INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 47: 43, 2021

Determining available strategies for prevention and therapy:
Exploring COVID-19 from the perspective of ACE2 (Review)
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Abstract. Coronavirus disease 2019 (COVID-19) is an acute
infectious pneumonia caused by a novel type of coronavirus
infection. There are currently no clinically available specific
drugs for the treatment of this virus. The process of host inva-
sion is the key to viral infection, and it is a mechanism that
needs to be considered when exploring antiviral drugs. At
present, studies have confirmed that angiotensin-converting
enzyme II (ACE2) is the main functional receptor through
which severe acute respiratory syndrome coronavirus
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(SARS-CoV-2) invades host cells. Therefore, a number of
studies have focused on this field. However, as ACE2 may
play a dual role in mediating susceptibility and immunity to
SARS-CoV-2 infection, the role of ACE2 in viral infection is
controversial. Beginning with the physiological function of
ACE2, the present review article summarizes the influence
of the ACE2 content on the susceptibility to the virus and
acute lung injury. Drug mechanisms were taken as the starting
point, combined with the results of clinical trials, specifi-
cally elaborating upon and analyzing the efficacy of several
ACE2-centered therapeutic drugs and their potential effects.
In addition, the current status of ACE2 as a targeted therapy
for COVID-19 is discussed in order to provide new insight into
the clinical prevention and treatment of COVID-19.
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1. Introduction

At the end of 2019, the first confirmed case of Coronavirus
disease 2019 (COVID-19) was reported, and the virus rapidly
spread to hundreds of countries worldwide (1). High-throughput
sequencing identified the COVID-19 pathogen as a novel 3 coro-
navirus (2), and the International Committee for Classification of
Viruses named it severe acute respiratory syndrome coronavirus
type 2 (SARS-CoV-2). Epidemiological studies have demonstrated
that COVID-19 infects individuals of all ages (3), with the elderly
and patients with underlying comorbidities being at a higher risk
of adverse clinical outcomes and a poor prognosis (3,4). Sequence
analysis has identified that SARS-CoV-2 and 2003 SARS-CoV
share approximately 80% nucleotide identity (5). However,
compared with SARS-CoV, SARS-CoV-2 is more infectious
than SARS-CoV, which has caused >120 infections worldwide;
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since however, only some patients exhibit a severity of symptoms
similar to those of SARS-CoV infection, its virulence seems lower.
Similar to SARS-CoV, according to reported cases, SARS-CoV-2
is primarily transmitted through respiratory droplets and direct
contact (3,6), both of which can cause acute and highly fatal pneu-
monia (7). Unlike SARS-CoV, SARS-CoV-2-infected patients
rarely exhibit prominent upper respiratory signs and symptoms.
At the time of consultation, the majority of infected patients
present with a dry cough (83-99%) and dyspnea (59.4-82%), and
X-rays have revealed bilateral ground-glass shadows (1,8). In
the most severe cases, the characteristic symptom is respiratory
distress (~55%). In addition, SARS-CoV-2 needs to bind to its
receptor through the spike protein (S protein) on the surface of
the virus to enter the host cell (2).

The renin-angiotensin system (RAS) maintains blood
pressure homeostasis and water-salt balance (9). The dynamic
balance of RAS is essential for the physiological and patho-
logical regulation of various organs, including the heart, kidneys
and lungs (9). Angiotensin-converting enzyme 2 (ACE2) is a
key factor for RAS to negatively regulate blood pressure and is
essential for maintaining the dynamic balance of RAS (10,11).
A previous study found that ACE2 is a functional receptor for
invasion by the novel coronavirus (SARS-CoV-2); it interacts
with the viral spike glycoprotein (S protein) receptor binding
domain to mediate viral invasion of host cells (12). Therefore,
during the SARS coronavirus infection process, ACE2 is
essential for the virus to enter host cells. Using HeLa cells
expressing human (2), Chinese horseshoe bat, civet cat and pig
ACE2 protein for computational modeling and viral infection
experiments (13), the experimental results demonstrated that the
affinity of SARS-CoV-2 for ACE2 was 10-fold higher than that
of SARS-CoV, which is consistent with the high infection effi-
ciency of SARS-CoV-2 (14). In addition, current research results
have indicated that when the ACE2 content is very high, it can
attenuate viral invasion and reduce acute lung injury damage,
while at the same time enhancing viral replication ability and
susceptibility. By contrast, when the ACE2 content is low, it
hinders the ability of the virus to replicate, but to a certain extent,
when the ACE2 content is too low, it increases the levels of
angiotensin II (AnglI), which plays a role in promoting inflam-
mation and fibrosis, inducing multiple organ damage. These
findings indicate that ACE2 may be critical to the progression
and prognosis of human infection with SARS-CoV-2.

Since the emergence of this novel virus, there are currently
no clinically specific treatments available for this virus, and
symptomatic treatment is the main focus. Therefore, the
rapid search and development of specific drugs to inhibit
SARS-CoV-2 infection has become a priority. As akey receptor
in the process of viral invasion, existing research results suggest
that there is great potential for treating new coronary pneu-
monia by adjusting the levels of ACE2. Therefore, the present
review article begins by discussing the physiological function
of ACE2 and summarizing the impact of the ACE2 content
on viral susceptibility and acute lung injury. Subsequently,
from the perspective of drug mechanisms, combined with
the results of clinical trials, several ACE2-centric treatments
are specifically elaborated and analyzed. The drug efficacy
and areas that need improvement are reviewed. The research
discussed herein, to a certain extent, may aid medical workers
to correctly understand the role of ACE2 in the disease

process, understand the complex effects of the substance in
viral infections and acute lung injury, and use ACE2-centered
drug therapy in a prudent and standard manner. At the same
time, several therapies and mechanisms related to ACE2 listed
in this review article can also provide researchers with certain
insight for the development of novel drugs.

2. Angiotensin-converting enzyme 2

ACE is a type I transmembrane glycoprotein with a single
extracellular catalytic domain. It plays an important regula-
tory role in the RAS and converting inactive angiotensin I
(Angl) into Angll, which regulates vasoconstriction. AnglI is
the core effector molecule of the RAS system and mediates a
number of biological responses through angiotensin receptors
(AT1 and AT?2).

ACE2 was the first human angiotensin converting enzyme
homolog discovered in 2000 (15,16) and is a zinc metallopro-
teinase. Its coding gene is located on the X chromosome and
belongs to the family of type 1 transmembrane proteins. Its
structure includes a signal peptide, a transmembrane domain
and a metalloproteinase active site, containing a zinc binding
domain of HEXXH. As a monocarboxy peptidase, unlike its
homolog ACE, which is a dipeptidase, ACE2 is not antago-
nized by ACE inhibitors (ACEIs) (17). ACE contains two
active catalytic domains, while ACE2 has a single catalytic
domain with 42% of the same residues (18,19) that not only
degrades Angl to produce nonapeptide Angl-9, but also
cleaves Angll into Angl-7 polypeptides (20) (Fig. 1). While
protecting the heart, relaxing blood vessels, and exerting
anti-growth and anti-proliferative effects, it also enhances the
activity of bradykinin. ACE2/ACE and Angll/Angl-7 in the
human body exist in a dynamic balance that regulates several
important physiological functions (21).

