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ABSTRACT
COVID-19 is the current public health threat all over the world. Unfortunately, there is no 
specific prevention and treatment strategy for this disease. We aim to explore the potential role 
of angiotensin-converting enzyme 2 (ACE2) in this regard through this literature review. As a 
crucial enzyme of renin-angiotensin-aldosterone system (RAAS), ACE2 not only mediates the 
virus entry but also affects the pathophysiological process of virus-induced acute lung injury 
(ALI), as well as other organs’ damage. As interaction of COVID-19 virus spike and ACE2 is 
essential for virus infection, COVID-19-specific vaccine based on spike protein, small molecule 
compound interrupting their interaction, human monoclonal antibody based on receptor-
binding domain, and recombinant human ACE2 protein (rhuACE2) have aroused the interests 
of researchers. Meanwhile, ACE2 could catalyze angiotensin II (Ang II) to form angiotensin 
1-7 (Ang 1-7), thus alleviates the harmful effect of Ang II and amplifies the protection effect of 
Ang1-7. ACE inhibitor and angiotensin II receptor blocker (ARB) have been shown to increase 
the level of expression of ACE2 and could be potential strategies in protecting lungs, heart, 
and kidneys. ACE2 plays a very important role in the pathogenesis and pathophysiology of 
COVID-19 infection. Strategies targeting ACE2 and its ligand, COVID-19 virus spike protein, 
may provide novel method in the prevention and management of novel coronavirus pneumonia.
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INTRODUCTION

From December 8, 2019, several cases 
of  pneumonia of  unknown cause have 
appeared in succession in Wuhan, Hubei 
province, China. The disease has rapidly 
spread from Wuhan to other areas, raising 
intense attention worldwide.[1,2] By January 
7, 2020, a novel coronavirus (CoV) was 
isolated from the throat swab sample of  
a patient in Wuhan by Chinese Center for 
Disease Control and Prevention (CDC).[3] 
Subsequently, it was named as 2019-
nCoV, and this coronavirus disease was 
named as COVID-19 by the World Health 
Organization. As of  February 28, 2020, 
a total of  78,961 cases with confirmed 
COVID-19 had been detected in China, 
of  whom 2,791 have died.[4] About 4691 

confirmed cases had been reported outside 
of  China, spreading across 51 countries 
globally,[4] ranking the COVID-19 the 
biggest public health threat all over the 
world. 

Full-genome sequencing and phylogenic 
analysis revealed that COVID-19 virus 
belonged to the subgenus Sarbecovirus 
of  the genus Betacoronavirus. It is 
a single-strand, positive-sense, RNA 
virus and shares ~79% similarity of  the 
genome sequence with human severe acute 
respiratory syndrome coronavirus(SARS-
CoV).[5] It was also suggested that bats 
might be the original host of  this virus 
and then passed to humans through some 
unknown intermediate host. Human-to-
human transmission has been validated, 
leading to further outbreaks in other areas 
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outside Wuhan.[6] Most of  patients represented with fever, 
cough, vomiting, diarrhea, and other symptoms, and some 
cases might develop severe pneumonia, acute respiratory 
distress syndrome (ARDS), or multiple organ failure and 
even die.[3,7] 

As an important metalloproteinase, angiotensin-converting 
enzyme 2 (ACE2) was proved to mediate the infection of  
COVID-19 virus.[5] Furthermore, ACE2 plays a crucial role 
in acute lung injury (ALI), as well as other organ damages. 
Therefore, interventions targeting ACE2 have aroused 
great interests, regarding alleviate viral infection and reduce 
organ injuries. 

In this review, we comprehensively elucidated function of  
ACE2, regulation of  its expression, and its crucial role in 
multiple organ injury such as lungs, heart, and kidneys. The 
novel therapeutic strategies targeting ACE2 in the recent 
days are also summarized, which helps better understand 
the potential role of  ACE2 in COVID-19 and provides 
new insights into possible medications.

A CLINICAL OVERVIEW OF 
CORONAVIRUS DISEASE 2019

Early of  the outbreak, most of  infected patients had 
some connection with Huanan seafood market in 
Wuhan, China,[1] and most subsequent patients had an 
epidemiological history of  traveling in Wuhan or contacting 
with patients with COVID-19. Asymptomatic infected 
individuals might also serve as the source of  infection, 
which made the outbreak difficult to control. Inhalation 
and contact transmission are the two major modes of  
transmission. The incubation period is within 1–14 days, 
and most patients represented with an incubation period 
of  3–7 days. Common symptoms included fever (98.6%), 
fatigue (69.6%), and dry cough (59.4%).[3,8] Wang et al. 
summarized 138 cases of  COVID-19 and demonstrated 
some relative common symptoms such as anorexia (39.9%), 
myalgia (34.8%), dyspnea (31.2%), expectoration (26.8%), 
pharyngalgia (17.4%), diarrhea (10.1%), and nausea (10.1%). 
Unusual symptoms included dizziness (9.4%), headache 
(6.5%), vomiting (3.6%), and abdominal pain (2.2%). Severe 
patients usually developed dyspnea and hypoxemia 1 week 
later. Fatal complications included acute respiratory distress 
syndrome (ARDS), intractable metabolic acidosis, septic 
shock, and coagulation dysfunction, and some patients 
developed arrhythmia, acute cardiac injury, and acute kidney 
injury. Lymphopenia commonly occurred in patients with 
COVID-19, with elevated lactate dehydrogenase, hepatic 
enzyme, creatine kinase, and C-reactive protein.[8] Chest 
computed tomographic scans usually revealed multifocal 
small patchy shadows and interstitial changes in the 
peripheral of  lung and then bilateral multiple ground glass 

