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Background: Combined angiotensin II receptor antagonismand neprilysin inhibition by LCZ696 reducesmorbidity
andmortality in heart failure patients andworks by reducing RAAS activity and increasing cGMP levels. This study
aims to evaluate the effects of LCZ696 in rats with pulmonary hypertension and right ventricular (RV) failure.
Methods: Pulmonary hypertension was induced in rats (n=34) by combined exposure to the vascular endothe-
lial growth factor-receptor antagonist SU5416 and hypoxia (SuHx). To distinguish pulmonary vascular from car-
diac effects, isolated RV failurewas induced by pulmonary trunk banding (PTB) in another group of rats (n=40).
In bothmodels, the development of RV dysfunctionwas verified before randomization to treatment with LCZ696
(60 mg/kg/day) or vehicle for five weeks.
Results: In the SuHx rats, LCZ696 treatment reduced the increase in RV pressure and the development of RV hy-
pertrophy and RV dilatation compared with vehicle treatment. LCZ696 also reducedwall thickness of the smaller
pulmonary arteries. In the PTB rats, LCZ696 treatment did not have any effects on RV hypertrophy or function.
Conclusions: Combined angiotensin II receptor antagonism andneprilysin inhibition reducedRV systolic pressure,
hypertrophy, and dilatation in rats with pulmonary hypertension. These effects seem secondary to pulmonary
vascular changes, including reduced pulmonary vascular remodeling, as similar effects were not seen in rats
with isolated RV failure. LCZ696 may have a therapeutic potential in the treatment of pulmonary hypertension.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

In pulmonary arterial hypertension (PAH), remodeling of the smaller
pulmonary arteries causes an increase in pulmonary vascular resistance
and thereby an increase in afterload of the right ventricle (RV). Initially,
the RV adapts to the pressure overload by hypertrophy and increased
contractility, but with disease progression, these adaptations are no lon-
ger sufficient tomaintain cardiac output and the RV fails. Neurohormonal
activation plays a central role in PAH and the concomitant development
of RV failure. Up-regulation of the renin-angiotensin-aldosterone-
arhus University Hospital, Palle

).
eliability and freedom from bias
system (RAAS) contributes to pulmonary vascular remodeling [1], and
in idiopathic PAH patients, systemic RAAS activity is associated with dis-
ease progression and the risk of death or lung transplantation [2].

Contrary to the RAAS, activation of the natriuretic peptide system
exerts cardioprotective effects. Atrial natriuretic peptide (ANP) and
brain natriuretic peptide (BNP) are released from the overloaded
heart and promote vasodilatation, reduce fibrosis, and suppress the
RAAS and sympathetic nervous system overdrive. The peptides are,
however, quickly degraded by the enzyme neprilysin. The natriuretic
peptides have antiproliferative effects on pulmonary vascular smooth
muscle cells [3,4], and ANP and BNP vasorelaxation is crucial in attenu-
ating the development of hypoxia induced PH [5]. In the clinical setting,
infusion with the recombinant human BNP nesiritide reduces pulmo-
nary vascular resistance in postcapillary pulmonary hypertension (PH)
[6,7]. In precapillary PH, nesiritide infusion increases nitric oxide levels
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[7] and augments the pulmonary vasodilating effects of sildenafil [8],
but the effects of long-term stimulation of the natriuretic peptide sys-
tem have not yet been evaluated in PH patients.

LCZ696 attenuates the harmful effects of the RAAS while enhancing
the beneficial effects of the natriuretic peptides by combining the angio-
tensin II receptor antagonist valsartan and the neprilysin inhibitor
sacubitril. The compound reduces morbidity and mortality in patients
with left ventricular failure [9], but no data exist regarding its effect on
PH and the pressure overloaded RV.

This study was designed to evaluate the effects of combined angio-
tensin II receptor antagonism and neprilysin inhibition by LCZ696 in ex-
perimental PH and RV failure and to distinguish pulmonary vascular
effects from potential direct cardiac effects by using two animalmodels;
one of PH with RV failure and one of isolated RV failure.

