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e inhibitory properties of a few
bioactive compounds isolated from black rice bran:
combined in vitro and in silico evidence supporting
the antidiabetic effect of black rice

Pranjal Bhuyan, * Mausumi Ganguly, * Indrani Baruah, Gargi Borgohain,
Jnyandeep Hazarika and Shruti Sarma

In view of the recent reports of the antidiabetic effect of the black rice bran extract, an attempt has been

made in the present work to evaluate the potential a-glucosidase inhibitory activity of a few selected

bioactive compounds present in the pericarp of the black rice. Out of the six bioactive compounds from

black rice bran selected for the study, two compounds viz. cyanidin-3-glucoside and 60-O-

feruloylsucrose were identified as novel and highly potent a-glucosidase inhibitors via their in vitro and in

silico screenings. The enzyme inhibition assay was corroborated by molecular docking and molecular

dynamics simulation studies. Molecular docking studies suggested high binding energies and good

binding interactions of these compounds with the active site residues of the receptor protein. A good

agreement was found between the results of both modes of evaluation. The experimental results proved

that the black rice bran extract can show 62% of alpha glucosidase inhibiting enzyme activity as

compared to that of the popular drug Acarbose. While both the docking scores and binding affinity

values indicate the formation of a ligand–enzyme complex by the major components of the extract, the

molecular dynamics study further indicates the stability of the complex. The pharmacokinetic (ADMET

properties) studies of these active compounds also support their use as safe oral anti-diabetic drugs.

Thus, the results obtained from these studies of alpha glucosidase inhibition by bioactive compounds

present in black rice bran indicate that these bioactive compounds can produce significant antidiabetic

activity by inhibiting the active site of the target enzyme and hence these compounds can be used as

leads for the synthesis of new antidiabetic drugs.
Introduction

Diabetes mellitus is a chronic metabolic disease which is
characterized by an increase in blood glucose level.1,2 Diabetes
occurs either when the pancreas does not produce enough
insulin or when the body cannot effectively use the insulin it
produces. Insulin-dependent diabetes mellitus (IDDM) or type 1
diabetes and non-insulin-dependent diabetes mellitus
(NIDDM) or type 2 diabetes are the two major types of diabetes
mellitus which share the same characteristics i.e., postprandial
hyperglycemia (PPHG). Chronic hyperglycemia or raised blood
sugar resulting from uncontrolled diabetes causes production
of free radicals and reactive oxygen species, leading to oxidative
tissue damage and complications such as nephropathy,
neuropathy, retinopathy, and memory impairment.3 Diabetes
also affects the metabolism of lipids and proteins in advanced
stages leading to increased risk of stroke, cardiovascular
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diseases, renal failure, blindness and amputation.4,5 The regu-
lation or control of PPHG is one of the most common strategy
for management of diabetes. The reduction of PPHG is achieved
by preventing the absorption of carbohydrates aer food intake.
Complex starch, oligosaccharides and disaccharides present in
food are absorbed in the duodenum and upper jejunum in the
form of their respective monosaccharides. The digestion of
these carbohydrates is facilitated by pancreatic a-amylase and
a-glucosidase enzymes that are attached to the brush border of
the intestinal cells.6 Inhibition of a-glucosidases reduces and
delays the digestive absorption of glucose and decreases PPHG.
Therefore, oral a-glucosidase inhibitors (AGI) such as acarbose,
miglitol, voglibose, etc. are widely used in the treatment of
patients with type 2 diabetes.5 They decrease PPHG without
inducing hypoglycemia and have a good safety prole. However,
gastrointestinal adverse effects may limit long-term compliance
to therapy.7 For example, a common AGI, Acarbose, can elicit
unpleasant side effects including abdominal pain, diarrhea and
atulence and is not well accepted by both patients and
physicians.8,9
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The antidiabetic activity of bioactive substances present in
many food and traditional medicines have been noticed and
reported.10,11 For the treatment of diabetes, natural resources
might provide a large pool of potential therapeutic agents.12

