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The fight against COVID-19: Striking a
balance in the renin-angiotensin system
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The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) enters host cells by
interacting with membrane-bound angiotensin-converting enzyme 2 (ACE2), a vital element in the
renin-angiotensin system (RAS), which regulates blood pressure, fluid balance, and cardiovascular
functions. We herein evaluate existing evidence for the molecular alterations within the RAS pathway
(e.g., ACE2 and angiotensin II) during SARS-CoV-2 infection and subsequent Coronavirus Disease 2019
(COVID-19). This includes reports regarding potential effect of RAS blockade (e.g., ACE inhibitors and
angiotensin II receptor blockers) on ACE2 expression and clinical outcomes in patients with co-
morbidities commonly treated with these agents. The collective evidence suggests a dual role for ACE2
in COVID-19, depending on the stage of infection and the coexisting diseases in individual patients.
This information is further discussed with respect to potential therapeutic strategies targeting RAS for
COVID-19 treatment.

Keywords: SARS-CoV-2; COVID-19; Renin-angiotensin system (RAS); Angiotensin-converting enzyme 2 (ACE2);
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Introduction
Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)  wuses
angiotensin-converting enzyme 2
(ACE2) as a receptor for cell entry and,
therefore, might have an effect on the
renin—-angiotensin system (RAS) in the
body [1,2]. RAS imbalance has been impli-
cated in the pathogenesis of hypertension,
heart failure, and chronic kidney disorder,
which are commonly treated with
angiotensin-converting enzyme inhibitors
(ACEIs) and angiotensin II receptor block-

ers (ARBs). Notably, worse outcomes are
reported in COVID-19 patients with co-
morbidities commonly treated with these
agents [3]. The involvement of ACE2 in
SARS-CoV-2 infection, and the speculation
regarding the harmful or beneficial effects
of RAS blockade medications [4,5] has
fueled debate over the exact role of the
RAS in COVID-19 pathophysiology and
clinical outcomes.

SARS-CoV-2 viral entry is mainly medi-
ated via the respiratory system, where
ACE2 is abundantly expressed in nasal

and oral mucosa and lung alveolar epithe-
lium [6,7]. ACE2 is a vital element in the
RAS pathway, catalyzing the conversion
of a peptide hormone angiotensin I (Ang
I) to Ang 1-9 as well as angiotensin II
(Ang II) into Ang 1-7, thereby counteract-
ing the harmful effects of Ang II [8-10].
ACE2 is mostly bound to the cell mem-
brane, mediating SARS-CoV-2 viral entry,
while also existing in circulation as a sol-
uble form. SARS-CoV-2 infection is
thought to reduce ACE2 surface expression
in target cells, leading to local or systemic
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RAS imbalance and tissue damage [11,12].
The rationale of the concept stems from
previous studies on SARS-CoV [13,14].
Kuba et al. showed that SARS-CoV spike
protein binding to ACE2 significantly
reduced ACE2 cell surface expression in
the HEK293 cell line and in the lungs of
SARS-CoV-infected mice [13]. In a separate
study, mouse pulmonary SARS-CoV infec-
tion resulted in ACE2-dependent myocar-
dial infection and downregulation of
ACE2 mRNA and protein expression in
heart tissue [14]. Consistent with the
observations in mouse models, immuno-
histochemistry of autopsied heart tissue
samples from patients who died from
SARS-CoV infection revealed the presence
of SARS-CoV and marked reduction of
ACE2 protein expression in heart tissue
[14]. Given the sequence homology of
the spike proteins in the two coron-
aviruses, SARS-CoV-2 might follow a simi-
lar mode of action to downregulate ACE2
expression, thereby depriving the lungs
and other organs of an important protec-
tion mechanism against viral infection.
However, the precise relationship between
ACE2 protein levels, viral infectivity, and
severity of SARS-CoV-2 infection is not
fully understood.

