The Angiotensin-Converting Enzyme 2/Angiogenesis-
(1-7)/Mas Axis Confers Cardiopulmonary Protection
against Lung Fibrosis and Pulmonary Hypertension

Vinayak Shenoy', Anderson ). Ferreira?*, Yanfei Qi', Rodrigo A. Fraga-Silva?, Carlos Diez-Freire?, Autumn Dooies’,
Joo Yun Jun?, Srinivas Sriramula3, Nithya Mariappan3, Dorna Pourang’, Changaram S. Venugopal3,
Joseph Francis3, Timothy Reudelhuber4, Robson A. Santos®, Jawaharlal M. Patel®, Mohan K. Raizada?

and Michael J. Katovich’

"Department of Pharmacodynamics, 2Department of Physiology and Functional Genomics, ®Division of Pulmonary, Critical Care, and Sleep
Medicine, University of Florida, Gainesville, Florida; 3Comparative Biomedical Sciences, Louisiana State University, Baton Rouge, Louisiana;
“Clinical Research Institute of Montréal, Québec, Canada; and *Federal University of Minas Gerais, Physiology and Biophysics Belo Horizonte,

Minas Gerais, Brazil

Rationale: An activated vasoconstrictive, proliferative, and fibrotic
axis of the renin angiotensin system (angiotensin-converting en-
zyme [ACE]/angiotensin [Ang]ll/Angll type 1 receptor) has been
implicated in the pathophysiology of pulmonary fibrosis (PF) and
pulmonary hypertension (PH). The recent discovery of a counter-
regulatory axis of the renin angiotensin system composed of ACE2/
Ang-(1-7)/Mas has led us to examine the role of this vasoprotective
axis on such disorders.

Objectives: We hypothesized that Ang-(1-7) treatment would exert
protective effects against PF and PH.

Methods: Lentiviral packaged Ang-(1-7) fusion gene or ACE2 cDNA
was intratracheally administered into the lungs of male Sprague
Dawley rats. Two weeks after gene transfer, animals received
bleomycin (2.5 mg/kg). In a subsequent study, animals were admin-
istered monocrotaline (MCT, 50 mg/kg).

Measurements and Main Results: In the PF study, bleomycin adminis-
tration resulted in a significant increase in right ventricular systolic
pressure, which was associated with the development of right
ventricular hypertrophy. The lungs of these animals also exhibited
excessive collagen deposition, decreased expression of ACE and
ACE2, increased mRNA levels for transforming growth factor g and
other proinflammatory cytokines, and increased protein levels of the
AT, R. Overexpression of Ang-(1-7) significantly prevented all the
above-mentioned pathophysiological conditions. Similar protective
effects were also obtained with ACE2 overexpression. In the PH
study, rats injected with MCT developed elevated right ventricular
systolic pressure, right ventricular hypertrophy, right ventricular
fibrosis, and pulmonary vascular remodeling, all of which were
attenuated by Ang-(1-7) overexpression. Blockade of the Mas re-
ceptor abolished the beneficial effects of Ang-(1-7) against MCT-
induced PH.

Conclusions: Our observations demonstrate a cardiopulmonary pro-
tective role for the ACE2/Ang-(1-7)/Mas axis in the treatment of
lung disorders.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Current therapeutic strategies for treating lung fibrosis and
pulmonary hypertension have not shown promising results
either to abate the progression of the disease or to improve
the quality of life.

What This Study Adds to the Field

This study suggests that the angiotensin-converting enzyme
2/angiotensin-(1-7)/Mas axis may serve as a novel thera-
peutic target for the treatment of lung fibrosis and pulmo-
nary hypertension.

