
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Molecular and cellular mechanisms of the inhibitory            
effects of ACE-2/ANG1-7/Mas axis on lung injury 

ABSTRACT 
An established body of recent literature has 
demonstrated potent inhibitory effects of the 
angiotensin converting enzyme-2 (ACE-2)/ANG1-7/ 
Mas axis on acute lung injury and lung fibrogenesis. 
One of the mechanisms of this inhibition is the 
enzymatic action of ACE-2 to degrade its main 
substrate angiotensin (ANG) II, thereby reducing 
the injurious and profibrotic activities of this 
octapeptide. Another, potentially more important 
mechanism is the production by ACE-2 of the 
heptapeptide ANG1-7, which inhibits the actions 
of ANGII through its own receptor Mas, the 
product of the oncogene of the same name. Very 
recent efforts to define the molecular and cellular 
mechanisms of ANG1-7/Mas action have revealed 
a number of similar, but mechanistically distinct, 
pathways by which ANG1-7 and Mas act on 
various lung cell types to inhibit lung injury and 
fibrosis. In this review we summarize the 
beneficial actions of the ANG1-7/Mas pathway, 
specifically on lung cells in non-neoplastic lung 
injury. We also review the currently known down-
stream signaling mechanisms of the ANG1-7/Mas 
pathway in various lung cell types known to be 
key in acute injury and fibrogenesis. 
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INTRODUCTION 
In recent years, many publications support the 
concept that excessive apoptosis of alveolar 
epithelial cells (AECs) is associated with progressive 
lung diseases such as idiopathic pulmonary 
fibrosis (IPF), acute lung injury (ALI) and chronic 
obstructive pulmonary disease (COPD) [1, 2]. 
Numerous experimental studies with both animal 
models and human tissues ex vivo now support  
the theory that activation of a local angiotensin 
(ANG) system plays a major role in lung injury. A 
subset of these studies demonstrated the existence 
of an intrinsic (i.e., all components expressed by 
the target cell itself) angiotensin system in lung 
alveolar epithelial cells. For example, in response 
to apoptosis inducers such as bleomycin, Fas 
ligand or tumor necrosis factor-alpha (TNF-α), 
angiotensinogen (AGT) mRNA and protein are 
produced de novo by AECs [3, 4, 5]. Once 
synthesized, AGT is cleaved by AEC proteases to 
generate the effector peptide angiotensin II (ANGII), 
which induces apoptosis in AECs through binding 
to AT1 receptor [3]. 
The heptapeptide Angiotensin 1-7 (ANG1-7) is 
produced by cleavage of the octapeptide ANGII 
by angiotensin converting enzyme-2 (ACE-2), 
which is also expressed constitutively by 
AECs. Recently, many experimental studies have 
demonstrated that ANG1-7 plays anti-apoptotic, 
anti-proliferative and anti-fibrotic roles in various 
lung cell types both in vitro and in vivo [6, 7, 8]. 
Further, radioligand-binding studies have demonstrated
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that ANG1-7 acts through its receptor Mas, 
which belongs to the G-protein coupled receptor 
(GPCR) family [9] and is the product of the Mas 
oncogene. A considerable body of literature has 
shown that ANGII/AT1 receptor-mediated lung 
injury is counteracted by the ANG1-7/Mas axis 
[10, 11, 12, 13]. In this review we summarize the 
beneficial/protective actions of the ANG1-7/Mas 
axis on lung cells in non-neoplastic lung injury. 
Exactly how the ANG1-7/Mas axis affects 
injurious signaling pathways is currently a topic 
of intense focus. Hence we also discuss the 
downstream signaling mechanisms of the ANG1-7/ 
Mas pathway recently shown to be active in 
various lung cells. 
 
