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Abstract

Background The genus Cynanchum, family Apocynaceae is a group of climbing vines that have long been in folk
medicine used as antitussives, analgesics, anticonvulsants, expectorants, diuretics, antifebriles, and tonics.

Results Cynanchum acutum crude extract was investigated to determine its chemical composition through LC-ESI-
TOF-MS/MS technique, where 46 hits were observed. Among these compounds, quercetin-3-O-3-galactoside

was previously reported within the plant as a major component. This compound was isolated and purified using
different chromatographic techniques, and its concentration was estimated using high-performance thin-layer
chromatography (HPTLC). Two semi-synthetic derivatives were synthesized from this compound, namely 7-benzyl-
and 7-bromoethyl quercetin-3-O-3-galactosides. Both analogs, which are more hydrophobic, were developed

as an attempt to improve the physiochemical properties and, in turn, the pharmacokinetics of the parent compound.
Our study also includes the determination of antiviral activity against COVID-19 of Cynanchum acutum crude

extract along with quercetin-3-O-f-galactoside in addition to the two semi-synthesized derivatives. The antiviral
assay revealed that the synthetic benzyl derivative of quercetin-3-O-3-galactoside demonstrated promising activity
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The potential molecular aspects of the parent
and semi-synthetic analogs were highlighted through molecular modeling simulation of docking the compounds

at the viral main protease (Mpro) binding pocket. In silico findings demonstrated significant affinity and residue-wise
binding interactions in relation to the co-crystallized small molecule Mpro inhibitor.

Conclusion Collectively, our study adds to the current knowledge of SARS-CoV-2 pharmacotherapy by introducing
drug-like small molecules with potential activity profiles.

Keywords Cynanchum acutum, LC-MS/MS, Antiviral, COVID-19, SARS-CoV-2, Molecular modeling

"Reda F. A. Abdelhameed and Ahmed K. Ibrahim have contributed equally to
this work and share first authorship.

*Correspondence:

Jihan M. Badr

gehan_ibrahim@pharm.suez.edu.eg

Sameh S. Elhady

ssahmed@kau.edu.sa

Full list of author information is available at the end of the article

©The Author(s) 2025, corrected publication 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not

L]
@ SP rlnge r permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
I

view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43094-025-00907-2&domain=pdf
http://orcid.org/0000-0003-3799-0581

Abdelhameed et al. Future Journal of Pharmaceutical Sciences (2025) 11:149

Page 2 of 21

Graphical abstract
OH i Semi-synthetic
. 46 Metabolites
Metabp"c HO O OI O OH Identification Analogs
profiling af & 0 including
(ol OHOL X OH Quercetin-
HO oy 3-O-B-galactoside (Q) O OH
OH RO O o OH
HPLCIESI- 9
Cynunchum | QTOF-MSMS 22(3);)0;4
OH
acutum X
in vitro - : . Q1; R = CH,Ph
3 Antiviral analysis against Q2; R = C,H,Br
testing SARS-CoV-2 using MTT
assay for Extract, Parent (Q),
f and Semi-synthetics (Q1,Q2)
IC5,=23.99-91.16 pug/mL
Molecular
= Modelling
&3 “SARS-CoV-2 -
Extract MPROER A B :
fractionation 4] Q Q1) (Q2)
: ; -7.72 Kcal/mol -8.34 Kcal/mol -7.22 Kcal/mol
& isolation
Introduction Despite the World Health Organization (WHO)

The Cynanchum genus is a group of climbing vines
that previously belonged to the family Asclepiadaceae
(milkweed family) but is now categorized under the
family Apocynaceae. In folk medicine, plants in the
genus Cynanchum have long been used as antitussives,
analgesics, anticonvulsants, expectorants, diuretics,
antifebriles, and tonics [1].

The climbing vine Cynanchum acutum L. is
indigenous to Asia, Africa, and Europe. It grows
widely in Egypt, and native Egyptians refer to it as
“ollig? “modeid, or “libbein” [2, 3]. There have been
reports of antioxidant [4], anticancer [5], antidiabetic
[4], antibacterial [6], insecticidal [7], antipyretic,
analgesic, and anti-inflammatory [6] properties of the
alcoholic leaves’ extract of C. acutum. Additionally,
C. acutum extract showed a preventive action against
hepatotoxicity induced by carbon tetrachloride in rat
models [8]. The genus Cynanchum was also reported
for its antiviral activities [9, 10]. The phytochemical
investigation of Cynanchum plants showed that
Cynanchum plants are rich in phytochemicals, such
as carbohydrates [11], triterpenes [12], esters of long-
chain fatty acids [13], alkaloids [14], coumarins [15],
and flavonoids [16].

announcing the end of the COVID-19 pandemic, the
infection of this virus is still beyond control due to the
emergence of new virulent variants that kept spreading
causing reinfections worldwide [17]. As for now, there
are more than 1000 recorded variants of SARS-CoV-2,
including the prominent epidemic variants, Beta, Delta,
and Omicron [18]. The Food and Drug Administration
(FDA) approved Veklury (remdesivir) is primarily used
for treating severe COVID-19 cases in those who have
mild-to-moderate COVID-19, hospitalized or not, and
are at high risk for developing severe COVID-19, which
might result in hospitalization or death [19]. Paxlovid
(nirmatrelvir and ritonavir) and Lagevrio (molnupiravir)
are FDA-approved but permitted under the authorization
of emergency use (EUA) for certain patients [19].
Moreover, the FDA-approved COVID-19 vaccines are
of limited efficacy in stimulating the innate immune
response against infections induced by the recently
appearing SARS-CoV-2 variants [20, 21]. Consequently,
finding efficient therapeutic treatments for COVID-19 is
crucial during the early symptomatic stage of the illness.
Exploring potential and efficacious phytochemicals
that function as phytomedicines represents a promising
strategy to address global requirements.
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The current study aimed to define the phytochemical
profile and assess the antiviral efficacy of the crude
extract of C. acutum as well as quercetin-3-O-5-
galactoside (as a major constituent of the plant) together
with two synthesized derivatives against COVID-19.

