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The remarkable a-glucosidase inhibition exhibited by the acetone

extract of the rhizome of Ampelocissus indica (L.) and stem bark of

Vateria indica Linn. (IC50 23.2 and 1.47 mg mL�1) encouraged us to

isolate the phytochemicals from these plants. (+) and (�)-hope-

aphenol (1) and (2) were isolated from A. indica (L.) and V. indica Linn.

respectively. Compounds 1 and 2 displayed IC50 values of 21.21 �
0.987 and 9.47 � 0.967 mM in an a-glucosidase inhibitory assay. The

effect of glucose uptake performed by 2-NBDG in L6 rat skeletal

muscle cells using flow cytometry (BD FACS Aria II, USA) showed

potent glucose uptake by (+) and (�)-hopeaphenol of 31% and 26.4%,

respectively. The data from anMTT cell viability assay revealed that the

compounds are not toxic to the cells up to 200 mM.Molecular docking

studies show that the compounds bind effectively to the active sites of

the proteins 1BVN, 3A4A and 3AJ7, which supported the observed

a-glucosidase inhibition. The structures of these compounds were

determined by the analysis of various spectroscopic data including

HRMS-ESI, 2D NMR, CD spectroscopy, optical activity and were

unequivocally established by single crystal X-ray crystallography.

Herein we are reporting the phytochemicals from Ampelocissus indica

(L.) and their antidiabetic activities for the first time.
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1. Introduction

Polyphenols, constituting oligomers of resveratrol ranging from
dimers to octamers are found abundantly in plants belonging to
the Vitaceae, Dipterocarpaceae, Leguminosae and Cyperaceae
families. These naturally occurring polyphenols are common
building blocks of a large number of complex natural products
in terms of structure and stereochemistry. The biological
activities such as anti-bacterial,1 anti-HIV,2 anti-inammatory,3,4

and anti-proliferative property5 make resveratrol a potential
drug candidate. The evaluation of the mechanism underlying
the biological activities of resveratrol oligomers would provide
a substantial clue in the development of new drug leads. Due to
the pharmaceutical importance of resveratrols, the research
group of Snyder and Nicolaou independently developed proto-
cols for the total synthesis of resveratrols despite of their
structural complexity. Among the resveratrol oligomers, the
tetramer hopeaphenol shows a wide range of biological activi-
ties.6–8 In 2006, Merillon and co-workers isolated (+)-hope-
aphenol from commercially available wine from North Africa.9

Recently Quinn et al. reported the isolation of (�)-hopeaphenol
from Anisoptera species which inhibit the bacterial virulence
type III secretion system (T3SS).10

It is evident from the literature that resveratrols are also
accountable for antidiabetic activity and the recent works by
Sharma et al. proved the efficacy of resveratrol as an effective
therapeutic adjuvant for diabetes mellitus.11 Most of the avail-
able drugs used for curing type 2 diabetes causes serious side
effects such as obesity, sexual and urologic complications. Kahn
et al. reported a single mechanism to explain the link between
obesity, insulin resistance and type 2 diabetes.12 The perva-
siveness of type 2 diabetes is growing globally, and thus there is
urgency for new antidiabetic drugs with less/no side effects. The
plant derived antidiabetic drugs available in market reveals the
potential of phytochemicals to regulate this metabolic disorder,
RSC Adv., 2016, 6, 77075–77082 | 77075
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compelling the search for new naturally inspired antidiabetic
drug leads.13

In the limelight of these reports and due to our interest in
the chemical proling of the plants of ethnobotanical impor-
tance, rst we selected the plant species Ampelocissus indica L.
(AI). We have isolated E-resveratrol, (3)-viniferin, b-sitoster-
olglucoside and pauciorol along with the (+)-hopeaphenol.
Inspired by the structural features of (+)-hopeaphenol, we
decided to isolate and compare the resveratrol tetramers from
another plant Vateria indica Linn. (VI) found in the Western
Ghats region in Kerala, as a source of resveratrol oligomers.
Among these plants the chemical constituents of the former one
A. indica, to the best of our knowledge, is unknown to the
phytochemical research community.

