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Abstract

We have previously shown that treatment with recombinant human neuregulin-1 (rhNRG-1) improves
pulmonary arterial hypertension (PAH) in a monocrotaline (MCT)-induced animal model, by
decreasing pulmonary arterial remodeling and endothelial dysfunction, as well as by restoring RV
function. Additionally, rhNRG-1 treatment showed direct myocardial anti-remodelling effects in a
model of pressure loading of the RV without PAH. This work aimed to study the intrinsic cardiac
effects of rhNRG-1 on experimental PAH and RV pressure overload, and more specifically on
diastolic stiffness, at both the ventricular and cardiomyocyte level. We studied the effects of chronic
rhNRG-1 treatment on ventricular passive stiffness in RV and LV samples from MCT-induced PAH
animals and in the RV from animals with compensated and decompensated RV hypertrophy, through
a mild and severe pulmonary artery banding (PAB). We also measured passive tension in isolated
cardiomyocytes and quantified the expression of myocardial remodelling-associated genes and
calcium handling proteins. Chronic rhNRG-1 treatment decreased passive tension development in RV
and LV isolated from animals with MCT-induced PAH. This decrease was associated with increased
phospholamban phosphorylation, and with attenuation of the expression of cardiac maladaptive
remodelling markers. Finally, we showed that rhNRG-1 therapy decreased RV remodeling and
cardiomyocyte passive tension development in PAB-induced RV hypertrophy animals, without
compromising cardiac function, pointing to cardiac specific effects in both hypertrophy stages. In
conclusion, we demonstrated that rhNRG-1 treatment decreased RV intrinsic diastolic stiffness,

through the improvement of calcium handling and cardiac remodelling signalling.

Keywords: Diastolic Stiffness; Diastolic Function; Neuregulin-1; Pulmonary Arterial Hypertension;

Right Ventricle.

This article is protected by copyright. All rights reserved.



1. Introduction

Patients with pulmonary arterial hypertension (PAH) develop heart failure (HF) due to a progressive
increase in right ventricular (RV) pressure overload (1). Although it is known for some years that RV
systolic adaptation is of clinical importance, it just recently became clear that RV diastolic stiffness
increases and may contribute to disease progression in PAH (2, 3). Hypertrophy, fibrosis and
stiffening of the RV cardiomyocytes all appeared to contribute to the observed RV diastolic stiffness.
Indeed, there are stage-specific changes in the RV structure in PAH patients, which influence its
diastolic function (4), and new PAH therapeutic strategies should also protect against RV

maladaptation and failure (5).

Neuregulin-1 (NRG-1), a member of the epidermal growth factor (EGF) family, acts through tyrosine
kinase receptors (human epidermal growth factor receptor 2, 3 and 4 - ErbB2, ErbB3, and ErbB4) that
dimerize upon ligand binding, leading to phosphorylation and downstream signaling (6). The cardiac
NRG-1/ErbB system is critical for cardiac development and is activated during compensated left
ventricular (LV) failure (7). Additionally, a variety of studies in experimental LV dysfunction have
shown favorable effects of NRG-1 treatment, resulting in improved cardiac function, LV remodelling,
and reduced HF mortality (8-12), which were translated into clinical trials, showing efficacy and safety
in patients with HF (13, 14). Additional studies have been completed (ClinicalTrials.gov Identifier:
NCT01251406), and future studies aiming to determine the effects of rhNRG-1 on survival are

ongoing (ClinicalTrials.gov Identifier: NCT03388593).

Recently, we have demonstrated that chronic recombinant human NRG-1 (rhNRG-1) therapy
attenuated experimental monocrotaline (MCT)-induced PAH, as evidenced by beneficial effects on
pulmonary and RV remodelling and function (15). Also, in a model of pressure loading of the RV
without PAH (16), rhNRG-1treatment has direct beneficial effects on RV structure (15). However, the
role of rhNRG-1 in cardiomyocyte stiffness, myofilament ca* sensitivity and molecular changes that

contribute to the impairment of RV diastolic function in PAH need to be clarified.
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Therefore, this work aimed to study rhNRG-1’s effects on isolated cardiomyocytes in experimental
PAH and RV pressure overload, specifically on passive tension development. Furthermore, we aimed

to determine underlying mechanisms for rhNRG-1 modulation of RV diastolic function.

2. Results
2.1 RhNRG-1 decreases cardiomyocyte diastolic stiffness in MCT-induced PAH

We have previously shown that rhNRG-1 improves diastolic function in MCT-induced PAH (15). In
order to understand how, we evaluated passive tension in isolated skinned cardiomyocytes from the
same animals. Development of PAH was associated with cardiomyocyte increased passive tension at
different sarcomeric lengths (Figure 1-A). RhNRG-1 chronic treatment in MCT-induced PAH animals
with diastolic dysfunction already present when treatment started (Supplemental Figure 1), decreased
RV isolated cardiomyocyte passive tension. LV cardiomyocyte increased passive tension was also
observed in MCT-induced PAH and was similarly decreased by rhNRG-1 treatment (Supplemental
Figure 2). Interestingly, control animals treated with rhNRG-1 also showed decreased passive tension
in the highest measured sarcomeric length in both ventricles. Cardiomyocytes isolated from MCT
animals showed increased active tension development compared with control animals, in the RV

(Figure 1-B), while rhNRG-1 therapy attenuated this increase.

