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The rapid spread of the novel coronavirus, severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), has brought into focus the key role of angiotensin-converting enzyme
2 (ACE2), which serves as a cell surface receptor required for the virus to enter cells.
SARS-CoV-2 can decrease cell surface ACE2 directly by internalization of ACE2 bound
to the virus and indirectly by increased ADAM17 (a disintegrin and metalloproteinase
17)-mediated shedding of ACE2. ACE2 is widely expressed in the heart, lungs, vascula-
ture, kidney and the gastrointestinal (GI) tract, where it counteracts the deleterious effects
of angiotensin II (AngII) by catalyzing the conversion of AngII into the vasodilator peptide
angiotensin-(1-7) (Ang-(1-7)). The down-regulation of ACE2 by SARS-CoV-2 can be detri-
mental to the cardiovascular system and kidneys. Further, decreased ACE2 can cause gut
dysbiosis, inflammation and potentially worsen the systemic inflammatory response and co-
agulopathy associated with SARS-CoV-2. This review aims to elucidate the crucial role of
ACE2 both as a regulator of the renin–angiotensin system and a receptor for SARS-CoV-2
as well as the implications for Coronavirus disease 19 and its associated cardiovascular and
renal complications.

Introduction
Since its discovery in late 2000, angiotensin-converting enzyme 2 (ACE2) has garnered widespread atten-
tion for its multiple physiological roles: a negative regulator of renin–angiotensin system (RAS), a mediator
of amino-acid transport and more recently a receptor for severe acute respiratory syndrome coronavirus
(SARS-CoV) and the novel SARS-CoV-2, that has caused the Coronavirus disease 2019 (COVID-19).
Over the past 20 years, numerous clinical and experimental interventions including recombinant ACE2,
delivery of ACE2 gene, analogs of angiotensin-(1-7) (Ang-(1-7)), and Mas receptor agonists, have signi-
fied the vital role of ACE2 in ameliorating various cardiovascular diseases (CVDs) [1–10], and validated
multiple promising drug targets for the treatment of various disorders associated with alterations in RAS
[1,11,12].

ACE2 is a member of the angiotensin-converting enzyme (ACE) family. It is an ectoenzyme that cleaves
the carboxyl-terminal amino acid phenylalanine from angiotensin II (AngII) and leucine from angiotensin
I (AngI), hydrolyzing them into vasodilators Ang-(1-7) and angiotensin-(1-9) (Ang-(1-9)), respectively
(Figure 1). Thus, ACE2 regulates RAS directly by down-regulating AngII/AT1R signaling and indirectly by
activating the counterregulatory Ang-(1-7)/Mas receptor axis. The vasodeleterious AngII/AT1R signaling
induces vasoconstriction, profibrotic and proinflammatory effects, whereas Ang-(1-7)/Mas receptor sig-
naling elicits vasodilatory, antiproliferative and antiapoptotic effects that are beneficial in various CVDs
[1,5,13,14]. Imbalance between vasodeleterious AngII/AT1R signaling and beneficial Ang (1-7)/Mas re-
ceptor signaling has been shown to underlie multiple CVDs as well as pathophysiological states that
predispose to CVD such as obesity, diabetes and kidney disease. This view is further supported by the
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Figure 1. The renin–angiotensin system (RAS) with vasodeleterious axis (ACE/Ang II/AT1 receptor) and vasoprotective

ACE2/Ang-(1-7)/Mas receptor axis

ACE2 is a major component of vasoprotective RAS which counterbalances the vasodeleterious effects of AngII activation. Abbre-

viations: ACEi, ACE inhibitor; ARB, angiotensin receptor blocker.

evidence that catalytically active ACE2 treatment ameliorates CVDs in various experimental models of human dis-
eases [1,2,12,15].

Recent studies on SARS-CoV-2 infections indicate that individuals with pre-existing conditions such as obesity,
diabetes, hypertension (HTN), lung and kidney disease, are at greater risk of severe manifestations of COVID-19.
Since these pre-existing conditions are associated with abnormal RAS signaling, it is worth considering the influence
of RAS on SARS-CoV-2 infection and COVID-19 disease. In a preliminary study of 12 patients with COVID-19,
circulating AngII levels tended to correlate positively with lung injury and viral load [16]. In SARS-CoV infection,
ACE2 expression is reduced in the heart and other tissues [1,17]. Many aspects of SARS-CoV and SARS-CoV-2
diseases are similar; this likely occurs in COVID-19, as well. Ongoing global efforts have focused on manipulating
the ACE2/Ang-(1-7) axis to mitigate this deadly infection and attenuate lung and cardiovascular system damage from
COVID-19. In this review, we summarize recent developments on ACE2 and its role as a receptor for SARS-CoV-2.

2 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).
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We also discuss the implications of ACE2 on the pathophysiology of CVDs and potential therapeutic approaches for
the treatment of COVID-19.

ACE2 structure and functions
In 2000, a gene encoding a protein with 42% homology in the catalytic domain to ACE, was discovered in a cDNA
library prepared from the ventricle of a human heart failure (HF) patient and named ACE homolog or ACE2 [18].
Sequence comparison of ACE2 and ACE indicates that ACE2, like ACE, is an integral transmembrane protein tasked
to metabolize circulating peptides with its extracellularly facing catalytic site. ACE has two such catalytic sites but
ACE2 only one [2,19]. The ACE2 gene contains 18 exons located on chromosome X (band: Xp22.2) [1,20]. The
translated protein comprised an extracellular N-terminal domain with 740 amino acids, a short single transmembrane
domain and a short cytosolic C-terminal tail with 44 amino acids [1,20]. ACE2 is widely expressed throughout the
body with highest expression in the gastrointestinal (GI) and oral epithelium and substantial levels in lungs, kidney
and heart [1,2,18].

