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ARTICLE INFO ABSTRACT

Keywords: Angiotensin-converting enzyme 2 (ACE2) has been recognized as a potential entry receptor for SARS-CoV-2
SARS-CoV-2 infection. Binding of SARS-CoV-2 to ACE2 allows engagement with pulmonary epithelial cells and pulmonary
RAS infection with the virus. ACE2 is an essential component of renin-angiotensin system (RAS), and involved in
ACE2 . . . . . . .

ACEIS promoting protective effects to counter-regulate angiotensin (Ang) II-induced pathogenesis. The use of angio-

tensin receptor blockers (ARBs) and ACE inhibitors (ACEIs) was implicitly negated during the early phase of
COVID-19 pandemic, considering the role of these antihypertensive agents in enhancing ACE2 expression
thereby promoting the susceptibility to SARS-CoV-2. However, no clinical data has supported this assumption,
but indeed evidence demonstrates that ACEIs and ARBs, besides their cardioprotective effects in COVID-19
patients with cardiovascular diseases, might also be beneficial in acute lung injuries by preserving the ACE2
function and switching the balance from deleterious ACE/Ang II/AT; receptor axis towards a protective ACE2/
Ang (1-7)/Mas receptor axis.

ARBs and COVID-19

1. Introduction

In December 2019 in Wuhan, China, an ongoing rapidly spreading
worldwide pandemic of a novel coronavirus, severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) also termed as COVID-19, was
detected (Chen et al., 2020; WHO, 2020). In contrast to SARS-CoV which
caused the 2002 outbreak, SARS-CoV-2 exhibits a higher risk of trans-
mission as evident from the rapid global rise in the number of COVID-19
cases. As indicated in reported cases SARS-CoV-2 is transmitted from
one individual to the other mainly through respiratory droplets (WHO,
2003). COVID-19 exhibits either asymptomatic upper respiratory
infection or potentially fatal atypical pneumonia associated with acute
respiratory distress syndrome (ARDS) (Guan and Zhong, 2020; Han
et al., 2020) that can cause death in certain individuals (Guan and
Zhong, 2020; Li et al., 2020; Wu and McGoogan, 2020). ARDS is an
extreme form of acute lung injury with a high mortality rate (30-60%),
marked by a rapid rise in inflammatory cells pulmonary edema, severe
hypoxia and respiratory failure (Pfeifer, 2010). According to various
sources including the Center for Disease Control and Prevention (CDC),
while SARS-CoV-2 can infect anyone, however patients with pre-existing
comorbidities such as hypertension, type 2 diabetes mellitus,
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cardiovascular diseases, and chronic obstructive pulmonary disease
(COPD) are more likely to display a severe course and to have higher
mortality rates (Emami et al., 2020; Team, 2020).

Angiotensin converting enzyme 2 (ACE2) has been identified as a
functional receptor for SARS-CoV-2 pulmonary infection (Gheblawi
et al., 2020). ACE2 exists in two forms, a membrane bound and a soluble
form and SARS-CoV-2 entry into the host cell is mediated by binding of
viral spike protein to the membrane bound form (Verdecchia et al.,
2020). ACE2 is a key modulator of the renin-angiotensin system (RAS)
(Ocaranza and Jalil, 2012), an intricate interlinked system that regulates
physiological and pathological functions of cardiovascular, renal and
pulmonary system. Abnormal activation of the Ang II/AT; receptor
component of RAS has been implicated in several pathologic conditions,
including high blood pressure and contributes to the development of end
organ damage through the activation of pro-inflammatory, and
pro-fibrotic cascades (Lee et al., 1993; Luft, 2002; Weir, 2007; Gul et al.,
2008, 2009, 2012a, 2015; Gul et al., 2009; Munoz-Durango et al., 2016).
ACE2 negatively regulates the Ang II/AT; component of RAS by
enhancing anti-proliferative and anti-apoptotic effects via the activation
of ACE2/Ang (1-7)/Mas receptor signaling (Oudit et al., 2003; Zisman
et al., 2003a; Patel et al., 2016). In experimental models of lung injury
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and ARDS, activation of AT; receptor -mediated signaling drives severe
lung failure by elevating inflammatory responses. This is blunted by
ACE2 via its antagonistic actions on ACE/Ang II/AT1 receptor axis (Imai
et al., 2005; Kuba et al., 2006; Hamming et al., 2007). Indeed, SARS-
induced decrease in ACE2 is assumed to induce a more severe acute lung
injury during infection by downregulating ACE2/Ang (1-7)/Mas re-
ceptor signaling and augmenting the activation of counter-regulatory
ACE/Ang I1/AT; receptor axis (Kuba et al., 2006).

Considering the role of angiotensin receptor blockers (ARBs) and
angiotensin converting enzyme inhibitors (ACEIs) in amplifying ACE2
expression and activity in vivo studies (Ishiyama et al., 2004; Ferrario
et al., 2005; Igase et al., 2005; Wang et al., 2016), concerns were raised
in the early phase of COVID-19 outbreak, on whether these RAS blockers
would intensify SARS-CoV-2 infection and severity of disease in patients
using these drugs for the management of cardiovascular diseases and
hypertension (Guo et al., 2020; Sommerstein, 2020). However, there is
no clinical evidence at present demonstrating that these RAS blockers
could either increase the susceptibility or aggravate the severity
SARS-CoV-2 infection. Contrarily, recent studies have shown that RAS
inhibitors are beneficial rather than harmful in patients with lung injury
(Vaduganathan et al., 2020). Furthermore, ARBs and ACEIs are critical
for the clinical management of high risk cardiovascular patients
suffering from COVID-19 (Zhang et al., 2020). Additionally, given the
anti-inflammatory effects of ACE2/Ang (1-7)/Mas receptor activation,
we assume that ACE2 upregulation by RAS blockers might be helpful in
dealing with the deregulated system inflicted by SARS-CoV-2 rather
than harmful in patients with lung injury. Here we review the involve-
ment of ACE2 as a receptor for SARS-CoV-2 infection and provide the
evidence supporting that RAS blockers are not only beneficial for
COVID-19 patient’s suffering from cardiovascular diseases, but also in
acute lung injuries by preserving the ACE2 function and countering the
systemic dysregulation caused by SARS-CoV-2 infection. We also review
some RAS based therapies that besides preserving ACE2 functions might
also blunt the cytokine storm elicited by SARS-CoV-2 infection.

