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Abstract. – OBJECTIVE: Angiotensin-con-
verting enzyme 2(ACE2) is a critical element 
of the renin-angiotensin system (RAS), which 
can convert angiotensin (Ang)II to Ang(1-7), fol-
lowed by binding Mas receptor (MasR) and sub-
sequently produces cardioprotective effects 
through various signal transduction pathways. 
It has been discovered in research that activa-
tion of the RAS contributes a crucial influence 
during the myocardial ischemia reperfusion in-
jury (MIRI) development. The features of ACE2, 
Ang(1-7), and MasR, as well as the function of 
the ACE2/Ang(1-7)/MasR axis in MIRI, are dis-
cussed in our review, with the therapeutic po-
tential of this axis as a new treatment option for 
MIRI patients shown.  

MATERIALS AND METHODS: To retrieve a 
thorough collection of studies, we performed a 
search in PubMed using the following combina-
tion of keywords: (ACE2) or (Ang1-7) or (Mas re-
ceptor) and (Myocardial Ischemia reperfusion 
injury). The time limits used for the search were 
1986 to 2021. 

RESULTS: In total, 367 articles were included. 
Titles and abstracts of articles were screened 
for relevance, and all relevant articles published 
in English were included. 

CONCLUSIONS: ACE2, a prominent member 
of the RAS, performs a crucial regulatory func-
tion in the cardiovascular system. ACE2 regu-
lates the RAS inversely mainly by hydrolyzing 
the harmful AngII to the beneficial Ang(1-7). In-
creasing or activating ACE2 or Ang(1-7) may 
help prevent and treat MIRI. However, addition-
al research into the specific processes behind 
the ACE2/Ang(1-7)/MasR axis in MIRI is nec-
essary, as is the performance of additional in-
depth studies to go from basic research to clin-
ical translation.
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Introduction

Despite the gradual improvement in medical 
care that has occurred as a result of techno-
logical advancements and social development, 
ischemic heart disease continues to be a global 
pandemic, with significant rates of morbidity and 
death worldwide, resulting in significant health 
and psychological burden on people1. Reperfusion 
therapy includes percutaneous coronary inter-
vention (PCI), the use of thrombolytic drugs, or 
coronary artery bypass grafting to recanalize the 
occluded arteries, which is the most successful 
treatment for myocardial ischemia at present2. 
Although reperfusion therapy is the most ef-
fective treatment, reperfusion therapy can also 
lead to further tissue damage called myocardial 
ischemia reperfusion injury (MIRI)3. MIRI has 
a complicated and multifactorial process that 
includes, but is not limited to, (1) oxygen radical 
destruction; (2) calcium overload; and (3) aseptic 
inflammatory reactions4. In the past few years, 
the involvement of the RAS in MIRI has been 
a popular focus of research. It has already been 
proven that cardiac ischemia reperfusion increas-
es angiotensin(Ang) II levels in the local myo-
cardium and circulatory system5. The increase in 
AngII has many cardiac damaging effects, such 
as promoting vasoconstriction and vasospasm, 
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reducing coronary flow reserve, generating oxi-
dative stress damage by raising reactive oxygen 
species (ROS), stimulating the production of spe-
cific cytokines/chemokines to engage neutrophils 
in the inflammatory response, etc6.

The RAS is thought to include a huge number 
of different enzymes and effector peptides, all of 
which are important in normal physiology and 
cardiovascular disease pathogenesis7. In classical 
RAS, first, angiotensinogen is degraded by renin, 
which results in the synthesis of AngI, and sub-
sequently, angiotensin-converting enzyme (ACE) 
can hydrolyze AngI to form AngII, which in 
turn binds to the angiotensin I type 1 and type 
2 receptor (AT1R and AT2R). AngII stimulates 
the AT1R, leading to increased vasoconstriction, 
inflammation, oxidative stress, and water-salt re-
absorption. Conversely, ACE2 has the ability to 
degrade AngII to generate Ang(1-7), since it has 
a cardioprotective effect via activating the Mas 
receptor(MasR)8. This demonstrates the presence 
of two RAS counter-regulatory arms that are mu-
tually exclusive: the ACE/AngII/AT1R axis and 
the ACE2/Ang(1-7)/MasR axis9.

