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Abstract The global pandemic of coronavirus disease 2019 (COVID-19) has spread across
the borders, gaining attention from both health care professional and research-
ers to understand the mode of entry and actions induced by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), its causative agent in the human body.
The role of angiotensin-converting enzyme-2 (ACE2) in facilitating the entry of the
virus in the host cell by binding to it is similar to SARS-CoV-1, the causative agent
for severe acute respiratory syndrome (SARS) which emerged in 2003. Besides the
role of ACE2 as a molecular target for the virus, the review displays the potential
benefits of ACE2 enzyme and various agents that modify its activity in curbing the
effects of the deadly virus, thus unfolding a dual character of ACE2 in the current
pandemic. As evident by the differences in the susceptibility toward viral infection
in children and geriatric population, it must be noted that the older population has
limited ACE2 levels and greater infection risk, whereas the situation is reversed in the
case of the pediatric population, demonstrating the defensive character of ACE2 in
the latter, despite acting as receptor target for SARS-CoV-2. Also, the upregulation of
ACE2 levels by estrogen has indicated greater resistance to infection in females than in
the male human population. ACE2 is a carboxypeptidase, which degrades angiotensin
Il and counteracts its actions to protect against cardiovascular risks associated with
the virus. Another contribution of this enzyme is supported by the role of circulat-
ing soluble ACE2, which acts as a receptor to bind the virus but does not mediate its
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ACE2 levels; yet, adequate evidence regarding their role is quite inconsistent in human studies.
Furthermore, the role of vitamin D has been highlighted in regulating the immune system of
the body through renin-angiotensin-aldosterone system (RAAS) inhibition, by downregulating
host cell receptor expression to prevent virus attachment. Besides, vitamin D also acts through
several other mechanisms like upregulating antimicrobial peptides, fighting against the proin-
flammatory milieu created by the invading virus, and interfering with the viral replication cycle
as well as calcitriol-mediated blockage of CREB protein. Hypovitaminosis D is attributed to
elevated risks of acute respiratory distress syndrome (ARDS), lung damage, and cardiovascular
disorders, further increasing the severity of COVID-19 infection.

Introduction

The novel coronavirus (nCoV) named severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and the infectious
coronavirus disease 2019 (COVID-19), caused by it, has cre-
ated a global health care emergency on account of its rapid
transmission worldwide. The COVID-19 infection began from
Wuhan, the capital city of Hubei province in China, rapidly
spreading to other parts of the world.! Recent updates of the
COVID-19 pandemic indicate the total number of infected
individuals to be 159,614,066 with 3,318,013 deaths all over
the world [https://www.worldometers.info/coronavirus/]
and this number is increasing day by day. Countries like the
United States, Brazil, Russia, Spain, United Kingdom, Italy,
France, Germany, India, and so forth, are currently the most
affected nations worldwide [https://[www.worldometers.
info/coronavirus/]. The researchers all over the world have
been investigating to develop appropriate treatment for the
pandemic to contain the mortality rate and damage caused
by the COVID-19 outbreak. Till now, no effective clinical
therapy has been established for the treatment.? However,
certain therapies to mitigate the extent and progression of
the virus have been tried; these include hydroxychloroquine
and chloroquine (antimalarials), remdesivir (antivirals),
and mRNA-1273 (vaccines), which have been developed
after accommodating detailed knowledge about the life
cycle, genetic sequence, mode of action, and transmission
dynamics.? However, such information also indicates knowl-
edge about which patients are most susceptible to the
infections mediated by SARS-CoV-2. It has been suggested
that patients on angiotensin receptors blockers (ARBs), or
angiotensin-converting enzyme (ACE) inhibitors (ACE-Is)
carry greater risks to develop COVID-19 infection, based
on the knowledge that SARS-CoV-2 uses highly prevalent
ACE2 transmembrane enzyme in the respiratory tract and
alveolar epithelium for entry into the nasobronchial and pul-
monary cells to cause the diseases and this protein is upregu-
lated by the ARBs and ACE-Is. Renin-angiotensin-aldosterone
system (RAAS) is an important peptide peptidase-operated
coalition that subserves a critical role in various physiolog-
ical and pathological processes in multiple organs involved
in cardiovascular, mitotic, and immune functions. Besides
several proteases/peptidases in the human body, two pepti-
dase-Ang converting enzymes—ACE (in the present context
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can be called ACE1) and ACE2—are important proteases that
form angiotensin II (Ang-1I) and angiotensin (1-7) (Ang 1-7),
which by acting through their receptors—AT1/ AT2 and Mas
receptor, respectively—produce their effects. Therefore, the
therapeutic approaches which counteract the mechanistic
interaction of SARS-CoV-2 and ACE2, an important player of
RAAS, are capable of inducing a protective response in the
COVID-19 infection.> Recently approved in Europe and the
United States, angiotensin II (Ang-II) is a renal function and
blood pressure (BP)-regulating hormone, which functions as
a vasopressor agent in patients with or without shock.* In the
current scenario of COVID-19, the role of Ang-II must be sig-
nificantly explored to facilitate the development of an effec-
tive treatment paradigm.

