
ISSN 1990-7478, Biochemistry (Moscow), Supplement Series A: Membrane and Cell Biology, 2021, Vol. 15, No. 1, pp. 36–51. © Pleiades Publishing, Ltd., 2021.
Russian Text © The Author(s), 2021, published in Biologicheskie Membrany, 2021, Vol. 38, No. 1, pp. 3–19.

REVIEWS
The Balance between Two Branches of RAS Can Protect 
from Severe COVID-19 Course

N. V. Bobkova*
Institute of Cell Biophysics, Federal Research Center “Pushchino Scientific Center for Biological Research

of the Russian Academy of Sciences”, Pushchino, Moscow oblast, 142290 Russia
*e-mail: nbobkova@mail.ru

Received August 13, 2020; revised September 9, 2020; accepted September 22, 2020

Abstract—The COVID-19 pandemic has swept the world and required the mobilization of scientists and cli-
nicians around the world to combat this serious disease. Along with SARS-CoV-2 virology research, under-
standing of the fundamental physiological processes, molecular and cellular mechanisms and intracellular
signaling pathways underlying the clinical manifestations of COVID-19 is important for effective therapy of
this disease. The review describes in detail the interaction of the components of the renin-angiotensin system
(RAS) and receptors of end-glycosylated products (RAGE), which plays a special role in normal lung physi-
ology and in pathological conditions in COVID-19, including the development of acute respiratory distress
syndrome and “cytokine storm”. A separate section is devoted to the latest developments aimed at correcting
the dysfunction of the RAS caused by the binding of the virus to angiotensin converting enzyme 2 (ACE2)–
the central element of this system. Analysis of published theoretical, clinical, and experimental data indicates
the need for a complex treatment to prevent a severe course of COVID-19 using MasR agonists, blockers of
the AT1R and NF-κB signaling pathway, as well as compounds with neuroprotective and neuroregenerative
effects.
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INTRODUCTION

The pandemic caused by a new strain of coronavi-
rus, to which the International Committee on Virus
Taxonomy gave an official name SARS-COV-2 on
February 11, 2020, has spread throughout the world
due to the lack of effective methods of prevention,
alleviating the course of the disease and reducing mor-
tality [1, 2]. According to the records, at the beginning
of October 2020, over 1.2 million people died in the
world, and more than 35.2 million officially fell ill.
The mortality rate in the USA was about 2.81% and in
Russia, 1.43%. In the European countries hardest hit
by the pandemic, more than 10% of patients with
COVID-19 have died. The head of the World Health
Organization, Tedros Adanom Ghebreyesus, believes
that the spread of the pandemic in the world is accel-
erating globally [3, 4]. At present, a “second wave” of
infection is expected and new varieties of this virus
with increased virulence have appeared. Therefore,
the development of vaccines and new effective phar-
macological drugs for the treatment of this disease is
an urgent problem.

Main symptoms of COVID-19
Previously, similar infectious diseases, called

Severe Acute Respiratory Syndrome (SARS) and
Middle East Respiratory Syndrome (MERS),
occurred in 2002–2003 and in 2011. These diseases
were caused by other strains of coronaviruses – SARS-
CoV and MERS-CoV, respectively. SARS-CoV-2 has
a high similarity (79%) to the SARS pathogen. The
most common clinical manifestation of a new variant
of coronavirus infection is bilateral pneumonia; in 3–
4% of patients an acute respiratory distress syndrome
develops, which in 75% of these patients is accompa-
nied by thrombotic coagulopathy. In the terminal
stages, thrombosis and “cytokine storm” are developing,
characterized by systemic release of pro-inflammatory
cytokines: interleukins IL-2, IL-6, IL-7, granulocyte
colony-stimulating factor, chemokine 10 (CXCL10),
chemokine ligand 2 (CCL2), tumor necrosis factor-α
(TNF-α); and leukopenia, indicating reduced cellular
immunity [5, 6]. Changes in smell (hyposmia) or dete-
rioration in taste are observed in 15–30% of patients at
an early stage of the disease and can be one of the diag-
nostic signs of COVID-19 [7, 8].
36
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Brief characteristics of SARS-CoV-2

Novel coronavirus SARS-CoV-2 is a single-
stranded RNA virus that belongs to the Coronaviridae
family, line Beta-CoV B. It is highly contagious and is
mainly spread by people with asymptomatic course,
accounting for more than 30% among those with a
positive test for the presence of a virus in the body [9].

The main initial target of the virus is angiotensin-
converting enzyme 2 (ACE2), localized on the outer
membrane of cells in many organs and tissues [10–12],
although the possibility of its interaction with other
receptors, such as CD147, CD26, DPP4, and
TMPRSS2, cannot be completely ruled out [13–15].