opacity. Consolidation could also be observed in severe 
cases. RT-PCR assays for COVID-19 using nasopharyngeal 
swab, sputum, serum, or stool samples of  patients were 
available but needed repeat testing. Whole genome 
sequencing of  the virus is available in some assigned 
laboratories.  

As for treatment, the majority of  patients received antiviral 
therapy (oseltamivir) and many received antimicrobial 
therapy (moxifloxacin, ceftriaxone, and azithromycin), and 
44.9% of  them received glucocorticoid therapy. High-flow 
oxygen therapy, noninvasive and invasive ventilation, or 
even extracorporeal membrane oxygenation were used 
for respiratory support. Some patients received renal 
replacement therapy.[8] So far, none of  the treatments have 
been proved to be efficient enough[9] and novel strategies 
are needed to improve the efficacy of  the therapy for 
COVID-19. 

THE POTENTIAL ROLE OF ACE2 
IN THE MANAGEMENT OF 
CORONAVIRUS DISEASE 2019

ACE2 was discovered in 2000 as a homologous of  
angiotensin-converting enzyme (ACE).[10,11] ACE2 is a type 
I transmembrane protein composed of  805 amino acids 
and has two domains, namely, amino- and carboxy-terminal 
catalytic domains. The catalytic domain contains one active 
site, the zinc metalloprotein domain, which is consistent 
with 41.8% of  sequence of  ACE.[10-12] The gene encoding 
ACE2 is located on the X chromosome, Xp22.2.[13] 
Evidences show that ACE2 is expressed in heart, kidney, 
lung, liver, testis, intestine, and other tissues.[11]

The Function of ACE2
Biological functions of  ACE2 could be divided into two 
categories: peptidase dependent and peptidase independent. 
The peptidase-dependent function refers to the metabolism 
of  angiotensin I (Ang I) into angiotensin 1-9 (Ang 1-9) 
peptide and angiotensin II (Ang II) into angiotensin 1-7 
(Ang 1-7) peptide (Figure 1). The peptidase-independent 
function of  ACE2 refers mainly to the mediation of  
coronavirus infection. The peptidase-independent function 
also involves the absorption of  amino acids in the gut. 
ACE2 binds with B0AT1 amino acid transporter to mediate 
the absorption of  neutral amino acids in the intestines.[14] 

ACE2 as a receptor for coronavirus
ACE2 as a receptor for severe acute respiratory 
syndrome coronavirus
By 2003, ACE2 was identified as a functional receptor 
for severe acute respiratory syndrome coronavirus 
(SARS-CoV), which mediated the process of  infection 
and transmission independent of  its catalytic activity as 
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peptidase.[15] The efficacy of  the infection was 10-fold 
increased when the SARS-CoV was applied onto the apical 
surface of  cells that expressed ACE2.[16] According to 
structural analyses, spike protein of  SARS-CoV (SARS-S) 
contacted the apex of  subunit I of  the ACE2 catalytic 
domain but did not influence the subunit II nor occlude the 
active site of  peptidase. Once attached to ACE2 by SARS-
CoV, the ectodomain of  ACE2 is cleaved, accompanied 
by endocytosis of  transmembrane domain into the cell. 
Sometimes ACE2 can be internalized as an intact molecule. 
The internalization and virus particle–host cell fusion are 
essential for virus entry (Figure 2).[17]

ACE2 as a receptor for COVID-19 virus
On the basis of  next-generation sequencing, the full 
genome sequence of  the COVID-19 virushas been 
successfully identified. COVID-19 virus had a close 
relationship with two other SARS-like coronaviruses 
that are derived from bat, bat-SL-CoVZC45 and bat-SL-