2. Methods

2.1. Study design (Fig. 1)

Effects of LCZ696 treatment on the development of PH and RV failurewas evaluated in
the Sugen-hypoxia (SuHx)model. Sprague-Dawley rats (177±19 g)were randomized to
sham or PH and RV failure by SuHx as previously described [10]. In order to separate pul-
monary vascular effects of LCZ696 treatment from direct cardiac effects, we included an-
other group of rats with isolated RV failure. For this part of the study, Wistar rat
weanlings (123±11 g)were randomized to sham, compensatedRV failure, or decompen-
sated RV failure by pulmonary trunk banding (PTB) as previously described [11]. Details
on the animal models are provided in the supplementary material.

All rats received humane care and were treated according to Danish national guide-
lines. All experiments were approved by the Institutional Ethics Review Board and con-
ducted in accordance with the Danish law for animal research (authorization numbers
2016-15-0201-00936 and 2016-15-0201-01040, Danish Ministry of Justice).

2.2. Hemodynamic measurements

Hemodynamicswere evaluated by echocardiography, cardiacMRI, and invasive pres-
sure and volume measurements before euthanasia. For details, see supplementary. In
short, we used a Vevo 2100 echocardiographic system (Visual Sonics, Canada) at baseline
and end of study to obtain measures of RV function including tricuspid annular plane sys-
tolic excursion (TAPSE). A 9.4 Tesla Agilent magnetic resonance imaging (MRI) system
was used for assessment of RV volumes. RV stroke volume was assessed from phase con-
trast flowmeasurements in the pulmonary artery. PTB-decomp rats did not undergo MRI
or pressure-volume loop recordings, as the severity of their disease did not allow for lon-
ger periods of anesthesia. Systemic blood pressure and RV pressure and volume were
measured invasively with micro-tip catheters (SPR-869; Millar Instruments, USA).
Pressure-volume loops with decreasing preloads were generated by slow occlusion of
the inferior cava. Data were recorded and analyzed using LabChart (AD Instruments,
UK). All data analyses were performed by a blinded observer.
Fig. 1. Study design. The SuHxmodelwas used to evaluate the effects of LCZ696 treatment in rat
development of PH by RVdilatation in the SuHx rats, and theywere returned to normoxia. After
function, and the SuHx rats were randomized to vehicle (SuHx) or LCZ696 treatment (SuHx+L
LCZ696 (30 mg/kg/day) for the first week followed by full dose (60 mg/kg/day) for four weeks
compensated and decompensated RV failure (B). Two weeks after the procedure, an echocardio
vehicle (PTB-comp, PTB-decomp) or LCZ696 treatment (PTB-comp+LCZ, PTB-decomp+LCZ)
treatment. See supplementary for methodological details on the SuHx and PTB models.
2.3. Stereology

Stereological methods and principles were used for evaluation of morphological
changes of the pulmonary vasculature and RV tissue. For details, see supplementary. All
analyses were performed with the observer blinded to the source of the sample.

In short, isotropic 2 μm paraffin sections of lung tissue from SuHx and corresponding
sham rats were made using the orientator technique [12]. Sections were stained with
elastica van Gieson and analyzed using Visiopharm software (Hørsholm, Denmark). Pul-
monary arteries with an outer diameter b 90 μm and sampled by an unbiased counting
frame were included in the analysis. Vessels were classified into three groups according
to their outer diameter [10]. Outer and inner diameter of the vessels were measured in
the short axis and wall thickness calculated as:

Wall thickness μmð Þ ¼ Outer diameter μmð Þ−Inner diameter μmð Þ
2

Thin isotropic cryosections were prepared from the RV by the isector technique [13]
after sampling by the smooth fractionator principle. To estimate fibrosis, sections were
stained with Masson's trichrome and analyzed using two point grids; a 12 × 12 point
grid for fibrosis and 3 × 3 point grid for the RV. Volume fraction, VV, of fibrosis was calcu-
lated for each animal by the formula:

VV fib=RVð Þ ¼ ΣP fibð Þ
ΣP RVð Þ ∙

9
144

Reference volume of the RV was estimated by dividing the wet weight of the RV by
1.06 (g/cm3) [14] and total fibrosis volume, V(fib), calculated as

V fib;RVð Þ ¼ VV fib=RVð Þ∙V RVð Þ

To estimate capillary length density and total length, isotropic cryosections were pre-
pared with immunohistochemical staining for the endothelial marker CD31. Capillaries
were sampled by an unbiased counting frame, and capillary length density, Lv(cap/RV),
i.e. number of capillary profiles per RV area was calculated as

Lv cap=RVð Þ ¼ 2∙QA capð Þ
a=p∙ΣP RVð Þ ;

where a/p, is the area per point of the RV point grid, andQA(cap) is the number of capillary
profiles.

