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Entresto therapy effectively protects heart and lung
against transverse aortic constriction induced
cardiopulmonary syndrome injury in rat
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Abstract: This study tested the hypothesis that entresto therapy effectively protected heart and lung against cardio-
pulmonary syndrome (CPS) caused by transverse aortic constriction (TAC) in rat. Adult-Male SD rats (n = 36) were
equally categorized into group 1 [sham-operated control (SC)], group 2 [SC + enalapril (7 mg/kg/day) since day-28
after TAC induction], group 3 [SC + entresto (30 mg/kg/day) since day-14 after TAC induction], group 4 (TAC only),
group 5 (TAC + enalapril) and group 6 (TAC + entresto) and euthanized at day 60 after TAC induction. By day 60, the
left-ventricular (LV) ejection fraction was significantly lower in group 4 than in other groups and significantly lower
in groups 5 and 6 than in groups 1 to 3, whereas the ratios of heart and lung weights to tibial-length as well as the
right-ventricular-systolic blood pressure exhibited an opposite pattern among the groups (all P<0.001). The sarco-
mere-length (SL), LV fibrotic area, cardiomyocyte size, and lung injury score were highest in group 4, lowest in groups
1 to 3 and significantly lower in group 6 than in group 5 (all P<0.0001). The protein expressions of fibrotic (Smad3/
TGF-B), apoptotic (mitochondrial-Bax/cleaved-caspase3/PARP) and DNA-damaged (y-H2AX) markers in lung and LV
myocardium as well as oxidative (NOX-1/NOX2/oxidized protein) in LV myocardium exhibited an identical pattern
of SL (all P<0.0001). The protein expressions of pressure/volume overload (BNP/MHC-B) mitochondrial-damaged
(cytosolic cytochrome-C) of LV myocardium exhibited an identical pattern of SL (all P<0.001). In conclusion, Entresto
is non-inferior to enalapril for protecting the heart-lung against CPS.
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Introduction

Hypertrophic cardiomyopathy (HCM) can be
categorized into two casual etiologies, i.e.,
(1) due to a normal physiological stimulation,
such as marathon running, weightlifting; and
(2) due to pathological stimulation, for exam-
ples: HCM resulted from primary disease (i.e.,
genetic mutation), hypertension without treat-
ment, aortic or supra-aortic valvular stenosis,
or coarctation of aorta, etc. The HCM can elicit
(1) heart failure (HF) in early stage without left

ventricular (LV) chamber dilatation (i.e., HF in
stage of LV preservation with diastolic dysfunc-
tion and poor compliance) and (2) late stage
(i.e., end stage) of HF with LV dilatation and
remodeling (i.e., decompensated HF in stage of
LV dysfunction), that accounts for one of the
most popular reasons of dilated cardiomyopa-
thy (DCM). Accordingly, this kind of DCM is the
end stage of HCM [1-4].

Copious etiologies can cause cardiopulmonary
failure [i.e., called cardiopulmonary syndrome
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(CPS)] [5-8]. The pathophysiological, hemody-
namic and clinical studies have clearly estab-
lished that HF caused by HCM/DCM associ-
ated with elevation of LV end-diastolic pressure
that undoubtedly elicit elevations of left atrial
and pulmonary capillary wedge pressures. Ulti-
mately, the pulmonary, right ventricular, right
atrial and systemic venous blood pressure ele-
vations are clearly identified. This is the typical
pathophysiology of both-side HF, named pas-
sive-caused “cardiopulmonary failure/syndro-
me”. Despite state-of-the-art therapy, including
advanced pharmacomodulation, cardiac inter-
vention, circulatory mechanical device refine-
ment, “keeping improving” cardiac rehabilita-
tion program as well as constantly profession-
ally guideline renew and recommendation, the
long-term mortality rate in HF patients remains
unchanged for the last 10 decades [5-13]
regardless of the etiology. This raises the urgent
need of finding a new and safe therapy for
those of CPS patients.

Entresto is a novel drug for treatment of HF.
Recently, some large randomized placebo-con-
trolled clinical trials have shown that entresto
therapy is superior to angiotensin converting
enzyme inhibitor (ACEl) for improving the
symptom/sign of HF, LV ejection fraction (LVEF)
and clinical outcome in HF patients [14-17].
However, whether this drug therapy would
reduce the HF caused by CPS and improve the
prognostic outcome in setting of CPS has not
yet been investigated. Accordingly, using an
animal model, this study tested the therapeutic
effect of entresto on protecting the heart and
lung against CPS caused by transverse aortic
constriction (TAC) in rat.

Materials and methods
Ethics

All animal experimental procedures were
approved by the Institute of Animal Care and
Use Committee at Kaohsiung Chang Gung
Memorial Hospital (Affidavit of Approval of
Animal Use Protocol No. 2016092906) and
performed in accordance with the Guide for the
Care and Use of Laboratory Animals [The Eighth
Edition of the Guide for the Care and Use of
Laboratory Animals (NRC 2011)].

