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A B S T R A C T

Aim
Licoricidin has multiple pharmacological activities. The present study was designed to investigate the per-

meability and pharmacokinetic behavior of licoricidin using in vitro models.
Material and methods: First, human liver microsomes and recombinant human supersomes were used to in-
vestigate the interactions between metabolic enzymes and licoricidin. In addition, rat, minipig, rabbit, dog,
monkey, and human liver microsomes were used to determine metabolic differences among species. The parallel
artificial membrane permeability assay (PAMPA) was used to explore licoricidin permeability behavior.
Key findings: At 100 μM, licoricidin strongly inhibited CYP2C9, CYP2C19, CYP3A4, UGT1A3, UGT1A6, UGT1A7,
UGT1A8, UGT1A9, UGT2B4, UGT2B7, UGT2B15, and UGT2B17. Licoricidin metabolism exhibited considerable
differences among species; dog, pig, and rat liver microsomes showed higher metabolic capacity than the other
species. Seven licoricidin metabolites were identified by liquid chromatography-tandem mass spectrometry, and
hydration and hydroxylation were the major metabolic pathways. The PAMPA permeability of licoricidin was
moderate at both pH 4.0 and 7.4.
Significance: The present study will support further pharmacological or toxicological research on licoricidin.

1. Introduction

At present, plants have been extensively studied [1,2]. Licorice
(Glycyrrhiza species) is one of the oldest medicinal plants used in China
and Far Eastern countries. Licorice root has considerable antiviral, anti-
inflammatory, anticarcinogenic, antiallergy, hepatoprotective, and es-
trogenic activities [3,4]. In China, licorice is usually used together with
other plants as an expectorant and analgesic to treat asthma, and al-
leviate abscesses and abdominal pain [5]. To evaluate the therapeutic
potential and understand the mechanisms of action of licorice better,
further research on the predominant components of licorice is required.
Licoricidin, an isoflavan with two isoprenyl groups, is a major com-
ponent of licorice extract, and the structure of licoricidin is shown in
Fig. 1. Similar to licorice, licoricidin shows potent antibacterial [6,7],
anticancer [4,8], and anti-inflammatory [5] activities. In addition, li-
coricidin prevents UVA-induced photoaging of human dermal fibro-
blasts [9].

Cytochrome P450 (CYP) and UDP-glucuronosyltransferase (UGT)
are the main phase I and II enzymes, respectively, that are responsible
for the biotransformation of most drugs and other hydrophilic xeno-
biotics [10,11]. Thus, induction or inhibition of CYPs or UGTs will alter

drug pharmacokinetics and may decrease the pharmacological efficacy
or increase the toxicity of drugs. The extracts of three botanically
identified licorice species (Glycyrrhiza glabra L., Glycyrrhiza uralensis
Fish. ex DC., and Glycyrrhiza inflata Batalin) strongly inhibited CYP2A1,
CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP3A4, and UGT1A1 and in-
duced CYP1A2 and CYP2B6 [12,13]. An activity loss of> 50% was
observed when CYP3A4 in the reconstituted system was incubated with
6.9 g/mL of licorice root extract for 15min in the presence of NADPH,
whereas no inhibition was seen initially. The remnant activities of
CYP2C8 and CYP2C9 inhibited by licoricidin (10 μM) were<10% [3].
However, the kinetic parameters, including the half-maximal inhibitory
concentration (IC50) and inhibitor constant (Ki), have never been re-
ported. Thus, it is important to validate the effect of licoricidin on the
activities of CYPs and UGTs to help avoid adverse drug reactions from
HDIs. In addition, it is necessary to identify the enzyme(s) involved in
licoricidin biotransformation during the adverse reaction to avoid li-
coricidin competing with other drugs that are metabolized by the same
enzyme. If licoricidin is co-administered with a drug that shares the
same metabolic enzyme, the two compounds will compete with each
other for the metabolic enzyme and affect blood concentrations, which
may result in adverse reactions.
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Numerous studies have demonstrated the biological and pharma-
cological activities of licoricidin. However, there has been little re-
search on the metabolism of licoricidin. Interspecies comparison of
metabolic pathways can reveal species with pathways similar to that of
humans that may be suitable for future in vivo studies [14]. Thus, it is
important to investigate the metabolic profiles of licoricidin and their
differences among species.

The parallel artificial membrane permeability assay (PAMPA) is
currently used as a rapid in vitro assay of passive biomembrane per-
meation in drug discovery [15]. The PAMPA in vitro technique was
developed by Kansy et al. in 1998 [16] and was originally used to
predict passive permeability through the gastrointestinal tract rapidly
[17].

In this study, we explored the inhibition of licoricidin against 11
UGT and eight CYP isoforms, and we compared the metabolic char-
acteristics and differences of licoricidin among six species. PAMPA was
used to investigate licoricidin permeability at pH 4.0 and 7.0.

