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Idiopathic Pulmonary Fibrosis (IPF) is a chronic lung disease characterized by scar
formation and respiratory insufficiency, which progressively leads to death. Pulmonary
hypertension (PH) is a common complication of IPF that negatively impacts clinical
outcomes, and has been classified as Group Il PH. Despite scientific advances, the
dismal prognosis of IPF and associated PH remains unchanged, necessitating the search
for novel therapeutic strategies. Accumulating evidence suggests that stimulation of the
angiotensin Il type 2 (AT») receptor confers protection against a host of diseases. In
this study, we investigated the therapeutic potential of Compound 21 (C21), a selective
AT, receptor agonist in the bleomycin model of lung injury. A single intra-tracheal
administration of bleomycin (2.5 mg/kg) to 8-week old male Sprague Dawley rats resulted
in lung fibrosis and PH. Two experimental protocols were followed: C21 was administered
(0.083mg/kg/day, ip) either immediately (prevention protocol, BCP) or after 3 days
(treatment protocol, BCT) of bleomycin-instillation. Echocardiography, hemodynamic,
and Fulton’s index assessments were performed after 2 weeks of bleomycin-instillation.
Lung tissue was processed for gene expression, hydroxyproline content (a marker
of collagen deposition), and histological analysis. C21 treatment prevented as well
as attenuated the progression of lung fibrosis, and accompanying PH. The beneficial
effects of C21 were associated with decreased infiltration of macrophages in the
lungs, reduced lung inflammation and diminished pulmonary collagen accumulation.
Further, C21 treatment also improved pulmonary pressure, reduced muscularization
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of the pulmonary vessels and normalized cardiac function in both the experimental
protocols. However, there were no major differences in any of the outcomes measured
from the two experimental protocols. Collectively, our findings indicate that stimulation
of the AT, receptor by C21 attenuates bleomycin-induced lung injury and associated
cardiopulmonary pathology, which needs to be further explored as a promising approach
for the clinical treatment of IPF and Group Il PH.

Keywords: pulmonary fibrosis, pulmonary hypertension, C21, AT, receptor, bleomycin, rats

INTRODUCTION

Idiopathic Pulmonary Fibrosis (IPF) is a chronic, progressive
interstitial lung disease with a median survival of 3 years after
diagnosis (Raghu et al., 2011). The origin of IPF remains
unknown; however, smoking, viral infections, pollutants, and
aging have been identified as potential risk factors (Wolters
et al, 2014). Pulmonary hypertension (PH) is a common
comorbidity in patients with IPF where it is classified as
Group III PH by the World Health Organization (WHO).
In fact, PH associated with IPF is considered as one of the
principal predictors of mortality (Collum et al, 2017). The
prevalence of IPF is growing at an alarming rate worldwide
(Ley and Collard, 2013) and the available medical options are
very limited. Currently, nintedanib (inhibits multiple tyrosine
kinase) and pirfenidone (downregulates transforming growth
factor B) are the only drugs approved for IPF treatment (Raghu
and Selman, 2015). However, they provide little therapeutic
efficacy, fail to prolong survival, and are associated with
increased incidence of side effects (Canestaro et al., 2016).
All these factors necessitate the search for novel strategies
to effectively combat IPF and associated cardiopulmonary
symptoms.

The renin angiotensin system (RAS) is a major driving
force in maintaining renal, metabolic, and cardiovascular
homeostasis. The members of the RAS family have been recently
characterized into two major arms that exert opposing actions
to one another (Iwai and Horiuchi, 2009)—(a) the deleterious
ACE/Ang II/AT receptor axis, which comprises of Angiotensin
converting enzyme (ACE), Angiotensin II (Ang II), and the
Angiotensin type 1 (AT;) receptor; and, (b) the protective
ACE2/Ang-(1-7)/Mas axis, consisting of Angiotensin converting
enzyme 2 (ACE2), Angiotensin-(1-7) [Ang-(1-7)], and the
Mas receptor. Interestingly, the beneficial effects of activating
the ACE2/Ang-(1-7)/Mas axis have been associated with a

