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ABSTRACT: The genus Glycyrrhiza, comprising approximately 36 spp.,
possesses complex structural diversity and is documented to possess a wide
spectrum of biological activities. Understanding and finding the mechanisms of
efficacy or safety for a plant-based therapy is very challenging, yet it is crucial
and necessary to understand the polypharmacology of traditional medicines.
Licorice extract was shown to modulate the xenobiotic receptors, which might
manifest as a potential route for natural product-induced drug interactions.
However, different mechanisms could be involved in this phenomenon. Since
the induced herb−drug interaction of licorice supplements via Pregnane X
receptor (PXR) is understudied, we ventured out to analyze the potential
modulators of PXR in complex mixtures such as whole extracts by applying
computational mining tools. A total of 518 structures from five species of
Glycyrrhiza: 183 (G. glabra), 180 (G. uralensis), 100 (G. inflata), 33 (G.
echinata), and 22 (G. lepidota) were collected and post-processed to yield 387
unique compounds. Visual inspection of top candidates with favorable ligand−PXR interactions and the highest docking scores were
identified. The in vitro testing revealed that glabridin (GG-14) is the most potent PXR activator among the tested compounds,
followed by licoisoflavone A, licoisoflavanone, and glycycoumarin. A 200 ns molecular dynamics study with glabridin confirmed the
stability of the glabridin-PXR complex, highlighting the importance of computational methods for rapid dereplication of potential
xenobiotic modulators in a complex mixture instead of undertaking time-consuming classical biological testing of all compounds in a
given botanical.

1. INTRODUCTION
Complementary and alternative medicine is an integral part of
various traditional practices and continues to gain popularity in
the US and elsewhere. Approximately 80% of the worldwide
population uses herbal medicines in their daily life.1−3

Traditional Chinese Medicine (TCM) including herbal
supplements in a country’s medical system has gained
increased importance compared to western medicine.4 The
discovery of artemisinin, a natural antimalarial drug isolated
from the plant Artemisia annua, led to the award of the 2015
Nobel Prize in Medicine to Chinese medical scientist Youyou
Tu, perhaps further facilitating the acceptance of TCM into
China’s healthcare system.5 There is a common popular belief
that all the nature-derived products are harmless and safe to
consume. The ongoing pandemic situation with coronavirus
disease 2019 (COVID-19) has further boosted the quest for
untested botanicals as antiviral remedies. However, the
pertinent safety data on these natural products are limited
and warrant scientific rigor before these products are
introduced to the consumer.1,6

Licorice is among the most popular medicinal plants
marketed in the US to alleviate multiple ailments, including
cough, asthma, and menopausal complaints, among others. In
addition, it is recognized as one of the most studied herbs in
contemporary alternative medicine.7−11 However, there is no
conclusive explanation or even an appropriate recommenda-
tion of either its efficacy or safety. This includes its use as an
alternative medicine for hormone replacement therapy, a
chemopreventive agent, adjuvant therapy in cancer treat-
ments,8,12 or antiviral remedy to treat COVID-19.13

In addition, consumed “licorice” supplements can be
prepared from closely related species of Glycyrrhiza.14,15

Often, in terms of chemistry, biologically active secondary
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metabolites are species-specific, and hence they are believed to
possess a different spectrum of end biological effects.16−18 This
situation warrants the use of more sophisticated methods to
empower and delineate activity endpoint detection in clinical
trials or to detect pharmacokinetic liabilities before these
botanicals are accepted as drugs.15,19

The Glycyrrhiza genus belongs to the family Fabaceae and
consists of approximately 36 species. However, three clinically
relevant species are described in the pharmacopoeias: G. glabra
L., G. uralensis Fisch, and G. inflata Batal.16 Glycyrrhiza has
been prioritized by the Center of Excellence for Natural
Product Drug Interaction Research as one of the high-risk
herbal constituents for inducing adverse effects such as herb−
drug interactions.12 In the realm of drug metabolism and
excretion, regnane X receptor (PXR) has a major effect on the
expression of drug-metabolizing cytochrome P450 enzymes
(CYPs) and transporters. PXR has a paramount role as a
xenosensor by controlling the expression of many metabolic
enzymes and transporters responsible for drug or “xenobiotics”
disposition. Furthermore, PXR has viable but less studied roles
in endobiotic synthesis, metabolism, and homeostasis of bile
acids, lipids, glucose, bilirubin, vitamins, and steroidal
hormones. The broad range of test substrates highlights the
diverse and crucial role of PXR in drug metabolism (efficacy,
toxicity, drug interactions, and drug resistance) and its
associated diseases (metabolic syndrome, cancer, and inflam-
mation).20−23 Integration of recent advancements and
developments of computational approaches for identifying
drug targets of natural products has gained popularity in drug
discovery programs.24 Therefore, the primary objective of this
study is to rapidly dereplicate potential PXR modulators from
the chemical reservoirs of five Glycyrrhiza species with the help
of computational tools before conducting time-consuming,
expensive in vitro and in vivo methods to gauge the deleterious
effects of potential candidates. Further computational
validation studies involving putative binding and interaction
profiles of the most promising candidates and ultimately
experimental confirmation would rapidly identify xenobiotics
in complex mixtures such as botanical extracts, including
closely related species within the same genus.

2. RESULTS AND DISCUSSION
The native or self-docking method was considered as a
measure of the accuracy of the docking procedure.25 The
virtual screening workflow (VSW)26 docking protocol was
reliable enough to reproduce the poses of the co-crystallized
ligands with the lower root mean-square deviation (RMSD)
values (<1.1 Å). The ensemble docking approach correctly
mimics the pose of co-crystallized ligands bound with the
parent protein by fulfilling the necessary ligand residue
interactions for each native ligand, as shown in Table 1.
Several computational and site-directed mutagenesis studies
have deduced global features as the primary requirements
needed for PXR activation.27−30 For instance, large hydro-
phobic molecules have a better chance of interacting with

PXR; this includes a molecular weight larger than 300 Daltons
and hydrophobic features that allow multiple hydrophobic
interactions and π−π interactions with a list of recognized
hydrophobic amino acids, mainly those occupying the aromatic
sub-pocket surrounded by Phe288, Trp299, and Tyr306.
Further studies recognized Ser247, Gln285, and His407 as
indispensable residues for PXR induction. Thus, at least one
hydrogen bond interaction with one of the key amino acids is
considered an essential requirement for activation.27−31

