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Abstract

Right ventricular (RV) failure (RVF) has garnered significant attention in recent years because of its negative impact on clinical

outcomes in patients with pulmonary hypertension (PH). PH triggers a series of events, including activation of several signaling

pathways that regulate cell growth, metabolism, extracellular matrix remodeling, and energy production. These processes render

the RV adaptive to PH. However, RVF develops when PH persists, accompanied by RV ischemia, alterations in substrate and

mitochondrial energy metabolism, increased free oxygen radicals, increased cell loss, downregulation of adrenergic receptors,

increased inflammation and fibrosis, and pathologic microRNAs. Diastolic dysfunction is also an integral part of RVF. Emerging non-

invasive technologies such as molecular or metallic imaging, cardiac MRI, and ultrafast Doppler coronary flow mapping will be

valuable tools to monitor RVF, especially the transition to RVF. Most PH therapies cannot treat RVF once it has occurred. A variety

of therapies are available to treat acute and chronic RVF, but they are mainly supportive, and no effective therapy directly targets

the failing RV. Therapies that target cell growth, cellular metabolism, oxidative stress, and myocyte regeneration are being tested

preclinically. Future research should include establishing novel RVF models based on existing models, increasing use of human

samples, creating human stem cell-based in vitro models, and characterizing alterations in cardiac excitation–contraction coupling

during transition from adaptive RV to RVF. More successful strategies to manage RVF will likely be developed as we learn more

about the transition from adaptive remodeling to maladaptive RVF in the future.

Keywords

pulmonary hypertension, right ventricular failure, cardiac hypertrophy

Date received: 25 October 2018; accepted: 27 March 2019

Pulmonary Circulation 2019; 9(3) 1–20

DOI: 10.1177/2045894019845611

Right ventricular (RV) failure (RVF; also referred to as right
heart failure) that develops as a result of pulmonary hyper-
tension (PH) has been increasingly recognized as a determiner
of outcome in many patients who have PH with cardiac
involvement.1 RVF not only decreases RV cardiac output
but also reduces left ventricular (LV) diastolic filling due to
the RV dilates and the septum becomes flattened (or even
convex), adversely affecting RV function.2 In addition, a
severely dilated RV will cause RV ischemia and systemic con-
gestion, thus further impairing the functions of vital organs
(e.g. RV, liver, kidney, gastrointestinal tract) and negatively
affecting patient outcomes. Medical management with Ca2þ

channel blockers, endothelin receptor antagonists (ERA),
phosphodiesterase (PDE) type 5 inhibitors/guanylate cyclase
stimulators, and prostacyclin analogs/prostacyclin receptor
agonists has been aggressively implemented to treat PH,3

but these drugs have shown limited ability to improve sur-
vival of patients with RV dysfunction because they mainly
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target pulmonary circulation. Recently, therapies that target
RV dysfunction in PH patients have garnered great interest
but achieved little success, primarily because the mechan-
ism(s) underlying right heart failure, especially the transition
from compensated RV to failing RV, is poorly understood.4

Nevertheless, continuous research efforts have improved our
understanding of many changes at the cellular and molecular
levels during development of RVF, as witnessed by a few
recent excellent reviews on the subject.4–10 This review, how-
ever, will highlight current research on the molecular mech-
anism that underlies RV adaptation to pressure overload and
the transition to maladaptive RVF. These recent studies have
helped to improve our understanding of PH-induced RVF.

Methods

We searched MEDLINE through January 2019, using key-
words such as right heart failure, right heart dysfunction, right
heart hypertrophy, RVF, RV dysfunction, and RV hypertro-
phy (RVH). We then combined each key word with pulmon-
ary hypertension, experimental, molecular mechanisms, and
treatment to identify more relevant papers. We focused our
review on original studies of presented topics. However, sys-
tematic reviews, society statements, and guidelines were also
reviewed. Primarily, we reviewed original preclinical studies
that used various models of PH, RVH, and RVF.

The right ventricle

The unique anatomy of the RV’s anatomy determines its
responses to physiologic and pathophysiologic changes in
afterload and interaction with the LV.11,12 The RV appears
triangular when viewed from the apex on transthoracic echo-
cardiography (Fig. 1). Under normal conditions, pulmonary
arterial pressure (PAP) is low and the RV has low wall ten-
sion and low energy consumption, though it ejects the same
amount of blood as the LV during the cardiac cycle. RV
contractility decreases abruptly with an acute increase in
PAP> 15 mmHg.2 The RV has a greater ability than the
LV to adapt to chronic loading: the RV wall thickens to
decrease wall tension and maintain (or increase) contractility.
As a whole chamber, the RV is more compliant than the LV
because it has a relatively smaller extracellular tissue network
and much greater endothelial coverage. Thus, the RV usually
dilates in response to increases in afterload (i.e. PAP).
However, RV dilatation is usually limited because of
increased RV wall thickness and mass and augmented con-
tractility during adaptation.12 RVF is characterized by a
severely dilated RV, decreased RV contractility, and elevated
RV diastolic pressure. The dilated RV with increased pressure
pushes the interventricular septum leftward, which flattens
the septum and disrupts the normal interventricular relation-
ship.2 The loss of the septal (contraction) contribution to RV
stroke volume (SV) and the decreased LV performance

Fig. 1. Transthoracic echocardiographic images of right ventricle (RV). (a) Apical four-chamber view showing RV, left ventricle (LV), right atrium

(RA), and left atrium (LA). The RV cavity appears triangular (orange dashed line). (b) Subcostal mid-papillary view showing circular LV and

crescent-shaped RV. (c) Parasternal long-axis view showing RV, LV, and aortic root (Ao). (d) Three-dimensional drawing of the RV and its

relationship to the LV.
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caused by the leftward septal shift and limited diastolic filling
further impair RV contractility.

At the cellular level, RV myocytes have unique features.
In animal studies, RV myocytes exhibit less unloaded
shortening and smaller intracellular Ca2þ transients than
do LV myocytes.13 These findings are consistent with obser-
vations that force development is lower in cardiac muscles
from the RV than in those from the LV.14 Moreover, RV
myocytes seem to have a shorter action potential owing to
larger Kþ current density. However, the functions of all the
major Ca2þ handling components do not differ between
myocytes from the left and right ventricles,13 suggesting
other underlying mechanism(s) for these differences.
Metabolism of glucose and fatty acids, mitochondrial
energy production processes, and volume fraction of mito-
chondria are similar in right and left ventricles.15

The so-called endocardial endothelial–myocyte coupling,
which regulates a variety of cardiac functions such as
growth, contraction, and rhythmicity,16 seems to be more
prominent for myocytes in the RV. In the RV, extensive
trabeculations can make up> 50% of the wall thickness.
These trabeculae, together with projecting (into the RV
cavity) microappendages or microvilli, augment the surface

area of endothelial coverage in the RV by a factor of 100).16

Thus, nearly 25% of RV myocytes are in contact with endo-
cardial endothelial cells. Contraction and force development
of the myocytes in the RV are more profoundly modulated
by a few well-established endothelial-derived signal trans-
duction pathways activated by nitric oxide, endothelin,
prostaglandins, angiotensin II, etc.16–19

RV hypertrophy

Elevations in PAP increase RV wall stress, which triggers a
series of responses that eventually lead to RV remodeling.1

The increase in afterload sensed by cardiac cells generates
biochemical or electrical signals that initiate structural and
functional changes in the cells and tissues (i.e. mechanosen-
sing). An initial, transient, redistribution of cytoplasmic
microtubules parallel to sarcomeres is followed by onset of
sarcomere growth.20 These microtubules continue to multi-
ply and distribute along myofibrils during the onset of
hypertrophy to keep the growing myofibrils in registry.21

Total protein in the myocyte increases because of increased
protein synthesis/accumulation. Hypertrophy develops from
the activation of several signaling pathways (Fig. 2).22–25

Fig. 2. Molecular mechanism by which RV hypertrophy (RVH) develops in response to pressure overload. G-protein-coupled receptors (GPCRs)

are activated during stress, leading to activation of Ga-dependent calmodulin kinase II (CaMKII) and the calcineurin/ nuclear factor of activated T-

cells (NFAT) pathway. Mechanical stress also directly stimulates the membrane integrin-associated mitogen-activated protein kinase kinase (MEK)

pathway. In addition, inflammatory factors activate respective receptors to induce nuclear factor kappa-light-chain-enhancer of activated B cell