Some Controversies which Need to Be Reconciled

Patients with comorbidities are found to be more susceptible
to critical COVID-19 infectious stages. However, healthy and
young patients have also been affected by COVID-19 disease,
posing a significant challenge for health care scientists and
researchers.” Within 10 days of the infection, the patients
who are more likely to undergo acute respiratory distress
syndrome (ARDS) and respiratory failure and are admitted
to the ICU.5 Besides respiratory failure, septic shock might
occur in certain patients, resulting in increased mortality
rate.” Areport based on Chinese study in a cohort of hospital-
ized patients established 1.1% incidence of shock in infected
patients, which rose to 6.4% in patients with severe comor-
bidities. On the other hand, talking about the geriatric popu-
lation, the population of ACE2 receptors goes down in tissues
of such people, but ironically substantial evidence is showing
them to be highly vulnerable to severity of disease progres-
sion and subsequent mortality as compared with the other
age groups.® Also, resistance to COVID-19 spread and better
tolerance is also observed in females, because 17B-estradiol
(E2) increases the synthesis and availability and activ-
ity of ACE2 via agonistic action on the estrogen receptor o
(ERa), as well as in children, due to high baseline levels of
ACE2.? Therefore, this review aims to highlight the possible
relationship of ACE2 with COVID-19 disease along with spe-
cial focus on the role of vitamin D in mitigating the effects
of coronavirus. This immunomodulator possesses significant
antiviral properties against several viral infections like influ-
enza virus and coronaviruses. This hypothesis is based upon
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numerous studies depicting the relationship between vita-
min D deficiency and severity of COVID-19 infection.'’ The
anti-inflammatory actions of vitamin D exert a protective
influence against the cytokine storm, which contributes to
the severity of the infection.'® Furthermore, besides the con-
tribution of vitamin D in the regulation of adaptive and innate
immune system, it also inhibits the renin-angiotensin system
(RAS) and boosts the immune system of the patient, strength-
ening the defense system against COVID-19 infection."! This
review also provides a detailed cascade of the role of vitamin
D as a therapeutic approach in the current pandemic, follow-
ing an economically favorable profile as well as an accessible
strategy to retard the progression and extent of infection of
COVID-19.

Role of ACE2 in Basic Physiology and Defense against
CoVID-19
ACE2 was first discovered 20 years ago in 2000 and is homol-
ogous to ACE.">* ACE2 is a 17-amino acid, C-terminal mem-
brane anchor, and N-terminal signal-cleaving peptide enzyme
which has 42% amino acid identity with ACE and has evolved
through gene duplication. Angiotensin II (Ang II) is an active
peptide that is responsible for vasoconstriction, aldosterone
secretion, and profibrosis and proinflammatory actions in
the body (=Figs. 1, 2).'*'* Effects of this peptide are coun-
teracted by angiotensin-(1-7), a peptide cleaved by ACE2,
which exhibits opposite properties to that of Ang II,'> like
vasodilatory, anti-inflammatory, and antifibrosis actions
by binding to a G-protein-coupled receptor (GPCR), called
Mas receptor (=Fig. 1)."® Besides ACE2, aminopeptidases
also deactivate angiotensin Il by converting it to angiotensin
III, which is capable of increasing natriuresis and vasodila-
tion via interaction with AT2 receptors with 30 times more
affinity than AT1 receptors.!”'® Angiotensin I is converted to
angiotensin-(1-9) under the influence of ACE2. The actions
of angiotensin-(1-9) are not quite known and it is further
transformed into angiotensin-(1-7) under the influence of
ACE.™ The RAAS system comprises dual function pathways,
one acts as an “activator” and another as “inhibitor,” where
the former comprises of Ang II/ACE/AT1 receptor/aldoste-
rone pathway, and the latter comprises Ang (1-7)/ACE2/Mas
receptor pathway. The inhibitor pathway exerts opposite
actions, counteracting the effects of Ang II through its vaso-
dilator with anti-inflammatory and antioxidant properties.'?
The extracellular region of the cell constitutes a catalytic
domain of ACE2, which can be cleaved and released into the
blood by a disintegrin and metalloproteinase domain 17
(ADAM17)." The actions of the inhibitor system of RAAS have
been explored to little extent as compared with the activator
system; however, certain in vitro studies demonstrated a pos-
itive impact on the cardiovascular system, when activated,
and possibly involving elevation of cGMP levels.!*** Moreover,
ACE2 can heteroligomerize with the AT1 receptors via Mas
receptors, resulting in inhibition of the actions of Ang II,
thus playing a significant role in the regulation of Ang II in
the body (=Fig. 1).2° Various organs of the body, like brain,
kidney, digestive tract, adipose tissue, heart, testicles, and
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so forth, sufficiently express ACE2 in the cells.?! Besides, the
epithelial cells in the alveoli of the lungs are the primary cells
associated with ACE2 expression.??

