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ties of saponin from Eleocharis
dulcis peel against a-glucosidase†

Yipeng Gu, a Xiaomei Yang,b Chaojie Shang,a Truong Thi Phuong Thaoa

and Tomoyuki Koyama*a

The inhibitory properties towards a-glucosidase in vitro and elevation of postprandial glycemia in mice by

the saponin constituent from Eleocharis dulcis peel were evaluated for the first time. Three saponins were

isolated by silica gel and HPLC, identified as stigmasterol glucoside, campesterol glucoside and daucosterol

by NMR spectroscopy. Daucosterol presented the highest content and showed the strongest a-glucosidase

inhibitory activity with competitive inhibition. Static fluorescence quenching of a-glucosidase was caused

by the formation of the daucosterol–a-glucosidase complex, which was mainly derived from hydrogen

bonds and van der Waals forces. Daucosterol formed 7 hydrogen bonds with 4 residues of the active site

and produced hydrophobic interactions with 3 residues located at the exterior part of the binding

pocket. The maltose-loading test results showed that daucosterol inhibited elevation of postprandial

glycemia in ddY mice. This suggests that daucosterol from Eleocharis dulcis peel can potentially be used

as a food supplement for anti-hyperglycemia.
1. Introduction

a-Glucosidase hydrolyzes terminal non-reducing a-1,4-glyco-
sidic bonds to release a glucose molecule, which is involved in
glycometabolism and plays an important role in maintaining
the normal physiological function of the body.1–3 This enzyme is
located in the brush border of the small intestine and catalyzes
the hydrolysis of polysaccharides or oligosaccharides into
glucose to induce postprandial hyperglycemia; by regulating
this process, diabetic patients can control glucose uptake and
suppress rapid rises of blood glucose levels to prevent the
development of diabetes-associated complications.4,5 Currently,
the widely used clinical antidiabetic drugs are a-glucosidase
inhibitors, such as acarbose, voglibose and miglitol, to inhibit
the intestinal absorption of glucose, but the long-term admin-
istration of these agents may produce adverse side effects and
high cost.6,7 In search of appropriate hypoglycemic medications,
attention has been focused on edible plants for several years,
whose extracts contain bioactive components that demonstrate
signicant a-glucosidase inhibitory activity, such as L-arabi-
nose, salacinol, mangiferin and soybean isoavone.8–12

Eleocharis dulcis (also known as Chinese water chestnut),
a perennial sedge belonging to the family Cyperaceae, is
nal Foods Science, Graduate School of
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a common hydrophytic vegetable that grows in Japan, China,
India and other Asian countries.13,14 The edible corms are
consumed as a fruit or vegetable, and also used to produce
starch and canned foods.15 In China, fresh-cut Eleocharis dulcis
is very popular due to its unique sweet taste and medicinal
properties. As a traditional Chinese medicine, the corm of
Eleocharis dulcis has been applied to treat constipation, phar-
yngitis, laryngitis, hypertension and chronic nephritis.16,17

However, a large amount of peel is produced as a waste product in
fruit processing and accumulates, causing rot and serious environ-
mental pollution.18 It has been reported that twenty avonoids iso-
lated from Eleocharis dulcis peel show strong 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging activity.15 The ethanol
extract from Eleocharis dulcis with high values of phenolic and
avonoids compounds showed an inhibitory value of 65.74%against
a-glucosidase at a concentration of 2000 ppm.19 However, there are
currently few reports about saponins from Eleocharis dulcis peel.
Saponins are widely distributed in natural medicines with various
pharmacological activities, such as antimicrobial, antioxidant,
antithrombotic, antitumor, hypoglycemic, etc.20 Hence, this study
aimed to research the saponin constituent in Eleocharis dulcis peel
and evaluate its inhibition of a-glucosidase and elevation of post-
prandial glycemia in mice aer maltose-loading for the rst time,
and it is expected to be applied in functional foods in the future.
2. Materials and methods
2.1 Materials

The fresh Eleocharis dulcis were purchased from the central
agricultural product market of Hezhou (Hezhou, Guangxi
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
Province, China) and cleaned with water, and then the peels
without decay and deterioration were collected and dried with
a DHG series heating and drying oven (DHG-9140A, Keelrein,
China) at 60 �C for 36 h. Aer this, the dried peels were ground
by a universal high-speed grinder (DFY-600, Linda Machinery
Co., Ltd, China) and stored for further extraction.

