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Abstract: ACE2 and Mpro in the pathology of SARS-CoV-2 show great potential in developing
COVID-19 drugs as therapeutic targets, due to their roles as the “gate” of viral entry and viral
reproduction. Of the many potential compounds for ACE2 and Mpro inhibition, x-mangostin is a
promising candidate. Unfortunately, the potential of x-mangostin as a secondary metabolite with the
anti-SARS-CoV-2 activity is hindered due to its low solubility in water. Other xanthone isolates, which
also possess the xanthone core structure like x-mangostin, are predicted to be potential alternatives
to a-mangostin in COVID-19 treatment, addressing the low drug-likeness of c-mangostin. This study
aims to assess the potential of xanthone derivative compounds in the pericarp of mangosteen (Garcinia
mangostana L.) through computational study. The study was conducted through screening activity
using molecular docking study, drug-likeness prediction using Lipinski’s rule of five filtration,
pharmacokinetic and toxicity prediction to evaluate the safety profile, and molecular dynamic
study to evaluate the stability of formed interactions. The research results showed that there were
11 compounds with high potential to inhibit ACE2 and 12 compounds to inhibit Mpro. However, only
garcinone B, in addition to being indicated as active, also possesses a drug-likeness, pharmacokinetic,
and toxicity profile that was suitable. The molecular dynamic study exhibited proper stability
interaction between garcinone B with ACE2 and Mpro. Therefore, garcinone B, as a xanthone
derivative isolate compound, has promising potential for further study as a COVID-19 treatment as
an ACE2 and Mpro inhibitor.

Keywords: xanthone; ACE2; Mpro; Garcinia mangostana L.; garcinone B; molecular docking

1. Introduction

The need to improve the quality of COVID-19 (coronavirus disease 2019) treatment
cannot be ruled out. The ongoing global pandemic has caused widespread devastation,
resulting in immense suffering and an unfathomable loss of lives [1]. Although vaccination
efforts have offered some optimism, the emergence of new variants and breakthrough infec-
tions underscores the urgency to develop more efficacious treatments [2,3]. The significance
of improved medicines for COVID-19 is multifaceted. They can effectively mitigate the
severity of symptoms, thereby alleviating the strain on healthcare systems and averting
overwhelming surges in hospitalizations [4,5]. Consequently, advanced therapeutics can
specifically target distinct stages of the disease, yielding superior outcomes for patients in
varying phases of infection [6]. Furthermore, the implementation of effective antiviral drugs
can contribute to shorter recovery periods, facilitating an expedited return to normalcy for
individuals and mitigating the socio-economic ramifications of the pandemic [7].

The available medications for COVID-19 offer certain treatment possibilities, but the
need for more effective and safe medicine to combat the disease is evident. Currently,
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specific antiviral drugs like remdesivir have received emergency use authorization for
particular cases [8,9]. These medications work by impeding the replication of the virus
within the body, potentially reducing the duration of illness [10]. Other studies have also
shown that remdesivir correlates well with the inhibition of Mpro (main protease), which
results in the inhibition of virus release from host cells [11,12]. Additionally, chloroquine
has shown promise in treating SARS-CoV-2’s infections by inhibiting the ACE2 receptor,
which serves as a gateway for the virus to enter pulmonary host cells [13,14]. Blocking
these receptors prevents the virus from further infecting the human body [15]. However,
while these treatments have demonstrated some effectiveness, they are not universally
successful, and their impact on patient outcomes is still under research. Although chloro-
quine was found to be effective in inhibiting the virus through ACE2 blockade in preclinical
studies [16], clinical studies did not show great relevance for both the prevention and cure
of COVID-19 patients [17,18]. Giving chloroquine to COVID-19 patients did not correlate
with symptom improvement, viral clearance, or reduced mortality [18]. Moreover, these
medical options also have limitations. Chloroquine, in particular, is not recommended for
treating COVID-19 patients due to its tendency to cause higher toxic effects compared to
the obtained effectiveness [19,20]. Therefore, enhanced medicine for COVID-19 is essential
to address the limitations of existing options, improve patient outcomes, and ultimately
bring an end to the devastating consequences of the pandemic.

Among the many available options, the utilization of the potential of natural sub-
stances from various plant sources has become highly sought after. Secondary bioactive
compounds from plants are known to have advantages, as they not only have potential phar-
macological activities but are also considered safer than synthetic chemical compounds [21].
One that has garnered significant attention in the development of COVID-19 therapy is
a-mangostin [22-24]. a-mangostin is a xanthone derivative compound sourced from the
pericarp of Garcinia mangostana L. [25,26]. It is known for its ability to prevent the entrance
of SARS-CoV-2 into host cells through ACE2 and Mpro inhibition [23,27].

However, the potential of a-mangostin tends to be hindered due to its unfavorable
physicochemical properties. Its low solubility in water makes it difficult to formulate into
drug preparations, especially for oral administration, which is commonly preferred by
patients [28,29]. Interestingly, the potential of other isolated xanthone derivative com-
pounds from the pericarp of Garcinia mangostana L. has not been further explored for their
potency in combating SARS-CoV-2 and their compatibility to be formulated as oral drug
preparations. To date, 14 other xanthone derivative compounds have been identified in
the pericarp of the mangosteen fruit, including 7-O-demethyl mangostanin, mangostanin,
8-deoxygartanin, gartanin, garcinone E, trapezifolixanthone, padiaxanthone, tovophyllin A,
1,5,8-Trihydroxy-3-methoxy-2-prenylxanthone, garcinone B, 1,7-dihydroxy-2-(3-methylbut-
2-enyl)-3-methoxyxanthone, mangostenone D, mangostinone, and 1,7-dihydroxy-2-(3-
methylbut-2-enyl)-3-methoxyxanthone, respectively, as isolated compounds numbered (1)
to (14), as illustrated in Figure 1 [30].

Therefore, this research aims to serve as a preliminary study to investigate the potential
of xanthone derivative compounds in the pericarp of Mangosteen fruit as anti-SARS-CoV-2
agents. The potential of these compounds is assessed based on their ability to inhibit ACE2
and Mpro, while their suitability for formulation into drugs is evaluated through Lipinski’s
rule of five compatibility studies and pharmacokinetic and toxicity profiles. Additionally,
molecular dynamics studies are conducted to observe the interaction stability of potential
compounds with the target receptor in SARS-CoV-2.
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Figure 1. Fourteen xanthone isolates obtained from the pericarp of Garcinia mangostana L.

2. Results
2.1. Molecular Docking Simulation

The molecular docking study of xanthone isolates towards ACE2 is presented in
Table 1. Almost all isolates have lower binding energy compared to chloroquine, remdesivir,
and a-mangostin, with the exception of isolate 2 (mangostanin), isolate 5 (garcinone E),
and isolate 8 (tovophyllin A). The inhibition constant of each isolate is well correlated
with their binding energy. The lower the binding energy, the lower the inhibition constant
obtained [31]. Furthermore, all of the isolates demonstrated a proper mode of interaction
with ACE2, represented by key amino acid residues of ACE2 which were interacted with
the isolate. The key amino acids include GIn24, Thr27, Asp30, His34, Glu35, Tyr41, GIn42,
Met82, and Lys353 [32,33]. Overall molecular docking results indicated that all of the
xanthone isolates, except isolate 2 (mangostanin), isolate 5 (garcinone E), and isolate 8
(tovophyllin A), have great potency as an ACE2 inhibitor.