Natural a-glucosidase and a-amylase inhibitors obtained from
plant resources give an attractive strategy for the control of
PPHG in diabetic patients.13

A number of recent studies revealed that black rice (Oryza
sativa L.) has promising anti-diabetic activity due to presence of
diverse bioactive compounds. Black rice is a type of the rice
species mainly cultivated in Asia and is packed with high level
of nutrients.14,15 Black rice bran extract reduces inammation of
adipose and liver steatosis in rats and thereby decreases
hyperglycemia in diabetic mice.16 Recently, researchers revealed
that the pigmented brans have the ability to inhibit a-glucosi-
dase activity as well as cancer.17 Wahyuni et al. reported that the
ethanol extract of black rice bran can decrease blood glucose
level on alloxan-induced diabetic rats.16 Administration of
phenolic acids present in black rice bran was reported to
decrease blood glucose levels signicantly with increase in
plasma insulin levels. Moreover, the ethyl acetate extract of the
rice bran can signicantly elevate hepatic glycogen synthesis
and glucokinase activity compared with the control group.18

Several attempts have been made to identify the bioactive
compounds from different varieties of pigmented rice which
might be responsible for the anti-diabetic activity of black rice
bran. The pericarp (outer part) of kernel of this rice is black in
color due to the pigment known as anthocyanin, a class of water-
soluble avonoids. The structural identication and quantica-
tion of the black rice anthocyanins performed by high perfor-
mance liquid chromatography coupled with electrospray
ionization and tandem mass spectrometry found cyanidin-3-O-
glucoside and peonidin-3-O-glucoside as the major anthocyanins
in the black rice bran comprising of 93% of the total anthocya-
nins in black rice.19 The natural anthocyanin COG is known to
have strong anti-oxidative and radical scavenging activities
against hydroxyl and superoxide radicals. In a reported in vivo
study, anti-hypoglycemic and anti-osteoporosis effects of puried
cyanidin-3-glucoside have been demonstrated in the kidneys; the
effects are produced by reducing blood glucose and by sup-
pressing oxidative stress and inammation.20

Ghasemzadeh et al. detected ve phenolic compounds (viz.
protocatechuic acid, syringic acid, ferulic acid, cinnamic acid,
and p-coumaric acid) and ve avonoid compounds (quercetin,
apigenin, catechin, luteolin, and myrecitin) in the brans of
brown and black rice.21 Ferulic acid and p-coumaric acid were
reported to be the most abundant avonoid compounds in
black rice bran extract. The presence of cyanadin 3-O-glucoside
(COG), 60-O-feruloylsucrose (FLS) and sinapic acid (SPA) was
reported by Shao Y et al., Tian S. et al. and Pang Y et al.
respectively.22–24 The authors used HPLC analysis of the black
rice bran extract in this work and veried the presence of three
compounds viz. syringic acid (SYA), p-coumaric acid (pCmA),
and protocatechuic acid (PCA) in the extract.

Though the antioxidant activity of these compounds were
studied by various researchers but the exact mechanism of the
antidiabetic effect shown by these phytochemicals is yet to be
© 2022 The Author(s). Published by the Royal Society of Chemistry
established.16,24,25 To elucidate the mechanism of antidiabetic
effect of BRBE, the present work was designed by combining in
vitro and in silico studies. The percentage inhibition of alpha
glucosidase enzyme was studied with fresh BRBE through in
vitro experiment while molecular interactions existing between
the major compounds in the rice bran extract with the enzyme
was studied using in silico approaches. For the in silico studies,
six bioactive compounds extracted from black rice viz. COG,
FLS, pCmA, SYA, SPA, and PCA were selected. The GFAT enzyme
inhibitory ability of these six bioactive components has been
reported in our previous in silico study.26

The stability of the complexes formed by these compounds
with alpha-glucosidase was estimated by Molecular Mechanics
Generalized Born Surface Area (MMGBSA) determination fol-
lowed by Molecular Dynamics (MD) simulation.27 Acarbose,
a clinically accepted drug for diabetes, which is an established a-
glucosidase inhibitor, was taken as the standard for comparison
in the in vitro study. The in silico screening for anti-diabetic activity
of naturally occurring substances by measuring inhibition of a-
glucosidase enzymes through molecular docking studies has also
been reported by other workers.28 In this work, the stability of the
complex formed by the inhibitor and the enzyme has also been
studied by employing molecular dynamics simulations.

