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Abstract: Siddha medicine is one of the oldest medical systems in the world and is believed to have
originated more than 10,000 years ago and is prevalent across ancient Tamil land. It is undeniable
that inhibitor preferences rise with increasing solubility in water due to the considerations pertaining
to the bioavailability and the ease of which unabsorbed residues can be disposed of. In this study,
we showed the phytochemical discrimination of Saussurea costus extracted with water at room
temperature as a green extraction procedure. A total of 48 compounds were identified using gas
chromatography-mass spectrometry (GC-MS). The fatty acids had a high phytochemical abundance
at 73.8%, followed by tannins at 8.2%, carbohydrates at 6.9%, terpenoids at 4.3%, carboxylic acids at
2.5%, hydrocarbons at 2.4%, phenolic compounds at 0.2%, and sterols at 1.5%. Of these compounds,
22 were docked on the active side and on the catalytic dyad of His41 and Cys145 of the main
protease of SARS-CoV-2 (Mpro). Eight active inhibitors were carbohydrates, five were fatty acids,
three were terpenoids, two were carboxylic acids, one was a tannin, one was a phenolic compound,
and one was a sterol. The best inhibitors were 4,8,13-Cyclotetradecatriene-1,3-diol, 1,5,9-trimethyl-
12-(1-methylethyl), Andrographolide, and delta.4-Androstene-3.beta.,17.beta.-diol, with a binding
affinity that ranged from −6.1 kcal/mol to −6.5 kcal/mol. The inhibitory effect of Saussurea costus of
SARS-CoV-2 entry into the cell was studied using a pseudovirus with Spike proteins from the D614G
variant and the VOC variants Gamma and Delta. Based on the viral cycle of SARS-CoV-2, our results
suggest that the Saussurea costus aqueous extract has no virucidal effect and inhibits the virus in the
events after cell entry. Furthermore, the biological activity of the aqueous extract was investigated
against HSV-1 virus and two bacterial strains, namely Staphylococcus aureus ATCC BAA 1026 and
Escherichia coli ATCC 9637. According to this study, an enormous number of water-soluble inhibitors
were identified from Saussurea costus against the Mpro, and this is unprecedented as far as we know.

Keywords: coronavirus SARS-CoV-2; COVID-19; main protease; Saussurea costus; molecular docking;
GC-MS profiling
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1. Introduction

Coronaviruses are a large family of single-stranded, enveloped, zoonotic RNA viruses,
and some cause fewer mild disease, such as fevers and the common cold, than others [1–4].
However, other viruses cause more severe illnesses such as Middle East Respiratory Syn-
drome (MERS) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and
some of these viruses are easily transmitted from person to person, unlike other viruses [5,6].
It has been found that civet cats can transmit SARS-CoV to humans; MERS-CoV is transmit-
ted between dromedary camels and humans, but SARS-CoV-2 was first found in seafood
markets [7]. However, the origin of the SARS-CoV-2 virus is not known, and the two oppos-
ing theories that have recently dominated discussion are the “laboratory escape” hypothesis
and zoonotic evolution [8].

The severe acute respiratory syndrome coronavirus was isolated from the airway
epithelial cells of infected humans, and a phylogenetic analysis of full-length genome se-
quences obtained from infected patients revealed that SARS-CoV-2 is similar to SARS-CoV
and uses the same cell entrance receptor, angiotensin-converting enzyme 2 [9]. Additionally,
many mutants of the SARS-CoV-2 virus have been discovered, including the Omicron vari-
ant (B. 1.1.529) and the Delta variant (AY.3), which have high transmissibility rates [10–12].
As a consequence, they pose a huge threat to public health around the world [13–15]. The
World Health Organization (WHO) has declared a medical emergency; scientific research is
tackling this condition worldwide [16].

In the laboratory, drug-testing techniques assist scientists in identifying new and
suitable candidates versus different convergent diseases [17]. However, developing drugs
consumes time, money, humans, and specialized equipment. Therefore, many develop-
ing countries have resorted to using herbs to treat many diseases [18]. In ancient times
and throughout history, plants were the main source of medicine and pharmaceuticals.
However, modern medicine has mostly ignored medicinal plants [19]. Medicinal plants are
widely used to treat many common diseases such as malaria, cholera, and asthma. Herbal
medicine is considered to be the principal healthcare system of choice in various developing
countries for several factors, including cost and the lack of availability of other systems.
Antiviral plant compounds may work by inactivating virus particles, reducing endocytic
activity, inhibiting viral enzymes and molecular reproduction mechanisms, altering virus
capsid properties, blocking virus adsorption and penetration into human cells, inhibiting
reverse transcriptase, inhibiting translation, reducing the expression level, and apopto-
sis [20]. Investigating the possible applications of medicinal plants could be beneficial
for the control of the pandemic. Several studies have found that medicinal herbs such as
Vernonia amygdalina, Nigella sativa, Eurycoma longifolia, and Azadirachta indica can assist in
the prevention of and hasten the recovery from COVID-19 disease [21].

