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Abstract: Over the years, coronaviruses (CoV) have posed a severe public health threat, causing
an increase in mortality and morbidity rates throughout the world. The recent outbreak of a novel
coronavirus, named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused the
current Coronavirus Disease 2019 (COVID-19) pandemic that affected more than 215 countries with
over 23 million cases and 800,000 deaths as of today. The situation is critical, especially with the
absence of specific medicines or vaccines; hence, efforts toward the development of anti-COVID-19
medicines are being intensively undertaken. One of the potential therapeutic targets of anti-COVID-19
drugs is the angiotensin-converting enzyme 2 (ACE2). ACE2 was identified as a key functional
receptor for CoV associated with COVID-19. ACE2, which is located on the surface of the host cells,
binds effectively to the spike protein of CoV, thus enabling the virus to infect the epithelial cells of
the host. Previous studies showed that certain flavonoids exhibit angiotensin-converting enzyme
inhibition activity, which plays a crucial role in the regulation of arterial blood pressure. Thus, it is
being postulated that these flavonoids might also interact with ACE2. This postulation might be of
interest because these compounds also show antiviral activity in vitro. This article summarizes the
natural flavonoids with potential efficacy against COVID-19 through ACE2 receptor inhibition.

Keywords: ACE2; COVID-19; flavonoid; coronavirus

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is the causative agent
of Coronavirus Disease 2019 or COVID-19, triggered a pandemic affecting over 215 countries and
territories around the world [1,2]. As of August 2020, there are more than 23 million cases worldwide
with over 800,000 deaths, indicating that the virus is highly infectious with its pathogenicity being a
global health threat [3-5]. The number of positive cases and deaths due to COVID-19 continues to
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increase rapidly and, due to the unavailability of effective drugs, recovery is lagging (Figure 1) [2,6,7].
Thus, the search for new drugs to overcome this disease needs to be urgently intensified [2,8].
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Figure 1. The rise in active cases of coronavirus [2].

SARS-CoV-2, which causes severe respiratory syndrome in humans, is a positive-strand RNA
virus. The virus replication cycle begins with the entry of the virus into the human body by attaching
to the host cellular receptor angiotensin-converting enzyme 2 (ACE2), assisted by a protein spike
(S), followed by the release of the virus genome material into the host cell [9]. The viral genome
contains two overlapping polyproteins (polyprotein 1la and polyprotein 1ab), which are cleaved by
Mpro (the main protease) into 16 non-structural proteins, which are then translated into structural
(STR proteins) and non-structural proteins (non-STRs). This is followed by virus assembly, which
releases virions from the infected cells through exocytosis [10,11].

The angiotensin-converting enzyme (ACE)-related carboxypeptidase, ACE2, is a type I integral
membrane protein of 805 amino acids containing one HEXXH-E zinc-binding consensus sequence [12].
ACE2is involved in regulating cardiac function and is also a functional receptor for the coronavirus that
causes acute respiratory syndrome (SARS). ACE2 receptors are the largest target of SARS-CoV-2 because
they play an important role in the transmission of viruses to alveolar cells [13]. Inhibition or regulation of
ACE?2 receptors may potentially be effective in the treatment of COVID-19. COVID-19 is currently being
treated with anti-infective drugs such as antimalarial drugs (chloroquine, hydroxychloroquine [14-17],
antiviral drugs (remdesivir [18], saquinavir [19], favipiravir [20], lopinavir [21], ribavirin [22],
and oseltamivir), and certain immunosuppressive drugs such as tocilizumab [23]. Tocilizumab was
approved by the Food and Drug Administration (FDA) to manage cytokine release syndrome (CRS) in
patients receiving chimeric antigen receptor T-cell therapy. This drug was shown to reduce toxicity
and improve immune-related toxicity [24,25]. Tocilizumab can block the activity of proinflammatory
interleukin-6 (IL-6), which is involved in the pathogenesis of pneumonia that causes death in
COVID-19 patients [26]. However, to date, we are still waiting for the results of the ongoing phase 3
clinical trial that might support and prove the effectiveness of these drugs in treating patients with
SARS-CoV-2 infection. For example, Wang et al. (2020) conducted a randomized study on the use
of placebo-controlled and intravenous remdesivir in 10 hospitals in Hubei, China [27]. The study
found that intravenous remdesivir did not significantly increase the time for clinical improvement,



Molecules 2020, 25, 3980 3 0f 20

the mortality, or the time for virus clearance in patients with serious SARS-CoV-2 compared to placebo.
However, hydroxychloroquine or chloroquine with or without azithromycin did not enhance clinical
status at 15 days [28]. In an effort to find new therapies for COVID-19, natural product sources are also
being explored and re-evaluated for their activity against this deadly virus [24].

Natural compounds with high bioavailability and low cytotoxicity are the most efficient
candidates [29]. Flavonoids are structurally heterogeneous, polyphenolic compounds present in
high concentrations. Flavonoids are natural products found in many plants, and they play an important
role in plant physiology; they were intensively investigated for having bioactivity beneficial to health,
such as anti-inflammatory [30], anticancer [31], antioxidant [32], anti-lipogenic [33], metal-chelating [34],
antimicrobial [35], and antiviral [36] properties. More than 2000 plant-derived flavonoids have been
identified. Bioactive compounds from flavonoid derivatives are valuable for the development of drugs
and as additional therapies for these infections. Other flavonoids including flavones and flavonoids were
investigated for having antiviral potential, and many of them showed significant antiviral responses
in both in vitro and in vivo studies. Naringenin and hesperetin (flavanon), hesperidin (flavanonone
glycoside), baicalin and neohesperidin (flavone glycoside), nobiletin (O-methylation), scutellarin
(flavone), nicotinamin (nonproteinogenic amino acids), and glycyrinodin (methylated-eminin-1,3,8-
trihydroxyanthraquinone)are amongst natural ACE2 inhibitors [37-39]. This review focuses on the
prospect of utilizing flavonoids as potential treatment for SARS-CoV-2 infection.

2. Methods

This review was based on the literature obtained from PubMed and Google Scholar using
15 keywords. The results of the initial search strategy were firstly filtered by title and abstract. The full
text of the relevant articles was examined for inclusion and exclusion criteria. When an article reported
duplicate information from the same source, the information of the two reports was combined to
obtain the complete data but was only counted as one case. A list of selected references from papers
taken was used to further identify relevant citations. For the purpose of this review, the research

/a7 i

focused on seven key words, namely, “coronavirus”, “angiotensin-converting enzyme”, “angiotensin
converting enzyme II of coronavirus”, “angiotensin-converting enzyme II inhibitor CoV”, “natural
compounds ACE and ACEII inhibitors enzyme II of coronavirus”, “flavonoid as antiviral, antioxidant,

antiinflammation”, and “flavonoid as ACE2 inhibitor

3. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)

SARS-CoV-2 initially appeared as part of a major outbreak of respiratory disease centered in
Hubei Province, China. It was identified as a novel type of coronavirus. Coronaviruses belong to the
large and enveloped Coronaviridae family under the Nidovirales order of viruses with positive-stranded
crown-like RNA [40,41]. The viral genome is 27 to 32 kb in size and is the largest virus among all RNA
viruses [6,42]. There are six types of coronaviruses, namely, alphacoronavirus 229E, alphacoronavirus
NL63, betacoronavirus OC43, HKU1 betacoronavirus, severe acute respiratory illness coronavirus
(SARS-CoV-1), and Middle East respiratory syndrome coronavirus (MERS-CoV). CoV belongs to
the betacoronavirus class [37,43]. Phylogenetic analysis shows that SARS-CoV-2 belongs to the
same subgenus as CoVs that caused the outbreak of severe acute respiratory syndrome (SARS)
in 2002-2004 [44] addition, the SARS-CoV-2 sequence is similar to CoVs isolated from bats [45].
The SARS-CoV-2 genome has an 89% similarity in homology compared to the ZXC21 bat coronavirus
and an 82% similarity to SARS-CoV-1 [6,46]. Thus, a hypothesis was deduced that SARS-CoV-2
originated from bats, which mutated and became infectious to humans [39,47].

The genome of SARS-CoV-2 contains 14 open reading frames (ORFs) encoding 27 proteins (Figure 2).
The 5" terminus encodes for 15 nonstructural proteins collectively involved in virus replication and
possibly in immune evasion, while the 3’ terminus encodes for structural and accessory proteins [42,48].
The presence of a spike protein (S protein), which resembles a nail or an arrow on the surface of this virus,
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makes the structure even more unique than others. This S protein attaches to the angiotensin-converting
enzyme (ACE) 2 receptors on the surface of host respiratory cells [49,50].
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Figure 2. (A) The structure of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
(https://www.economist.com/briefing/2020/03/12/understanding-sars-cov-2-and-the-drugs-that-might-
lessen-its-power) and (B) its genome [51].

4. Angiotensin-Converting Enzyme 2 (ACE2)

SARS-CoV-2 uses the angiotensin-converting enzyme (ACE) 2 receptor for entry into target cells.
ACE2 is largely expressed by epithelial cells of the lung, kidney, heart, blood vessels, and intestine.
ACE and ACE2 belong to the ACE family of dipeptidyl carboxydipeptidases, and they have distinct
functions. ACE converts angiotensin I into angiotensin II, which in turn binds and activates angiotensin
LI receptor type 1 (AT1R). This activation leads to vasoconstrictive, pro-inflammatory, and pro-oxidative
effects [52]. ACE2 exists in two forms: a soluble form that represents the circulating ACE2, and a
structural transmembrane protein with extracellular domain that serves as a receptor for the spike
protein of SARS-CoV-2. The latter is a polypeptide composed of 805 amino acids [53]. This molecule
is an inseparable part of a type 1 membrane protein that breaks down the main residue (a single
hydrophobic molecule) on the carboxy C-terminal of any bound substrate [54]. ACE2 hydrolyzes
the C-terminal domain of leucine from Ang I to produce non-peptides angiotensins 1-9 that can
be converted into heptapeptides by ACE and other peptidases. Furthermore, ACE2 can directly
reduce angiotensin II to angiotensins 1-7 [55]. Angiotensins 1-7 work on the Mas receptors to relax
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blood vessels and exhibit anti-proliferation and anti-oxidative activities. ACE2/angiotensins 1-7/Mas
formed by the participation of angiotensins 1-7 can attack certain parts of ACE-angiotensin II-AT1R,
with functions in maintaining the balance of the body [55,56].