Inhibitory actions of the ANG1-7/Mas pathway 
on pulmonary injury 
The local ANG system is activated after tissue 
injury in a variety of organs to promote repair, but 
abnormalities in the process promote fibrosis. 
Many experimental studies have elucidated the 
contribution of AEC apoptosis to the pathogenesis 
of lung fibrosis [14, 15, 16]. Many years ago and 
more recently, seminal research works reported 
data to support the concept that the death of AECs, 
by itself, could create a profibrotic microenvironment 
without the involvement of an inflammatory 
response [17]. Consistent with this concept, 
blockade of apoptosis of AECs during lung injury 
by angiotensin receptor blockers (ARBs), ACE 
inhibitors (ACEi) or by a broad-spectrum caspase 
inhibitor decreased the fibrotic response in animal 
models [18]. However, issues that might limit the 
applicability of this approach to human subjects 
have been discussed, such as potential side 
effects, gender differences and in the case of 
ARBs, the potential for systemic hypotension in 
some patients [19]. Although ACE inhibitors have 
shown to reduce lung fibrogenesis in some animal 
models, clinical trials of ACE inhibitors in 
humans have failed to detect beneficial effects on 
lung fibrosis. This might be explained by the 
presence of other enzymes independent of ACE 
that could generate ANGII. Thus, it is crucial 
to understand the underlying mechanisms of 
the counter-regulatory axis ACE-2/ANG1-7/Mas, 
which may hold potential for future therapeutics 
for lung diseases.  
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In AECs, constitutively expressed ACE-2 converts 
the pro-apoptotic octapeptide ANGII to the anti-
apoptotic heptapeptide ANG1-7, and thereby 
limits the accumulation of ANGII to promote cell 
survival [8]. Evidence for a beneficial role of 
ACE-2/ANG1-7 is strengthened by in vivo studies 
of experimental animals that used genetic 
manipulation of ACE-2 or specific inhibitors of 
ACE-2 to establish a protective role of the 
enzyme [20]. Previous work in this laboratory 
showed that ACE-2 is protective against 
experimental fibrosis, but is down-regulated in 
both human lung fibrosis and experimental lung 
fibrosis in animal models [21]. Uhal et al. 
demonstrated that ACE-2 mRNA, protein and 
enzymatic activity were severely decreased in 
lung biopsy specimens isolated from IPF patients 
and also in the lung tissue of experimental 
animals made fibrotic by administration of 
bleomycin [21]. In these studies, intratracheal 
administration of either ACE-2-specific siRNAs 
or DX600, a competitive inhibitor of ACE-2, 
enhanced bleomycin-induced lung collagen 
accumulation. Moreover, in the lungs of animals 
in which ACE-2 was manipulated in these ways, 
ANGII levels were increased and the resulting 
increase in lung collagen was blocked by an ANG 
receptor blocker. Together, these studies showed 
that ACE-2 is protective against lung fibrogenesis 
by controlling local ANGII generation.  
In the lungs of patients with IPF, many alveolar 
epithelial cells are proliferating in the so-called 
“hyperplastic epithelium” described by pathologists, 
whereas AECs in the normal lung are primarily 
quiescent [2]. On this basis, it was hypothesized 
that cell cycle regulation plays an important role 
in ACE-2 expression by AECs. This was verified 
in a recent study that showed significant differences 
in ACE-2 mRNA, protein and enzymatic activity 
in sub-confluent (proliferating) vs. post-confluent 
(quiescent) human lung cells in culture, and 
within normal or fibrotic human lung specimens 
[22]. The data clearly showed a down-regulation 
of ACE-2 mRNA, protein and enzymatic activity 
in proliferating cells and an up-regulation in 
quiescent cells. Additionally, the up-regulation of 
ACE-2 that occurs in cells approaching density-
dependent quiescence in vitro is blocked by  
the transcription blocker actinomycin D or by  
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and/or ER stress play a role in pathogenesis. The 
exact mechanisms of the activation of the ANG 
system in response to ER stress are currently 
unclear but are under investigation. 
Consistent with these observations, Shenoy et al. 
demonstrated that intratracheal administration of a 
lentiviral-packaged ANG1-7 expression construct 
or ACE-2 cDNA into Sprague Dawley (SD) rats 
significantly inhibited bleomycin-induced collagen 
deposition, expression of transforming growth 
factor-β (TGF-β) mRNA and AT1 receptor 
protein levels in the rat lungs [25]. Additionally, 
protective effects against lung fibrosis were also 
obtained by overexpression of ACE-2. This study 
is consistent with a previously published study by 
Li et al., which demonstrated that exposure of 
cultured rat or human AECs to bleomycin in vitro 
caused a robust expression of angiotensinogen 
(AGT) mRNA and the processed peptide ANGII, 
both of which are required for the apoptotic 
response of these cells [26]. Attempts to determine 
which profibrotic genes might be activated in 
response to ANGII have shown the induction of 
TGF-β and α-collagen-1 mRNA levels in vitro 
in human fetal lung (HFL-1) cells exposed to 
the octapeptide [27]. Pre- or co-incubation with 
ANG1-7 prior to the application of ANGII 
inhibited the induction of the profibrotic genes. 
However in this study, pre-incubation with A779 
did not prevent the inhibitory actions of ANG1-7. 
The cause for this incongruity is not clear, but 
may depend on the cell type specificity (fibroblast 
vs. epithelial cell) or the experimental conditions 
that were used [18]. 
Acute respiratory distress syndrome (ARDS) is 
one of the most devastating forms of acute lung 
injury (ALI). Each year in the United States 
around 200,000 patients suffer from ARDS [10]. 
Apoptosis of AECs has been discovered in the 
lungs of ARDS patients and was associated with 
increased Fas/FasL expression [28]. It is currently 
believed that anomalies of the ANG system 
contribute to the pathogenesis of ARDS. About 
60% of ARDS patients are shown to develop 
pulmonary fibrosis with increased mortality  
rates [29]. A considerable number of in vivo 
studies demonstrates the beneficial actions of 
the ACE-2/ANG1-7 axis in acute lung injury in 
several animal models (see Figure 1). For example, 
 
