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Abstract: Phloroglucinols—one of the major secondary metabolites in Dryopteris crassirhizoma—
exhibit various pharmacological effects, such as antiviral, antioxidant, and antidiabetic activities.
This study evaluated 30 phloroglucinols isolated from the rhizomes of D. crassirhizoma for their
inhibitory activity on β-glucuronidase via in vitro assays. Among them, dimeric phloroglucinols
13–15 moderately inhibited β-glucuronidase, and trimeric phloroglucinols 26–28 showed strong
inhibitory effects, with IC50 values ranging from 5.6 to 8.0 µM. Enzyme kinetic analysis confirmed
all six active compounds to be in a competitive mode of inhibition. Molecular docking simulations
revealed the key binding interactions with the active site of β-glucuronidase protein and the binding
mechanisms of these active metabolites. Our results suggest that the rhizomes of D. crassirhizoma and
trimeric compounds 26–28 may serve as potential candidates for discovering and developing new
β-glucuronidase inhibitors.

Keywords: Dryopteris crassirhizoma; phloroglucinols; β-glucuronidase; kinetic analysis; competitive
inhibitor; molecular docking

1. Introduction

β-Glucuronidases hydrolyze β-glucuronic acid (GlcA)-containing carbohydrates to
release GlcA and play a role in endosterol and bilirubin metabolism [1]. The Carbohydrate-
Active Enzymes (CAZy) database classifies β-glucuronidases into three glycoside hydrolase
(GH) families, i.e., GH1, GH2, and GH79, according to their amino acid sequences [2].
GH2, a member of the GH-A clan, contains exo-acting enzymes such as β-galactosidases,
β-mannosidases, and β-glucuronidases [3]. β-Glucuronidases are frequently found in mi-
crobes, plants, and various mammalian tissues, but are most prevalent in the digestive
system [3]. The first 3D crystal structure of human GH2 β-glucuronidase was identified
by Jain et al., in 1996 [4], followed by a report on the structure of Escherichia coli GH2
β-glucuronidase by Wallace et al., in 2010 [5]. β-Glucuronidase is essential for the entero-
hepatic circulation of certain medications and endogenous metabolites. The glucuronides
of several clinical drugs, such as indomethacin and irinotecan, may be degraded by β-
glucuronidase from bacteria in the intestinal tract to produce aglycones with considerable
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toxicity and cause significant gastrointestinal side effects [6]. As a result, the discovery of
β-glucuronidase inhibitors has now focused on treating irinotecan-induced gastrointestinal
diarrhea. In addition, a previous report revealed that the occurrence and development of tu-
mor cells, including survival, proliferation, invasion, and metastasis, are closely correlated
with β-glucuronidase activity [7]. The expression of β-glucuronidase is higher in tumor
cells than in normal cells, including breast, ovary, lung, and colon tumor cells [8]. Thus,
β-glucuronidase has also been considered a potential biomarker for the clinical diagnosis
and treatment of cancers.

