12 weeks of oral NAC treatment
compared to the placebo [77]. The effects of H2S donors such as NaHS were analyzed
in experimental models after myocardial infarction, showing improved mitochondrial
integrity and decreased cardiac apoptosis [91]. The influences on RV myocardium have not
been characterized, yet. Nevertheless, the clinical studies with the H2S donor SG1002 were
considered safe in both healthy and HF patients (Table 3).

It is important to note that there are currently few studies addressing treatments that
specifically target mitoROS in the RV. Further studies are needed to investigate the benefits
of pharmacological treatment.

7. Mitochondrial and Contractile Function Are Connected in Right Heart Failure

Mitochondrial dysfunction including dysregulated energy generation may have a
direct impact on the function and force generation of the cardiomyocyte. Significantly
decreased OXPHOS was measured in permeabilized RV tissue [42,61] and RV fibers [32] of
MCT rats and in isolated mitochondria of human RV tissue of PH patients [60]. All of these
studies reported significantly lower aerobic complex I-coupled respiration in the presence
of the energy substrates glutamate, malate, and pyruvate, as well as ADP [32,42,60,61]. Fur-
thermore, Power et al. [32] tested O2 consumption in the presence of the energy substrates
and ATP to measure the connectivity between myofibrillar ATPase and mitochondrial
respiration. Endogenous turnover of ATP to ADP by cytosolic ATPases subsequently
stimulates OXPHOS. ADP-limited OXPHOS was lower in the RV fibers of the MCT rats,
going along with a significantly increased distance between the mitochondria and my-
ofilaments detected by confocal microscopy in the RV tissue of the MCT rats [32]. This
might indicate a mismatch between energy demand and supply in the hypertrophic RV car-
diomyocytes of MCT rats with expanded myofilament content. In addition, mitochondrial
creatine kinase (CK) expression was decreased in the RV of MCT rats [42,92], leading to
reduced ATP delivery to the myofilament and a decreased ADP supply in the mitochon-
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dria (Figure 1). Gupte et al. [60] detected increased protein levels of ADP-ATP translocase
(ANT3, ANT4) in the isolated RV mitochondria of PH patients compared to correspond-
ing LV mitochondria [60], which might compensate for decreased mitochondrial CK to
maintain ADP availability in the mitochondrial matrix. The impaired ADP/ATP exchange
across the mitochondrial inner membrane contributes to alterations in OXPHOS capacity
and mitochondrial membrane potential. Furthermore, altered TCA cycle activity favors
a highly oxidized state with an increased NAD+/NADH ratio and FAD/FADH2 ratio
resulting in mitoROS emission. This state is described as an “engine out of fuel” and is
associated with impaired myocardial function, as confirmed by Wüst et al. [42] presenting
force measurements and simultaneous detection of NADH and FAD autofluorescence in
the RV trabeculae of MCT rats. Upon electrical stimulation at baseline levels, NADH levels
were decreased in the RV trabeculae of the MCT rats and showed a correlation between the
oxidized state (high levels of NAD+) and the severity of the PAH phenotype in the MCT
model. The redox state of FAD showed the opposite course with high levels of reduced
FADH2 in the RV of the MCT rats. During a rapid increase in electrical stimulation fre-
quency, the NADH level declined and recovered much slower in the PAH trabeculae of the
MCT rats compared to the controls, indicating uncoupling of contractile and mitochondrial
function. In contrast, the FAD autofluorescence was strongly correlated with contractile
output during changes in workload, indicating that mitochondrial dysfunction mainly
contributes to complex I dysfunction [42]. Interestingly, adding pyruvate instead of glucose
prevented NADH/FAD recovery upon the rapid increase in stimulation frequency [42],
which might point towards less replenishment of metabolites from glycolysis and reduced
TCA cycle activity. This is in accordance with increased hexokinase (HK) activity, catalyz-
ing the initial reaction of glycolysis, in MCT rats [93] and ROS-dependent inhibition of
aconitase, a TCA cycle enzyme [27]. The influences of metabolic substrate utilization on
the principle functions of mitochondrial ETC, OXPHOS, and redox regulation as well as
the interrelation with mitochondrial and contractile function are demonstrated in Figure 1.

To rule out that a lack of O2 provided to mitochondria contributes to the develop-
ment of RHF, Balestra et al. [93] used an non-invasive technique, based on O2-dependent
quenching of delayed fluorescence of mitochondrial protoporphyrin IX [94,95], to mea-
sure the mitochondrial O2 tension (oxygenation) in the RVs of MCT rats in vivo [93]. A
higher number of mitochondria with an increased level of intramitochondrial O2 were
detected in the RVs of MCT rats. In addition, increased HK activity and increased lac-
tate dehydrogenase activity were observed in the early disease stages of MCT rats. Thus,
decreased O2 consumption and metabolic adaptation, independent of hypoxia, might
contribute to the progression of RHF [93]. In contrast, Wong et al. [59] showed inefficient
O2 utilization, leading to RV ischemia/hypoxia in idiopathic PAH patients classified as
New York Heart Association (NYHA) class III compared to IPAH patients of NYHA class
II. O2 extraction fraction (OEF) and glucose uptake were measured non-invasively by a
positron emission tomography-computed tomography scan (PET-CT) with corresponding
tracers. RV function and hemodynamics were assessed by catheterization and cardiac
MRI. Interestingly, the OEF of the RV tissue of the IPAH patients was nearly the same
as the OEF of the LV tissue of healthy individuals, showing a much higher O2 extraction
reserve in the RV compared to LV tissue at baseline. The IPAH NYHA class III patients
showed significantly higher myocardial O2 consumption, no change in glucose uptake
rate, and lower RV mechanical efficiency, which correlated with RV systolic function [59].
Mechanistically, the impaired mechanical efficiency might be partly explained by reduced
atrioventricular coupling. Nevertheless, other factors sought in cardiomyocytes, which
have been comprehensively described for LHF need to be considered to explain impaired
contractile performance in the progression of RHF. In particular, oxidative damage of
sarcomeric proteins has been reported [96–98]. Furthermore, altered calcium signalling and
cellular electrophysiological changes, given that ATP-consuming ion channels such as the
sarcoendoplasmic reticulum calcium ATPase (SERCA) and Na+/K+ pumps are dependent
on mitochondrial integrity, might be of significant importance [99–101].
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8. Substrate Metabolism Is Affected in Right Heart Failure