One of the essential herbs is Saussurea costus, which is widely used in Asia and the
Arab world [22]. The plant is a member of the Asteraceae family, which is located world-
wide; however, its most prevalent regions are India, Pakistan, and the Himalayas [23,24].
Saussurea costus is an herb used in many traditional medicine systems to treat asthma,
inflammatory diseases, ulcers, and stomach problems [25,26]. Furthermore, several lab-
oratory and animal model studies have demonstrated that Saussurea costus shows anti-
inflammatory, anti-trypanosomal, potent anticancer, antibacterial, antifungal, and antiviral
activity, confirming its tradition of use in various forms of medicine [26–34].

In spite of vaccination efforts and distinguished therapies for some viral illnesses,
humans continue to lose the battle against viruses [35]. Therefore, for infectious diseases in
particular, people need to go back to medicinal plants, which are a huge and all-natural
drug store [36]. This study put a special emphasis on finding inhibitors against the main
protease (Mpro), as it is considered an ideal target for the treatment of COVID-19 [37–42].
The blind molecular docking approach was performed utilizing the elucidated compounds
extracted in water at room temperature from Saussurea costus. It is indisputable that the
inhibitor preference increases with increased solubility in water and answers why people
in rural communities use this plant to prevent and treat COVID-19.
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2. Materials and Methods
2.1. Cell Cultures and Plasmids

DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(Gibco), antibiotics (Sigma-Aldrich, Saint Louis, MO, USA), and non-essential amino acids
(Gibco) was used to sustain HEK293T and stable HEK293T-ACE2-expressing cells at 37 ◦C
and in a 5% CO2 environment. Puromycin was also present in the HEK293-ACE2 cells at
a final concentration of 1 µg/mL. the following plasmids were used: pNL4.3-Env-FLuc,
spike-G614-19, and pCMV-VSV-G [43].

2.2. Extraction and Preparation for GC-MS Analysis

Saussurea costus root was purchased from an herbal store in Riyadh, Saudi Arabia. An
amount of 50 gm of dry Saussurea roots was extracted with 250 mL of distilled water for
96 h at room temperature using a multifunctional Orbital Shaker (BioSan PSU-20i). The
supernatant was then filtered through filter paper, and the extract was allowed to dry. To
0.1 g of the extract, 1.5 g of anhydrous sodium sulfate was added and then dissolved with
10 mL of analytical-grade ethanol. The solution was then passed through a 0.45 mm syringe
filter and into a 1.5 mL vial, where it was prepared for injection into GC-MS.

2.3. GC-MS Analysis Conditions

This study was carried out on samples through the use of the GM-MS technique
model (GC-MS-QP2010-Ultra) with serial number 020525101565SA (Shimadzu, Kyoto,
Japan), and a capillary column (Rtx-5 ms-30 m 0.25 mm 0.25 mm) manufactured by Restek,
D-81379 Munich, German. The sample was injected using the split mode with helium as
the carrier gas passing through at a flow rate of 1.61 mL/min. The temperature program
was started at 50 ◦C with a rate of 10 ◦C per minute and ended at 300 ◦C with a hold
time of 10 min. The injection port temperature was 300 ◦C, the ion source temperature
was 200 ◦C, and the interface temperature was 250 ◦C. It took 35 min to analyze the
sample using the scan mode in the m/z 40–500 charges to ratio range, with a run time of
40 min. The sample’s constituents were determined by evaluating their retention index
and mass fragmentation patents to tose available in the National Institute of Standards and
Technology library (NIST).

2.4. Molecular Docking

The crystal structure of the Mpro of SARS-CoV-2 (PDB ID: 6Y2E) was downloaded from
the Protein Data Bank database. Then, water residues were removed before minimization
for 1000 steepest descent steps at 20 conjugate gradient steps. The 3D structure of the
screened compounds was generated as a PDB file utilizing SMILES strings and PubChem
ID using the build structure function in UCSF Chimera which developed by Resource
for Biocomputing, Visualization, and Informatics (RBVI) at the University of California,
San Francisco, USA [44–47]. Their energy was minimized with an antechamber plugin in
UCSF Chimera for 14,000 steepest descent steps at 8000 conjugate gradient steps. Molecular
docking was accomplished using the AutoDock Vina bulging in UCSF Chimera [48]. A
grid box of (–15 × −24 × 15) Å centered at (35, 65, 65) Å was used while maintaining the
default parameter values. The predicted affinity score was explored through the UCSF
Chimera View Dock tool. UCSF Chimera has been used to process and visualize images,
hydrogen bonds, and van der Waals interactions [44,45,48–51].