In molecular docking simulations against Mpro, 12 isolates showed lower binding
energy than chloroquine, remdesivir, and a-mangostin. Only isolate 2 (mangostanin)
and isolate 11 (1,7-dihydroxy-2-(3-methylbut-2-enyl)-3-methoxyxanthone) did not exhibit
similar results. As shown in Table 2, all xanthone isolates demonstrated appropriate
interaction modes by interacting with key amino acid residues in Mpro, including His41,
Cys145, and Glul66 [27]. Therefore, only isolate 2 (mangostanin) and isolate 11 (1,7-
dihydroxy-2-(3-methylbut-2-enyl)-3-methoxyxanthone) have a lower potential for Mpro
inhibition compared to chloroquine, remdesivir, and «x-mangostin.
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Table 1. Parameters obtained presenting molecular docking results against ACE-2.

Amino Acid Residues Interaction

Compound AG (kcal/mol) Ki (uM) -
Hydrogen Bond Hydrophobic Others
7-7t stacked: His34;
Chloroquine —4.1 991.4 Lys31 Alkyl: His34; m-alkyl: N/A
Lys31, His34
Remdesivir —4.38 611.23 Lys31, Glu35 m-alkyl: His34 N/A
«-Mangostin —4.27 746.2 Asp30 ﬂ?;i;(;tlai(;silf{lilsii’él m-anion: Asp30
7-7t stacked: His34;
7-O-demethyl Asp30, Lys31, Amide-m stacked: -
mangostanin —>17 162.05 Glu35 His34; m-alkyl: Lys31, m-anion: Asp30
His34
7t-7t stacked: His34;
Mangostanin —4.35 653.11 Lys31 Alkyl: His34; m-alkyl: m-anion: Asp30
Lys31, His34
8-Deoxygartanin ~5.13 173.07 Lys31, Glu35 n §f§§lﬁe$§f34’ n-sigma: His34
7-7t stacked: His34;
. Amide-Tt stacked: van der Waals:
Gartanin —5.13 174.42 N/A His34; m-alkyl: Lys31, Clu3s
His34
Garcinone E —3.65 2130 Thr27 m-alkyl: Lys31 N/A
-7t stacked: His34;
Trapezifolixanthone —6.01 39.34 Asp30, Glu3s H?;;:}iﬁ;?%ﬁg& Si[lfs?;ﬁie.}ﬁzgill
m-alkyl: Lys31, His34
7-7t stacked: His34; .
. Amide-7t stacked: m-anion: Asp30;
Padiaxanthone —5.75 61.41 Asp30, Lys31 His34; Alkyl: His34; van delzr Waals:
m-alkyl: Lys31, His34 Glus>
7t-7t stacked: His34;
Tovophyllin A —4.08 1020 Asp30, Lys31 Alkyl: His34; m-alkyl: N/A
Lys31, His34
1,5,8-Trihydroxy-3- 7t-7t stacked: His34;
methoxy-2- —5.17 161.09 N/A Alkyl: His34; m-alkyl: N/A
prenylxanthone Lys31, His34
7t-7t stacked: His34;
Garcinone B —5.21 152.73 Asp30, Glu35 Alkyl: His34; m-alkyl: N/A
Lys31, His34
1,7-Dihydroxy-2-
(3'1“6‘*;%{2}“'2' —4.61 418 Lys31, Glu35 Alkyﬁé}?f?{_ll’igzlkyl' m-sigma: His34
methoxyxanthone
7-7t stacked: His34;
Mangostenone D -5.33 122.96 Thr27 Alkyl: His34; m-alkyl: m-anion: Asp30
Lys31, His34
m-m stacked: His34; Attractive charge:
Mangostinone —6.81 10.19 Glu3s Alkyl: His34; m-alkyl: Lvs3l 8¢
Lys31, His34 Y
1,7-Dihydroxy-2- .
(/3—met}}$lk())ut¥2— Amide-rt stacked: van der Waals:
—4.85 279.52 Lys31 His34; Alkyl: His34;

enyl)-3-
methoxyxanthone

m-alkyl: Lys31, His34

Glu3b
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Table 2. Parameters obtained presenting molecular docking results against Mpro.

Amino Acid Residues Interaction

Compound AG (kcal/mol) Ki (uM) -
Hydrogen Bond Hydrophobic Others
. . Alkyl: His163, m-sigma: His41;
Chloroquine —7.11 6.10 His164 His172, Arg188 nesulfur: Cys145
. Glu166, Thr190, )
Remdesivir —6.50 17.33 GIn192 Alkyl: Pro168 N/A
Alkyl: His163
. Cys145, Glul66, . . T -t T-shaped:
«-Mangostin —8.31 0.805 Thr190, GIn192 His172; m-alkyl: Hisa1
Met165
Alkyl: Cys145, -1t T-shaped:
Zn(zndeor;‘tz;hé’ll —8.97 0.268 Thr190, GIn192 His163; m-alkyl: His41; m-sigma:
& Met165 GIn189
Alkyl: His41,
. Met49, Cys145,
Mangostanin —7.92 1.57 Glul66, Arg188 His163, Pro168; N/A
m-alkyl: Met165
Alkyl: His163,
8-Deoxygartanin —8.87 0.318 Met49, Glul66 His172; m-alkyl: N/A
Cys145
. His163, Glul66, Alkyl: Pro168;
Gartanin -9.13 0.203 Thel90 r-alkyl: Met165 N/A
. Alkyl: Cys44, .
Garcinone E —9.61 0.091 His164, MetleS, Met49, Cys145, men T-shaped:
Argl88 . His41
His163
. Alkyl: His41 .
- Cys145, His164, ; " mi-lone pair:
Trapezifolixanthone —9.34 0.143 Thr190, GIn192 Met49; m-alkyl: Clulé6
Met165
Alkyl: Met49,
Padiaxanthone —-10.23 0.032 Gly143, Glul66 His163, His172; m-sigma: His41
m-alkyl: Cys145
Alkyl: His41,
. Met165, Arg188, Met49, Pro52, mi-lone pair:
Tovophyllin A —924 0-170 Thr190, GIn192 His163; 7-alkyl: Glul66
Pro168
1,5,8-Trihydroxy-3- Alkyl: Pro52,
methoxy-2- —9.25 0.166 N/A Tyr54; m-alkyl: N/A
prenylxanthone Met49, Met165
Alkyl: Leu27,
. Leul41, Gly143, Cys145, His163;
Garcinone B —9.59 0.094 Serl44 n-alkyl: Hisd1, N/A
Met49, Met165
1,7-Dihydroxy-2-
(3-methylbut-2- B Cys145, His164, . ) )
enyl)-3- 7.24 4.90 Clul66 Alkyl: Met165 m-sulfur: Cys145
methoxyxanthone
Alkyl: Cys145, )
Mangostenone D —8.56 0.528 Thr190 His163, Prol68 m-sulfur: Met165
. Alkyl: His41, .
Mangostinone ~10.30 0.028 Cys?g;gésw" Met49, Arg188; ”'lc‘;’lr;elgg‘r'
m-alkyl: Met165
1,7-Dihydroxy-2-
(8-methylbut-2- ~9.98 0.048 Cys145, His164, Alkyl: Leu27; Tt-cation: His163;
enyl)-3- ’ ’ Glul66 m-alkyl: Met165 m-sigma: His41
methoxyxanthone

2.2. Lipinski’s Rule of Five Filtration

This filtration was aimed to highlight the most suitable isolate for oral drug adminis-
tration. The compatibility of each xanthone isolate regarding the rule is recapped in Table 3.
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Filtration of all isolates implied that isolate 2 (mangostanin), isolate 3 (8-deoxygartanin),
isolate 4 (gartanin), isolate 6 (trapezifolixanthone), isolate 8 (tovophyllin A), isolate 10 (gar-
cinone B), and isolate 12 (mangostenone D) were suitable as drugs for oral administration.

Table 3. Lipinski’s rule of five characteristics of xanthone isolates.