The drug-like properties of the selected bioactive
compounds present in black rice bran is studied by applying
Lipinski's rule. The Lipinski's rule is one of the most popular
rules to predict whether amolecule or compound can be used as
an orally active drug or not.29 The criteria of these Lipinski's rule
states that (i) molecular weight of the molecule should be less
than 500 unied atomic mass units, (ii) the number of hydrogen
bond donors should be less than 5 (iii) the number of hydrogen
bond acceptors should be less than 10 and (iv) the octanol–
water partition coefficient or logP value should not exceed 5.30

To know about the relationship between the activity and the
potential of these bioactive compounds as an oral anti-diabetic
drug, the in silico ADMET (Absorption Distribution Metabolism
Excretion and toxicity) prediction study31 was also carried out.
Materials and methods
Materials

The black rice was collected in January, 2021 from Golaghat
district of Assam, India. p-Nitrophenyl-a-D-glucopyranoside
(PNPG) and a-glucosidase derived from baker's yeast were
purchased from Sigma, USA. Buffer capsules (pH 4, 7, 9) were
purchased from MERCK. All other chemicals and solvents used
such as ethanol, methanol, hydrochloric acid and acetic acid
were of analytical grade. The alpha-glucosidase inhibitory
activity was spectrophotometrically measured by UV-vis spec-
trophotometer (UV-2600 SHIMADZU).
Preparation of the black rice bran extract

The crude methanolic extract was obtained by extracting 200
grams of dried black rice bran powder with 1000 mL of methanol
for 72 hours using a Soxhlet apparatus. The extract was concen-
trated using rotary vacuum evaporator at 45–50 �C and stored at 0–
RSC Adv., 2022, 12, 22650–22661 | 22651
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4 �C for further experiment. The ethyl acetate and hexane extract
was obtained by fractionation from the crude methanolic extract.

In vitro alpha-glucosidase inhibition assay

The a-glucosidase inhibitory activities of the three extracts viz.
ethyl acetate extract, methanolic extract and hexane extract were
determined spectrophotometrically by monitoring the release
of p-nitrophenol from the PNPG.32 A mixture of a-glucosidase
enzyme (2 U mL�1), 20 mL of the extract at a concentration of
100 mg mL�1 incubated for 5 min at 37 �C. Then 1 mM PNPG
(20 mL) in 50 mM of phosphate buffer (pH 6.8) was added to
initiate the reaction. The mixture was incubated again for
30 min at 37 �C, and then the reaction was terminated by the
addition of 3 mL of NH4OH solution (0.05 M). The same volume
of distilled water and Acarbose (100 mg mL�1) were used as
negative and positive controls respectively. The a-glucosidase
activity was determined by measuring the absorbance at 405 nm
using UV-vis spectrophotometer (UV-2600 SHIMADZU).

The inhibitory activity was calculated using following
formula33,34

Inhibitory activity ð%Þ ¼ ODcontrol �ODtest

ODcontrol

� 100

Each test was performed 3 times and to indicate the inhib-
itory activity of the rice extract the results were expressed as
mean value � SD.

