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In this study, forty-nine kinds of traditional Chinese medicines (TCMs) were evaluated for their inhibitory ac-
tivities against human carboxylesterase 2 (HCE 2) using a human liver microsome (HLM) system. Swertia bi-
maculata showed significant inhibition on HCE 2 at 10 pg/mL among forty-nine kinds of TCMs. The extract of
Swertia bimaculata was separated by preparative HPLC to afford demethylbellidifolin (1) identified by MS, 'H
NMR, and '°C NMR spectra. Demethylbellidifolin (1) was assayed for its inhibitory HCE 2 effect by HCE 2-

mediated DDAB hydrolysis, and its potential ICsy value was 3.12 + 0.64 uM. Demethylbellidifolin (1) was
assigned as a mixed-type competitive inhibitor with the inhibiton constant Ki value of 6.87 pM by Lineweaver-
Burk and slope plots. Living cell imaging was conducted to corroborate its inhibitory HCE 2 activity. Molecular
docking indicated potential interactions of demethylbellidifolin (1) with HCE 2 through two hydrogen bonds of
the C-3 and C-5 hydroxy groups with amino acid residues Glu227 and Ser228 in the catalytic cavity, respectively.

1. Introduction

Recently, carboxylesterase 2 (CE 2) has been identified as an im-
portant modulator of safety and efficacy for oral ester-containing drugs
[1-4]. CE 2 is the major isoform of human carboxylesterases in the
gastrointestinal tract, and is responsible for the carboxyester hydrolysis
of endogenous and exogenous substances, which makes it the main
enzyme involved in intestinal first-pass metabolism [2]. Inhibition of
CE 2 improved the oral bioavailability of substrate drugs [5-8]. Fur-
thermore, CE 2-mediated local accumulation of toxic metabolites ex-
acerbates gastrointestinal toxicity of irinotecan, a carbamate prodrug
for the treatment of colorectal cancer. It was reported that CE 2 in-
hibitors changed the distribution of irinotecan and its toxic metabolite
SN-38 in the intestine to alleviate irinotecan-induced diarrhea [8-12].
So far, some human carboxylesterase 2 (HCE 2) inhibitors have be
synthesized by chemists and isolated from traditional Chinese medicine
(TCM) [13-16], such as protostanes [17-20], B-lapachones [21], fla-
vones [22-24], and abietanes [25]. Therefore, searching for new HCE 2

inhibitors from TCMs has attracted attention from chemists to increase
the bioavailability of oral ester-containing drugs or alleviate the gas-
trointestinal toxicity of irinotecan.

In order to discover potent HCE 2 inhibitors from TCMs, forty-nine
kinds of TCMs that contained triterpenoids and flavones were selected,
and assayed for their inhibitory activities against HCE 2. Among them,
Swertia bimaculata possessed significantly inhibitory activity against
HCE 2, therefore, further separation of Swertia bimaculata led to the
isolation of a novel inhibitor demethylbellidifolin (1). Inhibition ki-
netics and molecular docking were performed to investigate the po-
tential mechanism between demethylbellidifolin (1) and HCE 2.

2. Results and discussion
2.1. Swertia bimaculate could inhibit HCE 2 activity.

HCE 2 is a critical phase I metabolic enzyme, and many potent HCE
2 inhibitors have been discovered from natural products [13-15], such
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Fig. 1. The inhibitory activities of forty-nine kinds of traditional Chinese
medicines against HCE 2 at 10 ug/mL. Each grid represented a TCM, and the
color of each grid represented the inhibitory activity of each TCMs. Forty-nine
kinds of traditional Chinese medicines were listed in Table S1.

