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BACKGROUND AND PURPOSE

Pulmonary hypertension (PH) is a devastating disease characterized by increased pulmonary arterial pressure, which
progressively leads to right-heart failure and death. A dys-regulated renin angiotensin system (RAS) has been implicated in the
development and progression of PH. However, the role of the angiotensin AT, receptor in PH has not been fully elucidated.
We have taken advantage of a recently identified non-peptide AT, receptor agonist, Compound 21 (C21), to investigate its
effects on the well-established monocrotaline (MCT) rat model of PH.

EXPERIMENTAL APPROACH

A single s.c. injection of MCT (50 mg-kg™') was used to induce PH in 8-week-old male Sprague Dawley rats. After 2 weeks of
MCT administration, a subset of animals began receiving either 0.03 mg-kg™ C21, 3 mg-kg™ PD-123319 or 0.5 mg-kg™' A779
for an additional 2 weeks, after which right ventricular haemodynamic parameters were measured and tissues were collected
for gene expression and histological analyses.

KEY RESULTS

Initiation of C21 treatment significantly attenuated much of the pathophysiology associated with MCT-induced PH. Most
notably, C21 reversed pulmonary fibrosis and prevented right ventricular fibrosis. These beneficial effects were associated with
improvement in right heart function, decreased pulmonary vessel wall thickness, reduced pro-inflammatory cytokines and
favourable modulation of the lung RAS. Conversely, co-administration of the AT, receptor antagonist, PD-123319, or the Mas
antagonist, A779, abolished the protective actions of C21.

CONCLUSIONS AND IMPLICATIONS
Taken together, our results suggest that the AT, receptor agonist, C21, may hold promise for patients with PH.

Abbreviations

Ang II, angiotensin II; Ang-(1-7), angiotensin-(1-7); C21, compound 21; MCT, monocrotaline; PH, pulmonary
hypertension; RAS, renin angiotensin system; RV, right ventricle; RVEDP, right ventricular end diastolic pressure; RVF,
right ventricular fibrosis; RVH, right ventricular hypertrophy; RVSP, right ventricular systolic pressure
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guideto PHARMACOLOGY 2013/14 (“’Alexander et al., 2013a,b).

Introduction

Pulmonary hypertension (PH) is a fatal lung disease charac-
terized by endothelial dysfunction, hyper-proliferation of the
pulmonary artery smooth muscle cells and occlusive vascular
remodelling (Badesch et al.,, 2007; Schermuly et al., 2011).
These pathological changes lead to elevated BP in the pulmo-
nary circulation, which progressively increases workload on
the right ventricle (RV) to cause right-heart failure and death
(Bogaard et al., 2009). The currently approved therapies for
PH include anticoagulants, diuretics and oxygen for sympto-
matic relief, as well as vasodilators such as calcium channel
blockers, endothelin receptor antagonists, PDE inhibitors,
soluble guanylate cyclase stimulators and prostanoids, all of
which reduce pulmonary vascular resistance and thereby
improve right ventricular function (Cheever, 2005; Badesch
et al., 2007). However, even with treatment, the overall prog-
nosis remains poor, with high mortality rates (Thenappan
et al., 2010), emphasizing the need to discover potential new
therapies that arrest disease progression by interfering with
pathomechanisms at several levels.

Several lines of evidence indicate a detrimental role for
the renin angiotensin system (RAS) in the pathogenesis of PH
(Lipworth and Dagg, 1994; Orte et al., 2000; Abraham et al.,
2003; Chung etal., 2009). Elevated levels of renin, ACE,
angiotensin II (Ang II) and angiotensin AT, receptors have
been observed in experimental models as well as patients
with PH (Morrell etal., 1995; de Man etal., 2012). This
increase in systemic and pulmonary components of the RAS
adversely affects cardiopulmonary function and contributes
to the disease pathogenesis. However, drugs that block the
classical RAS, such as ACE inhibitors and AT; receptor block-
ers, have produced mixed effects in the clinics for PH therapy,
possibly due to drug-induced side effects such as systemic
hypotension, cough and angioedema. While blockade of the
RAS remains controversial for treating PH, their use in other
forms of cardiovascular diseases has been associated with
up-regulation of what has become known as the vasoprotec-
tive axis of the RAS, consisting of ACE2, angiotensin-(1-7)
[Ang-(1-7)], Mas receptors and angiotensin AT, receptors
(Danyel et al., 2013; Santos et al., 2013).
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In several models of cardiovascular disease, the beneficial
effects seen with ACE2/Ang-(1-7)/Mas receptor activation are
similar to those seen by AT, receptor activation (Tallant and
Clark, 2003; Castro et al., 2005; Ferreira et al., 2010; Qi et al.,
2011; 2012; Sumners et al., 2013; Wagenaar et al., 2013). In a
recent obesity study, chronic AT, receptor activation led to an
increase in ACE2 activity and Mas expression levels, further
demonstrating the link among the protective components of
the RAS (Ali etal., 2013). We and others have previously
demonstrated that activation of the ACE2/Ang-(1-7)/Mas
receptor axis of the RAS exerts protection against animal
models of lung diseases (Shenoy et al.,, 2010; 2011; 2013).
However, the role and functional significance of AT, receptors
in the lungs and pulmonary diseases has not been fully
elucidated.