With a firmer grasp on the ACE2/Ang(1-7)/
MasR axis, it may be feasible to identify this axis 
as a viable therapeutic target for MIRI therapy 
in the near future. In this review we will address 
the properties of ACE2, Ang(1-7), and MasR, as 
well as the function of the ACE2/Ang(1-7)/MasR 
axis in MIRI. Additionally, we will illustrate the 
potential of the ACE2/Ang(1-7)/MasR axis as a 
new MIRI therapeutic target.

Overview of the ACE2/Ang(1-7)/
MasR Axis

ACE2
Catalytic region amino acid sequences of 

ACE2 and ACE show 42 percent homology10. 
There is 48% homology between cytoplasmic 
and transmembrane structural regions of ACE2 
and collectrin, a transporter protein11. It is evident 
that ACE2 was meant to be the outcome of an 
early evolutionary union from the ACE, as well 
as collectrin genes. Contrary to popular belief, 
even though it is structurally similar to ACE and 
has many of the same biochemical features, the 
classical ACE inhibitors (ACEI) have no effect 
on ACE212. Further research has demonstrated 
that ACE2 and ACE have fundamentally differ-
ent enzymatic function, with ACE working as 
a peptidyl dipeptidase to cut a dipeptide by the 

C-terminus of the sensitive substrate. While the 
carboxypeptidase ACE2 slashes a single amino 
acid by the protein’s C-terminus10,13. This would 
suggest that ACE2 does not convert AngI into 
AngII, but rather AngI into Ang(1-9)14. 

ACE2 is found in a number of tissues, with the 
most abundant levels of expression seen in the 
heart, alveolar epithelial cells, kidney, gastroin-
testinal tract, and testis15. A study16 using mono-
nuclear RNA sequencing in the human heart 
discovered that the expression of ACE2 was seen 
in a variety of cells, such as cardiomyocytes, fi-
broblasts, smooth muscle cells, endothelial cells, 
and pericytes. In the RAS, ACE2 regulates AngI 
and AngII levels by converting AngI into Ang(1-
9) and AngII into Ang(1-7), which subsequently 
binds to MasR and forms the RAS’s “protective 
arm”, resulting in vasodilatory, anti-inflammato-
ry, anti-proliferative, anti-oxidative stress and an-
ti-fibrotic effects. This mitigates the AngII/AT1R 
arm’s adverse effects (Figure 1)17. ACE2 has been 
gradually discovered over the last two decades 
as a multifunctional protein that, in addition to 
catalyzing the generation of Ang(1-7) peptides, 
also has a variety of non-catalytic functions, 
including coronavirus receptors and the control 
of intestinal amino acid transport18. Furthermore, 
ACE2 has been implicated in the pathogenesis of 
severe acute respiratory syndrome (SARS) and 
coronavirus disease (COVID-19)19. 

Ang(1-7)
There are several enzymes and processes that 

may result in the formation of Ang(1-7). First 
and foremost, the most effective and well-known 
enzyme for the creation of Ang(1-7) is ACE2, 
which may create Ang(1-7) either directly from 
the dissolution of AngII or indirectly through 
AngI via the Ang(1-9) intermediate, depending 
on the circumstances20. And again, since ACE2 
has 400 times more affinity for AngII than AngI, 
the former is more beneficial21. ACE2 can convert 
AngI to Ang(1-9), after that, Ang(1-9) is degraded 
by ACE, prolyl oligopeptidase (PEP) and neutral 
endopeptidase (NEP) to create Ang(1-7)22. Even 
though Ang(1-9) is widely believed to have a 
vital part in the cardiovascular system, very little 
is known regarding its biological function23,24. In 
addition, Ang(1-7) can also be created straight 
from AngI through NEP and prolyl endopepti-
dase (PREP). Alternatively, AngII can be formed 
by cleavage of PREP and prolyl carboxypeptidase 
(PRCP)25. Pharmacokinetic experiments have es-
tablished that the half-life of Ang(1-7) in humans 
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is very brief, typically only 0.5 hours, while in 
rats the half-life is even shorter at 9 seconds26,27. 
When it binds with its specific receptor, MasR, 
Ang(1-7) triggers a cascade of downstream events 
that negatively regulate the RAS, resulting in va-
sodilatory, anti-inflammatory, anti-proliferative, 
anti-oxidative stress and anti-fibrotic effects. This 
helps to maintain vascular integrity and promote 
vascular health28. It also has the ability to accel-
erate hematopoiesis and cell differentiation, treat 
brain diseases and degenerative disorders, treat 
eye diseases, improve glucose and lipid metabo-
lism, and anti-tumor therapy29.

