
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 8

:0
8:

01
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Biologically guid
aDepartment of Pharmacognosy, Faculty o

rehamsaid84@yahoo.com
bNational Center for Natural Products Re

Cochran Research Center, Oxford, MS, USA
cBioMolecular Sciences, Division of Pharmac

Mississippi, University, MS, USA

† Electronic supplementary informa
10.1039/d1ra00359c

Cite this: RSC Adv., 2021, 11, 9995

Received 15th January 2021
Accepted 26th February 2021

DOI: 10.1039/d1ra00359c

rsc.li/rsc-advances

© 2021 The Author(s). Published by
ed isolation and ADMET profile of
new factor Xa inhibitors from Glycyrrhiza glabra
roots using in vitro and in silico approaches†

Reham S. Ibrahim, *a Rahma S. R. Mahrous,a Rasha M. Abu EL-Khair,a

Samir A. Ross, bc Abdallah A. Omara and Hoda M. Fathya

Selective factor Xa inhibitors effectively block coagulation cascade with a broader therapeutic window than

multitargeted anticoagulants. They have evolved as a crucial part of prevention and treatment of

thromboembolic diseases and in therapeutic protocols involved in many clinical trials in coronavirus

disease 2019 (COVID-19) patients. Biologically-guided isolation of specific FXa inhibitors from licorice

(Glycyrrhiza glabra) root extract furnished ten flavonoids. By detailed analysis of their 1H, 13C NMR and

MS data, the structures of these flavonoids were established as 7,40-dihydroxyflavone (1), formononetin

(2), 3-R-glabridin (3), isoliquiritigenin (4), liquiritin (5), naringenin 5-O-glucoside (6), 3,30,4,40-
tetrahydroxy-2-methoxychalcone (7), liquiritinapioside (8) and the two isomers isoliquiritigenin-40-O-b-

D-apiosylglucoside (9) and isoliquiritigenin-4-O-b-D-apiosylglucoside (10). All the isolated compounds

were assessed for their FXa inhibitory activity using in vitro chromogenic assay for the first time. Liquirtin

(5) showed the most potent inhibitory effects with an IC50 of 5.15 mM. The QikProp module was

implemented to perform ADMET predictions for the screened compounds.
1. Introduction

Factor Xa (FXa) is a trypsin-like serine protease that acts on the
basic components of the coagulation cascade through the
conversion of prothrombin to thrombin catalyzing the reaction
of brin formation and thereaer clot formation. With its
position at the start of the common pathway of the extrinsic and
intrinsic coagulation systems, selective factor Xa inhibitors
would effectively block coagulation.1 Interestingly, it was found
that inhibitors of factor Xa have a broad therapeutic window
between adverse haemorrhage and thrombosis.2 The discovery
of FXa inhibitors is in constant demand, this is reected by the
number of industrial and academic patented compounds tar-
geting this specic coagulation factor.3 Most of the discovered
compounds are based upon existing drugs with some structural
modications to increase efficacy and safety prole.4

With the current pandemic COVID-19 spread, research
efforts have been directed to understand the disease nature,
pathophysiology, and potential targets for developing
f Pharmacy, Alexandria, Egypt. E-mail:

search, University of Mississippi, Thad

ognosy, School of Pharmacy, University of

tion (ESI) available. See DOI:

the Royal Society of Chemistry
therapeutic agents, vaccines and preventive measures for this
ongoing threat.5,6 SARS-CoV-2 disease is manifested by many
diverse symptoms involving multiple systems such as the
respiratory, gastrointestinal, cardiovascular and immune
systems.7 Coagulation abnormalities and thromboembolic
events associated with the disease are very distinct.8 It is char-
acterized by an increase in D-dimer level, prolonged
prothrombin time PT and moderate decrease in platelet count
(thrombocytopenia). These abnormalities mimic other coagu-
lopathies as disseminated intravascular coagulation (DIC) and
localised pulmonary thrombotic microangiopathy which led
eventually to increased mortality rate.8,9 High level of inam-
matory markers were reported to have effect in thrombosis
observed in COVID-19. Tumour necrosis factor-a (TNF-a) and
interleukins IL, (IL-1 and IL-6) are the main inammatory
mediators evoking coagulation and thrombin generation.8,9