Total length, L(cap,RV), was calculated as:

L cap;RVð Þ ¼ Lv cap=RVð Þ∙V RVð Þ

The diffusion length (r) i.e. the radius of the cross-sectional area of the tissue around a
capillary supplied by that capillary, assuming that each capillary has a cylindrical shape
and supplies a tissue cylinder, was calculated as

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
π∙Lv cap=RVð Þ

s

swith PH and RV failure (A). After fourweeks in hypoxia, an echocardiography verified the
additional twoweeks, a baseline echocardiographywas performed in all rats to evaluate RV
CZ) by once daily oral gavage. For up-titration, the treatment group received a low dose of
. The PTBmodel was used to evaluate the potential direct cardiac effects of LCZ696 in both
graphywas performed to verify RV dysfunction in PTB rats, and they were randomized to
administered as described above. Sham rats (Sham) from both models received vehicle
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2.4. Gene expression

After sampling for stereology, remaining RV tissue blocks were frozen (−80 °C) for
evaluation of mRNA expression levels of: ANP, BNP, α-myosin heavy chain (α-MHC), β-
myosin heavy chain (β-MHC),α-smoothmuscle actin (α-SMA), connective tissue growth
factor (CTGF), osteopontin (OPN), plasminogen activator inhibitor-1 (PAI-1), collagen I,
and collagen III. For details, see supplementary.

2.5. Statistics

The number of rats was determined by a power calculation prior to initiation of the
study (supplementary). Data were tested for normal distribution using QQ-plots. Nor-
mally distributed continuous variables are expressed as mean with 95% confidence inter-
val (CI). Non-normal data were log-transformed and are presented as box plots. One-way
analysis of variance (ANOVA) was used for evaluation of significance of differences be-
tween selectedgroups (SuHx and PTB vs shamandLCZ696 treatment vs vehicle), followed
by post hoc Bonferroni analyses. Categorical data are presented as numbers and percent-
ages and were compared between groups by Fisher's exact test. Comparisons of survival
curves were performed by log-rank tests. Outliers were excluded from statistical analyses
but presented on graphs by open dots. Intra- and inter-observer variabilitywere evaluated
for relevant key outcomesbyBland-Altman plots (supplementarymaterial and Fig. S3). All
statistical analyses were performed with the use of Graphpad Prism 6 (Graphpad Soft-
ware, La Jolla, California). p b 0.05 was considered statistically significant.
3. Results

3.1. RV failure in the SuHx model

At baseline six weeks after SU5416 injection and two weeks after
returning to normoxia, reduced cardiac index and TAPSE confirmed
RV dysfunction in all SuHx rats. There was no difference between treat-
ment groups (supplemental Table S1). Four rats died before end of
study; one rat from the SuHx group and three rats from the SuHx
+LCZ group with no difference in survival between the two groups (p
= 0.303).

At end of study, RV systolic pressure and RV afterload (Ea) were in-
creased in the SuHx rats compared with sham rats, while a correspond-
ing increase in RV contractility (Ees) preserved ventriculo-arterial
coupling (Ees/Ea). RV failure was evident by RV dilatation and reduced
cardiac index the SuHx rats compared with sham rats. Furthermore,
SuHx rats demonstrated RV hypertrophy and diastolic dysfunction
(Eed) (Fig. 2, Table 1). mRNA expressions of the heart failure markers
ANP and BNP were increased in the SuHx rats, while reduced α-MHC
expression and increased β-MHC expression confirmed α- to β-
isotype switch characteristic of maladaptive cardiac growth (supple-
mental Fig. S4).

3.2. Reduced RV pressure, hypertrophy, and dilatation

Treatment with LCZ696 reduced RV systolic pressure and RV hyper-
trophy compared with vehicle treatment. Furthermore, rats treated
with LCZ696 had less RV dilatation with lower RV end-diastolic and
end-systolic volumes comparedwith vehicle treated SuHx rats. RV ejec-
tion fraction and RV stroke volume were unaltered. Compared with ve-
hicle, LCZ696 did not have any effects on RV contractility or diastolic
function, nor did it improve cardiac index (Fig. 2, Table 1). LCZ696 re-
duced mean arterial blood pressure by approximately 12% compared
with vehicle (Table 1).