COVID-19 is often worse in patients
with pre-existing health conditions,
including hypertension, cardiovascular
disease, diabetes, and chronic kidney dis-
order [15]. These conditions are associated
with an overactive RAS and are commonly
treated with ACEIs or ARBs [16]. These
agents are reported to upregulate ACE2
expression in animal models, raising con-
cern about the safety of RAS blockade ther-
apy in patients with COVID-19. There has
been speculation that RAS blockade might
increase susceptibility to SARS-CoV-2
infection and the likelihood of severe ill-
ness from COVID-19 [5]. However, recent
observational studies suggested that ACEIs
and ARBs would be helpful in treating
COVID-19 [17,18]. A possible explanation
behind this paradox might lie in the stage
of infection and the presence of co-
morbidities (e.g., hypertension, diabetics,
heart failure, or chronic kidney disorder)
commonly treated with these agents. In
this review, we provide a comprehensive
analysis of current evidence for the spa-
tiotemporal expression of ACE2, including
membrane-bound ACE2 and the circulat-
ing soluble form, and its dynamic inter-

play with Ang II during SARS-CoV-2
infection. We also discuss the potential
therapeutic targets within the RAS path-
way for COVID-19 treatment.

SARS-CoV-2 host interaction

SARS-CoV-2 uses ACE2 as a functional
receptor to infect human epithelial cells
[19]. In particular, the receptor-binding
domain (RBD) of the S1 subunit of the
spike protein directly binds to the pepti-
dase domain (PD) of ACE2 [20-22]. Fol-
lowing binding to ACE2, SAR-CoV-2 can
enter host cells by two distinct mecha-
nisms. First, the spike protein of the
SARS-CoV-2 might be processed by trans-
membrane serine protease 2 (TMPRSS2)
at the plasma membrane. The priming
cleaves spike protein into the S1 and S2
subunits, revealing the S2 fusion peptide
and facilitating membrane fusion with
the host cell surface [1]. Alternatively, in
cells where TMPRSS2 activity is insuffi-
cient, SARS-CoV-2 can enter the cell
through endocytosis, in which endosomal
proteases, such as cathepsin B and cathep-
sin L, facilitate S protein priming [23].
Through both mechanisms, receptor bind-
ing can result in internalization of the
virus-containing complexes together with
ACE2, resulting in potential loss of ACE2
receptor expression at the cell surface
[13,23] and subsequent release of genetic
material, amplification, and exocytosis of
virion particles, leading to viral spread in
the body. Alternatively, SARS-CoV-2 viral
entry might also be mediated through
ACEZ2-independent pathways that involve
CD209L/L-SIGN and CD209/DC-SIGN
[24].

ACE2 is a vital element of the RAS, a
crucial hormone cascade that regulates
blood pressure, body fluid, and electrolyte
balance [8,9,25]. The system operates
through two complementary yet opposing
biochemical pathways: the ACE2/Ang 1-7/
MasR pathway versus the ACE/Ang II/
AT1R pathway (Fig. 1). Ang II binds to
the angiotensin II type 1 receptor (AT1R),
which activates several signaling cascades
to elicit potent vasoconstriction, fibrotic,
and proinflammatory effects [26]. By con-
trast, the ACE2/Ang 1-7/MasR pathway
antagonizes the harmful effects of Ang II
by utilizing ACE2 to convert Ang II into
Ang 1-7, triggering several signaling path-
ways to produce beneficial effects, includ-
ing vasodilation, antiapoptosis, and anti-

inflammation (Fig. 1) [27-29]. Under
healthy conditions, the RAS is fine-tuned
to keep the right levels of Ang II, thereby
ensuring normal blood pressure, elec-
trolyte balance, as well as cardiovascular
and kidney functions. However, overex-
pression of Ang II can cause hypertension
or fibrous tissue to build up in the heart,
kidneys, and lungs, leading to multiorgan
dysfunction. An increase in Ang II levels
has been implicated in the pathogenesis
of hypertension [30], heart failure [31],
and renal dysfunction [32]. Notably, these
conditions are frequent comorbidities in
patients with COVID-19 who develop sev-
ere illness [33]. Observational studies have
shown that plasma Ang II levels were sig-
nificantly elevated in patients with severe
COVID-19 compared with mild cases [34—
36]. Increases in Ang II levels resulting
from possible SARS-CoV-2-mediated loss
of ACE2 function could drive severe lung
injury, as observed in patients critically ill
with COVID-19 [13,34,36]. However, the
exact interplay between RAS components
and COVID-19 severity is not yet fully
understood.

