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an thrombin by the constituents
of licorice: inhibition kinetics and mechanistic
insights through in vitro and in silico studies†
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Chao Huang,b Ya-Di Zhu,b Hai-Bin Liu,c Ya-Kun Bai,f Fang-Jun Wang, g

Wen-Zhi Guo,*f Li-Rong Zhang*a and Guang-Bo Ge *bg

Thrombin inhibition therapy is a practical strategy to reduce thrombotic and cardiovascular risks via

blocking the formation of blood clots. This study aimed to identify naturally occurring thrombin

inhibitors from licorice (one of the most popular edible herbs), as well as to investigate their inhibitory

mechanisms. Among all tested licorice constituents, licochalcone A was found as the most efficacious

agent against human thrombin (IC50 ¼ 7.96 mM). Inhibition kinetic analyses demonstrated that

licochalcone A was a mixed inhibitor against thrombin-mediated Z-Gly-Gly-Arg-AMC acetate hydrolysis,

with a Ki value of 12.23 mM. Furthermore, mass spectrometry-based chemoproteomic assays and

molecular docking simulations revealed that licochalcone A could bind to human thrombin at both

exosite I and the catalytic site. In summary, our findings demonstrated that the chalcones isolated from

licorice were a new class of direct thrombin inhibitors, also suggesting that licochalcone A was

a promising lead compound for developing novel anti-thrombotic agents.
1. Introduction

Thrombus formation is one of the leading causes of cardio-
vascular disease (CVD), in which arterial thrombosis may result
in myocardial infarction or stroke and phlebothrombosis may
lead to deep venous thrombosis or pulmonary thromboembo-
lism.1Over the past sixty years, many therapeutic strategies have
been proposed to modulate the formation of blood clots
(thrombi) via targeting different targets. Among all reported
therapeutic strategies, inhibition of thrombin (a crucial serine
hydrolase distributed in circulation system, EC 3.4.21.5) has
f Basic Medical Sciences, Zhengzhou

il: zhanglirongzzu@126.com

edicine Research, Shanghai University of

ina. E-mail: geguangbo@dicp.ac.cn

for Gelatin-based Traditional Chinese

handong, China

e Fih Affiliated Hospital of Zhengzhou

h, Drug Discovery and Design Center,

se Academy of Sciences, Shanghai, China

rgan Transplantation, Department of

First Affiliated Hospital of Zhengzhou

z66@163.com

for Analytical Chemistry, Dalian Institute

iences, Dalian, 116023, China

tion (ESI) available. See DOI:

is work.

35
been recognized as a practical strategy to modulate the coagu-
lation system and thereby block the formation of blood clots.2,3

Currently, several direct thrombin inhibitors (dabigatran,
bivalirudin, argatroban, etc.) have been used in clinical settings
to decrease the recrudesce rate of CVD events in patients.4–7

Although these direct thrombin inhibitors (DTIs) display
outstanding anti-thrombin effects, the high-risk complications
(such as major bleeding, dosage uncertainty and expensive
price) of these DTIs greatly limit the widely applications of these
agents in clinical settings.8 Thus, more efforts should be driven
to nd more thrombin inhibitors or modulators with high
efficacy and good safety proles.9

It is well-known that the natural compounds from herbs are
the important sources for discovery of drug lead compounds,
especially for the herbs which have been used in clinical
settings for a long history with safety and efficacy.10,11 Licorice
(the root of Glycyrrhiza glabra), one of the most frequently used
herbs in both eastern and western countries, is quite popular in
candies and sweets as a avouring agent or health supplement
around the world.12 In Asian countries, liquorice and its prod-
ucts have been frequently used for the adjuvant therapy of
a variety of human disorders (such as digestive diseases, bron-
chitis, asthma, as well as circulatory disorders).13 Previous
pharmacological studies have demonstrated that licorice and
its major constituents have extensive biological activities, such
as anti-obesity, anti-oxidative, anti-inammatory, anti-cancer
and enzyme regulatory activities.14,15 In addition, a previous
study has demonstrated that glycyrrhizin is a weak thrombin
This journal is © The Royal Society of Chemistry 2020
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View Article Online
inhibitor with an IC50 value around 150 mM.16 However, the anti-
thrombotic effects of other constituents in licorice and their
mechanisms of action are not well-investigated yet. In view of
that some constituents isolated from licorice have been vali-
dated as strong inhibitors of a panel of serine hydrolases,
including acetylcholinesterase, pancreatic lipase and phos-
pholipase A2,17–21 we speculate that these constituents may also
inhibit the hydrolytic activity of thrombin and then modulate
the haemostatic-thrombotic system.