Low levels of ACE 2 due to any secondary factor dis-
rupts the equilibrium between ACE/ACE2 which renders
the latter incompetent to cleave the Ang II to Ang (1-7),
hence shunting its favorable effects in ameliorating the
inflammatory environment created by Ang Il which other-
wise remains unchecked. Ang II, other than being a potent
vasoconstrictor, plays a pivotal role in increasing oxida-
tive stress as well as the release of various cytokines and
chemokines, triggering a complex pulmonary hyperinflam-
matory response which is commonly referred to as “cyto-
kine storm,” leading to increased severity of symptoms in
the coronavirus-positive patients and, thereby, an enhance-
ment in the related morbidity and mortality?® in such
individuals.?* A good amount of evidence is now available
regarding the release of various proinflammatory cytokines
such as IFNa, IFNy, IL-6, IL-12, IL-18, IL-1p, IL-33, TNFa, and
TGFp and chemokines including CXCL2, CXCL3, CXCL5, CCL8,
CCL9, CCL10 which are found in the system of the severely
SARS-coV-2-infected individuals, which triggers a conse-
quential systemic inflammatory response resulting in organ
failure and subsequent death.?® Certain groups of investi-
gators have also suggested utilizing the circulating soluble
ACE2 to capture the viruses in the plasma and prevent their
interaction and binding to the membrane ACE2 receptors,
therefore minimizing the infection spread.” To facilitate
this approach, genetically engineered recombinant soluble
ACE2 has been investigated in vitro studies for its poten-
tial applications as a therapeutic approach to neutralize the
infecting nCoV.?* Furthermore, soluble ACE2 might favor
the inhibitory pathway of RAAS over the activator path-
way, thus promoting the treatment of inflammatory tissue
lesions.?® The SARS-CoV-2 is shown to downregulate the
expression of ACE2 by binding to it, resulting in accelerated
lung damage.?* To protect ARDS during COVID-19 infection,
the ACE2/angiotensin-(1-7) axis may, thus, be exploited
to exert a protective response.’®? Therefore, in recent
years recombinant human ACE2 (rhACE2), like APNO1 and
GSK2586881, has attracted massive interest of the research-
ers.?”28 The rhACE2 has been found to abbreviate Ang II con-
centrations in the plasma and enhance the levels of Ang
(1-7), resulting in prevention of myocardial fibrosis and
hypertrophy as well as diastolic dysfunction, induced by
Ang I1.2° Numerous human studies have demonstrated safe
results of administration of rhACE2 in healthy subjects and
patients with ARDS.?”3931 Also, investigations performed
in ACE2-deficient mice with severe acute lung injury have
elaborated positive results of rhACE2 administration in mit-
igating the pulmonary problems resulting from acute lung
injury (ALI).*2 Furthermore, severe studies indicated the ele-
vated levels of IL-6 in COVID-19 patients, which is related to
the progression of the infection,***4 thereby establishing the
therapeutic potential of rhACE2, considering its role in the
regulation of inflammatory cytokines.>!
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Fig. 1 The renin-angiotensin-aldosterone system in context to coronavirus disease 2019 (COVID-19) infection. The ACE2-mediated conversion
of angiotensin Il to angiotensin-(1-7), which opposes the actions mediated by angiotensin Il via Mas receptors as well as action of ACE inhibi-
tors (ACEi), in blocking ACE and angiotensin Il receptor blockers (ARBs) to inhibit the actions of angiotensin II.