2.5. Antibacterial Activity Evaluation

The disc diffusion assay was utilized to evaluate the extract’s initial antimicrobial
activity against the selected microbial strains, including a Gram-positive bacterium
(Staphylococcus aureus ATCC BAA 1026) and a Gram-negative bacterium (Escherichia coli
ATCC 9637). The Kirby–Bauer disc diffusion susceptibility protocol was used with minor
modifications [52]. Briefly, the aqueous crude extract was reconstituted in sterile distilled
water to obtain a concentration of 100 mg/mL. Microbial strains were adjusted to 0.5 Mc-
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Farland (108 CFU/mL) suspension using normal saline (0.9% NaCl) and were directly
swabbed onto nutrient agar plates (Oxoid, UK). An amount of 10 µL of the aqueous extract
(100 mg/mL) was placed on sterile 6-millimeter paper discs and allowed to dry under
aseptic conditions. A disc holding 10 µL of normal saline served as a negative control,
while discs containing chloramphenicol (2.5 mg/mL) served as a reference drug (positive
control), and the plates were incubated at ambient temperature for up to 18 h. Plates were
then inspected for the inhibition zones around the discs and the test was repeated twice.

2.6. Cytotoxicity Assays

Cytotoxicity assays were performed as previously described [53]. Using the resazurin
technique, the maximum non-toxic concentration was determined. In a 96-well plate,
HEK293T-ACE2 cells were grown at a density of 1 × 104 cells per well while being exposed
to various doses of the natural products. Cells treated with the vehicle (DMSO) were
utilized as a standard and control. At 48 h after resazurin addition, cell viability was
assessed after 3 h. At 570 and 630 nm, the Multiskan TM GO (Thermo Scientific, Waltham,
MA, USA) was used to detect absorbance. The MNTC has the highest concentration and
less than 10% cytotoxicity.

2.7. Antiviral Activity against SARS-CoV-2

The assay was performed in HEK293-ACE2 cells as previously described [54]. Briefly,
1 × 104 cells in suspension were added to each well of 96-well plates and infected in the
presence of 2 mg/mL of the extract. Firefly luciferase activity was measured 48 h later using
the Dual-Luciferase Reporter Assay System kit (Promega, Madison, WI, USA) and the
Fluoroskan FL (Thermo Scientific). HEK293T-ACE2 cells transduced with the pseudotyped
virus without the extract were used as untreated control cells. The following formula was
used to calculate the percentage of inhibition: 100 − (RLUs of treated cells/RLUs of control
untreated cells) × 100.

2.8. Time of Addition Assay of HSV-1

The time of addition assay was carried out in three different experimental conditions
according to the time the extract was added. In the pre-infection condition, the extract was
added two hours before viral adsorption. Subsequently, cells were washed with PBS, the
viral inoculum was added, and the infection was performed as previously described. In the
adsorption condition, the extract was added with the viral inoculum and was incubated
for 1 h at 37 ◦C. After that, the viral inoculum was removed, cells were washed with PBS
and replaced with DMEM 2%, and infection was performed as previously described. For
the post-entry condition, the viral inoculum was added and incubated for 1 h at 37 ◦C,
washed with PBS, and DMEM 2% with the extract was added. After 72 h, the virus genome
in the supernatant was quantitated by qPCR, and the antiviral activity was quantified as
previously described [54].

2.9. Statistical Analysis

The data of at least three separate experiments were provided as the mean and stan-
dard deviation (SD). Each group’s differences were evaluated through a t-test. Lines
between the groups being compared represent statistically significant differences (* p = 0.05,
** p = 0.01, *** p = 0.001, and **** p = 0.001).

3. Results and Discussion

Phytochemical analysis of an extract of the Saussurea root revealed the presence of
forty-eight chemical substances, all of which exhibited specific mass spectral fragmentation
characteristics similar to known compounds in the National Institute of Standards and
Technology (NIST) library, as shown in Table S1. According to the data, fatty acids account
for the highest percentage of phytochemicals at 73.8%, followed by tannins at 8.2%, carbo-
hydrates at 6.9%, terpenoids at 4.3%, carboxylic acids at 2.5%, hydrocarbons at 2.4%, and
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sterols at 1.5%. Phenolic compounds account for the lowest percentage of phytochemicals,
at 0.2%, as shown in Figure 1.
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Figure 1. Phytochemicals in water-extracted compounds from Saussurea costus as identified by GC-MS.

The identified extracted compounds were used in blind docking experiments against
the Mpro, with a particular focus on the interaction with the catalytic dyad of His41
and Cys145 in addition to Glu166 residue (Figure 2). In Table 1, we present the results
of the docking experiment, which clearly show the uniqueness of the water extract of
Saussurea costus, as 22 of the 48 compounds showed the ability to interact with the active
sites of the Mpro. Of these compounds, eight were carbohydrates, five were fatty acids, three
were terpenoids, two were carboxylic acids, one was a tannin, one was a phenolic com-
pound, and one was a sterol. Figure 3 depicts the docked complexes of the top seven candi-
dates. In Figure 3, the hydrogen bonds and van der Waals interactions that were formed
between these screened compounds and the Mpro expected from the molecular docking
were monitored. The compounds 4,8,13-Cyclotetradecatriene-1,3-diol-1,5,9-trimethyl-12-(1-
methylethyl) (cmd34), Andrographolide (cmd35), and delta.4-Androstene-3.beta.,17.beta.-
diol (cmd42) showed a higher binding affinity among the identified compounds, with the
binding affinity ranging from −6.3 kcal/mol to −6.5 kcal/mol. They are a hydrocarbon,
a terpenoid, and a sterol, respectively. These results indicate that Saussurea costus, which
is used in traditional medicine as a COVID-19 remedy, produced an enormous number
of inhibitors against the Mpro that were water soluble in green conditions. Therefore, the
plant’s mixture of active components may have a more effective therapeutic impact than a
single isolated chemical.