From ancient times to the present day, natural products have played a key role in
the discovery of new drugs, and the research, investigation, and development of active
metabolites from natural herbal products are and will continue to be important sources of
potential therapeutic agents for use against various diseases [9,10]. Dryopteris crassirhizoma,
a member of the Dryopteridaceae family, is a pteridophyte. Its rhizomes are one the most
widely used traditional herbal medicines in Northeast Asia and China. They have been
used to treat parasite infestation, hemorrhage, and common cold [11]. D. crassirhizoma
was originally employed as an antihelminthic herbal treatment against Diphyllobothrium
latum and as an anti-infection agent to cure common cold and flu [12,13]. D. crassirhizoma
has recently been reported to exhibit antiviral, antiplatelet, antioxidant, antibacterial, and
antitumor activities [14–18]. The major secondary metabolites of D. crassirhizoma are
phloroglucinols and their derivatives, which demonstrate various pharmacological effects.
Approximately 50 phloroglucinols have been isolated and structurally elucidated from
D. crassirhizoma, and can be divided into five groups based on the number of monomers
in their chemical structures [19]. Among these, dimeric phloroglucinols flavaspidic acid
AP and its derivatives flavaspidic acid AB, flavaspidic acid PB, and flavaspidic acid BB
have been reported to exhibit significant xanthine oxidase inhibitory activities with IC50
values of 6.3–20.9 µM [20]. Norflavaspidic acid PB and flavaspidic acid PB have also
been reported to inhibit melanin production in B16F10 murine melanoma cells with IC50
values of 35.7 and 38.9 µM, respectively [21]. In recent years, trimeric phloroglucinols
have attracted considerable attention from both chemists and pharmacists. The trimeric
compounds filixic acid ABA and nortrisflavaspidic acid ABB exhibited a strong inhibitory
effect on neuraminidase of influenza virus H5N1, with IC50 values of 29.6 and 51.5 µM,
respectively [22]. Furthermore, nortrisflavaspidic acid ABB, trisflavaspidic acid ABB, and
trisflavaspidic acid BBB are considered promising treatments for type 2 diabetes due to their
significant activity toward the PTP1B enzyme [23]. Although many biological activities
of secondary metabolites from the rhizomes of D. crassirhizoma have been studied, the
inhibitory activity of phloroglucinols on β-glucuronidase has not been reported.

In our previous study, we reported the isolation of 30 phloroglucinols from a methanol
extract of D. crassirhizoma rhizomes [23]. Based on analysis of various modern spectroscopic
data, such as high-resolution mass spectrometry, 1D and 2D nuclear magnetic resonance
(NMR), spectroscopy as well as comparison with corresponding results in the literature,
the chemical structures of the isolated compounds were identified as 2,4,6-trihydroxy-
acetophenone (1), 1-(2,4,6-trihydroxy-phenyl)-propan-1-one (2), phlorobutyrophenone (3),
5-acetyl-2,4,6-trihydroxyacetophenone (4), 1,3-(2,4,6-trihydroxyphenyl)dipropanone (5), 1,3-
(2,4,6-trihydroxyphenyl)dibutanone (6), 1-(2,4,6-trihydroxy-3-methylphenyl)propanone (7),
1-(2, 4, 6-trihydroxy-3-methylphenyl) butanone (8), 1-(2, 4, 6-trihydroxy-3-methylphenyl)
pentanone (9), tripropionylphloroglucinol (10), tributyrylphloroglucinol (11), bis- phlorobu-
tyrophenone (12), dryopidin PB (13), methylene-bis-phlorobutyrophenone (14), araspidin
BB (15), norflavaspidic acid AP (16), norflavaspidic acid AB (17), norflavaspidic acid PB
(18), norflavaspidic acid BB (19), flavaspidic acid AA (20), flavaspidic acid AP (21), flavas-
pidic acid AB (22), flavaspidic acid PB (23), albaspidin AA (24), dryopcrassirine AB (25),
nortrisflavaspidic acid ABB (26), trisflavaspidic acid ABB (27), trisflavaspidic acid BBB (28),
filixic acid ABA (29), and dryocrassin ABBA (30) (Figure 1). All isolated compounds were
evaluated for their PTP1B inhibitory activities through in vitro assays, and some exhibited
significant inhibitory effects [23].
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evaluated for their in vitro β-glucuronidase inhibitory effect. Kinetic analysis and molec-
ular docking studies were also performed to understand the inhibition type, binding effi-
ciency, and binding interaction of the active compounds with β-glucuronidase. 

 
Figure 1. Chemical structures of phloroglucinols from D. crassirhizoma (1–30). 

  

Figure 1. Chemical structures of phloroglucinols from D. crassirhizoma (1–30).

