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Penetration of coronavirus SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2), the cause
of the COVID-19 pandemic, into cells requires interaction of the surface spike S protein of the virus with
extracellular domain of the membrane-bound form of angiotensin-converting enzyme type 2 (ACE2). This
enzyme, the key component of the renin-angiotensin system, is responsible for the synthesis of angioten-
sin-(1-7), which has vasodilator and autoimmune properties, from angiotensin II, a powerful vasocon-
strictor, whose synthesis is catalyzed by angiotensin-converting enzyme (ACE), a functional antagonist of
ACE2. After site-specific hydrolysis by transmembrane serine protease TMPRSS?2 in infected cells, viral
S protein specifically binds ACE2, which is the trigger for internalization of the virus into cells by endocy-
tosis. Suppression of this process with drugs inhibiting TMPRSS2 protease and impairing the interaction of
S protein with ACE2 prevents infection and is therefore a potential approach to the treatment and prophy-
laxis of COVID-19. This mechanism of penetration into cells is also used by SARS-CoV virus, the pathogen
of atypical pneumonia, which is related to SARS-CoV-2. Treatment of patients with arterial hypertension
and diabetes mellitus using ACE inhibitors and angiotensin receptor blockers, statins, and various antidia-
betic drugs generally increases the expression and activity of ACE2, which increases the risk of infection
with SARS-CoV-2 and worsens the outcome of disease. During the process of infection, the virus forms a
complex with ACE2 and decreases the quantity of ACE2 on the cell surface, impairing ACE2-dependent
physiological processes, and this is one of the causes of acute respiratory distress syndrome and heart failure
in COVID-19 patients. The present review analyzes the functional role of ACE2 in the infection of cells by
SARS-CoV-2 and SARS-CoV, and the molecular mechanisms of this process and its pathophysiological
consequences are discussed.

Keywords: angiotensin-converting enzyme type 2, renin-angiotensin system, TTMPRSS2 protease, SARS-CoV-2,
SARS-CoV, ADAM17 protease, angiotensin-converting enzyme inhibitor, angiotensin receptor type 1 blocker.

Introduction. A new coronavirus was detected in
Wuhan City (China) in December 2019 and this then spread
explosively worldwide. On February 11, 2020 the patho-
gen of this infection was classified by the World Health
Organization as SARS-CoV-2 (Severe Acute Respiratory
Syndrome Coronavirus 2), and the disease itself was named
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COVID-19 [1]. Coronavirus SARS-CoV-2 is 30 kb in
size and is a single-stranded RNA virus belonging to the
Coronaviridae family. The genome encodes four structural
proteins — membrane protein M, coat protein E, nucleocap-
sid protein N, and glycoprotein spike protein S, which pro-
trudes from the surface of the viral capsid forming a spike-
like structure which makes contact with the host cell sur-
face [2]. The acute respiratory infection produced by SARS-
CoV-2 is characterized by relatively high lethality among
elderly people (over 60 years of age) and among patients
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Fig. 1. The role of TMPRSS23, ACE2, and components of the angiotensin pathway in penetration of SARS-CoV-2 virus into cells. TMPRSS2

— transmembrane protease, serine 2; ACE — angiotensin-converting enzyme; ACE2 — angiotensin-converting enzyme type 2; AT1R —

type 1

angiotensin-II receptor; AGT — angiotensinogen; ANG-I — angiotensin-I; ANG-II — angiotensin-II; ANG-(1-7) — angiotensin-(1-7); Gq/“ -
heterotrimeric Gy protein ; PKC — protein kinase C; S1, S2 — subdomains S1 and S2 of the viral surface spike S protein.

with cardiovascular disease, kidney disease, diabetes mel-
litus, oncological and autoimmune diseases [3—-6]. Working
from current epidemiological data, there are grounds for the
view that the severity of symptoms and the level of lethality
of SARS-CoV-2 infections are no greater than those caused
by the related virus SARS-CoV, which was responsible
for the 2003 epidemic. However, the wide dissemination
of SARS-CoV-2 — now a pandemic — along with the faster
human-to-human transmission of SARS-CoV-2 than SARS-
CoV and its relatively high reproduction number create high
risks to people’s health in all countries. This gave special-
ists in medicine, biology, and related sciences an extremely
short period of time to identify the molecular mechanisms of
infection of cells by SARS-CoV-2 and to develop effective
approaches to treating COVID-19.