Abbreviations: Agtr2, angiotensin type 2 receptor; Ang-(1-7), Angiotensin-(1-7);
AT, angiotensin type 1; AT, angiotensin type 2; BLEO, bleomycin; BCP,
bleomycin + compound 21 (prevention); BCT, bleomycin + compound 21
(treatment); Collal, Collagen, type 1, al; Col3al, Collagen, type3, al; Ctgf,
Connective Tissue Growth Factor; C21, compound 21; ECHO, echocardiography;
ECM, extracellular matrix; EDA, end diastolic area; EF, ejection fraction; II-6,
Interleukin 6; I1-13, Interleukin 13; IPFE, Idiopathic Pulmonary Fibrosis; LV, left
ventricle;, MMP, matrix metalloproteinases; MCP-1, monocyte chemoattractant
protein 1; PE, pulmonary fibrosis; PH, Pulmonary Hypertension; RAS, renin
angiotensin system; RVH, right ventricular hypertrophy; RVSP, right ventricular
systolic pressure; TIMP, tissue inhibitor of metalloproteinase; TLR4, Toll Like
Receptor 4.

concomitant increase in the expression of Angiotensin type 2
(AT?,) receptor (Shenoy et al., 2014), suggesting an active role for
this receptor against tissue/organ damage.

Consistent with the aforementioned observations, stimulation
of the AT, receptor by a selective ligand, Compound 21
(C21) was shown to confer protection against experimental
models of kidney damage (Patel et al., 2016), myocardial
infarction (Kaschina et al., 2008), ischemic stroke (Joseph et al.,
2014), and islet cell injury (Wang L. et al, 2017). C21 is
a highly selective angiotensin II AT, receptor agonist with
a Kj value of 04nM for the AT, receptor and a K; >
10mM for the AT; receptor (Wan et al, 2004). We have
recently reported that treatment with C21 (0.03 mg/kg/day,
ip) after the establishment of disease pathogenesis effectively
arrests the progression of monocrotaline-induced PH, and
these beneficial effects are abolished by co-administration of
the AT, receptor antagonist, PD123319 (Bruce et al, 2015).
Though the effects of C21 have been evaluated against a
wide variety of disease conditions and organ fibrosis (Wang
Y. et al, 2017), its actions against PF and Group III
PH are yet to be investigated. Hence, in this study, we
investigated the therapeutic potential of C21 against lung
fibrosis and associated cardiopulmonary complications in
the bleomycin-model of lung injury. The bleomycin animal
model mimics key pathophysiological features of human
IPF and associated PH following intra-tracheal challenge
(Nogueira-Ferreira et al., 2016).

MATERIALS AND METHODS

Reagents and Chemicals

Bleomycin sulfate (BLEO) was purchased from EMD
Millipore (Billerica, MA). C21 was a kind gift from Vicore
Pharma (Gothenburg, Sweden). o-smooth muscle actin (c-
SMA) and CD68 antibodies were purchased from Abcam
(Cambridge, MA, USA) and Dako (Santa Clara, CA, USA),
respectively.

Animals

All animal procedures were approved by the Institutional
Animal Care and Use Committee at the University of Florida,
complied with National Institutes of Health guidelines and were
performed in accordance with the Guide for the Care and Use of
Laboratory Animals (Eight Edition, 2011, published by National
Academics Press, 500 Fifth Street NW, Washington, DC 20001,
USA).
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Study Design

Two different protocols were followed in this study—Prevention
and Treatment. For both the protocols, 8-week old male
Sprague Dawley rats were used (Charles River Laboratories,
Wilmington, MA). A pilot experiment was initially performed
to determine the best time to initiate C21 injection for the
treatment protocol. In this pilot study, PF and accompanying
PH (Group III) was induced by a single intra-tracheal injection
of BLEO (2.5mg/kg = 4U/kg, n = 4), while control animals
received saline (n = 4). Three days after BLEO instillation,
right ventricular (RV) hemodynamics was measured, and lung
tissues were processed for histological examination. Based on

TABLE 1 | Rat primers used for RT-PCR experiment.