The X-ray crystal structure of the human PXR ligand-
binding domain (LBD) in complex with SR12813 (PDB ID:
1NRL)29 showed H-bonding interactions with Ser247 and
His407 and had hydrophobic interactions with Leu209,
Met243, Phe288, and Leu411. Similarly, hyperforin (PDB
ID: 1M13),32 the psychoactive agent in St. John’s wort,
complexed with the LBD of the human PXR X-ray crystal
structure, had the interactions identical to SR12813, and
showed one additional H-bonding with Gln285. The
experimentally used positive control, rifampicin (PDB ID:
1SKX),33 forms hydrogen bonds with Ser247, Gln285, and
His407. Rifampicin interacts with several residues, including
Val211, Leu239, Leu308, and Arg410, which were not close to
ligands in the previous PXR complexes involving SR12813 or
hyperforin.
Recent studies have raised concerns about licorice-induced

PXR activity and indicated glycyrrhizin as the principal source
for PXR modulation. However, only weak PXR activation has
been detected with the in vitro reporter gene assays for
glycyrrhizin compared to the positive control, rifampi-
cin.12,34,35 In the current study, we aimed to identify the
Glycyrrhiza metabolites that might modulate PXR activity,
based on the notion that the correlation of the PXR activity to
only a few of the compounds is an oversimplification of the
multitude of the constituents present in Glycyrrhiza. Hence, a
library of 387 unique compounds reported from the five
species of Glycyrrhiza (glabra, uralensis, inf lata, echinata, and
lepidota) was docked into the two PXR crystal structures,
1NRL and 1M13. The ligand preparations of 387 unique
compounds yielded 456 structures, including possible isoforms
of some of the compounds with undefined absolute
configurations. A total of 323 out of 456 structures were
docked successfully with PXR crystal structures and had
binding free-energies ranging from −2.0 to −73.39 kcal/mol.
Since the prime molecular mechanics/generalized born surface
area (prime/MM-GBSA) binding free energies (ΔG) of
positive controls were computed as approximately −64 kcal/
mol (Table 1), therefore, the best complexes were selected
based on prime MM-GBSA binding free energies using ≤−50
kcal/mol as an energy cutoff value.
According to our predefined threshold for potential PXR

modulation, a total of 55 compounds including 38 species-
specific metabolites from G. glabra, 41 compounds including
23 unique metabolites from G. uralensis, 37 compounds
including 21 unique metabolites from G. inflata, five
compounds with three species-specific compounds from G.
lepidota, and four compounds with only one unique metabolite
from G. echinata have scored below −50 kcal/mol (Table S1,
Supporting Information). Our docking analysis revealed that
the binding pocket of PXR exhibits a “one-size-fits-all” type of
structure that supports previously reported studies.
In the next step, the selected Glycyrrhiza compounds were

clustered according to the Tanimoto index,36 one of the most
commonly used similarity indexes using the hierarchical-

Table 1. Positive Control Used in the Docking Study

PDB
code_compound

key interactions with
PXR

binding free-energy
(kcal/mol)

1M13_hyperforin Ser247, Gln285, His407 −64.42
1NRL_SR12813 Ser247, His407 −64.47
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clustering (HC)36,37 method. After the HC, all the output
clusters were manually visualized to assure the accuracy of
similarity indexes. Overall, 9 clusters belonging to G. glabra, 10
clusters for G. uralensis, and 8 for G. inflata (Table S1,
Supporting Information) were established.
To facilitate results analysis and discussion, the clusters were

classified into the following structural scaffolds: flavonols,
flavones, flavanones, isoflavones, isoflavanones, isoflavenes,
isoflavans, pterocarpans, chalcones, dihydrostilbenes, dihydro-
phenanthrenes, arylcoumarins, and phenylbenzofurans as
shown in Figure 1.
Furthermore, the average binding free-energies of the

species-specific secondary metabolites present in each cluster
were calculated, averaged, and plotted against each scaffold.
This graph showed that the isoflavan and flavanone marker
constituents of G. glabra appear to possess better binding
affinities toward PXR than the other species of Glycyrrhiza,
except G. inflata (Figure 2). Based on a thorough literature
search and Dr. Duke’s database (https://phytochem.nal.usda.
gov/phytochem/search) on phytochemicals, compounds such
as glabridin (isoflavan) and glabrol (flavanone) are typically
found in considerable concentrations in G. glabra species14,38

(Table 2 and Table S1, Supporting Information). Similarly,
gancaonin P, gancaonin O, the arylcoumarin scaffold
(glycycoumarin), and kanzonol series (G, I, and J) present
in G. uralensis38 showed promising affinity toward PXR activity
with favorable ligand−receptor interactions (Table 3 and
Table S1, Supporting Information). The visual inspection of
the docking poses of various metabolites specifically belonging
to G. glabra and G. uralensis were identified with vital
hydrophobic and π−π interactions with Phe288, Trp299, and
Trp306, and H-bond interactions with the key polar residues
Ser247, Gln285, and His407.27−32 All other metabolites were
found to possess partial interactions either with one or two key
residues along with many hydrophobic interactions. Details on
associated binding free energies with these specific interactions
are delineated in Figure 2 for each scaffold.
2.1. Flavonols. The metabolites representing the flavonol

scaffold (cluster 1), found in the G. uralensis and G. lepidota
(Table S1, Supporting Information), exhibited strong inter-
actions with the key residues Ser247 and His407 and showed
good binding free energies [gancaonin P (GU-59); ΔG =
−67.76 kcal/mol and glepidotin A (GL-08); −53.35 kcal/mol]
with PXR. Gancaonin P formed additional H-bonding with

Figure 1. Representation of the main structural scaffolds identified in Glycyrrhiza species.

Figure 2. Bubble graph showing the PXR affinity of the compounds from Glycyrrhiza species.
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Table 2. Best Ranking Compounds of G. glabra Docked with the PXR Protein

code no.
cluster
no. CAS no. common namea total common

key interactions
(H-bonds and π−π stacking) BFEb

GG-105 1 91433-17-9 licoflavone B 5 GI-29 Gln285, His407 −57.25
GG-120 153-18-4 rutin unique Leu209, Lys210, Leu239, Ser247 −61.31
GG-121 480-10-4 astragalin GL-19 (16 ppm) Gln285 −57.84
GG-128 482-35-9/

21637-25-2
isoquercitrin unique Gln285, His407 −54.54

GG-131 54542-51-7 quercetin 3-O-(6-acetyl
glucoside)

unique Leu209, Leu239, Trp299, His407 −60.70

GG-13 2 59870-65-4 glabrol (440) 11 GI-30 His407, Leu239, Phe281 −57.17
GG-26 82345-36-6 xambioona unique Phe288, Trp306 −51.88
GG-29 125140-20-7 euchrenone a5 GI-56 His407, Phe288, Trp306 −50.0
GG-32 157414-03-4 shinflavanone unique His407, Phe288 −50.29
GG-45 220860-37-7 kanzonol Z (10) unique His407, Leu239 −52.21
GG-49 2083619-55-8 prenylflavan-3-ol unique Leu209, Ser247, Gln285 −60.56
GG-89 1217305-78-6 prenylflavanone-3-ol unique Leu209, Ser247, Phe288, His407 −50.82
GG-98 551-15-5 liquiritin (2300) GU01 (300000),