2.2 Chronic treatment with rhNRG-1 improves calcium signalling and attenuates the

expression of cardiac remodelling-associated genes

In order to understand how diastolic function could be modulated by rhNRG-1, we evaluated the effect
of rhNRG-1 chronic treatment on two of the main sarcomeric calcium regulation proteins,
sarcoplasmic reticulum Ca”*-ATPase (SERCA)2a and phospholamban (PLB). PAH-associated RV
diastolic stiffness was paralleled by a decrease in PLB phosphorylation, which was attenuated with
rhNRG-1 treatment (Figure 2-A). The expression of Serca?a was similar in the different experimental
groups (Figure 2-B). Increased overload of the RV in MCT-induced PAH was associated with altered
expression of several remodelling-associated genes. MYH6 gene expression, which encodes the
myosin heavy chain a isoform (a-MHC), was decreased in the RV of animals with MCT-induced PAH,

while the expression of MYH7 gene, which encodes the myosin heavy chain (3 isoform (B-MHC) was
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increased (Figure 2-C). This resulted in a significant shift of the MYH7/6 ratio. Furthermore, matrix
remodelling associated genes, namely collagen alpha-2(l) chain (Colla2) and collagen alpha-3(l)
chain (Col3al) (Figure 2-D) and skeletal muscle alpha actin (ACTA1) expression were upregulated in
the RV from MCT animals (Figure 2-E). Chronic treatment with rhNRG-1 was able to attenuate the
MYH7/6 ratio, and the expression of ACTAL, Col3al and Colla2. Changes in remodelling-associated
gene expression significantly correlated with hypertrophy and filling pressures of the RV

(Supplemental Figure 3).

2.3 Chronic treatment with rhNRG-1 decreases RV remodeling in mild and severe pulmonary

arterial banding (PAB)-induced pressure overload without compromising cardiac function

In the present study, we used a mild and severe PAB constriction in order to analyze the rhNRG-1
cardiac-specific effects on diastolic modulation in two different levels of RV pressure overload without
PAH. Right heart catheterization showed that only the severe PAB (sPAB) group developed signs of
RV failure, with decreased heart rate (HR; Figure 3-A) and ejection fraction (EF; Figure 3-B). RV filling
pressures (end-diastolic pressure - EDP; Figure 3-C) and RV dilation (end-diastolic volume - EDV;
Figure 3-D) were increased also only in the sPAB group. Additionally, diastolic dysfunction was also
present in this group, as measured by tau (1; Figure 3-E) and end-diastolic elastance (Eed; Figure 3-
F, G and H). Although chronic administration of rhNRG-1 did not reduce filling pressures or relaxation
time (Figure 3-C and E), it prevented RV dilation and diastolic stiffness (Figure 3-D, F and H) in SPAB
animals, potentially contributing to improved diastolic function of the RV. Similar to the RV, LV
function was compromised only in the sPAB group with lower end-systolic pressure (ESP) and EDP,
suggestive of LV unloading and increased stiffness, and a higher 1, suggestive of compromised
relaxation in this group of animals. RhNRG-1 treated animals showed no differences in ESP and EDP

compared to sham animals, while T remained increased (Supplemental Figure 4).

RVH was inversely proportional to the size of the constriction, once the Fulton index was increased in
animals subjected to mild PAB (mPAB) (15) and further increased in animals subjected to sPAB. RVH
was confirmed by increased cardiomyocyte cross-sectional area (CSA) and interstitial fibrosis, which
was also increased in the mPAB group (15) and to a greater extent in the SPAB group (Supplemental

Figure 5). RhNRG-1 treatment attenuated RV structural changes, by decreasing the Fulton index in
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mPAB animals (15), and cardiomyocyte CSA and fibrosis in both PAB models. Decreased RV
remodeling was evident without changing afterload (Figure 3-1), and without compromising overall

cardiac function. In fact, RV contractility was preserved (Figure 3-J), as well as EF (Figure 3-B).

2.4 RhNRG-1 attenuates cardiomyocyte diastolic stiffness in mild and severe PAB-induced RV

pressure overload

To determine, if the above-mentioned effects of rhNRG-1 on isolated cardiomyocyte passive tension
were also observed independently of decreased afterload through pulmonary vascular effects, we
performed the same experiments in the RV of PAB animals with mild and severe RV remodelling (16).
There was an increase in passive tension in both mild and severe constriction animals (Figure 4-A-C),
that was correlated with main structural and functional parameters of diastolic function (Supplemental
Figure 6). As in MCT-induced RV hypertrophy, chronic treatment with rhNRG-1 decreased isolated
cardiomyocyte passive tension in both mild and severe PAB. Also, cardiomyocytes isolated from
mPAB animals showed increased active tension development compared with Sham animals, while
sPAB cardiomyocyte active tension was decreased, revealing a depressed contractile function of the
cardiomyocytes in this group. Contrary to the MCT protocol, rhNRG-1 did not modulate intrinsic active

tension in the PAB models (Figure 4-D).

