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Abstract

Abnormalities that characterize pulmonary arterial hypertension include impairment in the structure and function of pulmonary
vascular endothelial and smooth muscle cells. Aldosterone levels are elevated in human pulmonary arterial hypertension and in
experimental pulmonary hypertension, while inhibition of the aldosterone-binding mineralocorticoid receptor attenuates pulmo-
nary hypertension in multiple animal models. We explored the role of mineralocorticoid receptor in endothelial and smooth
muscle cells in using cell-specific mineralocorticoid receptor knockout mice exposed to sugen/hypoxia-induced pulmonary hyper-
tension. Treatment with the mineralocorticoid receptor inhibitor spironolactone significantly reduced right ventricular systolic
pressure. However, this is not reproduced by selective mineralocorticoid receptor deletion in smooth muscle cells or endothelial
cells. Similarly, spironolactone attenuated the increase in right ventricular cardiomyocyte area independent of vascular mineral-
ocorticoid receptor with no effect on right ventricular weight or interstitial fibrosis. Right ventricular perivascular fibrosis was
significantly decreased by spironolactone and this was reproduced by specific deletion of mineralocorticoid receptor from endo-
thelial cells. Endothelial cell-mineralocorticoid receptor deletion attenuated the sugen/hypoxia-induced increase in the leukocyte-
adhesion molecule, E-selectin, and collagen IlIAl in the right ventricle. Spironolactone also significantly reduced pulmonary
arteriolar muscularization, independent of endothelial cell-mineralocorticoid receptor or smooth muscle cell-mineralocorticoid
receptor. Finally, the degree of pulmonary perivascular inflammation was attenuated by mineralocorticoid receptor antagonism
and was fully reproduced by smooth muscle cell-specific mineralocorticoid receptor deletion. These studies demonstrate that in
the sugen/hypoxia pulmonary hypertension model, systemic-mineralocorticoid receptor blockade significantly attenuates the
disease and that mineralocorticoid receptor has cell-specific effects, with endothelial cell-mineralocorticoid receptor contributing
to right ventricular perivascular fibrosis and smooth muscle cell-mineralocorticoid receptor participating in pulmonary vascular
inflammation. As mineralocorticoid receptor antagonists are being investigated to treat pulmonary arterial hypertension, these
findings support novel mechanisms and potential mineralocorticoid receptor targets that mediate therapeutic benefits in patients.
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Introduction

Pulmonary arterial hypertension (PAH) is a progressive dis-
ease characterized by pulmonary arterial remodeling and
elevated right ventricular (RV) systolic pressure that culmi- ~ C°rresponding author:
. : loana R. Preston, Pulmonary, Critical Care and Sleep Division, Tufts Medical
nates in death from RV failure. The pulmonary vasculature  center, 800 Washington Street, Boston, MA 02111, USA.
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endothelial cells (ECs),' smooth muscle cells (SMCs),> and
adventitial fibroblasts.® In addition, perivascular inflamma-
tion has been implicated in the pathogenesis of the disease.*
In parallel with pulmonary vascular abnormalities, the RV
undergoes significant changes, characterized by hypertro-
phy and fibrosis. Clinical outcome ultimately depends on
the function of the RV, as most fatalities occur from RV
failure.” Several new therapies have recently been approved,
yet mortality is still high and current treatments do not
effectively restore the normal pulmonary vascular architec-
ture or normalize RV function. Therefore, elucidating the
mechanisms of both pulmonary vascular remodeling as well
as RV dysfunction is of crucial importance for finding novel
therapies.

The mineralocorticoid receptor (MR) is an intracellular
steroid hormone receptor that was initially identified as a
critical regulator of systemic blood pressure by mediating
the effects of aldosterone on sodium handling in the
kidney.®” It is now well accepted that MR is also expressed
in the vasculature, including in vascular SMCs and ECs
where it contributes to cardiovascular disease.®
Specifically MR in SMCs promotes cell proliferation and
fibrosis, contributing to adverse vascular remodeling in
response to hypertension or vascular injury,'' ' while
EC-MR contributes to vasoconstriction and vascular
inflammation in response to obesity and hyperlipid-
emia 21618