In this paper, antidiabetic activity of different extracts, the
isolation and characterization of (+) and (�)-hopeaphenol from
A. indica (L.) and V. indica Linn. are described. Successively we
studied the antidiabetic effect by digestive enzyme inhibition
and glucose uptake in muscle cells. Different characterization
techniques such as NMR, MS, CD, optical activity measure-
ments and single crystal X-ray crystallography were utilised for
the structural elucidation. While preparing the manuscript,
Chang and Hou et al. reported the anti-a-glucosidase and anti-
dipeptidyl peptidase-IV activities of extracts and puried
compounds from Vitis thunbergii var. taiwaniana.14 The in vitro
antidiabetic data for (+) and (�)-hopeaphenol seems to be
highly promising and warranted further evaluation.
2. Materials and methods
2.1. Plant material

The Rhizomes of Ampelocissus indica (L.) were collected from
Calicut, Kerala and deposited in Calicut University herbarium
(Voucher no. 6781). The bark of Vateria indica Linn. was
collected from Wayanad and deposited in M. S. Swaminathan
Research Foundation, Wayanad, Kerala (Voucher no.
M.S.S.H.0763).
2.2. General experimental procedure

Optical activity was recorded on a Jasco P-1020 Polarimeter.
NMR spectra were recorded at 25 �C on 500 MHz BRUKER
instrument. The 1H and 13C NMR chemical shis were refer-
enced to the tetramethylsilane (TMS) as standard. HRMS-ESI
was recorded on a Thermo Scientic Exactive Column used:
C18 (reverse phase column), CD spectrum was recorded on
JASCO 810 Spectropolarimeter. UV spectrum was recorded UV
1800 Shimadzu UV Spectrophotometer. All solvents used for
chromatography, UV, CD, MS were purchased from Merck
(HPLC grade). For column chromatography, silica gel of
different pore size 100–200, 230–400 were used. For a-glucosi-
dase and a-amylase inhibition assay, acarbose was used as the
standard and ascorbic acid as the standard for antiglycation
assay. Glucose uptake assay was performed by 2-NBDG in L6 rat
skeletal muscle cells using ow cytometry (BD FACS Aria II,
USA). The effect of glucose uptake was compared with standard
drug rosiglitazone, purchased from Merck.
77076 | RSC Adv., 2016, 6, 77075–77082
2.3. Biological screening

2.3.1 Total phenolic content (TPC). TPC of the various
solvent fractions were determined using Folin–Ciocalteu
reagent and was expressed in mg GAE per g of the dry extract.15

Absorbance was then read at 725 nm using a multiplate reader
(Synergy, Biotek, USA).

2.3.2 DPPH radical scavenging activity. DPPH radical scav-
enging activity was estimated according to the method of Brand-
Williams, Cuvelier and Berset.16 Various concentrations of the
extracts were added to 1 mL of DPPH solution (0.2 mM) and kept
for incubation at room temperature in dark for about 30 minutes.
A control and blank were also performed simultaneously. Gallic
acid was used as the standard. The absorbance was read at 517 nm
using a multiplate reader (Synergy 4 Biotek. USA). The percentage
radical scavenging capacity was determined using the formula,

% RSA ¼ [(A0 � AS)/A0] � 100

where A0 is the absorbance of control and AS is the absorbance
of tested samples. A graph was plotted with concentration along
x-axis and absorbance along y-axis and IC50 value was calculated
and expressed in mgmL�1. IC50 value signies the concentration
of tested samples to scavenge 50% of the DPPH radical.

2.3.3 a-Amylase inhibition assay. a-Amylase inhibition
activity was carried out in a microlitre plate according to Xiao
et al.17 based on the starch-iodine test. Starch containing
a-amylase solution (1 U mL�1) and different concentrations of
extracts/compounds were incubated at 50 �C for 30 min. Aer
incubation, the reaction was stopped with 1 M HCl and 100 mL
of iodine reagent was added to the reaction mixture. The
absorbance was read at 580 nm on a microplate reader using
Synergy 4 Biotek multiplate reader (USA). The known a-amylase
inhibitor, acarbose, was used a positive control. The percentage
inhibition was calculated using following equation

% inhibition ¼
absorbance of control� absorbance of sample

absorbance of control
� 100

A graph was plotted with concentration along the x axis and
percentage inhibition along the y axis to obtain the IC50 value.