(NF-iB) and Janus kinase (JAK)–signal transducer and activator of transcription protein (STAT) signaling. Activation of these three pathways

increases transcription factors, thus promoting the cell proliferation, protein synthesis, and growth that lead to hypertrophy. Ang II, angiotensin II;

ERK1/2, extracellular-signal regulated kinase; ET-1, endothelin-1; FAK, focal adhesion kinase; HDAC, histone deacetylase; IKK, IiB kinase; IL-6,

interleukin 6; IP3, inositol trisphosphate; JNK, c-Jun N-terminal kinase; mTOR, mammalian target of rapamycin; NIK, NF-iB inducing kinase; PLC,

phospholipase C; SAIC, stretch-activated ion channels; SR, sarcoplasmic reticulum.
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Stress (i.e. increased afterload) induces activation of G pro-
tein-coupled receptor (GPCR)-mediated CaMKII and calci-
neurin-Nuclear factor of activated T-cells (NFAT)
signaling. Mechanical stress also activates integrin-depen-
dent cytoskeletal protein focal adhesion kinase (FAK) and
Ras/Rho–intracellular mitogen-activated protein kinase/
extracellular regulated kinase (MEK) signaling pathways.
Mechanical stretch causes activation of stretch-activated
membrane ion channels, allowing Ca2þ to flow into the
cell26 and promote hypertrophy development. Last, but
not least, increased angiogenesis accompanies development
of hypertrophy.27

RV adaptation and mechanisms

The RV responds to stress or higher afterload by increasing
its mass/wall thickness. Changes include increases in myo-
cyte size and hyperplasia of the non-muscular cells to miti-
gate wall stress (thus conserving energy expenditure) and
maintain contractility (thus ensuring normal cardiac
output). This hypertrophic remodeling with normal (or
higher) contractility is called adaptive hypertrophy. When
evaluated by cardiac magnetic resonance (CMR), the
adapted RV has increased wall thickness but a normal
chamber size.28 Several metabolic changes also occur
during this adaptive phase to meet the energy demand for
a normal cardiac output. This RV adaptive process is
dependent on the degree, time course, and time of onset of
pressure overload. Sometimes, RV adaptation can last for
years without progressing to RVF, such as in patients with
surgically repaired congenital heart disease29 and those with
Eisenmenger syndrome,30 because contractility of the hyper-
trophied RV is maintained. Several cellular- and molecular-
level mechanisms work together to maintain the RV in an
adaptive state during overload.

Neurohormonal activation

Neurohormonal activation involves the activation of sym-
pathetic and renin-angiotensin-aldosterone systems to main-
tain (or increase) contractility for normal cardiac output
during pressure overload. A number of other agents also
increase, such as endothelin-1, apelin, angiotensins, renin,
transforming growth factor (TGF)-b1, insulin-like growth
factor, and vascular endothelial growth factor
(VEGF).1,31,32 Neurohormonal activation is important for
hypertrophy development, but the pathways involved are
not well-known at present. Neurohormonal signaling path-
ways (which involve GPCRs), mechanical stress-mediated,
integrin-dependent signaling and inflammation-mediated
pathways, are activated when the heart is stressed (Fig. 1).
Because the RV is able to maintain contractility, hypertro-
phy from these signaling pathways is considered adaptive.
Although it is beneficial, signaling for adaptive hypertrophy
differs from that for the physiologic hypertrophy that occurs
in response to exercise, growth, and pregnancy,33 and it

becomes harmful if activated persistently. Another mediator
in RV adaptation is the angiotensin II–TGF-b1 interaction,
which promotes hypertrophy and cell growth.34 Vascular
proliferation and angiogenesis mediated by endothelin-1
and VEGF35,36 are also involved.

Metabolic adaptation

When the RV is under stress, a shift occurs from fatty acid
metabolism to glucose utilization for adenosine triphos-
phate (ATP) production, as further supported by downre-
gulation of genes associated with fatty acid transport for
mitochondrial oxidation.37 This adaptation offers more eco-
nomical energy production, as glucose metabolism uses less
ATP to generate energy. Oxidation of fatty acids to provide
substrate for the Krebs cycle requires oxygen for b-oxida-
tion, which also inhibits glucose oxidation (i.e. Randle
cycle). As a result, more oxygen is required for the same
amount of ATP production from fatty acid. Thus, inhibiting
fatty acid metabolism, or promoting glucose oxidation,
improves RV function/cardiac output.38,39 A shift from glu-
cose oxidation to glycolysis has also been found in compen-
sated RV myocardium.32 The increased glycolysis in
hypertrophy results from activation of phosphofructokinase
by several activators (ADP, AMP, Pi, and fructose-2,6-
bisphosphate) and increased insulin-independent uptake of
glucose.40 It remains debatable whether increased glycolysis
is beneficial, however, because glycolysis is much less
energy-efficient and causes accumulation of lactate.

Mitochondria also undergo functional remodeling. In
hypertrophied RV, mitochondrial membrane potential is
increased (i.e. hyperpolarization) owing to increased intra-
cellular Ca2þ and activation of transcriptional factor
NFAT.39 Paradoxically, this depression of mitochondrial
function seems to be beneficial because reactive oxygen spe-
cies (ROS) and mitochondrial-dependent apoptosis
decrease.32 Despite the potential for decreased energy pro-
duction, mitochondrial hyperpolarization does not seem to
impact contractility at this adaptive stage, likely because
energy production from glycolysis is increased.41 Increased
mitochondrial fission and decreased mitochondrial fusion
(i.e. increased mitochondrial fragmentation) have been
shown in hypertrophied RV but are associated with
decreased RV function.42 Thus, whether these changes in
mitochondria are adaptive is controversial.

Hypoxia-inducible factor 1a (HIF-1a), which plays a
major role in the pathogenesis of PH by promoting prolif-
eration and contraction of vascular smooth muscles in the
lung,43 is increased in hypertrophied RV as a result of mito-
chondrial remodeling (see above). Activation of HIF-1a is
associated with angiogenesis and increased glucose uptake.
The role of HIF-1a activation in preserving adapted RV is
controversial because this pathway promotes aerobic gly-
colysis other than glucose oxidation by activating pyruvate
dehydrogenase kinase (PDK), which uncouples glycolysis
from glucose oxidation, leading to generation of lactate.44

4 | Right heart in PH Ren et al.



However, the failed RV is associated with inhibited HIF-1a,
suggesting a supporting role for HIF-1a in adapted RV
during pressure overload.32

PDK activation (by several factors including HIF-1a
during stress) has been postulated to play a key role in meta-
bolic remodeling during adapted RVH.5,32 Inhibition of
pyruvate dehydrogenase by PDK suppresses glucose oxida-
tion via Krebs cycle and mitochondrial respiratory chain,
thus diverting glucose oxidation to aerobic glycolysis.
Reduced mitochondrial respiration leads to less ROS pro-
duction and further activates HIF-1a, which stimulates
angiogenesis and exerts a positive feedback stimulus to
PDK. However, the claim that increased PDK activation
is beneficial to the adapted RV is challenged by studies in
which dichloroacetate, a small molecule inhibitor of PDK,
reversed the RV dysfunction induced by PH.5 Whether acti-
vation of PDK is beneficial or harmful seems to be depend-
ent on the time course of RV adaptation.

Maintained RV contractile reserve and underlying
molecular and cellular mechanisms

Clinically, maintained RV functional reserve (reflected by
maintained systolic and diastolic reserve from the pres-
sure–volume relationship, maintained force–frequency rela-
tionship, and maintained RV–pulmonary artery [PA]
coupling) predicts better outcomes in patients with severe
pulmonary arterial hypertension (PAH).45,46 Thus, pre-
served RV functional reserve can be viewed as the signature
of RV adaptation/compensation. RV–PA coupling, the
ratio of end-systolic elastance (Ees, a measure of cardiac
contractility originally described by Suga et al.47), and
effective arterial elastance (Ea, determined by dividing end-
systolic pressure by SV) are optimally maintained (i.e. close

to 1) because of maintained (or slightly increased) contract-
ility. As a result, RV cardiac output (or SV) is guaranteed
owing to preserved RV functional reserve and RV–PA cou-
pling during adaptation (Fig. 3a). At a cellular level, several
potential mechanisms may underlie the maintenance of
(or increase in) RV SV and contractility (Fig. 3b).