Mitochondria in the dysfunctional or failing myocardium lose their flexibility in
substrate metabolism. Fatty acid oxidation (FAO) serves about 70% of energy generation in
the adult healthy heart. Whereas energy yield per molecule is higher for fatty acids (FA)
than for glucose via glucose oxidation (GO), oxygen consumption on the other hand is
higher per molecule FA. Thus, the shift to GO is oxygen sparing, and even less oxygen
is necessary for anaerobic glycolysis, which has the lowest energy yield compared to GO
and FAO, however. Thus, under optimal conditions the cardiomyocyte can adapt substrate
utilization in consideration of oxygen availability and energy demand. Driven not only by
reduced perfusion and thus reduced oxygen supply but also by inflammatory and oxidative
damage in heart failure as discussed above, FAO, TCA cycle activity, and OXPHOS can be
decreased and glycolysis is enhanced, which results in reduced ATP generation [102]. These
modifications resemble fetal conditions, and this fetal reprogramming is a hallmark of the
compensatory process of the cardiomyocyte facing mechanical, hypoxic, metabolic, or other
stress triggers and is usually associated with hypertrophy [103]. The shift towards anaerobic
glycolysis despite the presence of O2 to generate ATP is called the Warburg effect, which is
in part mediated by increased activity and expression of pyruvate dehydrogenase kinase
(PDK), which inhibits pyruvate dehydrogenase (PDH) (Figure 1). Not only a potential
lack of energy, but also the accumulation of toxic metabolites, in particular toxic lipid
species, is a consequence of the metabolic shift. RHF is associated with, and very likely
also causally related to, mitochondrial metabolic dysregulation, which becomes obvious
in patient studies and preclinical models. In mouse or rat PH models, models of RV
pressure overload induced by PAB, and a pig model of RV volume overload, decreased
expression of genes and proteins involved in FAO was found in RV tissue [25,50,104,105].
Moreover, FAO itself was detected to be reduced [106], and accumulation of triglycerides
or lipotoxic molecules such as ceramide was enhanced in RV tissue [104,105]. At the same
time, GO was reduced in these models in RV tissue, as evident from attenuated PDH
activity and enhanced PDK expression [107–109] and a reduction in OXPHOS [108,110,111].
Interestingly, the reduction in OXPHOS and impaired glucose responsiveness was also
observed in the myoblast cell line H9C2 with a mutation in the bone morphogenetic
protein receptor type 2 (BMPR2) [112], which is related to genetic PAH. Consequently,
inhibition of PDH by dichloroacetate (DCA) improved RV oxygen consumption and cardiac
output (CO) in MCT and PAB rat models [110] and enhanced RV systolic function and
exercise capacity in the Fawn-Hooded rat model of PAH [107]. In pigs with RV volume
overload, DCA induced an increase in OXPHOS in the RV and an improvement in RV
ejection fraction under dobutamine stress [108]. In line with this, DCA infusion in the
Langendorff-perfused hearts of rats with MCT-induced PAH increased inotropy in the RV
of PAH but not control hearts and at the same time reduced lactate production in PAH
hearts [38]. These findings suggest that enhancement of GO is protective in RV dysfunction.
Given that, according to the Randle’s cycle, GO is enhanced when FAO is decreased,
inhibition of FAO has also been tested as a therapeutic strategy. In a PAB rat model
of compensated RV dysfunction, the FAO inhibitors trimetazidine and ranolazine both
increased RV respiration and ATP generation and, at the same time, the cardiac index and
exercise capacity of the animals [111]. However, at least for the LV, it has been questioned
whether depression of FAO is useful or rather harmful in heart failure [103]. Instead,
improvement in FA metabolism was shown to have protective effects on the RV. One
potential therapeutic strategy is activation of the peroxisome proliferator-activated receptor
gamma (PPARγ), which is a key modulator of glucose and lipid metabolism, including
mitochondrial FAO [113,114]. It can be activated by thiazolidinediones like pioglitazone,
which inhibited exaggerated RV glucose uptake in a SuHx rat model of PAH, reduced RV
intramyocardial lipid accumulation, and normalized RV function [115]. It should be noted,
however, that in end-stage RHF with low cardiac output and high end-diastolic ventricular
filling pressures, this therapy might not be initiated, but oxygen sparing therapeutic
approaches at the expense of less efficient ATP production may be considered instead of
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activating FAO. Another study used L-carnitine to improve FA metabolism in mice exposed
to a high-fat diet and RV pressure overload by PAB or a BMPR2P mutation, which decreased
RV lipid accumulation and improved RV function and hemodynamics [116]. Improvement
of substrate metabolism can be further achieved through modulation of the activity of
the 5′-adenosine monophosphate-activated protein kinase (AMPK), which, amongst other
mechanisms, inhibits the acetyl-CoA carboxylase (ACC) and thereby increases FAO. The
AMPK activator metformin reduced RV hypertrophy and improved RV diastolic function
in a model of PAB combined with a Western diet [117]. In a rat MCT model, inhibition of
the With No Lysine Kinase 1 (WNK1), which enhances AMPK activity, decreased RV lipid
accumulation, increased FAO, and improved RV function and RV-PA coupling, independent
of PA structural remodeling [104].

The identification of metabolic dysfunction in the RV of patients with PAH supports
the concept of a causal role for RV dysfunction. Increased RV glucose uptake or RV to LV
glucose uptake ratio was not only associated with high PA pressure, pulmonary vascular
resistance, impaired RV systolic function, RV PA coupling, and exercise capacity [118–123]
but was also an independent predictor for adverse prognosis [120,122]. The increase
in glucose uptake goes along with altered FAO. Increased accumulation of lipids, long-
chain free FA and ceramides in the RV, and long-chain FA in plasma were found in PAH
patients [106,116,124]. In RV tissue from PAH patients with RHF, the expression of genes
regulating FAO was decreased, which was accompanied by increased lipid deposition [105].
Whether targeting substrate metabolism in RHF can be successfully translated to patients
remains elusive. In a phase II clinical trial treating 20 PAH patients with metformin for
8 weeks, RV fractional area change was significantly improved, whereas RV triglyceride
content was decreased [125]. Further trials are warranted to advance the understanding of
the pathophysiological role of mitochondrial metabolic function.

9. Conclusions

The presence of RVD and the transition from RVD to RHF is associated with mitochon-
drial dysfunction and enhanced mitoROS release. While mitochondrial respiration and
ATP production can decrease with the progression of the disease, the demand for oxygen by
the hypertrophied RV and the preference for glycolysis increase, reducing glucose and FA
oxidation. This compromised cardiac energetics impairs RV contractility, which is further
promoted by a reduction in CK expression and thus energy supply at the myofilament.
Although these subcellular alterations are also observed in the development of LHF, the
therapeutic relevance for preventing RHF might be more pivotal. In contrast to LHF, struc-
tural remodeling might play a minor role in RHF pathogenesis, which becomes obvious
by the RV’s unique plasticity. Thus, the development of RHF largely involves rapidly
reversible mechanisms with mitochondrial dysfunction, which compromises contractility,
with this being among the critical processes. Despite equal energetic machinery available
in the RV and LV, there are fundamental differences in the responses to increased workload.
Under pathophysiological conditions, the RV seems to be more susceptible to oxidative
damage than the LV due to the lower antioxidant capacity. Consequently, protecting mito-
chondrial function in combination with a decrease in afterload might emerge as a promising
therapeutic concept. Some experimental studies directly targeting mitoROS in RV pressure
overload and PAH have shown positive results, calling for further clinical studies.

10. Future Directions

It is unequivocal that the integrity of mitochondria is affected in the dysfunctional
RV. Yet, the course and characteristics of mitochondrial dysfunction in RHF, and its causal
relation and significance are elusive. Both a highly precise definition and description
of the type of RVD and RHF in preclinical models, as well as a greatly elaborated and
subtle methodological repertoire to assess mitochondrial functions and oxidative stress,
are inevitable to advance our understanding of mitochondrial processes in the RV. For
a translational perspective, we need to elucidate which mitochondrial mechanisms are
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responsible for which functional alterations of the RV, if any, and whether these have
an impact on the clinical phenotype. Therapeutic targets need to be evaluated carefully
and comprehensively with particular respect to the time course of the disease. In this
context, it will be interesting to investigate whether mitochondria-targeted therapies might
be effective not only to prevent the transition from RVD to RHF but also to support the
decompensation of the RV upon elimination of the underlying cause of the disease, such as
lung transplantation or repair of the tricuspid valve.

Author Contributions: Conceptualization, M.M. and A.K.; writing—original draft preparation, M.M.,
E.D. and A.K.; writing—review and editing, T.M., C.B., D.D. and V.R.; visualization, M.M. and C.B.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Deutsche Stiftung für Herzforschung, Frankfurt a.M.,
Germany (F/48/20 to Müller and Klinke), by FoRUM, Bochum, Germany (F991R-2021 to Klinke and
Rudolph) and by FoRUM, Bochum, Germany (F1066-2022 to Müller and Klinke).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Humbert, M.; Kovacs, G.; Hoeper, M.M.; Badagliacca, R.; Berger, R.M.F.; Brida, M.; Carlsen, J.; Coats, A.J.S.; Escribano-Subias, P.;

Ferrari, P.; et al. 2022 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension. Eur. Heart J. 2022, 43,
3618–3731. [CrossRef]

2. Klinke, A.; Schubert, T.; Muller, M.; Legchenko, E.; Zelt, J.G.E.; Shimauchi, T.; Napp, L.C.; Rothman, A.M.K.; Bonnet, S.; Stewart,
D.J.; et al. Emerging therapies for right ventricular dysfunction and failure. Cardiovasc. Diagn. Ther. 2020, 10, 1735–1767.
[CrossRef]

3. Reddy, S.; Bernstein, D. Molecular Mechanisms of Right Ventricular Failure. Circulation 2015, 132, 1734–1742. [CrossRef] [PubMed]
4. Tadic, M.; Pieske-Kraigher, E.; Cuspidi, C.; Morris, D.A.; Burkhardt, F.; Baudisch, A.; Hassfeld, S.; Tschope, C.; Pieske, B. Right

ventricular strain in heart failure: Clinical perspective. Arch. Cardiovasc. Dis. 2017, 110, 562–571. [CrossRef]
5. Friedberg, M.K.; Redington, A.N. Right versus left ventricular failure: Differences, similarities, and interactions. Circulation 2014,

129, 1033–1044. [CrossRef] [PubMed]
6. Muller, M.; Bischof, C.; Kapries, T.; Wollnitza, S.; Liechty, C.; Geissen, S.; Schubert, T.; Opacic, D.; Gercek, M.; Fortmeier, V.; et al.

