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Abstract

Reactive oxygen species (ROS) generated by NADPH oxidase-4 (NOX4) have been shown to initiate lung
fibrosis. The migration of lung fibroblasts to the injured area is a crucial early step in lung fibrosis. The
angiotensin-converting enzyme 2 (ACE2)/angiotensin (1–7) [Ang(1–7)]/Mas axis, which counteracts the ACE/
angiotensin II (AngII)/angiotensin II type 1 receptor (AT1R) axis, has been shown to attenuate pulmonary
fibrosis. Nevertheless, the exact molecular mechanism remains unclear. Aims: To investigate the different
effects of the two axes of the renin-angiotensin system (RAS) on lung fibroblast migration and extracellular
matrix accumulation by regulating the NOX4-derived ROS-mediated RhoA/Rho kinase (Rock) pathway.
Results: In vitro, AngII significantly increased the NOX4 level and ROS production in lung fibroblasts, which
stimulated cell migration and a-collagen I synthesis through the RhoA/Rock pathway. These effects were
attenuated by N-acetylcysteine (NAC), diphenylene iodonium, and NOX4 RNA interference. Moreover,
Ang(1–7) and lentivirus-mediated ACE2 (lentiACE2) suppressed AngII-induced migration and a-collagen I
synthesis by inhibiting the NOX4-derived ROS-mediated RhoA/Rock pathway. However, Ang(1–7) alone
exerted analogous effects on AngII. In vivo, constant infusion with Ang(1–7) or intratracheal instillation with
lenti-ACE2 shifted the RAS balance toward the ACE2/Ang(1–7)/Mas axis, alleviated bleomycin-induced lung
fibrosis, and inhibited the RhoA/Rock pathway by reducing NOX4-derived ROS. Innovation: This study
suggests that the ACE2/Ang(1–7)/Mas axis may be targeted by novel pharmacological antioxidant strategies to
treat lung fibrosis induced by AngII-mediated ROS. Conclusion: The ACE2/Ang(1–7)/Mas axis protects
against lung fibroblast migration and lung fibrosis by inhibiting the NOX4-derived ROS-mediated RhoA/Rock
pathway. Antioxid. Redox Signal. 22, 241–258.

Introduction

Pulmonary fibrosis is a frequent response to lung injuries
(45). Lung fibroblasts play a key role in the initiation and

progression of pulmonary fibrosis via the proliferation, mi-
gration, and synthesis of extracellular matrix (ECM) compo-
nents (14, 43). Pulmonary fibroblast migration is essential for
fibrosis, because these cells migrate to wounded areas, accu-
mulate, and then secrete ECM proteins (43, 44). Hence, inhi-

bition of pulmonary fibroblast migration to the wounded area
may be a promising treatment for pulmonary fibrosis.

Recently, much research has focused on the effects of
oxidative stress on the pathogenesis of pulmonary fibrosis
(10, 15, 20). Oxidative stress is defined as an imbalance be-
tween the generation of reactive oxygen species (ROS) in
excess of the capacity of cells/tissues to detoxify or scavenge
these molecules. ROS generation plays a relevant role in lung
fibrosis, and recent studies suggest that NADPH oxidases
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(NOXs) are key sources of ROS in the fibrotic lung (7, 27).
NOXs include seven members, which have been identified as
NOX1-5 and Duox-1 and- 2. Each NOX catalyzes the re-
duction of molecular oxygen (O2) to superoxide (O2

- ) (6).
Various NOX homologs expressed in different pulmonary cell
types contribute to lung fibrosis (16). In recent years, the key
roles of NOXs (specifically NOX4) in mediating fibroblast
functions during the lung fibrosis process have been stressed.
Specifically, the mRNA level of nonphagocytic NOX4 was
highest among NADPH family isoforms in lung fibroblasts
isolated from human lung tissue with idiopathic pulmonary
fibrosis (IPF) (1) or stimulated with transforming growth
factor b (TGFb) (17). Furthermore, NOX4-dependent gener-
ation of ROS (especially hydrogen peroxide [H2O2]) was
found to be required for TGFb-induced ECM generation and
platelet-derived growth factor (PDGF)-induced migration of
lung fibroblasts (1, 17); however, deficiencies in NOX4 or N-
acetylcysteine (NAC), a scavenger of ROS, protected against
bleomycin (BLM)-induced pulmonary fibrosis (17, 40) and
PDGF-induced lung fibroblast migration (1). Hence, NOX4 is
a promising target for the treatment of lung fibrosis.

In addition, recent studies have shown that ROS caused the
activation of RhoA (21), the small GTPase that regulates cell
migration (17) and a-collagen I secretion (21). Furthermore,
NOX-derived ROS generation led to vascular smooth muscle
cell (VSMC) migration by upregulating the RhoA/Rho ki-
nase (Rock) pathway (26, 31). However, it remains unclear
whether RhoA is activated by NOX4-derived ROS in the
initiation of lung fibroblast migration.

A growing body of evidence indicates that angiotensin II
(AngII), a key bioactive peptide of the renin-angiotensin
system (RAS) that is generated from angiotensin I (AngI) by
angiotensin-converting enzyme (ACE), is an important pro-
fibrotic mediator which induces normal lung fibroblast mi-
gration (20) and collagen synthesis (28, 36) by binding to the
AngII type 1 receptor (AT1R). Recently, the activation of the
NOX-dependent generation of superoxide induced by AngII
has emerged as a critical pathogenic factor in the development
of pulmonary fibrosis (53). However, the majority of studies
have primarily focused on the ECM deposition initiated by
AngII-induced oxidative stress during the lung fibrosis pro-
cess (53), and the role of AngII-induced NOX-derived ROS in
lung fibroblast migration has not been reported. In VSMCs,
aldosterone/AngII stimulated cell migration by increasing the

NOX-derived generation of ROS, which subsequently upre-
gulated the RhoA/Rock pathway (31). Thus, we hypothesized
that AngII induces pulmonary fibroblast migration via the
NOX4-derived ROS-mediated RhoA/Rock pathway.

In contrast, ACE2, a homolog of ACE, is a recently dis-
covered enzyme that catalyzes angiotensin II into angioten-
sin(1–7) [Ang(1–7)]. The ACE2/Ang(1–7)/Mas axis, which
consists of new RAS components that counter-regulate the
ACE/AngII/AT1R axis, protects against lung fibrosis. Treat-
ment with Ang(1–7) or ACE2 improved BLM-induced lung
fibrosis (38, 41), whereas ACE2 depletion exacerbated col-
lagen deposition in mice (38). Nevertheless, the exact mo-
lecular mechanism by which the ACE2/Ang(1–7)/Mas axis
protects against lung fibrosis remains incompletely under-
stood. The effects of ACE2/Ang(1–7) on AngII-induced lung
fibroblast migration remain unclear. Interestingly, emerging
evidence suggests that ACE2 (11, 51, 59) and Ang(1–7) (19,
32) possess antioxidant effects which protect against injuries
induced by NOX-mediated oxidative stress in the kidney (32),
the brain (10, 19, 51), and the cardiovascular system (59). A
potential mechanism is that ACE2 catalyzes the conversion of
AngII into Ang(1–7), leading to the attenuation of oxidative
stress. Furthermore, Ang(1–7) blocked AngII-stimulated
Rock phosphorylation through Mas receptor activation in rat
hearts in vivo (13) and inhibited AngII-induced VSMC mi-
gration (55). ACE2 overexpression significantly attenuated
AngII-induced migration in VSMCs via the downregulation
of AngII-induced ROS-NF-jB signaling pathways (54). A
reduction in ACE2 expression in pulmonary artery smooth
muscle cells by RNA interference significantly enhanced cell
migration induced by hypoxia (56). Therefore, we hypothe-
sized that the ACE2/Ang(1–7)/Mas axis protects against lung
fibroblast migration and ECM accumulation by suppressing
the NOX4-derived ROS-mediated RhoA/Rock pathway.