To enter into the cell, SARS-CoV-2, like the
SARS-CoV, uses the spike (S) protein, consisting of
two subunits [16]. Unit S1 binds to the N-terminus of
the extracellular domain of the ACE2 receptor. Unit
S2 is required for the activation of endocytosis and the
virus entry into the host cell. In lungs, SARS-CoV-2
preferentially interacts with type II pneumocytes,
constituting less than 10% of alveolar cells. Type II
pneumocytes coexpress, along with ACE2, the serine
protease TMPRSS2, which binds with S1/S2 cleavage
site of the S protein, priming the second furin-like
cleavage site S2′ located on the S2 subunit and directly
requiring a host furin protease, highly expressed in
lungs. Thus, the S protein must be cleaved at both
S1/S2 and S2′ cleavage sites for virus entry into the
cell. It should be noted that the activation of S2′ site is
a distinctive feature of SARS-CoV-2 [17, 18]. Cur-
rently, the crystal structure of the ACE2 molecule and
the binding site with SARS-CoV-2 has been deter-
mined [12]. In most cases, ACE2 exists as a heterodi-
mer complex with the intracellular membrane amino
acid transporter BAT1. Two such complexes, in turn,
form a homodimer due to interactions of the similar
regions of two ACE2 molecules. The S1 unit of spike
protein of SARS-CoV-2 recognises and attaches to
this homodimer on the cell surface due to polar inter-
actions. It is important to note that this region is not
associated with protease activity (protease domain) of
ACE2, which is responsible for the removal of one
amino acid residue from angiotensin II (ANGII,
ANG1-8), the peptide regulator, in the renin-angio-
tensin system (RAS). A trimer of viral proteins can be
bound to one ACE2, and two trimers, to the dimer of
ACE2, respectively [12]. Initially, the virus infects the
superficial goblet cells in the mucosa of the nasal cav-
ity, tongue, larynx, and lungs, where it specifically
infects type II pneumocytes–the cells secreting sur-
factant, which prevents adhesion of alveoli and exerts
a significant antimicrobial effect [19, 20]. It is note-
worthy that the activity of proteases promoting the
virus penetration into the host cell decreases with an
increase of pH in the extracellular and intracellular
environment. This, for example, is achieved by treat-
ment with hydroxychloroquine or chloroquine [21].
Therefore, during the COVID-19 pandemic, in the
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absence of effective antiviral drugs and vaccines, inha-
lation of a 1% sodium bicarbonate is advisable as a
preventive tool. This method, without thinking about
the mechanisms of its action, has long been used for
various respiratory and pulmonary infections and
influenza, empirically proving its effectiveness [22].
Numerous ACE2 receptors are also present on vascu-
lar endothelial cells of the heart and kidneys, on neu-
rons and glia, as well as on enterocytes lining the small
intestine and involved in the process of nutrient
absorption. The increase in the permeability of the
intestinal wall as a result of inflammation caused by
the virus is accompanied by changes in the microbiota
and the entry of viral particles and toxins into the
bloodstream [23].

Currently, direct evidence of the presence of
SARS-CoV-2 in the human brain has already been
obtained [20]. Dissemination of the virus into the
brain can occur both from the systemic circulation as
a result of a violation of the blood–brain barrier, and
directly from the nasal and oral cavity along the olfac-
tory and glossopharyngeal nerves, as well as along the
branches of the facial and vagus nerves. The penetra-
tion of the virus into the brain, rich in ACE2 receptors
located on the membranes of neurons and glia, can
lead to impaired brain function [20, 24, 25]. Earlier, in
experiments on transgenic mice carrying the human
ACE2 gene, it was established that the SARS-CoV
virus can penetrate the brain, damage neurons in
many brain areas, including the respiratory center
located in the medulla oblongata. The cause of death
of these animals was pathology, similar to acute respi-
ratory distress syndrome, which develops in severe
COVID-19 in humans [26]. In this regard, it is
important to note that impaired respiratory function
in COVID-19 can be both a consequence of a local
disturbance of gas exchange in the alveoli of the lungs,
and a disruption of the respiratory center in the brain
at the later stages of infection [27–29]. The regulation
of the activity of inspiratory neurons in the respiratory
center is mainly carried out by chemoreceptors, which
are very sensitive to an increase in the blood level of
CO2 and H+ and, to a much lesser extent, to the O2
level. These factors enhance the activity of the respira-
tory center, affecting the central and peripheral che-
moreceptors. This circumstance must be taken into
account both when applying artificial lung ventilation
(ALV) and on weaning from ALV of the COVID-19
patients. Observations of patients with COVID-19
indicate the development of neurological and psychi-
atric disturbances in the form of strokes, polyneurop-
athies, depression, and the consequences of post-trau-
matic stress. It has been suggested that neurodegener-
ative diseases, including Parkinson’s disease and
Alzheimer’s disease may develop in patients with
COVID-19 [30–32]. It has now been established that
the penetration of the virus into the cell causes an
increase in the expression of genes responsible for the
synthesis of proteins associated with apoptosis [33],
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which leads to the death of the infected cell. Previ-
ously, we found that damage of the olfactory bulb, the
first brain structure associated with the olfactory
nerve, can actually induce the Alzheimer’s type neu-
rodegeneration in animals, and intranasal administra-
tion of neuroprotective agents, such as heat shock pro-
tein or YB-1, can prevent neuronal death and protect the
brain from the development of degeneration [34–36].

