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Abstract
Early pulmonary fibrosis is the leading cause of poor prognosis in patients with acute respiratory distress syndrome (ARDS).
However, whether the renin-angiotensin system (RAS) can serve as a therapeutic target is unknown. In this study, an animal
model of early pulmonary fibrosis was established via the LPS three-hit regimen. Afterwards, the animals were treated with
intraperitoneal injections of Ang-(1-7), AVE0991, or A779 once per day for 20 days. The plasma and BALF AngII levels of
the animals were increased, while there were no significant changes in Ang-(1-7) levels in lung tissue after LPS treatment.
Furthermore, the AT1R protein levels were significantly increased and the Mas levels were significantly decreased on days
14 and 21. Administration of Ang-(1-7) downregulated LPS-induced AT1R mRNA expression, which was upregulated by
A779. The expression of Mas mRNA responded in the opposite direction relative to AT1R. Moreover, LPS caused
decreased levels of Mas and E-cadherin and increased AT1R, Vimentin, and Src phosphorylation levels. Ang-(1-7) or
AVE0991 blocked these effects but was counteracted by A779 treatment. Our findings suggested that AngII and AT1R
levels exhibit opposite dynamic trends during LPS-induced early pulmonary fibrosis, as do Ang-(1-7) and Mas. Ang-(1-7)
exerts protective effects against early pulmonary fibrosis, mainly by regulating the balance between AngII and AT1R and
between Ang-(1-7) and Mas and by inhibiting Src kinase activation.

Introduction

Acute respiratory distress syndrome (ARDS) is a kind of
acute respiratory failure that involves diffuse interstitial and
alveolar edema, exudation of inflammatory factors and
refractory hypoxemia, which are caused by various factors
[1, 2]. Recent studies have shown that early pulmonary
fibrosis is the leading cause of poor prognoses in patients
with ARDS [3, 4]. Therefore, investigating the mechanism
of pulmonary fibrosis and exploring interventions for the
early stage of this disease may improve its prognosis and
reduce mortality.

In recent years, clinical and animal experiments have
shown that the renin-angiotensin system (RAS) plays an
important role in the development of ARDS [5, 6]. The
administration of LPS induced an increase in AngII level
and a decrease in Ang-(1-7) level in animal experiments [7].
AT1R and Mas mRNA levels were significantly elevated in
a bleomycin-mediated pulmonary fibrosis animal model
[8, 9]. Importantly, AngII can promote inflammation,
fibrosis, and apoptosis by binding to its specific receptor
(angiotensin II type 1 receptor, AT1R) [10–12], while Ang-
(1-7) antagonizes the effects of AngII by binding to its
receptor Mas [13–15]. LPS administration has also been
shown to induce increased levels of AngII and cause severe
damage to endothelial cells, both of which were reversed in
the lung tissue by the use of AT1R blockers [16]. Ang-(1-7)
can reduce ARDS that induced by mechanical ventilation or
acid inhalation and can attenuate bleomycin-induced pul-
monary inflammation and extracellular matrix accumula-
tion, which are blocked by the use of the Mas receptor
antagonist A779 [13, 17].

The epithelial-mesenchymal transition (EMT) is con-
sidered to be the basis of pulmonary fibrosis [18, 19]. At
present, the EMT of alveolar epithelial type II cells is the
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key pathophysiological mechanism for the development of
pulmonary fibrosis. Studies have shown that RAS plays an
important regulatory role in EMT [20]. AngII can induce
EMT in human renal tubular epithelial cells [21] and reduce
myocardial hypertrophy and fibrosis by promoting EMT
[22]. Ang-(1-7) can inhibit AngII-mediated EMT in hepa-
tocytes [23] and high-glucose-induced EMT in renal prox-
imal tubular epithelial cells [24]. In addition, Ang-(1-7) can
suppress the metastasis of non-small-cell lung cancer by
inhibiting EMT [25].

Src kinase, a non-receptor tyrosine protein kinase, is
located in the cytoplasm and is involved in EMT and
fibrosis [26]. Src is activated in the EMT of lung cancer and
renal cancer cells [27, 28]. Src kinase inhibitors prevent the
activation of renal fibroblasts and attenuate renal fibrosis
[29]. In addition, Src kinase is involved in the anti-
inflammatory effect of Ang-(1-7) in macrophages [30].
Therefore, we speculate that Src kinase may be involved in
the anti-fibrotic effect of Ang-(1-7).

Ang-(1-7)/Mas antagonizes the effect of AngII/AT1R
and may be an effective measure for the treatment of pul-
monary fibrosis. However, the mechanism of Ang-(1-7)/
Mas against pulmonary fibrosis has not yet been elucidated.
In this study, we investigated the effects and mechanisms of
Ang-(1-7) in the process of LPS-induced early pulmonary
fibrosis.