2.5 Expression of remodeling-associated gene expression in the RV from animals PAB-

induced RV hypertrophy animals

Increased overload of the RV in PAB animals was also associated with altered expression of several
remodelling-associated genes. ACTAL expression was upregulated in the RV from mild and severe
PAB animals (Figure 5-A and B). MYH6 gene expression was decreased in the RV of animals with
severe PAB, while the expression of MYH7 gene was increased (Figure 5-C). Furthermore, COL3A1
was also increased in severe PAB (Figure 5-D). Chronic treatment with rhNRG-1 was able to

attenuate the expression of ACTA1 in mild PAB-induced RV hypertrophy.
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3. Discussion

In this study we found that rhNRG-1 chronic treatment has beneficial cardiac-specific effects on the
passive properties of cardiomyocytes from the RV in PAH. Also, we demonstrated that rhNRG-1
decreased RV intrinsic diastolic stiffness, through the improvement of calcium handling and cardiac
remodelling signalling. To our knowledge this is the first report of the effects of rhNRG-1 treatment in

RV sarcomeric stiffening in PAH.

In PAH the RV adapts to increased overload, in a compensatory stage, through hypertrophy, with
increased RV mass and increased contractility (17). If overload surpasses its capacity to adapt, the
RV suffers maladaptive remodelling and begins to fail, leading to decreased cardiac output and
ultimately death (18). RV dysfunction is the main determinant of PAH prognosis (19), and recent
studies have shown that RV diastolic dysfunction is also present in PAH patients and is associated
with the disease severity (2, 3). These patients present increased RV cardiomyocyte hypertrophy and
fibrosis, as well as increased cardiomyocyte tension development, reduced calcium sensitivity, and
increased RV cardiomyocyte passive stiffness. Thus, therapies focusing on RV diastolic stiffness
should effectively improve the prognosis of patients with PAH (3). In line with this, rhNRG-1 was able
to attenuate RV sarcomeric passive stiffness, an important factor for RV diastolic impairment in PAH.
Indeed, we observed an approximately 2-fold higher RV sarcomeric stiffness over the range of
sarcomere lengths in MCT-induced PAH compared with control subjects, and rhNRG-1 therapy
attenuated this effect. The advantage of the single RV cardiomyocyte approach is that RV sarcomeric
function (the contractile apparatus of the RV cardiomyocytes) can be investigated in detail without the
confounding effects of hypertrophy, fibrosis, or calcium handling. Additionally, RV diastolic stiffness in
PAH coincided with increased RV contractility and force-generating capacity of cardiomyocytes

(active force) as we observed in MCT animals, and rhNRG-1 was able also to decrease this effect.

In PAH, RV diastolic stiffening precedes RV failure (20) and it is associated with sarcomeric protein
changes, including titin, troponin |, and myosin binding protein C hypophosphorylation, while no
significant changes occur in most of the remaining calcium handling proteins (21). In the
experimentally overloaded RV, Serca?a and PLB expression and activity are compromised (22-25).

However, in our study just PLB activity seems to be affected. Despite that, care should be taken when
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interpreting our results, since sevofluorane (used in our protocol) seems to affect Serca2a and PLB
levels in the rat RV (26). In previous studies, NRG-1 increases Serca2a activity through PLB
phosphorylation, improving calcium uptake (27). In agreement, we observed a recovery of PLB
hypophosphorylation in the RV of MCT animals, when treated with rhNRG-1. This finding suggests
that the role of NRG-1 in the diastolic dysfunctional RV might be dependent on PLB phosphorylation.
Despite that, we did not find any changes in the phosphorylation or in the expression levels of PLB
and Serca2a in the RV of animals submitted to PAB-induced pressure overload (Supplemental Figure
7). The lack of differences suggests that the degree of RV dysfunction observed in both the mild and
severe PAB models is not at the same level as the dysfunction observed in the MCT-induced PAH

animal model.

We also observed decreased mRNA expression of both type | and type Il collagen in the RV in MCT
rats treated with rhNRG-1, which might prove to be beneficial, as increased RV collagen mRNA
expression is associated with the development of PAH (4, 28, 29). This is consistent with previous
studies that have shown that treatment with NRG-1 (30) and gene transfer of human NRG-1 (31)
improve LV diastolic function in angiotensin-Il induced heart failure (30) and diabetic cardiomyopathy
(31), through decreased collagen gene expression and synthesis (32). Furthermore, we have
previously shown that rhNRG-1 decreases RV fibrosis in MCT-induced PAH and PAB-induced RV
hypertrophy (15), and also in PAB-induced RV dysfunction (severe PAB), as shown in the present
manuscript. Decreased hypertrophy observed in MCT animals treated with NRG-1 was associated
with a decrease in the gene expression of ACTA1 and an attenuation in the shift of MYH7/6 ratio gene
expression, as previously shown in diabetic cardiomyopathy (33). The NRG-1-induced expression of
the a MHC isoform (34), encoded by MYH6 gene, might counterbalance the overexpression of the 3
MHC isoform in the RV present in pulmonary hypertension (35), and contribute to a more efficient
actin-myosin interaction at the sarcomeric level. Interestingly, we found that rhNRG-1 treatment in
PAB protocol attenuated ACTALl expression in compensated, but not in decompensated RV
hypertrophy, suggesting that the effect of NRG-1 on hypertrophic signalling could differ in distinct
stages of cardiac stress. Changes in remodelling-associated gene expression are important triggers
for RV diastolic stiffness and, indeed, these alterations are significantly correlated with hypertrophy