The expression of AT, receptors in adult life is low, rep-
resenting a major limitation for its characterization
(de Gasparo etal., 2000; Kaschina and Unger, 2003). AT,
receptor levels are endogenously up-regulated in areas of
tissue damage, as has been observed in models of cardiac,
pulmonary, neuronal and skin injuries (Viswanathan and
Saavedra, 1992; Tsutsumi etal., 1998; Li etal., 200S5;
Wagenaar et al., 2013). This increase may participate as a
compensatory mechanism to minimize tissue injury. For
example, animals overexpressing AT, receptors display
improved heart function following myocardial injury (Qi
etal.,, 2012). Conversely, mice deficient in AT, receptors
exhibit aggravated heart injury and show increased mortal-
ity after myocardial insult (Adachi et al., 2003). Addition-
ally, AT, receptor-deficient mice have been found to be
susceptible to acute lung injury (Imai et al., 2005). These
observations provide strong evidence for a potential benefi-
cial effect of AT, receptor signalling in the heart and lungs
(Adachi et al., 2003; Imai et al., 2005). In fact, the AT, recep-
tor is known to oppose many of the detrimental actions of
the AT, receptor, resulting in vasodilation, cell differentia-
tion, reduced proliferation, apoptosis, decreased inflamma-
tion and diminished fibrosis (Yamada etal.,, 1996;
Ruiz-Ortega et al., 2001; Zhao etal., 2003; Yayama et al.,
2006; Jiang etal., 2007; Rompe etal.,, 2010). These AT,
receptor-mediated effects are important considerations in
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the treatment of PH, suggesting that AT, receptor activation
may offer potential therapeutic benefits against this
disease.

Until recently, the effects of AT, receptor activation have
been difficult to ascertain due to lack of effective agonists that
can selectively activate AT, receptors rather than AT, recep-
tors and exhibit favourable in vivo kinetics. However, such a
molecule, Compound 21 (C21) - the first known non-peptide
AT, receptor agonist — was recently synthesized (Wan et al.,
2004). It is well known that PH is associated with increased
inflammation, oxidative stress, interstitial fibrosis and mala-
daptive ventricular remodelling (Hassoun et al., 2009). C21
has been shown to exert potent anti-inflammatory, antioxi-
dant, anti-fibrotic and anti-trophic activities in several dis-
tinct models of cardiovascular diseases, without affecting
basal systemic BP (Steckelings ef al., 2011). Given the fact that
C21 displays such protective actions, we hypothesized that
chronic administration of this compound would provide
beneficial cardiopulmonary outcomes in the well-established
monocrotaline (MCT) model of PH.

Methods

Animals

All animal care and experimental procedures complied with
the NIH guidelines and were approved by the IACUC at the
University of Florida. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 84 animals were used
in the experiments described here.

To induce PH, male Sprague Dawley rats (250-300 g,
Charles River, Raleigh, NC, USA) were injected with a single
s.c. dose of 50 mg-kg' MCT (Sigma-Aldrich, St. Louis, MO,
USA) at 8 weeks of age. Control animals were treated with
saline. Initially, a small pilot study was performed (Control, n
=3; MCT, n=4), in which animals were killed 2 weeks after the
MCT injection, and progression of PH was assessed as
described below. Based upon this study, we determined
that 2 weeks was an appropriate time point to initiate C21
treatment.