As part of our ongoing study to investigate the biological activity of secondary metabo-
lites from D. crassirhizoma, in this study, all the phloroglucinols isolated (1–30) were eval-
uated for their in vitro β-glucuronidase inhibitory effect. Kinetic analysis and molecular
docking studies were also performed to understand the inhibition type, binding efficiency,
and binding interaction of the active compounds with β-glucuronidase.
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2. Results
2.1. Inhibitory Effect of Phloroglucinols on β-Glucuronidase

The inhibitory effect of all isolated phloroglucinols (1–30) against β-glucuronidase
was evaluated using 4-nitrophenyl β-D-glucuronide (PNPG) as a substrate. The results are
expressed as IC50 values, depicted in Figure 2 and Table 1. The results revealed that no
inhibitory activity of β-glucuronidase (IC50 >100 µM) for monomeric phloroglucinols (1–10),
except for tributyrylphloroglucinol (11) with three butyryl groups in the side chain, which
showed moderate β-glucuronidase inhibitory effect with an IC50 value of 43.0 ± 2.9 µM.
These results suggest that the number of butyryl groups in the chemical structures of
phloroglucinols may significantly influence the inhibitory effect of β-glucuronidase.

Dimeric phloroglucinols (13–23) exhibited more potent β-glucuronidase inhibition
than monomeric phloroglucinols. Among them, compounds 13, 14, and 15 with at least one
butyryl group linked to phenol rings exhibited a strong inhibitory effect on β-glucuronidase
with IC50 values of 18.1 ± 1.5, 14.4 ± 0.6, and 17.0 ± 2.5 µM, respectively, which were
higher than those of the positive control D-saccharic acid 1,4-lactone (DSA, IC50 = 23.4 ±
1.5 µM). The other dimeric compounds showed weak or no β-glucuronidase inhibitory
activity (IC50 values ranging from 64.4 ± 3.5 to >100 µM).

Among all the isolated compounds, trimeric phloroglucinols (26–28) displayed the
strongest inhibitory effect against β-glucuronidase. In vitro assessments revealed that nortr-
isflavaspidic acid ABB (26), trisflavaspidic acid ABB (27), and trisflavaspidic acid BBB (28),
with two butyryl side chains linked to phenol rings in phloroglucinol trimeric structures,
significantly exhibited PTP1B [23]. In this study, these molecules also showed significant β-
glucuronidase inhibitory activity with IC50 values of 8.0 ± 1.8, 7.1 ± 2.6, and 5.6 ± 1.1 µM,
respectively, which was more potent than that of the positive control DSA. Compounds
26–28 with two phloroglucinol units linked with a 2,5-cyclohexadienone ring exhibited
a much stronger β-glucuronidase inhibitory effect than trimeric compound 29 with only
one phloroglucinol unit linked with two 2,5-cyclohexadienone rings (IC50 = 90.5 ± 2.7 µM),
suggesting that the number of phloroglucinol units in the chemical structure of phloroglu-
cinols may positively affect its β-glucuronidase inhibition. Interestingly, this suggestion
is fully consistent with what was observed in dimeric group. The β-glucuronidase in-
hibitory effect of tetrameric phloroglucinol dryocrassin ABBA (30) (IC50 = 94.9 ± 2.5 µM)
was decreased compared to that of the trimeric group. Structure–activity relationship
analysis suggested that the trimeric skeleton of phloroglucinol plays a vital role in its
β-glucuronidase inhibitory effect.
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nols 13–15 and 26–28 on β-glucuronidase (B).
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Table 1. Inhibitory activity of all isolated phloroglucinols 1–30 on β-glucuronidase.