and filling pressures of the RV in experimental PAH in our study.
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Moreover, we demonstrated that chronic treatment with rhNRG-1 decreases RV remodeling in mild
and severe PAB-induced pressure overload without compromising cardiac function. As already
described (16), the application of a mild constriction resulted in adaptive hypertrophy of the RV
(mPAB), with preserved systolic and diastolic function, while application of a severe constriction
resulted in maladaptive hypertrophy (sPAB), with chamber dilation and systolic and diastolic
dysfunction. Although rhNRG-1 seems to prevent RV dilation in severe PAB, there are no significative
functional changes after the treatment. However, we show that rhNRG-1 treatment decreased
isolated cardiomyocytes passive tension in both PAB models, being associated with improved RV
remodelling, without compromising its function. This is a major benefit of this therapeutic approach,
that not only presents specific RV effects, but also comprehends the entire scope of RV adaptation in
PAH (17). In fact, it was recently shown that NRG-1 chronic treatment decreases passive tension
development in LV myocytes from diabetic mice with diastolic dysfunction (36). These changes were
linked to an increased phosphorylation of titin on the more compliant N2Bus-S4010 site and
decreased phosphorylation of the stiffer PEVK-S11878 site (36) which overall results in decreased
cardiomyocyte passive tension. By itself, the previously published work (36) shows an important
molecular mechanism associated to modulation of passive stiffness in diabetes-associated left heart
disease, suggesting that a similar action for rhNRG-1 could be present on the RV, explaining also the
decreased passive tension development in cells from control animals treated with rhNRG-1. Besides
that, rhNRG-1 did not attenuate the expression of remodeling-associated gene expression in the RV
from severe PAB animals (Figure 5 and Supplemental Figure 8). Due to their different primary insult,
RV adaptation in PAB, compared to MCT model, is significantly different, as previously shown by our
group (16), and does not represent the clinical entity of PAH, which could explain this effect. However,
the molecular insights related to the cardiac specific effects of NRG-1 on RV dysfunction still need to

be investigated in detail and will be the subject of further studies.

Additionally, the observations that rhNRG-1 treatment decreases passive tension in cardiomyocytes
isolated from MCT and PAB animals, and that it only affects active tension in animals with MCT-
induced PAH, suggest that the effects of rhNRG-1, in this context, are mainly due to the regulation of

cardiomyocyte passive properties, and therefore RV diastolic function.
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The lack of the direct measurement of calcium transients is a limitation in our study, but taking into
account our data, we believe that NRG-1 treatment has a positive role in RV diastolic dysfunction
(which was already present when treatment started) specifically improving calcium uptake, through
increased PLB phosphorylation, which reduces its inhibitory actions on Serca2a (37). Also, the role of
rhNRG-1 in titin modulation on the RV in both animal models would be relevant. However, our study
gives the first clue for the possible role of NRG-1 in modulating diastolic function in the overloaded
RV, paving the way for future studies focusing on the intracellular pathways associated with our

observations.

In the present study, we showed that treatment with rhNRG-1 decreases diastolic stiffness in
cardiomyocytes isolated from the RV of animals with MCT-induced PAH, and that this decrease in
stiffness was associated with improved remodelling and calcium handling associated signalling.
Finally, using animal models of PAB-induced pressure overload, we demonstrated that the effects of
rhNRG-1 on isolated cardiomyocytes passive tension are independent from afterload changes. These
findings represent a significant step forward towards the understanding of the effects of NRG-1 in the

heart, and specifically in the RV and its possible implications in PAH pathophysiology and treatment.

4. Methods

All animal experiments were performed in accordance with the recommendations of the Guide for the
Care and Use of Laboratory Animals, published by the US National Institutes of Health (NIH
Publication No. 85-23, Revised 2011), and were approved by the ethical committee of the Faculty of
Medicine of the University of Porto and the Portuguese Foundation for Science and Technology, and
certified by the Portuguese National Authority for Animal Health - DGAV (Dire¢do-Geral de
Alimentagdo e Veterinaria) (PTDC/SAU-FCF/100442/2008; 0421/000/000/2013). All animal
manipulations were executed by trained researchers, certified with a Laboratory Animal Sciences
course according to the Federation of European Laboratory Animal Science Association. Animals
were kept in groups of 2-per cage under controlled environment with a 12-h-light-dark cycle at 22°C
room temperature, with water and food ad libitum. A detailed method section is available in the online-

only Data Supplement.
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4.1 Experimental models of MCT-induced PAH and PAB-induced RV pressure overload

Most of the samples used in this study originated from one of our previous works (15). Briefly, seven-
week old male Wistar rats (Charles River Laboratories,180-200g) randomly received an injection of
MCT (60mg/kg, s.c., Sigma-Aldrich) or an equal amount of vehicle. Two weeks after MCT/vehicle
administration, animals were further randomly assigned to receive rhNRG-1 (Peprotech) at a dose of
40 pg/kg (daily, i.p.) or an equal amount of vehicle (0.9%NacCl) for 1 week, resulting in four groups:
Ctrl + vehicle (C; n=16); Ctrl + rhNRG-1 (CN; n=14); MCT + vehicle (M; n=24); MCT + rhNRG-1 (MN;
n=24). After the treatment period, sample collection was performed for in vitro functional studies and

molecular analysis.