GE12
Leu209, Lys210 −49.95

GG-104 74639-14-8 liquiritin apioside GU-24, GE-11 Val211, Leu239, Gln285, His407 −49.61
GG-133 75829-43-5 pinocembroside unique Asp205, Phe288, Trp299, His407 −60.57
GG-165 202657-63-4 licorice glycoside D1 GU-169, GE-17 Lys210, Leu239, Ser247, Trp306 −53.89
GG-97 3 486-62-4 formononetin 7-O-glucoside

(300)
4 GU-30 (6000) Lys210, Gln285 −61.28

GG-156 125310-04-5 glycyroside GU-145 Lys210, Ser247, Gln285, His407 −68.59
GG-173 552-66-9 daidzin GU-110 Lys210, Leu239, Ser247, Gln285 −49.91
GG-28 104691-86-3 8-prenylgenistein GU-139 Ile236, His407 −50.37
GG-27 4 94388-78-0 prenylisoflavanone 5 all unique Leu209, Trp299 −50.29
GG-53 2137446-32-1 glycybridin J Gln285, Phe281 −51.98
GG-82S 905708-41-0 pyranoisoflavanone-3-ol His407, Phe281 −60.44
GG-83R 905708-41-0 pyranoisoflavanone-3-ol Ser247, His407, Phe281, Gln285,

Phe288
−52.77

GG-182 1201428-07-0 glabra isoflavanone B Trp299, His407, Trp299 −68.1
GG-56 5 2138843-57-7 glycybridin D 1 unique Leu209, Phe281 −57.79
GG-19 6 68978-03-0 hispaglabridin A (127) 5 all unique His407, Phe281, Gln285, Phe288,

Trp299
−53.23

GG-37 175554-12-8 8-prenylphaseollinisoflavan His407, Phe281, Gln285, Phe288,
Trp299

−52.03

GG-66 156250-73-6 kanzonol R (10) His407, Phe281, Gln285 −63.55
GG-86 938190-33-1 4″-hydroxyglabridin Leu209, Lys210, Leu239, Ser247,

Gln285
−56.46

GG-14 59870-68-7 glabridin (5700) Phe281,Trp299, Phe429, His407 −63.15
GG-15 7 59901-97-2 dehydroglyceollin I 4 all unique His407, Phe288, Trp299 −50.03
GG-43 202815-29-0 licoagrocarpin His407, Trp299 −55.28
GG-78 157479-38-4 O-methylshinpterocarpin His407 −51.46
GG-96 66446-92-2 hemileiocarpin His407, Phe288, Trp299 −63.53
GG-12 8 58749-22-7 licochalcone A 16 GU-17, GI-26 Trp299, His407 −56.55
GG-30 151135-82-9 kanzonol C GI-58 Ser247, His407 −58.35
GG-34 161099-57-6 paratocarpin B GI-96 Phe288, Trp299 −57.36
GG-41 184584-87-0 kanzonol Y unique Ser247, Phe281, Tyr306, His407 −66.66
GG-50 2083623-32-7 unique Gln285, His407 −49.69
GG-52 2088505-67-1 glycybridin C unique Met243, Phe288, Tyr306, His407 −67.93
GG-54 2138843-55-5 glycybridin A unique Ser247, Gln285, Tyr306, His407 −53.41
GG-55 2138843-56-6 glycybridin B unique Ser247, Gln285, Tyr306, His407 −55.73
GG-77 151135-83-0 DMDBP unique Ile236, Trp299 −56.10
GG-81 905708-40-9 prenylchalcone unique Leu209, Phe281, Gln285, His407 −56.75
GG-92 944257-60-7 dipyranochalcone unique only hydrophobic interactions −55.42
GG-87 938190-35-3 prenyldihydrochalcone unique Leu209, Ser247, His407 −56.77
GG-101 29913-71-1 licuracide GU-31 Lys210, Ser247, Gln285, His407 −57.80
GG-103 59122-93-9 neoisoliquiritigenin GU-38 Ser247, His407 −63.99
GG-168 144506-14-9 licochalcone C GI-32 only hydrophobic interactions −50.14
GG-170 2129164-89-0 glycyglabrone unique Val211, Phe288, Trp299 −53.24
GG-134 9 266997-59-5 stilbenoidglycoside 4 all unique Ser247, Gln285, Trp299, His407 −56.06
GG-135 525585-29-9 diprenylstilbenoid Phe288, Trp299, His327 −49.88
GG-137 525585-31-3 prenylstilbenoid Ser247, Phe288, Trp299, His327 −51.17
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Leu209, Val211, and Ile236. Glepidotin A, which is found in G.
lepidota, formed strong H-bonding with Ser247 and His407
(OH distance at C-7 = 2.87 Å). In addition, it exhibited strong
π−π interactions with Phe288, Trp299, and Tyr306. The 2D
interactions diagram of representing flavonols [gancaonin P
(GU-59) and glepidotin A (GL-08)] are shown in Figure S1
(Supporting Information).
2.2. Flavones and Isoflavones. Some species-specific

metabolites belonging to the flavone and isoflavone scaffolds
were reported to be constituents of G. glabra, G. uralensis, G.
inflata, and G. lepidota (Table S1, Supporting Information). In
general, the metabolites originating from G. glabra showed
favorable ligand−PXR interactions (strong H-bonding with
Ser247 and His407) compared to metabolites reported from
the two other species, G. uralensis and G. inflata. The 2D
interaction diagrams of the representative flavone, rutin (GG-

120), and isoflavone, glycyroside (GG-156), scaffolds are
shown in Figure S2 (Supporting Information).
2.3. Flavanones and Isoflavanones. The categorical

representation of the metabolites belonging to the flavanone
scaffold was found in G. glabra, G. uralensis, G. inflata, and G.
echinata. These metabolites were found to exhibit strong H-
bond interaction with His407, a critical residue for PXR
activity. The 2D interaction profile of the representative
flavanone, glabrol (GG-13), found in G. glabra showed that the
C-7 hydroxy formed strong H-bond interaction with His407 of
the PXR protein. In addition, strong π−π interactions were
observed between Phe281, His407, and ring A of glabrol
(Figure 3A). Similarly, the C-7 hydroxy group of licoiso-
flavanone (GU-130) found in G. uralensis formed strong H-
bonding with His407 and the C-4 carbonyl group (ring C),

Table 2. continued

code no.
cluster
no. CAS no. common namea total common

key interactions
(H-bonds and π−π stacking) BFEb

GG-139 525585-33-5 prenylstilbenoid Val211, Ile236, Leu239, His407 −54.08
aAdopted from Dr. Duke’s Phytochemical and Ethnobotanical Database. The abundance in ppm is indicated in parentheses after the compound
name. bBinding free energy in kcal/mol. Unique: species-specific.