Most of the guidelines and consensus documents published
on behalf of professional societies focused on thrombosis and
haemostasis advocate the use of anticoagulants in all patients
hospitalized with COVID-19, as well as 2–6 weeks post hospital
discharge in the absence of contraindications.10 Low molecular
weight heparin (LMWH) or unfractionated heparin (UFH) infu-
sions are the commonly used anticoagulants to prevent throm-
botic events in COVID-19 patients.8,11,12 Direct FXa inhibitors have
evolved as important part of therapeutic protocols involved in
many clinical trials in (COVID-19) patients.13

Computational approaches and virtual screening techniques
are progressing towards nding candidate compounds for
RSC Adv., 2021, 11, 9995–10001 | 9995
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treatment of COVID-19 disease.14,15 Recent studies showed the
efficacy of natural bioavonoid and steroidal hormones as
inhibitors of SARS-CoV-2 replication using high-throughput
virtual screening.16 Similarly, marine natural products of
phlorotannins and avonoid classes, pseudo peptides17 and the
three approved drugs; miconazole, bedaquiline and glibencla-
mide were identied as promising inhibitors of the viral
protease employing combined ligand-based and structure-
based studies.18 The work of Zhang et al.19 that led to
resolving the crystal structure of SARS-COV-2 main protease
contributed to enormous increase in molecular docking studies
to nd therapeutic agents for the virus.20–22 Some of these
studies made in silico prediction of pharmacokinetic prole of
promising candidates.23 Moreover, in vitro testing of some of the
obtained candidates proved their efficacy against cytokine
storm in COVID-19.24

Massive research is progressing towards nding treatments for
COVID-19 using drugs derived from natural sources.25–27 Recent
studies suggested the benecial use of plant extracts for COVID-19
prophylaxis and treatment. Among these plants, radix Glycyrrhizae
(licorice root) pointed out as an interesting candidate.

Radix Glycyrrhizae consists of the dried roots and rhizomes
of Glycyrrhiza glabra L. and its varieties family Fabaceae.28

Licorice has a long history of use as a food avoring in the world
and is one of the common beaverges known in Egypt. The
consumption of erqsoos (of which licorice is a main constit-
uent) is a common tradition during Ramadan and is regarded
as a famous traditional non-alcoholic beverage in Egypt.29,30 It is
a well-known frequently used herb for a long history with safety
and efficacy and has many biological activities such as anti-
obesity and anti-inammatory. Licorice extract was considered
for mitigation of (COVID-19) concluded from in silico
studies26,31,32 and from known activity of its major compound;
glycyrrhizin through its anti-inammatory mechanism.33

Up to 60 107 of conrmed cases were treated by Traditional
Chinese Medicine in China. Ang et al. analysed the composition of
all the herbal formulae used in Chinese guide-line for COVID-19 in
each disease stage and found that liquorice was the herb with the
highest frequency of use regardless of disease stage.34 Chinese
health authorities had issued programs recommending herbs for
preventing COVID-19 infection with liquorice on top of them.35

Our current research is focused on identifying natural anti-
coagulants that work specically by inhibiting coagulation
factor X (FXa). In this context, previous study conducted by our
group described the FXa inhibitory activity of some natural
sources using in silico approaches36 and highlighted the three
plant extracts; Glycyrrhiza glabra, Trifolium alexandrinum and
Olea europaea as candidate FXa inhibitors proved by in vitro
assay. In the present work, biologically-guided isolation of
secondary metabolites of licorice roots was adopted to identify
the compounds responsible for FXa inhibitory action and
explain some of the anticoagulant properties of the plant. In
addition, ADMET proles of the isolated compounds were
computed in silico to predict their pharmacokinetic properties.
It is worthy to mention that this is the rst report of the bio-
logically guided isolation of specic FXa inhibitors from licorice
root.
9996 | RSC Adv., 2021, 11, 9995–10001
2. Experimental
2.1 General experimental procedures