as protostanes [17-20], beta-lapachones [21], and flavonoids [22,23],
which inspired us to search for novel inhibitors from TCMs. Therefore,
we screened inhibitory activities of forty-nine kinds of TCMs against
HCE 2 at the concentration of 10 pg/mL through the method of HCE 2-
mediated fluorescent probe substrate DDAB hydrolysis (Fig. 1 and Table
S1). As shown in Fig. 1 and Table S1, seven kinds of TCM extracts could
inhibit more than 30% of HCE 2 activity at a concentration of 10 ug/
mL, including Pogostemon cablin (1B), Sophora japonica (2B), Rehmannia
glutinosa (3B), Serissa japonica (4B), Schizonepeta tenusfolia (4D), Ba-
phicacanthus cusia (6D), and Swertia bimaculate (4E). Among them,
Swertia bimaculate could inhibit approximately 40% activity against
HCE 2 at a concentration of 10 ug/mL, and displayed the most potent
inhibitory activity than any of TCMs, revealing the inhibitory potenti-
ality of phytochemical constituents in Swertia bimaculate against HCE 2.

2.2. The discovery of a novel inhibitor from Swertia bimaculate against HCE
2

The extract of Swertia bimaculate was separated by preparative HPLC
to yield fifteen fractions Fr.1-Fr.15, and Fr.10-Fr.15 showed substantial
inhibitory activities as their inhibitory rates from 73.6% to 85.8% at
10pg/mL (Fig. 2A). Their inhibitory effects ICso, values was
3.48 = 0.28, 1.99 = 0.26, 0.53 = 0.06, 0.21 * 0.03, 0.77 = 0.17,
and 0.35 * 0.11 ug/mlL, respectively. Fr.13 possessed the most in-
hibitory potential; therefore, it was separated by preparative HPLC,
leading to the isolation of compound 1.

Compound 1 was obtained as a light yellow powder, and it had a
molecular formula of C,3HgOg on a basis of its HRMS (m/z 259.0258
[M—H] ", caled for Cy3H;06, 259.0243) and '>C NMR data. The 'H
NMR spectrum of compound 1 (Table 1) displayed signals of four
aromatic protons [8y 7.23 (1H, d, J = 8.8 Hz), 6.62 (1H, d, J = 8.8 Hz),
6.41 (1H, d, J = 1.7 Hz), and 6.22 (1H, d, J = 1.7 Hz)]. The *C NMR
data of compound 1 (Table 1) showed 13 carbon signals, including one
ketonic carbonyl carbon (8¢ 183.7) and twelve aromatic carbons (8¢
166.5, 162.3, 157.4, 151.8, 143.3, 137.2, 123.6, 109.4, 107.3, 101.2,
98.4, and 94.3), suggesting that compound 1 was a xanthone-type fla-
vonoid. The 'H and *C NMR data of compound 1 were identical with
those of demethylbellidifolin [26,27], therefore, compound 1 was as-
signed as demethylbellidifolin (Fig. 3).

2.3. The inhibitory activity of demethylbellidifolin (1) against HCE 2.

The inhibitory activity of demethylbellidifolin (1) against HCE 2
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was determined by HCE 2-mediated DDAB hydrolysis in the HLM
system. Demethylbellidifolin (1) could dose-dependently inhibit HCE 2-
mediated DDAB hydrolysis with ICso value of 3.12 + 0.64uM
(Fig. 4A), and display more inhibitory activity than the positive drug
loperamide (ICso = 14.82 = 0.59 uM) as previously described [28],
which encouraged us to further investigate its inhibition kinetics.

2.4. The inhibition kinetics of demethylbellidifolin (1) against HCE 2.

Demethylbellidifolin (1) displayed more potent inhibitory effect
against HCE 2 than that of the positive drug loperamide, therefore, its
inhibition kinetics was performed, and its inhibition type and inhibition
constant (Ki) were analyzed by Michealis-Menten, Lineweaver-Burk,
and slope plots (Fig. 4). As shown in Lineweaver-Burk plot (Fig. 4C), a
series of lines intersected at the second quadrant, and Km and Vmax
were all decreased with the increase of the inhibitor concentration,
revealing that demethylbellidifolin (1) was a mixed-type competitive
inhibitor, and its Ki value was 6.87 uM calculated by Slope plot
(Fig. 4D).

