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ACE2-Ang (1-7) axis is induced in pressure  
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Abstract: ACE2-Ang (1-7) axis is a key regulator in cardiac hypertrophy, myocardial remodeling and development 
of heart failure. To investigate how ACE2-Ang (1-7) axis function in pressure-overload-induced heart failure, male 
SD rats (weighing about 250 g) were used to establish the model of pressure-overload-induced heart failure using 
aortic stenosis surgery. The level of plasma ACE2, ACE and Ang (1-7) from heart failure group were significantly up-
regulated compared with the sham group by ELISA test. The mRNA and protein expression of ACE2 in myocardial 
tissue from heart failure group also showed remarkably increased. Importantly, we found that the expression of 
ACE2 and Ang (1-7) were reversed in heart failure group after treatment with AT1 receptor antagonist telmisartan. 
Compared with heart failure group, the level of plasma ACE2, ACE and Ang (1-7) were significantly decreased in 
telmisartan treated group. The mRNA and protein expression of ACE2 in cardiac tissue from telmisartan group was 
also significantly decreased, while Mas mRNA and protein level was increased. Taken together, these studies dem-
onstrated that the expression of ACE2-Ang (1-7) axis was induced in pressure-overload-induced heart failure model, 
suggesting that ACE2-Ang (1-7) axis may have a protective role in the development of heart failure and may provide 
a new target for drug development of heart failure.
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Introduction

Cardiovascular diseases are predicted to be 
the most common cause of death worldwide by 
2020. Renin-angiotensin system (RAS) is an 
important mediators of myocardial fibrosis, 
pathological hypertrophy, and heart failure [8, 
18]. Angiotensin Converting Enzyme (ACE), 
Angiotensin II (Ang II), and Angiotensin II type I 
Receptor (AT1), namely AngII-ACE-AT1 axis is 
thought to be classic RAS pathway [13, 16]. 
Drugs that target Ang II and the Ang II type 1 
receptor (AT1) are widely used for the treatment 
of cardiovascular diseases such as hyperten-
sion, myocardial infarction, and heart failure 
[17, 19]. Recently, it has found that there are 
still new members in RAS system, that is 
Angiotensin 1-7 (Ang (1-7)), Angiotensin-conver- 
ting enzyme 2 (ACE2), and the specific receptor 
Mas. ACE2-Ang (1-7)-Mas axis is known as the 
second metabolic axis of RAS. Actually, ACE2-

Ang (1-7)-Mas axis plays a pivotal role in regulat-
ing the occurrence and development of cardio-
vascular disease [3, 11, 15]. Therefore, stu- 
dy on ACE2-Ang (1-7)-Mas has become a hot 
spot in biological medicine research.

Angiotensin-converting enzyme 2 (ACE2) is a 
pleiotropic monocarboxypeptidase capable of 
metabolizing several peptide substrates, includ-
ing Ang I, Ang II, des-Arg9-bradykinin, apelin-13, 
and opioids [3]. Ang (1-7), one of the major enzy-
matic products of ACE2, is a cardiovascular pro-
tective peptide in RAS [4, 9, 14]. It has been 
shown that Ang (1-7) can reduce Ang II-induced 
cardiac hypertrophy and remodeling and pres-
sure-overload-induced heart failure [14]. ACE2 
knockout mice can develop impaired cardiac 
function with adverse ventricular remodeling, 
enhanced oxidative stress, and inflammatory 
cytokine expression [2, 12]. Ang II infusion 
induces hypertension, myocardial hypertrophy, 
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fibrosis, and diastolic dysfunction, which are 
exacerbated in ACE2 deficient mice, whereas 
rhACE2 attenuated Ang II- and pressure-over-
load-induced adverse myocardial remodeling 
[21]. 

