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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a beta coronavirus that uses the human 
angiotensin-converting enzyme 2 (ACE2) receptor as a point of entry. The present review discusses the origin and 
structure of the virus and its mechanism of cell entry followed by the therapeutic potentials of strategies directed 
towards SARS-CoV2-ACE2 binding, the renin-angiotensin system, and the kinin-kallikrein system. SARS-CoV2- 
ACE2 binding-directed approaches mainly consist of targeting receptor binding domain, ACE2 blockers, solu
ble ACE2, and host protease inhibitors. In conclusion, blocking or manipulating the SARS-CoV2-ACE2 binding 
interface perhaps offers the best tactic against the virus that should be treated as a fundamental subject of future 
research.   

1. Introduction 

In December 2019, Wuhan, a city in China, witnessed the outbreak of 
a pneumonia disease known as coronavirus disease (COVID-19). The 
disease spread throughout the world, forcing the World Health Orga
nization (WHO) to declare it a global pandemic on March 11, 2020. 
During the last seven months, it has infected over 14 million people 
worldwide, including health care workers, caused nationwide lock
downs, and damaged economies worldwide (Hanaei and Rezaei, 2020; 
Jabbari et al., 2020; Kafieh et al., 2020). 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
known as the causative agent of COVID-19. It is a beta coronavirus and 
uses the human angiotensin-converting enzyme 2 (ACE2) receptor as a 
point of entry (Hoffmann et al., 2020). The distribution of ACE2 over a 
variety of tissues explains the evidence for the occurrence of infection in 
multiple organs/systems from the central nervous system to the 

respiratory, cardiovascular, and digestive systems (Jahanshahlu and 
Rezaei, 2020a; Lotfi et al., 2020; Saleki et al., 2020). People mostly 
experience a benign phenotype of the disease; however, one of every five 
people develops a severe phenotype of the disease. It might be the 
presentation of individual genetic background (Darbeheshti and Rezaei, 
2020; Yousefzadegan and Rezaei, 2020) and immune profile (Fathi and 
Rezaei, 2020; Nasab et al., 2020; Saghazadeh and Rezaei, 2020a; Sahu 
et al., 2020; Yazdanpanah et al., 2020). People with severe COVID-19 
mostly show evidence of hyper inflammation, mainly managed by cy
tokines and macrophages (Bahrami et al., 2020), and therefore, a hy
pothesis emerged that the immune system, either directly or indirectly, 
manages the lethal pathogenesis of infection (Yazdanpanah et al., 2020). 
As a result, anti-inflammatory agents are considered along with antivi
rals and other supportive care (Saghazadeh and Rezaei, 2020b). 

To date, there have been records of more than 600,000 deaths 
related to COVID-19 worldwide, while no specific treatment and 
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prevention are available (Lotfi et al., 2020). Many efforts occurred in 
solving the issue (Moazzami et al., 2020; Mohamed et al., 2020; Mom
tazmanesh et al., 2020; Moradian et al., 2020) and adding to the po
tential of some methods for the treatment of COVID-19 (Basiri et al., 
2020; Jahanshahlu and Rezaei, 2020b; Rabiee et al., 2020). The best 
practical method remained is the understanding of the pathogenesis of 
the disease. The present review discusses from the origin of the virus and 
its modes of transmission, how the previously suggested mode of 
transmission can be reaffirmed using ACE2 expression, to structural 
analysis, how much the novel coronavirus resembles other beta coro
naviruses and how slight structural changes have affected its virulence, 
and also to possible therapeutic strategies. 

2. From SARS-CoV1 to SARS-CoV2: mechanism of pathogenesis 
and origin 

SARS-CoV-2 shares similarities with the other human coronaviruses 
(hCoVs) at both the structural level and the associated clinical symp
toms. In particular, it seems to be most closely connected with SARS- 
CoV, which itself was the cause of an outbreak in 2002. Studies have 
revealed that there is about 80% structural identity between SARS-CoV 
and SARS-CoV-2 (Basiri et al., 2020; Guo et al., 2020b; Zhou et al.2020a, 
b,c). 