Materials and methods

Plant material and the extraction process

Samples of the entire plant of C. acutum were
meticulously gathered from three distinct horticultural
sites at the University of Suez Canal: the Garden of
the Faculty of Pharmacy, the Garden of the Faculty of
Commerce, and the Garden of the Faculty of Nursing in
October, 2019. The botanical identification of the plants
specimen was validated by Professor Sayeda Gamal
Eldin, Professor of Botany at the Faculty of Science, Suez
Canal University. The specimen designated as #SAA-157
was archived in the herbarium lab of the Pharmacognosy
Department within the Faculty of Pharmacy at Suez
Canal University, Egypt. The extraction procedure was
conducted in accordance with the previously outlined
methodology [22], as follows: The harvested plant
specimen, weighing 10 kg, was subjected to a drying
process, subsequently ground into a fine powder, and
extracted using methanol (4x5 L). The resultant yield
was then concentrated under reduced pressure utilizing a
rotary evaporator, culminating in the production of 531 g
of the methanolic extract.

LC-MS-MS of the crude extract of Cynanchum acutum
Sample preparation

Fifty milligrams of Cymanchum acutum crude extract
was solubilized in one milliliter of a mobile phase
working solution (MP-WS), which consisted of distilled
water, methanol, and acetonitrile in a volumetric ratio of
50:25:25. The solution was subjected to vortex mixing for
a duration of two minutes, followed by ultrasonication
for a period of ten minutes. The sample was then
centrifuged for ten minutes at 10,000 Revolutions Per
Minute (rpm) to yield a stock solution. A volume of 20
uL of the stock solution (50/1000 pL) was further diluted
using 1000 pL of reconstitution solvent to reach a final
concentration of 1 pg/pL. An aliquot of 10 uL of the
freshly prepared sample was injected in both ionization
modes, positive and negative, while an additional 10 pL
of the reconstitution solvent (MP-WS) was injected to be
used as a blank to ensure the reliability of the results [23].
The employed mobile phases were calibrated as follows:
(A) for the positive ionization mode, a five millimolar
ammonium formate buffer at pH 3 incorporating 1%
methanol; (B) for the negative ionization mode, a five
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millimolar ammonium formate buffer at pH 8 comprising
1% methanol; (C) for both ionization modes (positive
and negative), 100% acetonitrile was utilized. The pre-
column utilized was an in-line filter disk (Phenomenex,
0.5 um x 3.0 mm), while the analytical column was an X
select HSS T3 (Waters, 2.5 pm, 2.1 X150 mm), and the
flow rate was maintained at 0.3 mL/min with a constant
column temperature equal to 40 °C. The gradient system
was configured as follows:Time/% A (or B)/% C: 0/90/10,
1/90/10, 21/10/90, 25/10/90, 25.01/90/10, 28/90/10.

Data processing

Data were analyzed utilizing MS-DIAL version 3.52.
The MasterView software facilitated the extraction of
features (peaks) of the total ion chromatogram (TIC)
based on specific criteria: For non-targeted analysis,
features were required to exhibit a signal-to-noise ratio
exceeding 5 and sample-to-blank intensities surpassing
5. The identification of compounds was achieved
through precise mass calculations, MS/MS transitions,
and the retention time comparison of compounds with
data documented in the existing literature, as well as in
mass spectrum databases pertinent to LC/MS-based
metabolomic studies (databases employed: ReSpect
negative (1573 records) and positive (2737 records).

Isolation and identification of the major compound (querc
etin-3-0-B-galactoside)

Among the major phytochemicals identified in the crude
extract of the Cynancum acutum plant, quercetin-3-
O-f3-galactoside was previously isolated and identified
as reported in [22]. Accordingly, we followed the same
procedure for the isolation and purification of the
compound as the following: The dried crude extract
of Cynancum acutum (531 g) was suspended in 1.5 L
of distilled water, subsequently undergoing successive
extractions with 4 L each of n-hexane, chloroform,
ethyl acetate, and butanol. Each of the four extracts
was dried under vacuum using a rotary evaporator.
The ethyl acetate dried extract (62 g) was fractionated
using an n-hexane/ethyl acetate gradient until 100%
ethyl acetate, followed by an ethyl acetate/methanol
gradient until 100% methanol. The fraction eluted using
35% methanol in ethyl acetate (1.5 g) was subjected
to column chromatography using a chloroform/
methanol gradient until 100% methanol, followed by
a methanol/water gradient until 10% water/methanol.
Similar subfractions were monitored by thin-layer
chromatography (TLC), pooled together, and evaporated
to dryness to afford the purified major compound
(quercetin-3-O-f-galactoside, 630 mg). Subsequently,
the identification of the compound was confirmed by
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co-chromatography with the reference quercetin-3-O-
B-galactoside [22]. Moreover, the purity of the isolated
compound was confirmed by the reversed-phase high-
performance liquid chromatography (HPLC) method
using the Young Line HPLC system model YL9100 (YL
Instrument CO., Ltd., South Korea), equipped with a
YL9101 vacuum degasser, a quaternary pump (model
YL9110), a 20-1 sample loop injector, and a YL9120 UV/
Vis detector. Data acquisition was performed on Clarity
software (version 7.00.258). Separation and quantitation
were made on a Nucleodur 125x4 mm (i.d.) and 5-gm
particle-size reversed-phase C18 analytical column
(Macherey—Nagel, Germany). An HPLC column oven
was used, DALIAN REPLETE®, Hong Kong. The samples
were injected with a 25-yL Hamilton analytical syringe.
The injection volume was 20 L. Sample solution was
prepared by dissolving 1 mg of the isolated Quercetin-3-
O-f3-galactoside in 10 mL of methanol to get a solution
containing 100 pg/mL. The isocratic mobile phase system
giving satisfactory results was acetonitrile:water (14:86,
v/v) and UV detection at 255 nm. The flow rate was
adjusted at 0.2 mL/min, and the column temperature was
kept at 25 °C. As a result, quercetin-3-O-f-galactoside
was eluted as a pure singlet peak at 3.507 min (Fig. S1),
confirming the purity of the isolated compound.