2.5. Demethylbellidifolin (1) displayed the inhibitory activity against HCE 2
in living cell level

In order to validate the inhibitory effect of demethylbellidifolin (1)
in living cell through a visual manner, human colon cancer cell LoVo
was incubated with DDAB (10 uM) and Hoechst 33342 in the absence or
presence of demethylbellidifolin (1). DDAB, as a substrate of HCE 2, can
be hydrolyze by HCE 2 to afford DDAO that is a fluorochrome, there-
fore, the activity of HCE 2 in living cells can be imaged by staining
DDAO. Hoechst 33342 is a blue fluorochrome of cell nucleus that can
penetrate the cell membrane, and it can bind to double-stranded DNA
with Aex 350 nm and A, 461 nm. Compared with the blank group, the
probe DDAB could be hydrolyzed by HCE 2, and LoVo cells was stained
red (Fig. 5), which indicated that DDAB could be used as a substrate of
HCE 2. Demethylbellidifolin (1) could significantly inhibit the activity
of HCE 2 in living cell compared with the DDAB group, which con-
firmed its experimental result in vitro.

2.6. Molecular docking

Demethylbellidifolin (1) displayed substantial inhibitory HCE 2 ef-
fect in vitro and in living cell level, which encouraged us to investigate
the potential action mechanism between demethylbellidifolin (1) and
HCE 2 by molecular docking using Discovery Studio 3.5 according to
our previous method [28]. The homology structure of hCE 2 was built
using the Discovery Studio program based on 3D structure of HCE 1
(PDB: 1YAH). The 3D structure of demethylbellidifolin (1) was sub-
jected to energy minimization with the CHARMm force field para-
meters. The bioactive binding conformation of demethylbellidifolin (1)
within HCE 2 was probed using CDDOCKER. As shown in Fig. 6 and
Table 2, demethylbellidifolin (1) could be docked into the ligand-
binding domain (LBD) of HCE 2 with the lowest energy of -33.00 kcal/
mol in Fig. 6 that showed their interactions, including hydrogen bond,
carbon hydrogen bond, -t bond, and m-0 bond. Among important in-
teractions between ligand and protein [24,28], the hydroxy group at C-
3 had an interaction with the amino acid residue Glu227 that was lo-
cated in the catalytic cavity by a hydrogen bond [29], and another
hydrogen bond of the hydroxy group at C-5 with the amino acid residue
Ser228 that was in charge of catalysis was also observed [2,29]. This
result was similar to those of the previous studies [2,23,28,29], which
suggested that Glu227 and Ser228 played vital roles in the inhibition of
demethylbellidifolin (1) on HCE 2. This finding indicated the potential
interaction of demethylbellidifolin (1) and HCE 2, and demethylbelli-
difolin (1) could be regarded as a potential inhibitor of HCE 2.
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Fig. 2. (A) The inhibitory activities of fifteen fractions of extract of Swertia bimaculate against HCE 2 at 10 ug/mL; (B-G) Fractions 10-15 displayed dose-dependently

inhibitory activities against HCE 2.

3. Conclusion

In this study, we assayed inhibitory activities of forty-nine kinds of
TCMs against HCE 2. Swertia bimaculata showed significantly inhibitory
activity against HCE 2 at 10 ug/mL in forty-nine kinds of TCMs, and
separation of Swertia bimaculata resulted in the isolation of a novel
inhibitor demethylbellidifolin (1) with ICsy value of 3.12 * 0.64 uM.

According to the inhibition kinetics result, its Ki value was 6.87 pM as a
mixed-type competitive inhibior. Its inhibitory activity against HCE 2
was confirmed in the living cell level. Molecular docking was performed
to investigate the interaction between demethylbellidifolin (1) and HCE
2, indicating the presence of two hydrogen bonds between the hydroxy
group at C-3 and the amino acid residue Glu227 in the catalytic cavity,
and the hydroxy group at C-5 and the amino acid residue Ser228 that
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Table 1
'H (600 MHz) and '*C NMR (150 MHz) data of demethylbellidifolin (1) in
DMSO-ds,

No. 8¢ du (J in Hz) No. dc 8u (J in Hz)
1 162.2 6 123.6 7.23,d (8.8)
2 98.4 6.22,d (1.7) 7 109.4 6.62, d (8.8)
3 166.5 8 151.8

4 94.3 6.41, d (1.7) 8a 107.3

4a 157.4 8b 101.2

4b 143.3 9 183.7

5 137.2

OH

Fig. 3. The structure of demethylbellidifolin (1) from Swertia bimaculata.

was in charge of catalysis. This result suggested that demethylbellidi-
folin (1) could be regarded as a leading compound to develop novel
HCE 2 inhibitors.