ACE2 distribution and regulation

ACE2 is abundantly expressed in the nasal
and oral mucosa and lung alveolar epithe-
lium [6], which might explain why SARS-
CoV-2 transmits via respiratory droplets
and causes primary lung injury. ACE2 is
also expressed in the heart, kidneys, liver,
testes, intestine, brain, and other tissues
[6,37]. It is speculated that SARS-CoV-2
virus, following initial respiratory entry,
travels through the bloodstream to infect
other organs expressing ACE2. This is sup-
ported by reports that clinical samples of
saliva, stools, and urine of patients with
COVID-19 tested positive for the SARS-
CoV-2 virus [38]. ACE2 expression is
affected by a variety of physiological fac-
tors and pathological conditions. Clinical
evidence shows that ACE2 expression is
upregulated in hypertension [39], heart
failure [40], and chronic kidney disorder
[41] despite hyperactivation of the RAS
and upregulated ACE/Ang II/AT1R signal-
ing often observed in these diseases. Thus,
innate physiological efforts to counterbal-
ance these effects and reduce Ang II levels
could explain the observed increases in
endogenous ACE2 expression, suggesting
an important feedback mechanism at play
[42]. Indeed, ACE2 gene and protein levels
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FIGURE 1

Circulating renin-angiotensin system (RAS). RAS begins with angiotensinogen secretion from the liver and renin release from kidneys, stimulated by low
blood arterial pressure and reduced sodium chloride levels. Renin converts angiotensinogen to angiotensin | (Ang I). Angiotensin-converting enzyme (ACE),
expressed in endothelial cells of multiple organs, including those within the cardiovascular system, acts on Ang | to produce the principal pressor hormone
angiotensin Il (Ang Il). Ang Il interacts with the Ang Il type 1 receptor (AT1R) to regulate a variety of effector functions, including vascular contraction,
endothelial function, protein synthesis, fibrosis, hypertrophy, and inflammation. Alternatively, Ang Il can also be cleaved by ACE2 to form angiotensin 1-7.
The physiological functions of angiotensin 1-7 are mediated through the Mas receptor. These are beneficial responses that antagonize the harmful effects of

Ang I/ATIR.

were significantly increased in mice
models following induction of severe acute
pancreatitis (SAP) [43]. We suspect the ele-
vated ACE2 levels in patients with under-
lying comorbidities are linked to severe
outcomes in COVID-19 by enhancing
virus uptake.

ACE2 expression is regulated in a spa-
tiotemporal manner. At the transcriptional
level, ACE2 mRNA expression is stimu-
lated by sirtuin 1 (SIRT1) or apelin under
energy stress conditions (e.g., hypoxia)
(Fig. 2). Several post-transcriptional factors
can suppress ACE2 expression, such as
miRNA-421, by blocking translation of
the mRNA transcript [44]. ACE2 is also
subjected to post-translational regulation
via Ang II feedback mechanisms. ACE2
expression can be downregulated through
Ang II/AT1R-mediated internalization and

degradation [45]. Conversely, elevated
Ang II levels can promote activation of a
disintegrin metalloproteinase 17

(ADAM17), resulting in proteolytic cleav-
age of ACE2 at its extracellular domain
and subsequent release of a soluble form
into the blood circulation [46]. The role
of the soluble ACE2 is yet to be understood
but might serve as a scavenger or decoy
against SARS-CoV-2. To support this
notion, a preclinical study showed that

recombinant human soluble ACE2
(rhsACE2) retained a full binding affinity
to SARS-CoV-2 spike protein [47]. Whereas
membrane-bound ACE2 receptor mediates
viral entry into host cells, circulating ACE2
might counteract SARS-CoV-2 viral spread
in the body.