The binding of SARS-CoV to the ACE2 receptor regulates the cellular expression of the receptor,
and the binding process induces internalization, which depends on clathrin [57]. ACE2 not only
facilitates the invasion and rapid replication of SARS-CoV, but it is also used by the cell membrane,
thus damaging angiontensin II, which results in acute damage of lung tissues [58]. Because the lungs
are the main target organs for COVID-19 infection, early onset of respiratory symptoms is common
among patients [59]. The results of the study conducted by Imai et al. [60] showed that blocking the
renin—angiotensin signaling pathway could relieve severe acute lung injury caused by SARS-CoV-2.

SARS-CoV-2 attaches to human ACE2 through the binding of spike (S) proteins, as shown in
Figure 3 [61]. The S protein of SARS-CoV-2 contains S1 and S2 subunits. The S1 subunit (Figure 4)
consists of a receptor-binding domain (RBD) that is responsible for binding with the host ACE2, and the
S2 subunit facilitates membrane fusion in the host cells [62,63]. The RBD contains a loop-binding pocket
(residue 424-494 or 438-506), which is called the receptor-binding motif (RBM) [62,64]. The RBM
cleaves the ACE2 receptor so that SARS-CoV can enter the host cells. After SARS-CoV binds to
ACE2, the S2 subunit facilitates membrane fusion in the endosomal plasma through conformational
change, thereby releasing the RNA genome into the target cells. After transcription and translation,
the structural and nonstructural proteins of CoV and the RNA genome are further assembled into
virions, which are transported through vesicles and released from target cells.
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Figure 3. The life cycle of SARS-CoV. The spike (S) protein of SARS-CoV binds with the angiotensin-
converting enzyme 2 (ACE2) receptor to enter host cells and release the RNA genome into the target

cells. Structural and nonstructural proteins of CoV and the RNA genome assemble into virions, which
are released from target cells.
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Figure 4. (a) Structure of the receptor-binding domain (RBD) of the S protein in SARS-CoV-2 (blue
and green ribbons) complexed with human ACE2. The green ribbon denotes the receptor-binding
motif (RBM) within amino-acid residues 424-494 or 438-504 [62,64]. (b) The active site of ACE2 (yellow
color) that directly interacts with the RBD of the S protein of SARS-CoV-2. The interaction between the
S protein of SARS-CoV-2 and hACE?2 is stabilized by a hydrogen bond (green lines) between Arg439
(S protein SARS-CoV-2) and Glu329 (hACE2). The figure was created using Discovery Studio Biovia
through visualization of the Protein Data Bank (PDB) structure 6VW1 [65].

The Active Site of hACE2 as the Therapeutic Target of COVID-19

The amino-acid sequence of SARS-CoV-2 has a 76.5% similarity to that of SARS-CoV, and their S
proteins are quite homologous [66,67]. As shown in Figure 4, the RBD of the S protein of SARS-CoV-2
is located within amino-acid residues 318-510 (left side), containing the RBM (green ribbon), which is
on the surface, right in front of ACE2. Arg439 of the RBM in SARS-CoV-2 and Glu329 of ACE2 interact
and form a bridge to stabilize the complex. Based on the interaction of ACE2 with the S protein in
SARS-CoV-2, antibodies or small molecules can be used to target and inhibit SARS-CoV-2 replication
through inhibition of the ACE2 receptor. The S protein, thus, loses its partners to enter the host cell,
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as illustrated on the right side of Figure 4. ACE2 can be a target for inhibiting the entry of SARS-CoV-2
into the host cell because the binding affinity of the S protein of SARS-CoV-2 to the ACE2 receptor is
10-20-fold stronger than that of the S protein of SARS-CoV [68-70].

Han et al. identified the residues of ACE2 that directly interact with the RBD of the SARS-CoV-2 S
protein. The residues involved are GIn24, Thr27, Lys31, His34, Glu37, Asp38, Tyr41, Gln42, Leu45,
Leu79, Met82, Tyr83, Asp90, GIn325, Glu329, Asn330, Lys353, and Gly54. They also determined that
Glu22, Glu23, Lys26, Asp30, Glu35, Glu56, and Glu57 are important in the interaction. Notably, Lys26
and Asp30 play a critical role in the interaction of the RBD S protein of SARS-CoV; thus, Han et al.
concluded that these residues have the potential to be developed as a target for entry inhibitors [71].
Moreover, GIn325/Glu329 and Asp38/GIn42 of ACE2 are key binding sites that form hydrogen bonds
with Arg426 and Tyr436 of the S protein SARS-CoV-2 [72]. These critical residues are also present
in the S protein of SARS-CoV-2 with a similar sequence [73]. Therefore, the residues can be used as
primary target active sites of ACE2 inhibitors. We hypothesize that, if the inhibitors selectively bind to
this active site (shown in yellow color in Figure 2), then they might be able to inhibit the S protein of
SARS-CoV-2 from interacting with hACE2. Guy et al. [74] hypothesized that the residues of the ACE2
binding pocket differ slightly from those of the active site of ACE2 (isolated from pig kidney tissue).
However, the types of amino acids involved are nearly the same.

5. Inhibitors of ACE2

5.1. Synthetic Compounds of ACE2 Inhibitors

Research on ACE2 inhibitors or blockers is still lacking, and only very few drugs are currently
available in the clinics. However, ACE1 inhibitors, such as losartan, are widely marketed. Several
countries use ACE1/ARB, such as losartan and telmisartan, to reduce the aggressiveness and mortality
of COVID-19. Kuster et al. proposed that ACE1 therapy should be continued or initiated on patients
with a history of heart failure, hypertension, or myocardial infarction [75] Zhang et al. [76] found that,
among patients with hypertension who were hospitalized with COVID-19, inpatient treatment with
ACEI/ARB was associated with a lower risk of death from all causes compared to non ACEI/ARB users.
ARB is widely used to treat hypertension, and the use of this drug clinically provides exceptional
tolerance for several groups treated with this class of drugs. In addition, the profile of side effects is
described as “like a placebo”. ARBs are most suitable for antagonizing the proinflammatory effects of
angiotensin II in patients with a recent positive COVID-19 test; thus, this compound may have the
best pharmacological properties for this indication. From the comparative analysis of available ARBs,
telmisartan has traits that make it the best compound [77].

Angiotensin receptor blockers (ARBs) have effects similar to angiotensin-converting enzyme
(ACE) inhibitors, but ACE inhibitors act by preventing the formation of angiotensin II rather than
blocking the binding of angiotensin II to muscles in blood vessels. ARB is used to control high blood
pressure, treat heart failure, and prevent kidney failure in diabetics. Therefore, angiotensin receptor
blockers (ARBs; such as losartan, valsartan, telmisartan, etc.) can be a new therapeutic approach to
block the binding and, hence, the attachment of SARS-CoV-2 RBD to cells that express ACE2, thereby
inhibiting their infection of the host cell [78].

In the past 20 years, MLN-4760 (imidazole) [79-81], captopril derivative [82,83], DX600 and
TAPI-2 peptide [84,85], losartan and its derivatives (benzimidazole [56,82,86,87], chloroquine and
its derivatives (quinolone) [88], diminazene aceturate [89], cepharanthine (alkaloid) [75], thiorphan
(palmitoyl) [87], and N-(2-aminoethyl)-1 aziridineethanamine (amino ethyl) [90] were discovered
to have potential as ACE2 inhibitors. However, caution should be taken because, although ACE1
inhibitors (such as captopril, enalapril, and lisinopril) and angiotensin II receptor blockers (ARB) (such
as olmesartan, losartan, candesartan, and valsartan) do have inhibitory effects on ACE2 [91], several
studies showed that these drugs can increase the ACE2 blood level [86], which will likely increase
the risk of contracting SARS [92]. This drawback means that the search for new and effective drugs is
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even more pressing in order to combat the infection of this deadly virus, and we believe that natural
products should be further explored in the quest to find suitable and effective drug candidates [92].

5.2. Natural Compounds Inhibiting ACE1 and ACE2 Receptors

The discovery of novel drugs from natural products helps to improve our understanding of
diseases [93,94]. The active lead compounds from natural products can be further modified to enhance
their biological activity in order to be developed as drug candidates [95,96]. Recent progress on natural
products resulted in compounds being developed to treat viral infections [97]. Utomo et al. [98].
reported the biological activity of natural products in inhibiting SARS-CoV-2 using in silico methods.
Islam et al. comprehensively reviewed studies on natural products with inhibitory activity against CoV.

Natural products such as flavonoids, xanthones, proanthocyanidins, secoiridoids, and peptides
were reported to contain anti-ACE activity; however, further research is needed to confirm the
findings [24]. Table 1 summarizes the natural compounds that were reported to have inhibitory effects
on ACE1 and ACE2 receptors. From this table, we can conclude that flavonoids are the most researched
with regard to ACE inhibition activity.

Table 1. Bioactive compounds reported to inhibit ACE1 and ACE2 in the literature.

No Inhibitors Derivates Plants Methods Years Source
1. Luteolin

2. Kaempferol . " Ailanthus In vitro using ACE2 via Elbl 2007 [99]
3. Apigenin avonot excelsa and Wagner methods 00

4, Quercetin

5. Luteolin

6. Emodin Anthraquinone

. - Rheum officinale . .

7. Chrysin Flavonoid Polygonum multifiorum In vitro using ACE2 2007 [100]
8. Rhein Flavonoid

3. Delphinidin Flavonoid Hibiscus sabdariffa In vitro ACE Inhibition assay 2010 [101]
10. Cyanidin Flavonoid

Lo . . In vitro using ACE2 isolated
11. Apigenin Flavonoid Apium graveolens from kidney 2010 [102]
12. Rhoifolin Flavonoid Rhus succedanea AEE activity was measured 2012 [103]
. y a fluorometric assay
13 Rutin and Fagopyrum tataricum
: Quercetine 80Py
In vitro using internally
14. Nicotianamine Peptide Glycine max quenched fluorogenic (IQF) 2015 [104]
substrate for ACE2

15. Quercetin

16. Catechin

17. Quercetin Flavonoid . .

In vitro using a

18. Epigallocatechi .

8 pigatiocatechin Actinidia macrosperma  fluorescence-based 2018 [103,105]
” Epigallocatechin biochemical assay against