Therefore, in the main study, 2 weeks after MCT or saline
injection, animals received the following treatments:
0.03 mg-kg'-day' C21 (i.p.) (kindly provided by Vicore
Pharma, Gothenburg, Sweden) (C21, n = 9; MCT + C21, n =
14); 3 mg-kg'-day ' PD-123319 (i.p.) (AT, receptor antago-
nist; Sigma-Aldrich) (MCT + PD, n = 6); C21 and PD (MCT +
C21 + PD, n = 6); 0.5 mg-kg'-day! A779 (s.c.) (Mas antago-
nist; Bachem, Torrance, CA, USA) (MCT + A779, n=7); C21
and A779 [MCT + C21 + A779, n = 7] or saline (Control, n =
14 and MCT, n = 14) for 2 weeks. The doses of each compound
were selected based upon publsihed work and previous
studies (Grobe et al., 2007; Kaschina et al., 2008). This dose of
C21 was effective in previous studies, including the original
article describing the design and synthesis of C21 (Wan et al.,
2004; Kaschina etal., 2008; Steckelings etal., 2011). Four
weeks after MCT injection, right ventricular haemodynamic
parameters were measured and tissues were collected for gene
expression and histological analyses.

Systemic BP

Systemic BPs were determined weekly via a non-invasive tail-
cuff method (CODA; Kent Scientific, Torrington, CT, USA).
Briefly, animals were restrained and placed on a heated
surface to which the animals had been conditioned prior to
the experiment. An occlusion cuff was placed high on the tail
followed by a differential pressure transducer. As the occlu-
sion cuff is triggered, the transducer measures the blood
volume in the tail to obtain systemic BP recorded via the
CODA software (Kent Scientific).

Haemodynamic measurements

The right ventricular systolic pressure (RVSP) was measured in
anaesthetized animals (isoflurane induced at 5% and main-
tained at 2.5%) using a fluid-filled Silastic® catheter (Dow
Corning, Midland, M1, USA), which was inserted inside the
right descending jugular vein and advanced to the RV. The
catheter was connected to a pressure transducer that was
interfaced to a PowerLab (ADInstruments, Colorado Springs,
CO, USA) signal transduction unit. The waveform was used to
confirm the positioning of the catheter in the ventricle. RVSP,
dP/dtmax, dP/dtmin and right ventricular end diastolic pressure
(RVEDP) were obtained using the LabChart program supplied
along with the PowerLab system. All other animals were
measured after 4 weeks of initial MCT injection.

Hypertrophy and histological analysis

To calculate right ventricular hypertrophy (RVH), the wet
weight of RV and left ventricle plus ventricular septum (LV +
S) was determined. RVH was expressed as the ratio of RV/[LV
+ S] weights. The RV was further processed for histological
analysis of collagen content. Briefly, RV was fixed in 10%
neutral buffered formalin, embedded in paraffin, sectioned at
5 um and stained with Picro-Sirius Red. Interstitial fibrosis
was determined at 100x magnification using the Image]
program from National Institutes of Health as previously
described (Shenoy et al., 2013). A minimum of 10 separate
images from different (non-overlapping) regions of the RV
were obtained and analysed by two individuals who were not
aware of the treatments. The results for each animal were
then averaged for subsequent statistical analysis. To carry out
histological examination of the lung, the left lung was iso-
lated and perfused with PBS followed by 10% neutral buffered
formalin under constant pressure with the bronchus subse-
quently tied to ensure that the lung maintained an inflated
state during fixation. To measure pulmonary medial wall
thickness, S5-um-thick lung sections were cut paraffin-
embedded and stained for o-smooth muscle actin (1:600,
clone51A4; Sigma-Aldrich). For each rat, around 20 vessels
with an external diameter of 25-50 um were considered and
the average was calculated by two individuals who were not
aware of the treatment. The percent medial wall thickness
was calculated using the formula: % Medial wall thickness =
[(medial thickness x 2)/external diameter]| x100 (1 = 5 rats per
group). Media thickness was defined as the distance between
the lamina elastica interna and lamina elastica externa.

qPCR analysis
Real-time semi-quantitative PCR (qPCR) was used to deter-
mine mRNA levels of the renin angiotensin system compo-

British Journal of Pharmacology (2015) 172 2219-2231 2221



E Bruce et al.