2.Competitive inhibition of
ACE2 by exogenous Ang-2

Exogenous Ang-2
v v

SARS-COV-2 ‘
Exogenous Ang-

h, SNl S &

3.Ang-2 mediated
Internalization and
1.ACE2 mediated
Viral entry

downregulation of ACE2

Vasopressin

Fig. 2 Effects mediated by angiotensin Il on binding of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
renin-angiotensin-aldosterone system (RAAS). Angiotensin binding to AT1 receptors mediated the release of aldosterone from adrenal glands
and vasopressin from hypothalamus, resulting in vasoconstriction. Angiotensin Il is metabolized to angiotensin-(1-7) by ACE2, which binds
to SARS-CoV-2 and allows its entry into the host cell. Exogenous angiotensin Il may also bind to ACE2, resulting in competitive inhibition
ofACE2 receptor. Furthermore, angiotensin Il mediates internalization, downregulation, and degradation of ACE2, thus preventing entry of
the virus.
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» Functionally ACE (in context to ACE2; it can also be called
ACE1 for convenience of understanding) generates the
following:

» Angiotensin I:
Asp'-Arg?-Val3-Tyr*-Ile>-His®-Pro’-Phe8-His®-Leu'’.

» Angiotensin II:

Asp1-Arg?-Val*-Tyr*-Ile>-His®-Pro’-Phe® (1-8).

= Angiotensin III: Arg?-Val*-Tyr*-1le>-His®-Pro’-Phe® (7 amino
acids).

* When ACE2 acts on Ang I, it converts it into Ang 1-9.

Although ACE generates Ang II (1-8) from Ang I (1-10),
ACE2 degrades Ang II (1-8) to generate the heptapeptide
Ang 1-7. Ang 1-7 acts as a ligand for Mas receptor which is
a GPCR.

Protective Role of ACE2 in Women and Children

ACE2 is considered as a keyhole guarding the entry of
SARS-CoV-2 into the host cell. Yet, paradoxically certain
studies have supported ACE2 to be an ally to fight against
the COVID-19 infection, instead of being an obvious molec-
ular target to facilitate SARS-CoV-2 entry in tissues. This
has been observed by retardation of lung injury induced
by treatment with recombinant ACE2 administration. This
leaves us with an important question of what exactly is
the role of ACE2 in COVID-19 infection. This paradox can
be explained on account of posttranslational events which
regulate the level of proteins in the body and maintenance
of balance between the soluble and membrane-bound con-
centrations of ACE2.® ACE2 can exhibit “shedding” from
endothelial cells mediated by ADAM17 (a disintegrin and
metalloproteinase 17), which leads to the release of the ect-
odomain with a bioactive and catalytic power into the circu-
lation.*® Researchers in 2014 found the protective effects of
circulating soluble ACE2 enzyme against lung injury induced
by viruses like influenza A (H7N9). Whereas blocking the
ACE2 gene in H5N1-infected mice resulted in severe lung
damage, which was treated by administering human ACE2 in
the infected mice.*® Furthermore, numerous clinical and pre-
clinical studies have elaborated hemodynamic benefits of
rhACE2 in pulmonary arterial hypertension.” Some stud-
ies indicated that genetic variations in the ACE2 gene might
possess the ability to affect the concentration of ACE2 in the
human body. The ACE, ACE2, and neutral endopeptidase
activities were measured in the plasma of 534 subjects in the
Leeds Family Study. It was reported that ~67% of phenotypic
variations in circulating soluble ACE2 could be accounted for
by genetic factors.>® The circulating soluble ACE2 tends to be
greater in CC and CT genotype as compared with those in the
TT genotype. It was hypothesized that a microRNA-mediated
mechanism can regulate the functions of endothelial cells via
posttranscriptional degradation. Furthermore, differences
in the distribution and frequency of the ACE2 variants have
been elaborated based on variations in races and ethnic-
ity.® Asian males were reported to possess greater ACE2 tissue
expression as observed in a single cell RNA sequencing anal-
ysis.*® Similarly, a negative relationship was established
between serum ACE2 activity and pulse pressure, body mass
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index (BMI), and estrogen levels in female patients with
essential hypertension as per a case-control study conducted
in the Chinese population.”> These observations indicated
a dual protective response of circulating soluble ACE2 in
potentiating cardiovascular effect and estrogen in upregu-
lating ACE2 expression and tissue activity.’ Thus, it can be
assumed that females may exhibit better protection profiles
against COVID-19 in comparison to males.