MR has also been recently implicated in the pathogenesis
of PAH." Elevated levels of aldosterone have been detected
in PAH patients and in experimental animal models of pul-
monary hypertension (PH).>*?! This may be due in part to
extra-adrenal synthesis of the hormone in the pulmonary
vasculature and is thought to participate in pulmonary vas-
cular remodeling via an MR-dependent mechanism.”'
Several in vivo preclinical studies have demonstrated that
MR inhibition attenuates experimental PH. In three distinct
PH animal models, the monocrotaline and sugen/hypoxia
models in rats and the hypoxia model in mice, pharmaco-
logical MR blockade with spironolactone or eplerenone
attenuates PH in both prevention and treatment proto-
cols.?!?? In these studies, MR inhibition decreased pulmo-
nary vessel thickening and RV fibrosis, suggesting that MR
contributes to both adverse pulmonary vascular and RV
remodeling in experimental PH.?"** In vitro studies impli-
cate SMC-MR as well as EC-MR as potential regulators of
pulmonary vascular remodeling in PAH. In cultured human
pulmonary artery SMCs, MR is expressed and translocates
to the nucleus when stimulated by aldosterone, hypoxia, or
platelet-derived growth factor and induces SMC prolifera-
tion. All of these processes are blocked by the MR antago-
nist, spironolactone.?” In human cultured pulmonary artery
ECs, aldosterone enhances oxidant stress and induces post-
translational modification of the endothelin-B receptor,
resulting in diminished nitric oxide production, processes

also ameliorated by treatment with the MR inhibitor
spironolactone.?!

However, whether the benefits of MR inhibition are
mediated by blockade of MR in SMC- or EC-MR to ame-
liorate vascular or RV remodeling has never been tested in
vivo. Therefore, in this study, we first demonstrated that
spironolactone treatment is also beneficial in another exper-
imental model of PH induced by the vascular endothelial
growth factor receptor 2 blocker Sugen 5416 combined with
hypoxia (“sugen/hypoxia” model) and then tested whether
this protection may be mediated by MR in SMCs and/or
ECs. To test this hypothesis, mice with selective MR dele-
tion in SMCs or with selective MR deletion in ECs and their
respective littermate controls were exposed to sugen/hypox-
ia and the impact of the lack of SMC- or EC-MR on RV
pressure, hypertrophy, and fibrosis and on pulmonary vas-
cular remodeling and inflammation was interrogated and
compared to mice treated with the systemic MR antagonist
spironolactone compared to placebo. For accuracy, we will
refer to PAH for human disease and PH for experimental
models of the disease, acknowledging the limitations of our
experimental animal model in recapitulating human PAH.

Materials and methods

Animals

All mice were handled in accordance with US National
Institutes of Health standards and all procedures were
approved by our Medical Center Institutional Animal
Care and Use Committee. Creation of tamoxifen-inducible
SMC-MR knockout (KO) and EC-MR-KO mice and con-
firmation of inducibility and cell-type specificity of SMC-
MR and EC-MR recombination and deletion have been
described previously in detail."**-** Briefly, the SMC-
MR~ animals were generated using the smooth-
muscle-actin promoter driving Cre recombinase fused to
the tamoxifen-sensitive estrogen receptor ligand-binding
domain crossed to the floxed MR mouse and smooth
muscle-specific deletion of the MR was confirmed in vessels
and other smooth muscle containing tissues including blad-
der and uterus.' Tamoxifen was given daily for five days at
the age of six weeks and studies were initiated at least four
weeks after completing tamoxifen. Prior published studies
demonstrated recombination of MR in SMC with this reg-
imen.'*?*2% The EC-MR ™~ animals were generated using
the VE-Cadherin promoter driving Cre recombinase crossed
to the floxed MR mouse showing specific recombination of
the MR gene in EC-containing tissues including heart, lung,
and vessels, and in isolated heart ECs, with no recombina-
tion in immune cells.”>*® Ten- to 12-week-old male and
female mice were used for all experiments. One group of
mice had MR inducibly deleted specifically in SMCs
(SMC-MR ), the other had MR deleted specifically in
ECs (EC-MR /), and a third group was treated with spi-
ronolactone. Pellets containing sustained-release
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spironolactone (15mg-kg'-day ') or identical placebo pel-
lets (Innovative Research of America) were implanted a day
before initiating exposure to experimental PH in wild-type
(WT) mice, as previously described.?” This dose of spirono-
lactone has been previously shown by our group and others
to have no effect on systemic blood pressure while modu-
lating systemic vascular function in rodent models of sys-
temic vascular disorders,***”?® as well as in experimental
PH.>> All mice are on a pure C57BI6 background and
each group had appropriate littermate controls:
Specifically, MR floxed, Cre-negative littermates of the
SMC-MR ™" mice treated were similarly treated with
tamoxifen and used as controls for tamoxifen-induced
SMC-MR ™ mice; MR floxed, Cre-negative littermates
(EC-MR ") were used for comparisons with EC-MR
mice; and WT mice treated with placebo pellets were includ-
ed as controls for the spironolactone-treated mice
(Supplemental Table S1). All control groups (normoxic
and sugen/hypoxic, respectively) had similar hemodynamic
measurements, proportion of muscularized vessels and
inflammation in the lungs, as well as the degree of collagen
deposition in the RVs. Therefore, the data from these con-
trol groups have been combined into a single normoxic/con-
trol group and in a sugen/hypoxic control group,
respectively for the figures and statistical analyses. Male
and female mice were used and balanced in all groups.