4. Material and methods
4.1. General experimental procedures

Forty-nine kinds of TCMs, Akebia quinata (Thunb.) Decne,
Pogostemon cablin (Blanco) Benth., Raphanus sativus L., Glycine max (L.)
Merr., Coix lacryma-jobi L. var. ma-yuen (Roman.) Stapf., Cinnamomum
cassia Presl.,, Dipsacus asperoides C. Y. Cheng et T. M. Ai,
Trachelospermum jasminoides (Lindl.) Lem., Sophora japonica L.,
Trichosanthes kirikrwii Maxim., Corydalis bungeana Turcz., Prunus mume
(Sieb.) Seib. et Zucc., Scutellaria barbata Don., Phragmites communis
Trin., Boehmeria nivea (L.) Gaud., Rehmannia glutinosa (Gaetn.) Libosch.
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ex Fisch. et Mey., Polygonum cuspidatum Sieb. et Zucc., Citrus grandis
Osbeck var. tomentosa Hort., Cinnamomum cassia Presl., Prinsepia uni-
flora Batal, Ziziphus jujuba Mill. var. spinosa (Bunge) Huex H. F. Chou,
Liquidambar formosana Hance, Serissa japonica (Thunb.) Thunb.,
Bambusa textilis Mc Clure, Schizonepeta tenusfolia Briq., Hedyotis diffusa
Wall., Selaginella doederleinii Hieron., Spatholobus suberectus Dunn.,
Allium tuberosum Rottl ex Spreng., Potentilla discolor Bge., Dendranthema
morifolium (Ramat.) Tzvel., Swertia bimaculata (Sieb. et Zucc.) Hook.
Thoms. ex Clarke, Phellodendron chinense Schneid., Spirodela polyrrhiza
(L.) Schleid., Artemisia argyi Levl. et Vant., Aralia chinensis L., Cirsium
japonicum Fisch. ex DC., Ailanthus altissima (Mill.) Swingle,
Baphicacanthus cusia (Nees) Bremek., Dendranthema indicum (L.) Des
Moul. (Compositae)., Belamcanda chinensis (L.) Redouté, Dioscorea sep-
temloba Thunbt., Eucommia ulmoides Oliv., Siphonostegia chinensis
Benth., Nelumbo nucifera Gaertn., Polygonum aviculare L., Campsis
grandiflora (Thunb.) K. Schum., Piper longum L., and Piper puberulum
(Benth.) Maxim., were purchased from Beijing Tongren Tang, China.
Human liver microsome (HLM) was purchased from Research Institute
of Liver Diseases Co., Ltd. (Shanghai, China)

4.2. Preparation of forty-nine kinds of TCM extracts

Each of TCMs (20 g) was extracted by 95% EtOH (v/v) for 2 h, and
the extract was concentrated at 45 °C in vacuo to afford the residue.
Then, the residue (10 mg) was dissolved in DMSO (1 mL), and stored at
4°C.

4.3. Extraction and isolation

Swertia bimaculate (200 g) was extracted by 95% EtOH (5 L) for 2h
and three times. The extract was separated by preparative HPLC eluted
with MeOH-H,0 (from 10% to 90%, v/v), resulting in the isolation of
fifteen fractions (Fr.1-Fr.15). Finally, compound 1 (2.3 mg) was isolated
from Fr.13 through preparative HPLC eluted with 60% MeOH.

w
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Fig. 4. (A) Demethylbellidifolin (1) dose-dependently inhibited HCE 2 activity. (B) Michealis-Menten plot of demethylbellidifolin (1) against HCE 2. (C) Lineweaver-
Burk plot of demethylbellidifolin (1) against HCE 2. (D) Slope plot of demethylbellidifolin (1) against HCE 2.
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Fig. 5. Demethylbellidifolin (1) displayed significantly inhibitory activity against HCE 2 at 10 uM in living cell level (Aex = 633 nm, Aem = 640-690 nm). Human
colon cancer cell LoVo was incubated with DDAB (10 uM, red) or Hoechst 33342 (blue) in the absence or presence of demethylbellidifolin (1, 10 pM).