No Gene Sequence

1. Coltat Rn01463848_m1
2. Col3at Rn01437681_m1
3. Ctgf Rn01537279_g1

4. Mmp12 Rn00588640_m1
5. Timp1 Rn01430873_g1

6. IL-13 Rn00587615_m1
7. Ccl2 Rn00580555_m1
8. IL-6 Rn01410330_m1
9. Tir4 Rn00569848_m1
10. Agtr2 Rn00560677_s1

11. 188 Hs99999901_s1

this pilot study, it was decided to initiate C21 treatment
(0.03 mg/kg/day, ip) after 3 days of bleomycin-instillation
(treatment protocol, BCT). However, for the prevention protocol
C21 was administered immediately after bleomycin injection
(prevention protocol, BCP). For both the protocols, ECHO
assessment of RV function and hemodynamics were performed
after 2 weeks of BLEO instillation. Lung and heart tissues
were harvested for RNA and histological analysis. A subsequent
experiment (both prevention and treatment) was performed
to obtain all the five lung lobes for estimation of total lung
collagen deposition. We have previously demonstrated that C21
was therapeutically active in the monocrotaline model of PH at
a dose, 0.03 mg/kg/day (Bruce et al,, 2015). At this dose, C21
did not alter any of the following parameters - basal systemic
blood pressure, basal right ventricular systolic pressure, cardiac
function, and gene expression in normal animals. Both C21 and
BLEO were dissolved in sterile deionized water. The terminology
AT, (human) has been used throughout the article to denote
angiotensin type 2 receptor, except for gene expression studies,
wherein, Agtr2 (rat) has been used.

Echocardiography and Hemodynamic

Assessments

Transthoracic echocardiography was performed after 2 weeks
of BLEO instillation to assess ventricular dimensions and
cardiac function using a GE Vivid7 ultrasound machine
with a 12-MHz transducer (GE Healthcare, NJ, USA).
Following echocardiography, the right ventricular systolic
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FIGURE 1 | Early onset of lung tissue remodeling and pulmonary hypertension in BLEO animals. (A,B) Representative images demonstrating picro-sirius and
hematoxylin-eosin staining. (C,D) Summary data showing the lung tissue remodeling and fibrosis. (E) Summary data showing RVSP after 3 days of BLEO instillation.
The data presented in (C-E) are mean + SEM (n = 4). *Represents a p-value of < 0.05 when comparing BLEO animals against the controls. (A) Scale bar = 100 um
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pressure (RVSP) was measured as described previously
(Rathinasabapathy et al., 2016). Subsequently, animals were
sacrificed and organs were harvested for RNA, histology
and hypertrophy assessments. Right ventricular hypertrophy
[RVH = RV/(LV+S)] was calculated as the ratio of wet weight of
right ventricle (RV) and left ventricle + intra-ventricular septum
(LV+S).

Real-Time Quantitative RT-PCR Analysis

Real time qRT-PCR was performed using Tagman Gene
Expression System (Life Technologies, USA) to evaluate
gene expression of cytokines, fibrotic and extracellular
matrix (ECM) markers viz. collagen type 1 (Collal),
collagen type 3 (Col3al), connective tissue growth factor
(Ctgf), interleukin 13 (II-13), matrix metalloproteinases 12
(Mmp12), tissue inhibitor of metalloproteinases 1 (Timpl),
monocyte chemotactic protein 1 (Ccl2), interleukin 6 (II-
6), toll like receptor 4 (TIr4), and angiotensin receptor
type 2 (Agtr2). Total RNA and cDNA preparation was
performed as described previously (Anandharajan et al,
2009). Gene expression was calculated by the AACT method
and data was presented as relative fold change from that
of control animals. The rat primers have been listed in
Table 1.