nents, ACE, ACE2, AT, receptor, AT, receptor and Mas receptor,
and pro-inflammatory cytokines, IL-13, TNF-o. and TGF-f, as
previously described (Shenoy et al., 2013). Briefly, total RNA
was isolated from lung tissues using TRIzol reagent (Invitro-
gen, Grand Island, NY, USA) according to the manufacturer’s
specifications. The RNA concentration was calculated from the
absorbance at 260 nm, and RNA quality was assured by 260/
280 ratio. Only RNA samples exhibiting an absorbance ratio
(260/280) of >1.8 were used for further experiments. The RNA
samples were treated with DNase I (Ambion, Foster City, CA,
USA) to remove any genomic DNA. First-strand cDNA was
synthesized from 500 ng RNA with iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA, USA). qPCR was performed in 96-well
PCR plates using Tagman probes (Applied Biosystems,
Waltham, MA, USA) in duplicate using the ABI Prism 7900
sequence detection system (Applied Biosystems). Gene expres-
sion was measured by the AACT method and was normalized
to GAPDH mRNA levels. Data are presented as the fold change
of the gene of interest relative to that of control animals.

Data analysis

All data are reported as mean + SEM. Statistical analysis was
performed using GraphPad Prism v5 software (GraphPad, San
Diego, CA, USA). The unpaired f-test was performed to
analyse data from the 2 week pilot study. One-way ANOvVA was
used for data from the primary study, followed by the
Newman-Keuls post hoc test. P-values less than 0.05 were
considered statistically significant.
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Results

Effects of MCT and C21 on the right
ventricular function

As an indication of increased pulmonary pressures, we meas-
ured RVSP. Two weeks after the MCT injection, rats mani-
fested significantly increased RVSP indicative of the
induction of PH (Figure 1A). As the primary cause of death in
PH is cor pulmonale, we assessed RV function as well. Right
heart dysfunction was also present at 2 weeks, as indicated by
a decrease in dP/dtm, (Figure 1D). However, RVEDP and
dP/dtm.x were not changed by 2 weeks after the MCT injection
(Figure 1B and C). Based upon this, we initiated therapeutic
intervention with C21 at 2 weeks after MCT injection and
continued treatment daily for an additional 2 weeks. By 4
weeks after MCT, animals exhibited a further increase in RVSP
(Figure 2A). However, C21-treated MCT animals displayed a
significant attenuation of increased RVSP (Figure 2A). In con-
trast, these improvements were completely blocked by both
the AT, receptor antagonist, PD-123319, and the Mas receptor
antagonist, A779. C21 treatment alone had no detrimental
effects on the basal RVSP. Despite dramatic increases in car-
diopulmonary pressures, neither MCT administration nor
C21 treatment had an effect on systemic BP (Figure 2E). RV
function was significantly altered in MCT animals, as meas-
ured by RVEDP, dP/dtn.x and dP/dtmim (Figure 2B-D). Cardiac
function appeared to improve with C21 treatment as shown
by significant reduction in RVEDP and dP/dtm.. (Figure 2B

RVEDP (mmHg) =

Control

-1000+

—2000-

dP/dt,;, (mmHg-s™)

-3000

Control MCT

Indications of pulmonary hypertension (PH) observed 2 weeks after monocrotaline (MCT) injection. (A) Increase in right ventricular systolic
pressure (RVSP). (B) No change in right ventricular end diastolic pressure (RVEDP) or (C) dP/dtmax. (D) Decrease in dP/dtmin. Data are represented

as mean + SEM. *P < 0.05 versus Control.
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Indications of pulmonary hypertension (PH) observed 4 weeks after monocrotaline (MCT) injection and effect of C21 treatment on right
ventricular systolic pressure (RVSP), RV function and systolic blood pressure (SBP). (A) RVSP, (B) right ventricular end diastolic pressure (RVEDP),
(C) dP/dtmax, (D) dP/dtmin and (E) (SBP). Data are represented as mean + SEM. *P < 0.05 versus Control; #P < 0.05 versus MCT; $P< 0.05 versus

MCT + C21.

and C). Blocking the AT, receptors with PD-123319 prevented
this improvement. Interestingly, rats injected with MCT and
the AT, receptor blocker, PD-123319, displayed a further
decline in dP/dtmin, compared with animals given MCT alone,
suggesting a cardioprotective role of endogenous AT, recep-
tors. However, the Mas antagonist, A779, also inhibited the
protective effects of C21, suggesting a connection between
the Mas and AT, receptors. C21 by itself did not alter the basal
cardiac haemodynamics.