Animals were housed in an Association for
Assessment and Accreditation of Laboratory
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Animal Care International (AAALAC)-approved
animal facility in our hospital with controlled
temperature and light cycle (24°C and 12/12
light cycle).

Animal grouping and induction of pathological
hypertrophic cardiomyopathy by transverse
aortic constriction (TAC)

The pathogen-free, adult-male SD rats (n = 36)
weighing 350-372 g (Charles River Technology,
BioLASCO, Taiwan) were equally categorized
into group 1 [sham-operated control (SC)],
group 2 [SC + enalapril (Ena) (7 mg/kg/day)
since day 14 after TAC induction], group 3 [SC +
entresto (Ent) (30 mg/kg/day) since day 14
after TAC induction], group 4 (TAC only), group 5
(TAC + Ena) and group 6 (TAC + Ent).

The procedure and protocol of TCA have been
described in our previous report [18]. In details,
all animals were placed in a supine position
under anesthesia with 2.0% inhalational isoflu-
rane on a warming pad at 37°C and then intu-
bated with positive-pressure ventilation (180
mL/min) with room air using a small animal
ventilator (SAR-830/A, CWE, Inc., USA) for the
TAC procedure. Under sterile conditions, the
heart was exposed via a left thoracotomy pro-
cedure. TAC was induced in groups 4, 5 and 6
animals by tying firmly in the ascending aorta
with a piece of 7-0 prolene on a 25# needle
between the aortic arch [i.e., just beyond the
right common carotid artery (CCA)] and left
CCA. The needle was then removed, leaving
a constricted aorta. These rats were then
assigned to groups 4 to 6, respectively. Only a
left thoracotomy without TAC was performed
for groups 1 to 3 animals. After the TAC proce-
dure, the thoracotomy wound was closed and
the animals were allowed to recover from
anaesthesia in a portable animal intensive care
unit (ThermoCare®) for 24 hours.

The heart function of animals in each group
was serially assessed during the study period.
The study animals were euthanized at day 60
after TAC induction.

Rationale of the medications

The dosage of enalapril utilized in the present
study were based on previous report [19] with
minimal modification. Additionally, based on
the component of valsartan in entresto is about
50% in weight (i.e., mg) and our previous study
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[20] demonstrated that valsartan 10 mg/kg/
day effectively protected the residual renal
function in setting of chronic kidney disease
in rat. Therefore, a minimal modification of
entresto (i.e., 30 mg/kg/day) was utilized for
each animal in the present study.

Assessment of heart function by echocardiog-
raphy

The procedure and protocol of echocardiogra-
phy have been descried in our previous report
[18]. In details, transthoracic echocardiography
was performed in each group prior to and on
days 14, 30 and 60 after TAC induction. The
procedure was performed by an expert animal
technician blinded to the experimental design
using an ultrasound machine (Vevo 2100,
Visualsonics). M-mode standard two-dimen-
sional (2D) left parasternal-long axis echocar-
diographic examination was conducted. Left
ventricular internal dimensions [i.e., left ven-
tricular end-systolic diameter (LVESd) and left
ventricular end-diastolic diameter (LVEDd)]
were measured at mitral valve level of left ven-
tricle, according to the American Society of
Echocardiography leading-edge method using
at least three consecutive cardiac cycles. Left
ventricular ejection fraction (LVEF) was calcu-
lated as follows: LVEF (%) = [(LVEDd3-LVESd3)/
LVEDd®] x 100%.

Hemodynamic studies and specimen prepara-
tion

The procedure and protocol were based on our
previous report [21]. In details, on days 60 after
TAC induction, the SD rats in all groups were
anesthetized with inhalational 2.0% isoflurane.
Each animal was endotracheally intubated with
positive-pressure ventilation using 100% oxy-
gen with a tidal volume of 250 L at a rate of
120 breaths per minute using a Small Animal
Ventilator (SAR-830/A, CWE, Inc., USA). The
heart was exposed by left thoracotomy. A ster-
ile 20-gauge, soft plastic needle was inserted
into the right ventricle and femoral artery of
each rat to measure the right ventricular sys-
tolic pressure (RVSP) and arterial systolic blood
pressure (SBP), respectively. The pressure sig-
nals were first transmitted to pressure trans-
ducers (UFI, model 1050, CA, U.S.A.) and then
exportedto a bridge amplifier (ML866 PowerlLab
4/30 Data Acquisition Systems; ADInstruments
Pty Ltd., Castle Hill, NSW, Australia) where the
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signals were amplified and digitized. The data
were recorded and later analyzed with the
Labchart software (ADInstrument). After hemo-
dynamic measurements, the SD rats were
euthanized with the left and right hearts and
lungs harvested.