2. Materials and methods

2.1. Chemicals and reagents

Licoricidin (> 98%) was purchased from Sichuan Weikeqi
Biotechnology Co., Ltd. (Sichuan, China). We have described the probe
substrates, probe substrate metabolites, and positive inhibitors of CYP
isoforms in our previous paper [10]. Naproxen, furosemide, 1-amino-
benzotriazole (ABT), phenacetin, sulfaphenazole, chlorzoxazone, qui-
nidine, clomethiazole, furafylline, diclofenac, dextromethorphan, ke-
toconazole, testosterone, (S)-mephenytoin, omeprazole, glucose-6-
phosphate dehydrogenase, NADP+, D-glucose-6-phosphate, 4-methy-
lumbelliferone (4-MU), 4-methylumbelliferone-β-D-glucuronide,
Tris–HCl, 7-hydroxycoumarin, and uridine 5′-diphosphoglucuronic acid
(UDPGA; trisodium salt) were purchased from Sigma Aldrich (St. Louis,
MO, USA). Metabolites of the probe substrates, which were O-deethy-
lated phenacetin (CYP1A2), 4′-hydroxylated diclofenac (2C9), O-de-
methylated dextromethorphan (2D6), 6-hydroxylated chlorzoxazone
(2E1), 6β-hydroxylated testosterone (3A4), and 4′-hydroxylated (S)-
mephenytoin (2C19), were obtained from the Research Institute for
Liver Disease Co., Ltd. (Shanghai, China). Acetonitrile (HPLC grade)
was purchased from Merck (Darmstadt, Germany) and formic acid
(HPLC grade) was purchased from Tedia (Fairfield, OH, USA). All other
reagents and chemicals were of the highest grade commercially avail-
able.

2.2. Liver microsomes and recombinant human UGT and CYP isoforms

Pooled liver microsomes from humans (HLMs), monkeys (MLMs),
rabbits (RAMs), rats (RLMs), dogs (DLMs), and minipigs (PLMs) were
provided by the Research Institute for Liver Disease Co., Ltd. (Shanghai,

China). The HLMs were prepared from 11 individual human donor li-
vers. Research involving human subjects was performed under full
compliance with government policies and the Helsinki Declaration, and
informed consent was obtained from all subjects. MLMs, RAMs, RLMs,
DLMs, and PLMs were prepared from 10 individual animal livers.
Protein concentration was determined with a bicinchoninic acid protein
assay kit [18]. Recombinant human supersomes (UGT1A1, UGT1A3,
UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7,
UGT2B15, CYP1A2, CYP2C9, CYP2D6, CYP2E1, CYP3A4, and
CYP2C19) were obtained from BD Gentest Corp. (Woburn, MA, USA).

2.3. Analytical instruments and conditions

A high-performance liquid chromatography (HPLC) system com-
prising two pumps (LC-20AB, Shimadzu, Kyoto, Japan), a column oven
(CTO-20AB, Shimadzu; set to 40 °C), autosampler (SIL-20A, Shimadzu),
and an ultraviolet (UV) detector (SPD-20A, Shimadzu) was used. HPLC
analysis of samples was performed using a Hypersil BDS C18 column
(Dalian Elite Analytical Instruments Co., Dalian, China; 4.6× 150mm,
5 μm). Mobile phases A and B were acetonitrile and water containing
0.1% formic acid, respectively. The flow rate was 1mL/min with the
following gradient program: 0.00min, 50% B; 12.00min, 50% B;
12.30min, 95% B; 18.00min, 95% B; 18.30min, 50% B; 22.00min,
50% B. Licoricidin and its metabolites were detected at 285 nm.

The analysis for licoricidin metabolites was conducted on an ultra-
performance liquid chromatography (UPLC) system (Waters
Corporation, Milford, MA, USA) equipped with a Q-TOF high-definition
mass spectrometer (SYNAPT G2-Si, Waters). Separation of analytes was
achieved with a UPLC BEH C18 column (Acquity, Waters;
2.1× 100mm, 1.7 μm). Mass detection was performed in negative
mode from m/z 100 to 1000. The optimized parameters were as follows:
collision gas, argon; trap collision energies, 6 V (low energy) and
20–50 V (high energy); capillary and cone voltages, 2 kV and 40 V;
source and desolvation temperatures, 120 and 600 °C; and cone and
desolvation gas flows, 50 and 800 L/h, respectively.

2.4. In vitro incubation systems with liver microsomes or recombinant CYP
supersomes

The incubation system consisted of 0.3 mg/mL protein in liver mi-
crosomes or 15 nM protein in recombinant human supersomes, 4 mM
MgCl2, and 1mM NADPH in a final volume of 200 μL of 0.1 M po-
tassium phosphate buffer (pH 7.4). After pre-incubation at 37 °C for
3min, the reaction was initiated by adding NADPH. Incubation time
was optimized for 30min, and then terminated by adding 200 μL ice-
cold methanol to terminate the reaction. The incubation solution was
centrifuged at 20,000×g for 20min at 4 °C. An aliquot of the super-
natant was injected into the HPLC or liquid chromatography-tandem mass
spectrometry (LC-MS/MS) system for analysis. All the incubation

Fig. 1. Structure of licoricidin.
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experiments were performed in triplicate, and the data were expressed
as mean ± standard deviation (SD).