Effects of C21 treatment on MCT-induced
lung pathology

Pulmonary vascular remodelling characterized by increased
collagen deposition and increased vascular muscularization is
associated with MCT-induced PH. With regard to lung fibro-
sis, collagen deposition was observed to be significantly
higher in MCT-challenged animals as measured by Picro-
Sirius Red staining. This increase was observed both in

interstitial lung fibrosis as well as in perivascular fibrosis.
These changes were obvious 2 weeks after MCT treatment and
prior to any intervention with C21. Remarkably, C21 treat-
ment of MCT rats reversed both interstitial and perivascular
fibrosis, an effect that was blocked by PD-123319 (Figure 3A-
C). Interestingly, treatment with A779 attenuated pulmonary
fibrosis independent of C21 treatment. Thickening of the
pulmonary artery walls is characteristic of MCT-induced PH.
At 2 weeks, there is no significant muscularization of the
pulmonary arteries but by 4 weeks after MCT, a twofold
increase in the vessel wall thickening of the pulmonary
vasculature was observed. This remodelling effect on the
pulmonary vessels was significantly attenuated by C21
administration. This protective effect of C21 was lost by
co-administration of PD-123319, as well as with A779
(Figure 3E and F). As the basal cardiac haemodynamics were
unchanged in the group of rats receiving C21 alone, it was
not included in the morphology studies.
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Figure 3

Effects of C21 on monocrotaline (MCT)-induced lung pathology. Quantification of (A) interstitial lung fibrosis and (B) lung perivascular fibrosis as
measured by Picro-Sirius Red staining. (C) Representative images of lung fibrosis. (D) Relative quantification of o-smooth muscle actin (o-SMA)
stain of pulmonary vessels. (E) Representative images of a-SMA stained pulmonary vessels. Data are expressed as mean + SEM. *P < 0.05 versus
Control; #& P < 0.05 versus MCT; $P < 0.05 versus MCT + C21; and & P < 0.05 versus all groups.
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Effects of C21 on right

ventricular remodelling

Hypertrophic and fibrotic remodelling of the RV occurs in
response to increased pulmonary pressure, culminating in
right heart dysfunction (Bradley et al., 1996). A t-test indi-
cates that RV hypertrophy, as measured by increased RV to
left ventricle plus septum (LV + S) weight ratio, was signifi-
cantly increased 2 weeks after MCT injection. Four weeks
after MCT injection, the RV/(LV + S) weight ratio was
increased by approximately threefold (Figure 4A). Interven-
tion with C21 significantly attenuated RVH, and this benefi-
cial affect was prevented by both PD-123319 and A779. C21

treatment alone had no effect. In addition, MCT animals
exhibited a threefold increase in RV fibrosis (RVF) (Figure 4B).
It is pertinent to note that RVF was not evident after 2 weeks
of MCT injection (Figure 4B). Two weeks of C21 treatment
completely prevented RVE, with levels comparable to those
of control animals. The beneficial effects of C21 treatment
on RVF were abolished by the AT, receptor antagonist,
PD-123319 or by A779 (Figure 4B).

Favourable modulation of the lung RAS
Gene expression of various RAS components in the lungs
was measured using qPCR. While MCT injection caused a
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Effect of monocrotaline (MCT) and C21 on right ventricular (RV) remodelling. (A) Adaptive right ventricular hypertrophy was determined by
measuring the ratio of RV to left ventricle (LV) plus interventricular septum (S) weight ratio [RV/(LV + S)]. (B) Quantitative analysis of right
ventricular fibrosis (RVF) as measured by Picro-Sirius Red staining. (C) Representative images of RVF. Data are expressed as mean £+ SEM. *P < 0.05

versus Control; #P < 0.05 versus MCT; $P < 0.05 versus MCT + C21.
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Modulation of pulmonary renin angiotensin system (RAS) by monocrotaline (MCT) and C21 therapy. Relative changes in lung mRNA levels of the
RAS genes, (A) ACE, (B) ACE2, (C) ACE/ACE2 ratio, (D) AT, receptors, (E) AT, receptors, (F) AT, receptors/AT, receptors ratio and (G) Mas receptors.
Data are expressed as mean + SEM. *P < 0.05 versus Control; #&P < 0.05 versus MCT; and $P < 0.05 versus MCT + C21.