Materials and methods

Animals and reagents

Sprague Dawley rats weighing ~200–250 g were
obtained from the Department of Laboratory Animal
Science of Shanghai Jiaotong University and all experi-
ments were performed in accordance with the protocol
approved by the Ethics Committee of Animal Research at
the College of Medicine, Shanghai Jiaotong University
(Shanghai, China). Shanghai, China. LPS (Escherichia
coli 055:B5), Ang-(1-7) and a Mas receptor agonist
(AVE0991) were purchased from Sigma-Aldrich (St.
Louis, MO, USA), and a Mas receptor blocker (A779)
was purchased from AbBiotech (San Diego, CA, USA).
Mouse anti-AT1R, rabbit anti-Vimentin, and mouse anti-
E-cadherin primary antibodies were purchased from
Abcam (Cambridge, UK). Rabbit anti-Mas primary
antibody was procured from Alomone Labs (Jerusalem,
Israel). Horseradish peroxidase-conjugated goat anti-
mouse and goat anti-rabbit secondary antibodies were
both purchased from Cell Signaling Technology
(Danvers, MA, USA). TGF-β, AngII, and Ang-(1-7)
ELISA Kits were procured from the Kamiya Biomedical
Company (Seattle, WA, USA).

Animal model

The animal model for early pulmonary fibrosis that is caused
by LPS-induced ARDS was established through a modified
version of previously published methods [31]. In brief, 36 rats
were randomly divided into 6 groups and each group of 6 rats
were anesthetized via an intraperitoneal injection of pento-
barbital (0.8%) at a dosage of 200 µL/10 g body weight and
were subjected to an oral endotracheal intubation using an
arterial puncture needle (18G). LPS (1.5mg/kg) was injected
into the lung via an endotracheal tube; afterwards, the rat was
rotated vertically in order to distribute the liquid drug within
the lung evenly. The endotracheal tube was then removed.
LPS (3mg/kg) was administered via an intraperitoneal
injection after 24 h and via an endotracheal tube after 48 h. An
equivalent amount of normal saline was used for a solvent
comparison, and the control group received nothing. The rats
were killed on the 3rd, 7th, 14th, and 21st days following the
LPS treatment. Alveolar lavage was performed before the
lung tissues were harvested.

Experimental protocols

The LPS-induced ARDS animal model was generated with
several modifications. Ang-(1-7) (600 μg/kg/d), the Mas
receptor agonist AVE0991 (600 μg/kg/d) or the Mas
receptor inhibitor A779 (600 μg/kg/d) was intraperitoneally
administered once per day for 20 days continuously. The
intervention started the next day following the LPS three-hit
treatment. Rats were killed, and the lung tissues were har-
vested on the 21st day after LPS stimulation. In brief, the
animals were randomly divided into the following groups
(n= 6 for each group): (1) the control group; (2) the LPS
group; (3) the LPS+Ang-(1-7) group; (4) the LPS+Ang-
(1-7)+A779 group; (5) the LPS+AVE0991 group; and
(6) the LPS+AVE0991+A779 group.

Pathological staining

The left lobes of lung were immersed in 4% paraf-
ormaldehyde for 24 h, dehydrated with ethanol, embedded
in paraffin, and sliced at a thickness of 3 μm. Before
immunostaining, the sections were dewaxed in xylene,
rehydrated, and washed in PBS. The sections were then
stained with either hematoxylin and eosin (HE) or Masson’s
trichrome and analyzed by light microscopy. Semi-
quantitative scoring of lung injuries for edema, inflamma-
tion and hemorrhage was performed according to previous
methods [32], and pulmonary fibrosis was assayed via the
standard Aschoff scoring method [33]. Degrees of lung
injury and pulmonary fibrosis were graded on a scale
of 0–4: 0, absent, and lung appears to be normal (−); 1,
light injury (+); 2, moderate injury ++ ); 3, strong injury
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(+++ ); and 4, intense injury (++++ ). Three sections
collected from each lung were analyzed, and analyze was
conducted by three independent observers.

ELISA

The serum and supernatants of the bronchoalveolar lavage
fluid (BALF) were collected. TGF-β, AngII, and Ang-(1-7)
levels were detected using ELISA kits according to the
manufacturer’s protocol. Absorbance was determined at
450 nm with a microplate reader (Bio-Rad Laboratory), and
concentrations were calculated from a linear standard curve.
ELISA measurements were performed in triplicate.