To test the hypothesis that the ACE2/Ang(1–7)/Mas axis
antagonizes the ACE/AngII/AT1R axis-mediated patho-
physiological activation of processes leading to lung fibrosis,
we investigated the different effects of the two RAS axes on
lung fibroblast migration and ECM accumulation by regu-
lating the NOX4/ROS/RhoA/Rock pathway. For the first
time, we demonstrated that AngII induced lung fibroblast
migration and a-collagen I synthesis by upregulating the
NOX4/ROS/RhoA/Rock pathway. In contrast, Ang(1–7) and
ACE2 overexpression prevented AngII-induced lung fibro-
blast migration and BLM-induced lung fibrosis by inhibiting
the NOX4/ROS/RhoA/Rock pathway.

Results

AngII induced migration and a-collagen I synthesis

in lung fibroblasts

We examined the effect of AngII (10- 9–10 - 5 M) on rat
primary lung fibroblast migration and a-collagen I synthesis.
As Figure 1 shows, AngII increased lung fibroblast migration
and a-collagen I and a-smooth actin (a-sma) production, and
these effects peaked at 10 - 7 mM of AngII (Fig. 1A–C).

AngII increased NOX4 expression and ROS

generation in lung fibroblasts

To determine the NOX isoform changes in rat lung fibro-
blasts stimulated with AngII, we measured NOX protein and

Innovation

The angiotensin-converting enzyme 2 (ACE2)/Ang(1–7)/
Mas axis, which counteracts the activity of the ACE/AngII/
AT1R axis, has been shown to protect against pulmonary
fibrosis. Nevertheless, the exact molecular mechanism re-
mains unclear. For the first time, we have demonstrated that
AngII induces lung fibroblast migration and a-collagen I
synthesis by upregulating the NADPH oxidase-4 (NOX4)-
derived, ROS-mediated RhoA/Rock pathway. Ang(1–7)
and lentiACE2 prevented AngII-induced lung fibroblast
migration and bleomycin-induced lung fibrosis by inhibiting
the NOX4-derived, ROS-mediated RhoA/Rock pathway.
This study suggests that the ACE2/Ang(1–7)/Mas axis
should be targeted in novel pharmacological antioxidant
strategies for lung fibrosis induced byAngII-mediated ROS.
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mRNA levels. The gene or protein level of the nonphagocytic
NOX4 was significantly upregulated in lung fibroblasts
treated with AngII (10- 9–10 - 5 M); however, the gene or
protein level of other NOX isoforms (phagocytic NOX2,
nonphagocytic NOX1 and NOX5) was slightly increased,

and the difference was not statistically significant (Fig. 1D–G
and Supplementary Fig. S1A; Supplementary Data are
available online at www.liebertpub.com/ars). Rac1 is a cy-
tosolic subunit that is essential for activating NOX isoforms.
The role of Rac1 in AngII-induced NOX4 activation in lung

FIG. 1. AngII induced migration, a-collagen I synthesis, and ROS production in lung fibroblasts. Serum-deprived
fibroblasts were incubated with varying concentrations of AngII (10- 9, 10- 7, and 10- 5 M) for 12 h (for migration) or 24 h. (A)
Cell migration assays were performed using Corning cell culture inserts. Representative photomicrographs of lung fibroblasts
subjected to crystal violet staining. (B) Measurement of the migrated cell counts. (C) Western blot analysis of a-sma and a-
collagen I proteins. (D–G) Western blot analysis of NOXs (NOX1, 2, 4, and 5) protein. (H) Representative photomicrographs
of cells subjected to DCF-DA treatment. (I) Measurement of DCF-DA fluorescence intensity. (J) Dual immunofluorescence
for NOX4 (green) and a-sma (red). Nuclei are stained with DAPI (blue). Images are representative of three separate exper-
iments. Data are the means–SD of three independent experiments. Scale bar= 200lm. *p< 0.05 versus control. a-sma, a-
smooth actin; DCF-DA, 2,7-dichlorofluorescein diacetate; NOX, NADPH oxidase; ROS, reactive oxygen species.
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fibroblasts remains unknown. A glutathione S-transferase (GST)
pull-down assay showed that AngII treatment increased ac-
tive Rac1 protein levels in lung fibroblasts (Supplementary
Fig. S1B). Coimmunoprecipitation assay suggested that
interactions between NOX4 and Rac1 were significantly
enhanced in lung fibroblasts after AngII stimulation (Sup-
plementary Fig. S1C). Furthermore, the Rac1 inhibitor Ehop
significantly reduced AngII-induced protein levels of NOX4
and a-collagen I. Hence, Rac1 plays a key role in AngII-
induced NOX4 activation and the consequent a-collagen I
synthesis. In addition, AngII stimulation resulted in a rapid
increase of ROS production that peaked at 10 - 7

M (Fig. 1H,
I). Finally, double-label fluorescent immunohistochemistry
showed that the NOX4 protein level increased and intensely
co-localized with a-sma in lung fibroblasts after treatment

with 10- 7 M AngII (yellow in the merged panel in Fig. 1J).
Consequently, there is a potential link between AngII-induced
NOX4 and lung fibroblast migration and collagen production.

NOX4-generated ROS were required for AngII-induced

migration and a-collagen I synthesis in lung fibroblasts

NOX4 upregulation correlates with the migration and a-
collagen I synthesis in AngII-stimulated lung fibroblasts.
Therefore, we investigated whether AngII-induced lung fibro-
blast migration and a-collagen I synthesis were mediated by
NOX4-generated ROS. The results showed that the increase in
ROS and the overproduction of H2O2 in AngII-stimulated lung
fibroblasts were abolished by pretreatment with the NADPH
inhibitor diphenylene iodonium (DPI) (Fig. 2A–C) or NOX4

FIG. 2. NOX-derived ROS me-
diated AngII-induced lung fibro-
blast migration and a-collagen I
synthesis. Fibroblasts were pre-
treated with DPI (10- 5 M) or NAC
(10- 3 M) for 1 h before stimulation
with AngII (10 - 7

M) as indicated
for 12 h (for migration) or 24 h. (A,
B) Intracellular ROS production
was quantified by measuring DCF-
DA. (C) The H2O2 concentration
was detected. (D, E) Lung fibro-
blast cell migration assays. (F, G)
Western blot analysis of NOX4,
CTGF, a-SMA, and a-collagen I
protein levels. Data are the
means – SD of three independent
experiments. Scale bar = 200lm.
*p< 0.05 versus control; {p< 0.05
versus AngII. DPI, diphenylene
iodonium; H2O2, hydrogen perox-
ide; NAC, N-acetylcysteine.

244 MENG ET AL.



small-interfering RNA (siRNA) (Fig. 3A–C). Moreover, pre-
treatment with the ROS scavenger NAC, DPI, or NOX4 siRNA
suppressed the increases in AngII-induced cell migration, con-
nective tissue growth factor (CTGF), a-sma, and a-collagen I
protein levels (Figs. 2D–G and 3D–G). Overall, these results
suggest thatNOX4-dependentROSmediated the effects ofAngII
on lung fibroblast migration and a-collagen I composition.