Experimental model of PH: sugen/hypoxia model and
hemodynamic measurements

Sex-balanced mice were subjected to sugen/hypoxia PH for
four weeks and hemodynamics were measured at the end of
the exposure (see Supplement).””*° All data were collected
and analyzed by genotype- and treatment-blinded
investigators.

Assessment of RV cardiomyocyte cross-sectional area and
collagen deposition

Sections of the free wall of the RV were fixed in 10% neutral
buffered formalin, imbedded in paraffin and stained with
hematoxylin and eosin for quantification of cardiomyocytes
size®! and with picrosirius red for quantification of collagen
deposition (Supplemental data); 12-15 regions of photomi-
crographs covering the whole section were obtained and
interrogated for myocytes cut in cross section and exposing
the nucleus centrally. Cross-sectional area was measured
using an Olympus CH2 microscope with a DP25 camera
and DP2-BSW software (Tokyo, Japan). Perivascular and
interstitial fibrosis were evaluated separately. For collagen
fraction quantification, stained areas and myocyte areas
from each section were determined using color-based
thresholding.* The total fibrosis area was calculated as a
percentage of total surface area, using image analysis soft-
ware (Image-Pro Plus 7.0), as the summed stained areas
divided by total ventricular area.

Lung histology and pulmonary vascular morphometry

Paraffin-embedded Iung sections were stained with
Verhoeff-VanGieson (VVG) for elastin followed by mor-
phometric analysis of the vessels by light microscopy
(Zeiss, Thornwood, NY). In each animal, 80-100 intra-
acinar arteries (20100 um diameter) were evaluated at
high-power magnification (40x) and categorized as muscu-
lar (>75% of the circumference of the vessel), partially mus-
cular (25-75%), or non-muscular (<25%).

Analysis of lung inflammation

VVG-stained lung sections were assessed for the degree of
perivascular inflammation. In each animal, 40-60 intra-
acinar arteries (20-100 pm diameter) were evaluated for
the presence of perivascular accumulation of inflammatory
cells at high-power magnification (40x). The percent of
vessels with perivascular inflammation that surrounded at
least one-third of the vessel was reported for each animal.

Polymerase chain reaction analysis of Nr3c2
genomic DNA

DNA was extracted from hypoxic lung and RV tissues with
the DNeasy kit (Qiagen) and polymerase chain reaction
(PCR) for recombined MR (454 base pair band) and
intact floxed MR (364 base pair band) was performed as
previously described,* using a combination of three primers
listed in Supplemental Table S2.

RNA extraction and real-time PCR analysis

Total RNA of RV tissue was isolated by TRI reagent, and
real-time PCR was performed as previously described,*
using primers listed in Supplemental Table S2. Real-time
PCR was performed with use of Applied Biosystems
QuantStudio 3.

Statistical analysis

Data are expressed as mean + SEM (for baseline character-
istics and hemodynamics), percent of total vessels (for lung
morphometry and inflammation), or percent of total area
analyzed (for RV collagen deposition and RV inflamma-
tion). The six normoxic control groups (Table 1) had similar
characteristics and were combined in the analysis. Similarly,
pulmonary hypertensive control groups (Control/Placebo,
SMC-MR ™" /tamoxifen and EC-MR ™) responded simi-
larly to sugen/hypoxia and thus they were combined for
statistical comparison. To confirm the pooled analysis of
RV fibrosis, a more detailed comparison was performed,
with each experimental group being compared with their
respective controls (Supplemental Table S3). Experimental
groups were analyzed by one-way analysis of variance and
Shapiro—Wilk post hoc test for multiple comparisons, or
Kruskel-Wallis one-way analysis of variance on ranks
with Dunn’s method for comparisons, if normality test
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Table 1. Baseline right ventricular hemodynamic studies under basal normoxic conditions.