Such a high similarity allowed scientists to speculate on the mech
anism of cell entry and pathogenesis of SARS-CoV-2. Relevant state
ments proven by recent studies are as follows. First, it was suggested that 
like SARS-CoV, SARS-CoV-2 uses the same receptor, i.e., ACE2, to enter 
cells and cause infection. Zhou et al. (Zhou et al.2020a,b,c) proved that 
the ACE2 is the cell entry receptor of the SARS-CoV-2 and except mice 
cells, a variety of animal cells expressing ACE2 receptor and also human 
cells with ACE2 on their surface can be considered as the target of the 
virus. Also, they showed that other coronavirus receptors, such as 
aminopeptidase N (APN) and dipeptidyl peptidase (DPP), do not play a 
role in the cell entry of the SARS-CoV-2. Further studies also found that 
SARS-CoV-2 receptor-binding domain (RBD) has more affinity to 
interact and attach ACE2 receptor on the surface of the target cells, this 
may be the most likely cause of SARS-CoV-2 being more infectious and 
pathogenic than SARS-CoV–1 (Procko, 2020; Wan et al., 2020; Wrapp 
et al., 2020). 

Second, the SARS-CoV-2 may also be transmitted between humans 
and animals (Wan et al., 2020). Bats and civet cats are recognized as the 
origin and the intermediate hosts of SARS-CoV (Kakodkar et al., 2020; 
Wang and Eaton, 2007). Based on the homology between SARS-CoV-2 
and SARS-CoV, bats might also play a role as the origin of 
SARS-CoV-2. Bat-CoV RaTG13 separated from Rhinolophus affinis bat, is 
the most closely related bat coronavirus to the SARS-CoV-2 with about 
96% whole-genome sequencing identity. It reinforces the possibility that 
bats are the probable reservoir host of the new coronavirus. Despite this 
similarity, studies have shown that in the Pangolin-CoV, all five key 
amino acids that belong to RBD part of the S1 subunit of the spike 
protein which has a role in the RBD/ACE2 interactions are the same as 
SARS-CoV-2, but in the RaTG13 four of five major residues are different. 
Pangolin-CoV whole genome is 91.02% similar to SARS-CoV-2 and 
90.55% similar to RaTG13. Further research is required to determine the 
origin and intermediate animals, which would allow us to eliminate 
virus transmission and prevent further mutations (Andersen et al., 2020; 
Zhang et al., 2020; Zhou et al.2020a,b,c). 

3. SARS-CoV-2 and ACE2 interaction 

SARS-CoV-2, like its other cousins SARS-CoV and Middle East Res
piratory Syndrome (MERS)-CoV, bind to the ACE2 for entering the cells 
(Fig. 1). In this line, Zhou et al. performed virus infectivity studies. They 
used two groups of ACE2 expressing and non-expressing HeLa cells from 
humans, Chinese horseshoe bats, civet, pig, and mouse. As they re
ported, SARS-CoV-2 used all, but mouse ACE2, as an entry receptor in 
the ACE2-expressing cells; however, it was unable to enter into the ACE2 
non-expressing cells. Interestingly, SARS-CoV-2 did not use aminopep
tidase N (APN) and dipeptidyl peptidase 4 (DPPIV), the other corona
virus receptor (Zhou et al., 2020a). Although SARS-CoV-2, SARS-CoV-1, 
and MERS-CoV have genetic sequence homology, they have some 
distant sequencing. SARS-CoV-2 S-protein is suggested to have a strong 
binding affinity to human ACE2. SARS-CoV-2 and SARS-COV-1 share 
73.5% identity in the alignment of RBD sequences of spike glycoprotein. 
Xu et al. assessed the binding free energy of SARS-CoV-2 S-protein in 
comparison with that of SARS-COV-1 S-protein. They estimated the free 
energy required for binding of SARS-CoV-2 S-protein to the ACE2 to be 
about − 50.6 kcal/mol, which was significantly lower than that between 

Fig. 1. The interaction between SARS-CoV-2 S protein and membrane ACE2.  
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SARS-CoV S-protein and ACE2 (− 78.6 kcal/mol). This relatively higher 
affinity of SARS-CoV-2 S-protein to the ACE2 can be an ideal target for 
vaccine design and antiviral drug discovery (Xu et al., 2020b). 

As for other coronaviruses, SARS-CoV-2 possesses a spike (S) glyco
protein, which binds to the cell membrane protein ACE2 to enter human 
cells. The virus-ACE2 binding results in the release of the viral genome in 
the host cells. The coronavirus S-protein has two functional units, S1 and 
S2. During infection, S-protein is a trimeric class I viral fusion protein, 
which is cleaved into these two subunits (Liu et al., 2020a). SARS-CoV-2 
binds to the host receptors by its S1 unit. S1 contains two domains: the 
N-terminal domain and the C-terminal RBD domain. RBD domain en
ables coronaviruses to directly bind to the peptidase domain (PD) of the 
human receptor. S2 subunit is suggested to play a role in membrane 
fusion (Li, 2012). 