Right Heart Failure in Mice Upon Pressure Overload Is Promoted by Mitochondrial Oxidative Stress. JACC Basic Transl. Sci. 2022,
7, 658–677. [CrossRef] [PubMed]

7. Boehm, M.; Tian, X.; Mao, Y.; Ichimura, K.; Dufva, M.J.; Ali, K.; Dannewitz Prosseda, S.; Shi, Y.; Kuramoto, K.; Reddy, S.; et al.
Delineating the molecular and histological events that govern right ventricular recovery using a novel mouse model of pulmonary
artery de-banding. Cardiovasc. Res. 2020, 116, 1700–1709. [CrossRef]

8. Crnkovic, S.; Egemnazarov, B.; Damico, R.; Marsh, L.M.; Nagy, B.M.; Douschan, P.; Atsina, K.; Kolb, T.M.; Mathai, S.C.; Hooper,
J.E.; et al. Disconnect between Fibrotic Response and Right Ventricular Dysfunction. Am. J. Respir. Crit. Care Med. 2019, 199,
1550–1560. [CrossRef]

9. Kuznetsov, A.V.; Usson, Y.; Leverve, X.; Margreiter, R. Subcellular heterogeneity of mitochondrial function and dysfunction:
Evidence obtained by confocal imaging. Mol. Cell. Biochem. 2004, 256, 359–365. [CrossRef]

10. Kurz, F.T.; Aon, M.A.; O’Rourke, B.; Armoundas, A.A. Functional Implications of Cardiac Mitochondria Clustering. In Mitochon-
drial Dynamics in Cardiovascular Medicine; Springer: Berlin/Heidelberg, Germany, 2017; Volume 982, pp. 1–24. [CrossRef]

11. Schaper, J.; Meiser, E.; Stammler, G. Ultrastructural morphometric analysis of myocardium from dogs, rats, hamsters, mice, and
from human hearts. Circ. Res. 1985, 56, 377–391. [CrossRef]

12. Aon, M.A.; Cortassa, S.; O’Rourke, B. Redox-optimized ROS balance: A unifying hypothesis. Biochim. Biophys. Acta 2010, 1797,
865–877. [CrossRef]

13. Kaludercic, N.; Carpi, A.; Menabo, R.; Di Lisa, F.; Paolocci, N. Monoamine oxidases (MAO) in the pathogenesis of heart failure
and ischemia/reperfusion injury. Biochim. Biophys. Acta 2011, 1813, 1323–1332. [CrossRef] [PubMed]

14. Carnicer, R.; Crabtree, M.J.; Sivakumaran, V.; Casadei, B.; Kass, D.A. Nitric oxide synthases in heart failure. Antioxid. Redox Signal
2013, 18, 1078–1099. [CrossRef]

15. Santillo, M.; Colantuoni, A.; Mondola, P.; Guida, B.; Damiano, S. NOX signaling in molecular cardiovascular mechanisms
involved in the blood pressure homeostasis. Front. Physiol. 2015, 6, 194. [CrossRef]

16. Rothfuss, O.; Gasser, T.; Patenge, N. Analysis of differential DNA damage in the mitochondrial genome employing a semi-long
run real-time PCR approach. Nucleic Acids Res. 2010, 38, e24. [CrossRef]

17. Yan, L.J. Analysis of oxidative modification of proteins. Curr. Protoc. Protein Sci. 2009, 14. [CrossRef]
18. Budde, H.; Hassoun, R.; Tangos, M.; Zhazykbayeva, S.; Herwig, M.; Varatnitskaya, M.; Sieme, M.; Delalat, S.; Sultana, I.; Kolijn,

D.; et al. The Interplay between S-Glutathionylation and Phosphorylation of Cardiac Troponin I and Myosin Binding Protein C in
End-Stage Human Failing Hearts. Antioxidants 2021, 10, 1134. [CrossRef]

https://doi.org/10.1093/eurheartj/ehac237
https://doi.org/10.21037/cdt-20-592
https://doi.org/10.1161/CIRCULATIONAHA.114.012975
https://www.ncbi.nlm.nih.gov/pubmed/26527692
https://doi.org/10.1016/j.acvd.2017.05.002
https://doi.org/10.1161/CIRCULATIONAHA.113.001375
https://www.ncbi.nlm.nih.gov/pubmed/24589696
https://doi.org/10.1016/j.jacbts.2022.02.018
https://www.ncbi.nlm.nih.gov/pubmed/35958691
https://doi.org/10.1093/cvr/cvz310
https://doi.org/10.1164/rccm.201809-1737OC
https://doi.org/10.1023/B:MCBI.0000009881.01943.68
https://doi.org/10.1007/978-3-319-55330-6_1
https://doi.org/10.1161/01.RES.56.3.377
https://doi.org/10.1016/j.bbabio.2010.02.016
https://doi.org/10.1016/j.bbamcr.2010.09.010
https://www.ncbi.nlm.nih.gov/pubmed/20869994
https://doi.org/10.1089/ars.2012.4824
https://doi.org/10.3389/fphys.2015.00194
https://doi.org/10.1093/nar/gkp1082
https://doi.org/10.1002/0471140864.ps1404s55
https://doi.org/10.3390/antiox10071134


Int. J. Mol. Sci. 2023, 24, 11108 18 of 22

19. Leichert, L.I.; Gehrke, F.; Gudiseva, H.V.; Blackwell, T.; Ilbert, M.; Walker, A.K.; Strahler, J.R.; Andrews, P.C.; Jakob, U. Quantifying
changes in the thiol redox proteome upon oxidative stress in vivo. Proc. Natl. Acad. Sci. USA 2008, 105, 8197–8202. [CrossRef]
[PubMed]

20. Reddy, S.; Osorio, J.C.; Duque, A.M.; Kaufman, B.D.; Phillips, A.B.; Chen, J.M.; Quaegebeur, J.; Mosca, R.S.; Mital, S. Failure of
right ventricular adaptation in children with tetralogy of Fallot. Circulation 2006, 114, I37–I42. [CrossRef]

21. Nediani, C.; Borchi, E.; Giordano, C.; Baruzzo, S.; Ponziani, V.; Sebastiani, M.; Nassi, P.; Mugelli, A.; d’Amati, G.; Cerbai, E.
NADPH oxidase-dependent redox signaling in human heart failure: Relationship between the left and right ventricle. J. Mol. Cell
Cardiol. 2007, 42, 826–834. [CrossRef]

22. Borchi, E.; Bargelli, V.; Stillitano, F.; Giordano, C.; Sebastiani, M.; Nassi, P.A.; d’Amati, G.; Cerbai, E.; Nediani, C. Enhanced ROS
production by NADPH oxidase is correlated to changes in antioxidant enzyme activity in human heart failure. Biochim. Biophys.
Acta 2010, 1802, 331–338. [CrossRef]

23. Manni, M.E.; Rigacci, S.; Borchi, E.; Bargelli, V.; Miceli, C.; Giordano, C.; Raimondi, L.; Nediani, C. Monoamine Oxidase Is
Overactivated in Left and Right Ventricles from Ischemic Hearts: An Intriguing Therapeutic Target. Oxid. Med. Cell Longev. 2016,
2016, 4375418. [CrossRef] [PubMed]

24. Bogaard, H.J.; Natarajan, R.; Henderson, S.C.; Long, C.S.; Kraskauskas, D.; Smithson, L.; Ockaili, R.; McCord, J.M.; Voelkel,
N.F. Chronic pulmonary artery pressure elevation is insufficient to explain right heart failure. Circulation 2009, 120, 1951–1960.
[CrossRef]

25. Gomez-Arroyo, J.; Mizuno, S.; Szczepanek, K.; Van Tassell, B.; Natarajan, R.; dos Remedios, C.G.; Drake, J.I.; Farkas, L.;
Kraskauskas, D.; Wijesinghe, D.S.; et al. Metabolic gene remodeling and mitochondrial dysfunction in failing right ventricular
hypertrophy secondary to pulmonary arterial hypertension. Circ. Heart Fail 2013, 6, 136–144. [CrossRef] [PubMed]

26. Alzoubi, A.; Toba, M.; Abe, K.; O’Neill, K.D.; Rocic, P.; Fagan, K.A.; McMurtry, I.F.; Oka, M. Dehydroepiandrosterone restores
right ventricular structure and function in rats with severe pulmonary arterial hypertension. Am. J. Physiol. Heart Circ. Physiol.
2013, 304, H1708–H1718. [CrossRef]

27. Rawat, D.K.; Alzoubi, A.; Gupte, R.; Chettimada, S.; Watanabe, M.; Kahn, A.G.; Okada, T.; McMurtry, I.F.; Gupte, S.A. Increased
reactive oxygen species, metabolic maladaptation, and autophagy contribute to pulmonary arterial hypertension-induced
ventricular hypertrophy and diastolic heart failure. Hypertension 2014, 64, 1266–1274. [CrossRef]

28. Wang, X.; Shults, N.V.; Suzuki, Y.J. Oxidative profiling of the failing right heart in rats with pulmonary hypertension. PLoS ONE
2017, 12, e0176887. [CrossRef]

29. Shults, N.V.; Kanovka, S.S.; Ten Eyck, J.E.; Rybka, V.; Suzuki, Y.J. Ultrastructural Changes of the Right Ventricular Myocytes in
Pulmonary Arterial Hypertension. J. Am. Heart Assoc. 2019, 8, e011227. [CrossRef]

30. Redout, E.M.; Wagner, M.J.; Zuidwijk, M.J.; Boer, C.; Musters, R.J.; van Hardeveld, C.; Paulus, W.J.; Simonides, W.S. Right-
ventricular failure is associated with increased mitochondrial complex II activity and production of reactive oxygen species.
Cardiovasc. Res. 2007, 75, 770–781. [CrossRef] [PubMed]