Preload and sarcomere length-dependent increase
in cardiac output

Frank-Starling’s mechanism describes the dependence of
force development on sarcomere length.48 In the 1950s, it
was demonstrated that acute increases in PAP led to
increases in cardiac output as a result of increased end-
diastolic RV volume.49 When afterload increases, SV
decreases because of increased resistance at a given contract-
ility. Reduced SV results in increased diastolic volume, lead-
ing to lengthening of sarcomeres and thus higher force
development, as recently shown by Borgdoff et al.50

Although we believe that Frank-Starling’s law is function-
ing, especially when the chamber is dilating, its oper-
ation could be limited in the hypertrophied/adapted RV
because: (1) there is no clear evidence that the adapted RV
myocardium has a longer sarcomere length to account for
increased contractility at baseline. It has also been shown
that after acute pulmonary arterial occlusion, cardiac
output, and SV are maintained with normal (not dilated)
RV end-diastolic volume,51 indicating additional mechan-
ism(s) for the increased RV performance (i.e. cardiac con-
tractility, rather than preload-dependent Frank-Starling
mechanism) in response to increased pulmonary pressure;
(2) the increase in extracellular matrix and fibrosis would
limit the stretch of sarcomeres;52 and (3) possible changes
in titin, a large molecule that contributes to the resting

Fig. 3. (a) Schematic illustration of pressure-volume relationship of the right ventricle (RV) and RV–pulmonary artery (PA) coupling. An adapted

RV pressure–volume relationship is also shown (defined by dotted square). Ea, arterial elastance; EDPVR, end-diastolic pressure-volume rela-

tionship; EDV, end-diastolic volume; ESD, end-systolic volume; ESPVR, end-systolic pressure-volume relationship, defined as contractility and

known as Ees; SV, stroke volume. (b) Mechanism by which contractility is maintained in adapted or compensated RV during PH. An increase in

afterload activates three fundamental mechanisms that increase contractility within the RV. These mechanisms remain active throughout the

adaptive/compensated phase. See text for details. AC, adenylate cyclase; FS, Frank-Starling; ET-1, endothelin 1; LTCC, L-type calcium channel;

PKA, protein kinase A; RyR, ryanodine receptor; SAIC, stretch-activated ion channels; SR, sarcoplasmic reticulum.
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tension of cardiac muscle, would also offset this mechanism
during hypertrophy (i.e. decreased phosphorylation) owing
to increased stiffness.53

Increased Ca2þ availability and altered myofilament
protein properties increase contractility

Intracellular Ca2þ, the activator of contraction, can be
increased in a number of ways in adapted RV. Stretch can
activate stretch-activated membrane channels to allow Ca2þ

influx into the cell.26 Additionally, activation of b-adrener-
gic receptors increases intracellular Ca2þ via G-protein-
dependent pathways, leading to activation of protein
kinase A.54 This pathway represents a major mechanism
by which intracellular Ca2þ is increased, especially during
early adaptation. Increased release of endothelin-1 as a
result of angiotensin receptor activation by angiotensin II
stimulates sarcolemmal Naþ/Hþ exchange, leading to eleva-
tion of intracellular Naþ.55 Increased intracellular Naþ

stimulates sarcolemmal Naþ/Ca2þ exchange in the reversed
mode, resulting in intracellular Ca2þ increases.56 Other
potential mechanisms for the increased intracellular Ca2þ

include nitrosylation of sarcoplasmic reticulum Ca2þ release
channel and activation of protein kinase C. A number of
active vascular agents such as endothelin-1, apelin, and
angiotensin can also increase intracellular Ca2þ by stimulat-
ing Ca2þ release from the sarcoplasmic reticulum.57,58

Myosin isoform switching is a key feature of the adapted
RV. The switch from a-myosin heavy chain (MHC) to
b-MHC has been considered an adaptive effort to maintain
contraction economy because cross-bridges formed by
b-MHC generate relatively more force while using less
ATP.59 Nevertheless, b-MHC is less powerful overall.59

Thus, whether this switch leads to increased contraction or
contractility is questionable. In addition, in the adult
heart, most myosin (>70–90%) is already b-MHC.
Recently, Hanft et al.60 showed that there was no change in
b-MHC in compensated hypertrophy when contractility was
increased. These findings suggest that the b-MHC switch is
not responsible for increased contractility in the adapted RV.

Sympathetic activation upon pressure overload maintains
contractility and cardiac output by activating b-adrenergic
receptor-PKA signaling, which can lead to phosphorylation
of contractile proteins.61 Phosphorylation of myosin binding
protein C is particularly influential in increasing contrac-
tion.62 Recently, myosin binding protein C was shown to
be phosphorylated in hypertrophic adapted heart.60

Phosphorylation of regulatory myosin light chain (MLC) 1
can also increase force development.63 In compensated,
hypertrophied, and hypercontractile regions of the LV
after myocardial infarction, phosphorylation of regulatory
MLC was found to be increased by 50%.64 Regulatory
MLC is phosphorylated by myosin light chain kinase,
which is required for adaptation to pressure overload.65

Phosphorylation of myosin binding protein C and regula-
tory MLC increase force development by altering the

behavior of cross-bridges.63 Other active agents such as
endothelin-1 and apelin, which are increased in adapted
RV, also increase contractility by sensitizing the myofila-
ment to Ca2þ.58,66

RV diastolic function in RV adaptation

Conceivably, RV diastolic stiffness would increase in
adapted RV owing to hypertrophy-induced increases in
RV wall thickness. However, in animal models of PAH,
RVH and maintained function were not associated with
increased end-diastolic pressure during adaptation.32,67

Another animal study showed that end-diastolic elastance
(Eed) was not increased in adapted RV either.50 In patients
with PAH whose RV was well adapted, diastolic stiffness
(i.e. Eed) was modestly increased but was normalized when
corrected for RVH.68 Thus, it appears that normal or near
normal diastolic function is another feature of adapted RV.

As discussed above, activation b-adrenergic receptor-
PKA signaling in response to pressure overload leads to
phosphorylation of a number of proteins, including
SERCA2a and troponin I. Phosphorylated SERCA2a pre-
vents cytosolic Ca2þ from rising during diastole by remov-
ing it into the sarcoplasmic reticulum. Moreover,
phosphorylated troponin I desensitizes the myofilament to
Ca2þ, thus minimizing Ca2þ-induced diastolic contraction
(if any). Both mechanisms also accelerate relaxation.
cGMP-protein kinase G (PKG)-maintained phosphoryl-
ation of the sarcomere protein titin keeps the sarcomeres
in relaxed state during diastole.69 It is likely that these intra-
cellular ‘‘relaxing’’ mechanisms could offset the increases in
chamber stiffness in the adapted RV. Investigating the dia-
stolic function of the adapted RV is apparently needed.

Right ventricular failure

RVF occurs when the above-mentioned stress-induced
adaptive mechanisms (i.e. pressure/volume overload) fail
in the presence of unrelenting stress. Clinically, RVF is char-
acterized by a dilated RV (the shape of the RV changes from
crescent to spherical with flattening and leftward shift of the
ventricular septum), tricuspid regurgitation, and decreased
contractility.