Single-cell RNA sequencing (ScRNA) datasets provide evidence that 
the tissues of the lung, upper respiratory tract, ileum, heart, and kidney 
express ACE2, and this expression might explain the role of these organs 
in the pathogenesis of COVID-19 (Zou et al., 2020). Also, the observation 
of the high expression of ACE2 in the oral cavity, especially on the 
surface of epithelial cells of the tongue, suggests the oral cavity a 
favorable site of SARS-CoV-2 transmission (Xu et al., 2020a). 

4. Therapeutic potentials 

4.1. SARS-CoV2-ACE2 binding-directed approaches 

Fig. 2 presents a schematic illustration of different therapeutic stra
tegies directed towards SARS-CoV2-ACE2 binding. 

4.1.1. Receptor binding domain 
The S protein of SARS-CoV-2 serves as an essential component of the 

virus for cellular attachment, fusion, and viral entry. The RBD fragment 
of SARS-CoV-2 is located in the middle of the S1 domain. The RBD 
domain attaches to ACE2 with a high affinity. The spike glycoprotein 
consists of two S1 and S2 domains. S1 domain contributes to the virus 
binding to the receptor in target cells (He et al., 2004), and the S2 
domain mediates fusion between viral and target cell membranes 
(Babcock et al., 2004; Wong et al., 2004; Xiao et al., 2003). Before 
binding of the virus to ACE2, blocking the RBD can prevent virus 
infection. A possible way to stop the virus infection is the use of anti
bodies, or molecular inhibitors were tested for SARS-CoV with 
N-(2-aminoethyl)-1 aziridine-ethanamine as a novel ACE2 inhibitor. 
Novel ACE inhibitors (ACEI) like captopril, perindopril, ramipril, lisi
nopril, benazepril, and moexipril are used to treat hypertension and 
target ACE, a homolog of ACE2 with 42% sequence identity and 61% 
sequence similarity in the catalytic domain. It will be worthy of testing 
over ACE inhibitors their ability to block the RBD/ACE2 interaction 
(Morse et al., 2020). Also, the CR3022 is a SARS-CoV-specific human 
monoclonal antibody. The epitope of CR3022 does not overlap with the 
ACE2 binding site within SARS-CoV-2 RBD. However, the CR3022 might 
have the possibility to be advanced as candidate treatment, alone or in 
association with other counteracting antibodies, for the prevention and 
treatment of SARS-CoV-2 infection. 

4.1.2. ACE2 blockers (anti-ACE2 monoclonal antibodies) 
SARS-CoV-2 attaches to the same host cell receptor using their Spike 

(S) protein. Hence, there is a structural similarity between the SARS- 
CoV-2 and SARS-CoV-1, and MERS-CoV antibodies targeting S protein 
in these two viruses or antibodies blocking ACE2 could be potentially 
useful on blocking virus entry to cells (Shanmugaraj et al., 2020). In a 
study by Han et al. (Han and Král, 2020), they have designed a peptide 
inhibiting SARS-CoV-2 binding to ACE2, which could theoretically block 
SARS-CoV-2, and this agent can easily be used by inhalation. Currently, 
few studies are addressing this therapeutic method, so further studies, 
including clinical trials, are necessary. 

4.1.3. Soluble ACE2 
It offers another ACE2-directed approach in the context of COVID- 

19. The SARS-CoV-2 attaches to the extracellular part of ACE2 in the 
cell membrane. So, it can be hypothesized that using a soluble form of 
ACE2, which lacks membrane part, can inhibit viral attachment, entry, 
and replication in the cells by competing with full-length ACE2 (Batlle 
et al., 2020). Using human recombinant soluble ACE2 showed benefits 
in inhibiting SARS-CoV-2 infection in vitro (Monteil et al., 2020). This 
therapeutic method can be improved by attaching the Fc region of the 
human antibody attaching to the ACE2 extracellular domain (Lei et al., 
2020). Another proposed method for improving soluble ACE2 is using 
cyclodextrin. As Sun et al. (Sun et al.) hypothesized, using cyclodextrin 
compounded with soluble ACE2 can increase its water solubility, and 
designing an inhalable drug might block SARS-CoV-2 infectivity. How
ever, these methods need to be studied in further studies, including 
clinical trials. 