Determination of IC50

The half maximal inhibitory concentration (IC50) i.e., the
concentrations of Acarbose and the BRBE at which 50% of the
enzyme activity was inhibited was calculated by using loga-
rithmic regression analysis.35,36
Fig. 1 Structures of the six phytochemicals present in BRBE chosen for th
protocatechuic acid (PCA), sinapic acid (SPA), syringic acid (SYA), and p-

22652 | RSC Adv., 2022, 12, 22650–22661
Chromatographic detection of phytochemicals

The HPLC system (agilent/1260 innity) used for the detection of
phytochemicals was tted with a diode array detector (DAD). A
binary reverse phase mobile phase system with a ow rate of 0.8
mL min�1 through a C18 column was used to perform the
chromatographic separation. Themobile phase system contained
aqueous acetic acid (A, v/v) and methanol (B) with 0.5% concen-
trations. The wavelength for p-coumaric acid, syringic acid and
protocatechuic acid was set at 280 nm. The column compartment
was kept at an ambient temperature throughout the analysis.37,38

By comparing the retention time and peak area with the corre-
sponding standards peaks in the extracts were identied.

ADMET prediction and Lipinki's rule

The ADMET (Absorption, Distribution,Metabolism, Excretion and
Toxicity) properties, as well as the drug likeness of the six bioactive
compounds isolated from black rice bran were studied with the
help of Protox-II virtual lab (https://www.tox-new.charite.de/
protox_II/), pkCSM (http://www.biosig.unimelb.edu.au/pkcsm/)
preADMET (https://www.preadmet.qsarhub.com/) and Drug
Likeness Tool (DruLiTo, http://www.niper.gov.in/pi_dev_tools/
DruLiToWeb/DruLiTo_index.html).29,39,40

Molecular docking study

The molecular docking study reported in the work involved the
following components:

Preparation of protein and ligands

The crystal structure of alpha-glucosidase enzyme (PDBs: 3A4A)
protein was downloaded from Protein Data Bank (PDB, http://
www.rcsb.org/) at a resolution of 1.9 Å and rened by
removing water molecules followed by the addition of
e study viz. cyanadin 3-O-glucoside (COG), 60-O-feruloylsucrose (FLS),
coumaric acid (pCmA).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydrogen bond by utilizing the protein preparation wizard of
the Glide (Schrodinger suite 2018-2; Schrodinger, LLC),
module and the Prime 3.0 module. Geometry optimization by
the OPLS_2005 force eld to a maximum root-mean-square
deviation (rmsd) of 0.30 Å was performed.

The 3D ligand structures of the six phytochemicals present in
BRBE which were selected for the present study were all down-
loaded from PubChem (https://www.pubchem.ncbi.nlm.nih.gov/
) using the PubChem IDs of all the ligands. The two -dimensional
structures of the six ligands are shown in Fig. 1. Maestro 11.6
soware (Maestro, version 11.6, Schrodinger, LLC) was used for
drawing of ligand structures and utilizing LigPrep module
soware (Schrodinger 2018: LigPrep, version 3.1, Schrodinger,
LLC) preparation of ligands was done. OPLS-2005 force eld
soware was used for generation of least energy conformations
as well as to obtain correct molecular geometries and ionization
at pH 7.0 � 2.0.
Molecular docking

Induced Fit Docking (IFD) module with Prime program of
Schrodinger soware package was used for docking analyses of
the six ligands of BRBEs, COG, FLS, PCA, SYA, SPA, and pCmA
Fig. 2 Inhibitory activity of Acarbose and black rice bran extract in ethy

Table 1 Half-maximal inhibitory concentration (IC50) value of BRBE for

% inhibition

Concentrations (mg mL�1)

20 40 60

Acarbose 20.8 � 0.75 38.6 � 0.26 55.29
Ethyl acetate 10.6 � 0.72 29.8 � 0.26 51.4
Methanolic extract 10.2 � 0.96 26.7 � 1.50 48
Hexane extract 9.8 � 0.36 24.9 � 0.69 42.7

© 2022 The Author(s). Published by the Royal Society of Chemistry
with the target enzyme. In the Induced Fit protocol various
ligand poses were generated temporarily eliminating highly
exible side chains during the docking step. These were sub-
jected to energy minimization and nally, each ligand is re-
docked into its corresponding low energy protein structures
and the resulting complexes are positioned according to Glide
Score.