Compounds
Inhibition of Compounds on β-glucuronidase

Inhibition at 100 µM (%) IC50 (µM) 1

1 11.6 ± 3.9 >100
2 24.4 ± 0.2 >100
3 22.0 ± 2.1 >100
4 22.1 ± 2.4 >100
5 27.1 ± 0.4 >100
6 33.7 ± 2.3 >100
7 26.7 ± 1.5 >100
8 24.9 ± 5.5 >100
9 34.7 ± 2.4 >100
10 41.4 ± 1.7 >100
11 87.3 ± 3.4 43.0 ± 2.9
12 34.1 ± 0.5 >100
13 93.7 ± 0.3 18.1 ± 1.5
14 97.1 ± 0.7 14.4 ± 0.6
15 89.1 ± 0.3 17.0 ± 2.5
16 68.3 ± 0.2 64.4 ± 3.5
17 65.1 ± 0.1 67.0 ± 1.3
18 42.2 ± 0.1 >100
19 41.0 ± 1.4 >100
20 76.1 ± 3.4 75.7 ± 1.2
21 47.9 ± 4.7 >100
22 48.7 ± 4.8 >100
23 73.5 ± 0.7 76.5 ± 1.5
24 28.1 ± 1.2 >100
25 30.7 ± 1.7 >100
26 98.09 ± 2.5 8.0 ± 1.8
27 101.2 ± 0.6 7.1 ± 2.6
28 106.2 ± 3.4 5.6 ± 1.1
29 53.4 ± 2.3 90.5 ± 2.7
30 51.8 ± 2.7 94.9 ± 2.5

DSA 2 79.0 ± 0.3 23.4 ± 1.5
1 The values (µM) indicate 50% inhibitory effects. All data are expressed as the mean ± SEM of three independent
experiments. 2 Positive control.

2.2. Inhibition Kinetics of Active Compounds on β-Glucuronidase

To investigate the types of enzyme inhibition and inhibition constants (Ki), kinetic
analyses were performed at various concentrations of the PNPG substrate and inhibitors
(13–15 and 26–28) using the Lineweaver–Burk and Dixon analysis methods [24,25]. In
the Lineweaver–Burk method, the intersection of the family of straight lines in the xy
region indicated mixed inhibition. In contrast, uncompetitive or competitive inhibition
was demonstrated by the lines crossing at the same point on the x- or y-axes, respectively.
As shown in Figures 3 and 4, and Table 2, the Lineweaver–Burk plots showed a family of
straight lines that crossed each other on the y-axis or 1/V axis. These results indicate that
the inhibitory behavior of active compounds 13–15 and 26–28 toward β-glucuronidase was
a competitive type of inhibition. According to the Dixon plots, the Ki values of compounds
13–15 and 26–28 were 6.3, 4.3, 25.8, 7.5, 0.5, and 2.8 µM, respectively.
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Metabolites 2022, 12, 938 7 of 15Metabolites 2022, 12, 938 7 of 15 
 

 

 
Figure 4. Lineweaver–Burk plots (A,C,E) and Dixon plots (B,D,F) for the β-glucuronidase inhibition 
of trimeric phloroglucinols 26–28, respectively. 

Table 2. Kinetic parameters of active compounds against β-glucuronidase. 

Compounds Inhibition Type 1 Ki (μM) 2 

13 Competitive 6.3 
14 Competitive 4.3 
15 Competitive 25.8 
26 Competitive 7.5 
27 Competitive 0.5 
28 Competitive 2.8 

1 Determined by Lineweaver–Burk plots. 2 Determined by Dixon plots. 

2.3. Molecular Docking Simulation of β-Glucuronidase Inhibition 
To understand the binding efficiency and interaction of active compounds 13–15 and 

26–28 with the β-glucuronidase enzyme, a molecular docking simulation was performed 
using AutoDock 4.2 (Scripps Research Institute, La Jolla, CA, USA). The results were vis-
ualized using BIOVIA Discovery Studio 21.1 (BIOVIA, Dassault Systèmes, San Diego, CA, 
USA) and PyMOL 2.5 (Schrödinger, Inc., New York, NY, USA). The kinetic results suggest 

Figure 4. Lineweaver–Burk plots (A,C,E) and Dixon plots (B,D,F) for the β-glucuronidase inhibition
of trimeric phloroglucinols 26–28, respectively.

Table 2. Kinetic parameters of active compounds against β-glucuronidase.