Herein, the anti-thrombin effects of the major constituents
in licorice on human thrombin and their inhibitory mecha-
nisms were investigated. Twenty-one constituents isolated from
licorice were collected and their anti-thrombin effects were
evaluated by a uorescence-based thrombin inhibition assay.
Preliminary screening found that licochalcone A and other
chalcones exhibited a strong inhibition on human thrombin,
while the avonoids, coumarins, triterpenoids and others
showed negligible inhibitory activity on human thrombin.
Among all tested licorice constituents, licochalcone A was found
as the most efficacious agent against human thrombin. These
ndings inspired us to further investigate the inhibitory
mechanism of licochalcone A on human thrombin via a set of
inhibition kinetic assays. Furthermore, the ligand-binding
site(s) of licochalcone A on human thrombin were carefully
investigated by mass spectrometry-based chemoproteomic
assay and docking simulations. These investigations were
extremely helpful for the deeply understanding of the inhibitory
mechanism of licochalcone A against human thrombin, which
may also facilitate the discovery of new anti-thrombotic agents.
2. Materials and methods
2.1. Chemical reagents and enzyme source

Twenty-one constituents (Fig. 1) isolated from licorice,
including isoliquiritin (1), isoliquiritigenin (2), licochalcone A
(3), licochalcone B (4), licochalcone C (5), echinatin (6), neo-
isoliquiritin (7), isoliquiritin apioside (8), liquiritin apioside (9),
liquiritigenin (10), glabrol (11), liquiritin (12), neoliquiritin (13),
licoavonol (14), isolicoavonol (15), glycycoumarin (16), iso-
glycyrol (17), glycyrrhetinic acid (18), glycyrrhizic acid (19),
glabridin (20) and gancaomin I (21), with the purities over 98%,
were collected from Chendu Pufeide (Sichuan, China).
Thrombin (blood-coagulation factor IIa, Lot no. F1700752P2)
isolated from human plasma was obtained from HYPHEN
BioMed (France). Z-GGRAMC acetate, a uorescence substrate
for thrombin, was supplied by MCE CO., Ltd. (Shanghai, China)
and its uorescence product 7-amino-4-methylcoumarin (AMC)
was obtained from Absin Biotechnology (Shanghai, China). LC
grade dimethyl sulfoxide (DMSO), acetonitrile and formalde-
hyde were supplied by Tedia (Tedia, USA). NaBH3CN, chymo-
trypsin and other chemical reagents were purchased from
Sigma-Aldrich (Shanghai). Tris–HCl buffer (pH ¼ 8.3, 50 mM)
and human thrombin (10 NIH per mL) were prepared using
Millipore water. The substrate Z-GGRAMC acetate (50 mM) and
each constituent (100 mM) in licorice, as well as the positive
inhibitors were dissolved in DMSO. The stock solution of
This journal is © The Royal Society of Chemistry 2020
human thrombin was stored �80 �C and the stock solution of
substrate or each tested compound stored at 4 �C until use.

2.2. Thrombin inhibition assay

Z-GGRAMC acetate was used as the substrate to assay the
inhibition potentials of licorice constituents on human
thrombin, while a multi-mode microplate reader (SpectraMaxs
iD3, Molecular Devices, Austria) was used to determine the
uorescence intensity of the hydrolytic product (7-amino-4-
methylcoumarin, AMC) in reaction mixture. The procedures
and detail experimental for thrombin inhibition assay had been
reported previously.22 In brief, 200 mL of incubation system
containing Tris buffer (50 mM, pH 8.3), human thrombin (0.1
NIH per mL, nal concentration), NaCl (100 mM), BSA (0.1 mg
mL�1), and each tested compound were mixed. Following pre-
incubation at 37 �C for 10 min, the reaction was initiated by
adding Z-GGRAMC acetate (50 mM, nal concentration). Aer
20 min incubation, the reaction mixture was recorded by
a uorescencemicroplate reader. To quantify the formation rate
of the hydrolytic metabolite AMC, the excitation wavelength and
the emission wavelength were set at 380 nm, and 440 nm,
respectively. The standard curve of AMC was shown in Fig. S1.†
Ginkgetin and baicalein were employed as positive inhibitors,
while DMSO was used as a negative control.23,24 The orescence
intensity of AMC in the negative control (DMSO only) was used
as 100%.