RVF has its own characteristics. Development of RVF is
not purely mechanical-load-dependent. For example,
patients with Eisenmenger syndrome experience increased
RV afterload very early in life but have a better survival
rate than patients with PH from other causes. This fact indi-
cates that RVF also results from pressure-independent fac-
tors. The failing RV undergoes a variety of changes that
differ from those of the adapted RV (Figure 4).1,5,7,8,25,70

Some of these changes may have already begun in the adap-
tive phase and some may be the ‘‘byproducts’’ of maladap-
tation, with little relation to RVF. The following sections
focus on several studied mechanisms that underlie transition
to RVF when the adaptive processes fail.
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RV ischemia

Under normal conditions, the RV receives blood during
both systole and diastole, and the coronary flow is lower
(than that of the LV at the same perfusion pressure) with
low O2 extraction (50%). RV O2 supply/demand is sustained
by autoregulation, which maintains blood flow to keep O2

extraction low. Increased pulmonary pressure will stimulate
vasodilation and increase coronary blood flow in the RV.71

However, maladaptive RV is ischemic because of an imbal-
ance between O2 demand and supply. This imbalance can be
caused by several factors: (1) maladaptive, hypertrophied
RV has a higher O2 demand and uses O2 inefficiently; (2)

increased RV pressure reduces coronary perfusion pressure
and limits coronary perfusion to diastole;72 and (3) the
number of capillaries and small intramyocardial arterioles
decreases when the RV is failing. Among these factors,
impaired angiogenesis plays a key role in transition from a
compensated to a decompensated state. Initially, RVH is
accompanied by increased angiogenesis; however, as hyper-
trophy continues, RV angiogenesis stops.27 Studies in ani-
mals have also shown that decompensated RV has less
coronary density than does compensated RV.70 The sup-
pression of angiogenesis in RVH seems to relate to an
increase in mitochondrial-derived ROS, which inhibit acti-
vation of HIF-1a. Decreased expression of microRNA

Fig. 4. Features of RV adaptation and RVF. RV adaptation and RVF manifest at different levels of organization. At the organ level, RV adaptation is

associated with RVH and maintained function. RVF presents as alterations in anatomy and function. At the cellular level, changes in metabolism

and biochemistry occur in both adapted RV and RVF. Some metabolic mediators are found in both adapted and maladapted RV, and their roles in

promoting each are controversial. At the molecular level, metabolites, molecules, proteins, and mediators of signaling pathways are altered or

modified in adapted RV and RVF. New signaling pathways and mediators have been identified in RVF. BNP, B-type natriuretic peptide; ETC,

electron transport chain; HIF-1a, hypoxia-inducible factor 1a; IGF, insulin-like growth factor; miRNA, microRNA; NT-proBNP, N-terminal pro

b-type natriuretic peptide; PDE5, phosphodiesterase-5; PDK, pyruvate dehydrogenase kinase; PKG, protein kinase G; ROS, reactive oxygen

species; TGF-b1, transforming growth factor beta 1; VEGF, vascular endothelial growth factor.6,73,94,98,124,125
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(miR)-126 has also been shown to decrease RV angiogenesis
and capillary density to promote RVF.73 Patients with sys-
temic sclerosis are predisposed to RVF because they have
endothelial injury and impaired angiogenesis, which causes
RV ischemia.74

Metabolic derangement

The decreased utilization of glucose in hypertrophied RV is
believed to mark a transition step between compensated and
decompensated states. The decrease reflects inhibition of
glucose oxidation through the Krebs cycle. Glycolysis, on
the other hand, increases to meet the cell’s need for ATP.
Upregulation of PDK, as shown in patients with RVF,75 is
believed to play a key role in this process. Upregulation of
PDK inhibits PDE, uncouples glycolysis and glucose oxida-
tion, and decreases cardiac contractility and cardiac
output.5,44 Excessive glycolysis causes an increase in lactate
production, which leads to acidosis, further impairing RV
contractility. In animal studies, promoting glucose oxida-
tion by inhibiting PDK restored RV function.44 Increased
glycolysis also stimulated glucose uptake (as demonstrated
by increased 18F-fludeoxy-d-glucose (18F-FDG) uptake in
the RV of patients and mice with PH) and was inhibited by
inhibiting PDK.44,76 However, it is controversial whether
increased glycolysis alone will cause RVF, as most animal
studies have shown increased aerobic glycolysis in adapted
RV (i.e. no RVF).8

Coupled with decreased glucose oxidation and increased
glycolysis, glutaminolysis, a pathway that promotes cell pro-
liferation in cancer cells, was found to be augmented in mal-
adaptive RV in both animals and humans with PAH.77 It is
believed that glutaminolysis, like glycolysis, inhibits glucose
oxidation, thus promoting RV dysfunction in PAH. It is,
however, not clear whether increased glutaminolysis triggers
transition from RV adaptation to RVF because it is induced
by RV ischemia-activated cMyc-Max signaling.
Nevertheless, inhibiting glutaminolysis improved RV func-
tion77 and also decreased pulmonary vascular stiffness,78

suggesting that increased glutaminolysis contributes to the
development of RVF.

RVF is associated with alterations in fatty acid oxidation
(FAO) and utilization. RV long chain fatty acid (LCFA)
accumulation as a result of impaired FAO could lead to
RVF in PH.79 This toxic effect of lipid accumulation
inside RV myocytes was initially demonstrated in the RVs
of bone morphogenetic protein receptor type 2 (BMPRT2)-
mutant mice and patients with heritable PAH.80

Furthermore, the degree of RV lipid accumulation corre-
lated inversely with RV function.81 In agreement with
these studies, patients with PH also showed increased
blood levels of LCFA and RV triglyceride, as well as cer-
amide accumulation.79 Although these studies provide
strong evidence that abnormal lipid accumulation in myo-
cytes has a role to play, the researchers did not examine RV
function or myocyte contraction. Thus, data pertaining to

the direct effect of lipid accumulation on myocardial con-
traction are lacking. Whether the lipotoxic effect, which
likely impairs RV function to some extent, will eventually
lead to RVF needs further investigation/confirmation.

The mechanism by which FAO is altered in RVF is not
well understood. In both human and rat RVF, Gomez-
Arroyo et al.82 found decreased expression of peroxisome
proliferator-activated receptor-g coactivator-1a (PGC1a),
peroxisome proliferator-activated receptor-a, and estrogen-
related receptor-a. Expression levels of multiple PGC1a
target genes required for FAO, including acyl-CoA
dehydrogenases, were similarly decreased (as were genes
related to glucose oxidation).82 These findings suggest that
FAO is inhibited at multiple levels during RVF. However,
another study showed that inhibition of FAO with trietazi-
dine increased glucose oxidation, RV ATP levels, cardiac
output, and exercise tolerance.38 Thus, the role of FAO in
RVF is still not well established. In addition, it is not
entirely clear to what extent PGC1a-dependent metabolic
alterations contribute to development of RVF and what
drives downregulation of PGC1a.

Increased oxidative stress and decreased mitochondrial
function

Animal models of RVH and failure exhibit increased oxida-
tive stress as a result of stress-induced ROS production.83,84

However, in the RV, antioxidative defense mechanisms are
not activated.84 This lack of antioxidant activity predisposes
the RV to ROS damage and failure. Decreased expression of
PGC1a, the master oxidative transcription factor regulator,
also reduces cellular oxidative capacity. ROS have a wide
range of negative effects on cardiac contraction and
remodeling, from altering Ca2þ movements/handling to
inducing arrhythmias, apoptosis, and necrosis.85 As
expected, decreasing ROS production and oxidative stress
improved RV function and decreased RVF in animal
studies.86

Decreases in PGC1a, a key regulator of mitochondrial
biogenesis, also leads to mitochondrial alterations during
RVF.87 Additionally, a reduction in the expression of tran-
scriptional factor A, mitochondria (TFAM) resulted in the
inhibition of mitochondrial biogenesis, alterations in ultra-
structure, and impaired respiratory function.82 Consistent
with these effects, mitochondrial membrane potential is
high in RVF.39 Because mitochondria are the major
source of ROS,88 dysfunctional mitochondria further
increase ROS and worsen oxidative stress. Thus, dysfunc-
tional mitochondria not only reduce ATP production but
also promote other deleterious processes (such as apoptosis
and necrosis).

Downregulation of b1 adrenergic receptors

b1 adrenergic receptor density and adenylate cyclase cata-
lytic subunit activity were found to be decreased in patients
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with PH who had RVF.89 In animals with RVF, downregu-
lation of b1 and dopamine D1 receptors was associated with
G protein-coupled receptor kinase-2 (GRK2)-mediated
uncoupling of b-adrenergic receptor signaling.90 In LVF,
b-adrenergic blockade improves survival by preventing sym-
pathetic overstimulation and therefore downregulating b
adrenergic receptors.91 By the same rationale, b-blockers
have been investigated in both patients with RVF (caused
by PH and congenital heart diseases) and animals with RVF
(induced by pulmonary banding and PH). Although b
blockade showed some benefits (improved RV function
and survival) in experimental animals, no clear benefit was
observed in patients because results among studies were
contradictory.92 Consequently, b blockers are not recom-
mended for routine management of patients with RVF.
Thus, while it appears that downregulation of adrenergic
and dopaminergic receptors may underlie the development
of RVF, the trigger for the downregulation may not be
simply limited to sympathetic overstimulation.

