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Abstract

Right ventricular (RV) function is a critical determinant of the prognosis of patients with
pulmonary hypertension (PH). Upon establishment of PH, RV dysfunction develops,
leading to a gradual worsening of the condition over time, culminating in RV failure
and premature mortality. Despite this understanding, the underlying mechanisms
of RV failure remain obscure. As a result, there are currently no approved therapies
specifically targeting the right ventricle. One contributing factor to the lack of RV-
directed therapies is the complexity of the pathogenesis of RV failure as observed
in animal models and clinical studies. In recent years, various research groups have
begun utilizing multiple models, including both afterload-dependent and afterload-
independent models, to investigate specific targets and pharmacological agents in RV
failure. In this review, we examine various animal models of RV failure and the recent
advancements made utilizing these models to study the mechanisms of RV failure and
the potential efficacy of therapeutic interventions, with the ultimate goal of translating
these findings into clinical practice to enhance the management of individuals with PH.
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Pulmonary hypertension (PH) is a clinical
condition rather than an isolated disease
of the cardiopulmonary circuit as its causes
and symptoms aremanifold. By definition,
PH is characterized by an elevation of inva-
sively measured mean pulmonary arterial
pressure (mPAP) above 20mmHg at rest.
Additional hemodynamic parameters, i.e.,
pulmonaryarterialwedgepressure (PAWP)
as well as pulmonary vascular resistance
(PVR), are used to further discriminate be-
tween pre-capillary PH, isolated post-cap-
illary PH, and combined post- and pre-cap-
illary PH. The clinical classification into the
five groups of PH is mostly based on clin-
ical conditions of the patients but also on
the pathological mechanisms: pulmonary
arterial hypertension (group 1), PH asso-
ciated with left heart disease (group 2),

PH associated with lung diseases and/or
hypoxia (group 3), PH associated with pul-
monary artery (PA) obstructions (group 4),
and unclear and/or multifactorial mecha-
nisms (group 5). Here, all the underlying
causes leading to the increase in mPAP
are taken into account. But regardless of
the underlying reason for the elevation in
pressure and resistance in the pulmonary
circulation, the common life-threatening
event is right heart failure. Right heart
failure commences at the end of disease
progression starting from an initial stage
of physiological adaptation due to a con-
tinuously increasing blood pressure in the
cardiopulmonary system.

In both healthy and diseased condi-
tions, the right ventricle has to overcome
the right ventricular (RV) afterload to eject
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Fig. 18Animalmodels to study right ventricular failure in pulmonary hypertension. In pulmonary
hypertension, initialphysiologicaladaptiverightventricularremodelingturns intoamaladaptivestate
with decompensation. This all precedes right heart insufficiency and right heart failure-related death.
Several experimentalmodels in rodents canmimic the various aspects of these processes to different
extents, ashighlighted in this scheme.MCTmonocrotaline,PABpulmonary arterybanding. (Modified
after [42])

blood into the pulmonary circulation dur-
ing systole. In PH, this function is compro-
mised leading to increased RV wall ten-
sion, which will result in right heart failure
if this remains hidden and thus untreated.
Therefore, understanding and assessing
the afterload faced by the right ventricle
to eject blood into the PAs are vital. Af-
terload in its purest sense is defined as
the wall stress that occurs during RV ejec-
tion. In 1892, Wood laid out an estimation
to describe this wall tension in the heart,
which is based on the LaPlace’s law [1,
2]. Here, the right ventricle was consid-
ered to be a spherical object, where the
wall stress is proportional to the pressure
during ejection multiplied by the radius
of the wall divided by the wall thickness.
This concept is widely accepted, although
the sphere assumption of the right ven-
tricle is not fully correct. Nevertheless,
because the radius and the wall thickness
are relatively constant, the main determi-
nant of the afterload (i.e., wall stress) is
the pressure during ejection. While pres-
sure-dictating parameters such as mPAP
and PVR can be obtained by right heart
catheterization (RHC), several other com-
ponents of the pulsatile loading are not re-
flected by this equation. Therefore, newer
techniquesareused tomoreaccuratelyde-

fine RV function including adaptive mech-
anisms to increasing afterload as this is the
crucial parameter.