ACE2 as a receptor for SARS-CoV-2
Soon after the first outbreak of SARS in 2003, ACE2 was identified as a cell-surface receptor responsible for SARS-CoV
entry into cells. ACE2 functions as a primary entry point for most coronaviruses including HCoV-NL63, SARS-CoV
and SARS-CoV-2. However, the ACE2-binding domain has higher affinity for SARS-CoV-2 which may partly explain
the markedly larger global impact of SARS-CoV-2 than the initial SARS outbreak [21].

SARS-CoV-2 is an enveloped, RNA virus with virions ranging in size from 55 to 180 nm [1,22]. Coronaviruses
invade cells through their spike protein (S-protein), a glycoprotein that binds to the extracellular enzymatic domain of
ACE2 located on the surface of the host cells, resulting in subsequent down-regulation of cell surface ACE2 expression
[1,2,23]. Following entry into the cell, the virus replicates and induces cytotoxicity that may result in organ failure
(Figure 2). The size of S-proteins has been reported to be ∼15.5 nm [1] and it may be found in either open or closed
conformations [24]. In a recent study, Hoffmann et al., showed that entry of the SARS-CoV-2 depends on the priming
of S-protein by the host cell serine protease TMPRSS2 (transmembrane protease serine 2) and cathepsin L/B [23].
Blocking of this priming by inhibitors of TMPRSS2, camostat mesilate, in combination with cathepsin L/B inhibitor
E-64d [23] arrests SARS-CoV-2 infection. However, SARS-CoV-2 also utilizes multiple other host proteases including
trypsin, elastase, factor X and furin to prime S-protein and facilitate cell entry following binding to the ACE2 receptor
[1,2]. ACE2 and S-protein are both proteolytically modified during their interaction [1,2].

ADAM17 (a disintegrin and metalloproteinase domain-containing protein 17), a type I transmembrane protein,
is also known to mediate the proteolysis and ectoderm shedding of ACE2 [2] (Figure 2) as well as other proteins
including the precursor for TNF-α. Studies have shown that ACE2 shedding mediated by ADAM17 is enhanced
upon binding of SARS-CoV S-protein to ACE2 while knocking down ADAM17 with siRNA prevents SARS-CoV
entry into the cell [25,26]. Thus, it is reasonable to suggest that enhancement of ADAM17-mediated ACE2 shedding
resulted in impaired ACE2-mediated conversion of AngII into Ang-(1-7) by the cells [2], while simultaneously cat-
alyzing the production of TNF-α from its precursor, which damages tissue. However, this remains to be investigated
in SARS-CoV-2. Additionally, inhibition of ADAM17 attenuates fibrosis and inflammation indicating its potential
as a therapeutic agent for treatment of fibrotic kidney disease [27,28]. Overactivity of the vasodeleterious axis of the
RAS predisposes to CVDs including HF, arterial fibrillation, HTN and coronary artery disease [2]. Moreover, loss of
cellular ACE2 promotes accumulation of AngII and enhances ADAM17 activity leading to inflammation and other
consequences of overactivation of the vasodeleterious RAS axis which may be relevant in SARS-CoV-2 infection.

GI ACE2 plays dual roles: the traditional RAS-dependent role and an RAS-independent role in the transport of
amino acids [29]. ACE2 functions as a chaperone for B0AT1 (neutral amino acid transporter), a protein that is highly
expressed in the brush border of the small intestine and kidney and tasked with absorbing neutral amino acids [30]
such as leucine, tryptophan, glutamine and their metabolites [1]. The transporter activity of B0AT1 in the gut is dra-
matically augmented by ACE2 co-expression [1,31]. ACE2 in the gut also functions as a key regulator of innate immu-
nity, gut microbial ecology and expression of antimicrobial peptides [29,32,33]. High expression of ACE2 throughout
the luminal surface of the GI tract, particularly in enterocytes, suggests that the gut could serve as a secondary site for
SARS-CoV-2 infection. Indeed, SARS-CoV particles were found within the surface microvilli of apical enterocytes
of the ileum and colon [34]. In support of this concept, patients with COVID-19 show prominent GI manifestations,
sometimes prior to the development of classic pulmonary symptoms [35]; Further, SARS-CoV-2 has been detected
in the feces of COVID-19 patients, suggesting the possibility of fecal–oral transmission [36]. Importantly, decreased
ACE2 activity after binding of SARS-CoV-2 with the intestinal apical membrane ACE2–B0AT1 complex disrupts
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Figure 2. Diagrammatic representation of ACE2-mediated SARS-CoV-2 entry into the cell

Binding of SARS-CoV-2 with its cellular receptor, ACE2, results in loss of ACE2 and its cardioprotective effects. The entry of

SARS-CoV-2 into the cell is facilitated by TMPRSS2 that primes S-protein. Virus may also enter through endocytosis and become

activated by cathepsin L, although other proteases such as furin may also activate SARS-CoV-2. Following virus entry into host

cells, SARS-CoV-2 undergoes RNA replication within endosomes. ADAM17 (a disintegrin and metalloproteinase 17) activity is

up-regulated by the endocytosed S-proteins of SARS-CoV, and though not proven, likely to be by SARS-CoV-2 given the similarity

of viral interactions with ACE2. ADAM17 mediates the proteolytic cleavage of ACE2, releasing soluble ACE2 (sACE2) into the

circulation.

intestinal RAS, with consequent gut wall inflammation, compromised gut barrier integrity and microbial dysbiosis
[2,37]. The impairment of the gut–blood barrier leads to systemic spread of bacteria, microbial metabolites and en-
dotoxins [2,38]. These incidents alone or in combination could potentially affect the host’s response to SARS-CoV-2
infection and contribute to multiorgan system dysfunction and septic shock [39–41].