Such an assumption may be true for children also, who
have been shown to possess greater levels of ACE2 as com-
pared with adults.*! The children with COVID-19 infection
usually develop mild symptoms as compared with adults. In
China, the COVID-19-positive children have been reported
to exhibit less intensity of infection as compared with
adults.*' About 0.9% of COVID-19 cases were younger than
9 years, and only 1.2% between 10 and 19 years of age, as
per a study conducted in China on 1,099 patients. Similarly,
Baric et al conducted a study on a mouse model in North
Carolina and observed that younger animals exhibited
greater resistance to COVID-19 infection, unlike older ani-
mals which demonstrated rapid progression and severity of
the illness.*? Therefore, the relationship of COVID-19 disease
and age of an individual is not only dependent upon the
decline in the immune functioning of the body (i.e., immune
senescence) but is also dependent on the plasma profile of
ACE.? Also, in the second to third trimester, elevated levels of
ACE2 were observed in urine and plasma of women, along
with increase in local placental/uterine production and action
of ACE2, demonstrating a systemic hemodynamic role in the
elevation of placental fetal blood flow and rapid growth of
the fetus.*® ACE2 tends to pass through the placental barrier,
allowing the mother to transfer her immunity to the fetus
and other types of protective factors.® Unlike the adults, there
was no gender difference in COVID-19 infection in younger
patients, as observed in studies conducted in China.* This
might be due to the effect of the degree of sexual maturation
in children and adolescents. Besides the estradiol exerting
modulating effects on ACE/ACE2 and AT1/AT2 receptors, ACE
is also linked to the male reproductive system. The testes ACE
comprises only the carboxy terminal domain, which is known
to exhibit certain effects on a substrate, which are unknown,
other than angiotensin . The answer to why young animals
or humans exhibit lesser risks of COVID-19 infections is not
the “cross immunity” which is offered by the previous infec-
tion or the fact that children possess a powerful immune
system which is not yet infected by the senescence process,
but the actual reason to why children exhibit better resis-
tance to SARS-CoV-2 infection as compared with adults is
the unique plasma profile of ACE2 enzyme. The circulating
soluble ACE2 aids the asymptomatic people and children to
counteract the effects of the virus and limit its attachment to
the cell target. This in turn helps in containing the infection
and preventing the progression of the COVID-19, therefore
serving as a possible therapeutic option in the near future.®

Also, this understanding of the relationship of ACE2 and
COVID-19 could help to understand why some patients
develop greater risks for SARS-CoV-2 infection, whereas
others establish better resistance to the spread of the
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virus.* Moreover, understanding the physiology of the indi-
viduals who are least affected by the virus can help in the
development of a suitable treatment and vaccine strategies
to contain the COVID-19 pandemic. In the previous years,
ACE2 has been used as a biomarker for identifying varia-
tions in the BP of the patients, resulting in effective predic-
tion and prevention of the occurrence of cardiac functioning.
Similarly, the concentration of circulating soluble ACE2 can
be considered to exert a prognostic effect aiding in monitor-
ing COVID-19 infection. Also, understanding and analyzing
the genetic polymorphism of ACE2 might play an important
role in the prevention, diagnosis, and treatment of an indi-
vidual.® Therefore, an enzyme linked immunosorbent assay
(ELISA)-based accurate quantification of human soluble
ACE2 should be developed to facilitate rapid screening, not
only in serum and EDTA plasma but also in other fluids in
the human body, like urine, tears, milk, and serum and saliva
secretions. In case the hypothesis mentioned earlier is cor-
rect, ELISA and other methods of determining ACE2 may
establish an economical and time-saving method to monitor
COVID-19 infection at both the preclinical and clinical stages.
Onaccount of the advancements in the diagnostic approaches,
during the current COVID-19 pandemic, with the progress in
diagnostic agents like IgM or IgG detection, drug repurpos-
ing, immunotherapeutic techniques, and vaccine production,
it would be appropriate to consider the relationship between
ACE2 and progression of COVID-19 infection, which might
provide an opportunity to the researchers to investigate a
suitable treatment option.®