HPTLC analysis

Instrumentation

In accordance with the stipulations set forth by the
International Council on Harmonization (ICH)
guidelines  [24], various concentrations of the
methanolic solution of quercetin-3-O-f-galactoside
were administered utilizing A CAMAG® (Muttenz,
Switzerland) Linomat V, which was controlled with
CAMAG winCats"" software version 1.4.4 (CAMAG,
Muttenz, Switzerland). A 20 cm X 10 cm silica gel plate 60
F254 (Merck™, Darmstadt, Germany) was employed. The
experimental conditions were calibrated as follows: a slit
dimension of 6 mm in length and 0.1 mm in width, an
inter-track distance of 10.5 mm, with both the x-axis and
y-axis distances maintained at 10 mm, and an application
rate equal to 15 pL/second. The methanolic solutions
were applied in duplicate. The development of quercetin-
3-O-B-galactoside has been previously reported in the
literature [25], where the compound was analyzed using
reversed-phase TLC with a specific mobile phase. In the
present study, we modified the method by employing
normal-phase TLC and using a solvent mixture of
ethyl acetate, formic acid, acetic acid, and water at a
volumetric ratio of 100:11:11:26 (v/v/v/v, respectively)
as the mobile phase to optimize separation under
our experimental conditions. The development of the

Page 4 of 21

plates occurred within a twin-trough chamber that was
saturated with the selected mobile phase. Development
was conducted subsequent to a saturation period lasting
20 min. Following a development duration of 15 min, the
plates underwent air-drying, after which the retention
factor (Rf) was calculated. The spots were successfully
separated with an appropriate Rf value of 0.60+0.05. The
quantification process was executed utilizing a CAMAG
TLC Scanner III densitometer in conjunction with CATS
version 4 X software, employing the absorption mode
powered by a deuterium light source. Quantification was
carried out at various wavelengths of A=256, 270, and
350 nm. The wavelength that exhibited optimal validation
parameters (A=350 nm) was used for the formulation of
the calibration curve.

Chemicals Standard quercetin-3-O-f3-galactoside was
extracted from the plant and purified as described [22]. The
solvents (ethyl acetate, formic acid, acetic acid, water, and
methanol) utilized for dissolution and development, along
with the pre-coated silica gel F254 (0.25 mm), were obtained
from Merck Company located in Darmstadt, Germany.

Standard solution A precise quantity of 20 mg of the
standard quercetin-3-O-galactoside (Q) (Fig. 1) was
accurately weighed for the purpose of preparing the
standard stock solution. Subsequently, the solution was
quantitatively transferred into a volumetric flask (10 mL),
and the volume was meticulously adjusted with methanol to
get a stock solution (A) of concentration 2 pg/pL. The stock
solution A was kept in a refrigerator and securely sealed
until its application in the construction of the calibration
curve.

OH
OH

HO O

OH O \OH

OH
OH OH

Fig. 1 Quercetin-3-O-f-galactoside
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Sample preparation  An accurate amount of the dry crude
plant extract (500 mg) was quantitatively transferred into
a 10-mL volumetric flask, and the volume was adjusted
using methanol. The resultant solution was stored in the
refrigerator for subsequent experimental application.

Calibration graph The ICH criteria [24] were followed
in the construction of the calibration curve. Different
concentrations were applied to a (20 cmXx 10 cm) plate,
each in duplicate. Several solvent systems were tested for
development, for instance, chloroform:methanol:water
:acetic acid (7:3:0.5:0.1, v/v/v/v) and (6:3:1:0.1, v/v/v/v),
chloroform:methanol (9:1, v/v), and ethyl acetate:formic
acid:acetic acid:water (100:11:11:26, v/v/v/v). The solvent
mixture consisting of ethyl acetate:formic acid:acetic
acid:water (100:11:11:26, v/v/v/v) was found to be the
optimum option, as it produced homogeneous compact
bands with appropriate RF. After a saturation period of
20 min, development took place for 15 min, and 10 min
for air-drying. Rf was determined to be 0.60+0.05.

Preparation and purification of semi-synthetic derivatives
of quercetin-3-0-B-galactoside (Q1-Q2)

