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Abstract

The right ventricle (RV) eventually fails in most patients with severe
chronic pulmonary hypertension, however, the individual myocardial
reserve and ability to cope with the increased afterload, inflammation and
metabolic derangements are highly variable. Hypertrophy is required for
the RV to successfully adapt to the chronically elevated pressure and shear
stress in the lung vessels. RV hypertrophy associated with an appropriate
myocardial capillary density and normal function of the capillary endothe-
lial cells are hallmarks of successful adaptation. Neuroendocrine hyperac-
tivity or overdrive may contribute and facilitate the transition from adaptive
RV hypertrophy to RV failure. Therapeutic strategies that reduce cellular
stress and modify damaging failure components such as inflammation,
lipotoxicity and proteotoxicity need to be explored in order to evaluate
whether they can preserve RV function and improve outcome, even when
the afterload of the RV cannot be significantly reduced.
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Introduction

sion (PAH) died from right heart failure, many
from sudden death. Second, the medical records

In the early days of pulmonary hypertension
research two important observations were made:
First, it was recognized that many, perhaps most,
patients with severe pulmonary arterial hyperten-
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showed, at a time when there was no treatment
for PAH, that there were a few patients with very
high pulmonary artery pressures, yet they were
none-the-less long-time survivors [1].
Interestingly, when intravenous prostacyclin
treatment was established for the treatment of
patients with “primary” PAH, and shown to
improve survival [2], it was not intuitive that
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improved survival was due to improved right
ventricular (RV) function and reversal of right
ventricular failure (RVF). An early assessment of
inadequate attention to the all-important RV fail-
ure component of severe PAH can be found in
Michael Bristow’s then state-of-the-art presenta-
tion at the Aspen Lung Conference in 1997.
There are excellent data implicating RV function
as an important determinant of the natural history
of PPH. However, in this disorder, RV dysfunction
has not received the kind of investigative scrutiny
that pulmonary vascular mechanisms have
enjoyed. This is partly because subjects with PPH
are cared for by pulmonologists, whose investiga-
tive interests are focused on the lung rather than
the heart....one of the fundamentally important
questions surrounding PPH is that subjects differ
substantially in their tendency to develop
RVE. This leads to a variable natural history....
therefore mechanistic hypotheses for the develop-
ment of RVF need to accommodate this biological
variability [3].

This call to investigate mechanisms leading to
RV failure has been answered in the past decade.
The following paragraphs concern the main mes-
sage of this chapter: In severe PAH, the lung ves-
sels, the heart, the endocrine system and the
immune system are involved, and therefore a sys-
tems-based approach and analysis are appropriate.

Is Right Ventricular Hypertrophy
in Pulmonary Hypertension Bad?

Traditional teaching is that ‘all hypertrophy is
detrimental’. However, the exception is the RV in
the setting of chronic pressure overload. Although
never formally investigated, it is safe to say that
the successful adaptation to a chronically ele-
vated pulmonary artery pressure, with or without
increased blood flow related to a shunt, requires
RV hypertrophy. Similarly, in patients with con-
genitally corrected transposition of the great
arteries a sub-aortic RV supports the high resis-
tance systemic circulation.

Experimentally, banding of the main pulmo-
nary artery (PAB) in the rat results in a robust
RV hypertrophic response, yet without evi-
dence of RV failure, even when PAB animals
are additionally exposed to chronic hypoxia

[4].We postulate that a hypertrophied, but well
vascularized RV, with development of an ade-
quate capillary bed does not fail. However, RV
hypertrophy not adequately supplied by a pro-
portionately developed microcirculation is
prone to fail. To some degree, severe PAH asso-
ciated with congenital heart disease and charac-
terized by Eisenmenger physiology is the
clinical example of a well-adapted RV [5]. In
these patients, RV wall thickness is greater than
in patients with IPAH, and there is less diffuse
myocardial fibrosis [6]. In theory, it would be
beneficial if the RV in patients with IPAH could
be transformed into an “Eisenmenger RV”.
While cardiac myocytes make up 1/3 of the
cells in the myocardium, they account for 80%
of the mass; yet, hypertrophy is mainly due to
KLF-5-driven up-regulation of IGF-1 in cardiac
fibroblasts—a good example of cell-cell inter-
action [7]. Another characteristic of successful
RV hypertrophic adaptation is enhanced fatty
acid oxidation (FAO). A microvascular density
that matches the increased muscle mass requires
that the signaling chain that leads from tran-
scription factor- and growth factor expression
to an angiogenic response remains intact. The
most important transcription factors involved in
the capillary growth response are HIF-lalpha
and PGC-1alpha.