CoVZXC21, with 88% identity. However, COVID-19 
virus has less genetical similarity with SARS-CoV (about 
79%) and MERS-CoV (about 50%).[5] Phylogenetic analysis 
indicated that COVID-19 virus was a new betacoronavirus 
from the subgenus Sarbecovirus.[5] Spike protein sequences 
of  COVID-19 virus and SARS-CoV were compared; the 
overall sequence similarities between the spike of  these 
two viruses were about 76%–78% for the whole protein, 
around 73%–76% for the receptor-binding domain (RBD), 
and 50%–53% for the receptor-binding motif  (RBM). 
These high similarities strongly suggested that COVID-19 
virus used ACE2 as its receptor.[18] Recently, Wrapp et al. 
examined a 3.5-A ̊-resolution cryo-EM structure of  the 
COVID-19 spike (S) trimer in the prefusion conformation. 
They discovered that COVID-19 S shared the same 
mechanism of  triggering similar to other viruses in the 
Coronaviridae. To be specific, receptor binding to exposed 
RBDs resulted to an unstable 3 RBD up conformation 
leading to shedding of  S1 and refolding of  S2. Biophysical 

Figure 1: Schematic diagram of the role of ACE2 in renin-angiotensin-aldosterone system and its protective effect on organs. Ang I is converted to Ang II by ACE. ACE2 
converts Ang II to Ang 1-7. Ang 1-7 interacts with Mas receptor to exert opposite effect to ACE/Ang II/AT1R pathway in multiple organs such as heart, lung, and kidney. 
ACE2 also cleaves Ang I to produce the presumably inactive Ang 1-9, and Ang1-9 can further be converted to Ang1-7 by ACE. Ang I: angiotensin I; Ang II: angiotensin II; 
ACE: angiotensin-converting enzyme; ACE2: angiotensin-converting enzyme 2; Ang1-7: angiotensin 1-7; Ang1-9: angiotensin 1-9; AT1R: angiotensin II type 1 receptor. 
AT2R: angiotensin II type 2 receptor; Mas: Mas receptor.
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and structural evidence showed that the COVID-19 S 
bound ACE2 with 10- to 20- fold higher affinity than 
SARS-CoV S. The high affinity of  COVID-19 S for 
human angiotensin-converting enzyme 2 (hACE2) might 
facilitate it to spread from human to human.[19] Bao et al.[20] 
conformed that COVID-19 virus could infect the hACE2 
transgenic mice and induce typical interstitial pneumonia, 
whereas wild-type mice could not be infected by the virus. 
Moreover, the COVID-19 S protein and hACE2 receptor 
were discovered to colocalize in alveolar epithelial cells.[20] 
These results further supported that the COVID-19 virus 
uses the hACE2 as a receptor for cell entry.

ACE2 as a negative regulator of RAAS
ACE2 belongs to the M2 family of  metalloproteases, 
with their catalytic active site exposed to the extracellular 
surface, which promotes the metabolism of  circulating 
peptides. ACE2 cleaves Ang I to produce the presumably 
inactive Ang 1-9 peptide, and Ang 1-9 can be further 
metabolized into Ang 1-7 by ACE or other peptidases.[10, 11] 
ACE2 converts Ang II to Ang 1-7 with much higher 
efficiency than metabolizing Ang I to generate Ang 
1-9.[21] Ang 1-7 peptide interacts with Mas receptor, a 
G-protein-coupled receptor, to exert vasodilation and 
antiproliferative effect, opposite to ACE/Ang II/AT1R 
pathway[22-25] (Figure 1). Evidences have shown that Ang 

1-7 have a variety of  protective effects on cardiovascular 
system, including anti-inflammatory, antithrombotic, 
antifibrosis, antihypertrophic, antiarrhythmia, and 
natriuretic effect. It also mediates inhibition of  plaque 
formation and improvement of  vascular dysfunction 
associated with metabolic syndrome.[26] ACE2/Ang 1-7/
Mas pathway has been proved to exert beneficial effects 
in various animal models of  hypertension, heart failure, 
and ischemic and non-ischemic cardiomyopathy.[27] 
Besides, ACE2 can cleave an amino acid from the 
C-terminus of  the peptides Apelin-13 in vitro, which 
makes Apelin-13 lose its hypotensive action.[21] 

The regulation of expression of ACE2 
Pathophysiological and pharmacological 
regulation of ACE2 transcription
Various pathological status may influence the expression 
of  ACE2. For instance, the expression of  ACE2 was 
downregulated in the kidneys of  mice with hypertension13 
and diabetes.[28] Zisman et al. found that the expression of  
ACE2 was increased in failing heart ventricles of  patients 
with idiopathic dilated cardiomyopathy.[29] Kuba et al. 
discovered decreased expression of  ACE2 in ALI mice 
model.[30] Koitka et al. illustrated that the expression of  
ACE2 was significantly decreased in rats with renal disease 
and subtotal nephrectomy.