. gallate ACE enzyme
20. Ferulic acid
21. Chl ic acid
orogemic act Phenolic acid

22. Isoferulic acid

23. Caffeic acid
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Table 1. Cont.
No Inhibitors Derivates Plants Methods Years Source
24. 5-Viniferin Flavonoid
25. Myritilin Flavonoid Vitis vinifera
26. Myricitrin Flavonoid
27.  Taiwanhomoflavone A Flavonoid Cephalotaxus wilsoniana Virtual screening against
ACE2 using Autodock Vina 2020 [106]
Lactucopicrin Sesquiterpene . using Autodock vina
28. Lactuca virosa
15-oxalate lactone
29. Nympholide A Flavonoid Nymphaea lotus
30. Afzelin Flavonoid Cornus macrophylla
31 Biorobin Flavonoid Acalypha indica
32. Phyllaemblicin B sesquiterpenoid Phyllanthus emblica
Using spectroscopy method
33. Baicalin Flavonoid Scutellaria baicalensis to determine renin and ACE [107]
activities
34. Hesperetin Flavonoid Citrus aurantium
5 - P . Virtual Screening against
35. Baicalin Flavonoid Scutellaria baicalensis ACE2 using molecular 2020 [108]
36. Scutellarin Flavonoid docking
37. Glycyrrhizin Sesquiterpene Glycyrrhiza radix
38. Curcumin Curcuminoids Curcuma xanthoriza
39. Tangeretin
40. Nobiletin Flavonoid Citrus aurantifolia Virtual Screening against
41. Naringenin ACE2 using MOE molecular 2020 [98]
o docking
42. Brazilein Flavonoid Caesalpinia sappan
43. Brazilin
44. Galangin Flavonoid
: Alpinia galanga
45. Acetoxychavicol ACA derivatives

acetate (ACA)

6. Flavonoids as ACE2 Inhibitors

Flavonoids are an important class of natural products with several subgroups, including chalcones,

flavones, flavonols, and isoflavones [109]. Flavonoids contain a flavan core with a 15-carbon skeleton.
There are two benzene rings (A and C rings), connected by a heterocyclic pyran ring (B ring). The three
cycles or heterocycles in the flavonoid backbone are generally called rings A, B, and C, as shown in
Figure 5. The B ring comprises a C2—-C3 double bond and carbonyl groups that play an important
role in the biological activities. The hydroxyl groups (3’ and 5 positions) of the C ring, as well as
the hydroxyl groups of the A ring (7 and 5 positions), are known to be responsible for the radical
scavenging activity of flavonoids [103]. The most important functional groups of flavonoids that might

be involved in ACE2 inhibition are illustrated in Figure 6.

Figure 5. Flavan core of flavonoids.
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S Protein
SARS CoV-2

Figure 6. Overview of the most important functional groups of flavonoids that might be involved in
ACE2 inhibition.

As can be seen in Figure 6, the resorcinol molecule has two hydroxyl groups in its aromatic ring
structure, and they are located at meta-positions with respect to each hydroxyl group. The high reactivity
of the resorcinol structure is primarily associated with the location of these two hydroxyl groups in
the benzene ring [110]. The resorcinol moiety of ring A might play a role in ACE2 inhibition, as this
group might disrupt hydrogen bonds between Glu329/GIn325 of ACE2 and Arg426 of the S protein of
SARS CoV-2, which form a salt bridge to stabilize their interaction [72,73].This hydrophobic interaction
occurs in ring C with some non-polar amino acid residues such as Gly354, Asp355, and Phe356 [111].

As summarized in Table 1, flavonoids have potential as ACE1 and ACE2 inhibitors. Studies
on flavonoids for anti-SARS-CoV activity were widely published. For example, myricetin inhibits
viral replication by affecting the ATPase activity of SARS-CoV [112]. Other flavonoids reported to
have anti-SARS-CoV activity include kaempferol [113], luteolin [114], quercetin, daidzein, EGCG,
GCG, and herbacetin [115,116]. Quercetin functions as an inhibitor or noncompetitive inhibitor of
3-chymotripsin-like protease (3CLpro) and papain-like protease (PLpro) [117]. Luteolin inhibits furin
proteins which are known to be some of the enzymes that break down the S protein of SARS-CoV,
as reported in the Middle East respiratory syndrome (MERS) [114]. Kaempferol functions as a
noncompetitive inhibitor of 3CLpro and PLpro [117]. Hesperidin inhibits the interaction between the
RBD of the S protein of SARS-CoV-2 and the ACE2 receptor in humans; thus, it was also predicted to
potentially inhibit the entry of SARS-CoV-2 [118].

7. Mode of Action of Flavonoids

Polyphenolic compounds, including flavonoids, terpenoids, hydrolysable tannins, xanthones,
procyanidin, and caffeoylquinic acid derivatives, were discovered to be effective natural ACE
inhibitors [119,120]. Table 2 summarizes the studies on plant extracts rich in flavonoids used as
ACE?2 inhibitors.
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Table 2. Plants with potential ACE2 receptor inhibition activity.

Inhibition Effective Inhibition Potential
Name Approach Compound (IC5o/ECsp) * ADME Reference
Viral spike
protein and HIA: 85.74
Rheum human . Caco2: 20.30
officinale (thubarb) ACE2 Emodin 1-10 uM/mL. PPB: 88.75 (1191
receptor BBB: 0.37
inhibitor
Viral spike
Reunoutria protein and HIA: 85.74
letzﬂoru human Emodin 1-10 pM/mL Caco2: 20.30 [119]
tuber ACE2 PPB: 88.75
© receptor BBB: 0.37
inhibitor
Viral spike
protein and HIA: 87.31
. human . . Caco2: 10.52
Citrus accumulate ACE2 Naringenin Not yet reported PPB: 100 [100]
receptor BBB: 0.59
inhibitor
Viral spike
Citrus aurantium and pritj;;l;nd Clziéz:?;'(l)gs
Cll’;n Retmglatae ACE2 Hesperetin Not yet reported PPB: 96.79 [121]
ericarptum receptor BBB: 0.22
inhibitor
Viral spike
protein and HIA: 32.42
Scutellaria baicalensis human - Caco2: 11.55
Georgi ACE2 Baicalin 2.24 mM PPB: 75.69 [108]
receptor BBB: 0.02
inhibitor
Viral spike
protein and HIA: 8.80
. human 1 Caco2: 7.07
Citrus ACE2 Neohesperidin Not yet reported PPB: 44.05 [100]
receptor BBB: 0.02
inhibitor
Viral spike
protein and HIA: 98.89
. human - Caco2: 54.05
Citrus ACE2 Nobiletin Not yet reported PPB: 85.16 [100]
receptor BBB: 0.044
inhibitor
Viral spike
protein and HIA: 13.45
Erigeron breviscapus human . Caco2: 10.13
(Vant.) ACE2 Scutellarin Not yet reported PPB: 72.90 [121]
receptor BBB: 0.029
inhibitor
Viral spike
protein and HIA: 92.94
Soya bean human - . Caco2: 20.36
(Glycine max) ACE2 Nicotinamine 84nM PPB: 2.02 [122]
receptor BBB: 0.33
inhibitor
Viral spike
protein and HIA: 38.22
Licorice root human Glycyrrhizin Caco2: 20.37
(Glycyrrhiza radix) ACE2 (saponin) Not yet reported PPB: 88.72 (121]
receptor BBB: 0.055
inhibitor

11 0f 20

* Inhibitory concentration (ICsp) is an indication of the concentration (UM or ug/mL) where the activity of the
viral protein is reduced by up to 50%. Effective concentration (ECsp) is the indication of the concentration (1M or
ug/mL) where the activity of the viral growth is reduced by up to 50%. Absorption, distribution, metabolism,
and excretion (ADME): human intestinal absorption (HIA) values of 20-70% indicate sufficiently absorbed
compounds, and 70-100% HIA values indicate well-absorbed compounds. Caco-2 values <4 indicate low drug
permeability, values from 4-70 indicate moderate permeability, and values >70 indicate high permeability. Plasma
protein binding (PPB) values >90% indicate strong chemical bonds, while values <90% indicate weak chemical
bonds. Blood-brain barrier (BBB) values between 2.0 and 0.1 indicate a moderate absorption rate in the central
nervous system (CNS), while BBB values <0.1 indicate a low absorption rate in the CNS [123].
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A number of epidemiological studies suggested a negative relationship between the consumption
of flavonoid drugs and the development of various diseases. Flavonoids with typical structures can
interact with enzyme systems involved in important pathways, showing effective poly-pharmacological
behavior. Thus, it is not surprising that the relationship between chemical structures and their activities
was widely studied [124]. The presence of C2=C3 double bonds in conjugation with C4 carbonyl groups
of certain groups on flavonoids, as well as hydroxylation patterns, especially the catechol portions
of ring B, methoxyl groups, and fewer saccharide bonds, provides higher antioxidant properties.
The mechanism might involve planarity, which contributes to the shifting of electrons across the next
molecule and affects the dissociation constant of the hydroxyl phenolic group, such that the whole
molecule can bind to the target molecule, similar to an enzyme that matches the pattern [125].

Guerrero et al. [103] comprehensively analyzed different flavonoids to determine the functional
groups responsible for inhibiting ACE. Quantitative structure-activity relationship (QSAR) modeling
was conducted, and the lack of the B ring in the flavonoid skeleton was shown to reduce the inhibitory
activity of ACE by up to 91%. The absence of carbonyl groups in the B ring also reduced the inhibitory
activity of ACE by 74%. The 3-OH, 3’-OH, and 5’-OH groups are important since the loss of these
groups reduced inhibitory activity by 44%, 57%, and 78% [103], respectively, as shown in Figure 6. These
groups also play an important role in inhibiting neuraminidase receptors of the influenza A viruses
(HINT and H3N2) [126]. Other studies also reported that losing the 3-OH group significantly reduced
flavonoid antioxidant [127] and anti-CoV activities [115]. We also observed that 3-OH and catechol of
the C ring moiety of catechin formed strong hydrogen bonds with HIN1 neuraminidase [126]. Hosek
and Smejkal [128] reported that these functional groups play an important role in anti-inflammatory
activity against the receptor target of inflammation. Moreover, hesperidin was also reported as an
ACE2 inhibitor since it can interact with the RBD of the S protein SARS-CoV2 and hACE?2 interface.
The dihydroflavone moiety of hesperidin was predicted to be parallel to the 3-6 RBD S protein sheet,
while the sugar moiety fits into a shallow hole in the direction away from ACE2 [118].

The most critical mechanism of flavonoids as antioxidant, anti-inflammation, anticarcinogenic,
and antiviral compounds is the protection of the body against reactive oxygen species (ROS) [129,130].
ROS interferes with cellular function through the role of lipid peroxidation, resulting in damaged cell
membranes. An increase in ROS production during tissue injury is due to the depletion of endogenous
scavenger compounds [131,132]. Flavonoids have a role as endogenous scavenging compounds [133];
thus, flavonoids can prevent inflammation or repair cell damage by scavenging ROS. The interaction
between flavonoids and hydrophilic amino-acid residues of protein targets with strong affinity is
suggested to be a mechanism of flavonoids in repairing cell damage [130,134].

Based on these findings, we believe that there is a strong relationship among the ACE2 inhibition,
anti-inflammation, and antioxidant activities of flavonoids. However, the correlation among these
three activities needs to be clarified through comprehensive in vitro and in vivo evaluation.