31. Redout, E.M.; van der Toorn, A.; Zuidwijk, M.J.; van de Kolk, C.W.; van Echteld, C.J.; Musters, R.J.; van Hardeveld, C.; Paulus,
W.J.; Simonides, W.S. Antioxidant treatment attenuates pulmonary arterial hypertension-induced heart failure. Am. J. Physiol.
Heart Circ. Physiol. 2010, 298, H1038–H1047. [CrossRef]

32. Power, A.S.; Norman, R.; Jones, T.L.M.; Hickey, A.J.; Ward, M.L. Mitochondrial function remains impaired in the hypertrophied
right ventricle of pulmonary hypertensive rats following short duration metoprolol treatment. PLoS ONE 2019, 14, e0214740.
[CrossRef]

33. Zimmer, A.; Teixeira, R.B.; Bonetto, J.H.P.; Bahr, A.C.; Turck, P.; de Castro, A.L.; Campos-Carraro, C.; Visioli, F.; Fernandes-Piedras,
T.R.; Casali, K.R.; et al. Role of inflammation, oxidative stress, and autonomic nervous system activation during the development
of right and left cardiac remodeling in experimental pulmonary arterial hypertension. Mol. Cell Biochem. 2020, 464, 93–109.
[CrossRef] [PubMed]

34. Hwang, H.V.; Sandeep, N.; Nair, R.V.; Hu, D.Q.; Zhao, M.; Lan, I.S.; Fajardo, G.; Matkovich, S.J.; Bernstein, D.; Reddy, S.
Transcriptomic and Functional Analyses of Mitochondrial Dysfunction in Pressure Overload-Induced Right Ventricular Failure. J.
Am. Heart Assoc. 2021, 10, e017835. [CrossRef] [PubMed]

35. Cruz, J.A.; Bauer, E.M.; Rodriguez, A.I.; Gangopadhyay, A.; Zeineh, N.S.; Wang, Y.; Shiva, S.; Champion, H.C.; Bauer, P.M. Chronic
hypoxia induces right heart failure in caveolin-1-/- mice. Am. J. Physiol. Heart Circ. Physiol. 2012, 302, H2518–H2527. [CrossRef]

36. Schreckenberg, R.; Rebelo, M.; Deten, A.; Weber, M.; Rohrbach, S.; Pipicz, M.; Csonka, C.; Ferdinandy, P.; Schulz, R.; Schluter, K.D.
Specific Mechanisms Underlying Right Heart Failure: The Missing Upregulation of Superoxide Dismutase-2 and Its Decisive
Role in Antioxidative Defense. Antioxid. Redox Signal 2015, 23, 1220–1232. [CrossRef]

37. Rain, S.; Andersen, S.; Najafi, A.; Gammelgaard Schultz, J.; da Silva Goncalves Bos, D.; Handoko, M.L.; Bogaard, H.J.; Vonk-
Noordegraaf, A.; Andersen, A.; van der Velden, J.; et al. Right Ventricular Myocardial Stiffness in Experimental Pulmonary
Arterial Hypertension: Relative Contribution of Fibrosis and Myofibril Stiffness. Circ. Heart Fail 2016, 9, e002636. [CrossRef]

38. Nagendran, J.; Gurtu, V.; Fu, D.Z.; Dyck, J.R.; Haromy, A.; Ross, D.B.; Rebeyka, I.M.; Michelakis, E.D. A dynamic and chamber-
specific mitochondrial remodeling in right ventricular hypertrophy can be therapeutically targeted. J. Thorac. Cardiovasc. Surg.
2008, 136, 168–178. [CrossRef] [PubMed]

39. Phillips, D.; Aponte, A.M.; Covian, R.; Neufeld, E.; Yu, Z.X.; Balaban, R.S. Homogenous protein programming in the mammalian
left and right ventricle free walls. Physiol. Genom. 2011, 43, 1198–1206. [CrossRef]

https://doi.org/10.1073/pnas.0707723105
https://www.ncbi.nlm.nih.gov/pubmed/18287020
https://doi.org/10.1161/CIRCULATIONAHA.105.001248
https://doi.org/10.1016/j.yjmcc.2007.01.009
https://doi.org/10.1016/j.bbadis.2009.10.014
https://doi.org/10.1155/2016/4375418
https://www.ncbi.nlm.nih.gov/pubmed/28044091
https://doi.org/10.1161/CIRCULATIONAHA.109.883843
https://doi.org/10.1161/CIRCHEARTFAILURE.111.966127
https://www.ncbi.nlm.nih.gov/pubmed/23152488
https://doi.org/10.1152/ajpheart.00746.2012
https://doi.org/10.1161/HYPERTENSIONAHA.114.03261
https://doi.org/10.1371/journal.pone.0176887
https://doi.org/10.1161/JAHA.118.011227
https://doi.org/10.1016/j.cardiores.2007.05.012
https://www.ncbi.nlm.nih.gov/pubmed/17582388
https://doi.org/10.1152/ajpheart.00097.2009
https://doi.org/10.1371/journal.pone.0214740
https://doi.org/10.1007/s11010-019-03652-2
https://www.ncbi.nlm.nih.gov/pubmed/31728802
https://doi.org/10.1161/JAHA.120.017835
https://www.ncbi.nlm.nih.gov/pubmed/33522250
https://doi.org/10.1152/ajpheart.01140.2011
https://doi.org/10.1089/ars.2014.6139
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002636
https://doi.org/10.1016/j.jtcvs.2008.01.040
https://www.ncbi.nlm.nih.gov/pubmed/18603070
https://doi.org/10.1152/physiolgenomics.00121.2011


Int. J. Mol. Sci. 2023, 24, 11108 19 of 22

40. Zong, P.; Tune, J.D.; Downey, H.F. Mechanisms of oxygen demand/supply balance in the right ventricle. Exp. Biol. Med. 2005, 230,
507–519. [CrossRef]

41. Bogaard, H.J.; Abe, K.; Vonk Noordegraaf, A.; Voelkel, N.F. The right ventricle under pressure: Cellular and molecular mechanisms
of right-heart failure in pulmonary hypertension. Chest 2009, 135, 794–804. [CrossRef]

42. Wust, R.C.; de Vries, H.J.; Wintjes, L.T.; Rodenburg, R.J.; Niessen, H.W.; Stienen, G.J. Mitochondrial complex I dysfunction and
altered NAD(P)H kinetics in rat myocardium in cardiac right ventricular hypertrophy and failure. Cardiovasc. Res. 2016, 111,
362–372. [CrossRef]

43. Karamanlidis, G.; Bautista-Hernandez, V.; Fynn-Thompson, F.; Del Nido, P.; Tian, R. Impaired mitochondrial biogenesis precedes
heart failure in right ventricular hypertrophy in congenital heart disease. Circ. Heart Fail 2011, 4, 707–713. [CrossRef] [PubMed]

44. Westermann, B. Mitochondrial fusion and fission in cell life and death. Nat. Rev. Mol. Cell Biol. 2010, 11, 872–884. [CrossRef]
45. Tian, L.; Neuber-Hess, M.; Mewburn, J.; Dasgupta, A.; Dunham-Snary, K.; Wu, D.; Chen, K.H.; Hong, Z.; Sharp, W.W.; Kutty,

S.; et al. Ischemia-induced Drp1 and Fis1-mediated mitochondrial fission and right ventricular dysfunction in pulmonary
hypertension. J. Mol. Med. 2017, 95, 381–393. [CrossRef] [PubMed]

46. Tian, L.; Potus, F.; Wu, D.; Dasgupta, A.; Chen, K.H.; Mewburn, J.; Lima, P.; Archer, S.L. Increased Drp1-Mediated Mitochondrial
Fission Promotes Proliferation and Collagen Production by Right Ventricular Fibroblasts in Experimental Pulmonary Arterial
Hypertension. Front. Physiol. 2018, 9, 828. [CrossRef]

47. Xiong, P.Y.; Tian, L.; Dunham-Snary, K.J.; Chen, K.H.; Mewburn, J.D.; Neuber-Hess, M.; Martin, A.; Dasgupta, A.; Potus, F.; Archer,
S.L. Biventricular Increases in Mitochondrial Fission Mediator (MiD51) and Proglycolytic Pyruvate Kinase (PKM2) Isoform
in Experimental Group 2 Pulmonary Hypertension-Novel Mitochondrial Abnormalities. Front. Cardiovasc. Med. 2018, 5, 195.
[CrossRef] [PubMed]

48. Schluter, K.D.; Kutsche, H.S.; Hirschhauser, C.; Schreckenberg, R.; Schulz, R. Review on Chamber-Specific Differences in Right
and Left Heart Reactive Oxygen Species Handling. Front. Physiol. 2018, 9, 1799. [CrossRef]