It is known that the biology of the virus is largely
dependent on the host organism. As mentioned above,
for penetration into the cell and replication, SARS-
CoV-2 uses a number of host proteases, including
cathepsin L, cathepsin B, trypsin, factor X, elastase,
furin, and TMPRSS2 (transmembrane serine protease
2); at the same time, it was found that the binding of
the virus to ACE2 activates the expression of this
enzyme, which plays an essential role in protecting
lung tissue from damage [37–39]. Therefore, inhibi-
tion of the synthesis of viral proteins or impacts on the
mechanisms of viral replication through the blockade
of endogenous proteases can harm the host organism
by severe side reactions, which are produced by a
number of pharmacological agents [40–49]. Cur-
rently, the most effective drug for the treatment of
COVID-19, according to WHO, is Remdesivir, cre-
ated in the United States, which blocks viral RNA syn-
thesis by inhibiting viral RNA polymerase, competing
for inclusion in its molecule with endogenous ATP
[50, 51]. Currently, the main focus is on the develop-
ment of vaccines, but one should keep in mind that the
vaccine, being specific for this virus, may not be effec-
tive in preventing infection with other viral infections,
even related to SARS-CoV-19. Good results are
obtained by the method used in the last century–
injection of blood serum from people who have had an
infection [52]. Unfortunately, only 30% of such serum
has a sufficient titer of antiviral antibodies (IgG)
required for a therapeutic effect. In a significant part
of carriers of a viral infection, the disease is asymp-
tomatic, which indicates the presence of protective
mechanisms in the host’s organism, the activation of
which is capable of leveling the manifestations of the
disease, but not getting rid of the virus. Although it is
assumed that such a protective function is primarily
performed by nonspecific innate immunity [53], nev-
ertheless, the data suggesting an important role of the
RAS state have been obtained recently [23, 38, 39, 54].
However, there are practically no drugs that affect
ACE2–the central receptor for the binding of the virus
and the main regulator of the RAS. Even the possibil-
ity of using angiotensin receptor 1 (AT1R) blockers in
patients with COVID-19 with hypertension has caused
heated discussions among physicians [55–57].

We tried to fill in the missing information with new
data on the inclusion of RAS in the pathogenesis of
COVID-19 and possible targets of therapeutic action.
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Physiology of RAS

It has now been established that the risk of a severe
course of COVID-19 is not so much the patient’s age
itself as the so-called age-related diseases, such as
hypertension, diabetes, cardiovascular pathologies, in
the development of which the RAS and the ACE2
receptor are directly or indirectly involved [23]. It has
been known for over 20 years that ACE2 is one of the
most important elements of the RAS, which maintains
homeostasis by regulating the interaction of the car-
diovascular and respiratory systems, electrolyte bal-
ance, carbohydrate metabolism, and blood pressure
regulation [23]. Figure 1 shows the main elements of
the RAS and their regulators in a healthy and SARS-
CoV-19-infected organism.

Classical RAS has two branches, one of which
includes angiotensinogen/renin/ANGI (ANG1-10)/
angiotensin converting enzyme (ACE)/angiotensin II
(ANGII, ANG1-8)/angiotensin receptor type I
(AT1R). Normally, this branch activates the central
and peripheral mechanisms responsible for the regula-
tion of blood pressure. However, it is precisely its
activity that is associated with the development of var-
ious pathologies, including fibrosis, inflammation,
cardiovascular pathology, metabolic syndrome, can-
cer, aging, diabetes, and hypertension [58]. It was
found that ANGII, interacting with AT1R, activates
ERK1/2 (kinases involved in the transduction of
extracellular signals) and p38 MAPK signaling path-
ways, which leads to a decrease in the expression of the
ACE2 gene [59] and an increase of the ADAM17
activity by phosphorylation of its intracellular domain
[60, 61]. The activation of ADAM17 is also associated
with the emergence of a circulating form of TNF-α
followed by the induction of inflammation [23, 62].
While the first branch of the RAS has been known for
more than 100 years, the second branch, including
ACE2/ANG1-7/MasR, was discovered quite recently,
and some aspects of its functioning are still not fully
investigated [63].

Activation of the other branch of the RAS has an
effect opposite to the first branch of the RAS and is
accompanied by a decrease in blood pressure, anti-
inflammatory reactions, activation of innate immu-
nity, and stimulation of cell differentiation. ACE2 is a
key enzyme that converts ANGII (ANG1-8)–the
ligand of AT1R, into ANG1-7 with subsequent activa-
tion of MasR [64]. It should be noted that there is also
a minor shunting pathway that reduces hyperactiva-
tion of the first branch of the RAS, through the bind-
ing of ANGII to the second type angiotensin receptor
(AT2R), which mediates a decrease in blood pressure
and vascular dilation. However, the density of this
receptor is significantly lower than that of AT1R and
sharply decreases with age. Considering all of the
above, special care should be taken in the development
of drugs against SARS-CoV-2, blocking the protease
domain of ACE2, which can significantly reduce the
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 1  2021
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Fig. 1. The main components of the RAS. Left, the first branch of the RAS; right, the second compensatory branch of the RAS.
Rectangles are biologically active angiotensins and their receptors; ovals are enzymes that convert them. AGT, angiotensinogen,
serum globulin, a precursor of ANG I. ACE2, angiotensin-converting enzyme 2, the central regulator of the balance of the activity
of the branches of the RAS, interacting with SARS-CoV-2 in COVID-19. 
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effectiveness of the “protective” role of the second
branch of the RAS (ACE2/ANG1-7/MasR) and dra-
matically increase binding of ANGII to AT1R, caus-
ing an exacerbation of the course of all comorbidities.
On the other hand, blocking the ACE2 binding site on
the spike protein of the virus itself can provoke
allosteric modifications, which provide a new possi-
bility for the binding of the viral S protein to ACE2.
Some authors foresee the possibility of a single muta-
tion in the S protein at position 501, which will lead to
an increase in the ability of the virus to bind to human
ACE2 with poorly predictable consequences [16].