4.4. HCE 2 bioassay

Forty-nine kinds of TCMs and compound 1 were assayed for their
inhibitory activities against HCE 2 based on HCE 2-mediated the sub-
strate7-benzoyl-1,3-dichloro-9,9-dimethyl-9H-acridin-2-one ~ (DDAB)
hydrolysis in the HLM system as our previous described [30], respec-
tively. Loperamide was regarded as a positive drug [26]. Forty-nine
kinds of TCM extracts (10 pg/mL) or compound 1 (from 0.1 uM to
100 uM) were incubated with HLM (0.04 mg/mL) and probe DDAB
(10 uM) in potassium phosphate buffer (pH 7.4, 100 mM) at 37 °C for
30 min. Then, the fluorescence signals were recorded on a microplate
reader using excitation wavelength of 600 nm.

4.5. Inhibitory kinetic analysis

The inhibitory behavior of compound 1 was evaluated using sub-
strate DDAB according to our previous methods [31-33]. Line-
weaver-Burk and slope plots were performed to define whether the
inhibition was competitive, noncompetitive, uncompetitive, or mixed-
type inhibition, and calculate the inhibition constant Ki value.

4.6. Living cell imaging

LoVo cells were cultivated in RPMI-1640 medium (10% fetal bovine
serum, FBS) in the atmosphere with 5% CO, at 37 °C. 1 X 10° of Cells/
well were seeded in 6-well plate, and incubated for a night [34,35].
Cells were pre-treated with or without compound 1 (10 uM) for 1 h, and
then treated with or without Hoechst 33342 and DDAB (10 uM) at 37 °C
for 30 min. Finally, cells were imaged on a Leica TCS SP8 confocal
microscope.

4.7. Molecular docking

A sequence similarity search was performed to identify the template

(HCE 1) with sequence similarity 48.24%. The homology HCE 2
structure was constructed on a basis of the HCE 1 crystal structure (PDB
ID: 1YAH) and the information of amino acid sequence of HCE 2 (amino
acid sequence: 000748) using Discovery Studio 3.5 (Accelrys,
SanDiego, CA, USA) according to previously described [29]. The model
of HCE 2 was optimized through a 25 ns dynamic calculation by AMBER
10 [36]. And the optimized model was further evaluated by Pro-check
server which is used to check the stereochemical quality of a protein
structure by analyzing residue-by-residue geometry and overall struc-
ture geometry [37]. The results showed that Residues in disallowed
regions was just 0.6%, indicating that the model is acceptable for fur-
ther docking. The CDDOCKER protocol was used to perform molecular
docking. The binding site was defined according to similar substrate
binding to the area in HCE 1 covered by a radius of 9.5 A. The pre-
paration of protein structure, including adding hydrogen atoms, re-
moving water molecules, and assigning Charmm forcefield. Goldscore
was selected as the score function. A maximum of 20 conformations
was generated. The maximum number of poses per ligand was set to 30
with a minimum RMSD between final poses of 0.50 A. The kinetic op-
timization temperature is 1000 °C, the optimization steps are 10,000
steps. The non-bond interaction is calculated based on the lattice
technique, and the other parameters are the default values of the
system.

4.8. Statistical analysis

The statistical analysiswas performedwith GraphPad Prism 7.0 for
Windows. All data are presented as means *+ SD.
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Table 2
Interaction information of demethylbellidifolin (1) with HCE 2.

Compound Interaction amino acids Hydrogen Binding Energy
bonds (kcal/mol)
1 Glul05, Alal50, Phel53, Glu227, -33.00
Glu227, Ser228, Ile350, Ser228
His457
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