Figure 2: Schematic diagram of SARS-CoV infecting cells through ACE2. SARS-CoV binds to ACE2 for entry into cells. After the spike protein of the virus contacting with 
ACE2, the whole molecule or transmembrane region of ACE2 along with the virus enters the cell through endocytosis (internalization). Then membrane fusion occurs and 
viral RNAs are released. ADAM17 cleaves the extracellular juxta-membrane region of ACE2 (shedding). ACE2: angiotensin-converting enzyme 2; ADAM17: a disintegrin 
and metalloprotease 17; SARS-CoV: severe acute respiratory syndrome coronavirus.
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Transcription of  ACE2 is proved to be regulated by 
a variety of  drugs. Evidences indicated that inhibitor 
of  renin-angiotensin-aldosterone system (RASI) such 
as angiotensin-converting enzyme inhibitor (ACEI) or 
angiotensin II type 1 receptor (AT1R) antagonist could 
upregulate the mRNA level of  ACE2. Ishiyama et al.[31] 
examined the effect of  myocardial ischemia on the 
expression of  cardiac ACE2 mRNA using rat model 
of  myocardial infarction (MI). The results showed 
that although cardiac ACE2 mRNA did not change 
in MI vehicle-treated rat, however, both losartan and 
olmesartan elevated ACE2 mRNA by an average of  
97% and 42%, respectively, after treatment for 28 
days, indicating that cardioprotective effect of  AT1R 
antagonist partially attributed to ACE2. Ferrario et al. 
showed that after the treatment with lisinopril or losartan 
for 12 days, ACE2 mRNA level of  heart increased by 4.7-
fold or 2.8-fold in rats, respectively. Rats medicated with 
losartan alone or in combination with lisinopril showed 
significant increase in the activity of  ACE2.[32] Keidar 
et al. demonstrated that mineralocorticoid receptor 
blockade (spironolactone) significantly increased the 
activity of  ACE2 and the expression of  mRNA in 
macrophages obtained from 10 patients with chronic 
heart disease by 300% and 654%, respectively. This 
effect of  spironolactone might be mediated by the 
inhibition of  Ang II/NF-κB pathway and reduction of  
oxidative stress. [33] Treatment of  Vero E6 cells with IL-4 
and IFN-γ downregulated ACE2 mRNA levels and the 
expression of  ACE2 on cell surface and inhibited the 
susceptibility to SARS-CoV replication partly through 
downregulating ACE2.[34]

ACE2 shedding and internalization
Since the wide spread of  SARS-CoV in 2003, ACE2 
was identified as a SARS-CoV receptor. After the spike 
protein of  the virus contacts ACE2, the whole molecule 
or transmembrane region of  ACE2 along with the virus 
enters the cell through endocytosis (internalization) with 
the help of  clathrin. Spike is activated by trypsin or furin, 
which mediates membrane fusion, and viral RNAs are 
released into intracellular space; then SARS infection is 
established. [15] ADAM17, a transmembrane proteinase, 
can cleave the extracellular juxta-membrane region of  
ACE2; then the catalytically active ectodomain was 
released into the extracellular milieu.[35] This process is 
nominated as shedding (Figure 2). Although the role of  
ACE2 shedding remains unclear, some studies indicated 
that shedding might be associated with cellular entry 
and replication of  SARS-CoV, because an ADAM17 
inhibitor restrains SARS-CoV replication in vitro.[36] In 
summary, ACE2 internalization and shedding reduced 
the expression of  ACE2 on the cell surface.

THE ROLE OF ACE2 AS A NEGATIVE 
REGULATOR FOR RAAS IN MULTIPLE 
ORGAN INJURY

Acute lung injury
The role of RAAS in the pathogenesis of acute lung 
injury
Acute respiratory distress syndrome (ARDS) is the most 
severe form of  ALI and may be life-threatening. It is 
characterized as diffuse damage to alveolar capillary, 
triggered by multiple diseases such as severe pneumonia, 
aspiration, sepsis, and trauma. Pathological findings include 
increased lung permeability; edema fluid rich in neutrophils, 
macrophages, and protein in the alveolar spaces; and the 
formation of  hyaline membranes.[37,38] Since the outbreak 
of  SARS-CoV in 2003, the role of  RAAS in ARDS/ALI 
has attracted extensive attentions. In an animal model 
of  ALI by aspiration of  gastric contents, acid aspiration 
markedly increased Ang II levels in plasma and lungs of  
wild-type mice, but genetic inactivation of  ACE remarkably 
decreased Ang II levels both in plasma and lungs in the 
same acid injury model.[39] A latest research by Liu et al. also 
showed that patients infected by COVID-19 represented 
with increased levels of  AngⅡ.[40] Compared with wild-type 
mice, ACE−/− mice were protected against ALI caused 
by acid aspiration to some extent, and the protection effect 
reduced to a lesser extent in ACE+/− mice; meanwhile, 
genetic deficiency of  AT1a receptor in Agtr1a−/− mice 
also largely improved the lung function compared with 
wild-type mice, indicating a mediation role of  ACE/
Ang II/AT1R in the ALI model.[39] Ang II levels in the 
lung tissue were markedly elevated in mice treated with 
Spike-Fc of  SARS-CoV. Furthermore, the inhibition of  
AT1R alleviated pulmonary edema and ALI in Spike-Fc-
treated mice, indicating that deregulation of  RAAS was a 
crucial mechanism in ALI induced by SARS-CoV spike.[30]  
Compared with a control cohort, patients with ARDS 
showed an increased frequency of  D/D genotype in ACE 
gene. Besides, the ACE D/D allele was associated with 
higher mortality in the ARDS group compared with I/I 
allele. These results demonstrated that the ACE insertion/
deletion (I/D) polymorphism was related to susceptibility 
and prognosis of  ARDS.[41] In summary, ACE/AngⅡ/
AT1R signaling might mediate the pathogenesis of  ALI.