2.3.4 a-Glucosidase inhibition assay. a-Glucosidase inhib-
itory activity was assayed as described by Disakwattana et al.18

Different concentrations of extracts/compounds containing
a-glucosidase solution (1 U mL�1) were vortexed and kept at
room temperature for 5 min, aer incubation 250 mL of PNPG
was added and incubated at 37 �C for 20 min. The reaction was
terminated by adding 500 mL of 9.4 mMNa2CO3. Sample without
compounds serves as control and commercially available acar-
bose were used as the standard. The absorbance wasmeasured at
405 nm using multimode reader (Synergy 4 Biotek multiplate
reader, USA). The a-glucosidase inhibitory activity was expressed
as the inhibition percentage and was calculated as follows:

% inhibition ¼
absorbance of control� absorbance of sample

absorbance of control
� 100
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 a-Glucosidase inhibition activity of extracts of (A) AI and (B) VI.
(H) Hexane, (A) acetone, (M) methanol, (W) water acarbose serves as
standard (IC50 values, mg mL�1).

Communication RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

ug
us

t 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
2/

10
/2

02
5 

4:
57

:2
3 

PM
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
A graph was plotted with concentration along the x axis and
percentage inhibition along the y axis to obtain the IC50 value.

2.3.5 Anti glycation assay. It was performed according to
the methods reported by Arom with slight modications.19

About 500 mL of albumin (1 mg mL�1
nal concentration) was

incubated with 400 mL of glucose (500 mM) in the presence of
100 mL of extracts/compounds at different concentrations, the
reaction was allowed to proceed at 60 �C for 24 h and thereaer
reaction was stopped by adding 10 mL of 100% TCA. Then the
mixture was kept at 4 �C for 10 min before subjected to
centrifugation (Kuboto, Japan) at 10 000 � g. The precipitate
was redissolved in 500 mL alkaline PBS (pH 10) and immediately
quantied for the relative amount of glycated BSA based on
uorescence intensity at 370 nm (excitation) and 440 nm
(emission) by Synergy 4 Biotek multiplate reader, USA. Ascorbic
acid was used as the positive control.

2.3.6 Cell culture. L6 cell lines were obtained from NCCS,
Pune, India. The cells weremaintained in DMEM supplemented
with 10% FBS and 1% antibiotic/antimycotic solution, with 5%
CO2 at 37 �C. Differentiation of cells was induced by medium
supplemented with 2% FCS.20 Experimental assays were per-
formed in differentiated myotubes.

2.3.7 Cell viability assay. The effect of compounds on the
viability of L6 cells was determined by the MTT assay.21 L6 cells
were seeded into 96 multi-well plates and cultured for 24 h.
Cells were treated with different concentrations of (+) and
(�)-hopeaphenol in a fresh medium containing 10% FBS
DMEM for 24 h. Aer removing the medium, 100 mL of MTT
(0.5 mg mL�1) was added to each well and incubated for 4 h.
Aer removing the MTTmedium, 200 mL of DMSO was added to
dissolve the formazan formed. Aer shaking, optical density
(OD) at 570 nmwasmeasured on amicroplate reader by Synergy
4 Biotek multiplate reader, USA Untreated cells used as control.

% cell viability ¼ absorbance of sample

absorbance of control
� 100

2.3.8 Glucose uptake assay. Glucose uptake was performed
in conuent and differentiated L6 myotubes were incubated for
24 h in medium (DMEM with low glucose) containing 100 mM
concentration of the (+) and (�)-hopeaphenol. Compound free
media and rosiglitazone (100 nM) were used as negative and
positive controls, respectively. Aer incubation, cells were
washed twice with prewarmed (37 �C) phosphate buffer, pH 7.4
and then incubated with 2-NBDG in the same buffer for 30 min
at 37 �C. Aer 30 min, cells were rinsed three times with
phosphate buffer, pH 7.4 (37 �C) and cell lysate were used for
ow cytometric analysis (BD FACS Aria II).

2.3.9 Molecular docking. The molecular docking studies of
(+) and (�)-hopeaphenol with various proteins 1BVN, 3A4A and
3AJ7 were carried out using MOE 2009.10. For identifying the
active site of the proteins the default ‘Site Finder’ tool was used.