NOX4-derived ROS were required for AngII-induced

RhoA/Rock pathway activation in lung fibroblasts

We next investigated the activation of intracellular signaling
molecules, such as RhoA (21, 31), by AngII. First, we found
that AngII caused rapid increases in the levels of active RhoA,
p-moesin protein, and Rock2 mRNA (Fig. 4A–F). Moreover,
Y27632, the Rock inhibitor, blocked increases in fibroblast
migration and a-collagen I protein in AngII-stimulated cells
(Fig. 4G–I). These results suggest that the RhoA/Rock pathway
is involved in AngII-induced pro-migratory and pro-fibrotic
effects. Next, we found that pretreatment with DPI or NAC
significantly inhibited the AngII-induced increase in active
RhoA protein, p-moesin protein, and Rock2 mRNA (Fig. 4A–
C). Similarly, NOX4 siRNA transfection also suppressed the
RhoA/Rock pathway stimulated by AngII (Fig. 4D–F). Col-

lectively, these results confirmed that NOX4-derived ROS
mediated the AngII-induced RhoA/Rock pathway.

Ang(1–7) suppressed AngII-induced fibroblast

migration and a-collagen I synthesis

by inhibiting the NOX4/ROS/RhoA/Rock pathway

Emerging data show that the ACE2/Ang(1–7)/Mas axis
counteracts the pro-fibrotic effects of the ACE/AngII/AT1R
axis. Therefore, we investigated whether Ang(1–7) interfered
with AngII’s effects on cell migration and a-collagen I syn-
thesis. As Figure 5 shows, AngII led to significant increases in
cell migration (Fig. 5A, B) and a-sma, CTGF, and a-collagen I
protein levels (Fig. 5C, D). Ang(1–7) significantly inhibited
the AngII effects mentioned earlier, and the inhibitory effects
of Ang(1–7) were reversed by the addition of a Mas receptor
antagonist, A779 (Fig. 5A–D).

Next, we investigated the direct effect of Ang(1–7) on the
AngII-induced TGFb/NOX4/ROS/RhoA/Rock pathway. As
Figure 5E and F shows, TGFb mRNA and NOX4 protein
markedly increased in response to AngII treatment in lung
fibroblasts; this response was blocked by Ang(1–7) and the
AT1R inhibitor irbesartan. Dihydroethidium fluorescence
imaging and H2O2 production showed similar increases in

FIG. 3. siRNA targeting
NOX4 suppressed AngII-
induced lung fibroblast
migration and a-collagen
synthesis. Lung fibroblasts
were transfected with siRNA
targeting NOX4 (NOX4 siR-
NA). Forty-eight hours later,
the cells were treated with
10- 7 M of AngII for 12 h (for
migration) or 24 h or were left
untreated. (A, B) Intracellular
ROS production was quanti-
fied by measuring DCF-DA.
(C) The H2O2 concentration
was measured. (D, E) Western
blot analysis of NOX4, CTGF,
a-SMA, and a-collagen I pro-
tein expression. (F, G) Lung
fibroblast cell migration assays.
Data are the means–SD from
three independent experiments.
Scale bar=200lm. *p<0.05
versus control; {p<0.05 versus
NT siRNA; {p<0.05 versus
NT siRNA+AngII. siRNA,
small-interfering RNA.
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AngII that were also abolished by Ang(1–7) and irbesartan
(Fig. 5H–J). However, co-incubation with A779 neutralized
these effects of Ang(1–7) (Fig. 5F–J). In addition, expression
analyses showed that AngII-induced levels of active RhoA,
p-moesin protein, and Rock2 mRNA were markedly reduced
by Ang(1–7), and the inhibitory effects were reversed by
A779 (Fig. 5E–G). These effects of Ang(1–7) were similar to
those of irbesartan. The in vitro results suggest that AT1R
mediates the pro-fibrotic effects of AngII, whereas Mas-de-
pendent signaling is involved in the antioxidative actions of
Ang(1–7) on AngII.

Ang(1–7) alone promoted fibroblast migration

and a-collagen I synthesis by activating

the NOX4/ROS/RhoA/Rock pathway via the AT1R

In vitro, Ang(1–7) (10- 7 M) alone promoted lung fibro-
blast migration and a-collagen I protein expression compared
with the control group (Fig. 5A–C and Supplementary Fig.
S2A–C), although there were no differences in CTGF and a-
sma protein (Fig. 5C, D). These pro-migrated and pro-fibrotic
effects were accompanied by increases in TGFb mRNA,
NOX4 protein, ROS production, H2O2 production, active

FIG. 4. Inhibition of NOX4 or antioxidant treatment prevented activation of the AngII-induced RhoA/Rock
pathway. Cells were pretreated with DPI (10 - 5 M) or NAC (10- 3 M) for 1 h or were transfected with NOX4 siRNA before
stimulation with AngII (10 - 7 M) as indicated for 30min (for p-moesin) or 24 h. (A, B) GTP-loaded RhoA (active RhoA)
was determined using the GST pull-down assay with GST-Rhotekin-RBD. p-moesin protein was detected with Western
blot. (C) The Rock2 mRNA level was measured using real-time PCR. (D, E) Active RhoA was determined using the GST
pull-down assay; p-moesin protein was detected with Western blot. (F) The Rock2 mRNA level was measured with real-
time PCR. (G–I) Cells were pretreated with Y27632 (10- 5 M) for 1 h before stimulation with AngII (10- 7 M) for 12 h (for
migration) or 24 h. (G, H) The cell migration assays were used to determine the migration of lung fibroblasts. (I) The a-
collagen I protein level was detected with Western blot. Data are the means – SD of three independent experiments. Scale
bar = 200 lm. *p < 0.0 5 versus controls; {p < 0.0 5 versus AngII or NT siRNA; {p< 0.05 versus NT siRNA +AngII. GST,
glutathione S-transferase; PCR, polymerase chain reaction; Rock, Rho kinase. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars
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RhoA protein, and Rock2 mRNA (Fig. 5E–J and Supple-
mentary Fig. S2C, D). In vivo, continuous infusion with
Ang(1–7) significantly enhanced protein levels of NOX4, a-
sma, and a-collagen in lung tissue. The H2O2 content in lung
tissue was also increased (Supplementary Fig. S3A, B).

Notably, these stimulatory effects of Ang(1–7) were
markedly abolished by the AT1R blocker irbesartan (Supple-
mentary Fig. S2A–D). In contrast, the presence of the selective
Mas receptor inhibitor A779 greatly aggravated the stimula-
tory effects of Ang(1–7) (Supplementary Fig. S2A–D). In
addition, combined treatment with irbesartan and A779 led to
reduced levels of NOX4 protein and H2O2 production (Sup-
plementary Fig. S2C, D), which were enhanced by Ang(1–7).

lentiACE2 reduced AngII-induced fibroblast migration

and a-collagen I synthesis by inhibiting

the NOX4/ROS/RhoA/Rock pathway

To determine whether the overexpression of ACE2 pro-
tected against the pro-migratory and pro-fibrotic effects in-
duced by AngII in lung fibroblasts, the lung fibroblasts were
infected with lentiACE2. As Figure 6 shows, lentiACE2 in-
fection resulted in a twofold upregulation of ACE2 protein
levels in lung fibroblasts (Fig. 6A). Furthermore, we found
that lentiACE2 attenuated AngII-induced TGFb mRNA
and NOX4-dependent H2O2 and subsequently inhibited the
activation of the RhoA/Rock pathway, resulting in the

FIG. 5. Ang(1–7) suppressed
AngII-induced fibroblast migra-
tion and a-collagen I synthesis by
inhibiting the NOX4/ROS/RhoA/
Rock pathway. Lung fibroblasts
were pretreated with irbesartan
(10 - 5 M) or A779 (10- 5 M) for 1 h
before exposure to Ang(1–7) (10 - 7

M) or ( + ) AngII (10- 7 M) for the
indicated times. (A, B) Lung fi-
broblast migration assays. (C, D)
Western blot was performed to
measure the CTGF, a-SMA, and a-
collagen I protein levels. (E) TGFb
and Rock2 mRNA levels were
detected with real-time reverse
transcription-polymerase chain re-
action (RT-PCR). (F, G) Active
RhoA was determined using the
GST pull-down assay; NOX4 and
p-moesin protein were detected
with Western blot. (H) The H2O2

concentration was measured. (I, J)
Intracellular ROS production was
quantified by measuring DCF-DA.
Data are the means–SD of three
independent experiments. Scale bar=
200 lm. *p < 0.05 versus controls;
{p < 0.05 versus AngII; {p < 0.05
versus AngII +Ang(1–7). TGFb,
transforming growth factor b.
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suppression of lung fibroblast migration and a-collagen I
synthesis (Fig. 6B–I). The inhibitory effects of lentiACE2
were partially blocked by A779, which revealed that ACE2
catalyzed the conversion of AngII into Ang(1–7), shedding
light on the antimigratory and antifibrotic effects of ACE2 by
inhibiting the NOX4/ROS/RhoA/Rock pathway.