 
 

an inhibitor of JNK phosphorylation. Taken 
together, these results illustrated the cell cycle-
dependent and JNK-mediated regulation of ACE-
2 expression in AECs. 
Recent work in our laboratory showed that both 
ANGII generation and c-Jun N terminal kinase 
(JNK) phosphorylation are required events in 
AEC apoptosis and subsequent lung fibrosis [23]. 
It was speculated that ACE-2, as well as its 
product ANG1-7, might regulate AEC apoptosis. 
This theory was confirmed by the findings that 
ANG1-7 could block JNK phosphorylation, caspase 
activation and nuclear fragmentation in a cultured 
mouse lung epithelial cell line (MLE-12 cells) or 
in primary cultures of rat lung alveolar type II 
epithelial cells [23]. Furthermore, pretreatment 
with A779 (D-ala7-Ang1-7), a specific antagonist 
of the Mas receptor, prevented the inhibitory 
actions of ANG1-7 and thus implicated the 
involvement of Mas receptor [23]. A subsequent 
study of the human type II epithelial cell-derived 
cell line A549 and primary cultures of human lung 
AECs evaluated apoptosis of these cells, induced 
by either MG132 (a proteasome inhibitor and 
inducer of ER stress) or by the surfactant protein 
C (SPC) BRICHOS domain mutation G100S (an 
inducer of the Unfolded Protein Response and ER 
stress), one of several recently discovered SPC 
mutations that cause interstitial lung disease. In 
response to either of these inducers, the apoptosis 
was completely abrogated by ANG1-7 [24]. 
Specifically, ANG1-7 prevented the induction of 
caspases, loss of mitochondrial membrane potential, 
cytochrome c release, JNK phosphorylation and 
nuclear fragmentation in the cultured human 
AECs. Further, the Mas antagonist A779 blocked 
the inhibition of apoptosis by ANG1-7 and 
demonstrated the involvement of Mas. This study 
also demonstrated a reduction of ACE-2 expression 
when the cultured AECs were challenged with the 
proteasome inhibitor MG132 or the SPC mutant 
G100S. This reduction was prevented by an 
inhibitor of the ACE-2 ectodomain shedding 
enzyme ADAM17/TACE (TAPI-2). Together, 
these data demonstrate that AEC apoptosis is 
mediated by the autocrine ANGII/ANG1-7 system 
expressed by these cells, and suggest that the 
hepta-peptide ANG1-7 may hold therapeutic 
potential for lung diseases in which the UPR 
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to determine pulmonary ACE and ACE-2 activity 
in patients with ARDS, demonstrated increased 
ACE activity and decreased ACE-2 activity 
compared to the control group [12]. In an animal 
model of ARDS, the reduction of ACE-2 activity 
was also present, but could be reestablished by  
in vivo treatment with ANG1-7. These findings 
are promising but since the clinical study was 
limited to fourteen ARDS patients, larger clinical 
studies are needed for confirmation. Along the 
same line of thinking, Imai et al. demonstrated 
that pharmacological inhibition of AT1 receptor 
or ACE-knockout mice showed improved ALI 
symptoms in the absence of functional AT1 
receptor or ACE [33]. On the basis of this work 
and that summarized in preceding paragraphs, it 
has been theorized that ACE/ANGII/AT1 can 
promote ALI, but the counter-regulatory axis 
ACE-2/ANG1-7 is protective against ALI.  
Related experimental studies showed that ALI in 
mice following hindlimb ischemia-reperfusion 
(LIR) is also due to the dysregulation of the ANG 
system [34]. Changes in the ACE/ACE-2 mRNA 
level and protein levels were measured after  
2 hour of hind limb ischemia in mice. In addition, 
ANGII and ANG1-7 levels in the blood serum 
and in lung tissues were measured by enzyme-
linked inmunosorbent assay. In the beginning of 
the reperfusion period, the authors found higher 
levels of ANG1-7 than ANGII, but in later stages 
of reperfusion ANGII levels were higher than 
ANG1-7 levels. This change agreed with varying 
levels of ACE/ACE-2 expression [34]. Consistent 
with other works mentioned above, genetic deletion

 
 
 
 
 
 
 
 
 
 
 

intratracheal administration of lipopolysaccharide 
(LPS) induced acute lung injury in C57BL/6 mice, 
which resulted in substantial induction of collagen 
accumulation, pulmonary edema and inflammation 
[30]. However, subcutaneous infusion of ANG1-7 
significantly reduced hydroxyproline levels 
(a marker of total collagen) as well as TGF-β1 and 
Smad2/3 protein levels. Treatment with A779 
prevented the protective effect of ANG1-7 on 
collagen deposition and lung remodeling, 
observations that provide in vivo evidence that 
Mas mediates the protective role of ANG1-7 on 
lung injury and fibrogenesis. 
Similarly, overexpression of a recombinant form 
of ACE-2 prevented ALI induced by acid 
aspiration or sepsis in mice [31]. The same 
authors also demonstrated that mice deficient in 
ACE had markedly decreased ALI. On the other 
hand, the importance of ACE-2 is strengthened by 
the use of ACE-2 knockout mice [32]. Experimental 
ARDS induced in mice by acid aspiration was 
more severe in ACE-2 knockouts compared to 
wildtype controls that express functional ACE-2; 
the loss of ACE-2 in the knockout mice increased 
neutrophil accumulation and worsened pulmonary 
edema. These studies demonstrated the protective 
role of ACE-2 in vivo in models of ALI and 
showed that part of this defensive role is due to 
limitation of the accumulation of ANGII. Recently, 
many studies have accumulated to support the 
view that an imbalance between the enzymatic 
activity of ACE and ACE-2 determines the local 
tissue levels of ANGII and ANG1-7. For example, 
a study by Wosten-van Asperen et al. conducted 
 
 