Inflammation, fibrosis, and apoptosis

The idea that inflammation plays a role in RVF develop-
ment comes from the clinical observation that RVF is less
common in patients with Eisenmenger syndrome or idio-
pathic PH than in those with scleroderma-associated PH.
One study showed that the RVs of scleroderma patients har-
bored more inflammatory cells93 than those of patients with
other types of PH. Inflammatory mediators such as cytokines
(tumor necrosis factor [TNF]-a, interleukins) and toll-like
receptors are suspected to contribute to RVF because of
their known effect in left heart failure.94 Table 1 lists these
mediators and their possible modes of action in RVF.
Although these inflammatory responses have been studied
in LVF, most have not been well studied in RVF.

Fibrosis has been reported in PH-induced RVH,70 but the
degree of fibrosis does not correlate with the degree of RV

dysfunction.50 Therefore, fibrosis may be a byproduct of
RVH, not a trigger of RVF. Nevertheless, treatment with
a ROS scavenger was shown to attenuate PH-induced RVF
and reduce RV fibrosis and apoptosis.86 In patients with
PAH, RVF is highlighted by significant RV diastolic dys-
function—a result of sarcomere stiffening and fibrosis.95

Apoptosis, a feature of LVF, is also found in hypertro-
phied RV tissue. Levels of the proapoptotic signaling factors
Bax and caspase-3 were shown to increase in the pressure-
overloaded rat RV.96 It is also known that many factors
(ROS, b1-adrenoreceptor agonists, angiotensin II, and
proinflammatory cytokines) induce apoptosis in response
to pressure overload. However, whether apoptosis signals
occur during transition from the compensated to the decom-
pensated stage is not clear. A recent study showed that sig-
nificant apoptosis and fibrosis resulted from activation of
p53-dependent downregulation of Bcl-XL and GATA4 but
that contractility was maintained (even augmented) in a rat
model of PH-induced right heart hypertrophy.97 Thus,
apoptosis contributes to cell loss during RVF, but does
not initiate RVF.

MicroRNAs

Small, non-coding microRNAs (miRNAs) interfere with
protein translation by binding to and degrading or inhibit-
ing mRNA. miRNAs are differentially expressed during
RVH, RVF, and transition to RVF.94 Notably, miRNAs
miR-34 and miR-21 are upregulated and miRNAs miR-1,
miR-133, and miR-208 are downregulated during transition
from compensated to decompensated stages. In addition,
loss of miR-208 is accompanied by decreased expression
of cardiogenic transcription factor Mef2 (which regulates
expression of genes that control cardiomyocyte differenti-
ation, proliferation, morphogenesis, and contractility) and
increased expression of TNF-a (a strong inflammatory
mediator).98 The differential expression of these miRNAs

Table 1. Inflammatory mediators in RVF.94,150

Mediators Actions/observations/effects

Cytokines

TNF-a Hypertrophy, fibrosis, uncoupling of b-adrenergic signaling, increasing NO and peroxyinitrite, altering Ca2þ

homeostasis, negative inotropic effect, decreasing miR-208

Interleukin-6 Immune responses, stimulating T- and B-cell differentiation, activating macrophages, mediating fibrosis

and hypertrophy, diastolic dysfunction, ischemia/reperfusion protection (activating PI3K/Akt pathway

and "iNOS), activating CaMKII-dependent activation of STATs

Interleukin-1 Increasing intracellular ROS production, modifying L-type Ca2þ current, decreasing collagen synthesis

CCL5 and CXCL 16 Inducing fibrosis

Toll-like receptors (TLRs)

TLR1-TLR10 Activating NF-jB, IRFs, and MAP kinases; promoting release of chemokines, cytokines, and interferons

TLR9 Promoting mitochondrial DNA-dependent inflammatory response

CaMKII, Ca2þ-calmodulin protein kinase II; iNOS, inducible nitric oxide synthase; IRFs, interferon regulatory factors; MAP, mitogen-activated protein; NO, nitric

oxide; PI3K, phosphatidylinositol-3-kinase; ROS, reactive oxygen species; STATs, signal transducers and activators of transcription.
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causes loss of genes that promote cell growth, function, and
angiogenesis.94 miR-34a, miR-28, miR-93, and miR-148a,
which are expressed in non-cardiac cells, act via paracrine
pathways to increase oxidative stress, reduce oxidative
defense, decrease angiogenesis, and activate cell death path-
ways, thus promoting transition to RVF.6 However, these
findings only establish an association between these
miRNAs and the development of RVF.

Recently, Potus et al.73 showed that capillary density (as
determined with CD31þ and von Willebrand-positive stain-
ing density) was decreased by downregulation of miR-126,
the proangiogenic factor downstream of VEGF receptor-2
(VEGFR2) signaling in human decompensated RV. In
monocrotaline-injected rats, RV capillary density and func-
tion were preserved after two weeks of treatment with
mimic-126 (to increase miR-126 expression). Thus, down-
regulation of miR-126 promotes transition from compen-
sated RVH to decompensated RVF by decreasing
angiogenesis and capillary density.73

Diastolic RV dysfunction

Most of the discussion so far has focused on systolic
RVF. In fact, diastolic RV dysfunction (or failure) is not
uncommon in patients with RVF.99 In one study, >60% of
patients with PAH (with normal LV function) had RV dia-
stolic dysfunction as determined by lower tricuspid E-A
ratios, lower peak E-wave velocity, and prolonged RV iso-
volumic relaxation time in 2D echocardiography.
Interestingly, over half of patients with LVF (normal pul-
monary pressure) also had RV diastolic dysfunction. These
observations suggest that PH is associated with (but not
necessary for) development of diastolic RVF. In rats with
monocrotaline-induced PH, diastolic RV dysfunction pre-
sented as a significantly steeper RV end-diastolic pressure
volume relationship.100 Several potential factors are
involved in RV diastolic dysfunction (Fig. 5). Hypertrophy
and fibrosis have long been thought to make the RV stiffer
and therefore cause RV diastolic dysfunction. However,
hypertrophy itself does not seem to cause significant RV
diastolic dysfunction in rats with PH of varied etiologies.50

Correlation between fibrosis and RV diastolic dysfunction is
also difficult to show, as the amount of fibrosis and the time
course of fibrosis development vary widely among experi-
mental models. Recently, Reddy et al.101 followed disease
progression in a murine model of RVF induced by a com-
bination of pulmonary insufficiency and PH. They found
that diastolic dysfunction began approximately one month
after RV overloading and was accompanied by fibrosis,
TGF-b signaling, and tissue expression of profibrotic
miR-2. Interestingly, when systolic dysfunction began after
several months, miR-2 expression decreased and RV fibrosis
continued.