As mentioned above, ACE2 is widely distributed in
the body and can exist in two forms–predominantly
membrane-bound monocarboxypeptidase (120 kDa)
and as a circulating free form consisting of one extra-
cellular domain bearing a binding site for ANGII and
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
an interaction site with the viral S protein. Protease
ADAM17 is involved in the formation of the free form.
It is important to note that knockout mice ACE2–/–

exhibited a number of features characteristic of
COVID-19: oxidative stress, neutrophilic infiltration,
release of proinflammatory cytokines, activation of
mitogen activated protein kinase (MAPK) [65].
Apparently, not the virus itself but virus-induced
imbalance in the activity of the two branches of the
RAS may be one of the basic mechanisms of the dis-
ease progression. Currently, there is a fierce debate
about what really happens with the ACE2 receptor in
patients with COVID-19. In experiments on animals
infected with the virus, a decrease in the activity of this
receptor was revealed mainly in the lungs, but not in
the surrounding tissues, which was also accompanied
by a decrease in the content of ANG1–7 and an
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 1  2021
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increase in the activity of ANGII with all the negative
consequences of its activation [23]. A moderate
decrease in the expression of the ACE2 gene is also
observed in human lung cells infected with the virus
[66]. One of the factors of greater susceptibility to
infection and a more severe course of the disease in
elderly people with concomitant pathologies may be a
reduced level of this receptor in various organs and tis-
sues [67, 68]. However, in patients who underwent
COVID-19, there was no drop in the level of this
receptor in the lungs, and in studies on tissues and cells
of non-human primates and human cell culture, it was
found that under the influence of viral infections, not
a decrease but, on the contrary, an increase in the
expression of the ACE2 gene occurs. The classical
scheme for the formation of the body’s response to the
introduction of the virus includes several stages. First,
viral RNA is recognized by endosomal RNA receptors
of the host, TLR3 and TLR7, as well as by the cytoso-
lic RNA sensor, RIG-I/MDA5, and the signaling cas-
cades NF-κB and IRF3 are activated with the translo-
cation of these transcription factors into the nucleus,
stimulating the expression of type 1 interferons (alpha
and gamma interferons) and their release into the
extracellular environment. Further, interferons inter-
act with membrane receptors IFNAR and as a result,
the JAK-STAT system is activated. Proteins STAT1
and STAT2, phosphorylated with the participation of
JAK1 and TYK2 kinases, form a complex with IRF9
and enter the nucleus, where they stimulate certain
genes (ISGs), while the response is under the control
of a special element ISRE located on the promoter of
these genes. It is assumed that the element sensitive to
the stimulatory effect of interferons is also located on
the promoter of the human ACE2 gene [54]. However,
it has been established that coronaviruses interfere
with the formation of the body’s defense reaction both
at the stage of interferon synthesis and at the stage of
STAT1 phosphorylation. The initially delayed stimu-
lation of ISGs is then realized in the hyperactivation of
the expression of proinflammatory cytokines [69].
Perhaps that is why the increased use of interferons in
the late phase of infection may be accompanied by
both an improvement and worsening of the disease
course [54, 70, 71]. An overload of the activated inter-
feron system can indeed lead to a “cytokine storm”
and the need for the use of immune system suppres-
sors [72], including antibodies to proinflammatory
cytokines, such as IL-6 and TNF-α or their receptors
[40]. It is noteworthy that although mouse ACE2
exhibits 84%   identity with human ACE2 and, as in
humans, is predominantly expressed in the lungs,
heart and kidneys [73], mice are not infected by
SARS-CoV-19 and activation of the ACE2 gene is not
regulated by interferons. These facts imply that the
extrapolation of data obtained on non-transgenic
mouse cell models to humans should be treated with
caution [54].
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ANG1–7 is the next component of the second
branch of RAS, which was first discovered in the rat
brain in 1983 [74], but its importance was proved only
in 1988 due to the presence of hypotensive and anti-
proliferative effects, which was opposite to the action
of ANGII [75, 76]. Basically, ANG1–7 is converted
from ANGII by ACE2, since the affinity of ACE2 for
ANGII is 400 times higher than for other angiotensins
[77]. However, at least two more minor pathways of
ANG1–7 formation have been discovered, including
ANG1/ANG2/ANG1–9 /ACE /neprilisin/ANG1–7
and ANGI/neprilisin/ANG1–7 [78]. In 2000, the
effect of ANG1–7 on Na+,K+-ATPase activity was
discovered, which at high concentrations of ANG1–7
is similar to the action of ANGII and, apparently, is
mediated through the A779-sensitive receptor but not
through MasR [79, 80]. Changes in the level of circu-
lating ANG1–7 are associated with chronic severe dis-
eases such as hypertension, preeclampsia, and myo-
cardial diseases, including myocardial infarction,
renal disease, and liver cirrhosis [77]. It was also found
that ANG1–7 lowers glucose tolerance and enhances
insulin sensitivity, and MasR receptor is considered as
a component of the insulin receptor signaling pathway
[81]. In experiments on mice with cerebral ischemia,
ANG1–7 suppressed the inflammatory response
through inhibition of the NF-κB pathway [82]. The
effects of ANG1–7 include inhibition of noradrenergic
neurotransmission, inhibition of apoptosis, enhance-
ment of cell differentiation, and antioxidant action.
Activation of the ANG1–7/MasR system is recom-
mended for stroke treatment [83]. It is interesting to
note that an increase in the ratio of ACE/ACE2 levels
was accompanied by acute respiratory distress syn-
drome, which could be prevented with the use of
ANG1–7 or AT1R blockers [84]. The ability of this
peptide to inhibit apoptosis of alveolar epithelial cells
is also important for the treatment of COVID-19 [85].
In the brain, ANG1–7 has a neuroprotective effect
and stimulates synaptogenesis [86]. The restoration of
smell in people who have recovered from COVID-19
may be due to the activation of neurogenesis and dif-
ferentiation of neuronal progenitors migrating from
the subventricular zone to the olfactory bulb [87].
However, the wide use of ANG1–7 in the clinical
practice is limited by its rapid destruction in the body
and, possibly, by the complexity of its delivery into the
lung and brain tissue after its intravenous administra-
tion.