Histochemical Analysis

Following hemodynamic measurements, the left lobe of the
lung was inflated with phosphate-buffered saline (PBS), followed
by 10% neutral buffered formalin and stored in formalin
overnight. Subsequently, the fixed lung tissue was processed
(4 wm section) and stained with picro-sirius red. Images were
photographed at 10X magnification using an Aperio Imagescope
(Leica Biosystems, US). Using Image-] software, the percent
of fibrotic area was assessed. To determine remodeling of the
lung tissue, sectioned lung specimens (4 jLm) were stained with
hematoxylin-eosin (H&E) and imaged. Blinded Ashcroft scoring
system was performed to grade the tissue remodeling across
all experimental groups (Ashcroft et al., 1988). A minimum of
10 non-overlapping images was randomly chosen from each
lung section for picro-sirius and H&E staining. For macrophage
and muscularization analysis, lung sections (5 jLm) were stained
with CD68 (1:100) and a-smooth muscle actin (1:200) antibody,
respectively, and imaged at 10X (15 random fields/lung section).
The degree of muscularization was determined by quantifying the
amount of a-smooth muscle actin in different sized vessels (vessel
inner diameter—0-25, 25-50, and 50-100 pm). Briefly, when
more than 70% of the pulmonary vessel wall is stained by smooth
muscle actin, it is classified as completely muscularized, while
if it is <70%, it is classified as partially muscularized. Results
from each animal was averaged for the subsequent statistical
analysis.

Collagen Estimation—Hydroxyproline
Assay

Hydroxyproline assay was performed to estimate lung collagen
deposition, as an index of fibrosis. In a separate set of
experiments, all the five lung lobes were harvested from each

animal, and dried at 65°C for 3 h. Subsequently, the dried lungs
were weighed and subjected to collagen estimation according to
the protocol provided in the assay kit (Biovisions, CA).

Statistics

Graph Pad Prism, version 5.0 (La Jolla, CA) was used for
statistical analysis. A simple student t-test was performed to
analyze the data presented in Figurel. One-way ANOVA
followed by Newman-Keuls post-hoc analysis test was carried out
for all the other end point experimental parameters. Values are
represented as means = SEM, p-values < 0.05 were considered
statistically significant.
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FIGURE 2 | C21 treatment attenuates lung fibrosis and tissue remodeling in
BLEO animals. (A) Picro-sirius stained images of the whole lung; Con, BLEO,
BCP, and BCT. (B) Enlarged sections of picro-sirius stained lungs. Scale

bar = 100 pm. (C) Representative H&E images demonstrating the lung tissue
remodeling. Scale bar = 200 um. (D,F) Summary data showing the
improvement in lung fibrosis and tissue remodeling in BLEO animals in
presence of C21. (E) Summary data showing the collagen synthesis estimated
by measuring hydroxyproline. The data presented in (D-F) are mean + SEM,
from 5, 4-6, and 7-8 animals, respectively. “Indicates a p-value of < 0.05,
comparing BLEO animals against the controls. #Indicates a p-value of < 0.05,
comparing BCP and BCT vs. BLEO. @ Indicates a p-value of < 0.05,
comparing BCP and BCT vs. control.
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RESULTS

C21 Treatment Attenuates Lung Fibrosis

and Tissue Remodeling

A pilot 3-day study revealed considerable lung damage in
BLEO animals compared to controls, as evidenced by picro-
sirius red and H&E staining (p < 0.05, Figures 1A-D). In
addition, BLEO instilled animals showed significant increase in
RVSP (Figure 1E). Based on these histological and hemodynamic
assessments, we decided to initiate C21 treatment after 3 days
of BLEO insult in the treatment protocol (BCT group, n = 8).
On the other hand, C21 was injected immediately after BLEO
instillation in the prevention (BCP) protocol. It is evident from
Figures 2A,B that BLEO lungs are stained intense red (represents
lung collagen accumulation) as compared to controls, and that
this pattern is significantly attenuated by C21 in both BCP and
BCT groups. Quantification of the red color collagen staining
is provided in Figure 2D. Likewise, hydroxyproline analysis
revealed that C21 treatment normalized BLEO-induced increase
in hydroxyproline levels in both BCP and BCT groups (p < 0.05,
Figure 2E). Further, Ashcroft scoring of the H&E stained lung
sections showed considerable disruption of the lung architecture

(especially collapsed alveoli) upon bleomycin instillation, which
was attenuated by C21 administration (p < 0.05, Figures 2C,F).