2.3.10 Single crystal X-ray analysis. Both compound 1,
(+)-hopeaphenol and compound 2, (�)-hopeaphenol were crys-
tallized in MeOH : DCM (60 : 40) mixture at room temperature
to give brown coloured crystals. Crystal structures were resolved
with Bruker APEX-II CCD. These compounds belong to
This journal is © The Royal Society of Chemistry 2016
orthorhombic space group crystal system. (+)-Hopeaphenol cell
length a ¼ 11.2283(4), b ¼ 20.8486(7), c ¼ 24.0242(9), a ¼ b ¼ g

¼ 90�. (�)-Hopeaphenol cell length a ¼ 11.2315(2), b ¼
20.8456(5), c ¼ 24.0263(6), a ¼ b ¼ g ¼ 90� (see ESI†). The cif
crystallographic data for compound 1 and compound 2 was
deposited at the Cambridge Crystallographic Data Centre,
under the reference number CCDC 1035198 and 1061115
respectively.†
3. Results and discussion
3.1. Biological screening of different extracts of AI and VI

The dried rhizome of AI and bark of VI were subjected to cold
extraction with various solvents such as hexane, acetone,
methanol and water. These extracts were analysed for its total
phenolic content (TPC). The results showed that the acetone
fraction of AI and VI are very rich in phenolic content (133.02
and 117.93 mg GAE per g dry weight). DPPH radical scavenging
activity is one of the most widely used method for screening the
antioxidant activity of plant extract. Among different fractions
of AI and VI, the highest DPPH radical scavenging activity was
observed in acetone extract (IC50 25.46 and 25.59 mg mL�1). The
results from the study showed that the acetone fraction of AI
and VI effectively inhibits a-amylase enzyme (IC50 100.44 and
17.13 mg mL�1), which is less active compared to the standard
acarbose used (IC50 5.69 mg mL�1) in this assay. All the fractions
of AI and VI inhibit a-glucosidase with acetone fraction having
highest activity (IC50 23.2 and 1.47 mg mL�1) (Fig. 1), which is
better than the standard acarbose used (IC50 45.29 mg mL�1).

The higher level of glucose in the blood increases the gly-
cation of proteins which leads to the formation of advanced
glycated end products. These advanced glycated end products
play key role in many diabetic complications. Therefore, there is
an increasing demand for compounds which inhibits anti-
glycation. Compounds from plant sources having antioxidant
activity possess antiglycation property also.19 The result from
our study depict that the acetone fraction of AI possesses good
antiglycation activity (IC50 161.71 mg mL�1). But none of the VI
extracts showed antiglycation activity. The standard ascorbic
acid used in this assay is (IC50 28.11 mg mL�1) (see ESI†). The
results are shown in Tables 1 and 2.

3.1.1 Isolation and structural comparison of (+) and
(�)-hopeaphenol. Being impressed by the promising
RSC Adv., 2016, 6, 77075–77082 | 77077
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Table 1 Extract level biological screening of AIa

Fractions
TPC (mg GAE per
g dry weight)

DPPH
(IC50-mg mL�1)

a-Amylase
(IC50-mg mL�1)

a-Glucosidase
(IC50-mg mL�1)

Antiglycation
(IC50-mg mL�1)

AI-H 7.67 � 0.146 1086.44 NIL NIL NIL
AI-A 133.02 � 2.055 25.46 100.44 23.20 161.71
AI-M 119.04 � 0.139 41.15 5.86 133.29 200.66
AI-W 67.63 � 0.522 120.2 255.17 219.3 392.09
Standard — 3.01 5.69 45.29 28.11

(Gallic acid) (Acarbose) (Acarbose) (Ascorbic acid)

a (H) hexane, (A) acetone, (M) methanol and (W) water fractions of AI Ampelocissus indica (L.).

Table 2 Extract level biological screening of VIa

Fractions
TPC (mg GAE per
g dry weight)

DPPH
(IC50-mg mL�1)

a-Amylase
(IC50-mg mL�1)

a-Glucosidase
(IC50-mg mL�1)

Antiglycation
(IC50-mg mL�1)

VI-H 17.00 � 0.64 NIL 68.09 � 0.822 42.86 � 0.785 NIL
VI-A 117.93 � 0.21 29.59 � 0.91 17.13 � 0.22 1.47 � 0.693 NIL
VI-M 26.27 � 1.00 32.69 � 0.76 40.37 � 0.38 4.60 � 1.12 NIL
VI-W 37.34 � 0.035 74.12 � 1.2 NIL 16.54 � 0.77 NIL
Standard — 3.01 5.65 � 0.23 45.73 � 0.92 28.11

(Gallic acid) (Acarbose) (Acarbose) (Ascorbic acid)

a (H) hexane, (A) acetone, (M) methanol and (W) water fractions of VI Vateria indica Linn.