1D and 2D-NMR spectra were recorded on Bruker model AMX
500 NMR and 400 NMR spectrometers operating on a standard
pulse system (Bruker, Germany) using the appropriate deuter-
ated solvent. HRESIMS (High Resolution Electro Spray Ioniza-
tion Mass Spectroscopy) spectra were recorded on a Micromass
Q-Tof 2 mass spectrometer (Bruker, Rheinstetten, Germany)
using negative ion mode.

HPLC (high performance liquid chromatography) separation
was carried out with an Agilent 1100 HPLC system (Agilent
Technologies, Waldbroon, Germany) equipped with a degasser
(G1379A), quaternary pump (G13311A), auto sampler (G1313A),
column oven (G1316A), and UV-diode detector (G1315B)
controlled by Chemstation soware. HPLC analysis was carried
out on RP-C18 column (250 � 10.0 mm; particle size 10 mm;
Luna) with column oven temperature set at 25 �C and using the
gradient system of eluent water (A) and acetonitrile (B) for the
separation of the target compounds with the addition of acetic
acid as a modier to achieve a nal concentration of 0.1% in
each solvent. The gradient condition was as follows: 0–2 min
(10% B), 2–35 min (100% B). The ow rate of the solvent was 1.0
ml min�1, and the injection volume was 10 ml. All the analysis
was carried out at wavelengths of 220 and 254 nm with a run
time 35 minutes using HPLC-grade solvents.

Column chromatography was performed using silica gel 60,
0.063–0.20 mm (Merck, Darmstadt, Germany) and sephadex
LH-20 (0.25–0.1 mm), (Merck, Darmstadt, Germany). Precoated
TLC plates, 0.25 mm thick, (silica gel 60 F254), (Merck, Darm-
stadt, Germany) were used for TLC analysis.

2.2 Plant material

Roots of G. glabra were collected from Alexandria, Egypt from
November to December 2018 and were kindly identied by
Professor Dr Selim ZidanHeneidy, professor of Applied Ecology,
Faculty of Science, Alexandria University. Voucher specimen
(GG106) has been deposited in the Pharmacognosy Depart-
ment, Faculty of pharmacy, Alexandria University.

2.3 Extraction and isolation procedure

The dried powdered G. glabra roots 4.7 (kg) were extracted with
70% ethanol, evaporated under reduced pressure giving residue
(100 g). This was followed by re-dissolving in 90% ethanol and
successive fractionation with light petroleum, methylene chlo-
ride, ethyl acetate, and n-butanol. The four fractions were
evaporated under reduced pressure giving residues having
weights of 7, 50, 10 and 6 gm for these fractions, respectively.
This was followed by in vitro assay of the four fractions for their
FXa inhibitory effect.

Since the EtOAc fraction (10 g) was the most active, it was
chromatographed on a silica gel column (360 g, 4.5 � 100 cm)
packed with methylene chloride. Gradient elution was per-
formed using increased concentration of methanol to obtain 8
subfractions (A–H). Subfraction B (1.44 g) eluted with 5%
CH3OH yielded a residue which was puried by repeated
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Compounds 1–10 isolated from G. glabra roots.
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crystallization frommethylene chloride and ethyl acetate giving
compound 1 (20 mg).

Subfraction A (0.79 g) was further chromatographed on
a silica gel column packed with n-hexane and eluted with
increased concentration of EtOAc (5% till 30%) to obtain twenty
fractions (120 ml) from (A1–A20). Fraction A5 (20 mg) was
further chromatographed on a silica gel column packed with
CH2Cl2 : CH3OH : HCOOH (9 : 1 : 0.1) and eluted isocratically
to obtain compound 2 (2 mg). Fraction A8 eluted at 20% EtOAc
in hexane afforded compound 3 (55 mg). Fraction A13 eluted at
25% EtOAc in hexane was further puried using sephadex
column yielding compound 4 (20 mg).