Figure 1. Known actions of ANG1-7 in lung injury. In vitro studies of lung fibroblasts have demonstrated the down-
regulation of profibrotic genes. Further, angiotensin (ANG) II-induced apoptosis of alveolar epithelial cells (AECs) 
and JNK phosphorylation were reversed by treating the epithelial cells with ANG1-7. In vivo studies have shown the 
reduction of collagen levels, TGF-β1 and lung inflammation in response to ANG1-7. Moreover, ANG1-7 enhanced 
lung function in experimental mice after lung injury. Parentheses indicate key references. 
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absence of AVE [37]. While OVA increased 
airway and pulmonary vascular wall thickness, 
OVA + AVE-treated mice displayed reduced 
airway wall and pulmonary vasculature thickness. 
Further, cytokine levels and airway contractile 
response were also reduced in mice treated with 
AVE compound. Together, these studies suggested 
the potential of analogues of ANG1-7 in the 
treatment of chronic pulmonary remodeling 
associated with asthma.  
The protective effects of ACE-2 and ANG1-7 
have also been demonstrated in models of 
pulmonary hypertension (PH). In animal models 
of PH, ANGII contributes to pulmonary remodeling 
and binding of ANGII to AT1 receptor is 
increased in rats with experimental pulmonary 
hypertension [38]. Moreover, ACE expression  
in vivo is also increased in these animals [39]. 
However, preliminary clinical trials did not have 
major success in demonstrating beneficial effects 
of ACE inhibitors or ARBs on COPD-related PH 
[40]. Monocrotaline-induced animal models of PH 
have revealed that experimental overexpression of 
ACE-2 can inhibit and reverse the induction in 
right ventricular pressure, suggesting ACE-2 as a 
potential therapy [41, 42]. The development of 
a plant-based oral delivery system, consisting 
of purified ACE-2 and ANG1-7 bioencapsulated 
in plant cells, has displayed protection against
experimental PH [43]. The bioencapsulation 
defends against gastric enzymatic degradation and 
improved systemic absorption from the intestine. 
Sprague-Dawley rats with monocrotaline-induced 
experimental PH were treated with bioencapsulated 
ACE-2 and ANG1-7, which significantly halted 
the disease progression in these animals. This 
novel approach of delivery system using 
transplastomic technology may be beneficial for 
future treatments of other types of lung injuries, 
but needs to be investigated further. As discussed, 
ultimately these experimental studies may provide 
ideas to develop novel therapeutic strategies to 
control lung diseases and conceivably other 
diseases that involve the ANG system. 
 
Signaling mechanisms underlying                  
ACE-2/ANG1-7/Mas action in lung cells 
The recent advances discussed above have 
enhanced our understanding of the tissue specific

of ACE-2 showed increased disease progression 
in this model. Collectively, the above studies all 
demonstrate the protective role of ACE-2 in lung 
injury. 
On the other hand, the efficacy of ANG1-7 
administration in vivo has been less well documented 
to date, in part due to the many proteases that 
degrade the heptapeptide very rapidly. This 
problem was bypassed by the addition of a 
thioether ring to the peptide to form cyclic ANG1-
7 (cANG1-7), which has been shown to increase 
resistance to proteolytic degradation in vivo in 
Sprague Dawley rats [35]. Experimental studies 
have found enhanced stability of the cANG1-7 
and also evidence that it binds to the ANG1-7 
receptor Mas with high affinity. Efficacy of the 
cyclic analog of ANG1-7 was confirmed by the 
abrogation of LPS-induced acute lung injury by 
treatment with cANG1-7 in vivo [10]. These 
authors further found that cANG1-7 acted very 
quickly (< 4 hrs) to improve lung function 
and increase oxygenation. Thus, administration 
of the modified heptapeptide has a protective 
role against LPS-induced experimental ARDS. 
Nevertheless, the ability of cANG1-7 to inhibit 
acid aspiration-induced and sepsis-induced ARDS 
also needs to be validated in animal models.  
It was also demonstrated that agonists of the Mas 
receptor or angiotensin type II receptor may  
hold therapeutic benefits against chronic lung 
disease (CLD) by counterbalancing ANGII 
induced pulmonary inflammation. Wagenaar et al. 
demonstrated cardiopulmonary effects by 
examination of lung and heart histopathology in 
neonatal rats challenged with constant exposure to 
100% oxygen for 10 days in the presence of 
cANG1-7 or an AT2 agonist [36]. Additionally, 
mRNA levels of crucial genes that are involved in 
the ANG system and alveolar development were 
evaluated. Treatment with the agonists reduced 
the influx of macrophages and neutrophils into the 
lungs. However, treatment with the agonists did 
not affect alveolar development in neonatal rats 
with CLD. 
A non-peptide compound AVE 0991 (AVE) has 
also shown to mimic the beneficial effects of 
ANG1-7 in a murine model of ovalbumin (OVA)-
induced chronic allergic lung inflammation. Mice 
were challenged with OVA in the presence or 
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such as α-collagen-I and synthesis of TGF-β [44]. 
The authors found, in studies of rat lung and in 
human fetal lung (HFL)-1 cells, that the resistance 
of fibroblasts to bleomycin- or ANGII-induced 
apoptosis was prevented by ANG1-7 through 
inhibition of the MAPK/NF-κB pathway. Moreover, 
they found the activation of caspase-dependent 
mitochondrial apoptotic pathway and BAX 
protein in response to ANG1-7 in lung fibroblasts. 
The inhibitory effects of ANG1-7 could be 
blocked by A779, the Mas receptor blocker, thus 
showing the involvement of Mas. However, these 
authors also demonstrated that administration of 
ANG1-7 alone activated ERK1/2 and moreover, 
blunted JNK phosphorylation in the HFL-1 cells. 
The dual effects of ANG1-7 that were shown in 
this study were explained by the state of 
activation of the ACE/ANGII/AT1 axis and a 
possible mechanism of ANG1-7 acting through 
AT1 receptor. However, no data were provided to 
support the proposed mechanism of ANG1-7 
action through AT1 rather than Mas, and thus this 
concept should be evaluated carefully, since cell 
type specificity and the ratio of AT1 vs. Mas 
receptors are likely to play roles in the activation 
of this pathway. A later study from the same 
research group revealed that the ANG1-7/Mas 
axis protects against fibroblast migration by 
inhibiting the NADPH oxidase-4 (NOX-4)-derived 
ROS-mediated RhoA/Rho kinase pathway [45].   
Recent reports have established the contribution 
of oxidative stress to the pathogenesis of pulmonary 
fibrosis [46, 47]. NOX-4 is an important source 
for the generation of reactive oxygen species 
(ROS) believed to be involved in initiating lung 
fibrosis. Consistent with this notion, the induction 
of α-collagen-I synthesis and fibroblast migration 
by ANGII was abrogated by an inhibitor of 
RhoA/Rock pathway (Y-27632) or by siRNA-
mediated silencing of NOX-4. A direct inhibitory 
effect of ANG1-7 was investigated by the ability 
of ANG1-7 to block ANGII-induced RhoA and 
Rock-2 mRNA induction. Additionally, the 
authors showed that lentiviral-mediated expression 
of ACE-2 suppressed ANGII-induced fibroblast 
migration and collagen synthesis by blockade of 
the RhoA/Rho kinase pathway. In agreement with 
this study, another group showed that ANGII-
induced human airway smooth muscle cell 
 