8. Perspectives and Overall Conclusion

The renin-angiotensin system (RAS) controls the homeostatic function of the vascular system.
The two important enzymes involved in the RAS system, ACE1 and ACE2, function in accommodating
rapid but coordinated feedback to any specific situation in the body that may disturb the system
balance [135]. Their function is indispensable; hence, the choice to modulate these receptors for
other health conditions, such as against the current COVID-19 infection, would have to be done in a
careful manner.

Based on the information put forth in this review, it can be concluded that ACE2 could be a
key receptor to combat COVID-19 infection. The inhibition of hACE2 may prevent the S protein of
SARS-CoV-2 from fusing and entering host cells. However, as both RAS enzymes influence each other,
inhibition of ACE2 alone in this case would lead to an increase in Ang Il blood levels and a parallel
reduction in the blood concentration of vasodilators angiotensins 1-7. In such a case, any disturbance
in circulation homeostasis would not be corrected rapidly due to the absence of angiotensins 1-7.
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This would be a health risk, especially to susceptible patients such as the elderly and patients with
underlying CVS-related medical conditions. Ironically, these are the group of people that would have
a higher risk of contracting severe COVID-19 infection.

The discovery of ACE2 as a part of the RAS is relatively new; however, some evidence shows
that ACE2 could be more important than ACE1 in the modulation of the whole system. Although the
morphology of ACE1 and ACE2 receptors shares huge similarities, ACE inhibitors (ACEis) cannot
inhibit ACE2 receptors. Hence, the currently available ACEis are not as useful as ACE2 inhibitors [135].
This means that the structure of ACEis cannot be used as a building block in the design of ACE2
inhibitors. A new and fresh approach should be taken, and a comprehensive study of the receptor
itself is needed.

Thus, this paper proposes to shift the focus in the design of ACE2 inhibitors toward flavonoids,
which are an abundant group of compounds that can be found in many plants. The functional groups
of flavonoids, such as the pyran moiety in the B ring and hydroxyl groups of the A ring (7- and
8-positions) and C ring (3-, 3’-, 4’-, and 5’-positions), may play an important role in their ACE2
inhibition. Preliminary research showed that Glu22, Glu23, Lys26, Asp30, Glu35, Glu56, and Glu57 of
the hACE2 could be used as primary target sites in the design of an hACE2 inhibitor.

Flavonoids are synthesized by plants in response to microbial attacks; hence, their antibacterial
and antiviral activities are expected. The wide variety of activities reported in the literature depends
on the structures and side chains available in each flavonoid [127]. Despite the available data on the
activity of certain flavonoids against ACE1 and ACE2 enzymes, as presented in Table 1, the studies
were stopped at in silico or in vitro stages, and no further detailed studies are available. This could be
due to some limitations surrounding the research on natural products, such as difficulties in obtaining
a sufficient amount of substance through plant extractions or difficulties in the chemical synthesis
of the flavonoids. However, the application of flavonoid-based scaffolds in the design of new ACE2
inhibitors could be a good approach. Based on the history of drug development, a combination between
natural-based products and chemical synthesis is able to produce potent and effective medications,
such as the anticancer drugs vincristine and vinblastine. This could be an approach to bring forward
natural-based products for human use.
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barrier, CNS: central nervous system, QSAR: quantitative structure-activity relationship, ROS: reactive oxygen
species, RAS: renin-angiotensin system.

References

1.  Chhikara, B.S.; Rathi, B.; Singh, J.; Poonam, F. Corona virus SARS-CoV-2 disease COVID-19: Infection, prevention
and clinical advances of the prospective chemical drug therapeutics. Chem. Biol. Lett. 2020, 7, 63-72.

2. World Health Organization. Coronavirus Disease 2019 (COVID-19) Situation Report—70. Available online:
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/ (accessed on 2 May 2020).


https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/

Molecules 2020, 25, 3980 14 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

World Health Organization. WHO Director-General’s Opening Remarks at the Media Briefing on
COVID-19—11 March 2020. Available online: https://www.who.int/dg/speeches/detail/who-director-general-
s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020 (accessed on 23 April 2020).
Allcott, H.; Boxell, L.; Conway, J.; Gentzkow, M.; Thaler, M.; Yang, D.Y. Polarization and public health:
Partisan differences in social distancing during the Coronavirus pandemic. NBER Work. Pap. 2020, 20, 1-52.
Welt, EG.; Shah, P.B.; Aronow, H.D.; Bortnick, A.E.; Henry, T.D.; Sherwood, M.W.; Young, M.N.; Davidson, L.J.;
Kadavath, S.; Mahmud, E. Catheterization laboratory considerations during the coronavirus (COVID-19)
pandemic: From ACC’s Interventional Council and SCAL . Am. Coll Cardiol. 2020, 75, 2372-2375. [CrossRef]
[PubMed]

Zhu, N.; Zhang, D.; Wang, W.; Li, X,; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R. A novel coronavirus
from patients with pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727-733. [CrossRef] [PubMed]
Wu, P; Hao, X.; Lau, EH.Y,; Wong, ].Y.; Leung, K.S.M.; Wu, ].T.; Cowling, B.J.; Leung, G.M. Real-time
tentative assessment of the epidemiological characteristics of novel coronavirus infections in Wuhan, China,
as at 22 January 2020. Eur. Commun. Dis. Bull. 2020, 25, 1-6. [CrossRef]

Nadeem, S. Coronavirus COVID-19: Available free literature provided by various companies, journals and
organizations around the world. J. Ongoing Chem. Res. 2020, 5, 7-13.

Belouzard, S.; Millet, ].K,; Licitra, B.N.; Whittaker, G.R. Mechanisms of coronavirus cell entry mediated by
the viral spike protein. Viruses 2012, 4, 1011-1033. [CrossRef]

Huang, J.; Song, W.; Huang, H.; Sun, Q. Pharmacological therapeutics targeting RNA-dependent RNA
polymerase, proteinase and spike protein: From mechanistic studies to clinical trials for COVID-19.
J. Clin. Med. 2020, 9, 1131. [CrossRef]

Chang, G.-G. Quaternary Structure of the SARS Coronavirus Main Protease. In Molecular Biology of the
SARS-Coronavirus; Sunil, K.L., Ed.; Springer: New Delhi, India, 2009; Volume 1, pp. 115-128.

Gheblawi, M.; Wang, K.; Viveiros, A.; Nguyen, Q.; Zhong, ].-C.; Turner, A.J.; Raizada, M.K.; Grant, M.B,;
Oudit, G.Y. Angiotensin-converting enzyme 2: SARS-CoV-2 receptor and regulator of the renin-angiotensin
system: Celebrating the 20th anniversary of the discovery of ACE2. Circ. Res. 2020, 126, 1456-1474. [CrossRef]
Bahbah, E.I; Negida, A.; Nabet, M.S. Purposing Saikosaponins for the treatment of COVID-19. Med. Hypoth.
2020, 140, 109782. [CrossRef]

Jiang, S. Expert consensus on chloroquine phosphate for the treatment of novel coronavirus pneumonia
(in Chinnese). Chin. J. Tuberc. Respir. Dis. 2020, 43, 185-188. [CrossRef]

Gao, J.; Tian, Z.; Yang, X. Breakthrough: Chloroquine phosphate has shown apparent efficacy in treatment of
COVID-19 associated pneumonia in clinical studies. Biosci. Trends 2020, 14, 72-73. [CrossRef]

Gautret, P; Lagier, ].-C.; Parola, P; Hoang, V.T.; Meddeb, L.; Mailhe, M.; Doudier, B.; Courjon, J.;
Giordanengo, V.; Vieira, V.E,; et al. Hydroxychloroquine and azithromycin as a treatment of COVID-19:
Results of an open-label non-randomized clinical trial. Int. ]. Antimicrob. Agents 2020, 56, 105949. [CrossRef]
[PubMed]

Chen, J; LIU, D.; LIU, L.; LIU, P; XU, Q.; XIA, L.; LING, Y.; HUANG, D.; SONG, S.; ZHANG, D. A pilot
study of hydroxychloroquine in treatment of patients with common coronavirus disease-19 (COVID-19)
(in Chinese). |. Zhejiang Univ. (Med. Sci.) 2020, 49, 215-219. [CrossRef]

Cao, Y.-c.; Deng, Q.-x.; Dai, S.-x. Remdesivir for severe acute respiratory syndrome coronavirus 2 causing
COVID-19: An evaluation of the evidence. Travel Med. Infect. Dis. 2020, 101647. [CrossRef] [PubMed]
Grein, J.; Ohmagari, N.; Shin, D.; Diaz, G.; Asperges, E.; Castagna, A.; Feldt, T.; Green, G.; Green, M.L,;
Lescure, F.-X. Compassionate use of remdesivir for patients with severe Covid-19. N. Engl. ]. Med. 2020, 382,
2327-2336. [CrossRef] [PubMed]

Cai, Q.; Yang, M.; Liu, D.; Chen, J.; Shu, D.; Xia, J; Liao, X.; Gu, Y,; Cai, Q.; Yang, Y. Experimental treatment
with favipiravir for COVID-19: An open-label control study. Engineering 2020, in press.

Jean, S.-S.; Lee, P-1.; Hsueh, P.-R. Treatment options for COVID-19: The reality and challenges. ]. Microbiol.
Immunol. Infect. 2020, 53, 436—443. [CrossRef]

Rosa, S.G.V.,; Santos, W.C. Clinical trials on drug repositioning for COVID-19 treatment. Rev. Panam
Salud Publica 2020, 44, e40. [CrossRef]

Carnero Contentti, E.; Correa, J. Immunosuppression during the COVID-19 pandemic in neuromyelitis
optica spectrum disorders patients: A new challenge. Mult. Scler. Relat. Disord. 2020, 41, 102097. [CrossRef]


https://www.who.int/dg/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/dg/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
http://dx.doi.org/10.1016/j.jacc.2020.03.021
http://www.ncbi.nlm.nih.gov/pubmed/32199938
http://dx.doi.org/10.1056/NEJMoa2001017
http://www.ncbi.nlm.nih.gov/pubmed/31978945
http://dx.doi.org/10.2807/1560-7917.ES.2020.25.3.2000044
http://dx.doi.org/10.3390/v4061011
http://dx.doi.org/10.3390/jcm9041131
http://dx.doi.org/10.1161/CIRCRESAHA.120.317015
http://dx.doi.org/10.1016/j.mehy.2020.109782
http://dx.doi.org/10.3760/cma.j.issn.1001-0939.2020.03.009
http://dx.doi.org/10.5582/bst.2020.01047
http://dx.doi.org/10.1016/j.ijantimicag.2020.105949
http://www.ncbi.nlm.nih.gov/pubmed/32205204
http://dx.doi.org/10.3785/j.issn.1008-9292.2020.03.03
http://dx.doi.org/10.1016/j.tmaid.2020.101647
http://www.ncbi.nlm.nih.gov/pubmed/32247927
http://dx.doi.org/10.1056/NEJMoa2007016
http://www.ncbi.nlm.nih.gov/pubmed/32275812
http://dx.doi.org/10.1016/j.jmii.2020.03.034
http://dx.doi.org/10.26633/RPSP.2020.40
http://dx.doi.org/10.1016/j.msard.2020.102097

Molecules 2020, 25, 3980 15 of 20

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Islam, M.T,; Sarkar, C.; El-Kersh, D.M.; Jamaddar, S.; Uddin, S.J.; Shilpi, J.A.; Mubarak, M.S. Natural products
and their derivatives against coronavirus: A review of the non-clinical and pre-clinical data. Phytother. Res.
2020, 1-22. [CrossRef]

Perrone, F,; Piccirillo, M.C.; Ascierto, P.A.; Salvarani, C.; Parrella, R.; Marata, A.M.; Popoli, P; Ferraris, L.;
Trischitta, M.M.M.; Ripamonti, D. Tocilizumab for patients with COVID-19 pneumonia. The TOCIVID-19
phase 2 trial. medRxiv 2020, 6, 1-24.