RAS-blocking medication: harmful or
helpful?

Clinical data have consistently shown that
patients with hypertension or cardiovascu-
lar disease are more likely to develop severe
illness from COVID-19 [48]|. There was
concern that RAS-blocking medications,
such as ACEIs and ARBs, could worsen
clinical outcomes of patients with
COVID-19 because of their potential abil-
ity to upregulate ACE2 expression on the
cell surface, leading to a greater number
of potential sites for viral entry. In this
context, ACEIs and ARBs have been
reported to upregulate ACE2 mRNA and
protein levels in several animal models of
disease (e.g., myocardial infarction, hyper-
tension, heart failure, cardiomyopathy,
myocarditis, and atherosclerosis) as well
as in healthy conditions [49-51]. However,
little evidence is available about the effects
of RAS blockade on ACE2 tissue expression
in humans [52].

Observational studies identified no
greater risk of severe COVID-19 in patients
taking RAS-blocking agents compared with
other antihypertensive treatments or no
treatments [53-55]. A recent meta-analysis
of 42,926 patients with COVID-19 con-
cluded that the clinical use of ACEIs and
ARBs was not associated with increased
risk of COVID-19 death [56]. Yet, other ret-
rospective analyses suggested that RAS-
blocking drugs provide beneficial effects
in patients with COVID-19, especially in
hypertension cohorts [17,18]. Notably, a
2-million patient cohort study revealed
ACEIs and ARBs were associated with a sig-
nificantly lower risk of hospitalization
(hazard ratio (HR) 0.74 [95% confidence
interval (CI) 0.65-0.83]) and intubation/
death (HR 0.84 [95% CI 0.76-0.93]) in
patients with hypertension [57]. Impor-
tantly, this study focused on patients with
hypertension; patients with a history of
diabetes, renal failure, chronic respiratory
disease, or cardiovascular disease were
excluded from the study to mitigate indi-
cation bias.

Observational studies can be compli-
cated by confounding variables, such as
age, sex, comorbidities, and concomitant
medications. Therefore, a conclusive deter-
mination on the clinical effect of ACEIs

2216 www.drugdiscoverytoday.com
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FIGURE 2

Angiotensin-converting enzyme 2 (ACE2) regulation. (a) ACE2 expression is regulated transcriptionally via apelin signaling and sirtuin 1 (SIRT1) activation in
response to energy stress [e.g., hypoxia or AMP kinase (AMPK) activation], transcription modulators, such as miR-421 and miR-483-3p, and post-translational
mechanisms that involve feedback signaling of angiotensin Il (Ang Il). Ang Il binding to Ang Il type 1 receptor (AT1R) generates reactive oxygen species (ROS),
stimulating a disintegrin metalloproteinase 17 (ADAM17), which cleaves cell-surface ACE2 and activates several signaling cascades, such as MAPK and ERK1/2.
(b) Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-mediated endocytosis might also result in downregulation of ACE2 surface expression

[75-79].