Compound Molecular Weight Hydrogen Bond Hydrogen Bond LogP Violation
(g/mol) Donor Acceptor
7-O-demethyl 380.44 3 5 5.08 1 (LogP > 5)
mangostanin
Mangostanin 342.35 3 6 3.58 0
8-Deoxygartanin 326.35 2 5 3.87 0
Gartanin 394.42 3 6 4.76 0
Garcinone E 380.44 3 5 5.08 1 (LogP > 5)
Trapezifolixanthone 394.42 3 6 4.76 0
Padiaxanthone 464.56 4 6 6.29 1 (LogP > 5)
Tovophyllin A 396.44 4 6 4.79 0
1,5,8-Trihydroxy-3-
methoxy-2- 408.45 2 6 5.06 1 (LogP > 5)
prenylxanthone
Garcinone B 396.44 3 6 4.68 0
1,7-Dihydroxy-2-
S meerf}y‘f)lgut 2 380.44 3 5 5.30 1 (LogP > 5)
methoxyxanthone
Mangostenone D 392.41 2 6 4.73 0
Mangostinone 462.54 3 6 6.26 1 (LogP > 5)
1,7-Dihydroxy-2-
S me‘i;?;lgut 2 378.42 2 5 5.05 1 (LogP > 5)
methoxyxanthone
2.3. Pharmacokinetic Profile and Toxicity Prediction
The overall pharmacokinetic profiles of all xanthone isolates are recapped in Table 4.
The absorption parameter is represented by human intestinal absorption (HIA) and caco-2
cell permeability. Distribution is denoted by protein plasma binding (PPB) and blood-brain
barrier (BBB). Metabolism is symbolized by cytochrome P450 (CYP450) inhibition or sub-
strate. Toxicity is characterized by carcinogenicity and mutagenicity (Ames test) [34]. The
overall results indicated that only isolate 10 (garcinone B) fulfilled all the pharmacokinetic
profiles and toxicity attribute requirements.
Table 4. Pharmacokinetic profiles and toxicity of xanthone isolates predicted by admetSAR webserver.
Absorption Distribution Metabolism * Toxicity "
Compound HIA Caco-2 PPB BBB Inhibitor =~ Substrate = Carcinogenicity Ames T?S.t
(Mutagenicity)
7-O-demethyl 09895 05775 0525 0915 + - + -
mangostanin
Mangostanin 0.9886 0.4906 0.500 0.86 + - + -
8-Deoxygartanin 0.9919 0.7836 0.500 0.933 + - + —
Gartanin 0.9732 0.5446 0.625 0.733 + — + -
Garcinone E 0.9855 0.4877 0.575 0.961 + - + -
Trapezifolixanthone  0.9846 0.5797 0.600 0.779 + — + —
Padiaxanthone 0.9465 0.7296 0.650 0.756 + - + —
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Table 4. Cont.
Absorption Distribution Metabolism * Toxicity "
Compound
HIA Caco-2 PPB BBB Inhibitor =~ Substrate = Carcinogenicity Ames szs't
(Mutagenicity)
Tovophyllin A 0.9855 0.6397 0.575 0.769 + - + —
1,5,8-Trihydroxy-3-
methoxy-2- 0.9743 0.7549 0.525 0.719 + - + —
prenylxanthone
Garcinone B 0.9632 0.6002 0.55 0.708 + - - -
1,7-Dihydroxy-2-(3-
methylbut-2-enyl)-3-  0.9776 0.8016 0.525 0.946 + - + —
methoxyxanthone
Mangostenone D 0.9838 0.5834 0.675 0.823 + - + —
Mangostinone 0.9846 0.6456 0.6 0.737 + — + —
1,7-Dihydroxy-2-(3-
methylbut-2-enyl)-3-  0.9905 0.592 0.575 0.921 + - + -

methoxyxanthone

*) (+) and (—) sign indicate the positive and negative results, respectively, of the predictions performed.

2.4. Molecular Dynamic Simulation

As the result of molecular docking, Lipinski’s rule of five filtration, and pharma-
cokinetic profile and toxicity prediction, it was revealed that garcinone B was the most
potential and suitable compound. Molecular dynamic simulation was only accomplished
toward a complex formed between garcinone B with ACE2 and Mpro. Figures 2 and 3
summarized results that exhibited stability interaction based on normal mode analysis
(NMA) of garcinone B with ACE2 and Mpro, compared with the native form of ACE2 and
Mpro. The deformability of native ACE2, ACE2-garcinone B complex, native Mpro, and
Mpro-garcinone B complex was represented in Figures 2A,G and 3A,G, respectively [35].
The B-factors between NMA mobility and PDB fields of native ACE2, ACE2-garcinone B
complex, native Mpro, and Mpro-garcinone B complex were presented in Figures 2B,H
and 3B,H, respectively [36]. Eigenvalues that correspond to motion stiffness of the native
ACE2, ACE2-garcinone B complex, native Mpro, and Mpro-garcinone B complex structures
were depicted in Figures 2C,I and 3C,], respectively [37]. Inversion of eigenvalues resulting
in variance of each individual (purple bars) and cumulative (green bars) of native ACE2,
ACE2-garcinone B complex, native Mpro, and Mpro-garcinone B complex was illustrated in
Figures 2D,] and 3D,]J, respectively [37]. Co-variance map analysis (Figures 2E K and 3E,K)
indicated the correlation, lack of correlation, and anti-correlation between pairs of amino
acid residues [37]. Finally, the motion stiffness of native ACE2, ACE2-garcinone B complex,
native Mpro, and Mpro-garcinone B complex structures were also explained through dot
mapping on elastic networks (Figures 2F L and 3EL) [35]. Visually, the overall data indicate
a similarity in stability between the native protein structure and the complex. However,
the higher eigenvalue obtained in the complex structures (4.271639¢ % and 7.204772e~%%)
compared to the native receptors (4.044665e~%* and 6.369495e ~*) suggests that the com-
plexes have higher stability. These results indicate that the interaction between garcinone B
and the target receptors is stable.
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Figure 2. The parameters representing molecular dynamic simulation results of isolate 10 (garci-
none B) interacting with ACE2: (A) deformability, (B) B-factor, and (C) eigenvalue; (D) variance,
(E) co-variance map, and (F) elastic network of native ACE2; (G) deformability, (H) B-factor, and
(I) eigenvalue; (J) variance, (K) co-variance map, and (L) elastic network of ACE2 complexed with
garcinone B.
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Figure 3. The parameters representing molecular dynamic simulation results of isolate 10 (garci-
none B) interacting with Mpro: (A) deformability, (B) B-factor, and (C) eigenvalue; (D) variance,
(E) co-variance map, and (F) elastic network of native ACE2; (G) deformability, (H) B-factor, and
(I) eigenvalue; (J) variance, (K) co-variance map, and (L) elastic network of Mpro complexed with
garcinone B.
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3. Discussion
3.1. Molecular Docking Simulation

Molecular docking studies on xanthone derivative compounds as anti-SARS-CoV-2
agents have been successfully conducted using AutoDock 4.2.6. The simulation of the
anti-SARS-CoV-2 activity of xanthone isolates was analyzed based on their ability to inhibit
the ACE2 receptor and Mpro. ACE2 is abundantly found on the surface of alveolar cells and
plays a crucial role in the regulation of the circulatory system [38]. In alveolar cells, ACE2
functions as a barrier defense against cell injury and inflammation [39]. In the vascular
system, ACE2 is known to break down angiotensin Il into angiotensin-(1,7), thereby dilating
blood vessels and lowering blood pressure [40]. In the pathology of COVID-19 infection,
ACE2 serves as the gateway for the virus to infect cells [41]. The spike protein present in
SARS-CoV-2 matches the conformation of ACE2, acting like a key and lock mechanism [42].
Thus, inhibition of ACE2 can impact the prevention of cell entry due to the inability to
interact properly with ACE2 [43]. The mechanism of ACE2 inhibition has shown great
potential in the treatment of SARS-CoV-2 infection. It has been proven in research that the
use of ACE2 antibodies (hACE2.16) can prevent viral entry in various types of variants [44].
Furthermore, Mpro also plays a crucial role in preventing the spread of the virus that has
successfully infected host cells. Mpro is involved in cleaving the polyprotein produced
from viral RNA transcription for the maturation of new viruses [45]. Inhibition of Mpro
results in the failure of virus reproduction and prevents the formation of new viruses that
could potentially infect other healthy cells. Thus, the search for small molecules capable of
inhibiting ACE2 and Mpro could be the promising choice, as well as overcoming the cost
hurdles in developing monoclonal antibodies.