49. Mikhael, M.; Makar, C.; Wissa, A.; Le, T.; Eghbali, M.; Umar, S. Oxidative Stress and Its Implications in the Right Ventricular
Remodeling Secondary to Pulmonary Hypertension. Front. Physiol. 2019, 10, 1233. [CrossRef]

50. Faber, M.J.; Dalinghaus, M.; Lankhuizen, I.M.; Bezstarosti, K.; Verhoeven, A.J.; Duncker, D.J.; Helbing, W.A.; Lamers, J.M. Time
dependent changes in cytoplasmic proteins of the right ventricle during prolonged pressure overload. J. Mol. Cell Cardiol. 2007,
43, 197–209. [CrossRef]

51. Freeman, H.C.; Hugill, A.; Dear, N.T.; Ashcroft, F.M.; Cox, R.D. Deletion of nicotinamide nucleotide transhydrogenase: A new
quantitive trait locus accounting for glucose intolerance in C57BL/6J mice. Diabetes 2006, 55, 2153–2156. [CrossRef]

52. Sheeran, F.L.; Rydstrom, J.; Shakhparonov, M.I.; Pestov, N.B.; Pepe, S. Diminished NADPH transhydrogenase activity and
mitochondrial redox regulation in human failing myocardium. Biochim. Biophys. Acta 2010, 1797, 1138–1148. [CrossRef] [PubMed]

53. Huang, T.T.; Naeemuddin, M.; Elchuri, S.; Yamaguchi, M.; Kozy, H.M.; Carlson, E.J.; Epstein, C.J. Genetic modifiers of the
phenotype of mice deficient in mitochondrial superoxide dismutase. Hum. Mol. Genet. 2006, 15, 1187–1194. [CrossRef] [PubMed]

54. Nickel, A.G.; von Hardenberg, A.; Hohl, M.; Loffler, J.R.; Kohlhaas, M.; Becker, J.; Reil, J.C.; Kazakov, A.; Bonnekoh, J.; Stadelmaier,
M.; et al. Reversal of Mitochondrial Transhydrogenase Causes Oxidative Stress in Heart Failure. Cell Metab. 2015, 22, 472–484.
[CrossRef] [PubMed]

55. Briasoulis, A.; Mallikethi-Reddy, S.; Palla, M.; Alesh, I.; Afonso, L. Myocardial fibrosis on cardiac magnetic resonance and cardiac
outcomes in hypertrophic cardiomyopathy: A meta-analysis. Heart 2015, 101, 1406–1411. [CrossRef] [PubMed]

56. Ravassa, S.; López, B.; Querejeta, R.; Echegaray, K.; San José, G.; Moreno, M.U.; Beaumont, F.J.; González, A.; Díez, J. Phenotyping
of myocardial fibrosis in hypertensive patients with heart failure. Influence on clinical outcome. J. Hypertens. 2017, 35, 853–861.
[CrossRef] [PubMed]

57. Gulati, A.; Jabbour, A.; Ismail, T.F.; Guha, K.; Khwaja, J.; Raza, S.; Morarji, K.; Brown, T.D.; Ismail, N.A.; Dweck, M.R.; et al.
Association of fibrosis with mortality and sudden cardiac death in patients with nonischemic dilated cardiomyopathy. Jama 2013,
309, 896–908. [CrossRef]

58. Duca, F.; Kammerlander, A.A.; Zotter-Tufaro, C.; Aschauer, S.; Schwaiger, M.L.; Marzluf, B.A.; Bonderman, D.; Mascherbauer,
J. Interstitial Fibrosis, Functional Status, and Outcomes in Heart Failure With Preserved Ejection Fraction: Insights From a
Prospective Cardiac Magnetic Resonance Imaging Study. Circ. Cardiovasc. Imaging 2016, 9, e005277. [CrossRef]

59. Wong, Y.Y.; Ruiter, G.; Lubberink, M.; Raijmakers, P.G.; Knaapen, P.; Marcus, J.T.; Boonstra, A.; Lammertsma, A.A.; Westerhof, N.;
van der Laarse, W.J.; et al. Right ventricular failure in idiopathic pulmonary arterial hypertension is associated with inefficient
myocardial oxygen utilization. Circ. Heart Fail 2011, 4, 700–706. [CrossRef]

60. Gupte, A.A.; Cordero-Reyes, A.M.; Youker, K.A.; Matsunami, R.K.; Engler, D.A.; Li, S.; Loebe, M.; Ashrith, G.; Torre-Amione,
G.; Hamilton, D.J. Differential Mitochondrial Function in Remodeled Right and Nonremodeled Left Ventricles in Pulmonary
Hypertension. J. Card. Fail 2016, 22, 73–81. [CrossRef]

61. Daicho, T.; Yagi, T.; Abe, Y.; Ohara, M.; Marunouchi, T.; Takeo, S.; Tanonaka, K. Possible involvement of mitochondrial energy-
producing ability in the development of right ventricular failure in monocrotaline-induced pulmonary hypertensive rats. J.
Pharmacol. Sci. 2009, 111, 33–43. [CrossRef]

62. Millare, B.; O’Rourke, B.; Trayanova, N. Hydrogen peroxide diffusion and scavenging shapes mitochondrial network instability
and failure by sensitizing ROS-induced ROS release. Sci. Rep. 2020, 10, 15758. [CrossRef] [PubMed]

https://doi.org/10.1177/153537020523000801
https://doi.org/10.1378/chest.08-0492
https://doi.org/10.1093/cvr/cvw176
https://doi.org/10.1161/CIRCHEARTFAILURE.111.961474
https://www.ncbi.nlm.nih.gov/pubmed/21840936
https://doi.org/10.1038/nrm3013
https://doi.org/10.1007/s00109-017-1522-8
https://www.ncbi.nlm.nih.gov/pubmed/28265681
https://doi.org/10.3389/fphys.2018.00828
https://doi.org/10.3389/fcvm.2018.00195
https://www.ncbi.nlm.nih.gov/pubmed/30740395
https://doi.org/10.3389/fphys.2018.01799
https://doi.org/10.3389/fphys.2019.01233
https://doi.org/10.1016/j.yjmcc.2007.05.002
https://doi.org/10.2337/db06-0358
https://doi.org/10.1016/j.bbabio.2010.04.002
https://www.ncbi.nlm.nih.gov/pubmed/20388492
https://doi.org/10.1093/hmg/ddl034
https://www.ncbi.nlm.nih.gov/pubmed/16497723
https://doi.org/10.1016/j.cmet.2015.07.008
https://www.ncbi.nlm.nih.gov/pubmed/26256392
https://doi.org/10.1136/heartjnl-2015-307682
https://www.ncbi.nlm.nih.gov/pubmed/26060120
https://doi.org/10.1097/HJH.0000000000001258
https://www.ncbi.nlm.nih.gov/pubmed/28253222
https://doi.org/10.1001/jama.2013.1363
https://doi.org/10.1161/CIRCIMAGING.116.005277
https://doi.org/10.1161/CIRCHEARTFAILURE.111.962381
https://doi.org/10.1016/j.cardfail.2015.09.001
https://doi.org/10.1254/jphs.08322FP
https://doi.org/10.1038/s41598-020-71308-z
https://www.ncbi.nlm.nih.gov/pubmed/32978406


Int. J. Mol. Sci. 2023, 24, 11108 20 of 22

63. Frazziano, G.; Al Ghouleh, I.; Baust, J.; Shiva, S.; Champion, H.C.; Pagano, P.J. Nox-derived ROS are acutely activated in pressure
overload pulmonary hypertension: Indications for a seminal role for mitochondrial Nox4. Am. J. Physiol. Heart Circ. Physiol. 2014,
306, H197–H205. [CrossRef] [PubMed]

64. Pak, O.; Scheibe, S.; Esfandiary, A.; Gierhardt, M.; Sydykov, A.; Logan, A.; Fysikopoulos, A.; Veit, F.; Hecker, M.; Kroschel, F.;
et al. Impact of the mitochondria-targeted antioxidant MitoQ on hypoxia-induced pulmonary hypertension. Eur. Respir. J. 2018,
51, 1701024. [CrossRef]

65. Lu, H.I.; Huang, T.H.; Sung, P.H.; Chen, Y.L.; Chua, S.; Chai, H.Y.; Chung, S.Y.; Liu, C.F.; Sun, C.K.; Chang, H.W.; et al.
Administration of antioxidant peptide SS-31 attenuates transverse aortic constriction-induced pulmonary arterial hypertension in
mice. Acta Pharmacol. Sin. 2016, 37, 589–603. [CrossRef] [PubMed]

66. Chen, S.; Sun, P.; Li, Y.; Shen, W.; Wang, C.; Zhao, P.; Cui, H.; Xue, J.Y.; Du, G.Q. Melatonin activates the Mst1-Nrf2 signaling to
alleviate cardiac hypertrophy in pulmonary arterial hypertension. Eur. J. Pharmacol. 2022, 933, 175262. [CrossRef]