Ascierto, PA.; Fox, B.A.; Urba, W.].; Anderson, A.C.; Atkins, M.B.; Borden, E.C.; Brahmer, J.R.; Butterfield, L.H.;
Cesano, A.; Chen, D.S. Insights from immuno-oncology: The Society for Inmunotherapy of Cancer Statement
on access to IL-6-targeting therapies for COVID-19. |. Immunol. Ther. Cancer 2020, 8, e000878. [CrossRef]
[PubMed]

Wang, Y.; Zhang, D.; Du, G.; Du, R;; Zhao, J.; Jin, Y,; Fu, S.; Gao, L.; Cheng, Z.; Lu, Q. Remdesivir in adults
with severe COVID-19: A randomised, double-blind, placebo-controlled, multicentre trial. Lancet 2020, 395,
1569-1578. [CrossRef]

Cavalcanti, A.B.; Zampieri, EG.; Rosa, R.G.; Azevedo, L.C.P.,; Veiga, V.C.; Avezum, A.; Damiani, L.P;
Marcadenti, A.; Kawano-Dourado, L.; Lisboa, T.; et al. Hydroxychloroquine with or without Azithromycin
in Mild-to-Moderate Covid-19. N. Engl. ]. Med. 2020, 1-12. [CrossRef]

Atanasov, A.G.; Waltenberger, B.; Pferschy-Wenzig, E.-M.; Linder, T.; Wawrosch, C.; Uhrin, P.; Temml, V,;
Wang, L.; Schwaiger, S.; Heiss, E.H.; et al. Discovery and resupply of pharmacologically active plant-derived
natural products: A review. Biotechnol. Adv. 2015, 33, 1582-1614. [CrossRef]

Maleki, S.J.; Crespo, ].F.; Cabanillas, B. Anti-inflammatory effects of flavonoids. Food Chem. 2019, 299, e125124.
[CrossRef]

Gorlach, S; Fichna, ].; Lewandowska, U. Polyphenols as mitochondria-targeted anticancer drugs. Cancer Lett.
2015, 366, 141-149. [CrossRef]

Brunetti, C.; Di Ferdinando, M.; Fini, A.; Pollastri, S.; Tattini, M. Flavonoids as antioxidants and developmental
regulators: Relative significance in plants and humans. Int. ]. Mol. Sci. 2013, 14, 3540-3555. [CrossRef]
Nabavi, S.E; Braidy, N.; Habtemariam, S.; Orhan, LE.; Daglia, M.; Manayi, A.; Gortzi, O.; Nabavi, S.M.
Neuroprotective effects of chrysin: From chemistry to medicine. Neurochem. Int. 2015, 90, 224-231. [CrossRef]
Moghrovyan, A.; Sahakyan, N.; Babayan, A.; Chichoyan, N.; Petrosyan, M.; Trchounian, A. Essential oil
and ethanol extract of oregano (Origanum vulgare L.) from Armenian flora as a natural source of terpenes,
flavonoids and other phytochemicals with antiradical, antioxidant, metal chelating, tyrosinase inhibitory
and antibacterial activity. Curr. Pharm. Des. 2019, 25, 1809-1816. [CrossRef]

Xie, Y.; Yang, W.; Tang, F; Chen, X.; Ren, L. Antibacterial activities of flavonoids: Structure-activity
relationship and mechanism. Curr. Med. Chem. 2015, 22, 132-149. [CrossRef] [PubMed]

Kaul, T.N.; Middleton, E., Jr.; Ogra, P.L. Antiviral effect of flavonoids on human viruses. J. Med. Virol. 1985,
15, 71-79. [CrossRef] [PubMed]

Malik, Y.S.; Sircar, S.; Bhat, S.; Sharun, K.; Dhama, K.; Dadar, M.; Tiwari, R.; Chaicumpa, W. Emerging novel
coronavirus (2019-nCoV)—Current scenario, evolutionary perspective based on genome analysis and recent
developments. Vet. Q. 2020, 40, 68-76. [CrossRef] [PubMed]

Zheng, ]. SARS-CoV-2: An emerging coronavirus that causes a global threat. Int. ]. Biol. Sci. 2020, 16, 1678.
[CrossRef]

Banerjee, A.; Kulcsar, K.; Misra, V.; Frieman, M.; Mossman, K. Bats and coronaviruses. Viruses 2019, 11, 41.
[CrossRef]

Prompetchara, E.; Ketloy, C.; Palaga, T. Immune responses in COVID-19 and potential vaccines: Lessons
learned from SARS and MERS epidemic. Asian Pac. |. Allergy Immunol. 2020, 38, 1-9.

Yang, Y.; Xiao, Z.; Ye, K,; He, X,; Sun, B,; Qin, Z.; Yu, J.; Yao, J.; Wu, Q.; Bao, Z.; et al. SARS-CoV-2:
Characteristics and current advances in research. Virol. J. 2020, 17, 117-134. [CrossRef]

Lai, M.M. The making of infectious viral RNA: No size limit in sight. Proc. Natl. Acad. Sci. USA 2000, 97,
5025-5027. [CrossRef]

Phan, M.V.T,; Ngo Tri, T.; Hong Anh, P; Baker, S.; Kellam, P.; Cotten, M. Identification and characterization
of Coronaviridae genomes from Vietnamese bats and rats based on conserved protein domains. Virus Evol.
2018, 4, vey035. [CrossRef]

Jin, Z.; Du, X; Xu, Y.; Deng, Y.; Liu, M.; Zhao, Y.; Zhang, B.; Li, X.; Zhang, L.; Peng, C.; et al. Structure of
Mpro from SARS-CoV-2 and discovery of its inhibitors. Nature 2020, 582, 289-293. [CrossRef]


http://dx.doi.org/10.1002/ptr.6700
http://dx.doi.org/10.1136/jitc-2020-000878
http://www.ncbi.nlm.nih.gov/pubmed/32300051
http://dx.doi.org/10.1016/S0140-6736(20)31022-9
http://dx.doi.org/10.1056/NEJMoa2019014
http://dx.doi.org/10.1016/j.biotechadv.2015.08.001
http://dx.doi.org/10.1016/j.foodchem.2019.125124
http://dx.doi.org/10.1016/j.canlet.2015.07.004
http://dx.doi.org/10.3390/ijms14023540
http://dx.doi.org/10.1016/j.neuint.2015.09.006
http://dx.doi.org/10.2174/1381612825666190702095612
http://dx.doi.org/10.2174/0929867321666140916113443
http://www.ncbi.nlm.nih.gov/pubmed/25245513
http://dx.doi.org/10.1002/jmv.1890150110
http://www.ncbi.nlm.nih.gov/pubmed/2981979
http://dx.doi.org/10.1080/01652176.2020.1727993
http://www.ncbi.nlm.nih.gov/pubmed/32036774
http://dx.doi.org/10.7150/ijbs.45053
http://dx.doi.org/10.3390/v11010041
http://dx.doi.org/10.1186/s12985-020-01369-z
http://dx.doi.org/10.1073/pnas.97.10.5025
http://dx.doi.org/10.1093/ve/vey035
http://dx.doi.org/10.1038/s41586-020-2223-y

Molecules 2020, 25, 3980 16 of 20

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Wang, H.; Li, X,; Li, T.; Zhang, S.; Wang, L.; Wu, X,; Liu, J. The genetic sequence, origin, and diagnosis of
SARS-CoV-2. Eur. ]. Clin. Microbio. Infect. Dis. 2020, 39, 1629-1635. [CrossRef]

Chan, J.E-W.; Kok, K.-H.; Zhu, Z.; Chu, H.; To, KK.-W.; Yuan, S.; Yuen, K.-Y. Genomic characterization of the
2019 novel human-pathogenic coronavirus isolated from a patient with atypical pneumonia after visiting
Wuhan. Emerg. Microbes Infect. 2020, 9, 221-236. [CrossRef] [PubMed]

Zhou, P; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L.
A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273.
[CrossRef] [PubMed]

Abduljalil, ]. M.; Abduljalil, B.M. Epidemiology, genome, and clinical features of the pandemic SARS-CoV-2:
A recent view. New Microbes New Infect. 2020, 35, 100672-100680. [CrossRef] [PubMed]

Decaro, N.; Lorusso, A. Novel human coronavirus (SARS-CoV-2): A lesson from animal coronaviruses.
Vet. Microb. 2020, 108693. [CrossRef] [PubMed]

Jia, H.P; Look, D.C.; Shi, L.; Hickey, M.; Pewe, L.; Netland, J.; Farzan, M.; Wohlford-Lenane, C.; Perlman, S.;
McCray, P.B. ACE2 receptor expression and severe acute respiratory syndrome coronavirus infection depend
on differentiation of human airway epithelia. J. Virol. 2005, 79, 14614-14621. [CrossRef] [PubMed]

Chan, J.E-W.; Zhang, A.].; Yuan, S.; Poon, VK.-M.; Chan, C.C.-S.; Lee, A.C.-Y.; Chan, W.-M.; Fan, Z,;
Tsoi, H.-W.; Wen, L. Simulation of the clinical and pathological manifestations of Coronavirus Disease 2019
(COVID-19) in golden Syrian hamster model: Implications for disease pathogenesis and transmissibility.
Clin. Infect. Dis. 2020, 325, 1-55. [CrossRef]

Bavishi, C.; Maddox, T.M.; Messerli, EH. Coronavirus Disease 2019 (COVID-19) Infection and Renin
Angiotensin System Blockers. JAMA Cardiol. 2020, 5, 745-747. [CrossRef]

Wysocki, J.; Garcia-Halpin, L.; Ye, M.; Maier, C.; Sowers, K.; Burns, K.D.; Batlle, D. Regulation of urinary
ACE2 in diabetic mice. Am. J. Physiol.-Ren. Physiol. 2013, 305, F600-F611. [CrossRef]

Xiao, F; Hiremath, S.; Knoll, G.; Zimpelmann, J.; Srivaratharajah, K.; Jadhav, D.; Fergusson, D.; Kennedy, C.R.;
Burns, K.D. Increased urinary angiotensin-converting enzyme 2 in renal transplant patients with diabetes.
PLoS ONE 2012, 7, €37649. [CrossRef]

Becker, L.K.; Totou, N.L.; Oliveira, M.F.; Coelho, D.B.; de Oliveira, E.C.; Motta-Santos, D.; Silami-Garcia, E.;
Campagnole-Santos, M.].; Santos, R.A.S. Lifetime overproduction of circulating angiotensin-(1-7) in rats
attenuates the increase in skeletal muscle damage biomarkers after exhaustive exercise. Chin. J. Physiol. 2019,
62,226.

