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ABSTRACT -- Angiotensin converting enzyme 2 (ACE2) is a main receptor for SARS-CoV-2 entry to the
host cell. ACE2 is one of the key enzymes in renin-angiotensin system and plays a vital role in the maintenance
of cardiovascular function. ACE/ACE2 balance is critical in the regulation of blood pressure, electrolyte
homeostasis, vascular and cardiac remodeling and inflammation. ACE2 was shown to be abundantly present
in human epithelial cells of the lung and enterocytes of the small intestine as well as in endothelial cells of the
arterial and venous vessels. ACE2 and TMPRSS?2 are colocalized on the cell surface and produced a critical
step host cell entry of SARS-CoV-2. TMPRSS2-cleaved ACE2 permits SARS-CoV-2 host cell entry however,
ADAM17-cleaved ACE2 produces protective effects in several organs. Differently, basigin (CD147) was
suggested as a putative alternate receptor for SARS-CoV-2 entry into endothelial cells. The intestinal ACE2
receptor is associated with the neutral amino acid transporter BOAT1 and ACEZ2 is necessary for the expression
of this transporter on the luminal surface of intestinal epithelial cells. There is a good association between the
localization of SARS-CoV-2 binding receptor ACE2 and the disease target organs in respiratory,
cardiovascular and gastrointestinal systems. Decreased expression of ACE2, being a receptor for coronavirus,
would prevent cellular entry of the virus thereby reducing progression of the infection. However, increased
ACE2 expression produces beneficial health effects. Further studies are needed to clarify this conflicting
situation. Currently, it is recommended to continue the therapy with ACE2-increasing drugs in patients with
COVID-19.

INTRODUCTION roughly spherical, single-chain, enveloped RNA
viruses. The viral envelope consists of at least three
Coronaviruses (CoV) are a large family of viruses structural proteins such as the membrane protein
that cause a variety of diseases representing (M), the envelope protein (E) and the spike protein
common colds such as the Middle East Respiratory (S). Coronavirus S protein mediates the virus entry
Syndrome (MERS) and Severe Acute Respiratory into the host cells, whereas M and E proteins are
Syndrome (SARS). A new coronavirus, which is functional to produce of viral structure. The S
first identified in humans in December 2019 in protein of the virus is composed of S1 and S2
China, was named as SARS-CoV-2 due to its subunits. The S1 unit has the receptor binding
similarity to the SARS-CoV. SARS-CoV-2 causes domain, which is the host cell surface for viral
Coronavirus disease 2019 which is abbreviated as attachment, but the S2 unit has protease activity
COVID-19. Common symptoms of the disease are and thus causing the fusion of the host cell
cough, fever, shortness of breath, fatigue, diarrhea membrane, allowing viral genomes to enter the
and loss of smell and taste (1,2). In more serious host cell. The binding of spike proteins to the
cases, pneumonia, severe acute respiratory receptor is the initial and critical steps in the
infection, multiple organ failure, and even death coronavirus infection cycle (7,8). Angiotensin
may occur. Human coronaviruses mainly infect the converting enzyme 2 (ACE2) is a main receptor for
respiratory tract by binding to the receptor in SARS-CoV-2 to enter the host cell. New SARS-
airway epithelial cells. CoV-2 binding affinity to human ACE2 is stronger
Coronaviruses are in the Coronaviridae (10-20 times more) than old SARS-CoV (9).
family and the Orthocoronavirinae subfamily
which is classified into four genera: Alpha, Beta, Biological importance of ACE and ACE2
Gamma and Deltacoronavirus genera (5). SARS-
CoV-2 is a family of the Sarbecovirus subspecies ACE2, a homolog of angiotensin converting
in the genus of Betacoronavirus, like SARS-CoV enzyme (ACE), is an important member of renin-
and MERS-CoV (6). Coronaviruses are large, angiotensin-aldosterone system (10).
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ABBREVIATIONS: ACE, Angiotensin converting enzyme; ACE2,
Angiotensin converting enzyme 2; ACEi, ACE inhibitors; ADAM17,
Disintegrin and metalloprotease 17; ARB, angiotensin receptor
blockers; AT1R, angiotensin Il type 1 receptors; BOAT1, Sodium-
dependent neutral amino acid transporter; CoV, Coronaviruses;
COVID-19, Coronavirus disease 2019; SARS-CoV, Severe Acute
Respiratory Syndrome coronavirus; SARS-CoV-2, Severe Acute
Respiratory Syndrome coronavirus 2; TMPRSS2, Transmembrane
serine protease 2.