To delineate the expression of ACE2-Ang (1-7)-
Mas axis in animals of heart failure, we estab-
lished a pressure-overloaded rat model. The 
expression of ACE2 and Ang (1-7) remarkably 
increased following development of heart fail-
ure, while Mas expression decreased in heart 
failure model. Telmisartan intervention, an AT1 
receptor antagonist, reversed the expression of 
each component of ACE2-Ang (1-7)-Mas axis. 
Thus, ACE2-Ang (1-7)-Mas axis plays an impor-
tant role in development of heart failure, which 
may provide a new target for heart failure drug 
design and therapeutic strategy.

Materials and methods

Animals

SD rats were provided by Experimental Animal 
Center, Xi’an Jiaotong University School of 
Medicine. Rats used in this study were housed 
under 12 hours light- 12 hours dark cycle, in a 
pathogen free animal facility accredited by the 
Association for the Advancement and Accre- 
ditation of Laboratory Animal Care International. 

formed, the abdominal aorta was carefully sep-
arated from above the right renal artery, and a 
silver clip with an inner diameter of 0.8 mm was 
placed, so that the annular aortic stenosis 
formed. The incision was sutured, with an intra-
muscular injection of 40,000 units of penicillin 
only to prevent infection. For sham group, the 
operation was same as those in experimental 
group except for the silver clip was not placed 
around the separated abdominal aorta. For 
telmisartan intervention group, telmisartan (30 
mg/100 ml) was administered in drinking water 
after operation for 3 days. Rats were killed 
after surgery for 14 and 35 days. Blood collect-
ed from the inferior vena cava was used for 
assaying plasma content of ACE2 using ELISA 
kits. Myocardial tissue was collected and froze 
in liquid nitrogen for mRNA analysis. 

Enzyme-linked immunosorbent assay (ELISA)

ELISA double-antibody sandwich assay kits for 
ACE2, Ang (1-7), ACE, and Ang II were purchased 
from Australia ProSearch International Australia 
Pty Company. According to the Kit instructions, 
the reaction system and standard curve were 
established. The absorbance of each sample 
was measured by enzyme-linked immunosor-
bent analyzer. The content of ACE2, Ang (1-7), 
ACE, and Ang II were calculated in accordance 
with the standard curve.

Table 1. Specific Primers for Q-PCR
Genes name Primers forward Primers reverse
ACE2 CATTGGAGCA AGTGTTGGAT GAGCTAATGCATGCCATTCA
AT-1a CCTACATTCTAACACACCCT GCATATTGTGCCAGTACAAT
MAS AGACACGAATTCACCAGG AGACTCGAGTTAGACGAG
GAPDH CGGATTTGGTCGTATTGGG TCTCGCTCCTGGAAGATGG

Rats were maintained on a 
standard rodent chow (Teklad 
#7904; Harlan-Teklad, India- 
napolis, IN) and water ad libi-
tum. All animal procedures 
used in this study were rev- 
iewed and preapproved by the 
Xi’an Jiaotong University Institu- 
tional Animal Care and Use 
Committee.  

Aortic stenosis-induced pres-
sure overload 

Male SD rats (n=90) weighing 
250 g ± 20 g were randomly 
divided into three groups: 
sham group, heart failure 
group and telmisartan inter-
vention group. Sham-opera- 
ted rats were served as con-
trols. Under ether inhalation 
anesthesia, along rat ventral 
midline, laparotomy was per-

Figure 1. Model to illustrate 
the operation of aortic steno-
sis in SD rat.
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RNA preparation and real-time PCR

Total RNA was prepared from rat cardiac tissue 
using TRIzol reagent (Invitrogen). Reverse tran-
scription was performed with 1 μg of total RNA 
by PrimeScriptTM RT Reagent Kit with gDNA 
Eraser (TaKaRa). Q-PCR was carried out in trip-
licates for the amplification of specific genes 
and normalized by comparison with GAPDH. 
Each PCR reaction was composed of 0.8 μl (10 
μmol) of forward and reverse primers and 10 μl 
of 2×SYBR Green PCR Master Mix to make a 
final volume of 20 μl and performed by using 
Takara TP800 (Thermal Cycler Dice Real Time 
System). The generation of specific PCR prod-
ucts was confirmed by melting curve analysis 
and relative gene expression changes were 
measured using the comparative Ct method, 
X=2-ΔΔCt. The primer sequences are listed in 
Table 1.