Normoxia Wild type SMC-MR™~ SMC-MR™'" EC-MR™~ EC-MR '
Body weight (g) 26.4+0.6 25.4+08 263+22 23.4+13 272+18
RVSP (mm Hg) 267+12 25+ 1.1 244+08 21417 23+ 1.1
RV/weight 0.77 +£0.06 0.72 +0.005 0.74+0.07 0.66 +0.01 0.67 +0.03
(LV + septum)/body weight 3.57+0.2 3.16£0.09 3.32+0.08 299+0.17 3.92+0.1
RV/LV + septum 0.21 +0.005 0.22+0.003 0.22+0.02 0.22+0.01 0.22 -+ 0.009
CM area (um?) 203+88 233+ 13 254+ 65 202+2.5 222 +66.5

Note: Data are presented as mean & SEM. There are no significant differences by genotype in any of the parameters reported. N = 5-8/group.
CM: cardiomyocyte; EC-MR™™: selective MR blockade in endothelial cells (ECs); LV: left ventricle; RV: right ventricle; RVSP: RV systolic pressure; SMC-MR™"
selective mineralcorticoid receptor (MR) blockade in smooth muscle cells (SMCs).

failed. The data in Fig. 4 were analyzed by two-way
ANOVA with Tukey HSD post hoc test. Calculations
were performed using SigmaStat 3.1 software (Systat
Software, CA). A p value of <0.05 was considered statisti-
cally significant.

Results

MR deletion from SMCs or ECs does not alter baseline
RV size or RV hemodynamics in young adult mice

Previous reports have demonstrated that both SMC-MR "/~
and EC-MR /" mice display normal development and
growth and in young adult life they exhibit essentially
normal systemic vascular function and systemic blood pres-
sure.”**> Systemic pressures, as well as LV characteristics,
have been previously published but this has not been
assessed in the RV.%**% In normoxic conditions, we found
that selective deletion of MR in SMCs or ECs does not
significantly alter the body weight, RV pressure, RV and
LV weights, or RV cardiomyocyte size (Table 1). In addi-
tion, the degree of muscularized vessels in the lungs as well
as collagen deposition in the RVs was very low and similar
in all normoxic controls (not shown). Therefore,
normoxic control animals’ data have been combined for
the respective figures.

Spironolactone treatment attenuates RV pressure
elevation independent of SMC- or EC-MR

WT mice treated with placebo or spironolactone, SMC-
MR’ or EC-MR7" mice, and respective littermate
MR-intact mice were all exposed to normoxia (combined
normoxia Ctr) or to sugen/hypoxia (combined Su5416/hyp-
oxia Ctr) to induce experimental PH. Spironolactone signif-
icantly attenuated the sugen/hypoxia-induced rise in RV
systolic pressures compared with the combined control
group (Fig. 1(a)). This finding is in accord with prior studies
using the hypoxia mouse model, the monocrotaline rat
model,* and using eplerenone in the sugen/hypoxia rat
model.?! Selective deletion of MR in either SMCs or ECs
had no effect on the experimental increase in RV pressure.

We detected no changes in systemic pressures in any of the
treatment groups as measured by the LV systolic pressure
(Fig. 1(b)). The lack of effect on systemic pressures by spi-
ronolactone suggests that the dose was low enough to avoid
significant systemic antihypertensive effects while still
impacting RV pressure. In addition, SMC-MR and EC-
MR-KO mice had similar systemic pressures compared
with controls, even after exposure to sugen/hypoxia.

Treatment with the MR inhibitor spironolactone does not
eliminate RV hypertrophy in experimental PH

As expected, sugen/hypoxia treatment resulted in significant
RV hypertrophy in control animals, as demonstrated by an
increase in Fulton index and cardiomyocyte area (Fig. 2).
None of the experimental treatments: spironolactone, SMC-
MR deletion, or EC-MR deletion completely prevented RV
hypertrophy (Fig. 2(a)). These findings are consistent with
prior reports using the more selective MR antagonist epler-
enone.”” Only the increase in cardiomyocyte area in PH
animals was attenuated by spironolactone treatment
(Fig. 2(b)), suggesting that spironolactone had a modest
blunting effect on the degree of cardiomyocyte hypertrophy.
Selective MR deletion from SMCs or ECs did not affect
cardiomyocyte or RV size.

EC-MR contributes to RV perivascular fibrosis

We next assessed RV fibrosis by measuring the amount of
collagen deposition in the perivascular area, as well as the
interstitium. Perivascular fibrosis was significantly increased
in the RV of pulmonary hypertensive mice and this was
attenuated by treatment with spironolactone and this was
reproduced by selective MR deletion in ECs (Fig. 3(a)
and (c)). SMC-MR " pulmonary hypertensive animals
had a similar degree of perivascular RV fibrosis as control
PH animals indicating no role for SMC-MR in the process.
RV interstitial fibrosis was also increased in sugen/hypoxia
mice and was not affected in any of the treatment groups
(Fig. 3(b) and (c)). These data support the concept that RV
perivascular fibrosis is mediated by MR in ECs and can be
blocked by spironolactone, while RV interstitial fibrosis is
independent of the MR in this model. A more detailed
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thelial cell.

analysis of perivascular fibrosis was conducted without
combining the control groups. These data confirm that SP
treatment significantly decreased perivascular fibrosis com-
pared to placebo-treated mice and that this finding is repro-
duced in EC-MR/ mice compared to EC-MR"/*
littermate controls (Supplemental Table 3).