Subfraction F (0.73 g) was chromatographed on sephadex
column eluted with methanol giving eight fractions (F1–F8).
Fraction F5 (135 mg) was subjected to silica gel column using
gradient elution with the system components CH2Cl2 : CH3-
OH : HCOOH (9 : 1 : 0.1, 8.5 : 1.5 : 0.1 and 8 : 2 : 0.1). Fraction
F5.11 of the latter (eluted at polarity 8.5 : 1.5 : 0.1) was puried
using sephadex column yielding compound 5 (4 mg). Fraction F6
(99 mg) was puried using silica gel column eluted isocratically
using system EtOAc : CH2Cl2 : CH3OH : H2O (15 : 8 : 4 : 0.5), fol-
lowed by semi preparative HPLC to obtain compound 6 (2 mg).
Fraction F7 (118 mg) was puried using silica gel column eluted
isocratically using system EtOAc : CH2Cl2 : CH3OH : H2O
(15 : 8 : 4 : 0.5) to give compound 7 (5 mg).

Subfraction (H) (1.86 g) was chromatographed on sephadex
column yielding ten fractions (H1–H10). Fraction H5 was puried
using sephadex column followed by silica gel column eluted iso-
cratically using EtOAc : CH2Cl2 : CH3OH : H2O (15 : 8 : 4 : 0.5) and
yielded compound 8 (30 mg). Fraction H9 was puried using two
successive sephadex columns eluted with methanol. Then, col-
lecting very small volumes and monitoring separation using 1H-
NMR. Finally, two compounds; 9 (120 mg) and 10 (40 mg) were
obtained. The isolation scheme is summarized in Fig. S1.†

2.4 In vitro factor Xa inhibitory activity

Bioactivity-guided isolation was adopted in this study using in
vitro factor Xa inhibitory activity. All the tested fractions, sub-
fractions and isolates were dissolved in 50% DMSO prepared in
TBS (50 mM Tris base, 150 mM NaCl, pH ¼ 7.4) for the in vitro
assay. Two concentrations of each of the main four successive
fractions of liquorice (1.5 mg ml�1 and 3 mg ml�1) were used.
The EtOAc subfractions (A–H) were tested using one concen-
tration of 1 mgml�1. The isolated compounds were tested using
ve different concentrations (1, 10, 40, 80 & 100 mM). The assay
procedure according to Bijak et al.37 is given in details in our
previous publication.36 All the experiments were carried out in
a duplicate manner and results are expressed in terms of %
inhibition of FXa amidolytic activity at each concentration used.
The IC50 values of the tested compounds were calculated using
Graphpad Prism® (Version 6.01) soware.

2.5 In silico evaluation of ADMET prole of the isolated
compounds

ADMET properties of the isolated compounds were evaluated
using Qikprop module of Schrödinger38 to ensure the drug-
© 2021 The Author(s). Published by the Royal Society of Chemistry
likeness character of the compounds as potential orally active
new oral anticoagulants (NOACs) acting on FXa and, to compare
their pharmacokinetics proles against the known synthetic
drugs currently available in the market. The 3D structures of the
isolated and synthetic compounds were retrieved from Pub-
chem database, saved as .sdf le and prepared by LigPrep
module of the Schrödinger soware (LLC, New York, NY)39

using OPLS3 force eld algorithm. Then, optimization through
energy minimization and determination of ionization states at
the specied PH (7 � 2.0) were conducted. Compounds were
saved as .mae les then imported to the Qikprop wizard. The
default parameters in Qikprop module were used for ADMET
prediction in the normal mode.

3. Results and discussion

The four successive fractions of licorice were tested for their FXa
inhibitory effects. The results (Table S1†) showed that the EtOAc
and CH2Cl2 fractions were the most active with % inhibition of
97.93 � 0.019 and 71.94 � 0.034, respectively when tested at
concentration of 3 mg ml�1. The polar subfractions of EtOAc and
particularly subfraction F, (with % inhibition of 84.94 � 0.82%)
had stronger activity than the less polar subfractions (Table S2†).