Chemistry

Chemical reagents as well as solvents were sourced from
commercial suppliers. In the case of reactions sensitive to
air and moisture, dimethylformamide solvent underwent
drying using Fisher molecular sieves of type 4A grade
514 (8-12 mesh; with an effective pore size of 4 A) and
was maintained under nitrogen, and the solution was
transferred via a syringe and subsequently introduced into
reaction vessels through rubber septa (Aldrich Sure/Seal).
The progress of the reaction was assessed through thin-
layer chromatography (TLC) using Merck silica gel 60 F254
plates. Visualization was conducted using ultraviolet light
at a wavelength of 254 nm. Purification was performed
using flash column chromatography on Loba Chemie silica
gel (200-400 mesh) serving as a stationary phase. The
yields reported correspond to purified compounds and
were not optimized. Structure elucidation was proceeded
through recording the 'H- and '*C nuclear magnetic
resonance spectra (NMR) in hexadeuterodimethyl sulfoxide
(DMSO-dg) on a Bruker Ascend Aeon 400 spectrometer
(*H-NMR 400/500 MHz and '3C-NMR 101 MHz) at
ambient temperature within the range of 20-25 °C. Using
tetramethylsilane as the internal standard, chemical
shifts (8) are represented as parts per million (ppm) and
were referenced to the corresponding residual solvent or
deuterated solvent peaks.
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Synthesis of the benzyl derivative

of quercetin-3-0-B-galactoside; 7-(benzyloxy)-2-(3,4-d
ihydroxyphenyl)-5-hydroxy-3-(((3R,4S,5R,6R)-3,4,5-tri
hydroxy-6-(hydroxymethyl) tetrahydro-2H-pyran-2-yl)
oxy)-4H-chromen-4-one (Q1)

To a solution of quercetin-3-O-f-galactoside (Q,
0.22 mmol) in dried dimethylformamide (DMEF)
(3 mL) at a temperature of 0 °C, potassium carbonate
(0.24 mmol) was incrementally incorporated into the
reaction mixture. The resulting mixture was subjected to
stirring for a duration of 0.5 h at ambient temperature,
subsequent to which benzyl bromide (0.24 mmol) was
introduced dropwise. The reaction mixture underwent
reflux with continuous stirring for a period of 12 h. The
resultant reaction mixture was subjected to extraction
using ethyl acetate, followed by the drying of the organic
layer over magnesium sulfate and concentration under
reduced pressure, yielding an oily brown residue. The
purification process was executed through flash silica
gel column chromatography utilizing a stepwise gradient
elution (n-hexane/ethyl acetate; 80% n-hexane to 40%).
The final compound was obtained as an orange oily
residue. Yield: 85%. 'H-NMR (400 MHz, DMSO-d6)
é ppm 3.68 (br. s., 2 H, H-6"), 5.26 (d, /=6.60 Hz, 2 H,
H-1"), 5.39 (br. s, 1 H, H-1"), 6.49 (d, 1 H, H-6), 6.84: (s,
1H, H-2), 7.14 (m, 1 H, H-8), 7.33-7.63 (m, 7 H).

Synthesis of the bromoethyl derivative

of quercetin-3-0-B-galactoside; 7-(2-bromoethoxy)-2-(3
,4-dihydroxyphenyl)-5-hydroxy-3-(((3R,4S,5R,6R)-3,4,5-t
rihydroxy-6-(hydroxymethyl) tetrahydro-2H-pyran-2-yl)
oxy)-4H-chromen-4-one (Q2)

In a solution consisting of quercetin-3-0O-f-galactoside
(Q, 0.22 mmol) in dried DMF maintained at 0 °C,
sodium hydride (0.24 mmol) was introduced gradually.
The resulting mixture was stirred for a duration of
30 min at room temperature. Subsequently, 1-bromo-2-
chloroethane (0.24 mmol) was added, and the resulting
mixture was stirred at room temperature for an extended
period overnight. The reaction mixture was then
subjected to extraction using ethyl acetate, after which
the organic phase was dried over magnesium sulfate and
concentrated under reduced pressure, yielding a dark
yellow residue. Purification was performed via silica gel
column chromatography with stepwise gradient elution
(n-hexane/ethyl acetate; 80% n-hexane to 40%). The final
compound was obtained as a pale oily residue. Yield:
83%. 'H-NMR (500 MHz, DMSO-d6) & ppm 3.28 (d, 1 H,
H-6"), 3.56 (dd, 1 H, H-6"), 3.98 (m, 2 H, H-1"), 4.31 (m,
2 H, H-2"), 542 (ddd, 1 H, H-1"),6.24 (m, 1 H, H-6), 6.44
(m, 1 H, H-8), 6.84 (m, 1 H, H-5"), 7.57 (d, 1 H, H-2"), 7.70
(dd, 1 H, H-6").
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Determination of antiviral activity

The tested compounds

The compound quercetin-3-O-S-galactoside (Q)
was isolated and purified, and two derivatives were
synthesized (Q1 and Q2). The three pure compounds (Q,
Ql, and Q2) were subjected to antiviral analysis along
with the MeOH crude extract of C. acutum.

The virus and the cell line

Vero-E6 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen) and 1% Penicillin/Streptomycin
(pen/strep) antibiotic solution at a temperature of 37 °C in
an atmosphere of 5% CO,. The virus stock was generated
by distributing Vero-E6 cells into tissue culture flasks 24 h
prior to exposure to the Human Coronavirus-19 (hCoV-
19/Egypt/NRC-3/2020) strain at a multiplicity of infection
(MOI) of 0.1 in DMEM containing 2% FBS, 1% pen/strep,
and 1% L-1-tosylamido-2-phenylethyl chloromethyl ketone
(TPCK)-treated trypsin (the infection medium). The hCoV-
19/Egypt/NRC-03/2020 strain (Accession Number on
GSAID: EPI_ISL 430820) was graciously supplied by the
Vaccine Development and Virological Tests Unit, Center
of Scientific Excellence for Influenza Viruses, National
Research Centre, Giza, Egypt.