The literature has shown that tannins, terpenoids, and phenolic substances can inhibit
SARS-CoV-2 [55–58]. In addition, it has been reported that the quinolin-2-carboxylic acids
found in Ephedra sinica are being suggested as possible treatment agents for COVID-19 [59].
Fatty acids are self-defense agents in organisms and have a variety of biological actions,
particularly anti-inflammatory properties [60]. Carbohydrates have not been demonstrated
to have a therapeutic impact on their own, but they may boost the efficacy of the therapeu-
tically essential components and be used to produce polysaccharide immunomodulatory
with potential medicinal and vaccine applications [61,62]. Sterol molecules have exhibited
a wide range of biological actions, the majority of which act as cancer inhibitors, anti-
inflammatory agents, and immunomodulatory and anti-viral agents [63]. Some of the
compounds isolated from this plant, including costsunolide, dehydrocostus lactone, and
cynaropicrin, appear to be capable of being developed as bioactive molecules [64–66].
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Table 1. The binding affinity of the extracted compounds active against 3-chymotrypsin-like pro-
tease (3CLpro).

Compound ID/Class Structure Binding Affinity
(Kcal/Mol)/(RMSD) Hydrogen Bond van der Waals

Cmd1/carbohydrate
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−4.2/ 

(25.99–27.47) 
HIS 163 

HIS 163, HIS 164, MET 165, GLU 

166, PHE 140, LEU 141, GLY 143, 

ASN 142, SER 144, CYS 145 

Cmd18/Phenolic 

Compound 
 

−4.9/ 

(42.17–45.62) 

HIS 164, GLU 

166 

GLN 189, PRO 168, THR 190, HIS 

164, MET 165, GLU 166, MET 49, 

HIS 41, CYS 145 

Cmd20/carbohydrate 

 

−5.1/ 

(29.29–33.07) 
GLY 143 

MET 49, GLU 166, ASN 142, GLY 

143, GLN 189, MET 165, LEU 141, 

HIS 41, CYS 145  

Cmd21/Carboxylic 

acid 

 

−4.3/ 

(28.11–30.02) 

GLU 166, 

GLY 143 

GLY 143, ASN 142, MET 49, THR 

26, LEU 27, HIS 41, HIS 164, GLU 

166, GLN 189, MET 165, CYS 145 

Cmd26/Fatty acid 

 

−4.2/ 

(27.28–29.77) 

HIS 163, SER 

144 

SER 144, HIS 163, THR 25, LEU 27, 

GLU 166, GLN 189, ASN 142, MET 

49, PHE 140, LEU 141 

−4.3/
(28.11–30.02) GLU 166, GLY 143

GLY 143, ASN 142,
MET 49, THR 26,

LEU 27, HIS 41, HIS 164,
GLU 166, GLN 189,
MET 165, CYS 145

Cmd26/Fatty acid
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Cmd40/Terpenoid
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Table 1. Cont.

Compound ID/Class Structure Binding Affinity
(Kcal/Mol)/(RMSD) Hydrogen Bond van der Waals

Cmd41/Fatty acid
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Figure 3. The active inhibiter docked with the active sites of the main protease of SARS-CoV-2.

As shown in Figure 4, the results of the antibacterial evaluation of the crude aqueous
extract of Saussurea costus showed no activity in an inhibition zone of less than 7.0 mm
(the diameter of the paper disc is 6.0 mm). Previous studies reported that methanol and
ethanol extracts have remarkable antibacterial activities against various Gram-positive
and Gram-negative bacteria [67,68]. Our results are also in agreement with a previous
study that revealed that the water root extract of Saussurea costus did not show antibacterial
activity against a Gram-positive bacterium (Bacillus subtilis) and a Gram-negative bacterium
(Escherichia coli); however, these results showed higher activity with the non-polar extract
(Chloroform extract) [69], indicating that the bioactive phytochemical molecules were not
attracted by the aqueous extract and that the bioactive compounds might have a non-polar
or a hydrophobic nature.

To determine the antiviral activity against SARS-CoV-2, the inhibitory activity was
evaluated using the pseudovirus method. This system allows for the study of inhibitors
of virus entry into the cell [54]. The antiviral activity was performed using a pseudovirus
with Spike proteins from the D614G variant and the VOC variants Gamma and Delta. As
shown in Figure 5, no antiviral effect of the extract from Saussurea costus was observed, and
unexpectedly, an increase in pseudovirus infection by the extract was observed. This effect
was similar for all three SARS-CoV-2 variants. These results suggest that the extract from
Saussurea costus facilitates the cell entry of SARS-CoV-2.
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Figure 5. Antiviral activity of Saussurea costus aqueous extract against SARS-CoV-2. HEK−293T
ACE2 cells were infected with the corresponding Spike-pseudotyped virus in the presence and
absence of the extract. After 24 h, the luciferase activity was measured. The % of inhibition was
determined as the ratio between treated and untreated cells.