4.1.4. Host proteases 
Viral entry requires S protein priming by cellular proteases. Trans

membrane protease serine 2 (TMPRSS2) mediates S1/S2 cleavage 
(Hoffmann et al., 2020). Not only SARS-CoV-2, but also other corona
viruses and influenza viruses are dependent on TMPRSS2 for entry. 
TMPRSS2 is widely expressed in the epithelial respiratory tract, espe
cially type 2 pneumocytes and bronchial epithelial cells (Stopsack et al., 
2020). SARS-CoV employs endosomal cysteine proteases cathepsin B 
and L (CatB/L) in addition to TMRSS2. A recent in vitro study has 
revealed that SARS-CoV-2 possibly uses both CatB/L as well as 
TMPRSS2. Thus TMPRSS2 inhibitors could have promising effects in 
inhibiting viral entry (Hoffmann et al., 2020). Blocking TMPRSS2 and 

Fig. 2. Different therapeutic strategies directed towards SARS-CoV-2 binding to 
membrane ACE2. 
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CatB/L inhibited SARS-CoV entry completely, however, could not 
totally prohibit SARS-CoV-2 entry in an in vitro study (Hoffmann et al., 
2020; Kawase et al., 2012). It suggests another cellular protease for 
SARS-CoV-2 priming. The proprotease convertase furin has been 
announced to be a candidate to cleavage S glycoprotein mediating viral 
entry. Furin also serves as a cellular protease for MERS-CoV but not 
SARS-CoV (Lukassen et al., 2020). Bestle et al. reported that replication 
of SARS-CoV-2 was prohibited to a great extent with two peptide 
mimetic inhibitors of TMPRRS2, MI-432, and MI-1900, and aprotinin (a 
broad range serine protease inhibitor) (Bestle et al., 2020). Moreover, 
MI-1851, a synthetic furin inhibitor, reduced viral replication signifi
cantly. A combination of MI-1851 with other TMPRSS2 protease in
hibitors could show much more effective results. However, applying 
E64d, an inhibitor of endosomal cathepsin, did not affect viral replica
tion (Bestle et al., 2020). Impairing protease activity of TMPRSS2 with 
drugs including camostat, nafamostat, and aerosolized aprotinin has 
been shown to attenuate TMPRSS2 protease activity (Stopsack et al., 
2020). 

TMPRSS2 was first discovered in prostate cancer (Lin et al., 1999). 
This protease is expressed in the luminal side of epithelial cells. 
TMPRSS2 expression is increased in prostate cancer tissue when 
compared with non-cancerous tissue (Lucas et al., 2008), and the levels 
of TMPRSS2 have been observed to increase in response to androgens 
notably. A great response in TMPRSS2 expression under androgen 
signaling could suggest one of the reasons why men are more susceptible 
to COVID-19. Androgen administration to adenocarcinoma cell line 
could significantly upregulate TMPRSS2 transcription whereas, 
androgen antagonists downregulated its expression (Mikkonen et al., 
2010; Stopsack et al., 2020). Thus, the theory of targeting TMPRSS2 
expression with anti-androgens such as enzalutamide, apalutamide, and 
darolutamide (used to treat prostate cancer) could have promising ef
fects to reduce COVID-19 severity (Stopsack et al., 2020). 

4.2. The renin-angiotensin system 

The renin-angiotensin system (RAS) has an essential role in devel
oping hypertension. Angiotensin II (Ang II) AT1 receptor blockers 
(ARBs) and ACEIs are the most commonly used drugs in this regard. 
ACE2 hydrolyzes Ang I and Ang II to Ang1-9 and Ang1-7, respectively. 
Administration of ARBs has been observed to significantly increase the 
levels of ACE2 substrates, Ang1-7, and Ang1-9. Ang1-9 can be trans
formed to Ang1-7 by ACE. Ang1-7 plays different protective roles, 
including anti-inflammatory, anti-hypertrophic, anti-cell proliferative, 
endothelial protective, and anti-fibrosis effects. Experimental in
vestigations provide evidence that ACEI, as well as ARBs, induce the 
expression of ACE2 in a variety of tissues, such as the heart, kidney, 
aorta, and the small intestine (Chappel and Ferrario, 2006; Ferrario and 
Varagic, 2010; Igase et al., 2005; Vuille-dit-Bille et al., 2015). 