Western blotting

Total protein was extracted with a PER Tissue Protein
Extraction Reagent (Pierce, Rockford, IL, USA) in accor-
dance with the manufacturer’s instructions. Equivalent
amounts of the protein samples (100 μg) were separated via
gel electrophoresis on a 10% SDS-PAGE gel and trans-
ferred onto a polyvinylidene fluoride membrane (Millipore,
Billerica, MA, USA). The blots were blocked at room
temperature for 2 h with 5% bovine serum albumin (BSA).
The membranes were subsequently incubated with specific
primary antibodies (1:500 dilution for mouse anti-AT1R;
1:500 dilution for rabbit anti-Mas; 1:1000 dilution for rabbit
anti-Vimentin; 1:1000 dilution for mouse anti-E-cadherin;
1:2000 dilution for rabbit anti-Scr; and 1:1000 dilution for
rabbit anti-p-Scr) at 4 °C overnight, followed by an appro-
priate HRP-conjugated secondary antibody (1:2000 dilu-
tion) at room temperature for 2 h. Afterwards, ECL Plus
detection reagents (Pierce, Rockford, IL, USA) were used to
develop the signal. The total protein and cytoplasm levels
were normalized to β-actin and the membrane protein levels
were normalized to Na-K ATPase.

Immunohistochemical analysis

The lung tissue sections were pretreated with heat-induced
antigen retrieval for optimal immunostaining and probed
with a mouse anti-AT1R antibody (1:200 dilution) and a
rabbit anti-Mas antibody (1:100 dilution). Finally, the
sections were incubated with a peroxidase-conjugated goat-
anti-rabbit IgG and visualized via the streptavidin-biotin-
peroxidase complex system using an SABC kit (Boster,
Wuhan, China). As a negative control, the primary anti-
bodies were replaced with irrelevant immunoglobulin.

Real-time PCR

Total RNA was extracted from the lung tissue using TRIzol
Reagent (15596-018, Invitrogen, OR, USA). RNA was

reverse transcribed via the PrimeScriptTM RT Master Mix
kit (RR036A, Takara, Japan) for AT1R and Mas mRNAs,
per the manufacturer’s instructions. SYBR Green quantita-
tive RT-PCR was performed using the Applied Biosystems
7500 RT-PCR system. For each sample, the amplification
reactions were performed in triplicate. The primers were
purchased from the Bio-TNT Company (Shanghai, China).
The AT1R and Mas primers used in this study were as fol-
lows: AT1R forward, 5′-TAACAACTGCCTGAACCC
TC-3′; AT1R reverse, 5′-GCGTGCTCATTTTCGTAGA
C-3′; Mas forward, 5′-GTGTATTGACAGCGGAGAA
G-3′; Mas reverse, 5′-CGGAGTGAAGACCAAGAAG-3′;
β-actin forward, 5′-CCTCTATGCCAACACAGT-3′; β-actin
reverse, 5′-AGCCACCAATCCACACAG-3′. Relative RNA
quantification was performed via the comparative 2−ΔΔCt

methods. AT1R and Mas mRNA levels were normalized to
β-actin mRNA levels.

Statistical analysis

All of the data are presented as the mean ± standard
deviation (SD). Comparisons between the treatment groups
and the control group were performed via a one-way ana-
lysis of variance followed by Dunnett’s test. Comparisons
among multiple groups were performed via a one-way
analysis of variance followed by t-tests with the Bonferroni
correction. Statistical analyses were performed with
GraphPad Prism version 5.0 (San Diego, CA, USA). A
value of p < 0.05 was considered statistically significant.

Results

LPS induces increased pulmonary inflammation and
fibrosis in rat lung tissue

The HE staining results showed that the morphological
structure of the lung tissue was normal in the control
group and that there was little structural damage in the
saline group. On the third day after the LPS three-hit
regimen, however, the alveolar walls were slightly
widened, with severe hyperemia and edema, and inflam-
matory cells had leaked into the alveolar cavities in the rat
lung tissue. Thickened alveolar septa, severe hemorrhage,
and exudation occurred in the alveolar cavities and
interstitial space, and a large number of inflammatory
cells had infiltrated on the 7th day. As of the 14th and 21st
days, the inflammatory response had decreased, and the
alveolar structure had been destroyed (Fig. 1a). Compared
to the control group, the LPS-treated rats had significantly
increased lung injury scores on the 3rd and 7th days
(p < 0.05). The lung injury scores were gradually reduced
on the 14th and 21st days in the LPS-treated rats, but they
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were still statistically higher than those in the control
group (p < 0.05). (Fig. 1b).

The Masson staining results indicated that a small
quantity of blue-stained collagen fibers, the main compo-
nents of the extracellular matrix, was observed in the con-
trol group. There was no significant change in the lung
tissue of the saline group. A few collagen fibers appeared in
the lung tissue on the third day after the LPS treatment. The
quantity of collagen fibers significantly increased and was
concentrated around the vessels and bronchus on the 7th
day. The quantity of blue-stained collagen fibers increased,
and fibrosis was gradually aggravated over time. A large
quantity of collagen fibers was deposited, and typical pul-
monary fibrosis formed on the 21st day (Fig. 1c). Similarly,
the fibrosis scores showed a progressive increase in the
development of LPS-induced early pulmonary fibrosis
(Fig. 1d).