Angiotensinogen produced by the liver is
converted to angiotensin | via renin enzyme
derived from the kidney. In the second step, ACE
catalyses the conversion of angiotensin | to
angiotensin 1l.  Angiotensin Il, acting on
angiotensin Il type 1 receptors (AT1R) exerts well-
known  cardiovascular  effects  including
vasoconstriction and stimulation of aldosterone
synthesis. Moreover, angiotensin Il leads to
structural remodeling on cardiac and vascular
tissues as well as activating the inflammatory
pathway. In the meantime, ACE2 converts
angiotensin Il to angiotensin 1-7 and also
angiotensin | to angiotensin 1-9, which in turn
cleaves to angiotensin 1-7 via classical ACE.
Angiotensin 1-7 shows vasodilatory,
antiinflammatory and antifibrotic effects through
the Mas receptor. However, angiotensin 1-9
activates natriuresis and nitric oxide production,

c Angiotensinogen

Renin s

v

thus reducing blood pressure. Additionally, this
peptide has antiinflammatory and antihypertrophic
effects (11,12). These angiotensin peptides were
shown to counteract the harmful effect of classical
renin-angiotensin system signifying a potential
therapeutic  target (Figure 1). Therefore,
ACE/ACE2 balance was suggested to play a
critical role in the regulation of blood pressure,
electrolyte homeostasis, vascular and cardiac
remodeling as well as inflammation. This balance
can be deteriorated by several diseases including
systemic and pulmonary hypertension, coronary
heart disease, diabetes, obesity and aging (11, 13-
17). Several dietary factors, especially in the
situation of excess intake of sodium, fat and
fructose are detected to shift the ACE/ACE2
balance towards the unfavorable balance (18-20).
Furthermore, some studies in animal models and
humans indicated that selective blockade of either
ACE or angiotensin receptor increased cardiac and
intestinal ACE2 gene expression thus improving
ACE/ACE?2 ratio (21-23). Estrogen, exercise and
resveratrol were shown to promote the balance
from ACE to ACE2 representing beneficial factors
in the maintenance of a healthy condition (15, 24-
26). Figure 2 shows the modification of the balance
between ACE and ACE2 by several factors.
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Figure 1. Diagram of the renin-angiotensin system. The functions of ACE and ACE2. ACE: angiotensin converting
enzyme; ACE2: angiotensin converting enzyme 2; AT1R: angiotensin Il type 1 receptor; MasR is a receptor of angiotensin

1-7.
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Figure 2. The modification of the balance between ACE and ACE2 by several pathological, physiological, dietary and
lifestyle factors and the medications. ACE inhibitors: angiotensin converting enzyme inhibitors; ARB: angiotensin Il

receptor blockers.
The role of ACE2 in the SARS-CoV-2 entry

ACE2 protein was found in two forms, namely cell
membrane-bound and circulating soluble forms.
Soluble ACE2 is produced by metalloprotease
ADAM17 and released into the blood thus
preventing viral invasion into the host cell and its
spread (27). Circulating ACE2 also binds to the
virus and this soluble form may act as a competitive
interceptor of SARS-CoV-2 by preventing the
binding of the virus to the membrane-bound ACE2
(28). Soluble ACE2 has been proposed to provide
a protective effect in several organs such as in the
lung and kidney (29-31). TMPRSS2, which is a
transmembrane protease, was present to compete
with ADAM17 for ACE2 shedding, but only
cleavage by TMPRSS2 results in increased virus
entry (31). ACE2 and TMPRSS2 were shown to
colocalize on the cell surface and produce a critical
step in host cell entry of SARS-CoV-2 (8).
Interestingly, activation of AT1R by angiotensin Il
was shown to increase the expression of ADAML17,
thus enhancing soluble ACE2 levels and slowing
virus entry (32). On the contrary, it has been shown
that elevated angiotensin Il levels decrease ACE2
expression and activity by activation of lysosomal
degradation  through an  AT1R-dependent
internalization mechanism (33). ACE2 was known
as an essential receptor in the virus invasion
however, basigin (CD147) has been suggested as a
putative alternate receptor for SARS-CoV-2 entry