Western blot analysis

The procedure and protocol for Western blot
analysis were based on our recent reports [18,
20-22]. Briefly, equal amounts (50 ug) of pro-
tein extracts were loaded and separated by
SDS-PAGE using acrylamide gradients. After
electrophoresis, the separated proteins were
transferred electrophoretically to a polyvinyli-
dene difluoride (PVDF) membrane (GE, UK).
Nonspecific sites were blocked by incubating
the membrane in blocking buffer [5% nonfat
dry milk in T-TBS (TBS containing 0.05% Tween
20)] overnight. The membranes were incubated
with the indicated primary antibodies [caspase
3 (1:1000, Cell Signaling), Poly (ADP-ribose)
polymerase (PARP) (1:1000, Cell Signaling),
mitochondrial Bax (1:1000, Abcam), y-H2AX
(1:1000, Cell Signaling), cytosolic cytochrome
C (1:1000, BD), mitochondrial cytochrome
C, phosphorylated (p)-Smad3 (1:1000, Cell
Signaling), transforming growth factor (TGF)-B
(1:500, Abcam), NOX-1 (1:1500, Sigma), NOX-2
(1:750, Sigma), brain natriuretic peptide (BNP)
(1:500, Abcam), a-MHC (1:300, Santa Cruz),
B-MHC (1:1000, Santa Cruz), COX-IV (1:1000,
Abcam), and Actin (1:20000, Millipore)] for 1
hour at room temperature. Horseradish peroxi-
dase-conjugated anti-rabbit immunoglobulin
1gG (1:2000, Cell Signaling, Danvers, MA, USA)
was used as a secondary antibody for one-hour
incubation at room temperature. The washing
procedure was repeated eight times within
one hour. Immunoreactive bands were visual-
ized by enhanced chemiluminescence (ECL;
Amersham Biosciences, Amersham, UK) and
exposed to Biomax L film (Kodak, Rochester,
NY, USA). For the purpose of quantification, ECL
signals were digitized using Labwork software
(UVP, Waltham, MA, USA).

Immunohistochemical (IHC) and immunofluo-
rescent (IF) staining

The procedure and protocol of IHC and IF stain-
ing have been described in detail in our previ-
ous reports [18, 20-22]. For IHC and IF staining,
rehydrated paraffin sections were first treated
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with 3% H,0, for 30 minutes and incubated
with Immuno-Block reagent (BioSB, Santa
Barbara, CA, USA) for 30 minutes at room tem-
perature. Sections were then incubated with
primary antibodies specifically against Sirius
red, Masson'’s trchrome (ScyTek Lab), transient
receptor potential cation channel 1 (TRPC1)
(1:200, Abcam), TRPC4 (1:200, GeneTex) and
sarcomere (1:500, Imgenx), while sections
incubated with the use of irrelevant antibodies
served as controls. Three sections of heart and
lung specimens from each rat were analyzed.
For quantification, three randomly selected
HPFs (200x for IF studies) were analyzed in
each section. The staining and identification of
TRPC1 and TRPC4 were based on our previous
reports [23, 24].

Assessment of oxidative stress

The procedure and protocol for evaluating the
protein expression of oxidative stress have
been described in detail in our previous reports
[25-27]. The Oxyblot Oxidized Protein Detection
Kit was purchased from Chemicon, Billerica,
MA, USA (S7150). DNPH derivatization was
carried out on 6 pg of protein for 15 minutes
according to the manufacturer’s instructions.
One-dimensional electrophoresis was carried
out on 12% SDS/polyacrylamide gel after DN-
PH derivatization. Proteins were transferred to
nitrocellulose membranes that were then incu-
bated in the primary antibody solution (anti-
DNP 1:150) for 2 hours, followed by incubation
in secondary antibody solution (1:300) for 1
hour at room temperature. The washing proce-
dure was repeated eight times within 40 min-
utes. Immunoreactive bands were visualized
by enhanced chemiluminescence (ECL; Amer-
sham Biosciences, Amersham, UK) which was
then exposed to Biomax L film (Kodak, Roch-
ester, NY, USA). For quantification, ECL signals
were digitized using Labwork software (UVP,
Waltham, MA, USA). For oxyblot protein analy-
sis, a standard control was loaded on each gel.

Estimation of cardiomyocyte size and arterial
masculinization in lung parenchyma

Microscopic finding of H&E stain was utilized as
determinant of the cardiomyocyte size in each
animal under the HPFs (i.e., 400x) in cross-sec-
tion of heart specimen. Three sections of heart
specimen from each rat were analyzed. For
quantification, three randomly selected HPFs
(non-overlapping fields) were analyzed in each
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section. Finally, the summation of area of total
cells was divided by the number of cells and
three randomly selected views of them were
calculated.