Pulmonary fibrosis (PF) is a fatal lung disease of unknown cause.
The disease is characterized by progressive scarring of the lung
tissue accompanied by fibroblast proliferation, excessive accu-
mulation of matrix proteins, and abnormal alveolar structure, all
leading to a loss of lung function and, ultimately, respiratory
failure (1). Current treatments with antiinflammatory, immuno-
suppressive, and antifibrotic agents have not shown promising
results to abate the progression of the disease or to improve the
quality of life (2). Thus, it becomes essential to better understand
the disease pathophysiology and identify novel therapeutic
targets/agents for the treatment of PF. There is experimental
and clinical evidence to indicate that an activated pulmonary
renin angiotensin system (RAS) is involved in the pathophysiol-
ogy of this disease (3, 4): (I) Polymorphism of the angiotensi-
nogen (AGT) gene has been associated with the progression of
idiopathic pulmonary fibrosis (5); (2) AGT has been found to be
one of the most overexpressed genes in patients with PF (6); (3)
angiotensin IT (Ang II) has been shown to stimulate cell growth
and proliferation of lung fibroblasts (7, 8); (4) Ang I is known to
up-regulate the expression of transforming growth factor-8
(TGF-B) (9), a central player in fibrogenesis; (5) Ang II-induced
TGF-B generation is associated with the differentiation of
fibroblast to myofibroblasts, which dramatically enhances extra-
cellular matrix protein deposition (10); (6) Ang II is involved in
lung inflammation through the generation of reactive oxygen
species and the release of proinflammatory cytokines (11, 12); (7)
Ang IT has been shown to induce alveolar epithelial cell apoptosis
(13), which is believed to initiate the fibrotic process; and (§) Ang
IT is also involved in promoting procoagulatory effects by
activating plasminogen activator inhibitor-1 (14).

Another lung disease that is closely associated with an
altered RAS is pulmonary hypertension (PH) (15). Polymor-
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phism in the genes encoding for components of the RAS, such
as AGT (16), angiotensin-converting enzyme (ACE) (16), and
the Ang II type 1 receptor (ATR) (17), have been linked to the
development of PH. Local production of Ang II by ACE
stimulates the growth of smooth muscle cells in the arterial
wall to cause maladaptive changes and function of the pulmo-
nary vasculature, which can result in the development of PH
(18).

It is evident that modulation of components of the RAS
appears to be a viable therapeutic strategy for the treatment of
lung diseases such as PF and PH. However, direct targeting of
the RAS components in these lung disorders using ACE
inhibitors or AT;R blockers have produced mixed results in
animal models and in humans (19, 20). Nevertheless, the recent
discovery of a homolog of ACE, called ACE2, and its enzymatic
product angiotensin-(1-7) ([Ang-[1-7]), offer an alternative
pathway to regulate the intrapulmonary components of the
RAS for producing beneficial effects. Ang-(1-7) is a heptapep-
tide that counteracts many of the detrimental effects of Ang II,
including heart failure, kidney diseases, and diabetic complica-
tions (21, 22). However, the role of Ang-(1-7) in pulmonary
disorders, especially in PF and PH, has not yet been investi-
gated. Because Ang-(1-7) is a peptide that undergoes rapid
proteolytic degradation in the circulation (23), we decided to
adopt a novel strategy of overexpressing this peptide locally in
the lung tissue through a lentiviral-mediated gene delivery ap-
proach. Thus, in this study we propose that lentiviral-mediated
pulmonary overexpression of Ang-(1-7) exerts cardiopulmo-
nary beneficial effects against two experimental models of lung
disorders: PF and PH. Some of the results of these studies have
been previously reported in the form of abstracts (24).

METHODS

Materials

Bleomycin sulfate was purchased from Calbiocem Labs (San Diego,
CA). Mouse monoclonal anti-f-actin antibody, monocrotaline (MCT),
and a smooth muscle actin (clone 1A4) were purchased from Sigma-
Aldrich (St. Louis, MO). ATR rabbit polyclonal antibody and ACE
rabbit polyclonal antibody were procured from Santa Cruz Biotech-
nology (Santa Cruz, CA). Alzet osmotic pumps (models 2004 and
2MLA4) were purchased from Durect Corporation (Cupertino, CA).
The Mas-receptor antagonist A-779 was purchased from Bachem
(Torrance, CA).

Animal Procedures and Treatment of Rats with Lenti-Ang-(1-7)

Five-week-old male Sprague Dawley rats were used in this study. All
animals were housed in a temperature-controlled room (25 * 1°C) and
were maintained on a 12:12-hour light:dark cycle with free access to
water and food. All procedures involving experimental animals were
approved by the Institutional Animal Care and Use Committee at the
University of Florida and complied with National Institutes of Health
guidelines. For gene delivery into the lungs, rats were anesthetized with
isoflurane and a midline incision was made to expose the trachea.
Empty virus (control), lenti-ACE2, or lenti-Ang-(1-7) viral particles
(3 X 108 TU in 100 pl of phosphate-buffered saline) were injected into
the trachea followed by 300 wl of air so as to enhance the spread of
virus in the rat lung. Two weeks after lentiviral treatment, animals were
subjected to bleomycin or monocrotaline administration.