Imbalance of ACE/Ang II/AT1R and ACE2/Ang 1-7/
Mas receptor signaling aggravates acute lung injury
SARS-CoV infection of  wild-type mice resulted in 
markedly decreased expression of  ACE2 in the lung, 
but the expression of  ACE in the lung was not changed 
obviously. By using recombinant SARS-CoV surface-spike 
protein, a crucial ligand for ACE2 binding, the expression 
of  ACE2 on the cell surface was also downregulated in cell 
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lines.[30] Decreased expression of  ACE2 would exacerbate 
ALI induced by a variety of  causes, including coronavirus 
infection.[30] In animal model of  ALI, acid-treated ACE2 
knockout mice presented with notably greater lung 
elastance, worsened oxygenation, massive lung edema, 
increased inflammatory infiltration, and formation of  
hyaline membrane, compared with acid-treated wild-type 
mice. The deleterious effect of ACE2 gene deficiency 
on sepsis-induced ALI was also proved, and ACE2 gene 
deficiency also increased mortality.[39] In order to examine 
if  loss of  ACE2 is essential for pathogenesis of  ALI, Imai 
et al. performed a rescue experiment by injecting rhuACE2; 
they found out that rhuACE2 decreased the degree of  
ALI in acid-treated ACE2 knockout mice. The protective 
effect of  rhuACE2 could also be observed when injected to 
acid-treated wild-type mice. However, catalytically inactive 
ACE2 protein (mut-rhuACE2) could not reverse the severe 
lung phenotype of  ACE2 knockout mice or attenuate the 
severity of  ALI in wild-type mice after acid instillation.[39] 
These findings indicated that the catalytic activity of  ACE2 
could protect lung from ALI directly.

Furthermore, a significant elevation in Ang II levels of  
lungs and plasma of  acid-treated ACE2 knockout mice 
was observed compared with control wild-type mice. 
Treatment with rhuACE2 attenuated ALI as well as 
reduced Ang II levels in the lungs of  acid-treated mice. 
Compared with ACE2 knockout mice, inactivation of  
ACE on an ACE2 knockout background attenuated the 
clinical and histological changes of  ALI induced either 
by acid aspiration or endotoxin. Inhibition of  AT1R 
pharmacologically alleviated the severity of  ALI induced by 
acid in ACE2 knockout mice, but no effect was observed 
with the inhibition of  AT2R.[39] These data suggested that 
ACE2 might exerted its protective role in ALI through 
downregulating ACE/Ang II/AT1R.

Except for type-1 and type-2 pneumocytes and vascular 
endothelial cell that are susceptible to SARS-CoV, evidence 
has shown that lung stem/progenitor cells, which are able 
to differentiate into type-2 and type-1 pneumocytes, may 
be infected by SARS-CoV through ACE2. This process 
may impair lung repairment and cause continuous damage 
to lung tissues.[42]

Heart failure and cardiac injury
ACE2/Ang1-7/Mas plays a considerable role in the 
maintenance of  cardiovascular homeostasis. Ang II 
induces myocardial hypertrophy, fibrosis, and diastolic 
dysfunction, whereas ACE2 exerts vasodilatory and 
antiproliferative effect by degrading Ang II to generate 
Ang1-7.[43-45] Crackower et al. first suggested that ACE2 
played an important role in the regulation of  cardiac 
function in vivo. ACE2 null mice showed impaired 

cardiac contractility, accompanied by the decrease in blood 
pressure. Abnormality of  cardiac structure could also be 
observed, with ventricular dilatation and thinning of  the 
ventricular wall. [13] Yamamoto et al. performed transverse 
aortic constriction (TAC) in ACE2(−/y) mice to investigate 
the role of  ACE2 in response to pressure overload. Sham-
operated ACE2(−/y) mice exhibited normal cardiac 
function and morphology, whereas ACE2(−/y) mice 
developed cardiac hypertrophy and dilatation. [46] Treatment 
with AT1 receptor blockers or double knock-out mice of  
ACE and ACE2 genes reversed the cardiac phenotype 
in ACE2 knock-out mice. [13,46,47] These results indicated 
that the balance between ACE and ACE2 regulated Ang 
II levels, contributing to affecting heart function through 
AT1 receptor. 