MTT cytotoxicity assay

The 3-(4, 5-dimethylthiazol -2-y1)-2,5-
diphenyltetrazolium bromide (MTT) method was
employed to assess half maximal cytotoxic concentration
(CCs) in VERO-E6 cells as delineated by [26]. In
summary, stock solutions of test compounds were
prepared in 10% dimethyl sulfoxide (DMSO) in double-
distilled water (ddH,O). These were subsequently diluted
to working solutions with DMEM. VERO-E6 cells were
plated in 96-well plates (100 pl/well) at a concentration
of 3x10° cells/ml and were incubated for a duration
of 24 h at 37 °C in an atmosphere containing 5% CO.,.
Afterward, the cells underwent treatment with various
concentrations of the compounds under investigation,
conducted in triplicate. After a 24-h incubation period,
the supernatant was removed, and cell monolayers were
subjected to three washes with sterile 1Xphosphate-
buffered saline (PBS). Thereafter, 20 uL/well of MTT
solution (5 mg/mL) was introduced, and the cells were
incubated at 37 °C for 4 h, after which the medium was
aspirated. The resultant formazan crystals in each well
were solubilized with 200 L of acidified isopropanol
(0.04 M HCI in absolute isopropanol). The absorbance
of formazan solutions was measured at a wavelength
of 540 nm with 620 nm as a reference wavelength. The
cytotoxicity percentage in relation to untreated cells is
assessed using the following equation:
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% cytotoxicity=((Absorbance of cells without
treatment—Absorbance of cells with treatment)x 100)/
(absorbance of cells without treatment).

The graphical representation of % cytotoxicity against
sample concentration was employed to determine the
concentration that induced 50% cytotoxicity (CCg).

Determination of inhibitory concentration 50 (IC50)

The inhibitory concentration was determined in
accordance with the methodology outlined by [26].
Vero-E6 cells were dispensed into 96-well plates
(24x10* cells/well) and incubated overnight at a
temperature of 37 °C in an atmosphere of 5% CO,.
Following this incubation period, the cell monolayers
were rinsed with 1 X PBS and exposed to virus adsorption
for a duration of one hour at room temperature. This
was followed by further overlay with 100 ul of DMEM
medium containing varying concentrations of the test
compounds, maintained at 37 °C in 5% CO, for a period
of 72 h. Then, cells were fixed for 20 min using 100 uL
of 4% paraformaldehyde and subsequently stained with
0.1% crystal violet for 15 min at room temperature.
The crystal violet was then solubilized using absolute
methanol (100 pL/well), and the optical density of the
obtained color was quantified at a wavelength of 570 nm.
The ICy, value of a compound is necessary to diminish
the virus-induced cytopathic effect (CPE) by 50%, in
comparison with the virus control.

Docking analysis
The molecular docking workflow was carried out using
AutoDock Vina V.1.2.0 (Scripps Research, La Jolla,
CA, USA). The binding site was characterized by the
co-crystallized ligand, and the docking was carried out
using the Vina Forcefield and Lamarckian Genetics,
with the biological target center serving as the center
of the docking box. The global search exhaustiveness
was established at 100 kcal mol™!, whereas the maximal
energy variation between poses was fixed at 3 kcal mol ™.
The target proteins (8B56) were obtained from the
Research Collaboratory for Structural Bioinformatics
(RCSB) Protein Data Bank. The AutoDock Tool package
v1.2.0 was utilized to structurally prepare the downloaded
protein by eliminating co-crystallized ligand, solvent, and
ions; incorporating polar hydrogen atoms and partial
charges; and merging non-polar hydrogens absent from
the X-ray crystallized Protein Data Bank (PDB) file
[27]. The generated target proteins were subsequently
transformed into Protein Data Bank, Partial charge (Q)
& Atom type (T) (PDBQT) file format for subsequent
utilization. Synthesized compounds were generated,
transformed into 3D structures, energy-minimized
using Assisted Model Building with Energy Refinement
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(AMBER) partial charges/modified forcefield, and
subsequently converted into PDBQT files utilizing the
OpenBabel tool v.2.3.1 (National Supercomputer Centre,
Linkoping, Sweden).

Results
LC-MS/MS of Cynanchum acutum
By employing the sophisticated LC-MS/MS technique,
an extensive metabolomic analysis of Cynanchum
acutum extract was performed to investigate the diverse
chemical components of its metabolites. Through the
correlation of the m/z values of the precursors, the
MS/MS fragment ions, and the retention times with
those documented in existing literature, the individual
constituents were provisionally ascertained. In this study,
a total of 46 distinct phytochemicals were identified
within the extract of Cynanchum acutum (Table 1, Fig. 2).
Twenty of the identified compounds were
characterized as typical flavonoids (aglycones &
glycosides). Among these, six were aglycones, including
diosmetin, fisetin, kaempferide, kaempferol, naringenin,
and quercetin, along with 14 glycosides, including four
quercetin glycosides, three luteoline glycosides, three
kaempferol glycosides, three isorhamnetines, datiscin,
quercetrin, and rutin. These findings elucidate the
abundance of flavonoids present in the extract derived
from Cynanchum acutum. Nine of these compounds
(Kaempferol, Kaempferol-3-O-glucoside, Luteolin-6-C-
glucoside, Luteolin-7-O-glucoside, Quercetin, Quercetin
3-O-galactoside, Quercetin-3-D-xyloside, Quercetin-
4’-glucoside, and rutin were found to be previously
isolated from Cynanchum acutum [22, 28-31]. Thus,
eleven of the identified flavonoids (datiscin, diosmetin,
fisetin, isorhamnetin-3-glucoside, kaempferide,
kaempferol-3,7-di-glucoside, kaempferol-3-O-rutinoside,
luteolin-7-O-neohesperidoside, naringenin, quercetin-
3,4’-O-di-beta-glucopyranoside, and quercetrin) can be
considered as firstly reported from Cynanchum acutum.