There is great interest in data showing that effective
penetration of SARS-CoV-2 into infected cells requires the
“assistance” of one of the key enzymes of the renin-an-
giotensin system — angiotensin-converting enzyme type 2
(ACE2). This is in good agreement with the fact that
COVID-19 is most severe in elderly people and patients
with chronic heart and kidney disease and diabetes mellitus,
which have long been treated with anti-hypertensive and
antidiabetic drugs. These patients show larger changes in

ACE2 expression and activity, which generally increase as
a result of the drug treatment used [7, 8]. This has led to ex-
tensive discussion of how to address variation in ACE2 ex-
pression levels in patients with diabetes and cardiovascular
disease in assessments of their risk of infection with SARS-
CoV-2, predicting the course and outcome of COVID-19,
and evaluating how treatment of these patients with angio-
tensin-converting enzyme (ACE) inhibitors, type 1 angio-
tensin II receptor blockers (AT 1R), statins, and antidiabetics
might influence ACE2-mediated SARS-CoV-2 virus infec-
tion. It should be noted that SARS-CoV, which has features
in common with SARS-CoV-2, also uses ACE2 for host cell
penetration [9—11]. This indicates that developments in the
interaction of SARS-CoV virus with ACE2 made previous-
ly, long before the COVID-19 pandemic, could be used to
decipher the molecular mechanisms of cell penetration by
the new coronavirus, SARS-CoV-2, and have been adopt-
ed by virologists and molecular biologists seeking to slow
the COVID-19 pandemic [12, 13]. The present review also
addresses these issues. However, we will start with a brief
discussion of the structural-functional organization of the
renin-angiotensin system and the structure and regulatory
properties of angiotensin receptors and the underlying sig-
nal cascades and targets.
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The Renin-Angiotensin System and Angiotensin
Receptors. The renin-angiotensin system includes enzymes
with proteolytic activity which are involved in the intercon-
version of peptides of the angiotensin family, their recep-
tors, and their associated intracellular signal cascades and
effectors (Fig. 1).

The first stage in converting peptides of the angio-
tensin family is mediated by renin, a proteolytic enzyme
which cleaves an N-terminal decapeptide, i.e., angiotensin I
(ANG-]) from the angiotensinogen molecule (AGT), which
is 153 amino acids long [14]. AGT is a member of the serine
protease family (serpines), and AGT activity depends largely
on its level of glycosylation [15]. The enzyme ACE converts
ANG-1 to ANG-II and is a membrane-bound zinc- and chlo-
ride-dependent dipeptidylcarboxypeptidase (E.C. 3.4.15.1),
whose catalytic site is located in the extracellular space. This
enzyme is the target of many ACE inhibitors, whose pharma-
cological effects are directed to weakening arterial hyperten-
sion [16].