67. Wen, J.J.; Williams, T.P.; Cummins, C.B.; Colvill, K.M.; Radhakrishnan, G.L.; Radhakrishnan, R.S. Effect of Mitochondrial
Antioxidant (Mito-TEMPO) on Burn-Induced Cardiac Dysfunction. J. Am. Coll. Surg. 2021, 232, 642–655. [CrossRef]

68. Hoshino, A.; Okawa, Y.; Ariyoshi, M.; Kaimoto, S.; Uchihashi, M.; Fukai, K.; Iwai-Kanai, E.; Matoba, S. Oxidative post-translational
modifications develop LONP1 dysfunction in pressure overload heart failure. Circ. Heart Fail 2014, 7, 500–509. [CrossRef]

69. Dey, S.; DeMazumder, D.; Sidor, A.; Foster, D.B.; O’Rourke, B. Mitochondrial ROS Drive Sudden Cardiac Death and Chronic
Proteome Remodeling in Heart Failure. Circ. Res. 2018, 123, 356–371. [CrossRef]

70. Maroz, A.; Anderson, R.F.; Smith, R.A.; Murphy, M.P. Reactivity of ubiquinone and ubiquinol with superoxide and the hydroper-
oxyl radical: Implications for in vivo antioxidant activity. Free Radic. Biol. Med. 2009, 46, 105–109. [CrossRef]

71. James, A.M.; Sharpley, M.S.; Manas, A.R.; Frerman, F.E.; Hirst, J.; Smith, R.A.; Murphy, M.P. Interaction of the mitochondria-
targeted antioxidant MitoQ with phospholipid bilayers and ubiquinone oxidoreductases. J. Biol. Chem. 2007, 282, 14708–14718.
[CrossRef]

72. James, A.M.; Cocheme, H.M.; Murphy, M.P. Mitochondria-targeted redox probes as tools in the study of oxidative damage and
ageing. Mech. Ageing Dev. 2005, 126, 982–986. [CrossRef] [PubMed]

73. Ribeiro Junior, R.F.; Dabkowski, E.R.; Shekar, K.C.; KA, O.C.; Hecker, P.A.; Murphy, M.P. MitoQ improves mitochondrial
dysfunction in heart failure induced by pressure overload. Free Radic. Biol. Med. 2018, 117, 18–29. [CrossRef] [PubMed]

74. Goh, K.Y.; He, L.; Song, J.; Jinno, M.; Rogers, A.J.; Sethu, P.; Halade, G.V.; Rajasekaran, N.S.; Liu, X.; Prabhu, S.D.; et al.
Mitoquinone ameliorates pressure overload-induced cardiac fibrosis and left ventricular dysfunction in mice. Redox. Biol. 2019,
21, 101100. [CrossRef] [PubMed]

75. Butler, J.; Khan, M.S.; Anker, S.D.; Fonarow, G.C.; Kim, R.J.; Nodari, S.; O’Connor, C.M.; Pieske, B.; Pieske-Kraigher, E.; Sabbah,
H.N.; et al. Effects of Elamipretide on Left Ventricular Function in Patients With Heart Failure With Reduced Ejection Fraction:
The PROGRESS-HF Phase 2 Trial. J. Card. Fail 2020, 26, 429–437. [CrossRef]

76. Thiele, H.; Hildebrand, L.; Schirdewahn, C.; Eitel, I.; Adams, V.; Fuernau, G.; Erbs, S.; Linke, A.; Diederich, K.W.; Nowak, M.; et al.
Impact of high-dose N-acetylcysteine versus placebo on contrast-induced nephropathy and myocardial reperfusion injury in
unselected patients with ST-segment elevation myocardial infarction undergoing primary percutaneous coronary intervention.
The LIPSIA-N-ACC (Prospective, Single-Blind, Placebo-Controlled, Randomized Leipzig Immediate PercutaneouS Coronary
Intervention Acute Myocardial Infarction N-ACC) Trial. J. Am. Coll. Cardiol. 2010, 55, 2201–2209. [CrossRef] [PubMed]

77. Yazdi, A.; Khansari, N.; Mehrpooya, M.; Mohammadi, Y.; Zareie, S. Oral N-acetylcysteine as an adjunct to standard medical
therapy improved heart function in cases with stable class II and III systolic heart failure. Ir. J. Med. Sci. 2022, 191, 2063–2075.
[CrossRef]

78. Polhemus, D.J.; Li, Z.; Pattillo, C.B.; Gojon, G., Sr.; Gojon, G., Jr.; Giordano, T.; Krum, H. A novel hydrogen sulfide prodrug,
SG1002, promotes hydrogen sulfide and nitric oxide bioavailability in heart failure patients. Cardiovasc. Ther. 2015, 33, 216–226.
[CrossRef]

79. Szeto, H.H. First-in-class cardiolipin-protective compound as a therapeutic agent to restore mitochondrial bioenergetics. Br. J.
Pharmacol. 2014, 171, 2029–2050. [CrossRef]

80. Shidoji, Y.; Hayashi, K.; Komura, S.; Ohishi, N.; Yagi, K. Loss of molecular interaction between cytochrome c and cardiolipin due
to lipid peroxidation. Biochem. Biophys. Res. Commun. 1999, 264, 343–347. [CrossRef]

81. Birk, A.V.; Chao, W.M.; Bracken, C.; Warren, J.D.; Szeto, H.H. Targeting mitochondrial cardiolipin and the cytochrome
c/cardiolipin complex to promote electron transport and optimize mitochondrial ATP synthesis. Br. J. Pharmacol. 2014, 171,
2017–2028. [CrossRef]

82. Zhao, K.; Zhao, G.M.; Wu, D.; Soong, Y.; Birk, A.V.; Schiller, P.W.; Szeto, H.H. Cell-permeable peptide antioxidants targeted to
inner mitochondrial membrane inhibit mitochondrial swelling, oxidative cell death, and reperfusion injury. J. Biol. Chem. 2004,
279, 34682–34690. [CrossRef] [PubMed]

83. Dai, D.F.; Hsieh, E.J.; Chen, T.; Menendez, L.G.; Basisty, N.B.; Tsai, L.; Beyer, R.P.; Crispin, D.A.; Shulman, N.J.; Szeto, H.H.; et al.
Global proteomics and pathway analysis of pressure-overload-induced heart failure and its attenuation by mitochondrial-targeted
peptides. Circ. Heart Fail 2013, 6, 1067–1076. [CrossRef]

84. Birk, A.V.; Liu, S.; Soong, Y.; Mills, W.; Singh, P.; Warren, J.D.; Seshan, S.V.; Pardee, J.D.; Szeto, H.H. The mitochondrial-targeted
compound SS-31 re-energizes ischemic mitochondria by interacting with cardiolipin. J. Am. Soc. Nephrol. 2013, 24, 1250–1261.
[CrossRef]

https://doi.org/10.1152/ajpheart.00977.2012
https://www.ncbi.nlm.nih.gov/pubmed/24213612
https://doi.org/10.1183/13993003.01024-2017
https://doi.org/10.1038/aps.2015.162
https://www.ncbi.nlm.nih.gov/pubmed/27063219
https://doi.org/10.1016/j.ejphar.2022.175262
https://doi.org/10.1016/j.jamcollsurg.2020.11.031
https://doi.org/10.1161/CIRCHEARTFAILURE.113.001062
https://doi.org/10.1161/CIRCRESAHA.118.312708
https://doi.org/10.1016/j.freeradbiomed.2008.09.033
https://doi.org/10.1074/jbc.M611463200
https://doi.org/10.1016/j.mad.2005.03.026
https://www.ncbi.nlm.nih.gov/pubmed/15923020
https://doi.org/10.1016/j.freeradbiomed.2018.01.012
https://www.ncbi.nlm.nih.gov/pubmed/29421236
https://doi.org/10.1016/j.redox.2019.101100
https://www.ncbi.nlm.nih.gov/pubmed/30641298
https://doi.org/10.1016/j.cardfail.2020.02.001
https://doi.org/10.1016/j.jacc.2009.08.091
https://www.ncbi.nlm.nih.gov/pubmed/20466200
https://doi.org/10.1007/s11845-021-02829-3
https://doi.org/10.1111/1755-5922.12128
https://doi.org/10.1111/bph.12461
https://doi.org/10.1006/bbrc.1999.1410
https://doi.org/10.1111/bph.12468
https://doi.org/10.1074/jbc.M402999200
https://www.ncbi.nlm.nih.gov/pubmed/15178689
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000406
https://doi.org/10.1681/ASN.2012121216


Int. J. Mol. Sci. 2023, 24, 11108 21 of 22

85. Zhou, J.; Terluk, M.R.; Orchard, P.J.; Cloyd, J.C.; Kartha, R.V. N-Acetylcysteine Reverses the Mitochondrial Dysfunction Induced by
Very Long-Chain Fatty Acids in Murine Oligodendrocyte Model of Adrenoleukodystrophy. Biomedicines 2021, 9, 1826. [CrossRef]