2.3. Inhibition kinetic analyses

To investigate the inhibition kinetics of licochalcone A against
human thrombin, a series of inhibition kinetic analyses was
performed. In this study, varying concentrations of the
substrate (Z-GGRAMC acetate) were employed to calculate the
hydrolytic rates of human thrombin in the presence of various
licochalcone A concentrations, which were then used to deter-
mine the inhibition modes (such as competitive, noncompeti-
tive or mixed inhibition) and to get the inhibition constant (Ki).
The Ki values were determined by using the mixed inhibition
kinetic mode. The details for inhibition kinetic analyses, as well
as the details for determination of the inhibition mode(s) and Ki

value were described previously.25,26

2.4. Mass spectrometry-based chemoproteomic assay

A mass spectrometry-based chemoproteomic approach
combined with direct lysine reactivity assay were used to char-
acterize the ligand-binding site(s) of licochalcone A on human
thrombin. The procedure of mass spectrometry-based chemo-
proteomic assay and the determination of labelled lysine resi-
dues using mass spectrometry-based chemoproteomic
approach had been described recently.27–29 Briey, a total of 200
mL HEPES buffer (pH 7.4, 20 mM), NaCl (200 mM) and human
thrombin (20 mg) were pre-incubated under physiological
conditions for 10 min. Aer then, the inhibitor licochalcone A
(1.4 mg mL�1) was added and incubated for 30 min at 37 �C.
Meanwhile, DMSO was used as the control group and also
incubated under same conditions for 30 min. Aer 30 min
incubation, human thrombin was labelled by adding NaBH3CN
RSC Adv., 2020, 10, 3626–3635 | 3627
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Fig. 1 The chemical structures of major constituents in licorice root.
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and CH2O at 37 �C for another 20 min and the lysine labelling
reactivity was quenched by addition of NH4AC. The samples
containing labelled protein were then digested by chymotrypsin
3628 | RSC Adv., 2020, 10, 3626–3635
at 37 �C for 24 h. Finally, the modied peptides were desalted
and analysed by liquid chromatography-tandem mass spec-
trometry. The instrument information and analytical
This journal is © The Royal Society of Chemistry 2020
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conditions of mass spectrometry detection were described
previously.24 The ratio of labelled peptides was determined
according to the following equation,

The ratio of labelled peptides ¼ (spectral counts of the peptides

with labelled lysines)/(spectral counts of the peptides with labelled

and unlabelled lysines)
2.5. Molecular docking simulations

Herein, a crystal structure of human thrombin [PDB ID: 1PPB]
at 1.92 �A resolution was used for docking simulations.30 To
generate the proper protonation states, Epik 3.4 (Schrödinger,
LLC, New York, NY, USA) of Ligprep 3.6 soware (Schrödinger,
NY, USA) was used to pre-process the ligand (licochalcone A).
Docking simulations was performed by Glide 6.9 (Schrödinger,
NY, USA) in SP (standard precision) mode, and the other
parameters were set at default values.

3. Results
3.1. Inhibition of human thrombin by licorice constituents

At rst, the inhibition potentials of the twenty-one natural
constituents from licorice on human thrombin were prelimi-
narily screened. As shown in Fig. 2, preliminary screening
results demonstrated eight licorice constituents could inhibit
thrombin activity by 50% or more at the high dosage (100 mM).
Aer that, the dose–response curves of these licorice constitu-
ents on thrombin were depicted (Fig. 3), while ginkgetin and
baicalein were used as positive inhibitors (two naturally occur-
ring thrombin inhibitors).23,24 The IC50 values of these eight
licorice constituents against human thrombin were listed in
Table 1. Among all tested licorice constituents, licochalcone A
Fig. 2 Inhibitory effects of the major constituents in licorice on human t
All inhibition experiments were performed in triplicate (n ¼ 3) and the va