Exopeptidase ACE2 (E.C. 3.4.17.23), which converts
ANG-II to ANG-(1-7) and ANG-I to ANG-(1-9), despite
a notable level of homology with the enzyme ACE (about
40% identical and 60% physicochemically similar amino
acid residues), has an opposite functional activity, as it pre-
vents the vasoconstrictor effects of ANG-II and, converse-
ly, increases the countering vasodilatory effects of peptides
ANG-(1-7) and ANG-(1-9) [17-20]. In contrast to ACE,
ACE2 is a monocarboxypeptidase and has relatively low
specificity, hydrolyzing not only angiotensin peptides, but
also apelin, opioid peptides, and kinins. ACE inhibitors do
not affect the catalytic activity of ACE2, so the catalytic
and allosteric sites which are the targets of these inhibitors
are significantly different in the ACE and ACE2 molecules.
There are two forms of ACE2 — the functionally active
membrane-bound form which, along with the N-terminal
catalytic ectodomain, has a transmembrane domain and a
small cytoplasmic domain, and a soluble form correspond-
ing to the N-terminal ectodomain, which is generated by
cleavage of the extracellular part of the ACE2 molecule
from its transmembrane domain [17]. This process is medi-
ated by the quite large membrane-bound protease ADAM17
[21-23]. ADAMI17 protease is a type I transmembrane
protein and includes a number of functional domains —
1) the N-terminal domain, which functions as an “internal”
blocker of proteas activity; 2) a metalloprotease (catalytic)
domain 3) a domain proximal to the membrane domain en-
riched with cysteine residues; 5) a transmembrane domain;
and 6) a small cytoplasmic segment [24]. In terms of topol-
ogy in the plasma membrane, the two enzymes, ACE2 and
ADAMI17, are similar. Relatively high levels of expression
of ACE2 and ADAMI17 are seen in the heart, lungs, kid-
neys, brain, and testes, while levels are lower or insignifi-
cant in other tissues. These data indicate nonuniform distri-
butions of the expression and activity of these enzymes in
different organs and tissues and a close interaction between
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them [17, 24]. It should, however, be noted that ADAM17
protease, like ACE2, controls the activity of a multitude of
other proteins which are components of signal and effector
systems [24].

The main targets of ANG-II are two subtypes of G-pro-
tein-coupled receptors — AT1R and AT2R, which are very
different both in terms of the spectrum of signal cascades
regulated by them and in terms of physiological respons-
es [25-27]. AT2R may modulate the functional activity of
AT1R, forming heterodimer receptor complexes with them
[28, 29], and they also suppress the activity of the postre-
ceptor components of AT1R-activated signal cascades [30].

Binding of AT1R with agonists leads to stimulation of
heterotrimeric Gy protein, which activates phosphoinosi-
tol-specific phospholipase Cf. This results in formation
of inositol-1.4,5-triphosphate, which, activating specific
intracellular receptors, stimulates Ca?* release from intra-
cellular depots and synthesis of diacylglycerol, which acti-
vates phorbol-sensitive isoforms of protein kinase C (PKC)
[26, 31]. In addition, AT1R agonists activate regulatory
proteins P-arrestins, stimulating a cascade of mitogen-acti-
vated protein kinases (MAPK) and a number of other B-ar-
restin-dependent pathways [26, 32]. It is important to note
that ANG-II-induced activation of ERK1/2, the key com-
ponents of the MAPK cascade, can occur with the involve-
ment of Gy, proteins [33] and in a G-protein-independent
manner, via activation of [-arrestins [32, 34]. In contrast
to ATIR, AT2R receptors exert their actions via pathways
independent of G proteins and -arrestins, which is not typi-
cal of “classical” G-protein-coupled receptors. Its effects, as
noted above, can be realized via formation of heterodimer
complexes with AT1R, Mas receptors, and other G-protein-
coupled receptors. In addition, being activated by ANG-II,
AT2R receptors can operate via a noncanonical cascade
to increase the activity of various NO synthase isoforms,
thus activating NO-dependent pathways and stimulating the
MAPK and 3-phosphoinositide pathways [27, 29, 35, 36].

Angiotensin peptides ANG-(1-7) and its truncated ana-
log ANG-(1-5) interact specifically with G-protein-coupled
Mas receptors, which are the product of the MAS1 onco-
gene, through which they have anti-inflammatory, vasodi-
lator, and antifibrotic actions on their target cells [29, 37].
While Mas receptors are functional antagonists of ATIR,
their main ligand is the peptide ANG-(1-7) — a functional
antagonist of ANG-II. ANG-(1-7) peptide can be produced
by hydrolytic cleavage of ANG-I or ANG-(1-9) by nepri-
lysin, though the main pool is produced by ACE2-catalyzed
ANG-II hydrolysis [16].