Discussion

HPTLC analysis

Linearity

The assessment of the linearity of the HPTLC
methodology was conducted by evaluating various
concentrations of the standard quercetin-3-O-§-
galactoside, with each concentration being applied
in duplicate. The calibration curve data (scanned at
A=350 nm) demonstrated a good linear correlation
across the concentration spectrum of 100-1100 ng per
band in relation to the area. The calculated correlation
coefficient (R?) was 0.989, and the derived linear
regression equation was established as y=14.955
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x+2342, wherein y denotes the spot area, and x signifies
the concentration of quercetin-3-0O-f-galactoside.

System precision

The system precision was evaluated through the
determination of a specified concentration (0.3 pg/band
equivalent to 300 ng/band) of the reference quercetin-3-
O-f3-galactoside, which was also applied in duplicate. The
resultant values of percent relative standard deviation
(%RSD) were found to be 1.36 indicating the precision.

Method precision

This precision was further validated through the repeated
analysis of the plant extract, which was scanned at
A =350 nm. The sample was applied twice using the same
previously described procedure. The minimal value of
%RSD (1.91) underscored the methodological precision.

Accuracy
The accuracy of the proposed method was substantiated
through the incorporation of a pre-analyzed sample
into a standard quercetin-3-O-fS-galactoside solution
of known concentration, followed by the analysis of the
fortified sample utilizing the same procedural approach.
Upon conducting the analysis of the resultant mixture
(executed in duplicate), the mean percentage recovery
was calculated.

[(observed conc.—actual conc.)/ actual] *100.

The % recovery was found to be 97.71%.

Limits of detection and quantification

The determination of the limits of detection and
quantification was predicated upon the subsequent
equations: 3 ¢ / S for the limit of detection and 10 6/ S
for the limit of quantification, where ¢ represents the
standard deviation of the response and S denotes the
slope of the calibration curve. Limit of detection (LOD)
was calculated as 22 ng, while limit of quantification
(LOQ) was found to be 70 ng.

Analytical solution stability

Analytical solutions of quercetin-3-O-f-galactoside in
methanol were maintained at room temperature for a
duration of 48 h. Upon the repetition of the experiment,
no alterations were observed in the results, thereby
suggesting the stability of the solutions. Furthermore,
when subjected to refrigeration at a temperature of 4 °C
for a period of up to 10 days, no variations in the results
were identified, further indicating the stability of the
solutions under these specified conditions.
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Fig. 2 Chemical structure of identified compounds in Cynanchum acutum extract through LC-MS/MS
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Fig. 3 HPTLC Chromatogram of a single track of the standard quercetin-3-O-3-galactoside at 350 nm
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Fig. 4 HPTLC Chromatogram of a single track of the crude extract of C. acutum at 350 nm
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Sample analysis

The methodology proposed was applied for the
quantification of quercetin-3-O-p-galactoside within
the plant extract (Figs. 3, Fig. 4). The concentration was
calculated based on the regression equation.

Y = 14.955X + 2342

Thus, the concentration was
3.71 mg/1 g of the dry crude extract.

calculated to be

Characterization of the semi-synthetic compounds (Q1

and Q2)

The development of semi-synthetic analogues of
bioactive constituents of medicinal herbs, including
quercetin-3-O-f-galactoside, is a prevalent strategy
employed in the drug discovery and development
process. Structurally, quercetin-3-O-$-galactoside is a
bioflavonoid having the privileged chromone scaffold
with a 3',4" dihydroxyl phenyl ring on position 2, a
galactosyl moiety on position 3, and hydroxyl groups on
positions 5 and 7. This parent compound harbors high
polar characteristics (predicted Log S = —3.04; solubility
0.423 mg/ml), the thing that would impose a significant
penalty against its passage across cellular membranes
as well as oral bioavailability low gastrointestinal (GI)

OH OH
Quercetin-3-O-B-galactoside (Q)

(ii)

Br/\/O
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bioavailability; SwissADME http://www.swissadme.ch/
index.php). Masking polar groups through introducing
hydrophobic moieties has been suggested as beneficial
for providing a balanced hydrophilic/hydrophobic
character to the parent compound, improving its
respective kinetics. Thus, our strategy was to mask the
OH group of the Quercetin-3-O-B-galactoside using
different hydrophobic moieties through simple and
straightforward nucleophilic substitution reactions
to provide relevant semi-synthetic analogs of better
physiochemical properties. Generally, quercetin-3-O-f-
galactoside possesses four different aromatic hydroxyl
groups. Nonetheless, the hydroxyl group on position
7 could be the most sterically vulnerable as well as the
resonance-stabilized group for deprotonation and the
subsequent nucleophilic substitution reactions.

The synthetic procedures for the preparation of the
two semi-synthetic analogues are illustrated in Fig. 5.
The first derivative was synthesized through the reaction
of quercetin-3-O-f-galactoside with benzyl bromide
in the presence of potassium carbonate under reflux.
The benzyl-based product (Q1l) was confirmed by the
presence of the additional proton signals at 7.33-7.63
(m, 7 H) within the aromatic region as well as the
relevant proton signal at 5.26 (d, /=6.60 Hz, 2 H) due

OH OH

Benzyl, Quercetin-3-0O-B-galactoside (Q1)

OH

om

1m

OH OH

Bromoethyl, Quercetin-3-O-B-galactoside (Q2)

Fig. 5 Synthesis of quercetin-3-O-f-galactoside derivatives (Q1-Q2); reagents and conditions: i) potassium carbonate, benzyl bromide, dry DMF,
reflux, 12 h, yield: 85%; i) 1-bromo-2-chloroethane, NaH, dry DMF, room temperature, Yield: 83%
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to the newly attached benzyl side chain to the 7-OH
through the methylene bridge (1” H) in the 1H-NMR
spectrum. The second derivative was formed by the
reaction of quercetin-3-O-f-galactoside with 1-bromo-
2-chloroethane in the presence of sodium hydride as a
reducing agent. The aliphatic-derived analog (Q2) was
assured by presence of proton signals of the ethyl group
at~3.98 (m, 2 H), 4.31 (m, 2 H) due to the newly attached
bromo ethyl side chain.