The BALF and plasma levels of TGF-β, AngII, and
Ang-(1-7) in the development of early pulmonary
fibrosis

The ELISA results showed that LPS induced a significant
gradual increase in plasma TGF-β levels. The BALF TGF-
β levels increased on the 3rd and 7th days and then

decreased on the 14th and 21st days, but they were still
significantly higher than those of the control group (p <
0.05; Fig. 2a, b). The plasma levels of AngII slightly
increased on the third day, while the BALF levels of AngII
significantly increased after the LPS treatment (p < 0.05;
Fig. 2c, d). There was no significant difference in the
plasma levels of Ang-(1-7) between the LPS group and the
control group, and the BALF Ang-(1-7) levels increased
slightly on the 21st day group alone (p < 0.05; Fig. 2e, f).
These results indicated that the balance between AngII and
Ang-(1-7) in the plasma and the local lung tissue is
destroyed during the development of early pulmonary
fibrosis.

The expression of AT1R and Mas protein in the lung
tissue during the development of early pulmonary
fibrosis

The western blot results showed that the expression of
AT1R protein was increased, while the expression of Mas
protein was significantly decreased, in LPS-treated rat lung
tissue on the 14th and 21st days (p < 0.05 vs control;
Fig. 3a, b). Immunohistochemical staining exhibited the
same results (Fig. 3c, d). These results indicated that AT1R
and Mas protein expression levels followed opposing trend

Fig. 1 Pathological changes in rat lung tissue in the development of
early pulmonary fibrosis. Representative photographs of the lung tis-
sues with HE staining (a) and Masson staining (c) in an animal model
of early pulmonary fibrosis (original magnification: × 20).

Morphological changes in the lung section were examined semi-
quantitatively using the lung injury score (b) and the Ashcroft score
(d). The data are expressed as the mean ± SD from at least three
replicate experiments. *P < 0.05 versus the control group
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during the development of LPS-induced early pulmonary
fibrosis.

The effects of Ang-(1-7) and Mas receptor agonists
and inhibitors on lung injury and early pulmonary
fibrosis

HE staining of the lung tissue showed that the LPS treat-
ment resulted in the infiltration of inflammatory cells,
thickening and rupture of the alveolar wall and damage of
the alveolar structure, and the lung injury score of the LPS
group was significantly higher than that of the control group
(p < 0.05). The LPS-induced lung injury score was sig-
nificantly improved by Ang-(1-7) or AVE0991 treatment,
and the lung injury score was also lower than that of the
LPS group (p < 0.05). However, the Mas receptor antago-
nist A779 blocked the protective effects of Ang-(1-7) and
AVE0991; the lung injury was significantly aggravated, and
the lung injury score was also significantly higher compared
with the LPS+Ang-(1-7) or LPS+AVE0991 groups (p <
0.05; Fig. 4a, b).

Masson staining showed that LPS increased the
deposition of collagen fibers in the lung tissue and caused

pulmonary fibrosis, resulting in the fibrosis score of the
LPS group to be much higher than that of the control
group (p < 0.05). Ang-(1-7) or AVE0991 treatment sig-
nificantly reduced the deposition of collagen fibers, and
the fibrosis score was significantly lower than that of the
LPS group (p < 0.05). A779 treatment blocked the pro-
tective effects of Ang-(1-7) and AVE0991, and the
deposition of collagen fibers in the lung tissue, along with
the fibrosis score, was significantly increased (p < 0.05;
Fig. 4c, d).

These results indicated that Ang-(1-7) or AVE0991 can
reverse LPS-induced pulmonary inflammation and fibrosis.
A779 can antagonize the effects of Ang-(1-7) and
AVE0991, thus resulting in an increased degree of inflam-
mation and fibrosis in the local lung tissue.

Effects of Ang-(1-7) and Mas receptor agonists and
inhibitors on the plasma and BALF levels of TGF-β,
AngII, and Ang-(1-7) in LPS-induced early
pulmonary fibrosis rats

LPS induced an increase in the plasma and BALF TGF-β
levels, and the plasma TGF-β levels were significantly

Fig. 2 The BALF and plasma
levels of TGF-β, AngII and
Ang-(1-7) in the development of
early pulmonary fibrosis. The
TGF-β levels in plasma (a) and
BALF (b) were significantly
increased after LPS treatment.
LPS treatment caused a
significant increase in AngII
levels in BALF (c), while the
AngII levels in plasma (d) were
increased only on day 3. The
Ang-(1-7) levels in BALF (e)
were increased on day 21 after
LPS treatment, while the Ang-
(1-7) levels in plasma (f) had no
obvious changes. The data are
represented as the mean ± SD
from at least three replicate
experiments. *P < 0.05 versus
the control group
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higher than those of the control group (p < 0.05). Ang-(1-7)
or AVE0991 treatment reduced the BALF TGF-β levels
slightly (p > 0.05), while the plasma TGF-β levels were

decreased significantly more (p < 0.05). A779 treatment
blocked the effects of Ang-(1-7) and AVE0991, and
increased the BALF levels of TGF-β significantly (p < 0.05;
Fig. 5a, b). LPS also upregulated the AngII levels, while
Ang-(1-7) treatment blocked the increase of AngII level in
BALF, and AVE0991 reversed the increase of AngII level in
plasma and BALF. Furthermore, A779 treatment reversed the
effect of LPS+Ang-(1-7) in BALF significantly (p < 0.05;
Fig. 5c, d). Exogenous Ang-(1-7) treatment contributed to the
increases in plasma Ang-(1-7) levels significantly (p < 0.05)
and increases BALF Ang-(1-7) levels slightly (p > 0.05).
However, A779 treatment decreased the plasma and BALF
Ang-(1-7) levels and as compared with LPS+Ang-(1-7)
group, the difference was not statistically significant (p >
0.05; Fig. 5e, f).