This journal is © The Royal Society of Chemistry 2020
displayed the most potent inhibition on human thrombin (IC50

¼ 7.96 mM), while other chalcones isolated from licorice
exhibited moderate inhibition on human thrombin, with the
IC50 values ranging from 17.95 mM to 38.76 mM. By contrast, the
avonoids, coumarins, triterpenoids and others isolated from
licorice showed negligible effects. Meanwhile, the dose–
response curves of both ginkgetin and baicalein were also
determined under same conditions, the calculated IC50 values
of these two compounds were 8.05 mM, and 36.11 mM, respec-
tively. These results demonstrated that the chalcones isolated
from licorice were a new class of thrombin inhibitors, and
licochalcone A exhibited the most potent anti-thrombin effect.
These data inspired us to further examine the inhibitory
mechanism of licochalcone A against human thrombin.
3.2. Inhibition kinetics of licochalcone A on human
thrombin

Considering that two classes of thrombin inhibitors (irrevers-
ible and reversible inhibitors) had been reported, it is necessary
to identify the inhibition type of licochalcone A against human
thrombin. To this end, time-dependent inhibition assays was
conducted to depict the dose–inhibition curves with or without
long pre-incubation time (30 min). As depicted in Fig. S2,† both
the dose–inhibition curves and the IC50 values of licochalcone A
against human thrombin were not changed along with 30 min
pre-incubation, suggesting that this agent was a reversible
inhibitor rather than an irreversible inactivator of human
thrombin. Aer that, the inhibition mode and inhibition
constant (Ki) of licochalcone A against human thrombin were
carefully investigated by a panel of kinetic analyses. As shown in
Fig. 4, the Lineweaver–Burk plots revealed that licochalcone A
against thrombin-mediated Z-GGRAMC acetate hydrolysis via
hrombin at three different concentrations (0 mM, 1 mM, 10 mM, 100 mM).
lues are expressed as mean � SD.

RSC Adv., 2020, 10, 3626–3635 | 3629
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Fig. 3 The dose–response curves of components from licorice on human thrombin; isoliquiritin (A), isoliquiritigenin (B), licochalcone A (C),
licochalcone B (D), licochalcone C (E), echinatin (F), neoisoliquiritin (G) and isoliquiritin apioside (H). All inhibition experiments were performed in
triplicate (n ¼ 3) and the values are expressed as mean � SD.
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a mixed manner. Meanwhile, the inhibition constant (Ki) of
licochalcone A against human thrombin was also determined as
12.23 mM (Table 2).
3630 | RSC Adv., 2020, 10, 3626–3635
3.3. Identication of the binding site(s) of licochalcone A on
human thrombin

It had been reported that human thrombin had three major
ligand-binding sites, including the catalytic cavity (for the
This journal is © The Royal Society of Chemistry 2020
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Table 1 The IC50 values of the major constituents in licorice on
human thrombin

Class No. Constituent MW IC50 (mM)

Chalcones 1 Isoliquiritin 418.39 38.76 � 4.04
2 Isoliquiritigenin 256.30 17.95 � 2.75
3 Licochalcone A 338.30 7.96 � 0.62
4 Licochalcone B 286.28 36.90 � 5.61
5 Licochalcone C 338.40 26.64 � 4.17
6 Echinatin 270.28 28.46 � 2.65
7 Neoisoliquiritin 418.40 32.85 � 3.38
8 Isoliquiritin apioside 550.50 37.85 � 5.78

Flavonoids 9 Liquiritin apioside 550.50 >100
10 Liquiritigenin 256.25 >100
11 Glabrol 392.49 >100
12 Liquiritin 418.39 >100
13 Neoliquiritin 418.40 >100
14 Licoavonol 354.35 >100
15 Isolicoavonol 354.36 >100

Coumarins 16 Glycycoumarin 368.37 >100
17 Isoglycyrol 366.36 >100

Triterpenoids 18 Glycyrrhetinic acid 470.64 >100
19 Glycyrrhizic acid 822.92 >100

