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Diabetes mellitus (DM) is a chronic health con-
dition characterised by a deficiency in insulin pro-
duction and resistance. There are two types of DM: 
T1DM (Type 1 Diabetes mellitus) and T2DM (Type 2 
Diabetes mellitus). The disease occurs when the 
islets of Langerhans of the pancreas do not produce 
enough insulin to regulate the blood glucose or when 
the body cannot use the produced insulin effectively. 
Increased blood glucose levels can cause hyperglyce-
mia, and the condition, when left untreated, leads to 

life-threatening complications. T2DM is commonly 
associated with postprandial hyperglycemia, a major 
health issue. The prevalence of diabetes is increas-
ing globally and is expected to reach 300 million by 
2025 (Gupta and Phatak 2003) and 700 million by 
2045 (Saeedi et al. 2019).

Carbohydrates are the primary source of energy 
for the body. However, before being absorbed by the 
body, the energy source needs to be broken down 
into smaller units called monosaccharides. This 
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Abstract: Carbohydrate digestive enzymes like α-amylase and α-glucosidase can be used to treat and manage dia-
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α-amylase and α-glucosidase. Additionally, further research on stigmasterol directs the structure-activity relation-
ship studies that aid in managing diabetic conditions.

Keywords: Type2 Diabetes mellitus; hyperglycemic; carbohydrate hydrolysing enzymes; antioxidant activity; 
molecular interaction

683

Plant, Soil and Environment, 70, 2024 (11): 683–694	 Original Paper

https://doi.org/10.17221/150/2024-PSE

http://orcid.org/0000-0001-9899-2236
http://orcid.org/0000-0003-4793-2983
mailto:subhashini.r@grd.edu.in;


process is facilitated by two major enzymes, namely 
α-amylase and α-glucosidase. The salivary glands 
produce salivary α-amylase, which is effectively active 
in the breakdown of carbohydrates while chewing 
food. Pancreatic α-amylase is present in pancreatic 
juices and is delivered into the intestine. Here, it 
converts complex dietary carbohydrates into oli-
gosaccharides and disaccharides. In the final stage 
of glucose metabolism, α-glucosidase is present at 
the brush border of human intestinal mucosal cells, 
playing a crucial role by hydrolysing disaccharides 
into absorbable monosaccharides, such as glucose 
(Gong et al. 2020).

Postprandial hyperglycemia is when blood glu-
cose levels remain high after consuming the meal. 
Managing diabetes, especially T2DM, involves re-
ducing postprandial hyperglycemic conditions by in-
hibiting carbohydrate hydrolysing enzymes. Thereby 
reducing the intake of glucose into the bloodstream. 
Synthetic drugs are available for treating T2DM, such 
as acarbose, miglitol, sulfonylureas, meglitinides, 
thiazolidinedione, metformin, etc. These drugs can 
lower blood glucose levels but may have adverse 
effects, including irregular low blood sugar, con-
gestive heart failure, and cycles of extreme hunger. 
Additionally, they can cause gastrointestinal problems 
like bloating, diarrhea, and abdominal pain (Chiasson 
et al. 2002, Fujisawa et al. 2005). Also, these drugs 
are expensive for the lower and middle-class people 
(http://www.idf.org/diabetesatlas).

Due to the limitations of available antidiabetic 
drugs, researchers across the globe are looking into 
identifying natural inhibitors from different sources 
to control diabetes through different approaches 
(Ward et al. 2017, Wang et al. 2017, Poulose et al. 
2021). Rice is one of the foremost staples and is one 
of the most consumed foods. Coloured rice cultivars 
have gained recognition for their nutritional benefits, 
including their antioxidant properties, high protein 
content, and rich phytoconstituents. This study aimed 
to evaluate the efficiency of various rice extracts in 
inhibiting the α-amylase and α-glucosidase activities, 
which are crucial for managing blood glucose levels 
in diabetes, using both in-vitro and in-silico methods.