Zeinalian, M.; Salari-Jazi, A.; Jannesari, A.; Khanahmad, H. A potential protective role of losartan against
coronavirus-induced lung damage. Infect. Control Hosp. Epidemiol. 2020, 1-2. [CrossRef] [PubMed]

Yeo, C.; Kaushal, S.; Yeo, D. Enteric involvement of coronaviruses: Is faecal-oral transmission of SARS-CoV-2
possible? Lancet Gastroenterol. Hepatol. 2020, 5, 335-337. [CrossRef]

Chen, R;; Yu, J.; Wang, K.; Chen, Z.; Wen, C.; Xu, Z. The spatial and cell-type distribution of SARS-CoV-2
receptor ACE2 in human and mouse brain. BioRxiv 2020, 1-26. [CrossRef]

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.; Herrler, T; Erichsen, S.; Schiergens, T.S.; Herrler, G.;
Wu, N.-H.; Nitsche, A. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically
proven protease inhibitor. Cell 2020, 182, 271-280. [CrossRef]

Imai, Y.; Kuba, K.; Penninger, ].M. The discovery of angiotensin-converting enzyme 2 and its role in acute
lung injury in mice. Exp. Physiol. 2008, 93, 543-548. [CrossRef]

Othman, H.; Bouslama, Z.; Brandenburg, ].-T.; Da Rocha, J.; Hamdji, Y.; Ghedira, K.; Abid, N.-S.; Hazelhurst, S.
In silico study of the spike protein from SARS-CoV-2 interaction with ACE2: Similarity with SARS-CoV,
hot-spot analysis and effect of the receptor polymorphism. BioRxiv 2020, 527, 702-708. [CrossRef]

Xu, Y,; Lou, Z; Liu, Y,; Pang, H.; Tien, P.; Gao, G.E; Rao, Z. Crystal structure of severe acute respiratory
syndrome coronavirus spike protein fusion core. |. Biol. Chem. 2004, 279, 49414-49419. [CrossRef]

Xia, S.; Zhu, Y.; Liu, M,; Lan, Q.; Xu, W.; Wu, Y.; Ying, T.; Liu, S.; Shi, Z,; Jiang, S.; et al. Fusion mechanism
of 2019-nCoV and fusion inhibitors targeting HR1 domain in spike protein. Cell Mol. Immunol. 2020, 17,
765-767. [CrossRef]

Su, Q.-d.; Yi, Y;; Zou, Y.-n.; Jia, Z.-y; Qiu, F; Wang, E; Yin, W.-j.; Zhou, W.-t; Zhang, S.; Yu, P-c.; et al.
The biological characteristics of SARS-CoV-2 Spike protein Pro330-Leu650. Vaccine 2020, 38, 5071-5075.
[CrossRef]


http://dx.doi.org/10.1007/s10096-020-03899-4
http://dx.doi.org/10.1080/22221751.2020.1719902
http://www.ncbi.nlm.nih.gov/pubmed/31987001
http://dx.doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
http://dx.doi.org/10.1016/j.nmni.2020.100672
http://www.ncbi.nlm.nih.gov/pubmed/32322400
http://dx.doi.org/10.1016/j.vetmic.2020.108693
http://www.ncbi.nlm.nih.gov/pubmed/32402329
http://dx.doi.org/10.1128/JVI.79.23.14614-14621.2005
http://www.ncbi.nlm.nih.gov/pubmed/16282461
http://dx.doi.org/10.1093/cid/ciaa325
http://dx.doi.org/10.1001/jamacardio.2020.1282
http://dx.doi.org/10.1152/ajprenal.00600.2012
http://dx.doi.org/10.1371/journal.pone.0037649
http://dx.doi.org/10.1017/ice.2020.80
http://www.ncbi.nlm.nih.gov/pubmed/32248854
http://dx.doi.org/10.1016/S2468-1253(20)30048-0
http://dx.doi.org/10.1101/2020.04.07.030650
http://dx.doi.org/10.1016/j.cell.2020.02.052
http://dx.doi.org/10.1113/expphysiol.2007.040048
http://dx.doi.org/10.1016/j.bbrc.2020.05.028
http://dx.doi.org/10.1074/jbc.M408782200
http://dx.doi.org/10.1038/s41423-020-0374-2
http://dx.doi.org/10.1016/j.vaccine.2020.04.070

Molecules 2020, 25, 3980 17 of 20

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, E. Structural basis of receptor
recognition by SARS-CoV-2. Nature 2020, 581, 221-224. [CrossRef] [PubMed]

Basu, A.; Sarkar, A.; Maulik, U. Computational approach for the design of potential spike protein binding
natural compounds in SARS-CoV2. OSF Preprints 2020, 1-22. [CrossRef]

Xu, ].; Zhao, S.; Teng, T.; Abdalla, A.E.; Zhu, W,; Xie, L.; Wang, Y.; Guo, X. Systematic Comparison of Two
Animal-to-Human Transmitted Human Coronaviruses: SARS-CoV-2 and SARS-CoV. Viruses 2020, 12, 244.
[CrossRef] [PubMed]

McKee, D.L.; Sternberg, A.; Stange, U.; Laufer, S.; Naujokat, C. Candidate drugs against SARS-CoV-2 and
COVID-19. Pharmacol. Res. 2020, 157, 104859. [CrossRef] [PubMed]

Magrone, T.; Magrone, M.; Jirillo, E. Focus on Receptors for Coronaviruses with Special Reference to
Angiotensin-converting Enzyme 2 as a Potential Drug Target—A Perspective. Endocr. Metab. Immune Disord.
Drug Targets 2020, 20, 807-811. [CrossRef]

Samavati, L.; Uhal, B.D. ACE2, Much More Than Just a Receptor for SARS-COV-2. Front. Cell. Infect. Microbiol.
2020, 10, 1-9. [CrossRef]

Han, D.P,; Penn-Nicholson, A.; Cho, M.W. Identification of critical determinants on ACE2 for SARS-CoV
entry and development of a potent entry inhibitor. Virology 2006, 350, 15-25. [CrossRef]

Yu, J.-w.; Wang, L.; Bao, L.-d. Exploring the Active Compounds of Traditional Mongolian Medicine in
Intervention of Novel Coronavirus (COVID-19) Based on Molecular Docking Method. . Func. Foods 2020,
71,104016. [CrossRef]

Zhai, X.; Sun, J; Yan, Z.; Zhang, J.; Zhao, J.; Zhao, Z.; Gao, Q.; He, W.T.; Veit, M.; Su, S. Comparison
of SARS-CoV-2 spike protein binding to ACE2 receptors from human, pets, farm animals, and putative
intermediate hosts. J. Virol. 2020, 94, 1-16. [CrossRef]

Guy, J.L.; Jackson, R.M.; Acharya, K.R.; Sturrock, E.D.; Hooper, N.M.; Turner, A.]. Angiotensin-converting
enzyme-2 (ACE2): Comparative modeling of the active site, specificity requirements, and chloride dependence.
Biochemistry 2003, 42, 13185-13192. [CrossRef]

Kuster, G.M.; Pfister, O.; Burkard, T.; Zhou, Q.; Twerenbold, R.; Haaf, P.; Widmer, A.F.; Osswald, S. SARS-CoV2:
Should inhibitors of the renin-angiotensin system be withdrawn in patients with COVID-19? Eur. Heart |.
2020, 41, 1801-1803. [CrossRef] [PubMed]

Zhang, P; Zhu, L.; Cai, J.; Lei, E; Qin, ] -J.; Xie, J.; Liu, Y.-M.; Zhao, Y.-C.; Huang, X.; Lin, L. Association of inpatient
use of angiotensin converting enzyme inhibitors and angiotensin II receptor blockers with mortality among
patients with hypertension hospitalized with COVID-19. Circ. Res. 2020, 126, 1671-1681. [CrossRef] [PubMed]
Schumacher, H.; Mancia, G. The safety profile of telmisartan as monotherapy or combined with
hydrochlorothiazide: A retrospective analysis of 50 studies. Blood Press. 2008, 17, 32—40. [CrossRef] [PubMed]
Rothlin, R.P; Vetulli, H.M.; Duarte, M.; Pelorosso, F.G. Telmisartan as tentative angiotensin receptor blocker
therapeutic for COVID-19. Drug Dev. Res. 2020, 1-3. [CrossRef]

Trask, A.].; Groban, L.; Westwood, B.M.; Varagic, J.; Ganten, D.; Gallagher, P.E.; Chappell, M.C.; Ferrario, C.M.
Inhibition of Angiotensin-Converting Enzyme 2 Exacerbates Cardiac Hypertrophy and Fibrosis in Ren-2
Hypertensive Rats. Am. ]. Hypert. 2010, 23, 687—-693. [CrossRef]

Joshi, S.; Balasubramanian, N.; Vasam, G.; Jarajapu, Y.P. Angiotensin converting enzyme versus angiotensin
converting enzyme-2 selectivity of MLN-4760 and DX600 in human and murine bone marrow-derived cells.
Eur. J. Pharmacol. 2016, 774, 25-33. [CrossRef]

Towler, P; Staker, B.; Prasad, S.G.; Menon, S.; Tang, J.; Parsons, T.; Ryan, D.; Fisher, M.; Williams, D.;
Dales, N.A.; et al. ACE2 X-ray structures reveal a large hinge-bending motion important for inhibitor binding
and catalysis. J. Biol. Chem. 2004, 279, 17996-18007. [CrossRef]

