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Angiotensin Receptor-Neprilysin Inhibition
Attenuates Right Ventricular Remodeling in
Pulmonary Hypertension

Danial Sharifi Kia, MSc; Evan Benza, BSc; Timothy N. Bachman, MSc; Claire Tushak; Kang Kim, PhD;
Marc A. Simon “/, MD, MSc

BACKGROUND: Pulmonary hypertension (PH) results in increased right ventricular (RV) afterload and ventricular remodeling.
Sacubitril/valsartan (sac/val) is a dual acting drug, composed of the neprilysin inhibitor sacubitril and the angiotensin receptor
blocker valsartan, that has shown promising outcomes in reducing the risk of death and hospitalization for chronic systolic left
ventricular heart failure. In this study, we aimed to examine if angiotensin receptor-neprilysin inhibition using sac/val attenuates
RV remodeling in PH.

METHODS AND RESULTS: RV pressure overload was induced in Sprague—Dawley rats via banding the main pulmonary artery.
Three different cohorts of controls, placebo-treated PH, and sac/val-treated PH were studied in a 21-day treatment window.
Terminal invasive hemodynamic measurements, quantitative histological analysis, biaxial mechanical testing, and constitutive
modeling were employed to conduct a multiscale analysis on the effects of sac/val on RV remodeling in PH. Sac/val treatment
decreased RV maximum pressures (29% improvement, P=0.002), improved RV contractile (30%, P=0.012) and relaxation
(29%, P=0.043) functions, reduced RV afterload (35% improvement, P=0.016), and prevented RV-pulmonary artery uncou-
pling. Furthermore, sac/val attenuated RV hypertrophy (16% improvement, P=0.006) and prevented transmural reorientation
of RV collagen and myofibers (P=0.011). The combined natriuresis and vasodilation resulting from sac/val led to improved RV
biomechanical properties and prevented increased myofiber stiffness in PH (61% improvement, P=0.032).

CONCLUSIONS: Sac/val may prevent maladaptive RV remodeling in a pressure overload model via amelioration of RV pressure
rise, hypertrophy, collagen, and myofiber reorientation as well as tissue stiffening both at the tissue and myofiber level.
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if left unchecked, leads to decreased RV contractil-
ity and eventual RV failure. Despite the development
of multiple therapeutics for management of PH, lung

in increased right ventricular (RV) afterload, myo-

Pulmonary hypertension (PH) is a disease resulting
cardial hypertrophy, and ventricular remodeling.

RV failure remains the main cause of mortality for nearly
70% of PH patients' with 33% to 38% mortality rates
3 years post diagnosis.>® Pressure overload due to
PH results in increased end-systolic and end-diastolic
volumes as well as increased RV contractility,* which,

transplantation remains the only curative treatment.
RV biomechanics has been closely linked to RV
function.’ From a biomechanical point of view, pressure
overloaded RV myocardium experiences increased wall
thickness, fiber remodeling, and increased stiffness to
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CLINICAL PERSPECTIVE

What Is New?

e Sacubitril/valsartan was studied in an animal
model of pulmonary hypertension and pre-
vented myocyte remodeling, stiffening, and
fiber angle reorientation.

e This study provides a potential insight into the
right ventricular remodeling process in pulmo-
nary hypertension in which progressive pres-
sure overload and increasing wall stress result in
alterations of the myocyte contractile apparatus.

e This, in turn, may lead to progressive myofiber
stiffening and fiber angle reorientation and ulti-
mately to right ventricular failure.

What Are the Clinical Implications?

e Sacubitril/valsartan and targeting the myocyte
contractile apparatus may be a promising ther-
apy for pulmonary hypertension to prevent right
ventricular remodeling and failure.

Nonstandard Abbreviations and Acronyms

maximum and minimum of
the time derivative of pressure
(load-dependent measures of
contractility and relaxation)

dp/dt max, min

Ea PA elastance (measure of
afterload)
Ees RV elastance (load-

independent measure of
contractility)

Ees/Ea measure of RV-PA coupling
Lv left ventricle

PA pulmonary artery

PH pulmonary hypertension
RV right ventricle

RVFW right ventricular free wall
sac/val sacubitril/valsartan

restore cardiac output. RV remodeling and fiber reori-
entation results in a pathological increase in stiffness
and nonphysiologic anisotropy in certain directions,
which affects the filling and ejection mechanics of the
RV,® torsional motion of the heart, and transmural wall
stress.” Biomechanical studies have provided import-
ant insights into RV remodeling in response to PH*689;
however, limited information exists on the effects of
therapeutic interventions on these mechanisms.'°
Sacubitril/valsartan (sac/val; also known as LCZ696)
is an angiotensin receptor-neprilysin inhibitor drug
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consisting of a 1:1 mixture of the neprilysin inhib-
itor sacubitril and the angiotensin receptor blocker
valsartan, which is approved by the Food and Drug
Administration to reduce the risk of cardiovascular
death and heart failure hospitalization for chronic
systolic left ventricular (LV) heart failure." Despite
promising outcomes as a treatment for chronic sys-
tolic LV heart failure'® and demonstrating antifibrotic
and anti-inflammatory effects,’®'® to date, there are
limited data on the effects of sac/val treatment on RV
remodeling in PH.

In the current study, we aimed to understand the
response of RV myocardium in PH to treatment with
sac/val. We hypothesized that preventive treatment of
PH with sac/val attenuates the development of RV hy-
pertrophy and results in improved RV biomechanics.
Terminal invasive hemodynamic measurements, quan-
titative histological analysis, biaxial mechanical testing,
and constitutive modeling were employed to conduct
a multiscale analysis on the effects of sac/val on RV
remodeling.