In this study, the three-dimensional model of ACE2 was obtained from the crystal
structure of ACE2 interacting with the binding region of SARS-CoV-2's spike protein in the
Protein Data Bank (PDB) with the code ID: 6M0], while the three-dimensional structure of
Mpro was obtained from the crystal structure of Mpro interacting with the compound N3
in the PDB with the code ID: 6LU7. The 3D structures of ACE2 and Mpro were depicted in
Figure 4A,B, respectively. The crystal complex structure of ACE2 and Mpro was elucidated
through X-ray diffraction with a resolution value of 2.45 A and 2.16 A, respectively [46,47].
The selection of this crystal structure was based on the requirement of good resolution
quality, which is estimated to be <2.5 A [48]. In addition, chloroquine and remdesivir were
utilized as comparators or standard drugs in this study. The selection of chloroquine and
remdesivir as standard drugs is based on scientific evidence stating that only chloroquine
and remdesivir, as marketed drugs, have been proven to be active as an ACE2 and Mpro
inhibitor, respectively, in COVID-19 treatment [12,16].

Figure 4. 3D visualization of ACE2 extracted from complex (PDB ID: 6M0]) (A) and Mpro extracted
from complex (PDB ID: 6LU7?) (B).
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Based on the results of molecular docking simulations, a total of 11 isolates showed
better potential for ACE2 inhibition activity compared to chloroquine, remdesivir, and
a-mangostin, while 12 isolates were more potential as Mpro inhibitor than all standards
used. This implication is stated based on the lower values of the lowest binding energy (AG)
and inhibition constant (Ki) obtained. A smaller AG value indicates that the intermolecular
interaction between the ligand and the receptor occurs more spontaneously [49]. The
Ki value correlates well with the prediction of the minimal dose required to produce an
inhibitory effect on the receptor [31]. Additionally, the mode of interaction with amino
acid residues on the target receptor is crucial [50]. Ligand interactions with amino acid
residues GIn24, Thr27, Asp30, His34, Glu35, Tyr41, GIn42, Met82, and Lys353 in ACE2 result
in the inhibition of SARS-CoV-2’s spike protein binding [32,33]. Moreover, interactions
towards His41, Cys145, and Glul66 are well-correlated with the catalytic inhibition of
Mpro [27]. All isolates showed predicted interaction modes that could bind to both key
ACE2 and Mpro amino acids, potentially inhibiting the binding by the spike protein and
inhibiting polyprotein cleavage in viral maturation processes. Among all isolates, isolate
13 (mangostinone) exhibited the best effectiveness potential, as evidenced by the lowest
AG value and the lowest Ki value, correlating with the lowest effective dose. However,
when selecting active drug compounds, not only effectiveness but also considerations of
formulation design compatibility and safety should be deliberated.

3.2. Lipinski’s Rule of Five Filtration

As an oral drug is considered the most preferred dosage form due to its convenience for
patients, Lipinski’s rule of five filtration can predict the drug-likeness of organic compounds
that can provide good bioavailability and permeability [51]. It is based on physicochemical
parameters, including molecular weight, the number of hydrogen bond donors, hydro-
gen bond acceptors, and the LogP value [52]. The molecular weight correlates with the
molecule’s capability to pass through pores in the cell membrane, while hydrogen bond
donors and acceptors, as well as LogP, are related to the compound’s polarity properties,
enabling good solubility in water and facilitating membrane penetration [51,52]. Half of the
analyzed isolates (isolate 1,5, 7,9, 11, 13, and 14) showed one violation in the LogP value
exceeding five, while the other seven isolates did not exhibit any violations. Violations
against the LogP value exceeding 5 result in the compound being lipophilic, leading to low
solubility in water and consequently impacting the low bioavailability of the compound
in plasma.

3.3. Pharmacokinetic Profile and Toxicity Prediction

The pharmacokinetic predictions indicated that all isolates have good absorptivity
through the human intestine (indicated by HIA > 0.9) [53]. Based on the predicted mem-
brane permeability in Caco-2 cells, only isolates 3, 7, 9, and 11 showed high permeability
(>0.7), while the others exhibited moderate permeability (0.04-0.7) [54]. In terms of distri-
bution, isolates 1, 3, 5, 11, and 14 showed strong binding ability to plasma proteins (>0.9),
while the others have weak binding to plasma proteins [55]. Furthermore, all isolates were
predicted to penetrate the blood-brain barrier (BBB) at a moderate level (0.04-0.7) [56].
All isolates have the ability to inhibit CYP450 enzymes and do not act as substrates for
these enzymes. This revealed that all isolates can potentially affect the metabolism of other
drugs that are metabolized by CYP450, while the isolates themselves were not metabolized
by CYP450 enzymes. These findings suggest that the administration of isolates as drugs
should not be given simultaneously with drugs that act as CYP450 substrates [57]. Another
interesting finding in the toxicity prediction was that only isolate 10 (garcinone B) is both
non-carcinogenic and non-mutagenic.
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3.4. Molecular Dynamic Simulation

Based on the overall tests in the molecular docking study, Lipinski’s rule of five
filtration, and pharmacokinetic and toxicity profile prediction, only isolate 10, garcinone B,
fulfilled all the acceptance criteria. Although garcinone B did not provide the best AG value,
this compound has suitable interaction modes as an ACE2 and Mpro inhibitor (Figure 5)
and has the best safety profile among the other isolates. As supplementation, other studies
have demonstrated the potential pharmacologic activity of this compound as an anti-
inflammatory agent [58]. Garcinone B was known to have anti-inflammatory abilities
through the inhibition of COX enzymes, resulting in the inhibition of prostaglandin release.
Furthermore, the inhibition of necrosis factor (NF-kB) expression also contributes to its
immunomodulatory effect [58]. These facts have positive implications for its potential as a
COVID-19 drug since COVID-19 patients also display a hyperinflammatory condition [59].

A B

Figure 5. 3D visual interaction of isolate 10 (garcinone B) with ACE2 (A) and Mpro (B).

Molecular dynamic studies on the interaction complex between garcinone B (isolate
10) with ACE2 and Mpro showed good interaction stability. An overview of the motion
pattern of native ACE2, Mpro, and the complex between garcinone B with ACE2 and Mpro
was presented in Figure 6A,B, respectively. Visually, the deformability of ACE2 has not
changed significantly, as can be seen from the identical “hinge region” peaks with relatively
the same intensity. Similar findings were also shown for other parameters, including
b-factor, variance, co-variance map, and elastic network. Different findings that stand out
can be seen from the eigenvalues obtained, where each complex has a higher acquisition of
eigenvalues (4.27163%e~% and 7.204772e~%4) than each native receptor (4.044665¢ =% and
6.369495e ). A higher eigenvalue correlates with a higher energy requirement to initiate
the deformation of the formed structure [60]. Thus, the eigenvalue analysis indicates that
the intermolecular interactions that occur between garcinone B with ACE2 and Mpro were
stable. These results were also comparable to a similar study by Abdelli et al., which used
isothymol, another potential ACE2 inhibitor compound [36]. The eigenvalue gain for the
isothymol-ACE2 complex is lower, which indicates a higher deformability that tends to be
less stable than the garcinone B-ACE2 complex.
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Figure 6. Molecular dynamic visual presentation of native ACE2 (A), complex between isolate 10
(garcinone B) and ACE2 (B), native Mpro (C), and complex between isolate 10 (garcinone B) and
Mpro (D).