3.1 Compounds identication

Ten known avonoids (Fig. 1) were isolated and identied by
comparing their 1H, 13C NMR spectra to those previously re-
ported in literature (Tables S3, S4 and Fig. S2–S31; ESI†).

The compounds are 7,40-dihydroxyavone (1),40,41 7-hydroxy-
40-methoxyisoavone (2) commonly known as for-
mononetin,42–45 3-R-glabridin (3),46–50 isoliquiritigenin (4),51–53

liquiritin (5),50,54–56 naringenin 5-O-glucoside (6),57–59 3,30,4,40-
tetrahydroxy-2-methoxychalcone (7),60,61 liquiritigenin-40-O-b-D-
apiosyl(1-2)-b-D-glucoside known as liquiritinapioside
(8),50,52,54,55,62 and the two isomers isoliquiritigenin-40-O-b-D-
apiosylglucoside (9) and isoliquiritigenin-4-O-b-D-apiosylglucoside
(10) commonly known as licraside & isoliquirtin apioside, respec-
tively.63,64 All the isolated avonoids are of common existence in G.
glabra roots and belong to different classes namely; avones (1) &
RSC Adv., 2021, 11, 9995–10001 | 9997
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avanone (5, 6 and 8), isoavones and isoavans (2 and 3) and
chalcones (4, 7, 9 and 10). Moreover, avonoids (5, 8 and 10) are
commonly distributed in the plant roots in addition to the species-
specic biomarker 3-R-glabridin (3).49

HRESIMS spectra provided further identication of the
compounds where in negative ion mode; compound 1 showed
pseudomolecular ion peak [M � H]� at m/z 253.051 and its
dimer [2M � H]� at m/z 507.107. HRESIMS (�) of 2 had pseu-
domolecular ion peak [M � H]� at m/z 267.070 and for 3, the
pseudomolecular dimer [2M � H]� and the pseudomolecular
ion peak [M � H]� were observed at m/z 647.265 and 323.129.
The same spectrum for 4 showed pseudomolecular ion peak [M
� H]� at m/z 255.066 and for 5, [M � H]� was observed at m/z
417.124. Compounds 6 and 7 showed pseudomolecular ion
peak [M � H]� in HRESIMS (�) at m/z 433.119 and 301.0688,
respectively. The HRESIMS (�) spectra of 8, 9 and 10 were very
similar showing pseudomolecular ion peaks [M � H]� at m/z
549.1549, 549.1554, 549.1562, respectively.
3.2 FXa inhibitory activity of the isolated compounds

All the isolated compounds were assessed for their FXa inhibi-
tory activity (Table 1). Liquirtin (5) being the most active with
IC50 of 5.15 mM. Besides, the three compounds, 3,30,4,40-
tetrahydroxy-2-methoxychalcone (7), naringenin-5-O-glucoside (6)
and 7-hydroxy-40-methoxyisoavone (2) had also potent effects as
concluded from their IC50 values, (10.43, 12.5 and 17.71 mM,
respectively). Moderate activity was observed for glabridin (3), 7,40-
dihydroxyavone (1) and isoliquiritigenin (4). On the other hand,
compounds 8, 9 and 10 had very weak effects with IC50 values
in mM range. The effects of the isolated compounds on FXa
amidolytic activity are given in ESI (Fig. S32†).

These ndings further supported the results provided in
many studies that polyphenols and polyphenol-rich extracts
possess anticoagulant properties besides their antioxidant
effects.65 Moreover, targeting specic coagulation factor by
licorice compounds was also observed for chalcones and gly-
cyrrhizin representing new class of direct thrombin inhibitors.66

In addition to glycyrrhetinic that showed direct FXa inhibi-
tory action.67 Interestingly, some of the tested compounds were
Table 1 IC50 values of the isolated compounds from G. glabra EtOAc su