Compounds Inhibition Type 1 Ki (µM) 2

13 Competitive 6.3
14 Competitive 4.3
15 Competitive 25.8
26 Competitive 7.5
27 Competitive 0.5
28 Competitive 2.8

1 Determined by Lineweaver–Burk plots. 2 Determined by Dixon plots.

2.3. Molecular Docking Simulation of β-Glucuronidase Inhibition

To understand the binding efficiency and interaction of active compounds 13–15 and
26–28 with the β-glucuronidase enzyme, a molecular docking simulation was performed
using AutoDock 4.2 (Scripps Research Institute, La Jolla, CA, USA). The results were
visualized using BIOVIA Discovery Studio 21.1 (BIOVIA, Dassault Systèmes, San Diego,
CA, USA) and PyMOL 2.5 (Schrödinger, Inc., New York, NY, USA). The kinetic results
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suggest that all test compounds displayed a competitive type of inhibition. Therefore,
compounds 13–15 and 26–28 could bind to the active site of β-glucuronidase, where the
substrate molecule binds and carries a chemical reaction. Thus, PNPG was docked as a
native ligand into the β-glucuronidase enzyme (PDB ID: 6LEL) to validate and optimize
the docking operation. The docking results of the substrate and active compounds, as well
as the active site of the β-glucuronidase enzyme, are presented in Figure 5.
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Figure 5. The docking results of the substrate and active compounds 13–15 and 26–28 ((A) substrate:
red, compounds 13: green, 14: blue, 15: yellow, 26: pink, 27: cyan, and 28: orange) and the active site
of the β-glucuronidase enzyme ((B) red site).

According to our docking results, dimeric compounds 13–15 could bind to the active
site of β-glucuronidase, with binding energy values of −8.22, −8.49, and −8.02 kcal/mol,
respectively (Figure 6 and Table 3). The hydroxy groups of the three active compounds
shared Glu413, Tyr468, and Tyr472 residues via hydrogen-bonding interactions, while
their aromatic rings formed a π-anion interaction with Glu504. The butyryl groups of
compounds 13 and 14 established alkyl and π-alkyl interactions with Val355, Met447, and
Phe448 in the active site of β-glucuronidase, respectively. The carbonyl and hydroxy groups
of 15 also displayed hydrogen bonding interactions with Asp163, His330, and Leu361.
The other residues, including Gly356, Asn358, Val446, Asn466, Trp549, Arg562, Asn566,
and Lys568, from different sites of β-glucuronidase, were bound to three active dimeric
phloroglucinols through van der Waals interactions.
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Figure 6. Three-dimensional molecular docking (A,C,E) and 2D interaction diagrams (B,D,F) of
β-glucuronidase inhibition by dimeric phloroglucinols 13–15, respectively. Green: hydrogen bonding
interactions, light green: van der Waals interactions, pink: hydrophobic interactions, and orange:
electrostatic interactions with the corresponding amino acid residues of β-glucuronidase.
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Table 3. Docking energies and binding site interactions of active phloroglucinols 13–15 and 26–28
with β-glucuronidase.

Compounds Binding Energy
(kcal/mol) Hydrogen Bonds van der Waals

Interactions
Hydrophobic
Interactions

Electrostatic
Interactions

13 −8.22 Asn412, Glu413,
Tyr468, Tyr472

Phe161, His162,
His330, Gly356,
Asn358, Val446,
Asn466, Trp549,
Arg562, Asn566,

Lys568

Leu361 (π-σ)
Val355 (alkyl)

Met447 (π-alkyl)
Phe448 (π-alkyl)

Asp163 (π-anion)
Glu504 (π-anion)

14 −8.49
Asp163, His330,
Glu413, Tyr468,

Tyr472

Phe161, His162,
Phe164, Gly356,

Asn358, Asn412, Val446,
Asn466, Trp549, Asn566,

Lys568

Val355 (alkyl)
Leu361 (alkyl)

Met447 (π-alkyl)
Phe448 (π-alkyl)

Glu504 (π-anion)
Glu562 (π-cation)