and ARBs in COVID-19 requires well-
controlled, randomized clinical trials. Sev-
eral randomized clinical trials have evalu-
ated the effect of discontinuing ACEI/
ARB treatment in patients hospitalized
with COVID-19. In the Brace Corona Trial,
participants (N =659) were randomized
into temporary suspension of ACEI/ARB
therapy (N=334) versus continued use
(N =325) followed by assessment of clini-
cal outcomes (e.g.,, number of the days
alive and out of the hospital) [58,59]. This
study concluded that, among patients hos-
pitalized with COVID-19 infection and
receiving chronic ACEI/ARB medication,
suspending ACEI/ARB provided no signifi-
cant effect on clinical outcomes [59]. Sim-
ilar findings were also recently reported for
the REPLACE COVID trial (152-patient
randomized open-label trials) in which
there was no observable difference in
COVID-19 severity between participants
who continued ACEI/ARB therapy and
those who discontinued treatment [60].
Another prospective randomized clinical
trial (SWITCH-COVID) is investigating
the clinical impact of switching RAS inhi-
bitors in patients with COVID-19 with
other antihypertensive medications that
are not reported to affect ACE2 expression
(NCT04493359). Overall, current clinical
evidence suggests ACEIs and ARBs should
not be discontinued in patients with
COVID-19 with underlying diseases (e.g.,
hypertension or cardiovascular diseases).

Therapeutics targeting the RAS

Based on the engagement of ACE2 in
SARS-CoV-2 infection and the consequen-
tial RAS imbalance with COVID-19 sever-
ity, there has been tremendous interest in
exploring the therapeutic potential of tar-
geting RAS components in patients with
COVID-19. Theoretically, lowering the tis-
sue expression of ACE2 could block SARS-
CoV-2 viral entry into host cells, but the
loss of ACE2 function would result in ele-
vated levels of circulating Ang II and over-
activation of RAS in patients with COVID-
19. Therefore, therapeutic approaches are
intended to inhibit viral entry while strik-
ing a balance in the RAS cascade. Among
these, thsACE2 is currently being investi-
gated in clinical trials (NCT04335136).
This class of molecules shares a unique
dual mode of action that is thought to:
(i) imitate physiological soluble ACE2, act-
ing as a potential decoy and sequestering
the virus in circulation; and (ii) replenish
ACE2 activity to restore RAS balance
[47,61]. Preclinical studies showed that
rhsACE2 was capable of binding and neu-
tralizing SARS-CoV-2, reducing viral loads
by a factor of 1,000-5,000 [47]. Several
engineered forms of rhsACE2 are also
under development, including mimetic
peptides of the N-terminal human ACE2
[62], mutant rthsACE2 to increase affinity
for viral spike protein [63], and ACE2-Fc
fusion proteins to extend circulatory half-
lives [64]. Other strategies include the

infusion of synthetic Ang 1-7 peptide
(NCT04375124 and NCT04332666) or
Ang 1-7 analogs [65], and the repurposed
use of ACEIs and ARBs. Administering
exogenous Ang 1-7 could aid in maintain-
ing the blood pressure of patients with sev-
ere COVID-19, reducing inflammation,
while also potentially modulating ACE2
expression; although this still needs to be
demonstrated clinically [66,67]. Further
information about the clinical develop-
ment of therapeutics for COVID-19 treat-
ment is available in recent reviews [68-70].

Concluding remarks

SARS-CoV-2 utilizes the ACE2 receptor to
infect host cells, but the precise relation-
ships between ACE2 levels, viral infectiv-
ity, and severity of the subsequent
COVID-19 are not well understood. ACE2
is widely distributed in the body, which
could explain the wvulnerability to the
novel coronavirus. ACE2 tissue expression
is often upregulated in patients with car-
diovascular diseases, potentially increasing
infection risks, but it might be reduced
upon SAR-CoV-2 infection. The loss of
ACE2 expression, when a certain threshold
is crossed, would disrupt local or systemic
RAS homeostasis, leading to hyperinflam-
mation and organ damage, as observed in
patients with COVID-19. Additional stud-
ies are needed to assess the dynamic
changes in serum ACE2, Ang II, and Ang
1-7 in patients with COVID-19 at baseline,