Table 3. Best Ranking Compounds of G. uralensis Docked with PXR Proteins

code no.
cluster
no. CAS no. common namea total common

key interactions (H-bonds and π−π stacking
) BFEb

GU-59 1 129145-54-6 gancaonin P (6) 6 unique Leu209, Val211, Ile236, His407 −67.76
GU-66 94805-83-1 isolicoflavonol GL-14 Leu209, Leu239, Trp299 −52.77
GU-71 60197-60-6 licoflavonol unique Ser247, Tyr306, His407 −58.18
GU-140 109605-79-0 topazolin unique Lys210 −52.45
GU-147 139163-15-8 uralenol unique Ser247, Phe281, Gln285, His407 −60.14
GU-157 1307578-72-8 prenylflavone-3-ol unique Ser247, Phe281, Gln285, Trp299, His407 −58.86
GU-34 2 72357-31-4 licoflavone C 3 GI-25 Phe288, His407 −59.95
GU-58 129145-53-5 gancaonin O (5) unique Val211, His407 −65.01
GU-174 134958-52-4 gancaonin Q GI-61 Gln285, His407 −55.63
GU-35 3 833488-05-4 6″-O-α-OH-propionylliquiritin 1 unique Lys210, Leu239, Ser247, Gln285 −54.13
GU-18 4 122290-50-0 7-O-methylluteone 10 GI-74 Phe281, Gln285, His407, Phe429 −57.53
GU-56 129145-51-3 gancaonin M (6) unique Leu209, Phe281 −56.16
GU-104 1879910-27-6 glycyuralin F unique Leu209, Lys210, Leu239, Gln285 −57.80
GU-123 51225-28-6 6,8-diprenylgenistein GI-10, 51 Ser247, Phe281, His407 −53.20
GU-124 51225-30-0 erythrinin B GI-67 Leu209, Phe281, Gln285, Phe429 −55.17
GU-128 66056-19-7 licoisoflavone A GI-65 Ser247, Phe281, Gln285, His407 −55.61
GU-129 66056-30-2 licoisoflavone B GI-11 Phe281, Tyr306, His407, Phe429 −52.45
GU-143 121747-89-5 isoderrone GI-09 Phe281, Tyr306, His407, Phe429 −54.95
GU-144 121747-94-2 2′-hydroxylisolupalbigenin unique Ser247, His407 −54.91
GU-150 162616-70-8 isolupalbigenin unique Tyr306 −59.20
GU-51 5 152511-45-0 kanzonol G (4) 3 all unique Phe281, Gln285, His407 −51.82
GU-97 142488-54-8 glyasperin B Ser247, Gln285, Phe429 −57.82
GU-130 66067-26-3 licoisoflavanone Ser247, Tyr306, His407 −73.39
GU-46 6 30508-27-1 licoricidin (11) or licorisoflavan B 3 species-specific Gln285 −52.51
GU-53 152511-47-2 kanzonol J (2) Phe281, Gln285, His407 −49.93
GU-54 152546-94-6 kanzonol I (4) Gln285 −57.92
GU-32 7 52766-70-8 3-glucopyranosyloxymedicarpin 2 unique Ser247, Trp299, His407 −59.52
GU-102 1879910-25-4 glycyuralin D Gln285, Phe288, His407 −55.61
GU-180 8 134958-56-8 gancaonin U (12) 1 unique Lys210, Val211 −55.2
GU-03 9 94805-82-0 glycycoumarin (1750) 3 GG-159 (710) Leu209, Ser247, Gln285 −50.77
GU-72 66056-18-6 glycyrin (400) unique Ser247, Gln285 −53.67
GU-146 125709-31-1 licoarylcoumarin unique Ser247, Phe281, Trp299, His407 −49.61
GU-05 10 1253641-15-4 glycybenzofuran 1 unique Gln285,Trp299, Tyr306, His407 −49.61
aAdopted from Dr. Duke’s Phytochemical and Ethnobotanical Database. The abundance in ppm is indicated in parentheses after the compound
name. bBinding free energy in kcal/mol. Unique: species-specific.
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while the C-2′ hydroxy group (ring B) formed H-bonding with
Ser247 (Figure 3B).
2.4. Isoflavans. Some species-specific metabolites of the

isoflavan-type were reported to be constituents of G. glabra and
G. inflata. Isoflavan glabridin (GG-14) (Table 2 and Table S1,
Supporting Information), identified in G. glabra, showed
strong H-bonding interaction with His407 and had π−π
interactions with Phe281, Trp299, and Phe429. In addition,
glabridin forms a network of hydrophobic interactions with
PXR residues Val211, Met243, Phe251, Phe288, Trp299,
Cys301, Tyr306, Leu411, Met425, and Met426 (Figure 4),
suggesting that candidates with an isoflavan scaffold are
promising PXR modulators. Based on chemical fingerprinting
and differentiation of the five studied species, glabridin
(acquisition time = 30.7 min) was identified as a principal
isoflavan in all G. glabra samples and was not detected in other
analyzed Glycyrrhiza species (Figures S3 and S4, Supporting
Information).39

2.5. Isoflavenes. The only isoflavene-like structure,
glycybridin D (GG-56), was found in cluster 5 of G. glabra
(Table 2 and Table S1, Supporting Information). This

secondary metabolite showed hydrogen bonding interaction
with the carbonyl backbone of Leu209 and exhibited π−π
interaction with Phe281. The schematic 2D interactions of
glycybridin D with the PXR X-ray crystal are shown in Figure
5.
2.6. Pterocarpans. Pterocarpans are derivatives of

isoflavonoids and are present in the Fabaceae family. Cluster
7 of G. glabra contains compounds with a ptereocarpan
scaffold in their structure. The ptereocarpan derivatives that
showed good binding free-energies within G. glabra species are
dehydroglyceollin I, licoagrocarpin, O-methylshinpterocarpin,
and hemileiocarpin. Among these four compounds, hemi-
leiocarpin (GG-96) showed better predicted binding affinity
(ΔG = −63.53 kcal/mol) with the PXR receptor primarily due
to strong H-bonding with His407 and π−π interactions with
Phe288, Trp299, and His407 as well as other hydrophobic
interactions with Leu209, Val211, Leu240, Met243, Met246,
and Met250 (Figure 6A).
On the other hand, cluster 7 of G. uralensis possesses only

two pterocarpan-like metabolites: 3-glucopyranosyloxy-medi-
carpin (GU-32) and glycyuralin D. 3-Glucopyranosyloxy-

Figure 3. 2D interaction diagram of (A) glabrol and (B) licoisoflavanone with PXR X-ray crystal structure (1NRL).