Flip Side of ACE2: Paradoxical Role of Angiotensin Il in
CoVID-19

From the previous discussion, it is safe to assume that the
RAAS may be associated with COVID-19 disease in both pro-
gression as well as the control. The general pathway of the
RAAS coalition demonstrated conversion of Ang I to Ang II,
under the influence of a pulmonary capillary endothelial
enzyme, ACE2, whose activity is retarded in lung injury.
About 40% of the critically ill COVID-19 patients had ARDS,
as per the reports from China.*? Therefore, limited ACE activ-
ity is associated with increased mortality risks. Similar to
SARS-CoV-1, which led to the coronavirus outbreak in 2003,
the virus associated with the 2019 coronavirus pandemic
(SARS-CoV-2), enters the target cells by utilizing cellular
protease TMPRSS2 and ACE2.#” The glycoprotein spikes on
the surface of the virus have been shown to interact with
the ACE2 receptors, that too with 10 to 20 times greater
affinity than the SARS-CoV-1.% The greater the affinity of
SARS-CoV-2 for ACE2 receptor, the more the ease of trans-
mission of the virus and greater is the spread of the pan-
demic.’ Numerous preclinical investigations of the nCOVs
indicate a significant relationship between the degree of
ACE2 expression and the extent of infection.* Therefore, ther-
apeutic approaches focusing on mitigating ACE2 expression
may alleviate the infection caused by SARS-CoV-2. Ang II is
hypothesized to act via numerous ways and inhibit the infec-
tion progression in COVID-19, by downregulation, compet-
itive inhibition, internalization, and degradation of ACE2,
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resulting in abbreviation in the extent of viral infection by
interfering with the entry mechanism of the virus into the
host cell.> One of the pathways of action of Ang II involves
its binding to the ACE2 enzyme, leading to its degradation
and conversion into angiotensin-(1-7),°° which may compete
with the virus for attachment to ACE2 enzyme. Furthermore,
Ang 1I is also reported to produce AT1R-mediated inter-
nalization and downregulation of ACE2 expression in
both in vitro and in vivo models, via p38-MAPK and
ERK1/2 pathways.>*? Various investigations have demon-
strated the hypothetical role of ARBs and ACE inhibitors in
elevating ACE2 expression in the body, thereby enhancing
the risks of SARS-CoV infection.”® Patients with conditions
like diabetes mellitus and increased BP have been reported to
manifest severe form of COVID-19 infection in certain stud-
ies.* However, this association between ACE inhibitors, ARBs,
and the extent of COVID-19 infection requires further inves-
tigation. Many studies have demonstrated the relationship
between SARS-CoV-2 and ACE2 receptors, indicating that ele-
vated levels of ACE2 may increase the extent of infection and
vice versa,**>4 as SARS-CoV-2 may be utilizing ACE2 of ACE2 to
enter the host cells* via enhanced ACE2 expression as a result
of administration of ARBs and ACE inhibitors.>® Based on this
corollary, it was thought logical to bring an attenuation of
ACE2 expression by exogenous Ang II°'>2 as well as high risks
of COVID-19 infection in patients with hypertension.*? Ang
IT has also been hypothesized to provide protection in nCoV
infection as being a major substrate of ACE2, it might com-
pete with SARS-CoV-2 for binding onto the ACE2 enzyme
(~Fig. 2).14

RAAS Inhibitors and COVID-19

ACE2 is insensitive to ACE inhibitors (ACEi), but ACE is sig-
nificantly blocked by these inhibitors, resulting in inhibition
of release of angiotensin II.>* Similar to ARBs, ACEi is signifi-
cantly used for the treatment of hypertension in cardiovas-
cular disorders.™ ACEi and ARBs were reported to elevate
ACE2 membrane expression in vitro models. It should also be
considered that the circulating soluble ACE2 levels may not
be in line with their tissue activity and membrane expres-
sion as the latter concentration varies depending upon the
tissue.' Certain studies indicated limited concentrations of
circulating ACE2 despite elevated levels of ACE2 membrane
expression and tissue activity.®®* Some investigations
reported the occurrence of a compensatory response by
elevated expressions of Ang II by increasing the membrane
expression of ACE2.%” Thus, RAAS inhibitors may act at dif-
ferent levels of the system and produce variable effects on
the enzymes and peptides involved in this pathway.'* The
mineralocorticoid receptor antagonists and ARBs have been
shown to enhance the ACE2 membrane expressions and their
activity in clinical models.>®> However, the actions of ACEi
still need further investigations, on account of inconsistent
results observed in animal models.° Certain studies con-
ducted in humans indicate that only ARBs can elevate the
levels of ACE2, as ACEi block the release of Ang II. Yet, no sig-
nificant conclusions have been drawn to date.®® Furthermore,
ARBs enhance the potential benefits of activation of AT2R,
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by conversion of Ang II to Ang III as a result of blocking of
AT1R.™ The cardiovascular diseases including heart failure,
ischemic heart disease, arterial hypertension, and diabetes
mellitus, were associated with enhanced membrane expres-
sion and tissue activity of ACE2, in response to increased Ang
II, in animal models independent of ACEi/ARBs administra-
tion, and without COVID-19 infection.®"¢? The impact of ACEi
and ARBs in individuals infected with COVID-19 remains
complex and unknown.®® Certain in vitro investigations
have elaborated the protective role ARBs and not ACEi
against COVID-19 infection. Many medical organizations
like the European Society of Cardiology and French Society
of Arterial Hypertension,®* along with numerous publica-
tions,5% have suggested the continuation of maintenance
therapy to prevent mortality due to cardiovascular events in
serious patients suffering from COVID-19. In a recent clin-
ical study, it has been reported that there is no significant
impact of the use of ACEi/ARBs and the risk of infection of
COVID-19 or hospitalization.?’ It should be considered that
the impact of ARBs and ACEi in the current pandemic of
COVID-19 is unknown and that this role may vary according
to their mechanism of action. Various trials are being per-
formed currently to investigate their effects in the current
pandemic. Furthermore, ACE2 tissue expression in vitro is
also reported to be affected by antihypertensive and car-
diovascular drugs, like thiazide diuretics, dihydropyridines,
mineralocorticoid receptor antagonists, and so forth. A single
in vitro study demonstrated no significant impact of atenolol,
a B-blocker, on ACE2 aortic tissue expression.®® No studies are
found regarding the effect of loop diuretics on ACE2 tissue
expression.!4