Classic studies by Murray and Vatner in con-
scious dogs showed that blood flow in the hyper-
trophied RV approximately doubles [8], while
the number of capillaries is maintained (Fig. 2.1).
Thus, a muscular, well-perfused RV is required
to handle an increased pulmonary vascular
resistance.

Ischemia

The failing RV in patients with severe PAH is
ischemic [9] and the reduced RV blood flow in
these patients is likely, at least in part, explained
by capillary rarefaction. The association of capil-
lary rarefaction with ventricular failure had pre-
viously been elegantly demonstrated by Wolfgang
Schaper’s group in the hypertrophied LV in
patients with aortic valve stenosis [10]. It is of
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Fig.2.1 Comparison of
the well adapted,
hypertrophied right
ventricle and the failing
right ventricle. The exact
sequence of events that
initiates the right heart
failure program are not
well understood. The
schematic also
postulates that there are
genetically determined
mechanisms that
regulate adaptation to
mechanical and
oxidative stress

RV hypertrophy
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Sufficient capillaries

Sufficient energy
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great interest that myocardial blood flow reserve
in patients with severe PAH is significantly
reduced not only in the pressure overloaded RV,
but also in the underfilled LV [11]. Whether in
this setting LV capillary rarefaction occurs is
unknown. However, decreased LV preload corre-
lates with clinical deterioration in patients with
severe PAH.

Reduced RV Ejection Fraction
in Severe PAH

It has long been appreciated that in patients
with severe PAH a declining cardiac output her-
alds poor prognosis. The important cardiac
magnetic resonance imaging (MRI) study by
Van Veerdonk and coworkers [12] has now
established that in PAH patients on‘targeted’
therapy a decline in the RV ejection fraction
(RVEF) and not a decrease in the pulmonary
vascular resistance (PVR) is a predictor of out-
come. While PVR is calculated from hemody-
namic variables, measurement of RVEF
requires volume measurements by cMRI. The
importance of this study is that a temporally
treatment-associated decrease in PVR cannot
be interpreted as a sign of clinical improvement
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unless the RVEF is also known. Put more suc-
cinctly, a decrease in RVEF while on targeted
treatment for severe PAH is a predictor of short-
term survival.

Why Does the RV Fail?

If pressure overload per se and RV hypertrophy
are insufficient explanations for RV maladapta-
tion and eventual failure, then what causes RV
failure? Although RV failure is a clinical syn-
drome characterized by signs of congestion,
there is increasing consensus that RV function
can be assessed by measuring RVEF. While RV
failure is characterized by RV volume overload,
shift of the inter-ventricular septum and dilata-
tion of the inferior vena cava, the factors which
push the RV from the compensated state to fail-
ure differ perhaps between patients. There are
signs of neurohormonal overdrive and of LV
underfilling in most patients with progressive
RV failure (Fig. 2.2) [13, 14]. Stress hormone
production may be triggered by myocardial
stress, ischemia and inflammation, all leading to
an oxidant/antioxidant imbalance [15, 16] which
predisposes cardiomyocytes and capillary endo-
thelial cells to succumb to apoptosis.
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Fig.2.2 This schematic
depicts and integrates
various elements of
myocardial stress such
as ischemia,
inflammation and
apoptosis that lead to
RV dilatation and
failure. With permission
from Bogaard HJ, Abe
K, Vonk Noordegraaf A,
Voelkel NF. The right
ventricle under pressure:
cellular and molecular
mechanisms of
right-heart failure in
pulmonary hypertension.
Chest 2009;135:794—
804 © Elsevier 2009
[13]

Cardiomyocyte
Hypertrophy

There are several potential ways forward on
the journey to investigate the causes of RV fail-
ure. Experimentally, one can apply specific strat-
egies designed to provoke the RV into failure.
An example of such a strategy has been to treat
PAB rats with a pan histone deacetylase inhibitor
[17]. These animals develop RV capillary rar-
efaction, fibrosis and failure. In the Sugen/
chronic hypoxia rat model of severe PAH, inhi-
bition of VEGF signaling prevents the proper
capillarization of the RV and this circumstance
is one explanation for the development of RV
failure in this model.

Clinically, one can sample peripheral and pul-
monary venous blood and measure circulating
mediator molecules such as norepinephrine,
endothelin, cortisol, renin, angiotensin and aldo-
sterone [18].

