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Abstract

Right ventricular (RV) dysfunction following left ventricular (LV) failure is associated with
poor prognosis. RV remodeling is thought initiated by the increase in the afterload of RV due
to secondary pulmonary hypertension (PH) to impaired LV function; however, RV molecular
changes might occur in earlier stages of the disease. cGMP (cyclic guanosine monophos-
phate)-phosphodiesterase 5 (PDES5) inhibitors, widely used to treat PH through their pulmo-
nary vasorelaxation properties, have shown direct cardiac benefits, but their impacts on the
RV in LV diseases are not fully determined. Here we show that RV molecular alterations
occur early in the absence of RV hemodynamic changes during LV pressure-overload and
are ameliorated by PDES inhibition. Two-day moderate LV pressure-overload (transverse
aortic constriction) neither altered RV pressure/ function nor RV weight in mice, while it
induced only mild LV hypertrophy. Importantly, pathological molecular features were already
induced in the RV free wall myocardium, including up-regulation of gene markers for hyper-
trophy and inflammation, and activation of extracellular signal-regulated kinase (ERK) and
calcineurin. Concomitant PDES5 inhibition (sildenafil) prevented induction of such pathologi-
cal genes and activation of ERK and calcineurin in the RV as well as in the LV. Importantly,
dexamethasone also prevented these RV molecular changes, similarly to sildenafil treat-
ment. These results suggest the contributory role of inflammation to the early pathological
interventricular interaction between RV and LV. The current study provides the first evi-
dence for the novel early molecular cross-talk between RV and LV, preceding RV hemody-
namic changes in LV disease, and supports the therapeutic strategy of enhancing cGMP
signaling pathway to treat heart diseases.

Introduction

The right ventricle (RV) is a chamber of the heart that pumps out blood into pulmonary circu-
lation under low pressure. While cardiac output can be maintained even in the absence of
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functional RV under physiological conditions, growing evidence has indicated that RV dys-
function has deleterious impacts on prognosis as well as functional capacity in heart failure
[1,2]. In patients with systolic heart failure, RV ejection fraction (RVEF) <20% is an indepen-
dent predictor of mortality and heart failure hospitalization [3]. RV dysfunction is the strong
predictor of death also in heart failure patients with preserved ejection fraction (HFpEF), asso-
ciated with severe symptoms [4,5]. Although RV dysfunction following LV disease is thought
initiated due to RV pressure-overload, which occurs following elevated LV end-diastolic pres-
sure, with the mechanisms shared by pulmonary arterial hypertension or pulmonary stenosis,
studies that directly assess molecular mechanisms remain scant.

Cyclic guanosine monophosphate (cGMP) is an intracellular second messenger down-
stream of nitric oxide and natriuretic peptides, and has been gaining attention as a key to heart
failure treatment. Phosphodiesterase 5 (PDE5) inhibitors block degradation of cGMP and thus
activate cGMP signaling pathways. While PDES5 inhibitors are in wide clinical use for the treat-
ment of pulmonary hypertension, benign prostate hyperplasia and erectile dysfunction [6]
through their vasorelaxation action, growing evidence has suggested that PDES5 inhibition also
provide beneficial cardiac effects. PDES5 inhibition with sildenafil or tadalafil ameliorated
experimental models of heart diseases in rodents [7,8]. Chronic sildenafil treatment improved
cardiac function and clinical status in patients with systolic heart failure and diabetic cardio-
myopathy [9,10]. Prior studies revealed that multiple mechanisms might contribute to such
cardiac benefits, including Gq signal deactivation [8], improvement of mitochondrial energy
metabolism [11] and modulation of inflammation [12]; however, the molecular impact of
PDES5 inhibition on RV has not been fully determined.

In the current study, employing a mouse model of LV pressure-overload, we investigated
early molecular changes in the RV myocardium, and tested the impacts of concomitant silden-
afil treatment. We found that pathologic molecular derangement in the RV myocardium
occurred at very early stages before RV hemodynamic overload became evident, and that sil-
denafil ameliorated such molecular abnormalities though mechanisms involving its anti-
inflammatory effects.

Material and methods
Ethics statement

All animal protocols were approved by the animal care and use committee of the University of
Tokyo (approval number: H15-099).

Animal models

All experiments were performed on C57BL/6] male mice (7-10 weeks old; CLEA Japan,
Tokyo, Japan). They were housed in controlled environment with a 12h light/ 12h dark cycle
at a maintained temperature, and kept with free access to food and water throughout the
whole experiment period. Pressure overload was posed by transverse aortic constriction
(TAC) [7]. We prepared four arms: (1) sham surgery (Sham), (2) TAC with normal soft chow
(TAC 2d Veh), (3) TAC with sildenafil chow (TAC 2d Sil), and (4) TAC with dexamethasone
treatment (TAC 2d DXM). Animals were anesthetized with 1% inhaled isoflurane and 10 mg/
kg intraperitoneal etomidate, then intubated, and mechanically ventilated. The mediastinum
was opened through dislocation of 2nd and 3rd left sternocostal joints, then transverse aorta
was exposed at the back of thymus. Between the brachiocephalic trunk and the left common
carotid artery a 27-gauge needle was placed alongside transverse aorta, and the aorta and the
needle was tied around using 7-0 prolene suture. After the needle was withdrawn, the aorta
was constricted to a diameter of 0.4 mm. Sham-operated animals were subjected to the same
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surgical procedures without aortic constriction. After the chest closure with 6-0 prolene, they
were allowed to recover from anesthesia, and placed on a heating plate until full recovery of
consciousness. For two days after surgery TAC-2d-Sil mice were treated with sildenafil citrate
(Wako Pure Chemical Industries, Osaka, Japan; 200mg/kg/day) mixed in soft chow (Trans-
genic Dough Diet; Bio-Serv, Flemington, NJ; 100g/kg/day). Free plasma concentration of sil-
denafil with the dose in mice are comparable to those in humans using standard clinical
dosing[7], because mice metabolize sildenafil at approximately 100 times higher rate than
humans[13]. Sham, TAC-2d-Veh and TAC-2d-DXM animals received the soft diet without
sildenafil. TAC-2d-DXM mice were injected intraperitoneally with dexamethasone sodium
phosphate (Aspen Japan, Tokyo, Japan; 20mg/kg/day) on the day of the surgery and the fol-
lowing day. Total number of mice used in this study was 38. In each group (Sham, TAC 2d
Veh, TAC 2d Sil), eleven mice were allocated. Out of 11, three mice for in vivo hemodynamics
study, five for gene expression study, and three for western blot analysis. Five mice were allo-
cated to TAC-2d-DXM group for gene expression study.

Echocardiography

Before and two days after surgery cardiac function was assessed by transthoracic, two-dimen-
sional guided M-mode echocardiography in conscious mice using Vevo2100 (FUJIFILM
VisualSonics, Toronto, Ontario, Canada) with 30 MHz linear-array transducer. M-mode LV
end-systolic diameter (LVESD) and LV end-diastolic diameter (LVEDD) were measured in the
short-axis view. LV fractional shortening (LVES) was calculated as follows: LVFS = (LVEDD-L-
VESD)/LVEDD. Studies and analysis were performed by the same investigator (TK).