Another group of animals was subjected to pulmonary artery banding (PAB), applying a pulmonary
artery constriction resulted in two degrees of hypertrophy (16-gauge and 18-gauge needle, for mild
and severe PAB, respectively), and submitted to the same randomization, time points, and chronic
treatment protocol. So, two weeks after surgery, PAB animals randomly received rhNRG-1 or vehicle
for 1 week, resulting in six groups: Sham + vehicle (S; n=8); Sham + rhNRG-1 (SN; n=7); mild PAB +
vehicle (MPAB; n=8); mild PAB + rhNRG-1 (mPABN; n=10); severe PAB + vehicle (sPAB; n=12) and
severe PAB + rhNRG-1 (sPABN; n=10). After the treatment period, the animals were submitted to
hemodynamic evaluation and sample collection was performed for in vitro functional studies and

molecular analysis.

4.2 Invasive hemodynamic evaluation

As described (15), animals were intubated and ventilated, and using an open chest approach,
pressure — volume catheters were introduced in the RV and LV (SPR-869 and SPR-847, respectively,
Millar Instruments). A flow probe was implanted around the ascending aorta (MA2.5PSB, Transonic
Systems). Baseline and inferior vena cava occlusion recordings were obtained, and a bolus injection
of hypertonic saline was administered to account for parallel conductance. Pressure and volume
signals were continuously acquired (MPVS Ultra, Millar Instruments), digitally recorded (PowerLab
16/30, ADInstruments), and analysed off-line (LabChart 7 Pro, ADInstruments). Following anesthetic

overdose, the animals were exsanguinated, and samples collected.
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4.3 In vitro studies in isolated skinned cardiomyocytes

RV samples (stored at -80°C), were defrosted in relax solution, and a biopsy taken, subjected to
mechanical disruption, and permeabilized with 0.1% Triton X-100. Under microscopic view (model
1X51, Olympus) and through imaging software (VSL 900B, Aurora Scientific), a single cardiomyocyte
was attached to a force transducer (model 403A, Aurora Scientific) and a length controller (model
315C-I, Aurora Scientific). Cell length was digitally adjusted through custom-designed software (series
600A digital controller, Aurora Scientific). Steady-state passive force at increasing sarcomere lengths

(1.8 - 2.3 um) and maximal force development at 2.2 um were measured (16, 38).

4.4 Quantitative reverse transcription polymerase chain reaction (RT-PCR) and

immunoblotting

For RT-PCR, total RNA was extracted using the RNeasy Mini Kit according to manufacturer’s
instructions, and relative mRNA expression quantified by two-step Real-Time PCR (Step-One™
Applied Biosystems). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a
reference gene, and final results presented in Arbitrary Units (AU) and normalized for the control
group. All assays were performed in duplicate. Primers used were designed in-house (Supplemental

Table 1).

For immunoblotting experiments, RV samples were homogenized in ice-cold RIPA lysis buffer (Cell
Signaling Technology) containing protease and phosphatase inhibitors. Extracts were centrifuged at
12000 rpm for 20 min at 4°C, supernatants collected, total protein concentration determined, and
30ug separated in a 10% SDS-PAGE gel. Proteins were electroblotted onto a 0.2 um nitrocellulose
membrane, blocked with 5% skinned milk and incubated overnight at 4°C with primary antibodies
(Supplemental Table 2). After washing, the membrane was probed with secondary antibodies (IRDye
680LT, Goat-anti-Mouse Ab and IRDye 800CW, Goat-anti-Rabbit Ab, Li-COR Biosciences) and

visualized using an Odyssey scanner (infrared imaging system, Li-COR Biosciences).
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4.5 Statistical Analysis

The results are presented as the mean+SEM. Statistical analysis was performed using GraphPad
Software v7 (GraphPad Software Inc., San Diego, CA, USA). Two-way analysis of variance (ANOVA),
with repeated-measures when suitable, was used to analyse most parameters with Tukey's method
for post hoc comparisons between groups. A P-value of <0.05 was considered to be statistically

significant.

Acknowledgements

This work was supported by Portuguese Foundation for Science and Technology (FCT) through Grant
UID/IC/00051/2013 (COMPETE_2020, POCI) and projects PTDC/SAU-FCF/100442/2008 and
IMPACT- PTDC/MED-FSL/31719/2017; NETDIAMOND (POCI-01-0145-FEDER-016385) and DOCnet
(NORTE-01-0145-FEDER-000003, NORTE_2020, under PORTUGAL_ 2020 Partnership). RA is
supported by FCT (SFRH/BD/96403/2013). PMF is supported by European Respiratory Society

(LTRF-2017 01-00063).

Conflict of Interest

None.
References
1. Santos-Ribeiro D, Mendes-Ferreira P, Maia-Rocha C, Adao R, Leite-Moreira AF, Bras-Silva C.