Figure 4. 2D (A) and 3D (B) interaction diagrams of glabridin (GG-14) with 1NRL PXR X-ray crystal structure.
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medicarpin showed strong interactions with PXR compared to
glycyuralin D. 3-Glucopyranosyloxy-medicarpin exhibited
strong H-bonding with Ser247 and His407 and had π−π
interactions with Trp299. The whole structure was surrounded
by an array of hydrophobic residues such as Leu209, Val211,
Leu240, Met243, Phe251, Phe288, Cys301, Tyr306, Leu411,
and Met425 (Figure 6B). However, the aglycone medicarpin
showed weaker ligand−PXR interactions than the prenylated
analogue, hemileiocarpin, which is present in multiple samples
of G. glabra, but at least one log unit less than glabridin.39

2.7. Chalcones. Chalcone-like compounds were found in
G. glabra, G. inflata, and G. uralensis species. Cluster 8 of G.
glabra consists of 16 compounds, including 10 species-specific
markers. The main interacting residues for these compounds

were Ser247, Gln285, Trp299, and His407. Most of the
compounds formed at least one H-bond with the key residues
Ser285 or His407. Among the 16 compounds, only two
compounds had only hydrophobic interactions with the other
key residues. This cluster represents the better binding free
energy and has the highest number of unique compounds
among all the clusters of the G. glabra species. The 2D
interaction diagram representing glycybridin C (GG-52),
which showed the highest negative binding free (ΔG =
−67.93 kcal/mol), is reported in Figure S5 (Supporting
Information).
On the other hand, cluster 6 of G. inflata has five unique

chalcone-type compounds (Table 4 and Table S1) in which
licochalcone K (GI-82) showed a better predicted binding free

Figure 5. 2D interactions diagram of glycybridin D with 1NRL X-ray crystal structure.

Figure 6. 2D interactions diagrams of (A) hemileiocarpin, a component of G. glabra, and (B) 3-glucopyranosyloxymedicarpin, a component of G.
uralensis with 1NRL X-ray crystal structure.
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energy (ΔG = −59.69 kcal/mol) with strong favorable
interactions with Ser247, Trp299, and His407 residues of
PXR (Figure S6, Supporting Information). These strong

interactions indicate that this compound and structurally
similar mimics viz., licochalcones, G, D, and I could act as
promising PXR modulators. Indeed, these metabolites indicate

Table 4. Best-Ranking Compounds of G. inflata Docked within PXR Crystal Structures

code no. cluster no. CAS no. common namea total common key interactions (H-bonds and π−π stacking) BFEb

GI-60 1 70872-32-1 6,8-diprenylapigenin 5 all unique Leu209 −51.74
GI-78 2139264-68-7 licoflavone D Lys210, Gln285 −54.42
GI-85 155233-21-9 kanzonol E only hydrophobic interactions −55.74
GI-86 kanzonol D kanzonol D Ser247, Phe281, Trp299, His407 −50.24
GI-93 106593-04-8 retusin/3,4,3′,4′-tetrahydroxychalcone Trp299, His407 −51.25
GI-53 2 80510-05-0 euchestraflavanone A 1 unique Leu239, His407 −50.94
GI-69 3 199331-53-8 glyurallin B 2 all unique Leu239, Gln285 −56.27
GI-76 2139264-65-4 licoisoflavone D Gln285, His407 −51.35
GI-62 4 21554-71-2 dihydrogenistein 3 all unique Leu209, Gln285, Trp299, Tyr306 −57.06
GI-81 2139264-71-2 licoisoflavanone C Ser247, Gln285, Trp299, His407 −56.50
GI-100 2137884-97-8 prenylisoflavanone Trp299, His407 −56.30
GI-06 5 164123-55-1 glyinflanin I 2 all unique Leu239, His327 −54.67
GI-12 160825-67-2 gancaonin Z Ser247, Gln285, Phe288, Tyr306 −52.82
GI-23 6 144506-15-0 licochalcone D 5 all unique Lys210 −53.19
GI-35 1083200-74-1 chalcone derivative Leu209, Lys210, Leu239, His407 −49.94
GI-41 151410-32-1 xinjiachalcone A His407 −51.99
GI-82 2139264-64-3 licochalcone K Ser247, Trp299, His407 −59.69
GI-88 775351-90-1 corylifol B Leu209, Val211, Gln285 −58.91
GI-39 7 1174167-73-7 xinjiastilbene A 2 all unique Ile236, His407 −68.2
GI-40 1174167-74-8 xinjiastilbene B Leu209, Phe288, Trp299, Tyr306 −52.7
GI-42 8 158446-33-4 inflacoumarin A 1 unique Phe288, Trp299, His407 −58.45
aAdopted from Dr. Duke’s Phytochemical and Ethnobotanical Database. The abundance in ppm is indicated in parentheses after the compound
name. bBinding free energy in kcal/mol. Unique: species-specific.

Table 5. Best-Ranking Compounds of G. echinata and G. lepidota Docked within PXR Crystal Structures

code no. cluster no. CAS no. common namea total common key interactions (H-bonds and π−π stacking) BFEb

GE-04 1 76690-67-0 7,4′-dihydroxy-8-prenylflavone 1 unique Ile236, His407 −52
GL-08 1 42193-83-9 glepidotin A 2 all unique Ser247, Phe288, Trp299, Tyr306 −53
GL-20 17650-84-9 nicotiflorin Ser208, Ser247, Phe288, Trp299 −60
GL-11 2 374750-10-4 glepidotin D 1 unique Ile236, Leu239, His407 −57

aAdopted from Dr. Duke’s Phytochemical and Ethnobotanical Database. bBinding free energy in kcal/mol. Unique: species-specific.

Figure 7. 2D interactions diagram of G. uralensis species-specific secondary metabolites, (A) gancaonin U and (B) glycybenzofuran within the
1M13 X-ray crystal structure.
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the unique yellow color associated with G. inflata extracts and
are present across multiple samples of G. inflata.39

2.8. Dihydrostilbenes. The secondary metabolites com-
prising the dihydrostilbene scaffold were found in G. glabra, G.
inflata species, and G. lepidota. A total of four metabolites
representing a dihydrostilbene scaffold (cluster 9) were
identified as components of G. glabra and appeared to be
species-specific markers. Two secondary metabolites, xinjias-
tilbenes A and B (cluster 7), were identified as G. inflata-
specific secondary metabolites. The latter compound showed
superior ligand−protein interactions resulting in a binding free
energy of ΔG = −68.2 kcal/mol (Table 4 and Figure S7).
Glepidotin D (Table 5) is the only metabolite identified as a
component of G. lepidota and appeared to be species-specific
markers.
2.9. Dihydrophenanthrenes and Phenylbenzofurans.