METHODS

The data that support the findings of this study are
available from the corresponding author upon rea-
sonable request. A rat model of PH (total of 58 male
Sprague—Dawley rats) was used to evaluate the effects
of sac/val treatment on the biomechanical properties of
failing RV myocardium. Hemodynamic measurements
were performed at the end of the treatment window,
followed by biaxial mechanical testing of the right ven-
tricular free wall (RVFW). An additional group of animals
were used for quantitative histological analysis of RV
collagen and myofiber architecture. Figure 1 summa-
rizes the cohorts, experimental protocols, and different
analysis techniques used in this work. All animal proce-
dures were approved by the University of Pittsburgh’s
institutional animal care and use committee (protocol
# 13021226) and were carried out in such a way as to
minimize discomfort, distress, pain, and injury to ani-
mals. All surgical procedures were performed under
isoflurane anesthesia followed by bupivacaine (2-3 mg/
kg), buprenorphine (0.05-0.1 mg/kg), and ketoprofen
(1 mg/kg) administered as pain medications during and
post surgery. The animals were euthanized by harvest-
ing the heart following hemodynamic data collection.

Pulmonary Artery Banding Procedures
and Drug Administration

RV pressure overload was induced via banding
the main pulmonary artery (PA) of male Sprague—
Dawley rats using an adjustable surgical clip (=40,
~8 weeks old, weighing 200-250 g at the start of the
experiments, sourced from Envigo, Indianapolis, IN).
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Figure 1.

Summary of the framework developed to study the effects of sac/val on RV remodeling in PH.

Sprague-Dawley rats were assigned to one of the control, PH-placebo treated, or PH-sac/val treated cohorts, followed by terminal
invasive hemodynamic measurements, morphological measurements, quantitative histological analysis, biaxial mechanical
characterization, and constitutive modeling. OT indicates outflow tract; PA banding, pulmonary artery banding; PH, pulmonary
hypertension; RV, right ventricle; Sac/Val, sacubitril/valsartan; and S-D Rats, Sprague-Dawley Rats.

To the best of our knowledge, no sex-based differ-
ences have been reported for RV biomechanics in
the literature and, therefore, we chose to study only
male rats in the current work. This would be an im-
portant topic for future research. As discussed in our
previous studies,*' several factors were considered
for our choice of this animal model. Briefly, this model
causes RV pressure overload in the absence of con-
founding conditions, such as hypoxia, sufficient to
study RV remodeling; a rat model was selected to
provide a large enough sample of RVFW tissue for
biaxial mechanical testing, while being thin enough
to facilitate biaxial mechanical testing of intact full-
thickness myocardium without the need for transmu-
ral sectioning as well as maintaining tissue viability ex
Vvivo via passive diffusion.

Once anesthetized, rats were placed on a heated
table to maintain a core temperature of 37°C and were
monitored with a rectal probe. After endotracheal in-
tubation, animals were placed on a volume ventilator
(70 breaths/min, 6-8 mL/kg per minute). The chest
was then entered by a limited lateral incision to expose
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the midthoracic aorta. The PA was identified, and a
surgical clip was placed around it with a radius such
that a uniform RV systolic pressure of 40 to 50 mm Hg
was generated acutely (confirmed via hemodynamic
measurements in pilot studies). The chest was then
closed, and animals were extubated. Following the
pulmonary artery banding procedure, rats were ran-
domized into 2 cohorts: placebo-treated PH and sac/
val-treated PH (Figure 1). Additionally, a control group
(n=18) consisted of unbanded age-matched placebo-
treated animals. Daily doses of sac/val (68 mg/kg per
day) or placebo (same volume of water) were adminis-
tered via oral gavage for 21 days.!#1°

Hemodynamic Measurements

Following the treatment window, terminal inva-
sive hemodynamic measurements were performed
to confirm RV pressure overload via standard
catheterization  techniques.*®1°® RV  pressure-
volume loops were acquired for each animal
(Ncontrol = 16.Npy =22,Ngac vy =17), using a Millar™
conductance catheter (Millar Inc., Houston, TX).
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Hemodynamic data were processed using LabChart
(ADInstruments, Sydney, Australia) and analyzed for
measures of cardiac function, including maximum
pressure, gtroke volume, heart rate, maximum and
minimum d_Ft) RV elastance (Ees), PA elastance (Ea),
and RV-PA coupling (Ees/Ea). RV maximum pressure
was measured as the difference between maximum
and minimum pressures of a beat. RV elastance was
measured via occlusion of the vena cava.* Due to
volume measurements performed in relative volume
units, only relative volumetric data (such as stroke
volume and Ees) are reported and used for data
analysis. The heart was then harvested and placed
in cardioplegic solution.

Histological Analysis

A subgroup of rats from each cohort were used
for histological analysis. On the basis of our previ-
ous studies using this model of PH,* a sample size
of n=3/cohort was chosen for this aim with the pri-
mary goal of studying transmural RV fiber orienta-
tions. Specimen fixation was performed using 10%
neutral buffered formalin. Histology was carried out
using Masson’s trichrome, which distinctly stains my-
ofibers in red and collagen in blue. A total of 21 to
25 transmural sections were taken from each RVFW
specimen at 50 um increments from epicardium to
endocardium. Collagen (blue) and myofibers (red)
were segmented from the histological scans by man-
ual thresholding of images based on the appropriate
RGB range. Area fraction of collagen fibers (measure
of fibrosis) was evaluated by calculating the ratio of
area occupied by the respective pixels (blue) over the
total area in each cross-section. Average of all trans-
mural measurements are reported as the collagen
area fraction for each RVFW specimen. Transmural
fiber orientation of collagen and myofibers were
quantitatively analyzed using a gradient-based image
analysis framework. Similar to our previous studies,*
the orientation angle and magnitude of the gradient
were calculated at each pixel, followed by the forma-
tion of the structure tensor of the gradient map for
each histological section:

i=n;j=m 5 5 i=n;j=m 5
21 G;;Cos" @ 21 Gi;Cos®;;Sind;;
_ i,j= L=
H= i=n;j=m i=n; j=m M