C21 Treatment Improves Ventricular
Remodeling and Hemodynamics in

Bleomycin Animals

Following 2 weeks of BLEO instillation, RVSP was significantly
increased in the BLEO group as compared to controls (p
< 0.05, Figure 3A). This increase in pressure was associated
with development of RVH (p < 0.05, Figure 3B). However,
administration of C21 substantially attenuated the altered
hemodynamics and RVH in both the experimental protocols (p
< 0.05, Figures 3A,B). Further, analysis of the ECHO images
revealed a shift in the intra-ventricular septum toward the left
ventricle in BLEO-instilled animals, which could be due to
elevated RVSP. An increase in RV/LV end diastolic area (EDA)
was also observed in BLEO animals that was accompanied with
decreased ejection fraction (EF) (p < 0.05, Figures 3C,E). In
line with the hemodynamics and RVH data, C21 treatment
significantly improved the cardiac function in both the
experimental protocols (p < 0.05, Figures 3D,E). Although C21
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FIGURE 3 | C21 treatment attenuates the right ventricular remodeling in BLEO animals. (A,B,D,E) Summary data showing the improvement of RVSP, RVH, RV/LV
EDA, and RV/LV EF in BLEO animals in presence of C21. (C) Representative images of parasternal short axis view of the ventricles on Day-14. Data represented in
(A,B,D,E) are mean + SEM (n = 6-8). *Indicates a p-value of < 0.05, comparing BLEO animals against the controls. # Indicates a p-value of < 0.05, comparing BCP
and BCT vs. BLEO. @ Indicates a p-value of < 0.05, comparing BCP and BCT vs. control.
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treatment was beneficial in improving hemodynamic and all
cardiac parameters in the prevention protocol, statistical analysis
revealed that only RVH was completely prevented (BCP group),
while all other parameters showed partial attenuation in both the
experimental groups.

C21 Treatment Improves Pulmonary

Vascular Remodeling in Bleomycin Animals
In order to investigate remodeling of the pulmonary vasculature,
we performed a-smooth muscle actin staining and quantified the
degree of muscularization. We observed extensive remodeling
of the BLEO lungs as evidenced by an increase in the number
of completely muscularized pulmonary vessels (0-100 um, p
< 0.05, Figures4A-E), as well as muscularization of the
smaller vessels (p < 0.05, Figures 4F-H). In agreement with
the hemodynamics and cardiac function data, C21 treatment
significantly reduced muscularization of the pulmonary vessels
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FIGURE 4 | C21 treatment attenuates pulmonary vascular remodeling in
BLEO animals. (A-D) Representative images of a-smooth muscle actin
stained pulmonary vessel wall (white arrows). (E-H) Summary data showing
the improvement of muscularization by C21 in BLEO animals for the complete,
0-25, 25-50, and 50-100 um category, respectively. Data represented in
(E-H) are mean + SEM (n = 3). *Indicates a p-value of < 0.05, comparing
BLEO animals against the controls. # Indicates a p-value of < 0.05, comparing
BCP and BCT vs. BLEO. @ indicates a p-value of < 0.05, comparing BCP and
BCT vs. control. Scale = 50 um.

in both the experimental groups, when compared against the
BLEO group (p < 0.05, Figures 4E-G). However, a detailed
statistical analysis revealed that there was total prevention of
the completely muscularized vessels, while other muscularization
outcomes were partially prevented in the prevention protocol.
Likewise, though statistically significant only partial attenuation
of muscularization was observed in the BCT group.