Histological assessment of lung injury score
and crowded score of lung parenchyma by day
60 after TCA induction

For identification of number of alveolar sac dis-
tribution in lung parenchyma, left lung speci-
mens from all animals were fixed in 4% para-
fomaldehyde prior to embedding in paraffin and
the lung tissue was sectioned at 5 uym for light
microscopic analysis. The H&E stain was per-
formed for assessment of number of alveolar
sacs based on our previous reports [23, 26]
in a blind fashion. Three lung sections from
each rat were analyzed with three randomly
selected HPFs (i.e., 100x) in each section. The
mean number per HPF for each animal was
then determined by summation of all numbers
divided by 9. The extent of crowded area,
defined as region of thickened septa in lung
parenchyma associated with partial or com-
plete collapse of alveoli on H&E-stained sec-
tions, was performed in a blind fashion. The
scoring system adopted was as follows: O = no
detectable crowded area; 1 < 15% of crowded
area; 2 = 15-25% of crowded area; 3 = 25-50%
of crowded area; 4 = 50-75% of crowded area;
5 > 75%-100% of crowded area/per high-power
filed (100x).

Histological quantification of myocardial fibro-
sis and collagen deposition in LV myocardium

The procedure and protocol have been
described in our previous studies [25, 28]. In
details, Masson's trichrome staining was used
for identifying the fibrosis of LV myocardium.
Three serial sections of LV myocardium in each
animal at the same levels were prepared at 4
pm thickness by Cryostat (Leica CM3050S).
The integrated area (um?2) of infarct area
and fibrosis on each section were calculated
using the Image Tool 3 (IT3) image analysis
software (University of Texas, Health Science
Center, San Antonio, UTHSCSA; Image Tool for
Windows, Version 3.0, USA). Three randomly
selected HPFs (100x) were analyzed in each
section. After assessment of the number of
pixels in each fibrotic area per HPF, the num-
bers of pixels obtained from three HPFs were
summed. The procedure was repeated in two
other sections for each animal. The mean pixel
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Figure 1. The hemodynamic parameters and anatomically pathological features of heart and lung by day 60 after
TAC induction. A. Right ventricular systolic blood pressure, * vs. other groups with different symbols (1, ), P<0.0001.
B. Right femoral arterial systolic blood pressure (FASBP), P>0.5. C. Ratio of total lung weight to tibial length, * vs.
other groups with different symbols (1, f), P<0.0001. D. The ratio of total heart weight to tibial length, *vs. other
groups with different symbols (1, 1), P<0.0001. All statistical analyses were performed by one-way ANOVA, followed
by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 1, 1) indicate significance at the
0.05 level. SC = sham-operated control; TAC = transverse aortic constriction.

number per HPF for each animal was then cal-
culated by summing up all pixel numbers and
dividing by 9. The mean integrated area (um?)
of fibrosis in LV myocardium per HPF was
obtained using a conversion factor of 19.24 (1
um? represented 19.24 pixels).

To analyze the extent of collagen synthesis and
deposition, cardiac paraffin sections (6 um)
were stained with picrosirius red (1% Sirius red
in saturated picric acid solution) for one hour at
room temperature using standard methods.
The sections were then washed twice with 0.5%
acetic acid. The water was physically removed
from the slides by vigorous shaking. After dehy-
dration in 100% ethanol thrice, the sections
were cleaned with xylene and mounted in a res-
inous medium. HPFs (x400) of each section
were utilized to identify Sirius red-positive area
on each section. Analyses of condensed colla-
gen deposition area in LV myocardium were
performed exactly according to the aforemen-
tioned description for the calculations of the
fibrotic area.

Statistical analysis

Quantitative data are expressed as means +
SD. Statistical analysis was adequately per-
formed by ANOVA, followed by Bonferroni multi-
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ple-comparison post hoc test. SAS statistical
software for Windows version 8.2 (SAS institu-
te, Cary, NC) was utilized. A P value of less than
0.05 was considered statistically significant.

Results

The hemodynamic parameters and anatomi-
cally pathological features of heart and lung
by day 60 after TAC induction (Figure 1)

By day 60 after TAC induction, the RVSBP,
an indirect reflection of pulmonary artery sys-
tolic blood pressure (PASBP), was significantly
increased in TAC than in the other groups and
significantly increased in TAC-Ena and TAC-Ent
than in SC, SC-Ena and SC-Ent, but it did not
differ between TAC-Ena and TAC-Ent or among
the SC, SC-Ena and SC-Ent. On the other hand,
the femoral arterial SBP was similar among the
6 groups. Additionally, the ratios of total lung
weight and total heart weight to tibial length
were identical to the RVSBP among the six
groups.