4. Materials and Methods
4.1. Molecular Docking Study
4.1.1. Ligand Preparation

All xanthone isolate molecules were prepared by drawing their 2D structures using
ChemDraw 15.0. The molecules of chloroquine and «-mangostin were acquired from
the PubChem database (https://pubchem.ncbi.nlm.nih.gov, accessed on 18 May 2023).
All ligands were optimized into their native 3D conformations through MM2 (molecular
mechanic 2) energy minimization using Chem3D 15.0, and the files were saved in PDB file
format. Hydrogen atoms were corrected and Gasteiger charges were added to all ligands
using AutoDockTools 1.5.6, and the files were saved in PDBQT file format [61,62].

4.1.2. Receptor Preparation

The ACE2 (angiotensin-converting enzyme 2) structure was obtained from the crystal
structure of the complex between ACE2 bound to the binding domain of SARS-CoV-2’s
spike protein (PDB ID: 6M0J) [42]. The structure of Mpro (main protease) was obtained
from the crystal structure of the complex between SARS-CoV-2’s main protease and the
compound N3 (PDB ID: 6LU7) [47]. Receptor structures were extracted from the complex
using Biovia Discovery Studio Visualizer v21.1.0.20298 and saved in PDB file format [63].
The receptors were prepared by adding hydrogen atoms and Kollman charge parameters
using AutoDockTools 1.5.6, and the prepared receptor was saved as a PDBQT file [64].
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4.1.3. Molecular Docking Simulation

All ligands were docked to ACE2 and Mpro using AutoDock 4.2.6 version. Grid
parameters were created with the grid box directed to the binding region of ACE2 (X:
—36.126, Y: 32.573, and Z: 3.383) and Mpro (X: —9.732, Y: 11.403, and Z: 68.925) [27,65].
Lamarckian GA (genetic algorithm) was utilized in preparing docking parameters. The
docking results for each ligand were then evaluated based on the lower binding energy (AG
value) of most clusters, inhibition constant (Ki), and visualization of amino acid residues
interaction using Biovia Discovery Studio Visualizer v21.1.0.20298 [64].

4.2. Lipinski’s Rule of Five Filtration

All xanthone isolates were evaluated for oral administration suitability using Lipinski’s
rule of five filtration. The rules include molecular weight (MW) < 500 Da, hydrogen
bond donor < 5, hydrogen bond acceptor < 10, and LogP < 5 [52]. This evaluation was
performed in admetSAR webserver (http://Immd.ecust.edu.cn/admetsar?2, accessed on 18
May 2023) [66].

4.3. Pharmacokinetic Profile and Toxicity Prediction

Pharmacokinetic profiles were predicted, including absorption, distribution, and
metabolism. admetSAR webserver (http://Immd.ecust.edu.cn/admetsar2, accessed on
19 May 2023) was used for this evaluation [66]. The absorption parameter was repre-
sented by human intestinal absorption (HIA) and caco-2 cell permeation, the distribution
parameter was represented by protein plasma binding (PPB) and blood-brain barrier
(BBB), metabolism parameter was represented by CYP (cytochrome P 450) inhibitor or
substrate suitability, and toxicity was evaluated through carcinogenicity and Ames test for
mutagenicity [67].

4.4. Molecular Dynamic Simulation

This simulation was accomplished to assess the interaction stability of the xanthone
isolate with the best docked, the most fit of Lipinski’s rule, as well as the most suitable
pharmacokinetic prediction. The evaluation was executed using the iMODS webserver
(https://imods.igfr.csic.es, accessed on 21 May 2023) [37]. The stability of interaction
was measured through deformability, mobility profiles (B-factor), eigenvalues, variance,
co-variance map, and elastic network [68].

5. Conclusions

The computational study revealed that xanthone isolates other than «x-mangostin have
high potential as anti-SARS-CoV-2 in the treatment of COVID-19 through the mechanism
of ACE2 and Mpro inhibition. Among all isolates, only garcinone B, which apart from
having good inhibitory potential, also exhibits good drug-likeness and toxicity profile.
The interaction between garcinone B with ACE2 and Mpro is indicated to be stable based
on molecular dynamic studies, represented by its higher eigenvalue. Thus, garcinone B
could be a promising candidate for analysis in further studies regarding its potential in
COVID-19 treatment.

Author Contributions: Conceptualization, C.S. and A.N.H.; methodology, C.S. and A.N.H.; software,
S.S.A.; validation, C.S., S.S.A. and A.N.H.; formal analysis, C.S. and S.S.A.; investigation, C.S., S.5.A.
and A.N.H.; resources, A.N.H.; data curation, C.S. and A.N.H.; writing—original draft preparation,
C.S.; writing—review and editing, S.5.A. and A.N.H.; visualization, C.S.; supervision, A.N.H.;
project administration, A.N.H.; funding acquisition, A.N.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


http://lmmd.ecust.edu.cn/admetsar2
http://lmmd.ecust.edu.cn/admetsar2
https://imods.iqfr.csic.es

Molecules 2023, 28, 5187 15 0f 17

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Acknowledgments: Directorate of Research and Community Engagement Universitas Padjadjaran
for APC Funding.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1.  Cleofas, J.V.; Oducado, RM.E. COVID-19 Death Occurrences, Pandemic Fatigue, and Well-Being. |. Loss Trauma 2022, 27, 679-682.
[CrossRef]

2. Kashte, S.; Gulbake, A.; El-Amin, S.F,; Gupta, A. COVID-19 Vaccines: Rapid Development, Implications, Challenges and Future
Prospects. Hum. Cell. 2021. [CrossRef]

3.  Hadj Hassine, I. COVID-19 Vaccines and Variants of Concern: A Review. Rev. Med. Virol. 2022, 32, €2313. [CrossRef]

4. Seyed Hosseini, E.; Riahi Kashani, N.; Nikzad, H.; Azadbakht, J.; Hassani Bafrani, H.; Haddad Kashani, H. The Novel Coronavirus
Disease-2019 (COVID-19): Mechanism of Action, Detection and Recent Therapeutic Strategies. Virology 2020, 551, 1-9. [CrossRef]
[PubMed]

5. Rabascall, C.X.; Lou, B.X.; Navetta-Modrov, B.; Hahn, S.S. Effective Use of Monoclonal Antibodies for Treatment of Persistent
COVID-19 Infection in a Patient on Rituximab. BM] Case Rep. 2021, 14, e243469. [CrossRef]

6. Issa, H.; Eid, A.H.; Berry, B.; Takhviji, V.; Khosravi, A.; Mantash, S.; Nehme, R.; Hallal, R.; Karaki, H.; Dhayni, K.; et al.
Combination of Angiotensin (1-7) Agonists and Convalescent Plasma as a New Strategy to Overcome Angiotensin Converting
Enzyme 2 (ACE2) Inhibition for the Treatment of COVID-19. Front. Med. 2021, 8, 620990. [CrossRef]

7. Kassegn, A.; Endris, E. Review on Socio-Economic Impacts of “Triple Threats” of COVID-19, Desert Locusts, and Floods in East
Africa: Evidence from Ethiopia. Cogent Soc. Sci. 2021, 7, 1-28. [CrossRef]