These results indicated that LPS led to an imbalance of
systemic and local AngII and Ang-(1-7) levels. Either Ang-
(1-7) or AVE0991 treatment was able to restore this bal-
ance, and these effects were again blocked by the Mas
inhibitor A779.

The effects of Ang-(1-7) and Mas receptor agonists
and inhibitors on the expression of E-cadherin,
Vimentin, AT1R and Mas in the lung tissue of LPS-
induced early pulmonary fibrosis rats

The western blot data showed that the LPS treatment
downregulated the expression of E-cadherin levels and
upregulated the levels of Vimentin protein in the lung tissue
(p < 0.05, vs control). Ang-(1-7) or AVE0991 treatment
significantly reversed the decrease in E-cadherin levels and
the increase in Vimentin levels (p < 0.05). However, A779
treatment blocked the effects of Ang-(1-7) and AVE0991,
and the expression of E-cadherin protein was decreased,
while the Vimentin protein levels were increased (p < 0.05;
Fig. 6a–c). These results indicated that LPS induced
epithelial-mesenchymal transition in the lung tissue, and
Ang-(1-7) or AVE0991 treatment inhibited the process,
while A779 treatment blocked the effects of Ang-(1-7) and
AVE0991.

There was no significant difference in AT1R mRNA
expression levels between the LPS and control groups.

Fig. 3 AT1R and Mas protein levels in the lung tissue in the devel-
opment of early pulmonary fibrosis. LPS induced a significant increase
in AT1R protein levels and a significant decrease in Mas protein
levels. The expression levels of AT1R and Mas protein in the lung
tissue in an animal model of early pulmonary fibrosis were detected by
western blotting (a–c). Furthermore, the expression levels of AT1R (d)
and Mas (e) proteins in the lung tissue in an animal model of early
pulmonary fibrosis were detected via immunohistochemical analysis.
AT1R or Mas protein was dyed brown, while blue represented
nucleus. All of the data are expressed as the mean ± SD from at least
three replicate experiments. *P < 0.05 versus the control group
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Ang-(1-7) or AVE0991 treatment decreased AT1R mRNA
expression levels (p < 0.05), while A779 treatment blocked
the effects of Ang-(1-7), thus resulting in increased AT1R
mRNA levels (p < 0.05). LPS induced a decrease in Mas
mRNA levels, but there was no significant difference
between the LPS and control groups. Ang-(1-7) treatment
significantly increased Mas mRNA expression levels (p <
0.05), while A779 treatment reversed this increase (p <
0.05). AVE0991 treatment did not affect Mas expression
levels (Fig. 6d, e). These results indicated that Ang-(1-7)
decreased AT1R mRNA expression levels and increased
Mas mRNA expression levels, while A779 blocked the
effects of Ang-(1-7).

The total AT1R protein levels were increased in the LPS
group compared with the control group. Ang-(1-7) or
AVE0991 treatment decreased total AT1R protein levels,
and A779 treatment antagonized the effect of Ang-(1-7; p <
0.05). The total Mas protein levels also significantly
increased in the LPS-treated lung tissue, which was
decreased by Ang-(1-7) treatment and increased by A779
treatment (p < 0.05; Fig. 6e–g).

The effects of Ang-(1-7) and Mas receptor agonists
and inhibitors on the levels of AT1R and Mas in the
cell membranes and cytoplasm of the lung tissue in
the LPS-induced early pulmonary fibrosis rat models

For further investigation, we measured the expression levels
of AT1R and Mas protein in the membrane and cytoplasm.
LPS slightly increased the expression levels of AT1R pro-
tein in the membrane (p > 0.05). However, the LPS-induced
AT1R protein levels of the membrane were downregulated
by Ang-(1-7) treatment, which were then increased by A779
treatment. Interestingly, there was no significant difference
in the AT1R expression levels in the cytoplasm between the
LPS and control groups, and Ang-(1-7) treatment did not
affect the AT1R expression levels in the cytoplasm (Fig. 7a,
c, e). In addition, compared with the control group, there
was no significant difference in the Mas expression levels of
the membranes in the LPS group, while Ang-(1-7) treatment
induced a significantly increased expression of membrane
Mas protein levels (p < 0.05). LPS upregulated the expres-
sion levels of Mas protein in the cytoplasm, which was