2.5. Inhibitory effect of licoricidin on CYP activities in pooled HLMs

The inhibitory effects of licoricidin (100 μM) on the activities of six
CYP isoforms (CYP1A2, CYP2C9, CYP2D6, CYP2E1, CYP3A4, and
CYP2C19) were evaluated using HLMs. The marker reactions and probe
substrates were phenacetin O-deethylation (CYP1A2), diclofenac 4′-
hydroxylation (2C9), dextromethorphan O-demethylation (2D6),
chlorzoxazone 6-hydroxylation (2E1), testosterone 6β-hydroxylation
(3A4), and (S)-mephenytoin 4′-hydroxylation (2C19). The reaction
system is described in Section 2.4. The inhibitors of individual CYPs
used as positive controls have been reported previously (Fang et al.,
2009), and the inhibitor concentrations were 10 μM furafylline for
CYP1A2, 10 μM sulfaphenazole for CYP2C9, 20 μM omeprazole for
CYP2C19, 10 μM quinidine for CYP2D6, 50 μM clomethiazole for
CYP2E1, 1 μM ketoconazole for CYP3A4, and 500mM ABT for broad
CYP inhibition [19]. For CYP isoforms that were inhibited by> 90%
total activity by 100 μM licoricidin, kinetic parameters IC50 and Ki were
determined and analyzed. Dixon and Lineweaver-Burk plots were
generated to determine the inhibition type. All incubations were per-
formed in triplicate, and mean values were used for analysis.

2.6. Incubation and analysis methods for inhibition evaluation against
UGTs

4-MU was used as a nonselective UGT probe substrate to investigate
the inhibition potential of licoricidin for UGT isoforms. A typical in-
cubation mixture (total volume of 200 μL) contained recombinant UGTs
(final concentrations: 0.125, 0.05, 0.025, 0.05, 0.025, 0.05, 0.05, 0.25,
0.05, and 0.2 mg/mL for UGT1A1, UGT1A3, UGT1A6, UGT1A7,
UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7, and UGT2B15, re-
spectively), 5 mM UDPGA, 5mM MgCl2, 50mM Tris-HCl buffer
(pH 7.4), and 4-MU in the absence or presence of different concentra-
tions of licoricidin. The incubation concentrations of 4-MU were equal
to known Michaelis constants (Km) or substrate concentrations resulting
in 50% of maximum velocity (Vmax) (S50) values for each UGT isoform
(110, 1200, 110, 15, 750, 30, 80, 1200, 350, 250, and 2000 μM 4-MU
for UGT1A1, UGT1A3, UGT1A6, UGT1A7, UGT1A8, UGT1A9,
UGT1A10, UGT2B4, UGT2B7, UGT2B15, and UGT2B17, respectively).
Licoricidin was dissolved in methanol and the final concentration of
methanol was 0.5% (v/v). There was a 5min pre-incubation step at
37 °C before the reaction was started by the addition of UDPGA. The
optimized incubation times were 120min for UGT1A1, UGT1A3,
UGT1A10, UGT2B4, UGT2B7, and UGT2B15, and 30min for UGT1A6,
UGT1A7, UGT1A8, and UGT1A9. The reactions were quenched by
adding 200 μL of acetonitrile containing 100 μM 7-hydroxycoumarin as
an internal standard. The incubation mixture was then centrifuged at
20,000×g for 20min to obtain the supernatant and an aliquot of su-
pernatant (20 μL) was analyzed by HPLC.

2.7. Screening with recombinant CYPs

Licoricidin was incubated with each of the cDNA-expressed human
CYP isoforms (CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and
CYP3A4) to assess the involvement of each recombinant CYP enzyme in
licoricidin metabolite formation. The incubation conditions and sample
workup were the same as those described in Section 2.4. Licoricidin
(10 μM) was incubated with each of the recombinant CYPs (15 nM) at
37 °C for 30min and possible metabolites were identified by HPLC.

2.8. Chemical inhibition study

ABT, a broad-specificity CYP inactivator, was added to the incuba-
tion system to investigate whether CYPs were responsible for licoricidin

metabolism in RLMs. If ABT inhibits the formation of licoricidin me-
tabolites, it proves that CYPs catalyze the metabolic reaction of licor-
icidin. Furthermore, selective chemical inhibitors of CYPs were added
to RLMs to confirm the CYP isoforms involved in the metabolism of
licoricidin. The incubation conditions and times are described in
Section 2.4.

2.9. Kinetics study

The enzyme kinetics of licoricidin metabolism in liver microsomes
from four species (DLMs, RLMs, PLMs, and HLMs) were investigated.
The assay conditions were optimized to ensure that the formation of the
metabolites was linear with respect to the concentration of protein and
incubation time. Enzyme kinetics reactions for metabolite formation
were performed at different licoricidin concentrations (1–200 μM). The
protein concentrations in the incubation systems were 0.3mg/mL for
PLMs, DLMs, RLMs, and HLMs. The other conditions were the same as
those described in Section 2.4. The Km and Vmax values of licoricidin
were calculated according to nonlinear regression from the Michaelis-
Menten equation, and the results were graphically represented on
Eadie-Hofstee plots (velocity versus ratio of velocity to substrate con-
centration). Intrinsic clearance (CLint) was defined as Vmax/Km. Due to
the lack of available metabolite standards, the metabolites in the in-
cubation mixtures were quantified using the standard curve for licor-
icidin. Kinetic constants were reported as mean ± SD.