The action of ANG1–7 is mediated through inter-
action with MasR, which was first described in 2003
[63]. After binding to the ligand, MasR is internalized
into early endosomes through a clathrin-mediated
mechanism, and then re-incorporated into the cell
membrane. MasR is a classic heptaspiral receptor cou-
pled to a heterotrimeric Gαq/11 protein. Its interaction
with the ligand leads to the activation of phospholi-
pase C. It was found that activation of MasR has oppo-
site effects with AT1R, with which MasR forms a het-
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 1  2021
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erodimer and, thus, blocks its activity [88]. MasR acti-
vation reduces the expression of inflammatory genes
and has a protective effect on endothelial cells, neu-
rons, and the blood–brain barrier. Binding of ANG1–
7 to MasR stimulates the formation of nitric oxide
(NO), synthesis of arachidonic acid, Akt, and phos-
phorylated ERK1/2. Recently, evidence has emerged
that MasR can be activated not only by ANG1–7, but
also by other compounds, such as neuropeptide FF,
alamandin, angiotensin III, angiotensin IV, and angi-
oprotectin. MasR agonists have a positive effect in the
treatment of chronic renal failure by arresting the
development of fibrosis and inflammation in the kid-
neys [89]. It is of note that all RAS receptors, includ-
ing ACE2, are located not only on the outer mem-
brane of cells, but also have mitochondrial and nuclear
localization [90]. It remains unclear, whether the virus
interacts with intracellular ACE2.

From the presented data it follows that MasR ago-
nists can neutralize the disorders in RAS caused by a
decrease in the level of the ACE2 receptor in COVID-19,
restore the balance in the activity of the two branches
of the RAS, and therefore represent promising com-
pounds for the development of treatments for this
disease.

Promising Developments of MasR ligands
Currently, along with ANG1–7, other peptide and

inorganic ligands of MasR are known. Thus, [Ala1]-
ANG1–7 is recognized by MasR and causes vasodila-
tion of blood vessels, [Pro1, Glu2]-ANGII is present in
human blood plasma and is characterized by high
affinity for MasR [63, 90]. D-Ala7 ANG1–7 and
D-Pro7 ANG1–7 are MasR antagonists and completely
block the activity of ANG1–7 [63, 91]. At the disposal of
researchers there are also non-peptide agonists of this
receptor, such as AVE 0991 and AR234960, which have
anti-inflammatory and anti-apoptotic effects and also
reduce oxidative stress through activation of the
MasR/PKA/CREB/UCP-2 signaling pathway [92]. A
disadvantage of such agonists as AR234960 and NPFF
neuropeptide is a rapid desensitization of MasR and
the accumulation of intracellular calcium [93]. For the
treatment of cognitive impairment and memory loss
associated with neuroinflammation, a PNA5 agonist
has been developed, which is a glycosylated ANG1–7
with the substitution of serine in the seventh position
of the amino acid residue proline with the addition of
glucose and the formation of amides at the C-termi-
nus, which suppresses the oxidative burst in the endo-
thelial cells via activation of MasR. This compound is
characterized by improved bioavailability due to
increased permeability of the blood–brain barrier,
which is accompanied by increased expression and
activation of MasR in the brain [94]. High activation
of MasR was observed upon binding to monomers
FLGYCIYLNRKRRGDPAFKRRLRD (CGEN-856S)
and SMCHRWSRAVLFPAAHRP (CGEN-857S), in
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which the cysteine   amino acid residue is replaced by ser-
ine [95]. An increase in the MasR expression in the lungs
is caused by Liraglutide, an agonist of the glucagon-like
peptide 1 receptor [96]. Currently, NCT01597635, a
recombinant extracellular domain of human ACE2,
which stimulates the expression of MasR and simulta-
neously, through interactions with the virus, reduces
its ability to bind to the membrane ACE2 and infect
cells, is currently in the second phase of clinical trials
as a drug against COVID-19 [97].