renin-angiotensin system (RAS), and mainly the 
counter-regulatory role of the ACE-2/ANG1-7/Mas 
axis which opposes the many deleterious actions 
of the ACE/ANGII/AT1 axis. However, the exact 
intracellular signaling mechanisms of the ANG1-7/ 
Mas pathway are currently unclear in lung cells. A 
number of cell signaling mechanisms are thought 
to be involved downstream of ANG1-7 binding to 
Mas, but only a few studies have explored this 
subject in lung injury. In this section we summarize 
the experimental studies that demonstrate the 
downstream signaling pathways that are involved 
in ANG1-7/Mas signaling in lung cells.  
A recent study from our lab demonstrated that 
ANGII-induced JNK phosphorylation and apoptosis 
in AECs were potently blocked by ANG1-7 [23]. 
At baseline (without added inducers and in serum-
free media), ANG1-7 levels in the medium of 
cultured AECs are ~10-fold higher than ANGII 
levels, and thereby function to maintain cell 
survival [23]. The same study demonstrated that 
ANG1-7 could potently reduce the JNK 
phosphorylation induced by ANGII, and JNK 
phosphorylation is required for AEC apoptosis. In 
accord with these observations, it was hypothesized 
that ANG1-7 binding to Mas activates a JNK-
selective phosphatase which reduces the accumulation 
of phospho-JNK as a cell survival mechanism. 
This idea is currently being investigated through
the use of gene knockdown strategies. In an 
earlier study of primary cultures of AECs, it was 
observed that ANGII binding to AT1 activates 
protein kinase C (PKC) and that PKC activation, 
as well as JNK phosphorylation, is required for 
apoptosis [8]. Other recent studies showed that 
blockade of protein kinase A (PKA) by a specific 
inhibitor led to a rapid increase in phospho-JNK, 
which suggests a possible role for PKA in AEC 
apoptosis (unpublished data). Therefore, it will 
be of high interest to investigate the possible 
involvement of the cAMP/PKA pathway in the 
inhibitory actions of ANG1-7 on lung cells.  
Other signaling pathways of ANG1-7/Mas have 
been reported by various research groups studying 
lung injury and fibrosis. Meng and colleagues 
showed that the ACE-2/ANG1-7/Mas axis protects 
against pulmonary fibrosis by inhibiting the 
MAPK/NF-κB pathway in homogenates of whole 
lung tissue, thereby reducing markers of fibrosis 
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ANG1-7 attenuated the ovalbumin-induced 
phosphorylation of ERK1/ERK2 and IκB-α, all of 
which was prevented by pre-treatment with the 
Mas receptor antagonist A779 [49]. Transcriptional 
regulation of the ANG1-7/Mas pathway is poorly 
understood in any organ system. To date, only one 
study has reported studies of the transcriptional 
regulation (or at least partial regulation) of the 
ANG1-7/Mas pathway in A549 cells [50]. 
Forkhead box protein O 1 (FOXO-1) is a transcription 
factor that regulates cell growth and apoptosis; 
when treated with ANG1-7, FOXO-1 transcriptional 
factor in A549 cells was phosphorylated and 
translocated to the nucleus upon stimulation [50]. 
However, further studies are required to understand 
the regulation of this system in vivo. Several 
groups have shown the involvement of vascular 
endothelial growth factor (VEGF), cyclooxygenase 
(COX-2) and PI3K/AKT pathway in A549s and 
 