Mas Receptor
In 1986, Young et al30 identified a new human 

oncogene named Mas. Mas oncogene encodes a 
325 amino acid protein, the Mas receptor, ini-
tially thought to be an AngII receptor31. It was 
not until 2003 that experiments by Santos et al32. 
confirmed that Mas receptors are endogenous and 
specific for Ang(1-7)32. Since then, our knowledge 
of MasR has only gradually increased.

Mas receptors are expressed in a diverse array 
of cell types, including endothelial cells, cardio-
myocytes, and fibroblasts33-35. Mas expression lev-
els are constantly controlled in the heart by physi-
ological and pathological events36. Mas-knockout 
animals exhibit cardiovascular-related pheno-
types, including cardiac fibrosis and dysfunction, 
oxidative stress and endothelial dysfunction, re-
nal dysfunction, diabetes and dyslipidemia37.

The function of the ACE2/Ang(1-7)/
MasR Axis in MIRI

Controlling Vascular Tone
ACE2-deficient mice show impaired endothe-

lium-dependent diastolic function. Overexpres-
sion of ACE2 in turn reversed this impairment. 
The use of the Ang(1-7) agonist A779 again 
reduced endothelial diastolic function38. It is be-
lieved that Ang(1-7) stimulates the MasR, which 
then activates endothelial nitric oxide synthase 
(eNOS) through the phosphatidylinositol 3-ki-
nases (PI3K)/ protein kinase B (Akt or PKB) 
pathway, causing nitric oxide (NO) to be released 
(Figure 2). The release of NO main cause dias-
tole and vasodilation in the smooth muscle of 
the vascular wall. At the same time, activation 
of MasR limits the activity of AngII by block-
ing intracellular pathways generated by AT1R 
stimulation, for instance c-Src and extracellular 
signal-regulated kinase 1/2 (ERK1/2)39. Notably, 
Ang(1-7) may also cause vasodilation through the 
AT2R, which is involved in the bradykinin- NO 
pathway40. Additionally, Ang(1-7) increases the 
generation of vasodilators such as prostacyclin 
(PGI2) and prostaglandins (PGE2) by increas-
ing the activity of phospholipase A2 (PLA2) 
and arachidonic acid (AA) release14. The ACE2 
activator diminazene aceturate (DIZE) or exoge-
nous Ang(1-7) may protect rats against ischemia 
damage caused by endothelin-1 (ET-1)41. Whereas 
ET-1 is one of the most powerful endogenous 
vasoconstrictors yet discovered, its elevation has 
a significant effect on the severity or progression 

Figure 1. A schematic depiction of the renin-angiotensin 
system’s major components. Renin catalyzes the conversion 
of AGT to AngI. ACE degrades AngI to produce AngII, 
which exerts its effects on cells by activating two of its major 
receptors, AT1R and AT2R, with AT1R activity operating 
in opposition to AT2R activation. ACE2 degrades AngII to 
produce Ang(1-7), which activates MasR and inhibits the 
effects of AngII. PREP or PRCP may also degrade AngII 
directly to produce Ang(1-7). On the other hand, it can be 
generated directly by cleavage of AngI by NEP or PREP. 
Additionally, Ang(1-7) can be generated from AngI by ACE2, 
which requires the formation of the intermediate form Ang(1-
9) and subsequent cleavage by ACE, NEP, or PEP. 
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of MIRI42. ET-1 upregulation in MIRI was related 
with an upregulation of p-ERK1/243. So Ang(1-7) 
also antagonizes the increase in ET-1 by inhibit-
ing ERK1/2. In short, ACE2 degrades AngII to 
produce Ang(1-7), reducing vasoconstrictor sub-
stances and increasing vasodilator substances. In 
turn, Ang(1-7) acts by inhibiting AngII and ET-1, 
causing even more vasodilation.