In vivo hemodynamics

For more comprehensive analysis, in vivo LV and RV function were assessed by pressure cath-
eter. Mice were anesthetized with 0.5% inhaled isoflurane, 1000 mg/kg intraperitoneal ure-
thane, and 10 mg/kg intraperitoneal etomidate, were subjected to tracheostomy, and were
ventilated with 6-7 pl/g tidal volume and 120 breaths/min. Volume loading (10% bovine
albumin, 100-150 ul over 3 minutes) was provided via a 30-gauge cannula in the left external
jugular vein. The LV apex was exposed by incising diaphragm and left costal arch. A 1.4-Fr
pressure catheter (SPR-839; Millar Instruments, Houston, TX) was inserted through the LV
apex which was in advance pricked with a 26-gauge needle, and was positioned along the lon-
gitudinal axis. And a 1-Fr pressure catheter (PVR-1035; Millar Instruments) was placed into
the RV which was in advance pricked with a 27-gauge needle. All data were collected, saved to
disk, and analyzed using MPVS Ultra Foundation System (ADInstruments, New South Wales,
Australia) with LabChart 7 software (ADInstruments). All values were averaged over nine con-
secutive cardiac cycles while blood pressure was stable.

Tissue preparation

After physiological studies, mice were euthanized by cervical dislocation, and the heart was
resected and washed in phosphate buffered saline (PBS; 137.0mM NaCl, 2.68mM KCl, 8.1mM
Na,HPO,, and 1.47mM KH,PO,, pH 7.4). Total heart tissues for immunohistochemistry were
proceeded to fixation steps, and those for gene expression analysis and western blotting were
dissected as below. After total heart weight was measured, great vessels and atriums were
removed, the RV free wall was separated from the LV wall and the intraventricular septum
(IVS), and RV free wall was weighed. LV apex and IVS were removed from the LV. Remained
LV free wall and the RV free wall were trimmed 0.5 mm from edges. Each part of a heart was

PLOS ONE | https://doi.org/10.1371/journal.pone.0195528  April 5, 2018 3/16


https://doi.org/10.1371/journal.pone.0195528

@° PLOS | ONE

Sildenafil normalizes RV molecular derangement in LV disease

rapidly frozen in liquid nitrogen, then stored at -80°C for subsequent procedures. The lung
weight and tibial length was measured.

Quantitative real-time polymerase chain reaction (PCR)

Total ribonucleic acid (RNA) was extracted from frozen heart tissue using TRI Reagent
(Molecular Research Center, Cincinnati, OH) according to the manufacturer’s instructions.
The yield of RNA was estimated spectrophotometrically using Nanodrop 2000 (Thermo Fisher
Scientific, Waltham, MA). The same amount of RNA was reverse transcribed into comple-
mentary deoxyribonucleic acid (cDNA) using High Capacity RNA-to-cDNA kit (Thermo
Fisher Scientific).

Quantitative real-time PCR was carried out using SYBR Green assay or Tagman probe
assay. SYBR Green assay was conducted using THUNDERBIRD SYBR qPCR Mix (TOYOBO,
Osaka, Japan) according to the manufacturer’s instructions. The following primers were used:
mouse Bnp 5’/ ~AAGTCCTAGCCAGTCTCCAGA-3" (forward) and 5’ ~GAGCTGTCTCTGGGC
CATTTC-3' (reverse); mouse B-MHC 5’ —~-ATGTGCCGGACCTTGGAAG-3’ (forward) and
5’ -CCTCGGGTTAGCTGAGAGATCA-3"’ (reverse); and mouse Gapdh 5’ ~-CATGGCCTTCCG
TGTTCCTA-3’ (forward) and 5’ ~-CCTGCTTCACCACCTTCTTGAT-3" (reverse). PCR con-
ditions were 2 minutes at 50°C, 2 minutes at 95°C, and 40 cycles of 95°C for 15 seconds and
60°C for 1 minute. Taqman assay was performed using THUNDERBIRD Probe qPCR Mix
(TOYOBO) with following TagMan primers (Thermo Fisher Scientific): mouse I11b (Assay
ID: Mm00434228_m1), mouse I16 (Assay ID: Mm00446190_m1), mouse Nox2 (Assay ID:
Mm01287743_m1), mouse Nox4 (Assay ID: Mm00479246_m1), mouse Rcanl (Assay ID:
Mm01213407_m1), and mouse Gapdh (Assay ID: Mm99999915_gl1). Thermal cycling was 2
minutes at 50°C, 10 minutes at 95°C, and 40 cycles of 95°C for 15 seconds and 60°C for 1 min-
ute. PCR reactions were performed, recorded, and analyzed by using LightCycler 480 (Roche
Applied Science, Mannheim, Germany) or QuantStudio 5 (Thermo Fisher Scientific). PCR
was performed in duplicate and gene expression level was normalized by Gapdh.

Western blot analysis

Briefly, frozen heart tissues were homogenized in Cell Lysis Buffer (Cell Signaling Technology,
Danvers, MA) with 1 mM phenylmethylsulfonyl fluoride, proteinase inhibitors cocktail (cOm-
plete Mini EDTA-free; Roche Applied Science), and phosphatase inhibitors cocktail (Phos-
STOP; Roche Applied Science). The homogenate was centrifuged at 17,800 g for 10 minutes at
4°C, and the resulting supernatant was designated proteins fraction. Protein concentration of
each fraction was measured using BCA Protein Assay Reagent (Thermo Fisher Scientific), and
samples were diluted to the same concentration. Each protein solution was added with NuPage
LDS Sample Buffer (Thermo Fisher Scientific) and 0.1M dithiothreitol, denatured at 95°C for
10 minutes, then sample solutions were obtained. Sample solutions were separated on 12.5%
polyacrylamide gels (Wako Pure Chemicals Industries), and transferred onto the polyvinyli-
dene difluoride membrane (Bio-Rad, Hercules, CA). Blotted membranes were blocked for 1
hour at room temperature with 5% nonfat dried milk in Tris-buffered saline solution (TBS;
20mM Tris, 500mM NaCl, pH 7.4) containing 0.1% Tween-20 (Sigma-Aldrich, St. Louis,
MO). Blocked membranes were incubated overnight at 4°C with following primary antibodies:
1:1,000 of anti-Erk1/2 (#9102; Cell Signaling Technology), and 1:1,000 of anti-phospho-Erk1/2
(#9101; Cell Signaling Technology). Next day, the membranes were incubated with horserad-
ish peroxidase conjugated secondary antibody (1:5,000) (sc-2357; Santa Cruz Biotechnology,
Dallas, TX) for 1 hour at room temperature. Immunoreactive bands were developed using
enhanced chemiluminescence substrate (SuperSignal West Femto Maximum Sensitivity

PLOS ONE | https://doi.org/10.1371/journal.pone.0195528  April 5, 2018 4/16


https://doi.org/10.1371/journal.pone.0195528

iggl’L‘)S;|ONE

Sildenafil normalizes RV molecular derangement in LV disease

Substrate; Thermo Fisher Scientific) and visualized by LAS-4000 mini imaging system (Fuji-
film, Tokyo, Japan). Immunoblot bands was quantified using Image]J software (NIH Image,
Bethesda, MD).