 

(HASMC) contraction was reversed by ANG1-7 
through the RhoA/Rho kinase signaling pathway 
[48]. In this study, HASMCs that were isolated 
from main bronchus biopsies obtained from lung 
resection donors were incubated with a RhoA/Rho 
kinase inhibitor Y-27632, which blocked ANGII 
induced HASMC contraction. These studies clearly 
demonstrate a down-regulation of RhoA/Rho kinase 
signaling pathways by ANG1-7 acting through its 
receptor Mas. However, further studies are required 
in other cell types in the lung and to identify the 
factor(s) that may influence this pathway. 
Hashim et al. studied bronchoalveolar lavage  
fluid (BALF) in allergen-challenged mice and 
demonstrated that ovalbumin increased total 
cell numbers of neutrophils, eosinophils and 
lymphocytes, but this was attenuated by ANG1-7 
through suppression of ERK1/ERK2 [49]. Although 
the exact mechanism of the suppression is unknown,
  

Figure 2. Known signaling mechanisms in alveolar epithelial cells (AECs). The octapeptide angiotensin II (ANGII) 
induces JNK phosphorylation and apoptosis through the AT1 receptor [23]. Angiotensin converting enzyme-2 
(ACE-2) degrades the pro-apoptotic ANGII to the anti-apoptotic ANG1-7, which inhibits both JNK phosphorylation 
and apoptosis through the Mas receptor. These inhibitory effects of ANG1-7 are blocked by A779, a specific 
antagonist of Mas. Current studies suggest that ANG1-7/Mas activation prevents JNK phosphorylation by 
constitutively activating the JNK-selective map kinase phosphatase-2 (MKP-2) and further, demonstrate the 
involvement of the Mas receptor in MKP-2 activation. The mechanism(s) by which Mas activation induces MKP-2 
(??) are currently unclear. PM - plasma membrane. 
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to be key in the various lung diseases for which 
current therapies are limited and/or lacking. We 
suggest that future studies of this nature be 
conducted with well-differentiated primary cell 
cultures obtained from human lung, to help avoid 
potentially conflicting results due to species 
differences or the state of cell differentiation in 
culture. 
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demonstrated the ability of ANG1-7 to prevent 
tumor angiogenesis [7, 51, 52]. Nevertheless, further 
study is needed to determine the role of these 
pathways in non-neoplastic lung injury.   
 
SUMMARY AND PERSPECTIVE  
Evidence to date clearly demonstrates potent 
protective actions of angiotensin 1-7, acting 
through its receptor Mas, on lung injury and 
fibrogenesis through a variety of mechanisms 
including, but not limited to, inhibition of 
inflammation, chronic tissue remodeling and/or 
collagen deposition, as well as reduction of 
apoptosis in epithelial cells vs. reduction of cell 
proliferation and migration in stromal cells (see 
Figure 1). Clearly, opposing actions such as the 
latter listed above point to different and 
potentially opposite actions of ANG1-7/Mas on 
different cell types within the same organ. This 
diversity of cell type-dependent signaling 
pathways downstream of Mas activation (see 
Figures 2 and 3) emphasizes the importance of 
elucidating ANG1-7/Mas signaling in individual 
cell types of the lung, each of which is known 
  

Figure 3. Downstream signaling pathways of the ANG1-7/Mas pathway in non-epithelial lung cell types. In lung 
fibroblasts (Left), ANG1-7/Mas protects against bleomycin-induced lung fibrosis by inhibiting the mitogen-activated 
protein kinase (MAPK)/NF-κB pathway. Fibroblast migration (middle) was prevented by inhibition of the 
RhoA/Rho kinase pathway. Ovalbumin-induced infiltration of lung tissues by eosinophils, lymphocytes and 
neutrophils (Right) were prevented by ANG1-7 through suppression of ERK1/2. Parentheses indicate key references. 
PM - plasma membrane. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Role of ACE-2/ANG1-7/Mas in lung injury                                                                                               79 

19.  Ferreira, A. J., Murca, T., Fraga-Silva, R. 
A., Castro, C. H., Raizada, M. K. and 
Santos, R. A. S. 2012, Int. J. Hypertens., 
2012, e147825. 

20.  Soler, M. J., Lloveras, J. and Batlle, D. 
2008, Med. Clínica., 131, 230. 

21.  Li, X., Moolina-Moolina, M., Abdul-Hafez, 
A., Uhal, V., Xaubet, A. and Uhal, B. D. 
2008, Am. J. Physiol. Lung Cell Mol. 
Physiol., 295, L178. 

22.  Uhal, B. D., Dang, M., Dang, V., Llatos, R., 
Cano, E., Abdul-Hafez, A., Markey, J., 
Piasecki, C. C. and Molina-Molina, M. 
2013, Eur. Respir. J., 42, 198. 

23.  Uhal, B. D., Li, X., Xue, A., Gao, X. and 
Abdul-Hafez, A. 2011, Am. J. Physiol. Lung 
Cell Mol. Physiol., 301, L269. 