MATERIAL AND METHODS

Preparation of samples. Four different cultivars 
of raw rice samples, red, black, brown, and white 
rice, were procured from an organic farm for this 
study. We weighed 10 g of each sample separately and 

soaked it with 10 mL of methanol at room tempera-
ture for two weeks with frequent agitation until the 
soluble matter was dissolved. Then, the solvent was 
evaporated to obtain a crude extract. The methanol 
extract from the red (RRME), black (BRME), brown 
(BrRME), and white (WRME) rice was labelled and 
stored at 4 °C for further analysis.

α-amylase inhibition assay. The experiment in-
volved taking rice extracts in varying concentra-
tions ranging from 50–250 µL. 500 µL of 0.5 mg/mL 
α-amylase solution was added to each tube, and the 
mixture was incubated at 25 °C for 10 min. Next, 
500 µL of 1% soluble starch solution (potato starch 
dissolved in sodium phosphate buffer of pH 6.9) was 
added to each tube and incubated again at 25 °C for 
10 min. Then, 1 mL dinitrosalicylic acid reagent was 
added, and tubes were placed in a boiling water bath 
at 100 °C for 5 min. After this, 10 mL of distilled water 
was added to each tube, and control was maintained. 
The resulting absorbance was measured using a UV 
spectrophotometer at 540 nm and compared against 
the acarbose with its percentage of inhibition (Jaya 
Prasad et al. 2019).

α-glucosidase inhibition assay. The α-glucosidase 
inhibitory activity was determined using the meth-
od described in the literature (McCue et al. 2005). 
A mixture containing 50 μL of sample solution, 
125 μL of α-glucosidase and 700 μL of phosphate 
buffer was pre-incubated at 37 °C for 15 min. Next, 
125 μL of 5 mmol p-nitrophenyl glucopyranoside 
was added, and the mixture was held at 37 °C for 
30 min. The reaction was stopped by adding 1 000 μL 
of 0.2 mol/L Na2CO3. Absorbance was read at 405 nm 
for a sample, and the acarbose was expressed as 
a percentage of inhibition (Jaya Prasad et al. 2019).

% of enzyme inhibition = [(Ac − As) ÷ Ac] × 100

where: Ac – absorbance of control; As – absorbance of sample.

Qualitative and quantitative analysis. Preliminary 
phytochemical analysis was carried out for the RRME 
using the methods described in Harborne (2001).

Total phenolic content. Generally the molecules 
in rice with antioxidant activity include phenolic 
acids, flavonoids, anthocyanins, proanthocyanidins, 
tocopherols, tococtirenols, γ-oryzanol, and phytic 
acid. Total phenolic content was measured using the 
Folin-Ciocalteu method according to Singleton et 
al. (1999), with some modifications. Here, different 
concentrations of RRME were taken in aliquots (250, 
500, 750, 1 000 µL) and made up to 1 mL using dis-
tilled water. 500 µL of Folin-Ciocalteu reagent (1 : 1) 
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and 2.5 mL of 20% sodium carbonate solution were 
added. The aliquots were incubated in the dark for 
40 min at room temperature, and the blank (water) was 
maintained. The total phenolic content absorbance 
was read at 765 nm using a UV spectrophotometer. 
Different concentrations of gallic acid standards 
(0.1 mg/mL) were used, and the results were expressed 
as milligram gallic acid equivalents (GAE/0.1 mg/mL).

Total flavonoid determination. Different con-
centrations of RRME were taken as aliquots (250, 
500, 750, and 1 000 µL) and made up to 1 mL with 
ethanol. Then, 10% of aluminium chloride was pre-
pared, and 100 µL was added to each test tube. After 
that, 100 µL of 1 mol/L sodium acetate was added, 
and the tubes were incubated in the dark for 40 min 
at room temperature. Total flavonoid content was 
estimated using a UV spectrophotometer at 510 nm. 
Ascorbic acid (10 mg/mL) was used as standard, and 
the results were expressed as milligram ascorbic 
acid equivalents (AAE, 0.1 mg/mL) (Jia et al. 1999).