The ACE2-Mediated Mechanism of Penetration
of SARS-CoV Virus into Cells. As already noted, before
the appearance of SARS-CoV-2, studies of the related vi-
rus SARS-CoV, which causes acute respiratory syndrome,
demonstrated the ability of this latter virus to use the mem-
brane-bound form of ACE2 to enter host cells [9-11]. After
establishment of the interaction between SARS-CoV pene-
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tration into human lung cells bearing ACE2, a proteolytic
enzyme was found which was required for this penetration.
This was transmembrane serine protease TMPRSS?2 (trans-
membrane protease, serine 2), which is expressed at high in-
tensity in epithelial cells in human lungs and promotes their
infection with influenza type A virus and metapneumovirus
[38—41]. Studies of influenza virus type A have shown that
TMPRSS?2 protease cleaves the coat glycoprotein hemag-
glutinin, with the result that influenza A acquires the ability
to fuse with the cell membrane and then undergo endocy-
tosis to enter the cell [38, 40]. In the case of SARS-CoV,
TMPRSS?2 protease partially hydrolyzes the viral surface
spike protein S, thus priming it to induce effective fusion
of the virus with the plasma membrane and internalization
into the host cell [10]. It should be noted that virus replica-
tion in cells with elevated TMPRSS?2 protease expression is
not accompanied by any increase in the ability of the virus
to infect or any alteration in the structure of viral protein
S, indicating the involvement of TMPRSS2 protease in the
process of viral entry into cells across the cell membrane
and not in controlling its subsequent replication [10].

Further studies showed that TMPRSS2 protease can
cleave and activate not only viral protein S, but also the mem-
brane form of ACE2, which also makes a contribution to the
penetration of SARS-CoV virus into the cell. Cleavage oc-
curs at lysine and arginine residues in the segment 697-716
of ACE2. Sites targeted by TMPRSS2 protease differ from
those at which the enzyme is cleaved by transmembrane
ectoprotease ADAM17, with the result that the consequenc-
es of this cleavage are different. This TMPRSS2-induced
cleavage of ACE2 promotes infection of cells by virus, while
cleavage of the enzyme by ADAM17, conversely, suppresses
this process [11].

An English group demonstrated in 2005 that cleavage
of ACE2 by ADAM17 protease produces a soluble form of
ACE2, which specifically binds surface S protein of SARS-
CoV virus, thus preventing its interaction with the mem-
brane form of ACE2 involved in target cell infection [21].
Small interfering RNA inhibiting ADAM17 synthesis sup-
presses cleavage of ACE2, while increases in ADAM17 ac-
tivity, conversely, stimulate it. In HEK-293 and Huh-7 cells
expressing membrane-bound ACE2, phorbol ester — phor-
bol-12-myristate acetate — stimulates ADAMI17-induced
cleavage of the ACE2 molecule; selective metalloprotein-
ase inhibitors TAPI-1 and GM6001 prevent this process.
These data provide evidence that the process of activation
of ADAM17 involves signal pathways mediated by phor-
bol-sensitive isoforms of PKC [21]. Subsequent studies
showed that neurons and glial cells in the brains of patients
with hypertension, which show elevated ACE2 expression
and activity, also show increases in ADAMI17 protease.
ADAMI17 activity, and, thus, the accumulation of soluble
forms of ACE2, increases in ANG-II-induced stimulation of
AT1R receptors [22]. All these points indicate that ANG-II
and other AT1R agonists stimulate the signal pathway in-
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cluding AT1IR, Gy, protein, and phospholipase Cf3, result-
ing in an increase in diacylglycerol production, activation
of phorbol-sensitive isoforms of PKC, and intensification of
ADAM17-induced ACE2 cleavage [23]. There are grounds
for taking the view that other activators of these PKC iso-
forms can also promote stimulation of ADAM17 and induce
hydrolysis of membrane-bound ACE2.