BLM-induced pulmonary fibrosis in rats was attenuated

by Ang(1–7) and exacerbated by AngII

To confirm our in vitro observation that the ACE/AngII/
AT1R axis promoted collagen synthesis in lung fibroblasts
while the ACE2/Ang(1–7)/Mas axis counteracted the pro-

fibrotic effect, we established two animal models of BLM-
induced lung fibrosis. In the first rat model, Ang(1–7) or AngII
was continuously infused into BLM-treated rats using an os-
motic minipump, and the lung tissues were analyzed at day 28.
Compared with the control rats, BLM treatment alone was as-
sociated with higher Ashcroft scores and severe septal fibrosis,
with a marked mononuclear infiltration and thickened alveolar
septa throughout the lung parenchyma (Fig. 7A, C). Infusion
withAng(1–7) was associatedwithmarkedly lower scores and a
reduced degree of fibrotic lesions (Fig. 7A, C). However, the
pro-fibrotic effect was more evident in AngII-infused rats (Fig.
7A, C). In addition, lung collagen accumulation, as measured
with Masson’s trichrome, increased in BLM-treated rats. The

FIG. 6. Lenti-ACE2 suppressed AngII-induced fibroblast migration and a-collagen I synthesis by inhibiting the
NOX4/ROS/RhoA/Rock pathway. Primary lung fibroblasts were infected with lenti-ACE2 for 96h and then exposed to AngII
(10-7

M) for 24 h after pretreatment with A779 for 1 h. (A) Overexpression of ACE2 was confirmed with Western blot. (B, C)
Active RhoA was determined using the GST pull-down assay; NOX4 and p-moesin protein were detected with Western blot. (D)
TGFb and Rock2 mRNA levels were measured with real-time RT-PCR. (E) The H2O2 concentration was measured. (F, G) Lung
fibroblast migration assays. (H, I) Western blot was performed to determine the CTGF, a-SMA, and a-collagen I protein levels.
Data are the means–SD of three independent experiments. Scale bar=200lm. *p<0.05 versus control; {p<0.05 versus lentiNC;
{p<0.05 versus AngII or lentiNC+AngII; xp<0.05 versus lentiACE2+AngII. ACE2, angiotensin-converting enzyme 2. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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increase in collagen accumulation was significantly attenuated
by Ang(1–7) infusion and was aggravated by AngII infusion
(Fig. 7B, D).

The two axes of the RAS were differently affected

by Ang(1–7) and AngII

The locally based RAS is involved in the development of
lung fibrosis, and the ACE2/Ang(1–7)/Mas axis counteracts
the pro-fibrotic effects of the ACE/AngII/AT1R axis (30).
Hence, the balance of these two axes determines the devel-
opment of pulmonary fibrosis. We then investigated the
effects of Ang(1–7) or AngII on the two axes of RAS in
BLM-treated rats. The results showed that BLM treatment
resulted in increases of*11.3-fold and 18.8-fold in the ACE
and AT1R mRNA levels, respectively. However, BLM
treatment augmented the ACE2 and Mas mRNA levels by
*2.2-fold and 2.4-fold, respectively, compared with the
control group. Therefore, BLM treatment shifted the balance
toward the ACE/AngII/AT1R axis. Moreover, AngII treat-
ment promoted the ACE and AT1R levels by *1.8-fold and
1.5-fold, respectively, compared with the BLM group;
however, the expression of ACE2 andMas slightly decreased
(Fig. 7E). Interestingly, Ang(1–7) increased the ACE2 and

Mas levels by *6.8-fold and 8.9-fold, respectively, while it
significantly decreased the ACE and AT1R levels compared
with the BLM group (Fig. 7E). Therefore, Ang(1–7) treat-
ment resulted in an *33.7-fold increase in the ACE2/ACE
ratio and an *61.5-fold increase in the Mas/AT1R ratio
(Fig. 7F, G). Overall, Ang(1–7) treatment shifted the balance
from the ACE/AngII/AT1R axis toward the ACE2/Ang/
(1–7)/Mas axis in fibrotic rat lungs.

The NOX4/ROS/RhoA/Rock pathway in BLM-induced

lung fibrosis in rats was differently affected

by Ang(1–7) and AngII

We examined whether Ang(1–7) attenuated BLM-induced
lung fibrosis by inhibiting the NOX4/ROS/RhoA/Rock
pathway. The NOX4 protein level and H2O2 content in the
lungs were markedly enhanced in the BLM group compared
with the control group (Fig. 8B, D), whereas other NOX
isoform protein levels showed no differences between the
BLM group and the control group (Fig. 8A). The BLM-
induced NOX4 protein and H2O2 production levels were
markedly reduced by Ang(1–7) treatment and augmented
by AngII treatment (Fig. 8B, D, F). Moreover, NOX4 co-
localized with a-sma in the myofibroblastic foci of lung

FIG. 7. BLM-induced pul-
monary fibrosis was atten-
uated by Ang(1–7) and
exacerbated by AngII, and
the two axes of the RAS were
affected differently. Repre-
sentative microphotographs
of lung sections from con-
trols, BLM, BLM +Ang(1–
7), and BLM +AngII (n = 12
rats per group) stained with
H&E (A) and Masson’s tri-
chrome (B). (C) Morphologi-
cal changes in fibrotic lungs
were quantified using the
Ashcroft score. (D) Measure-
ment of the collagen area
in the Masson’s trichrome-
stained lungs of animals in the
designated treatment groups.
(E) The ACE, AT1R, ACE2,
and Mas mRNA levels mea-
sured with real-time RT-PCR.
(F, G) Bar graph representing
the ACE2/ACE mRNA level
ratio (F) and Mas/AT1 R
mRNA level ratio (G). Data
are the mean–SD. Scale bar=
200lm. *p<0.05 versus con-
trols, {p<0.05 versus the BLM
group. AT1R, angiotensinII
type 1 receptor; BLM, bleo-
mycin; RAS, renin-angiotensin
system.
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fibrotic tissue (Fig. 8B), supporting the idea that NOX4 me-
diated the fibrotic effects of lung fibroblasts. In keeping with
the in vitro findings, the signaling molecules (active RhoA
protein, Rock2 mRNA, and p-moesin protein) were markedly
reduced by Ang(1–7) treatment and were augmented by
AngII treatment (Fig. 8C–E). Similarly, Ang(1–7) reduced
the CTGF, a-sma, and a-collagen I protein levels induced by
BLM, which were aggravated by AngII treatment (Fig. 8G,
H). Hence, Ang(1–7) attenuated BLM-induced lung fibrosis
by inhibiting the NOX4/ROS/RhoA/Rock pathway.