Gas chromatography-mass spectrometry analy-
sis. Coloured rice cultivars are recognised for their 
reduced sugar content, high protein levels, and 
dietary fibre. The red rice methanol extract dem-
onstrated the highest antioxidant properties and 
enzyme inhibition. Chemical compound analysis was 
performed using gas chromatography-mass spectrom-
etry (GC-MS, analysis, with a 2 µL sample injected 
into a Fisons GC8000 gas chromatography coupled 
to an MD800 mass spectrometer equipped with 
a quadrupole mass analyser. The injection tem-
perature was 230 °C, and helium flow was 1 mL/
min. After a 5 min solvent delay time, the oven 
temperature was increased at 70 °C/min to 260 °C 
and cooled to 70 °C. The ion trace integration was 
done using the mass lab find target method for the 
characteristic fragment of assigned peaks. Mass 
spectrum interpretation was conducted using the 
National Institute Standard and Technology (NIST) 
database. The spectrum of the unknown component 
was compared with the spectrum of known com-
ponents stored in the NIST library. The molecular 
weight, molecular formula and the compound’s name 
from NIST were recorded (Hemamalini et al. 2013).

Radical scavenging activity. In hyperglycemic 
conditions, elevated glucose levels lead to glycation, 
and the resulting glycation-end products generate 
free radicals. The antioxidant capacity of RRME 
was assessed for their ability to neutralise these 
radicals and mitigate oxidative stress. Various con-
centrations of 1 mg/mL ascorbic acid and RRME 

extract ranging from 20–100 µL were prepared in 
different aliquots. These tubes were then made up 
to 1 mL using ethanol. Then, 1 mL of 0.1 mg/mL 
1,1-diphenyl-2-picrylhydrazyl (DPPH) was added 
to the tubes and incubated for 30 min at 27 °C. 
The antioxidant assay was determined using a UV 
spectrophotometer at 517 nm, and the control was 
maintained (Nickavar et al. 2006).

% of antioxidant activity = [(Ac − As) ÷ Ac] × 100
Ferric reducing antioxidant power assay. 

Additionally, different concentrations of RRME ex-
tract of various fractions ranging from 20–100 μg/mL 
were added to 2.5 mL of 0.2 mol/L sodium phosphate 
buffer (pH 6.6) and 2.5 mL of 1% potassium ferri-
cyanide [K3Fe(CN)6] solution. The reaction mixture 
was vortexed well and then incubated at 50 °C for 
20 min. After incubation, 2.5 mL of 10% trichloro-
acetic acid was added to the mixture and centrifuged 
at 3 000 rpm for 10 min. The supernatant (2.5 mL) 
was mixed with 2.5 mL of deionised water and 0.5 mL 
of 0.1% ferric chloride. The reducing power of the 
sample from ferric to ferrous ion was analysed against 
the standard using a UV-spectrophotometer at 
700 nm (Wu et al. 2019).

Pharmacokinetic properties prediction. When 
selecting a potential drug, the molecular binding 
of the ligand to protein at its active centre alone 
is not enough. Other criteria, such as absorption, 
digestion, metabolism, and excretion (ADME), must 
be assessed to determine the drug’s likeness for 
reducing the pharmacokinetics-related failure in 
the drug development process. These properties 
were calculated by SwissADME. Low molecular 
weight (MW) signifies that molecules can be easily 
absorbed orally. Compounds with MW > 500 Da are 
absorbed via an alternate route, generally through 
the membrane. The logarithm of the octanol/water 
partition coefficient (Log Po/w) should be lower than 5, 
and the number of hydrogen bond donors (HBDs) 
and hydrogen bond acceptors (HBAs) should be 
less than 5 and 10, respectively (Ibrahim et al. 2021, 
Aneeqa et al. 2024).