The mechanism by which SARS-COV-2 interacts with ACE2 and its partners such as TMPRSS2 and B0AT1 remains
under extensive investigation. We have established an ex vivo 3D organoid system from rat and mouse colon for this
purpose. These organoids have characteristics of colonic epithelium and express ACE2, ACE, TMPRSS2 and B0AT1.
These are essential components for SARS-CoV-2 infection (Figure 3). These rodent organoids and organoids from
human subjects will be key in elucidating interactions among SARS-CoV-2, ACE2 and its partners.

ACE2 in cardiovascular system, implications in COVID-19
HTN
HTN is the one of the most prevalent risk factors for CVDs. The most recent American Heart Association re-
port indicates that ∼49% of American adults have high blood pressure (BP) [42] and ∼20% of these patients have
drug-resistant HTN (R-HTN) [43] because they do not have adequate BP control even when treated with three (or
more) antihypertensive medications. Overactivity of the vasodeleterious axis (ACE/AngII/AT1R) and a decrease in
the vasoprotective axis (ACE2/Ang-(1-7)/Mas receptor) of the RAS is a major contributor to HTN. There is ample
evidence, particularly from animal studies, in support of this concept. This includes: (i) BP is elevated in ACE2 null

4 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).
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Figure 3. 3D colonic organoid cultures: an ex vivo model to study the interactions of ACE2, its partners and SARS-CoV-2

(A) Phase microscopic images documenting 7-day growth of organoids from isolated colonic crypts of WKY rats stained with

Trypan Blue; dead cells are blue. Scale bar: 200 μM. (B) mRNA levels (by RNA-seq) of ACE2 and its partners in colonic organoids

from WKY rats (n=5 per group). The detailed method for 3D colonic organoid cultures was published elsewhere [62]. Abbreviation:

Slc6a19, solute carrier family 6 member 19, also known as B0AT1.

mice on a C57BL/6 background [10]; AngII-induced HTN is more severe in these mice [10]. (ii) Lentiviral-mediated
overexpression of ACE2 ameliorates high BP and HTN-associated pathophysiology in the spontaneously hypertensive
rat (SHR), a rodent model of essential HTN [44,45]. Similarly, vascular ACE2 overexpression increased Ang-(1-7),
restored endothelial function and decreased BP [46]. (iii) Renal ACE2 is inversely related to BP and is decreased
in the SHR and the stroke-prone SHR [47]. On the other hand, a few studies have failed to find beneficial effects
of ACE2 in BP control. For example, Crackower et al. found no change in BP in 3-month-old ACE2 null mice and
unanticipated lower BP in the same mice at 6 months of age [48]. These ACE2 null mice do exhibit abnormal cardiac
contractility that might have confounded effects on BP. Mas receptor null mice also had normal BP [49]. Adminis-
tration of diminazene aceturate (DIZE), a putative ACE2 activator, caused an acute lowering of BP in the SHR [50],
but it had no effect on BP in rats with kidney disease [51]. Importantly, in wild-type mice, rhACE2 treatment did
not affect the baseline plasma AngII, Ang-(1-7) or BP suggesting that substrate availability is a key limiting factor in
ACE2’s enzymatic activity [52]. Finally, in a Phase I safety trial, rhACE2 administration to a small cohort of healthy
human subjects had no effect on BP and heart rate [53]. These observations, taken together, suggest ambivalence
about the effects of ACE2 on high BP in HTN and further studies are warranted to resolve this. It would also be pru-
dent to consider alternate mechanisms for the role of ACE2/Ang-(1-7) in BP control. An attractive option is that this
vasoprotective axis exerts direct local beneficial effects on cardiac, vascular, renal and neural signaling mechanisms
that indirectly affect BP. The brain RAS and neurogenic HTN may be an example of such organ-specific effects of
ACE2/Ang-(1-7).

The brain RAS is a major player in the regulation of autonomic function and has a role in control of BP. Compo-
nents of the RAS, including ACE2, are widely expressed in many brain cells including neurons [54], microglia and
astrocytes [55,56]. ACE2 is generally decreased in brains of animals with HTN and HF [2,48,52,57]. The decrease is
suggested to be due to shedding of ACE2 into the CSF by ADAM17 [57]. This is consistent with an increased ACE2 in
the CSF of hypertensive patients and a significant correlation of CSF ACE2 with systolic BP [58]. ACE2 gene deletion
impairs autonomic and baroreceptor functions and disrupts the central regulation of BP [59,60]. Conversely, ACE2
overexpression is protective against neurogenic HTN [45,61]. Its beneficial effects involve increasing neuronal nitric
oxide (NO), reducing proinflammatory cytokines and reactive oxygen species (ROS), and restoring cerebrovascular
endothelial function [62]. Additional evidence of ACE2’s involvement is derived from elegant studies with ADAM17
deletion [15]. Selective deletion of ACE2 and ADAM17 from neurons relevant to autonomic function decreases in-
hibitory inputs to pre-sympathetic neurons controlling BP [15]. Consistent with these observations, intracerebroven-
tricular infusion of Ang-(1-7) into the nucleus tractus solitarius (NTS) [63], caudal ventrolateral medulla (CVLM)
[64]), paraventricular nucleus (PVN) of hypothalamus [65] or anterior hypothalamus results in decreases in BP. This
effect on BP appears to be specific to certain brain regions since administration of Ang-(1-7) into the rostral ventro-
lateral medulla (RVLM) increased BP [66,67]. Together, these studies strengthen the concept of a protective role for
brain ACE2 in neurogenic HTN.

More than half the patients who are hospitalized with COVID-19 are hypertensive [68]. However, whether this
high prevalence is due to more frequent or severe SARS-CoV-2 infection in hypertensive patients or confounding by

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).