15 −8.02
Asp163, His330,
Leu361, Glu413,
Tyr468, Tyr472

His162, Phe164,
His296, Gly356,
Asn358, Gly362,

Ile363, Asn412, Trp549,
Phe554, Arg562, Asn566,

Lys568

Val355 (alkyl)
Leu561 (alkyl) Glu504 (π-anion)

26 −10.67
Phe161, Asp163,
His330, Leu361,
Lys370, Glu504

Ser159, Tyr160, Phe164,
Gly356,

Asn358, Leu359, Gly362,
Asn412, Tyr468, Tyr472,
Trp549, Thr556, Ser557,

Gly559,
Leu561

His162 (amide-π)
Ile363 (alkyl)
Val355 (alkyl)
Arg562 (alkyl)

Phe365 (π-alkyl)

Glu413 (π-anion)

27 −10.26

Tyr160, Phe161,
Asp163, Leu361,
Gly362, Lys370,

Glu504

His162, Phe164, His296,
His330, Val355, Asn358,
Leu359, Ser360, Gly362,
Asn412, Glu413, Tyr472,
Thr556, Ser557, Gly559,

Leu561, Asn566

Ile363 (alkyl)
Arg562 (alkyl)
Lys568 (alkyl)

Phe365 (π-alkyl)
Tyr468 (π-alkyl)
Trp549 (π-alkyl)

28 −9.56

Tyr160, Phe161,
Asp163, Leu361,
Gly362, Ile363,
Glu413, Tyr472

His162, Phe164, Gly356,
Leu359, Lys370, Phe448,
Asn466, Thr556, Ser557,

Leu561, Arg562

Val355 (alkyl)
Val446 (alkyl)
Met447 (alkyl)

His330 (π-alkyl)
Tyr468 (π-alkyl)

Figure 7 and Table 3 display the binding mechanism of trimeric phloroglucinols 26–28
and the active site of β-glucuronidase with binding energies of −10.67, −10.26, and −9.56
kcal/mol, respectively. The lower binding energies found in these three active metabolites
indicate that trimeric phloroglucinols have higher inhibitory activity than the dimeric
group. The hydroxy groups of the three trimeric compounds share the residues Phe161,
Asp163, His330, Leu361, Gly362, Lys370, and Glu504 via hydrogen-bond interactions. The
methyl and butyryl groups of 26 displayed alkyl and π-alkyl interactions with Ile363,
Phe365, Val355, and Arg562, whereas the aromatic rings formed amide-π and π-anion
interactions with His162 and Glu413, respectively. The methyl and butyryl groups of
27 establish alkyl interactions with Ile363, Arg562, and Lys568 and π-alkyl interactions
with Phe365, Tyr468, and Trp549. In addition, residues His330, Val355, Val446, Met447,
and Tyr468 were bound to the methyl and butyryl groups of 28 via alkyl and π-alkyl
interactions. These results, together with those of the β-glucuronidase inhibition assay,
indicate the importance of butyryl groups in the chemical structure of phloroglucinols for
the inhibition of β-glucuronidase.
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3. Discussion

β-Glucuronidase, one of the enzymes involved in the hydrolysis of conjugated com-
pounds, has received significant attention in recent years because of its role in removing
hazardous chemicals from the body in the form of glucuronides [26]. The asymmetric unit of
the E. coli β-glucuronidase structure (~139 kDa) consists of two monomers with 597 amino
acid residues and is divided into three main regions: the N-terminal (180 residues) re-
sembles the sugar-binding domain of the GH2 family, the C-terminal domain (residues
274 to 603) forms an αβ barrel and has two catalytic residues in the active site—Glu413
(catalytic acid) and Glu504 (catalytic nucleophile)—and the region between the N- and
C-terminal domains has an immunoglobulin-like β-sandwich domain similar to other
members of the GH2 family [5]. Especially, the bacterial loop (residues 360–376) found in
E. coli β-glucuronidase, which is missing from the human orthologue, was reported to be a
key factor for the complete activity of β-glucuronidase and its selective inhibition [5,27].