Bleomycin-induced Pulmonary Fibrosis

Animals under the influence of isoflurane anesthesia received a single
intratracheal instillation of 2.5 mg/kg dose of bleomycin sulfate in
300 pl of sterile saline. The 300-pl solution was instilled at end ex-
piration, and the liquid was immediately followed by 200 pl of air to
increase delivery to the distal airways. Control animals received an
equal volume of sterile saline.

MCT-induced Pulmonary Hypertension

PH was induced by single subcutaneous injection of MCT (50 mg/kg).
Control rats received saline (500 wl, subcutaneously). At the same
time of MCT administration, a subset of animals were implanted with
Alzet mini-osmotic pumps (model 2ML4) containing A-779, a Mas
antagonist, at an infusion rate of 60 pg/d (1 mg/ml stock solution) for
28 days.

Systemic and Right Ventricular Systolic
Pressure Measurements

Weekly systemic blood pressure was measured in conscious rats using
the noninvasive tail-cuff method (Narco Bio-Systems, Austin, TX) as
described elsewhere (25). For measurement of right ventricular systolic
pressure (RVSP), rats were anesthetized with a mixture of ketamine
(30 mg/kg, subcutaneously) and xylazine (6 mg/kg, subcutaneously)
and were placed in a supine position, breathing room air. The RVSP
was measured using a silastic catheter inserted into the right descend-
ing jugular vein and forwarded to the RV. The data were recorded
after stabilization of the tracing using a liquid pressure transducer,
which was interfaced to a PowerLab (AD Instruments, Colorado
Springs, CO) signal transduction unit. The waveform was used to
confirm the positioning of the catheter in the RV. Data were analyzed
by using the Chart program supplied with the PowerLab system. After
RVSP was measured, the rats were killed, and the hearts and lungs
were harvested.

Biochemical Studies for Measuring Lung
Hydroxyproline Content

Lung collagen deposition was estimated by measuring hydroxyl-proline
content (26). Briefly, frozen lung tissue was homogenized in 1.8 ml of
glacial acetic acid (0.5 mol/L) and dried in a speed vacuum. The dried
sample was weighed, dissolved in 2 ml of 6 N HCI, and hydrolyzed at
110°C overnight. The acid hydrolysates and standards were applied to
an ELISA plate along with citric/acetate buffer and chloramine T
solution. After 20 minutes, Ehrlich solution was added and incubated
at 65°C for 15 minutes. The reaction product was read at 550 nm.
Solutions of 0 to 1,000 pwg/ml hydroxyproline (Sigma, St. Louis, MO)
were used to construct the standard curve.

Statistical Analysis

Data are presented as means = SEM. Statistical differences were
evaluated by either one-way or two-way analysis of variance wherever
applicable, followed by the Newman-Keuls test. P values less than 0.05
were considered statistically significant.

Production of ACE2 and Ang-(1-7) lentiviral particles, determina-
tion of transduction efficiency of the lung by lentivirus, cardiac
hypertrophy, quantitative real-time reverse transcription—polymerase
chain reaction, Western blot analysis, and electron spin resonance
spectroscopy are described in the online data supplement.

RESULTS

Efficacy of the Lentivirus to Overexpress Ang-(1-7)

Infection of cardiac myoblasts with 10 multiplicity of infection
of lenti-Ang-(1-7) fusion protein resulted in a robust expres-
sion of IgG2b isotype (Figure 1A). Furthermore, in vivo
experiments also demonstrated increased levels of Ang-(1-7)
peptide in the lenti-Ang-(1-7) infected rat lungs compared
with control animals (Figure 1B). These data establish that
lenti-Ang-(1-7) is active and effective in secreting Ang-
(1-7), and this secretion of Ang-(1-7) was present for 6
weeks after administration of the viral vector—containing trans-
gene.