Yang, Z.; Yu, X,; Cheng, L.; Miao, L.Y,; Li, H.X,; Han, L.H.; Jiang, W.P. Effects of enalapril on the expression of
cardiac angiotensin-converting enzyme and angiotensin-converting enzyme 2 in spontaneously hypertensive
rats. Arch. Cardiovasc. Dis. 2013, 106, 196-201. [CrossRef]

Bhatia, K.; Zimmerman, M.A.; Sullivan, J.C. Sex Differences in Angiotensin-Converting Enzyme Modulation
of Ang (1-7) Levels in Normotensive WKY Rats. Am. |. Hypertens. 2013, 26, 591-598. [CrossRef]

Ye, M.; Wysocki, J.; Gonzalez-Pacheco, FR.; Salem, M.; Evora, K.; Garcia-Halpin, L.; Poglitsch, M.; Schuster, M.;
Batlle, D. Murine recombinant angiotensin-converting enzyme 2: Effect on angiotensin II-dependent
hypertension and distinctive angiotensin-converting enzyme 2 inhibitor characteristics on rodent and human
angiotensin-converting enzyme 2. Hypertension 2012, 60, 730-740. [CrossRef]


http://dx.doi.org/10.1038/s41586-020-2179-y
http://www.ncbi.nlm.nih.gov/pubmed/32225175
http://dx.doi.org/10.31219/osf.io/j4md2
http://dx.doi.org/10.3390/v12020244
http://www.ncbi.nlm.nih.gov/pubmed/32098422
http://dx.doi.org/10.1016/j.phrs.2020.104859
http://www.ncbi.nlm.nih.gov/pubmed/32360480
http://dx.doi.org/10.2174/1871530320666200427112902
http://dx.doi.org/10.3389/fcimb.2020.00317
http://dx.doi.org/10.1016/j.virol.2006.01.029
http://dx.doi.org/10.1016/j.jff.2020.104016
http://dx.doi.org/10.1128/JVI.00831-20
http://dx.doi.org/10.1021/bi035268s
http://dx.doi.org/10.1093/eurheartj/ehaa235
http://www.ncbi.nlm.nih.gov/pubmed/32196087
http://dx.doi.org/10.1161/CIRCRESAHA.120.317134
http://www.ncbi.nlm.nih.gov/pubmed/32302265
http://dx.doi.org/10.1080/08038020802144383
http://www.ncbi.nlm.nih.gov/pubmed/18705533
http://dx.doi.org/10.1002/ddr.21679
http://dx.doi.org/10.1038/ajh.2010.51
http://dx.doi.org/10.1016/j.ejphar.2016.01.007
http://dx.doi.org/10.1074/jbc.M311191200
http://dx.doi.org/10.1016/j.acvd.2013.01.004
http://dx.doi.org/10.1093/ajh/hps088
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.198622

Molecules 2020, 25, 3980 18 of 20

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Haga, S.; Nagata, N.; Okamura, T.; Yamamoto, N.; Sata, T.; Yamamoto, N.; Sasazuki, T.; Ishizaka, Y. TACE
antagonists blocking ACE2 shedding caused by the spike protein of SARS-CoV are candidate antiviral
compounds. Antivir. Res. 2010, 85, 551-555. [CrossRef]

Furuhashi, M.; Moniwa, N.; Mita, T.; Fuseya, T.; Ishimura, S.; Ohno, K.; Shibata, S.; Tanaka, M.; Watanabe, Y.;
Akasaka, H.; et al. Urinary angiotensin-converting enzyme 2 in hypertensive patients may be increased by
olmesartan, an angiotensin II receptor blocker. Am. |. Hypertens. 2015, 28, 15-21. [CrossRef] [PubMed]
Malek, V.; Sharma, N.; Sankrityayan, H.; Gaikwad, A.B. Concurrent neprilysin inhibition and
renin-angiotensin system modulations prevented diabetic nephropathy. Life Sci. 2019, 221, 159-167.
[CrossRef] [PubMed]

Vincent, M.].; Bergeron, E.; Benjannet, S.; Erickson, B.R.; Rollin, PE.; Ksiazek, T.G.; Seidah, N.G.; Nichol, S.T.
Chloroquine is a potent inhibitor of SARS coronavirus infection and spread. Virol. J. 2005, 2, 69. [CrossRef]
Goru, S.K,; Kadakol, A.; Malek, V.; Pandey, A.; Sharma, N.; Gaikwad, A.B. Diminazene aceturate prevents
nephropathy by increasing glomerular ACE2 and AT?2 receptor expression in a rat model of typel diabetes.
Br. J. Pharmacol. 2017, 174, 3118-3130. [CrossRef] [PubMed]

Huentelman, M.].; Zubcevic, J.; Prada, J.A.H.; Xiao, X.; Dimitrov, D.S.; Raizada, M.K.; Ostrov, D.A.
Structure-Based Discovery of a Novel Angiotensin-Converting Enzyme 2 Inhibitor. Hypertension 2004, 44,
903-906. [CrossRef]

Sun, M.L.; Yang, ].M.; Sun, Y.P,; Su, G.H. Inhibitors of RAS Might Be a Good Choice for the Therapy of
COVID-19 Pneumonia. Chin. J. Tuberc. Respir. Dis. 2020, 43, E014. [CrossRef]

Xie, X.; Chen, J.; Wang, X.; Zhang, F; Liu, Y. Age- and gender-related difference of ACE2 expression in rat
lung. Life Sci. 2006, 78, 2166-2171. [CrossRef] [PubMed]

Gullo, V.P; McAlpine, J.; Lam, K.S.; Baker, D.; Petersen, F. Drug discovery from natural products. |. Ind.
Microbiol. Biotechnol. 2006, 33, 523-531. [CrossRef] [PubMed]

Thomford, N.E.; Senthebane, D.A.; Rowe, A.; Munro, D.; Seele, P.; Maroyi, A.; Dzobo, K. Natural Products for
Drug Discovery in the 21st Century: Innovations for Novel Drug Discovery. Int. ]. Mol. Sci. 2018, 19, 1578.
[CrossRef] [PubMed]

Guo, Z. The modification of natural products for medical use. Acta Pharm. Sin. B 2017, 7, 119-136. [CrossRef]
[PubMed]

Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs over the Nearly Four Decades from
01/1981 to 09/2019. J. Nat. Prod. 2020, 83, 770-803. [CrossRef] [PubMed]

Ganjhu, R.K,; Mudgal, PP; Maity, H.; Dowarha, D.; Devadiga, S.; Nag, S.; Arunkumar, G. Herbal plants and
plant preparations as remedial approach for viral diseases. Virusdisease 2015, 26, 225-236. [CrossRef]
Utomo, R.Y.; Ikawati, M.; Meiyanto, E. Revealing the Potency of Citrus and Galangal Constituents to Halt
SARS-CoV-2 Infection. Preprints 2020, 214, 1-8. [CrossRef]

Loizzo, M.R.; Said, A.; Tundis, R.; Rashed, K.; Statti, G.A.; Hufner, A.; Menichini, F. Inhibition of
angiotensin converting enzyme (ACE) by flavonoids isolated from Ailanthus excelsa (Roxb) (Simaroubaceae).
Phytother. Res. 2007, 21, 32-36. [CrossRef] [PubMed]

Ho, T.-Y,; Wu, S.-L.; Chen, ].-C.; Li, C.-C.; Hsiang, C.-Y. Emodin blocks the SARS coronavirus spike protein
and angiotensin-converting enzyme 2 interaction. Antivir. Res. 2007, 74, 92-101. [CrossRef]

Ojeda, D.; Jimenez-Ferrer, E.; Zamilpa, A.; Herrera-Arellano, A.; Tortoriello, J.; Alvarez, L. Inhibition
of angiotensin convertin enzyme (ACE) activity by the anthocyanins delphinidin- and cyanidin-3-O-
sambubiosides from Hibiscus sabdariffa. J. Ethnopharmacol. 2010, 127, 7-10. [CrossRef]

Sui, H.; Yu, Q.; Zhi, Y.; Geng, G.; Liu, H.; Xu, H. Effects of apigenin on the expression of angiotensin-converting
enzyme 2 in kidney in spontaneously hypertensive rats. J. Hyg. Res. 2010, 39, 693-696.

Guerrero, L.; Castillo, J.; Quinones, M.; Garcia-Vallve, S.; Arola, L.; Pujadas, G.; Muguerza, B. Inhibition of
angiotensin-converting enzyme activity by flavonoids: Structure-activity relationship studies. PLoS ONE
2012, 7, €49493. [CrossRef]

Takahashi, S.; Yoshiya, T.; Yoshizawa-Kumagaye, K.; Sugiyama, T. Nicotianamine is a novel angiotensin-
converting enzyme 2 inhibitor in soybean. Biomed. Res. (Tokyo Japan) 2015, 36, 219-224. [CrossRef]
Hettihewa, S.K.; Hemar, Y.; Rupasinghe, H.P.V. Flavonoid-Rich Extract of Actinidia macrosperma (A Wild
Kiwifruit) Inhibits Angiotensin-Converting Enzyme In Vitro. Foods 2018, 7. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.antiviral.2009.12.001
http://dx.doi.org/10.1093/ajh/hpu086
http://www.ncbi.nlm.nih.gov/pubmed/24842388
http://dx.doi.org/10.1016/j.lfs.2019.02.027
http://www.ncbi.nlm.nih.gov/pubmed/30769114
http://dx.doi.org/10.1186/1743-422X-2-69
http://dx.doi.org/10.1111/bph.13946
http://www.ncbi.nlm.nih.gov/pubmed/28688122
http://dx.doi.org/10.1161/01.HYP.0000146120.29648.36
http://dx.doi.org/10.3760/cma.j.issn.1001-0939.2020.0014
http://dx.doi.org/10.1016/j.lfs.2006.09.028
http://www.ncbi.nlm.nih.gov/pubmed/16303146
http://dx.doi.org/10.1007/s10295-006-0107-2
http://www.ncbi.nlm.nih.gov/pubmed/16544162
http://dx.doi.org/10.3390/ijms19061578
http://www.ncbi.nlm.nih.gov/pubmed/29799486
http://dx.doi.org/10.1016/j.apsb.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28303218
http://dx.doi.org/10.1021/acs.jnatprod.9b01285
http://www.ncbi.nlm.nih.gov/pubmed/32162523
http://dx.doi.org/10.1007/s13337-015-0276-6
http://dx.doi.org/10.20944/preprints202003.0214.v1
http://dx.doi.org/10.1002/ptr.2008
http://www.ncbi.nlm.nih.gov/pubmed/17072829
http://dx.doi.org/10.1016/j.antiviral.2006.04.014
http://dx.doi.org/10.1016/j.jep.2009.09.059
http://dx.doi.org/10.1371/journal.pone.0049493
http://dx.doi.org/10.2220/biomedres.36.219
http://dx.doi.org/10.3390/foods7090146
http://www.ncbi.nlm.nih.gov/pubmed/30189590

Molecules 2020, 25, 3980 19 of 20

106.