Virtual screening based on molecular docking has been the most popular method
for structure-based drug discovery since 1982 [28]. Researchers have characterized small-
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molecule activity at target protein-binding sites and disclosed basic biochemical processes
using molecular docking models to depict the atomic-level interaction between a small
molecule and a protein [29]. The two main processes in the docking procedure are predict-
ing the ligand shape, location, and orientation at these sites and determining the binding
energy [30]. The benefits of virtual screening include small search space, low cost, and high
flexibility. These factors can aid in the rapid discovery of a possible target protein inhibitor.
Herein, we describe phloroglucinols isolated from the rhizomes of D. crassirhizoma that
are potential natural therapeutic agents for inhibiting β-glucuronidase, determined via a
combination of in vitro assays and virtual screening techniques.

All the phloroglucinols isolated (1–30) were evaluated for β-glucuronidase inhibitory
activity. Of these, dimeric compounds 13–15 showed moderate effects on β-glucuronidase,
with IC50 values ranging from 14.4 to 18.1 µM. Trimeric compounds 26–28 exhibited
strong inhibitory effects on β-glucuronidase, with IC50 values ranging from 5.6 to 8.0 µM.
In comparison, the monomeric group showed weak or no β-glucuronidase inhibition
activity (IC50 values >100 µM). Examination of structure–activity relationships among the
active compounds suggested that the presence of three aromatic rings in the chemical
structure of phloroglucinols is important for potent β-glucuronidase inhibitory activity.
Our previous report emphasized the importance of the trimeric chemical structure of
phloroglucinols in positively increasing the metabolites efficiency. Kinetic analysis and
molecular docking simulations of the active compounds were performed to investigate the
binding position and cause of the activity difference. A comparison of the docking results
revealed that trimeric phloroglucinols 26–28 exhibited lower binding energies than the
dimeric phloroglucinols, as evidenced by the stronger β-glucuronidase inhibitory activity
of the trimeric group in comparison to the dimeric group. Dimeric compounds 13–15
displayed linkages with two important catalytic residues, Glu413 and Glu504, in the active
site through hydrogen bonding and π-anion interactions, respectively. Trimeric compounds
26–28 interacted with Glu413 and Glu504 and tightly interacted with Leu361, Gly362, Ile363,
and Lys370 in the bacterial loop of E. coli β-glucuronidase via hydrogen bonds, van der
Waals forces, and hydrophobic interactions, which might explain their significant activity
against β-glucuronidase.

4. Materials and Methods
4.1. Chemicals and Reagents

β-Glucuronidase from E. coli (EC 3.2.1.31, G7396) and D-saccharic acid 1,4-lactone
(DSA, S0375) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). 4-Nitrophenyl
β-D-glucuronide (PNPG, N0618) was purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan).

4.2. Assay for β-Glucuronidase Inhibitory Activity

β-Glucuronidase inhibitory activity was assayed in accordance with a previously
described protocol [31]. Briefly, the reaction was started by adding 130 µL β-glucuronidase
(50 U/mL) to 100 mM phosphate buffer adjusted to pH 6.8. The solution was mixed
in 96-well plates containing 20 µL of DMSO or the compound was dissolved in DMSO,
followed by incubation at 37 ◦C for 20 min in 50 µL PNPG (1 mM for the inhibition
assay). β-Glucuronidase inhibitory activity was determined by monitoring the amount of 4-
nitrophenol released from the substrate PNGP at 405 nm using a UV-vis spectrophotometer
(VersaMax, Molecular Devices, San Jose, CA, USA). DSA, an inhibitor of β-glucuronidase,
was used as the positive control. Percentage inhibition (%) was calculated using the
following equation:

inhibitory activity (%) = [(∆control − ∆sample)/∆control] × 100,

where control and sample are the intensities of the control and inhibitor after 20 min,
respectively.
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IC50 values were calculated using SigmaPlot 10.0 (Systat Software Inc., Palo Alto,
CA, USA).