The expression of ACE2 exhibits high tissue specificity (22).
The primary organs expressing ACE2 include the heart, brain,
oral cavity and nasal mucosa, nasopharynx, kidney, stomach,
small intestine, colon, skin, lymph nodes, thymus, bone
marrow, spleen, liver and blood vessels, which are targets of
the SARS-CoV-2 virus (23,24). In addition, alveolar epithelial
cells have been regarded as the most important cell type for
ACE2 expression (25). Accordingly, it is hypothesized that
SARS-CoV-2 may bind to RAS through ACE2.

Yan et al (25) at West Lake University, examined the
composite structure of the new coronavirus spike S protein
and ACE2 receptor, observing that the novel coronavirus
binds to the human cell receptor ACE2 through the S protein.
Coronavirus binding to the ACE2 receptor induces a decrease
in ACE2 levels, and the RAS system becomes activated,
leading to disease. Based on this consistent pathogenesis,
improving ACE2 and inhibiting the RAS system may repre-
sent important options for the treatment of pneumonia caused
by the novel coronavirus (14).

3. ACE2 has potential for use in the treatment of COVID-19

ACE2 is a key receptor in the invasion of host cells by
SARS-CoV?2. Studies have confirmed that the key functional
receptor for SARS-CoV2 to enter cells is ACE2 (15,16). The
process occurs as follows: The S protein on the surface of the
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Figure 1. Enzymatic cascade of the renin-angiotensin system (RAS) and the
key receptor systems. The RAS cascade showing the angiotensin peptide meta-
bolic pathway. Angiotensinogen, as the starting substrate, is cleaved by renin to
Angl. Angl is cleaved by ACE to AnglI, which is cleaved by ACE2 to Ang(1-7).
Angll acts on AT1 and AT2 receptors. Ang(1-7) acts on Mas receptors and coun-
terbalances the AnglI/AnglIl ATIR actions. RAS, renin-angiotensin system;
Angl, angiotensin I; Angll, angiotensin II; ACE, angiotensin-converting
enzyme; ATIR, angiotensin II type 1 receptor; APA, aminopeptidase A;
PCP, prolyl carboxypeptidase; PEP, proline endopeptidase.

virus that is responsible for mediating receptor recognition and
cell membrane fusion is cleaved into the S1 and S2 subunits
during development. The S1 subunit contains a receptor binding
domain that interacts with ACE2. When bound, another
cleavage site on S2 is exposed and cut by the host's protease (17).
This process is of vital importance to the successful invasion
of the virus. Following the entry of the virus, the ACE2 protein
is downregulated, dysregulating the ACE-Angll/angiotensin II
type 1 receptor (AT1R) axis and the ACE2-Angl-7/Mas axis,
and AnglI levels are relatively/absolutely increased, which
overstimulate AT1R, increase lung capillary permeability and
induce acute lung failure. This provides a molecular explana-
tion for acute respiratory distress syndrome (ARDS), the death
mechanism of the coronavirus infection (26). In response to
this mechanism, potential treatment strategies include blocking
the receptor binding domain (RBD) of the viral S protein or the
functional receptor of ACE2 to prevent the binding of human
ACE2 and SARS-CoV-2. In addition to this blocking strategy,
other possible treatment options may include increasing the
ACE?2 levels and the topical use of ACE2-derived peptides,
small molecule inhibitors, ACE2 antibodies, or single-chain
antibody fragments against ACE2 (Fig. 2).

ACE?2 and COVID-19. According to clinical diagnosis and
treatment, the main symptoms of patients infected with

COVID-19 include high blood pressure, diarrhea and damage
to multiple organs, including the heart, kidneys and testes (27).
These diffuse COVID-19 manifestations may be related to
infection and RAS overreaction. Therefore, it was hypoth-
esized that, as an important negative feedback regulator of
RAS, ACE2 represents a reasonable target for the prevention
and treatment of COVID-19. Fortunately, current research
indicates that ACE2 has good potential for use in the treatment
of patients with ARDS, cardiovascular disease, gastrointestinal
malnutrition and other viral-related symptoms (28). This is
discussed below.

i) ACE2 and acute respiratory distress syndrome: ARDS
is characterized by severe hypoxemia and extreme difficulty
in breathing, which represents the main cause of mortality in
patients with COVID-19. As mentioned above, imbalance in the
ACE-AngllI/ATIR axis in the classic RAS pathway increases
the permeability of lung capillaries and the influx of calcium
ions, which indirectly promotes the occurrence of acute
lung failure. ACE2 can protect patients from lung injury by
regulating this process.

Previous studies performing animal experiments have
demonstrated that compared with normal wild-type (WT)
control mice, ACE2 knockout (KO) mice exhibit a very
severe ARDS pathology, including enhanced vascular
permeability, severe pulmonary edema and moderate
accumulation of sex-specific granulocytes, deterioration of
lung function, etc. (9,29). These observations suggest that
the balance in the ACE2/ACE content is the key to lung
injury/protection during these inflammatory factor storms.
Further analyses have indicated that the artificial injection
of the ATIR blocker, angiotensin II receptor blocker (ARB),
induces the expression of ACE2, Ang 1-7 and Mas, leading
to a decrease in pro-inflammatory cytokine levels and an
increase in the levels of the anti-inflammatory cytokine,
interleukin (IL)-10 (29). This protective effect of ACE2 may
reduce AGII by decomposing it into AG (1-7). In another
study using mice, SARS-CoV infection and its S protein
downregulated the expression of ACE2 (30). Clinical observa-
tions and experiments at this stage have also yielded similar
results. A retrospective study found that in 300 patients with
COVID-19-induced acute pneumonia, multiple organ failure
caused by an inflammatory cytokine storm was the main
cause of mortality (31). Researchers speculate that when the
immune system is activated in response to SARS-CoV2 infec-
tion, the existing T helper cell 17 (Th17)/Treg functional cells
and immune cells secrete a large number of pro-inflammatory
cytokines, and this hyperactivity leads to an imbalance in
cytokine content. This imbalance, coupled with the loss of
ACE2 due to the invasion of COVID-19, ultimately leads to
tissue and systemic inflammation (32). Following the injection
of recombinant human ACE2 (thACE2), an artificially created
ACE2 protein, pathological damage and inflammation in the
lung were improved (18). A series of studies in Austria have
proven that in acute lung injury caused by SARS and certain
influenza viruses, ACE2 buffers the lung fibrosis and lung
injury caused by the excessive activation of RAS to a certain
extent (33). Moreover, levels of plasma AnglI in patients with
COVID-19 are significantly increased, which exhibits a linear
correlation with viral titer and the degree of lung injury,
suggesting that SARS-CoV2 may cause acute lung injury by
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Figure 2. Damage to multiple organs caused by the virus. According to clinical diagnosis and treatment observations, the virus invasion can cause damage to
multiple systems and organs, resulting in diffuse COVID-19 disease; therapies surrounding ACE2 have exhibited good therapeutic potential in the treatment

of a number of diseases. ACE, angiotensin-converting enzyme.

reducing the expression levels of ACE2 and disrupting the
ACE/ACE2 balance.