With the aim of deciphering the mechanisms of inter-
action of SARS-CoV protein S with the membrane-bound
form of ACE2, the key amino acid residues involved in this
process were identified. These studies established that the
most important residues for interaction with human ACE2
are Tyr**2, Leu*’?, Asn*”®, Asp*0, Thr*¥7, and Tyr**! of
SARS-CoV viral S protein (NP_828851.1). These amino
acid residues are part of the so-called “receptor’-binding
domain, corresponding to the sequence 424-494 of protein
S [42, 43]. In turn, highly conserved amino acid residues
Lys3!', Glu®, Asp3®, Met®2, and Lys?>, four of which are
located at the N-terminal part of the ectodomain of the en-
zyme responsible for the interaction with viral protein, were
identified in the structure of ACE2 [43].

A set of studies led to the entirely grounded sugges-
tion that suppression of TMPRSS2/ACE2-mediated pene-
tration of SARS-CoV virus into cells may be an effective
route to preventing acute respiratory infections caused by
this coronavirus [10, 11]. Certain hopes were also linked
with regulation of the functional activity of transmembrane
protease ADAM17, which, in contrast to TMPRSS?2 prote-
ase, prevents infection of cells by SARS-CoV. However, the
end of the epidemic and reassessment of the prospects for
developing vaccines against SARS-CoV prevented contin-
uation of these studies. At the same time, existing progress
provided practical and theoretical grounds for studying
ACE2-mediated mechanisms of cell infection by the novel
virus SARS-CoV-2.

ACE2-Mediated Mechanism of Penetration of
SARS-CoV Virus into Cells. Considering the structural
and functional similarities of SARS-CoV and SARS-CoV-2
viruses apparent at the very beginning of studies started at
the beginning of 2020, most attention has been focused on
the role of ACE2 and TMPRSS2 and ADAM17 proteases in
the molecular mechanisms of the penetration of SARS-
CoV-2 into cells. The molecular bases of the interaction of
ACE2 with the superficial viral S protein of SARS-CoV-2
and the role of the transmembrane proteases TMPRSS23
and ADAM17 in this process, these being able to alter the
structure of S protein (TMPRSS2) and induce hydrolytic
cleavage of the membrane-bound form of ACE2 (ADAM17,
TMPRSS?2), have been studied [7, 12, 13, 44-49].