1.1. Severe acute respiratory syndrome coronavirus (SARS-CoV)

SARS-CoV belongs to a group of enveloped coronavirus in the
coronaviridae family which are single-stranded RNA viruses that cause
respiratory and intestinal infections in animals and humans (Cui et al.,
2019). Coronavirus got its name as it resembles the corona of the sun
seen during the solar eclipse due to presence spike proteins that attach
with host receptors. Coronaviruses are distinct amongst the enveloped
viruses as they emanate from the Endoplasmic Reticulum and Golgi
apparatus (ERGIC), from which they attain their membrane envelope.
From ERGIC the mature virions are transported to the host secretory
pathway to be released from the infected cell (Westerbeck JW, 2015;
Schoeman and Fielding, 2019). Coronavirus cause either minor upper
respiratory tract infection resembling common cold or lower respiratory
tract infections like pneumonia and bronchitis (Yang et al., 2020).
However, in past few decades coronavirus infections have led to
outbreak of fatal respiratory illnesses called Severe Acute Respiratory
Syndrome (Ksiazek et al., 2003; Kao et al., 2004; Zaki et al., 2012; Zhang
et al., 2020). The outbreak of SARS-CoV (2002) and current major
pandemic SARS-CoV-2 has demonstrated the lethality of coronaviruses.
Infection with SARS-CoV produces either mild or severe symptoms, but
in extreme cases lung injury leads to gradual respiratory failure causing
death of an individual (Gu and Korteweg, 2007; Schoeman and Fielding,
2019).

1.1.1. SARS-CoV-2 structure

The coronavirus is composed of a positive-sense RNA genome and
four major structural proteins termed spike proteins (S), membrane
proteins (M), envelope proteins (E) and nucleocaspid proteins (N) and
these proteins are requisite to produce mature virus and are important
for coronavirus infectivity (Fig. 1) (Schoeman and Fielding, 2019) The S

European Journal of Pharmacology 890 (2021) 173656

protein is a type I membrane glycoprotein that facilitates the attachment
of coronavirus to the cell receptors and its subsequent entry into host cell
(Song et al., 2004; Kirchdoerfer et al., 2016). The S protein is composed
of a short intracellular tail, a transmembrane anchor, and a large ecto-
domain that comprises of two subdomains, S1 subdomain, that harbors
receptor binding domain (RBD) which binds with the receptor of host
cell and S2 subdomain, facilitates fusion between virus and host cell
membrane (Li, 2016). The most abundant of the four structural proteins
of coronavirus is M protein that spans the membrane thrice and it plays a
predominant role in intracellular development of the virus. This protein
is considered as a basic component of viral assembly and morphogen-
esis, involved in regulation of replication and packing the genomic RNA
into viral particles (Narayanan et al., 2000). The foremost function of
the N protein is to package the genomic RNA to form nucleocapsid (de
Haan and Rottier, 2005). It may likely be involved in replication process
and the host cellular response to viral infection (McBride et al., 2014).
The E protein is the minor component of the coronavirus envelope, but it
is highly expressed in the ER and Golgi-complex of the infected cell
where it helps in assembly, budding and trafficking of infectious virions
(Schoeman and Fielding, 2019).

1.1.2. SARS-CoV-2 entry and replication

SARS-CoV-2 infects by binding to ACE2 via its S protein and enters
the host cells (Gheblawi et al., 2020). To facilitate the fusion and entry of
the viral particle into the host cell the spike is primarily activated by a
serine protease present on host cell surface called TMPRSS2, to complete
this process (Hoffmann et al., 2020). The spike protein S1 subunit binds
to the ACE2, and TMPRSS2 cleaves and activates the spike. TMPRSS2
also causes an irreversible conformational change by activating S2
subunit of spike protein to facilitate fusion of the virus to cell membrane
and allows its entry to the host cell (Simmons et al., 2013). Following the
entry of SARS-CoV-2 positive-stranded RNA is released into the cyto-
plasm of the host cell and polyproteins are translated. The viral replicase
gene encode for two large open reading frames (ORFs), known as ORFla
and ORF1b which are then translated into two polyproteins ppla and
pplb. These polyproteins are proteolytically cleaved to form 16
non-structural  proteins  which  assemble to form RNA
replicase-transcriptase complex (RTC). This complex is used to replicate
viral RNA via both replication and transcription. Replication of viral
RNA is followed by the transcription of a sub-genomic mRNA including
those encoding for the structural proteins by discontinuous transcrip-
tion. The structural proteins S, E, and M are translated and enveloped in
the endoplasmic reticulum and then transported for assembly to the
budding ERGIC. Nucleocapsids are formed by assembling genomic RNA
and N protein and then transported to ERGIC to be incorporated into
virion. Following assembly, mature virions are transported to the cell
surface through small vesicles and released from the infected cell via
exocytosis to bind a new host cell (Fig. 2) (Fehr and Perlman, 2015;
Walls et al., 2020).