Intrinsic changes in the myocytes themselves during RVF
also cause diastolic dysfunction. The resting length-force
relation is steeper and resting sarcomere shorter in

individual isolated myocytes, suggesting impaired diastolic
function.100 Furthermore, the increased resting sarcomere
shortening is Ca2þ-independent and believed to be due to
decreased creatine kinase activity leading to an altered ratio
of ADP:ATP near the sarcomere. PKG activity69 and
decreased phosphorylation of the sarcomere protein titin
are also associated with diastolic dysfunction in patients
with PH.95 Titin is normally phosphorylated by PKG to
maintain the sarcomere in a ‘‘relaxed’’ state and depho-
sphorylation leads to stiffer sarcomeres.69 If PKG is inhib-
ited, diastolic dysfunction occurs. Targeting PKG-mediated
pathways has been proposed as a treatment for diastolic
dysfunction and failure.102

Imaging of the RV in PH

Molecular imaging

Molecular imaging (or metabolic imaging) is a noninvasive
imaging technique that uses detectable tracers (usually
radiotracers) of physiologic importance to visualize, charac-
terize, and measure biologic processes in vivo. Thus, it
enables cellular metabolism to be monitored ‘‘live’’ in
patients with PAH. 18F-FDG positron emission tomog-
raphy (PET) has shown that glucose uptake is increased in
patients with PAH and RVF.103,104 Although these studies
showed that glucose uptake increases in RV stress and cor-
relates with RV ejection fraction (RVEF), it is not clear
whether increased glucose uptake signals the transition
from compensated RVH to decompensated RVF. Besides,
18F-FDG-PET does not distinguish glucose oxidation and
glycolysis. Alterations in fatty acid metabolism have also
been investigated with molecular imaging. An early study
using 123I-labeled 15-(p-iodophenyl)-3-(R,S)-methylpenta-
decanoic acid (BMIPP) SPECT showed decreased uptake
of fatty acids in RVF caused by PAH.105 However, tissue

Fig. 5. Factors contributing to diastolic dysfunction of the RV in PH.
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uptake of BMIPP is an energy-dependent process that
sequesters fatty acid and decreased BMIPP uptake does
not necessarily reflect decreased fatty acid utilization.
Recently, both glucose and fatty acid metabolism were
assessed using 18F-FDG-PET and 18F-fluoro-6-thioheptade-
canoic acid (FTHA) PET imaging in the same patient with
PAH.106 Both glucose and fatty acid uptake were positively
related to pulmonary pressure and negatively to RVEF.
Interestingly, in maladapted RV, increases in glucose
uptake were higher than increases in fatty acid uptake, indi-
cating that imaging of metabolic shifts between glucose and
fatty acid could be used to assess transition from compen-
sated to decompensated states.

Cardiac MRI (CMR)

CMR provides assessment of RV size and function with
high resolution and has been used to follow morphologic
and functional changes of RV in PH. RV volume/mass,
RVEF/SV, and LV volume predict mortality during one-
year follow-up in patients with PH.28 Importantly, progres-
sive dilation of the RV, a decrease in RVEF, a decrease in
SV, and a reduction in LV volume are strong predictors of
mortality,28,107 indicating that MRI can be used to monitor
the transition from compensated to failing RV in patients
with PH. Sanz et al.108 combined CMR measurement of RV
volume and RVEF with phase-contrast velocity-encoded
CMR to assess RV–PA coupling non-invasively. They
found that RV–PA coupling was maintained during the
compensated phase and decreased gradually as RVF
developed.

The tissue composition of RV can also be assessed quan-
titatively by measuring and comparing so-called native T1
and T2 relaxation time mapping in CMR.109 An increased
T1 image usually suggests fibrosis whereas increased T2 sug-
gests active inflammation, edema, and fat accumulation.
A relatively unchanged T1 along with increasing T2 may
indicate early remodeling to failure—but this needs to be
substantiated with more clinical studies.

Coronary vasculature/flow imaging

Considerable experimental evidence suggests that RV ische-
mia as a result of decreased angiogenesis and capillary rar-
efaction leads to RVF. However, RV angiogenesis and
coronary vasculature data from patients are lacking.
Recently, a new technique called coronary ultrafast
Doppler angiography (CUDA) was introduced to image
micro-coronary anatomy and flow.110 CUDA allows
researchers to map coronary vessels of approximately
100 lm diameter and quantify intramural coronary flows
during both systole and diastole. It has been tested success-
fully in both animals (with myocardial infarction) and
normal human subjects. It is expected that CUDA will be
used to image RV microvasculature and coronary flow in
compensated and decompensated stages of PH.

Treatment of RVF

Because RVF develops as a result of PH, lowering pulmon-
ary pressure is the first necessary step in RVF management.
Patients with PH are conventionally managed by targeting
the pulmonary vasculature in an effort to decrease RV stress
and reverse the pathologic remodeling. Drug therapy for PH
includes use of Ca2þ channel blockers, ERAs, PDE5 inhibi-
tors/guanylate cyclase stimulators, and prostacyclin ana-
logs/prostacyclin receptor agonists.3 Because these drugs
target mainly pulmonary circulation, it is conceivable that
they would have limited ability to treat patients with RVF.
However, protecting the RV in PH patients and aggressively
treating RVF when it occurs are paramount to improving
outcomes in these patients. Recently, interest has been grow-
ing in therapies that directly target the RV because RVF
directly impacts patient survival.1 At present, most therapies
aimed at protecting the RV are still in experimental and
preclinical phases. Table 2 shows the current and emerging
therapies for RVF. The following discussion highlights some
controversial and emerging medical therapies.

b-adrenergic blockade

Persistent b-adrenergic activation in the stressed heart can
lead to receptor desensitization and downregulation, patho-
logic remodeling, and eventually heart failure.111 b-blockers
are widely used in the management of LHF because they
reverse pathologic LV remodeling and improve survival.
However, the failing RV may not tolerate b-blockers
because they have a negative inotropic effect and lower
blood pressure. As a result, RV contractility can be further
decreased and ischemia worsened by low blood pressure.
Despite these concerns, preclinical studies in animals have
shown promising results. In a rat model of PH and RVF
induced by hypoxiaþSugen-5416 or monocrotaline,112 both
carvedilol and metoprolol increased exercise tolerance,
improved RV function, and decreased RV dilation. It was
not clear whether the beneficial effect occurred directly by
protecting the RV or indirectly through an effect on the
lungs. Although carvedilol did not affect pulmonary vascu-
lature or pressure in the hypoxia model, it prevented lung
remodeling in the monocrotaline model. In addition, meto-
prolol might have decreased PH. The effect of b-adrenergic
blockade was further studied with bisoprolol, a cardio-
selective b-blocker, in a rat model of monocrotaline-induced
PH.113 Bisoprolol delayed RVF development, improved RV
function, reduced RV fibrosis and inflammation, and inter-
estingly, restored the b-adrenergic signaling pathway.
In addition, bisoprolol did not affect pulmonary pressure.
It should be mentioned that, despite these significant
improvements, the delay to RVF was only five days, a
rather modest effect. Nevertheless, most preclinical studies
in experimental animals show beneficial effects of b-adrener-
gic blockade in PH-induced RVF.92

A meta-analysis of clinical studies showed that b-adrener-
gic blockade significantly improved systemic heart failure
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Table 2. Treatment of RVF.9,153–155

Treatment modality Actions/recommendations Side effects

Acute RVF

Volume management

Diuretics Action: Decreases body volume overload by promoting urine output

Rec: Early aggressive high-dose strategy

Combination of diuretics, use in hypotensive volume-overloaded patients

Diuretic resistance, metabolic

alkalosis, hypokalemia

Veno-venous hemofiltration Action: Intravascular volume removal

Rec: Use in patients refractory to escalating diuretics

Hemoconcentration

Vasoactive therapies

Vasodilators Action: Relaxes vascular tone, decreases PVR and SVR, relieves renal

congestion

Rec: Use in hypoxia and acidosis, cardiorenal disease, inhaled form use

Systemic hypotension, LVF

(especially in patients with

chronic LVF)

Inotropic agents Action: Increases cardiac output

Rec: Decreased organ perfusion

Cardiac ischemia, hypotension,

arrhythmias

Mechanical circulatory support

IABP Action: Augments diastolic pressure

Rec: RVF refractory to drug therapy

Does not directly support RV

function

VA-ECMO Action: Provides cardiac output and oxygenated blood

Rec: RVF in spite of maximal therapy

Bleeding, thromboembolism,

infection

RVAD (Impella RP�,

TH-RVAD�, RotaFlow�,

CentriMag�, PediMag�

Action: Provides cardiac output

Rec: RVF refractory to maximal medical therapy, BTT, BTR, hours to days

support

Bleeding, hemolysis, thrombo-

embolism (some devices),

infection, high operative

mortality

Chronic RVF

Diuretics and sodium restriction Action: Fluid control

Rec: Use in combination with inhibitors of neurohormonal activation

Renal dysfunction

RAAS inhibitors, b-blockers,

hydralazine

Action: Decreases sodium retention, antihypertensive, decreases cardiac

oxygen consumption

Hypotension, heart failure, renal

dysfunction

Pulmonary vasodilators Action: Decreases pulmonary vascular resistance

Rec: Group 1 PH patients

PDE5 inhibitors Hypotension, headache

ET-1 antagonists Decreases contractility,

increases liver enzymes

Mechanical circulatory support

RVAD (Jarvik 2000�,

HVAD�, Berlin Heart

EXCOR�)

Action: Provides cardiac output

Rec: BTT, BTR, long-term support

Thromboembolism, bleeding,

high operative mortality

Emerging therapies (Not fully tested clinically)

Medical therapies

HDAC inhibitors, miRNA

inhibitors, NFj-B inhibitors

Action: Inhibits cell growth Not tested clinically

Dicholoroacetate Action: Inhibits glycolysis Not tested clinically

Trimetazidine Action: Inhibits fatty acid metabolism Neurotoxicity?

