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Band on the run: insights into right ventricular

reverse remodelling
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This editorial refers to ‘Delineating the molecular and histo-

logical events that govern right ventricular recovery using a

novel mouse model of PA de-banding’ by M. Boehm et al.,

pp. 1700–1709.

Right ventricular (RV) function is increasingly recognized as a key inde-
pendent indicator of clinical outcome in all forms of heart disease, and a
focus for current research in pulmonary hypertension (PH).1 In response
to aberrant pulmonary vasoconstriction and vascular remodelling that is
the basis for disease, RV hypertrophy (RVH) can compensate for the in-
crease in afterload and maintain cardiac output in normal range.
However, this compensatory function deteriorates over time with the
inexorable progression of pulmonary vascular remodelling, and RV fail-
ure (RVF) ensues. Closer study reveals a surprising phenotypic diversity
of RV function among PH patients. For reasons that remain unclear,
some patients with chronic PH develop RVH but with normal ejection
fraction (adaptive remodellers) while others, with similar pulmonary ar-
terial pressures, rapidly progress to RVF (maladaptive remodellers).1,2

RV failure is characterized by molecular and structural remodelling of
the ventricle, including alterations in gene expression, metabolism, fibro-
sis, and contractility. Yet rather than an inevitable progression towards
failure, clinical experience shows that this severe RV remodelling and
dysfunction may be reversible: a striking observation in cases of end-
stage PH requiring lung transplant or pulmonary endarterectomy is that
RV dysfunction can recover, often rapidly, upon normalization of pulmo-
nary haemodynamics.3 How does this happen?

Understanding the molecular and physiological basis of RV recovery
requires development of improved animal models. The article by Boehm
et al.,4 published in this issue of Cardiovascular Research, utilizes a novel
murine model of PH reversal with defined kinetics to address this ques-
tion. The authors imposed RV pressure overload by partial pulmonary
artery (PA) occlusion using sutures with defined kinetics of degradation
to examine the reversal of RV remodelling and recovery of RV function
at specific intervals. The results showed that PH and parameters of car-
diac function and remodelling were indeed reversed, but with telling dif-
ferences in their kinetics. Specifically, RVH and exercise capacity
recovered in concert with the fall in PA pressure, whereas RV fibrosis
and capillary remodelling recovered more slowly. These results point,

first, to the centrality of the cardiac myocyte as the determinant of RV
function; with the important implication that the diminished function un-
der pressure overload is the result of a process of encryption or hiberna-
tion of a viable myofibrillar contractile reserve, rather than outright loss
of contractile units, or structural fibrotic or angiogenic remodelling.5

This conclusion is consistent with our findings that, in a neonatal calf
model of severe PH, organ-level RV dysfunction was not mirrored by re-
duced contractile function or loss of mitochondrial integrity of isolated
cardiomyocytes.6 From this perspective, fibrotic RV remodelling actually
may be a compensatory process aimed at reinforcing ventricular wall
stiffness to normalize pressure overload, rather than a cause of de-
creased myocardial contractility. Thus, attenuation of cardiac fibrosis by
pharmacological or genetic manipulation may not improve, but rather
worsen RV functional parameters in experimental PH.7 Furthermore,
cardiac fibroblasts, which are likely primary drivers of the fibrotic
responses isolated from the right ventricle in the same calf model, have
the capability of reprogramming myocytes towards a more foetal-like
phenotype exhibiting de-differentiation and dysfunction. These changes
could be initially protective against cardiac pressure overload but if con-
tinued, they could likely drive the maladaptive phase.8 Similarly, stereo-
logical measures of capillary density in rat PH models have shown that
the apparent capillary rarefaction is more accurately a reflection of
increased myocyte size relative to existing capillaries.9 Collectively, these
findings suggest an under-appreciated plasticity of the RV cardiac myocyte
to adapt and survive pathological insult independent of other remodelling
processes, opening an exciting new direction for translational research. In
our view, this is the seminal conclusion from the study.