G Cos®; Sind;
1 ' i,j=1

Y GiSin*o;

J

i

Here, G, and ®,; are the magnitude of the gradient
and the orientation angle at each point, respectively.
Dominant fiber orientations at each section were ob-
tained by evaluating the dominant orientation (first ei-
genvector) of the resulting structure tensor from each
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histological image.?®?" Transmural fiber angles are
reported against normalized RVFW thickness at 11
different cross-sections (0-100% thickness). Linear
interpolations were performed to report the final data
for all cohorts on an evenly spaced grid. On the basis
of our previous studies on this model of PH,* linear
interpolations adequately approximate the transmural
change in fiber angles. We assigned 0° to the longitu-
dinal (apex to outflow tract) and 90° to the circumferen-
tial (free wall to septum) direction, when looking at the
RVFW from the epicardium.

In addition to fiber orientations, coherency of col-
lagen fiber distributions was calculated to analyze
the structural arrangement of collagen fibers in each
layer:

Amax = Ami
C=-"2__""T"1x100 @

max T Amin
Here, A, and A, are the first and second eigen-

vectors of the structure tensor in Equation 1, respec-
tively.?® Coherency evaluates the local alignment of
collagen fibers with C=0% indicating an isotropic distri-
bution and C=100% indicating a highly aligned pattern.
This helps evaluating the level of collagen crimp in each
cohort (higher C indicating less crimp), as an important
contributor to tissue architecture and biomechanical
properties. Average of all transmural measurements are
reported as %collagen coherency for each specimen.
Furthermore, RVFW area was obtained for each spec-
imen based on histological sections followed by cal-
culation of RVFW wet tissue density by dividing RVFW
mass by volume (areaxwall thickness). Image process-
ing and fiber orientation analysis were performed using
the Orientationd toolbox?>?! in Imaged (imagej.nih.gov).

Biaxial Mechanical Testing

Another group of rats from each cohort
(Ncontror=11.Npr=12,Nga0 /v =11) underwent biaxial
mechanical testing to investigate the effects of sac/
val treatment on the biomechanical properties of vi-
able RV myocardium in PH. Square specimens were
dissected from the RVFW and mounted on a biaxial
testing device (BioTester, CellScale,Waterloo, ON,
Canada) using sutures and metal hooks to minimize
shear loading.??> The RVFW was submerged in modi-
fied Kreb’s solution with 2,3-butanedione monoxime
(BDM) and oxygen'” during testing. Our previous
studies have shown the effectiveness of this tech-
nique in maintaining tissue viability via passive diffu-
sion, up to 1.5 hours post harvesting.* Multiprotocol
biaxial testing was performed on each specimen to
investigate the tissue response in a wide range of
possible loading scenarios (displacement-controlled
1:1, 1:2, 1:4, and 1:6 loading ratios). A set of 4 visual
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tracking markers were placed on the epicardium.
Marker displacements were recorded using a CCD
camera and further analyzed for strain estimations.
The deformation gradient tensor was then recon-
structed from recorded marker displacements as?3:
dx

F= ax ©)
where F is the deformation gradient tensor, X is the
reference coordinate, and x is the deformed coordinate
system. Using F, components of the Green—Lagrange
strain tensor (E) were calculated as:

~ L=
E=5(FTF-) 4

Load measurements from the biaxial device and
initial specimen dimensions were used to reconstruct
the first Piola—Kirchhoff stress tensor (P) via standard
methods.*"” The second Piola—Kirchhoff stress tensor
(S) was then calculated as:

S=pFT )

A plane stress approximation was used to calcu-
late the biomechanical behavior of RVFW. Stress-
strain response of each specimen was calculated
using a finite deformation framework developed in
Mathcad (PTC, Needham, MA). Equibiaxial stress-
strain response of tissues were interpolated from the
multiprotocol experimental data using previously es-
tablished techniques.*?* Similar to prior studies,*?*
fiber-level properties were obtained from the equibiax-
ial data, which represent the combined myofiber and
collagen stress-strain response of the RVFW inde-
pendent of fiber orientation and mitigate any possible
sample mounting/misalignment errors during exper-
imental testing. Fiber-level properties were used for
direct estimation of the intrinsic myofiber stiffness for
specimens in each cohort. Myofibers were assumed
to be mainly responsible for the initial portion of the
stress-strain curve, followed by collagen recruitment
(un-crimping) and a stiffer high-stress response. The
fiber-level stress response for each specimen was dif-
ferentiated with respect to strain in order to evaluate
tissue stiffness changes over the range of measured
strain. The general behavior observed for specimens
included a relatively constant-stiffness region (myofi-
bers) followed by an increased tissue stiffness region
(collagen recruitment). The fiber-level stress-strain
data before the start of collagen recruitment was used
for estimating myofiber properties for each specimen
using a rule of mixtures approach?®:

™ Before Collagen Recruitment

EMyoﬁber = ©)

(DMyofiber
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Here, Eyyoiver IS the intrinsic myofiber stiffness,
TMgctore collagen Recruitment 1S the slope of the line fitted
to the fiber-level stress-strain data before collagen re-
cruitment strain (via linear regression) and @y e, 1S
the area fraction of myofibers in each cohort obtained
from histological analysis.