Immunohistochemistry

Total heart tissues were fixed in Tissue-Tek UFIX (Sakura Finetek Japan, Tokyo, Japan),
embedded in paraffin, and cut cross-sectionally into 4-6 pm slices. Tissue sections were depar-
affinized with a series of xylene washes, and rehydrated in ethanol solutions with decreasing
concentrations from 100% to 90%, 80%, and 70%. Antigen retrieval was carried out by incu-
bating the sections with 0.1% trypsin solution (Sigma-Aldrich) for 40 minutes at 37°C. Endog-
enous peroxidases were quenched in 3% of hydrogen peroxide in methanol for 10 minutes at
room temperature. Subsequently, slides were blocked for 1 hour at room temperature with
PBS containing 1.5% of normal rabbit serum (S-5000, Vector Laboratories, Burlingame, CA),
and incubated overnight at 4°C with 1:400 of rat anti-mouse F4/80 antibody (MCAP 497; Bio-
Rad, formerly AbD Serotec). The following day, rabbit anti-rat biotinylated secondary anti-
body (BA-4000, Vector Laboratories) was diluted 1.5:100 in 0.5% normal rabbit serum, and
the sections were incubated for 1 hour at room temperature. Then slides were treated with avi-
din-peroxidase conjugate (VECTASTAIN Elite ABC Kit; PK-6104; Vector Laboratories) for 30
minutes at room temperature, and the signal was developed using the 3,3’-diaminibenzidine
(DAB) substrate (SK-4100; Vector Laboratories). After counterstaining with hematoxylin,
slides were dehydrated through graded ethanol (95% and 100%), cleared by washing in xylene,
and mounted with Mount Quick (Daido Sangyo, Tokyo, Japan). Slides were examined by light
microscopy (BX51; Olympus, Tokyo, Japan) and the number of F4/80 positive cells was
counted in 10 randomly selected high-power field (400x magnification) with the observer
(TK) blinded to sample identity. All the images were obtained at 200x magnification using an
Olympus DP70 camera.

Statistical analysis

All values are expressed as mean + standard error of the mean (s.e.m). Differences between
multiple groups were compared by one-way or two-way analysis of variance (ANOVA) and
Tukey’s post-hoc multiple-comparisons test, using EZR (Saitama Medical Center, Jichi Medi-
cal University, Saitama, Japan) which is a graphical user interface for R (The R Foundation
for Statistical Computing, Vienna, Austria, version 3.3.1) [14]. The other analyses were per-
formed with Excel 2013 (Microsoft, Redmond, WA). P values less than 0.05 were considered
significant.

Results

RV remained apparently normal by two-day LV pressure overload (TAC),
with mild LV hypertrophy that was inhibited by sildenafil

To examine early molecular alterations in the RV following LV disease, we used a mouse
model of LV pressure-overload (TAC), in which LV was exposed to moderate pressure-over-
load created by surgical constriction of transverse aorta and examined the effect of concomi-
tant sildenafil treatment. Two-day TAC induced only mild increase in the total heart weight
(~10%), and this was inhibited by sildenafil treatment (Fig 1A). At this early stage, RV free
wall weight and lung weight was neither impacted by TAC nor by sildenafil treatment (Fig
1A). M-mode transthoracic echocardiography showed minimal change in LV chamber size
(LVEDD: LV end-diastolic dimension; LVESD: LV end-systolic dimension) and function
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Fig 1. Transverse aortic constriction for two days increased heart weight, but did not affect echocardiographic parameters. (A) Postmortal assessment of
heart, ventricles, and lung. Heart weight (HW), RV weight (RVW), and lung weight normalized to tibial length (TL) is shown. Transverse aortic constriction
(TAC) for two days increased HW, and sildenafil prevented this increase. Neither RVW nor lung weight was affected by two-day TAC with or without
sildenafil treatment. (B) Time course of echocardiographic parameters. LV end-diastolic dimension (LVEDD), LV end-systolic dimension (LVESD), and LV
fractional shortening (LVFS) are shown. Two-day TAC altered neither LV dimensions nor function. Results are expressed as mean * s.e.m. (n = 5). TAC 2d
Veh, TAC for 2 days with vehicle treatment; TAC 2d Sil, TAC for 2days with sildenafil treatment. n.s., not significant by one-way or two-way analysis of

variance; *, p<0.05 versus sham group; ¥, p<0.05 versus TAC 2d Veh group.

https://doi.org/10.1371/journal.pone.0195528.g001

(LVES: LV fractional shortening) (Fig 1B). These results indicate that RV was apparently unaf-
fected at this early stage when LV developed hypertrophy in response to the loading stress.

Two-day LV pressure overload (TAC) did not affect RV pressure or
function, but prolonged LV relaxation that was ameliorated by sildenafil

We also performed hemodynamic studies using a micro-catheter placed in both ventricles for
detailed hemodynamic assessment. While TAC induced significant increase in LV peak sys-
tolic pressure (LVP sys, 139mmHg), compared to sham controls (89 mmHg), RV mean pres-
sure (RVP mean) was not yet affected (Fig 2A). These results confirm the absence of RV
hemodynamic load at this early stage of the LV disease caused by moderate LV pressure-over-
load. Concomitant sildenafil treatment did not lower systolic LV peak pressure as reported
previously [15], or affect RV mean pressure (Fig 2A). Neither dP/dt,,.x (peak rate of ventricu-
lar pressure rise) nor dP/dt,,;, (peak rate of ventricular pressure decline) was altered by the
moderate TAC in either ventricles at this early stage (Fig 2B). Importantly, however, relaxation
time constant (tau) was prolonged in the LV, again consistent with the general notion that the
impairment of LV relaxation occurs early before systolic function starts to deteriorate in heart
diseases. Sildenafil treatment normalized LV tau, while the other parameters examined were

not altered (Fig 2B).
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Fig 2. Invasive hemodynamic studies revealed two-day transverse aortic constriction affect neither right ventricular pressure nor function. (A) Peak
systolic left ventricular pressure (LVP sys) and mean right ventricular pressure (RVP mean). Transverse aortic constriction (TAC) for two days increased
systolic LV pressure, but had no effects on RV pressure. Sildenafil did not affect either pressure. (B) Peak rate of ventricular pressure rise (dP/dt,,,y), peak rate
of ventricular decline (dP/dt,;,), and relaxation time constant (tau). LV tau was prolonged by two-day TAC, which was normalized by sildenafil. Results are
expressed as mean + s.e.m. (n = 3). TAC 2d Veh, TAC for 2 days with vehicle treatment; TAC 2d Sil, TAC for 2days with sildenafil treatment. n.s., not
significant by one-way analysis of variance; *, p < 0.05 versus sham group; §, p = 0.05 versus sham group; %, p = 0.07 versus TAC 2d Veh group.

https://doi.org/10.1371/journal.pone.0195528.9002

RV revealed early hypertrophic molecular changes similar to LV during LV
pressure-overload, and sildenafil inhibited these in both ventricles