Assessment of in vitro biological activity of Cynanchum
acutum extract and its semi-synthetic formula.

In vitro cell culture demonstrated the methanolic crude
extract of C. acutum (sample 1) and the synthetic benzyl
derivative of quercetin-3-O-f-galactoside (Q1- sample 3)
with the highest antiviral activity against SARS-CoV-2
among the tested candidates, with 1C;,=23.99 pg/mlL,

1

150

CCsy= 327.9 pg/mL
ICso= 23.99 pg/mL

Cell viability (%)& Viral Inhibition

4
Log Conc. pg/mL
3
g
2 1507 cChy= 323.3 pg/ml
£ ICqo= 29.21 pg/mL
E
>
3
§
=
:_'_S‘
<
g
© 1
“ 4

Log Conc. pg/mL
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CCyy=327.9 pg/mL, and selectivity index (SI)=13.66
for the crude methanolic extract and IC;;=29.21 pg/
mL, CCs,=323.3 ug/mL, and SI=11.06 for the synthetic
benzyl derivative of quercetin-3-O-B-galactoside,
compared to quercetin-3-O-f$-galactoside (Q-sample 2),
which exhibited 1C;;=59.73 pg/mL, CCy,=368.3 ug/
mL, and SI=6.16. However, the synthetic bromo-ethyl
derivative of quercetin-3-O-S-galactoside (Q2-sample
4) showed the lowest antiviral activity against SARS-
CoV-2 with IC;,=91.16 pg/mL, CCy=321.3 pg/mL,
and SI=3.42. Cytotoxicity and inhibition curves against
SARS-CoV-2 in Vero E6 cells for the investigated
compounds are shown in Fig. 6.

Interestingly, our LC-MS/MS analysis revealed C.
acutum as a rich source of quercetin and quercetin
analogues, which have been previously reported as
powerful antiviral agents against different viruses via in

1507 CcCygy= 368.3 pg/mL

ICso= 59.73 pg/mL
1004

50

0'-! T T T 1
0 1 2 3 4

Log Conc. pg/mL

Cell viability (%)&Viral Inhibition

4
1507 cCho= 321.3 pg/ml
ICsp= 91.16 pg/mL

100-¢

50

Cell viability (%)&Viral Inhibition

0 1 2 3 4
Log Conc. pg/mL

Fig. 6 Cytotoxicity and inhibition curves against SARS-CoV-2 in Vero E6 cells for the methanolic crude extract of Cynancum acutum

(Sample-1), quercetin-3-O-3-galactoside (Sample-2), benzyl derivative of quercetin-3-O-3-galactoside (Sample-3), and bromo-ethyl derivative

of quercetin-3-O-B-galactoside (Sample-4), respectively. Using GraphPad Prism Software (version 8.02), cytotoxic concentration (CCy) and inhibitory
concentration 50% (ICs) values were calculated by nonlinear regression analysis through plotting log inhibition against normalized response

(variable slope). Error bars indicate standard deviation of five replicates
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silico, in vitro, and in vivo approaches [21, 85, 86]. This
explains the highest antiviral activity of the crude extract
(Sample 1) against SARS-CoV-2 compared to other
tested compounds in this study. However, promising
comparable antiviral action was demonstrated for
the synthetic benzyl derivative of quercetin-3-O-$-
galactoside (Q1-Sample 3), highlighting the potential
of the quercetin backbone as a scaffold for developing
anti-SARS-CoV-2 agents. Among the most common
flavonoids found in consumable fruits, vegetables,
and traditional medicinal plants, quercetin stands
out. Research has demonstrated that quercetin and its
analogues possess different pharmacological characters,
including the ability to combat viruses such as SARS-
CoV-2 [21, 87]. In concordance, [88] demonstrated that
quercetin weakly inhibits SARS-CoV-2 in Vero cells,
whereas potent inhibition was observed for its synthetic
derivative  8-(P-tolylselenyl)-quercetin  in  reverse
transcription polymerase chain reaction (RT-PCR)
assays. The same was true for [89], who showed
quercetin, kaempferol, fisetin, and myricetin in plaque
reduction assays to effectively inhibit SARS-CoV-2 in the
epithelial cells of human lung (Calu-3).

Docking analysis

Molecular modeling simulation highlighted the relevant
anchoring of the small molecules investigated at the
SARS-CoV-2 main protease (Mpro). Typically, the viral
target protein enzyme (Mpro) is a cysteine protease
homodimer consisting of two monomers/protomers
designated A and B. Each protomer is composed of
three distinct domains: domain I (residues 8-101),
domain II (residues 102—184), and domain III (residues
201-306) [90]. The catalytic dyad, Cysteine amino acid
and Histidine amino acid (Cys145 and His41), is situated
within the gap between domains I and II, while domain
III is predominantly made up of a-helices and responsible
for regulation of the catalytic process [90]. The interface
between the N-terminus of domains I and II and the
C-terminus of domain III results in the creation of a
reversible dimer in Mpro, which is further stabilized by
the presence of substrate. It exerts its hydrolytic cleavage
mechanism using the catalytic dyad of Cys145 and His41
residues.