As for lenti-ACE2 efficacy, murine ACE2 mRNA was
detected only in the lungs of rats treated with lenti-ACE2,
which we have also previously reported to occur in mice with
tracheally induced lenti-ACE2 (27). There was no murine
ACE2 expression in the control animals (data not shown).
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Figure 1. (A) Lenti-Ang-(1-7) caused a significant increase in the levels
of mouse 1gG2b after 72 hours of infection in the HO9C2 myoblasts. (B)
In vivo administration of lenti-angiotensin (Ang)-(1-7) significantly
increased the levels of Ang-(1-7) in the rat lungs after 6 weeks of gene
transfer. Data are represented as mean * SEM. *P < 0.05 versus control
group (n = 4-5 per group).

Study 1: Bleomycin-induced PF

Attenuation of bleomycin-induced RVSP and right ventricular
hypertrophy by ACE2 and Ang-(1-7). Two weeks of bleomycin
administration resulted in a significant increase in the RVSP
(Figure 2), which was followed by the development of right
ventricular hypertrophy (RVH) (0.27 = 0.01 in control ani-
mals vs. 0.49 = 0.02 in bleomycin). Gene therapy treatment
with either ACE2 or Ang-(1-7) significantly attenuated the
bleomycin-induced increase in RVSP (Figure 2) and RVH
(0.37 = 0.02 in bleomycin + ACE2 and 0.37 * 0.03 in
bleomycin + Ang-[1-7]).

Pathological score and hydroxyproline content of lung tissue
after bleomycin administration. Lung sections from the different
treatment groups were stained with hematoxylin-eosin, and
representative sections are shown in Figure 3A. Ashcroft
scoring was determined from five different nonoverlapping
fields from each lung section of different treatment groups as
described previously (28). The mean group results demon-
strated a higher score for the bleomycin alone group compared
with control animals, indicating a fibrotic response to bleomycin
administration. However, animals treated with either lenti-
ACE2 or Ang-(1-7) showed a significantly lower score, dem-
onstrating a protective effect against the development of
bleomycin-induced fibrosis. These results are summarized in
Figure 3B. Along similar lines, an increase in lung collagen
accumulation, as assessed by measurement of lung hydroxypro-
line, was observed in the bleomycin alone group, which was
significantly reduced with either ACE2 or Ang-(1-7) over-
expression (Figure 3C).

Effects of different treatments on the lung mRNA expressions
of TGF-B and ACE2. Figure 4A demonstrates that the expres-
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Figure 2. Effects of lentiviral-mediated overexpression of angiotensin-
converting enzyme (ACE)2 and angiotensin (Ang)-(1-7) in bleomycin-
induced pulmonary hypertension. Bleomycin administration caused
a significant increase in the right ventricular systolic pressure (RVSP)
after 2 weeks, which was completely attenuated by lenti-ACE2 and
lenti-Ang-(1-7) treatment. Data are represented as mean = SEM. *P <
0.05 versus control group, #P < 0.05 versus bleomycin, 9P < 0.05
versus bleomycin + empty virus (n = 5-6 per group).

sion of TGF-f was significantly elevated in the bleomycin group
compared with those of normal lungs. TGF-B expression was
significantly suppressed by either ACE2 or Ang-(1-7) over-
expression. On the other hand, mRNA levels of endogenous
ACE2, a membrane-bound enzyme, were significantly de-
creased in bleomycin-treated animals (Figure 4B). This de-
crease was completely prevented by overexpression of ACE2.
Ang-(1-7) treatment resulted in an intermediate response in
that these animals were not different from either control
animals or the bleomycin-treated groups.

Western analysis for comparative quantification of ACE and
ATIR in the bleomycin study. Bleomycin administration signif-
icantly decreased ACE protein levels, and this decrease was
prevented by overexpression with either ACE2 or Ang-(1-7)
(Figure 4C). In contrast, bleomycin treatment resulted in
a significant increase in lung AT1R protein as compared with
control animals, and this increase was significantly attenuated
by Ang-(1-7) overexpression, but not by ACE2 overexpression
(Figure 4D).