SARS-CoV-2
Spike protein (S)
Membrane glycoprotein (M)

Nucleocapsid Protein
RNA

Envelope Protein (E)

Fig. 1. Structure of SARS-CoV-2: The structure of SARS-CoV-2 comprises of a
positive-sense RNA genome and four different structural proteins: spike(S),
membrane (M), envelope (E), and nucleocapsid (N) proteins.
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Fig. 2. Replication of coronaviruses: [1] The Spike protein on the SARS-CoV-2 binds to ACE2, a protease TMPRSS2 promotes fusion and entry of the virion into the
host cell. [2] The virus releases positive-stranded RNA into the cytoplasm [3] RNA is translated in viral replicase complex to synthesize more copies of RNA. [4] The
polymerase produces many subgenomic RNA by discontinuous transcription and some of these encode for structural proteins N, S, E and M. [5] The structural
proteins S, E, and M are translated and inserted into endoplasm reticulum. [6] The viral structural protein, genomic RNA and N protein are assembled into virions by
budding into the lumen of the ERGIC (endoplasmic reticulum (ER)-Golgi intermediate compartment). [7] Following the assembly, the virions are transported to the

cell surface in vesicles and released via exocytosis.

1.1.3. Comparing SARS-CoV-2 with SARS-CoV

SARS-CoV that originated in the Guangdong Province of southern
China was identified as the cause of severe acute respiratory syndrome
(Ksiazek et al., 2003) outbreak in 2002. According to the World Health
Organization (WHO), SARS-CoV, spread quickly over 29 countries in
Southeast Asia where it effected about 8096 individuals, and caused 774
deaths (WHO, 2003; Fehr and Perlman, 2015; de Wit et al., 2016). SARS
was however ultimately controlled in July 2003 by interrupting person
to person transmission, following a strict quarantine of infected patients
and suspected individuals having symptoms, screening and surveillance
of travelers from affected regions and strict implementation of isolation
of all contacts. SAR-CoV shows striking similarities with SARS-CoV-2
responsible for the recent outbreak of widespread severe acute respira-
tory disease that originated in Wuhan, Hubei province, China.
SARS-CoV-2 shares less than 80% amino acid sequence identity with
SARS-CoV (Lu et al., 2020; Zhou et al., 2020). The RBD of spike protein
helps in binding of virus to the host cell is composed of two subdomains,
a core structure and a receptor binding motif (RBM). As a result of
prominent sequence identity in spike protein it is anticipated that both
the coronavirus strains employ the same receptor i.e. ACE2 for the host
cell entry. Recognition of the host receptor is a key step for determining
the infectivity and transmissibility of the coronavirus; however, it may
also be influenced by other factors of host and viral particle which may
come into play only when virus is fused to the receptor. Though there are
prominent similarities between the two strains, there is a considerable
difference in SARS-CoV-2 infectious transmission, severity of symptoms,
and degree of community spread. These variations in the virus charac-
teristics are possibly due to the mutations in RBM region of the spike
protein of SARS-CoV-2 that intensifies its binding affinity by 10- to
20-fold to human ACE2 compared to SARS-CoV, thereby increasing its

infectivity and transmission from person to person (Meng et al., 2020;
Wrapp et al., 2020).

1.2. Angiotensin converting Enzyme2 (ACE2) at the core of SARS-CoV-2
infection

1.2.1. ACE2

Angiotensinogen is the only precursor of angiotensin peptides, which
is hydrolyzed by renin to generate an inactive peptide angiotensin (Ang)
I. Angiotensin converting enzyme (ACE) an enzyme synthesized by
pulmonary and renal endothelial cells hydrolyses the inactive peptide
Ang I to form a biologically active peptide Ang II (Erdos, 1976). Ang Il is
the biologically active mediator of effects of the RAS whose functions are
controlled by two G protein-coupled receptors (GPCR), AT receptor and
AT, receptor. Binding of Ang II to the AT; receptor mediates hemody-
namic and renal effects such as vasoconstriction, hypertension, renal
tubular salt reabsorption and eliciting aldosterone synthesis (Gul et al.,
2012a; Forrester et al., 2018). However, disorders in the RAS contributes
to pathological condition such as cardiac hypertrophy, fibrosis,
increased inflammatory responses, and oxidative stress (Lee et al., 1993;
Luft, 2002; Weir, 2007; Gul et al., 2008, 2009, 2012a, 2012b, 2015; Gul
et al., 2009; Munoz-Durango et al., 2016). In contrast, ATy receptor
stimulation by Ang II mediates vasodilation and opposes the actions of
AT; receptor (Padia and Carey, 2013). The identification of ACE2, an
enzyme that hydrolyses Ang II to Ang (1-7), a biologically active peptide
of the RAS that promotes vasorelaxation and negatively regulates the
actions stimulated by Ang II/AT; receptor, unraveled the existence of an
alternative metabolic pathway for Ang II (Fig. 3) (Ferrario, 2010; Fer-
reira et al., 2010; Oudit et al., 2010).

ACE2 is a type I transmembrane protein with homology to ACE, an
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enzyme responsible for converting Ang I to Ang II, a major effector
peptide of the RAS (Riordan, 2003). ACE2 was discovered by two in-
dependent research groups in 2000 and it emerged as a potent negative
regulator of the RAS counter-balancing the multiple functions of ACE in
the cardiovascular system (Donoghue et al., 2000; Tipnis et al., 2000).
ACE2 is ubiquitous and widely expressed in human heart, vessels, kid-
ney, brain, gastrointestinal system, lung alveolar epithelial cells and
other tissue cells (Oudit et al., 2003). It is composed of 805 amino acids,
with an active extracellular carboxypeptide domain, a transmembrane
domain and a small cytoplasmic domain. The extracellular carbox-
ypeptide domain is cleaved from the enzyme by ADAM17 (a disintegrin
and metalloprotease 17) and released as soluble protein into the blood
stream and finally excreted into urine. Ang II is the main substrate for
ACE2 and it cleaves the last amino acid (Phe 8), in Ang II to generate Ang
(1-7) which upon binding to G-protein coupled Mas receptor antago-
nizes the Ang II/AT; receptor axis of the RAS. Alternatively, ACE2 can
covert Ang I to Ang (1-9), which is then converted to Ang (1-7) by the
action of neprilysin. (Jiang et al., 2014; Marquez et al., 2020). Addi-
tionally, Ang I can also be directly hydrolyzed into Ang (1-7) by the
actions of neprilysin (Ferrario, 2011; Chappell, 2016). However, the
affinity of ACE2 for Ang II is higher than for any other peptide, thus
conversion of Ang II to Ang (1-7) is considered as its prime function
(Vickers et al., 2002). Evidence demonstrates that an alternative
mechanism within RAS may contribute to the positive effects of chronic
RAS blockade. The chronic inhibition of ACE decrease Ang II expression,
but significantly increases circulating Ang (1-7) levels through the ac-
tion of neprilysin (Domenig et al., 2016). Similarly, AT; receptor
blockade also enhance Ang (1-7) via ACE2 and diverts Ang II to pro-
tective AT, receptor pathway (Carey and Padia, 2013; Sumners et al.,
2015). Besides ACE2 can also hydrolyze other vasoactive peptides such
as apelin-13, apelin-17, apelin-36, neurotensin, kinestensin, dynorphin,
and bradykinin (BK) fragments, [des-Arg9]-BK and
[Lys-des-Arg9]-BK12 (Ocaranza and Jalil, 2012), thereby playing a
critical role in regulating cardiac function, blood pressure and vascular
reactivity. Studies have demonstrated that under pathological condi-
tions, apelin disrupts Ang II signaling and stimulates antioxidant and