Others 20 Glabridin 324.37 >100
21 Gancaonin I 354.40 >100

Positive inhibitors 22 Ginkgetin 552.49 8.05 � 1.50
23 Baicalein 270.20 36.11 � 4.68

Table 2 Inhibition constant and the inhibition mode of licochalcone A
against thrombin-mediated Z-GGRAMC acetate hydrolysis

Constituent IC50 (mM) Ki (mM)
Inhibition
mode

Goodness of
t (R2)

Licochalcone A 7.96 � 0.62 12.23 Mixed 0.92
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substrates or the competitive inhibitors) and two positively
charged sites on the surface of this key enzyme (exosite I and
exosite II). Exosite I (brinogen-binding exosite) could recog-
nize brinogen, thrombomodulin and protease-activated
receptors, while exosite II (heparin-binding exosite) could
interact with heparin, GPIba, clotting factor V and VIII.31,32

Notably, the lysine residues surrounding at the exosite I (such as
K107, K109 and K110) or exosite II (K236 and K240) were located
on the surface of human thrombin and could be easily modied
by NaBH3CN in the presence of CH2O. In these cases, mass
spectrometry-based chemoproteomic assay combined with
lysine reactivity assay were conducted to explore the binding
site(s) of licochalcone A on human thrombin. The results clearly
demonstrated that licochalcone A treatment could signicantly
Fig. 4 The inhibitory behavior of licochalcone A on human thrombin. L
mediated Z-GGRAMC acetate hydrolysis. Right: the secondary plot fro
chalcone A (B). All inhibition experiments were performed in triplicate (n

This journal is © The Royal Society of Chemistry 2020
decline the lysine labelling ratio from 80% to 0% at the exosite I
(Tables 3 and S1†). In sharp contrast, the lysine labelling ratio at
exosite II in both licochalcone A-treated group and the control
group (DMSO only) were closed to each other. These ndings
clearly demonstrated that licochalcone A could directly bind on
human thrombin at exosite I rather than exosite II, which could
be used to explain why licochalcone A inhibited human
thrombin via a non-competitive manner.

Considering the lysine residue (K60F) on the catalytic cavity
of human thrombin was deeply embedded in this enzyme and
K60F was hardly labelled under physiological conditions, mass
spectrometry-based chemoproteomic assay could not give us
directly evidence to support whether licochalcone A could
modulate human thrombin activity via directly occupying the
catalytic cavity of this hydrolase. In these cases, molecular
docking simulations were used to gain the deep insights into
the key interactions between licochalcone A and human
thrombin. The results demonstrated that licochalcone A could
be well-docked into the catalytic cavity of human thrombin, and
the binding area of licochalcone A on this enzyme was partially
overlapped with that of the substrate (Z-GGRAME acetate). As
shown in Fig. 5, licochalcone A could create strong interactions
with Tyr-60A and Ser-195 via hydrogen bonding, as well as
create strong interactions with Tyr-60A via Pi–Pi stacking. This
nding suggested that licochalcone A might also inhibit human
thrombin activity via a competitive inhibition manner by
directly occupy the catalytic cavity of this enzyme. Collectively,
both mass spectrometry-based chemo-proteomic assay and
molecular docking simulations showed that licochalcone A
could bind on human thrombin at both the catalytic cavity and
exosite I, which agreed well with the mixed inhibition manner
of licochalcone A (as shown in the inhibition kinetic analyses).
eft: the Lineweaver–Burk plot of licochalcone A (A) against thrombin-
m the Lineweaver–Burk plot for human thrombin inhibition by lico-
¼ 3) and the values are expressed as mean � SD.

RSC Adv., 2020, 10, 3626–3635 | 3631
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Table 3 The labelling ratios of key lysine residues of human thrombin (the amino acid numbers indicate human thrombin numbering)a

Residues Sites

Labelling ratios

Thrombin without licochalcone A Thrombin with licochalcone A

Lys-60F Active site Not labelled Not labelled
Lys-36 Exosite I 93% 100%
Lys-107, Lys-109, Lys-110 Exosite I 80% 0%
Lys-236 Exosite II Not labelled Not labelled
Lys-240 Exosite II 95% 70%

a Other labelling ratios of lysine residues are provided in Table S1 (see ESI).