Many studies have proclaimed that taking RAS inhibitors upregulate 
ACE2 expression, thus, is beneficial in controlling blood pressure. It has 
been evidenced that the downregulation of ACE2 causes an increase in 
the activation of the RAS. More clearly, following the downregulation of 
ACE2, the conversion of Ang I and Ang II to Ang 1–7 decreases corre
spondingly, and therefore, the plasma concentrations of Ang I and Ang II 
would increase. Increasing concentrations of Ang I and Ang II, which are 
the effector molecules of the RAS, result in the activation of RAS (Silhol 
et al., 2020). The increased activation of RAS positively correlates with 
lung injury in SARS-CoV infection (Li et al., 2020; Mortensen et al., 
2008; Rossi et al., 2020). Moreover, when the ACE2 expression is 
upregulated, the risk for COVID-19 seems to be increased (Fang et al., 
2020; Yang et al., 2020). The levels of Ang II increase in patients with 
COVID-19. Meanwhile, a positive correlation has been found between 
Ang II levels and lung injury (Liu et al., 2020b). Besides, RAS activation 
results in multi-organ damage and endothelial dysfunction. RAS inhi
bition by ACEI and ARBs increases ACE2 expression in heart, kidney, 
and plasma, whereas its effect on ACE2 expression in airway epithelial 

cells has yet to be known. It has been announced in a study that using 
ARBs or ACEI could downregulate ACE2 expression but did not influ
ence its activity. However, whether RAS inhibitors make patients more 
susceptible to SARS-CoV-2 infection has not been fully understood, and 
it could lead to a different area for cardiologists regarding treatment 
whether to keep patients on ACEIs or ARBs (Guo et al., 2020a). 

4.3. The kinin–kallikrein system 

The role of the kinin–kallikrein system (KKS) in decreasing blood 
pressure in dogs has been observed (Abelous, 1909). This system con
sists of high molecular mass kininogen (HMMK). Kallikrein proteolyzes 
HMMK to bradykinin (BK), an essential pro-inflammatory peptide, and 
[des-Arg973]-BK (the DABK-the active metabolite of bradykinin). The 
active bradykinin metabolite DABK binds to the bradykinin B1 receptor 
(BKB1R). While BK binds to BKB2R (Tolouian et al., 2020), BKB1R is 
barely expressed on baselines and can be induced by inflammation. It 
has been shown that BKB1R plays an important role in the pathogenesis 
of inflammatory diseases (Qadri and Bader, 2018). One of the roles of 
ACE2 is to hydrolyze and deactivate the bradykinin metabolite DABK 
(Kaushik et al 2002). BK system activation mediates high levels of in
flammatory mediators leading to acute respiratory distress syndrome, 
increased capillary permeability, and multiple organ failure (Murugesan 
et al., 2016). A downregulation and reduced activity of ACE2, which 
may probably be induced by the SARS-CoV-2 results in unopposed 
activation of DABK. It promotes DABK signaling through the BKB1R 
resulting in leukocyte infiltration and fluid extravasation to the lungs. 
Thus, blocking either bradykinin or its receptors may show promising 
therapeutic effects in the treatment of COVID-19 induced acute respi
ratory distress syndrome (ARDS) (Tolouian et al., 2020). 

5. Conclusion 

Studies centered around the ACE2 receptor have provided us with 
valuable information in the context of understanding the origin and 
modes of transmission of COVID-19. The novel coronavirus, SARS-CoV- 
2, is highly homologous with its cousin SARS-CoV-1. They both could be 
traced to bats. Also, there are studies pointing out that the virus might be 
originated from pangolins. Because the virus has a high affinity to 
connect with ACE2 receptors found in other species, animal to human 
transmission is possible and can be another point of interest for future 
studies. SARS-CoV-2 is a beta coronavirus that has many of the struc
tural features of its family members, as a spike glycoprotein for inter
action with its host cells. However, subtle differences were observed in 
this structure between SARS-CoV-2 and other coronaviruses. The most 
important one is that the SARS-CoV-2 S glycoprotein has a higher 
binding affinity with ACE2 compared to SARS-CoV, and this can explain 
its higher pathogenicity. 

The suggested mode of transmission of SARS-CoV-2 is through the 
respiratory tract and the fact that ACE2 is expressed in that area only 
solidifies the latter claim, but as ACE2 is found in other organs like the 
oral cavity or the gastrointestinal tract, this fact allows us to assume that 
the virus can use these systems for transmission as well and further 
studies can help in proving or disproving them. 

RAS inhibitors are considered for therapeutic utilization against 
SARS-CoV-2. Here, we looked upon their mechanism and how they can 
increase ACE2 expression and therefore exacerbate the severity of the 
disease. ACEIs and ARBs, which are commonly used drugs in patients 
suffering from cardiovascular diseases. However, further studies and 
examination are needed to fully assess the contribution that these drugs 
can have in treating COVID-19. Other than ACE2, the virus needs pro
teases to infect host cells, and TMPRSS2 is one discovered protease 
serving SARS-CoV-2. Drugs exploiting this protease have shown great 
prospects in dealing with COVID-19 and should be a high priority sub
ject in future studies and trials. 
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