Ang -7y
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Fig. 3. RAS: A classic model of RAS showing delete-
rious and protective effects. The precursor peptide
AGT is cleaved by renin to form the Ang I, which is
then cleaved by ACE to form Ang II. Ang II is the main
peptide of RAS and exerts it effects by binding to two
GPCRs AT; receptor and AT, receptor. Binding of Ang
II to AT; receptor stimulates vasoconstrictive/pro-
inflammatory pathways, whereas its binding to AT,
receptor activates the vasodilative/anti-inflammatory
signaling. Ang II is further cleaved by ACE2 to Ang
(1-7), which binds to Mas receptor and promotes
vasodilative/anti-inflammatory effects. Ang (1-7) can
also be generated directly from Ang I by the action of
neprilysin (Nep) or by the action of ACE2 on Ang I to
form Ang (1-9), which is subsequently cleaved to
generate Ang (1-7) through Nep.

anti-inflammatory effects by activating the apelin receptor (Sato et al.,
2013; Zhou et al., 2016). Cleavage of apelin by ACE2 inactivates it and
attenuates these beneficial effects. Contrarily, apelin is a positive regu-
lator of ACE2 and decrease in apelin also downregulates ACE2 expres-
sion suggesting an interplay between ACE2 and apelin (Sato et al., 2013;
Than et al., 2014). Degradation of the BK metabolite [des-Arg9]-BK by
ACE2 reduces bradykinin B1 receptor (BKB1R)-mediated inflammatory
signaling in lungs (Sodhi et al., 2018). A decrease in pulmonary ACE2
activity leads to impaired inhibition of [des-Arg9]-BK/BKHBIR
signaling, thus causing the onset of a cytokine storm and severe lung
inflammation leading to ARDS (Sodhi et al., 2018). Thus, ACE2 is a
multifunctional enzyme that exerts several physiological functions by
cleaving a variety of biologically active peptides.

1.2.2. Role of ACE2 in the cardiovascular system

Mounting evidence indicates that ACE2 exhibits protective functions
in cardiovascular system and its altered expression is linked to major
pathophysiological effects. ACE2 is considered as an endogenous
modulator of RAS through its effects on Ang II degradation (Tesanovic
et al., 2010). Contrarily, conversion of Ang II to Ang (1-7), by ACE2
shifts the balance towards cardioprotection by activating ACE2/Ang
(1-7)/Mas receptor axis, a vasodilatory arm of the RAS with effects
opposite to those produced by ACE/Ang II/AT; receptor (Shah et al.,
2010; Patel et al., 2016). Activation of ACE2/Ang (1-7)/Mas receptor
axis antagonizes the pathophysiological effects of Ang II in myocardium
and enhances vasodilation abilities, attenuates cardiac hypertrophy,
fibrosis, cell proliferation, and oxidative stress. These protective effects
are due in part to a decrease in Ang II levels as a result of its degradation
to Ang (1-7) by ACE2 (Varagic et al., 2014). Thus, ACE2 plays a key role
in maintaining a balance between ACE/Ang II/AT; receptor vaso-
constrictory axis and ACE2/Ang (1-7)/Mas receptor vasodilatory axis.
Studies have revealed that deficiency of ACE2 leads to reduction in
plasma Ang II metabolism thereby raising its levels both in plasma and
myocardium (Kassiri et al., 2009; Zhong et al., 2010). Moreover, loss of
ACE2 has been found to speed up cardiac failure, while ACE2 over-
expression reverses the effect. Mice deficient in ACE2 have been shown
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to have decreased myocardial contractility, with no changes in blood
pressure, cardiac hypertrophy or fibrosis. ACE2 overexpression attenu-
ated pathological cardiac remodeling after myocardial infarction by
blocking ACE activity, decreasing Ang II levels, and enhancing Ang
(1-7) expression (Zhao et al., 2010). On contrary, ACE2 null mice show
an exaggerated accumulation of Ang II in kidney due to its impaired
metabolism thereby causing enhanced susceptibility to Ang II-induced
hypertension (Liu et al., 2017). However, ACE2 was not found to
regulate cardiac structure and functions in ACE2 null mice. Blocking of
Ang 11 generation by ACEIs or inhibition of its binding to AT; receptor by
ARBs have been shown to increase ACE2 expression and activity in
animal models of myocardial infarction-induced cardiac hypertrophy
(Ocaranza et al., 2006). These observations collectively suggest that
decrease in ACE2 is linked to impaired cardiac function whereas excess
of ACE2 would be protective to hypertension-induced cardiac dysfunc-
tion. In contrast myocardial ACE2 expression was found to be signifi-
cantly elevated after myocardial infarction in the rat and failing human
hearts (Burrell et al., 2005). Moreover, circulating ACE2 levels are
usually low in healthy subjects but increase during cardiovascular dis-
eases (Rice et al., 2006; Epelman et al., 2008; Lew et al., 2008). Upre-
gulation of ACE2 was found in cardiac tissue of patients with ischemic
cardiomyopathy and idiopathic dilated cardiomyopathy or primary
pulmonary hypertension (Zisman et al., 2003a; Burrell et al., 2005).
These observations suggest that ACE2 upregulation is a compensatory
response to protect heart and plays an important role in the negative
regulation of RAS by counter-balancing the effects of Ang II after cardiac
injury.