The species-specific secondary metabolites belonging to the
dihydrophenanthrene and phenylbenzofuran scaffolds (Table
3, clusters 8 and 10) were only found in G. uralensis and are
represented by gancaonin U and glycybenzofuran, respectively.
In the PXR ligand-binding domain, gancaonin U was
surrounded by essential interactions with hydrophobic residues
and devoid of typical hydrogen-bond interactions with any of
the key residues (Ser247, Gln285, and His407); instead, strong
H-bonding with Lys210 and Val211 (carbonyl backbone) was

observed (Figure 7A). The glycybenzofuran compound
representing the phenylbenzofuran scaffold exhibited typical
strong H-bonding with Gln285 and His407, known for PXR
induction. In addition, this compound also showed π−π
interactions with Trp299 and Tyr306. Most parts of the
molecule were surrounded by an array of hydrophobic residues
shown in Figure 7B. Avula et al. did not find these compounds
in their extracts in the other four Glycyrrhiza species.39

2.10. Arylcoumarins. The compounds based on the
coumarin aryl scaffold were found in G. glabra, G. uralensis,
and G. inflata species. However, only a few members belong to
these clusters. Glycyrin, glycycoumarin, and licoarylcoumarin
are the only three metabolites reported for G. uralensis in
which glycyrin (GU-72) and glycycoumarin (GU-03) were
reported at the 400 and 1750 ppm levels, respectively. The
major structural difference between glycycoumarin and
glycyrin involves C-7 carrying hydroxy and methoxy moieties,
respectively. These compounds showed strong interactions
with the key residues Ser247 and Gln285 and fit well within
the PXR active site (Figure 8A). The glycycoumarin with a C-7
hydroxy group showed additional hydrogen bonding with
Leu209 (Figure S8, Supporting Information). In contrast,
cluster 8 of G. inflata contains only one compound,
inflacoumarin A (GI-42), which is reported to be the
species-specific marker. It exhibited H-bond interaction with

Figure 8. 2D interactions diagram of (A) glycyrin, a component of G. uralensis, and (B) inflacoumarin A, the component of G. inflata with 1NRL X-
ray crystal structure.

Table 6. PXR Activation by Compounds from Glycyrrhiza Species

fold increase in PXR activity at

code compound name 30 μM ± SD 10 μM ± SD 3 μM ± SD

GG-14 (3R)-glabridin 6.53 ± 0.38 3.29 ± 0.09 1.99 ± 0.30
GU-128 licoisoflavone A 3.88 ± 0.41 2.53 ± 0.17 1.87 ± 0.19
GG-98 liquiritin 1.28 ± 0.07 1.07 ± 0.22 0.82 ± 0.15
GU-03 glycycoumarin 2.46 ± 0.22 1.44 ± 0.05 1.19 ± 0.14
GI-19 isoliquiritigenina 1.34 ± 0.03 1.20 ± 0.16 0.90 ± 0.02
GU-130 licoisoflavanone 3.29 ± 0.31 2.40 ± 0.31 1.90 ± 0.31
positive control rifampicin 3.51 ± 0.42 3.20 ± 0.80 2.70 ± 0.50

aClose mimic for neoisoliquiritigenin (GG-103).
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His407 and π−π stacking with Phe288 and Trp299 as well as
the whole molecule being surrounded by an array of
hydrophobic residues (Figure 8B). Based on LC−MS chemical
fingerprinting of multiple samples of Glycyrrhiza species,
inflacoumarin A in G. inflata and glycyrin in G. uralensis
were tentatively identified.39

2.11. Pregnane X Receptor (PXR) Activation. A
luciferase reporter gene assay40 was employed to determine
the effect of potential hits on the transcriptional activity of
PXR. We tested six compounds, namely, (3R)-glabridin (GG-
14), licoisoflavone A (GU-128), (2S)-liquiritin (GG-98),
glycycoumarin (GU-03), (3R)-isoliquiritigenin (GG-19), and
(3R)-licoisoflavanone (GU-130), from the list of potential hits
identified, which were available in our in-house library (Table
6). The in vitro assay results showed that among the selected
six compounds, glabridin, licoisoflavone A, glycycoumarin, and
licoisoflavanone exhibited concentration-dependent PXR ago-
nistic effects. The highest activity was found for glabridin
(6.53-fold increase) followed by licoisoflavone A (3.88-fold
increase), licoisoflavanone (3.29-fold increase), and glycycou-
marin (2.46-fold increase) at 30 μM concentrations. Glabridin,
licoisoflavone A, and licoisoflavanone retained high activity
even at a lower concentration of 10 μM with 3.29, 2.53, and
2.40-fold increases, respectively. Other promising hits such as
liquiritin and isoliquiritigenin showed minimal activity (<1.5-
fold increase). In general, an increase in fold-activation of PXR
correlates with the induction of certain CYP450 isozymes. No
significant increase in 3A4 enzymatic levels was noticed, even
though at least 6-fold PXR activation was observed with
glabridin.41 On the contrary, 2,4-dihydroxyphenyl group on
the glabridin scaffold were critical for CYP450 interactions and
its antioxidant properties.42,43 Moreover, glabridin was
identified to inactivate the enzymatic activities of 3A4, 2B6,44

and other isozymes and transporters using a UHPLC−MS/MS
cocktail assay45 and serve as a competitive inhibitor of CYP2E1
isozyme.46 Nevertheless, further in-depth translational studies
are warranted to establish the clinical relevancy of potential
herb−drug interactions associated with glabridin. Analysis of
the interaction profile of the docked pose of liquiritin with
PXR showed H-bonding of liquirtin with Leu209 and π−cation
interactions with Lys210, instead of typical key interactions

with critical residues Ser285, His407, or Gln285 and hence
displayed weaker PXR activation results. In order to gauge the
overall modulatory effects on PXR, aq. ethanol extracts and
pure compounds of five Glycyrrhiza species were evaluated for
their effects on major CYP isoforms, which are regulated by
PXR (3A4 and 1A2).41 The study revealed that glycycoumarin
showed the highest induction (3-fold) of CYP3A4 enzymatic
activity at 30 μM followed by licoisoflavone A with >2-fold
induction. It is worth noting that glabridin did not induce
CYP3A4 enzymatic activity despite its high PXR activation.
Furthermore, glycycoumarin showed a ∼2-fold increase in
CYP1A2 enzymatic activities at 30 and 10 μM, with no effect
at the lower concentrations. Glabridin showed 2-fold induction
of CYP1A2 activity at 10 μM. In contrast, licoisoflavone A did
not induce CYP1A2 enzymatic activity at any tested
concentration. Furthermore, selected extracts and marker
compounds including glycycoumarin were also evaluated for
their effects on the metabolism of two antiretroviral drugs,
rilpivirine and dolutegravir, in hepatocytes.41