Superficial S proteins of SARS-CoV and SARS-CoV-2
viruses have significant primary structural similarities (76%
of the amino acid residues are identical), including in the
“receptor’-binding domain of these proteins. Five of the six
amino acid residues playing the key role in the interaction
of SARS-Cov S protein with the membrane-bound form of
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ACE2 were altered in the structure of SARS-CoV-2 S pro-
tein (PY_009724390.1) (Leu*>>, Phe*8¢, GIn*%3, Ser®*, and
Asn01), the exception being Tyr’*> of the SARS-CoV-2 S
protein, which corresponds to Tyr**! of the SARS-CoV S
protein. Despite this fact, the topology and conformational
characteristics of the ACE2-binding site of the S proteins of
both viruses are similar [45]. Molecular modeling data indi-
cate that the greatest affinity for SARS-CoV-2 S protein is
seen with ACE2 from humans, pangolins, dogs, cats, and
golden hamsters, while ACE2 from, for example, mice and
rats interacts weakly with this protein. In this model, the
distance between the Phe*8¢ of the SARS-CoV-2 S protein
and the Met?? residue of human ACE2 in complexes of
these proteins is 3.753 A. The models of the SARS-CoV-2
S protein with ACE2 from pangolins, dogs, cats, and golden
hamsters give corresponding distances of 1.621, 2.695,
3.753, and 2.024 A, respectively, which may point to the
ability for effective penetration of cells in these animals.
The ability of ACE2 to interact effectively with SARS-
CoV-2 S protein is largely due to the nature of the amino
acid residue at position 82. Theoretical analysis shows that
mutant human ACE2 with substitution of the methionine
residue in this position with asparagine increased the pene-
trating ability of SARS-CoV-2 into cells, as compared with
wild-type ACE2 [45]. Other authors, working on the results
of their structural analysis of ACE2 and the interaction of
this enzyme with SARS-CoV-2 S protein, showed that as in
humans, this interaction can take place in various other
mammals (pangolins, pigs, sheep, cats, dogs, and others)
which have forms of ACE2 able to undergo highly effective
interactions with viral S protein of SARS-CoV-2. The re-
sults provided evidence supporting a high probability that
these animals can be infected with SARS-CoV-2 virus. The
exceptions are mice and rats, which creates limitations to
their use in experiments addressing SARS-CoV-2 [47].
Studies have shown that as in the case of SARS-CoV,
TMPRSS2 protease plays an exclusively important role
in the ACE2-mediated penetration of SARS-CoV-2 virus
into target cells [6, 13, 46]. S protein is also a target for
TMPRSS2, and is cleaved by the protease at two sites. One is
enriched with arginine residues and is located at the bound-
ary of the two subdomains, S1 and S2, such that it is des-
ignated S1/S2, while the other is located in the N-terminal
part of the S2 domain and is therefore termed the S2 site.
It should be noted that the S1 subdomain contains the “re-
ceptor”’-binding region and is responsible for attachment to
membrane-bound ACE2, while subdomain S2 is responsi-
ble for forming complexes with the ectodomain of ACE2
and the subsequent penetration of virus particles into cells.
Proteolysis at the S1/S2 site occurs much more intensely
than at the S2 site, and plays an exclusively important role
in penetration of virus into cells. This is evidenced by data
on the large quantity of virus S protein cleaved at the S1/S2
site within cells infected with SARS-CoV-2. Cleavage of
viral S protein allows the S2 subunit to be released from its
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complex with the S1 subdomain, after which it acquires the
ability to interact effectively with the ectodomain of ACE2
and form ACE2-S2 (SARS-CoV-2) complexes, promoting
internalization of virus into the cell by endocytosis [13, 50].
It is important to note that the S1/S2 cleavage site is ab-
sent from the S proteins of other viruses, including the S
protein of RaTG13 virus, which is phylogenetically closest
to SARS-CoV-2. This indicates that TMPRSS2 can medi-
ate the penetration of SARS-CoV-2 into host cells but, as
suggested, may be ineffective in relation to atypical pneu-
monia virus SARS-CoV and various other coronaviruses
related to SARS-CoV-2 [13]. VeroE®6 cell cultures, in which
TMPRSS?2 is expressed, had high ability to be infected by
SARS-CoV-2, while in the absence of protease, virus did
not enter cells and infection did not occur [46].

Along with TMPRSS?2, cathepsins B and L, which are
endosomal cysteine proteases, can also cleave coronavirus
S proteins [51]. However, in the case of SARS-CoV and
various other related viruses, this does not lead to “correct”
priming of S protein and penetration of virus particles into
cells [50, 52, 53], and in the case of SARS-CoV-2, it has
been suggested to make only a minor contribution to this
process [13]. This is indicated by data showing that SARS-
CoV-2 infection of Calu-3 cells treated with camostat me-
silate, a selective TMPRSS?2 inhibitor, was suppressed but
not completely blocked. This may be due to priming of S
protein by cathepsins B and L, though incomplete inhibi-
tion of TMPRSS2 cannot be excluded [13]. In this regard,
we must note that some contribution to the entry of Middle
East Respiratory Syndrome CoV virus into cells (MERS-
CoV) is made by the serine protease furin, though effec-
tive infection also requires TMPRSS?2 protease [54, 55]. All
these points provide evidence that camostat mesilate and
other TMPRSS2 protease inhibitors are of significant inter-
est for developing drugs to prevent and treat coronavirus
infections, all the more so given that camostat mesilate has
already undergone clinical trials and has been approved for
use as a drug [52, 53].