3.3. Pulmonary vascular remodeling

Combined exposure to SU5416 and hypoxia induced remodeling of
the pulmonary vasculature evident by increased wall thickness of the
smaller pulmonary arteries (PA wall thickness). Treatment with
LCZ696 reduced wall thickness of arteries with an outer diameter be-
tween 30 and 60 μm. There was a trend towards reduced remodeling
in arteries with an outer diameter between 60 and 90 μm (p = 0.08)
(Fig. 2). Therewas nodifference in tissue shrinkage between the groups.
3.4. Compensated and decompensated RV failure in the PTB model

Twoweeks after surgery, RV dysfunctionwas confirmed in all PTB rats
by echocardiography. Therewas no difference between treatment groups
(supplemental Table S2). Amongst the PTB ratswith compensatedRV fail-
ure, one rat (from the PTB-comp+LCZ group) died before end of study.
Amongst the PTB rats with decompensated RV failure, four rats died be-
fore end of study (two PTB-decomp and two PTB-decomp+LCZ rats). At
end of study, RV systolic pressurewas increased in both the compensated
and the decompensated PTB rats compared with sham. TAPSE was re-
duced in compensated PTB rats compared with sham and in decompen-
sated PTB rats compared with both compensated PTB rats and sham
rats. There was a similar stepwise decrease in cardiac index (Table 1,
Fig. 2). The decompensated stage of RV failure was confirmed by
extracardiac manifestations of heart failure including liver congestion
and fluid retention (hydrothorax and ascites), which were present in
86% and 88% of the PTB-decomp rats compared with 25% and 0% in the
PTB-comp rats (p b 0.05 and p b 0.01) (supplemental Table S4). Heart fail-
urewas confirmed in the PTB rats by increasedmRNAexpression levels of
ANP, BNP, and β-MHC and decreased α-MHC compared with sham rat
levels. There were no differences between compensated and decompen-
sated PTB rats (supplemental Fig. S5).

3.5. No hemodynamic effects of LCZ696 in the PTB model

In the PTB model of isolated RV failure, treatment with LCZ696 re-
duced systemic blood pressure but not RV systolic pressure in rats
with compensated RV failure and in rats with decompensated RV fail-
ure. Likewise, there were no effects on RV hypertrophy, RV dilatation,
or RV function in the rats treated with LCZ696 compared with vehicle
treated rats (Fig. 2, Table 1).

3.6. RV remodeling

Therewas a4-fold increase in the volume fractionoffibrosis in theRV in
both the SuHx and the PTB rats compared with the corresponding sham
groups. With the higher RV volume of the SuHx and PTB rats, this
corresponded to a 10-fold increase in the total volume of fibrosis (Fig. 3).
Likewise, the mRNA expressions of the profibrotic proteins CTGF, OPN,
and PAI-1 and the myofibroblast marker α-SMA were increased in the
SuHxandPTB rats comparedwith sham rats.mRNAexpressions of collagen
I and collagen III were increased in the PTB but not in the SuHx rats com-
pared with sham (supplemental Fig. S4 and S5). Treatment with LCZ696
did not affect the development of fibrosis in the SuHx or in the PTBmodel.

Pressure overload induced RV hypertrophywas accompanied by an-
giogenesis evident by an increase in total capillary length in both SuHx
and PTB rats compared with sham rats. The angiogenic response was,
however, not sufficient to prevent a decrease in capillary length density,
i.e. the number of capillaries per RV area, or diffusion length (Fig. 3).

4. Discussion

This study investigated the effects of combined angiotensin II recep-
tor and neprilysin inhibition by LCZ696 in two different animal models;
one of PH and RV failure and one of isolated RV failure. Using advanced
imaging techniques, pressure-volume analyses, and stereology, we
demonstrate that:

1) In SuHx rats with PH and RV failure, treatmentwith LCZ696 reduced
RV systolic pressure, RV hypertrophy, and RV dilatation.

2) These effects are caused, at least partly, by a reduction in pulmonary
vascular remodeling.

3) In the PTB model of isolated RV failure, LCZ696 did not have any ef-
fects on RV function or remodeling, indicating that the beneficial ef-
fects seen in the SuHx model are caused by pulmonary vascular
changes rather than direct cardiac effects.
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Table 1
Data at end of study.