ACE2 overexpression attenuated BLM-induced

pulmonary fibrosis and shifted the RAS toward

the ACE2/Ang(1–7)/Mas axis

In the second rat model, lentiNC or lentiACE2 was pre-
instilled into the trachea in BLM-treated rats. The len-
tiNC +BLM group showed severe fibrotic lesions, including
the loss of lung architecture and lung fibrosis in the paren-
chyma at a level similar to that caused by BLM treatment
alone. However, lentiACE2 treatment was associated with
significantly lower Ashcroft scores (Fig. 9A, C) and mark-

edly decreased deposition of collagen (Fig. 9B, D, E). Our
data also indicate the effects of lentiACE2 on the RAS
components. As Figure 9F–J shows, lentiACE2 treatment
resulted in the prevention of increases in ACE protein, ACE,
and AT1R mRNA compared with the BLM and lentiNC
groups (Fig. 9F–H). However, ACE2 protein, ACE2, and
Mas mRNA levels were significantly higher in the lentiACE2
treatment group (Fig. 9F–H).Therefore, lentiACE2 treatment
resulted in an increase of *17-fold in the ACE2/ACE ratio
and *6-fold in the Mas/AT1 receptor ratio compared with
the BLM and lentiNC groups (Fig. 9I, J). Collectively, these
data suggest that ACE2 overexpression facilitates shifting the
balance of RAS from the pro-fibrotic ACE/AngII/AT1R axis
toward the antifibrotic ACE2/Ang(1–7)/Mas axis.

ACE2 overexpression protected against BLM-induced

lung fibrosis by inhibiting the NOX4/ROS/RhoA/Rock

pathway

Finally, we found that other NOX isoform protein levels in
lung tissue were not affected by lentiACE2 (Fig. 10A). The
increases in NOX4 protein and H2O2 production were

FIG. 8. The NOX4/ROS/
RhoA/Rock pathway and a-
collagen I synthesis in
BLM-induced lung fibrosis
were affected differently by
Ang(1–7) and AngII. (A)
Western blot was performed
to measure the NOX1, NOX2,
and NOX5 protein levels. (B)
Dual immunofluorescence of
NOX4 (green) and a-sma
(red). (C) The TGFb and
Rock2 mRNA levels were
measured with real-time RT-
PCR. (D, E) Active RhoA was
determined using the GST
pull-down assay; NOX4 and
p-moesin proteins were de-
tected with Western blot. (F)
The H2O2 concentration in the
lung tissue was measured. (G,
H) Western blot was per-
formed to measure the CTGF,
a-SMA, and a-collagen I pro-
tein levels. Data are the
means–SD. Scale bar= 200
lm. *p< 0.05 versus control
group; {p< 0.05 versus BLM.
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significantly reduced by lentiACE2 treatment (Fig. 10B, D,
E, F). Moreover, lentiACE2 treatment showed less co-
localization of NOX4 and a-sma in lung tissue (Fig. 10B).
Similarly, the signaling molecules were markedly inhibited
by lentiACE2 treatment (Fig. 10D–F). We also found that
lentiACE2 reduced the increases in CTGF, a-sma, and a-
collagen I protein levels induced by BLM (Fig. 10G, H).
Overall, these results suggest that ACE2 overexpression at-
tenuates BLM-induced lung fibrosis by inhibiting the NOX4/
ROS/RhoA/Rock pathway.

Discussion

This study provides four novel conclusions regarding the
role of oxidase stress in the pro-fibrotic effects of the ACE/
AngII/AT1R axis and the anti-fibrotic effects of the ACE2/
Ang(1–7)/Mas axis. First, NOX4-dependent ROS caused by
the activation of the ACE/AngII/AT1R axis contributes to the
development of AngII- or BLM-induced lung fibrosis. Sec-
ond, NOX4-dependent ROS are required for AngII-induced

lung fibroblast migration and a-collagen I synthesis, because
they activate the RhoA/Rock pathway. Third, Ang(1–7) and
lentiACE2 treatment protect against BLM-induced pulmo-
nary fibrosis by shifting the balance of the RAS toward the
ACE2/Ang(1–7)/Mas axis and by inhibiting the generation of
ROS. Fourth, Ang(1–7) and lentiACE2 protect against BLM-
or AngII-induced lung fibroblast migration and ECM accu-
mulation by inhibiting the NOX4-derived ROS-mediated
RhoA/Rock pathway.

The ROS play important roles in the pathogenesis of IPF
and BLM-induced lung fibrosis (15, 20). Consistent with
these findings, we found that BLM treatment increased ROS
production in vivo, and the ROS scavenger NAC decreased
collagen secretion in vitro, which is similar to the report that
NAC protects against BLM-induced lung fibrosis (15).
However, the mechanisms underlying elevated ROS in BLM-
induced lung fibrosis remain unclear. The ACE/AngII/AT1R
axis was shown to increase oxidative stress in kidney (57),
cardiac (58, 59), and hepatic fibrosis (5). We propose that the
pro-oxidant effect of BLM may be associated with the

FIG. 9. ACE2 overex-
pression attenuated BLM-
induced pulmonary fibrosis
and shifted the RAS toward
the ACE2/Ang(1–7)/Mas
axis. Representative micro-
photographs of lung sections
from controls, BLM, BLM +

lentiNC, and BLM + lenti-
ACE2 (n= 12 rats per group)
stained with H&E (A) and
Masson’s trichrome (B). (C)
Morphological changes in fi-
brotic lungs were quanti-
fied using the Ashcroft score.
(D) Measurement of the col-
lagen area in the Masson’s
trichrome-stained lungs of
animals in the designated
treatment groups. (E) Hy-
droxyproline content in the
various treatment groups. (F,
G) ACE and ACE2 protein
expression was detected us-
ing Western blot. (H) The
ACE, AT1R, ACE2, and Mas
mRNA levels were measured
using real-time PCR. The bar
graph represents ACE2/ACE
(I) and Mas/AT1 R mRNA
levels ( J). Data are the
means – SD. Scale bar = 200
lm. *p < 0.05 versus control
group, {

p < 0.05 versus NC
group, {p < 0.05 versus
BLM +NC group.
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augmentation of ACE and AT1R levels. The ACE/AngII/
AT1R axis is upregulated during the lung fibrosis process,
and the AT1R inhibitor protects against lung fibrosis (25, 28).
In support of these findings, we found that ACE and AT1R
mRNA levels were significantly increased in the lungs of
BLM-treated rats, indicating a hyperactive RAS, especially
the ACE/AngII/AT1R axis in the lung. Moreover, constant
infusion with exogenous AngII significantly aggravated
BLM-induced lung fibrosis and markedly promoted the
generation of ROS, which is consistent with previous studies
showing that AngII promoted ROS production in kidney (57)
and hepatic fibrosis (5). In contrast, we found that the AT1R
inhibitor irbesartan decreased ROS production, and the ROS
scavenger NAC attenuated a-collagen I synthesis induced by
AngII in lung fibroblasts. Hence, these findings suggest that
ROS generation arising from the activation of the ACE/
AngII/AT1R axis contributes to the development of AngII- or
BLM-induced lung fibrosis.