1.2.3. ACE2 is an entry receptor for SARS-CoV-2

SARS-CoV entry into host cells was primarily thought to be accom-
plished by direct fusion between the host cell membrane and the virus
(Simmons et al., 2004). Proteolytic cleavage of SARS-CoV protein at S2
region of spike protein mediate membrane fusion and viral infectivity
(Belouzard et al., 2009). Studies have demonstrated that SARS-CoV
entry into the host cells is mediated by the binding of the spike pro-
tein (S) of virus to the ACE2 of host cell (Li et al., 2003). The suscepti-
bility to SARS-CoV is significantly increased in mice with transgenic
overexpression of ACE2 (Yang et al., 2007). It was demonstrated that an
antibody against ACE2 but not ACE, block viral replication on Vero E6
cells, thus designating ACE2 as a functional receptor for SARS-CoV (Li
et al., 2003). The pathological alterations in lungs induced by experi-
mental SARS-CoV infection were reduced in ACE2-knock out mice
compared to wild type mice, indicating ACE2 is a critical SARS receptor
required for effective replication of infectious SARS-CoV (Kuba et al.,
2005)." Zhou et al. were the first ones to establish SARS-CoV-2 use ACE2
as an entry receptor as SARS-CoV (Zhou et al., 2020). The observation
suggested that ACE2 is probably the receptor for SARS-CoV-2 because
that it is able to utilize ACE2 from humans, Chinese horseshoe bats, civet
cats, and pigs as an entry receptor into ACE2-expressing cells but not in
ACE non-expressing cells (Zhou et al., 2020). It was followed by other
work (Hoffmann et al., 2020; Walls et al., 2020) which provided clear
evidence suggesting that SARS-CoV-2 just like SARS-CoV gain accesses
to host cells via ACE2 due to commonalities between the sequences of
SARS-CoV-2 and SARS-CoV. Moreover, Hoffmann et al. showed that
SARS-CoV-2 entry could be blocked by TMPRSS2 inhibitor and suggests
that sera from patients recovering from SARS-CoV could partially pro-
tect against SARS-CoV-2 infection (Hoffmann et al., 2020). Though
SARS-CoV-2 shares a close link with SARS-CoV, the former binds to
ACE2 with higher affinity due to differences in RBM of spike region. This
tight association between the SARS-CoV-2 and ACE2 could partly
explain the reason for the higher pathogenicity of SARS-CoV-2 in
humans compared to SAR-CoV.

Others demonstrated that pulmonary infection of mice with SARS-
CoV displayed a marked decrease in ACE2 expression affirming an
important role of ACE2 in mediating SARS-CoV infection in the heart
(Oudit et al., 2009). Another group found that SARS-CoV infection
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results in downregulation of ACE2 expression in lung tissue that
contributed to the severity of lung pathologies (Kuba et al., 2005).
Additionally, they demonstrated that injection of SARS-CoV spike into
mice induces acute lung failure that can be reduced by inhibiting the
RAS using ACEIs and ARBs. Thus, positive correlation exists between
susceptibility to SARS-CoV driven infection and ACE2 expression in vitro
(Hofmann et al., 2004); however, the association of ACE2 expression
and the susceptibly of SARS-CoV-2 infection is unknown. Another group
has reported that human ACE2 expression levels and patterns in
different tissues might be critical for the susceptibility, symptoms, and
outcome of SARS-CoV-2 infection (Cao et al., 2020).

Li et al. performed a retrospective study and analyzed 425 SARS-
CoV-2 positive cases and observed a reduced number of positive cases
in children which could be attributed to reduced ACE2 expression in
children compared to adults (Li et al., 2020). It was followed by another
retrospective analysis comparing the ACE2 expression in nasal passages
in a cohort of 305 individuals aged 4 to 60, as the nasal passage is often
the first point of contact for SARS-CoV-2. ACE2 expression was found to
be age dependent, with the lowest expression levels found in younger
children and increasing with age into adulthood (Bunyavanich et al.,
2020). Down regulation of ACE2 expression and its activity is associated
with acute lung injury, increased accumulation of inflammatory cyto-
kines, exacerbated pulmonary edema that ultimately lead to ARDS.
These symptoms are attenuated by repleting with exogenous ACE2,
GSK2586881, a recombinant form of human ACE2 (Khan et al., 2017;
Zhang and Baker, 2017). RAS activation and downregulation of ACE2
expression have also been associated with pathogenesis of lung injury
after SARS-CoV infection (Kuba et al., 2005). It turned out that Ang II
levels are upregulated in COVID-19 patients and displays a linear posi-
tive correlation to viral load and lung injury (Liu et al., 2020). Activation
of RAS is known to cause the wide range of injurious effects in multiple
organs such as heart, lungs and kidney, thus RAS blockers might prob-
ably relieve of the pathological symptoms of COVID-19 on lung and
unconditionally decrease heart and renal damage resulting from the RAS
activation.