Fig. 4 The effects of Ang-(1-7) and Mas receptor agonists and inhi-
bitors on lung injury and early pulmonary fibrosis. Representative
photomicrographs of the lung tissues with HE staining (a) and Masson
staining (c) in Ang-(1-7), A779, or AVE0991 intervention groups.
Morphological changes in the lung section were examined

semiquantitatively using the lung injury score (b) and the Ashcroft
score (d). All of the data are expressed as the mean ± SD from three
replicate experiments. *P < 0.05 versus the control group; #P < 0.05
versus the LPS group; $P < 0.05 versus the LPS+Ang-(1-7) or LPS
+AVE0991 groups
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blocked by Ang-(1-7) treatment. A779 treatment restored the
Mas protein levels of the cytoplasm (p < 0.05; Fig. 7b, d, f).
There was no significant difference in AT1R and Mas protein
expression levels between the LPS+AVE0991 and LPS
groups.

These results indicated that LPS induced increased
AT1R and decreased the Mas protein ratio of the membrane
and cytoplasm, which were reversed by Ang-(1-7). A779
antagonized the effect of Ang-(1-7). AVE0991 did not
affect LPS-induced AT1R and Mas protein expression,

Fig. 5 The effects of Ang-(1-7)
and Mas receptor agonists and
inhibitors on the plasma and
BALF levels of TGF-β, AngII,
and Ang-(1-7) in rats with LPS-
induced early pulmonary fibrosis
in rats. The TGF-β levels in
plasma (a) and BALF (b) were
significantly decreased after
Ang-(1-7) or AVE0991
treatment and restored by A779
treatment. Ang-(1-7) or
AVE0991 treatment caused a
significant decrease in plasma
and BALF AngII levels,
whereas these effects were
abolished by A779
administration (c, d). The Ang-
(1-7) levels in plasma (e) and
BALF (f) were significantly
increased after Ang-(1-7)
treatment, which were restored
by A779 treatment. The data are
represented as the mean ± SD
from at least three replicate
experiments. *P < 0.05 versus
the control group; #P < 0.05
versus the LPS group; $P < 0.05
versus the LPS+Ang-(1-7) or
LPS+AVE0991 groups
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Fig. 6 The effects of Ang-(1-7)
and Mas receptor agonists and
inhibitors on the expression
levels of E-cadherin, Vimentin,
AT1R and Mas in the lung tissue
of rats with LPS-induced early
pulmonary fibrosis. The
expression levels of E-cadherin
and Vimentin proteins in the
lung tissue in the Ang-(1-7),
A779, or AVE0991 intervention
groups in an animal model of
early pulmonary fibrosis were
detected via western blotting
(Fig. 6a–c). The expression
levels of AT1R mRNA and
protein, as well as Mas mRNA
and protein, in the lung tissue in
Ang-(1-7), A779, or AVE0991
intervention groups in an animal
model of early pulmonary
fibrosis were quantitatively
analyzed using real-time PCR
(Fig. 6d, e) and western blotting
(Fig. 6f, g). The data are
represented as the mean ± SD
from six replicate experiments.
*P < 0.05 versus the control
group; #P < 0.05 versus the LPS
group; $P < 0.05 versus the LPS
+Ang-(1-7) or LPS+
AVE0991 group
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Fig. 7 The effects of Ang-(1-7)
and Mas receptor agonists and
inhibitors on the AT1R and Mas
proteins in the membranes and
cytoplasm of the lung tissue in
rats with LPS-induced early
pulmonary fibrosis. The
expression levels of AT1R and
Mas proteins of the membranes
and cytoplasm in the lung tissue
in Ang-(1-7), A779, or AVE0991
intervention groups in an animal
model of early pulmonary
fibrosis were detected via
western blotting (Fig. 7a–h). The
expression levels of AT1R and
Mas proteins in the membrane
(a) and cytoplasm (b)
respectively, and the membrane
protein levels were normalized to
Na-K ATPase and cytoplasm
protein were normalized to β-
actin. All of the data are
expressed as the mean ± SD from
at least three replicate
experiments. *P < 0.05 versus
the control group; #P < 0.05
versus the LPS group; $P < 0.05
versus the LPS+Ang-(1-7) or
LPS+AVE0991 groups
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regardless of whether this expression was in the membrane
or cytoplasm.

The effects of Ang-(1-7) and Mas receptor agonists
and inhibitors on the phosphorylation of Src kinase
in the lung tissue of LPS-induced early pulmonary
fibrosis in rats

The western blot results showed that LPS induced an
increased phosphorylation of Src kinase. Ang-(1-7) or
AVE0991 treatment significantly inhibited the LPS-induced
phosphorylation of Src kinase (p < 0.05); however, A779
treatment blocked the effects of Ang-(1-7) and AVE0991,
and the phosphorylation of Src kinase was significantly
increased (p < 0.05; Fig. 8). These results indicated that Src
kinase is activated in LPS-induced ARDS and that Src
kinase may be involved in the role of Ang-(1-7).