C21 Treatment Attenuates the Expression
of ECM and Inflammatory Markers, Along
With Decreasing Macrophage Infiltration in

Bleomycin Animals

To investigate the possible mechanism (or pathways) by which
C21 attenuates lung fibrosis, real time qRT-PCR determinations
and immunohistochemical staining of the lung macrophages
were performed. Gene expression of Collal and Col3al was
found to be significantly upregulated in BLEO animals, but was
attenuated by C21 treatment (p < 0.05, Figures 5A,B). Similarly,
C21 treatment significantly attenuated the gene expression of
Ctgf, Mmpl12, Timpl and Il-13) in both the experimental
protocols (p < 0.05, Figures 5C-F). Further, the key markers
of inflammation, (Ccl2 and II-6) and innate immune system
(TIr4) were also significantly upregulated in the BLEO animals,
but significantly attenuated by C21 (p < 0.05, Figures 6A-C).
As a next step, we performed immunohistochemical staining
to estimate the infiltration of macrophages in the lungs. In
line with our gene expression results, BLEO lungs exhibited
significant infiltration of CD68" macrophages, which was
attenuated by C21 treatment in both the experimental groups (p
< 0.05, Figures 7A-E). However, statistical analysis revealed that
macrophage infiltration was normalized only in the BCP group,
while it was partially attenuated in the BCT group.

C21 Treatment Alters the Expression of
Angiotensin Type 2 Receptor in Bleomycin

Animals

qRT-PCR determinations revealed that the expression of Agtr2
was considerably upregulated in the BLEO animals as compared
with controls (p < 0.05, Figure 8). However, C21 treatment
significantly reduced the expression of Agtr2 in both the
experimental groups (p < 0.05, Figure 8).

DISCUSSION

The most significant finding of the present work is that
pharmacological activation of the AT, receptor by C21 effectively
mitigates PF, and improves cardiopulmonary complications in
an experimental model of bleomycin-induced lung injury. We
observed that C21 treatment of BLEO animals significantly: (1)
reduces PH and decreases muscularization of the pulmonary
vessels, along with restoring cardiac function; (2) prevents
as well as attenuates the progression of PF by reducing
ECM remodeling and lung collagen accumulation, and; (3)
alleviates inflammatory stress by reducing the infiltration of lung
macrophages. Collectively, these data suggest a potential role

Frontiers in Physiology | www.frontiersin.org

March 2018 | Volume 9 | Article 180


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Rathinasabapathy et al.

C21 Attenuates Group Il PH

Col1a1
*

#,ns #,ns

Relative Gene Expression >
(Normalized to 18S)

Control BLEO BCP BCT

(9]

Ctgf

2 # ns #,ns

(Normalized to 18S)
£

Relative Gene Expression

Control BLEO BCP BCT

E
Timp1

S 4 x
5 =
28
= - 3
Se
w

©
282
&g
.GZ’ 5 1 #,ns Ll
sZ
T, of
x Control BLEO BCP BCT

FIGURE 5 | C21 treatment attenuates the expression of markers of fibrosis and ECM in BLEO animals. (A) Col1a1, (B) Col3a1, (C) Ctgf, (D) Mmp12, (E) Timp1, and
(F) IL-13. Data represented in (A=F) are mean + SEM, n = 5 animals/group. *Indicates a p-value of < 0.05, comparing BLEO animals against the controls. # Indicates
a p-value of < 0.05, comparing BCP and BCT vs. BLEO. ns indicates a p-value of non-significant, comparing BCP and BCT vs. control.