Calculation of binding energy

The binding affinity calculation was done to evaluate ligand–
alpha glucosidase complex formation by utilizing the Prime
module of Schrodinger 2018-2 with Molecular Mechanics
Generalized Born Surface area (MMGB-SA).

Molecular dynamics simulations

MD simulations were carried out to evaluate how tightly the
compounds can bind to the active sites of alpha-glucosidase.
For this, the docked conformation of COG molecule with
human alpha glucosidase enzyme (PDB id: 3A4A) which showed
promising result was selected. The docked structure was used to
run the MD simulations at 300 K for 35 ns. The molecular
dynamics simulation was carried out by using the Amber18
l acetate, methanol and hexane against alpha glucosidase enzyme.

inhibition of alpha-glucosidase enzyme activity

IC50 (mg mL�1)80 100

� 0.70 68.8 � 1.21 75.4 � 0.91 56.42 � 4.17
� 0.50 60.1 � 1.41 66.7 � 0.52 47.79 � 2.28
� 1.51 59 � 4.46 62 � 2.19 48.50 � 0.83
� 0.65 55 � 0.52 59.8 � 1.05 52.80 � 1.65

RSC Adv., 2022, 12, 22650–22661 | 22653
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soware package.41 GAFF (general amber force eld) and ff14SB
were the force eld parameters used for the ligand COG and the
enzyme respectively.42 The Antechamber module of Amber was
used to generate the topology le and other force eld
Fig. 3 The HPLC chromatogram of the BRBE, protocatachuic acid, syrin

22654 | RSC Adv., 2022, 12, 22650–22661
parameters. For solvation of the enzyme 38058 TIP3P water
molecules were used in a cubic box. 28 Na+ ions were required to
neutralize the system.
gic acid and p-coumaric acid respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussions
Alpha-glucosidase inhibition assay

The results obtained from the enzyme inhibition assay of the
black rice bran indicate that out of the three extracts viz. ethyl
acetate (EA) extract, methanolic extract and hexane extract, the
a-glucosidase inhibitory effect of the EA extract and the meth-
anolic extract are more or less comparable while that of the
hexane extract of the BRBE is slightly less. The a-glucosidase
inhibitory effect of the EA extract is comparable to that
produced by the clinically established drug at similar concen-
tration. For example, at a concentration of 100 mg mL�1, the EA
extract showed 66.7% inhibitory effect on a -glucosidase while
Acarbose showed about 75.4% inhibitory activity (Fig. 2).
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Determination of half-maximal inhibitory concentration
(IC50)

To determine the half maximal inhibitory concentration (IC50)
of the methanolic extract of black rice bran logarithmic
regression analysis method was followed. The amount of BRBE
required per mL for the inhibition of the alpha-glucosidase
enzyme activity by 50% was expressed in mg mL�1. All the
three extracts of black rice exhibited almost comparable IC50

values ranging from 47 to 52 mg mL�1 (Table 1).
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Detection of major phytochemicals in the extract

The methanol extract was subjected to HPLC in order to detect
the major phenolic components. The HPLC chromatogram of
the black rice bran extract and the standards are shown in
Fig. 3. The peak at retention time 5.080 min of the chromato-
gram of the extract corresponds to the standard protocatachuic
acid. At retention time 8.500 min, the peak resembles with the
standard syringic acid while the peak at 13.507 min showed
a signicantmatch with the chromatograms of p-coumaric acid.
Therefore, it may be inferred from the analysis that the extract
of black rice bran contains these three phytochemicals along
with other compounds.
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In silico studies

ADMET prediction and Lipinski's rule of ve. The analysis of
absorption, distribution, metabolism, excretion and toxicity
prediction results showed that almost all the six ligands isolated
from black rice bran possess ideal drug-like characteristics
(Table 2). For the study of absorption, the water-solubility, Caco-
2 permeability and intestinal absorption values were evaluated.
The volume of distribution (VDss), blood–brain barrier (BBB)
permeability and CNS permeability values were considered to
measure the distribution of the compounds. Similarly, for
metabolism cytochrome P450 inhibition using CYP2D6/CYP3A4
substrate and for excretion renal OCT2 substrate and total
clearance were studied. For the determination of toxicity in rat,
LD50, maximum tolerated dose and hepatotoxicity were studied.
The intestinal absorption of all the ligands was found to be in
the range of 30–93% which indicates good absorption in the
small intestine. The lower values of BBB permeability implies
© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 22650–22661 | 22655