EC-MR regulates expression of E-selectin and fibrosis
genes in the RV
We confirmed Cre-specific recombination of MR in RV

tissue from sugen/hypoxic RVs and lungs (Supplemental
Figure S1). To investigate the mechanism through which

EC-MR may contribute to RV perivascular fibrosis, we mea-
sured mRNA expression in RV tissue of EC-MR target genes
previously implicated in inflammation and fibrosis markers.
Specifically, intercellular adhesion molecule 1 (ICAM1) and
E-selectin are EC-MR target genes that contribute to leuko-
cyte recruitment to the vasculature in response to injury or
infection.?” Tumor necrosis factor (TNF)x and galectin-3 are
inflammatory mediators known to be affected by MR,*® and
MR has previously been shown to regulate the expression of
inflammatory mediators as an initial step toward fibrosis.*’
Sugen/hypoxia induced a significant increase in RV
E-selectin expression with no significant change in /CAM-1
expression (Fig. 4(a) and (b)). This was associated with an
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increase in the inflammatory markers galectin 3 and TNF«
(Fig. 4(c) and (d)). Selective deletion of MR in ECs specifi-
cally and significantly attenuated the increase in E-selectin
and prevented the significant rise in TNFo. We next mea-
sured expression of collagen genes implicated in cardiac
fibrosis. PH induced an increase in mRNA expression for
collagen TA1l and collagen IIIAl (Fig. 4(e) and (f)).
Selective deletion of MR in ECs prevented the significant
rise in collagen 1A1 and significantly attenuated the increase
of collagen IITA1. At this four-week termination, sugen/hyp-
oxia was not associated with infiltration with inflammatory
cells in the RV interstitium or perivascular areas (results not
shown). These findings suggest that EC-MR upregulates the
leukocyte adhesion molecule E-selectin in response to sugen/
hypoxia and that this may contribute to induction of collagen
synthesis and the observed increase in RV perivascular fibro-
sis in this PH model.

Treatment with the MR inhibitor spironolactone
attenuates pulmonary vascular remodeling independent
of SMC- or EC-MR

Next, sections of lung tissue were evaluated for the degree of
muscularization of the pulmonary arterioles, a hallmark of

PAH. In the mouse sugen/hypoxia PH model, spironolac-
tone reduced pulmonary vascular remodeling, as demon-
strated by a significant reduction in the number of
muscularized small- and medium-sized pulmonary arteries
compared with sugen/hypoxia controls (Fig. 5(a)) and con-
sistent with our prior report in other PH models.** Selective
MR deletion from SMCs or ECs did not affect the degree of
muscularization, supporting the concept that spironolac-
tone attenuates pulmonary vascular remodeling indepen-
dent of its role in these vascular cells.

SMC-MR contributes to lung perivascular inflammation

We next assessed the degree of perivascular lung inflamma-
tion as this has been described as an important aspect of
both experimental and human PAH and since MR antago-
nism attenuates lung inflammation in a model of pulmonary
fibrosis.>* ** Analysis of lung sections showed that sugen/
hypoxia produced significant accumulation of inflammato-
ry cells in the perivascular area of small- and medium-sized
arteries. MR blockade with spironolactone prevented this
increase in perivascular inflammation and this was repro-
duced by selective MR deletion in SMCs, while MR dele-
tion in ECs had no effect (Fig. 5(b) and (c)). These data
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suggest a role for SMC-MR in mediating perivascular
inflammation in the lung in PH.

Discussion

In this study, we investigated the role of vascular MR in a
well-established mouse model of PH induced by the combi-
nation of sugen and hypoxia. To elucidate vascular MR
cell-specific actions, we compared systemic-MR blockade
(spironolactone) with a SMC-specific MR-KO mouse
model and an EC-specific MR-KO model, with intact MR
in all other cell lines. Specifically, we report several novel
findings: (1) The systemic MR inhibitor spironolactone
attenuates sugen/hypoxia-induced PH in mice (an experi-
mental model in which it has not been previously tested);
(2) EC-MR regulates RV E-selectin and collagen III expres-
sion and mediates RV perivascular fibrosis without any
effects on the pulmonary vasculature in this model; and
(3) SMC-MR mediates perivascular lung inflammation,
without any effects on the RV.