The Sick Lung Circulation
Hypothesis

Given the pathological changes in a very large
number of small pulmonary arterioles, and in
some instances the pulmonary venules, which is
the consequence of endothelial cell activation,
endothelial cell apoptosis and phenotypic
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changes in the pulmonary vascular wall, func-
tional changes in the lung circulation are not sur-
prising. Most appreciated perhaps is endothelial
cell dysfunction manifested by reduced endothe-
lial cell nitric oxide (NO) and prostacyclin syn-
thesis. We postulate that in addition, ‘bad
humors’ are released from the sick lung circula-
tion and predict that in chronic lung diseases
where the lung vessels are involved, these ‘bad
humors’ impact the heart [19-22]. A quantitative
assessment of factors released by the sick lung
circulation is possible by measuring the pulmo-
nary arterio-venous gradient. To date only a few
studies have reported on lung-tissue-dependent
release of VEGF m, TGFbeta 1, PDGF-BB and
PAI (plasminogen activator inhibitor). Release
of MCP-1 and GDF-15 [23, 24] from the pulmo-
nary hypertensive lung is likely, but has not been
formally studied. Perros et al. [25] reported
increased numbers of circulating cytotoxic cells
and granulysin in patients with severe veno-
occlusive PAH. In addition, free DNA and
micro-RNA encapsulated in microspheres, emit-
ted by the sick lung vessel cells, are likely to
influence the structure and function of the myo-
cardial micro-circulation. The postulated effects
in the heart (both RV and LV) are activation and
injury of the myocardial microvascular endothe-



2 How Does the Pressure-Overloaded Right Ventricle Adapt and Why Does It Fail? 23

lial cells and stimulation of endothelial cell-mes-
enchymal transformation (enMT), a process that
can lead to myofibroblast formation and perivas-
cular fibrosis.

The Molecular Gene Expression
Signature of RV Failure

It is reasonable to postulate, based on what has
been discussed so far, that the pattern of
expressed genes and proteins differs between a
compensated, hypertrophied RV and a failing
RV. Mechanical wall stretch, ischemia and the
altered myocardial milieu generated by the fac-
tors released by the sick lung circulation may all
impact the RV and generate a gene expression
signature of RV failure. Experiments were con-
ducted and RNA was extracted from RV and LV
tissue samples comparing normal rat hearts with
those from PAB rats and rats that had undergone
the Sugen/chronic hypoxia protocol [26]. The
failing RV in Su/Hx rats was hypertrophied and
dilated, TAPSE was significantly decreased and
histologically the tissue was characterized by
capillary rarefaction, apoptosis and fibrosis [27].
Remaining microvessels showed a lack of
expression of the prostacyclin synthase protein.
Microarray expression analysis of the four
groups of animals elucidated patterns of
expressed genes that reflected mechanisms
underlying the compensated state versus the fail-
ure state. For example, as adaptive RV hypertro-
phy is driven by IGF-1, it was highly expressed
in the PAB RYV, but decreased in the Su/Hx fail-
ing RV (Fig. 2.3). Phosphorylated Akt expres-
sion was decreased in the failing RV (Fig. 2.4),
as were VEGFA and apelin [27]. Gene expres-
sion of key enzymes encoding fatty acid oxida-
tion, including expression of the transcription
factor PGC-lalpha (Figs. 2.5 and 2.6), were
decreased and gene expression of enzymes
encoding the glycolytic pathway were increased
[26]. As expected, we found clear and categori-
cal gene expression patterns, which allow mech-
anistic explanation of adapted and failing tissue
at the level of cell growth/autophagy/apoptosis,
inflammation, fibrosis and intact or impaired
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Fig. 2.3 Protein expression of IGF-1 in the RV myocar-
dium, assessed by Western blot is dramatically decreased
in the failing RV from rats exposed to the Sugen/chronic
hypoxia protocol (SuHx), when compared to rats exposed
to chronic hypoxia alone or to the RV from rats weeks fol-
lowing pulmonary artery banding (PAB). With permission
from Bogaard HJ, Natarajan R, Mizuno S, Abbate A,
Chang PJ, Chau VQ, Hoke NN, Kraskauskas D, Kasper M,
Salloum FN, Voelkel NF. Adrenergic receptor blockade
reverses right heart remodeling and dysfunction in pulmo-
nary hypertensive rats. Am J Respir Crit Care Med.
2010;182:652—60 © American Thoracic Society 2010 [27]
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Fig.2.4 Protein expression of phoshorylated Akt (pAkt),
initiated downstream in the signaling cascade after bind-
ing of the angiogenic VEGF ligand to its receptors in the
RV myocardium, assessed by Western blot, is dramati-
cally decreased in the failing RV from rats exposed to the
Sugen/chronic hypoxia protocol (SuHx) when compared
to rats exposed to chronic hypoxia alone or to the RV from
rats weeks following pulmonary artery banding (PAB).
With permission from Bogaard HJ, Natarajan R, Mizuno
S, Abbate A, Chang PJ, Chau VQ, Hoke NN, Kraskauskas
D, Kasper M, Salloum FN, Voelkel NF. Adrenergic recep-
tor blockade reverses right heart remodeling and dysfunc-
tion in pulmonary hypertensive rats. Am J Respir Crit
Care Med. 2010;182:652-60 © American Thoracic
Society 2010 [27]
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Fig. 2.5 Protein expression of the transcription factor
PGC-1alpha, important for VEGF transcription and tran-
scription of genes encoding enzymes of fatty acid oxida-
tion, is reduced in the failing RV from SuHx animals.
Treatment of rats with carvedilol after established RV fail-
ure reversed the decrease in PGC-1 alpha expression.
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Fig.2.6 Decreased expression of PGC-1alpha is of func-
tional importance as its expression correlates with TAPSE
(tricuspid valve plane systolic excursion). With permis-
sion from Gomez-Arroyo J, Mizuno S, Szczepanek K,
Van Tassel B, Natarajan R, dos Remedios C, Drake JI
et al. Metabolic remodeling and mitochondrial dysfunc-
tion in failing right ventricular hypertrophy secondary to
pulmonary arterial hypertension. Cir Heart Failure
2013;6:136-144 © Wolters Kluwer 2013 [29]