In general, RV performance and in-
tegrity can be studied by different tech-
niques mainly RHC, echocardiography,
and cardiac magnetic resonance imaging
(cMRI). Still, there have been limitations
to the full investigation of ventricular
function especially with regard to dis-
ease-driving processes that distinguish
the adaptive state of compensation from
the maladaptive phenotype characterized
by decompensation. On the physiological
level, a complex orchestra of contraction
versus relaxation as well as ejection ver-
sus filling has to be coordinated. So-
called pressure-volume (PV) analysis us-
ing conductance catheters is now used
exactly for this purpose, which is the
simultaneous assessment of pressure and
volume to generate load-independent
measures of systolic and diastolic heart
chamber properties [3]. Moreover, it is
able to capture the dynamic changes in
these relationships throughout the cardiac
cycle.

Under healthy conditions, the right
heart is “coupled” to the pulmonary circu-
lation as a cardiopulmonary unit, keeping
a relative match between contractility and

afterloadpressure, which is also called “RV-
to-PA coupling” (RV–PA coupling; [4, 5]).
As PH develops, the pulmonary vascular
system turns into a high-pressure, high-
resistance, and low-compliance system.
All these hemodynamic changes lead to
an additional load on the contracting
ventricle and can induce changes in the
RV–PA coupling. In patients with early-
stage PH, RV contractility is enhanced in
order to cope with an increased afterload
and RV–PA coupling is still preserved
(homeometric adaptation; [5]). At later
stages of severe PH with RV–PA uncou-
pling, the right ventricle enlarges and the
heart rate increases in order to maintain
stroke volume (heterometric adaptation;
[5]). In its final stage, this is associated
with high metabolic demands and re-
duced cardiac output ultimately leading
to right heart failure-related death. The
reader is referred to excellent articles
addressing the details of RV function, its
assessment, and its clinical relevance [6].

In-depthknowledgeabout theanatom-
ical structures and dynamics of the right
ventricle can now be combined with the
understanding of cellular and molecu-
lar mechanisms. It is possible to study
processes of both disease onset and
progression including the (patho-) phys-
iological adaptation and the functional
deterioration of the right ventricle. Beside
the different underlying causes for the
increase in afterload in the PH groups,
the function of the right ventricle remains
the main determinant of survival [7].
Therefore, PH therapies should focus not
only on the alterations in the pulmonary
vasculature and RV afterload but also
more on the diseased RV. For this pur-
pose, experimental models are needed
to mimic the clinical symptoms of PH
and to establish new therapeutic treat-
ment modalities. Since the technological
advances—i.e., pressure–volume loops,
cMRI, PA impedance analysis etc.—have
been developed initially for applications
in humans, vendors now also offer this
equipment for use in animals even on the
level of small species such as rodents. In
this article, we provide recent insights into
these experimental models of RV failure
since the right ventricle is the key factor
regarding disease symptoms and patient
outcome (. Fig. 1). Due to the complexity
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of the topic and the specific focus of this
review, we excluded transgenic mouse
models and large-animal models.

Afterload-dependent small-animal
models of RV failure

Animal models play a crucial role in study-
ing disease progression and treatment im-
pact on right heart function and after-
load. Several afterload-dependent small-
animal models of RV failure have been de-
scribed, including monocrotaline (MCT)-
induced PH in rats, as well as hypoxia-
induced PH, and Sugen-hypoxia-induced
PH in both rats and mice [8].