2.10. Prediction of in vivo hepatic clearance

We used Eqs. (1)(3) to predict the in vivo hepatic clearance of li-
coricidin in rats, dogs, and humans [20].
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V
K
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max

m
int (1)

= ⋅CL CL SFin vivo in vitroint int (2)

=
⋅ ⋅
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CL Q f CL
Q f CL
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H

H u int

H u int (3)

Here, the scaling factor (SF) is the milligrams of microsomal protein
per gram of liver multiplied by the grams of liver weight; CLH is hepatic
clearance; fu is the free fraction in the blood (there are no data available
for licoricidin; thus, fu was arbitrarily set to 1); and QH is the hepatic
blood flow. We have previously used Eqs. (1)(3) to calculate morusin
clearance [21]. The physiological parameters for calculating the in-
trinsic clearance in rats, dogs, and humans have been reported by
Naritomi et al. and are as follows. For rats, dogs, and humans, the
amounts of microsomal protein are 44.8, 77.9, and 48.8 mg of protein/g
of liver; the liver weight per kilogram of body weight values are 40, 32,
and 25.7 g; and the liver blood flows are 55.2, 30.9, and 20.7 mL/min/
kg, respectively [22].

2.11. Identifying the metabolites in liver microsomes from six species

The biotransformation of licoricidin was investigated by incubating
licoricidin with HLMs, DLMs, PLMs, RAMs, RLMs, and MLMs. The
metabolite structures were identified by UPLC-MS/MS. A 2 μL sample
was injected into a C18 column (Welch, Milford, USA; 1.7× 100mm,
1.7 μm) using a UPLC system (Acquity H-class, Waters). The column
oven was kept at 40 °C. The mobile phase consisted of liquid chroma-
tography (LC) grade water with 0.1% formic acid (A) and LC grade
acetonitrile (B) with the following gradient profile: 0.0 min, 40% B;
10.0 min, 60% B; 11min, 95% B; 12min, 95% B; 13min, 40% B;
15min, 40% B. The mass spectrometry conditions are described in
Section 2.3.

L. Shan, et al. Life Sciences 234 (2019) 116770

3



2.12. Molecular docking

Molecular docking calculates the preferred orientation of one mo-
lecule to a second when the molecules are bound to each other to form a
stable complex [23]. The metabolism of compounds and metabolism-
based drug-drug interactions can be predicted by molecular docking.
Molecular docking of licoricidin to CYP3A4 and CYP2D6 was per-
formed using the three-dimensional crystal structures of human
CYP3A4 (PDB ID: 4K9W) and CYP2D6 (PDB ID: 4WNU) from the Pro-
tein Data Bank (http://www.rcsb.org/pdb/). Docking analysis was
performed with Autodock 4.2. Discovery Studio 2017 was used for
protein and ligand preparation, and the energy was minimized using
the external Tripos force field. The binding modes with the lowest
binding free energy and the most cluster members were chosen for the
optimum docking conformation. The best docked pose of the ligand was
visualized using Pymol Molecular Graphics System 0.99.

2.13. Glucuronidation assay of licoricidin in HLMs by LC-MS/MS

The 200 μL incubation mixture contained 50mM Tris-HCl buffer
(pH 7.4), 5 mM MgCl2, 2 mM UDPGA, 0.1 mg/mL HLMs and 10 μM li-
coricidin. The reaction was initiated by the addition of UDPGA after
pre-incubation at 37 °C for 3min. After 60min of incubation, the re-
action was terminated with 200 μL of cold acetonitrile. The incubation
solution was centrifuged at 20,000×g for 20min. 2 μL of the super-
natant was injected into the LC-MS/MS system for analysis. Control
incubations without UDPGA, substrate or microsomes were performed
to confirm that the metabolite produced were microsome and UDPGA
dependent.

Chromatographic separation was performed on a Shimadzu
Prominence™ HPLC system with two LC-20ADXR pumps, a DGU-20A5R
degasser, a SIL-20ACXR autosampler, and a CTO-20 AC column oven
(Shimadzu Corp., Columbia, MD). A 2 μL sample was injected into a
C18 column (2.0 μm, 2.1× 150mm, SHIMADZU) and the column oven
was kept at 40 °C. The water with 0.1% formic acid (A) and acetonitrile
(B) were used as the mobile phase at a flow rate of 0.4mL/min with the
following gradient profile: 0.0 min, 95% A; 2.0min, 95% A; 9.0 min,
5% A; 11.5 min, 95% A; 12min, 95% A; 15min, 95% A.

Mass spectrometric analysis was achieved on a TripleTOF 5600+

mass spectrometer (AB SCIEX, Redwood City, CA, USA), AB SCIEX

Analyst TF v.1.6 software, and MS and MS/MS data acquired in nega-
tive ion modes from m/z 100 to 700. Source parameters were: gas 1,
50 psi; gas 2, 50 psi; curtain gas, 35 psi; temperature, 450 °C; ion spray
voltage, 4.5 kV; declustering potential, 80 V.

2.14. PAMPA permeability study

Singh et al. have described the PAMPA method [24]. A 96-well filter
plate pre-coated with lipids was used as the permeation acceptor and a
96-well receiver plate was used as the permeation donor. Stock solu-
tions of the drug samples were prepared at a concentration of 10mM in
DMSO. The PAMPA plate was filled with 300 μL diluted drug solution to
prepare the donor wells, and the 96-well filter plate containing a syn-
thetic phospholipid membrane was then placed on the donor wells. The
acceptor wells were filled with 200 μL buffer solution and the PAMPA
instruments were incubated at room temperature for 5 h. Licoricidin
permeability was assessed in quadruplicate at pH 4.0 and 7.4. Naproxen
was used as the high-permeability marker and furosemide as the low-
permeability marker. At the end of the incubation, the amounts of li-
coricidin and the marker compounds in the donor and acceptor wells
were measured by HPLC and the permeability was calculated.