B
s 2.5- Col3a1
LB *
$2 20
S
x 2
w 1.5
8 E 5 #,ns
o J , NS
3 3 1.0
o £
‘2 o 0.5'
T2
o |
L4 Control BLEO BCP BCT
D
.5 25- Mmp12
i
%)
$ 20 T
Qo
xS
W 5151
e}
3 =10- #ns 4 ns
o ©
o £
26 57
s Z
o |
x Control BLEO BCP BCT
F
S 6 IL-13
o o
n N *
e
£ o 4
‘:‘) o
g
o E 2
a>> 5 #,ns
= #,ns
sZ
® |
22 Control BLEO BCP BCT

of the AT, receptor and its synthetic activator (C21) in the
treatment of patients with PF and associated Group III PH.

PH due to interstitial lung disease (IPF and chronic
obstructive pulmonary disease) has been classified as Group III
PH by the WHO. There is an increased incidence of PH and right
heart failure in patients with IPF, which adversely affects disease
outcomes and survival. To our knowledge, this is the first report
to show that stimulation of the AT, receptor using a synthetic
activator (C21) renders protection against bleomycin-induced
cardiopulmonary injury, which could open up novel therapeutic
avenues to tackle lung fibrosis and Group III PH. We chose to
evaluate the effects of C21 in the BLEO-model since it mimics key
pathological features of human IPF and associated PH. We have
previously demonstrated that a single intra-tracheal injection
of BLEO induces fibrosis and alters pulmonary hemodynamics

within 14 days of insult (Shenoy et al., 2013; Rathinasabapathy
etal., 2016). In our experience, remodeling of the lung tissue and
changes in pulmonary hemodynamics commence as early as 3
days, which worsens over time, causing considerable mortality
after 15 days of intra-tracheal BLEO injection. For this reason, we
terminate our experiments after 2-weeks of BLEO instillation. It
was interesting to observe that markers of fibrosis and pulmonary
pressure were elevated just after 3 days of bleomycin instillation.
Thus, it appears that the pathology of PF and PH occur
simultaneously in the bleomycin model. Though it is logical to
believe that PH follows fibrotic lung injury, it is possible that both
the pathological conditions might occur concurrently. From our
study, it is difficult to figure out which pathology comes first—PF
or PH. Additional studies in the bleomycin model are warranted
to evaluate and clarify these points.
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Right ventricular structure and function is often altered in
patients with IPF because of increased pulmonary vascular
resistance and cardiac overload (Han et al., 2013; Rivera-
Lebron et al., 2013). In our animal study, bleomycin-instillation
was associated with ventricular hypertrophy and right heart
dysfunction. Interestingly, treatment with C21 not only
attenuated bleomycin-induced cardiac hypertrophy but also
improved right heart function in both the experimental
protocols. It is conceivable that the protective effects of C21 on
the heart may be secondary to a reduction in fibrotic lung injury.
However, it is also possible that C21 may exhibit direct actions
on the heart. In fact, C21 has been shown to exert protective
actions against experimental models of cardiovascular injury
(Kaschina et al., 2008; Rehman et al., 2012). With regards to
pirfenidone and nintedanib (the approved anti-fibrotic drugs),
there exists limited data in the literature on the cardioprotective
effects of these agents in the bleomycin model. However,
pirfenidone, has been shown to produce beneficial actions on
the heart (Avila et al., 2014). It would be interesting to evaluate
the cardiopulmonary effects of a combination therapy with
C21 and pirfenidone/nintedanib. In conjunction to improving
the heart function, C21 treatment also improved pulmonary
vascular remodeling by reducing the muscularization of smaller
vessels, as evidenced by histology. A potential limitation of our
study is that the lungs of BLEO-injected animals at the onset of
C21 administration in the treatment protocol (Day 4) resembles
early stage of IPF, and not an advanced disease stage. Further
studies are warranted to evaluate the effects of C21 on the
advanced stage of lung fibrosis by commencing C21 treatment

after 7 or 10 days of BLEO instillation. One another limitation
is that we have not conducted antagonist experiments with an
AT, receptor blocker (PD123319) to convincingly show that
C21 mediates its anti-fibrotic effects via stimulation of the AT,
receptor. Additional studies need to be performed with an AT,
receptor blocker to address this deficiency. However, at this
point we contend that the significant findings observed in the
present investigation overrules the above mentioned potential
limitations and ascertains that C21 could indeed be an effective
strategy for the treatment of IPF and Group III PH.