The renin—angiotensin—aldosterone system is activated in
PAH and contributes to disease pathology.!” Nevertheless,
small clinical trials with the angiotensin converting enzyme
inhibitor captopril provided mixed results.**** These find-
ings suggest an independent contribution of the MR to
PAH pathophysiology. In fact, MR’s role in the pathogen-
esis of PAH is being increasingly recognized. In patients
with PAH, plasma levels of MR’s natural ligand, aldoste-
rone, are increased when compared to controls.?®*
Moreover, in patients with severe PAH, aldosterone levels
correlated with hemodynamic markers of PAH severity
including pulmonary vascular resistance.”’*® These data
suggest that PAH is associated with an active MR state.

Our results strengthen the data supporting an important
contribution of MR to the development of experimental PH
and expand our understanding of the role of MR in specific
vascular cell types in the process. While no preclinical PH
model completely reproduces the human PAH phenotype,
systemic-MR blockade attenuates PH in multiple well-
established animal PH models. MR inhibition is effective
in preventing the development of hypoxia-induced PH in
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Fig. 5. Effects of MR on lung vasculature. (a) The degree of muscularized small- and medium-sized arterioles was evaluated. Spironolactone was
the only group that showed significantly lower degree of mice/group. (b) Lung perivascular infiltration with inflammatory cells was quantified by
determining the percentage of vessels with perivascular inflammation that surrounded at least one-third of the vessel. For each animal, 80—100
small- and medium-sized arterioles were assessed for the degree of muscularization and the presence of perivascular inflammatory cells. (c)
Representative sections of lungs from the five groups; visualization by light microscopy (40x). The long arrows point toward muscularized
arterioles, while the short arrows point toward perivascular accumulation of inflammatory cells. N = [2-22 mice/group. **p < 0.001 sugen/

hypoxia vs. normoxia.
SP: spironolactone; SMC: smooth muscle cell; MR: mineralocorticoid

mice and in both prevention and treatment models using
monocrotaline-induced PH in rats.?> In hypoxic PH mice,
spironolactone attenuated the increase in RV systolic pres-
sure, pulmonary arterial muscularization, cardiomyocyte
size, and RV fibrosis. In rat monocrotaline-induced PH
(prevention arm), spironolactone attenuated pulmonary
vascular resistance and pulmonary vascular remodeling. In
the established disease (treatment arm), spironolactone
decreased RV systolic pressure and pulmonary vascular
resistance with no significant effect on histological measures
of pulmonary vascular remodeling, or RV fibrosis. Maron
et al. showed similar findings in the sugen/hypoxia rat
model.?! Our current study demonstrates the benefit of
MR blockade with spironolactone in the sugen/hypoxia
mouse model, a fourth distinct model of PH. Similar to
our previous report, systemic-MR blockade reduced pulmo-
nary vascular remodeling and RV pressures. In addition,
spironolactone attenuated the increase in cardiomyocyte
area and RV perivascular fibrosis as well as decreased peri-
vascular inflammation in the lung, although not in the total
RV mass. The effects of MR blockade are consistent with

receptor; EC: endothelial cell.