Fig. 2 (a) UV spectrum and (b) CD spectrum of (+) and
(�)-hopeaphenol.
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antidiabetic activity of the acetone extract, we column chro-
matographed the acetone extract of A. indica (L.) rhizome (35 g)
to afford 60 fractions (Fr. 1–Fr. 60). Fr. 25–48 eluted from the
silica gel (100–200mesh) column in 90% ethyl acetate in hexane
were further puried by precipitation method by using chloro-
form and crystallized in MeOH : DCM at room temperature
gave 500 mg of compound 1 (+)-hopeaphenol as the marker
compound. From the remaining fractions we have isolated
E-resveratrol, (3)-viniferin, ampelopsin, b-sitosterolglucoside
and sitoindoside I. To resolve the structure and stereochemistry
of hopeaphenol with a known sample, we extended our effort to
isolate the similar molecule from the plant V. indica Linn. which
is identied as a source of (�)-hopeaphenol.22–24 Even though
bergenin was found as the marker compound in the acetone
extract of V. indica Linn. Bark, we were able to isolate
(�)-hopeaphenol from the crude acetone extract. About 70 g of
the crude acetone extract were subjected to do the silica gel
(100–200 mesh) column chromatography to afford 125 fractions
(Fr. 1–Fr. 125). Fr. 80–93 eluted using 90% ethyl acetate in
hexane was further puried by precipitation method by using
chloroform and crystallized in MeOH : DCM at room tempera-
ture gave 2 g of compound 2. We could successfully isolate other
phytochemicals including E-resveratrol, (3)-viniferin, vat-
icaphenol A, b-sitosterolglucoside and sitoindoside I from the
remaining fractions.

3.1.2 Compound 1. We were delighted to isolate (+)-hope-
aphenol 1 (Fig. 3) from A. indica (L.). The compact tetrameric
structure was elucidated following 1D and 2D NMR data anal-
ysis and also by comparison with literature report.25 HRMS(ESI)
showed a molecular ion peak at m/z 907.2756 [M + H]+ which
77078 | RSC Adv., 2016, 6, 77075–77082
conrmed that the isolated compound was hopeaphenol. The
absolute conguration was established on the basis of optical
activity [a]25D ¼ +384� (ca. 0.1 MeOH), which was in agreement
with the reported value [a]25D ¼ +366� (ca. 0.17 MeOH).9 The UV
spectrum of the compound in CH3CN showed an absorption
maximum at 227 and 281 nm (Fig. 2a). Finally the structure and
absolute conguration of (+)-hopeaphenol was unambiguously
established by single crystal X-ray analysis (Fig. 4). To the best of
our knowledge, we are reporting the chemical constituents from
Ampelocissus indica and the single X-ray structure of (+)-hope-
aphenol without any derivatization for the rst time (Fig. 4a).

3.1.3 Compound 2. (�)-Hopeaphenol (Fig. 3) was isolated
from the stem and bark of V. indica Linn. All the 1D and 2D
NMR spectroscopic data were consistent with the literature
values and nally conrmed by single crystal X-ray analysis
(Fig. 4b). Optical activity [a]25D ¼ �369� (ca. 0.1 MeOH) was also
in good agreement with the reported values [a]25D ¼ �407� (ca.
0.1 EtOH).26 The structure and absolute conguration of
(�)-hopeaphenol was determined in 1965 by Coggon et al. from
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 ORTEP structure of (a) (+)-hopeaphenol and (b)
(�)-hopeaphenol.

Fig. 5 (A) a-Amylase (B) a-glucosidase (C) antiglycation inhibitory
activity of (+) and (�) hopeaphenol [acarbose and ascorbic acid serves
as standard (IC50 values, mM � SD)].

Fig. 6 Cell viability assay by MTT.