Study 2: Monocrotaline-induced PH

Prevention of MCT-induced PH and associated cardiopulmonary
remodeling by Ang-(1-7). A single subcutaneous administration
of MCT in rats resulted in robust increase in RVSP in 4 weeks
(30.8 = 2.6 mm Hg in control vs. 67.5 = 7.3 mm Hg in MCT,
P < 0.05, n = 4-7; Figure 5A). Overexpression of Ang-(1-7)
significantly attenuated the MCT-induced elevation in RVSP
(47 = 7 mm Hg, P < 0.05, n = 9). MCT-challenged animals
also developed RVH as measured by the right ventricle/left
ventricle + septum (RV/LV+S) ratio (0.29 = 0.004 in control vs.
0.55 = 0.05 in MCT, P < 0.05, n = 4-7) (Figure 5B), which
likewise was prevented by overexpression of Ang-(1-7) (0.41 *
0.04, P < 0.05, n = 9). Empty virus was without any effect on
any parameters assessed. Furthermore, MCT treatment resulted
in increase in the medial wall thickness, which also was
significantly attenuated by Ang-(1-7) overexpression (Figure
5C). Rats treated with MCT exhibited increased interstitial
right ventricular fibrosis as evaluated by percent fibrotic area
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(5.3 = 0.6% in control vs. 13.0 = 0.7% in MCT, P < 0.05). This
effect was partially blunted by overexpression of Ang-(1-7)
(10.1 = 0.4%, P < 0.05). The biological effects of Ang-(1-7) are
believed to be mediated through stimulation of the putative
Mas receptor. Coadministration of A-779, an Mas antagonist, in
MCT-challenged rats completely abolished the improvements
in RVSP, ventricular hypertrophy, and fibrosis induced by the
overexpression of Ang-(1-7) (Figures 5A, 5B, and 6, respec-
tively). In contrast to RVSP, the systemic blood pressure was
unchanged with either MCT treatment or overexpression of
Ang-(1-7) (mean arterial pressure [MAP]: control, 122 + 5 mm Hg,
n = 4; MCT, 118 = 2 mm Hg, n = 8 MCT + Ang-(1-7), 118 + 2
mm Hg, n = 9).

Effect of Ang-(1-7) overexpression on MCT-induced lung RAS
and inflammatory cytokines. Because cytokines have been
shown to play a key role in the pathophysiology of PH, we
evaluated the effects of Ang-(1-7) overexpression on inflam-
matory cytokines and oxidative stress. Table 1 summarizes the
quantitative measurement of mRNA for inflammatory cyto-
kines in MCT and MCT + Ang-(1-7)-treated rats. MCT
treatment resulted in significant increases in the mRNA levels
of proinflammatory cytokines (TNF-a, IL-1B, IL-6). gp91phox,
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Figure 3. Histological analysis and quan-
titative fibrosis scoring of lung sections.
(A) Representative photographs of the
lung tissue stained with hematoxylin
and eosin. (B) Morphological changes
in fibrotic lungs quantified using the
Ashcroft score. (C) Lung hydroxyproline
content, in the various treatment groups.
Data are represented as mean + SEM.
*P < 0.05 versus control group; #P <
0.05 versus bleomycin (bleo), P < 0.05
versus bleomycin + empty virus (n = 4
per group). ACE = angiotensin-convert-
ing enzyme; ang = angiotensin.
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a subunit of the NADPH oxidase, tended to be increased by
MCT treatment, but this increase was not statistically significant
(Table 1). Ang-(1-7) overexpression in the MCT-challenged
rats resulted in a reversal of this pattern with decreased levels of
TNF-a, IL-1B, IL-6, and gp91phox. In contrast, there was
a significant increase in the antiinflammatory cytokine (IL-10)
in MCT-treated rats overexpressing Ang-(1-7). Electron spin
resonance spectroscopy revealed increased oxidative stress in
the pulmonary artery and lungs of MCT-challenged animals,
which was significantly attenuated by Ang-(1-7) overexpression
(Figure E3).

As for the lung RAS, the MCT treatment resulted in an
increase in ACE mRNA levels that was significantly decreased
by overexpression of Ang-(1-7). The levels of ACE2 mRNA
tended to increase with MCT treatment, possibly in a compen-
satory manner; however, this increase was significantly higher
than control animals in the MCT + Ang-(1-7) group.

DISCUSSION

The most significant finding of this study is that overexpression
of ACE2, the enzyme that generates Ang-(1-7), or Ang-(1-7)
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itself, by targeted gene transfer protects the lungs from lung
fibrosis and pulmonary hypertension. To our knowledge, this is
the first study to report beneficial effects of Ang-(1-7) against
lung diseases using a novel lentiviral-mediated gene delivery
approach. Ang-(1-7) is not a gene product but an enzymatic
breakdown metabolite of Ang II. Here, we devised a synthetic
gene for Ang-(1-7) and packaged it into a lentivirus.