Pulmonary arterial hypertension: Basic knowledge for clinicians. Arch Cardiovasc Dis 2016.

2. Trip P, Rain S, Handoko ML, et al. Clinical relevance of right ventricular diastolic stiffness in
pulmonary hypertension. Eur Respir J 2015; 45:1603-12.

3. Rain S, Handoko ML, Trip P, et al. Right ventricular diastolic impairment in patients with

pulmonary arterial hypertension. Circulation 2013; 128:2016-25, 1-10.

This article is protected by copyright. All rights reserved.



4. Rain S, Andersen S, Najafi A, et al. Right Ventricular Myocardial Stiffness in Experimental
Pulmonary Arterial Hypertension: Relative Contribution of Fibrosis and Myofibril Stiffness. Circ Heart
Fail 2016; 9.

5. Voelkel NF, Bogaard HJ, Gomez-Arroyo J. The need to recognize the pulmonary circulation
and the right ventricle as an integrated functional unit: facts and hypotheses (2013 Grover
Conference series). Pulm Circ 2015; 5:81-9.

6. Mendes-Ferreira P, De Keulenaer GW, Leite-Moreira AF, Bras-Silva C. Therapeutic potential
of neuregulin-1 in cardiovascular disease. Drug Discov Today 2013; 18:836-42.

7. Lemmens K, Doggen K, De Keulenaer GW. Role of neuregulin-1/ErbB signaling in
cardiovascular physiology and disease: implications for therapy of heart failure. Circulation 2007;
116:954-60.

8. Liu X, Gu X, Li Z, et al. Neuregulin-1/erbB-activation improves cardiac function and survival in
models of ischemic, dilated, and viral cardiomyopathy. J Am Coll Cardiol 2006; 48:1438-47.

9. Wang XH, Zhuo XZ, Ni YJ, et al. Improvement of cardiac function and reversal of gap junction
remodeling by Neuregulin-1beta in volume-overloaded rats with heart failure. J Geriatr Cardiol 2012,
9:172-9.

10. Bian Y, Sun M, Silver M, et al. Neuregulin-1 attenuated doxorubicin-induced decrease in
cardiac troponins. Am J Physiol Heart Circ Physiol 2009; 297:H1974-83.

11. Cohen JE, Purcell BP, MacArthur JW, Jr., et al. A bioengineered hydrogel system enables
targeted and sustained intramyocardial delivery of neuregulin, activating the cardiomyocyte cell
cycle and enhancing ventricular function in a murine model of ischemic cardiomyopathy. Circ Heart
Fail 2014; 7:619-26.

12. Li B, Zheng Z, Wei Y, et al. Therapeutic effects of neuregulin-1 in diabetic cardiomyopathy

rats. Cardiovasc Diabetol 2011; 10:69.

This article is protected by copyright. All rights reserved.



13. Gao R, Zhang J, Cheng L, et al. A Phase Il, randomized, double-blind, multicenter, based on
standard therapy, placebo-controlled study of the efficacy and safety of recombinant human
neuregulin-1 in patients with chronic heart failure. J Am Coll Cardiol 2010; 55:1907-14.

14. Jabbour A, Hayward CS, Keogh AM, et al. Parenteral administration of recombinant human
neuregulin-1 to patients with stable chronic heart failure produces favourable acute and chronic
haemodynamic responses. Eur J Heart Fail 2011; 13:83-92.

15. Mendes-Ferreira P, Maia-Rocha C, Adao R, et al. Neuregulin-1 improves right ventricular
function and attenuates experimental pulmonary arterial hypertension. Cardiovasc Res 2016;
109:44-54.

16. Mendes-Ferreira P, Santos-Ribeiro D, Adao R, et al. Distinct right ventricle remodeling in
response to pressure overload in the rat. Am J Physiol Heart Circ Physiol 2016; 311:H85-95.

17. Vonk Noordegraaf A, Westerhof BE, Westerhof N. The Relationship Between the Right
Ventricle and its Load in Pulmonary Hypertension. J Am Coll Cardiol 2017; 69:236-43.

18. Sano M, Minamino T, Toko H, et al. p53-induced inhibition of Hif-1 causes cardiac
dysfunction during pressure overload. Nature 2007; 446:444-8.

19. Ruocco G, Palazzuoli A. Early detection of pulmonary arterial hypertension: do not forget the
right ventricle. Nat Rev Cardiol 2015; 12:134.

20. Alaa M, Abdellatif M, Tavares-Silva M, et al. Right ventricular end-diastolic stiffness heralds
right ventricular failure in monocrotaline-induced pulmonary hypertension. Am J Physiol Heart Circ
Physiol 2016; 311:H1004-H13.

21. Rain S, Bos Dda S, Handoko ML, et al. Protein changes contributing to right ventricular
cardiomyocyte diastolic dysfunction in pulmonary arterial hypertension. J Am Heart Assoc 2014;
3:e000716.

22. Moon MR, Aziz A, Lee AM, et al. Differential calcium handling in two canine models of right

ventricular pressure overload. J Surg Res 2012; 178:554-62.

This article is protected by copyright. All rights reserved.