www.drugdiscoverytoday.com 2217

w
2
-
v
w
-
w
o
w
a
.
")
v
E
3
)
[}
v
5




mm
o
o
-
c
s
o
w
L[]
o
m
o
(%]
o
m
N
=
<
m

PERSPECTIVE Drug Discovery Today ® Volume 26, Number 10 ® October 2021
ACE|
Viral sequestration by circulating ACE2 ACE2 Upregulation
Angl Ang Il
@ I ACE2 receptor >
shedding &
? ACE2 ’ 2 ADAM17 ATIR | g y, / ),
Minimal viral entry due to Extensive viral entry due to high
? low ACE2 expression ACE2 expression
EARLY STAGE COVID-19 EARLY STAGE COVID-19 WITH ACEI AND ARB USE
“ﬁ ACE2 Upregulation  shift towards Ang 1-7/MasR
Shift towards Ang II/AT1R axis v Angll Ang17 axis
Angl Angll  eecocsces Angl Ang Il
sssetenee P oo e Sessscese csociesce — oorriitoe A\ 4 ecoseee  seesses
e = ] ¥¥y
Detrimental COVID-19 Effect Protective CO\JID-ls Effect
Inflammation Anti-Inflammation
Fibrosis Anti-Fibrosis
ROS Anti-ROS
Apoptosis Anti-Apoptosis
LATE STAGE COVID-19 LATE STAGE COVID-19 WITH ACEI AND ARB USE
Drug Discovery Today
FIGURE 3

Proposed dual role of renin-angiotensin system (RAS) in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and Coronavirus 2019
(COVID-19) progression. (a) The SARS-CoV-2 virus exploits the angiotensin-converting enzyme 2 (ACE2) receptor expressed on the cell-surface membrane as
the initial host entry point. During the internalization process, the virus hijacks ACE2 through endocytosis and potentially activates receptor-shedding
mechanisms. At the same time, soluble serum ACE2 may help scavenge SARS-CoV-2 in circulation. (b) SARS-CoV-2-driven downregulation of ACE2 leads to
increased angiotensin Il (Ang Il) activity, which induces detrimental cellular conditions that can worsen severe COVID-19 outcome. (c) RAS inhibitors, such as
angiotensin-converting enzyme inhibitors (ACEls) and angiotensin Il receptor blockers (ARBs), might upregulate ACE2 expression, leading to robust SARS-
CoV-2 host entry during early stages of infection. (d) However, continued use of these drugs during late stages of COVID-19 can help mitigate and restore
virus induced decreases in ACE2 expression. This will shift the angiotensin balance towards the Ang 1-7/MasR axis, providing a protective effect. Depending
on the stage of infection, the ACEI/ARB output signal might switch between detrimental and protective during COVID-19 progression [4].

during disease progression, and in
response to therapeutic intervention. Such
efforts could help identify human or viral
factors that underpin whether patients

with COVID-19 will develop severe
symptoms.

The unfolding story highlights the
complex and dynamic interaction

between SARS-CoV-2 and RAS compo-
nents. With the limited data available, we
attempt to propose a dual role for ACE2
in COVID-19 pathology [4], dependent
on the stage of infection (Fig. 3). As a func-
tional receptor for SARS-CoV-2, ACE2 is
upregulated in several disease conditions
or possibly in patients taking ACEIs and
ARBs. The widespread expression of ACE2
could increase the risk of SARS-CoV-2
infection and subsequent COVID-19 sever-
ity. SARS-CoV-2 spike protein binding to
ACE2 receptor reduces ACE2 cell surface
expression through endocytosis or poten-
tially through shedding mechanisms [71].
The loss of ACE2 would downregulate the
ACE2/Ang 1-7/MasR  pathway, and
increased levels of Ang II would trigger
harmful effects, such as inflammation,
fibrosis, and apoptosis, as observed in
patients with COVID-19. Therefore, thera-

peutic agents, such as ACEIs and ARBs and
other RAS-targeting agents, might be help-
ful to mitigate the deleterious effects by
restoring RAS balance in patients with
COVID-19. The dynamic and spatiotem-
poral regulation of ACE2 expression
emphasizes the need to understand the
impact of RAS modulation during the
course of SARS-CoV-2 infection and subse-
quent COVID-19 progression.
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