To elucidate molecular changes in both ventricles, we first determined messenger RNA
(mRNA) expression levels for brain natriuretic peptide (BNP) and beta myosin heavy chain
(B-MHC), both markers for fetal gene recapitulation. Interestingly, BNP mRNA levels were
markedly increased in the RV free wall myocardium as well as in the LV myocardium in two-
day TAC hearts (Fig 3A). Sildenafil treatment potently inhibited BNP expression levels in both
ventricles, whereas it had no impact on the latter. Interestingly, pro-inflammatory marker
genes, including interleukin-1 beta (IL1b) and interleukin-6 (IL6), were also up-regulated in
the RV free wall as well as in the LV myocardium (Fig 3B), associated with increased nicotin-
amide adenine dinucleotide phosphate oxidase 2 (NOX2) but not NOX4 mRNA levels (Fig
3C), suggesting the involvement of inflammation as well as oxidative stress in the RV and LV
pathophysiology at this early stage of the LV disease. Sildenafil treatment significantly
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Fig 3. Pathological gene induction in RV as well as LV were ameliorated by sildenafil. (A) Expression of fetal genes
as markers of cardiac hypertrophy, encoding for BNP and B-MHC, normalized to GAPDH. Transverse aortic
constriction (TAC) for two days induced marked increase in BNP mRNA levels in the RV myocardium as well as in
the LV myocardium, which was prevented by sildenafil. Expression of B-MHC was increased by two-day TAC in LV,
but was not affected by sildenafil. (B) Expression of inflammatory cytokines, IL1b and IL6, normalized to GAPDH.
IL1b and IL6 was up-regulated by TAC in both ventricles. Sildenafil inhibited both in LV, and also attenuated both in
RV. (C) Expression of genes for enzymes inducing oxidative stress, NOX2 and NOX4, normalized to GAPDH.
Expression of NOX2 was increased by TAC in both ventricles, and suppressed by sildenafil in LV. TAC and sildenafil
had little influence on NOX4 expression. Results are expressed as mean + s.e.m. (n = 5). TAC 2d Veh, TAC for 2 days
with vehicle treatment; TAC 2d Sil, TAC for 2days with sildenafil treatment. n.s., not significant by one-way analysis of
variance; *, p<0.05 versus sham group; , p<0.05 versus the TAC 2d Veh group.

https://doi.org/10.1371/journal.pone.0195528.g003
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inhibited the mRNA increase in IL1b, IL6 and NOX2 in LV, and also attenuated the increase
in these genes in RV (Fig 3B and 3C). These results suggest the anti-inflammatory and anti-
oxidative impacts of sildenafil.

ERK and calcineurin were activated in the RV as well as in the LV, and were
inhibited by sildenafil treatment

We also examined RV hypertrophic signaling pathways at this early stage of LV disease, includ-
ing ERK and calcineurin; the former known to contribute to concentric hypertrophy and the
latter to pathologic remodeling [16-18]. For calcineurin activity, we assessed RCAN1 (regulator
of calcineurin 1) gene expression levels. RCANI is extremely responsive to changes in calci-
neurin activity in vivo [19] and thus its expression levels have been used as reflecting calcineurin
activity [20,21]. ERK was significantly phosphorylated in the RV as well as in the LV (Fig 4A
and 4B), and calcineurin activity was also increased in the RV similarly to the LV (Fig 4C). Sil-
denafil treatment significantly inhibited both these signals in the RV and the LV (Fig 4). These
results suggest that the RV undergoes early hypertrophy molecular changes similar to the LV in
the absence of RV afterload increase at the very early stage of LV pressure-overload, and that sil-
denafil treatment inhibits such molecular remodeling process in both ventricles.

Sildenafil prevented cardiac macrophage infiltration in the RV as well as in
the LV during LV pressure-overload

As inflammation marker genes were up-regulated in both ventricles at this early stage, and
were prevented by sildenafil, we further performed an immunohistochemical study and
assessed macrophage infiltration in the RV and the LV. We found that F4/80 positive cells
were significantly increased in both ventricles of 2day-TAC hearts and that sildenafil signifi-
cantly inhibited the increase in both ventricles (Fig 5).

Dexamethasone prevented molecular abnormalities in the RV as well as in
the LV during LV pressure-overload

Studies have documented anti-inflammatory properties of sildenafil [12,22-24], which might
be potentially linked to Gq-signal de-activation. We next tested if inflammation might underlie
the activation of pathological molecular signaling pathways in the RV during LV pressure-
overload. Similar to sildenafil treatment, dexamethasone treatment (20mg/kg/day, intraperito-
neally) in two day-TAC hearts inhibited the induction of inflammatory maker genes in the RV
as well as in the LV (Fig 6A) and also prevented calcineurin activation and BNP up-regulation
(Fig 6B). These results support the potential role for inflammation in this process.

Discussion

Recent meta-analyses revealed that PDES5 inhibitors improve pulmonary hemodynamics and
clinical outcomes in systolic heart failure patients with pulmonary hypertension [25,26]. The
present study demonstrates that RV molecular alterations occur very early during LV pres-
sure-overload before RV systolic pressure increases and that these molecular derangement in
the RV are inhibited by sildenafil through mechanisms potentially involving anti-inflamma-
tion. It is therefore tempting to speculate that earlier intervention with PDE5 inhibitors might
confer additional clinical benefits in this pathology.

c¢GMP-PKG (cGMP-dependent protein kinase) activation by PDES5 inhibition not only
induces pulmonary vasodilation but also has direct beneficial impacts on the heart through
multiple mechanisms. We and others have demonstrated that cGMP-activated PKG binds to
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Fig 4. Hypertrophic signaling pathways were activated also in the RV, which was suppressed by sildenafil. Western blots for phosphor- (p-) and total- (t-)
ERK1/2 in the RV (A) and the LV (B). Quantification results of phosphor/total ratio (p/t ratio) normalized to sham controls are shown in the bar graphs on the
right. TAC induced robust phosphorylation of ERK1/2 in RV as well as LV myocardium, and sildenafil prevented this activation in the RV. Results are
expressed as mean + s.e.m. (n = 3). (C) RCANT1 expression normalized to GAPDH. RCAN1 mRNA expression was increased by TAC in both ventricles, and
suppressed by sildenafil. Results are expressed as mean * s.e.m. (n = 5). TAC 2d Veh, TAC for 2 days with vehicle treatment; TAC 2d Sil, TAC for 2days with
sildenafil treatment. *, p<0.05 versus sham group; §, p = 0.050 versus sham group; 1, p<0.05 versus the TAC 2d Veh group.

https://doi.org/10.1371/journal.pone.0195528.g004

Regulators of G protein Signaling (RGS) 2 and 4 to their activation, deactivating Gq-related
signaling in LV myocardium [8]. Koka et al. have demonstrated that PDE5 inhibition with
Tadalafil improves mitochondrial energy metabolism and LV cardiac function [11]. More
recently, anti-inflammatory properties of sildenafil were reported. Sildenafil treatment is asso-
ciated with reduced circulating cytokines in patients with diabetes [12] or erectile dysfunction
[22]. Sildenafil reduces cardiac and renal inflammation in a mouse model of type I diabetes
[23], and in a mouse model of neuro-inflammation [24]. Our data demonstrate such anti-
inflammatory properties of sildenafil as potential key contributor to ameliorating early patho-
logical molecular derangement in the RV during LV pressure-overload. The anti-inflamma-
tory effect of sildenafil has been demonstrated in pathological conditions of diabetes [23,27],
kidney diseases [28] and neuronal disorders [29]. In particular, intensive studies have been
performed in diabetes. Chronic PDE5 inhibition ameliorates diabetic cardiomyopathy and
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Fig 5. Macrophage infiltration into myocardium was induced also in the RV, which was suppressed by sildenafil.
(A-C) Myocardium stained for F4/80" cells in the RV and the LV of the Sham mouse (A), the TAC-2d-Veh mouse (B),
and the TAC-2d-Sil mouse (C). Arrows: F4/80" cells. Magnification x200. (D) The number of F4/80" cells per high-
power field. Transverse aortic constriction for two days induced F4/80" macrophage infiltration into myocardium not
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only in the LV but also in the RV, which was suppressed by sildenafil. Results are expressed as mean + s.e.m. (n = 10).
TAC 2d Veh, TAC for 2 days with vehicle treatment; TAC 2d Sil, TAC for 2days with sildenafil treatment. *, p<0.05
versus sham group; 1, p<0.05 versus the TAC 2d Veh group.