As regards the role of ADAM17 protease in infection
by SARS-CoV-2 virus, no direct data have as yet been ob-
tained, though it has been suggested that activation of the
ANG-II signal pathway, which includes AT1R and phor-
bol-sensitive forms of PKC, must increase the proteolysis of
the membrane-bound form of ACE2, thus influencing its
involvement in the entry of virus into cells. However, clear
conclusions on the interaction between ADAMI17 activity
and ACE2-mediated endocytosis of SARS-CoV-2 into cells
will only be available after running the corresponding ex-
periments [7].

Clinical Consequences of the Involvement of ACE2
in the Infection of Target Cells with SARS-CoV-2 Virus.
The main contingent of patients suffering SARS-CoV-2
infection most severely are elderly people with atheroscle-
rosis, hypertensive disease, ischemic heart disease, diabe-
tes mellitus, and kidney and lung disease. Many of these
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diseases are due to derangements in the functioning of the
renin-angiotensin system and are accompanied by compen-
satory or drug-induced changes in ACE2 expression [3-6,
56, 57]. As the membrane-bound form of ACE2 increases
the penetration of SARS-CoV-2 into target cells, increases
in the expression and quantity of this form of the enzyme
in the membrane should promote SARS-CoV-2 infection
and increases the severity of COVID-19. In this regard, we
should note that ACE2 is expressed mainly in those tissues
which are the main targets for SARS-CoV-2 and are the first
to be infected — these are lung, kidney, intestine, blood ves-
sel wall, brain, and testis cells [17, 18, 58-62].

Little time has passed since the outbreak of the pan-
demic, with the result that the questions of how the level of
expression and activity of ACE2 in patients correlate with
disease severity and how this affects the systemic treatment
of patients with chronic cardiovascular system diseases and
diabetes mellitus remain open. However, it is appropriate
to express a number of important considerations on this
theme now.

ACE2 activity decreases in diabetes mellitus, due
largely to excess glycation of the enzyme molecule in the
conditions of prolonged hyperglycemia typical of diabetic
pathology, and this decrease is one of the primary causes
of the predisposition of patients with diabetes to experience
severe lung disease [63]. The decreases in ACE2 and ANG-
(1-7) activity in diabetes, these having anti-inflammatory
and antioxidant actions, weaken the protection of lung tis-
sue from viral infection, as demonstrated by the highly le-
thal avian influenza A (HSN1) [64]. There are good grounds
for the view that the treatment of diabetes mellitus with a
number of antidiabetic agents, including pioglitazone and
liraglutide, increases ACE2 expression, as has been demon-
strated in animal experiments [3, 65]. Liraglutide, an analog
of glucagon-like peptide 1, given to both healthy rats and
animals with experimental diabetes, significantly increased
ACE2 expression in the lungs and increased the level of
ANG-(1-7) circulating in the bloodstream [65]. Diabetes
mellitus is usually accompanied by dysfunctions of the car-
diovascular system, i.e., atherosclerosis and hypertension,
which require specific therapy with ACE inhibitors, AT1R
blockers, and statins. Use of these agents leads to signifi-
cant increases in ACE2 expression, and this effect is seen in
patients with cardiovascular diseases and in those without
diabetic pathology [3, 8, 57]. This has been confirmed in
animal experiments [8, 66—68]. Administration of the ACE
inhibitor lisinopril and the AT 1R antagonist losartan to nor-
motensive animals has been shown to increase ACE2 ex-
pression in the heart by factors of 4.7 and 2.8, respectively
[67]. Increases in ACE2 expression in heart muscle are also
seen on administration of these drugs to Ren-2 hypertensive
transgenic rats [68]. Treatment of both normotensive and
hypertensive rats with lisinopril and losartan also increased
ACE2 expression and activity in the kidneys, though to a
lesser extent than in the heart [68, 69]. Studies of the effects
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of different AT1R blockers in mice showed approximately
two-fold increases in the quantity of ACE2 protein in heart
muscle [70].