23. Benoist D, Stones R, Benson AP, et al. Systems approach to the study of stretch and
arrhythmias in right ventricular failure induced in rats by monocrotaline. Prog Biophys Mol Biol 2014;
115:162-72.

24. Quaile MP, Rossman El, Berretta RM, et al. Reduced sarcoplasmic reticulum Ca(2+) load
mediates impaired contractile reserve in right ventricular pressure overload. Journal of molecular
and cellular cardiology 2007; 43:552-63.

25. Hadri L, Kratlian RG, Benard L, et al. Therapeutic efficacy of AAV1.SERCA2a in monocrotaline-
induced pulmonary arterial hypertension. Circulation 2013; 128:512-23.

26. Yin X, Wang L, Qin G, et al. Rats with Chronic, Stable Pulmonary Hypertension Tolerate Low
Dose Sevoflurane Inhalation as Well as Normal Rats Do. PLoS One 2016; 11:e0154154.

27. Brero A, Ramella R, Fitou A, et al. Neuregulin-1betal rapidly modulates nitric oxide synthesis
and calcium handling in rat cardiomyocytes. Cardiovasc Res 2010; 88:443-52.

28. Wang Z, Schreier DA, Hacker TA, Chesler NC. Progressive right ventricular functional and
structural changes in a mouse model of pulmonary arterial hypertension. Physiol Rep 2013;
1:e00184.

29. Schreier D, Hacker T, Song G, Chesler N. The role of collagen synthesis in ventricular and
vascular adaptation to hypoxic pulmonary hypertension. J Biomech Eng 2013; 135:021018.

30. Vermeulen Z, Hervent AS, Dugaucquier L, et al. Inhibitory actions of the NRG-1/ErbB4
pathway in macrophages during tissue fibrosis in the heart, skin, and lung. Am J Physiol Heart Circ
Physiol 2017; 313:H934-H45.

31. Li B, Xiao J, Li Y, Zhang J, Zeng M. Gene transfer of human neuregulin-1 attenuates
ventricular remodeling in diabetic cardiomyopathy rats. Exp Ther Med 2013; 6:1105-12.

32. Galindo CL, Kasasbeh E, Murphy A, et al. Anti-remodeling and anti-fibrotic effects of the
neuregulin-1beta glial growth factor 2 in a large animal model of heart failure. J Am Heart Assoc

2014; 3:e000773.

This article is protected by copyright. All rights reserved.



33. Vandekerckhove L, Vermeulen Z, Liu ZZ, et al. Neuregulin-1 attenuates development of
nephropathy in a type 1 diabetes mouse model with high cardiovascular risk. Am J Physiol Endocrinol
Metab 2016; 310:E495-504.

34, Jacobson C, Duggan D, Fischbach G. Neuregulin induces the expression of transcription
factors and myosin heavy chains typical of muscle spindles in cultured human muscle. Proc Nat! Acad
SciUS A2004;101:12218-23.

35. Nakanishi K, Nakata Y, Kanazawa F, et al. Changes in myosin heavy chain and its localization
in rat heart in association with hypobaric hypoxia-induced pulmonary hypertension. J Pathol 2002;
197:380-7.

36. Hopf AE, Andresen C, Kotter S, et al. Diabetes-Induced Cardiomyocyte Passive Stiffening Is
Caused by Impaired Insulin-Dependent Titin Modification and Can Be Modulated by Neuregulin-1.
Circ Res 2018; 123:342-55.

37. Soller KJ, Yang J, Veglia G, Bowser MT. Reversal of Phospholamban Inhibition of the
Sarco(endo)plasmic Reticulum Ca2+-ATPase (SERCA) Using Short, Protein-interacting RNAs and
Oligonucleotide Analogs. J Biol Chem 2016; 291:21510-8.

38. Adao R, Mendes-Ferreira P, Santos-Ribeiro D, et al. Urocortin-2 improves right ventricular

function and attenuates pulmonary arterial hypertension. Cardiovasc Res 2018.

This article is protected by copyright. All rights reserved.



Figures

Figure 1 — rhNRG-1 treatment decreases passive stiffness and active force development in the
cardiomyocytes from MCT-induced PAH animals. (A) Passive tension development in isolated
skinned cardiomyocytes isolated from the RV of all experimental groups. (B) Active tension analysis
of cardiomyocytes isolated from the RV of all groups. Symbols and bars represent mean + SEM, of 7-
12 animals per group (29 — 34 cells). *p<0.05, **p<0.01, ***p<0.001 vs C; “p<0.05, *p<0.01,
#5<0.001 vs M. Two-way ANOVA repeated measures with Tukey multiple comparison test was used

to statistically analyse all the presented parameters. Abbreviations: AT — Active Tension; C — control animals

treated with vehicle; CN — control animals treated with rhNRG-1; M — monocrotaline animals treated with vehicle; MN —

monocrotaline animals treated with rhNRG-1; rhNRG-1 — recombinant human neuregulin-1; RV — right ventricle.