Constitutive Modeling

The experimentally obtained stress-strain data were
used to model the response of specimens using a
nonlinear anisotropic constitutive model?®:

W=Bo(e%b1E$1 +e%b2E§2 +eb3Ew1E22_3) (7)

Here, W is the strain energy, B, is a scaling factor,
b, is a metric for stiffness in the longitudinal direction
(apex to outflow tract direction), b, is a metric for stiff-
ness in the circumferential direction, b, represents the
degree of longitudinal-circumferential coupling, and E,;
and E,, are the longitudinal and circumferential Green-
Lagrange strains, respectively. By differentiating the
strain energy function (W) with respect to strain, stress
components were obtained as:

811 = ﬂ = BO(b1 Eﬁe%bWE% +b3E226b3E”E22)
- )
822 = ﬂ = BO(bZEzze%bZEgz +b3E11eb3E11E22)

Here, S,; and S,, are the second Piola-Kirchhoff
stress components in the longitudinal and circumfer-
ential directions, respectively. Experimental stress-
strain data were used to estimate model parameters
for each specimen based on Equation 8. Parameter
estimation was performed using a custom nonlinear
least-squares optimization algorithm (trust-region-
reflective) in MATLAB (Mathworks, Natick, MA).
Goodness of fit was evaluated using a R? measure.
Model parameters were compared to analyze the
effects of PH and sac/val treatment on RVFW an-
isotropy and stiffness in different directions (Byxb;,
Byxb, and Byxb, reported as “Longitudinal Stiffness,”
“Circumferential Stiffness,” and “Coupled Stiffness”
respectively?’). Biomechanical responses were
compared by investigating the model-derived strain
energy space for specimens in each cohort. Cohort-
specific strain energy maps (in the longitudinal-
circumferential strain space) were generated using
the median of all strain energy distributions for spec-
imens in each cohort.

Statistical Analysis

Transmural distribution of collagen and myofiber an-
gles, collagen area fraction and coherency, biaxial
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mechanical properties, and fiber-level stress-strain
data are reported as mean+SD. All other data are pre-
sented with median, mean, SD, and interquartile range.

Sample normality and homoscedasticity were as-
sessed using the Shapiro-Wilk test and Bartlett’s
test, respectively, in order to identify the appropriate
parametric/nonparametric test for our analysis. For the
transmural fiber orientation measurements, circular
statistics were used to calculate the circular mean and
SD, followed by statistical testing using the Watson-
Williams test (equivalent of 1-way ANOVA for circular
data). Comparisons were performed using the CircStat
toolbox?® in MATLAB. All other histological data (n=3)
were analyzed by 1-way ANOVA followed by post hoc
t tests with Bonferroni correction. For all other data,
statistical analysis was performed using the Kruskal—
Wallis test. In case of statistical significance, pairwise
Wilcoxon rank sum tests were performed for post hoc

ARNi Attenuates RV Remodeling in PH

testing with Bonferroni correction. Statistical com-
parisons were performed using the R software pack-
age®® (R Foundation for Statistical Computing, Vienna,
Austria, www.R-project.org). For all purposes, P<0.05
was considered statistically significant.

RESULTS

Hemodynamics and Remodeling

Effects of pressure overload and sac/val treatment
on RV hemodynamics are demonstrated in Figure 2
(Ncontrol=16,Npr =22,Nga0 vy =17). PA banding re-
sulted in significant increase in the maximal RV pres-
sure (Figure 2A; 67.5+16.2 mm Hg for PH versus
23.842.8 mm Hg for control). Sac/val treatment
demonstrated lower pressures compared with the
PH group, while still being higher than control levels

n=16 n=22 n=17
B Control B PH O Sacubitril/Valsartan
A B (o] D
100 u 8 450 .

£ 57 400 2 4000
E 80 Z6 = -
2 60 s A £ 3000
: 24 5 300 E
£ 40 >3 t g 2000
£ © 5 250 £
£ e 2 T 5
s T

0 0 150 0
E 0 F G H -

*t 45 30 n=15 12 n=1tI)1 1?1:11
5 * 40 n=10 , n=11
Q + 25 1
% 1000 : 5 35 5
:g E 30 E 20 o 0.8
£ 2000 £ 25 T 15 > 06
£ E 20 E g
E -3000 s £ 10 64
= - Y s 0.2
< -4000 5 :
. 0 0 0

Figure2. Hemodynamic measurements of the effects of PH and sac/val treatment on (A) RV maximum pressure, (B) stroke
volume, (C) heart rate, (D) dp/dt max, (E) dp/dt min, (F) PA elastance (Ea), (G) RV elastance (Ees), and (H) ratio of RV to PA
elastance % .

Sac/val treatmeént significantly lowered RV maximum pressure (P,.), decreased the load-dependent measure of contractility
(dp/dt max), increased the load-dependent measure of relaxation (dp/dt min) and decreased PA elastance (Ea) in addition to preventing
RV-PA uncoupling. Horizontal line (—) and cross (X) representing median and mean of distributions, respectivc?ly. Kruskal-Wallis tests
with pairwise Wilcoxon rank sum post hoc testing. *P<0.05 compared with control, TP<0.05 compared with PH. d—?max and min indicates
maximum and minimum of the time derivative of pressure; BPM, beats per minute; PA, pulmonary artery; PH, pulmonary hypertension;
RV, right ventricle; RVU, relative volume units; and Sac/Val, sacubitril/valsartan.
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Figure 3. Effects of PH and sac/val treatment on (A) RV
hypertrophy (RVFW thickness) and (B) RV to LV mass ratio.

Sac/val resulted in significantly lower RV wall thickness, while
not demonstrating significant effects on RV to LV mass ratio.
Horizontal line (—) and cross (X) representing median and mean
of distributions, respectively. Kruskal-Wallis tests with pairwise
Wilcoxon rank sum post hoc testing. *P<0.05 compared with
control, TP<0.05 compared with PH. LV indicates left ventricle;
PH, pulmonary hypertension; RV, right ventricle; RVFW, right
ventricular free wall; and Sac/Val, sacubitril/valsartan.