1.2.4. Role of ACEIs and ARBs in SARS-CoV-2

ACEIs and ARBs are generally used for the management of cardio-
vascular diseases. ACEIs block the conversion of Ang I to Ang II by
targeting ACE and are used in patients with hypertension and type 2
diabetes mellitus for regulating blood pressure, treating cardiac failure
and dysfunction, preventing strokes and treating diabetic nephropathy.
While on the other hand, ARBs prevent binding of Ang II by blocking AT
receptor and are used alone or in combination with other drugs for
controlling hypertension. They also are used for treating congestive
heart failure, preventing diabetes or high blood pressure-related kidney
failure, and reducing the risk of stroke in patients with hypertension and
an enlarged heart. Nearly all patients with cardiovascular comorbidities
qualify for the use of ACEIs and ARBs (Messerli et al., 2018). Chronic
treatment with ACEIs or ARBs has been shown to elevate ACE2 activity
and expression in several organs which may be beneficial for the car-
diovascular system (Zisman et al., 2003b; Ferrario et al., 2005; South
et al., 2020). The ability of ACEIs/ARBs to upregulate ACE2 expression
is in addition to their main clinical effect to inhibit ACE or block AT,
receptor. Investigators have reported that both ACEIs and ARBs could
significantly enhance mRNA expression of cardiac ACE2 (Ferrario et al.,
2005). Inhibition of the Ang II binding to AT; receptor, by losartan, an
ARB increased simultaneously both cardiac gene expression and activity
of ACE2, while blockade of Ang II synthesis by lisinopril, and ACEIs
increased cardiac ACE2 gene expression levels but not its activity in
normal Lewis rats. However, combined treatment with lisinopril and
losartan abolished the increase in gene expression but significantly
increased ACE2 activity. These results reveal a lack of direct correlation
between ACE2 mRNA levels and ACE2 activity indicating the existence
of the complex ACEI and ARB signaling mechanism by that regulate
kinetics of angiotensin peptide formation and metabolism (Ferrario
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et al., 2005; South et al., 2020). Similarly, Ishiyama et al. revealed that
inhibition with ARBs, losartan and olmesartan increased ACE2 mRNA
levels which were unaffected by co-administration with PD123319, an
AT, receptor antagonist in the heart of rats after myocardial infarction,
suggesting that increase of ACE2 mRNA levels by ARBs could be due to
direct inhibition of AT1 receptor (Ishiyama et al., 2004). In summary
these evidence suggest a protective role of both ACEIs and ARBs in
cardiovascular system via increasing ACE2 expression. However, till
date there is no data on the effect of ACEIs and ARBs on ACE2 expression
in lungs either in animal models or in humans. Given the role of ACE2 as
the point of entry for SARS-CoV-2, there is a continuous debate in the
scientific community about the role of ACEIs/ARBs in COVID-19. Some
researchers initially suggested that patients should discontinue ACEI-
s/ARBs as it might predispose them to increased risk of SARS-CoV-2 and
could make COVID-19 symptoms worse by increasing ACE2 expression.
The argument was based on the assumption that RAS blockers increase
ACE2 expression which might increase the susceptibility of SARS-CoV-2
infection (Guo et al., 2020). However, the view of discontinuing ACEI-
s/ARBs was not supported by numerous American and European car-
diology societies who dispelled this misinformation and recommended
patients not to stop ACEIs/ARBs, unless advised by the physician. Be-
sides there are no clinical evidence to date suggesting that ACEIs/ARBs
make patients more susceptible to the SARS-CoV-2. We highlight that
discontinuation of RAS antagonists might exacerbate the clinical course
and increase the death rate in COVID-19 patients suffering from hy-
pertension or ischemic heart disease due to their acute risk. To support
this argument, a very well organized Chinese study revealed that hos-
pitalized hypertensive COVID-19 patients, treated with ACEIs/ARBs for
hypertension showed lesser risk of all-cause mortality compared with
non-users of ACE inhibitor/ARB during a 28 days of follow-up (Zhang
et al., 2020). Furthermore, there are compelling evidences supporting
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the use of ACEIs and ARBs assertively because blockade of RAS may
protect the COVID-19 patient form severity of lung damage and poten-
tially from cardiovascular abnormalities caused by infection. ACE2 is
functionally opposite to ACE and under physiological conditions; ACE2
displays vasodilator activity by inactivating Ang II whereas ACE acts as
vasoconstrictor by increasing Ang II levels, to maintain the blood pres-
sure homeostasis. Binding of the SAR-CoV-2 to ACE2 downregulates
ACE2, thus causing an imbalance ACE/ACE2 ratio (Pagliaro and Penna,
2020), and shifting it towards ACE and increased Ang II generation.
Increase in ACE/Ang II/AT; receptor axis stimulation is known to
enhance pulmonary vascular permeability and acute lung injury (Imai
etal., 2005). Consequently, upregulation of ACE2 by RAS blockers could
be beneficial in lung damage by not only inhibiting Ang II production
and but also by degrading Ang II to vasodilatory peptide Ang (1-7),
which appears to be vital in protecting against lung inflammation and
fibrosis.

1.3. RAS based COVID-19 therapies

To date no specific drugs and therapeutics are approved by any food
and drug association to prevent or treat SARS-CoV-2 infection. The best
clinical strategy for the treatment of COVID-19 positive patients is
purely supportive care that includes supplemental oxygen and me-
chanical ventilator support if required and control measures to prevent
infection (Wax and Christian, 2020). However, there is a race at several
fronts to develop effective therapies for COVID-19. In our opinion use of
pharmacological agents that activate ACE2/Ang (1-7)/Mas receptor
axis to promote the protective effects and RAS blockers to mitigate the
detrimental actions of ACE/Ang II/AT; receptor axis activation will not
only preserve ACE2 functions but also blunt the cytokine storm elicited
by SARS-CoV-2 infection (Fig. 4).
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Fig. 4. RAS based COVID-19 therapies. [1] ACEIs and ARBs inhibit Ang II/AT; receptor activation and increase ACE2 expression. [2] Ang (1-7) to counter-balance
the deleterious effects of Ang II/AT; receptor activation. [3] Soluble ACE, block the viral entry.
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1.3.1. Ang (1-7)/Mas receptor activation