Based on the above-mentioned studies, it can be concluded
that in patients with COVID-19, ACE2 represents a poten-
tial reasonable target for the prevention and treatment of
acute respiratory distress syndrome. Relying on the human
body's own RAS mechanisms to increase the ACE2 content
is expected to provide positive results for the treatment of
patients with ARDS.

ii) ACE2 and cardiovascular disease in patients with
COVID-19: In addition to acute pneumonia, the critical
illnesses caused by COVID-19 also includes cardiovascular
disease. A previous study demonstrated that in autopsy heart
tissues from 20 patients who had succumbed to SARS-CoV, 7
heart samples exhibited obvious cardiovascular lesions char-
acterized by increased myocardial fibrosis, inflammation, and
decreased myocardial ACE2 expression (34). These patients
were also more severely ill and exhibited a higher mortality
rate. A similar phenomenon is observed in SARS-CoV2
patients: Individuals with pre-existing diseases, such as hyper-
tension and heart disease, have an increased specific risk of
COVID-19 infection, and in patients with COVID-19, acute
myocardial injury is frequent. Other abnormal phenomena
have also been observed in the laboratory, including increased
D-dimer and continuously increased inflammatory cytokine
levels throughout the clinical course (35,36). These phenomena
all indicate that the cardiovascular system is continuously
experiencing inflammation in patients with COVID-19.

Asaregulatorof theRAS system, ACE2 effectively relieves a
number of cardiovascular diseases, including hypertension and
coronary heart disease. As early as the end of the last century,
drugs for the treatment of cardiovascular disease appeared that
were developed based on the ACE2-Ang(1-7)/Mas axis, and
they have currently become classic prescription drugs. It has
been demonstrated that in a rat model of myocardial infarc-
tion, compared with the myocardial tissue that survived 3 days
following infarction, the infarct and the peri-infarct area

exhibited an increased expression of ACE2 (37). As ACE2
exerts a protective effect on lung and heart tissue damage, it
is hypothesized that hypertensive patients with COVID-19 are
more likely to develop complications and severe cases. A large
number of observations have also confirmed this point. The
severity of COVID-19 infection in patients with hypertension
is indeed greater. In addition, compared with non-severe cases,
severe cases of COVID-19 exhibit relatively higher systolic
blood pressure (145 mmHg vs. 122 mmHg) (38). This phenom-
enon indicates that SARS-CoV-2 deprives tissues of ACE2,
leading to a marked decrease in ACE2 levels that indirectly
lead to the occurrence of hypertension.

At present, studies have suggested that the use of ARB
drugs in patients with COVID-19 may help to improve the
patient's condition or even decrease their risk of mortality.
A study completed in 2017 revealed that ARB effectively
blocked ATIR, antagonizing the main Angll actions and
exhibiting protective pleiotropic effects against hypertension
and cardiovascular inflammation, fibrosis and thrombosis (39).
The data available from >20 clinical trials currently in progress
(e.g., NCT04312009, NCT04311177, NCT04318418) indicate
that ARB decreases the viral load, prevents peripheral T cell
depletion and reduces plasma IL-6 levels, C-reactive protein
(CRP) and procalcitonin levels (40). However, this therapy has
been mainly shown to be effective in subjects with hyperin-
flammatory periods or previous hypertension. The European
Society of Cardiology and the American Heart Association
advise against terminating these maintenance treatments for
patients with COVID-19, particularly in the presence of high
blood pressure or heart failure (41). However, at present, due to
the lack of clinical statistics with a larger sample size, a large
controversy remains as to whether ARB drugs should be used
in the treatment of patients with COVID-19. Further research
is required to determine whether the long-term use of these
therapies will cause different consequences in specific tissues.

iii) ACE2, enteric malnutrition and disease progression
in patients with COVID-19: As regards the clinical symptoms



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 47: 43, 2021 5

of the novel coronary pneumonia, gastrointestinal symptoms
are often the first observed or accompanying symptoms.
ACE2 is most commonly expressed in intestinal epithelial
cells, spreading over the surface of the entire gastrointestinal
lumen, making the intestine a secondary site of SARS-CoV-2
infection. Gastrointestinal leakage in experimental models of
human diseases are improved and worsened by the increased
and decreased ACE2 levels, respectively (42,43). A study on
811 patients with COVID-19 with gastrointestinal discomfort
and diarrhea found that gastrointestinal symptoms may appear
earlier than symptoms of lung infection (44). In addition,
the majority of the currently known coronaviruses affect
the integrity of the gastrointestinal blood barrier and cause
intestinal dysbiosis, bacteremia and systemic inflammation.
The development of gastrointestinal leakage and enteral
malnutrition is closely related to the excessive activation of the
ACE/AnglI/ATIR axis caused by the loss of ACE2 (45,46).
Fecal viral RNA has been detected in up to 70% of patients
with gastrointestinal virus shedding and a more aggressive
clinical course (47,48).

In addition to the direct impact of the virus on the micro-
biome, diseases such as diabetes and lung diseases, also have
an adverse effect on the gut microbiome, and SARS-CoV-2
infection may increase disease severity (49-51). In animal
models and humans, Angll-dependent hypertension is associ-
ated with enteral malnutrition, increased intestinal leakage
and pathological changes in the intestinal wall (52,53). The
destruction of ACE2 in the biomedical model indicates that
intestinal malnutrition is very common and that this change
in the microbial profile can alter the systemic pathway and
exacerbate diabetes and hypertension (26).

Therefore, it can be concluded that the decrease in
intestinal ACE2 expression caused by SARS-CoV-2 infec-
tion may similarly reduce circulating angiogenic cells and
damage the integrity of endothelium and intestinal epithelium,
leading to malnutrition. However, further investigations are
warranted to verify whether this phenomenon is a direct or
indirect effect of viral infection. If further research confirms
the existence of viruses through intestinal infections, fecal
bacteria transplantation, probiotic therapy, etc., can regulate
the intestinal microecology to indirectly adjust the ACE/ACE2
balance, which has potential for the treatment of patients with
COVID-19.

Potential risks. It has to be acknowledged that ACE2 has
great potential for the treatment of patients with COVID-19.
However, since the current considerations basically stem from
theoretical derivation and small basic experiments, there is still
a lack of convincing clinical data. Thus, during the pandemic
of the novel coronary pneumonia, the use of ACE2 and its
related inhibitors for the treatment of patients with COVID-19
still conveys potential risks to a certain extent. This primarily
manifests in two aspects. First, in terms of dose, the levels of
ACE2 have complexity in novel coronary infection (Fig. 3).
Second, in terms of therapeutic efficacy, the use of ACE2
and its related inhibitors may promote infection in patients
with complications, such as hypertension and cardiovascular
disease (54-56). This is discussed below.

i) The content of ACE2 is complex in SARS-CoV-2
infections: The interaction between the SARS-CoV-2 virus and

ACE2 is considered a potential feature of its infectivity (26);
thus, there may be approaches which may be used to intervene
in this process to resist SARS-CoV-2 infection, such as deliv-
ering excess soluble ACE2 or inhibiting SARS-CoV-2 virus
interaction with angiotensin-converting enzyme 2.