Also, the antiviral activity of the S. costus aqueous extract against HSV-1 was evaluated.
For this purpose, serial dilutions of the extract were performed, and the amount of virus
produced was evaluated by qPCR. As shown in Figure 6, the Saussurea costus aqueous
extract showed antiviral activity with an effective concentration 50 (EC50) of 1.35 mg/mL.
In addition, a cytotoxic concentration (CC50) of 4.92 mg/mL and a selectivity index of 3.6
were observed.

Molecules 2022, 27, x FOR PEER REVIEW 10 of 13 
 

 

absence of the extract. After 24 h, the luciferase activity was measured. The % of inhibition was 

determined as the ratio between treated and untreated cells. 

 

Figure 6. Antiherpetic activity and cytotoxicity of Saussurea costus aqueous extract. (A) Vero cells 

were incubated with increasing concentrations of the extract, and after 72 h, the cytotoxicity was 

measured as described in Section 2. (B) Vero cells were infected at MOI 1.5 with HSV-1 and incu-

bated with increasing concentrations of the extract. After 72 h, the virus genome production was 

quantitated in the supernatant by qPCR. The % of inhibition was determined as the ratio between 

treated and untreated infected cells. Data are expressed as mean +/− SD for n = 2. 

 

Figure 7. Time of addition assay of Saussurea costus aqueous extract. Vero cells were infected at MOI 

1.5 and incubated with the extract at different times during the infection as is described in Section 

2. After 24 h.p.i, the virus genome production was quantitated in the supernatant by qPCR. The % 

of inhibition was determined as the ratio between treated and untreated infected cells. Data are 

expressed as mean +/− SD for n = 3. 

The information presented here describes the chemical profiles of Saussurea costus 

derived from a green extraction procedure using a water-based solvent at ambient tem-

perature. Eighty-four compounds were identified, including fatty acids, tannins, carbohy-

drates, terpenoids, carboxylic acids, hydrocarbons, phenolic compounds, and sterols. The 

inhibitory effect of Saussurea costus on SARS-CoV-2 entry into the cell was studied using 

a pseudovirus with Spike proteins from the D614G variant and the VOC variants Gamma 

and Delta. Furthermore, the inhibition of the Mpro by these compounds was investigated 

using the molecular docking approach. Twenty-two candidates showed a good affinity to 

bind with the active site of the Mpro. According to this study, twenty-two candidates were 

Figure 6. Antiherpetic activity and cytotoxicity of Saussurea costus aqueous extract. (A) Vero cells were
incubated with increasing concentrations of the extract, and after 72 h, the cytotoxicity was measured
as described in Section 2. (B) Vero cells were infected at MOI 1.5 with HSV-1 and incubated with
increasing concentrations of the extract. After 72 h, the virus genome production was quantitated
in the supernatant by qPCR. The % of inhibition was determined as the ratio between treated and
untreated infected cells. Data are expressed as mean +/− SD for n = 2.



Molecules 2022, 27, 4908 10 of 13

To obtain some information on the step of the viral cycle at which the extract exhibits
antiviral activity, a time-of-infection study was performed. For this purpose, the extract was
added at different times during infection. In the pre-infection condition, the extract was
added 2 h prior to the addition of the virus and then removed to continue with the infection.
In the adsorption condition, the virus was added together with the extract and incubated
for one hour and then removed. In the post-entry condition, the extract was added after
the virus entered the cell. As can be seen in Figure 7, the aqueous extract of Saussurea costus
showed post-entry antiviral activity. This suggests that the Saussurea costus aqueous extract
has no virucidal effect and inhibits the virus during the events after cell entry.
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Figure 7. Time of addition assay of Saussurea costus aqueous extract. Vero cells were infected at MOI
1.5 and incubated with the extract at different times during the infection as is described in Section 2.
After 24 h.p.i, the virus genome production was quantitated in the supernatant by qPCR. The %
of inhibition was determined as the ratio between treated and untreated infected cells. Data are
expressed as mean +/− SD for n = 3.