Time courses of LVEF and cardiomyocyte size
of LV myocardium by day 60 after TAC (Figure
2)

The baseline LVEF was similar among the six
groups. However, by day 14 after the TCA induc-
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Figure 2. Time courses of LVEF and cardiomyocyte size of LV myocardium by day 60 after TAC. A. Analytical result of
LVEF at day O, P>0.5. B. Analytical result of LVEF at day 14 after TAC procedure, * vs. 1, P<0.001. C. Analytical result
of LVEF at day 30 after TAC procedure, * vs. other groups with different symbols (1, f), P<0.001. D. Analytical result
of LVEF at day 60 after TAC procedure, *vs. other groups with different symbols (1, £), P<0.001. E-J. lllustrating the
microscopic finding (400x%) of H&E stain for identification of cardiomyocyte size. Yellow dotted line indicated one car-
diomyocyte. K. Analytical result of cardiomyocyte size at day 60 after TAC procedure, *vs. other groups with different
symbols (1, F), P<0.0001. Scale bars in right lower corner represent 20 um. All statistical analyses were performed
by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, t,
F) indicate significance at the 0.05 level. SC = sham-operated control; TAC = transverse aortic constriction; LVEF =

left ventricular ejection fraction.

tion, the LVEF was significantly lower in TAC,
TAC-Ena and TAC-Ent than in SC, SC-Ena and
SC-Ent, but it showed no difference among the
former three groups or the latter three groups.
By days 30 and 60, after TAC induction, the
LVEF remained significantly higher in SC, SC-
Ena and SC-Ent than in TAC, TAC-Ena and TAC-
Ent. However, this parameter was significantly
higher in TAC-Ena and TAC-Ent than in TAC, but
no difference between TAC-Ena and TAC-Ent or
among SC, SC-Ena and SC-Ent. On the other
hand, by day 60 after TAC procedure, the car-
diomyocyte size was highest in TAC and lowest
in SC, SC-Ena and SC-Ent, and significantly
higher in TAC-Ena than in TAC-Ent.

Identification of fibrotic and collagen-deposi-
tion area in LV myocardium and lung injury
score by day 60 after TAC induction (Figures 3
and 4)

The fibrotic and collagen deposition areas were

significantly higher in TAC than in other groups,
significantly higher in TAC-Ena and TAC-Ent than
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in SC, SC-Ena and SC-Ent and significantly high-
er in TAC-Ena than in TAC-Ent, but no difference
among the three control groups.

Additionally, the lung crowded score, an indica-
tor of lung injury score, displayed an identical
pattern to the fibrotic area among the six
groups. On the other hand, the number of alve-
olar sacs, an indicator of integrity of lung paren-
chyma, showed an opposite pattern to the
fibrotic area among the six groups.

Sarcomere length and protein expression of
pressure-volume overload and mitochondrial-
damaged markers by day 60 after TAC induc-
tion (Figure 5)

IF microscopic finding showed that the sarco-
mere length was significantly increased in TAC
than in other groups, significantly increased in
TAC-Ena and TAC-Ent than in SC, SC-Ena and
SC-Ent and significantly increased in TAC-Ena
than in TAC-Ent, but similar among the SC,
SC-Ena and SC-Ent.
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Figure 3. Identifications of fibrotic and condensed collagen-deposition areas in LV myocardium and lung injury
score by day 60 after TAC induction. A-F. lllustrating the microscopic finding (400x) of Masson’s trichome stain for
identification of fibrosis (blue color). G. Analytical results of fibrotic area, * vs. other groups with different symbols
(1, 1, 8), P<0.0001. H-M. Showing the microscopic finding (400x) of Sirius red stain for identification of condensed
collagen-deposition area (pink color). N. Analytical result of collagen-deposition area, * vs. other groups with dif-
ferent symbols (1, f, §), P<0.0001. The scale bars in right lower corner represent 20 um. All statistical analyses
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group).
Symbols (*, 1, F) indicate significance at the 0.05 level. SC = sham-operated control; TAC = transverse aortic con-
striction; LV = left ventricular.
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Figure 4. Histopathological findings in lung parenchyma by day 60 after TAC induction. A-F. Histopathological find-
ings (i.e., H&E staining) of lung parenchyma under microscopy (200%) among the five groups. G. Analytic results of
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number of alveolar sacs, *vs. other groups with different symbols (t, £, §), P<0.0001. H. Analytic results of crowded score, *vs. other groups with different symbols
(1, F, 8), P<0.0001. The scale bars in right lower corner represent 50 um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni mul-
tiple comparison post hoc test (n = 6 for each group). Symbols (*, T, f) indicate significance at the 0.05 level. SC = sham-operated control; TAC = transverse aortic