Target and ligand preparation. Protein Data Bank 
(PDB) is a database that mainly contains derived pro-
tein structures and is used to retrieve structure data in 
PDB file format. The three-dimensional crystal struc-
ture of α-amylase (PDB ID: 3BAI) and α-glucosidase 
(PDB ID: 2QMJ) in complex with co-crystallised 
ligand was retrieved from PDB (http://www.rcsb.org/
pdb/home/home.do). The molecular interaction of 
the selected targets, such as α-amylase, α-glucosidase 
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and the standard against GCMS compounds, was 
performed with AutoDock. Before performing the 
docking analysis, the bound complex molecule and 
water molecules were removed while preparing 
the target (Etsassala et al. 2020). Compounds such 
as hexadecanoic acid, methyl ester, tetradecanoic 
acid, 1,2-benzenedicarboxylic acid, oleic anhydride, 
squalene, stigmasterol, acarbose were downloaded 
from the PubChem database.

To prepare the receptor for docking algorithms, each 
atom needs a charge and an atom type to describe its 
properties for the docking process. The prepared dock-
ing-ready format, PDBQT, includes Kollman charges 
and polar hydrogen atoms only. Next, a grid box is set 
up in three dimensions (x, y and z coordinates), and 
AutoGrid is executed. Docking is performed using 
the Lamarckian genetic algorithm, and the interac-
tions are visualised using Molegro Molecular Viewer 
(Odder, Denmark).

RESULT AND DISCUSSION

T2DM is a condition where the body becomes insu-
lin resistant, leading to increased blood glucose levels 
and hyperglycemia. Carbohydrates are broken down 
into simpler units by digestive enzymes before being 
absorbed by the body. A strategy to manage T2DM 
is reducing or inhibiting carbohydrate-hydrolysing 
enzyme activity to delay digestion, which can de-
crease postprandial hyperglycemia. By prolonging 
the overall digestion time, glucose absorption is 
reduced. Methanol extracts of four different rice 
cultivars, namely red, brown, black, and white rice, 
were prepared to investigate their effects on manag-
ing this health issue.

Inhibitory effects of the extract on α-amylase 
and α-glucosidase. α-amylase catalyses the α-(1-4)-
d-glycosidic linkages present in the starch, break-
ing them into polymers of glucose and other small 
fragments. Extracts were tested for their α-amylase 
inhibition using the spectrophotometric method. The 
reducing sugars produced by α-amylase react with 
dinitrosalicylic acid (DNS) and reduce to a brown-
coloured product called nitro-amino-salicylic acid. It 
was observed that RRME showed a higher inhibition 
of α-amylase ranging from 47.2% to 93.3% (in 50 to 
250 µg/mL) against the standard of 45% to 89.5% 
(Figure 1). Therefore, RRME was selected for further 
α-glucosidase inhibitory analysis. The conversion of 
the substrate 4-nitrophenyl-α-d-glucopyranoside 
was catalysed, which produces a yellow-coloured 
product. The RRME demonstrated significant inhi-
bition against α-glucosidase (39.86% to 72.59%) in 
comparison to acarbose (45% to 89.5%) (Figure 2).

Phytochemical analysis of the RRME. Red rice is 
a nutritious food that can help reduce the risk of 
chronic diseases due to the presence of various nu-
trients such as polyphenols, minerals, fibre, vitamins, 
and other phytochemicals. These compounds can im-
pact biological functions in different ways. The RRME 
also contains carbohydrates, proteins, flavonoids, 
alkaloids, phenols, and glycosides, which indicate its 
richness in phytochemicals (Table 1). Quantitative 
analysis of phytochemicals is a useful technique to 
measure the total content of secondary metabolites 
such as alkaloids, phenolic compounds, terpenoids, 
flavonoids, etc. The phytochemical composition of 
RRME was found to contain 0.45 mg/GAE/mL of 
phenols and 0.5 mg/AAE/mL of flavonoids. The study 
conducted in the RRME revealed the presence of 

Figure 1. α-amylase inhibition by methanol extract of 
rice cultivars

Figure 2. α-glucosidase inhibitory activity of red rice 
methanol extract (RRME) extract against the standard
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47.0 ± 0.7 (GAE/g) phenols and 40.15 mg QE/100 g 
of flavonoids (Ashokkumar et al. 2020).