The information presented here describes the chemical profiles of Saussurea costus
derived from a green extraction procedure using a water-based solvent at ambient tempera-
ture. Eighty-four compounds were identified, including fatty acids, tannins, carbohydrates,
terpenoids, carboxylic acids, hydrocarbons, phenolic compounds, and sterols. The in-
hibitory effect of Saussurea costus on SARS-CoV-2 entry into the cell was studied using a
pseudovirus with Spike proteins from the D614G variant and the VOC variants Gamma and
Delta. Furthermore, the inhibition of the Mpro by these compounds was investigated using
the molecular docking approach. Twenty-two candidates showed a good affinity to bind
with the active site of the Mpro. According to this study, twenty-two candidates were iden-
tified from Saussurea costus against the Mpro, which has been used in traditional medicine
as a COVID-19 remedy. The number of water-soluble inhibitors that were identified from
Saussurea costus against the Mpro is unprecedented to our knowledge.
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Costus Extract Has Anti-İnflammatory, Antioxidant and Hormonal Effects Against Testicular Toxicity Induced by Oxaliplatin in
Male Albino Rats. Iran. J. Toxicol. 2022, 16, 83–90. [CrossRef]

34. Mohsen, E.; El-Far, A.H.; Godugu, K.; Elsayed, F.; Mousa, S.A.; Younis, I.Y. SPME and solvent-based GC–MS metabolite profiling
of Egyptian marketed Saussurea costus (Falc.) Lipsch. concerning its anticancer activity. Phytomed. Plus 2022, 2, 100209. [CrossRef]

35. Rumlová, M.; Ruml, T. In vitro methods for testing antiviral drugs. Biotechnol. Adv. 2018, 36, 557–576. [CrossRef] [PubMed]
36. Abdallah, E.M. Plants: An alternative source for antimicrobials. J. Appl. Pharm. Sci. 2011, 1, 16–20.
37. Elzupir, A.O. Inhibition of SARS-CoV-2 main protease 3CLpro by means of α-ketoamide and pyridone-containing pharmaceuticals

using in silico molecular docking. J. Mol. Struct. 2020, 1222, 128878. [CrossRef] [PubMed]
38. Anju, A.; Chaturvedi, S.; Chaudhary, V.; Pant, P.; Hussain, F.; Mishra, A.K. Virtual screening of quinoline derived library for

SARS-COV-2 targeting viral entry and replication. J. Biomol. Struct. Dyn. 2021, 1–30. [CrossRef]
39. Hamed, M.I.; Darwish, K.M.; Soltane, R.; Chrouda, A.; Mostafa, A.; Shama, N.M.A.; Elhady, S.S.; Abulkhair, H.S.; Khodir, A.E.;

Elmaaty, A.A. β-Blockers bearing hydroxyethylamine and hydroxyethylene as potential SARS-CoV-2 Mpro inhibitors: Rational
based design, in silico, in vitro, and SAR studies for lead optimization. RSC Adv. 2021, 11, 35536–35558. [CrossRef]

40. Rana, S.; Kumar, P.; Sharma, A.; Sharma, S.; Giri, R.; Ghosh, K.S. Identification of Naturally Occurring Antiviral Molecules for
SARS-CoV-2 Mitigation. Open COVID J. 2021, 1, 38–46. [CrossRef]

41. El-Shamy, N.T.; Alkaoud, A.M.; Hussein, R.K.; Ibrahim, M.A.; Alhamzani, A.G.; Abou-Krisha, M.M. DFT, ADMET and Molecular
Docking Investigations for the Antimicrobial Activity of 6, 6′-Diamino-1, 1′, 3, 3′-Tetramethyl-5, 5′-(4-chlorobenzylidene) bis
[pyrimidine-2, 4 (1H, 3H)-dione]. Molecules 2022, 27, 620. [CrossRef]

42. Wang, B.; Zhong, C.; Tieleman, D.P. Supramolecular Organization of SARS-CoV and SARS-CoV-2 Virions Revealed by Coarse-
Grained Models of Intact Virus Envelopes. J. Chem. Inf. Modeling 2021, 62, 176–186. [CrossRef]

43. Beltrán-Pavez, C.; Riquelme-Barrios, S.; Oyarzún-Arrau, A.; Gaete-Argel, A.; González-Stegmaier, R.; Cereceda-Solis, K.;
Aguirre, A.; Travisany, D.; Palma-Vejares, R.; Barriga, G.P. Insights into neutralizing antibody responses in individuals exposed to
SARS-CoV-2 in Chile. Sci. Adv. 2021, 7, eabe6855. [CrossRef]

44. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-
tion system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef] [PubMed]

45. Wang, J.; Wang, W.; Kollman, P.A.; Case, D.A. Automatic atom type and bond type perception in molecular mechanical
calculations. J. Mol. Graph. Model. 2006, 25, 247–260. [CrossRef] [PubMed]

46. Elzupir, A.O. Caffeine and caffeine-containing pharmaceuticals as promising inhibitors for 3-chymotrypsin-like protease of
SARS-CoV-2. J. Biomol. Struct. Dyn. 2022, 40, 2113–2120. [CrossRef] [PubMed]