5

D
ow

nloaded from
 http://port.silverchair.com

/clinsci/article-pdf/135/1/1/901108/cs-2020-0482c.pdf by guest on 10 April 2024



Clinical Science (2021) 135 1–17
https://doi.org/10.1042/CS20200482

Table 1 Overview of current clinical trials evaluating various therapeutic agents on COVID-19

Clinical trial
Identifier Title of the clinical trial Setting, severity Active arm(s) Status

NCT04364893 Angiotensin Receptor Blockers and
Angiotensin-converting Enzyme Inhibitors and
Adverse Outcomes in Patients With COVID-19
(BRACE-CORONA)

Hospitalized, COVID-19 (∼700
subjects)

ACEi and ARBs Recruiting

NCT04335136 Recombinant Human Angiotensin-converting
Enzyme 2 (rhACE2) as a Treatment for Patients
With COVID-19 (APN01-COVID-19)

Hospitalized, COVID-19 (200
subjects)

RhACE2, APN01 Recruiting

NCT04321096 The Impact of Camostat Mesilate on COVID-19
Infection (CamoCO-19)

Hospitalized, COVID-19 (580
subjects)

Camostat Mesilate Recruiting

NCT04338009 Elimination or Prolongation of ACE Inhibitors and
ARB in Coronavirus Disease 2019
(REPLACECOVID)

Hospitalized, COVID-19 (152
subjects)

ARB/ACEi Recruiting

NCT04312009 Losartan for Patients With COVID-19 Requiring
Hospitalization

Hospitalized, COVID-19 (200
subjects)

Losartan Recruiting

NCT04311177 Losartan for Patients With COVID-19 Not
Requiring Hospitalization

Patients with COVID-19 (580
subjects)

Losartan Active, not Recruiting

NCT04318418 ACE Inhibitors, Angiotension II Type-I Receptor
Blockers and Severity of COVID-19 (CODIV-ACE)

Hospitalized, COVID-19 (3400
subjects)

ACEi and ARBs Completed

NCT04315298 Evaluation of the Efficacy and Safety of Sarilumab
in Hospitalized Patients With COVID-19

Hospitalized, COVID-19 (1912
subjects)

Sarilumab Completed

NCT04320615 A Study to Evaluate the Safety and Efficacy of
Tocilizumab in Patients With Severe COVID-19
Pneumonia (COVACTA)

Hospitalized, severe COVID-19
Pneumonia (450 subjects)

Tocilizumab (TCZ) Completed

NCT04330638 Treatment of COVID-19 Patients With
Anti-interleukin Drugs (COV-AID)

Hospitalized, CIVID-19 with
systemic cytokine release
syndrome (342 subjects)

Anakinra Siltuximab
Tocilizumab

Recruiting

NCT04322188 An Observational study of the Use of Siltuximab
(SYLVANT) in Patients Diagnosed With COVID-19
Infection Who Have Developed Serious
Respiratory Complications (SISCO)

Hospitalized, ARDS, secondary
to SARS-COV-2 Infection (220
subjects)

Siltuximab (SYLVANT) Completed

age, obesity, kidney disease or other comorbidities remains unclear. Antihypertensive treatment with ACE inhibitors
(ACEi) or Ang II receptor blockers (ARBs) is associated with increased ACE2, which could potentially increase the
chances of SARS-CoV-2 infection or the severity of COVID-19. Lisinopril and losartan treatment increased ACE2
gene expression in the left ventricle of the normotensive Lewis rats [39] and ACE2 protein and activity are increased
in the heart of rats treated with enalapril [40]. Similarly, ACE2 protein and mRNA increased following treatment
with the ARB, Telmisartan [41]. However, studies from human subjects treated with ACEi or ARB demonstrate con-
tradictory results on whether these medications increase ACE2, with some showing increased ACE2, while others
showed no effect [2,44,45,69]. Studies in humans relied mostly on plasma levels of ACE2 to assess ACE2 activity
and could account for some of these discrepancies. Retrospective studies examining the use of ACEi/ARB in hyper-
tensive patients have either found improvement in mortality risk [70] or no effect on the incidence or severity of
COVID-19 [71–73]. The preliminary results from the randomized controlled BRACE-CORONA trial suggests that
continuing ACEi/ARB as opposed to withholding ACEi/ARB therapy does not change clinical outcomes in patients
with COVID-19 (NCT04364893). Multiple randomized controlled trials are underway in the United States and else-
where (Table 1) which should clarify this question.

HF
HF is a leading cause of deaths and a major public health problem. The prevalence of HF is 6.5 million in the U.S.A.,
over 25 million worldwide, and increasing. It is a complex, multifactorial syndrome consisting of many overlapping
phenotypes. High BP, coronary artery diseases, cardiomyopathy and diabetes are major risk factors involved in the
pathophysiology of HF. ACE2 is widely expressed in cardiac fibroblasts, cardiomyocytes and coronary endothelial
cells where it negates the deleterious effects of AngII and activates Ang-(1-7)/Mas signaling [74]. Ang-(1-7) pro-
duced by ACE2 promotes endothelial NO production via Akt-dependent mechanisms [75], and ameliorates cardiac
hypertrophy and fibrosis in a mouse model of insulin resistance [76]. Evidence indicates that many CVDs including
HF are associated with relative ACE2 deficiency, and this loss of ACE2 reduces the homeostatic defensive mechanisms
[19,77]. ACE2 overexpression prevents or even reverses the HF phenotype [76,78–80], whereas ACE2 deficiency may

6 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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promote the development of HF [81]. Interestingly, HF patients show increased expression of ACE2 early in the dis-
ease, perhaps in an attempt to counter the deleterious effects of elevated AngII levels, but with progressing cardiac
disease there is relative deficiency of ACE2 and a concomitant increase in AngII [5,81]. Further, the activity of circulat-
ing ACE2 is markedly higher in patients with decompensated HF compared with ambulatory HF patients, associated
with poor prognosis [12,82].