Fig. 3 Chemical structure of isolated compounds (+)-hopeaphenol
(1), (�)-hopeaphenol (2).
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the X-ray crystallographic studies of dibromodecamethyl
derivatives.27 From the optical activity studies, CD data (Fig. 2b)
and by comparison with literature values we came to know that
both compound 1 from A. indica (L.) and compound 2 from V.
indica Linn. are enantiomers.
Fig. 7 Glucose transport in differentiated myoblast was assessed by
the uptake of (a) control cells (b) rosiglitazone treated (c) 100 mM
(+)-hopeaphenol treated cells (d) 100 mM (�)-hopeaphenol treated
cells.
3.2. Biological screening of (+) and (�)-hopeaphenol

In order to showcase the biological activity of compounds, we
investigated the hypoglycemic properties in terms of a-amylase,
a-glucosidase, antiglycation and glucose uptake. The a-amylase
enzyme found in the pancreatic juice and saliva, catalyses the
hydrolysis of 1,4-glucosidic linkages of starch, glycogen and
various oligosaccharides into absorbable simpler sugars which
are readily available for the intestinal absorption. Inhibitors of
these enzymes delay the breakdown of carbohydrates in the
small intestine, decreasing the absorption of glucose from
starch and thereby diminishing the postprandial blood glucose
excursion.28 The enzymes, a-glucosidase and a-amylases, are
important therapeutic targets for the modulation of post-
prandial hyperglycemia which is the earliest metabolic abnor-
mality to occur in type 2 diabetes mellitus.29 Unfortunately, the
Table 3 IC50 values of (+) and (�)-hopeaphenol in a-amylase inhibi-
tion, a-glucosidase inhibition and antiglycation assay

Sr.
No Compounds

IC50 values (mM � SD)

a-Amylase
Inhibition

a-Glucosidase
inhibition Antiglycation

1 (+)-Hopeaphenol 68.75 � 0.876 21.21 � 0.987 81.9 � 1.176
2 (�)-Hopeaphenol 71.63 � 0.987 9.47 � 0.967 50.96 � 0.897
3 Standard 8.5 � 0.898 81.3 � 1.10 158.23 � 0.718

(Acarbose) (Acarbose) (Ascorbic acid)

This journal is © The Royal Society of Chemistry 2016
continuous administration of these synthetic drugs such as
acarbose and miglitol, causes adverse side effects like diar-
rhoea, atulence and hepatotoxicity.30 In the present scenario,
natural products are explored with substantial interest for the
management of diabetes owing to the side effects of currently
available drugs. Therefore, (+) and (�)-hopeaphenol were
investigated for its anti diabetic potential.

The efficacy of enzymatic inhibition of compounds (+) and
(�)-hopeaphenol were determined from the IC50 values. The
IC50 values represent the concentration of the compound
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Table 4 Molecular docking scores of (�)-hopeaphenol and
(+)-hopeaphenol with various proteins 1BVN, 3A4A and 3AJ7

Compounds

E score kcal mol�1

1BVN 3A4A 3AJ7

(�)-Hopeaphenol �12.0251 �6.4507 �22.8589
(+)-Hopeaphenol �13.1447 �15.3920 �19.3913
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required to scavenge 50% of radicals in the reaction mixture.
The compounds showed a concentration-dependent inhibition
of both a-glucosidase and a-amylase enzymes. As can be seen
from IC50 values (Table 3) the a-glucosidase inhibitory activity
of both the compounds were much higher than that of the
standard acarbose indicating that the hopeaphenols can be
promising a-glucosidase inhibitor in diabetic management. (+)
and (�)-hopeaphenol exhibited amylase inhibition activity in
a dose-dependent manner, however, the activity was less as
compared to the standard acarbose (Fig. 5).

Advanced glycation end products (AGEs) are modications of
proteins or lipids that become non-enzymatically glycated and
oxidized aer contact with sugars, especially glucose during
prolonged hyperglycemia. AGEs formed in vivo in hyperglycemic
environments contributes to the pathophysiology of various
diabetic complications.31 Thus, agents that inhibit the forma-
tion of advanced glycated end products are supposed to have
Fig. 8 Docking interaction studies of the compounds with proteins; (
(+)-hopeaphenol with protein 1BVIt; (c, c0) and (d, d0) molecular docking
and; (e, e0) and (f, f0) molecular docking studies of (�)-hopeaphenol and

77080 | RSC Adv., 2016, 6, 77075–77082
therapeutic potential in patients with diabetes and age-related
diseases. The results showed that both (+) and (�) hope-
aphenol are potent antiglycation agents with IC50 values of 81.9
and 50.96 mM respectively, compared to the standard ascorbic
acid (IC50 – 158.23 mM). Additionally, the effect of hopeaphenols
to enhance the glucose uptake in muscle cells were determined
by 2-NBDG uptake assay. Prior to this, cytotoxicity of the
compounds were determined by MTT assay in rat skeletal
muscle cell lines, L6 myoblasts.21 The results indicated that the
compounds (+) and (�)-hopeaphenols are not toxic to cells up to
200 mM concentration (Fig. 6). The sub-toxic concentration of
hopeaphenols was calculated from the absorbance and is used
for glucose uptake assay.