Generally, it is considered that excessive ACE2 levels,
particularly soluble forms of ACE2, may slow viral entry and
spread. In addition, this may not only prevent lung injury by
neutralizing the virus, but also release cellular ACE2 and
enhance its activity. As a protective factor that inhibits lung
injury and multiple organ failure of the RAS classic axis, its
expression should be increased, but ACE2 is also a receptor for
viral infection. It has been demonstrated that ACE2 promotes
the replication of SARS-CoV (57). The expression levels of
ACE2 in cells are positively associated with susceptibility to
the SARS-CoV S protein. After the host cells are infected with
ACE2, viral replication capacity increases (58). Moreover, the
affinity of SARS-CoV-2 for ACE2 is 10- to 20-fold greater
than that of SARS-CoV (13); thus, excessive levels of ACE2
may increase the chance of infection with SARS-CoV-2.

A lack of ACE2 has both advantages and disadvantages.
For patients who have been infected, a lack of ACE2 leads
to increased levels of Angll, which acts more on the target
organ ATIR to play a pro-inflammatory, pro-fibrotic and other
roles, causing target organ lesions, which in turn induces
multiple organ damage (24). In addition, ACE2 deficiency
also exerts a positive effect. Following SARS-CoV infection
in mice, the levels of ACE2 in the lungs of mice significantly
decrease, and the levels of SARS virus infection in the lungs
also significantly decreased (26). ACE2 KO mice are more
resistant to SARS-CoV infection, and ACE?2 inhibitors also
prevent SARS-CoV replication (26,58,59).

However, it has been demonstrated that the expression of
ACE2 in intestinal epithelial cells is positively associated with
viral entry, release and cellular immunity genes, but negatively
associated with viral transcription, protein translation, humoral
immunity, phagocytosis and complement activation (60). This
suggests that ACE2 may play a dual role in mediating suscep-
tibility and immunity to SARS-CoV-2 infection; thus, it needs
to be used with caution.

it) ACE2 may promote infection in patients with compli-
cations, such as hypertension and cardiovascular disease:
Recent evidence has indicated that patients with diseases, such
as diabetes, hypertension and obesity (61), have the highest
prevalence of novel coronary pneumonia infections and are at
arisk of mortality (62). While ACE2 inhibitors and angiotensin
receptor blockers are basic drugs for the treatment of hyper-
tension, heart disease and chronic kidney disease, ACE2 is an
important functional receptor for SARS-CoV-2 infected hosts.
A number of patients and physicians are therefore concerned
that the use of renin-angiotensin-aldosterone system (RAAS)
inhibitors will increase the risk of viral infection in these
patients.

de Abajo et al compared the current use of RAAS inhibi-
tors with other anti-hypertensive drugs for some confirmed
admissions (63). The results demonstrated that compared with
the use of other anti-hypertensive drugs, the use of RAAS
inhibitors was not associated with an increased risk of infec-
tion requiring admission, but was associated with an increased
risk of severe complications requiring intensive care.
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In contrast to the above-mentioned findings, de Abajo et al
found an interesting and potentially clinically significant
result in their study. They observed that the administration
of RAAS inhibitors reduced the risk of adverse outcomes
in diabetic patients with new-onset coronary pneumonia by
almost half compared with other anti-hypertensive drugs (63).
Other studies have also suggested that compared with other
anti-hypertensive drugs, the use of RAAS inhibitors may exert
a protective effect on complications and mortality in patients
with the novel coronary pneumonia, although these studies
were not limited to diabetic patients (64,65).

Several studies with mixed conclusions (63-67) have
demonstrated that there is currently no clear evidence that
RAAS inhibitors increase the risk of infection in patients with
the new-onset coronary pneumonia. However, there is also no
strong evidence to support that once infected, the use of RAAS
inhibitors increases the risk of infection or the severity of
complications compared to treatment with other antihyperten-
sive agents. The results of some studies even obtained opposite
findings. However, this potentially important finding needs to
be confirmed in large randomized controlled trials (65,65).

In summary, although ACE2 has great potential for use in
the treatment of the novel coronavirus pneumonia, there are
indeed some potential risks surrounding the use of ACE2 and
its related inhibitors for treatment. In line with the humani-
tarian principle of the supremacy of patient interests, when
conducting clinical trials and formulating diagnostic and treat-
ment strategies, it is necessary to understand the mechanisms
of action of the drugs in detail and their therapeutic effects
as much as possible in order to select the diagnostic and
treatment strategy with the optimal efficacy by synthesizing
various factors. Thus, a general understanding of the existing
diagnostic and treatment strategies is required.

4. ACE2-centered drug therapy

The above-mentioned findings suggest that ACE2 has great
potential for use in the treatment of COVID-19. As a whole,
although there are some potential treatment risks. However,
if used reasonably, ACE2 may become a reasonable target for
the prevention and treatment of COVID-19. At present, there
are a number of diagnostic and treatment programs available
for ACE2, which can be divided into 2 categories. One is based
on the process of virus S protein that needs to bind ACE2 to
invade cells, targeting S protein-ACE2 interactions to inhibit
viral invasion and including drugs, such as arbidol, chloro-
quine, etc. The mechanism of action of another class of drugs
is to regulate the ACE2 content for the prevention and treat-
ment of acute lung injury (Fig. 4). Below, the drug mechanisms
are discussed and the results of clinical trials are combined to
explain and analyze the therapeutic efficacy of these drugs and
areas for improvement. The relevant pharmacological data of
several current popular drugs are summarized in Table I.

Therapeutic drugs targeting the spike-ACE?2 interaction.
Certain currently available therapeutic drugs targeting ACE2
are discussed below.

i) Arbidol: Arbidol is a recommended anti-influenza drug.
As a hemagglutinin inhibitor, the mechanism of action for
COVID-19 is primarily through the activation of 2,5-oligoad-
enylate synthase in the human body, which is an antiviral
protein that specifically inhibits the interaction between the
S protein on the viral lipid envelope and ACE2 on the host
cell membrane by interrupting adhesion and other interac-
tions, blocking the process of viral gene penetration into the
nucleus (DAA) (24). At the same time, arbidol can also act as
a host targeting agent (HTA) by affecting the life cycle of the
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Table I. Pharmacological data of several current popular drugs for ACE2-centered therapy (69,70,73,75,78,84,85).