https://doi.org/10.1371/journal.pone.0195528.9005

endothelial function in humans [10,30-32], and also shifts adipose tissue cell composition
towards a less inflamed profile [27]. In streptozotocin-induced diabetic mice, sildenafil pro-
tects endothelial cells and limits cardiac and renal macrophage infiltration [23]. Given that
endothelial cells play a crucial role by releasing inflammatory mediators, it is reasonable to
speculate that reduction of vascular inflammation by sildenafil might be a significant contri-
butor to ameliorating early molecular derangement in both ventricles in the current study,
besides its direct cardiac Gg-inhibitory effects from cGMP-PKG signaling. Importantly,
dexamethasone, a corticosteroid, virtually normalized early molecular derangement in both
ventricles, supporting the key role for inflammation that could involve cardiac myocytes, vas-
culature, and adipose tissue. Long-term effects of dexamethasone, however, could be different
from those of sildenafil [33], considering the former inhibits both protective or detrimental
aspects of inflammation. The anti-inflammatory effects might be coupled to the Gq regulatory
action by cGMP-PKG, given that Gq activation is closely linked to inflammation. For example,
lack of Gq-inhibitory protein RGS3 in mice reveals exacerbated inflammation in a mouse
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Fig 6. Dexamethasone suppressed pathological molecular remodeling induced in the RV as well as the LV. (A)
mRNA expression of IL1b and IL6, normalized to GAPDH. Dexamethasone inhibited overexpression of IL1b in both
RV and LV myocardium induced by transverse aortic constriction (TAC) for 2 days. (B) mRNA expression of RCAN1
and BNP normalized to GAPDH. Dexamethasone suppressed up-regulation of RCAN1 and BNP in RV and LV
myocardium induced by two-day TAC. Results are expressed as mean + s.e.m. (n = 5). TAC 2d Veh, TAC for 2 days
with vehicle treatment; TAC 2d DXM, TAC for 2 days with dexamethasone treatment. n.s. *, p<0.05 versus sham
group; t, p<0.05 versus the TAC 2d Veh group.

https://doi.org/10.1371/journal.pone.0195528.9006
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model of asthma [34]. Also, in a mouse model of chronic kidney disease, RGS2 deficiency
results in enhanced fibrogenic and inflammatory response [35]. The precise molecular mecha-
nisms linking Gq signal activation to inflammation and their regulation by cGMP-PKG, how-
ever, warrants further investigation.

Signaling pathways for cardiac hypertrophy and failure have been intensively investigated
and clarified in LV myocardium or LV cardiac myocytes [17,18]; however, there is limited
data available with regard to whether and how similar molecular pathways are at work to con-
tribute to RV pathophysiology [36]. Thus far, most studies have utilized rodent models of pul-
monary artery hypertension (PAH) or pulmonary artery banding in order to answer this
question and have demonstrated several aspects of distinct RV remodeling in response to after-
load stress [37]; however, little has been determined about the RV remodeling process that
occur due to LV diseases. Using a short-term LV pressure-overload (TAC) model which pres-
ents early stage compensated LV hypertrophy without compromised RV hemodynamics, we
found that pathological molecular signaling pathways were activated in the RV free wall myo-
cardium, which might be mediated by inflammation. Interventricular interaction has been
reported, but in the opposite pathological settings [38,39]. Sharma et al. reported that LV
expression levels of pyruvate dehydrogenase-4 (PDK4) and B-MHC dynamically change dur-
ing RV hypertrophy development induced by chronic hypoxia [38]. Lourengo et al. observed
up-regulation of endothelin-1 mRNA in the LV with impaired LV function also in a rat PAH
model induced by monocrotaline [39]. However, it is likely that these LV abnormalities might
be directly caused by hypoxia or monocrotaline [40,41]. The present data is the first demon-
stration that RV-LV interventricular interaction occurs in the absence of direct hemodynamic
impacts on the RV, and that this might be mediated by inflammatory process.

We observed that sildenafil inhibited BNP but not B-MHC expression in both ventricles,
though both BNP and B-MHC are hallmark fetal genes that are reactivated in pathological
hypertrophy and heart failure. This suggests that their activation mechanisms are under differ-
ent regulations, consistent with the observation by Kong et al.[42]. De-activation of ERK in
both ventricles by sildenafil, in particular, might contribute to the former, given that ERK sig-
naling activation has been well-demonstrated to induce BNP expression by acting on the BNP
promoter directly or indirectly through increased GATA4 binding activity [43]. B-MHC up-
regulation might occur despite deactivation of both ERK and calcineurin given that neither
GATA4 (downstream of ERK) nor NFAT3 (downstream of calcineurin) is involved in direct
B-MHC gene regulation [44]. B-MHC gene expression is induced by complex effects of tran-
scription factors, including SRF and MEF2 under control of HDACs (histone deacetylases),
and PKC-activated TEF1 [44]. In addition, MHC isoform switch is also coordinated by micro-
RNA 208, encoded within an intron of A-MHC gene [44,45]. Our results suggest that sildenafil
might not inhibit PKC or signaling pathways coupled to HDAC regulation in both ventricles
at this early stage of the LV disease.

In conclusion, we provide the evidence that RV pathological molecular abnormalities asso-
ciated with LV disease are initiated early even when the LV disease is still at the early stages,
and demonstrate that the PDES5 inhibitor sildenafil has potent effects of ameliorating such
molecular abnormalities in both ventricles potentially through the anti-inflammatory effects.
The study provides a novel insight into our understanding of the RV pathophysiology associ-
ated with LV diseases.

Supporting information

S1 Appendix. The data set.
(XLSX)
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S1 Fig. Western blot of p-ERK1/2 in the RV myocardium.
(TIF)

S2 Fig. Western blot of t-ERK1/2 in the RV myocardium.
(TIF)

S3 Fig. Western blot of p-ERK1/2 in the LV myocardium.
(TIF)

S4 Fig. Western blot of t-ERK1/2 in the LV myocardium.
(TIF)

Author Contributions

Conceptualization: Yousuke Imai, Taro Kariya, Yoshitsugu Yamada, Eiki Takimoto.
Formal analysis: Yousuke Imai, Taro Kariya.

Funding acquisition: Eiki Takimoto.

Investigation: Yousuke Imai, Taro Kariya, Masaki Iwakiri, Eiki Takimoto.
Methodology: Taro Kariya, Eiki Takimoto.

Visualization: Yousuke Imai.

Writing - original draft: Yousuke Imai.