Western blot analysis

40 μg heart protein samples were subjected to 
10% SDS-PAGE, transferred to nitrocellulose 
membrane, and immunoblotted using ACE2, 
Mas, and AT-1α antibodies. GAPDH (American, 
California, epitomics) was used as loading con-
trol to determine the relative expression levels 
of the target protein in the sample.

Statistical analysis 

Experimental data are shown as Mean ± SD. 
Main and interactive effects were analyzed by 

One-Way ANOVA using SPSS11.5 software. 
When justified by One-Way ANOVA, differences 
between individual group means were analyzed 
by Fisher’s LSD test. Differences were consid-
ered statistically significant at P < 0.05, while P 
< 0.01 represents more significant change.

Results

Plasma levels of ACE2, Ang (1-7), ACE and Ang 
II

To generate the pressure overloaded animal 
model, rat aortic stenosis surgery was operat-
ed. Surgical schematic diagram was shown in 
Figure 1. As we expected, compared with sham 
group, heart weight and left ventricle mass 
index were significantly increased in aortic ste-
nosis group after aortic stenosis surgery for 14 
days (P < 0.05), and more obviously for 35 days 
(P < 0.01) (Figure 2A and 2B). However, heart 
weight and left ventricle mass index seemed no 
significantly changed between 14 days and 35 
days operation (Figure 2A and 2B). Interestingly, 
intervention of telmisartan, an AT1 receptor 
antagonist, attenuated myocardial hypertrophy 
caused by aortic stenosis surgery (Figure 2A 
and 2B). 

Plasma level of ACE2, Ang (1-7), ACE and Ang II 
were determined after aortic stenosis surgery 
for 14 and 35 days. Compared with sham gro- 
up, plasma level of ACE2 and Ang (1-7) was sig-
nificantly increased in aortic stenosis group (P 

Figure 2. Heart-body weight ratio in aortic stenosis group or telmisartan intervention group (n=6) (*P < 0.05, **P < 
0.01). A. Heart-body weight index. B. Left heart-body weight index. SO represents sham operation group. AC repre-
sents aortic stenosis group. Tel represents telmisartan intervention group.
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< 0.05) (Figure 3A and 3B). The content of plas-
ma ACE also remarkably increased in aortic ste-
nosis group (P < 0.01) (Figure 3C). However, 
The level of plasma Ang II in aortic stenosis 
group obviously increased only after surgery for 
35 days, while slightly increased after surgery 
for 35 days (Figure 3D). After intervention with 
telmisartan, plasma level of ACE2, Ang (1-7), 
ACE and Ang II were reversed. Compared with 
aortic stenosis group, the content of plasma 
ACE2, Ang (1-7) and ACE significantly decreased 
in telmisartan treated group after surgery for 
14 and 35 days (Figure 3A-C). Plasma level of 
Ang II also showed remarkably decreased in 
telmisartan treated group after surgery for 35 
days (P < 0.05) (Figure 3D).

The mRNA expression of ACE2, Mas and AT1α 
in myocardial tissue

To test mRNA level of ACE2-Ang (1-7)-Mas, we 
extracted RNA from myocardial tissue and did 
RT Real time PCR. Real time PCR results 
showed that ACE2 mRNA expression was sig-
nificantly increased in aortic stenosis group, 
especially after surgery for 14 days (P < 0.01) 
(Figure 4A). After treatment with telmisartan, 
an AT1 receptor antagonist, ACE2 mRNA ex- 
pression was decreased (P < 0.05) (Figure 4A). 
In contrast, the mRNA expression of Mas in aor-
tic stenosis group significantly decreased com-
pared with sham group, which was increased 
after telmisartan intervention (Figure 4B). Com- 

Figure 3. Plasma level of ACE2 (A), Ang (1-7) (B) ACE (C) and Ang II (D). SO represents sham operation group. AC 
represents aortic stenosis group. Tel represents telmisartan intervention group.
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pared with sham group, AT1α mRNA level sig-
nificantly increased in aortic stenosis group (P 
< 0.05), while its expression decreased after 
telmisartan intervention (Figure 4C).