Fig. 5 A stereo view of the crystal structure of thrombin and a stereodiagram of Z-GGRAMC acetate docked with licochalcone A. Inhibitor could
bind to the active site (A), exosite I (C) of human thrombin. The detailed view represents the interactions between licochalcone A and the amino
acids in the active site (B) and exosite I (D) of human thrombin.
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4. Discussion

Although more and more attention has been paid to the
prevention of thrombus formation and thrombosis-related
cardiovascular diseases, cardiovascular and thrombotic
diseases are still one of the leading causes of morbidity and
mortality around the world.33 Nowadays, inhibition of thrombin
activity has become a pivotal strategy to modulate the processes
of both venous and arterial thrombosis.34 In fact, several
synthetic DTIs have been used to prevent and treat cardiovas-
cular and thrombotic diseases in the clinical settings, but the
severe side effects of these DTIs have motivated the medicinal
chemists to nd more DTIs with good safety proles. In view of
that natural compounds are one of the leading sources of the
drug lead compounds, many groups are devoted to nd active
ingredients with strong anti-thrombotic activity and good safety
from herbal medicines. In fact, a variety of natural compounds
with strong thrombin inhibition activity have been reported by
several groups over the past two decades. For instance, Liu et al.
have reported that some natural avonoids are thrombin
inhibitors.23 Wang et al. have identied isoquinoline alkaloid
(such as berberine) as a novel structural scaffold of thrombin
inhibitors.35 Lu et al. have found three tanshinones with a good
anti-thrombin activity.36 Ge et al. have demonstrated that
naphthodianthrone (such as hypericin) and anthraquinone
(such as obtusifolin) are new classes of thrombin inhibitor.37,38

Guo et al. have characterized four biavones as mix thrombin
inhibitors.24 All these ndings have indicated that herbal
constituents hold great promise for the discovery of thrombin
inhibitors and inspire us to nd more thrombin inhibitors with
new structurally diverse scaffolds.

Licorice, one of the oldest and most popular herbs used in
the world, also the major ingredient for preparing a variety of
Chinese herbal prescriptions have been used to prevent and
treat cardiovascular and circulation disorders in Asian coun-
tries.13 However, the anti-thrombin effects of licorice constitu-
ents and the underlying molecular mechanisms have not been
identied yet. In the present study, our ndings clearly
demonstrate that licochalcone A, a bioactive compound in
licorice, exhibit strong inhibition on human thrombin, with the
IC50 value of 7.96 mM. In addition to licochalcone A, other
chalcones isolated from licorice, such as isoliquiritin, iso-
liquiritigenin, licochalcone B, licochalcone C, echinatin, neo-
isoliquiritin and isoliquiritin apioside also show moderate anti-
thrombin activities. By contrast, other constituents in licorice,
such as avonoids, coumarins, triterpenoids and others,
display negligible inhibition on human thrombin. These date
indicate that the chalcones are major bioactive constituents in
licorice with anti-thrombin effects, while licochalcone A could
serve as a leading compound for the development of chalcone-
type thrombin inhibitors.

Although licochalcone A has been found with relatively
strong anti-thrombin effect, its potency is not as strong as that
of the marketed synthetic thrombin inhibitors (the IC50 values
at the nanomolar level).39,40 Hence, it is essential to develop
more efficacious thrombin inhibitors using licochalcone A as
This journal is © The Royal Society of Chemistry 2020
a lead compound or using chalcone as a basic skeleton.41,42 It is
well-known that the chalcones (such as licochalcone A) can be
easily obtained from licorice, a widely distributed and cultivated
herb in the northern hemisphere.43 From the views of chemical
modications, these naturally occurring chalcones can generate
more chalcone derivatives via chemical modication due to the
presence of multiple functional groups.44 It is noteworthy that
the chalcones can be totally synthesized and easily to obtain,42,45