threefold increase in ACE expression, C21 treatment restored
this increase to control levels (Figure 5A). Furthermore, a
decrease in ACE2 mRNA levels was observed in MCT-induced
PH animals, which was reversed by C21 therapy. In fact, C21
treatment of MCT animals showed more than twofold

2226 British Journal of Pharmacology (2015) 172 2219-2231

increase in ACE2 levels (Figure 5B). When measured as a ratio
to show the balance between the vasodeleterious and vaso-
protective axes of the RAS, we observed that the ACE/ACE2
ratio was dramatically increased with MCT treatment.
However, this ratio was restored to control levels by C21
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treatment, and this beneficial effect was abolished by
PD-123319. Indeed, PD-123319 appeared to further increase
the ACE/ACE2 ratio, indicating worsening of the pathological
condition (Figure 5C). Mas receptor blockade with A779 sig-
nificantly reduced ACE mRNA levels (Figure SA) but did not
block the C21-induced increase in ACE2 levels (Figure 5B).
Although there was a tendency for an increase in AT, recep-
tors and a decrease in AT, receptors in the lung tissue of
MCT-treated animals, no significant change in the expression
of AT, receptors was observed among the different experi-
mental groups (Figure SD). However, C21 treatment was asso-
ciated with significantly increased lung AT, receptors
(Figure SE). Both PD-123319 and A779 significantly inhibited
this increase. When comparing the levels of AT, receptors and
AT, receptors, we observed a significant increase in the
AT,/AT, receptor ratio of MCT lungs, and this ratio was
completely normalized with C21 treatment (Figure SF).
PD-123319 exacerbated the MCT-induced increase in the
AT, /AT, receptor ratio, whereas A779 treatment did not alter
this. Mas receptor expression levels were reduced by 50% in
MCT-challenged animals and was significantly elevated in
C21-treated MCT animals (Figure 5G). Administration of
PD-123319 or A779 had a significant dampening effect on
Mas receptor expression levels, further indicating a potential
interrelationship between the AT, receptor and the ACE2/Mas
axis of the RAS (Figure SE and G).

Reduction in lung inflammatory cytokines

Inflammation plays an integral role in the pathophysiology
of PH (Hassoun et al., 2009). To measure the effects of C21 on
inflammation, we measured gene expression of IL-1, TNF-o
and TGF-B in the lungs. Gene expression of IL-13 and TNF-o
was increased in MCT animals by 2.5-fold, whereas that of
TGF-B was increased by 3.5-fold (Figure 6). These increases
were all normalized by C21 treatment in the MCT group,
whereas C21 alone was without effect. Administration of
PD-123319 abolished the C21-induced decreases in TNF-o
and IL-1B expression (Figure 6B and C), but not TGF-f

(Figure 6A). Blockade of the Mas receptor seemed to have a
greater effect on these inflammatory cytokines than did
PD-123319 (Figure 6).

Discussion

The present study examined the effects of C21, a non-peptide
AT, receptor agonist on PH and associated right ventricular
remodelling in the well-established MCT model of lung
injury. Chronic administration of C21 resulted in significant
arrest of MCT-induced disease progression, along with
improvement in the right heart function. The most striking
observations were that C21 therapy reversed lung fibrosis and
prevented myocardial fibrosis. Furthermore, lung inflamma-
tion and structural remodelling of the pulmonary arterioles
were considerably reduced by C21 treatment. Importantly,
the protective effects of C21 were abolished by the AT, recep-
tor antagonist, PD-123319, and by the Mas receptor antago-
nist, A779. Treatment with PD-123319 or A779 alone did not
seem to worsen the pathophysiology associated with MCT-
induced PH, although A779 alone did reduce lung perivascu-
lar fibrosis. Collectively, our results provide evidence that
activation of AT, receptors with non-peptide agonists such as
C21 holds promise for PH therapy.