Writing - review & editing: Taro Kariya, Yoshitsugu Yamada, Eiki Takimoto.

References

1. Voelkel NF, Quaife RA, Leinwand LA, Barst RJ, McGoon MD, Meldrum DR, et al. Right ventricular func-
tion and failure: Report of a National Heart, Lung, and Blood Institute working group on cellular and
molecular mechanisms of right heart failure. Circulation. 2006; 114:1883—-1891. https://doi.org/10.1161/
CIRCULATIONAHA.106.632208 PMID: 17060398

2. HaddadF, Doyle R, Murphy DJ, Hunt SA. Right ventricular function in cardiovascular disease, part II:
Pathophysiology, clinical importance, and management of right ventricular failure. Circulation. 2008;
117:1717-1731. https://doi.org/10.1161/CIRCULATIONAHA.107.653584 PMID: 18378625

3. Meyer P, Filippatos GS, Ahmed MI, Iskandrian AE, Bittner V, Perry GJ, et al. Effects of right ventricular
ejection fraction on outcomes in chronic systolic heart failure. Circulation. 2010; 121:252—-258. https://
doi.org/10.1161/CIRCULATIONAHA.109.887570 PMID: 20048206

4. Melenovsky V, Hwang SJ, Lin G, Redfield MM, Borlaug BA. Right heart dysfunction in heart failure with
preserved ejection fraction. Eur Heart J. 2014; 35:3452—-3462. https://doi.org/10.1093/eurheartj/ehu193
PMID: 24875795

5. Mohammed SF, Hussain |, AbouEzzeddine OF, Takahama H, Kwon SH, Forfia P, et al. Right ventricu-
lar function in heart failure with preserved ejection fraction: A community-based study. Circulation.
2014; 130:2310-2320. https://doi.org/10.1161/CIRCULATIONAHA.113.008461 PMID: 25391518

6. WangRC, Jiang FM, Zheng QL, Li CT, Peng XY, He CY, et al. Efficacy and safety of sildenafil treatment
in pulmonary arterial hypertension: A systematic review. Respir Med. 2014; 108:531-537. https://doi.
org/10.1016/j.rmed.2014.01.003 PMID: 24462476

7. Takimoto E, Champion HC, Li M, Belardi D, Ren S, Rodriguez ER, et al. Chronic inhibition of cyclic
GMP phosphodiesterase 5A prevents and reverses cardiac hypertrophy. Nat Med. 2005; 11:214-222.
https://doi.org/10.1038/nm1175 PMID: 15665834

8. Takimoto E. Cyclic GMP-dependent signaling in cardiac myocytes. Circ J. 2012; 76:1819-1825. PMID:
22785374

9. Guazzi M, Vicenzi M, Arena R, Guazzi MD. PDE5-inhibition with sildenafil improves left ventricular dia-
stolic function, cardiac geometry and clinical status in patients with stable systolic heart failure: results
of a 1-year prospective, randomized, placebo-controlled study. Circ Heart Fail. 2011; 4:8—17. hitps://
doi.org/10.1161/CIRCHEARTFAILURE.110.944694 PMID: 21036891

PLOS ONE | https://doi.org/10.1371/journal.pone.0195528  April 5, 2018 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195528.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195528.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195528.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195528.s005
https://doi.org/10.1161/CIRCULATIONAHA.106.632208
https://doi.org/10.1161/CIRCULATIONAHA.106.632208
http://www.ncbi.nlm.nih.gov/pubmed/17060398
https://doi.org/10.1161/CIRCULATIONAHA.107.653584
http://www.ncbi.nlm.nih.gov/pubmed/18378625
https://doi.org/10.1161/CIRCULATIONAHA.109.887570
https://doi.org/10.1161/CIRCULATIONAHA.109.887570
http://www.ncbi.nlm.nih.gov/pubmed/20048206
https://doi.org/10.1093/eurheartj/ehu193
http://www.ncbi.nlm.nih.gov/pubmed/24875795
https://doi.org/10.1161/CIRCULATIONAHA.113.008461
http://www.ncbi.nlm.nih.gov/pubmed/25391518
https://doi.org/10.1016/j.rmed.2014.01.003
https://doi.org/10.1016/j.rmed.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24462476
https://doi.org/10.1038/nm1175
http://www.ncbi.nlm.nih.gov/pubmed/15665834
http://www.ncbi.nlm.nih.gov/pubmed/22785374
https://doi.org/10.1161/CIRCHEARTFAILURE.110.944694
https://doi.org/10.1161/CIRCHEARTFAILURE.110.944694
http://www.ncbi.nlm.nih.gov/pubmed/21036891
https://doi.org/10.1371/journal.pone.0195528

@° PLOS | ONE

Sildenafil normalizes RV molecular derangement in LV disease

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Giannetta E, Isidori AM, Galea N, Carbone |, Mandosi E, Vizza CD, et al. Chronic inhibition of cGMP
phosphodiesterase 5A improves diabetic cardiomyopathy: a randomized, controlled clinical trial using
magnetic resonance imaging with myocardial tagging. Circulation. 2012; 125:2323-2333. https://doi.
org/10.1161/CIRCULATIONAHA.111.063412 PMID: 22496161

Koka S, Aluri HS, Xi L, Lesnefsky EJ, Kukreja RC. Chronic inhibition of phosphodiesterase 5 with tada-
lafil attenuates mitochondrial dysfunction in type 2 diabetic hearts: potential role of NO/SIRT1/PGC-1a
signaling. Am J Physiol Heart Circ Physiol. 2014; 306:H1558—-H1568. https://doi.org/10.1152/ajpheart.
00865.2013 PMID: 24727492

Di Luigi L, Corinaldesi C, Colletti M, Scolletta S, Antinozzi C, Vannelli GB, et al. Phosphodiesterase type
5 inhibitor sildenafil decreases the proinflammatory chemokine CXCL10 in human cardiomyocytes and
in subjects with diabetic cardiomyopathy. Inflammation. 2016; 39:1238-1252. https://doi.org/10.1007/
$10753-016-0359-6 PMID: 27165639

Walker DK, Ackland MJ, James GC, Muirhead GJ, Rance DJ, Wastall P, et al. Pharmacokinetics and
metabolism of sildenafil in mouse, rat, rabbit, dog and man. Xenobiotica. 1999; 29:297-310. https://doi.
org/10.1080/004982599238687 PMID: 10219969

Kanda Y. Investigation of the freely available easy-to-use software “EZR” for medical statistics. Bone
Marrow Transplant. 2013; 48:452—458. https://doi.org/10.1038/bmt.2012.244 PMID: 23208313

Takimoto E, Koitabashi N, Hsu S, Ketner EA, Zhang M, Nagayama T, et al. Regulator of G protein sig-
naling 2 mediates cardiac compensation to pressure overload and antihypertrophic effects of PDE5
inhibition in mice. J Clin Invest. 2009; 119:408-420. https://doi.org/10.1172/JCI35620 PMID: 19127022

Bueno OF, Molkentin JD. Involvement of extracellular signal-regulated kinases 1/2 in cardiac hypertro-
phy and cell death. Circ Res. 2002; 91:776-1781. PMID: 12411391

Shah AM, Mann DL. In search of new therapeutic targets and strategies for heart failure: Recent
advances in basic science. Lancet. 2011; 378:704—712. https://doi.org/10.1016/S0140-6736(11)60894-
5 PMID: 21856484