Discussion

Sepsis is an important factor in ARDS, which is one of the
most common diseases in the intensive care unit (ICU) [34].
In previous animal studies, bleomycin or LPS alone was
used to establish a chronic pulmonary fibrosis model
[35, 36]. However, the LPS three-hit method was used to
induce early pulmonary fibrosis following ARDS [31]. In
the present study, the HE and Masson staining results
showed that the inflammation response and pulmonary
fibrosis significantly increased in an LPS-induced early
pulmonary fibrosis animal model and that the lung injury
and fibrosis scores in the LPS group were significantly
higher than those of the control group. Therefore, our
results demonstrated that LPS causes significant lung injury
and early pulmonary fibrosis.

TGF-β can promote the pulmonary epithelial to
mesenchymal transition and plays an important role in the
process of pulmonary fibrosis [37–39]. In this study, LPS
induced increased plasma TGF-β levels in the development
of early pulmonary fibrosis, while BALF TGF-β levels
increased on days 3 and 7, after which these levels declined
on days 14 and 21. Interestingly, plasma TGF-β levels were
significantly higher than those of BALF. It may be that
plasma TGF-β, but not local TGF-β, plays an important role
in the development of early pulmonary fibrosis.

EMT plays an important role in pulmonary fibrosis,
which is further aggravated through the increased collagen
fibers that are secreted by myofibroblasts [40]. Yttria has
been shown to promote EMT, thus leading to pulmonary
fibrosis in a model of rat pulmonary fibrosis induced by
cerium oxide [41]. miR-221 has been shown to inhibit
bleomycin-induced pulmonary fibrosis by regulating TGF-
β1/Smad3-mediated EMT [42]. In this study, LPS decreased
the expression of the epithelial marker E-cadherin and
increased the expression of the interstitial marker Vimentin,
thus indicating that LPS induced EMT in lung tissue.

The RAS, an important part of the neuroendocrine sys-
tem, not only regulates blood pressure, water, and electro-
lyte balance but also plays an extremely important role in
the regulation of inflammation and fibrosis [43]. Two major
axis systems (ACE/AngII/AT1R and ACE2/Ang-(1-7)/
Mas) compose the RAS and play opposing biological roles
[44]. The former system promotes inflammation, fibrosis
and vasoconstriction, while the latter system inhibits
inflammation and fibrosis [45]. The balance of these two
axes maintains the steady state of the body, and an imbal-
ance leads to the development of disease [46]. Our results
showed that LPS significantly increased AngII levels and
slightly increased Ang-(1-7) levels in BALF, thus indicating
that the balance of AngII and Ang-(1-7) was disrupted in

Fig. 8 The effects of Ang-(1-7) and Mas receptor agonists and inhi-
bitors on the phosphorylation of Src kinase in the lung tissue of rats
with LPS-induced early pulmonary fibrosis. The expression levels of
Src kinase phosphorylation in the lung tissue in the Ang-(1-7), A779,
or AVE0991 intervention groups in an animal model of early pul-
monary fibrosis were detected via western blotting. All of the data are
expressed as the mean ± SD from six replicate experiments. *P < 0.05

versus the control group; #P < 0.05 versus the LPS group; $P < 0.05
versus the LPS+Ang-(1-7) or LPS+AVE0991 groups. Ang-(1-7)
inhibits LPS-induced early pulmonary fibrosis by binding to the Mas
receptor, and these effects of Ang-(1-7) are related to RAS activity in
local lung tissues. The mechanism may primarily act to restore the
balance of local AngII/AT1R and Ang-(1-7)/Mas expression and to
block the activation of the Src signaling pathway
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the process of LPS-induced pulmonary fibrosis. In addition,
we found the increase of AngII and Ang-(1-7) levels in
BALF are more significant than that of plasma, which may
be due to that the plasma AngII level reflects the state of
whole body while the BALF AngII level indicates a state of
the local lung tissue. The western blot and immunohis-
tochemistry results showed that AT1R protein expression
gradually increased, while Mas protein expression gradually
decreased, in the lung tissue in the development of early
pulmonary fibrosis. Importantly, we also found that LPS
increased AT1R and Mas protein expression, but had no
effect on its mRNA levels, which may be ascribe to the
post-transcriptional mechanism of AT1R and Mas expres-
sion. Therefore, we conclude that LPS activates AngII/
AT1R and inhibits Ang-(1-7)/Mas in local lung tissues,
which may be closely related to the occurrence and pro-
gression of early pulmonary fibrosis.