3. Results

3.1. Analysis of licoricidin metabolites by HPLC and LC-MS/MS

We first used HPLC to detect the quantity of metabolites. The mobile
phases and chromatographic conditions are described in Section 2.3.
After licoricidin (20 μM) was incubated with HLMs, MLMs, DLMs,
PLMs, RLMs, or RAMs (0.3mg protein/mL), we used HPLC to analyze
the samples and we observed five new peaks (P1–P5). The new peaks
were identified as licoricidin metabolites by comparison with the con-
trol group (CTRL) (Fig. 2). The formation of metabolites was time-,
NADPH-, and microsome-dependent. The retention times (Rt) of the
five metabolites from P1 to P5 were 8.88, 9.75, 11.53, 11.82, and
12.67min, respectively. P3 was the most important metabolite with the
highest peak area. The P3 peak areas for DLMs, RLMs, PLMs, RLMs, and
RAMs were 45-, 59, 82-, 0.73-, and 9.13-fold that for HLMs. However,
the licoricidin peak areas in DLMs, RLMs, PLMs, RLMs, and RAMs were
0.55-, 0.81-, 0.55-, 1.04-, and 0.84-fold that for HLMs. Therefore, we

Fig. 2. Representative HPLC profiles of licoricidin and its metabolites in HLMs, DLMs, MLMs, RAMs, PLMs, and RLMs. Licoricidin (20 μM) was incubated with liver
microsomes (0.3mg/mL) at 37 °C for 30min.
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used LC-MS/MS to determine the structures of the metabolites. The
mobile phases and chromatographic conditions are described in
Sections 2.3 and 2.11. Based on the direct comparison with the mass
spectra of the blank samples, the structures of seven metabolites were
identified in all the samples. We detected four (M1, M2, M4, and M6), six
(M1–M6), four (M1–M3 and M6), five (M1, M2, and M4–M6), seven
(M1–M7), and five (M1–M4 and M6) licoricidin metabolites in HLMs,
DLMs, MLMs, RLMs, PLMs, and RAMs, respectively. M1 and M2 were
identified as hydroxylation products, and M6 was identified as a hy-
dration product of licoricidin. The LC-MS/MS data are summarized in
Table 1, and the MS/MS spectra of licoricidin and its metabolites are
displayed in the supplemental materials (Fig. S1). The structural ana-
lysis of metabolites was based on MS/MS information.

3.1.1. Parent compound
Licoricidin, with a formula of C26H32O5 (m/z 423.2174), produced

eight key fragment ions at m/z 391, 233, 207, 203, 189, 177, 163, and
137 (Fig. S1A). The fragment ion at m/z 391 was formed by the loss of
two hydroxyl groups from the parent molecule, and produced a
daughter ion at m/z 207 directly. Ring B of licoricidin underwent a ring-
cross cleavage reaction and generated the product ion at m/z 233,
which produced a series of fragment ions at m/z 219, 203, and 163.
Cleavage of licoricidin at C-3 produced a daughter ion at m/z 231,
which produced further fragment ions at m/z 215, 231, 177, and 137.
In addition, we did not assign the structures of fragment ions at m/z 391
and 215.

3.1.2. M1 and M2

M1 (Rt= 8.21min) and M2 (Rt= 7.88min) were isomers with the
same molecular formula of C25H24O7 (m/z 439) and different Rt. Two
metabolites had m/z of 16 Da more than licoricidin, indicating that they
were hydroxylated products of licoricidin, but that the locations of the
hydroxylation were different. According to exact mass determination
and the corresponding chemical composition, M2 and M1 were pro-
duced through the addition of a hydroxyl group to the parent molecule
on the phenyl ring and at C-4′′, respectively (Figs. S1B and C).

3.1.3. M3

The molecular formula of M3 was determined as C26H30O6 (m/z
437.1832) with five characteristic fragment ions at m/z 283, 255, 241,
219, and 207. The structural formula and fragmentation pathway of M3

are shown in Fig. S1D. Hydroxyl groups and side chains in the ortho
position are prone to cyclization [10,25]. The MS/MS spectra of M3

indicated that M3 was a cyclization product from the reaction of li-
coricidin at C-7-OH and C-4′′, and the addition of a hydroxyl group at C-
5′.

3.1.4. M4 and M5

M4 and M5 gave [M-H]¯ ions at m/z 455.2072 and 457.1192, and
their fragment ions and fragmentation pathways are shown in Fig. S1E
and F. M4 had m/z of 16 Da more than M1, suggesting that M4 was the
hydroxylated product of M1. The MS/MS information proved that a
hydroxyl group was added at C-5′ of M1. M5 had m/z of 2 Da more than
M4 and was identified as the reduction product of M4, with two hy-
drogens added at C-2′′ and C-3′′.

3.1.5. M6

The high-resolution mass spectrum of M6 (Fig. S1G) established the
molecular formula as C26H26O7 (m/z 441.2382), indicating that it was a
hydrated or hydrogenated then hydroxylated product of licoricidin.
Characteristic fragment ions at m/z 283, 255, and 241 indicated that
the hydration occurred at C-5′.