(47.9¢13.9 mm Hg). RV stroke volume significantly
decreased in response to PH, with sac/val treatment
showing no significant effects compared with both
control and PH cohorts (Figure 2B; 4.7+1.1, 3.3+1.2
and 3.7+1.6 relative volume units for control, PH,
and sac/val, respectively). Heart rate was not differ-
ent among different cohorts (Figure 2C; 294.0+39.0,
291.4+59.7 and 284.9+37.2 beats per minute for
control, PH, and sac/val, respectively). Maximal
and minimal dp/dt (load-dependent measures of
RV contractility and relaxation) increased and de-
creased, respectively, in response to PH (Figure 2D
and 2E; dp/dtmax: 2440.9+812.9 mm Hg/s for
PH versus 1112.2+242.9 mm Hg/s for control;
dp/dtmin: -2290.1£844.7 mm Hg/s for PH ver-
sus -873.0£263.2 mm Hg/s for control). Sac/
val treatment significantly decreased dp/dtmax
(1719.1+£590.9 mm Hg/s) and increased dp/dt min
(-1635.2+684.1 mm Hg/s) compared with PH lev-
els. Ea (measure of vascular load) increased in PH,
and sac/val resulted in significant improvements
(Figure 2F; 5.9+2.6, 25.0+£91, and 16.2+8.2 for
control, PH, and sac/val, respectively). Ees (load-
independent measure of RV contractility) was ob-
tained only for a subgroup of animals in each cohort
(Ncontror=10,Npry=15,Nga0 vy =11) because of dif-
ficulties associated with vena cava occlusions. Ees
significantly increased in PH and was not affected
by sac/val treatment (Figure 2G; 3.6+1.2, 10.2+5.8,
and 7.5+3.4 mm Hg/relative volume units for control,
PH, and sac/val, respectively). Ratio of Ees to Ea
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significantly decreased in PH, indicating decompen-
sated RV-PA coupling. Sac/val treatment prevented
a significant drop from control levels (Figure 2H;
0.71+£0.18, 0.41+0.15, and 0.60+0.24 for control, PH,
and sac/val, respectively). Full statistical results of the
hemodynamics are presented in Table S1.

As shown in Figure 3 and Table S2, PH resulted
in RVFW hypertrophy (increased wall thickness)
and increased RV/LV mass ratio (RVFW thickness:
1.34+0.23 mm for PH versus 0.66+0.09 mm for
control; RV/LV mass ratio: 0.57+0.08 for PH versus
0.28+0.02 for control). Sac/val treatment resulted
in significant improvements in RVFW hypertrophy
(1.13+0.17 mm), while showing no statistical signifi-
cance on RV/LV mass ratio (0.51+0.13).

Fiber Angle

Histological analysis  (Ngontrol = 3,Npr = 3,Nsacvar = 3)
showed transmural reorientation of collagen and my-
ofibers toward the longitudinal direction (apex to outflow
tract) in PH, in addition to increased collagen content
and fibrosis (Figure 4A through 4E, Table S3). Collagen
fiber orientations were similar to myofiber orientations
in each cohort (Figure 4B and 4C). Sac/val treatment
prevented transmural reorientation of both collagen
and myofibers except for the subendocardial region
where fiber reorientation was observed (myofiber angle
range from epicardium to endocardium: —52.4°»+7.4°,
-56.9°-+39.5° and -57.8°-+25.2° for Control, PH,
and sac/val, respectively; collagen fiber angle range
from epicardium to endocardium: -49.9°-+2.6°
-59.6°>+39.0°, and -66.0°-+24.0° for control, PH,
and sac/val, respectively). Dominant transmural orien-
tation of collagen and myofibers for specimens in each
cohort was obtained by calculating the circular mean of
the transmural distribution of fiber angles (dotted lines
in Figure 4B and 4C). As shown in Figure 4D, PH re-
sulted in rotation of the dominant orientation of myofib-
ers toward the longitudinal direction by =15.5°, whereas
sac/val prevented this remodeling (dominant transmu-
ral myofiber orientation: -21.1£0.1°, -5.8+3.2°, and
—19.8+3.0° for control, PH, and sac/val, respectively).
Collagen area fraction (measure of fibrosis) increased
in response to PH whereas sac/val treatment did not
result in significant improvements (Figure 4E; collagen
area fraction: 5.5+£1.1%, 12.4+2.7%, and 10.8+0.8% for
control, PH, and sac/val, respectively). Collagen fiber
coherency (Figure 4F) did not show any statistically
significant differences for either PH or sac/val cohorts
(16.5+1.5%, 21.1+2.5%, and 21.1+2.1% for control, PH,
and sac/val, respectively). Furthermore, RVFW area
showed no statistically significant differences in either
cohort (67.2+2.0, 105.4+14.5, and 85.5+23.3 mm? for
control, PH, and sac/val, respectively). Bulk RVWF wet
tissue density significantly decreased in PH that was
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Figure 4. Histological analysis of the effects of sac/val treatment on RV remodeling in PH.

A, Representative transmural histological sections of RV myocardium from each cohort (Red: Myofiber, Blue: Collagen). Coordinates used
to measure fiber orientations indicated on the top. Dashed square representing the specimen orientation used for biaxial testing.
B, Effects of sac/val treatment on transmural myofiber orientations. C, Effects of sac/val treatment on transmural collagen fiber
orientations. D, Dominant myofiber orientation in each cohort (Watson-Williams test). E, Effects of sac/val on RV collagen area
fraction (1-way ANOVA followed by post hoc t tests). F, Effects of sac/val on RV collagen fiber coherency (1-way ANOVA followed by
post hoc t tests). Error bars representing SD. *P<0.05 compared with control, TP<0.05 compared with PH. CTRL indicates control; Epi,
epicardium; Endo, endocardium; PH, pulmonary hypertension; RV, right ventricle; and Sac/Val, sacubitril/valsartan.

prevented by sac/val treatment (5.22+0.35, 2.66+0.47,
and 3.96+0.65 mg/mm? for control, PH, and sac/val,
respectively).