a-Glucosidase (EC 3.2.1.20) from yeast was purchased from
Oriental Yeast Co., Ltd (Tokyo, Japan), and dissolved in 0.1 M
sodium phosphate buffer of pH 7.4. Methanol, acetonitrile and
distilled water as HPLC grade chemicals were purchased from
Kanto Chemical Co., Inc. (Tokyo, Japan). Acarbose and p-
nitrophenyl-a-D-glucopyranoside (pNPG) were purchased from
Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). A Glucose C-II
Test Wako Kit was obtained from Fujilm Wako Pure Chemical
Industries, Ltd (Osaka, Japan). Pyridine-d5 for NMR spectros-
copy and maltose were purchased from Kanto Chemical Co.,
Inc. (Tokyo, Japan). All other reagents were of analytical purity.
2.2 Extraction and isolation of the saponin fraction

The dried materials of Eleocharis dulcis peel (1 kg) were
combined with 5 L methanol and kept in an ultrasonic reactor
(KQ5200DV, Kunshan, China) at 40 kHz and 60 �C for 2 h. The
ltered methanol extracts were concentrated by a rotary evap-
orator (N1300DW, EYELA, Japan) and dried by a freeze-dryer
(FDU2110, EYELA, Japan), and then suspended with 0.2 L of
distilled water and partitioned with n-butanol (1 L) twice. The
organic layer was collected and freeze-dried, and then these
extracts were dissolved in methanol and ve volumes of acetone
were gradually added until complete precipitation. The precip-
itates were subjected to a silica gel column (4 cm � 11 cm), and
eluted with n-hexane, ethyl acetate, methanol–ethyl acetate (v : v
¼ 1 : 1) and methanol, at ve times the column volume for each
eluent. The separation process is illustrated in Fig. 1. A Bruker
Advance 600 MHz spectrometer (Bruker, Germany) was used to
obtain 1H NMR spectra with pyridine-d5 as the solvent. Fr.3 and
Fr.4 were detected, which showed similar saponin signals
Fig. 1 Flowchart for the isolation of saponins from Eleocharis dulcis
peel.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(Fig. S1A†). Furthermore, a Shimadzu HPLC System (Kyoto,
Japan) equipped with a Develosil ODS HG-5 column (4.6 mm �
250 mm, Nomura Chemical, Japan) with isocratic elution of
100% methanol at 30 �C (wavelength: 210 nm, ow rate: 1
mL min�1) also demonstrated no difference between the two
saponin fractions (Fig. S1B†). Fr.3 and Fr.4 were combined and
dried to obtain a powder (2.09 g).

2.3 Purication and structural elucidation of saponins

The powder of the saponin fraction was dissolved in methanol,
and a Prep LC System (PU2080 Plus, JASCO, Japan) in recycling
mode was used to purify the saponins. The ultraviolet absorp-
tion spectrumwas obtained using a Develosil ODS HG-5 column
(20 mm � 250 mm, Nomura Chemical, Japan) and eluted with
100%methanol at room temperature (wavelength: 210 nm, ow
rate: 8 mL min�1), and three components were collected in
accordance with the chromatogram (Fig. S2†). Aer freeze-
drying, compound 3 gave the highest amount with a total
yield of 961.5 mg, achieving 0.10% overall recovery; the
compound 1 yield was 158.3 mg (0.02%), and that of compound
2 was 260.1 mg (0.03%). The structures of all components were
characterized by NMR spectroscopy techniques on a Bruker
Advance 600 MHz spectrometer (Bruker, Germany). Accord-
ingly, the three compounds were identied as stigmasterol
glucoside (1), campesterol glucoside (2) and daucosterol (3), as
shown in Fig. 2. Furthermore, the NMR data for the compounds
were consistent with those reported in the literature.21–25

2.4 a-Glucosidase inhibitory activity assay in vitro

The a-glucosidase inhibitory activities were measured accord-
ing to a slightly modied method reported by Zhang et al.26