In the current study, endotracheal instillation of bleomycin
evoked a severe fibrotic response, characterized by accumula-
tion of interstitial lung collagen. Collagen deposition was
significantly decreased by overexpression of ACE2 or Ang-
(1-7). Tt has been reported that an increase in lung AT;R
levels may considerably contribute to the fibrotic process as
collagen-synthesis activity of the fibroblasts is enhanced in
response to AT{R stimulation (8). Lung AT{R was signifi-
cantly increased after bleomycin administration, which was
consistent with previous reports (29). This effect of bleomycin
was attenuated by pulmonary overexpression of Ang-(1-7).
Down-regulation of AT{R by Ang-(1-7) has been reported in
other tissues too (30). However, no reduction in the lung
ATR protein level was observed in the ACE2 treatment
group. We speculate that ACE2 overexpression may either
inhibit components of the AT;R signaling pathway or stimu-
late the degradation of collagen, to bring about the beneficial
antifibrotic effects. Lung protein analysis revealed decreased
ACE levels in bleomycin-treated rats. Decreased pulmonary
ACE activity associated with bleomycin injury has been
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Figure 4. Effect of various treatments on
lung transforming growth factor (TGF)-B,
angiotensin-converting enzyme (ACE)2,
ACE, and angiotensin Il type 1 receptor
(AT4R) levels. (A) Lung TGF-B mRNA levels
were significantly increased by bleomycin
(bleo) administration, which was prevented
by overexpression of murine ACE2 and an-
o giotensin  (Ang)-(1-7). (B) Bleomycin-
induced decrease in lung ACE2 mRNA
levels was completely prevented by over-
expression of murine ACE2 but only partially
by Ang-(1-7). (C) Bleomycin administration
decreased lung ACE protein level, which was
significantly restored by ACE2 and Ang-(1-7)
overexpression. (D) Bleomycin administra-
tion increased lung AT R protein level, which
was significantly decreased by Ang-(1-7).
However, ACE2 overexpression failed to de-

*
* crease the elevated AT¢R levels induced by
bleomycin. *P < 0.05 versus control group;
#P < 0.05 versus bleomycin (n = 3-5 per
group).
O v \
& N
eoxv. ?,(\QX
q,\Q

reported in both animal and human studies (31-33), which
confirm our current findings.

The mRNA levels of ACE2 were also significantly lower
with bleomycin treatment, which is also in agreement with other
published data (34). Accordingly, the observed decreases in
ACE and ACE2, which are predominantly expressed on the
endothelial cells, may be attributed to endothelial injury. In
fact, the endothelium has been identified as the primary site of
injury after bleomycin toxicity (35).

TGF-B is an important cytokine that plays a key role in fib-
rogenesis (36). Both in vitro and in vivo studies have demon-
strated increased TGF-B levels with bleomycin treatment (37,
38). In line with these studies, we also observed increased lung
mRNA levels of this profibrotic cytokine after bleomycin
instillation, which was significantly reduced by overexpression
of both ACE2 and Ang-(1-7). We and others have demon-
strated that Ang-(1-7) and ACE2 can reduce TGF-B levels
in fibroblast cell culture experiments (39, 40). Clinically, the
presence of PH secondary to fibrotic lung diseases, called cor
pulmonale, indicates poor prognosis with a compromised car-
diac function. In our study, we did detect pulmonary hyper-
tension and RVH after bleomycin administration. However,
treatment with Ang-(1-7) prevented the development of both
PH and RVH. Not only did we find protective effects with Ang-
(1-7), but overexpression of ACE2 also conferred similar ben-
eficial effects, possibly mediated via generation of Ang-(1-7).
It is conceivable that the protective effects of ACE2 and Ang-
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Figure 5. Effects of lenti—angiotensin (Ang)-(1-7) on monocrotaline
(MCT)-induced pulmonary hypertension. (A) MCT administration
caused a significant increase in the right ventricular systolic pressure
(RVSP), which was significantly attenuated by lenti-Ang-(1-7) over-
expression. This beneficial effect was, however, lost on blockade of the
Mas receptor with A-779. (B) MCT administration resulted in the
development of right ventricular hypertrophy as indicated by a signif-
icant increase in the RV/LV+S ratio. This increase in ratio was prevented
by Ang-(1-7) overexpression. Blockade of the Mas receptor with A-779
abolished the beneficial effect of Ang-(1-7). (C) The vascular hypertro-
phic effect of MCT, indicated by the brown staining of the pulmonary
vasculature, was significantly blunted by lenti-Ang-(1-7) overexpres-
sion. Data are represented as mean + SEM. *P < 0.05 versus control
group, #P < 0.05 versus MCT, 9P < 0.05 versus MCT + empty virus,
$p < 0.05 versus MCT + Ang-(1-7), (n = 3-9 per group).