Evidence indicates that COVID-19 is strongly associated with HF. In an early study from China involving 799
COVID-19 patients, HF was one of the major complications observed with a reported incidence of 24% in all patients
and 49% in patients who died [83]. Of note, the median age of deceased patients (68 years) was significantly older
than those who recovered (51 years) [83]. In a separate study from China involving 191 COVID-19 patients, HF was
reported in 23% of all patients and 52% of patients who died [84]. Studies using cardiac magnetic resonance imaging,
even in younger patients without comorbidities, have shown significant cardiac involvement in patients who had
presumably recovered from COVID-19 [85]. Lending credence to direct myocardial involvement in COVID-19, the
SARS-CoV genome was detected in the heart tissues in postmortem autopsy samples from SARS patients [17]. Tissue
ACE2 is down-regulated while there is a concomitant increase in AngII in patients with COVID-19. The AngII levels
correlate linearly with SARS-CoV-2 viral load [16]. Similarly, myocardial ACE2 expression is markedly reduced in
postmortem autopsy samples from SARS-CoV-infected patients and was associated with concomitant increases in
myocardial inflammation and fibrosis [17]. This decrease in ACE2 is thought to be due to increased endocytosis
and proteolytic processing of membrane-bound ACE2 [2]. Importantly, cardiac pericytes with high expression of
ACE2 have been shown to be a primary target in SARS-CoV-2 infection [86]. Injured pericytes due to virus infection
may impair endothelial function and induce microvascular dysfunction. These adverse effects on endothelial and
myocardial function might be compounded by circulating proinflammatory cytokines.

Since ACE2 is required for SARS-CoV-2 entry into cells, it has been suggested that ACE2 up-regulation may
increase susceptibility to SARS-CoV-2 infection. On the other hand, increased ACE2 expression may also protect
against AngII-induced vasoconstriction and inflammation. However, an association between ACE2 expression and
susceptibility or severity of SARS-CoV-2 infection, is not evident [74]. In animal models of HF, use of ACEi/ARB in-
creases ACE2 expression. For example, Losartan and Olmesartan increase ACE2 mRNA expression in the heart of rats
after MI [87]. Similarly, Enalapril can normalize ACE2 expression in the left ventricle of rats with HF [88]. However,
protective or ameliorating effects of ACEi/ARB use on myocardial function in patients with COVID-19 remain to be
proven. In the absence of compelling clinical data, most professional organizations recommend continuing ACEi or
ARB therapy in HF patients with or at risk of SARS-CoV-2 infection.

Vasculature/endothelium dysfunction/atherosclerosis
Recent evidence from clinical trials have confirmed the important role of inflammation in atherosclerosis. In
healthy vessels the endothelium is important in modulating vascular tone by synthesizing and releasing a variety
of endothelium-derived relaxing factors, vasodilator prostaglandins and most importantly NO [89]. Endothelial dys-
function precedes atherosclerosis and is thought to be an important pathogenic mechanism that contributes to the
development of atherosclerosis and its complications [90,91]. Thus, endothelial dysfunction is often considered a
marker for inherent atherosclerotic risk in an individual [92].

ACE2 expression is crucial for the healthy functioning of endothelial cells. Animal studies demonstrate that ACE2
deletion impairs endothelium-dependent vasodilatation [93] by decreasing bioavailability of NO [93]. ACE2 defi-
ciency leads to a pro-oxidative state with increased reactive oxygen species (ROS) and concurrent decrease in NO
bioavailability through formation of peroxynitrile (ONOO–) free radicals [93–95]. ACE2 overexpression, on the other
hand, promotes normal endothelial cell migration and tube formation favoring angiogenesis whereas silencing the
ACE2 gene reverses these effects [93]. Importantly, ACE2 attenuates the formation of atherosclerotic plaques by reg-
ulating monocyte–endothelial cell interactions by decreasing endothelial expression of adhesion molecules (MCP-1,
VCAM-1 and E-selectin) through production of Ang-(1-7), which curbs macrophage infiltration into the vessel wall
[96]. Finally, ACE2 inhibits vascular smooth muscle cell proliferation and migration [97–99]. Pro-atherosclerotic
effects of ACE2 deficiency are amplified in the presence of HTN or diabetes or both [100].

COVID-19 is emerging as a thrombotic and vascular disease affecting endothelial cells and is particularly notice-
able in patients with cardiometabolic comorbidities such as HTN, diabetes and kidney disease [101]. Recent evi-
dence indicates that SARS-CoV-2 directly infects blood vessels and initiates endothelial signaling associated with
proinflammatory and pro-apoptotic mediators and cytokine dysfunction precipitating the thrombotic cascade [102].
Additionally, viral consumption of membrane ACE2 can also disrupt AngII metabolism leading to increased AngII
and concomitant Ang-(1-7) deficiency, further augmenting inflammation, endothelium activation and recruitment
of leukocytes and platelets [103]. All these events alone or in combination could induce a localized microvascular
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inflammation, prothrombotic conditions and tissue damage [103]. Pulmonary embolism and deep vein thrombosis
have been reported in one third of hospitalized COVID-19 patients [104] often associated with elevated D-dimer and
fibrinogen levels [105].

Very recently in New York, a pediatric multi-inflammatory syndrome mimicking Kawasaki disease was described
in children with COVID-19 [106]. Kawasaki disease is a rare acute pediatric vasculitis with coronary artery aneurysms
as its main complication. These children have milder vasculitis than adults and better prognosis as well as survival.
In Bergamo, Italy, several cases of pediatric vasculitis were also reported in the midst of the pandemic [107]. Vas-
culitis is suggested to be a direct consequence of SARS-CoV-2 infection [108]. The incidence of multiple vascular
diseases point toward vascular complications as a major contributing factor to the pathogenesis of COVID-19. This
emphasizes the notion that endothelial injury and inflammation occur due to either direct viral infection, through
disordered cytokine release, or both, and might contribute to the systemic microcirculatory impairment in COVID
-19 [101].