Several assay solutions containing 20 mL of a-glucosidase of 0.5
UmL�1, 120 mL of phosphate buffer (pH 7.4) of 0.1 M, and 10 mL
of dimethyl sulfoxide solution of saponin were prepared at
various concentrations from 0 to 1 mg mL�1 mixed in a 96-well
microtiter plate. The plate was incubated at 37 �C for 10 min.
The enzymatic reaction was initiated by adding 20 mL of 5 mM
substrate pNPG solution in 0.1 M phosphate buffer of pH 7.4,
and the nal reaction mixture was incubated for 10 min at
37 �C. Subsequently, the absorbance of the reaction system was
immediately transferred into a ThermoMax microplate reader
(31139, Thermo, USA) and measured at 405 nm. The enzymatic
activity assay without the saponin sample, which was replaced
by dimethyl sulfoxide, was dened as the control, and that
without a-glucosidase was used as a control blank to correct for
background absorbance. The enzymatic inhibitory reaction
system without enzyme was used as a sample blank. Acarbose
were used as a positive control at different concentrations from
1 to 4 mg mL�1. The median effective concentration for inhi-
bition (IC50) was measured, and the IC50 value was the amount
that gave a 50% decrease in a-glucosidase activity. The inhibi-
tory activity was calculated using eqn (1). The best inhibitor was
screened out and used in subsequent experiments.

Inhibition ð%Þ ¼ 1� Asample � Asample blank

Acontrol � Acontrol blank

� 100 (1)
RSC Adv., 2021, 11, 15400–15409 | 15401
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Fig. 2 The chemical structures of the three compounds isolated from Eleocharis dulcis peel. The structures from 1 to 3 are stigmasterol
glucoside, campesterol glucoside and daucosterol, respectively.
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2.5 Analysis of the inhibitory kinetics of a-glucosidase
activity

The mechanism of a-glucosidase inhibition of the saponin
sample was detected by analysis of the Michaelis–Menten
kinetics equation,27 as shown below:

V ¼ Vmax

½S�
Km þ ½S� (2)

and in general, it was measured by the double reciprocal
Michaelis–Menten equation, that is the Lineweaver–Burk plot,
as follows:

1

V
¼ Km þ ½S�

Vmax½S� ¼ Km

Vmax

1

½S� þ
1

Vmax

(3)

In this equation, V is the initial rate of enzymatic reaction, Vmax

is the maximum value of reaction rate, and Km and [S] are the
Michaelis–Menten constant and the concentration of substrate,
respectively.

The concentration of the saponin sample as an a-glucosidase
inhibitor was varied from 0 to 10 mg L�1, and pNPG was the
substrate of the enzymatic reaction at different concentrations
(0, 0.2, 0.4, 0.8, 1.6 and 3.2 mM).
2.6 Fluorescence spectrum

A uorescence spectrometer (F-4600, HITACHI, Japan) was used
to analyze the uorescence quenching of a-glucosidase by
saponin. A series of 5 mL colorimetric tubes were injected with
100 mL of different concentrations of saponin sample and 2 mL
15402 | RSC Adv., 2021, 11, 15400–15409
a-glucosidase (0.5 U mL�1); then, these mixtures were diluted to
the required volume with phosphate buffer (pH 7.4) of 0.1 M.
The nal concentrations of saponin varied from 0 to 20 mg L�1.
The tubes for reaction were kept at the temperature of 298, 303
and 310 K for 20 min. The uorescence measurements were
performed at the excitation wavelength of 280 nm, in the
emission wavelength range of 300–400 nm, and excitation and
emission slit widths of the uorescence spectrophotometer
were both 10 nm. Their synchronous uorescence spectra were
scanned with the excitation and emission slit widths at 5 nm in
the wavelength range of 240–340 nm, with the excitation and
emission wavelength interval (Dl) at 15 and 60 nm. The reaction
system without a-glucosidase was subtracted to correct back-
ground uorescence.

2.7 Molecular docking studies

The yeast a-glucosidase originated from Saccharomyces cer-
evisiae in this study, and the amino acid sequences were
searched in the NCBI database and the a-glucosidase (Saccha-
romyces cerevisiae) sequence le (GenBank: KZV11524.1) was
downloaded. However, its 3D structure has never been reported.
In order to nd an appropriate crystal structure for homology
modeling, the BLAST algorithm was used to search for the
protein sequence data in the Protein Data Bank (PDB, http://
www.rcsb.org) and a known protein (ID: 3AXI_A) showed
signicant similarity, which exhibits 93% homology with this
sequence. The 3D structure of the inhibitor was searched and
obtained in the PubChem database (https://
pubchem.ncbi.nlm.nih.gov). Its energy was minimized by
UCSF Chimera-1.13.1 (RBVI, USA) with the AMBER force eld.
In the virtual screening with docking simulation, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 a-Glucosidase inhibitory activities of the three compounds from Eleocharis dulcis peela