Compound

Liquiritin
3,30,4,40-Tetrahydroxy-2-methoxychalcone
Naringenin 5-O-glucoside
7-Hydroxy-40-methoxyisoavone
3-R-Glabridin
7,40-Dihydroxyavone
Isoliquiritigenin
Isoliquiritigenin 4-O-b-D-apiosylglucoside (isoliquirtin apioside)
Liquiritinapioside
Isoliquiritigenin 40-O-b-D-apiosylglucoside (licraside)
Rivaroxaban (positive control)b

a Results are expressed as mean � SD of duplicate measurements. b IC50

9998 | RSC Adv., 2021, 11, 9995–10001
identied as naturally occurring thrombin inhibitors e.g., iso-
liquiritigenin and isoliquiritin apioside having IC50 of 17.95 and
37.85 mM, respectively. Meanwhile liquiritin, glabridin and
liquiritin apioside showed negligible thrombin inhibitory
effects in the same study.66 All together, these nding suggest
that avonoids having direct FXa inhibitory action may not be
effective in targeting thrombin as potent FXa inhibitors in our
study; liquirtin was found to be ineffective as direct thrombin
inhibitors.

It was found that coagulation factor X has multimodal
pathologic effects in coronavirus infection. These effects begin
with the viral invasion of the host cells as FX is one of the
cleavage proteins for the virus allowing its cellular infection.
FXa is involved in local and systemic inammation and coag-
ulation. It is expressed in many cells types as, alveolar, and
bronchiolar epithelium, cardiac myocytes, and macrophages
where it may play a role in both cardiac dysfunction and acute
and chronic pulmonary inammation. Patients with preexisting
conditions, including pulmonary disease, cardiovascular
disease and diabetes are at high risk of developing severe
COVID-19 symptoms due to the higher baseline expression of
FX in addition to other coagulation and inammatory
mediators.13,68

Based on these observations, inhibitors of FXa may have
a potential role in the prophylaxis and treatment of COVID-19.
This was explained by their ability to reduce cell infectivity, as
well as reducing systemic inammation and coagulation. This
was reected by the number of clinical studies that include
direct FXa inhibitors as part of treatment protocol in COVID-19
patients.13,69 Consequently, licorice avonoids inhibiting FXa as
evidenced in our study are speculated to explain the plant
benecial effects in COVID-19 disease.
3.3 Structure activity relationship (SAR) of the compounds

Structure observations of the tested avonoids (Fig. 1) showed
some differences that could be correlated to the obtained FXa
inhibitory activity. Free aglycones, isoavones/isoavanes
manifested by 7-hydroxy-40-methoxyisoavone and glabridin
have more inhibitory activity than both avones and chalcones.
bfraction in FXa inhibitory assay

IC50
a (mM)

5.15 � 0.09
10.43 � 0.52
12.5 � 0.52
17.71 � 0.28
35.30 � 1.03
67.09 � 1.75
74.43 � 1.29
0.46 � 103 � 2.53
1.72 � 103 � 0.79
48.54 � 103 � 0.15
1.066b � 0.01

in nM.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The mono-glycosylated avanone as liquiritin and nar-
ingenin 5-O-glucoside had the most potent FXa inhibitory
action. Meanwhile, glycosylated avonoids; (in particular, the
disaccharides) have very weak activity compared to the free
aglycones. This was also observed in a previous study for the
inhibitory effects of avonoids on thrombin.70 In addition,
glycosylated chalcones with disaccharide moiety are more
effective than the corresponding avanone glycosides e.g.: iso-
liquirtin apioside vs. liquiritinapioside (Table 1).

Examining the inuence of substitution pattern of rings, A & B,
and glycosylation of avonoids on the FXa inhibitory activity
showed that for ring A, the presence of free OH group at 7-position;
(equivalent to 40-position of chalcone) is important for activity.

This was concluded from the very weak activity observed for
licraside (IC50 48.54 mM) compared to isoliquirtin apioside
which was explained because of substitution with disaccharide
moiety at this position. The 5-OH group doesn't strongly inu-
ence the activity since compounds having OH group at this
position showed similar activity to those lacking it (Table 1).