Monocrotaline model

The MCT model in rats involves a single
subcutaneous injection of 60–80mg/kg
MCT, which induces PH with damage to
lung endothelial cells and perivascular in-
flammation within hours to 1 week after
administration [9, 10]. However, plexiform
lesions comparable to pulmonary arterial
hypertension (PAH) are not present [8]. In
the second week after MCT injection, PVR
rises due to the muscularization of the
PAs, and in the third week, substantial PA
remodeling results in the commencement
of RV hypertrophy [11, 12]. Then, rapid
progression of PH leads to maladaptive
RV remodeling, RV failure, and finally to
premature death. Alternatively, a lower
dose of 20–40mg/kg MCT can be used,
which decreases the extent of PA remodel-
ing and induces adaptive RV hypertrophy
that spontaneously reverses after 4 weeks
[13]. However, it has some disadvantages,
including lung parenchyma involvement
(i.e., fibrosis and hypoxemia) as well as
toxicity of MCT itself [8]. The MCT model
is widely available and mimics some (but
not all) features of group 1 PH.

Chronic hypoxia model

Many species develop PH in response to
chronic hypoxia. In rodents, exposure to
10% oxygen leads to an increase in RV
systolic pressure (RVSP), PVR, and subse-
quently RV hypertrophy [14]. Histologi-
cally, media hypertrophy and adventitial
fibrosis, muscularization of the PA, and
perivascular inflammation are present [15,

16]. Again, plexiform lesions are not ob-
served in this model. Thus, the chronic
hypoxic PH model represents group 3 PH
rather than PAH. However, the chronic hy-
poxiamodelhastheadvantageofamodest
phenotype with adaptive RV remodeling
and sustained RV function. It has the dis-
advantage of no RV failure or evidence of
premature mortality due to PH.

Sugen hypoxia model

The Sugenhypoxia (SuHx)model attempts
to increase the severity of PH induced by
hypoxia with the administration of the
VEGF receptor 2 antagonist, Sugen 5416
[17]. In rats, a single subcutaneous in-
jection of 20mg/kg Sugen followed by
3–4 weeks of 10% oxygen results in se-
vere and progressive pulmonary vascu-
lar remodeling including plexiform lesions
that are irreversible, even with a return to
normoxia (in contrast to hypoxia only; [18,
19]). BothRVmaladaptive remodelingand
RV failure are evident in SuHx rats within
6 weeks. Premature death is present in
a strain-dependent manner in rats [20].

By contrast, administration of three
consecutive weekly doses of Sugen is re-
quired for the development of PH in mice,
and RV dysfunction does not worsen to
failure [21]. However, in mice, the PH and
RV remodeling are also reversible upon
a return to normoxia. Thus, mice do not
show increased mortality rates.

One important consideration of all the
hitherto described models is the afterload
dependenceof RV failure. In all threemod-
els, the severity of right heart failure is
closely linked to the afterload imposed by
PH. As a result, drugs that improve hemo-
dynamics by pulmonary arterial vasodila-
tion and/or reverse structural remodeling
of the pulmonary vasculature can indi-
rectly improve RV function. Therefore, the
direct impact of drugs on RV function can
hardly be examined in these models.

In conclusion, animalmodels are essen-
tial for the development of new therapeu-
ticagents forPH.TheMCT, chronichypoxia,
and SuHx models are widely used to study
the pathogenesis of PH and evaluate novel
therapeutic approaches. However, further
models are needed to study afterload-in-
dependent effects of novel agents.