into endothelial cells. Basigin, a member of
the immunoglobulin superfamily, was identified
as a novel receptor of the spike protein which
facilitates the viral invasion of the host cell in
immunoprecipitation study (34). The analyses of
data from the genotype-tissue expression project
showed that basigin and PPIB (Peptidylprolyl
Isomerase B) were highly expressed in vessels and
endothelial cells compared to the lung and airway
epithelial cells (35). Previously, basigin was shown
to be associated with the SARS viruses and to play
a functional role in invasion of host cells by SARS-
CoV (36). These findings may produce some
evidence for a basigin pathway that is utilized by
SARS-CoV-2 thus providing an explanation for
COVID-19 dependent cardiovascular
complications because basigin was previously
shown to promote cardiac hypertrophy, endothelial
dysfunction, platelet activation and inflammation
(37,38). Given the above results, it is reasonable to
propose that ACE2 and basigin receptors are the
binding sites of viral entry into the human cells.

Epithelial and endothelial expressions of ACE2
in the viral entry routes

ACE2 was shown to be abundantly present in
human epithelial cells of lung and enterocytes of
the small intestine as well as in the arterial and
venous endothelial cells. The epithelial and
endothelial expressions of the ACE2 provide a
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basic knowledge on the entry routes of the SARS-
CoV and its replication as well as understanding
the pathogenesis of the disease (39). Very recently,
immunofluorescence analysis showed that ACE2 is
abundantly expressed in surface epithelial cells
from oral mucosa and exfoliated epithelial cells in
saliva thus ACE2 measurement in the sample of
saliva could be valuable in diagnosis of COVID-19
infection (40). Immunofluorescence staining and
single cell gene atlas studies demonstrated that
ACE2 is mainly expressed in alveolar epithelial
type Il cells and apical airway epithelial cells in
humans (41,42). Analysis of human, non-human
primate and mouse single-cell RNA-sequencing
datasets showed that ACE2 and TMPRSS2 are
coexpressed in lung pneumocytes, ileal absorptive
enterocytes and nasal goblet secretory cells. Also,
ACE2 was reported to be a human interferon-

Coated virus t

stimulated gene and the specific interferon-driven
upregulation of ACE2 was a tissue-protective
mediator (43). On the other hand, existence of the
virus was determined in tear and conjunctival swab
specimens in patients with COVID-19 (44).
Consistently, immunofluorescence and
immunohistochemistry studies demonstrated that
ACE2 and TMPRSS2 are coexpressed in corneal
epithelium and endothelium as well as conjunctival
epithelium, revealing possible ocular reservoir and
transmission of the virus (45,46). These
experimental findings with the epithelial cells from
the respiratory tract could be important in
understanding the entry site of the virus. Given all
together, Figure 3 shows representative entry of
SARS-CoV-2 into epithelial cells of the respiratory
tract.
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Figure 3. Cellular entry of SARS-CoV-2 into the respiratory system. ACE2 and TMPRSS2 are colocalized on the cell
surface and produced a critical step host cell entry of SARS-CoV-2. ADAM17 regulates proteolytic shedding of ACE2
(soluble ACE2). Soluble ACE2 prevents the entry of the virus into airway epithelium by producing a circulatory form of
the pathogen (coated virus). TMPRSS2-cleaved ACE2 permits SARS-CoV-2 host cell entry however, ADAM17-cleaved
ACE2 produces protective effects in several organs. TMPRSS2: Transmembrane Serine Protease 2; ADAMI17:

Disintegrin and Metalloprotease 17.
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Moreover, ACE2 was found to be highly
expressed on the luminal surface of intestinal
epithelial cells (39). ACE2 deficiency in a murine
model results in increased susceptibility to
intestinal inflammation. In the same study, it was
shown that intestinal ACE2 receptor has a function
for viral entry as well as amino acid transport (47).
ACE2 was reported to be associated with the
neutral amino acid transporter BOAT1 and ACE2
is necessary for the expression of this transporter
on the luminal surface of intestinal epithelial cells.
Intestinal amino acid absorption is prevented due
to the virus invading ACE2 (47,48). This blockage
may explain the gastrointestinal complications of
COVID-19 such as enteritis and diarrhea ranging
from 2% to 50% of cases (49). Confocal and
electron microscopy studies demonstrated that
human enterocytes were infected by SARS-CoV-2
revealing that intestinal epithelium could be a site
of the virus replication (50). Furthermore, ACE2

and TMPRSS2 were reported to coexpress in
absorptive enterocytes from the ileum and colon as
well as in lung alveolar type 2 cells (51). These
findings provide the evidence for SARS-CoV-2-
induced gastrointestinal and respiratory symptoms
also for a possible fecal-oral transmission of virus.
In a study conducted to investigate whether SARS-
CoV-2 replicates in the human intestine, the virus
was detected to cause infection in ACE2 mature
enterocytes in human intestine. TMPRSS2 was
shown to facilitate spike fusogenic activity and
promote virus entry into host cells. Additionally, it
was found that human colonic fluid inactivates the
virus. However, an intestinal leak was proposed to
allow the virus to disseminate to other systemic
organs (52). All these revealed that the intestine
might be an entry site for SARS-CoV-2 (Figure 4).
This putative entry route may be crucial in
understanding the initiation of the outbreak by
eating food from the Wuhan market.
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Figure 4. Intestinal ACE2 receptor mediates the viral entry and neutral amino acid transport. AA%: Neutral amino acid;

BOAT1: Sodium-dependent neutral amino acid transporter.

As mentioned above, ACE2 is one of the key
enzymes in renin-angiotensin system and plays a
vital role in maintenaning of the cardiovascular
function (11). In this context, immunohisto-

chemistry studies showed that ACE2 was greatly
expressed in coronary and intrarenal endothelial
cells compared to cardiomyocytes revealing a
tissue-specific enzyme (10). ACE2 gene and
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protein expressions were shown to diminish in
hearts from hypertensive and salt loading rats. In
the same study, genetic inactivation of ACE2 using
homologous recombination was determined to
cause the elevation in angiotensin 1 levels in mice
(53). Also, the existence of ACE2 mRNA and
protein was determined in endothelial cells of
human carotid arteries (54). The vascular
complications seen in COVID-19 might be related
to the endothelial invasion of the virus because
there is some clinical evidence for this assumption.
In a study, COVID-19 patients were determined to
have elevated von Willebrand factor activity and
antigen level signifying endothelial stimulation and
damage (55). In the other study, ischemic changes
with organ dysfunction and disseminated
intravascular coagulation were observed in patients
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with COVID-19 (56). In post-mortem analysis
using electron microscopy of COVID-19 patients,
it was determined there was viral inclusion
structures in endothelial cells. Furthermore, in
histological studies, accumulation of endothelium-
derived inflammatory cells and apoptotic bodies
were established in the heart, small intestine and
lung. These findings proposed that COVID-19-
induced endotheliitis in various organs may result
in endothelial dysfunction and platelet activation
subsequently induction of a coagulation cascade
(57). All these studies proposed that the virus may
directly infect endothelial cells and cause
widespread vascular inflammatory diseases. Figure
5 summarizes SARS-CoV-2 entry mechanism into

endothelial cell and subsequent pathologic
conditions.
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Figure 5. SARS-CoV-2 entry into endothelial cells. ACE2 and TMPRSS2 mediate the main cell entry of the virus. Basigin
is also suggested as a putative alternate receptor for SARS-CoV-2 entry into endothelial cell. PPIB is a natural ligand for
basigin to facilitate integration of pathogen. PPIB: Peptidylprolyl Isomerase B.