Although ROS generation is required for AngII- or BLM-
induced lung fibrosis, the precise cellular source of ROS
generation remains incompletely elucidated. In cells, the

ROS are generated from several enzymatic sources, but
the most significant producers of oxidants are NOXs and
mitochondria. Recent studies have shown that NADPH-
dependent ROS generation is required for TGFb-induced
pro-fibrotic responses in lung fibroblasts, and much interest
has been focused on these enzymes in the lungs (1, 17). NOX
enzymes catalyze the reduction of molecular oxygen to su-
peroxide, but the activities of different NOX isoforms are
subject to very different modes of regulation. NOX1 and
NOX2 are acutely regulated by post-translational mecha-
nisms, such as the phosphorylation of regulatory subunits
induced by agonist activities (8, 24). However, NOX4 ac-
tivity is constitutive and dependent on its levels of gene
transcription and protein expression (8, 29), and ROS gen-
eration is inducible at the gene transcription level rather than
at the level of acute post-translational mechanisms (39).
NOX4 gene transcription and protein expression were re-
ported to be upregulated in response to AngII (49, 52).
Consistent with these findings, we found that the NOX4
mRNA or protein levels induced by BLM or AngII were
markedly upregulated among the four isoforms of NOX. In

FIG. 10. ACE2 over-
expression protected against
BLM-induced lung fibrosis
by inhibiting the NOX4/
ROS/RhoA/Rock pathway.
(A) The NOX family protein
levels were measured with
Western blot. (B) Dual im-
munofluorescence of NOX4
(green) and a-sma (red). (C)
The TGFb and Rock2 mRNA
levels were measured using
real-time RT-PCR. (D, E) Ac-
tive RhoA was determined us-
ing the GST pull-down assay;
NOX4 and p-moesin proteins
were detected with Western
blot. (F)The concentration of
H2O2 was measured. (G, H)
Western blot was performed to
measure the CTGF, a-SMA,
and a-collagen I protein levels.
Data are the means–SD. Scale
bar=200lm. *p<0.05 versus
control group; {p<0.05 ver-
sus NC group. {p<0.05 versus
BLM+NC group.
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contrast, the NOX1, NOX2, and NOX5 mRNA or protein
levels induced by AngII or BLM did not significantly in-
crease compared with those of the control group, suggesting
those levels are most likely regulated by a post-translational
mechanism.

As a cytosolic subunit of NOX isoforms, the role of Rac1
in AngII-induced NOX4 activation in lung fibroblasts re-
mains unknown. Current evidence suggests that NOX4 het-
erodimerization with p22phox is sufficient to enhance the
enzyme activity, and it does not require cytosolic subunits
that are essential for other NOX isoforms (2). However, this
study showed that AngII treatment increased active Rac1
protein levels in lung fibroblasts and enhanced the interac-
tions between NOX4 and Rac1. Furthermore, the Rac1 in-
hibitor Ehop significantly reduced AngII-induced protein
levels of NOX4 and a-collagen I. These data are consistent
with Wu RF’s report that Rac1 regulated NOX4 function in
endothelial cell (50). Hence, Rac1 plays a potential role in
AngII-induced NOX4 activation and consequent a-collagen I
synthesis; further studies are needed.

In addition, in lung fibroblasts stimulated with AngII, both
pharmacological treatment with specific inhibitors (DPI) and
genetic interference from NOX4 substantially decreased the
production of ROS and fibrogenesis markers, such as a-sma
and a-collagen I. These data suggest that the change in
NOX4-derived ROS production depends on the levels of
NOX4 gene transcription and protein expression and con-
tributes to AngII-induced pulmonary fibrosis. However,
others have reported that some NOX4 knockout mice expe-
rienced enhanced oxidative stress, resulting in exaggerated
kidney fibrosis (35), which may be explained by the multiple
roles that NOX4 plays in different tissue types. Notably, since
other NOX isoforms (such as NOX2) are a key source of ROS
production, the contribution from NOX2-driven signaling
cannot be completely ruled out in AngII-induced pulmonary
fibrosis. Therefore, further studies are needed to identify the
effects of NOX2 on pulmonary fibrosis induced by AngII and
the effects of NOX4 on fibrosis in different tissues.

The migration of lung fibroblasts is the initial step of lung
fibrosis (43), and oxidative stress is required for this process
(3). The lung fibroblasts migrate to inflammatory sites, ac-
cumulate in the injured area, and secrete ECM, leading to
lung fibrosis. Increased ROS production is known to promote
cell migration through the regulation of cytoskeleton reor-
ganization (18). Nevertheless, the role of NOX4-derived
ROS in lung fibroblast migration induced by AngII has not
been previously reported. Our study showed that DPI, NOX4
siRNA, and NAC abrogated AngII-stimulated lung fibroblast
migration, indicating that NOX4-derived ROS are directly
correlated with AngII-induced lung fibroblast migration.

Small Rho GTPases, such as RhoA, play key roles in a-
collagen I synthesis (21, 33) and cell migration (9, 46) by
modulating actin polymerization, which contributes to lung
fibrosis. However, little is known about the role of the RhoA/
Rock pathway in AngII-induced lung fibrosis. We found that
active RhoA protein, Rock2 mRNA, and p-moesin protein
were activated by BLM or AngII both in vivo and in vitro.
Furthermore, AngII-induced lung fibroblast migration and
a-collagen I synthesis may be inhibited by the Rock inhibitor
Y27632. Hence, AngII stimulates lung fibroblast migration
and collagen secretion via the RhoA/Rock pathway. Evi-
dence in the literature suggests that RhoA is a downstream

intermediate of ROS-dependent AngII-induced VSMC mi-
gration (31) and hyperoxia-induced collagen synthesis (21).
Consistent with these reports, we found that DPI, NOX4 siR-
NA, and NAC treatment inhibited AngII-induced RhoA acti-
vation in lung fibroblasts, indicating that the AngII-induced
RhoA/Rock pathway is mediated by NOX4-dependent ROS.
In contrast, others have shown that NOX1-derived ROS
downregulated RhoA activity in RAS-transformed normal
rat kidney cells (42). Therefore, the effect of ROS on RhoA
activation appears to be cell specific.

In this study, we similarly showed that BLM-induced
collagen deposition in the lungs was significantly attenuated by
Ang(1–7) or lentiACE2 treatment. Nevertheless, the exact
molecular mechanism by which the ACE2/Ang(1–7)/Mas axis
counteracts the pro-fibrotic effects and whether ROS produc-
tion is inhibited by Ang(1–7) or ACE2 in the lungs remain
unclear. As demonstrated earlier, the upregulation of the ACE/
AngII/AT1R axis has been revealed to increase the ROS levels
in the lung. Notably, we found that Ang(1–7) and ACE2 di-
rectly reduced the ACE and AT1R mRNA levels in the lungs
of BLM-treated rats, resulting in the shift of the RAS pathway
toward the ACE2/Ang(1–7)/Mas axis. Next, we asked whether
the counteracting effect of the ACE2/Ang(1–7)/Mas axis has
an antioxidant effect. For the first time, this study demonstrated
that the elevated levels of NOX4 protein and ROS production
were decreased byAng(1–7) or lentiACE2 inBLM-treated rats
or AngII-stimulated lung fibroblasts. These results support the
recent findings that the ACE2/Ang(1–7)/Mas axis inhibits
AngII-mediated ROS generation and transcriptional activity in
the kidney (31), brain (51), and cardiovascular system (59).
Moon JY reported that Ang(1–7) treatment attenuated AngII-
mediated NOX activation and ROS production in diabetic
glomeruli and mesangial cells (32). In addition, rhACE2 in-
hibited AngII-mediated myocardial fibrosis by reducing An-
gII-induced superoxide production (59). ACE2 overexpression
resulted in the reduction of AngII-induced NOX in the para-
ventricular nucleus of ACE2-deletion mice, and ACE2
knockout promoted age-dependent oxidative stress in the brain
(51). Hence, the upregulation of the ACE2/Ang(1–7)/Mas axis
inhibited lung fibrosis by reducing NOX4-dependent ROS
production.