SuHx model PTB model

Sham
(n = 10)

SuHx
(n = 13)

SuHx + LCZ
(n = 11)

Sham
(n = 10)

PTB-comp
(n = 8)

PTB-comp +
LCZ
(n = 7)

PTB-decomp
(n = 7)

PTB-decomp +
LCZ
(n = 8)

Hemodynamics
RV EDP (mmHg) 1.6 [0.1;3.0] 6.7 [4.6;8.8]⁎⁎ 4.5 [1.9;7.0] 3.8 [2.5;5.1] 11.1 [8.2;14.0]⁎⁎ 9.8 [5.6;14.0] 7.2 [1.8;12.5] 6.5 [1.8;11.2]
RV filling pressure
(mmHg)

1.7 [1.5;1.9] 3.8 [3.2;4.3]⁎⁎⁎ 3.0 ± [2.6;3.4]† 2.0 [1.3;2.6] 4.1 [3.3;4.9] 3.9 [3.2;4.6] 5.0 [2.7;7.3]⁎⁎ 4.6 [2.2;6.9]

RV dP/dt max
(mmHg/s)

1019
[915;1124]

2630
[2408;2852]⁎⁎⁎

2496
[2173;2820]

1242
[1071;1414]

3270
[2955;3586]⁎⁎⁎

3339
[2761;3918]

3891
[2964;4819]⁎⁎⁎

3434
[2888;3980]

RV dP/dt min
(mmHg/s)

−870
[−974;−765]

−1947
[−2131;−1762]⁎⁎⁎

−1907
[−2159;−1655]

−1019
[−1170;−868]

−2822
[−3108;−2537]⁎⁎⁎

−2695
[−3148;−2243]

−2756
[−3169;−2343]⁎⁎⁎

−2331
[−2711;−1951]

Ees (mmHg/mL) 37 [29;45] 180 [143–218]⁎⁎⁎ 166 [119;213] 55 [42;68] 240 [176;305]⁎⁎⁎ 206 [155;257] N/A N/A
Ea (mmHg/mL) 43 [38;47] 205 [149;262]⁎⁎⁎ 158 [111;206] 71 [60;83] 389 [340;438]⁎⁎⁎ 430 [300;560] N/A N/A
Ees/Ea 0.88

[0.70;1.06]
0.91 [0.68;1.1] 0.98 [0.74;1.23] 1.12

[0.13;2.26]
0.63 [0.45;0.81]⁎⁎ 0.50 [0.40;0.60] N/A N/A

Eed (mmHg/mL) 4.4 [3.3;5.4] 8.7 [6.0;11.5]⁎ 9.3 [5.7;12.9] 5.1 [1.9;8.4] 11.5 [8.5;14.4]⁎ 11.6 [7.0;16.3] N/A N/A
PRSW (mmHg) 14 [11;17] 32 [23;40]⁎⁎ 30 [22;38] 12 [9;14] 36 [25;47]⁎⁎ 34 [18;49] N/A N/A
Heart rate (bpm) 319

[305;333]
289 [274;303]⁎⁎ 288 [276;301] 340 [315;365] 304 [285;323] 296 [277;315] 282 [256;307]⁎⁎⁎ 278 [245;311]

RV EF (%) 69 [67;70] 44 [39;50]⁎⁎⁎ 49 [42;56] 72 [69;74] 44 [40;49]⁎⁎⁎ 43 [38;47] N/A N/A
TAPSE (mm) 3.3 [3.0;3.5] 2.0 [1.7;2.2]⁎⁎⁎ 2.0 [1.8;2.2] 2.6 [2.3;2.9] 1.8 [1.6;1.9]⁎⁎⁎ 1.7 [1.5;1.9] 1.2 [0.8;1.5]⁎⁎⁎,‡‡ 1.1 [0.8;1.5]
Tricuspid
regurgitation (%)

0 (0) 6 (46)⁎ 6 (55) 0 (0) 7 (88)⁎⁎⁎ 7 (100) 6 (86)⁎⁎⁎ 8 (100)

Stroke volume (mL) 0.50
[0.46;0.55]

0.31 [0.26;0.37]⁎⁎⁎ 0.34 [0.26;0.41] 0.45
[0.41;0.48]

0.28 [0.25;0.31]⁎⁎⁎ 0.30 [0.25;0.36] 0.19
[0.16;0.23]⁎⁎⁎,‡‡

0.19 [0.16;0.22]

MAP (mmHg) 103 [96;109] 115 [0.8;122]⁎ 103 [95;111]† 105 [95;116] 123 [113;133]⁎ 103 [90;115]† 109 [95;123] 97 [90;105]