The clinical perspective on ACE/ACE2 and
COVID-19

Coronary heart disease, diabetes, hypertension and
obesity, as well as being older aged and of male
gender, are reported to worsen the pathogenesis of
COVID-19 and to increase the morbidity rate (58).
ACE2 enzyme has an important function in the
cardiovascular system producing a negative
regulatory effect of classical ACE, because
reduced expression of ACE2 was reported to be
associated with many cardiovascular diseases (59).
The imbalance between ACE and ACE2 may cause

the worsening of endothelial dysfunction in
COVID-19 patients with diabetes and hypertension
(60). In this line, it was very recently reported that
plasma angiotensin Il levels are increased in
COVID-19 patients (61). SARS-CoV-2 binding to
ACE?2 causes a decrease in the ACE2 level and an
increase in the ACE/ACE2 ratio due to an
assumption that there was a competition between
angiotensin Il and SARS-CoV-2 for binding to
ACE2. The occupation of ACE2 by the virus may
lead a decrease conversion of angiotensin Il to
angiotensin 1-7 which has health promoting effects
including vasculoprotective and antiinflammatory
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properties. Therefore, an enhancement in
ACE/ACE2 may lead to an increase in
inflammatory status due to elevated ACE-
dependent cytokine production and oxidative stress
as well as decreased counteraction mediated by
ACE2 products (11, 62). On the contrary, high
expression of ACE2 in the heart and lung tissues of
patients with comorbidities associated with severe
COVID-19 was proposed to increase deleterious
effect of virus infection by facilitating the SARS-
CoV-2 entry into cells (63, 64).

ACE inhibitors (ACEi) and angiotensin
receptor blockers (ARB) enhance the expression of
ACE2 (65). Therefore, increased ACE2 during
treatment with these drugs are supposed both to
produce favorable and unfavorable outcomes
implying  beneficial health effects versus
facilitation of the virus entry. Although, there is
still uncertainty about the associations of
ACEI/ARB with COVID-19 disease susceptibility,
however, a large population-based study showed
that ACEI/ARB were associated with a reduced
risk of COVID-19 disease without increasing
intensive care unit admission (66). A multicenter
retrospective study on hospitalized patients with
COVID-19 reported that ACEiI/ARB use was not
associated with increased COVID-19 mortality
(67). A meta-analysis study demonstrated no
marked increase in the risk of COVID-19 infection
in patients treating with ACEi/ARB, but a decrease
in mortality (68). A comparison study among
patients with COVID-19 showed that, continuation
and discontinuation of ACEI/ARB have similar
effects on acute hospitalisation outcomes.
Therefore, it was recommended to continue the
therapy with these medications in patients admitted
to the hospital with COVID-19 (69). In this regard,
ACEI/ARB therapy was found to attenuate the
inflammatory response through the inhibition of
interleukin-6 production in COVID-19 patients
(70). However, an analysis study proposed that
ACEIi/ARBs-induced antiinflammatory effect may
not be sufficient to produce a therapeutic impact in
COVID-19 (71), thus explaining no significant
difference in outcomes between patients with
COVID-19 who are or not receiving these drugs
(72). In COVID-19 patients, hyperinflammation-
related overproduction of proinflammatory factors,
which is known a cytokine storm, can lead to
multiorgan  failure, development of acute
respiratory distress syndrome and death (73-75).
Although the use of corticosteroids, which are
powerful antiinflammatory drugs, is still a
controversial treatment of COVID-19, their use
may be beneficial and safe in the
hyperinflammatory phase of critically ill patients.

Supportingly, it has been reported that the early
corticosteroid therapy in patients with moderate to
severe COVID-19 attenuated progression to the
hyperinflammation ~and  improved clinical
outcomes (76). Systemic high-dose corticosteroid
therapy can be an effective way to increase the
survival rates in COVID-19 patients with high
inflammation levels (77).

CONCLUSION

ACE2, which is colocalized with TMPRSS2 and
basigin, is a main receptor for SARS-CoV-2
binding to the epithelial cells in the airway and
intestine as well as the endothelial cells of blood
vessels, thus producing a critical step host cell
entry of the virus. It can be concluded that there
was a clear association between the localization of
SARS-CoV-2 binding receptor ACE2 and the
disease target organs in respiratory, cardiovascular
and gastrointestinal systems. A decline in ACE2
receptor expression would prevent cellular entry of
the virus thereby reducing progression of the
infection. However, increased ACE2 expression
could have beneficial effects in the maintenance of
a healthy condition. More experimental and
clinical studies are needed to clarify this conflicting
situation. Currently, it is recommended to continue
the therapy with ACE2-increasing drugs including
ACE inhibitors and angiotensin receptor blockers
in patients with COVID-19. Ongoing clinical trials
will determine if the use of these drugs is favorable
for the treatment of COVID-19.
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