Recently, the involvement of RAS in the evolution and
pathogenesis of lung diseases has received much attention.
Ang 11, the major effector peptide of the RAS, promotes vaso-
constriction, proliferation, inflammation and fibrosis within
the pulmonary vasculature and lung parenchyma via stimu-
lation of AT, receptors. These detrimental effects of Ang II
may be counterbalanced by activation of AT, receptors. In
this regard, the discovery of C21 has been of great signifi-
cance when evaluating the effects of direct chronic AT, recep-
tor stimulation. Previous studies have shown that AT,
receptor stimulation with C21 mediates a wide range of
tissue-protective actions against animal models of myocardial
infarction, stroke, diabetes and spinal cord injury (Kaschina
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Figure 6

Effects of monocrotaline (MCT) and C21 on the expression of pro-fibrotic and pro-inflammatory cytokines in the lungs. mRNA levels of (A) TGF-8,
(B) TNF-o. and (C) IL-1B. Data are expressed as mean £ SEM. *P < 0.05 versus Control; #P < 0.05 versus MCT; $P < 0.05 versus MCT + C21.
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et al., 2008; Gelosa et al., 2009; Namsolleck et al., 2013). In
our current study, we found a marked beneficial effect of C21
against MCT-induced PH pathophysiology. Of particular
interest was that the treatment with C21 was selective in
targeting the pulmonary haemodynamics, without affecting
basal systemic BP. This is clinically relevant, as drug-induced
lowering of systemic BP can prove counterproductive in
patients with PH, who already have compromised heart
function.

The marked reversal of pulmonary fibrosis along with the
inhibition of right heart fibrosis is a remarkable and notewor-
thy effect of C21 treatment. We observed a 51% reduction of
overall lung fibrosis and a 57% reduction in perivascular
fibrosis in the lungs when compared with the MCT animals
killed at the 2 week time point. This reversal appears to be a
direct effect of C21 actions in the lung, the primary site of
injury. It is well recognized that Ang II induces hypertrophic
and fibrotic effects in several tissues via AT, receptor-
mediated activation of the MAPKs (Hunyady and Catt, 2006).
Conversely, AT, receptor activation inhibits Ang II-induced
MAPK signalling to exert anti-hypertrophic and anti-fibrotic
effects (Bedecs et al., 1997). The pathways associated with AT,
receptor activation include regulation of TGF-3, MMP-2, col-
lagen I and TIMP-1 mRNA and protein expression, each being
potent regulators of extracellular matrix deposition and
remodelling (Nabeshima et al., 2006; Jiang et al., 2007; Jing
etal., 2009). Specifically, we observed mitigation of MCT-
induced increase in TGF- mRNA levels in the lungs. Notably,
the substantial anti-fibrotic effects of C21 may provide a
novel approach in the treatment of PH.

The beneficial effects of AT, receptor signalling may be
mediated, in part, through the ACE2-Ang-(1-7)-Mas axis. In
this context, we observed increased pulmonary levels of
ACE2 with C21 treatment with a concomitant decrease in
ACE expression. Furthermore, C21 treatment normalized the
AT,/AT, receptor ratio to restore the lung RAS balance. A779
effectively blocked many of the beneficial effects observed
with C21 treatment; however, it could not effectively block
the increase in ACE2 expression. This might indicate a direct
connection between AT, receptor activation and transcrip-
tion of ACE2 that is independent of the Mas receptor. C21
and Ang-(1-7) lack affinity for the AT, receptor; however,
Ang-(1-7) does have a low affinity for the AT, receptor, while
A779 does not (Bosnyak et al., 2011). From this, we can infer
that A779 can only block C21 and Ang-(1-7) actions at the
Mas receptor and could leave Ang-(1-7) to bind to AT, recep-
tors, possibly contributing to the lower fibrotic effect seen in
the lung vasculature observed with A779 treatment. The
decrease in ACE expression caused by A779 treatment was
unexpected and an observation that we cannot fully explain
at this time. However, the decrease in ACE potentially
explains the reduced level of pulmonary vascular fibrosis
observed in animals treated with A779. The decrease in ACE
mRNA could result in a decrease in Ang II production and
binding to the AT, receptor, which is known to be a pro-
fibrotic pathway (Weber and Brilla, 1991).