Role of Vitamin D on COVID-19 Infection

Vitamin D is a lipid-soluble micronutrient that is available
through food sources or synthesized by skin-mediated con-
version of 7-dehydrocholesterol on exposure to ultraviolet B
(UVB) radiation.®®”® It produces multiple cellular responses
such as maintenance of phosphorous and calcium homeo-
stasis, and the susceptibility to infectious diseases have been
reported to increase in case of its deficiency.5”" Calcitriol
(1,25-dihydroxycholecalciferol) is an active form of vitamin
D and has been attributed to play a role as an immune sys-
tem regulating steroid hormone, which downregulates the
expression of inflammatory cytokines and increases the
activity of macrophages.”? Besides, it has been shown to also
mediate the expression of antimicrobial peptides (AMP),
which are located on monocytes, natural killer cells, epithe-
lial cell lining of the respiratory tract, and neutrophils.” It
further blocks the production of T-helper 17 cells (proinflam-
matory) and induces the production of suppressive regula-
tory T cells.”* Furthermore, the proinflammatory peptides
associated with the adaptive immune system, especially the
ones involved in acute inflammatory cytokine storm, are reg-
ulated by vitamin D.”®737> Numerous epidemiological stud-
ies have demonstrated the potential link between deficiency
of vitamin D in the body and enhanced risks of respiratory
tract infections.”®”” Also, many studies reveal the protective
role of vitamin D supplementation against virus mediated
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infections. Various actions of vitamin D contribute to its
immunoregulatory effects in respiratory tract infections, like
immune cell recruitment to the site of infection, disruption
of the lipid envelope of the virus by LL-35, mitigating viral
replication cycle, elevating the levels of virus specific CD8+
T cells, and increasing CXCL10 and IFN-p in airway epithe-
lium.” Cell culture studies support the role of vitamin D in
alleviating viral infections, especially those caused by envel-
oped viruses.’”® Therefore, the role of vitamin D in mitigat-
ing the progression of SARS-CoV-2, is an important area of
concern, to the researchers to investigate the therapeutic
potential of vitamin D in the current COVID-19 pandemic.
Numerous studies reveal low levels of vitamin D in people
with cardiovascular disease (CVDs), diabetes, and hyperten-
sion as well as in the geriatric population, all considered as
severe comorbidities of COVID-19.7578-82

COVID-19 is associated with the manifestation of acute
lung injury (ALI) and ARDS, which are the primary cause
of lung dysfunction and respiratory failure in SARS-CoV-2-
infected patients.®*> As elaborated earlier, decrease in
ACE2/Ang-(1-7) expression and elevation in the levels of
ACE/Ang 11, contributes to ALL?® Thus, enhancement in the
expression of vitamin D receptor and ACE2 levels may play a
defensive role against ALI conditions.®* An individual partic-
ipant data (IPD) meta-analysis of randomized-controlled tri-
als revealed that supplementation of vitamin D can mitigate
the risks of developing respiratory tract infections.”® Although
the exact molecular mechanism of vitamin D-mediated
downregulation of intrarenal RAAS is not completely under-
stood, yet various studies have reported that calcitriol, the
active metabolite of vitamin D, can block the production of
cyclic AMP response element-binding protein (CREB) and the
related partner complex.”> Furthermore, the transcriptional
regulatory complex is another significant downregulator
of intrarenal RAAS and comprises CREB1, nuclear receptor
corepressor 1 (NCOR1), and vitamin D receptor, which in
turn interacts with the CRE-like domain. Thus vitamin D is
considered to suppress the activity and functioning of RAAS
by blocking renin and ACE/Ang II/AT1R cascade.® Deficiency
in the levels of vitamin D has been shown to be significantly
associated with risks to develop CVDs along with obesity,
diabetes, and hypertriglyceridemia, as per the analysis report
of the third National Health and Nutrition Examination
Survey (NHANES 3 1988-1994)."" Vitamin D is reported
to upregulate the ACE2 expression and downregulate the
renin ACE levels, as observed in animal studies.® The results
obtained in the case of vitamin D deficiency were opposite
to the results mentioned earlier.”> A relationship has been
observed between vitamin D deficiency and elevation in the
actions of RAAS and renin, and enhanced levels of Ang II, in
numerous human cross-sectional studies.®” Oral supplemen-
tation of vitamin D has been found to reduce diastolic BP in
hypertensive patients.”> Moreover, an investigational study
performed on 494 women demonstrated that vitamin D
deficiency along with elevated PTH levels were independent
predictors of insulin resistance, hyperglycemia, and dysfunc-
tion of pancreatic B-cells.®® Vitamin D deficiency is consid-
ered to induce such effects to elevate G protein RhoA and ROS
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production by enhancing the synthesis of Ang II and renin,
resulting in blockage of pathways required for intracellular
glucose transporter, further developing metabolic disorder
and insulin resistance.?’ Vitamin D regulates the secretion of
insulin via calcium-level regulation within the cell® and is
also associated with the production and secretion of insulin
in the pancreas via the PTH link.