our prior report and suggest a modest blunting effect on the
degree of cardiomyocyte hypertrophy, without affecting the
total RV mass, suggesting that a component of RV hyper-
trophy in response to increased pulmonary pressure is MR-
independent. Interestingly, similar effects were reported in
the impact on LV size in obesity-associated LV diastolic
dysfunction in the Zucker obese rat model, where spirono-
lactone reduced LV fibrosis, but not hypertrophy, via a
reduction in cardiac oxidative stress and improvement in
endothelial insulin signaling, with no change in arteriolar
stiffness.*! As increased pulmonary artery stiffness is also
a feature of PAH, it is possible that similar mechanisms may
play a role in RV hypertrophy. Also, a significant portion of
the hypertrophic RV is composed of extracellular matrix.*’
While treatment with spironolactone appears to significant-
ly improve perivascular but not interstitial collagen deposi-
tion, other extracellular matrix components that are not
quantified in this study may also contribute to RV mass.
EC-MR activation has been demonstrated as pivotal in
causing endothelial dysfunction, vascular inflammation,
and consequent vascular and cardiac fibrosis in animal
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models of hypertension. Interestingly, we found that EC-
MR mediates RV perivascular fibrosis, without an effect
on RV pressures, or pulmonary vascular remodeling.
Taken together, these findings suggest that EC-MR has
direct effects on the RV in response to increased afterload
induced in this PH model. Once again, these results parallel
findings in models of experimental LV dysfunction in which
EC-MR plays a direct role. For example, in the model of
deoxycorticosterone/salt-induced LV dysfunction, EC-MR
knock-out mice had attenuation of macrophage recruit-
ment, collagen deposition, and pro-inflammatory gene
expression in the LV.*® In terms of the molecular mecha-
nism for the role of EC-MR in RV fibrosis, ICAM1 was
previously demonstrated to be regulated by EC-MR in pri-
mary human coronary ECs and we recently showed that
EC-MR regulates ICAM1 and E-selectin to contribute to
leukocyte trafficking and contributes to vascular inflamma-
tion and atherosclerosis.”?” ICAMI1 and E-selectin have
been studied in various animal models including acute cor-
onary syndromes as molecules expressed in response to an
inflammatory milieu which facilitates EC adhesion of neu-
trophils and monocytes.*” This adhesion then stimulates
profibrotic cascades.*® It has also been previously shown
that ICAMI1-mediated recruitment of leukocytes to the
heart contributes to cardiac fibrosis in other models of
heart failure.® Here we show that E-selectin, but not
ICAMI, is induced in the RV by sugen/hypoxia and this
is significantly attenuated by EC-MR deficiency. The lack
of effect on ICAM1 is consistent with prior studies in the
left ventricle showing that the increase in ICAM1 was not
mediated by EC-MR.* The rise in RV E-selectin expression
correlated with a significant increased expression of colla-
gen IITA1 which was also attenuated in EC-MR-KO mice.
MR-mediated collagen gene regulation and fibrosis has pre-
viously been described in various cell lines including rat
mesangial cells’' and fibroblasts.> Focusing on ECs, in a
deoxycorticosterone salt rodent model, EC-MR-KO was
shown to attenuate cardiac collagen deposition and profi-
brotic gene expression including collagen III, as well as
proinflammatory gene expression.>® Our results are in con-
cordance with prior studies demonstrating that aldosterone
increases oxidative stress in pulmonary artery ECs via an
MR-dependent mechanism®' and promotes perivascular
collagen production.®® Unlike published LV dysfunction
studies, we found a lack of inflammatory cell accumulation
in the RV after four weeks of exposure to our PH model.
These data are consistent with a model in which early tem-
porary recruitment of inflammatory cells with cytokine
release may have contributed to late perivascular fibrosis
in the RV and this recruitment may be inhibited in EC-
MR-KO mice perhaps by preventing E-selectin upregula-
tion. However, future time-course studies will be needed
to explore this hypothesis. Our results are also in concor-
dance with differential effects of EC-MR inhibition result-
ing in vascular-bed-specific actions. For instance, EC-MR

deletion improved mesenteric but not coronary endothelial
function in angiotensin II-mediated hypertension.”® The
improved RV structure without any effects on the pulmo-
nary vasculature in our model solidify a more direct role for
EC-MR in the impact of PH in the heart.

Overall, the role of MR in RV hypertrophy across all
three PH models appears modest despite the beneficial
effects of spironolactone on fibrosis and hemodynamics.
This may in part be explained by the lack of complete nor-
malization of RV pressures which in turn prevents restora-
tion of RV size and morphology. In addition, multiple
MR-independent mechanistic pathways have been implicat-
ed in cardiomyocyte hypertrophy in PAH including, but not
limited to, endothelin 1, prostaglandin, platelet-derived
growth factor, and adrenomedullin-mediated pathways.*’
These studies indicate that multiple cellular pathways
likely act in concert at both the cardiomyocyte and in the
vasculature in the RV, explaining the limitations of EC-MR
deletion in restoring the RV morphology in this model.
Finally, the EC-MR-KO model has a unique feature: the
attenuation of perivascular RV fibrosis occurred in spite of
the lack of hemodynamic or lung histologic improvement,
suggesting that RV perivascular fibrosis is, at least in part,
independent of the lung vascular remodeling and the elevat-
ed RV pressure. These results challenge the notion that RV
changes in PH are exclusively due to pulmonary vascular
changes.

In addition to the effects of EC-MR, we showed that
both spironolactone and SMC-MR deletion attenuates the
degree of lung perivascular inflammation, as evidenced by a
decrease in the number of small- and medium-sized vessels
surrounded by inflammatory cells. We have previously
established MR function as a transcription factor in cul-
tured human distal pulmonary artery smooth muscle cells
(PASMCs). In quiescent PASMCs, the MR localizes in a
non-specific perinuclear cytoplasmic pattern. Stimulation
with aldosterone, hypoxia, or platelet-derived growth
factor stimulates translocation of the receptor into the
nucleus and activates its transcriptional activity, effects
inhibited by spironolactone.”® Our current results expand
on this knowledge and suggest that pulmonary artery
SMC-MR, activated in vivo in PH, contributes to the
recruitment of inflammatory cells in the lung perivascular
area. These findings are consistent with a novel contribution
of SMC-MR to lung inflammation. The effects of SMC-
MR on the systemic vasculature are consistent with
increased expression of profibrotic genes and extracellular
matrix deposition, resulting in increased vascular tone, cal-
cification, stiffening, and aging, but its direct role in inflam-
mation has not been clearly established.’” Previous in vitro
studies have shown that activation of MR in human coro-
nary artery SMC results in production of a paracrine factor
that enhances monocyte chemotaxis.’® However, in the
ApoE " in vivo mouse model of atherosclerosis, SMC-MR
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deletion does not significantly alter the formation, progres-
sion, or inflammation of atherosclerotic plaques.’’