Effect of hopeaphenol on glucose uptake by cells was
checked by glucose uorescent analogue, 2-NBDG (10 mM).
Results indicated that (+)-hopeaphenol and (�)-hopeaphenol, at
100 mM concentration, were able to enhance 2-NBDG uptake in
31% and 26.4% of cells respectively. The standard drug rosi-
glitazone (100 nM) induced the uptake of glucose analogue
2-NBDG in 35.9% cells (Fig. 7). It is interesting to observe that
both hopeaphenols signicantly increase glucose uptake in
cells suggesting the stimulatory activity for glucose uptake.

3.2.1 Docking interaction studies of the compounds with
proteins. The molecular docking score of (�)-hopeaphenol and
(+)-hopeaphenol with the protein 1BVN are �12.0251 and
�13.1447 kcal mol�1 respectively. Using LigPlot analysis the
binding interactions of the ligands to the proteins were studied.
No prominent interactions were observed for (�)-hopeaphenol
a, a0) and (b, b0) molecular docking studies of (�)-hopeaphenol and
studies of (�)-hopeaphenol and (+)-hopeaphenol with protein 3A4A
(+)-hopeaphenol with protein 3AJ7 respectively.

This journal is © The Royal Society of Chemistry 2016
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with this protein. But it shows an indirect hydrogen bonding
interaction with a polar amino acid residue Asn53. Binding of
(+)-hopeaphenol shows a backbone donor bonding interaction
with a polar amino acid residue GlyA106 (2.04 Å, 12%).

The blue smudges that are drawn behind the groups repre-
sent the amount of solvent exposure. The molecular docking
score of these compounds with the protein 3 A4A are �6.4507
and �15.3920 kcal mol�1 respectively. The binding mode
detected for the compound (�)-hopeaphenol gives a sidechain
acceptor bonding interactions with a polar amino residue
Ser240 (2.02 Å, 25%). Binding of (+)-hopeaphenol shows an
arene–cation bonding interaction with basic amino acid residue
His280. Comparatively very high molecular docking scores were
observed for the compounds with the protein 3AJ7. There is no
prominent interactions observed for (�)-hopeaphenol with this
targeted protein. It showed a docking score of �22.8589 kcal
mol�1 (Table 4). The binding mode detected for the compound
(+)-hopeaphenol gives an arene–arene–cation bonding interac-
tions with basic amino residue His280 (1.8 Å, 66%). And the
dotted outline that is the proximity contour near this side of the
ligand indicate the closeness of the groups present in that
region of the ligand to the active site. It also shows a hydrogen
bonding with both acidic amino acid residue Glu332 with
a docking score of �19.3913 kcal mol�1. The blue smudges that
are drawn behind some of groups in certain cases represent the
amount of solvent exposure (Fig. 8).

4. Conclusion

In conclusion, these in vitro results suggest that the compounds
exert its antidiabetic effects through digestive enzyme inhibi-
tion and increased glucose uptake by the muscle cells. These
multiple modes of action increase the interest in the use of (+)
and (�)-hopeaphenol as a therapeutic intervention for diabetes.

In order to nd out how these two molecules interact with the
target proteins, molecular docking studies were carried out. The
result demonstrate that they bind effectively with the target
proteins. In addition, the total phenolic content, DPPH radical
scavenging activity, a-amylase, a-glucosidase, antiglycation
inhibitory activity of different extracts of AI and VI has been
carried out. From best of our knowledge, chemical constituents
from A. indica (L.) and their exciting a-glucosidase inhibition of
compounds and extracts are reported for the rst time. In vivo
studies in the appropriate animal models are the next step in
validating the antidiabetic potential of these isolated compounds.
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