3.1.6. M7

M7 and M5 were isomers with [M-H]¯ ions at m/z 457.2355. High-
resolution mass spectra showed that M7 was the reduction and doubleTa
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hydroxylation product of licoricidin. The characteristic fragment ions at
m/z 355 and 279 suggested one eOH was added at C-10′ (or C-11′) and
the reduction reaction occurred at C-8′ and C-9′. The fragment ions at
m/z 283, 255, and 241 indicated that the other eOH was added at C-5′
(Fig. S1H).

3.2. CYP isoforms involved in catalyzing the formation of metabolites

CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4 are the
main CYP isoforms involved in metabolizing many drugs. We incubated
licoricidin with these cDNA-expressed human CYP isoforms to confirm
the CYP isoforms involved in catalyzing licoricidin metabolite forma-
tion. Fig. 3 shows that all six CYP isoforms were involved in the for-
mation of P3, P4, and P5, and then only CYP2D6 catalyzed the formation
of P1 and P2.

The chemical inhibition study also indicated which CYP isoforms
were involved in the formation of metabolites. Licoricidin was in-
cubated with selective chemical inhibitors of the six CYP isoforms in
RLMs, and quinidine (a CYP2D6 inhibitor) substantially inhibited the
formation of P1 and P2 compared with other CYP isoform inhibitors
(Fig. S2). Each of the selective inhibitors for CYP1A2, CYP2C9,
CYP2C19, CYP2D6, CYP2E1, and CYP3A4 showed weak effects on the
formation of P3–P5.

3.3. Enzyme kinetics study

Kinetic parameter values (Km, Vmax, and CLint) in DLMs, RLMs,
PLMs, and HLMs were calculated using P3 data. The metabolism pro-
files of licoricidin (1–200 μM) for the different species exhibited typical
monophasic Michaelis-Menten kinetics, which were further confirmed
by Eadie-Hofstee plots (Fig. 4). The reaction velocities showed major
concentration-dependent characteristics. The kinetic parameters Km,
Vmax, and CLint are summarized in Table 2.

3.4. Prediction of in vivo hepatic clearance in rats

We used the kinetic parameters of P3 generated from non-linear
regression in HLMs, DLMs, and RLMs to calculate CLH, and the results
were 9.05, 13.41, and 19.63mL/min/kg body weight for humans, dogs,
and rats, respectively. The percentages of CLH versus hepatic blood flow

(QH) for humans, dogs, and rats were 43.7, 43.4, and 35.5%, respec-
tively.

3.5. Inhibitory effects of licoricidin against UGT and CYP activities

At a concentration of 100 μM, licoricidin inhibited the activity of 4-
MU glucuronidation by 100% (UGT1A3, UGT1A6, UGT1A7, UGT1A9,
UGT2B4, UGT2B7, and UGT2B15), 21.71% (UGT1A1), 5.85%
(UGT1A8), 86.81% (1A10), and 3.84% (UGT2B17). In addition, 100 μM
licoricidin inhibited the activities of CYP2C9, CYP2C19, and CYP3A4
by> 90%. We determined the inhibition kinetic parameters of
UGT1A7, UGT2B7, and CYP3A4. Licoricidin exhibited concentration-
dependent inhibitory behavior against UGT1A7, UGT2B7, and CYP3A4,
with IC50 values of 1.78, 2.75 and 9.83 μM, respectively (Figs. 5A, 6A,
and 7A). Furthermore, the Lineweaver-Burk plots (Figs. 5B, 6B, and 7B)
showed that licoricidin non-competitively inhibited UGT1A7 and
UGT2B7, and competitively inhibited CYP3A4. The Ki values calculated
by a second plot of the slopes from the Lineweaver-Burk plots versus
licoricidin concentrations were 0.76, 0.78, and 8.91 μM for UGT1A7,
UGT2B7, and CYP3A4, respectively.

3.6. Molecular modeling

CYP2D6 is an important metabolic enzyme catalyzing the bio-
transformation of licoricidin. Licoricidin showed a strong inhibitory
effect against CYP3A4. We used molecular docking to confirm the in-
teraction between licoricidin and CYP2D6 or CYP3A4 at a molecular
level. Licoricidin bound to the active cavity of CYP2D6 through hy-
drogen bonding and π-π stacking interactions (Fig. 8A). The hydrogen
bonds were with Asp301 and Ser304, and the π-π stacking interactions
were with Phe120 and Phe483. The isopentyl side chain fitted into the
hydrophobic cavity formed by Val370, Phe483, and Leu484. Licoricidin
also bound to the active cavity of CYP3A4 through hydrogen bonding
and π-π stacking interactions (Fig. 8B). The hydrogen bonds were with
Arg106, Arg372, and Glu374, and the π-π stacking interactions were
with Phe57. The isopentyl side chain fitted into the hydrophobic cavity
formed by Phe213, Phe215, and Thr224.