Protein expression of ACE2, Mas and AT1α in 
myocardial tissue

To investigate the protein expression of ACE2, 
Mas and AT1α, we extracted the total protein 
from myocardial tissue. Consistent with mRNA 
level, ACE2 protein expression significantly 
increased in aortic stenosis group compared 
with sham group after surgery for 14 and 35 
days (P < 0.01) (Figure 5A and 5B). After treat-
ment with telmisartan, ACE2 protein expres-
sion decreased (P < 0.05) (Figure 5A and 5B). 
The protein expression of Mas significantly de- 
creased in aortic stenosis group, which recov-
ered in telmisartan treated group after surgery 

for 35 days (P < 0.05). However, Mas level did 
not change obviously after surgery for 14 days 
either in aortic stenosis group or telmisartan 
treated group (Figure 5A and 5C). The protein 
expression of AT1α also showed no changes 
either in aortic stenosis group or telmisartan 
treated group after surgery for 14 days (Figure 
5A and 5D). After surgery for 35 days, AT1α pro-
tein expression significantly increased in aortic 
stenosis group, which decreased in telmisartan 
group (P < 0.05) (Figure 5A and 5D).

Discussion 

ACE2 is the first known homolog of human ACE 
and functions as a pleiotropic monocarboxy-
peptidase responsible for the degradation of a 
range of peptides with a high catalytic efficien-
cy. The discovery of ACE2 has dramatically 
changed the direction of cardiovascular rese- 

Figure 4. The mRNA expression of ACE2 (A), Mas 
(B) and AT1α (C) in myocardial tissue. Total RNA of 
myocardial tissue isolated from SD rats after sur-
gery of aortic stenosis or telmisartan treatment 
was used for Real time PCR analysis. The specific 
amplification of target genes was normalized with 
GAPDH and the fold-change values are shown. SO 
represents sham operation group. AC represents 
aortic stenosis group. Tel represents telmisartan 
intervention group. Data from 3 independent Real 
time PCR determinations are expressed as mean 
± SD.
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arch in view of the pivotal role of this enzyme in 
the regulation of the renin-angiotensin system 
(RAS). Many studies have shown that ACE2 is 
involved in maintaining cardiac function. High 
expression of ACE2 is observed in the myocar-
dial tissue from patients, who suffered with 
ischemic heart failure, idiopathic dilated cardio-
myopathy, or primary pulmonary hypertension 
[1, 22]. Also, ACE2 gene expression is strongly 
up-regulated in cross zone between infarct and 
marginal, and survival myocardial tissue from 
mice with myocardial infarction. Consistently, in 
the present study, we found that the plasma 
ACE2 level, mRNA and protein expression of 
ACE2 in myocardial tissue significantly incre- 
ased in aortic stenosis-induced pressure over-

loaded rats, suggesting that ACE2 may play a 
protective role in development of heart failure.

In animal models of cardiac hypertrophy and 
heart failure, the formation of Ang II can be 
blocked by ACEI or ARB, which leads to the 
increased transcription and translation of ACE2 
gene, following up-regulation of Ang (1-7) in 
myocardial tissue. Reversely, infusion of human 
recombinant ACE2 can reduce Ang II-induced 
myocardial fibrosis, cardiac hypertrophy and 
cardiac insufficiency in rats [21]. Overexpression 
of ACE2 by intramyocardial injection of Ad-ACE2 
can attenuated left ventricular fibrosis and 
improved left ventricular remodeling and sys-
tolic function in a rat model of myocardial 