The loss of  ACE2 enhances susceptibility of  heart to 
some pathological conditions. For instance, in MI mice 
model induced by left anterior descending artery ligation, 
the expression of  ACE2 was increased in the affected 
myocardium in wild-type mice. ACE2 null mice were 
more susceptible to MI and suffered from increased 
infarct size, more obvious ventricular remodeling, and 
increased mortality. The mechanism of  this phenomenon 
might include increased cardiac Ang II levels, decreased 
Ang 1-7 levels, and increased reactive oxygen species, 
matrix metalloproteinase (MMP)2 levels, MMP9 levels, 
and neutrophilic infiltration. Treatment with AT1 receptor 
blocker in ACE2(−/y)-MI mice alleviated this process. [48]  
So, ACE2 may minimize the adverse myocardial injury and 
adverse ventricular remodeling by antagonizing ACE/Ang 
II/AT1R. 

SARS-CoV induced ACE2-dependent myocardial infection 
and decreased the expression of  ACE2 in cardiomyocytes 
in mice. Patients with SARS represented with cardiac 
symptoms including arrhythmia, sudden cardiac death, and 
systolic and diastolic dysfunction. RNA of  SARS-CoV was 
detected from 35% of  autopsy heart samples from patients 
who died during the Toronto SARS outbreak. In patients 
with myocardial infection of  SARS-CoV, macrophage 
infiltration increased significantly, and there were signs 
of  myocardial injury. The presence of  SARS-CoV in 
myocardium was also related to a significant decrease in 
the expression of  ACE2.[49] These results suggested that 
the downregulation of  the expression of  ACE2 caused by 
SARS-CoV infection might be an important mechanism 
of  myocardial injury.

Kidney disease
ACE2 is localized mainly in the apical membrane of  the 
epithelial cells in the proximal tubules, colocalizing with 
ACE.[50,51] ACE2 also exists in glomerular podocytes, 
mesangial cells, and renal vascular system.[50] In the kidney, 
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ACE/Ang II/AT1R axis and ACE2/Ang (1-7)/Mas 
receptor axis are antagonistic to each other. The balance 
between them is of  great significance for the maintenance 
of  normal renal physiology. ACE/Ang II/AT1R axis 
promotes sodium reabsorption and vasoconstriction and 
induces cell proliferation, inflammation, oxidative stress, 
and fibrosis. ACE2 degrades Ang II, generating Ang 
1-7, which interacts with Mas receptor, counteracting 
the harmful effects mediated by Ang II.[52] ACE/ACE2 
ratio is upregulated in many pathological conditions, 
including diabetes,[51] hypertension, [53,54], hypertensive 
nephrosclerosis,[55] and diabetic nephropathy.[56] Ye et al. 
studied the expression of  ACE and ACE2 in the kidney 
of  mice model of  obesity, diabetes, and dyslipidemia (db/
db).[50] They found that in the early stage of  diabetes, the 
expression of  ACE2 in the renal cortex of  db/db mice 
increased, whereas the expression of  ACE decreased. 
This pattern of  increased expression of  ACE2 may be a 
renal protective response in the early stage of  diabetes, but 
with the progress of  the disease, the expression level and 
activity of  ACE2 may be reduced. At the same time, some 
studies showed that in db/db mice, kidney ACE2 shedding 
to the urine increased,[57] which might be due to the 
upregulation of  ADAM17 mediated by hyperglycemia.[58]  
Treating with ACE2 inhibitor, MLN-4760, led to the 
increase of  proteinuria and aggravation of  pathological 
changes in the kidneys of  db/db diabetic mice and 
streptozotocin-induced diabetic mice. These pathological 
changes can be reversed by using AT1 receptor  
blocker.[50,59]. The possible mechanism of  Ang II/
AT1R pathway induced renal damage may be that the 
combination of  Ang II and AT1R activates nicotinamide 
adenine dinucleotide phosphatase (NADPH), increases 
the oxidative stress response in the kidney, and leads to 
renal vasoconstriction, vascular damage, renal tubular 
damage, and fibrosis.[60] Therefore, we concluded that the 
decreased expression of  ACE2 promoted the occurrence 
and development of  renal diseases and ACE2 played a 
protective role in kidney by reducing the level of  Ang II.

POTENTIAL STRATEGIES IN 
PREVENTION AND MANAGEMENT 
OF CORONAVIRUS DISEASE 2019 
BASED ON ACE2

To date, there is no specific medication against COVID-19. 
The main therapeutic strategies are limited to symptomatic 
treatment and organ support for severe patients.[61] Multiple 
therapies targeting COVID-19 and regulating immune 
function of  the host have attracted wide attention.[61] 
Thanks to the dual role of  ACE2 in virus infection and 
RAAS system, medications targeting ACE2 and its ligand-
COVID-19 virus spike protein are under investigation, 

which may inhibit virus infection and protect the host 
from organ damage.