8. Singh, A K.; Singh, A_; Singh, R.; Misra, A. Remdesivir in COVID-19: A Critical Review of Pharmacology, Pre-Clinical and Clinical
Studies. Diabetes Metab. Syndr. Clin. Res. Rev. 2020, 14, 641-648. [CrossRef]

9.  Pardo, J.; Shukla, A.M.; Chamarthi, G.; Gupte, A. The Journey of Remdesivir: From Ebola to COVID-19. Drugs Context 2020, 9,
1-9. [CrossRef]

10. Saha, A.; Sharma, A.R; Bhattacharya, M.; Sharma, G.; Lee, S.S.; Chakraborty, C. Probable Molecular Mechanism of Remdesivir
for the Treatment of COVID-19: Need to Know More. Arch. Med. Res. 2020, 51, 585-586. [CrossRef]

11.  Khan, EI; Kang, T.; Ali, H.; Lai, D. Remdesivir Strongly Binds to RNA-Dependent RNA Polymerase, Membrane Protein, and Main
Protease of SARS-CoV-2: Indication from Molecular Modeling and Simulations. Front. Pharmacol. 2021, 12, 710778. [CrossRef]

12. Nguyen, H.L.; Thai, N.Q.; Truong, D.T.; Li, M.S. Remdesivir Strongly Binds to Both RNA-Dependent RNA Polymerase and Main
Protease of SARS-COV-2: Evidence from Molecular Simulations. J. Phys. Chem. B 2020, 124, 11337-11348. [CrossRef] [PubMed]

13.  Hussein, M.LH.; Albashir, A.A.D.; Elawad, O.A.M.A_; Homeida, A. Malaria and COVID-19: Unmasking Their Ties. Malar. ]. 2020,
19, 457. [CrossRef] [PubMed]

14. Lestari, K; Sitorus, T.; Instiaty, S.M.; Levita, ]J. Molecular Docking of Quinine, Chloroquine and Hydroxychloroquine to
Angiotensin Converting Enzyme 2 (ACE2) Receptor for Discovering New Potential COVID-19 Antidote. |. Adv. Pharm. Educ. Res.
2020, 10, 1-4.

15. Khelfaoui, H.; Harkati, D.; Saleh, B.A. Molecular Docking, Molecular Dynamics Simulations and Reactivity, Studies on Approved
Drugs Library Targeting ACE2 and SARS-CoV-2 Binding with ACE2. J. Biomol. Struct. Dyn. 2020, 39, 7246-7262. [CrossRef]

16. Wang, N.;Han, S,; Liu, R.; Meng, L.; He, H.; Zhang, Y.; Wang, C.; Lv, Y.; Wang, J.; Li, X,; et al. Chloroquine and Hydroxychloroquine
as ACE2 Blockers to Inhibit Viropexis of 2019-NCoV Spike Pseudotyped Virus. Phytomedicine 2020, 79, 153333. [CrossRef]

17. Bignardi, PR.; Vengrus, C.S.; Aquino, B.M.; Cerci Neto, A. Use of Hydroxychloroquine and Chloroquine in Patients with
COVID-19: A Meta-Analysis of Randomized Clinical Trials. Pathog. Glob. Health 2021, 115, 139-150. [CrossRef]

18.  Ebina-Shibuya, R.; Namkoong, H.; Horita, N.; Kato, H.; Hara, Y.; Kobayashi, N.; Kaneko, T. Hydroxychloroquine and Chloroquine
for Treatment of Coronavirus Disease 19 (COVID-19): A Systematic Review and Meta-Analysis of Randomized and Non-
Randomized Controlled Trials. J. Thorac. Dis. 2021, 13, 202-212. [CrossRef]

19. Doyno, C.; Sobieraj, D.M.; Baker, W.L. Toxicity of Chloroquine and Hydroxychloroquine Following Therapeutic Use or Overdose.
Clin. Toxicol. 2020, 59, 12-23. [CrossRef]

20. Javorac, D.; Grahovac, L.; Mani¢, L.; Stojilkovi¢, N.; Andelkovi¢, M.; Bulat, Z.; DPukié¢-Cosi¢, D.; Curcic, M.; Djordjevic, A.B. An
Overview of the Safety Assessment of Medicines Currently Used in the COVID-19 Disease Treatment. Food Chem. Toxicol. 2020,
144,111639. [CrossRef]

21. Farooq, S.; Ngaini, Z. Natural and Synthetic Drugs as Potential Treatment for Coronavirus Disease 2019 (COVID-2019). Chem. Afr.
2020, 4, 1-13. [CrossRef]

22.  Santhi, V.P; Masilamani, P,; Sriramavaratharajan, V.; Murugan, R.; Gurav, S.S.; Sarasu, V.P,; Parthiban, S.; Ayyanar, M. Therapeutic

Potential of Phytoconstituents of Edible Fruits in Combating Emerging Viral Infections. ]. Food Biochem. 2021, 45, e13851.
[CrossRef] [PubMed]


https://doi.org/10.1080/15325024.2021.1971423
https://doi.org/10.1007/s13577-021-00512-4
https://doi.org/10.1002/rmv.2313
https://doi.org/10.1016/j.virol.2020.08.011
https://www.ncbi.nlm.nih.gov/pubmed/33010669
https://doi.org/10.1136/bcr-2021-243469
https://doi.org/10.3389/fmed.2021.620990
https://doi.org/10.1080/23311886.2021.1885122
https://doi.org/10.1016/j.dsx.2020.05.018
https://doi.org/10.7573/dic.2020-4-14
https://doi.org/10.1016/j.arcmed.2020.05.001
https://doi.org/10.3389/fphar.2021.710778
https://doi.org/10.1021/acs.jpcb.0c07312
https://www.ncbi.nlm.nih.gov/pubmed/33264025
https://doi.org/10.1186/s12936-020-03541-w
https://www.ncbi.nlm.nih.gov/pubmed/33357220
https://doi.org/10.1080/07391102.2020.1803967
https://doi.org/10.1016/j.phymed.2020.153333
https://doi.org/10.1080/20477724.2021.1884807
https://doi.org/10.21037/jtd-20-2022
https://doi.org/10.1080/15563650.2020.1817479
https://doi.org/10.1016/j.fct.2020.111639
https://doi.org/10.1007/s42250-020-00203-x
https://doi.org/10.1111/jfbc.13851
https://www.ncbi.nlm.nih.gov/pubmed/34236082

Molecules 2023, 28, 5187 16 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

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, 10, 766-788. [CrossRef]

Al Adem, K,; Shanti, A.; Stefanini, C.; Lee, S. Inhibition of SARS-CoV-2 Entry into Host Cells Using Small Molecules. Pharmaceuti-
cals 2020, 13, 447. [CrossRef]

Pomalingo, D.R.; Suhandi, C.; Megantara, S.; Muchtaridi, M. The Optimization of a-Mangostin as a New Drug Candidate through
Molecular Docking and Dynamic Simulations. Rasayan |. Chem. 2021, 14, 698-704. [CrossRef]

Megantara, S.; Wathoni, N.; Mohammed, A.F.A.; Suhandi, C.; Ishmatullah, M.H.; Putri, M.EED. In Silico Study: Combination of
ax-Mangostin and Chitosan Conjugated with Trastuzumab against Human Epidermal Growth Factor Receptor 2. Polymers 2022,
14,2747. [CrossRef]

Hidayat, S.; Ibrahim, F.; Pratama, K.; Muchtaridi, M. The Interaction of Alpha-Mangostin and Its Derivatives against Main
Protease Enzyme in COVID-19 Using in Silico Methods. |. Adv. Pharm. Technol. Res. 2021, 12, 285-290. [CrossRef]