With permission from Gomez-Arroyo J, Mizuno S,
Szczepanek K, Van Tassel B, Natarajan R, dos Remedios
C, Drake JI et al. Metabolic remodeling and mitochon-
drial dysfunction in failing right ventricular hypertrophy
secondary to pulmonary arterial hypertension. Cir Heart
Failure 2013;6:136—144 © Wolters Kluwer 2013 [29]

angiogenesis [26]. Because experimental RV
failure in the Su/Hx rats could be reversed by
treatment with carvedilol, this lead to testing of
the hypothesis that components of the RV failure
program or gene expression signature could be
changed or normalized. It was found that
carvedilol-induced reversal of RV failure was
associated with a reduction of RV hypertrophy
and return of a capillary density towards normal.
Under the influence of chronic carvedilol treat-
ment more than 400 genes were altered in their
expression reflecting improved myocardial
energy metabolism and reduced myocardial
stress, even though RV afterload remained
unchanged [27-29]. These experimental data
provided the impetus to test carvedilol treatment
as add-on therapy to established treatment of
patients with severe PAH and assessment of the
RVEEF after 6 months of carvedilol therapy. The
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PGl, synthase

Fig. 2.7 Right ventricle, immuno-histochemistry; stain-
ing for an antibody directed against prostacyclin synthase,
the terminal enzyme required for prostacyclin synthesis.
Right ventricular tissue from a rat exposed to the SuHx
protocol with established RV failure. The inserts show

small pilot study results suggest that carvedilol
treatment of PAH patients is safe and increases
RVEF as measured by cMRI [30].

Conclusion and New Hypotheses

Hypertrophy is required for the RV to adapt suc-
cessfully to a chronically elevated afterload and a
chronically elevated RV afterload per se is insuf-
ficient to cause RV failure. One postulate that
needs to be investigated is that activation of neuro-
endocrine pathways is one important mechanism
that promotes the transition from a stressed but
functional RV to frank RV failure. A second postu-
late is that a myocardial microangiopathy is criti-
cally involved and responsible for the “metabolic
remodeling” and an EnMT that leads to perivascu-
lar fibrosis. Further, it is intriguing to speculate
that the health of the lung vessel endothelium is
linked to the health of the myocardial microvascu-
lar endothelium and that the function of the
microvessel endothelial cells in the heart (Fig. 2.7)
is linked to the metabolic reprogramming of the
cardiomyocytes. If so, an improvement of endo-
thelial cell function may repair the mitochondri-
opathy, which likely underlies the myocardial
oxidative stress and endoplasmic reticulum stress.

capillary endothelial cells. The expression of prostacyclin
synthase protein is lost in the capillary from the failing
RV. This indicates that there is endothelial cell dysfunc-
tion in the remaining RV capillaries, not only loss of
capillaries

The experimental studies demonstrating
reversal of RV failure by carvedilol treatment
are encouraging and hopefully will stimulate the
search for additional therapeutic strategies to
support the right ventricle under pressure [13].
As atrial septostomy does not in any way influ-
ence the behavior of the hypertensive lung cir-
culation, but unloads the RV and improves
exercise tolerance [31], treatment to reduce cel-
lular stress and modify damaging failure com-
ponents such as lipotoxicity [32] and
proteotoxicity [33] may stabilize the RV under
pressure, even when its afterload cannot be sig-
nificantly reduced.
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