Table 3 Molecular properties of the bioactive ligands from BRBE (Lipinki's rule)

Ligands
Molecular
weight Log P No. of atoms H-bond acceptor H-bond donor

Topological polar
surface area

Molecular
refractivity

Predicted
toxicity class

COG 449.388 0.382 53 10 8 193.44 108.29 5
FLS 518.468 �3.4171 66 14 8 225.06 116.02 5
PCA 154.121 0.796 17 3 3 77.76 37.45 4
SPA 224.212 1.5072 28 4 2 75.99 58.12 4
SYA 198.174 1.1076 24 4 2 75.99 48.41 4
pCmA 164.16 1.49 20 2 2 57.13 45.13 5

Table 4 Molecular docking score, binding affinity values, no. of interacting residues, common interacting residues, and no. of hydrogen bonds
for the binding of bioactive compounds of black rice bran with a-glucosidase enzyme

Ligands
Docking score
(kcal mol�1)

Binding affinity
(kcal mol�1)

No. of interacting
residues

No. of common interacting
residues No of H-bonds

COG �12.872 �92.47 23 12 5
FLS �11.925 �58.91 24 13 10
a-D-Glucopyranose �9.304 �26.22 16 16 7
SPA �5.858 �30.86 16 8 3
PCmA �4.382 �15.97 9 0 2
SYA �4.315 �23.29 16 13 2
PCA �3.773 �8.65 10 0 3

RSC Advances Paper
that these ligands would not affect the brain and would not
produce any side effect within the brain which is also supported
by the CNS permeability values of all the ligands having values
<�3. All other values of toxicity, excretion and metabolism
support the potential of the ligands to be used as leads for the
development of antidiabetic drug.

Table 3 shows the molecular weight, log P, number of H
bond donor and number of H bond acceptors present in the
bioactive compounds. From the observed values it is clear that
almost all the ligands obey Lipinski's rule suggesting that these
ligands can be used as an oral drug or can be used as a lead for
the synthesis of new antidiabetic drug (Table 4).

Molecular docking analysis. Molecular docking study was
performed with six important compounds to study the mode of
their interaction with the active site of the enzymea-glucosidase
from Saccharomyces cerevisiae (PDB id: 3A4A) which bears 84%
similarity to human a-glucosidase. The selected ligands showed
a comparable docking scores and binding affinity values (Table
4).

Molecular docking analysis of the compounds with a-
glucosidase. The analysis revealed that the native ligand a-D-
glucopyranose can bind to the active site of the enzyme forming
seven H bonding interactions with six amino acid residues
(Hie112, Asp215, Arg213, Asp352, Arg442, Asp69) of the target
enzyme (Fig. 4(a)) (Table 5).

The docking analysis of COG with a-glucosidase enzyme
revealed that the COG ligand can bind to the active site of the
enzyme through formation of H-bonding as well as p–p stack-
ing interactions in addition to the electrostatic interactions as
shown in the gures (Fig. 4(b)). The ligand COG is involved in H
bonding interactions with ve residues (Glu411, Asp352,
Gln279, Hie351 and Asp215) and p–p stacking interactions with
22656 | RSC Adv., 2022, 12, 22650–22661
three residues (Tyr158, Tyr72 and Phe178) of the target enzyme
(Table 5). The docking score and binding affinity values are
higher than the native ligand (Table 3). This indicates that COG
can competitively inhibit the binding site of the enzyme by
interacting with majority of the amino acids in the binding
pocket. This is evident from the nding that out of the 23 amino
acids interacting with COG, 12 amino acids are also found to be
present at the binding site of the native ligand (Table 3).