Small-animal models of RV failure
with mechanically fixed afterload

In patients with PH, pressure overload is
deemed as the predominant cause for
RV hypertrophy and failure, irrespective
of its underlying etiology. Nonetheless,
other factors, such as neurohormonal
activation, inflammation, metabolic al-
terations, and genetic predispositions,
may contribute to the exacerbation of RV
hypertrophic responses to pressure over-
load. Pulmonary artery banding (PAB)
is a frequently employed model for in-
vestigating the changes independently
associatedwithpressureoverload-induced
RV failure [22, 23]. The PAB model of RV
failure has gained significant attention re-
cently as a vital tool for investigating the
mechanisms behind RV remodeling and
assessing various treatment options that
target the right ventricle [24]. To induce
a fixed RV pressure overload, there are
two possible methods: applying a metal
clip onto the main PA or using a suture
to ligate it. Either method is intended
to reduce the main pulmonary cross-
sectional area to approximately 65–70%.
This fundamental characteristic of the PAB
model has beenutilized in diverse animals,
ranging from small rodents such as mice
and rats to larger species such as sheep,
pigs, and lambs. Among these models,
mice and rats are the most commonly
used, given their distinct advantages over
other animal models.

Animals subjected to PAB exhibit vari-
able severity of RV remodeling, depend-
ing on the animal species selected, the
genetic background, the sex, the dura-
tion of exposure, and the degree of PAB
constriction [25–27]. In addition to my-
ocardial hypertrophy, thePABmodel is also
characterizedbymyocardialfibrosisandin-
flammation, which eventually results in RV
dilation and failure [28, 29]. Although the
animal models described above, including
MCT, SuHx, and hypoxia, cause structural
changesboth intheRVandpulmonaryvas-
culature that are similar to those observed
in patients with PH, pharmacological stud-
ies with these models do not provide any
insight into whether the improvements in
RV structure and function are caused by RV
unloading or are the result of RV-directed
effects [30]. In this context, theuseof aPAB
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model presents a noteworthy advantage
over the aforementioned models. This is
due to the fact that a partial stenosis of the
mainPA induces aconsistent increase inRV
afterload, which is unrelated to changes in
the pulmonary vasculature. This provides
an opportunity to differentiate between
afterload-dependent and afterload-inde-
pendent RV-directed effects. This allows
for a comprehensive and precise exami-
nation of the mechanisms behind RV hy-
pertrophy and failure, irrespective of alter-
ations in pulmonary hemodynamics and
vascular remodeling. This makes the PAB
model a valuable tool in the study of RV
pathophysiology.

It is crucial to acknowledge that in the
PAB model, the extent of long-term RV re-
modeling and the risk of RV failure are di-
rectly correlated with the initial severity of
the PAB [27]. It is essential to preserve the
uniformity of PAB ligation size to facilitate
comparisons of RV remodeling responses
across different animal groups. Rodent
models of PAB can be particularly useful
in assessing the potential cardiotoxic ef-
fects of drugs intended for treating various
diseases, including PH, before advancing
to clinical trials [31]. Moreover, some of
the drugs with evidenced benefits for the
RV in afterload-dependent models may
still have RV-directed adverse effects. For
instance, in isolated perfused rat hearts
with RV hypertrophy, bosentan reduced
RV contractility in dosage-dependent way.
However, this effect was not observed in
the heart with a healthy right ventricle
[32].

Previous research has shown that PAB
rats exhibit compensated RV remodeling
and do not show signs of RV failure, in
contrast to rats exposed to SuHx or MCT.
As a result, the authors concluded that
the PAB model does not fully replicate
the development of RV failure observed
in PH patients [33]. However, the pheno-
types of RV observed in PAB models are
causally linked to the degree of PAB con-
striction. As the PAB constriction becomes
tighter, the RV remodeling becomes de-
compensated resulting in higher mortality
rates [27]. Interestingly, a recent study has
demonstrated that rats subjected to PAB
surgery develop all of the hemodynamic
and histological characteristics of RV fail-

ure in the same way as in the MCT and
SuHx models [34].

Furthermore, PAB models can be
used to identify and discover RV-spe-
cific biomarkers; for example, recent RV-
specific biomarkers that have been identi-
fied in PAH patients, including hepatocyte
growth factor and SPARC-like protein 1
[35, 36]. This proved that PAB model can
serve as a valuable tool for translational
research in RV failure.