The parallels between previous studies and our current
investigation further validate an underlying connection
between AT, receptors and the ACE2/Ang-(1-7)/Mas axis. For
example, Zisman et al. (2003) demonstrated that enzymic
activity of ACE2 and the subsequent formation of Ang-(1-7)
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correlated positively with AT, receptor density in failing
human hearts of patients with PH. Castro ef al. (2005) also
suggested a functional interaction of the Ang-(1-7/Mas axis
with the AT, receptor. Similarly, chronic AT, receptor activa-
tion was associated with increases in ACE2 activity and Mas
expression (Ali et al., 2013). Furthermore, inactivation of AT,
receptors was found to exacerbate acute lung injury in ACE2
knockout mice (Imai et al., 2005), whereas activation of both
Mas receptors and AT, receptors resulted in cardiopulmonary
protective effects in a neonatal hyperoxia model of lung
injury (Wagenaar et al., 2013). Collectively, evidence suggests
a direct interaction between AT, receptors and the Mas recep-
tors. It is possible that the actions of C21 may not be selective
for the AT, receptors but may interact directly or indirectly
with the Mas receptors. Preliminary studies from our collabo-
rators have uncovered the possibility of dimerization of the
AT, receptors and the Mas receptors (Villela et al., 2015). If
indeed these receptors dimerize, it could explain the similar
beneficial effects seen when either receptor is activated. In
this study, the ability of A779 to block the actions of C21 and
decrease AT, receptor expression levels might also suggest a
possible heterodimerization of the receptors for pathways
that contribute to vascular smooth muscle cell proliferation,
but not for pathways contributing to perivascular fibrosis.
Further studies are needed to confirm this possibility and
elucidate the possible mechanism(s) for this interaction, as it
may vary depending upon the particular outcome and/or
tissue investigated. Furthermore, the recent finding of ala-
mandine has added another component to the protective
RAS. Alamandine acts in a manner similar to Ang-(1-7) when
binding to the Mas-related GPCR, MrgD, and is effectively
antagonized by PD-123319 but not A779 (Lautner ef al., 2013;
Villela et al., 2015). These novel findings suggest an extensive
and complex set of interactions and compensatory
mechanisms among the protective components of the RAS
with comparably extensive potential for therapeutic
developments.

There is increasing appreciation for the role of inflamma-
tion in the pathogenesis of PH. Elevated levels of pro-
inflammatory cytokines are associated with endothelial
dysfunction and abnormal remodelling of the pulmonary
vasculature, which contribute significantly to the pathogen-
esis of PH (Humbert et al., 1995; Hassoun et al., 2009; Budd
and Holmes, 2012). The beneficial effects of C21 treatment
on MCT-induced lung injury may be mediated by reduced
inflammation, as demonstrated by the decreased levels of
IL-1B, TNF-o. and TGEF-f. Previous studies have shown direct
anti-inflammatory effects of C21 via inhibition of NF-xB, a
potent mediator of inflammation (Rompe et al., 2010). The
inhibition of cytokine elevation by C21 was nullified by treat-
ment with either PD-123319, or A779 treatment. Collectively,
a combination of decreases in lung pro-inflammatory
cytokines and favourable modulation of the local lung RAS
may account for the beneficial effects of C21.

PH is commonly associated with increased afterload,
which causes maladaptive remodelling of the RV, character-
ized by hypertrophy and fibrosis (Bogaard et al., 2009). In
addition, persistent pressure overload induces cardiomyocyte
death and contractile dysfunction, which eventually leads to
end-organ failure. In fact, RV function is the major determi-
nant of survival in patients with PH. The beneficial outcomes
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of C21 treatment were associated with decreased ventricular
remodelling and improved cardiac function. Particularly, the
effects of C21 were more pronounced on right ventricular
contractility and relaxation as measured by dP/dtm.x and
dP/dtm, respectively. It is conceivable that the observed anti-
fibrotic and anti-hypertrophic effects of C21 treatment could
be responsible for the improved cardiac function. Previous
reports have demonstrated direct cardiac effects of C21 in
animal models of cardiovascular diseases (Kaschina et al.,
2008). Alternatively, the remarkable beneficial effects of 21 on
the lung morphology may, in turn, minimize the RV dysfunc-
tion typically observed in PH.

There exists an urgent medical need to discover novel
targets/drugs to treat PH, a disease with limited therapeutic
options. Our study provides evidence that AT, receptor acti-
vation with C21 is an effective strategy for PH therapy. C21
treatment not only induces remarkable reduction in RVSP but
also exerts potent anti-fibrotic and anti-inflammatory effects
that are associated with improved cardiac function. Impor-
tantly, the anti-fibrotic effect of C21 would be a novel
approach to the treatment of PH. These experimental find-
ings suggest that AT, receptor agonists such as C21 should be
further investigated in the clinic as potential therapeutic
agents for treating PH.
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