4.3. Inhibition Kinetic Analysis with β-Glucuronidase

To identify the inhibition mode of the active compounds on β-glucuronidase, two
enzyme kinetic methodologies, the Lineweaver-Burk and Dixon methods, were used [24,25].
The mode of β-glucuronidase inhibition was determined using a Lineweaver–Burk plot
(or double reciprocal plot) at various concentrations of the substrate in the absence or
presence of the test compound (concentrations: 0, 10, 20, 40, 60, and 80 µM for 13 and 15;
0, 7.5, 15, 30, 60, and 80 µM for 14; 0, 5, 10, 20, 40, and 60 µM for 26 and 27; and 0, 2.5, 5,
10, 20, and 40 µM for 28). The enzymatic reactions at various concentrations of the test
compounds were evaluated by monitoring the effects of different substrate concentrations
using Dixon plots (or single reciprocal plots) (0.25, 0.5, 1, and 2.5 mM). Ki values were
determined by analyzing the Dixon plot, where the x-axis value was taken as Ki. The
analysis and visualization of the experimental data were performed using SigmaPlot 10.0
(Systat Software Inc., Palo Alto, CA, USA).

4.4. Molecular Docking Simulation

Molecular docking simulations were performed to understand the binding efficiency
and interaction of active compounds with β-glucuronidase using AutoDock 4.2 (Scripps
Research Institute, La Jolla, CA, USA) [32], as per our previously described protocol [23,31].
The 3D X-ray crystallographic structure of E. coli β-glucuronidase (PDB ID: 6LEL) was
obtained from the RCSB Protein Data Bank database at a resolution of 2.5 Å [33]. The 3D
structures of the test compounds were built and minimized using Spartan’18 (Wavefunction
Inc., Irvine, CA, USA). The pdb file of 6LEL protein was added to hydrogens and charged
by computing Gasteiger charges using AutoDockTools 1.5.6 (Scripps Research Institute,
La Jolla, CA, USA). The grid box was set (grid points X.Y.Z 60.60.60) to include the loop
containing the active site. All test compounds were docked into the box with default
values of Lamarckian genetic algorithm parameters, except for the number of genetic
algorithms (runs = 50) and the maximum number of energy evaluations (25,000,000). The
docking simulation results were visualized using Discovery Studio Visualizer 21.1 (BIOVIA,
Dassault Systèmes, San Diego, CA, USA) and PyMOL 2.5 (Schrödinger, Inc., New York, NY,
USA) for the 3D molecular docking model and 2D ligand interaction diagram.

4.5. Statistics

All results are presented as means ± standard error of the mean (SEM) of at least
three independent experiments. Significance was analyzed using one-way ANOVA and
Duncan’s test (Systat Software Inc., Palo Alto, CA, USA) and was noted at p < 0.05.

5. Conclusions

In conclusion, this is the first report of the inhibitory effect against β-glucuronidase of
phloroglucinols isolated from the rhizomes of D. crassirhizoma. Our results showed that
nortrisflavaspidic acid ABB (26), trisflavaspidic acid ABB (27), and trisflavaspidic acid
BBB (28) exhibited strong inhibitory activity on β-glucuronidase with IC50 values of 8.0,
7.1, and 5.6 µM, respectively, whereas the dimeric compounds 13–15 showed a moderate
β-glucuronidase inhibitory effect. Structure–activity relationship analysis confirmed the
importance of the trimeric skeleton in the chemical structure of phloroglucinols for their
biological activity. Kinetic studies indicated that all the active compounds displayed
competitive inhibition of β-glucuronidase. Moreover, molecular docking simulations
demonstrated that these active compounds could tightly bind to the active sites of β-
glucuronidase with negative binding energies, in agreement with the results of kinetic
analysis. Our in vitro and in silico results suggest that D. crassirhizoma rhizomes and their
phloroglucinols have great potential as natural herbal β-glucuronidase inhibitors.
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