Thus, for the treatment of COVID-19 and other
viral infections, the causative agents of which use
ACE2, for the correction of RAS disorders, preference
should be given to persistent analogs of ANG1–7,
activating MasR, or stimulation of minor pathways,
where the central agent is neprilisin (Fig. 1).

Local and systemic RAS

Although previously RAS was characterized as an
integrated endocrine system, the targets of which are
both central and peripheral receptors, now there is
convincing evidence for the presence of RAS in indi-
vidual organs and tissues, where it affects the local
activity of cells and is represented by intracellular and
extracellular components [98, 99]. In particular, in the
lung tissue a very important role belongs to the com-
ponents of the second branch of the RAS,
ACE2/ANG1–7/MasR, which have a protective
effect on the lungs against various damaging factors
[100]. Normally, these local systems function rela-
tively independently, which is indirectly evidenced by
the differences in the content of RAS components,
from femptomolar to nanomolar concentration in dif-
ferent organs and extremely low levels of ACE2 or
ANG1–7 in the blood [101, 102]. An increased sys-
temic content of free extramembrane form of ACE2 is
noted in chronic patients with deterioration of their
condition, especially in terminal conditions [99, 103].

The data indicating that when MasR, AT1R, or
AT2R agonists were injected into the renal artery, only
changes in kidney function were noted, which did not
affect cardiac activity or blood pressure, confirm the
relative independence of the functioning of local RAS
[104]. This circumstance must be taken into account
when using systemic administration of drugs designed
to affect the components of local RAS.

As already indicated, local RAS are involved in
maintaining tissue homeostasis and tissue regenera-
tion after injury. It has been shown that disorders in
the local RAS lead to such dysfunctions as atheroscle-
rosis, cardiac hypertrophy, renal fibrosis, type II dia-
betes, insulin resistance, and obesity [105]. Moreover,
the expression of the RAS components in such pathol-
ogies most often increases: the level of angiotensino-
gen, the activity of ACE, and the level of ANGII
increase [106]. Therefore, inhibitors of ACE or AT1R
have shown their effectiveness and are very widespread
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 1  2021
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Table 1. Effects of antihypertensive drugs on plasma levels
of vasoactive peptides

The arrows show the intensity and direction of changes.
Abbreviations: ACEi, ACE blocker; ACEi/NEPi, ACE and NEP
blockers; AGT-siRNA, angiotensinogen siRNA; APAi, blocker
of aminopeptidase A; C-ACEi, selective blocker of the C-domain
of ACE; NEPi, neprilizin blocker.

Class of the drugs ANGI ANGII ANG1–7

AR1B ↑ ↑↑ ↑
ACEi ↑↑ ↓ ↑↑
C-ACEi ↑↑ ↓ ↑
NEPi ↑ ↑ ↓
ACEi/NEPi ↑↑ ↓ ↑
ARNI ↑ ↑↑ =
AGT-siRNA ↓↓ ↓↓ ↓↓
APAi = = =
rhACE2 ↑ ↓↓ ↑↑↑
in the treatment of hypertension, heart hypertrophy,
myocardial infarction, chronic heart failure, diabetic
nephropathy, and pulmonary pathology. The imbal-
ance of the local RAS, expressed in an increase in the
ANGII/ANG1–7 ratio, plays a special role in the
lungs, causing acute respiratory distress syndrome
with 30% mortality. The increased local level of
ANGII in the lungs enhances the infiltration of
immune cells, which in turn increase the synthesis of
proinflammatory cytokines TNF-α, IL-1, IL-6. It is
important to note that the binding of ANGII to AT1R,
as well as the interaction of a number of proinflamma-
tory cytokines with their receptors, activates
JAK/STAT signaling pathways [107, 108].

As the disease progresses, endothelial cells of
microvessels are affected not only in the lungs, but also
in the heart, kidneys and intestines. Binding of ANGII
to AT1R leads to the activation of p38 MAPK and NF-
κB signaling pathways, along with hyperactivation of
the immune system, which causes a “cytokine storm”
[109]. Apparently, a similar development of events
beginning in the lungs occurs in patients with COVID-
19. Therefore, the development of JAK blockers
(IJAK), which simultaneously prevent the develop-
ment of the effects of activation of AT1R and a number
of pro-inflammatory cytokines, is promising.

The data on the influence of various antihyperten-
sive drugs on the content of RAS components indicate
that the most effective means of increasing ANG1–7
in blood plasma is a recombinant form of free ACE2
(Table 1) [110]. It is of note, however, that this com-
pound has not passed clinical trials, because despite
the expected biochemical changes, a decrease in blood
pressure was observed only in patients with an initially
elevated plasma ANGII content, and the effect was
achieved only at very high concentrations of ACE2 [97].