Fig. 3. Representative HPLC profiles of licoricidin and its metabolites in recombinant CYP supersomes. Licoricidin (20 μM) was incubated with recombinant CYP
supersomes (15 nM) at 37 °C for 30min.
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3.7. Glucuronidation of licoricidin

The total ion and extracted ion chromatograms were showed in Figs.
S3 and S4, and the MS/MS spectra of licoricidin and its glucuronidation
metabolite were showed in Fig. S5. According to the total ion chro-
matograms, we found a new peak in 8.2min as compared to the control
group. The formation of the metabolite was UDPGA and microsome
dependent. Extracted ion chromatograms showed that the metabolite
gave [M-H]¯ ion at m/z 599.2455, and its main fragment ion was at m/z
423.2157.

3.8. PAMPA permeability of licoricidin

The PAMPA assay was carried out at both pH 4.0 and 7.4 because
drug absorption occurs primarily in the small intestine, where the pH
may vary from acidic to neutral or slightly basic [24]. Table 3 shows the
PAMPA permeability results for licoricidin and the permeability mar-
kers. Licoricidin was a moderately permeable compound at pH 4.0 and
7.4.

4. Discussion

In the drug discovery process, it is important to assess the potential
for new compounds to cause HDIs via inhibiting CYP- or UGT-depen-
dent metabolism [26]. An initial study reported that licoricidin (10 μM)
strongly inhibited CYP2B6, CYP2C8, CYP2C9, CYP2C19, and CYP3A4
[3]. A drug with an IC50 value of< 100 μM is considered to be potent
inhibitor of CYP enzymes, which can lead to undesirable HDIs [27–29].
In this study, we found that 100 μM licoricidin strongly inhibited
CYP2C9, CYP2C19, and CYP3A4, and almost all the UGT enzymes
tested. The values of kinetic parameters IC50 and Ki for UGT1A7,
UGT2B7, and CYP3A4 were all< 10 μM. Ki indicates the absolute af-
finity of an inhibitor for its target enzyme, and a lower Ki value means
that the inhibitor has a stronger inhibitory effect on the target enzyme
[30]. CYP3A4 is an important metabolic enzyme in the human liver,

Fig. 4. Michaelis-Menten plots for licoricidin in DLMs (A), RLMs (B), PLMs (C), and HLMs (D). The corresponding Eadie-Hofstee plots were shown as insets. Each data
point represents the mean of triplicate determinations.

Table 2
Kinetic parameters of P3 production from licoricidin in pooled DLMs, RLMs,
PLMs, and HLMs.

kinetic
parameters

species

DLMs RLMs PLMs HLMs

Vmax(nmol/
min/mg
protein)

0.37 ± 0.02 0.47 ± 0.03 0.44 ± 0.02 0.09 ± 0.002

Km (μM) 39.04 ± 6.49 27.26 ± 7.77 19.83 ± 5.13 7.33 ± 1.27
CLint(mL/min/

mg
protein)

0.0095 0.017 0.022 0.012

Fig. 5. Inhibition kinetic analysis of licoricidin (LIC)
for recombinant UGT1A7-catalyzed 4-MU glucur-
onidation. (A) Licoricidin showed dose-dependent
inhibition of UGT1A7. (B) Lineweaver-Burk plot of
licoricidin inhibition of UGT1A7-catalyzed 4-MU
glucuronidation. Every data point represents the
mean of triplicate determinations.
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and thus inhibition of CYP3A4 could result in HDIs and severe adverse
side effects. Ibrutinib is a substrate for CYP3A4, and the metabolism of
ibrutinib was inhibited by the CYP3A4 inhibitor, verapamil, which
caused severe diarrhea in a patient when it was co-administered [31].
In a patient on stable atorvastatin therapy, the side effect of rhabdo-
myolysis was exacerbated by the moderate CYP3A4 inhibitor, fluco-
nazole [32]. Potential HDIs should be monitored when licoricidin is co-
administered with other medications because it is a strong inhibitor of
CYPs and UGTs.

We identified five metabolite peaks (P1-P5) by HPLC after licoricidin
was incubated with liver microsomes from different species. P3 was the
main metabolite in these liver microsomes. Substantial licoricidin me-
tabolism occurred in DLMs, RLMs, and PLMs compared with the other
liver microsomes; thus, the licoricidin metabolism exhibited large
species differences. The differences in CYP or UGT isoforms are a major
cause of the differences in drug metabolism among different species
[14].

Wang et al. reported that the metabolite of licoricidin incubated
with RLMs was a monohydroxylated derivative and the hydroxyl group
was located at C-4′′ of the isoprenyl group [33]. However, the structure
and characteristics of the other metabolites were not reported. We
found seven licoricidin metabolites by LC-MS/MS and they were pri-
marily biotransformed through hydration, hydroxylation, reduction,
and dehydrogenation reactions. Hydration and hydroxylation were the
major metabolic transformations of licoricidin that were found in all
species, and the hydroxylated metabolite was the major metabolite with
the largest percentage of the peak area (%) among the species. As in
other compounds, the hydroxyl group is readily added to the end of the
side chain (C-4′′) [34]. In addition, all licoricidin metabolites were
found in PLMs, which was consistent with the HPLC-UV result that li-
coricidin metabolism was greatest in PLMs. Some metabolites have si-
milar or stronger pharmacological or toxicological activities. For ex-
ample, some metabolized flavonoids, such as baohuoside I, have high
estrogen-like bioactivities in vitro [35].