Name

Mechanism
Pharmacokinetic and
toxicological data
Applicable stage
Suggested dose

Combination
medication

Possible adverse

Arbidol (ARB)

Spike-ACE2 and Affect the
virus life cycle

EC,,=10 uM
CC4,=20-100 uM

Early stage of viral infection
200 mg/day <10 days for
adults

With IFN-a or other

antiviral drug

Not reported

Chloroquine phosphate (CQ)

Inhibit the process of virus
replication and block terminal
glycosylation modification of ACE2
ECs=1.13 uM

CC4=100 uM

Pneumonia worsening stage
1,000 mg/day (twice) for 7 days
High CQ doses are not
recommended when with

azithromycin or oseltamivir
May increase the risk of fatal

Clinical-grade soluble human
ACE2 (hrsACE2)

Inhibit lung damage and prevent
virus invasion

Not reported (currently undergoing
Phase 1 and 2 clinical trials;
NCT00886353, NCT01597635)
Prevent infection stage;

late lung injury stage

25-200 pg/day

Not reported

May increase the risk of virus

reactions ventricular arrhythmia infection
Problems to be Standardized animal studies The gap between in vitro antiviral ~ The impact of hrsACE2 in the later
solved and controlled clinical trials  activity and clinicaleffect; stages of the disease process
standardized diagnosis and
treatment plan yet to be formulated
B H lutinin (HA, n‘Tdm
i
lemagglutinin (HA) "\ ol =3
i T
: Pl ——
¥ N o @
l \ Cell
Arbidol can activate an antiviral protein in the body
and bind to viral hemagglutinin
A $-Protei @ =<
=Frotein X
& — :
— =
— s
Exposed © :
SARS-CoV-2 ——— c!eitsaZew o0 ® ~—ap—
it
c ' Cov St¢ Protease . . D

——

Chloroquine phosphate  Cell

Chloroquine phosphate can block the glycosylation modification
at the end of ACE2 and weaken the Spike-ACE2 interaction

The process of virus invading the host

)’

Membrane-bound
ACE2

’ Soluble
ACE2

>_: =
%%i .

Cell

hrsACE2 binds to Spike and reduces binding to
ACE2 at the membrane

Figure 4. Process of the virus invading the host and the mechanism of action of several key drugs. (A) SARS-CoV2 recognizes and binds to ACE2 of the host
cell to enter the cell. (B) As a hemagglutinin inhibitor, arbidol can directly bind to the viral hemagglutinin to block its invasion of the host, and it can also
activate an antiviral protein (2,5-oligoadenylate synthase) in the body to prevent Interaction between S protein and host ACE2. (C) Chloroquine phosphate
can reduce the interaction of Spike-ACE2 by blocking the glycosylation modification at the end of ACE2, thereby inhibiting virus invasion. (D) Recombinant
human soluble ACE2 (hrsACEZ2) can bind to the virus S protein and compete with the host ACE2 for binding sites to inhibit virus invasion.

virus. Results from preclinical animal toxicology experiments
have demonstrated that arbidol has good toxicological safety.

The lethal dose demonstrated in experiments using mice has
been shown to be approximately 40-fold the dose used in
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humans (68); clinical use records have reported arbidol to be
extremely well tolerated and to have a high therapeutic index.
In a retrospective study, the total effective rate of arbidol anti-
viral therapy was 75% (69), and no severe adverse reactions
were observed (70), with its resistance primarily arising from
mutations in the HA2 fusion protein. Although the drug has
been used as an antiviral drug for influenza for a number of
years, it has not yet produced significant viral resistance. The
main part of arbidol metabolism occurs in the liver, but rapidly
spreads to various tissues. Within 48 h, approximately 40% of
arbidol intake is excreted in feces.

Through searching past antiviral randomized controlled
studies of arbidol and clinical studies in which it was used
in patients with COVID-19, arbidol appears to have a posi-
tive antiviral effect. On February 4, 2020, the research team
of Lanjuan announced that in vitro cell experiments revealed
that very low concentrations of arbidol effectively inhibited
SARS-CoV-2 by 60-fold compared with the control group
without drug treatment, significantly inhibiting the patho-
logical effect of the virus on the cells. However, the team has
not yet published the study, and thus this is not conclusive
evidence. At present, arbidol has been used as an antiviral
drug in COVID-19 patients and applied during the early stages
of viral infection. Previous studies have also demonstrated
that, including various coronaviruses and influenza viruses,
arbidol exhibits broad-spectrum antiviral activity (71,72). In
the ‘New Coronavirus Infection Pneumonia Diagnosis and
Treatment Plan (Trial Version 6)’, arbidol was recommended
for the first time for the antiviral treatment of patients with
COVID-19 (http://www.nhc.gov.cn/yzygj/s7653p/202002/83
34a8326dd94d329df351d7da8aefc2.shtml). According to the
guidelines, the use of interferon (IFN)-a is recommended in
combination with arbidol or other antiviral drugs for <10 days
as an anti-COVID-19 therapy; however, there are currently
no large-scale clinical studies available on arbidol/IFN-a in
COVID-19 information or research. In a recent study, arbidol
combined with IFN-a2b was no more effective than IFN-a2b as
a single agent in COVID-19 with respect to RNA clearance and
hospitalization, raising questions as to the use of arbidol (73).

Based on a large amount of literature, arbidol has great
potential for use in the treatment of patients with COVID-19;
however, at present, the efficacy and toxicity of the drug for
COVID-19 remains uncertain, and the combination of IFN-a
and arbidol used to obtain novel drug categories to improve
efficacy should be further confirmed in larger prospective
randomized studies. The relative lack of standardized animal
studies and controlled clinical trials for healthy and infected
subjects is also an issue that needs to be resolved. In view of
the fact that patients with COVID-19 are administered several
drugs and their clinical course is complex, it is necessary to
perform pharmaceutical monitoring following the administra-
tion of these drugs to patients. Moreover, both in vivo and
in vitro studies have demonstrated that arbidol can be used
in combination with other antiviral drugs for the treatment
of patients with COVID-19 to obtain improved therapeutic
effects; however, the antiviral effects and mechanisms of
action of arbidol alone require more in-depth investigation in
further clinical studies.

ii) Chloroquine phosphate (CQ): As a basic compound,
chloroquine reduces the interaction of spike-ACE2 by blocking

the glycosylation modification at the end of ACE2, inhibiting
the virus from invading Vero E6 cells (74). Chloroquine also
increases the pH of vesicles and blocks the replication process
of pH-dependent viruses, such as coronaviruses. Due to the
lack of reliable information on the target concentration or
dose in COVID-19, the ‘loading dose’ for adults (30 mg/kg
within 48 h) and children (70 mg/kg within 5 days) is currently
used as a clinical reference. Early toxicological test results
have suggested that the safety of the drug needs to be inves-
tigated. For mice, the injection of CQ at 60 mg/kg per day
for 4 consecutive weeks leads to a 30-40% fatality rate. It has
not yet been determined whether the use of much lower doses
that are currently recommended will ensure the safety of this
combination of drugs, and prescribers should exercise caution.
However, it was clinically observed that the high-dose group
(600 mg CQ) compared with the low-dose group (300 mg CQ)
experienced a reduced fatality rate of at least 50% (75).