Biomechanics

Biaxial testing (Ncontro = 11.Npr = 12,Nga0/v = 11) demon-
strated significantly increased stiffness in both longitu-
dinal and circumferential directions as a result of PH
(Figure 5A). Sac/val treatment improved RVFW biaxial
biomechanical properties in both directions. Fiber-
level stiffness of the combined collagen and myofiber
bundles increased in PH whereas sac/val treatment re-
sulted in decreased stiffness compared with PH levels
(Figure 5B). Furthermore, the intrinsic myofiber stiffness
of RV specimens increased in PH (Figure 5C, Table
S4; 168.4+101.0 kPa for PH versus 81.0+29.6 kPa
for control). Sac/val treatment resulted in significantly
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lower stiffness than the PH cohort (65.4+53.4 kPa)
while showing no difference with controls. Collagen
recruitment strain decreased significantly as a result
of PH with sac/val demonstrating no significant effects
(Figure 5D; 10.0+2.2%, 3.9+0.9%, and 4.4+1.2% for
control, PH, and sac/val, respectively).

Constitutive modeling revealed increased stiff-
ness in the longitudinal and circumferential directions
as well as increased in-plane coupling due to pulmo-
nary artery banding (Figure 6A, Table S4; longitudinal
stiffness: 68.2+26.6 kPa for PH versus 16.4+5.4 kPa
for control, circumferential stiffness: 31.5+11.3 kPa
for PH versus 14.8+8.3 kPa for control, coupled stiff-
ness: 38.3+24.9 kPa for PH versus 11.1+4.4 kPa for
control). Sac/val treatment resulted in significantly
lower stiffness in both longitudinal and circumferen-
tial directions, but no statistically significant effects
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Figure 5. Effects of sac/val treatment on (A) biaxial mechanical properties of RVFW, (B) fiber-
level mechanical properties of combined collagen and myofiber bundles, (C) intrinsic myofiber

stiffness, (D) collagen recruitment strain.

Sac/val treatment resulted in improved tissue-level biomechanical properties. At the fiber level, sac/val
prevented an increase in myofiber stiffness in PH but did not affect collagen recruitment strains. Horizontal
line (—) and cross (X) representing median and mean of distributions, respectively. Error bars in part (A)
and (B) representing SD. Kruskal-Wallis tests with pairwise Wilcoxon rank sum post hoc testing. *P<0.05
compared with control, 1P<0.05 compared with PH. 2"¢ P-K Stress indicates second Piola-Kirchhoff
stress; Circ., circumferential; CTRL, control; Long., longitudinal; PH, pulmonary hypertension; RVFW,
right ventricular free wall; and Sac/Val, sacubitril/valsartan.

were observed for the coupled stiffness (Figure 6A;
longitudinal stiffness: 39.1+16.9 kPa, circumfer-
ential stiffness: 18.7£8.4 kPa, coupled stiffness:
21.7+10.6 kPa). Overall, the constitutive model used
in this study showed an acceptable performance
in fitting our experimental data (R% 0.95+0.02,
0.91+0.05, and 0.93+0.083 for control, PH, and sac/
val, respectively). Cohort-specific strain energy maps
(median of strain energy distributions of samples in
each cohort) demonstrate the combined effects of
all model parameters on RV biomechanical proper-
ties and provide a convenient summary of the effect
of PH and sac/val treatment on the biomechanics of
RVFW tissue. With a certain amount of strain energy,
the PH tissue deforms less than the control cohort
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in both circumferential and longitudinal directions
(indicating increased stiffness), whereas the sac/val
strain energy map shows similar deformation pat-
terns to controls.

DISCUSSION

In this work, we aimed to evaluate the effectiveness
sac/val treatment to prevent RV remodeling in PH. The
primary findings of this study were (1) sac/val treat-
ment decreased RV maximum pressures, improved
RV contractile and relaxation functions, and prevented
RV-PA uncoupling; (2) sac/val attenuated RV hyper-
trophy and prevented transmural reorientation of RV
collagen and myofibers; and (3) sac/val resulted in



Sharifi Kia et al

ARNi Attenuates RV Remodeling in PH

A n=11 n=12 n=11
@ Control @ PH O Sacubitril/Valsartan
120 *
100 *
© E 3
g 80 ,t
=
A %
@ 60 %
< t
b
= 40 : .
n :
® o B E L
Longitudinal  Circumferential Coupled
B Strain Energy
Control PH Sacubitril/Valsartan ( W )
0.25 0.25 S 0.25 mm3
. Control Control 3
T Nt
g g ° \ g
5 5 . S . 2
| | 1 R’
0 0 = ‘ :
! o !
0= Long. = 0.25 0= Long. = 0.25 0= | ong. = 0.25 0
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improved RV biomechanical properties at the tissue
level and prevented increased myofiber stiffness in PH.