47. Al-Janabi, A.S.; Elzupir, A.O.; Yousef, T.A. Synthesis, anti-bacterial evaluation, DFT study and molecular docking as a potential
3-chymotrypsin-like protease (3CLpro) of SARS-CoV-2 inhibitors of a novel Schiff bases. J. Mol. Struct. 2021, 1228, 129454.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.phytol.2021.12.008
http://doi.org/10.1016/j.jep.2006.12.033
http://www.ncbi.nlm.nih.gov/pubmed/17306480
http://doi.org/10.1016/S0014-2999(00)00337-X
http://doi.org/10.1016/j.fitote.2011.05.010
http://www.ncbi.nlm.nih.gov/pubmed/21624443
http://doi.org/10.1016/j.jep.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29158156
http://doi.org/10.1080/14786419.2020.1795655
http://www.ncbi.nlm.nih.gov/pubmed/32744118
http://doi.org/10.3390/antibiotics11030327
http://doi.org/10.1007/s00580-022-03337-1
http://doi.org/10.32598/IJT.16.2.894.1
http://doi.org/10.1016/j.phyplu.2021.100209
http://doi.org/10.1016/j.biotechadv.2017.12.016
http://www.ncbi.nlm.nih.gov/pubmed/29292156
http://doi.org/10.1016/j.molstruc.2020.128878
http://www.ncbi.nlm.nih.gov/pubmed/32834113
http://doi.org/10.1080/07391102.2021.1913228
http://doi.org/10.1039/D1RA04820A
http://doi.org/10.2174/2666958702101010038
http://doi.org/10.3390/molecules27030620
http://doi.org/10.1021/acs.jcim.1c01240
http://doi.org/10.1126/sciadv.abe6855
http://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://doi.org/10.1016/j.jmgm.2005.12.005
http://www.ncbi.nlm.nih.gov/pubmed/16458552
http://doi.org/10.1080/07391102.2020.1835732
http://www.ncbi.nlm.nih.gov/pubmed/33094705
http://doi.org/10.1016/j.molstruc.2020.129454
http://www.ncbi.nlm.nih.gov/pubmed/33100378


Molecules 2022, 27, 4908 13 of 13

48. Elzupir, A.O. Molecular Docking and Dynamics Investigations for Identifying Potential Inhibitors of the 3-Chymotrypsin-like
Protease of SARS-CoV-2: Repurposing of Approved Pyrimidonic Pharmaceuticals for COVID-19 Treatment. Molecules 2021,
26, 7458. [CrossRef]

49. O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An open chemical toolbox.
J. Cheminformatics 2011, 3, 1–14. [CrossRef]

50. Shapovalov, M.V.; Dunbrack, R.L., Jr. A smoothed backbone-dependent rotamer library for proteins derived from adaptive kernel
density estimates and regressions. Structure 2011, 19, 844–858. [CrossRef]

51. Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef]

52. Al-Mijalli, S.H.; Assaggaf, H.; Qasem, A.; El-Shemi, A.G.; Abdallah, E.M.; Mrabti, H.N.; Bouyahya, A. Antioxidant, Antidiabetic,
and Antibacterial Potentials and Chemical Composition of Salvia officinalis and Mentha suaveolens Grown Wild in Morocco.
Adv. Pharmacol. Pharm. Sci. 2022, 2022, 2844880. [CrossRef]

53. Gabaglio, S.; Alvarenga, N.; Cantero-González, G.; Degen, R.; Ferro, E.; Langjahr, P.; Chnaiderman, J.; Sotelo, P. A quantitative
PCR assay for antiviral activity screening of medicinal plants against Herpes simplex 1. Nat. Prod. Res. 2021, 35, 2926–2930.
[CrossRef]

54. González-Maldonado, P.; Alvarenga, N.; Burgos-Edwards, A.; Flores-Giubi, M.E.; Barúa, J.E.; Romero-Rodríguez, M.C.;
Soto-Rifo, R.; Valiente-Echeverría, F.; Langjahr, P.; Cantero-González, G. Screening of Natural Products Inhibitors of SARS-CoV-2
Entry. Molecules 2022, 27, 1743. [CrossRef] [PubMed]

55. Zia, M.; Muhammad, S.; Bibi, S.; Abbasi, S.W.; Al-Sehemi, A.G.; Chaudhary, A.R.; Bai, F.Q. Exploring the potential of novel
phenolic compounds as potential therapeutic candidates against SARS-CoV-2, using quantum chemistry, molecular docking and
dynamic studies. Bioorganic Med. Chem. Lett. 2021, 43, 128079. [CrossRef] [PubMed]

56. Kuo, C.J.; Liang, P.H. Characterization and inhibition of the main protease of severe acute respiratory syndrome coronavirus.
ChemBioEng Rev. 2015, 2, 118–132. [CrossRef]

57. Muhseen, Z.T.; Hameed, A.R.; Al-Hasani, H.M.; ul Qamar, M.T.; Li, G. Promising terpenes as SARS-CoV-2 spike receptor-binding
domain (RBD) attachment inhibitors to the human ACE2 receptor: Integrated computational approach. J. Mol. Liq. 2020,
320, 114493. [CrossRef] [PubMed]

58. Giofrè, S.V.; Napoli, E.; Iraci, N.; Speciale, A.; Cimino, F.; Muscarà, C.; Molonia, M.S.; Ruberto, G.; Saija, A. Interaction of
selected terpenoids with two SARS-CoV-2 key therapeutic targets: An in silico study through molecular docking and dynamics
simulations. Comput. Biol. Med. 2021, 134, 104538. [CrossRef]