Inhibitor

Isolated compounds

AcarboseStigmasterol glucoside (1) Campesterol glucoside (2) Daucosterol (3)

IC50 (mg L�1) 7.68 � 0.17#b 10.03 � 0.78#a 5.67 � 0.14#c 91.50 � 4.69

a Values are means � SD, n ¼ 3. #p < 0.05, compared with acarbose. abcp < 0.05, different letters indicate signicance in isolated compounds.
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homologous model was used as the protein receptor and the
inhibitor as the ligand model. All of the solvent molecules and
nonessential substructures were removed by PyMOL soware
(version: 2.2.0, DeLano Scientic LLC, USA), and non H-
bonding hydrogen atoms and Gasteiger charges were added
by AutoDock tools (version: 1.5.6, Scripps Research, USA). A
semi-exible docking method was used for the molecular
docking of the receptor and ligand using AutoDock tools
programs. The protein receptor was set to be rigid and the
ligand was given rotatable bonds to remain exible, a grid box
of 66 � 68 � 70�A was dened and the grid spacing was 0.375�A,
and Lamarckian Genetic Algorithm (LGA, runs 20) was used for
molecular docking to determine the ligand binding sites on the
receptor. The energies of molecular docking, the positions of
the hydrogen bonds and the hydrophobic interactions between
a-glucosidase and the inhibitor were analyzed. The interaction
between the inhibitor and a-glucosidase from the AutoDock
output les was rendered with PyMOL.
Fig. 3 The inhibition kinetics of a-glucosidase by daucosterol (pH 7.4,
2.8 Effect of inhibitor on blood glucose level in maltose-
loaded mice

Thirty male mice (ddY, SLC, Japan), body weight 38 � 2 g, were
fasted for 20–24 hours aer conventional raising for one week in
an individual animal breeding system (LP-80 CCFL-6ARSS, NK
System, Japan) under the conditions of 24 � 1 �C and 50 � 10%
humidity with a 12 h light/dark cycle. All mice were divided
randomly into 5 groups (n¼ 6) and used for themaltose-loading
test, and the route of administration was gastric perfusion.
Saponin and acarbose were dispersed or dissolved well in 1%
sodium carboxymethylcellulose (CMC), and maltose was dis-
solved in distilled water. In the low, middle and high dose
treatment groups, the mice were given 25, 50 and 100 mg kg�1

body weight of saponin 30 minutes in advance. Mice in the
control group and positive control group were treated with an
appropriate volume of 1% CMC and acarbose (100 mg kg�1

body weight), respectively. The mice in each group were given
1 g kg�1 body weight maltose. Specimens of blood were
collected from the tail vein prior to oral maltose (0 min) and at
30, 60, 90, and 120 min aer oral gavage, centrifuged at
8000 rpm for 3 min (Centrifuge MCD-2000, AS ONE, Japan), and
the serum samples were collected. The serum glucose level was
measured using a Glucose C-II Test Wako Kit based on absor-
bance at 490 nm wavelength.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.9 Statistical analysis

Data are presented as the means � standard deviation (SD) for
in vitro experiments and as the means � standard error of the
mean (SEM) for in vivo experiments. Statistical analysis were
performed by JMP 7.0.2 (SAS Institute Inc., Cary, NC, USA). The
signicance analysis of differences in inhibitory activity among
a-glucosidase inhibitors was conducted by an unpaired
Student's t-test (p < 0.05), and the blood glucose level of each
group was ascertained by a Tukey–Kramer HSD test (p < 0.05).
3. Results and discussion
3.1 a-Glucosidase inhibitory activity

The inhibitory activities of a-glucosidase by the three
compounds are summarized in Table 1. The three saponins
provided potent inhibition of a-glucosidase with the IC50 values
being 7.68 mg L�1 (stigmasterol glucoside), 10.03 mg L�1

(campesterol glucoside) and 5.67 mg L�1 (daucosterol), which
were signicantly stronger than that of acarbose (91.50 mg L�1).
In addition, daucosterol had the lowest IC50 value, indicating
that it had the strongest inhibitory activity against a-glucosi-
dase. The structures of the three saponins were quite similar
(Fig. 2), and only slight differences indicated by the alkyl chains
are shown; the number of unsaturated bonds and methylene
groups affects the hydrophobicity of the molecule, which plays
an important role in the interaction between small molecule
drugs and proteins.28–31 The higher molecular weight and
unsaturation of daucosterol compared to the other two sapo-
nins could be related to its strongest inhibition. Moreover,
T ¼ 310 K). Values are means � SD, n ¼ 3.