Reflecting on the biology of the SARS-CoV and
SARS-CoV-19 viruses, which are characterized by low
contagiousness relative to other viral infections, but
increased affinity for ACE2, and given a significant
number of cases with asymptomatic course of infec-
tion, it can be assumed that it is not the virus itself, but
the body’s response to its presence that determines the
nature and severity of the course of the disease. It
should be noted that the virus infects easily accessible
large glandular cells located in the respiratory tract,
with a well-developed system for the synthesis of a
variety of compounds that make up the secretion they
produce. The violation of secretion from the onset of
the disease is evidenced by the practically absence of a
runny nose and a dry cough. Subsequently, alveolar
breathing is impaired, probably owing to alveolar
adhesion agglutination caused by insufficiency of the
surfactant secreted by type II pneumocytes and
involved in gas exchange, inflammation and activation
of the bacterial f lora always present in the respiratory
tract, as well as impaired water-salt metabolism, infil-
tration of neutrophils, etc. A decrease in the number of
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ACE2 receptors as a result of internalization of their
complex with the virus would theoretically prevent
further spread of infection in the host. But when the
virus enters the cell, stimulation of the expression of
the ACE2 gene is noted with a delayed moderate acti-
vation of the synthesis of interferons – elements of
innate immunity, along with the appearance of T-lym-
phocytes and activated macrophages. Apparently, the
enhanced synthesis of ACE2 compensates for its
decline and has a less dramatic effect on the second
branch of the RAS and the level of ANG1–7. The pro-
cess can occur locally in the lung tissue and, possibly,
in the brain, limited to the olfactory bulb, which is a
powerful barrier on the way of further penetration of
viruses, microbes, and other harmful compounds into
various brain areas [88]. The preservation of mem-
brane ACE2 is also favored by the possibility of the
spread of SARS-CoV-2 by fusion of affected cells with
healthy ones and the syncytium formation, due to the
interaction of furin protease with a site on the S2 sub-
unit of the virus S protein [17]. Apparently, these
mechanisms allow the infection to proceed locally and
asymptomatically for a long time without affecting
other systems of the body, where ACE2 receptors are
found even in greater quantities compared to the lungs:
heart, blood vessels, kidneys, intestines, and brain
neurons. However, in elderly people with concurrent
diseases and with reduced content of ACE2 in the
lungs, not only relatively few type II pneumocytes (less
than 3.6%) and ciliary cells (about 8%) coexpressing
ACE2 and TMPRSS2 are affected, but also neighbor-
ing pneumocytes of types I and II carrying single
ACE2 receptors [19]. Clinical data also indicate the
formation of syncytium [14]. This unfavorable sce-
nario quickly leads to the development of acute respi-
ratory distress syndrome, characterized by severe
inflammation, oxidative stress and edema, indicating
an imbalance in f luid balance in the lungs. It is
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unlikely that the reason for such a serious complica-
tion is only a violation of the release of surfactant by
type II pneumocytes, since the virus infects, as men-
tioned above, a relatively small number of these cells,
and serious damage to the lung tissue is noted even in
persons with a relatively mild course of the disease. In
this connection, it was suggested that in COVID-19
not only the activity of the second compensatory
branch of the RAS is weakened, but as a result of the
activation of AT1R, an additional mechanism is
involved, mediated through the receptor for advanced
glycation endproducts (RAGE), which is involved in
the development of acute respiratory distress syn-
drome [111].

The Role of RAGE in the Pathogenesis of COVID-19

It is known that RAGE is a multifunctional recep-
tor with numerous ligands that have binding sites on
both the extracellular and intracellular domains [112,
113]. RAGE is involved in the pathogenesis of many
severe chronic diseases, including pulmonary pathol-
ogies associated with f luid imbalance and inflamma-
tion [114–116]. In the lungs, RAGE is localized on
numerous alveolar pneumocytes of type I (95–98% of
all alveolar cells), responsible for gas exchange
between air in the alveoli and blood in pulmonary cap-
illaries [117]; besides, RAGE also is found on the
membranes of type II pneumocytes [118]. In a young
healthy organism, the background expression of
RAGE is negligible, with the exception of lung tissue,
where this receptor is responsible for the balance of
ions in the tissue f luid and for the regulation of the
redox potential. It is known that the formation of
disulfides occurs through the oxidation of free thiols
(for example, SH groups). Thioredoxin 1 reduces the
disulfide bonds of proteins in the reaction of thiol–
disulfide exchange, while the thiol groups of thiore-
doxin are oxidized, and their reduction occurs through
a redox reaction with thioredoxin reductase. The cycle
of oxidation and subsequent reduction serves as a
molecular switch to regulate the physiological func-
tion of proteins and to maintain homeostasis, and dis-
ruption of this process leads to oxidative stress [119].
Experiments on alveolar epithelial cells showed that
binding of RAGE to ligands was accompanied by
increased protein oxidation, while siRNA-induced
RAGE knockdown led to an increase in free SH
groups and a decrease in the expression of antioxidant
enzymes, such as superoxide dismutase 1, thioredoxin,
and protein 17 containing the thioredoxin domain
[120]. Interestingly, compounds with a disulfide bond
exerted a positive effect on models of lung damage in
rodents; these compounds decreased the intensity of
oxidative stress and the severity of the inflammatory
reaction [121, 122]. Currently, inhalations with
sodium thiosulfate (Na2S2O3) have been proposed for
the treatment of affected lungs in COVID-19 [123]. In
COVID-19, even with a local lesion of the RAS in the
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lungs, an increase in the level of ANG II and activa-
tion of the AT1R receptor is observed, followed by
transactivation of the RAGE cytosolic domain and
activation of the NF-κB signaling pathway leading to
the expression of proinflammatory genes [124], AT1R
and RAGE genes.