107.
108.
109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Joshi, R.S.; Jagdale, S.S.; Bansode, S.B.; Shankar, S.S.; Tellis, M.B.; Pandya, VK.; Chugh, A.; Giri, A.P;
Kulkarni, M.]. Discovery of Potential Multi-Target-Directed Ligands by Targeting Host-specific SARS-CoV-2
Structurally Conserved Main Protease($). J. Biomol. Struct. Dyn. 2020, 1-16. [CrossRef] [PubMed]

Deng, Y.E; Aluko, R.E,; Jin, Q.; Zhang, Y.; Yuan, L.J. Inhibitory activities of baicalin against renin and
angiotensin-converting enzyme. Pharm. Biol. 2012, 50, 401-406. [CrossRef] [PubMed]

Chen, H.; Du, Q. Potential natural compounds for preventing 2019-nCoV infection. Preprints 2020, 358, 1-17.
[CrossRef]

Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef]
Durairaj, R.B. Resorcinol Structure and Physical Properties. Resorcinol. Chem. Technol. Appl. 2005, 1-9.
Bhowmik, D.; Nandi, R.; Kumar, D. Evaluation of Flavonoids as 2019-nCoV Cell Entry Inhibitor Through
Molecular Docking and Pharmacological Analysis. ChemRxiv 2020, 6, 1-27. [CrossRef]

Yu, M.S;; Lee, J.; Lee, ] M.; Kim, Y.; Chin, YW.,; Jee, ].G.; Keum, Y.S.; Jeong, Y.J. Identification of myricetin and
scutellarein as novel chemical inhibitors of the SARS coronavirus helicase, nsP13. Bioorg. Med. Chem. Lett.
2012, 22, 4049-4054. [CrossRef]

Schwarz, S.; Sauter, D.; Wang, K.; Zhang, R.; Sun, B.; Karioti, A.; Bilia, A.R; Efferth, T.; Schwarz, W.
Kaempferol derivatives as antiviral drugs against the 3a channel protein of coronavirus. Planta Med. 2014,
80, 177-182. [CrossRef]

Yi, L.; Li, Z.; Yuan, K; Qu, X,; Chen, ].; Wang, G.; Zhang, H.; Luo, H.; Zhu, L.; Jiang, P; et al. Small molecules
blocking the entry of severe acute respiratory syndrome coronavirus into host cells. J. Virol. 2004, 78,
11334-11339. [CrossRef]

Nguyen, T.T.H.; Woo, H.-].; Kang, H.-K.; Nguyen, V.D.; Kim, Y.-M.; Kim, D.-W.,; Ahn, S.-A.; Xia, Y,;
Kim, D. Flavonoid-mediated inhibition of SARS coronavirus 3C-like protease expressed in Pichia pastoris.
Biotechnol. Lett. 2012, 34, 831-838. [CrossRef] [PubMed]

Jo,S.; Kim, H.; Kim, S.; Shin, D.H.; Kim, M.-S. Characteristics of flavonoids as potent MERS-CoV 3C-like
protease inhibitors. Chem. Biol. Drug Des. 2019, 94, 2023-2030. [CrossRef] [PubMed]

Park, J.-Y.; Yuk, H].; Ryu, HW,; Lim, S.H,; Kim, K.S.; Park, KH.; Ryu, Y.B.; Lee, W.S. Evaluation of
polyphenols from Broussonetia papyrifera as coronavirus protease inhibitors. J. Enzym. Inhib. Med. Chem.
2017, 32, 504-515. [CrossRef]

Wu, C;; Liu, Y.; Yang, Y.; Zhang, P.; Zhong, W.; Wang, Y.; Wang, Q.; Xu, Y.; Li, M,; Li, X,; et al. Analysis of
therapeutic targets for SARS-CoV-2 and discovery of potential drugs by computational methods. Acta Pharm.
Sin. B 2020. [CrossRef] [PubMed]

Dai, W,; Bi, J.; Li, F,; Wang, S.; Huang, X.; Meng, X.; Sun, B.; Wang, D.; Kong, W,; Jiang, C. Antiviral Efficacy of
Flavonoids against Enterovirus 71 Infection in Vitro and in Newborn Mice. Viruses 2019, 11, 625. [CrossRef]
Zakaryan, H.; Arabyan, E.; Oo, A.; Zandi, K. Flavonoids: Promising natural compounds against viral
infections. Arch. Virol. 2017, 162, 2539-2551. [CrossRef]

Cheng, L.; Zheng, W,; Li, M.; Huang, J.; Bao, S.; Xu, Q.; Ma, Z. Citrus fruits are rich in flavonoids for
immunoregulation and potential targeting ACE2. Preprints 2020, 2020020313.

Kim, V.Y,; Batty, A,; Li, J.; Kirk, S.G.; Crowell, S.A;; Jin, Y,; Tang, J.; Zhang, J.; Rogers, L.K.; Deng, H.-X.
Glutathione Reductase Promotes Fungal Clearance and Suppresses Inflammation during Systemic Candida
albicans Infection in Mice. J. Immunol. 2019, 203, 2239-2251. [CrossRef]

Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs from 1981 to 2014. J. Nat. Prod. 2016,
79, 629-661. [CrossRef]

Brewster, R.M.; Manthey, ].A. Flavonoid Compositions and Uses Thereof. Google Patents WO2015152648A1,
8 October 2015.

Wang, T.-Y; Li, Q.; Bi, K.-S. Bioactive flavonoids in medicinal plants: Structure, activity and biological fate.
Asian J. Pharm. Sci. 2018, 13, 12-23. [CrossRef]

Muchtaridi, M.; Sugijanto, M.; Mohd Gazzali, A.; Wahab, H.A. Anti-Neuraminidase Bioactives from Manggis
Hutan (Garcinia celebica L.) Leaves: Partial Purification and Molecular Characterization. Molecules 2020, 25,
821. [CrossRef] [PubMed]

Kumar, S.; Pandey, A.K. Chemistry and Biological Activities of Flavonoids: An Overview. Sci. World J. 2013,
2013, 162750. [CrossRef] [PubMed]

Hogek, J.; Smejkal, K. Flavonoids as Anti-inflammatory Agents. In Encyclopedia of Inflammatory Diseases;
Parnham, M., Ed.; Springer: Basel, Switzerland, 2015; pp. 1-17.


http://dx.doi.org/10.1080/07391102.2020.1760137
http://www.ncbi.nlm.nih.gov/pubmed/32329408
http://dx.doi.org/10.3109/13880209.2011.608076
http://www.ncbi.nlm.nih.gov/pubmed/22136493
http://dx.doi.org/10.20944/preprints202001.0358.v3
http://dx.doi.org/10.1017/jns.2016.41
http://dx.doi.org/10.26434/chemrxiv.12071508.v1
http://dx.doi.org/10.1016/j.bmcl.2012.04.081
http://dx.doi.org/10.1055/s-0033-1360277
http://dx.doi.org/10.1128/JVI.78.20.11334-11339.2004
http://dx.doi.org/10.1007/s10529-011-0845-8
http://www.ncbi.nlm.nih.gov/pubmed/22350287
http://dx.doi.org/10.1111/cbdd.13604
http://www.ncbi.nlm.nih.gov/pubmed/31436895
http://dx.doi.org/10.1080/14756366.2016.1265519
http://dx.doi.org/10.1016/j.apsb.2020.02.008
http://www.ncbi.nlm.nih.gov/pubmed/32292689
http://dx.doi.org/10.3390/v11070625
http://dx.doi.org/10.1007/s00705-017-3417-y
http://dx.doi.org/10.4049/jimmunol.1701686
http://dx.doi.org/10.1021/acs.jnatprod.5b01055
http://dx.doi.org/10.1016/j.ajps.2017.08.004
http://dx.doi.org/10.3390/molecules25040821
http://www.ncbi.nlm.nih.gov/pubmed/32070030
http://dx.doi.org/10.1155/2013/162750
http://www.ncbi.nlm.nih.gov/pubmed/24470791

Molecules 2020, 25, 3980 20 of 20

129.

130.

131.

132.

133.

134.

135.

Treml, J.; Smejkal, K. Flavonoids as Potent Scavengers of Hydroxyl Radicals. Compr. Rev. Food Sci. Food Saf.
2016, 15, 720-738. [CrossRef]

Nijveldt, R.J.; van Nood, E.; van Hoorn, D.E.; Boelens, P.G.; van Norren, K.; van Leeuwen, P.A. Flavonoids:
A review of probable mechanisms of action and potential applications. Am. J. Clin. Nutr. 2001, 74, 418-425.
[CrossRef] [PubMed]

Chelombitko, M.A. Role of Reactive Oxygen Species in Inflammation: A Minireview. Mosc. Univ. Biol.
Sci. Bull. 2018, 73, 199-202. [CrossRef]

Tan, B.L.; Norhaizan, M.E.; Liew, W.-P.-P.; Sulaiman Rahman, H. Antioxidant and Oxidative Stress: A Mutual
Interplay in Age-Related Diseases. Front. Pharmacol. 2018, 9, 1162-1190. [CrossRef]

Mondal, S.; Rahaman, S. Flavonoids: A vital resource in healthcare and medicine. Pharm. Pharmacol. Int. |.
2020, 8, 91-104.

Codorniu-Hernandez, E.; Rolo-Naranjo, A.; Montero-Cabrera, L.A. Theoretical affinity order among
flavonoids and amino acid residues: An approach to understand flavonoid-protein interactions. J. Mol.
Struct. THEOCHEM 2007, 819, 121-129. [CrossRef]

Tikellis, C.; Thomas, M.C. Angiotensin-Converting Enzyme 2 (ACE2) Is a Key Modulator of the Renin
Angiotensin System in Health and Disease. Int. . Pept. 2012, 2012, 256294. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/1541-4337.12204
http://dx.doi.org/10.1093/ajcn/74.4.418
http://www.ncbi.nlm.nih.gov/pubmed/11566638
http://dx.doi.org/10.3103/S009639251804003X
http://dx.doi.org/10.3389/fphar.2018.01162
http://dx.doi.org/10.1016/j.theochem.2007.05.036
http://dx.doi.org/10.1155/2012/256294
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 
	Angiotensin-Converting Enzyme 2 (ACE2) 
	Inhibitors of ACE2 
	Synthetic Compounds of ACE2 Inhibitors 
	Natural Compounds Inhibiting ACE1 and ACE2 Receptors 

	Flavonoids as ACE2 Inhibitors 
	Mode of Action of Flavonoids 
	Perspectives and Overall Conclusion 
	References