Ranolazine Action: Promotes glucose oxidation QT prolongation

Metformin Action: Maintains glucose homeostasis Lactic acidosis (rare)

Stem cells Action: Cardiac cell/tissue regeneration No benefits in preclinical studies

RV pacing Action: Improves interventricular synchrony

Mechanical circulatory support

HeartWare MVAD�,

DexAide�, DeltaStream

DP3�, PERKAT�

Action: Provides cardiac output Thrombus formation, infection

BTT, bridge to transplant; BTR, bridge to recovery; ET-1, endothelin-1; HDAC, histone deacetylase; IABP, intra-aortic balloon pump; LVF, left ventricular failure;

NF-iB, nuclear factor kappa-light-chain-enhancer of activated B cell; PDE5, phosphodiesterase 5; PVR, pulmonary vascular resistance; RAAS, renin-angiotensin-

aldosterone system; RVAD, right ventricular assisted device; RVF, right ventricular failure; SVR, systemic vascular resistance; VA-ECMO, venous-to-arterial

extracorporeal membrane oxygenation.
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but did not improve RV function in CHD patients with
RVF.114 Recently, in the PAHTCH (Pulmonary Arterial
Hypertension Treatment with Carvedilol for Heart failure)
double-blinded trial, 30 patients (out of 321 with PH) were
enrolled and randomly divided into treatment and placebo
groups.115 After six months, carvedilol lowered heart rate,
accelerated heart rate recovery from exercise, and improved
RV function. These improvements were associated with
decreased RV glycolytic rate and recovery of b-adrenergic
receptor density. Although this trial is encouraging, most of
the clinical studies so far have failed to show a clear advan-
tage of b-blockade in reducing mortality from PH with RV
dysfunction, despite the fact that some studies have shown
improved RV function.92,116

Phosphodiesterase-5 inhibition

Because PDE5 is expressed in the hypertrophied human
RV,117 PDE5 inhibitors are gaining attention as a possible
treatment for RV dysfunction. In a rat model of RV dys-
function induced by PH, acute inhibition of PDE5 increased
RV contractility in isolated hearts and myocytes. This effect
was not seen in normal RV tissue where PDE5 was not
expressed.117 However, chronic inhibition of PDE5 had
varied results in experimental animals, from no effect on
hypertrophy and fibrosis to improvement of diastolic dys-
function and little effect on contractility.8 Although PDE5
inhibitors have been used to treat patients with PH, evidence
for a direct benefit to the RV is lacking.

Endothelin receptor antagonists

Endothelin receptor type A has been shown to be upregu-
lated in patients with PH.118,119 Activation of this receptor
increases cardiac contractility,120 which can be an adaptive
mechanism to maintain cardiac output. Thus, antagonizing
endothelin receptor function may be deleterious. However,
in a hypoxia-induced PH model, bosentan attenuated RVH
and fibrosis without significantly decreasing RV function.121

At present, controversy remains regarding whether endothe-
lin receptor antagonism is beneficial to the failing RV.

Emerging therapies that specifically target the RV

Targeting myocyte growth. Histone deacetylase (HDAC) inhib-
ition. HDACs promote cell growth (and therefore hypertro-
phy development) by enhancing the accessibility of
transcription factors. Both specific and non-specific inhibi-
tors of HDACs have shown success in reducing hypertrophy
in animal models.122,123 Because development of hypertro-
phy is considered an important adaptive process, inhibiting
hypertrophy may be detrimental. Thus, the use of HDAC
inhibitors needs more thorough investigation.

Targeting miRNAs and Notch/NFj-B signaling. miRNAs
regulate gene expression at the post-transcription level, and
several are known to be up- or downregulated (see

‘‘MicroRNAs’’ section above). Animal studies have shown
very promising results: inhibition of miR-17 or miR-20a,
both of which are upregulated in RVF, reduced hypertrophy
and improved RV function.124,125 The notch-NFj-B path-
way is also involved in hypertrophy development. Kumar
et al.126 reported that inactivation of NFj-B prevented
RVH whereas activation of NFj-B promoted RVH.
However, preclinical studies targeting miRNAs and the
Notch-NFj-B pathway are very limited at present.

Targeting altered metabolism. Promoting glucose oxidation by
using dichloroacetate to inhibit PDK was shown to prevent
hypertrophy and improve RV contractility in animals with
PH induced by monocrotaline injection or pulmonary artery
banding.44,127 Partial inhibition of FAO also increased car-
diac function and exercise capacity.44 Improving energy
metabolism/efficiency by encouraging glucose oxidation
and reducing fatty acid uptake and oxidation has recently
been the focus of clinical investigations in patients with
chronic stable ischemic heart disease.128 Most studies have
shown beneficial results in these patients. It remains to be
seen if these metabolic modulators will be beneficial to PH
patients with RV dysfunction.

Metformin therapy for PAH. Metformin, a well-known
drug for type 2 diabetes, has been investigated in PAH
and RV dysfunction. In female rats exposed to Sugen-
5416þhypoxia, metformin treatment (100mg/kg daily) atte-
nuated development of PAH and RVH by inhibiting aro-
matase and phosphorylation of AMPK.129 However, a
recent study showed that metformin failed to inhibit PAH
and RVH in male rats subjected to the same Sugen-
5416þhypoxia PAH model,130 making metformin therapy
very controversial. Interestingly, metformin was shown to
normalize PH via SIRT-AMPK signaling in skeletal muscle
in a model of PAH-associated heart failure with preserved
ejection fraction (i.e. the PH-HFpEF model).131 Based on
these studies, the main benefit of metformin seems to be
improved glucose homeostasis and mitochondrial energy
production in PAH associated with metabolic syndrome.
Nevertheless, metformin seems to have little direct effect
on RV contractility. It is thus doubtful that metformin
will be effective in PH-induced systolic RVF.

Ranolazine therapy for PAH-dependent RV dysfunction.
Ranolazine is a new anti-ischemic drug. It is used for
stable angina because it inhibits the so-called late membrane
Naþ current, which promotes Ca2þ entry into myocytes,
thus increasing energy consumption.132 In preclinical
animal studies, ranolazine improved PAH-induced RV func-
tion by inhibiting the ability of pyruvate dehydrogenase to
promote glucose oxidation and depress FAO.38 In a pilot
study, patients with WHO group I PAH improved func-
tional class, exhibited better RV function, and had a smaller
RV chamber size after three months of ranolazine treatment
but showed no improvement in hemodynamics.133 Despite
the limited success, interest in the continued testing of rano-
lazine for PAH and RV dysfunction is strong.134
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Targeting oxidative stress. Given the strong evidence that
increased oxidative stress is central to the development of
RVF, attempts have been made to use antioxidant therapy
to prevent and treat RVF. ROS scavenging with superoxide
dismutase and catalase decreased RVH and fibrosis in rats
with RVF secondary to both monocrotaline- and hypoxia-
induced PH.86,135 Resveratrol, a potent antioxidant with
anti-inflammatory properties, reversed pulmonary vascular
remodeling and restored RV function.136 Melatonin,
another strong antioxidant, reduced fibrosis and improved
cardiac function in rats with RVF.137 Despite the over-
whelming experimental evidence for a beneficial effect, anti-
oxidative therapy has not been successfully tested in the
clinical setting. One concern is that such therapy would
remove ROS indiscriminately such that the vital regulating
effect of ROS for adaptation may be eliminated.138

Future research

Over the past few years, a wealth of information has been
obtained on RV function, especially transition from com-
pensated state to failure, but challenges and significant
knowledge gaps have been identified by a group of some
20 international experts in the field.4 One of the challenges
is the lack of a ‘‘perfect’’ RVF model; therefore, existing
models must be optimized. Moreover, we lack knowledge
about the molecular mechanism that underlies the transition
from adaptive to maladaptive RV remodeling, including, for
example, the roles of angiogenesis, cell death, inflammation,
fibrosis, metabolism, and contractile signaling. Within the
general framework of research priorities put forward by the
experts on behalf of the American Thoracic Society,4 we
select the following issues to highlight.