With the progression of the inflammatory process
and destruction of the epithelial barrier in the alveoli,
increased expression of RAGE is observed in endothe-
lial cells and vascular smooth muscle cells, which is
accompanied by an increase in their permeability
[125, 126]. For numerous endothelial cells, a slightly
different mechanism of RAGE activation in the interac-
tion of ANG II with ATIR has been described, which
additionally includes the expression of the gene of one of
the main endogenous ligands of RAGE, high mobility
group box 1 (HMGB1). Being a non-histone nuclear
protein, predominantly localized in the nucleus, it can
be released into the extracellular space and interact with
RAGE, restarting the activation of the NF-κB signaling
pathway, realizing the sequential activation scheme:
ANGII/ATIR/NF-κB/HMGB1/RAGE [127]. Due to
the presence of a positive feedback between AT1R
activity, RAGE expression and its activation, further
development of the local pathological process occurs
with the transition to the systemic level and damage to
the vessels of the heart, kidneys, and intestinal tract. It
is important to note that the central role in the patho-
logical relationship between AT1R and RAGE belongs
to the NF-κB signaling pathway [128], the blockade of
the activity of elements of which is possible using
inhibitors of adapter proteins by stabilizing protein
complexes to keep them in the cytoplasm, as well as
through inhibition of the transcription factor, which in
the experiment has a pronounced therapeutic effect
[129]. Figure 2 shows the ways of possible interaction
of RAS and RAGE, which should be taken into
account when developing approaches to treatment of
COVID-19.

Currently, there is no explanation yet why children
rarely get sick with COVID-19, but if the disease still
develops (it has received a special name Pediatric
Multisystem Inflammatory Syndrome (PMIS),
potentially associated with COVID-19), then it has
symptoms similar to Kawasaki disease, in which endo-
thelial cells of the vessels of the heart and intestinal
tract die. In a rodent model of this disease, it was
revealed that apoptosis and necrosis of these cells is
caused by activation of the HMGB1/RAGE/cathep-
sin B signaling pathway [130].

In conclusion, the progression of COVID-19 is due
to the transition from a local disorder of the RAS in
the lungs to its systemic imbalance with hyperactiva-
tion of the first branch and the formation of ANGII,
AT1R, and RAGE. Many authors indicate that activa-
tion of ACE2 synthesis can, on the one hand, cause
activation of ANG1-7/MasR, but on the other hand,
simultaneously increase the ability of the virus to enter
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 1  2021
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Fig. 2. Scheme of the possible interaction of the RAS and RAGE signaling pathways. Binding of the virus to ACE2 leads to an
increase in the level of ANGII, its interaction with AT1R, followed by transactivation of the RAGE cytosolic domain and activa-
tion of the NF-κB signaling pathway, which stimulates the expression of pro-inflammatory genes, including RAGE and one of
the central RAGE ligands, HMGB1; after exiting the cell HMGB1 interacts with the RAGE extracellular domain and restarts the
process mediated by NF-κB activation.
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cells. It seems that only the activation of the local
ANG1–7/MasR system, along with the blockade of
AT1R and NF-κB signaling pathways, will restore the
balance of the RAS and prevent the negative scenario
of COVID-19.

CONCLUSIONS

The review presents various mechanisms of SARS-
CoV-2 infection with an emphasis on the effect of the
virus on the functioning of the renin-angiotensin sys-
tem (RAS), the most important system in the body
involved in the regulation of the activity of the heart,
blood vessels, brain, kidneys, intestines, and especially
of the lungs. An imbalance in the RAS causes acute
respiratory distress syndrome and cytokine storms,
which are hallmarks of severe course of COVID-19.
The use of pharmacological substances that repair the
RAS is as promising as targeting at virus itself. How-
ever, to normalize the RAS, a more complex effect is
required, including the activation of MasR along with
the blockade of the AT1R and NF-κB signaling path-
way. It is important to note that such a treatment,
based on the knowledge of the molecular and cellular
mechanisms of the disease, is applicable to any other
viruses that use the ACE2 receptor for their entry into
the cell. The review deliberately did not cover the issue
of the role of the immune system in the pathogenesis
of this viral infection, although there are a number of
excellent reviews devoted to this issue [131, 132]. The
therapeutic effect on a viral infection can have an
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unpredictable impact on the response of the patient’s
impaired immune system, which determines the
severity of COVID-19, which is important to consider
when developing vaccines and conducting immuno-
therapy. Obviously, the discovery of the mechanisms
of asymptomatic carriage of the virus and the correc-
tion of the body’s response to the virus will not only
help to cope with this pandemic, but will also be effec-
tive in other infectious diseases.
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