Significance of Ang (1-7) as a cardioprotective peptide was high-
lighted with the discovery of ACE2, which hydrolyzes Ang II into Ang
(1-7) that binds to a G-protein coupled Mas receptor to counter-regulate
the deleterious effects elicited by ACE/Ang II/AT; receptor axis (Shah
et al., 2010; Patel et al., 2016). Besides diminishing the deleterious ef-
fects of Ang II in cardiovascular diseases, Ang (1-7)/Mas receptor axis
has emerged as a new potential tool for the treatment of ARDS in animal
studies (Imai et al., 2005; Kuba et al., 2006; Hamming et al., 2007).
Studies have demonstrated an upregulation of ACE/Ang II/AT; receptor
signaling in the pathogenesis of acute lung injury, while ACE2/Ang
(1-7)/Mas receptor activation protect against lung injuries (Li et al.,
2008). Activation of Ang (1-7)/Mas receptor axis has been shown to
attenuate pulmonary fibrosis by downregulating the profibrotic effects
of Ang II (Meng et al., 2020). Indeed treatment with exogenous rhACE2
stimulates Ang (1-7) activity and attenuates acute lung failure in ACE2
knockout as well as in wild-type mice (Imai et al., 2005). Treatment with
Ang (1-7) agonist AVE0991 is known to exert pulmonary and cardio-
vascular protective effects (Rodrigues-Machado et al., 2013; Jia, 2016).
Therefore, activation of ACE2/Ang (1-7)/Mas receptor axis to restrain
SARS-CoV-2 infection by recombinant ACE2 or Ang (1-7) agonists might
have therapeutic effects in acute lung injury (Annweiler et al., 2020). In
patients with preexisting medical conditions such as cardiovascular
disease, diabetes mellitus, hypertension, and obesity activation of
ACE2/Ang (1-7)/Mas receptor axis may significantly reduce the pro-
gression of comorbidities associated with COVID-19 infection. Aging
associated activation of the Ang II/AT; receptor axis and inhibition of
Mas receptor (Yoon et al., 2016), (Yoon and Choi, 2014), (Musso and
Jauregui, 2014), could be confounding factor in increased SARS-CoV-2
susceptibility seen in older population, independent of other adverse
prognoses related to age. Ang (1-7) has been demonstrated to reduce the
activation of proinflammatory and profibrotic cytokines thereby
shielding against lung injury and acute respiratory distress (Santos et al.,
2018). Along these lines, a double-blinded, placebo-control, randomized
clinical trial will be assessing whether TXA127, a pharmaceutical
formulation of peptide, Ang (1-7) administration prevents acute kidney
injury and deterioration into multi-organ failure in patients with mod-
erate to severe COVID-19 (NCT04401423). Thus, it is conceivable that
activation of Mas receptor or infusion with Mas receptor agonist or Ang
(1-7) can be an additive measure against COVID-19-induced cytokine
storm triggered by SARS-CoV-2 infection that consecutively overwhelms
inflammatory response (Peir6 and Moncada, 2020; Shete, 2020).

1.3.2. ACE/ang II/AT1 receptor inhibition

Inappropriately, activated RAS is linked to the lung pathophysi-
ology/ARDS as a result of dysregulated inflammatory cytokine pro-
duction by over activation of ACE/Ang II/AT; receptor signaling (Imai
et al., 2005). However, in contrast activation of counter-regulatory arm
of the RAS with effects opposite to those produced by ACE/Ang II/AT;
receptor plays a protective role by inhibiting pro-inflammatory re-
sponses during lung injury and ARDS (Imai et al., 2005; Kuba et al.,
2006; Hamming et al., 2007). Interestingly, SARS-CoV-2 induced
decrease of ACE2 is assumed to trigger inflammatory cascade that in
turn induces severe acute lung injury by eliciting ACE/Ang II/AT; re-
ceptor response (Kuba et al., 2006). Interruption of ACE/Ang II/AT;
receptor axis by ACEIs and ARBs might work as an effective treatment
option to treat SARS-CoV-2-induced lung injuries as RAS inhibitors have
been shown to be beneficial rather than harmful in patients with lung
injury (Vaduganathan et al., 2020). Moreover, downregulation of ACE2
by SARS-CoV-2, cause an imbalance in ACE/ACE2 ratio (Pagliaro and
Penna, 2020), and the disruption of this balance is prevented by inhi-
bition of ACE/Ang II activation by RAS blockers as they enhance ACE2
activation which in turn would impede exacerbation of acute severe
pneumonia. Multiple experimental animal studies suggest that inhibi-
tion of ACE/Ang II/AT; receptor axis by ACEIs and ARBs can mitigate
lung edema and microvascular permeability associated with ARDS (Yao
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et al., 2008; Shen et al., 2009; Asmussen et al., 2011; Chen et al., 2014).
At present there is no strong clinical evidence to support role of RAS
blockers in relieving ARDS symptoms, except for some observational
studies evaluating the association between RAS-inhibition and ARDS
(Mortensen et al., 2007; Kim et al., 2017; Hsieh et al., 2020). A recent
study has revealed that the treatment of hospitalized hypertensive
COVID-19 patients with ACEIs/ARBs show a reduced mortality
compared to non-users during a 28 days follow up program (Zhang et al.,
2020). Additionally, multiple clinical trials and observational studies are
ongoing worldwide to investigate the effects of ACEIs/ARBs on
COVID-19 patients. A cohort study (BIRCOV) will monitor the effects of
ACEIs and ARBs in hypertensive patients, who are infected or have
clinical manifestations of COVID-19 NCT04364984. Likewise, an
observational study (COVHYP) will analyze the associations between
COVID-19 and hypertension, and treatments with ACEIs and ARBs. The
main hypothesis of the study is to assess the effects of ACEIs and ARBs on
COVID-19 infection or severity (NCT04374695). Another observational
clinical trial will include ACEIs and ARB with influenza vaccination to
assess the admitted patients in the evolution of SARS-CoV-2 infection NC
T04367883. The effects of telmisartan, an ARB on Ang II-induced
proinflammatory cytokine release and eventually ARDS in COVID-19
patients will be assessed by an open-label randomized phase II clinical
trial (NCT04355936). Similarly, another open label interventional
clinical trial will evaluate the safety of losartan for worsening respira-
tory illness due to COVID-19 (NCT04335123). An interventional ran-
domized trial will investigate the effects of ACEIs for the treatment of
COVID-19 (NCT04345406). The addition of an ARB to the standard of
care treatment is considered helpful in reducing the acute lung injury
during the early stages of SAR-CoV-2-induced hypoxia. Therefore, a
clinical trial has been launched to test whether or not an ARB have an
impact on inhibiting respiratory failure in COVID-19 patients requiring
mechanical ventilation due to mild to moderate hypoxia (NC
T04340557). Moreover, two randomized controlled trial assessing the
use of losartan in patients with COVID-19 for outcomes in outpatient
(not requiring hospitalization) and inpatient (requiring hospitalization)
(NCT04311177, NCT04312009). For losartan two additional trails
(COVIDMED) and (CRASH-19) will compare outcome in hospitalized
COVID-19 patients treated with losartan, lopinavir/ritonavir, hydroxy-
chloroquine and placebo (NCT04328012) and effects of aspirin, losartan
and simvastatin in patients with COVID-19 infection NCT04343001. To
improve the clinical outcomes a randomized, doubled-blind and
placebo-controlled (TITAN) will evaluate the efficacy of the early use of
ivermectin plus losartan for prophylaxis of severe events in cancer pa-
tients with recent diagnosis of COVID-19 (NCT04447235). Thus, RAS
blockers might work as effective therapeutics for reducing the severity of
SARS-CoV-2 virus infections and rising mortality rates, besides being
critical for the clinical management of cardiovascular disease in
COVID-19 patients (Gurwitz, 2020; Kickbusch and Leung, 2020; Sun
et al., 2020).