Suharyani, I.; Muchtaridi, M.; Mohammed, A.F.A.; Elamin, K.M.; Wathoni, N.; Abdassah, M. x-Mangostin/y-Cyclodextrin
Inclusion Complex: Formation and Thermodynamic Study. Polymers 2021, 13, 2890. [CrossRef] [PubMed]

Alyami, H.; Dahmash, E.; Alyami, F; Dahmash, D.; Huynh, C.; Terry, D.; Mohammed, A.R. Dosage form Preference Consultation
Study in Children and Young Adults: Paving the Way for Patient-Centred and Patient-Informed Dosage form Development. Eur.
J. Hosp. Pharm. 2016, 24, 332-337. [CrossRef]

Yang, R.; Li, P; Li, N.; Zhang, Q.; Bai, X.; Wang, L.; Xiao, Y.; Sun, L.; Yang, Q.; Yan, J. Xanthones from the Pericarp of Garcinia
Mangostana. Molecules 2017, 22, 683. [CrossRef]

Kataria, R.; Khatkar, A. Molecular Docking, Synthesis, Kinetics Study, Structure-Activity Relationship and ADMET Analysis of
Morin Analogous as Helicobacter Pylori Urease Inhibitors. BMC Chem. 2019, 13, 45. [CrossRef] [PubMed]

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] [PubMed]

Giordano, D.; De Masi, L.; Argenio, M.A.; Facchiano, A. Structural Dissection of Viral Spike-protein Binding of SARS-CoV-2 and
SARS-CoV-1 to the Human Angiotensin-converting Enzyme 2 (Ace2) as Cellular Receptor. Biomedicines 2021, 9, 1038. [CrossRef]
[PubMed]

Natarajan, PM.; Umapathy, V.R.; Murali, A.; Swamikannu, B. Computational Simulations of Identified Marine-Derived Natural
Bioactive Compounds as Potential Inhibitors of Oral Cancer. Future. Sci. OA 2022, 8, FSO782. [CrossRef]

Adeoye, A.O.; Oso, B.J.; Olaoye, L.F; Tijjani, H.; Adebayo, A.L. Repurposing of Chloroquine and Some Clinically Approved
Antiviral Drugs as Effective Therapeutics to Prevent Cellular Entry and Replication of Coronavirus. J. Biomol. Struct. Dyn. 2020,
39, 3469-3479. [CrossRef]

Abdellj, I.; Hassani, F.; Bekkel Brikci, S.; Ghalem, S. In Silico Study the Inhibition of Angiotensin Converting Enzyme 2 Receptor
of COVID-19 by Ammoides Verticillata Components Harvested from Western Algeria. J. Biomol. Struct. Dyn. 2021, 39, 3263-3276.
[CrossRef]

Lopez-Blanco, J.R.; Aliaga, J.I.; Quintana-Orti, E.S.; Chacén, P. IMODS: Internal Coordinates Normal Mode Analysis Server.
Nucleic Acids Res. 2014, 42, W271-W276. [CrossRef]

Samavati, L.; Uhal, B.D. ACE2, Much More Than Just a Receptor for SARS-CoV-2. Front. Cell. Infect. Microbiol. 2020, 10, 317.
[CrossRef]

Silva, M.G.; Falcoff, N.L.; Corradi, G.R.; Di Camillo, N.; Seguel, R.F,; Tabaj, G.C.; Guman, G.R.; de Matteo, E.; Nufiez, M.;
Gironacci, M.M. Effect of Age on Human ACE2 and ACE2-Expressing Alveolar Type II Cells Levels. Pediatr. Res. 2022, 93,
948-952. [CrossRef]

Zulli, A.; Burrell, L.M.; Buxton, B.F.; Hare, D.L. ACE2 and AT4R Are Present in Diseased Human Blood Vessels. Eur. |. Histochem.
2008, 52, 39-44. [CrossRef]

Luan, J.; Lu, Y,; Jin, X.; Zhang, L. Spike Protein Recognition of Mammalian ACE2 Predicts the Host Range and an Optimized
ACE2 for SARS-CoV-2 Infection. Biochem. Biophys. Res. Commun. 2020, 526, 165-169. [CrossRef] [PubMed]

Ali, A; Vijayan, R. Dynamics of the ACE2-SARS-CoV-2/SARS-CoV Spike Protein Interface Reveal Unique Mechanisms. Sci. Rep.
2020, 10, 14214. [CrossRef] [PubMed]

Ahmad, I.; Pawara, R.; Surana, S.; Patel, H. The Repurposed ACE2 Inhibitors: SARS-CoV-2 Entry Blockers of COVID-19. Top.
Curr. Chem. 2021, 379, 40. [CrossRef] [PubMed]

Chaouat, A.E.; Brizic, I.; Kucan Brlic, P; Atari, N.; Kliker, L.; Alfi, O.; Mandelboim, M.; Wolf, D.; Tafish, L.; Kol, I; et al.
Anti-Human ACE2 Antibody Neutralizes and Inhibits Virus Production of SARS-CoV-2 Variants of Concern. iScience 2022, 25,
104935. [CrossRef]

Hu, Q.; Xiong, Y.; Zhu, G.H.; Zhang, Y.N.; Zhang, YW.; Huang, P.; Ge, G.B. The SARS-CoV-2 Main Protease (Mpro): Structure,
Function, and Emerging Therapies for COVID-19. MedComm 2022, 3, e151. [CrossRef]

Lan, J.; Ge, J.; Yu,].; Shan, S.; Zhou, H,; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 Spike
Receptor-Binding Domain Bound to the ACE2 Receptor. Nature 2020, 581, 215-220. [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]

Halim, S.A.; Waqas, M.; Khan, A.; Al-Harrasi, A. In Silico Prediction of Novel Inhibitors of SARS-Cov-2 Main Protease through
Structure-Based Virtual Screening and Molecular Dynamic Simulation. Pharmaceuticals 2021, 14, 896. [CrossRef]


https://doi.org/10.1016/j.apsb.2020.02.008
https://doi.org/10.3390/ph13120447
https://doi.org/10.31788/RJC.2021.1425770
https://doi.org/10.3390/polym14132747
https://doi.org/10.4103/japtr.JAPTR_299_20
https://doi.org/10.3390/polym13172890
https://www.ncbi.nlm.nih.gov/pubmed/34502930
https://doi.org/10.1136/ejhpharm-2016-001023
https://doi.org/10.3390/molecules22050683
https://doi.org/10.1186/s13065-019-0562-2
https://www.ncbi.nlm.nih.gov/pubmed/31384793
https://doi.org/10.1016/j.virol.2006.01.029
https://www.ncbi.nlm.nih.gov/pubmed/16510163
https://doi.org/10.3390/biomedicines9081038
https://www.ncbi.nlm.nih.gov/pubmed/34440241
https://doi.org/10.2144/fsoa-2021-0148
https://doi.org/10.1080/07391102.2020.1765876
https://doi.org/10.1080/07391102.2020.1763199
https://doi.org/10.1093/nar/gku339
https://doi.org/10.3389/fcimb.2020.00317
https://doi.org/10.1038/s41390-022-02163-z
https://doi.org/10.4081/1184
https://doi.org/10.1016/j.bbrc.2020.03.047
https://www.ncbi.nlm.nih.gov/pubmed/32201080
https://doi.org/10.1038/s41598-020-71188-3
https://www.ncbi.nlm.nih.gov/pubmed/32848162
https://doi.org/10.1007/s41061-021-00353-7
https://www.ncbi.nlm.nih.gov/pubmed/34623536
https://doi.org/10.1016/j.isci.2022.104935
https://doi.org/10.1002/mco2.151
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2223-y
https://doi.org/10.3390/ph14090896