As the authors note, the remarkable capacity of the right ventricle to
recover is predicated on the reduction of afterload. The kinetics of after-
load reversal in this model may more closely reflect the clinical situation
with initiation of therapy in newly diagnosed patients rather than the
abrupt reversal upon lung transplant. The results emphasize the critical
role of a reduction in PVR, either by vasodilator therapy or anti-
remodelling agents or both as a cornerstone of clinical management of
PH. Moreover, the results parallel the emerging clinical focus on early
and aggressive vasodilator therapy in high-risk patients, including upfront
combination therapy, to promote reverse remodelling of dysfunctional
RV and improve PH outcomes (Figure 1).10
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.At the same time, it is recognized that additional therapeutic
approaches are needed in PH. Currently approved vasodilator therapies
are mainly effective in Group 1 PAH, while approved agents are lacking
for the vast majority of patients with Group 2/3 PH. Therapies directly
targeted to preserve RV function and/or reverse pathological RV
remodelling are also lacking; however, research efforts towards this
goal are steadily increasing.11 In the future, these approaches may yield
novel therapies that act co-ordinately on the RV–PA axis. In this re-
gard, we and others have demonstrated excessive activation of Class I
and IIb histone deacetylases (HDACs) in heart and PA of human PAH
and experimental PH models. HDAC inhibition reverses PA cell phe-
notypes in vitro, and attenuates development of PH and pathological
RV remodelling in animal models in vivo.12 Similarly, Drake et al.,13 iden-
tified down-regulation of the peptide receptor ligand apelin as a distin-
guishing feature of decompensated RV failure. Apelin and its cognate
APJ receptor regulate MEF2, a master transcription factor, through a
pathway mediated by Class IIa HDACs to regulate vascular

angiogenesis, and cardiac development and contractility. Inhibition of
Class IIa HDACs rescues PA endothelial cell phenotypes in human
PAH and reverses experimental rodent PH.14

Important questions remain for continued research. Specifically, in-
sight is critically lacking into the mechanistic determinants and clinical
predictors for the transition from adaptive-reversible to maladaptive-
irreversible phenotypes of RV remodelling that occur in human PH.
In this regard, it may be of interest to examine the progression of
RV remodelling to end-stage failure in non-reversible PA banding
compared to the reversal paradigm in the present model to explore
the determinants of irreversible RVF. Furthermore, the uniformity of
the mouse as experimental model and the resilience of the mouse
cardiovascular system suggest the need for continued exploration of
novel animal models to address this gap in knowledge. It will be im-
portant to evaluate adaptive-maladaptive remodelling in animal mod-
els of severe PH progressing to RVF, as it is likely that circulating
factors from the lung such as TNF, IL-6, IL-1b, could have significant

Figure 1 Modulation of mitochondrial metabolism in right ventricular reverse remodelling. Impaired mitochondrial metabolism in a pressure overload
model of RVH (PA banding) leads to metabolic dysfunction, cardiac fibroblast activation, and adaptive hypertrophy/fibrosis of the myocardium. Gradual
de-banding and the resulting afterload reduction induced improvement in RV function involving modulation in energy metabolism and apoptosis as major
regulators of functional RV improvement. In the compensated (adaptive-reversible) remodelling form of RVH, these changes include increases in glycoly-
sis and angiogenesis, while mitochondrial integrity remains intact despite a slight increase in mitochondrial ROS due to improved blood flow and mito-
chondrial respiration. In decompensated (maladaptive-Irreversible) RVH, however, the increase in mitochondrial ROS appears to be associated with
decreased angiogenesis, pathological fibroblast-cardiomyocyte crosstalk, and redox sensitive activation of apoptosis which, if unchecked, can lead to RVF.
The conceptual model shown here indicates a smooth metabolic correction and potential balance between pro-apoptotic and anti-apoptotic genes dur-
ing RV recovery, which could shed light on the potential targets of RV support during this transition.
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.
modifying effects on the pressure overloaded cardiomyocyte or fibro-
blast. For example, beef cattle raised in montane environments of
the USA exhibit phenotypic diversity of adaptive vs. maladaptive
responses to chronic hypoxic exposure similar to human PH.
Transport to lower elevations normalizes PH symptoms in most ani-
mals, whereas a subset progress to irreversible RVF.15 Despite the
challenges of field studies, this naturally occurring large animal model
provides interesting parallels with human PH.

The current era of vasodilator therapy has measurably increased life
expectancy and quality of life for PH patients, from 50% mortality within
3 years to 7–8 years at present.1 Nonetheless, PH remains a progressive
and incurable disease where pathognomonic pulmonary vascular remod-
elling results in RV failure as its most common outcome. Improved ani-
mal models such as those presented here and the insights they provide
into preserving and improving cardiac function will be key to continued
therapeutic progress.11
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