Study models

Currently, over a dozen RVF models are available.139 These
models have helped researchers to characterize adaptive and
maladaptive remodeling of the RV in PH. Monocrotaline
injection, chronic hypoxia, chronic hypoxiaþSuugen (i.e.
angioproliferative), and pulmonary banding are four com-
monly used animal models of RVF. Some models may start
from physiologic adaptation and some may start pathologic
remodeling right away, making it difficult to study the tran-
sition in these models. An animal RVF model with clear-cut
adaptive-to-maladaptive transition characteristics would be
ideal but is unlikely. Nevertheless, some possible alternatives
may help us meet the challenge.

Combining knockout or overexpression of a particular
gene with induced PH models may be useful. For example,
both compensated and decompensated RVs develop hyper-
trophy in response to PH, and it is difficult to distinguish
between physiologic hypertrophy (adaptive) and pathologic
hypertrophy (maladaptive), and their contributions to RVF
development. Using a transgenic model in which the heart’s
physiologic hypertrophy pathway is knocked down,140 we

would be able to detect the timing of pathologic RVH devel-
opment and its associated pathways. Likewise, using a
transgenic mouse in which the pathologic hypertrophy path-
way (e.g. the calcineurin-NFAT pathway) is suppressed,141

we would be able to evaluate the relative contribution of
physiologic hypertrophy to the RVF transition. Signaling
of other, non-hypertrophic, pathologic processes that con-
tribute to the RVF transition in PH can also be studied
using transgenic models. Use of transgenic mice with sup-
pressed inflammation signaling has provided us with novel
information about the crucial role of early inflammation in
adverse cardiac remodeling during pressure overload (see
below).142

Using human RV tissue samples to study the mechanism
of RVF would represent the ‘‘gold standard.’’ The RV func-
tional status is usually well documented clinically in patients
with PH, and the biopsied tissue presents clear clinical pic-
tures of compensated versus decompensated states.
However, studying human RV biopsy samples from PH
patients still has significant limitations. First, RV biopsies
are not routinely performed for every PH patient because
the procedure is invasive and caries high risk. Second, the
quantity of tissue biopsied is very small, as it is meant for
pathology diagnosis only.

The successful generation of human cardiomyocytes from
human induced pluripotent stem cells (hiPSCs) makes it
possible to decipher the mechanism of cardiac disease in
human myocytes.143 In addition to being used as a single
myocyte model system for studying disease mechanism,
these young human myocytes can be used to regenerate
adult human heart-like microtissue.144 Although tremen-
dous efforts are needed to continuously improve these
hiPSC-based human cardiac models and achieve a mature,
adult-like functional phenotype,145 these single-cell and
tissue-level models provide new platforms for studying the
mechanisms of PH-associated RVF development, especially
if they are studied in an in vitro microsystem,146 which can
be modified to recapitulate the structural and mechanical
microenvironment of the stressed RV.

Characterization of cardiac excitation-contraction
(EC) coupling

Direct studies of RV myocyte EC coupling in RVH and
RVF are lacking, and we do not know how Ca2þ metabol-
ism is altered. For example, in compensated RVH, we do
not know how contractility is maintained despite significant
pre- and afterload changes at the cellular level. Little infor-
mation is available regarding post-translational modifica-
tion of myofilament proteins in compensated myocardium.
Membrane channel electrophysiology also needs to be inves-
tigated in compensated RV myocytes. More importantly, we
need to determine whether these EC coupling changes set
the stage for transition to failure or delay the transition
process. Much of our understanding about EC coupling in
RVF is based on the wealth of information obtained from
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LVF studies. Few studies have focused on aspects of EC
coupling (membrane electrophysiology, sarcoplasmic reticu-
lar Ca2þ regulation, and myofilament properties) by using
myocytes or tissues from hearts with RVF. Serial studies on
changes in EC coupling will offer crucial information
regarding the exact role of EC coupling in transition from
compensated state to failure.

Characterization of endothelial-myocyte (EM) coupling

Endothelial dysfunction decreases angiogenesis and pro-
motes development of RVF. The cross-talk between endo-
thelial cells and myocytes, or EM coupling, mediates
angiogenesis via VEGF signaling to meet the nutrient
demand of the hypertrophied myocytes.147 Prolonged hyper-
trophy downregulates HIF-1 by increasing p53, thus leading
to reduced VEGF signaling and angiogenesis and promoting
transition from compensated to decompensated hypertro-
phy.148 However, the mechanism for p53 accumulation, as
well as other signaling involved in the EM coupling-
mediated angiogenesis, needs further investigation.

Endothelial cells (in both endocardium and coronary vas-
culature) also modulate myocyte contraction and force
development via EM coupling.16 We showed that endocar-
dial endothelium modifies the cardiac force-frequency
response via PKA and PKC signaling.149 The impact of dys-
functional cardiac endothelium on force generation in RVF
has not been investigated, nor has the impact of EM on
transition from compensated RVH to decompensated
RVF in PH. Deciphering the underlying mechanisms for
these changes in EM coupling during RVH and RVF will
enable us to identify novel pathways and offer new targets
for interventions to halt the transition to RVF.

Identifying new inflammatory pathways

Evidence of inflammation in the stressed RV has been docu-
mented in patients with PH and in animal models of PH.150

The role of inflammation has been better studied in
LVF,151,152 but anti-inflammatory therapy for LVF has
failed so far. Recently, Suetomi et al.142 showed that
Ca2þ/calmodulin-dependent protein kinase II d (CaMKIId)
activated NOD-like receptor pyrindomain-containing protein
3 (NLRP3) inflammasome to promote adverse cardiac
remodeling. Their study deepened our understanding of the
role that inflammation plays in RVF development: (1) early
activation of the inflammatory process is essential for later
pathologic remodeling; and (2) identification of novel inflam-
matory pathways is necessary for the development of new
targeted therapies. Research in these areas of PH-associated
RVH and RVF is currently lacking.

Summary

Physiologically, the RV behaves like the LV. However, the
unique anatomy of the RV enables it to become much larger

and more adaptive to chronic afterload increases (than to
acute afterload increases). The RV adapts to increased after-
load (i.e. PH) and develops hypertrophy in similar fashion
to the LV, by activating fetal gene programs, activating sev-
eral neurohormonal pathways, and undergoing metabolic
and mitochondrial remodeling. RV adaptation maintains
contractility through the Frank-Starling mechanism and
by increasing activator Ca2þ and myofilament responsive-
ness to Ca2þ. RV maladaptation manifests as RVF, which
results from RV ischemia; inhibition of glucose oxidation;
deranged metabolism of energy production; and increases in
ROS, cell loss, inflammation, and fibrosis. Recently,
miRNAs have been implicated in promoting RVF. RV dia-
stolic dysfunction is an integral part of RVF and is likely
caused by hypertrophy, fibrosis, and altered properties of
the myofilaments. Non-invasive imaging offers the oppor-
tunity to visualize the adapted and maladapted RV and will
potentially guide clinical therapies. Therapies to treat RVF
include conventional therapies (which are similar to those
for LVF) and experimental therapies designed to protect the
RV. b-blockers have been investigated, and most preclinical
and animal studies have shown promising results. However,
clinical studies have not shown a clear benefit so far.
Traditional agents that target PH (PDE5 inhibitors,
endothelin-1 antagonists) are being tested, but their benefits
to the failing RV need to be established. Therapies are emer-
ging that specifically target the RV, such as inhibiting myo-
cyte growth to reduce hypertrophy, promoting glucose
oxidation to improve energy metabolism/efficiency, and
reducing oxidative stress. New research is needed that will
decipher the molecular mechanism by which a compensated
state transitions to decompensated state, for example by
alterations in EC and EM coupling and new inflammatory
pathways. Knowledge in these areas will permit the devel-
opment of more successful RVF management strategies.
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