RSC Adv., 2021, 11, 15400–15409 | 15403
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Fig. 4 The fluorescence quenching of a-glucosidase by daucosterol. (A–C) The fluorescence emission spectra (A) and the synchronous
fluorescence spectra (B and C) of a-glucosidase in the presence of daucosterol at different concentrations (pH 7.4, T¼ 298 K). (A) lex ¼ 280 nm;
(B) Dl ¼ 15 nm; (C) Dl¼ 60 nm. The concentrations of daucosterol from 1 to 6 are 0.00, 1.00, 5.00, 10.00, 15.00 and 20.00 mg L�1, respectively.
(D) The linear-fitting graph of Stern–Volmer for the fluorescence quenching of a-glucosidase by daucosterol at different temperatures (pH 7.4, T
¼ 298 K, 303 K, 310 K). lex ¼ 280 nm, lem ¼ 334 nm. Values are means � SD, n ¼ 3. The concentrations of daucosterol are 0.00, 0.17, 0.87, 1.73,
2.60 and 3.47 � 10�5 mol L�1, respectively.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
12

:5
6:

22
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
daucosterol was the most abundant saponin isolated from
Eleocharis dulcis peel, indicating that it was the major a-gluco-
sidase inhibitory factor in the saponin fraction.
3.2 The inhibition kinetics of a-glucosidase

Lineweaver–Burk plots analysis was used to investigate the
inhibition type according to the change of Michaelis–Menten
constant (Km) and the maximum value of reaction rate (Vmax). In
Fig. 3, the three tting lines with different slopes intersected on
the y axis, the reaction rate increased with the increasing
concentration of the substrate, the value of 1/v rose in a dose-
dependent manner, caused by the increase of 1/[pNPG] being
greater in the presence of daucosterol than in its absence. In the
Lineweaver–Burk plot, the y intercept of the graph was equiva-
lent to the inverse of Vmax, and the x intercept of the graph was
�1/Km. Km value was increased but Vmax remained unchanged
with the increase of the daucosterol concentration, which was
15404 | RSC Adv., 2021, 11, 15400–15409
consistent with the characteristics of the competitive inhibition
model. The results suggested that a-glucosidase was inhibited
by daucosterol in a competitive manner.
3.3 Fluorescence emission spectrum and synchronous
uorescence spectrum of a-glucosidase

The uorescence quenching spectra of a-glucosidase by dau-
costerol are shown in Fig. 4A. The intrinsic uorescence of
tryptophan (Trp) and tyrosine (Tyr) residues was presented aer
excitation at the wavelength of 280 nm, a-glucosidase exhibited
a strong uorescence emission peak at 334.2 nm, the uores-
cence intensity decreased with the increase of the concentration
of daucosterol, and the maximum emission wavelength shied
from 334.2 nm to 336.0 nm, which showed a red-shi. The
results indicated that daucosterol interacted with a-glucosidase
and induced its intrinsic uorescence quenching.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Stern–Volmer quenching constants and binding parameters of the interaction between daucosterol and a-glucosidase at different
temperatures

T (K) Kq (�1012 L mol�1 s�1) KA (�104 L mol�1) DH� (kJ mol�1) DS� (J mol�1 K�1) DG� (kJ mol�1)

298 2.96 17.54 �52.89 �76.65 �29.92
303 2.51 14.27 �29.90
310 2.17 7.78 �29.03
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The wavelength interval (Dl) at 15 nm and 60 nm in the
synchronous uorescence spectra reected the characteristic
spectra of Tyr and Trp residues, respectively.32 As seen in Fig. 4,
the uorescence intensity of the Tyr and Trp residues decreased
signicantly with the increase of the daucosterol concentration.
The maximum emission wavelength of Tyr exhibited a red-shi
(Fig. 4B), but the maximum emission wavelength of Trp was
almost unchanged (Fig. 4C). These results suggested that dau-
costerol exhibited obvious intermolecular interactions with the
active site of the Tyr residue of a-glucosidase.
3.4 The uorescence quenching mechanism