constriction; HPF = high-power field.
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Figure 5. Actinin-phalloidin staining for measuring the sarcomere length of cardiomyocytes and protein expression of pressure-volume overload and mitochondrial-
damaged markers in LV myocardium by day 60 after TAC induction. A-F. Showing the microscopic finding (630x%) of immunofluorescent stain for identifying LV sar-
comere length (green striatum). G. Results of statistical analysis, * vs. other groups with different symbols (1, %, §), P<0.0001. The scale bars in right lower corner
represent 10 um. H. lllustrating the measurement (magnified Figure 5A-F) of distance of sarcomere length. SM = sarcomere length. I. Protein expression of 3-myosin
heavy chain (MHC) protein expression, *vs. other groups with different symbols (1, f, §), P<0.0001. J. Protein expressions of brain natriuretic peptide (BNP), *vs.
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other groups with different symbols (1, F), P<0.0001. K. Protein expression of cytosolic cytochrome C (cyt-Cyto C),
*vs. other groups with different symbols (1, F, §), P<0.0001. L. Protein expression of mitochondrial cytochrome C
(mit-Cto C), *vs. other groups with different symbols (t, %, §), P<0.0001. M. Protein expression of MHC-a, *vs. other
groups with different symbols (1, %, §), P<0.0001. All statistical analyses were performed by one-way ANOVA, fol-
lowed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 1, £) indicate significance
at the 0.05 level. SC = sham-operated control; TAC = transverse aortic constriction; LV = left ventricular.

ScC+enalapril SC+entresto E] sc

. SC+enalapril
U:I:ﬂ SC+entresto

E TAC
TAC+enalapril
TAC+entresm

TAC+entresto

®

No. of TRPC1+ cells
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Figure 6. Immunofluorescent (IF) staining for the expression of TRPC1 in pulmonary artery (PA) by day 60 after TAC
induction. A-F. lllustrating the microscopic finding for identification of transient receptor potential cation channel 1
(TRPC1)+ cells in PA (white arrow) using IF double staining (i.e., a-SMA-TRPC1) in the six groups (400x). G. Analyti-
cal result of number of positively-stained TRPC1+ cells in PA, *vs. other groups with different symbols (1, 1, §),
P<0.001. The scale bars in right lower corner represent 20 pm. All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 1, f) indicate
significance at the 0.05 level. SC = sham-operated control; TAC = transverse aortic constriction; HPF = high-power
field.
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Figure 7. Immunofluorescent (IF) staining for the expression of TRPC2 in pulmonary artery (PA) and lung parenchy-
ma (LP) by day 60 after TAC induction. A-F. lllustrating the microscopic finding for identification of transient receptor
potential cation channel 1 (TRPC4)+ cells in PA (white arrow) using IF double staining (i.e., x-SMA-TRPC1) in the six
groups (400x). G. Analytical result of number of positively-stained TRPC4+ cells in PA, *vs. other groups with differ-
ent symbols (1, 1, §), P<0.001. The scale bars in right lower corner represent 20 um. H. Analytical result of number
of TRPC4+ cells in PL, *vs. other groups with different symbols (1, %, §), P<0.0001. All statistical analyses were per-
formed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols
(*, T, ) indicate significance at the 0.05 level. SC = sham-operated control; TAC = transverse aortic constriction.
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Figure 8. The protein expression of apoptosis in lung and heart by day 60 after TAC induction. A. Protein expression
of mitochondrial (mit)-Bax in LV myocardium, *vs. other groups with different symbols (t, ¥, §), P<0.0001. B. Protein
expression of mit-Bax in lung, *vs. other groups with different symbols (1, F, §), P<0.0001. C. Protein expression of
cleaved caspase 3 (c-Csp 3) in LV myocardium, *vs. other groups with different symbols (1, f), P<0.0001. D. Protein
expression of ¢c-Csp 3 in LV myocardium, * vs. other groups with different symbols (1, , §), P<0.0001. E. Protein
expression of cleaved poly (ADP-ribose) polymerase (c-PARP) in LV myocardium, *vs. other groups with different
symbols (1, 1), P<0.001. F. Protein expression of c-PARP in lung, * vs. other groups with different symbols (f, 1),
P<0.001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison
post hoc test (n = 6 for each group). Symbols (*, T, F) indicate significance at the 0.05 level. SC = sham-operated
control; TAC = transverse aortic constriction; LV = left ventricular.

It is well recognized that cardiac hypertrophy is
characterized by a switch from a-to 3-MHC pro-
tein expression (i.e. reactivation of fetal gene
program). The protein expressions of BNP and
B-MHC, two indicators of pressure-volume over-
load biomarkers, and cytosolic cytochrome C,
an indicator of mitochondrial-damaged mark-
ers, exhibited an identical pattern to the sarco-
mere length among the six groups. On the other
hand, the protein expression of mitochondrial
cytochrome C, an indicator of mitochondrial
integrity, and protein expression of MHC-«, an
opposite indicator of cardiac hypertrophy,
revealed an opposite pattern of BNP among the
Six groups.
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The expressions of TRPC1 and TRPC4 in pul-
monary artery by day 60 after TAC induction
(Figures 6 and 7)