In this PH model, cell-specific MR deletion was unable
to recapitulate the effects of systemic-MR blockade. Given
the presence of MR in multiple other cell types, this is not
all together unexpected and raises the question of roles of
MR on other cells involved in pathogenesis of PAH. MR
is expressed in the cardiomyocyte and the role of cardio-
myocyte MR in RV dysfunction in PH has not been
explored. In addition, recent data demonstrate an impor-
tant role for myeloid cell MR in vascular inflammation via
a classic-macrophage activation pathway>® and deletion of
myeloid cell MR limits macrophage accumulation and vas-
cular inflammation in a femoral artery injury model.”
Myeloid-MR-KO mice have reduced cardiac macrophage
recruitment and perivascular fibrosis when challenged with
angiotensin 11° and decreased plaque size and inflamma-
tion in atherosclerosis models.®! Therefore, similar mecha-
nisms may be at play in PH pathogenesis and exploration
of the mechanism for the non-vascular benefits of MR
inhibition in PH are a future area of interest and
exploration.

Our study has several limitations that must be acknowl-
edged. First, it is a general limitation in the field that there is
no antibody to specifically recognize MR in the mouse.
Thus, although EC-MR and SMC-MR-KO mice have
been extensively evaluated to show cell-type-, tissue-, and
Cre recombinase-specificity using gene recombination and
mRNA quantification of the MR gene,'***-*® this cannot
currently been demonstrated at the level of protein. We
show that EC-M R gene recombination persists after expo-
sure to PH and we know that SMC-MR recombination
persists long after tamoxifen induction in aging mice.***
Second, while we identified novel cell-specific roles for vas-
cular MR in PH in vivo, we did not fully dissect the molec-
ular mechanisms by which SMC-MR contributes to
pulmonary inflammation. In addition, we used both male
and female animals for our studies, but did not evaluate sex
differences separately. Recent reports suggested that there
may be sex differences in responses to both MR block-
ade,’®%? the role of vascular MR,'7% and in experimental
models of PH.®* This is relevant to human PAH which
exerts female predominance and sexual dimorphism may
also influence response to treatment.®> Finally, spironolac-
tone was chosen because it is the most potent available MR
antagonist which is currently in trials for PAH in humans
(ClinicalTrials.gov Identifier: NCT01712620).°° However,
spironolactone can also affect other steroid receptors
including the progesterone and androgen receptors and
was recently found to inhibit panexin channels®’ and to
suppress NF-kB and AP-1 reporter activity independent
of MR.®® Another study showed that the highly MR-
specific antagonist, eplerenone, has similar beneficial effects
in two PH models supporting that much of the impact of
spironolactone may be mediated by MR in vivo.*!

However, although vascular MR clearly contributes to
some benefits of MR antagonism, we cannot rule out the
possibility that some of the effects of spironolactone are
mediated by non-MR effects. Finally, spironolactone glob-
ally antagonizes MR, therefore we did not evaluate the con-
tribution of MR in other cells. As detailed above, the MR in
cardiomyocytes or inflammatory cells may also play a role
in the disease process. Accordingly, future studies are
needed to address these unanswered questions.

Despite these limitations, our study has several novel
findings: we showed that the role of vascular MR in exper-
imental PH is cell- and tissue-specific and we discovered the
effect of SMC-MR on inflammatory cell recruitment in the
lungs and a role for EC-MR in RV perivascular fibrosis.
These novel contributions of cell-specific vascular MR to
the pathogenesis of pulmonary vascular remodeling and
RV adaptation in experimental PH enhance our under-
standing of the mechanism of disease. Given the availability
of MR antagonists in clinical practice, treatment with MR
inhibitors is under consideration for PAH. The ongoing
clinical trial with spironolactone in PAH focuses on the
effects of MR inhibition on endothelial dysfunction. In
addition, the new class of non-steroidal MR antagonists
currently in clinical trials may be more vascular specific
with less renal effects® and could provide novel avenues
for therapy, even if spironolactone fails or is not well
tolerated.
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