The quenching process of enzyme uorescence by an inhibitor
can be divided into dynamic quenching and static quenching.
The process follows the Stern–Volmer eqn (4), and the binding
constant of the interaction between daucosterol and a-glucosi-
dase was obtained using the modied Stern–Volmer eqn (5).33
Table 3 Binding energy of molecular docking between daucosterol and

Complex

Energy of molecular docking (kcal mol�

Ebinding Evdw Eele

Daucosterol–a-glucosidase �9.55 �13.00 �0.43

a Ebinding: predicted binding energy; Evdw: van der Waals energy; Eele: elect
Eunbond: unbound energy; DGbinding: calculated binding energy. DGbinding

Fig. 5 Cluster analysis of conformations from the AutoDock docking ru

© 2021 The Author(s). Published by the Royal Society of Chemistry
F0

F
¼ 1þ Kqs0½Q� ¼ 1þ Ksv½Q� (4)

F0

ðF0 � FÞ ¼
1

fA
þ 1

fAKA½Q� (5)

where F0 and F are the relative uorescence intensity of the
reaction system with and without quencher, respectively. Kq is
the uorescence quenching rate constant. s0 is the average
lifetime of the uorescent molecules without quencher, which
is about 1� 10�8 s. [Q] is the concentration of the quencher. Ksv

is the dynamic quenching constant. KA is the Stern–Volmer
binding constant. fA is the fractional maximum uorescence
intensity of the protein.

The Stern–Volmer linear-tting graph of uorescence
quenching (lex ¼ 280 nm, lem ¼ 334 nm) of a-glucosidase is
shown in Fig. 4D. The quenching constants are summarized
in Table 2. The values of KA and Kq decreased with the
increase of the temperature, and the Kq values were much
higher than the maximum constant of the dynamic
a-glucosidasea

1)

DGbinding (kcal mol�1)Einternal Etorsional Eunbond

�3.39 3.88 �3.39 �9.55

rostatic energy; Einternal: total internal energy; Etorsional: torsional energy;
¼ Evdw + Eele + Einternal + Etorsional � Eunbond.

ns of daucosterol with a-glucosidase.
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uorescence quenching of biomacromolecules (2 � 1010 L
mol�1 s�1), which was consistent with the characteristics of
static uorescence quenching.34

The thermodynamic constants of the interaction were ob-
tained by the Van't Hoff equation (eqn (6)) and Gibbs free
energy equation (eqn (7)) to reveal the binding process of dau-
costerol and a-glucosidase.

ln KA ¼ �DH+

RT
þ DS+

R
(6)
Fig. 6 Molecular docking analysis of a-glucosidase and daucosterol (A
daucosterol and a-glucosidase. The black dashed lines represent hydrog
interactions.

15406 | RSC Adv., 2021, 11, 15400–15409
DG� ¼ DH� + TDS� (7)

In this equation,DH� is the enthalpy change of the reaction. DS�

is the entropy change of the reaction. DG� is the Gibbs free
energy change of the reaction. R is the molar gas constant (8.314
J mol�1 K�1) and T is the thermodynamic temperature. As
shown in Table 2, the value of DG� was negative, which
demonstrated that the binding of daucosterol to a-glucosidase
was a spontaneous process. DH� and DS� were negative,
and B): 3D-diagram (A) and 2D-diagram (B) of molecular docking of
en-bonding interactions; the green solid line represents hydrophobic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The effect of daucosterol on the blood glucose level after
maltose loading in mice. Values are means � SEM, n ¼ 6. *p < 0.05,
compared with control group; #p < 0.05, compared with acarbose
group.
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indicating that the binding energy was mainly derived from
hydrogen bonds and van der Waals forces.35
3.5 Molecular docking analysis

The identity and the similarity of the amino acid sequences
were obtained from the sequence alignment between a-gluco-
sidase (GenBank: KZV11524.1) from Saccharomyces cerevisiae
and isomaltase (PDB ID: 3AXI_A). The two proteins showed high
identity (93%) and positivity (96%) in sequence (Fig. S3†), which
indicated that 3AXI_A was able to provide a high-matched and
high-quality 3D structure of a-glucosidase from Saccharomyces
cerevisiae for homology modeling and molecular docking.