The degree of structural and functional
remodeling of the RV is dependent on
the degree of constriction in the PA. For
instance, rats with mild constriction can
maintain their cardiac function despite RV
hypertrophy [33]. On the other hand, in-
creasing the severity of constriction re-
sults in RV functional decline, decreased
RV pumping function, RV dilatation, and
eventually RV failure [37, 38]. It is note-
worthy that despite the severe changes in
the RV, many features of RV failure can be
reversible upon unloading. For instance,
in a modified version of the PAB model
that applies absorbable sutures to con-
strict the PA, there is an initial functional
decline followed by functional and struc-
tural recovery once the PA band dissolves,
and the afterload burden is relieved [39].
Thismodel provides a useful tool for study-
ing the processes involved in RV recovery
from chronic pressure overload and subse-
quent unloading (comparable to patients
with chronic thromboembolic PH under-
going surgery).

The PAB model can be a particularly
useful tool in mouse models and in some
cases in rat models in terms of identifying
novel drug targets that are specific to RV
failure. Specifically, the mouse PAB model
can be employed to investigate the ef-
fects of gene-specific loss-of-function or
gain-of-function mutations, which can be
introduced broadly or selectively to partic-
ular cell types of interest in a controllable
manner. This approach helps to uncover
the spatial and temporal roles of the target
gene in relation to RVhypertrophyand fail-
ure. Despite the many advantages of this
model, one of the major disadvantages
is that it immediately results in a fixed
increase in resistance following surgery.
This reflects, to some extent, an acute
pulmonary embolism rather than a pro-
gressive gradual increase in resistance as

a result of PH and the transition from RV
adaptation to decompensationand failure.
Since alternative models that more closely
reflect the human situation are missing,
the PAB model remains the gold standard
model when addressing RV-directed treat-
ment effects.

Collectively, the PAB model has the po-
tential to assess a range of physiological
changes such as hemodynamic, mechani-
cal, neurohormonal, cellular, and molecu-
lar alterations that contribute to the devel-
opment of RV remodeling. Furthermore,
this model can be utilized to assess the ef-
ficacy of RV-targeted treatments. A more
widespread application of the PAB model
may lead to the development of therapies
targeting RV failure in PAH and other car-
diovascular diseases, ultimately improving
the outcome of the disease.

Summary

Animal models are crucial in enhancing
our comprehension of the causes, pro-
gression, and course of diverse diseases.
They also aid in the identification of pos-
sible targets for the design and devel-
opment of therapeutic interventions. An
ideal animal model should replicate the
disease processes with similar manifesta-
tions as observed in humans, while be-
ing cost-effective and easy to reproduce.
However, emulating the severity, progres-
sion, histological findings, and treatment
response in experimental models of PH
poses significant challenges. The com-
monly used animal models for PH include
MCT-inducedPH, chronichypoxia-induced
PH, and SuHx-induced PH. These models
have been useful in transferring various
treatment strategies from the laboratory
to the clinic, such as sildenafil or riociguat
[40, 41]. In these models, the function of
the RV is heavily reliant on RV afterload.
Thus, an enhancement in RV function or
adecrease inmortality rates cannot always
be directly linked to an improvement in RV
function, sincePAvasodilation(andreverse
remodeling) canalso indirectlyenhanceRV
function. As a result, afterload-indepen-
dent models such as the PAB model are
necessary. In this model, RV afterload re-
mains fixed and cannot be modified since
it ismechanically increased. Therefore, it is
moreprobable that the improvement inRV
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function is directly related to the drug be-
ing tested. Nonetheless, the translational
gap for all PH models is evident, and fur-
ther animal model refinement is required
to improve the efficiency of the bench-to-
bedside process. Development and im-
provements of animal models and pheno-
typingmethods (such as pressure–volume
loop assessment in rodents) are ongoing
so as to improve our understanding of RV
failure and to establish better therapeutic
strategies.
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