Maillet M, van Berlo JH, Molkentin JD. Molecular basis of physiological heart growth: Fundamental con-
cepts and new players. Nat Rev Mol Cell Biol. 2013; 14:38-48. https://doi.org/10.1038/nrm3495 PMID:
23258295

Yang J, Rothermel B, Vega RB, Frey N, McKinsey TA, Olson EN, et al. Independent Signals Control
Expression of the Calcineurin Inhibitory Proteins MCIP1 and MCIP2 in Striated Muscles. Circ Res.
2000; 87:E61-E68. PMID: 11110780

Sachan N, Dey A, Rotter D, Grinsfelder DB, Battiprolu PK, Sikder D, et al. Sustained hemodynamic
stress disrupts normal circadian rhythms in calcineurin-dependent signaling and protein phosphoryla-
tion in the heart. Circ Res. 2011; 108:437-445. https://doi.org/10.1161/CIRCRESAHA.110.235309
PMID: 21233454

Seo K, Rainer PP, Shalkey Hahn V, Lee DI, Jo SH, Andersen A, et al. Combined TRPC3 and TRPC6
blockade by selective small-molecule or genetic deletion inhibits pathological cardiac hypertrophy. Proc
Natl Acad Sci U S A. 2014; 111:1551-1556. https://doi.org/10.1073/pnas.1308963111 PMID:
24453217

Zhao SG, Wang JM, Han QF, Li T, Yao HC. Association between sildenafil and inflammation markers/
mediators. Int J Cardiol. 2015; 198:178-179. https://doi.org/10.1016/j.ijcard.2015.06.183 PMID:
26163912

Venneri MA, Giannetta E, Panio G, De Gaetano R, Gianfrilli D, Pofi R, et al. Chronic inhibition of PDE5
limits pro-inflammatory monocyte-macrophage polarization in streptozotocin-induced diabetic mice.
PLoS One. 2015; 10:e0126580. https://doi.org/10.1371/journal.pone.0126580 PMID: 25961566

Nunes AK, Rap6so C, Rocha SW, Barbosa KP, Luna RL, da Cruz-Héfling MA, et al. Involvement of
AMPK, IKBa-NFkB and eNOS in the sildenafil anti-inflammatory mechanism in a demyelination model.
Brain Res. 2015; 1627:119—-133. https://doi.org/10.1016/j.brainres.2015.09.008 PMID: 26404052

Wu X, Yang T, Zhou Q, Li S, Huang L. Additional use of a phosphodiesterase 5 inhibitor in patients with
pulmonary hypertension secondary to chronic systolic heart failure: a meta-analysis. Eur J Heart Fail.
2014; 16:444-453. https://doi.org/10.1002/ejhf.47 PMID: 24464734

De Vecchis R, Cesaro A, Ariano C, Giasi A, Cioppa C. Phosphodiesterase-5 inhibitors improve clinical
outcomes, exercise capacity and pulmonary hemodynamics in patients with heart failure with reduced
left ventricular ejection fraction: a meta-analysis. J Clin Med Res. 2017; 9:488—498. https://doi.org/10.
14740/jocmr3008w PMID: 28496549

Fiore D, Gianfrilli D, Giannetta E, Galea N, Panio G, di Dato C, et al. PDES5 inhibition ameliorates vis-
ceral adiposity targeting the miR-22/SIRT1 pathway: evidence from the CECSID trial. J Clin Endocrinol
Metab. 2016; 101:1525-1534. https://doi.org/10.1210/jc.2015-4252 PMID: 26964730

Schinner E, Wetzl V, Schlossmann J. Cyclic nucleotide signalling in kidney fibrosis. Int J Mol Sci. 2015;
16:2320-2351. https://doi.org/10.3390/ijms 16022320 PMID: 25622251

PLOS ONE | https://doi.org/10.1371/journal.pone.0195528  April 5, 2018 15/16


https://doi.org/10.1161/CIRCULATIONAHA.111.063412
https://doi.org/10.1161/CIRCULATIONAHA.111.063412
http://www.ncbi.nlm.nih.gov/pubmed/22496161
https://doi.org/10.1152/ajpheart.00865.2013
https://doi.org/10.1152/ajpheart.00865.2013
http://www.ncbi.nlm.nih.gov/pubmed/24727492
https://doi.org/10.1007/s10753-016-0359-6
https://doi.org/10.1007/s10753-016-0359-6
http://www.ncbi.nlm.nih.gov/pubmed/27165639
https://doi.org/10.1080/004982599238687
https://doi.org/10.1080/004982599238687
http://www.ncbi.nlm.nih.gov/pubmed/10219969
https://doi.org/10.1038/bmt.2012.244
http://www.ncbi.nlm.nih.gov/pubmed/23208313
https://doi.org/10.1172/JCI35620
http://www.ncbi.nlm.nih.gov/pubmed/19127022
http://www.ncbi.nlm.nih.gov/pubmed/12411391
https://doi.org/10.1016/S0140-6736(11)60894-5
https://doi.org/10.1016/S0140-6736(11)60894-5
http://www.ncbi.nlm.nih.gov/pubmed/21856484
https://doi.org/10.1038/nrm3495
http://www.ncbi.nlm.nih.gov/pubmed/23258295
http://www.ncbi.nlm.nih.gov/pubmed/11110780
https://doi.org/10.1161/CIRCRESAHA.110.235309
http://www.ncbi.nlm.nih.gov/pubmed/21233454
https://doi.org/10.1073/pnas.1308963111
http://www.ncbi.nlm.nih.gov/pubmed/24453217
https://doi.org/10.1016/j.ijcard.2015.06.183
http://www.ncbi.nlm.nih.gov/pubmed/26163912
https://doi.org/10.1371/journal.pone.0126580
http://www.ncbi.nlm.nih.gov/pubmed/25961566
https://doi.org/10.1016/j.brainres.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26404052
https://doi.org/10.1002/ejhf.47
http://www.ncbi.nlm.nih.gov/pubmed/24464734
https://doi.org/10.14740/jocmr3008w
https://doi.org/10.14740/jocmr3008w
http://www.ncbi.nlm.nih.gov/pubmed/28496549
https://doi.org/10.1210/jc.2015-4252
http://www.ncbi.nlm.nih.gov/pubmed/26964730
https://doi.org/10.3390/ijms16022320
http://www.ncbi.nlm.nih.gov/pubmed/25622251
https://doi.org/10.1371/journal.pone.0195528

@° PLOS | ONE

Sildenafil normalizes RV molecular derangement in LV disease

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Puzzo D, Staniszewski A, Deng SX, Privitera L, Leznik E, Liu S, et al. Phosphodiesterase 5 inhibition
improves synaptic function, memory, and amyloid-beta load in an Alzheimer’s disease mouse model. J
Neurosci. 2009; 29:8075-8086. https://doi.org/10.1523/JNEUROSCI.0864-09.2009 PMID: 19553447

Giannetta E, Feola T, Gianfrilli D, Pofi R, Dall’Armi V, Badagliacca R, et al. Is chronic inhibition of phos-
phodiesterase type 5 cardioprotective and safe? A meta-analysis of randomized controlled trials. BMC
Med. 2014; 12:185. https://doi.org/10.1186/s12916-014-0185-3 PMID: 25330139