which strongly facilitates the medicinal chemists to design and
develop more chalcone derivatives for further investigations on
structure–activity relationships of chalcones as thrombin
inhibitors.46–48 In this study, some key information on struc-
ture–activity relationships of chalcones as thrombin inhibitors
have been revealed. For instance, the IC50 values of iso-
liquiritigenin (2), and its mono-glycoside isoliquiritin (1) and its
di-glycoside isoliquiritin apioside (8) against human thrombin
are 17.95 mM, 38.76 mM and 37.85 mM, respectively. These
results demonstrate that the introduction of one or two glyco-
side group will reduce the inhibition activity of these chalcones
on human thrombin. Meanwhile, the IC50 values of licochal-
cone A (3), isoliquiritigenin (2), and licochalcone B (4) against
human thrombin are 7.96 mM, 17.95 mM and 36.90 mM,
respectively. These results suggest that introduction of hydro-
phobic substituents on the right ring of the chalcones may be
benecial for thrombin inhibition. These ndings will be very
helpful for the design and development of the next generation
of chalcone-type thrombin inhibitors.

In addition to improve the inhibition potency of the chal-
cones on thrombin, the specicity of the chalcones on
thrombin over other human hydrolases should also been
improved. It has been reported that the chalcones can inhibit
a panel of human hydrolases (such as lipase and carbox-
ylesterases), the specicity of chalcone derivatives against
human thrombin over other human hydrolases should be
carefully investigated.26,49 In near future, more efficacious and
highly specic thrombin inhibitors can be designed via
computer-aided drug design, on the basis of the crystal struc-
tures of human thrombin and other concerned serine hydro-
lases. In addition, considering that licochalcone A can be
rapidly metabolized by hepatic drug metabolizing enzymes,50–52

the metabolic stability of licochalcone A analogous should be
improved in the future, which will be benecial for the devel-
opment of chalcone derivatives with outstanding in vivo anti-
thrombin effects.

In view of licorice and its products have been frequently used
as dietary supplements or herbal medicines, the potential risks
of drug–drug interactions (DDI) between licorice and other
anticoagulant or antiplatelet agents should be noted in the
clinical settings, especially for the cases of the licorice-
containing products used in combination with those agents
with narrow therapeutic windows (such as warfarin and clopi-
dogrel). The occurrence of DDIs can reduce the safety of
a drug.53,54 Previous studies have demonstrated that licorice
constituents may increase the bleeding risk when anticoagulant
or antiplatelet drugs are co-administrated with this herb.55 It
should be noted that some previous investigations have
revealed that licorice constituents can affect the
RSC Adv., 2020, 10, 3626–3635 | 3633
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pharmacokinetic behaviour of some therapeutic drugs via
inhibiting the hepatic drug metabolizing enzymes (cytochrome
P450 enzymes and UDP-glucuronosyltransferases).56–58 In this
study, our results demonstrate that thrombin activity can be
inhibited by the chalcones in licorice. Therefore, it is conceiv-
able that both pharmacokinetic and pharmacodynamics inter-
actions may occur when anticoagulant or antiplatelet drugs are
used in combination with licorice-containing products. It also
has been reported that licochalcone A can block collagen-
induced platelet aggregation59,60 and function as a inhibitor of
clotting factor Xa,61 suggesting that licorice constituents may
regulate the blood coagulation cascade via multiple mecha-
nisms. Therefore, the clinical consequences of licorice in
combination with anticoagulant or antiplatelet agents should
be carefully investigated from the views of both pharmacoki-
netic and pharmacodynamics interactions. In future, more
efforts should be made to predict the possible risks of DDI
between licorice and the clinically used anticoagulant or anti-
platelet drugs.

5. Conclusion

In summary, the inhibitory effects of twenty-one constituents in
licorice on human thrombin were investigated. The results
clearly demonstrated that the licochalcone A, one of the abun-
dant chalcones in licorice, exhibited strong inhibition on
human thrombin. Further investigation on inhibition kinetic
analyses demonstrated that licochalcone A acted as a mixed
inhibitor of human thrombin, with the inhibitory constant of
12.23 mM. Finally, the mass spectrometry-based chemo-
proteomic assay and molecular docking simulations revealed
that licochalcone A could bind on human thrombin at both the
active site and the exosite I. Collectively, these ndings provided
solid evidence to support that licorice and licorice-related
products might bring benecial effects on cardiovascular
disease via inhibiting human thrombin. In future, licochalcone
A could serve as a leading compound for the development of
novel anti-thrombotic agents bearing the chalcone scaffold.
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