Accumulating evidence indicate that the RAS has important
functions within the cardiopulmonary system. While the role
of the AT; receptor has been well-recognized, little is known
about the functional significance of the AT, receptor. The reason
being, there is a relatively lower expression of AT receptor in
the adult tissue. However, during injury, the receptor expression
levels increase significantly (Matavelli and Siragy, 2015). There
have been conflicting reports on whether the observed increase in
AT} receptor during injury contributes to tissue damage, or that
it plays a compensatory protective role. With regards to fibrotic
lung injury, Konigshoff et al., reported an upregulation of the AT,
receptor in the lungs of IPF patients (Konigshoff et al., 2007).
Similarly, animal models of lung fibrosis were associated with
increased pulmonary AT, receptor levels (Konigshoff et al., 2007;
Rey-Parra et al.,, 2012). Consistent with these reports, we also
observed an elevation in the expression of lung AT, receptor in
BLEO animals.

AT, receptor is primarily expressed by lung epithelial cells
(Bullock et al., 2001), fibroblasts, and activated myofibroblasts
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(Konigshoff et al., 2007). We propose that the observed
upregulation of AT, receptor in BLEO animals could arise
from increased numbers of lung fibroblast/myofibroblast, a
common feature of fibrotic lung injury (Pardo and Selman, 2016).
However, the AT, receptor levels were significantly lower in
C21 treated animals, which correlated with reduced pathology.
Further support that the AT, receptors are found on the
myofibroblasts comes from a recent report by Kumar et al.
(2016) who demonstrated that in cultured human lung fibroblasts
(MRC5 cells), BLEO (5pg/ml) triggered the differentiation
of fibroblasts into myofibroblasts with a marked elevation of
expression level of fibrotic markers, fibronectin, alpha smooth
muscle actin, collagen typel, and collagen type 3. Co-treatment
of these cells with C21 (10g/ml) blocked the expression of
these markers (Kumar et al., 2016). Thus, a plausible explanation
for our in vivo findings is that C21 may inhibit fibroblast
proliferation or differentiation, and/or reduce the influx of
circulating fibrocytes. Since there is less fibroblast/myofibroblast
with C21 treatment, there is less AT, receptor in the treated

group. On the contrary, in the monocrotaline-induced PH
model, we have reported that the AT, levels increase with C21
treatment. These contrasting findings could be attributed to
differences in disease models (monocrotaline vs. bleomycin),
the time of C21 treatment initiation, and/or the different lung
cell-types involved in the disease pathology. We believe that
identification of cell-types that express the AT, receptor in these
two varied models of lung injury (Bleomycin and Monocrotaline)
would be beneficial and help to resolve some of the observed
discrepancy.

Lung fibroblasts are actively involved in the secretion of
collagen type I, type III, and fibronectin, thus contributing to
the accumulation of ECM proteins and fibrogenesis (Shimbori
et al,, 2013). The synthesis rates of types I and III collagen
are regulated by the mRNA expression levels of Collal and
Col3al, respectively. We observed that the gene expression of
Collal and Col3al are significantly upregulated in BLEO lungs,
but normalized with C21 treatment in both the experimental
protocols. Our results are in agreement with the recent findings,
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which demonstrated that stimulation of the AT, receptor with
C21 suppresses collagen synthesis to exhibit anti-fibrotic actions
in diverse models of organ fibrosis (Castoldi et al., 2016;
Chow et al, 2016). Apart from collagen, a wide variety of
matrix metalloproteinases (MMPs) and endogenous inhibitors
of metalloproteinases (TIMPs, tissue inhibitor of MMPs) are
involved in lung fibrogenesis (Giannandrea and Parks, 2014).
In addition, upregulation of II-13 and Ctgf (Guo et al., 2015;
Yang et al., 2015) expression levels contribute to fibrotic lung
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