Santi D, Giannetta E, Isidori AM, Vitale C, Aversa A, Simoni M. Therapy of endocrine disease. Effects
of chronic use of phosphodiesterase inhibitors on endothelial markers in type 2 diabetes mellitus: a
meta-analysis. Eur J Endocrinol. 2015; 172:R103—-R114. https://doi.org/10.1530/EJE-14-0700 PMID:
25277671

Mandosi E, Giannetta E, Filardi T, Lococo M, Bertolini C, Fallarino M, et al. Endothelial dysfunction
markers as a therapeutic target for Sildenafil treatment and effects on metabolic control in type 2 diabe-
tes. Expert Opin Ther Targets. 2015; 19:1617-1622. https://doi.org/10.1517/14728222.2015.1066337
PMID: 26178526

de Salvi Guimaraes F, de Moraes WM, Bozi LH, Souza PR, Antonio EL, Bocalini DS, et al. Dexametha-
sone-induced cardiac deterioration is associated with both calcium handling abnormalities and calci-
neurin signaling pathway activation. Mol Cell Biochem. 2017; 424:87-98. https://doi.org/10.1007/
s11010-016-2846-3 PMID: 27761848

Williams JW, Yau D, Sethakorn N, Kach J, Reed EB, Moore TV., et al. RGS3 controls T lymphocyte
migration in a model of Th2-mediated airway inflammation. Am J Physiol Lung Cell Mol Physiol. 2013;
305:L693-L701. https://doi.org/10.1152/ajplung.00214.2013 PMID: 24077945

Jang HS, Kim JI, Noh M, Rhee MH, Park KM. Regulator of G protein signaling 2 (RGS2) deficiency
accelerates the progression of kidney fibrosis. Biochim Biophys Acta. 2014; 1842:1733—-1741. https:/
doi.org/10.1016/j.bbadis.2014.06.022 PMID: 24973550

Reddy S, Bernstein D. Molecular mechanisms of right ventricular failure. Circulation. 2015; 132:1734—
1742. https://doi.org/10.1161/CIRCULATIONAHA.114.012975 PMID: 26527692

Poels EM, da Costa Martins PA, van Empel VP. Adaptive capacity of the right ventricle: why does it fail?
Am J Physiol Heart Circ Physiol. 2015; 308:H803-H813. https://doi.org/10.1152/ajpheart.00573.2014
PMID: 25681425

Sharma S, Taegtmeyer H, Adrogue J, Razeghi P, Sen S, Ngumbela K, et al. Dynamic changes of gene
expression in hypoxia-induced right ventricular hypertrophy. Am J Physiol Heart Circ Physiol. 2004;
286:H1185-H1192. https://doi.org/10.1152/ajpheart.00916.2003 PMID: 14630626

Lourengo AP, Roncon-Albuquerque R Jr, Bras-Silva C, Faria B, Wieland J, Henriques-Coelho T, et al.
Myocardial dysfunction and neurohumoral activation without remodeling in left ventricle of monocrota-
line-induced pulmonary hypertensive rats. Am J Physiol Heart Circ Physiol. 2006; 291:H1587-H1594.
https://doi.org/10.1152/ajpheart.01004.2005 PMID: 16679394

Eltzschig HK, Carmeliet P. Hypoxia and Inflammation. N Engl J Med. 2011; 364:656—665. https://doi.
org/10.1056/NEJMra0910283 PMID: 21323543

Wilson DW, Segall HJ, Pan LC, Dunston SK. Progressive inflammatory and structural changes in the
pulmonary vasculature of monocrotaline-treated rats. Microvasc Res. 1989; 38:57—80. PMID: 2503687

Kong Y, Tannous P, Lu G, Berenji K, Rothermel BA, Olson EN, et al. Suppression of class | and Il his-
tone deacetylases blunts pressure-overload cardiac hypertrophy. Circulation. 2006; 113:2579-2588.
https://doi.org/10.1161/CIRCULATIONAHA.106.625467 PMID: 16735673

Sergeeva |A, Christoffels VM. Regulation of expression of atrial and brain natriuretic peptide, biomark-
ers for heart development and disease. Biochim Biophys Acta. 2013; 1832:2403-2413. https://doi.org/
10.1016/j.bbadis.2013.07.003 PMID: 23851052

Gupta MP. Factors controlling cardiac myosin-isoform shift during hypertrophy and heart failure. J Mol
Cell Cardiol. 2007; 43:388—403. https://doi.org/10.1016/j.yjmcc.2007.07.045 PMID: 17720186

van Rooij E, Sutherland LB, Qi X, Richardson JA, Hill J, Olson EN. Control of stress-dependent cardiac
growth and gene expression by a microRNA. Science. 2007; 316:575-579. https://doi.org/10.1126/
science.1139089 PMID: 17379774

PLOS ONE | https://doi.org/10.1371/journal.pone.0195528  April 5, 2018 16/16


https://doi.org/10.1523/JNEUROSCI.0864-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19553447
https://doi.org/10.1186/s12916-014-0185-3
http://www.ncbi.nlm.nih.gov/pubmed/25330139
https://doi.org/10.1530/EJE-14-0700
http://www.ncbi.nlm.nih.gov/pubmed/25277671
https://doi.org/10.1517/14728222.2015.1066337
http://www.ncbi.nlm.nih.gov/pubmed/26178526
https://doi.org/10.1007/s11010-016-2846-3
https://doi.org/10.1007/s11010-016-2846-3
http://www.ncbi.nlm.nih.gov/pubmed/27761848
https://doi.org/10.1152/ajplung.00214.2013
http://www.ncbi.nlm.nih.gov/pubmed/24077945
https://doi.org/10.1016/j.bbadis.2014.06.022
https://doi.org/10.1016/j.bbadis.2014.06.022
http://www.ncbi.nlm.nih.gov/pubmed/24973550
https://doi.org/10.1161/CIRCULATIONAHA.114.012975
http://www.ncbi.nlm.nih.gov/pubmed/26527692
https://doi.org/10.1152/ajpheart.00573.2014
http://www.ncbi.nlm.nih.gov/pubmed/25681425
https://doi.org/10.1152/ajpheart.00916.2003
http://www.ncbi.nlm.nih.gov/pubmed/14630626
https://doi.org/10.1152/ajpheart.01004.2005
http://www.ncbi.nlm.nih.gov/pubmed/16679394
https://doi.org/10.1056/NEJMra0910283
https://doi.org/10.1056/NEJMra0910283
http://www.ncbi.nlm.nih.gov/pubmed/21323543
http://www.ncbi.nlm.nih.gov/pubmed/2503687
https://doi.org/10.1161/CIRCULATIONAHA.106.625467
http://www.ncbi.nlm.nih.gov/pubmed/16735673
https://doi.org/10.1016/j.bbadis.2013.07.003
https://doi.org/10.1016/j.bbadis.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23851052
https://doi.org/10.1016/j.yjmcc.2007.07.045
http://www.ncbi.nlm.nih.gov/pubmed/17720186
https://doi.org/10.1126/science.1139089
https://doi.org/10.1126/science.1139089
http://www.ncbi.nlm.nih.gov/pubmed/17379774
https://doi.org/10.1371/journal.pone.0195528