Molecules 2023, 28, 5187 17 of 17

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Du, X,; Li, Y;; Xia, Y.L.; Ai, S.M,; Liang, J.; Sang, P; Ji, X.L.; Liu, S.Q. Insights into Protein-Ligand Interactions: Mechanisms,
Models, and Methods. Int. J. Mol. Sci. 2016, 17, 144. [CrossRef]

Torres, PH.M.; Sodero, A.C.R; Jofily, P; Silva, EP, Jr. Key Topics in Molecular Docking for Drug Design. Int. ]. Mol. Sci. 2019, 20,
4574. [CrossRef]

Lipinski, C.A. Drug-like Properties and the Causes of Poor Solubility and Poor Permeability. J. Pharmacol. Toxicol. Methods 2000,
44,235-249. [CrossRef]

Benet, L.Z.; Hosey, C.M.; Ursu, O.; Oprea, T.I. BDDCS, the Rule of 5 and Drugability. Adv. Drug Deliv. Rev. 2016, 101, 89-98.
[CrossRef]

Cheng, F; Li, W,; Liu, G.; Tang, Y. In Silico ADMET Prediction: Recent Advances, Current Challenges and Future Trends. Curr.
Top. Med. Chem. 2013, 13, 1273-1289. [CrossRef] [PubMed]

Yazdanian, M.; Glynn, S.L.; Wright, J.L.; Hawi, A. Correlating Partitioning and Caco-2 Cell Permeability of Structurally Diverse
Small Molecular Weight Compounds. Pharm. Res. 1998, 15, 1490-1494. [CrossRef] [PubMed]

Li, P; Fan, Y,; Wang, Y.; Lu, Y.; Yin, Z. Characterization of Plasma Protein Binding Dissociation with Online SPE-HPLC. Sci. Rep.
2015, 5, 14866. [CrossRef]

Ma, X.L.; Chen, C.; Yang, ]. Predictive Model of Blood-Brain Barrier Penetration of Organic Compounds. Acta Pharmacol. Sin.
2005, 26, 500-512. [CrossRef] [PubMed]

Deodhar, M.; Al Rihani, S.B.; Arwood, M.].; Darakjian, L.; Dow, P.; Turgeon, ]J.; Michaud, V. Mechanisms of Cyp450 Inhibition:
Understanding Drug-Drug Interactions Due to Mechanism-Based Inhibition in Clinical Practice. Pharmaceutics 2020, 12, 846.
[CrossRef]

Yamakuni, T.; Aoki, K.; Nakatani, K.; Kondo, N.; Oku, H.; Ishiguro, K.; Ohizumi, Y. Garcinone B Reduces Prostaglandin E2
Release and NF-KB-Mediated Transcription in C6 Rat Glioma Cells. Neurosci. Lett. 2006, 394, 206-210. [CrossRef]

Sims, J.T.; Krishnan, V.; Chang, C.Y.; Engle, S.M.; Casalini, G.; Rodgers, G.H.; Bivi, N.; Nickoloff, B.J.; Konrad, R.J.; de Bono, S.;
et al. Characterization of the Cytokine Storm Reflects Hyperinflammatory Endothelial Dysfunction in COVID-19. J. Allergy Clin.
Immunol. 2021, 147, 107-111. [CrossRef] [PubMed]

Madanagopal, P.; Ramprabhu, N.; Jagadeesan, R. In Silico Prediction and Structure-Based Multitargeted Molecular Docking
Analysis of Selected Bioactive Compounds against Mucormycosis. Bull. Natl. Res. Cent. 2022, 46, 24. [CrossRef]

Brown, T. ChemDraw. Sci. Teach. 2014, 81, 67.

Shivanika, C.; Deepak Kumar, S.; Ragunathan, V.; Tiwari, P.; Sumitha, A.; Brindha Devi, P. Molecular Docking, Validation,
Dynamics Simulations, and Pharmacokinetic Prediction of Natural Compounds against the SARS-CoV-2 Main-Protease. J. Biomol.
Struct. Dyn. 2022, 40, 585-611. [CrossRef]

BIOVIA. Dassault Systemes BIOVIA, Discovery Studio Modeling Environment, Release 2017. In Dassault Systémes; BIOVIA: San
Diego, CA, USA, 2017.

Xue, Q.; Liu, X.; Russell, P; Li, J.; Pan, W.; Fu, J.; Zhang, A. Evaluation of the Binding Performance of Flavonoids to Estrogen
Receptor Alpha by Autodock, Autodock Vina and Surflex-Dock. Ecotoxicol. Environ. Saf. 2022, 233, 113323. [CrossRef]

Sethi, A.; Sanam, S.; Munagalasetty, S.; Jayanthi, S.; Alvala, M. Understanding the Role of Galectin Inhibitors as Potential
Candidates for SARS-CoV-2 Spike Protein: In Silico Studies. RSC Adv. 2020, 10, 29873-29884. [CrossRef] [PubMed]

Yang, H.; Lou, C.; Sun, L.; Li, J.; Cai, Y.; Wang, Z.; Li, W,; Liu, G.; Tang, Y. AdmetSAR 2.0: Web-Service for Prediction and
Optimization of Chemical ADMET Properties. Bioinformatics 2019, 35, 1067-1069. [CrossRef] [PubMed]

Moon, A.; Khan, D.; Gajbhiye, P; Jariya, M. Insilico Prediction of Toxicity of Ligands Utilizing Admetsar. Int. ]. Pharma Bio Sci.
2017, 8, 674-677. [CrossRef]

Pokharkar, O.; Lakshmanan, H.; Zyryanov, G.; Tsurkan, M. In Silico Evaluation of Antifungal Compounds from Marine Sponges
against COVID-19-Associated Mucormycosis. Mar. Drugs 2022, 20, 215. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ijms17020144
https://doi.org/10.3390/ijms20184574
https://doi.org/10.1016/S1056-8719(00)00107-6
https://doi.org/10.1016/j.addr.2016.05.007
https://doi.org/10.2174/15680266113139990033
https://www.ncbi.nlm.nih.gov/pubmed/23675935
https://doi.org/10.1023/A:1011930411574
https://www.ncbi.nlm.nih.gov/pubmed/9755906
https://doi.org/10.1038/srep14866
https://doi.org/10.1111/j.1745-7254.2005.00068.x
https://www.ncbi.nlm.nih.gov/pubmed/15780201
https://doi.org/10.3390/pharmaceutics12090846
https://doi.org/10.1016/j.neulet.2005.10.023
https://doi.org/10.1016/j.jaci.2020.08.031
https://www.ncbi.nlm.nih.gov/pubmed/32920092
https://doi.org/10.1186/s42269-022-00704-4
https://doi.org/10.1080/07391102.2020.1815584
https://doi.org/10.1016/j.ecoenv.2022.113323
https://doi.org/10.1039/D0RA04795C
https://www.ncbi.nlm.nih.gov/pubmed/35518264
https://doi.org/10.1093/bioinformatics/bty707
https://www.ncbi.nlm.nih.gov/pubmed/30165565
https://doi.org/10.22376/ijpbs.2017.8.3.b674-677
https://doi.org/10.3390/md20030215

	Introduction 
	Results 
	Molecular Docking Simulation 
	Lipinski’s Rule of Five Filtration 
	Pharmacokinetic Profile and Toxicity Prediction 
	Molecular Dynamic Simulation 

	Discussion 
	Molecular Docking Simulation 
	Lipinski’s Rule of Five Filtration 
	Pharmacokinetic Profile and Toxicity Prediction 
	Molecular Dynamic Simulation 

	Materials and Methods 
	Molecular Docking Study 
	Ligand Preparation 
	Receptor Preparation 
	Molecular Docking Simulation 

	Lipinski’s Rule of Five Filtration 
	Pharmacokinetic Profile and Toxicity Prediction 
	Molecular Dynamic Simulation 

	Conclusions 
	References