Inhibition for virus infection
Development of COVID-19 specific vaccine 
The roles of  S protein in virus entry indicated that vaccines 
based on S protein might induce antibodies to prevent virus 
from binding and fusing with target cell or neutralize virus 
infection.[32] These hypotheses were validated in SARS-CoV 
a decade ago.[32,62] Yang et al. showed that a DNA vaccine 
encoding full-length S protein could effectively induce 
T-cell and neutralizing-antibody response in mice model.[63] 
Attenuated modified virus encoding full-length S protein of  
SARS-CoV[64, 65] or its trimer[66,67] were used as vaccination, 
and it could elicit S-specific neutralizing antibodies and 
protective immunity in various animal models. These 
results indicated that full-length S protein was highly 
immunogenic and could induce protection against virus 
infection, justifying the rationale that full-length S protein 
could be an ideal target for vaccine development. 

Vaccines based on the RBD of  SARS-CoV S protein 
have also been developed. Recombinant SARS-CoV 
RBD antigen was strongly reactive with the neutralizing 
antibodies in the antisera of  animal models immunized 
with inactivated SARS- CoV. [68] The RBD highly reacted 
with the antisera of  patients with SARS.[69] Immunization 
of  mice with RBD-Fc or an adeno-associated virus (AAV)-
based vaccine containing RBD could induce protective 
immunity against SARS-CoV [70-74]. Immunization with 
an RBD-based vaccine elicited both humoral and cellular 
immune responses against SARS-CoV [75,76], so RBD is a 
crucial target for vaccine design. 

COVID-19 virus used a glycosylated, homotrimeric class 
I fusion spike (S) protein to enter into host cells. Once the 
S1 subunit binds to the receptor of  host cell, the prefusion 
trimer would be destabilized, leading to shedding of  the 
S1 subunit and transition of  the S2 subunit to a highly 
stable post-fusion conformation.[19,77-79] The structural 
rearrangement of  S protein promoted to membrane fusion. 
On the basis of  essential function of  S protein for the entry 
of  COVID-19 virus and highly immunogenic property, it 
was a potential target for vaccine development. Discovering 
the atomic-level structure of  COVID-19 S protein will 
support precision vaccine design.[19] 

Interruption of interaction between spike protein 
and ACE2
A peptide overlapping the RBD sequence blocked the 
RBD–ACE2 interaction, restraining SARS-CoV entry 
in vitro.[80] The evidence from animal models of  MERS 
showed the capacity of  RBD peptide to inhibit virus entry 
and stimulate immune response.[80] Similarly, peptides 



Liu et al.: Potential role of ACE2 in 2019 novel coronavirus prevention and management

16 JOURNAL OF TRANSLATIONAL INTERNAL MEDICINE / JAN-MAR 2020 / VOL 8 |ISSUE 1

derived from RBD that blocked RBD–ACE2 binding 
may be developed as novel medication against COVID-19 
infection. Furthermore, the attachment of  an Fc fragment 
to RBD protein would extend its lifespan in circulation,[81] 
but it should not affect the enzymatic activity of  ACE2.

A polypeptide containing two RBD-binding motifs of  
ACE2 had a potent inhibitory effect on SARS pseudovirus 
infection in HeLa cells that expressed ACE2.[82] Soluble 
human ACE2 ectodomain could combine with the spike 
protein and thus specifically block SARS-S-dependent virus 
entry in vitro.[83] The affinity of  soluble ACE2 for the spike 
protein of  SARS was found to be 1.70 nM. An Fc domain 
could also be attached to soluble ACE2 for prolonged 
lifespan, which was proved to be effective in binding SARS 
in vitro.[81] Likewise, the soluble ACE2 may be a potential 
drug to block COVID-19 virus entry into host cells.

Small molecule compounds such as SSAA09E2 {N-[[4-
(4-methyl- piperazin-1-yl)phenyl]methyl]-1,2-oxazole-5-
carboxamide} and NAAE (N-(2-aminoethyl)-l-aziridine-
ethanamine) were discovered as SARS viral entry  
inhibitors. [84,85] SSAA09E2 and NAAE exerted their effect 
by blocking early interactions of  SARS-S with ACE2. 
Furthermore, NAAE not only blocked S-protein-induced 
virus–host cell fusion but also inhibited the catalytic activity 
of  ACE2, leading to a potential risk for hypertension. 
Though SARS-CoV and COVID-19 virus share ACE2 
as their receptor, the effect of  these compounds on 
COVID-19 infection remains unknown.