The active site of SARS-CoV-2 Mpro is situated on each
monomer at the cleft between domain I and II, while in its
dimeric structure only a single catalytic site is functional
[91]. The active site of Mpro can be categorized into six
sub-pockets: S1', S1, S2, S3, S4, and S5, where S1, S2, and
S4 pockets are located within the protein cavity, but S1',
S3, and S5 are present on the upper surface of the protein
[92]. The S1 region is defined by the side chains of various
amino acid residues, including Phenylalanine amino
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acid (Phel40), Hisl164, and Glutamic Acid (Glul66),
while region S2 consists of hydrophobic amino acids
such as Methionine amino acid (Met49) and (Met165).
Regions S3 and S4 are significantly exposed to solvent
and comprise amino acids like Alanine amino acid and
Glycine amino acid (Ala191) and (Gly251).

Molecular docking investigations were conducted for
the parent isolated compound (Q) as well as the two semi-
synthetic small molecules (Q1 and Q2) into the active
site of SARS-CoV-2 main protease. Initially, to ensure
the reliability of the docking protocol, a re-docking
procedure was executed for the co-crystallized ligand
(piperazine-2-carboxamide derivative; reported
IC5,=0.18 uM [93]) into the active site of MPro with a
binding score of -7.51 kcal/mol and aligned root-mean-
square deviation (RMSD)=1.10 A. Achieving low
re-docking RMSDs below 2.00 A has been thoroughly
reported as relevant for ensuring the validity of the
adopted docking procedure for predicting binding modes
and, in turn, binding energies with potential bioactivity
significance [94, 95]. By analyzing docking results, all
three compounds showed comparable orientation to
that of the co-crystallized ligand at the Mpro active site
with binding scores of -7.72, -8.34, and -7.22 kcal/mol
for Q, Q1, and Q2, respectively. All docked compounds
showed extended conformation/orientation across the
different sub-pockets of the Mpro binding site. Notably,
the binding energy scores of Q and Q1 surpassed that of
the re-docked co-crystallized inhibitor, suggesting highly
preferential binding affinity and anticipated enzyme
inhibitory activity as well.

Regarding the binding interaction toward the Mpro
pocket residues, Q1 interacted with the catalytic dyad
Cys145 and His41 through hydrogen bonds and Pi-H

Table 2 Receptor interactions and binding energies of all tested
compounds (1 —3) and the docked co-crystallized ligand at the
Mpro binding Site

Compound Sscore Rmsd Amino acid Distance
interaction (A)

Q —7.72 098 His41 / H-bond 2.1
Asn142 / H-bond 33
Ser144 /H-bond 26823

Q1 —-8.34 1.18 Cys145 / H-bond 22
Arg188/H-bond 2.2
GIn189 / H-bond 1.8
Glu166/ pi-Hbond 4.0
His41/ pi-H bond 4.1

Q2 -7.22 1.30 His41/ H-bond 25
Asn142/ H-bond 29
Arg188/ H-bond 25
Glu166/ H bond 2.5

Co-crystallized  —7.51 1.1 Gly143/ H-bond 1.8

ligand Cys145/ H-bond 1.9
Glu166/ H-bond 1.9
GIn189/ H-bond 2.0
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Co-crystallized ligand

Fig. 7 3D-binding interactions of all docked compounds within the Mpro binding site (PDB: 8B56) as compared to the re-docked co-crystallized
ligand. The enzyme is shown in a 3D cartoon representation, ligands are shown as sticks, and amino acids at 4 A around the bound compounds are

shown as lines. Polar interactions are illustrated as black-dashed lines

bonds, respectively, being proposed to be critical
for small molecule inhibitory Mpro activity [93, 96].
Additional residue-wise interactions were observed with
Arginine amino acid and Glutamine amino acid (Arg188)
and (GIn189) (hydrogen bonds) and Glul66 (pi-H
bond). Moving toward the Q-Mpro docked complex,
several significant hydrogen bonds with His41 (one of
the catalytic dyad residues), Asparagine amino acid
(Asn142), and Serine amino acid (Ser144) residues were
observed. Double hydrogen bond was assigned for the
parent compound Q toward the His41 chains. The semi-
synthetic analog, Q2, is also involved in several hydrogen
bonds with His41, Asn142, Argl188, and Glul66 residues.
The highlighted residue-wise interaction patterns were
successfully translating the significant binding docking
energies. Both (Table 2 and Fig. 7) illustrate the docking
findings, including 3D binding modes, docking energies,
RMSD values, and diverse interactions with the amino
acids of the Mpro 256 pocket.

It is worth mentioning that the conducted molecular
docking investigation primarily evaluates binding affinity
and pose within the catalytic pocket of a particular
biotarget; as an example here, the Mpro of SARS-CoV2.
The conducted molecular docking investigation has been
greatly rationalized to explore the potential mechanistic
aspects of the tested compounds for having promising
in vitro anti-SARS-CoV2 activity [97]. While compounds,
like Q2, can exhibit relevant Mpro affinity despite their
fair in vitro activity, which may be attributed to several
factors, including cell permeability, compound stability

in biological conditions, and potential off-target effects
or metabolic liabilities. These are not fully captured
by docking studies, where the latter do not account for
pharmacokinetic properties that critically influence
biological outcomes [98]. Therefore, we would like to
emphasize that although docking can provide useful
preliminary insights into potential target engagement,
the observed biological activity reflects a more complex
interplay of molecular and cellular factors that warrants
further investigation.

Conclusions

The C. acutum extract seems to exhibit valuable health
benefits primarily due to its rich content of flavonoids. It
could be useful as an herbal remedy to combat COVID-
19 in its early mild stages. The synthetic benzyl derivative
of quercetin-3-O-B-galactoside demonstrated promising
anti-SARS-CoV2 activity. Molecular modeling findings
revealed strong affinity and specific binding interactions
for this compound at the MPro active site. Further
experimental validation regarding the mechanistic
aspects and compound’s structural optimization process
would be useful for pacing up the drug discovery and
development pipeline of safe, nature-based SARS-CoV2
small molecule inhibitors.
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