24.  Uhal, B. D., Nguyen, H., Dang, M., 
Gopallawa, I., Jiang, J., Dang, V., Ono, S. 
and Morimoto, K. 2013, Am. J. Physiol. 
Lung Cell. Mol. Physiol., 305, L33. 

25.  Shenoy, V., Ferreira, A., Qi, Y., Fraga-Silva, 
R. A., Diez-Freire, C., Dooies, A., Jun, J., 
Sriramula, S., Mariappan, N., Pourang, D., 
Venugopal, C. S., Francis, J., Reudelhuber, 
T., Santos, R. A., Patel, J. M., Raizada, M. 
K. and Katovich, M. J. 2010, Am. J. Respir. 
Crit. Care Med., 182, 1065. 

26.  Li, X., Zhang, H., Soledad-Conrad, V., 
Zhuang, J. and Uhal, B. D. 2003, Am. J. 
Physiol. Lung Cell. Mol. Physiol., 284, 
L501. 

27.  Meng, Y., Yu, C., Cai, S. and Li, X. 2013, 
J. Chin. Med. Assoc., 93, 1585. 

28.  Song, Y., Mao, B. and Qian, G. 1999, Chin. 
J. Tuberc. Respir. Dis., 22, 610. 

29.  Phua, J., Badia, J. R., Adhikari, N. K., 
Friedrich, J. O., Fowler, R. A., Singh, J. M., 
Scales, D. C., Stather, D. R., Li, A., Jones, 
A., Gattas, D. J., Hallett, D., Tomlinson, G., 
Stewart, T. E. and Ferguson, N. D. 2009, 
Am. J. Respir. Crit. Care Med., 179, 220. 

30.  Chen, Q., Yang, Y., Huang, Y., Pan, C., Liu, 
L. and Qiu, H. 2013, J. Surg. Res., 185, 740. 

31.  Imai, Y., Kuba, K., Rao, S., Huan, Y., Guo, 
F., Guan, B., Yang, P., Sarao, R., Wada, T., 
Leong-Poi, H., Crackower, M. A., Fukamizu, 
A., Hui, C., Hein, L., Uhlig, S., Slutsky, A. 
S., Jiang, C. and Penninger, J. M. 2005, 
Nature, 436, 112. 

5. Wang, R., Alam, G., Zagariya, A., Gidea, 
C., Pinillos, H., Lalude, O., Choudhary, G., 
Oezatalay, D. and Uhal, B. D. 2000, J. Cell 
Physiol., 185, 253. 

6. Simões e Silva, A., Silveira, K., Ferreira, A. 
and Teixeira, M. 2013, Br. J. Pharmacol., 
169, 477. 

7. Ni, L., Feng, Y., Wan, H., Ma, Q., Fan, L., 
Qian, Y., Li, Q., Xiang, Y. and Gao, B. 
2012, Oncol. Rep., 27, 783. 

8. Uhal, B. D., Li, X., Piasecki, C. C. and 
Molina-Molina, M. 2012, Int. J. Biochem. 
Cell Biol., 44, 465. 

9.   Santos, R. A., Simões e Silva, A., Maric, C., 
Silva, D. M., Machado, R. P., de Buhr, I., 
Heringer-Walther, S., Pinheiro, S. V., Lopes, 
M. T., Bader. M., Mendes, E. P., Lemos, V. 
S., Campagnole-Santos, M. J., Schultheiss, 
H. P., Speth, R. and Walther, T. 2003, Proc. 
Natl. Acad. Sci., 100, 8258. 

10.  Wösten-van Asperen, R. M., Lutter, R., 
Specht, P. A., Moll, G. N., van Woensel, J. 
B., van der Loos, C. M., van Goor, H., 
Kamilic, J., Florquin, S. and Bos, A. P. 
2011, J. Pathol., 225, 618. 

11.  Bader, M. 2013, Pflüg. Arch. Eur. J. 
Physiol., 465, 79. 

12.  Wösten-van Asperen, R. M., Bos, A. P., 
Bem, R. A., Dierdorp, B. S., Dekker, T., van 
Goor, H., Kamilic, J., van der Loos, C. M., 
van den Berg, E., Bruijn, M., van Woensel, 
J. B. and Lutter, R. 2013, Pediatr. Crit. Care 
Med., 14, e438. 

13.  Gaddam, R. R., Chambers, S. and Bhatia, 
M. 2014, Inflamm. Allergy Drug Targets, 
13, 224. 

14.  Fattman, C. L. 2008, Antioxid. Redox 
Signal., 10, 379. 

15.  Li, X., Moolina-Moolina, M., Abdul-Hafez, 
A., Ramirez, J., Serrano-Mollar, A., Xaubet, 
A. and Uhal, B. D. 2006, Am. J. Physiol. 
Lung Cell Mol. Physiol., 291, L887. 

16.  Hagimoto, N., Kuwano, K., Miyazaki, H., 
Kunitake, R., Fujita, M., Kawasaki, M., 
Kaneko, Y. and Hara, N. 1997, Am. J. 
Respir., Cell Mol. Biol., 17, 272. 