(1-7) on the heart may be secondary to the reduction in the lung
fibrosis. However, it is also possible that ACE2 and Ang-(1-7)
may have direct effects on the heart. We have previously
reported direct protective effects of ACE2 overexpression or
Ang-(1-7) treatment against heart remodeling (26, 27). Also,
we have demonstrated that lentiviral administration of ACE2 in
MCT-treated mice prevented the development of pulmonary
hypertension and cardiac remodeling (41). Likewise, similar
findings were observed with a synthetic activator of the ACE2

% Fibrotic area

A
&

Figure 6. Effect of lenti-angiotensin (Ang)-(1-7) on right ventricular
fibrosis. Pico Sirius red staining revealed increased collagen deposition
(red) in the right ventricle of monocrotaline (MCT)-challenged rats,
which was partially blocked by lenti-Ang-(1-7) administration. The
beneficial effect of Ang-(1-7) was totally lost on coadministration of
A-779, a Mas antagonist. Data are represented as mean = SEM. *P <
0.05 versus control group, #P < 0.05 versus MCT, 3P < 0.05 versus
MCT + Ang-(1-7), (n = 3-5 per group).

enzyme in the MCT model of PH (42). These collective results
and the results of the current PF study demonstrating a benefi-
cial effect of ACE2 and Ang-(1-7) on pulmonary pressure
encouraged us to perform a subsequent experiment to de-
termine whether Ang-(1-7) overexpression would prevent the
development of PH in the monocrotaline model.

Four weeks of MCT treatment resulted in significant in-
crease in RVSP, accompanied by cardiac remodeling in terms of
development of RVH and fibrosis. Overexpression of Ang-(1-7),
before induction of PH resulted in prevention of the elevated
pressure and attenuation of the remodeling effects on the heart.

TABLE 1. RELATIVE FOLD-CHANGE IN LUNG RENIN
ANGIOTENSIN SYSTEM AND CYTOKINE MRNA LEVELS

Gene Control MCT MCT+ Ang-(1-7)
ACE 0.85 = 0.37 (4) 2.89 * 0.45* (7) 1.22 = 0.11 (4)

ACE2 0.82 = 0.28 (4) 3.18 = 0.69 (6) 4.89 = 1.93* (4)
IL-10 1.22 = 0.38 (4) 2.68 + 0.44 (6) 4.13 * 1.33* (5)
IL-18 1.6 = 0.57 (4) 4.62 = 1.00* (7) 1.02 = 0.417 (4)
IL-6 1.63 = 0.74 (4) 16.37 = 4.59* (7) 2.1 £ 0.617 (4)
Phox 91 1.96 = 0.97 (4) 3.60 £ 1.22 (7) 1.78 = 0.84 (4)
TNF-a 1.08 = 0.53 (4) 6.7 £ 1.53* (7) 2.34 = 0.65" (6)

Definition of abbreviations: ACE = angiotensin-converting enzyme; MCT =
monocrotaline; TNF = tumor necrosis factor.
Numbers within parentheses refer to the sample size.

* P < 0.05 versus control group.

P < 0.05 versus MCT.
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By preventing RVH and fibrosis, Ang-(1-7) offers a cardiopro-
tective role against pathobiology of PH. Structural changes in the
pulmonary vasculature, characterized by medial wall thickening
of the pulmonary arterioles, is a prominent feature of human PH.
Thickening of the pulmonary arterioles increase pulmonary
arterial resistance contributing to the elevated pressure (43).
MCT-challenged animals exhibited marked increase in the wall
thickness of pulmonary resistant vessels and overexpression of
Ang-(1-7) resulted in near-normal vessel morphology. It is likely
that inhibition of vascular remodeling is a direct effect of Ang-(1-
7), because previous findings have demonstrated antiproliferative
properties of this peptide in vascular smooth muscle cells (30, 44).
Ang-(1-7) is believed to mediate its biological effects by inter-
acting with the G protein-coupled receptor Mas (45). Expression
of Mas has been observed in the lung tissues (46), and this
receptor can be blocked using a specific and potent antagonist, A-
779. Coadministration of A-779 abolished the beneficial effects of
Ang-(1-7), strongly suggesting a protective role for the Ang-
(1-7)/Mas axis in PH.