Anatomical data
Body weight at end
of study (g)

612
[591;633]

549 [523;575]⁎⁎ 520 [488;552] 409 [379;439] 411 [380;442] 407 [378;436] 379 [354;403] 387 [357;417]

RV weight (g) 0.27
[0.25;0.29]

0.73 [0.70;0.76]⁎⁎⁎ 0.61
[0.54;0.69]†††

0.23
[0.20;0.25]

0.58 [0.53;0.62] 0.57 [0.52;0.62] 0.55 [0.53;0.56] 0.56 [0.51;0.61]

LV + S weight (g) 1.06
[0.99;1.12]

1.12 [1.03;1.20] 0.97 [0.87;1.06]† 0.82
[0.73;0.90]

0.96 [0.86;1.07] 0.99 [0.87;1.11] 0.75 [0.68;0.82]‡ 0.83 [0.69;0.97]

RV/LV + S 0.26
[0.24;0.28]

0.66 [0.62;0.70]⁎⁎⁎ 0.64 [0.57;0.72] 0.28
[0.27;0.29]

0.60 [0.55;0.65]⁎⁎⁎ 0.58 [0.52;0.64] 0.73
[0.66;0.81]⁎⁎⁎,‡‡‡

0.69 [0.62;0.75]

Lungs (g) 2.12
[1.98;2.26]

2.68 [2.50;2.85]⁎⁎⁎ 2.45 [2.30;2.60] 1.64
[1.49;1.80]

1.64 [1.45;1.83] 1.64 [1.50;1.78] 1.46 [1.26;1.67] 1.56 [1.37;1.75]

RV: right ventricle/ventricular; EDP: end diastolic pressure; dP/dt max: first derivative (maximal) of right ventricular systolic pressure; dP/dt min: first derivative (minimal) of right ven-
tricular systolic pressure; Ees: end systolic elastance; Ea: arterial elastance; Eed: end diastolic elastance; PRSW: preload recruitable stroke work; EF: ejection fraction; TAPSE: tricuspid
annular plane systolic excursion; MAP: mean arterial pressure; LV + S: left ventricle plus septum. Data are presented as mean [95% CI] or n (%).
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001 vs sham.

† p b 0.05.
††† p b 0.001 vs SuHx/PTB.
‡‡ p b 0.01.
‡‡‡ p b 0.001 vs PTB-comp.
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Our resultsmotivate further investigation of the role of the RAAS and
the natriuretic peptides in PH and RV failure and of the therapeutic po-
tential of combined angiotensin II receptor antagonism and neprilysin
inhibition in PH patients.

4.1. Stimulation of the natriuretic peptide system and inhibition of the RAAS
in experimental PH and RV failure

Continuous infusion with a neprilysin inhibitor [15] or BNP [16] at-
tenuated the development of PH in rats during exposure to hypoxia.
In this study, we demonstrate that LCZ696 was able to reverse
Fig. 2.Hemodynamic and pulmonary vascular effects of SuHx and PTB and of LCZ696 treatment.
the SuHx rats comparedwith sham. Treatmentwith LCZ696 reduced RV systolic pressure and R
(dots) and end-systolic (triangles) volumes, which were reduced with LCZ696 treatment (C). R
axisMRI images of a sham rat (E), vehicle treated SuHx rat (F), and a rat treatedwith LCZ696 (G)
μm (I), and of 60–90 μm (J). Representative images of a normal pulmonary artery (K) and rem
LCZ696 (M). Bar = 55 μm. At end of study seven weeks after the PTB procedure, there was a
(N). The banding also induced RV hypertrophy (O) and RV dilatation (P), which did not chang
volumes in the PTB-decomp rats. Cardiac index (CI) decreased gradually as the severity of th
worse RV function compared with PTB rats with compensated RV failure despite similar RV
presented as mean with 95% CI. *p b 0.05, ***p b 0.001 vs sham; †p b 0.05, ††p b 0.01 vs SuHx; ‡
pulmonary vascular remodeling, as we initiated treatment with
LCZ696 after the SuHx rats had developed PH and returned to normoxia.
In monocrotaline rats with established PH, BNP infusion decreased RV
systolic pressure in the acute setting, but unlike in our study the effects
of long term treatment were not tested [17].