AngII/AT1R and Ang-(1-7)/Mas are reciprocal, antag-
onistic axes of the RAS, and the imbalance of these axes has
an important impact on the occurrence and progression of
early pulmonary fibrosis [9]. Previous studies have found that
Ang-(1-7) can reduce AT1R mRNA and protein expression
levels and increase Mas mRNA expression levels in a
bleomycin-induced animal model of pulmonary fibrosis
[8, 9, 17]. In addition, A779 has been shown to antagonize
the effects of Ang-(1-7) in acid aspiration-induced lung
injury [13], and AVE0991 has been shown to exert a similar
protective effect as Ang-(1-7) and elevate the levels of AT1R
and Mas proteins in an ovalbumin-induced asthma animal
model [47]. Our study showed that Ang-(1-7) increased the
expression levels of E-cadherin, reduced the expression
levels of Vimentin and TGF-β and mitigated lung injury and
pulmonary fibrosis. Ang-(1-7) also decreased AngII levels
and increased Ang-(1-7) levels in the plasma and BALF,
decreased AT1R mRNA expression levels and increased Mas
mRNA levels in the lung tissue in LPS-induced rat model.
AVE0991, a non-peptide analog of Ang-(1-7), plays a similar
role in the process of early pulmonary fibrosis. However, the
Mas receptor antagonist A779 can block the effects of Ang-
(1-7) and AVE0991 and decrease the expression of E-cad-
herin, as well as increase the levels of Vimentin and TGF-β,
thus aggravating inflammation and fibrosis. These results
indicate that Ang-(1-7) exerts a pulmonary protective effect
by binding to the Mas receptor.

Interestingly, our experimental results showed that
Ang-(1-7) reduced AT1R mRNA levels and elevated Mas
mRNA levels, which were blocked by A779 and then
reversed by AVE0991. However, AT1R and Mas protein
expression levels were more complicated. LPS induced an
increased expression of AT1R and Mas protein levels,
which were significantly decreased by Ang-(1-7) and
significantly increased by A779 co-administration. After-
wards, we investigated the expression levels of AT1R and

Mas proteins in the membrane and cytoplasm, respec-
tively. LPS increased the levels of membrane AT1R pro-
tein, which were decreased by Ang-(1-7) and increased
again by A779 treatment. AT1R protein expression levels
in the cytoplasm did not significantly change. Mas protein
expression levels in the membrane were not significantly
changed after LPS treatment but were increased by Ang-
(1-7). The Mas protein levels in the cytoplasm were
increased by LPS, decreased by Ang-(1- 7) treatment and
increased again by A779. The ratio of Mas protein in the
membrane and cytoplasm was decreased by LPS,
increased by Ang-(1-7), and decreased again by A779.
These results indicated that Ang-(1-7) reduced AT1R
levels in the cell membrane, while Mas levels were
increased, AT1R levels in the cytoplasm remained
unchanged and Mas levels were decreased, thus indicating
that Ang-(1-7) may act through agonistic effects on Mas. It
reduces the transport of AT1R to the cell membrane and
promotes the transport of Mas to the cell membrane, while
AVE0991 may directly act as an agonist.

LPS increased AT1R and Mas protein levels, and the
biological effects of AT1R protein in the membrane
increased and the Mas protein levels decreased. Ang-(1-7)
induced a decrease in the total levels of AT1R and Mas
proteins but reduced the levels of AT1R and Mas proteins
in the membrane, which were eliminated by A779. In
addition, A779 promoted the synthesis of Mas protein,
which may be due to the combination of A779 and Mas
receptors affecting Mas expression by some related signal
pathways.

In addition, we found that the phosphorylation of Src
kinase was induced by LPS, decreased by Ang-(1-7) and
increased by A779. This suggests that Ang-(1-7) may
inhibit the phosphorylation of Src kinase by binding to the
Mas receptor, thereby inhibiting the occurrence and pro-
gression of early pulmonary fibrosis.

Src kinase is involved in signal transduction and is
activated by extracellular factors, such as TGF-β1, AngII,
epidermal growth factor (EGF), and the extracellular
matrix (ECM) [26]. Activated Src kinase can induce the
phosphorylation of signal transducers and activators of
transcription 3 (STAT3), protein kinase B (PKB/Akt), and
epidermal growth factor receptor (EGFR) signaling pro-
teins, and can also promote the TGF-β1-mediated acti-
vation of Smad3, thereby promoting EMT and the
metastasis of tumor cells and tissue fibrosis [29]. We
found that LPS increased the phosphorylation levels of
Src kinase and that the phosphorylation levels were
decreased by Ang-(1-7) and increased by A779. This
suggests that Ang-(1-7) may inhibit the phosphorylation
of Src kinase by binding to the Mas receptor, thereby
inhibiting the occurrence and progression of early pul-
monary fibrosis after ARDS.
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In summary, Ang-(1-7) inhibits LPS-induced early pul-
monary fibrosis by binding to the Mas receptor, and these
effects of Ang-(1-7) are related to RAS activity in local lung
tissues. The mechanism may primarily act to restore the
balance of local AngII/AT1R and Ang-(1-7)/Mas expres-
sion and to block the activation of the Src signaling
pathway.
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