Renal diseases
Kidney works synchronously with the cardiovascular system to maintain BP and fluid balance [109,110]. These func-
tions of kidney are vital for maintenance of normal cardiac ejection fraction [110,111] and tissue oxygen delivery
[112]. In addition, kidney has important roles in timely clearance of uremic toxins [113], maintaining electrolyte and
acid–base balance [114], erythropoiesis [115] and bone-mineral metabolism [116]. Progressive decline in renal func-
tion increases the risk of CVDs [117]. It is estimated that 37 million (one in seven) adults have chronic kidney disease
(CKD), costing Medicare more than 84 billion dollars in the U.S.A. (CDC 2019).

Renal tissue is a major source of Ang-(1-7), a beneficial peptide derived by ACE2-mediated hydrolysis of AngII
suggesting the presence of functional ACE2 in the kidney [PMIDs:19578709,14,146]. ACE2 is profoundly expressed
in the brush border of proximal tubules and moderately in podocytes and parietal epithelial cells, whereas ACE2
expression is weak in glomerular endothelial cells and mesangial cells [118–120]. Growing evidence suggests that im-
balance in the counterbalancing arms of the RAS is a fundamental driver of renal and systemic vascular dysfunction in
various pathological states. Renal ACE2 activity and Ang-(1-7) were decreased after 4 h of reperfusion after ischemic
injury and were negatively correlated with AngII [121]. Interestingly, the renal expression of Mas receptor was greatly
increased after 4 h of reperfusion suggesting a critical role for the RAS components in acute kidney injury (AKI) [121].
Changes in kidney RAS expression has been validated in other animal models of kidney disease including subtotal
nephrectomy and sepsis [121–123]. Further, patients with end stage renal disease on hemodialysis had lower plasma
ACE2 activity compared with their pre-dialysis counterparts with CKD or renal transplant recipients [124]. In animal
models of diabetes, studies have shown decreased glomerular ACE2 whereas intraglomerular ACE expression is in-
creased [125,126]. Deficiency of ACE2 by either pharmacological inhibition or genetic knocking out of ACE2 exacer-
bates albuminuria, mesangial matrix expansion, glomerular basement membrane thickening and glomerulosclerosis,
all of which are characteristic features of diabetic nephropathy [127,128]. Conversely, kidney-specific overexpression
of ACE2 in diabetic animals (Akita mice) ameliorates glomerular injury and sclerosis, improves podocyte function
and development of overt albuminuria [129,130]. The ratio of ACE to ACE2 positively correlates with mean BP, fast-
ing blood glucose, proteinuria, as well as serum creatinine and inversely with glomerular filtration rate (GFR) [129].
Interestingly, endothelial ACE2 was found to be increased in the glomerular and interstitial capillaries in kidney dis-
eases indicating ACE2 might be a marker of endothelial injury [119]. ACE2 activity is increased early in CKD but
as renal function progressively deteriorates relative ACE2 deficiency follows [131]. Is the initial increase in ACE2
seen in earlier stages of CKD a compensatory mechanism to counterbalance the elevated circulating AngII? Under-
standing the temporal dynamics of these interactions might help identify the subset of patients who are vulnerable to
develop progressive decline in renal functions, culminating in end stage renal disease. It could also help to develop
novel strategies and the appropriate time of intervention to prevent AKI to CKD progression, which is currently a
huge challenge. Therefore, the underlying change in ACE2, regulation of enzymes involved in ACE2 metabolism and
its receptors as well as the consequences of these changes is still an area of active research.

Kidney is frequently involved in SARS-CoV infection. During the 2003 SARS outbreak in Hong Kong, 36 out of
536 patients showed elevated plasma creatinine levels during their clinical course [132]. Those who had renal injury
tended to be older with high BP. In another study ∼6% of SARS-CoV patients developed AKI, and kidney injury
was identified as a fatal complication of SARS-CoV as almost 92% of SARS-infected patients with AKI died [132].
COVID-19 shows a similar high incidence of AKI and poor prognosis. For example, more than 40% of patients have
proteinuria at hospital admission, 20–40% of critically ill patients have AKI in Europe and U.S.A., which serves as
a negative prognostic marker for the recovery [133]. An early report with 3235 patients indicated that 43% of all
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hospitalized patients and 68% of those admitted to the intensive care unit developed AKI [134]. In a separate study
of critically ill patients with COVID-19 in Wuhan, China, 29% of those who were admitted developed AKI [135].
Further, out of 113 patients who died from COVID-19, 28 of them had AKI during their hospitalization [83]. These
data strongly suggest a significantly higher mortality rate in critically ill COVID-19 patients with AKI.