Anti-Oxidative Stress
By antagonizing the AngII/AT1R axis and 

thereby reducing ROS production, the ACE2/
Ang(1-7)/MasR axis can reduce oxidative stress 
damage. The absence of ACE2 leads to an in-
crease in the production of ROS, which could 
be mitigated by the addition of recombinant hu-
man ACE2(rhACE2)44. Inhibition of endogenous 
Ang(1-7) or MasR results in increased levels 
of nicotinamide adenine dinucleotide phosphate 
oxidase (NOX) in the heart45. AVE 0991, the 
Ang(1-7) analogue, can reduce NOX2 and NOX4 
in rats46. The ACE2/Ang(1-7)/MasR axis also 
adjusts antioxidant enzymes to reduce oxidative 
stress damage. The use of rhACE2 increases the 
expression of superoxide dismutase-2 (SOD2) in 
mice47. Similarly, Ang(1-7) can increase SOD2 
expression in rats, thereby reducing ROS levels48. 
In conclusion, the ACE2/Ang(1-7)/MasR axis has 

the ability to reduce oxidative injury in the vas-
cular system by increasing antioxidant capacity 
and decreasing NOX-mediated ROS generation, 
therefore improving endothelial function.

Anti-Inflammatory
AngII/AT1R promotes nuclear factor κB (NF-

κB) phosphorylation, then activates the pathway. 
It results in increased production of chemokines 
[monocyte chemoattractant protein-1 (MCP-1), 
interleukin-8 (IL-8)], cytokines [interleukin-6 
(IL-6), interleukin-1β (IL-1β), tumor necrosis 
factor α (TNF-α)] and adhesion molecules [in-
tercellular cell adhesion molecule-1(ICAM-1), 
vascular cell adhesion molecule-1 (VCAM-1)]49. 
In ApoE-knockout mice, genetic defects in ACE2 
cause increased production of adhesion mole-
cules, chemokines and cytokines, which further 
exacerbate their vascular inflammation50. ACE2 
overexpression decreased the production of MCP-
1 in macrophages stimulated by AngII. This in-
fluence appears to be mediated by a rise in Ang(1-
7) levels51. Another study50 found that Ang(1-7) 
was effective in decreasing inflammation in rats 
by inhibiting the production of pro-inflammato-
ry factors. Additionally, it has been shown that 
Ang(1-7) inhibits leukocyte rolling and adher-
ence to the microvascular endothelium52. Ang(1-

Figure 2. The function of the ACE2/Ang(1-7)/MasR axis in MIRI. AngII binds to the AT1R, activates ERK1/2 and c-Src, and 
promotes the release of ET-1. Moreover, it activates NOX, increases ROS production, and phosphorylates NF-κB, resulting in 
an increase in the expression of chemokines (MCP-1, IL-8), cytokines (IL-6, IL-1β, TNF-α), and adhesion molecules (ICAM-1, 
VCAM-1). Ang(1-7) binds to MasR and activates eNOS through the PI3K/Akt pathway to produce NO. Additionally, Ang(1-7) 
induces the synthesis of vasodilators such as PGI2 and PGE2, by enhancing PLA2 activity and AA release. Furthermore, it 
inhibits ERK1/2, c-Src, NOX, NF-κB, and MCP-1, which are all downstream targets of AngII.
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7) suppresses the inflammatory effects of AngII 
by blocking the NOX and pro-inflammatory sig-
naling pathways in human aortic smooth muscle 
cells53. For the most part, these findings suggest 
that the ACE2/Ang(1-7)/MasR axis has a role in 
reducing vascular inflammation.