Increase in the expression of proinflammatory cytokines is
a characteristic hallmark of PH (47). In line with these findings,
elevated lung mRNA levels of proinflammatory cytokines were
observed in the MCT alone group. Overexpression of Ang-(1-
7) appeared to prevent the increase in the mRNA levels of
proinflammatory cytokines (IL-1B, IL-6, and TNF-a) and pro-
duced an increase in the antiinflammatory cytokine (IL-10). We
have recently demonstrated that XNT, an ACE2 activator, also
increased lung IL-10 expression in the MCT model of PH (42).
This alteration of the inflammatory system by a peptide of the
renin angiotensin system is of significance, as antiinflammatory
therapy is currently being investigated for the treatment of PH.
A recent report by Ito and colleagues (48) has shown that
overexpression of IL-10 exerts beneficial effects against PH.
One reason for the observed favorable changes in cytokine levels
with Ang-(1-7) overexpression may be due to modulation of
intrapulmonary RAS, which is known to be a potent regulator of
cytokines and inflammation (49). However, a direct effect of
Ang-(1-7) on the immunomodulatory system may not be ruled
out. Ang-(1-7) treatment prevented the MCT-induced increase
in ACE mRNA levels, and significantly up-regulated ACE2
levels. It was unexpected to observe that ACE2 expression was
increased by the overexpression of Ang-(1-7), although a similar
increase in ACE2 expression was also observed with XNT
treatment (42). Also, cardiac-specific overexpression of Ang-(1-
7) resulted in increased ACE2 levels in the heart (unpublished
data). It is purely speculative that a positive feedback mechanism
may be responsible for this observed phenomenon.

Nevertheless, this explanation clearly warrants further eval-
uation. Lung overexpression of Ang-(1-7) did not adversely
affect the basal systemic blood pressure. Clinically, this lack of
effect on systemic blood pressure becomes more relevant
because systemic hypotension could worsen prognosis in these
patients with compromised cardiopulmonary functions (50).

Studies of Kuba and colleagues (51) demonstrated the
beneficial role of ACE2 against acute lung injury, importantly
against Severe Acute Respiratory Syndrome—corona virus in-
fections. Similarly, studies by Li and colleagues (34) showed
that ACE2 is protective but is down-regulated in experimental
and human lung fibrosis. Also, studies from our laboratory have
demonstrated that overexpression of ACE2 (41) or its activa-
tion (42) prevented the development of PH and related cardiac
pathophysiologies. The present study extends the findings of our
earlier experiments and suggests that the beneficial effects of
ACE2 overexpression/activation are most likely mediated via
generation of the Ang-(1-7) peptide, which in turn stimulates
the Mas receptor to bring about protection. Taken together,
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previous and the current studies indicate that targeting of the
pulmonary ACE2/Ang-(1-7)/Mas axis could provide novel
therapeutic strategy in the treatment of lung diseases, particu-
larly involving pulmonary fibrosis and pulmonary hypertension.
Because some of the findings suggest that ACE2 and Ang-(1-7)
mediate their protective effects by different pathways, it
appears that most effective therapeutic effect may be accom-
plished with a dual treatment regimen.

Perspectives

We have demonstrated that Angiotensin-(1-7) has a cardiopul-
monary protective role against recognized animal models of
lung fibrosis and pulmonary hypertension. Clinical trials of Ang-
(1-7) are currently underway for treating cancer patients (52),
so the use of Ang-(1-7) as a new therapy for pulmonary diseases
such as lung fibrosis/hypertension might be plausible. The
medical use of bleomycin as a tumor suppressant is limited
due to induction of PF. Thus, it is possible to have a combination
therapy with Ang-(1-7) to enhance the therapeutic efficacy of
bleomycin by preventing the pulmonary toxicity.
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