2.12. Molecular Dynamics. To explore the structural
dynamics and stability of protein−ligand complexes, the
RMSD analysis of the α-atoms of 1NRL-glabridin (GG-14)
and 1NRL-rifampicin were calculated based on the starting
frame at a 0 ns time interval and are plotted in Figure 9A. The
RMSD plots indicate that the conformation of the protein of
1NRL-glabridin and 1NRL-rifampicin complexes were signifi-
cantly stable compared to 1NRL protein only. It indicates that
when the ligand binds with the PXR 1NRL protein and formed
stable and strong interactions with the protein, it prevents high
mobility or fluctuation during the MD simulations (Figure
9B). Similarly, the conformations of the ligands, rifampicin and
glabridin, were quite stable during the 200 ns simulations
except for 70−90 ns for the glabridin complex. During this
time interval, the RMSD varies between ∼0.5 and 2.0 Å. After
90 ns, the conformational changes of both ligands were highly
stable at the binding site for the remainder of the simulation.
The RMSF plots of 1NRL-glabridin and 1NRL-rifampicin

complexes were further assessed to comprehend the individual
residue flexibility or how much a particular residue fluctuates
during an MD simulation. The RMSF plots revealed that the

Figure 9. Root mean square deviation (RMSD) analysis of the molecular dynamic (MD) simulation trajectory. RMSD plot obtained for (A) C-α
atoms of the protein PXR (PDB ID: 1NRL) with glabridin (GG-14) and rifampicin complexes; and (B) ligand-heavy atoms for glabridin- and
rifampicin-PXR complexes (PDB ID: 1NRL), for the reference frame at time 0 ns.
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proteins did not show any significant fluctuations upon binding
of glabridin to the protein residues (Figure 10).
The interaction histogram of 1NRL-glabridin and 1NRL-

rifampicin complexes revealed that both compounds formed
major interactions with amino acids Met243, Phe288, Trp299,
Trp306, His407, and Arg410 (Figure 11).
The 1NRL-rifampicin complex showed additional inter-

actions with Leu209 (H-bonding), Val211 (hydrophobic),
Ser238 (water-mediated), and Gln285 (H-bonding) (Figure
12A). These additional interactions resulted due to its
extended molecular architecture. In contrast, glabridin showed
strong π−π interactions with Phe251, Phe288, Trp299,
Trp306, and His407 and H-bonding with Arg410 (Figure
12B). Interestingly, glabridin showed a hydrogen bond
interaction between a phenolic OH (at C-6′) and His407
during docking; however, the same OH (at C-6′) is hydrogen
bonded to Arg410 after MD simulation. The His407 exhibited
strong π−π interactions with ring B. Overall, glabridin
exhibited strong and stable interactions with the key residues
of PXR, being known for its activity.

3. CONCLUSIONS
Glycyrrhiza is considered as one of the alarmingly high-risk
herbal constituents for inducing adverse effects; therefore, we

conducted an exhaustive in silico screening of the known
components of different yet closely related Glycyrrhiza species
for potential PXR modulation by using docking and binding
free-energy calculations. The results showed that compounds
from G. glabra have diverse and unique scaffolds and exhibit
better predicted binding affinities toward PXR than other
Glycyrrhiza species. In addition, with their unique compounds,
G. uralensis and G. inflata were also predicted to have a better
binding affinity for PXR. A few compounds from the list of
potential PXR modulators were tested through an assay for
PXR activation based on their ready availability. Among the six
tested, four compounds showed strong PXR activation effects,
which were concentration-dependent; among them, (3R)-
glabridin (GG-14) was found to be the most active. The MD
results revealed that glabridin formed strong and stable
interactions with the key residues of PXR and remained stable
during the entire 200 ns simulation. In the future, the
remaining highly alarming components from the studied
Glycyrrhiza species based on their binding free-energy data
and 3D interactions with the key residues of PXR will be
further investigated by the application of cell-based in vitro
assays for activation of the potential nuclear receptors and their
modulatory effects on the susceptible target genes. A limitation
of the current computational approach necessitates prior

Figure 10. The root mean square fluctuation (RMSF) plot is based on C-α atoms of PXR protein (PDB ID: 1NRL) with (A) rifampicin and (B)
glabridin. Protein residues that interact with the respective ligands are marked with green vertical bars.
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structural knowledge of compounds present in a complex
natural product mixture. Before undertaking an in silico
approach, an extensive literature search to collect all known
phytochemicals is mandatory. In some cases, the exact stereo
structures are not defined in the literature, and hence, all
plausible stereostructures need to be considered in computa-
tional data mining. Therefore, natural products have to be
isolated at some point to determine their absolute stereo-
structure and thus their identity and purity. Nevertheless, if not
readily available, one must undertake pharmacognostic
investigations to isolate target compounds and test their
modulatory effects on desired biological targets to validate and
confirm the predictive attributes. The utility of computer-aided
tools when prior structural knowledge of compounds is
available can be exploited to rapidly identify the potential
nuclear receptor modulators in complex botanical extracts with
demonstrable success and avoidance of time-consuming
isolation efforts. Implementation of such tools would expedite
and complement traditional pharmacognostic investigations
and provide a platform to understand the safety and
polypharmacology of the traditional herbs.

4. EXPERIMENTAL SECTION
4.1. Database Preparation. Literature reports16,38,47−106

including chemical databases such as Dictionary of Natural
Products107 and SciFinder108 were searched for all known
secondary metabolites of Glycyrrhiza species. Further, the
unique CAS number associated with each specific compound
isolated from the five species of Glycyrrhiza (glabra, uralensis,
inf lata, echinata, and lepidota) were collected. In the next step,
the 2D structures (SMILES notation) of all the isolated
compounds were retrieved via CAS numbers using the
PubMed search. A total of 518 compounds from various
species of Glycyrrhiza, 183 (GG, G. glabra), 180 (GU, G.
uralensis), 100 (GI, G. inflata), 33 (GE, G. echinata), and 22
(GL, G. lepidota), were retrieved. Using CAS numbers,
duplicate structures were removed to furnish 387 unique
compounds. The ligand preparations of 387 unique com-
pounds yielded 456 structures, which included possible
isoforms of some of the compounds where stereogenic centers
were undefined. The simplified molecular input line entry
system (SMILES) notations of these compounds were
converted into 2D structures using Canvas software. The 2D
structures of 387 compounds were further converted into 3D-
energy minimized structures using the LigPrep109 module
implemented in the Schrödinger release 2020-4 suite at