The docking analysis of FLS with the same enzyme revealed
that the ligand can bind to the active site of the enzyme through
formation of H-bonding as well as p–p stacking interactions as
shown in the gures (Fig. 4(c)). The ligand shows ten H bonding
interactions with eight different amino acid residues (Glu277,
Pro312, Hie112, Asp69, Arg442, Asp215, Hie351, and Glu411)
and one p–pstacking interaction with one residue (Hip280) of
the target enzyme (Table 5). The docking score and binding
affinity values are higher than the native ligand. This molecule
is also capable of showing competitive inhibition as 81% of the
amino acid residues present in the binding site of the native
ligand a-glucopyranose are found to interact with FLS (Table 3).

The ligand SYA binds to the active site of the enzyme through
formation of H-bonding as well as p–p stacking interactions as
shown in the gures (Fig. 4(d)). The ligand SYA involved in two
H bonding interactions with two residues (Arg213, Hie315) of
the target enzyme (Table 5).

The docking analysis of SPA revealed that the ligand binds to
the enzyme through formation of H-bonding as well as p–p

stacking interactions as shown in the gures (Fig. 4(e)).
However, the binding affinity and docking score were found to
be lesser than the other two (Table 3). Moreover, only eight
amino acids interacting with the molecule are from the binding
site of the native molecule.
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Amino-acid residues in the binding pocket of a-glucosidase enzyme involved in the interactions of with (a) native ligand a-D-gluco-
pyranose (b) COG (c) FLS (d) SYA (e) SPA (f) PCA (g) p-CmA respectively.
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The molecules PCA and pCmA can also bind to the enzyme
through formation of H-bonding as well as p–p stacking
interactions as shown in the gures (Fig. 4(f) and (g) respec-
tively). However, the binding does not involve any common
amino acid residues. This indicates that the molecules probably
bind to allosteric sites of the enzyme.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Molecular dynamics simulation study. The molecular
dynamics simulation study was carried out with COG as it
exhibited highest docking score and binding affinity among all
the ligands. The molecular dynamics simulation was run for 35
ns to determine the stability of the protein ligand complex
formed between COG and human a-glucosidase enzyme (PDB
id: 3A4A). The parameters such as RMSD (root mean square
RSC Adv., 2022, 12, 22650–22661 | 22657



Table 5 H-bond forming residues, p–p stacking interaction, and interacting residues along with their bond distances in the binding of bioactive
compounds of black rice bran with a-glucosidase enzyme

Compound

H-bond p–p interactions

Amino acid residues involved
in interactionResidues

Bond distance
(Å) Residues Bond distance (Å)

COG Glu411 2.04 Tyr158, Tyr72, Phe178 3.94, 4.19, 5.24 Leu246, asp242, phe178, leu219, tyr72,
val216, asp215, arg213, arg446, hie351,
asp352, gln353, gln279, glu277, phe303,
thr306, arg315, tyr316, ile440, arg442,
glu411, tyr158, phe159

Asp352 1.97
Gln279 1.73
Hie351 1.87
Asp215 1.82

FLS Glu277 1.77 Hip280 4.51 Phe303, glu277, gln279, hip280, asp307,
thr310, ser311, pro312, leu313, phe314,
arg315, hie112, val101, phe178, gln182,
val109, arg213, asp215, val216, arg442,
asp69, tyr72, phe159, glu411

Pro312 1.94
Hie122 2.22
Asp215 1.81
Asp215 1.79
Hie351 1.88
Asp69 1.85
Arg442 1.88
Glu411 2.56
Glu411 1.97

PCA Asp242 1.89 Ser240, asp242, pro312, leu313, phe314,
arg315, lys156, tyr158, leu246, hip280Asp242 1.93

Arg315 2.24
SYA Arg213 2.05 Phe303, tyr158, phe159, asp69, tyr72,

gln182, phe178, hie112, val216, asp215,
arg213, asp352, hie351, asn350, gln279,
glu277