TRPCs play particularly crucial roles in regulat-
ing smooth muscle cell contraction and prolif-
eration in the murine model of hypoxia-induced
pulmonary arterial hypertension [24, 27]. IF
microscopic findings showed that the cellular
expressions of TRPC1 (Figure 6) and TRPC4
(Figure 7) in pulmonary artery were significantly
higher in TAC than in other groups, significantly
higher in TAC-Ena and TAC-Ent than in SC,
SC-Ena and SC-Ent and significantly higher in
TAC-Ena than in TAC-Ent, yet no difference
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Figure 9. The protein expressions of fibrotic and DNA-damaged biomarkers in lung and heart by day 60 after TAC
induction. A. Protein expression of Smad3 in LV myocardium, * vs. other groups with different symbols (f, 1),
P<0.0001. B. Protein expression of Smad3 in lung, * vs. other groups with different symbols (1, %, §), P<0.0001.
C. Protein expression of transforming growth factor (TGF)- in LV myocardium, *vs. other groups with different sym-
bols (1, F, §), P<0.0001. D. Protein expression of TGF-B in lung, *vs. other groups with different symbols (t, 1),
P<0.0001. E. Protein expression of y-H2AX in LV myocardium, *vs. other groups with different symbols (t, £, §),
P<0.0001. F. Protein expression of y-H2AX in lung, * vs. other groups with different symbols (1, %, §), P<0.0001. All
statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test
(n = 6 for each group). Symbols (*, T, F) indicate significance at the 0.05 level. SC = sham-operated control; TAC =
transverse aortic constriction; LV = left ventricular.

among the SC, SC-Ena and SC-Ent. Additionally, cantly higher in TAC-Ena than in TAC-Ent, but no
the number of positively-stained TRPC4 in lung difference was observed among the SC, SC-Ena
parenchyma exhibited an identical pattern of and SC-Ent.

TRPC4 in PA among the groups.
The protein expressions of fibrotic and DNA-

The protein expression of apoptosis in lung damaged biomarkers in lung and heart by day
and heart by day 60 after TAC induction 60 after TAC induction (Figure 9)
(Figure 8)

The protein expressions of Smad3 and TGF-j3,
The protein expressions of mitochondrial Bax, two indicators of fibrosis, and the protein
cleaved caspase3 and cleaved PARP in lung expression of y-H2AX, an indicator of DNA-
and LV myocardium, three indices of apoptosis, damaged markers in lung and LV myocardium,
were significantly higher in TAC than in other were significantly higher in TAC than in other
groups, significantly higher in TAC-Ena and TAC- groups, significantly higher in TAC-Ena and TAC-
Ent than in SC, SC-Ena and SC-Ent, and signifi- Ent than in SC, SC-Ena and SC-Ent, and signifi-
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Figure 10. The protein expressions of oxidative stress in LV myocardium by day 60 after TAC induction. A. Protein
expressions of NOX-1, *vs. other groups with different symbols (1, %, §), P<0.0001. B. Protein expressions of NOX-2,
*vs. other groups with different symbols (1, ¥, §), P<0.0001. C. Oxidized protein expression, *vs. other groups with
different symbols (1, £), P<0.0001. (Note: left and right lanes shown on the upper panel represent protein molecu-
lar weight marker and control oxidized molecular protein standard, respectively). M.W = molecular weight; DNP =
1-3 dinitrophenylhydrazone. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni mul-
tiple comparison post hoc test (n = 6 for each group). Symbols (*, T, ¥) indicate significance at the 0.05 level. SC =
sham-operated control; TAC = transverse aortic constriction; LV = left ventricular.

cantly higher in TAC-Ena than in TAC-Ent, but
maintained the same level among the SC,
SC-Ena and SC-Ent.

The protein expressions of oxidative stress in
LV myocardium by day 60 after TAC induction
(Figure 10)

The protein expressions of NOX-1 and NOX-2
and oxidized protein, three indices of oxidative
stress in LV myocardium, were significantly
higher in TAC than in other groups, significantly
higher in TAC-Ena and TAC-Ent than in SC, SC-
Ena and SC-Ent, and significantly higher in TAC-
Ena than in TAC-Ent, but no difference among
the SC, SC-Ena and SC-Ent.

Discussion

This study which investigated the therapeutic
impact of entresto on protecting the heart and
lung against CPS injury in rat yielded several
striking implications. Frist, the results of the
present study identified that, as compared to
the controls, the ratios of heart and lung weight
to tibial length and the sarcomere length of LV
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myocardium were substantially increased in
TAC animals, suggesting that we had success-
fully created a platform for preclinical study of
therapeutic impact of entresto on CPS in rodent
animals. Second, the results of the present
study demonstrated that therapeutic effect of
entresto was not inferior to enalapril on pre-
serving the heart function and attenuating
the lung and heart injury in setting of CPS.
Third, as compared with control animals, the
molecular-cellular perturbations were remark-
ably increased in CPS animals that were signifi-
cantly reversed in those of CPS animals after
receiving entresto or enalapril treatment.