Figure 11. Analysis of molecular interactions for (A) rifampicin and (B) glabridin with protein PXR (PDB ID: 1NRL) after MD simulation.
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physiological pH 7.4. Compounds that had no defined absolute
configuration were converted into all the possible stereo-
isomers. This step led to a total of 456 unique metabolites of
Glycyrrhiza.
4.2. Protein Preparation. The 3D XYZ coordinates of X-

ray crystal structures of PXR (PDB IDs: 1NRL29 and 1M1332

were downloaded from the protein data bank (https://www.
rcsb.org/). The proteins were prepared using the Protein Prep
Wizard module110,111 implemented in the Schrödinger
software by adding missing hydrogen, correcting bond orders,
proper ionization at pH 7.4, adding missing side chains,
removing water molecules 5 Å away from the co-crystalized
ligand, and having <2 hydrogen bonds with non-water
molecules. The preprocessed proteins were further optimized
for the H-bond assignment, and at the last hydrogen, only
restraint minimization was performed.
4.3. Grid Generation. The grids for the active site of PXR

proteins were prepared considering the centroid of the co-
crystalized ligands in their corresponding proteins. No
additional constraints were included during grid generation.
4.4. Native Docking. Before docking the dataset of

compounds collected from Glycyrrhiza species, re-docking the
cognate ligands into their corresponding proteins was
performed. Cognate ligand docking effectively establishes a
benchmark for a virtual screen of compounds with unknown
binding activity against a given target. The docked pose of
cognate ligands was compared with co-crystallized ligands in
their corresponding proteins. The lower RMSD (<0.5 Å) of
the docked pose with co-crystallized ligand pose indicates the
suitability of the docking protocol.
4.5. Virtual Screening Workflow. Two X-ray crystal

structures of PXR (PDB IDs: 1NRL29 and 1M1332) were used
for the ensemble docking via a virtual screening workflow
(VSW)25 module implemented in the Schrödinger software.

The VSW consists of docking Glycyrrhiza compounds
collected from various species of Glycyrrhiza using Glide
standard precision (SP) followed by Glide extra precision
(XP).112,113 The final outputs of XP docking were further
subjected to prime114,115 molecular mechanics/generalized
born surface area (MM-GBSA) binding free-energy calcu-
lations. The flexible ligand sampling method was used for both
docking methods. Three poses per ligand were allowed to store
in the VSW method.
4.6. 2D Fingerprint-Based Clustering. After docking,

the best complexes were selected based on prime MM-GBSA
binding free energies using ≤−50 kcal/mol as a cutoff value.
This criterion led to a total of 55 compounds from G. glabra,
41 compounds from G. uralensis, 37 compounds from G.
inflata, five compounds from G. lepidota, and four compounds
from G. echinata (Table S1, Supporting Information, and
Figures 13−16). Among them, species-specific metabolites are
38, 23, 21, 3, and 1 for G. glabra, G. uralensis, G. inflata, G.
lepidota, and G. echinata, respectively. In the next step, the 2D
fingerprint of these compounds was calculated using the
hashed linear fingerprint method116 implemented in the
Canvas software.117,118 Fingerprints were generated using the
default atom-typing scheme (daylight invariant atom types)
and no bit scaling. Hashed fingerprints were mapped into a 32-
bit address space. Compounds were clustered based on the
Tanimoto index,36 one of the most commonly used similarity
indexes in the literature using the hierarchical-clustering (HC)
method.36,37 The clustering was performed using the average
cluster linkage method, and Kelly criteria were used to identify
the total number of clusters for HC.
4.7. Isolation and Purification of Licorice Root

Components. The preparation of licorice root extracts were
achieved as described by Haron et al.41 The pure compounds,
glabridin, isoliquiritigenin, licoisoflavone A, liquiritin, licoiso-

Figure 12. Analysis of the type of contacts (2D interaction contour map with the key protein residues) for (A) rifampicin and (B) glabridin with
protein PXR (PDB ID: 1NRL) after MD simulation.
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flavanone, and glycycoumarin were obtained from the
methanol extract of botanically verified licorice by column
chromatography over normal silica gel, reversed-phase silica
(RP-18), and Sephadex LH-20, as well as preparative thin-layer
chromatography (PTLC).119 Product integrity and purity of all
six flavonoids were characterized using NMR, high-resolution
mass spectrometry, and HPLC.41,119 Isoliquiritigenin, glabri-
din, and glycycoumarin were identified with >95% purity.

Whereas, liquritin, licoisoflavonone, and licoisoflavone A were
identified with >90% purity.
4.8. Biological Assay. 4.8.1. PXR Activation Using

Reporter Gene Assay. To further validate the computational
results, some pure compounds from licorice available in-house
with promising in silico results and some control compounds
with proven ligand−PXR interactions were tested using a
reporter gene assay described earlier.40 In brief, the cells were

Figure 13. Structures of secondary metabolites found in G. glabra clustered according to the main scaffold.
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transiently transfected with 25 μg of pSG5-hPXR and 25 μg of
PCR5 plasmid DNA by electroporation and seeded in 96-well
plates (50,000 cells per well). After incubating for 24 h, the test
compounds and the positive control were added at various
concentrations (30, 10, and 3 μM). After an incubation of 24 h
with the test samples, media was aspirated, and 40 μL of
luciferase reagent (Promega Corporation, Madison, WI, USA)
was added to each well. Luminescence was measured on a
Spectramax M5 plate reader (Molecular Devices, Sunnyvale,
CA, USA). The increase in luciferase activity of the sample-
treated cells was calculated in comparison with vehicle-treated
cells. Rifampicin was used as a positive control. Each
compound was tested in triplicate unless stated otherwise.
4.9. Molecular Dynamics Simulation. (3R)-Glabridin,

which showed the highest PXR activation among all the tested
compounds, was subjected to all-atom molecular dynamics
(200 ns) simulation along with the positive control, rifampicin,
using Desmond software, (Schrödinger).120 The selected
ligand−protein complexes were first solvated with a TIP3P
explicit water model. The whole system was neutralized using
NaCl and set to an ionic strength of 0.15 M. An orthorhombic

box was used with a buffer distance of 10 Å for each dimension
by the Desmond software. A modified relaxation protocol was
used as described in our previous publication.121 In brief, the
first step involved in the equilibrium stage was Brownian NVT
dynamics (constant volume and temperature) with T = 10 K
and restraints on solute heavy atoms for 1 ns; the second step
includes T = 100 K, H2O barrier, Brownian NPT (constant
pressure and temperature), membrane restrained in the Z
direction, and protein restrained for 100 ps; the third step
consists of NPγT, heating from 100 → 300 K, H2O barrier,
and gradual release of restraints; the fourth step includes NVT
production, T = 300 K and no restraints for 500 ps; and the
final step involves NPT production, T = 300 K and no
restraints for 5 ns. After the equilibration stage, the production
run was performed in the NPT ensemble using a Langevin
thermostat at a temperature of 300 K and 1.63 bar pressure
over 200 ns (time-step 2 fs) with recording intervals of 1.2 ps
for energy and 200 ps for trajectory. Simulations were run with
the OPLS3e force field. Plots and figures were generated with
the Desmond simulation interaction diagram (SID) imple-
mented in the Desmond software.

Figure 14. Structures of all the clusters of secondary metabolites found in Glycyrrhiza uralensis.
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