Identification of phytoconstituents in the ex-
tract. The GC-MS analysis led to the identification of 
19 phytoconstituents in the RRME extract (Figure 3). 
Compounds that present major and nominal levels 
are n-hexadecanoic acid and 1-tridecanol (Table 2). 
All identified compounds, when reviewed, re-
sulted in anti-hyperglycemic (Ibrahim et al. 2019, 
Liyanaarachchie et al. 2021, Mirmiranpour et al. 
2022, Widyawati et al. 2021, 2023), anti-hypoglycemic 
(Abirami and Gomathi 2022) and diabetic retinopathy 

(Zhu et al. 2019) activity. The ethanol extract from 
the red rice contains compounds such as palmitic 
acid, oleic acid, stearic acid, stigmast-5-en-3-ol, 
heptadecane, octadecane, hexadecane, linoleic acid, 
retinoic acid, and others (Ashokumar et al. 2020). 
All compounds identified in RRME were selected 
for further study.

Antioxidant assay. The radical scavenging activ-
ity assay is a method that measures the ability of 
antioxidants to neutralise free radicals and reactive 
oxygen species. These harmful substances can cause 
metabolic effects, damaging cells. The assay is based 
on the reduction of DPPH, which has an odd electron 
and gives a maximum absorbance. When the test 
sample is mixed with DPPH, the antioxidants present 
in the test sample donate a hydrogen atom, causing 
DPPH to be reduced to diphenyl picryl hydrazine, 
which is in a non-radical form. As a result, the violet 
colour of the picryl group present in DPPH is lost, 
and it turns pale yellow (Dontha 2016). The more 
decolorisation, the better the reducing ability due 
to the antioxidants in the sample.

The quenching activity of RRME is comparable to 
the selected standard (Figure 4). The extract is effec-
tive in reducing the stable radical DPPH, indicated 
by the yellow-coloured compound diphenylpicryl 
hydrazine, which has a strong antioxidant effect. 
Previous studies reported that the DPPH radical-
scavenging activity of the red rice bran extract in-
creases with concentration, which correlates to the 
present study (Ghasemzadeh et al. 2018).

Ferric reducing antioxidant power (FRAP) as-
say is a quick and easy method for determin-

Table 1. Phytochemical analysis of red rice methanol 
extract (RRME)

Phytochemical Experiments Result

Carbohydrates
Molisch’s test +
Fehling’s test +

Benedict’s test +

Proteins
Buiret test +

Ninhydrin test +

Alkaloids
Mayer’s test +

Wagner’s test +

Flavanoids H2SO4 test +

Phenols
Ferric chloride test +

Lead acetate test +

Steroids Liebermann Burchard test –
 Saponins Froth test –
Tannins Ferric test –
Glycosides Keller-Kiliani test +

+ – positive; – – negative

Figure 3. Gas chromatography-mass spectrometry (GCMS) analysis of methanol extract from the red (RRME)

687

Plant, Soil and Environment, 70, 2024 (11): 683–694	 Original Paper

https://doi.org/10.17221/150/2024-PSE



ing total antioxidant activity in vitro (Figure 5).  
his  method rel ies  on the reduction of  TPTZ 
(2,4,6-tripyridyl-s-triazine) with ferric chloride hexa-
hydrate (FeCl36H2O), which causes the solution to 
turn a slight brown colour by reducing blue ferrous 
complexes. The FRAP assay treats antioxidants in the 
samples as reductants that decrease the activity of 
the extract as the concentration increases, similar to 
the findings reported using red rice ethanol extract 
(Krishnanunni et al. 2015).