Other Roles
Autophagy of cardiomyocytes after ischemia 

reperfusion injury has a damaging effect on the 
myocardium54. Mammalian target of rapamycin 
(mTOR), a critical negative regulator of autopha-
gy, can be activated by Akt55. In hypoxia re-oxy-
genated cardiomyocytes, upregulation of Ang(1-
7) can inhibit autophagy by activating Akt56. Akt 
activation not only controls autophagy following 
MIRI, but it also protects the heart against MI-
RI by increasing mitochondrial elongation and 
preventing the opening of the mitochondrial pro-
tein transporter (mPTP)57. Additionally, Ang(1-7) 
inhibits AngII-induced apoptosis by modulating 
eNOS phosphorylation58. Furthermore, Ang(1-7) 
can protect cardiomyocytes from MIRI by restor-
ing intracellular calcium homeostasis59. Ang(1-
7) produces an anti-ischemia-reperfusion injury 
effect, which is concentration dependent, with a 
protective effect at 0.22 nmol/L and a reduction 
in coronary flow at 27 nmol/L. Ang(1-7) seems 
to have a bidirectional effect on the body, and 
larger amounts are not always better for one’s 
well-being60. 

The Therapeutic Approaches and 
Potential of Enhancing the 
ACE2/Ang(1-7)/MasR Axis in MIRI

ACEI and angiotensin receptor blocker (ARB) 
have shown clinical efficacy in the treatment 
of a variety of cardiovascular disorders, indi-
cating that chemical modulators targeting oth-
er bioactive constituents of the RAS might be 
developed. The ACE2/Ang(1-7)/MasR axis has 
been an endogenous counter-regulatory system 
inside the RAS, which provides a possibility 
to prevent and cure MIRI through endogenous 
mechanisms. Plasma concentrations of AngII 
were considerably reduced in individuals treat-
ed with rhACE2, although those of Ang(1-7) 
were raised, and they all had improved cardiac 
function61. In addition, healthy people tolerat-
ed individual and repeated doses of rhACE2 
nicely, with no severe adverse effects or dos-
ages toxicity seen following treatment62. ACE2 
activator, such as 1-[(2-dimethylamino) ethyl-
amino]-4-(hydroxymethyl)-7-[(4-methylphenyl) 

sulfonyloxy]-9Hxanthene-9-one (XNT), can 
ameliorate diabetes-induced heart dysfunction in 
rats63. It also has the additional effect of lower-
ing blood pressure in spontaneously hypertensive 
rats, improving cardiac function64. DIZE therapy 
significantly decreased the extent of myocardial 
infarctions in rats, reduced inflammatory cells of 
the peri-infarct cardiac area, delayed post-infarct 
left ventricular remodeling, and restored normal 
cardiac RAS balance65. In rats with myocardi-
al infarction, the non-peptide Ang(1-7) analog 
AVE-0991 also enhances cardiac function and 
reduces ventricular remodeling66. Natural Ang(1-
7) is unstable in the gastrointestinal system, and 
hence a formulation of hydroxypropyl β-cyclo-
dextrin-bound Ang(1-7) [HPβCD/Ang(1-7)] was 
developed to alleviate this instability. In rats 
suffering from myocardial infarction as a result 
of coronary artery blockage, oral treatment of 
HPβCD/Ang(1-7) had considerable cardioprotec-
tive benefits67. 

Conclusions

ACE2, a prominent member of the RAS, per-
forms a crucial regulatory function in the car-
diovascular system. ACE2 regulates the RAS 
inversely mainly by hydrolyzing the harmful 
AngII to the beneficial Ang(1-7). Clinical as 
well as experimental studies have conclusively 
demonstrated that the ACE2/Ang(1-7)/MasR axis 
is important in both physiological and pathologi-
cal processes in MIRI, and studies have suggest-
ed that increasing or activating ACE2 or Ang(1-7) 
may help prevent and treat MIRI. This opens 
the door to new concepts and therapy targets 
for MIRI prevention and treatment. However, 
additional research into the specific processes 
behind the ACE2/Ang(1-7)/MasR axis in MIRI is 
necessary, as is the performance of additional in-
depth studies to go from basic research to clinical 
translation.
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