One important finding in the present study was
that the ratio of heart weight to tibial length, the
cardiomyocyte size and the sarcomere length
(i.e., anatomical indices) were significantly high-
er in CPS animals than in those of SC animals,
suggesting that TAC procedure already induced
LV remodeling. On the other hand, the LVEF
(i.e., functional index) was notably reduced in
CPS animals than in that of SC animals at the
time intervals of days 14, 30 and 60 after TAC

Am J Transl Res 2018;10(8):2290-2305
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procedure. However, these parameters were
markedly reversed in CPS animals after receiv-
ing enalapril or entresto treatment. The cardio-
protective effect of angiotensin Il type | inhibi-
tors (ARBs) on ischemic heart disease in rodent
has been well recognized by our previous stud-
ies [20, 29, 30]. Accordingly, our findings are
compatible with those of our previous studies
[20, 29, 30]. Another important finding was
that the ratio of lung weight to tibial length (i.e.,
anatomical indicator) and RVSBP, an indicator
of PASBP (i.e., hemodynamic index), were sig-
nificantly increased in CPS group than in SC
groups. Contrary to the anatomical and hemo-
dynamic parameters, the number of alveolar
sacs was significantly decreased in CPS group
than in control groups. As expected, these
parameters were improved in CPS animals
after receiving either enalapril or entresto treat-
ment. Our findings highlight that entresto is not
inferior to enalapril for protecting the lung and
heart against TAC-induced CPS injury.

The fibrosis and collagen deposition have
been identified as the final pathological find-
ings in ischemic heart disease, including in the
setting of DCM/HCM [18, 20, 22, 25, 28, 31].
Additionally, the crowded phenomenon of sep-
tum and alveoli (i.e., refer to as lung injury
score) [21, 23, 24, 26] has been established
to frequently occur in various setting of lung
parenchymal diseases. An essential finding in
the present study was that the fibrotic and con-
densed-collagen deposition areas in LV myo-
cardium were significantly higher in CPS ani-
mals than in SC animals. Additionally, the lung
injury score was notably increased in CPS ani-
mals than in SC animals. Our findings, in addi-
tion to strengthening the findings of previous
studies [18, 20-22, 24, 26, 28, 31], could par-
tially explain why the LV performance (i.e., LVEF)
was significantly impaired and the RVSBP was
notably increased in those of CPS animals. Of
importance was these parameters were signifi-
cantly reversed in CPS animals after receiving
enalapril treatment and further significantly
reversed by the entresto treatment.

BNP and MHC-B are two crucial biomarkers
for prediction of pressure-volume overload in
experimental studies [25, 28]. A principal find-
ing in the present study was that these two
parameters were significantly increased in LV
myocardium of CPS animals than in the SC ani-
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mals. Importantly, these two parameters were
significantly reduced in CPS animals after
receiving enalapril treatment and furthermore
significantly reduced after the entresto treat-
ment. Our findings, in addition to be consistent
with those of previous studies [25, 28], could,
at least in part, explain why the cardiac remod-
eling and the RVSBP were significantly reduced
in CPS animals after administration of these
two medicines.

Recently, abundant data from clinical trials [17,
32] have shown that entresto is superior to
enalapril in reducing the risks of death and of
hospitalization for HF as well as prevents the
clinical progression of surviving patients with
HF. However, the underlying mechanism for
the improvement of clinical outcomes through
entresto treatment is currently unclear. Another
principal finding in the present study was that
as compared to the SC animals, the protein
levels of fibrosis and apoptosis in lung paren-
chyma and LV myocardium were remarkably
higher in the CPS animals. Additionally, the pro-
tein levels of oxidative stress biomarkers in LV
myocardium were also significantly higher in
CPS animals than in SC animals. However, all of
these molecular perturbations were significant-
ly suppressed by enalapril therapy and further
significantly suppressed by entresto therapy.
These findings may be considered, at least in
part, as the underlying mechanism for explain-
ing the results from those of clinical trials [17,
32] and again shed light on why the LV function
was preserved in CPS animals after receiving
the entresto treatment.

Study limitation

This study has limitations. First, this study did
not titrate the dosages of enalapril and entres-
to. Thus, the optimal dosage of these two drugs
for the animals remains to be determined.
Accordingly, whether the therapeutic effect of
entresto on CPS is superior to enalapril or vice
versa is currently uncertain. Second, the ex-
actly underlying mechanism of enalapril and
entresto for improving outcomes in CPS ani-
mals has not fully investigated in the current
study.

In conclusion, entresto is comparable with

enalapril for protecting the heart-lung organs
against CPS-induced injury.
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