CQ has been used in the treatment of malaria and autoim-
mune diseases for >70 years, and it has also been proven to
have positive effects against a variety of coronaviruses (76).
Chloroquine compounds were first demonstrated in in vitro
tests at the end of 2019 to effectively inhibit the invasion of
SARS-CoV-2 and were subsequently considered to be effec-
tive in attenuating the progression of pneumonia and lung
damage. As a result of imaging, the viral load is reduced, and
therefore, the course of the disease is shortened, increasing the
survival rate (77). The National Health Commission released
the ‘New Coronavirus Pneumonia Diagnosis and Treatment
Plan (Trial Sixth Edition)’ on February 18, 2020, adding CQ
as an antiviral trial drug (http:/www.nhc.gov.cn/yzygj/s7653p/
202002/8334a8326dd94d329df351d7da8aefc2.shtml). An
in vitro antiviral study at the Wuhan Institute of Virology has
demonstrated that the median effective concentration (ECs,)
of chloroquine is 1.13 ygmol/l (0.36 mg/l), and it exerts anti-
viral effects during and after the viral entry stage (77). At
present, there are >30 clinical studies of CQ in the treatment of
COVID-19 at home and abroad. According to published brief-
ings, clinical treatment observations from >100 patients have
indicated that CQ inhibits the deterioration of pneumonia,
improves lung imaging results and inhibits viruses. In terms
of decreasing the disease course, CQ is superior to the control
treatment, and there were no severe adverse reactions to CQ in
the above-mentioned patients (78).

Although CQ has been tested clinically and has acceptable
safety, there are also some potential safety issues and prolonged
use risks, including a prolonged QT interval, ventricular tachy-
cardia and retinopathy, etc., which may increase the risk of
fatal ventricular arrhythmia (79). Therefore, safety is a key
concern in the current application of chloroquine. According
to previous findings, the therapeutic dose of chloroquine is
very close to the toxic and lethal doses, and the plasma drug
concentration at a dose of 500 mg/day will exceed EC90
(6.90 umol/l) (80). Therefore, overdosing should be avoided
in clinical practice. Previous research has indicated that the
ACE?2 receptor used by ARS-CoV-2 to enter cells is highly
expressed in cells, such as the lungs, gastrointestinal tract,
kidneys and heart, facilitating SARS-coronavirus 2 entry into
these organs (81). According to previous research, CQ highly
and slowly accumulates in these organs (79). Therefore, the
distribution of CQ in these organs may be highly associated
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with its potential efficacy against SARS-CoV-2 and adverse
events. However, according to the currently recommended
dosing regimen for the treatment of malaria or rheumatoid
arthritis, the concentration of the drug at the site of action
may be much higher than the effective concentration (ECs,)
required to inhibit SARS-CoV-2 in vitro, and a higher accu-
mulation of tissue CQ may lead to adverse events. At the same
time, due to the potential safety hazards of COVID-19 in criti-
cally ill patients, particularly when taking azithromycin and
oseltamivir at the same time, higher CQ doses have proven to
be dangerous.

Therefore, objectively speaking, although the drug achieves
good efficacy in the treatment of COVID-19 patients, its
safety may be a major obstacle to its application in the future.
Among infected patients, approximately 30% are elderly and
approximately 2% are pregnant women and children, and the
probability of complications in these populations is higher (21).
At the same time, in obese patients, if total body weight is
used instead of calculating the dose by ideal weight, obese
patients may be administered an overdose, as these drugs are
not retained in adipose tissue. Therefore, there is an urgent
need for the development of a personalized drug delivery
strategy for each vulnerable group to safely and effectively use
CQ against SARS-CoV-2. Recent research has found that the
in vitro antiviral activity of CQ does not necessarily translate
into clinical efficacy in vivo (82). In view of the fact that the
mechanisms of drug metabolism in the body remain unclear,
this is also an urgent issue to be solved. Therefore, considering
the exposure-efficacy and exposure-safety association of CQ
to optimize its dosage in each special population is a direction
for future development, and when medical conditions permit,
it is recommended that in the treatment of novel coronary
pneumonia, whole blood concentration of the drug after taking
CQ should be closely monitored to adjust the dosage of CQ
according to the blood concentration to formulate a more
precise individualized treatment plan. An electrocardiogram
(ECG) should be closely monitored as well to prevent adverse
reactions.

Targeted regulation of ACE2 content and treatment methods.
The content of ACE2 as regards various treatment methods is
discussed below.

i) Clinical-grade soluble human ACE2: A previous
study demonstrated that human recombinant soluble ACE2
(hrsACE2) reduced the recovery ability of SARS-CoV-2 in
Vero cells by 1000-5,000-fold. There have since been phase 1
and 2 clinical trials conducted, both of which have proven that
in the early stage of infection, hrsACE2 significantly inhibits
the infection of human organs and organoids, hindering the
growth of the virus (83,84). Its coefficient for Vero E6 cells
is 1,000-5,000. Moreover, SARSCoV-2 directly infects engi-
neered human vascular organs and renal organs, and hrsACE2
inhibits its infection (85). Recombinant ACE2 may also effec-
tively be used for the treatment of acute lung failure in mice
and eliminates the lung injury effect caused by SARS protein
by regulating the ACE2 pathway (81). In other lung injury
models, such as bleomycin-induced pulmonary fibrosis and
monocrotaline-induced pulmonary hypertension, recombinant
ACE2 has recently been shown to prevent chronic lung injury,
fibrosis, and pulmonary vasoconstriction (85). These results

suggest that recombinant ACE2 can be used clinically as a
novel treatment for chronic organ failure and acute lung injury.

However, it must also be considered that compared with
endosomal ACE, endogenous circulating levels of soluble
ACE2 are usually very low or even undetectable, and
SARS-CoV-2 cannot be sufficiently isolated in the circulation
to prevent spread of the virus. The degree to which artificial
recombinant ACE2 competes with SARS-CoV-2 to reduce
viremia infection and tissue damage is still unclear. At present,
only the effect of hrsACE2 on early infection by the virus is
understood; however, the effect of hrsACE2 in later stages of
the disease process is not clear, and its effects on the lungs
are also poorly understood (86). A clinical trial on the infu-
sion of ACE2 protein in the stress group was also withdrawn.
Although increasing ACE2 protein content to increase the ratio
of Ang-(1-7): Angll may have a certain improvement effect
on organ damage induced by SARS-CoV-2, this method may
also be beneficial for viral invasion through the respiratory
or digestive system. When patients experience ARDS, it may
alleviate subsequent viral infections in other tissues; however,
ACE?2 infusion may reduce circulating Angll levels and
increase Ang(1-7) levels to promote infectious or cardiogenic
effects in later stages of the disease, including shock. Patients
with COVID-19 may experience blood pressure imbalance,
leading to hypotension.