1.3.3. Soluble recombinant ACE2 therapy

Based on recent the reports, soluble recombinant ACE2 could be a
potential treatment for the SARS-CoV-2 infection related underlying
comorbidities (Pang et al., 2020). The SARS-CoV-2 has higher affinity
for ACE2 compared to SARS-CoV (Shang et al., 2020), thus delivering a
soluble form of recombinant ACE2 protein might actually be beneficial
therapeutic to combat the spread of viral infection. Studies performed
with SARS-CoV have revealed that soluble analogs of theACE2 might be
a promising approach for treatment of viral infection. Moore et al. have
demonstrated that catalytically inactive form of soluble ACE2 can
potently block the infection caused by SARS-CoV from infecting cells in
vitro, indicating soluble ACE2 protein has therapeutic potential (Moore
et al., 2004). The soluble form of the ACE2 circulates in the blood as it
does not possess membrane anchor. Exogenous administration of solu-
ble ACE2 might help in treating SARS-CoV-2 by acting as a competitive
interceptor of virus and thus abating the attachment of virus to full
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length ACE2 at cell surface. The beneficial effects of enhancing ACE2
activity by exogenous administration of ACE2 were tested in a clinical
trial (NCT00886353) examined the pharmacokinetic and pharmacody-
namic of a soluble recombinant human ACE2 preparation in healthy
subjects. Exposure to human recombinant ACE2 reduced Ang II plasma
levels, whereas Angl-7 plasma levels increased only transiently due to
rapid conversion to Angl-5; however, blood pressure and heart rates
were not affected suggesting the presence of effective compensatory
mechanisms in healthy volunteers (Haschke et al., 2013). Indeed, a
recent in vitro study has revealed that a fusion protein of recombinant
ACE2 with Fc fragment of human immunoglobulin IgG1 potentially
neutralizes the SARS-CoV-2 and exhibits a higher affinity for the RBD of
spike protein of SAR-CoV-2 (Lei et al., 2020). Moreover, Monteil et al.
demonstrated in SARS-CoV-2 infected African green monkey kidney cell
line, Vero-E6, addition of human recombinant soluble ACE2 to the
culture milieu blocked the replication of virus (Monteil et al., 2020).
Thus, binding of soluble ACE2 to virus will not only slow the viral entry
into the host cell but also at the same time rescue cell bound ACE2 to
negatively regulate RAS. In a recent phase II clinical trial (NC
T01597635), treatment of ARDS patients with a human recombinant
ACE2 (GSK2586881) decreased Ang II levels whereas Ang (1-7) and
surfactant protein D level increased (Khan et al., 2017). An additional
small pilot clinical trial (NCT04382950) will be assessing combination
of recombinant bacterial ACE2 -like enzyme of B38-CAP and isotretinoin
as a preventive drug for lung injury in COVID-19 positive cases. In
experimental animal models recombinant ACE2 administration has been
shown to protect against severe lung injury (Imai et al., 2005; Zhou
et al., 2020) and Ang II-induced cardiovascular maladaptations. Thus,
delivery of soluble recombinant ACE2 might work as an effective
treatment for SARS-CoV-2 infection, particularly for those suffering
from cardiovascular diseases.

2. Conclusion

ACE2 is a key negative regulator of RAS, however, binding of SARS-
CoV-2 to cell bound ACE2, downregulates its expression thereby dis-
rupting the subtle balance between ACE2 and ACE leading to deregu-
lation. This imbalance in RAS by SARS-CoV-2 infection blunts ACE2
mediated protective effects and upregulates counter-regulatory Ang II-
induced pathogenesis. Based on our review, we postulate that inhibi-
tion of ACE/Ang II/AT; receptor axis by using ACEIs and ARBs besides
being critical for the clinical management of cardiovascular disease in
COVID-19 patients, might improve acute lung injuries by switching the
balance from deleterious ACE/Ang II/AT receptor axis towards pro-
tective ACE2/Ang (1-7)/Mas receptor axis. However, more studies are
required to understand the role of ACE2 and therapeutic effects of ACEIs
and ARBs on the susceptibility and progression of SARS-CoV-2 infection.
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