Figure 5. The protein expression of ACE2, Mas and AT1α in myocardial tissue. A. Myocardial tissue homogenates 
from SD rats after surgery of aortic stenosis or telmisartan treatment were subjected to SDS-PAGE. The non-re-
sponsive gene GAPDH is shown as loading control. B. Quantitive analysis of ACE2 protein expression. C. Quantitive 
analysis of Mas protein expression. D. Quantitive analysis of AT1α protein expression. SO represents sham opera-
tion group. AC represents aortic stenosis group. Tel represents telmisartan intervention group.
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infarction [20]. Additionally, overexpression of 
ACE2 by lenti-mACE2 in rats results in protec-
tive effects on angiotensin II-induced cardiac 
hypertrophy and fibrosis [5]. Similarly, in ACE2 
gene null old rats, heart systolic function signifi-
cantly decreased, accompanied by mild ven-
tricular dilation, which can cause ventricular 
wall thinning [2]. Clinical studies have also 
shown that expression of ACE2 gene had a pos-
itive correlation with left ventricular end-dia-
stolic diameter, but was not significantly corre-
lated with left ventricular ejection fraction (EF) 
or brain natriuretic peptide (BNP) in plasma, 
indicating that upregulation of ACE2 gene in 
myocardium of patients with severe heart fail-
ure depends on the degree of left ventricular 
dilation, which is the body's important compen-
satory mechanism for delaying left ventricular 
remodeling [10].

Ang (1-7) is a cardiovascular protective peptide 
in RAS against cardiovascular toxic effects of 
Ang II [7]. Many studies show that Ang (1-7) has 
a protective effect on the heart function. 
Acutely perfusion of Ang (1-7) leads to the 
increase of CO and SV in heart of normal rat. 
Chronically perfusion of Ang (1-7) can improve 
the endothelial function of aorta, and coronary 
perfusion has a protective effect on the left 
coronary artery ligation-induced cardiac func-
tion failure. Moreover, Ang (1-7) also has anti-
angiogenic effect and can reduce stent-induced 
neointimal proliferation [7]. Ang (1-7) binds to 
specific receptors on cardiac fibroblasts to play 
a role in anti-myocardial fibrosis and anti-myo-
cardial hypertrophy [6]. The present study also 
found that plasma Ang (1-7) level increased in 
overload induced heart failure rats following 
with high content of ACE2, while its content 
decreased after given telmisartan. These stud-
ies suggest that high level of ACE2 and Ang 
(1-7) may be a compensatory response to pres-
sure overload induced heart failure.

Like other peptides, Ang (1-7) has physiological 
role when it binds to specific receptor [23]. 
Studies have found that Ang (1-7) is an intrinsic 
ligand of Mas receptor. Mas, a functional antag-
onist of Ang II 1 receptor (AT1), can cause AT1 
receptor isomers to block Ang II function. 
Studies have confirmed that Ang (1-7) can 
inhibit Ang II induced proliferation of myocardial 
cells by activating Mas receptor [4]. Mas gene 
knockout mouse shows cardiac dysfunction, 
with decrease of contractile force, dropping of 
left ventricular filling pressure, and the reduc-

tion of dp/dt and cardiac output either in vitro 
or the whole state. Consistently, our study 
found that the expression of Mas significantly 
reduced in pressure overload-induced heart 
failure of rats while recovered after telmisartan 
intervention, suggesting a protective role of 
Mas in development of heart failure.  

In summary, this study presents that ACE2-Ang 
(1-7)-Mas axis is closely related with the occur-
rence and development of pressure overload-
induced heart failure of rats. At different stages 
of heart failure, the activities of components of 
ACE2-Ang (1-7)-Mas axis in plasma are differ-
ent. The level of ACE2 and Ang (1-7) increased 
both in plasma and myocardial tissue from 
heart failure group, while Mas level decreased, 
and their level reversed when treatment with 
telmisartan, suggesting a potential protective 
role of these factors in heart failure, which will 
provide a new target for drug design, and gene 
therapy for heart failure.
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