In hypoxic rats, local lung angiotensin converting enzyme (ACE) ex-
pression was increased in the wall of newly muscularized pulmonary
arteries [18], and local cardiac ACE expression was increased in the RV
[19]. Continuous administration of the ACE inhibitor captopril or the an-
giotensin II receptor antagonist losartan reduced pulmonary vascular
remodeling and RV hypertrophy in rats during 14 days exposure to
At end of study, increased RV systolic pressure (A) had causedhypertrophy of theRV (B) in
V hypertrophy comparedwith vehicle treatment. SuHx rats had increased RV end-diastolic
V failure was evident in the SuHx rats by reduced cardiac index (D). Representative short
. Averagewall thickness of the pulmonary arterieswith a diameter of b30 μm(H), of 30–60
odeled pulmonary arteries of a vehicle treated SuHx rat (L) and a SuHx rat treated with
distinct increase in RV systolic pressure in PTB rats compared with sham operated rats
e with LCZ696 treatment. It was not possible to perform MRI scans for assessment of RV
e banding increased, meaning that PTB rats with decompensated RV failure had an even
pressures (Q). RVSP: right ventricular systolic pressure; CI: cardiac index. Results are

‡p b 0.01 vs PTB-comp.
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hypoxia [20]. In the monocrotaline model, losartan improved RV func-
tion by afterload reduction associatedwith reduced pulmonary vascular
remodeling [2]. Together, these studies suggest a role of angiotensin II in
pulmonary vascular remodeling in experimental PH and RV failure. Re-
sults from studies investigating the effects of RAAS inhibition in isolated
RV failure are contradictory [21,22]. In a previous study, we found no
beneficial effects of treatment with the angiotensin II receptor blocker
losartan in the PTB model using a losartan dosage comparable to the
valsartan dosage of the current study [23].

We observed a minor reduction in systemic blood pressure in both
the SuHx and thePTBmodel comparable towhat has been reported pre-
viously with a similar dosage of LCZ696 in rats with myocardial infarc-
tion [24]. Three out of fourteen rats died before end of study in the
LCZ696 treated SuHx group, whereas only one out of fourteen rats
died before end of study in the vehicle treated SuHx group. All four
rats died suddenly. Although, this difference was not significant, we
cannot exclude that the additional deaths in the SuHx+LCZ group
were due to disproportional effects of LCZ696 on systemic blood pres-
sure. LCZ696 reduced systemic blood pressure by approximately 12%
in the SuHx rats, which is comparable to the systemic blood pressure re-
duction reported in other studies evaluating blood pressure lowering
pharmaceuticals in different RV failure models [2,21,23].

4.2. Pulmonary vascular effects of LCZ696

Using stereological principles andmethods, we observed a reduction
in pulmonary vascular remodeling. In previous studies, BNP reduced an-
giotensin II induced pulmonary arterial smooth muscle cell (PA-SMC)
proliferation [4], and angiotensin II increased proliferation rate more
in PA-SMCs from idiopathic PAH patients compared with PA-SMCs
from controls. Co-incubation with the angiotensin II receptor blocker
losartan abolished this enhanced response in the idiopathic PAH PA-
SMCs, indicating that blockade of the angiotensin II receptormay reduce
PA-SMC proliferation in PAH [2].

LCZ696 alsoworks as a vasodilator by inhibiting the phospholipase C
mediated vasoconstricting effects of angiotensin II [25] and by enhanc-
ing ANP and BNP activation of the particulate guanylyl cyclase to in-
crease cGMP production [26]. In addition, BNP increases NO
production [27]. It is therefore most likely that LCZ696 works in the
SuHx model by attenuating pulmonary vascular remodeling as well as
by pulmonary vasodilation, as also suggested by others [16].

BNP infusions induce pulmonary vasodilation in patients with PH
due to left heart disease [6,7,28], but the potential effects of LCZ696 on
pulmonary vascular tone and remodeling in this patient group remains
to be clarified.