86. Xie, Z.Z.; Liu, Y.; Bian, J.S. Hydrogen Sulfide and Cellular Redox Homeostasis. Oxid. Med. Cell Longev. 2016, 2016, 6043038.
[CrossRef]

87. van Zandwijk, N. N-acetylcysteine (NAC) and glutathione (GSH): Antioxidant and chemopreventive properties, with special
reference to lung cancer. J. Cell Biochem. Suppl. 1995, 22, 24–32. [CrossRef]

88. Nicholson, C.K.; Lambert, J.P.; Molkentin, J.D.; Sadoshima, J.; Calvert, J.W. Thioredoxin 1 is essential for sodium sulfide-mediated
cardioprotection in the setting of heart failure. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 744–751. [CrossRef]

89. Murphy, B.; Bhattacharya, R.; Mukherjee, P. Hydrogen sulfide signaling in mitochondria and disease. FASEB J. 2019, 33,
13098–13125. [CrossRef]

90. Chaumais, M.C.; Ranchoux, B.; Montani, D.; Dorfmuller, P.; Tu, L.; Lecerf, F.; Raymond, N.; Guignabert, C.; Price, L.; Simonneau,
G.; et al. N-acetylcysteine improves established monocrotaline-induced pulmonary hypertension in rats. Respir. Res. 2014, 15, 65.
[CrossRef]

91. Wang, X.; Wang, Q.; Guo, W.; Zhu, Y.Z. Hydrogen sulfide attenuates cardiac dysfunction in a rat model of heart failure: A
mechanism through cardiac mitochondrial protection. Biosci. Rep. 2011, 31, 87–98. [CrossRef]

92. Fowler, E.D.; Benoist, D.; Drinkhill, M.J.; Stones, R.; Helmes, M.; Wust, R.C.; Stienen, G.J.; Steele, D.S.; White, E. Decreased
creatine kinase is linked to diastolic dysfunction in rats with right heart failure induced by pulmonary artery hypertension. J. Mol.
Cell Cardiol. 2015, 86, 1–8. [CrossRef]

93. Balestra, G.M.; Mik, E.G.; Eerbeek, O.; Specht, P.A.; van der Laarse, W.J.; Zuurbier, C.J. Increased in vivo mitochondrial
oxygenation with right ventricular failure induced by pulmonary arterial hypertension: Mitochondrial inhibition as driver of
cardiac failure? Respir. Res. 2015, 16, 6. [CrossRef]

94. Mik, E.G.; Johannes, T.; Zuurbier, C.J.; Heinen, A.; Houben-Weerts, J.H.; Balestra, G.M.; Stap, J.; Beek, J.F.; Ince, C. In vivo
mitochondrial oxygen tension measured by a delayed fluorescence lifetime technique. Biophys. J. 2008, 95, 3977–3990. [CrossRef]

95. Mik, E.G.; Stap, J.; Sinaasappel, M.; Beek, J.F.; Aten, J.A.; van Leeuwen, T.G.; Ince, C. Mitochondrial PO2 measured by delayed
fluorescence of endogenous protoporphyrin IX. Nat. Methods 2006, 3, 939–945. [CrossRef]

96. Canton, M.; Menazza, S.; Sheeran, F.L.; Polverino de Laureto, P.; Di Lisa, F.; Pepe, S. Oxidation of myofibrillar proteins in human
heart failure. J. Am. Coll. Cardiol. 2011, 57, 300–309. [CrossRef]

97. Steinberg, S.F. Oxidative stress and sarcomeric proteins. Circ. Res. 2013, 112, 393–405. [CrossRef]
98. Bayeva, M.; Ardehali, H. Mitochondrial dysfunction and oxidative damage to sarcomeric proteins. Curr. Hypertens Rep. 2010, 12,

426–432. [CrossRef]
99. Eisner, D.; Caldwell, J.; Trafford, A. Sarcoplasmic reticulum Ca-ATPase and heart failure 20 years later. Circ. Res. 2013, 113,

958–961. [CrossRef]
100. Zang, Y.; Dai, L.; Zhan, H.; Dou, J.; Xia, L.; Zhang, H. Theoretical investigation of the mechanism of heart failure using a canine

ventricular cell model: Especially the role of up-regulated CaMKII and SR Ca(2+) leak. J. Mol. Cell Cardiol. 2013, 56, 34–43.
[CrossRef]

101. Liu, J.; Zhao, X.; Gong, Y.; Zhang, J.; Zang, Y.; Xia, L. Exploring Impaired SERCA Pump-Caused Alternation Occurrence in
Ischemia. Comput. Math. Methods Med. 2019, 2019, 8237071. [CrossRef]

102. Bertero, E.; Maack, C. Metabolic remodelling in heart failure. Nat. Rev. Cardiol. 2018, 15, 457–470. [CrossRef] [PubMed]
103. Ritterhoff, J.; Tian, R. Metabolism in cardiomyopathy: Every substrate matters. Cardiovasc. Res. 2017, 113, 411–421. [CrossRef]

[PubMed]
104. Prisco, S.Z.; Eklund, M.; Raveendran, R.; Thenappan, T.; Prins, K.W. With No Lysine Kinase 1 Promotes Metabolic Derangements

and RV Dysfunction in Pulmonary Arterial Hypertension. JACC Basic Transl. Sci. 2021, 6, 834–850. [CrossRef] [PubMed]
105. Hemnes, A.R.; Brittain, E.L.; Trammell, A.W.; Fessel, J.P.; Austin, E.D.; Penner, N.; Maynard, K.B.; Gleaves, L.; Talati, M.; Absi,

T.; et al. Evidence for right ventricular lipotoxicity in heritable pulmonary arterial hypertension. Am. J. Respir. Crit. Care Med.
2014, 189, 325–334. [CrossRef]

106. Brittain, E.L.; Talati, M.; Fessel, J.P.; Zhu, H.; Penner, N.; Calcutt, M.W.; West, J.D.; Funke, M.; Lewis, G.D.; Gerszten, R.E.; et al.
Fatty Acid Metabolic Defects and Right Ventricular Lipotoxicity in Human Pulmonary Arterial Hypertension. Circulation 2016,
133, 1936–1944. [CrossRef] [PubMed]

107. Piao, L.; Sidhu, V.K.; Fang, Y.H.; Ryan, J.J.; Parikh, K.S.; Hong, Z.; Toth, P.T.; Morrow, E.; Kutty, S.; Lopaschuk, G.D.; et al. FOXO1-
mediated upregulation of pyruvate dehydrogenase kinase-4 (PDK4) decreases glucose oxidation and impairs right ventricular
function in pulmonary hypertension: Therapeutic benefits of dichloroacetate. J. Mol. Med. 2013, 91, 333–346. [CrossRef] [PubMed]

108. Bøgh, N.; Hansen, E.S.S.; Omann, C.; Lindhardt, J.; Nielsen, P.M.; Stephenson, R.S.; Laustsen, C.; Hjortdal, V.E.; Agger, P.
Increasing carbohydrate oxidation improves contractile reserves and prevents hypertrophy in porcine right heart failure. Sci. Rep.
2020, 10, 8158. [CrossRef] [PubMed]

109. Kajimoto, M.; Nuri, M.; Isern, N.G.; Robillard-Frayne, I.; Des Rosiers, C.; Portman, M.A. Metabolic Response to Stress by the
Immature Right Ventricle Exposed to Chronic Pressure Overload. J. Am. Heart Assoc. 2019, 8, e013169. [CrossRef]

110. Piao, L.; Fang, Y.H.; Cadete, V.J.J.; Wietholt, C.; Urboniene, D.; Toth, P.T.; Marsboom, G.; Zhang, H.J.; Haber, I.; Rehman, J.; et al.
The inhibition of pyruvate dehydrogenase kinase improves impaired cardiac function and electrical remodeling in two models of
right ventricular hypertrophy: Resuscitating the hibernating right ventricle. J. Mol. Med. 2010, 88, 47–60. [CrossRef]

https://doi.org/10.3390/biomedicines9121826
https://doi.org/10.1155/2016/6043038
https://doi.org/10.1002/jcb.240590805
https://doi.org/10.1161/ATVBAHA.112.300484
https://doi.org/10.1096/fj.201901304R
https://doi.org/10.1186/1465-9921-15-65
https://doi.org/10.1042/BSR20100003
https://doi.org/10.1016/j.yjmcc.2015.06.016
https://doi.org/10.1186/s12931-015-0178-6
https://doi.org/10.1529/biophysj.107.126094
https://doi.org/10.1038/nmeth940
https://doi.org/10.1016/j.jacc.2010.06.058
https://doi.org/10.1161/CIRCRESAHA.111.300496
https://doi.org/10.1007/s11906-010-0149-8
https://doi.org/10.1161/CIRCRESAHA.113.302187
https://doi.org/10.1016/j.yjmcc.2012.11.020
https://doi.org/10.1155/2019/8237071
https://doi.org/10.1038/s41569-018-0044-6
https://www.ncbi.nlm.nih.gov/pubmed/29915254
https://doi.org/10.1093/cvr/cvx017
https://www.ncbi.nlm.nih.gov/pubmed/28395011
https://doi.org/10.1016/j.jacbts.2021.09.004
https://www.ncbi.nlm.nih.gov/pubmed/34869947
https://doi.org/10.1164/rccm.201306-1086OC
https://doi.org/10.1161/CIRCULATIONAHA.115.019351
https://www.ncbi.nlm.nih.gov/pubmed/27006481
https://doi.org/10.1007/s00109-012-0982-0
https://www.ncbi.nlm.nih.gov/pubmed/23247844
https://doi.org/10.1038/s41598-020-65098-7
https://www.ncbi.nlm.nih.gov/pubmed/32424129
https://doi.org/10.1161/JAHA.119.013169
https://doi.org/10.1007/s00109-009-0524-6