Drug likeness properties of compounds. All com-
pounds in this study have an MW less than 500 g/mol 

except for oleic anhydride and the standard acar-
bose. The HBD and HBA of compounds exhibit 
favourable pharmacokinetic parameters for oral 
bioavailability. LogS indicated only acarbose and 
1,2-benzenedicarboxylic acid are soluble in water. 
The other moderately and poorly soluble compounds 
are predicted based on their lower negative values. 
The partition coefficient between n-octanol and 
water can be achieved experimentally but is chal-
lenging for many compounds. Using computation 
tools, ILogP criteria facilitate the drug interactions 
with their biological targets. The estimated values 

Table 2. The phytoconstituents in red rice methanol extract (RRME)

S. No Constituent Molecular formula Area (%)
1 1-Dodecanol C12H26O 0.25
2 1-Tridecanol C13H28O 0.13
3 Hexadecanoic acid methyl ester C17H34O2 2.07
4 Tetradecanoic acid C14H28O2 0.42
5 1,2-benzenedicarboxylic acid C8H6O4  0.15
6 n-Hexadecanoic acid C16H32O2 14.69
7 Oleic anhydride  C36H66O3   2.57
8 Squalene C30H50 0.05
9 Stigmasterol C29H48O  1.52
10 9,12-Octadecadienoic acid methyl ester (Z, Z)-, 2,3-dihydroxypropylester C19H34O2  4.01
11 Octadecanoic acid C18H36O2  4.47
12 4-Octadecenal C18H34O  0.11
13 Fumaric acid C4H4O4  0.37
14 3-Cyclopentylpropioinc acid, 2-dimethylaminoethyl ester C8H14O2  0.16
15 Heptanoic acid C7H14O2  0.13
16 Tetradecanal C14H28O   0.14
17 4,5-Diamino-2-hydroxypyrimidine C4H6N4O  0.29
18 1-Heptatriacotanol C37H76O 0.04
19 Stigmast-5-en-3-ol, (3 beta)  C29H50O  4.70
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Table 3. Drug likeness properties of the compounds

Constituent Structure 
Molecular 

weight 
(g/mol)

HBD HBA Log Po/w LogS GI 
absorption

Rule of 
five 

violations

Hexadecanoic acid, 
methyl ester 270.45 0 2 4.41 –5.18 high 0

Tetradecanoic 
acid 228.37 1 2 3.32 –4.31 high 0

1,2-benzene- 
dicarboxylic acid 166.13 2 4 0.60 –1.57 high 0

Oleic 
anhydride 546.91 0 3 8.71 –10.47 low 1

Squalene 410.70 0 0 6.37 –8.69 low 0

Stigmasterol 412.69 1 1 5.01 –7.46 low 0

Acarbose 645.60 14 19 0.63 2.13 low 3

HBD – hydrogen bond donors; HBA – hydrogen bond acceptors; GI – gastrointestinal
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of ILogP were less than 5 and adhered to the rule of 
thumb by three compounds in Table 3. High lipophi-
licity contributes to immobilisation within a given 
layer and reduced penetration of these compounds 
through the blood-brain barrier. Also, these three 
compounds are predicted to be absorbed more in 
the gastrointestinal tract than other compounds. In 
addition, oleic anhydride (MW) and acarbose (MW; 
HBD and HBA) violated the Rule of Five (Table 3).

Molecular docking analysis. As clinical and labo-
ratory trials for designing new drugs are expensive, 
time-consuming, and prone to errors, bioinformatics 
techniques are increasingly utilised. In-silico screen-
ing is one such innovative approach that can help 
identify drug-like compounds. Molecular docking 
is a vital technique that allows the examination of 
the binding affinity of the small molecules with the 
receptor in the three-dimensional space.

The structural arrangement of the selected com-
pounds was verified through PubChem, and all struc-
tures were prepared using the ChemSketch. Both 
standard and test compounds are prepared in .mol 
format, which is then converted to .pdb format and 
retrieved the three-dimensional crystal structure of 
α-amylase (PDB ID: 3BAI) and α-glucosidase (PDB 
ID: 2QMJ) from PDB database (Maurus et al. 2008, 
Sim et al. 2008). The predicted active site positions of 
α-amylase and α-glucosidase are used in interaction 

analysis. The docking parameter file is then prepared 
with Lamarckian Genetic Algorithm to perform the 
docking process. This resulted in interactions of 
the compounds with the key residues, along with 
the binding free energy value. The < –7.0 kcal/mol 
binding affinity indicates the best docking score, 
and interacting residues remain closer (Kashyap et 
al. 2023).