In the clinical and in vitro studies vitamin D has been
found to have a protective influence against both the respira-
tory (influenza, coronavirus, pneumonia)® and nonrespira-
tory viruses (human immunodeficiency virus [HIV], hepatitis
C virus [HCV], dengue virus).®! Therefore, the ability of vita-
min D to upregulate AMPs and mediate interference of anti-
viral cytokines with the viral replication cycle establishes its
role in viral infections.? Vitamin D is responsible for down-
regulating the expression of host cell receptors, required for
binding of the virus to enter the host cell.'” Vitamin D func-
tions as an effective negative RAAS regulator, via canonical
vitamin D receptor pathway, resulting in RAAS suppression
and upregulation of ACE2 expression both in vitro and in
vivo.” Various studies reveal that besides downregulating
the receptors for viral attachment, vitamin D is also respon-
sible for fine tuning of the viral induced proinflammatory
responses.® The pulmonary damage in a model of ALI and
ARDS, induced by deficiency in vitamin D, is associated with
RAAS and ACE2 receptor modulation.®>% Also, the subtropi-
cal areas with limited sunlight exposure and vitamin D defi-
ciency (Northern US and Europe), have been associated with
greater risks of respiratory viruses, like influenza and corona
viruses.”* Hence, given the ongoing COVID-19 pandemic,
summarizing all the aspects related to vitamin D which may
act as a shield against the entry of the virus by maintaining
tight gap junctions, increasing innate immunity via recruit-
ment of anti-viral and anti-microbial peptides, modulating
T cell response through adaptive immunity, therefore, play-
ing a pivotal role in the anti-inflammatory response, and
many more as described above, all of which contribute to its
effect in alleviating disease severity in SARS-CoV-2 infected
patients.

Conclusion

The COVID-19 pandemic has created havoc across the world,
posing immense threats and challenges to the healthcare
professionals compelling to them, to develop appropriate vac-
cines and treatment strategies to control the infection caused
by SARS-CoV-2. The review elaborates the opportunity to
utilize the hypothesis regarding the role of ACE2/vitamin D
in COVID-19 infection in mitigating the progression of the
disease. The active form of vitamin D (calcitriol) is shown to
inhibit the production of CREB protein and the related part-
ner complex. Moreover, the efficiency of vitamin D supple-
mentation in high risk groups of COVID-19 is also elaborated
in the review. Vitamin D supplementation provides an imme-
diate, natural, economical, and accessible strategy to fight the
current pandemic. The conventional oral supplementation
of vitamin D is considered to significantly aim at restricting
COVID-19 infection by upregulating ACE2 expression, thus
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alleviating the cytokine storm responsible for the severity
of the disease. As mounting evidence supports the increased
expression of ACE2 mRNA by vitamin D action, the possibil-
ity of ACE 2 being a downstream target of vitamin D may be
further explored. Although no significant studies have elab-
orated the therapeutic potential of vitamin D so far, yet the
review extends awareness and opportunity for the research-
ers to develop vitamin D supplementation into a new “at
hand tool,” to minimize and control the accelerated spread of
the infection across the globe. Therefore, a clear understand-
ing of the activity pattern of ACE2 and the associated role of
vitamin D in mitigating the SARS-CoV-2 infection provides a
fundamental opportunity for researchers all over the globe to
explore this hypothesis, and develop an effective treatment
strategy to aid in the global fight against COVID-19 pandemic.
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