In brief, it can be concluded that the research and devel-
opment of artificial hrsACE2 is still in a relatively immature
stage, and the relevant research results are still inconclusive.
In view of the complex effects of ACE2 levels on viral infec-
tions, every step of the research in the future must be taken
cautiously.

ii) RAS inhibition: ACE2 is a component of RAS and
participates in the occurrence and development of hyperten-
sion together with ACE. RAS inhibitors are drugs that need
to be chronically taken by hypertensive patients. Although it
seems that there are different responses to ARBs and ACElIs,
as well as tissue-related responses, the notion that RAAS
block stimulates ACE2 expression and activity has typically
been supported by experimental studies (87-89). Recently, it
was discovered that in the hearts of mice with aortic stenosis,
various ARBs (olmesartan, losartan, valsartan, candesartan,
telmisartan and irbesartan) are all present to a similar degree
(~2 times) and increase ACE2 protein levels (90,91). Among
patients with chronic kidney disease (CKD), urinary ACE2
levels (tubular expression index) in patients treated with
ACEIs or ARBs are similar to those in untreated patients. In
addition, Kocks er al found that ACEI treatment had no effect
on the expression of ACE2 protein in kidney biopsy samples
of patients with various kidney diseases and kidney transplant
recipients (92). By contrast, only patients treated with ACEI
had higher intestinal ACE2 mRNA levels than ARB (93).
However, ACE2 protein or activity was not evaluated to
verify the mRNA results. In addition to RAAS inhibitors,
experimental studies have indicated that statins enhance the
expression of ACE2. Tikoo et al reported increased ACE2
protein levels in the heart and kidney of atherosclerotic rabbits
treated with atorvastatin (approximately 2-fold), which was
related to epigenetic modification of the ACE2 gene (94).
Fluvastatin treatment has been shown to significantly enhance
the effect of insulin on inducing the expression of ACE2
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protein in the heart of diabetic rats (95). As far as is known,
the effect of ARB or ACEI therapy combined with statins on
ACE2 expression has not yet been determined. Finally, peroxi-
some proliferator-activated receptor-y (PPAR-y) may also
affect expression of ACE2. After the aorta is narrowed, the
PPAR-vy agonist rosiglitazone causes the aorta of hypertensive
rats to increase ACE2 content (96). Researchers in Austrian
found that in acute lung injury caused by SARS and certain
influenza viruses, ACE2 buffers pulmonary fibrosis and lung
injury caused by excessive activation of RAS to a certain
extent (97). Studies using experimental animal lung injury
models have demonstrated that RAS-induced upregulation
of ACE2 by inhibitors can reduce lung injury (98). Various
ACE inhibitors, such as captopril and lisinopril, do not affect
the activity of ACE2, and ACE2 activity can be inhibited by
the dipeptide Pro-Phe. Specific ACE2 inhibitors have been
developed accordingly, such as the peptide analog DX600 and
MLN 4760 {(S,S)-2-[1-carboxy-2-[3-(3,5-dichlorobenzyl)-
3H-imidazol4-yl]-ethylamino]-4-methyl Valeric acid}. MLN
4760 is the first rationally designed ACE2 inhibitor based on
the carbon-terminal dipeptide of Angl (His-Leu) with high
potency (Ki=0.44 nM) and specificity (99).

The current understanding of the cardiovascular conse-
quences in patients with SARS-CoV-2 infection at this early
stage is very limited. Lo et al reported that circulating levels
of Angll in patients with COVID-19 were significantly higher
than those in healthy controls, which is consistent with the
lower activity of ACE2. However, compared with experimental
data, particularly regarding the impact of ACEI and ARB, the
current ACE2-Ang(1-7) clinical data on the pathway is very
limited (99). In addition, although the existing evidence is novel
and insightful, it usually comes from smaller cross-sectional
observational studies. Therefore, RAAS measurement is
incomplete and cannot fully explain the potential bias and
confusion.

In summary, it is still controversial whether RAS inhibitors
are a ‘nemesis’ or ‘accomplice’ of COVID-19, and there is no
definite clinical evidence on whether RAS inhibitors aggravate
the condition of COVID-19 (100). The test results of different
RAS inhibitors affecting ACE2 expression and enzyme
activity are inconsistent, and related research is still advancing.
In view of the fact that the biological effects of basic research
are not equivalent to clinical effects, RAS inhibitors should
not be rashly activated or stopped in response to ambiguous
research results.

New insight based on the SARS-CoV epidemic experience.
Research indicated that serum from SARS patients during
the recovery period prevents the invasion of SARS-CoV-2,
revealing the important commonality between SARS-CoV-2
and SARS-CoV infection (89). Therefore, when there are no
specific drugs available for the treatment of COVID-19, it is a
fruitful practice to refer to the epidemic experience in 2003 for
the new use of old drugs. This is discussed below.

i) Griffithsin (GRFT): GRFT is a lectin extracted from red
algae. This lectin has a domain-swapped dimeric structure in
which 2f-strands of one monomer combine with 10 -strands
of the other monomer to form a B-prism of 3 4-stranded
sheets (101). Each GRFT monomer (mGRFT) contains
3 binding sites with high affinity for mannose residues, and

this compound is one of the most potent microbicides isolated
to date. Mori et al confirmed the antiviral activity of GRFT in
in vivo and in vitro experiments in SARS-CoV studies (102).
In vitro, GRFT specifically binds to the recombinant
SARS-CoV S protein in a dose-dependent manner, although
it cannot significantly inhibit the subsequent binding of ACE2
to the spike protein. Interestingly, Mori et al found that GRFT
significantly ameliorated pulmonary edema lesions and allevi-
ated necrotizing bronchiolitis in mice following SARS-CoV
infection, as well as significantly downregulating the produc-
tion of pro-inflammatory cytokines, such as cytokines IL-1a,
IL-1B, IL-6, G-CSF, MCP-1 and IL-12 in lung tissue (102).
This reminds us that the subsequent development of GRFT is
likely to be performed in the setting of cytokine storms.

ii) Antibodies or peptide drugs that strongly block
spike-ACE?2 binding: Passive immunization may be an effec-
tive treatment for COVID-19, which requires the use of agents
that can neutralize the virus, either sera from persons recov-
ering from SARS-CoV-2 infection or purified antibodies, in
patients.

In a study on SARS-CoV, Hu et al found that a peptide
fragment S of viral RBD specifically blocked the binding of
spike RBD-ACE2 and inhibited infection in in vitro experi-
ments (103). Han et al used an alanine scanning mutagenesis
method and found that the peptide composed of 2 ACE2
modules linked by glycine exhibited potent antiviral activity
(IC5y=0.1 umol/l) (104). Therefore, an effective method to
block the RBD-ACE?2 interaction of the Newcomb virus is
to search for RBD domain-based peptides or their combi-
nation cocktails. However, it must be noted that although
antibodies to SARS-CoV have been shown to achieve good
efficacy, SARS-CoV2 and SARS-CoV spike RBD amino acid
sequence identity is only 72%; thus, therapeutic antibodies and
peptides targeting SARS-CoV RBD interact weakly with the
new coronary virus RBD, and many do not even cross-react
with SARS-CoV-2. Therefore, some degree of modification of
existing drugs is necessary to obtain better efficacy.

Recently, investigators from Vanderbilt University Medical
Center and other institutions have discovered a number of
monoclonal antibodies (mAbs) with effective neutralizing
activity that completely block the interaction between S protein
receptor-binding region (SRBD) and human ACE2 receptor
(hACE2) from a large number of human mAbs against spike
glycoproteins. Researchers found that these neutralizing
monoclonal antibodies effectively recognized nonoverlapping
sites while binding to the S protein and synergistically neutral-
ized the authentic SARS-CoV-2 virus. At the same time, it
was also demonstrated in 2 mouse SARS-CoV-2 infection
models that passive infusion of COV2-2196, COV2-2130, or
the combination of these 2 mAbs protected mice from weight
loss and reduced viral burden and lung inflammation. In addi-
tion, researchers found that passive infusion of the 2 most
potent ACE2-blocking monoclonal antibodies (COV2-2196 or
COV2-2381) as a single treatment protected rhesus monkeys
from SARS-CoV-2 infection. Collectively, these results identify
protective epitopes for SRBD and provide a structure-based
framework for rational vaccine design and selection of potent
immunotherapies (105).