59. Mei, J.; Zhou, Y.; Yang, X.; Zhang, F.; Liu, X.; Yu, B. Active components in Ephedra sinica stapf disrupt the interaction between
ACE2 and SARS-CoV-2 RBD: Potent COVID-19 therapeutic agents. J. Ethnopharmacol. 2021, 278, 114303. [CrossRef]

60. Hanh, T.T.H.; Hang, D.T.T.; Van Minh, C.; Dat, N.T. Anti-inflammatory effects of fatty acids isolated from Chromolaena odorata.
Asian Pac. J. Trop. Med. 2011, 4, 760–763. [CrossRef]

61. Auwal, M.S.; Saka, S.; Mairiga, I.A.; Sanda, K.A.; Shuaibu, A.; Ibrahim, A. Preliminary Phytochemical and Elemental Analysis of
Aqueous and Fractionated Pod Extracts of Acacia nilotica (Thorn Mimosa). Vet. Res. Forum 2014, 5, 95–100.

62. Villaseñor, I.M.; Cabrera, M.; Meneses, K.; Rivera, V.; Villasenor, R. Comparative antidiabetic activities of some medicinal plants.
Philipp. J. Sci. 1998, 127, 261–266.

63. Loza-Mejía, M.A.; Salazar, J.R. Sterols and triterpenoids as potential anti-inflammatories: Molecular docking studies for binding
to some enzymes involved in inflammatory pathways. J. Mol. Graph. Model. 2015, 62, 18–25. [CrossRef]

64. Kim, D.Y.; Choi, B.Y. Costunolide—A bioactive sesquiterpene lactone with diverse therapeutic potential. Int. J. Mol. Sci. 2019,
20, 2926. [CrossRef] [PubMed]

65. Gwari, G.; Bhandari, U.; Andola, H.C.; Lohani, H.; Chauhan, N. Volatile constituents of Saussurea costus roots cultivated in
Uttarakhand Himalayas, India. Pharmacogn. Res. 2013, 5, 179.

66. Kim, E.J.; Lim, S.S.; Park, S.Y.; Shin, H.-K.; Kim, J.-S.; Park, J.H.Y. Apoptosis of DU145 human prostate cancer cells induced by
dehydrocostus lactone isolated from the root of Saussurea lappa. Food Chem. Toxicol. 2008, 46, 3651–3658. [CrossRef] [PubMed]

67. Abdallah, E.M.; Qureshi, K.A.; Ali, A.M.; Elhassan, G.O. Evaluation of some biological properties of Saussurea costus crude root
extract. Biosci. Biotechnol. Res. Commun. 2017, 10, 601–611. [CrossRef]

68. Sagar, A.; Chauhan, V.; Prakash, V. Studies on endophytes and antibacterial activity of Saussurea costus (falc.). J. Drug Deliv. Ther.
2017, 7, 5–10. [CrossRef]

69. Alaagib, R.M.O.; Ayoub, S.M.H. On the chemical composition and antibacterial activity of Saussurea lappa (Asteraceae).
Pharma Innov. 2015, 4, 73.

http://doi.org/10.3390/molecules26247458
http://doi.org/10.1186/1758-2946-3-33
http://doi.org/10.1016/j.str.2011.03.019
http://doi.org/10.1002/jcc.21334
http://doi.org/10.1155/2022/2844880
http://doi.org/10.1080/14786419.2019.1675064
http://doi.org/10.3390/molecules27051743
http://www.ncbi.nlm.nih.gov/pubmed/35268843
http://doi.org/10.1016/j.bmcl.2021.128079
http://www.ncbi.nlm.nih.gov/pubmed/33940136
http://doi.org/10.1002/cben.201400031
http://doi.org/10.1016/j.molliq.2020.114493
http://www.ncbi.nlm.nih.gov/pubmed/33041407
http://doi.org/10.1016/j.compbiomed.2021.104538
http://doi.org/10.1016/j.jep.2021.114303
http://doi.org/10.1016/S1995-7645(11)60189-2
http://doi.org/10.1016/j.jmgm.2015.08.010
http://doi.org/10.3390/ijms20122926
http://www.ncbi.nlm.nih.gov/pubmed/31208018
http://doi.org/10.1016/j.fct.2008.08.038
http://www.ncbi.nlm.nih.gov/pubmed/18848968
http://doi.org/10.21786/bbrc/10.4/2
http://doi.org/10.22270/jddt.v7i2.1374

	Introduction 
	Materials and Methods 
	Cell Cultures and Plasmids 
	Extraction and Preparation for GC-MS Analysis 
	GC-MS Analysis Conditions 
	Molecular Docking 
	Antibacterial Activity Evaluation 
	Cytotoxicity Assays 
	Antiviral Activity against SARS-CoV-2 
	Time of Addition Assay of HSV-1 
	Statistical Analysis 

	Results and Discussion 
	References