This creates a closed circuit. On the one hand, in the
absence of treatment, ACE2 is generally decreased, which
is accompanied by life-threatening functional disorders
and reduced immunity, which is critical in conditions of
COVID-19. On the other hand, treatment with certain an-
tidiabetic and antihypertensive drugs leads to increases
in ACE2 expression, which promotes the penetration of
SARS-CoV-2 into cells. It is important to note that cells
infected with SARS-CoV-2 by virus-induced endocytosis
of enzyme ACE2 and its subsequent intracellular degrada-
tion have decreases in the quantity of functionally active
ACE2 on target cell surfaces. This produces an even greater
degradation of functional status in the lungs, cardiovascu-
lar system, and kidneys, and promotes the development of
acute respiratory distress syndrome and acute heart failure
in COVID-19 [8, 71]. In this regard, a number of investi-
gators have suggested that during COVID-19 illness, pa-
tients taking systemic ACE inhibitors, AT1R blockers, and
statins should discontinue these drugs and replace them
with, for example, calcium channel blockers, or should use
combined therapy [3, 57]. Despite the fact that the avail-
able literature lacks data on the effects of calcium channel
blockers on ACE2 expression and activity, the possibility
that decreases in the intracellular calcium ion concentration
induced by these drugs leads to increased ACE2 expression
cannot be excluded. This is because blockade of calcium
signaling leads to inhibition of the same AT1R-dependent
signal cascade which is suppressed by inhibition of AT1R
or decreases in ANG-II production.

Significant levels of ACE2 expression have been
demonstrated in several parts of the brain. On the one hand,
this is yet another way of propagating SARS-CoV-2 infec-
tion and, on the other, it is the cause of a sharp reduction in
the ACE2 level in the CNS due to its simultaneous internal-
ization with virus particles into neurons [3]. High contents
of virus particles and the associated transfer of degraded
forms of ACE2 were found in the brainstem and the cranial
nerves running from it [72, 73]. This resulted in activation
of apoptotic processes in these cells and their death, which
led to impairments to the functioning of brain centers re-
sponsible for regulating arterial pressure and respiration. It
should be noted that decreased ACE2 levels in the brain-
stem can also induce impairments to the tone of the sympa-
thetic nervous system and exacerbate arterial hypertension
[74-76] which, according to existing data, is typical of
COVID-19.

Conclusions. Identification of the key roles of the re-
nin-angiotensin system and ACE2 in host cells infected with
SARS-CoV, the pathogen of atypical pneumonia, as well as
SARS-CoV-2, the cause of the new COVID-19 pandemic,
not only allows risk groups most susceptible to these dis-
eases to be identified, but also provides a pathway to the de-
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velopment of novel approaches to creating antiviral drugs
preventing coronavirus infection. Results from clinical ob-
servations of patients with COVID-19 show that the balance
of the vasoconstrictor and vasodilator influences of peptides
of the angiotensin family via different types of angiotensin
receptors, the ratio of the activities of ACE and its functional
antagonist ACE2, the pattern of membrane-bound proteases
(TMPRSS2, ADAM17), which determine the fate of ACE2
and the ability of the virus to internalize into cells, not only
influence the process of human infection with SARS-CoV-2
virus, but also largely determine the pathogenesis and out-
come of COVID-19. Several approaches have now been
proposed for creating drugs based on impairing the ability
of the virus to enter cells — in particular, these are inhibitors
of TMPRSS2 protease, and also compounds able to prevent
the effective interaction of ACE2 with viral S protein. These
hopes are linked with generating soluble forms of ACE2,
able to neutralize virus particles. However, this raises the
risk of overproduction of ANG-(1-7), with patients devel-
oping hypotension. Measures directed to normalizing the re-
nin-angiotensin system and optimizing the strategy of using
drugs targeting ACE and AT1R are of no less interest, as im-
balance in the ACE-ANG-II/ACE2-ANG-(1-7) system can
have extremely pernicious consequences for patients with
SARS-CoV-2 infection. All these approaches are in demand,
and in combination with anti-SARS-CoV-2 vaccine devel-
opment, which is also at its initial stages [77-79], may ter-
minate the COVID-19 pandemic, which according to April
2020 data has already taken more than 180,000 human lives.
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