Screening assays and chemical inhibition studies confirmed the
CYPs that were involved in the metabolism of licoricidin and showed
that CYP2D6 was the main hepatic isoform that catalyzed the formation
of P1 and P2. The formation of the other metabolites, including P3, P4
and P5, were catalyzed by CYP1A2, CYP2C9, CYP2C19, CYP2D6,
CYP2E1, and CYP3A4. If licoricidin were to be co-administered with

CYP2D6 inhibitors, such as imipramine, HDIs would be likely to occur.
There are substantial differences in CYPs among different species,

which results in different drug metabolism across species [14,36]. The
similar Km values among different species reflect comparable binding
affinities towards the metabolic site and indicate species similarities
[20]. In this study, none of the experimental species had comparable Km

values for the formation of P3. The Km values in DLMs, RLMs, and PLMs
were much higher than those in HLMs and all the differences were
statistically significant (all P < 0.01). Thus, when studying licoricidin,
we should consider the metabolic differences between species when
using other animals as models. In addition, the percentage of CLH versus
QH for humans, dogs, and rats were calculated to be 43.7, 43.4, and
35.5%, respectively. Using the CLH predicted from the in vitro data,
compounds can be classified as high-clearance drugs (> 70% liver
blood flow), low-clearance drugs (< 30% liver blood flow), and inter-
mediate-clearance drugs [37]. Licoricidin was classified as an inter-
mediate-clearance drug in humans, dogs, and pigs.

Molecular docking was performed in this study and showed that
licoricidin interacted with CYP2D6 and CYP3A4 through hydrogen
bonds and π-π stacking. Licoricidin bound to the active cavity of human
CYP2D6 containing residues Asp301, Ser304, Phe120, and Phe483.
Phe120 is a key amino acid residue for the selectivity and region spe-
cificity of substrate binding and catalysis in the catalytic site of CYP2D6
[38]. In addition, licoricidin binds to the active cavity of human
CYP3A4 containing residues Arg106, Arg372, Glu374, and Phe57.
Arg106, Arg372, Glu374, and Phe57 are important drug binding re-
sidues in CYP3A4, and HDI may occur at these residues [39].

UGTs are important biochemical factors in cellular defense and
detoxification, which play an important rolein the metabolism of many
clinical drugs or their phase I metabolites [40]. Based on structure of
licoricidin and its UGT inhibition data, it is likely that glucuronidation
also is an important pathway for licoricidin clearance. So the aspect of
licoricidin metabolism was evaluated using microsomes supplemented
with UDPGA. After metabolism of licoricidin by liver microsomes (UGT
incubation system), an obvious product peak was observed (Fig. S3).
According to LC-TOF-MS/MS data (Figs. S4 and S5), the metabolite had
m/z of 176 Da more than licoricidin, indicating that it was glucur-
onidation product of licoricidin. However, licoricidin contains three
phenolic hydroxyl groups, which of the hydroxyl groups is glucur-
onidated, it is necessary to be verified by NMR in future.

Fig. 6. Inhibition kinetic analysis of licoricidin (LIC)
for recombinant UGT2B7-catalyzed 4-MU glucur-
onidation. (A) Licoricidin showed dose-dependent
inhibition of UGT2B7. (B) Lineweaver-Burk plot of
licoricidin inhibition of UGT2B7-catalyzed 4-MU
glucuronidation. Every data point represents the
mean of triplicate determinations.

Fig. 7. (A) Inhibition of testosterone (TE) 6β-hydroxylation (CYP3A4) by licoricidin (LIC). (B) Lineweaver-Burk plot of inhibition of testosterone 6β-hydroxylation
(CYP3A4) by licoricidin. Every data point represents the mean of triplicate determinations.
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More than 80% of orally administered drugs are absorbed into the
systemic circulation by passive diffusion through the intestinal epithe-
lium. Hence, understanding the passive diffusion of a drug is useful for
predicting the intestinal absorption and bioavailability [41]. PAMPA is
used for high-throughput screening for passive transport [42]. In this
study, we assessed licoricidin permeability at pH 4.0 and 7.4, which
represents the conditions in the stomach, small intestine, and plasma.
Licoricidin showed moderate permeability in acidic and slightly basic
phases, indicating that licoricidin should be absorbed in the stomach
and small intestine.

5. Conclusion

In conclusion, licoricidin exhibited potent inhibition against
UGT1A3, UGT1A6, UGT1A7, UGT1A9, UGT2B4, UGT2B7, UGT2B15,
CYP2C9, CYP2C19, and CYP3A4. Inhibition of these drug-metabolizing
enzymes could lead to drug interactions; thus, our findings should sti-
mulate clinical studies of drug interactions in patients receiving licor-
icidin. The metabolism of licoricidin showed substantial differences
among species, and human possessed a lower metabolic capacity than
other species. Many CYP isoforms (CYP1A2, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, and CYP3A4) were involved in licoricidin metabo-
lism. LC-MS/MS spectra showed that hydration and hydroxylation were
the major biotransformations of licoricidin, and the hydroxylated me-
tabolite was the major metabolite. Molecular docking studies of the
binding modes of licoricidin with CYP3A4 and CYP2D6 suggested that
licoricidin interacted with CYP2D6 and CYP3A4 through hydrogen
bonds and π-π stacking. Glucuronidation also is an important pathway
for licoricidin clearance. The PAMPA permeability of licoricidin was

moderate at pH 4.0 and 7.4.
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