As demonstrated earlier, the NOX4/ROS/RhoA/Rock
pathway plays an essential role in AngII- or BLM-induced
lung fibroblast migration and ECM accumulation. We pro-
posed that Ang(1–7) and ACE2 protect against pulmonary fi-
brosis by inhibiting the NOX4/ROS/RhoA/Rock pathway. As
expected, the results presented in this article support that
Ang(1–7) attenuated BLM- or AngII-induced lung fibroblast
migration and collagen secretion by inhibiting the NOX4-
derived ROS-mediated RhoA/Rock pathway. In addition, the
inhibitory effects of Ang(1–7) may be blocked by A779, the
Mas inhibitor, suggesting that Ang(1–7) counteracted AngII
via the Mas receptor. Similarly, we observed that the over-
expression of ACE2 alleviated the pro-migratory and pro-
fibrotic effects of AngII. ACE2 cleaves its substrate, AngII,
into the heptapeptide Ang(1–7), andACE2 exerts its protective
effects by simultaneously reducing the detrimental effects of
AngII and increasing the beneficial effects of Ang(1–7). This
finding is supported by our observation that the suppressive
effects of ACE2 are reversed by A779. Overall, these data
provide evidence which suggests that the ACE2/Ang(1–7)/
Mas axis attenuates BLM- or AngII-induced lung fibroblast
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migration and collagen deposition by inhibiting the NOX4/
ROS/RhoA/Rock pathway.

Interestingly, we observed that Ang(1–7) alone increased
lung fibroblast migration and a-collagen I synthesis by acti-
vating the oxidative stress-dependent RhoA pathway. The rea-
sons for the contradictory effects of Ang(1–7) are currently
unclear. To an extent, the variable responses to Ang(1–7) de-
pend on the state of local RAS activation. When the ACE/
AngII/AT1R axis is activated by BLM or AngII, exogenous
Ang(1–7) significantly downregulates the ACE/AngII/AT1R
axis, which may cause a significant reduction in AngII levels
and lead to the attenuation of lung fibrosis. In addition, exoge-
nous Ang(1–7) upregulates the ACE2/Ang(1–7)/Mas axis,
thereby facilitating the hetero-oligomerization of Mas (a phys-
iological antagonist of AT1R) with AT1R and thus interfering
with AngII action (23), and the inhibitory effects of Ang(1–7)
could be abolished by A779 in lung fibroblasts. Hence, Ang(1–
7) exerts its beneficial effect via the Mas receptor.

In contrast, we found that Ang(1–7) alone initiated oxi-
dative stress both in vivo and in vitro and thus resulted in
fibroblast migration and a-collagen I synthesis in the event of
the failure of the ACE/AngII/AT1R axis activation by BLM
or AngII treatment. We hypothesized that Ang(1–7) may
cross-talk with AT1R in addition to combining with the Mas
receptor. To verify this hypothesis, we observed the effects of
the AT1R inhibitor losartan or the Mas antagonist A779 on
Ang(1–7)-induced pro-oxidant and pro-fibrotic effects in
lung fibroblasts. We found that pretreatment with A779 ag-
gravated the pro-oxidant and pro-fibrotic effects of Ang(1–7).
In contrast, pretreatment with losartan markedly abolished
the detrimental effects of Ang(1–7), which is consistent with
Giani’s study that showed that Ang(1–7)-induced STAT3
and 5a/b phosphorylation could be blocked with losartan
(13). Hence, Ang(1–7) may cross-talk with AT1R and exert
its detrimental effects; meanwhile, Ang(1–7) exerts its
beneficial effects by combining with its Mas receptor. Con-
sidering the ultimate effects of Ang(1–7) alone in lung fi-
broblasts, AT1R seems to have a greater advantage over the
Mas receptor in lung fibroblasts.

Nevertheless, the divergent effects of Ang(1–7) alone have
been reported. Ni found that Ang(1–7) alone inhibited the
migration of A549 cells by inactivating the PI3K/Akt and
the MAPK signaling pathways (34), and it reduced fibrosis in
the tumor microenvironment by reducing MAPK activity
(12). The different effects of Ang(1–7) might be explained by
differences between cell types. The exact molecular mecha-
nism of Ang(1–7)/Mas signaling in different cell types re-
quires further elucidation.

There are some limitations to this study. Although this
study could potentially be relevant to clinical therapy for
pulmonary fibrosis, the effects of the ACE2/Ang(1–7)/Mas
axis on pulmonary fibrosis were not evaluated in patients with
that condition. Future studies will focus on the role of the
ACE2/Ang(1–7)/Mas axis in treatments for pulmonary fi-
brosis patients.

In summary, our study first demonstrated NOX4-derived
ROS-mediated BLM-, or AngII-induced lung fibroblast mi-
gration and lung fibrosis via the RhoA/Rock pathway. Con-
stant infusion of Ang(1–7) and lentivirus-mediated ACE2
overexpression protected against BLM- or AngII-induced
pulmonary fibrosis by downregulating the NOX4/ROS/RhoA/
Rock pathway (Supplementary Fig. S4). This study suggests

that the ACE2/Ang(1–7)/Mas axis could be a novel phar-
macological antioxidant target for lung fibrosis induced by
AngII-mediated ROS.

Materials and Methods

Materials

AngII, Ang(1–7), A779 (a selective Mas receptor inhibi-
tor), DPI (an NADPH-oxidase inhibitor), NAC (a superoxide
inhibitor), irbesartan (an AT1R blocker), and Ehop (an Rac1
inhibitor) were purchased from Sigma-Aldrich. The reactive
oxygen species assay kit (DCF-DA) was purchased from
Applygen. The hydrogen peroxide assay kit was purchased
from Biovision. Active Rho Pull-Down and Detection Kits
were purchased from Thermo Scientific. The Rac1/Cdc42
Activation Assay Kit was purchased from Biovision. BLM
was purchased from Nippon Kayaku. Alzet osmotic pumps
(models 2004 and 2ML4) were purchased from the Durect
Corporation. Lenti Empty and ACE2 virus were provided by
Genechem. NOX4-siRNA was provided by GenePharma.

Animals

All experimental procedures using rats were approved by
the Committee on the Ethics of Animal Experiments of
Southern Medical University and were performed in accor-
dance with the World Medical Association’s Declaration of
Helsinki. Male Wistar rats (200–300 g) were purchased from
the Central Animal Care Facility of Southern Medical Uni-
versity (Permission No. SCXK 2009-015). The animals were
housed (12 h light/dark; temperature, 22�C–24�C) and given
food and water ad libitum.

Treatment regimens

We established three animal models. The first model was
performed as previously described (30). In the first model, 48
male Wistar rats were randomly divided into four groups
of 12 rats each: a control group, a BLM treatment group,
a BLM +Ang(1–7) treatment group, and a BLM +AngII
treatment group. All of the rats received a single intratracheal
instillation of 200ll of sterile saline while under pentobar-
bital anesthesia. The three BLMgroups received sterile saline
that contained 5mg/kg of BLM sulfate. While the animals
were under anesthesia, micro-osmotic pumps were subcuta-
neously implanted to permit 28 days of continuous infusion
with AngII or Ang(1–7) at a rate of 25 lg/kg - 1

$h - 1. The
animals in the control and BLM treatment groups received
constant subcutaneous saline infusions.

In the second model, sixty male Wistar rats received
3 · 108 TU lenti-empty virus (lentiNC) or lenti-CE2 via in-
tratracheal instillation under pentobarbital anesthesia. Two
weeks after lentiviral treatment, the animals were subjected
to BLM (5mg/kg in 300 ll of sterile saline). The control
animals received an equal volume of sterile saline or lentiNC.

In the third model, 28 male Wistar rats were also treated as
previously described (30).

Histological assessment

The right lung was fixed using an intratracheal instillation
of 4% paraformaldehyde and embedded in paraffin. Sections
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were stained with hematoxylin and eosin or with Masson’s
trichrome and examined with light microscopy. Histopatho-
logical scoring of pulmonary fibrosis was performed ac-
cording to the method reported by Ashcroft et al. (4), and the
presence of collagen was assessed by analyzing the stained
area as a percentage of the total area.