Figure 2 — rhNRG-1 treatment improves calcium handling signalling and attenuates the
expression of remodelling associated genes in the RV from MCT-induced PAH animals. (A)
Densitometric analysis of PLB phosphorylation at Serl6/Thrl7 in RV tissue from all experimental
groups. (B) Densitometric analysis of Serca2A expression. (C) MYH6 and MYH7 mRNA expression
(D) Collagen 1 and 3 mRNA expression. (E) ACTAL mRNA expression. Symbols and bars represent
mean * SEM, of 6-11 animals per group. *p<0.05 vs C; #p<0.05 vs M. Two-way ANOVA with Tukey
multiple comparison test was used for all presented parameters. Acronyms are the same as in Figure

1. Abbreviations: ACTAL — skeletal muscle alpha actin; C — control animals treated with vehicle; CN — control animals treated

with rhNRG-1; Colla2 — collagen alpha-2(l) chain; Col3al — collagen alpha-3(I) chain; GAPDH — Glyceraldehyde-3-Phosphate
Dehydrogenase; M — monocrotaline animals treated with vehicle; MN — monocrotaline animals treated with rhNRG-1; MYH —
myosin heavy chain; PLB — phospholamban; rhNRG-1 — recombinant human neuregulin-1; RV - right ventricle; Serca2A —

sarcoplasmic reticulum Ca2+-ATPase 2a.

Figure 3 — rhNRG-1 did not improve RV hemodynamic function in mild and severe PAB-
induced RV pressure overload. (A-F) HR, EF, EDP, EDV, Tau and Eed analysis in all experimental
groups. (G) Representative RV pressure-volume (PV) loops from mPAB groups (left) and respective
diastolic pressure volume relationships (right). (H) Representative RV pressure-volume (PV) loops
from sPAB groups (left) and respective diastolic pressure volume relationships (right). (1,J) ESP and
Ees analysis in all experimental groups. Symbols and bars represent mean + SEM, of 7-12 animals
per group. *p<0.05, **p<0.01, ***p<0.001 vs S; “p<0.05, ¥p<0.01 vs mPAB. Two-way ANOVA with

Tukey multiple comparison test was used to statistically analyse all the presented parameters.
Abbreviations: EDP - end-diastolic pressure; EDPVR - end-diastolic pressure-volume relationship; EDV — end-diastolic
volume; Eed - end-diastolic elastance; EF — ejection fraction; ESP — end-systolic pressure; Ees — end-systolic elastance; HR
— heart rate; mPAB — mild pulmonary artery banding animals treated with vehicle; mPABN — mild pulmonary artery banding
animals treated with rhNRG-1; rhNRG-1 — recombinant human neuregulin-1; RV — right ventricle; S — sham animals treated
with vehicle; SN - sham animals treated with rhNRG-1; sPAB — severe pulmonary artery banding animals treated with vehicle;

SPABN — severe pulmonary artery banding animals treated with rhNRG-1; t — isovolumic relaxation time constant.
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Figure 4 — rhNRG-1 treatment decreases passive stiffness in RV cardiomyocytes of mild and
severe PAB-induced RV pressure overload. (A-C) Passive tension development in isolated
skinned cardiomyocytes isolated from the RV of all experimental groups. (D) Active tension analysis
of cardiomyocytes isolated from the RV of all groups. Symbols and bars represent mean + SEM, of 7-
12 animals per group (18-43 cells). *p<0.05, **p<0.01, **p<0.001 vs S; “p<0.05, “p<0.01, **p<0.001
vs mPAB; §p<0.05, §§§p<0.05 vs sPAB. Two-way ANOVA with Tukey multiple comparison test was

used to statistically analyse all the presented parameters. Abbreviations: AT — Active Tension; mPAB — mild

pulmonary artery banding animals treated with vehicle; mPABN — mild pulmonary artery banding animals treated with rhNRG-
1; rhNRG-1 — recombinant human neuregulin-1; RV — right ventricle; S — sham animals treated with vehicle; SN — sham
animals treated with rhNRG-1; sPAB — severe pulmonary artery banding animals treated with vehicle; sSPABN — severe

pulmonary artery banding animals treated with rhNRG-1.

Figure 5 — mRNA expression of remodeling associated genes in the RV of PAB-induced
hypertrophy animals. (A,B) ACTA1 mRNA expression in mild and severe PAB animals. (C) MYH6
and MYH7 mRNA expression in severe PAB animals. (D) COL3A1 mRNA expression in severe PAB
protocol. Symbols and bars represent mean + SEM, of 7-12 animals per group. *p<0.05, **p<0.01,
***n<(0.001 vs S. Two-way ANOVA with Tukey multiple comparison test was used to statistically
analyze all the presented parameters. Abbreviations: ACTA1 — skeletal muscle alpha actin; Col3al — collagen alpha-

3(1) chain; GAPDH — Glyceraldehyde-3-Phosphate Dehydrogenase; mPAB — mild pulmonary artery banding animals treated
with vehicle; mMPABN — mild pulmonary artery banding animals treated with rhNRG-1; MYH — myosin heavy chain; rhNRG-1 —
recombinant human neuregulin-1; RV — right ventricle; S — sham animals treated with vehicle; SN - sham animals treated with
rhNRG-1; sPAB - severe pulmonary artery banding animals treated with vehicle; sSPABN — severe pulmonary artery banding
animals treated with rhNRG-1.
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