17.  Uhal, B. D. and Nguyen, H. 2013, Am. J. 
Physiol. Lung Cell Mol. Physiol., 305, L906. 

18.  Filippatos, G. and Uhal, B. D. 2003, Curr. 
Pharm. Des., 9, 707. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

80 Indiwari Gopallawa & Bruce D. Uhal

42.  Shenoy, V., Qi, Y., Katovich, M. J. and 
Raizada, M. K. 2011, Curr. Opin. Pharmacol., 
11, 150. 

43.  Shenoy, V., Kwon, K., Rathinasabapathy, 
A., Lin, S., Jin, G., Song, C., Shil, P., Nair, 
A., Qi, Y., Li, Q., Francis, J., Katovich, M. 
J., Daniell, H. and Raizada, M. K. 2014, 
Hypertension, 64, 1248. 

44.  Meng, Y., Yu, C. H., Li, W., Li, T., Luo, 
W., Huang, S., Wu, P. S., Cai, S. X. and Li, 
X. 2013, Am. J. Respir. Cell Mol. Biol., 50, 
723. 

45.  Meng, Y., Li, T., Zhou, G., Chen, Y., Yu, C. 
H., Pang, M. X., Li, W., Li, Y., Zhang, W. 
Y. and Li, X. 2015, Antioxid. Redox Signal., 
22, 241. 

46.  Carnesecchi, S., Deffert, C., Donati, Y., 
Basset, O., Hinz, B., Preynat-Seauve, O., 
Guichard, C., Arbiser, J. L., Banfi, B., 
Pache, J. C., Barazzone-Argiroffo, C. and 
Krause, K. H. 2011, Antioxid. Redox 
Signal., 15, 607. 

47.  Kliment, C. R. and Oury, T. D. 2010, Free 
Radic. Biol. Med., 49, 707. 

48.  Li, N., Cai, R., Niu, Y., Shen, B., Xu, J.  
and Cheng, Y. 2012, Int. J. Mol. Med., 30, 
811. 

49.  El-Hashim, A. Z., Renno, W. M., Raghupathy, 
R., Abduo, H. T., Akhtar, S. and Benter, I. 
F. 2012, Br. J. Pharmacol., 166, 1964. 

50.  Verano-Braga, T., Schwämmle, V., Sylvester, 
M., Passos-Silva, D. G., Peluso, A. A. B., 
Etelvino, G. M., Santos, R. A. S. and 
Roepstorff, P. 2012, J. Proteome Res., 11, 
3370. 

51.  Soto-Pantoja, D. R., Menon, J., Gallagher, 
P. E. and Tallant, E. A. 2009, Mol. Cancer 
Ther., 8, 1676. 

52.  Menon, J., Soto-Pantoja, D. R., Callahan, M. 
F., Cline, J. M., Ferrario, C. M., Tallant, E. 
A. and Gallagher, P. E. 2007, Cancer Res., 
67, 2809. 

 
 
 
 
 
 
 
 
 

32.  Hamming, I., Cooper, M. E., Haagmens, 
B. L., Hooper, N. M., Korstanje, R., 
Osterhaus, A., Timens, W., Turner, A. J., 
Navis, G. and van Goor, H. 2007, J. Pathol., 
212, 1. 

33.  Imai, Y., Kuba, K. and Penninger, J. M. 
2008, Exp. Physiol., 93, 543. 

34.  Chen, L. N., Yang, X. H., Nissen, D. H., 
Chen, Y. Y., Wang, L. J., Wang, J. H., Gao, 
J. L. and Zhang, L. Y. 2013, Shock., 40, 
420. 

35.  Kluskens, L. D., Nelemans, S., Rink, R., de 
Vries, L., Meter-Arkema, A., Wang, Y., 
Walther, T., Kuipers, A., Moll, G. N. and 
Haas, M. 2009, J. Pharmacol. Exp. Ther., 
328, 849. 

36.  Wagenaar, G. T. M., Laghmani, E. H., 
Fidder, M., Sengers, R. M. A., de Visser, Y. 
P., de Vries, L., Rink, R., Roks, A. J. M., 
Folkerts, G. and Walther, A. J. 2013, Am. J. 
Physiol. Lung Cell Mol. Physiol., 305, 
L341. 

37.  Rodrigues-Machado, M. G., Magalhães, G. 
S., Cardoso, J. A., Kangussu, L. M., Murari, 
A., Caliari, M. V., Oliveira, M. L., Cara, D. 
C., Noviello, M. L. M., Marques, F. D., 
Pereira, J. M., Lautner, R. Q., Santos, R. A. 
S. and Campagnole-Santos, M. J. 2013, Br. 
J. Pharmacol., 170, 835. 

38.  Kuba, K., Imai, Y. and Penninger, J. M. 
2006, Curr. Opin. Pharmacol., 6, 271. 

39.  Shrikrishna, D., Astin, R., Kemp, P. R. and 
Hopkinson, N. S. 2012, Clin. Sci. Lond. 
Engl., 123, 487. 

40.  Morrell, N. W., Higham, M. A., Philips, P. 
G., Shakur, B. H., Robinson, P. J. and 
Beddoes, R. J. 2005, Respir. Res., 6, 88. 

41.  Yamazato, Y., Ferreira, A. J., Hong, K., 
Sriramula, S., Francis, J., Yamazato, M., 
Yuan, L., Bradford, C. N., Shenoy, V., Oh, 
S., Katovich, M. J. and Raizada, M. K. 
2009, Hypertension, 54, 365. 