Hie315 2.34

SPA Gln279 1.93 Phe178, tyr158, phe159, arg213, val216,
glu277, gln279, tyr347, asn350, asp352,
gln353, phe303, arg442, glu411, tyr316,
arg315

Tyr316 1.85
Arg315 1.90

pCmA Ser241 1.93 Leu177, ser240, asp242, lys156, ser157,
tyr158, tyr316, arg315, phe314Lys156 1.69

a-D-Gluco pyranose Hie112 2.31 Val109, hie112, asp69, tyr72, val216,
asp215, arg213, phe303, hie351, asp352,
glu277, arg446, phe159, arg442, phe178,
gln182

Asp215 1.66
Arg213 1.97
Asp352 1.85
Asp352 1.86
Arg442 1.72
Asp69 1.80

Fig. 5 RMSD graph of the protein ligand complex formed between COG and human a-glucosidase enzyme (PDB id: 3A4A).
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Fig. 6 No. of H-bonds vs. frame number graph.

Fig. 7 Snapshots of COG–alpha-glucosidase enzyme complex during molecular dynamics simulation at different time periods.
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deviation) of the protein-ligand complex and hydrogen bond
formed between protein and the ligand were analyzed.

Plot of RMSD of the protein–ligand complex (shown in Fig. 5)
depicts that the deviation remains within the range of 0.5–1.75
Å. The small range of RMSD supports the formation of a stable
protein–ligand complex which is maintained throughout the
entire simulation run. Fig. 6 represents the number of inter-
molecular hydrogen bonds formed between the protein and
the ligand vs. frame number (Fig. 6). It is apparent from the
gure that considerable number of hydrogen bonds viz. 1–6 are
formed between the target enzyme and the ligand molecule.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The average number of hydrogen bonds formed is found to be
2.01. This indicates contribution of hydrogen bonds formed
between the protein and ligand that results in suitable complex
formation between the biomolecules.42,43 The position of the
ligand within the binding pocket of the target enzyme alpha-
glucosidase during the 35 ns time period is constantly moni-
tored. The snapshots taken at different time intervals (Fig. 7)
show that the ligand remains bound to the active site of the
enzyme for the entire period. This indicates that the enzyme–
ligand complex formed is stable enough to inhibit the activity of
the enzyme.
RSC Adv., 2022, 12, 22650–22661 | 22659
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Conclusion

The present study used combined in vitro and in silico
approaches to evaluate the a-glucosidase inhibitory activity of
black rice bran extract. For the in vitro study fresh extracts of
black rice bran was used. On the other hand six bioactive
compounds isolated from black rice bran extract were chosen to
measure their interaction with a-glucosidase enzyme. Induced
t docking, molecular dynamics simulation, ADMET properties
prediction were carried out as component of the in silico study.
The aim of the study was to investigate any possible role of these
compounds in the reported antidiabetic activity of black rice
bran extract. The in vitro a-glucosidase inhibition assay showed
that the polar extracts of the black rice bran possess high
inhibitory effect on a-glucosidase comparable to the clinically
used drug Acarbose. The results obtained from in silico studies
for ADMET property predictions and drug likeness of these
compounds suggested that these compounds have the ability or
potential to be used as a lead molecule for the synthesis of new
oral drug for diabetic patients. The results of the docking
studies indicated that out of the six compounds selected for the
study, two compounds showed high a-glucosidase inhibitory
activity comparable to the native ligand a-D-glucopyranose used
as the standard in this study. The molecular dynamics simula-
tion study, which indicated formation of a number of hydrogen
bonds between the compounds and the enzyme, further sup-
ported the formation of stable ligand–protein complex through
the binding. The studies also indicated that these compounds
can lead to the inhibition of the activity of the enzyme a-
glucosidase which may be a possible mechanism of the anti-
diabetic effect exhibited by black rice bran extract. Thus, the
preliminary studies identied a few phenolic acids as bioactive
compounds as the probable leads for further studies.
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