Int. J. Mol. Sci. 2023, 24, 11108 22 of 22

111. Fang, Y.H.; Piao, L.; Hong, Z.; Toth, P.T.; Marsboom, G.; Bache-Wiig, P.; Rehman, J.; Archer, S.L. Therapeutic inhibition of fatty
acid oxidation in right ventricular hypertrophy: Exploiting Randle’s cycle. J. Mol. Med. 2012, 90, 31–43. [CrossRef]

112. Hemnes, A.R.; Fessel, J.P.; Chen, X.; Zhu, S.; Fortune, N.L.; Jetter, C.; Freeman, M.; Newman, J.H.; West, J.D.; Talati, M.H. BMPR2
dysfunction impairs insulin signaling and glucose homeostasis in cardiomyocytes. Am. J. Physiol. Lung Cell Mol. Physiol. 2020,
318, L429–L441. [CrossRef] [PubMed]

113. Agrawal, V.; Lahm, T.; Hansmann, G.; Hemnes, A.R. Molecular mechanisms of right ventricular dysfunction in pulmonary
arterial hypertension: Focus on the coronary vasculature, sex hormones, and glucose/lipid metabolism. Cardiovasc. Diagn. Ther.
2020, 1, 1522. [CrossRef] [PubMed]

114. Hansmann, G.; Calvier, L.; Risbano, M.G.; Chan, S.Y. Activation of the metabolic master regulator PPARg: A potential pioneering
therapy for pulmonary arterial hypertension. Am. J. Respir. Cell Mol. Biol. 2020, 62, 143–156. [CrossRef] [PubMed]

115. Legchenko, E.; Chouvarine, P.; Borchert, P.; Fernandez-Gonzalez, A.; Snay, E.; Meier, M.; Maegel, L.; Mitsialis, S.A.; Rog-Zielinska,
E.A.; Kourembanas, S.; et al. PPARγ agonist pioglitazone reverses pulmonary hypertension and prevents right heart failure via
fatty acid oxidation. Sci. Transl. Med. 2018, 10, eaao0303. [CrossRef]

116. Agrawal, V.; Hemnes, A.R.; Shelburne, N.J.; Fortune, N.; Fuentes, J.L.; Colvin, D.; Calcutt, M.W.; Talati, M.; Poovey, E.; West,
J.D.; et al. l-Carnitine therapy improves right heart dysfunction through Cpt1-dependent fatty acid oxidation. Pulm Circ. 2022,
12, e12107. [CrossRef]

117. Brittain, E.L.; Talati, M.; Fortune, N.; Agrawal, V.; Meoli, D.F.; West, J.; Hemnes, A.R. Adverse physiologic effects of Western diet on
right ventricular structure and function: Role of lipid accumulation and metabolic therapy. Pulm. Circ. 2019, 9, 2045894018817741.
[CrossRef]

118. Ohira, H.; deKemp, R.; Pena, E.; Davies, R.A.; Stewart, D.J.; Chandy, G.; Contreras-Dominguez, V.; Dennie, C.; Mc Ardle, B.;
Mc Klein, R.; et al. Shifts in myocardial fatty acid and glucose metabolism in pulmonary arterial hypertension: A potential
mechanism for a maladaptive right ventricular response. Eur. Heart J. Cardiovasc. Imaging 2016, 17, 1424–1431. [CrossRef]

119. Can, M.M.; Kaymaz, C.; Tanboga, I.H.; Tokgoz, H.C.; Canpolat, N.; Turkyilmaz, E.; Sonmez, K.; Ozdemir, N. Increased right
ventricular glucose metabolism in patients with pulmonary arterial hypertension. Clin. Nucl. Med. 2011, 36, 743–748. [CrossRef]

120. Kazimierczyk, R.; Malek, L.A.; Szumowski, P.; Nekolla, S.G.; Blaszczak, P.; Jurgilewicz, D.; Hladunski, M.; Sobkowicz, B.;
Mysliwiec, J.; Grzywna, R.; et al. Multimodal assessment of right ventricle overload-metabolic and clinical consequences in
pulmonary arterial hypertension. J. Cardiovasc. Magn. Reson. 2021, 23, 49. [CrossRef]

121. Wang, L.; Li, W.; Yang, Y.; Wu, W.; Cai, Q.; Ma, X.; Xiong, C.; He, J.; Fang, W. Quantitative assessment of right ventricular glucose
metabolism in idiopathic pulmonary arterial hypertension patients: A longitudinal study. Eur. Heart J. Cardiovasc. Imaging 2016,
17, 1161–1168. [CrossRef]

122. Li, W.; Wang, L.; Xiong, C.M.; Yang, T.; Zhang, Y.; Gu, Q.; Yang, Y.; Ni, X.H.; Liu, Z.H.; Fang, W.; et al. The Prognostic Value of
18F-FDG Uptake Ratio Between the Right and Left Ventricles in Idiopathic Pulmonary Arterial Hypertension. Clin. Nucl. Med.
2015, 40, 859–863. [CrossRef] [PubMed]

123. Bokhari, S.; Raina, A.; Rosenweig, E.B.; Schulze, P.C.; Bokhari, J.; Einstein, A.J.; Barst, R.J.; Johnson, L.L. PET imaging may
provide a novel biomarker and understanding of right ventricular dysfunction in patients with idiopathic pulmonary arterial
hypertension. Circ. Cardiovasc. Imaging 2011, 4, 641–647. [CrossRef] [PubMed]

124. Chouvarine, P.; Giera, M.; Kastenmüller, G.; Artati, A.; Adamski, J.; Bertram, H.; Hansmann, G. Trans-right ventricle and
transpulmonary metabolite gradients in human pulmonary arterial hypertension. Heart 2020, 106, 1332–1341. [CrossRef]
[PubMed]

125. Brittain, E.L.; Niswender, K.; Agrawal, V.; Chen, X.; Fan, R.; Pugh, M.E.; Rice, T.W.; Robbins, I.M.; Song, H.; Thompson, C.; et al.
Mechanistic Phase II Clinical Trial of Metformin in Pulmonary Arterial Hypertension. J. Am. Heart Assoc. 2020, 9, e018349.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00109-011-0804-9
https://doi.org/10.1152/ajplung.00555.2018
https://www.ncbi.nlm.nih.gov/pubmed/31850803
https://doi.org/10.21037/cdt-20-404
https://www.ncbi.nlm.nih.gov/pubmed/33224772
https://doi.org/10.1165/rcmb.2019-0226PS
https://www.ncbi.nlm.nih.gov/pubmed/31577451
https://doi.org/10.1126/scitranslmed.aao0303
https://doi.org/10.1002/pul2.12107
https://doi.org/10.1177/2045894018817741
https://doi.org/10.1093/ehjci/jev136
https://doi.org/10.1097/RLU.0b013e3182177389
https://doi.org/10.1186/s12968-021-00743-2
https://doi.org/10.1093/ehjci/jev297
https://doi.org/10.1097/RLU.0000000000000956
https://www.ncbi.nlm.nih.gov/pubmed/26359560
https://doi.org/10.1161/CIRCIMAGING.110.963207
https://www.ncbi.nlm.nih.gov/pubmed/21926260
https://doi.org/10.1136/heartjnl-2019-315900
https://www.ncbi.nlm.nih.gov/pubmed/32079620
https://doi.org/10.1161/JAHA.120.018349

	Introduction 
	The Powerhouse of the Heart 
	Redox-Optimized ROS Balance in the Heart 
	Mitochondrial Integrity Is Impaired in Right Heart Failure 
	Mitochondrial Oxidative Stress Mediates Right Heart Failure 
	Therapeutic Options to Reduce Mitochondrial Oxidative Stress in Right Heart Failure 
	Mitochondrial and Contractile Function Are Connected in Right Heart Failure 
	Substrate Metabolism Is Affected in Right Heart Failure 
	Conclusions 
	Future Directions 
	References