Sac/val decreased RV maximum pressures by 29%
(Figure 2A). This is consistent with reported effects of
sac/val in other animal models of PH.'® sac/val treat-
ment also prevented the alterations in load-dependent
measures of contractility (dp/dt max) and relaxation
(dp/dt min), caused by PA banding (Figure 2D and 2E;
30% reduction and 29% increase, respectively). As sug-
gested by previous investigations,® effects of angio-
tensin receptor-neprilysin inhibition on load-dependent
contractile and relaxation functions are likely a direct
result of the synergy between sacubitril and valsar-
tan. PA banding resulted in increased RV contractility
(Ees) in response to increased afterload (Ea) (Figure 2F
and 2G); however, the increased contractility was not
sufficiently matched to the increased afterload, which
resulted in uncoupling of RV-PA function (Ees/Ea) and
decompensated RV failure (Figure 2H). Sac/val ham-
pered an increase in RV afterload (35% improvement)
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and prevented RV-PA uncoupling, while showing no
significant effects on Ees (Figure 2F through 2H). Given
our preventive treatment approach in this study, the
observed effects on afterload more likely indicate the
role of sac/val in arresting progressive RV remodeling
post banding. Similar improvements in RV function, re-
duced PA pressures, and RV-PA recoupling were ob-
served in recent clinical case reports on effects of sac/
val treatment on 3 patients with PH due to left heart
disease.®®? The observed effects in this study may
suggest a direct ventricular remodeling (as opposed to
pulmonary vascular remodeling) mechanism with sac/
val treatment, because of the presence of a fixed arte-
rial occlusion in our pulmonary artery banding model.
A significant increase in RV wall thickness and mass
was observed in PH (Figure 3). Clinically, hypertrophy
has been identified as an initial adaptive response in
PH in order to increase RV contractility and the resul-
tant chamber pressure to pump against the increased
afterload.! This was also observed in our previous
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studies using a similar animal model.* Similar to pre-
vious studies,”® sac/val treatment resulted in signif-
icant improvements (16%) in RV hypertrophy, while
not affecting RV mass, suggesting an overall increase
in RVFW density with sac/val treatment compared
with PH (decrease in volume with relatively similar RV
mass), consistent with our histological observations of
RVFW wet tissue density. In the context of improved
RV function and pressures, increased tissue density
may indicate a combination of decreased collagen
content (fibrosis) and/or recovery of inherent collagen
fiber density, although we were able to detect only a
nonsignificant trend in RV fibrosis in our histological
measurements.

Histological analysis revealed increased fibrosis and
transmural reorientation of collagen and myofibers in
PH (Figure 4A through 4C). Sac/val prevented transmu-
ral reorientation of both collagen and myofibers, show-
ing only slight reorientations at subendocardial levels
(Figure 4B and 4C). Dominant transmural orientation
of myofibers (circular mean of transmural orientations)
was rotated by ~15.5° toward the longitudinal direction
(apex-to-outflow tract) in PH (Figure 4D). This was also
observed in other studies in a rat model of PH*33 and
was recently hypothesized to be a mechanism under-
lying maladaptive RV remodeling.® Although the exact
mechanism of fiber reorientation in PH remains un-
known, 1 potential mechanism as suggested by oth-
ers® is alterations in the biomechanical stimuli in the
myofiber niche resulting from increased RV pressures,
in addition to RV fiber kinematics caused by chamber
dilation. A potential pathway to be investigated in future
studies is the role of sac/val in preventing longitudinal
fiber realignment via reduction in RV pressures, which
may lead to decreased wall stress. Prevention of myo-
fiber reorientation may be an important mechanism of
action for drugs targeting the RV.

Despite demonstrating a slight reduction in RV fi-
brosis (13%) with sac/val treatment, this did not reach
statistical significance (Figure 4E and 4F). This is inter-
esting in light of the improved hemodynamics and RV
tissue biomechanics, which may suggest that sac/val
is primarily acting on RV myocytes and not on collagen
or fibroblasts in this model of PH. Previous studies have
demonstrated antifibrotic effects for sac/val in other
animal models of PH'™® as well as models of LV pres-
sure overload,'® LV failure in the setting of aortic valve
insufficiency,3* and LV myocardial infarction.3® Despite
a large body of evidence in the literature indicating the
antifibrotic effects of sac/val for the LV, there still exists
some controversy.®%3" The observed effects of sac/val
treatment on RV fibrosis in this study could potentially
be attributable to differences in the pathophysiology3®
of the RV and LV pressure overload. Further studies
looking at RV-specific fibrotic responses to sac/val
treatment are warranted.
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PH resulted in increased RVFW tissue stiffness
in both circumferential and longitudinal directions
(Figure 5A), as well as increased fiber-level stiffness of
combined collagen and myofiber bundles (Figure 5B).
Also, the intrinsic stiffness of myofibers increased in
PH (Figure 5C). This is consistent with clinical obser-
vations of reduced titin phosphorylation and increased
RV cardiomyocyte sarcomere stiffness in patients with
pulmonary arterial hypertension.®® On the other hand,
collagen recruitment strain decreased compared
with controls, indicating a possible combination of in-
creased collagen content (fibrosis) and/or alterations in
the micro-architecture of collagen fibers (decrease in
crimp) in PH (Figure 5D). Sac/val resulted in decreased
stiffness in both longitudinal and circumferential direc-
tions as well as the fiber-level stiffness of combined
myo-collagen fiber bundles (Figure 5A and 5B). The
61% reduction in intrinsic myofiber stiffness with sac/
val treatment (Figure 5C) suggests a possible mecha-
nism at the cardiomyocyte level; one such explanation
to explore in future studies may be upregulation of car-
diomyocyte titin phosphorylation.

Quantifying the tissue-level stiffness with constitu-
tive modeling revealed increased stiffness in longitu-
dinal and circumferential directions in PH (Figure 6A),
accompanied by collagen and myofiber reorientation
toward the longitudinal direction (increased tissue-level
longitudinal stiffness out of proportion to the elevation
in intrinsic myofiber stiffness). Sac/val treatment re-
sulted in significantly lower stiffness in both directions
(Figure B6A) and prevented fiber reorientation.