Chloroquine was discovered to inhibit SARS-CoV infection 
by interfering with ACE2 in cell culture.[86] Recently, 
chloroquine was discovered to inhibit COVID-19 infection 
at low-micromolar concentration in vitro, which could 
function at both entry and post-entry stages of  infection.[87] 
A number of  clinical trials have been conducted in China to 
test the efficacy and safety of  chloroquine in the treatment 
of  COVID-19. The results from more than 100 patients 
demonstrated that chloroquine phosphate was superior 
to the control group in inhibiting the exacerbation of  
pneumonia and shortening the disease course.[88] Evidences 
showed that emodin and promazine blocked the interaction 
between the S protein of  SARS-CoV and ACE2.[89,90] So, 
they may be able to inhibit COVID-19 infection, although 
further investigation is warranted.

Human monoclonal antibody for COVID-19
Tian et al.[91] found that SARS-CoV-specific human 
monoclonal antibody CR3022 was capable of  binding 
with RBD of  COVID-19 virus. Epitope of  CR3022 and 
ACE2 binding site in COVID-19 RBD did not overlap. 
However, the other potent specific neutralizing antibodies, 
such as m396 and CR3014, targeting the ACE2 binding 

site of  SARS-CoV could not bind to COVID-19 S 
protein. Thus, CR3022 is a potential therapeutic choice 
for COVID-19 infection, alone or combined with other 
neutralizing antibodies. However, there is still a long way to 
go, because the candidate antibody is needed to be further 
tested in vivo. Besides, multiple isolates in the population 
are required in order to examine the breadth of  coverage 
of  the antibody.[81]

Reducing the organ damage by adjusting the 
balance between ACE and ACE2
Injection of  rhuACE2 decreased the degree of  acid-
induced ALI in mice model.[39] Recombinant ACE2 
protein also largely improved the respiratory failure of  
ARDS in piglets.[92] A highly soluble and glycosylated 
rhuACE2 (GSK2586881) was injected to healthy human 
volunteers. Plasma Ang II levels were decreased and this 
effect was dose dependent, reaching the largest effect after 
a single dose of  100–400 μg/kg of  rhuACE2. Ang1-7 
levels increased after using 100- and 200-μg/kg dose of  
rhuACE2. Besides, rhACE2 was well tolerated in human 
because blood pressure and heart rate were not markedly 
affected.[93] Therefore, soluble human ACE2 may be an 
alternative choice for COVID-19 treatment. Unfortunately, 
in patients with ALI and ARDS, administration of  
rhuACE2 (GSK2586881) (0.4 mg/kg bid) intravenously for 
3 days did not improve the oxygenation index but increase 
the surfactant protein D levels.[94]

Inhibition of  the AT1R alleviated ALI and pulmonary 
edema in SARS-CoV Spike-Fc–treated mice.[30] Losartan, 
an inhibitor of  AT1R, proved to attenuate inflammatory 
response and lung injury in an LPS-induced ALI rat model.[95] 
Administration of  Ang 1-7 was found to decrease cell 
infiltrates, fibrosis, and ALI in acid-induced ALI rat 
model[96] and ventilator-induced ALI mice model.[97] ACE2 
activators, Ang 1-7, and Mas agonists were proved to 
reduce pulmonary vessel wall thickness, inflammation and 
fibrosis and attenuate right ventricular systolic pressure 
and fibrosis in pulmonary arterial hypertension models.
[98,99] On the basis of  the protective role of  ACE2 in 
multiple systems, and antagonism between ACE2 and ACE, 
therapeutic strategies targeting the balance between ACE 
and ACE2 may alleviate multiple organs damage caused 
by COVID-19.

VIEWS ON THE USAGE OF ACEI/
ARB IN INFECTED PATIENTS WITH 
HYPERTENSION

As ACE2 is recognized as COVID-19 virus receptor and 
its expression can be upregulated by ACEI or ARB, some 
hypotheses have been proposed, suggesting that ACEI/
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ARB may increase the risk of  viral infection. However, 
there has been no evidence that the use of  such drug 
enhances the rate of  infection and mortality to date. 
Besides, ACE2 may alleviate pathophysiological process 
of  ALI based on previous animal models. Therefore, the 
exact influence of  ACEI or ARB on COVID-19 infection, 
course of  disease, and prognosis remains unknown. So, in 
our opinion, we do not recommend patients to discontinue 
or change medications until the conclusive evidences come 
out.

CONCLUSIONS

ACE2, as a crucial enzyme of  RAAS, not only mediates 
the virus entry but also exerts protective role in the 
pathophysiological process of  virus-induced ALI. To 
date, what is the sequential role of  ACE2 in the whole 
disease process remains unclear. Real-world data and high-
quality clinical trials are warranted to answer the question. 
However, based on its important role in the pathogenesis 
and pathophysiology of  the disease, ACE2 has motivated 
extensive interests and strategies targeting ACE2 and its 
ligand-COVID-19 spike protein and may provide novel 
method in the prevention and management of  COVID-19.
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