COVID-19-associated pathological changes in the kidney include characteristics of acute tubular necrosis such as
diffuse tubular injury with loss of brush border integrity and necrotic debris composed of necrotic epithelium in tubu-
lar lumina. In some cases, presence of multiple inflammatory infiltrates is observed in the tubules [118]. In addition,
capillary endothelial injury, vacuolar degeneration and erythrocyte aggregates occluding the capillary lumina are fre-
quently seen [118]. The cause of AKI in SARS-CoV-2 infection appears to be multifactorial. Sepsis (or septic shock) is
considered the major contributing factor of kidney injury in these patients. Increasing viral infection in alveolar cells
(pneumonia) could lead to massive recruitment of immune cells to the kidney which produce high levels of cytokines
escalating the systemic inflammatory response called cytokine storm [136]. This could also result in endothelial dys-
function, activation of coagulation cascade and microthrombi eventually resulting in multiple organ failure. This
process is not specific to COVID-19 as cytokine-mediated inflammatory AKI has been observed in several clinical
conditions [137]. SARS-CoV-2 viral load was quantified in autopsy tissue samples collected from 22 patients who
died from COVID-19. Seventeen (77%) of these patients showed SARS-CoV-2 in the kidney [138]. Presence of more
than two coexisting conditions is associated with SARS-CoV-2 tropism for the kidneys, even in patients without a
history of CKD [134,138,139]. Although these findings have been disputed, electron microscopic ultrastructural stud-
ies showed viral particles in the renal tubular epithelium morphologically identical with SARS-CoV-2, and presence
of coronavirus-like particles with distinctive spikes in the tubular epithelium and podocytes of infected individuals
indicating a direct infection (or circulating viremia) of the kidney in setting of AKI in COVID-19 [140]. Examina-
tion of single cell databases from 15 human subjects showed that ACE2 and TMPRSS2 are highly co-expressed in
podocytes and proximal convoluted tubules of the kidney samples [141]. Since viral entry depends on the activity
of protease TMPRSS2 with ACE2, these observations would suggest that kidneys with high co-expression of ACE2
and TMPRSS2 could amplify SARS-CoV-2 infection. Presence of high numbers of SARS-CoV-2 copies per cell in
the kidney supports this view [138]. Finally, the loss of ACE2 via ADAM17-mediated proteolytic cleavage, which is
activated in COVID-19 [26,142], might promote further injury to the kidney and cardiovascular system, particularly
in patients with diabetes [2,142,143]. This loss of ACE2 leads to accumulation of renal AngII resulting in activation
of vasodeleterious axis of RAS. Systemic and glomerular capillary HTN ensue from the increased intrarenal AngII,
eventually causing endothelial injury and kidney dysfunction. Further, in a healthy kidney, ACE2 degrades AngII to
Ang-(1-7) activating the vasoprotective axis. Ang-(1-7) dilates pre-constricted renal afferent arterioles and increases
renal blood flow [144]. Ang-(1-7) also increases the production of renal atrial natriuretic peptide which reduces ox-
idative stress and fibrotic, proliferative and inflammatory effects of AngII in the kidney [145,146]. Thus Ang-(1-7)
is contemplated to be an important physiological regulator opposing the harmful effects of disproportionate AngII
production [146].

ACE2 targeted therapeutic strategies against SARS-CoV-2 infection
While research on developing a vaccine/treatment is being pursued aggressively, currently there are a few ACE2
based therapeutic approaches that could be effective during SARS-COV-2 infection that could be available sooner.
For instance, up-regulating the function and expression of ACE2 by increasing gene transcription, translation or its
catalytic activity has been shown to have beneficial outcomes in various cardiopulmonary disorders characterized
by dysregulated RAS. In pulmonary arterial hypertension (PAH), rhACE2 ameliorates vascular damage, lung injury
and fibrosis, arterial remodeling and improves right ventricular performance [1,2]. In an experimental model of
HTN, rhACE2 treatment produced decreased left ventricular hypertrophy, myocardial fibrosis and improved cardiac
function [5]. Recently, Penninger et al. showed that clinical-grade human recombinant soluble (rhACE2) can reduce
viral load and block entry of SARS-CoV-2 infection into Vero E6 cells [147]. Further, they showed that SARS-CoV-2
could directly infect human organoids such as kidney and this infection can be inhibited by rhACE2 in earlier stages
of SARS-CoV-2 infection [147]. Excessive soluble ACE2 (sACE2) binding with SARS-CoV-2 decreases infectivity up
to 5000-fold in blood vessels and kidney organoids [147]. In two Phase II clinical trials, rhACE2 administration was
well tolerated in patients with PAH and acute respiratory distress syndrome (ARDS) with no apparent side effects
[148,149]. More definitive clinical trials are underway to determine the effectiveness of rhACE2 to block viral entry
and decrease replication by regulating systemic RAS (NCT04335136). However, there might be a few inherent barriers
that challenge the therapeutic use of ACE2 including its restricted penetrance, lack of stability in vivo (short half-life
∼3.5 h) and high cost associated with the manufacturing of recombinant protein. However, an effort has been made
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to change the stability of ACE2 via modulating Ser680 phosphorylation which could have significant translational
relevance of ACE2 in treating lung disorders [150]. Oral delivery is the preferred route of drug administration. Oral
administration of rhACE2 protein has limitations because it is degraded by the acidic environment of the GI tract.
To circumvent this problem, our group has developed an oral delivery system which bioencapsulates ACE2 utilizing
transplastomic technology. Oral delivery of bioencapsulated ACE2 ameliorated monocrotaline-induced PAH and
improved right heart functions in rodents [11]. This was accompanied by increased pulmonary ACE2 and angiotensin
type 2 receptors (AT2Rs) and decreased proinflammatory cytokines [11]. Our group also developed an oral delivery
system for Ang-(1-7). Moreover, the oral delivery of ACE2 therapeutics is more cost-effective, convenient and likely
to be accepted by patients.

Decreased plasma membrane ACE2 due to internalization of SARS-CoV-2 shifts the RAS toward the vasodeleteri-
ous axis potentiating the inflammatory, hypertrophic and fibrotic actions of AngII and AT1R that are often observed
in SARS-CoV-2 patients. Therefore, increasing membrane expression of ACE2 could be beneficial, as it might reduce
the systemic inflammation and shift the RAS balance toward the beneficial side. There could be many potential mech-
anisms for the beneficial effects of increased ACE2. Increased sACE2 can bind with SARS-CoV-2 and may remove
it from the circulation that may be helpful in reducing the infectious load [1]. Finally, increased ACE2 may foster
self-dimerization in the cell membrane thereby diminishing affinity for virus, internalization and spread. Proteases
such as ADAM17 and TMPRSS2 have been implicated in regulation of plasma membrane ACE2 and therefore may
serve as potential therapeutic targets. ADAM17 inhibitors such as paricalcitol and synthetic vitamin D analogs, might
be beneficial in COVID-19 and need to be tested for clinical efficacy. A clinical trial is underway to determine the
efficacy in SARS-CoV-2 positive patients (NCT04321096). On the other hand, ADAM17 increases sACE2 by cleav-
ing the extracellular domain of ACE2. The resultant sACE2 has enzymatic activity and the ability to bind SARS-CoV
[26]. Thus, the final effect of ADAM17 on SARS-CoV2 infection and complications remains to be determined.