In case of ring B, the substitution pattern has more impact
on the avonoid potency and inhibitory activity of FXa than ring
A. This is well demonstrated from the fact that among potent
compounds; tetrahydroxy methoxy chalcone had three substit-
uents at ring B (positions 2, 3 & 4 of chalcone) in comparison to
isoliquirtigenin. In addition, ring B of glabridin had two hydroxyl
groups at positions 20 and 40 which showed also high activity.
These observations came in agreement with previous studies that
explained the FXa inhibitory activity of avonoids having dihy-
droxy substitution pattern at ring B (positions 30 & 40).37

Glycosylation of avonoids showed strong relationship to
FXa inhibitory action where monoglycosylated avanones (in
either ring A or B) have the highest FXa inhibitory effects
compared to the bulkier avonoid glycosides with disaccharide
moiety and avonoids having disubstituted pattern in ring B.
These SAR are summarized in (Fig. 2).
3.4 ADMET proles

QikProp module generates physically relevant descriptors and
uses them to perform ADMET predictions for the screened
compounds.71 Analysis of these descriptors (Table S5†) shows that
all compounds are free from violations of Lipinski's rule72 except
for three glycosides with disaccharide moiety (8, 9 and 10). The
predicted pharmacokinetic properties were found to be within the
standardized range dened for human use. The results of this in
silico ADMET prediction indicated that seven of the investigated
Fig. 2 SAR of flavonoids responsible for FXa inhibitory activity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
compounds follow the criteria for orally active drugs. These
compounds possess small molecular weight less than 1000 Da that
is considered a major advantage over larger proteins and peptides
isolated from animals and leeches and acting as FXa inhibi-
tors.73–75 In addition, the predicted pharmacokinetic properties
were found to be within the standardized range dened for human
use. These ndings suggest the appropriateness for oral admin-
istration. This is of great importance as the currently available
synthetic FXa inhibitors are administered orally.

Toxicity prediction showed that none of the tested compounds
was toxic in nature as they didn't possess any blockage effect ofHERG
K+ (human ether-a-go-go related gene-potassium ion) channel.
Hence, the tested compounds are free from cardiac toxicity.76

Moreover, most of the tested compounds showed better
predicted oral absorption and less metabolic interactions than
the synthetic drug “Edoxaban”. The two compounds: 7-hydroxy-
40-methoxyisoavone and glabridin had the highest oral
absorption (100%). Thus, representing very good candidates for
developing orally active direct FXa inhibitors new oral antico-
agulants (NOAC) since both compounds showed strong activity
(IC50 of 17.1 and 35.30 mM, respectively).

4. Conclusions

In the present study, licorice avonoids were proved for the rst
time to have direct inhibitory activity on coagulation factor Xa
when tested in vitro. The four compounds, liquiritin, 3,30,4,40-
tetrahydroxy-2-methoxychalcone, naringenin 5-O-glucoside and
7-hydroxy-40-methoxyisoavone pointed out as promising
candidate natural anticoagulant agents for the design of FXa
inhibitors. In silico prediction of ADMET properties of these
compounds suggested safety and good oral bioavailability and
can be considered as good candidates for developing orally
active direct FXa inhibitors (NOAC). Moreover, the compounds
7-hydroxy-40-methoxyisoavone, liquiritin and 3,30,4,40-
tetrahydroxy-2-methoxychalcone showed predicted oral
absorption characters superior to the synthetic drug, edoxaban.
These results present promising candidates that need further in
vitro, in vivo and clinical studies to introduce these natural FXa
inhibitors as marketed drugs.

With the current pandemic COVID-19 spread, direct FXa
inhibitors have evolved as an important part of therapeutic
protocols involved in many clinical trials in coronavirus
diseased (COVID-19) patients. Introducing these four licorice
avonoids with the potent FXa inhibitory activity together with
their good pharmacokinetic prole provided a justication for
the use of licorice root extract in prophylaxis and treatment of
some complications of the (COVID-19) disease.
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