4.3. RV angiogenesis

The question of angiogenesis vs capillary rarefaction in the pressure
overloaded RV remains debated. A decrease in capillary density has
been reported in different RV failure models [23,29,30], and it has
been hypothesized that this reduction is caused by a loss of capillaries
[29]. With design-based stereology, it is possible to link unbiased esti-
mates of capillary length density with tissue volumes and thereby ob-
tain an estimate of the total length of the capillaries in the RV. Using
stereology, we show a net increase in total capillary length in both the
SuHx and the PTBmodel, although the angiogenic responsewas not suf-
ficient to prevent an increase in diffusion length (radius of the tissue
supplied by a capillary) with RV hypertrophy. These results are in con-
cordance with recent studies in experimental PH [31] and human PAH
Fig. 3. RV remodeling in the SuHx and the PTB model. The volume fraction of RV fibrosis (A)
compared with sham. Capillary length density was decreased in SuHx and PTB rats compared
angiogenesis accompanies the hypertrophy of the pressure overloaded RV (D). The angiogen
Representative images of RV tissue stained with CD31 antibodies for visualization of capillarie
(G). Data are presented as mean with 95% CI. *p b 0.05, **p b 0.01, ***p b 0.001 vs sham; †††p b
[32]. Although the absolute increase in diffusion length is minor, it
might carry physiological consequences for example during exercise.
4.4. Strengths and limitations

This study has several strengths. First, we used two different animal
models of RV failure as recently recommended [33],which allowed us to
distinguish pulmonary vascular effects from direct cardiac effects of
LCZ696 treatment. Besides providing information on the mechanisms
of action of LCZ696, addition of the PTB model enabled us to reject ad-
verse effects of LCZ696 on the RV, which might be masked in the
SuHx model due to the beneficial effects of LCZ696 on the pulmonary
circulation. We used stereology for an unbiased assessment of the pul-
monary vasculature and RV myocardium as recommended for both
lungs and the RV [33,34].

However, the study also has some limitations. First of all, neither the
SuHx model nor the PTB model resembles human PAH and RV failure
completely. Along with interspecies differences between humans and
rats, thismight limit the translation of ourfindings. In order to eliminate
possible effects of hormonal changes and minimize the physiological
variance between the rats, we only usedmale rats in the study. Besides,
we used Sprague-Dawley rats for the SuHx model and Wistar rats for
the PTB model as both models are well-established and well-
characterized [10,11], and disease development in the two models in
these particular rat strains was considered appropriate for evaluation
of the effects of LCZ696 on RV failure with and without PH. The use of
two different rat strains, however, precludes direct comparison be-
tween the two models. Moreover, the mechanisms of disease develop-
ment differ between the two models, which further complicates
comparison of disease severity between the models. However, as the
SuHx rats and the PTB-comp rats did not develop extracardiac manifes-
tations of decompensated RV failure (hydrothorax/ascites and nutmeg
liver), whereas the PTB-decomp rats did, we believe that the disease
stage of the SuHx rats is more comparable to the disease stage of the
PTB-comp rats than the PTB-decomp rats. Evaluation of hemodynamics
was performed in anaesthetized rats. A well-tested protocol of anesthe-
sia was strictly followed for all rats to minimize the influence of the an-
esthesia on the measurements. Paraffin tissue sections shrink to a high
degree, but this was checked and found to be similar in the various
groups.

No pure sacubitril or valsartan groupwas included in this study, and
our results therefore confine to the combination treatment with
LCZ696. However, taking the synergistic effects of dual blockade of the
angiotensin II receptor and neprilysin [24] into account, LCZ696 repre-
sents a distinctive pharmacological treatment. Additionally, a number
of studies investigating the effects of isolated blockade of the angioten-
sin II receptor or isolated stimulation of the natriuretic peptide system
in PH and RV failure already exist [2,15–17,20–23].

In conclusion, combined angiotensin II receptor antagonism and
neprilysin inhibition by long-term treatment with LCZ696 reduced RV
systolic pressure, hypertrophy, and dilatation in the SuHx model of PH
and RV failure. In the PTBmodel of isolated RV failure, LCZ696 treatment
did not demonstrate similar effects indicating that the beneficial effects
seen in the SuHxmodelmay be attributed to pulmonary vascular effects
rather than direct cardiac effects. In both models, LCZ696 was well-
tolerated. Despite the absence of direct beneficial effects of LCZ696 on
RV function in this study, future studies should address the therapeutic
potential of combined angiotensin II receptor antagonism and
neprilysin inhibition in different groups of PH patients.
as well as the total volume of RV fibrosis (B) were increased in both SuHx and PTB rats
with sham rats (C), although an increase in total length of the capillaries revealed that
ic response was, however, not sufficient to prevent an increase in diffusion length (E).
s with a superimposed unbiased counting frame from a sham rat (F) and a PTB-comp rat
0.001 vs SuHx.
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