PH also resulted in increased in-plane coupling
of longitudinal and circumferential directions with no
significant benefits demonstrated by sac/val treat-
ment (Figure 6A). Previous studies have shown that
increased in-plane coupling is an indication of a more
anisotropic response resulting from a more clustered
fiber alignment*® or increased collagen-myofiber in-
teractions.® Histological studies of RVFW specimens
(Figure 4B and 4C) showed increased range of fiber
angles from epicardium to endocardium for both PH
and sac/val cohorts (fiber angle range from Epi—~Endo:
60°, 96°, and 83° for control, PH, and sac/val, respec-
tively). This, together with the observed increase in
collagen content, explains the increased coupling stiff-
ness in Figure 6A. The strain energy maps in Figure 6B
demonstrate increased stiffness in PH (smaller defor-
mations in both longitudinal and circumferential di-
rections are obtained at the same strain energy levels
compared with controls), whereas sac/val resulted in
similar deformation patterns to controls.

Taken together, the actions of sac/val on the RV in
PH seem to be a prevention of progressive and mal-
adaptive remodeling that is linked to a prevention of
myofiber reorientation, with a preferential effect on RV
myocytes (as opposed to fibrosis), including prevention
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of myofiber stiffening. Thus, this study provides a po-
tential insight into the RV remodeling process in PH,
in which progressive pressure overload and increasing
wall stress result in alterations of the myocyte contrac-
tile apparatus. This, in turn, may lead to progressive
myofiber stiffening and fiber angle reorientation, all of
which contributes to RV-PA uncoupling and RV failure.
Drugs that can have a direct effect on this potential
remodeling process of the myocyte contractile appara-
tus, as sac/val may,*"*? should be further studied in PH
and may provide a unique and highly beneficial thera-
peutic option.

There are limitations to the experimental and
modeling techniques used in this study. The PA
banding model of PH results in a myocyte hypertrophy-
dominated response as opposed to extracellular matrix
remodeling and fibrosis.* This model helps us to focus
on the RV myocardium in the absence of confounding
conditions such as hypoxia or pulmonary circulation
disease, as we aimed to study the effects of sac/val
specifically on RV biomechanics. Other animal models
of PH'%'8 might be better suited for studying the fibrotic
response of the RV. Moreover, we employed a preven-
tive treatment approach to analyze the effects of sac/
val on PH in a 3-week period. However, this may not
precisely mimic what is observed with regard to clinical
presentation of PH in humans. Different treatment win-
dows as well as treatment scenarios after fully devel-
oping PH needs to be further investigated. An isolated
angiotensin receptor blocking cohort (valsartan-only
treatment) was not included in the current work, mainly
because of the evidence from previous studies'®4344
demonstrating no significant hemodynamic or RV hy-
pertrophy benefits with isolated use of angiotensin |l
receptor antagonists in PH (which limits the translation
of any potential biomechanical benefits from Valsartan-
only treatment). Nevertheless, this limits our findings
to the effects of combination therapy with sac/val (the
synergistic effects of angiotensin receptor-neprilysin
inhibition) without looking at independent benefits from
Valsartan or Sacubitril alone. We also did not include
a known pure vasodilator with limited direct cardiac
effects, which might provide evidence of a differential
effect of sac/val; however, the pulmonary artery band-
ing model was felt to not be suitable to this approach.
Paraffin fixation processes for histological analysis may
cause artifacts in fiber coherency analysis caused by
tissue dehydration and shrinkage; however, this will af-
fect all groups studied equally allowing for adequate
comparison between groups. Also, here we used a
phenomenological constitutive model to analyze the
tissue-level biomechanics of RV myocardium. Future
studies will employ a structurally detailed constitutive
model (such as in Avazmohammadi et alf) to study the
effects of transmural fiber architectures and interac-
tions between collagen and myofibers in more detail.
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CONCLUSIONS

Sac/val may prevent maladaptive RV remodeling in a
pressure overload model via amelioration of RV pres-
sure rise, hypertrophy, collagen and myofiber reorien-
tation as well as tissue stiffening both at the tissue and
myofiber level. Further study of the role of sac/val treat-
ment in PH and RV remodeling is warranted.
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SUPPLEMENTAL MATERIAL



Table S1. p values obtained for pairwise comparison of different hemodynamic outcomes.

Control vs. PH

Control vs. Sac/Val

PH vs. Sac/Val

Maximum Pressure (Pmax) <0.0001 <0.0001 0.0018
Stroke Volume 0.0033 0.1113 1.0

dP/dtmax <0.0001 0.0015 0.0119
dP/dtmin <0.0001 0.0004 0.0426
PA Elastance (Ea) <0.0001 0.0002 0.0158
RV Elastance (Ees) <0.0001 0.0110 0.8440
Ees/Ea 0.0005 0.5914 0.1087

Table S2. p values obtained for pairwise comparison of morphological measurements.

Control vs. PH

Control vs. Sac/Val

PH vs. Sac/Val

RVFW Thickness

<0.0001

<0.0001

0.0061

RV/LV Mass Ratio

<0.0001

<0.0001

0.5500

Table S3. p values obtained for pairwise comparison of histological measurements.

Control vs. PH

Control vs. Sac/Val

PH vs. Sac/Val

Dominant Myofiber Direction 0.0026 0.5687 0.0106
Collagen Area Fraction 0.0444 0.0065 1.0
RVFW Density 0.0049 0.1246 0.1487




Table S4. p values obtained for pairwise comparison of biaxial mechanical properties

and constitutive modeling results.

Control vs. PH

Control vs. Sac/Val

PH vs. Sac/Val

Myofiber Stiffness 0.0470 1.0 0.0320
Collagen Recruitment Strain 0.0002 0.0003 0.7023
Long. Stiffness (Bo*b1) <0.0001 0.0003 0.0259
Circ. Stiffness (Bo*b2) 0.0022 0.3990 0.0039
Coupled Stiffness (Bo*bs) <0.0001 0.0160 0.0950
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