A cluster analysis of conformations from 20 docking runs
was performed with the RMSD tolerance of 2.0 �A. The distri-
bution map and results of binding energy from molecular
docking between daucosterol and a-glucosidase are shown in
Table 3 and Fig. 5. Five multimember conformational clusters
were obtained in 20 conformations frommolecule docking. The
optimal cluster was the rst with the lowest binding energy and
contained 8 conformations. The intermolecular energy between
daucosterol and a-glucosidase came primarily from van der
Waals energy (�13.00 kcal mol�1). The optimal binding energy
was calculated as �9.55 kcal mol�1 and was consistent with the
predicted binding energy, indicating that the docking result was
credible.

The docking results are shown in Fig. 6, with daucosterol
bound to the active site in the hydrophobic pocket of a-gluco-
sidase. Hydroxyl groups on the glucopyranosyl residue of dau-
costerol formed seven hydrogen bonds with residues Asp 69,
Asp 215, Asp 352 and Arg 446 of the binding site, including
three for Asp 69, two for Asp 215, one for Asp 352 and one for
Arg 446. Daucosterol aglycone also produced hydrophobic
interactions with the residues of Lys 156, Tyr 158, and Phe 303
located at the exterior part of the binding pocket. Indeed, resi-
dues Asp 69, Asp 215 and Asp 352 were important catalytic
residues in the active site of isomaltase.36 However, daucosterol,
as a monosaccharide derivative by sitosterol attachment to a b-
© 2021 The Author(s). Published by the Royal Society of Chemistry
D-glucopyranosyl residue, was not able to be hydrolyzed by a-
glucosidase. The results suggested that the inhibition mecha-
nism of a-glucosidase by daucosterol was as follows: daucos-
terol bound to the hydrophobic pocket of a-glucosidase to block
the entry of the substrate and changed the conformation of the
active site to reduce the activity of a-glucosidase.
3.6 Inhibition of blood glucose increase

A maltose loading test was used to verify the inhibitory effect of
daucosterol on a-glucosidase in vivo, and the blood glucose level
of ddY mice is shown in Fig. 7. The blood glucose level of all
mice increased signicantly aer administration of oral
maltose, peaked at 30 min and then decreased. In the
daucosterol-treated groups, the increased levels of blood
glucose in the middle-dose group (50 mg kg�1) and high-dose
group (100 mg kg�1) were lower than that in the control
group at 30min, and the results were statistically signicant (p <
0.05). However, the blood glucose level of the acarbose group
(100 mg kg�1) increased slowly and was signicantly lower than
other groups at 30 and 60min (p < 0.05). These results indicated
that daucosterol inhibited the increase of blood glucose
induced by maltose loading, but the inhibitory activity was
weaker than that of acarbose.
4. Conclusion

Eleocharis dulcis is a common vegetable or fruit in Asia, and
there are a variety of active constituents in its peel. In this
research, three saponins were found in the methanol extract
from Eleocharis dulcis peel for the rst time, which were iden-
tied as stigmasterol glucoside, campesterol glucoside and
daucosterol. The three saponins exhibited potent effective
inhibitory activities against a-glucosidase compared with acar-
bose in vitro, and daucosterol possessed the strongest inhibi-
tion in a competitive manner. Fluorescence quenching of a-
glucosidase was a static process caused by the formation of the
daucosterol-a-glucosidase complex derived from hydrogen
bonds and van der Waals forces. Molecular docking studies
indicated that daucosterol formed seven hydrogen bonds with
residues Asp 69, Asp 215, Asp 352 and Arg 446 in the active site
of a-glucosidase, and produced hydrophobic interactions with
residues Lys 156, Tyr 158 and Phe 303 located at the exterior
part of the hydrophobic pocket.

As a a-glucosidase inhibitor, daucosterol inhibited the
increase of blood glucose induced by maltose loading, which
suggested that it could prevent the hydrolysis of maltose by a-
glucosidase in vivo. However, the inhibition of a-glucosidase by
daucosterol was weaker than that of acarbose. The difference of
inhibition in vitro and in vivo might be due to the different
reaction environment; for example, the strong acid, bile salts or
intestinal ora in the digestive system might limit daucosterol
from reaching its full potential in vivo. In general, the cost of
medicine for the treatment of hyperglycemia is high, but Eleo-
charis dulcis peel with rich resources and low cost may be useful
to develop potential hypoglycemic drugs.
RSC Adv., 2021, 11, 15400–15409 | 15407
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