Immunofluorescent histochemistry

Tissue samples were sectioned, deparaffinized, and pro-
cessed for staining. The tissue was incubated with anti-Nox4
antibody (1:100) and anti-a-sma antibody (1:300). After prob-
ing with the appropriate fluorescein isothiocyanate-conjugated
and Cyt3-conjugated antibodies, the fluorescent signals were
detected using an Olympus FV10i-W confocal microscope.

Hydroxyproline assay

The concentration of hydroxyproline was measured ac-
cording to the manufacturer’s instructions (Hydroxyproline
Assay Kit; Sigma).

Isolation of primary lung fibroblast

Normal rat primary fibroblasts were generated by culturing
the lungs of male Wistar rats as previously described (48).
The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 15% fetal bovine se-
rum (Gibco). After 6 h of serum starvation, the fibroblasts
were pretreated for 1 h with irbesartan (10 - 5M), A779 (10- 5

M), DPI (10- 5 M), or NAC (10- 3 M) before exposure to
AngII (10 - 7 M) for the indicated times. The cells infected
with lentiNC or lentiACE2 were treated with AngII (10- 7M)
or A779 (10- 5 M). The cells that were used to detect the p-
moesin protein level were stimulated for 30min.

Migration assay

Cell migration assays were performed using Corning cell
culture inserts as previously described (31). Microphotographs
of nine different fields were taken, and the cells were counted.
The average number of migrating cells was determined for
each experimental condition.

Intracellular ROS detection

Intracellular ROS production was quantified using the
oxidation-sensitive probe 2,7-dichlorofluorescein diacetate
(DCF-DA) (Applygen). Briefly, 10mM DCF-DA stock so-
lution (in methanol) was diluted 1000-fold in cell culture
medium without serum to yield a 10-lm working solution.
After 24 h of stimulation, the cells in 24-well plates were
washed twice with phosphate-buffered saline (PBS) and in-
cubated in 500 ll working solution of DCF-DA at 37�C in
dark for 1 h. The cells were then washed twice with cold PBS
and resuspended in the PBS for an analysis of intracellular
ROS using a multiwell fluorescence scanner (SpectraMax
M5/M5e; Molecular Devices) and microscope (Olympus).
DCF-DA fluorescence was detected at an excitation wave-
length of 480 nm and an emission wavelength of 525 nm (5).

H2O2 assay

The H2O2 concentration was assessed using a Hydrogen
Peroxide Assay Kit (Biovision; K265-200). The cells were

dispersed and centrifuged to obtain a cell pellet; the super-
natant was discarded, and the cell pellet was kept at - 80�C
for several hours. Next, the cell pellet was resuspended in
100ll of lysis buffer containing protease inhibitor and
centrifuged at 12,000 g for 3min at 4�C. The right lung lobes
(10mg) were ground with liquid nitrogen, homogenized in
100ll of lysis buffer containing protease inhibitor, and
centrifuged at 12,000 g for 3min at 4�C. Then, 50ll of the
reaction mix (48 ll Assay Buffer, 1 ll OxiRed� Probe so-
lution and 1ll HRP solution) was added to each well, fol-
lowed by 50 ll of supernatant. The wells were mixed gently
and incubated at room temperature for 10min. Finally,
fluorescence was detected using a multiwell fluorescence
scanner (SpectraMax M5/M5e; Molecular Devices) at an
excitation wavelength of 535 nm and an emission wavelength
of 587 nm. The concentration of released H2O2 was calcu-
lated based on the standard concentration curve of triplicate
experiments.

RhoA pull-down assay

The cells were lysed on the culture plate with 0.5ml lysis/
binding/wash buffer with inhibitors. Next, the cells were
scraped off the plate. The suspensions were centrifuged for
15min at 16,000 g at 4�C. The clarified cell lysates (500 lg)
were incubated with 400lg GST-Rhotekin-RBD bound to
glutathionine coupled-agarose beads at 4�C for 1 h and then
centrifuged at 6000 g for 30 s. After being washed thrice with
400ll lysis/binding/wash buffer, the rensin was added to
50ll of 2 · SDS sample buffer that contained 2.5 ll of b-
mercaptoethanol. Half of each elution was analyzed using
SDS-PAGE and detected with Western blotting using the
specific RhoA-GTPase primary antibody.

Rac1 pull-down assay

Active Rac1 protein was measured with reference to the
RhoA pull-down assay.

Cell transfection with siRNA

To suppress endogenous NOX4 expression, the experi-
ments utilized a specific siRNA (sense 5-GGACCUUUGU
GCCUAUACUTT-3; antisense 5-AGUAUAGGC ACAAA
GGUCCTT-3) against NOX4 designed against the target
region of the NOX4 gene. Scrambled siRNA (nonhomolo-
gous to the rat genome) was used as the control. The cells
were transfected as previously described (37).

Production of lentiACE2 viral particles

Lentiviral particles containing enhanced green fluorescent
protein (pGC-FU-GFP, lenti-GFP/lenti-NC) or rat ACE2 (pGC-
FU-ACE2-GFP, lenti-ACE2) were prepared as described in
our previous study (30). Viral medium containing lentiGFP or
lentiACE2 was collected, concentrated, and titered. The con-
centration of viral particles was determined with Western
blotting. The efficacy of lentiACE2 in producing active ACE2
enzymes has been previously established.

Immunofluorescent cytochemistry

Primary rat lung fibroblast on glass coverslips was pro-
cessed as previously described (47). The cells were incubated
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with anti-Nox4 antibody (1:100) and anti a-sma antibody
(1:300) for 14 h at 4�C and then incubated with fluorescein
isothiocyanate-conjugated and Cyt3-conjugated secondary
antibodies for 1 h at 37�C. Fluorescence was visualized using
an OLYMPUS FV10i-W confocal microscope. Controls with
no primary antibody showed no fluorescence labeling, and
single label controls were performed in the double-labeling
experiments.

Immunoprecipitation analysis of Rac1 and NOX4

Homogenates from AngII-stimulated lung fibroblast were
adjusted to an equal protein concentration (1mg/ml), pre-
cleared, and then incubated with 2 lg/ml of anti-Rac1 anti-
body overnight at 4�C. Rac1 and NOX4 immune complexes
were immunoprecipitated with protein agarose beads for 2
additional hours. Immunoprecipitates were resolved in SDS–
polyacrylamide gels. Immunoblottings of NOX4 immuno-
precipitates were undertaken with anti-Rac1 antibody.

Western blot analysis

Western blot was performed as previously described (30)
with use of the following antibodies: a-collagen I, a-sma,
CTGF (1:1000; Abcam); NOX1, NOX2, NOX5 (1:1000;
Biovision), NOX4, RhoA (1:1000; Abcam); p-moesin,
moesin (1:1000; Cell Signaling Technology); and b-actin
(1:1000; ZSGB-Bio Origene), Rac1, and cdc42 (Millipore).
All Western blots were repeated at least thrice.

Quantitative real-time polymerase chain

reaction analysis

TGFb and Rock2 mRNA was quantified with quantitative
real-time RT-PCR as previously described (30). PCRs con-
sisting of 95�C for 10min (1 cycle), 95�C for 15 s, and 60�C
for 1min, 72�C for 30 s (40 cycles) were performed on an
ABI Prism 7500 Sequence Detection System (Applied Bio-
systems). mRNA expression was normalized to that of
GAPDH.

Statistical analysis

All data are presented as the means – standard deviation.
Significant differences were evaluated by ANOVA followed
by multiple-comparison testing (with the Student–Neuman–
Keuls and least-significant difference tests). p-Values less
than 0.05 were considered statistically significant. All of the
data were analyzed using SPSS 13.0�.
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