Several small molecule activators have been synthesized to enhance the activity of endogenous ACE2 by utilizing
structure-based drug design. DIZE, the most potent activator, increases ACE2 activity in plasma, heart, lung, kidney
and retina [151–154] and has been shown to have protective effects in several animal models of heart and lung dis-
ease [151,153,154]. DIZE was effective in attenuating ischemia-induced pathology in a murine model of myocardial
infarction [151], as well as pulmonary HTN and fibrosis [154]. Additionally, Ang-(1-7) receptor agonist AVE0991
has been shown to have beneficial effects in lung and CVD, by stimulating ACE2/Ang-(1-7)/Mas receptor signal-
ing [155]. Therefore, the ACE2/Ang-(1-7) axis together with its widely expressed Mas receptor, may play a dynamic
role in maintaining ACE2 or Ang-(1-7) levels and could be a target to decrease severity or prevent complications in
patients infected with SARS-CoV-2.

Non-ACE2-targeted RAS inhibition-based therapeutic approaches against
SARS-CoV-2 infection
Present therapies aim to inhibit RAS in numerous ways. ARBs and ACEi, in addition to their primary pharmaco-
logical function to block AT1 receptor activity or inhibit ACE respectively, up-regulate ACE2 expression and activity
in experimental models. The direct implications of increased ACE2 in COVID-19 patients with HTN is not clear
yet. Theoretically, an increase in ACE2 expression by ARBs and ACEi could increase the risk for or severity of the
SARS-CoV-2 infection. This has led to some controversy around the world whether these inhibitors should be discon-
tinued. Some recent studies have brought some clarity to this issue. For instance, a retrospective study in New York city
of 12594 patients, 46.8% of whom were COVID-19 positive, found no association between the use of ARBs or ACEi
and COVID-19 infection, severity or mortality [72]. A Chinese study of 362 COVID-19 patients found no difference
in severity or mortality compared with the use of ACEi/ARB [156]. Finally, an Italian population-based cohort of
6272 case patients found no evidence ARBs or ACEi increased the risk of COVID-19 [71]. However, a retrospective
multicenter study of 1128 patients showed significantly lower mortality with the use of ACEi/ARB [157]. Although
increased ACE2 could facilitate cellular entry of the virus, ACE2 could increase the conversion of vasodeleterious
AngII into Ang-(1-7), which has known vasodilatory and anti-inflammatory effects. The Randomized Elimination
or Prolongation of ARB and ACEi in COVID-19 (REPLACE) trial is a prospective randomized controlled trial under-
way to examine whether discontinuation of these drugs would ameliorate the severity of the disease (NCT04338009).
Several other clinical trials (ClinicalTrial.gov numbers NCT04312009, NCT04311177, and NCT04318418) (Table 1)
are underway addressing viral-mediated RAS imbalance and the risks and benefits associated with the use of ARBs
and ACEi in COVID-19 patients.

Sepsis and inflammation are characteristic features of SARS-CoV-2 infection. In addition, neurological abnormal-
ities were evident in COVID-19 patients suggesting neuroinflammation could be a key factor in the pathogenesis
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of COVID-19 [1,158,159]. However, the mechanisms that mediate neuroinflammation and any long-term conse-
quences and management of these neurological symptoms remain to be clarified. Studies have examined the effect of
non-steroidal anti-inflammatory drugs in COVID-19, but a clear benefit on outcomes was not discernable. It might
be worthwhile to examine if anti-inflammatory drugs like minocycline, an anti-inflammatory antibiotic that crosses
the blood–brain barrier and ameliorates neuroinflammation-driven HTN, pulmonary HTN and lung inflammation
in animal models [160–162] could be beneficial in COVID-19.

Recent investigations found increased IL-6 in patients with confirmed COVID-19 pneumonia that positively cor-
related with severity of disease [163]. Elevated levels of some other inflammatory cytokines (IFN-y, TNF-α etc.) are
also found in COVID-19 patients [40] indicative of cytokine storm/sepsis. This overproduction of cytokines might
cause more damage to the host cell than the SARS-CoV-2. Interestingly, in a pilot study, rhACE2 infusion decreased
IL-6 in patients with ARDS [149]. Therefore, considering the critical role of cytokines in severe COVID-19, rhACE2
targeted to decrease IL-6 could be considered as a potential therapeutic approach. Finally, FDA-approved IL-6 in-
hibitors and anti-IL-6 monoclonal antibodies are under clinical trial currently for their use in COVID-19 patients
(Sarilumab: NCT04315298; Tocilizumab: NCT04320615, Siltuximab: NCT04330638, NCT04322188) (Table 1).

Concluding remarks
SARS-CoV-2 requires membrane-bound ACE2 for entry into cells. ACE2 can be down-regulated directly by bind-
ing and internalization of SARS-CoV-2 or indirectly via proteolytic processing, autophagy and increased shedding.
Decreased ACE2 or increased circulating sACE2 can bind SARS-CoV-2 and potentially decrease SARS-CoV-2 infec-
tion or disease severity. On the other hand, decreased ACE2 can cause microbial dysbiosis and inflammation, that
can worsen the systemic response to SARS-CoV-2. Studies are ongoing to clarify the effects of modulating ACE2 to
mitigate COVID-19. Apart from the effects on SARS-CoV-2 infection, decreased ACE2 can have profound effects on
the cardiovascular and pulmonary systems. Multiple lines of incontrovertible evidence have proven the pivotal role
of ACE2 in down-regulating detrimental AngII signaling and up-regulating the beneficial Ang-(1-7)/Mas receptor
signaling. Thus, altered ACE2 signaling can have detrimental effects on BP, cardiac function, vasculature, kidney and
the brain. The long-term consequences of these effects are yet to be determined and could inform us on the relevance
of ACE2 signaling to human health and disease.
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