Coincidentally, Huo er al reported 2 closely related nano-
bodies (H11-H4 and H11-D4) that could block SARS-CoV-2
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spike binding to ACE2 in cell culture (106). One protein
region targeted by these nanobodies is closely adjacent to
the ACE2 binding region and has a small amount of overlap.
Both nanobodies exhibited the ability to neutralize live
SARS-CoV-2, with H11-H4 being particularly potent and
enhanced in combination with human-derived antibodies.
The authors suggested that these nanobodies could be used
alone or in combination with other antibodies to help achieve
passive immunization in critically ill patients with COVID-19.
Since camelid animal-derived antibodies are highly conserved
with human-derived antibodies, they may only produce a low
immune response in humans, but a well-developed humaniza-
tion strategy can be exploited.

An important line of defense against SARS-CoV-2 is
the formation of neutralizing antibodies that can eliminate
invaders and have great potential in preventing and treating
viral infections. Therefore, from the perspective of humoral
immunity, the development of antibodies or peptides that can
potently block the binding of SARS-CoV-2 spikes to ACE2
will be an important method for the prevention and treatment
of COVID-19 at present.

Identification of other components of RAS as targets for
intervention. Studies have demonstrated that ACE2 expres-
sion is positively associated with genes for viral entry, release
and cellular immunity, but negatively associated with viral
transcription, protein translation, humoral immunity, phago-
cytosis and complement activation. This suggests that ACE2
may play a dual role in mediating susceptibility and immunity
to SARS-CoV-2 infection, making the idea of directly using
ACE2 as a target for drug intervention a dilemma. Therefore,
the identification of other intervention targets related to ACE2
may become a future research hotspot.

Considering that risk factors associated with hospital-
ization and mortality in patients with metabolic diseases,
including obesity, arterial hypertension, cardiovascular
disease and diabetes, may reflect global activation of the
RAS system, modulation of RAS homeostasis through the
ACE2/(Angl-7)/MAS pathway should be considered to improve
patient symptoms. The Mas gene is an intrinsic receptor for
Angl-7 and is highly conserved. Angl-7 plays an important
regulatory role in neuroplasticity, memory and anxiety by
acting on Mas receptors to exert anti-angiogenic, vasodilatory,
anti-proliferative, anti-fibrotic and antithrombotic effects.

In addition, clinical observational studies have found that
in the majority of cases, respiratory distress occurs following a
period of infection (usually approximately 14 days), suggesting
that this phenomenon may not be a direct effect of the initial
viral infection, but rather a host response to loss of ACE2 func-
tion, dysregulation of the AngII/ACE?2 pathway, and activation
of autoproteases. The current central hypothesis is that the
binding of viral spike proteins to ACE2 leads to the shedding
of ACE2 receptors by various proteases, which in turn leads to
the loss of protective function of the ACE2/MAS axis in the
lung and other organs. In addition to the loss of this protective
function, tissue-specific proteases (e.g., cathepsins, chymo-
trypsin-like) activate the classical pathway (ACE/RAS/AnglII)
and the alternative pathway, also leading to Angll overpro-
duction at the tissue level. This process may further change
the balance of Angl-7/MAS and ACE2 protective function,

thereby alleviating the adverse effects of Angll elevation on
pulmonary epithelial and intravascular injury.

Thus, the induction of ACE2 downstream pathways through
the activation of the ACE2/angl-7/MAS axis may be an effec-
tive strategy to prevent pulmonary and cardiovascular injury
due to SARS-CoV-2 infection. Due to decreased ACE2/MAS
activity and enhanced AnglI/ATIR activity, the risk of
pulmonary vascular endothelial/epithelial cell injury and lung
histopathology is increased. The inhibition of protease activity,
the necessary cleavage of viral spike proteins to prevent virus
interaction with receptors and their entry into cells, such as
ADAMI7 and transmembrane serine protease 2 (TMPRSS2),
which inhibit enzyme activity, may be exploited as a novel
therapeutic target. In addition, it is feasible to use the protec-
tive effects of Angl-7 or its analogs, such as AVE0991 (107), to
counteract the deleterious effects of increased Angll and may
be effective in the symptomatic treatment of these patients.

5.Conclusions and future perspectives: Potentials and pitfalls

The present review began by discussing the physiological func-
tion of ACE2 and summarizing the impact of ACE2 content
on viral susceptibility and acute lung injury. Subsequently,
from the perspective of drug mechanisms, combined with the
results of clinical trials, several ACE2-centric treatments are
specifically elaborated and analyzed. The drug efficacy and
areas that need improvement are also reviewed. The research
presented herein, to a certain extent, may assist medical
workers to correctly understand the role of ACE2 in the disease
process, understand the complex effects of the substance in
viral infections and acute lung injury, and use ACE2 centered
drug therapy in a prudent and standard manner. At the same
time, several therapies and mechanisms related to ACE2 listed
in the present review article can also provide researchers with
certain ideas for developing new drugs.

The effects of ACE2 on sensitivity to the novel corona-
viruses and acute lung injury must be investigated. The data
presented herein suggest that when the ACE2 content is too
high, it can attenuate the rate of viral invasion and reduce the
degree of destruction in acute lung injury; however, it also
enhances viral replication capacity and sensitivity. When
the ACE2 content is low, it hinders the replication ability of
the virus, but at the same time, it leads to increased AnglI
levels, plays a role in promoting inflammation and fibrosis, and
induces multiple organ damage. Despite the limitations and
risks of existing diagnostic and therapeutic regimens for ACE2
and the fact that most drugs have not yet undergone large-scale
clinical trials, we still cannot ignore the therapeutic potential
of ACE2 as a key receptor for viral invasion.

As regards future directions, a strict evaluation of existing
drugs and regimens needs to be conducted, to standardize the
use of doses, rationally combine drugs, and establish a sound
regulatory mechanism. Lessons can also be learnt from the
experience of SARS-CoV with respect to anti-pandemic and
innovative research ideas and begin to explore the direc-
tions of ‘other components of RAS as intervention targets’
and ‘clinical-grade soluble human ACE2’. In this manner,
the therapeutic potential of ACE2 as a key receptor for viral
invasion can be fully taken advantage of to obtain the best
therapeutic effect.
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However, the present review article also has certain
limitations. For example, a number of the studies cited in the
article are still in progress, and no definite and comprehensive
conclusions have been drawn yet. The present review only
focused on the existing results. Moreover, there are numerous
ACE2-centered drug therapies, and only the 4 most common
therapies were discussed herein. Finally, large-scale clinical
retrospective studies on patients with COVID-19 have not yet
been performed, at least to the best of our knowledge. Thus, the
conclusions drawn may not be accurate or universal enough.
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