Docking experiments have uncovered several crucial 
insights into the interactions between red rice me-
tabolites and alpha-amylase. Inhibiting this enzyme, 
a target for therapies for type 2 diabetes mellitus, 
may help modulate postprandial blood glucose levels. 
Among the red rice metabolites found, stigmasterol 
had the strongest docking score of –5.9 kcal/mol 
for α-amylase. This docking score assesses the binding 
energy; a lower score indicates higher binding affin-
ity. Docking pose analysis revealed that stigmasterol 
establishes important hydrogen bonds with α-amylase 
amino acid residues in the active site. These hydrogen 
bonds are crucial for stabilising the ligand-protein 
complex, effectively blocking the enzyme’s activity. 
In contrast, the well-known α-amylase inhibitor 
acarbose had a docking score of –4.6 kcal/mol. This 
value is less favourable than stigmasterol, though 
they still exhibit a high binding affinity. This suggests 
that stigmasterol may inhibit α-amylase more effec-
tively than these current inhibitors. In the current 

Table 4. Molecular docking analysis of the compounds against α-amylase

S. No. Compound name Binding energy 
(kcal/mol) Interactions Bond length 

(Å)

1 Acarbose –4.6 Hie305, Asp300, Asp 197, 
Lys200 (2) 1.87, 1.82, 2.03, 2.18, 2.36

2 Stigmasterol –5.9 Asp300 2.01
3 Stigmast-5-en-3-ol, (3 beta) –4.5 Asp197 1.91
4 Squalene –3.9 – –
5 1-Heptatriacotanol –3.7 Leu237 1.78
6 Oleic anhydride –3.2 – –
7 4,5-Diamino-2-hydroxypyrimidine –3.0 Glu233 (2), Asp300 (2) 2.17, 2.09, 1.79, 2.14
8 Heptanoic acid –1.6 Arg195, Hie299, 2.18, 2.02
9 Hexadecanoic acid methyl ester –1.0 Lys200 1.91
10 n-Hexadecanoic acid –0.9 Lys200 (2) 1.62, 2.09
11 Tetradecanal –0.8 Arg195, Hie299 2.35, 2.15
12 Fumaric acid –0.8 – –
13 4-Octadecenal –0.6 – –
14 Tetradecanoic acid –0.4 Lys200 (2), Ile235 2.46, 2.05, 1.96
15 1-Tridecanol –0.2 Asp300 1.92
16 1-Dodecanol –0.1 Hie305 1.84
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study, the binding energy between each compound 
and the target is < –7 Kcal/mol. Stigmasterol and 
acarbose interacted with active sites, revealing that 
they commonly had the Asp residue but at different 
positions (Table 4, Figure 6).

The significant binding affinity and stabilising 
interactions of stigmasterol imply that it might be 
viable for controlling type 2 diabetes mellitus. When 
consumed after a meal, alpha-amylase inhibitors help 
control blood sugar levels by delaying the decompo-
sition of carbohydrates into glucose. Stigmasterol’s 
increased binding affinity compared to acarbose 
shows its prospective utility in this capacity. The most 
prevalent phytosterols in the human diet are sitosterol, 
stigmasterol, and campesterol, which may be found 
in free form, as fatty acid/cinnamic acid esters, or 
as glycosides metabolised by pancreatic enzymes. 
Accumulating research suggests that phytosterols 
and diets enriched with them may manage glucose 
and lipid metabolism, as well as insulin resistance 
(Prasad et al. 2022). In a preceding in silico inves-
tigation, it was observed that stigmasterol, present 
in twig extracts of Paederia foetida Linn, exhibited 
a low binding energy with α-amylase, suggesting its 
potential as an antidiabetic compound (Tan et al. 
2019). In addition oleic acid and hexadecanoic acid 
present in Leucaena leucocephala (Lam) has anti 

α-amylase activity (Renganathan et al. 2021). Oleic 
acid and hexadecanoic acid also present in RRME.

Stigmasterol, the phytosterol present in soybean 
oil, is efficient in the treatment of T2DM by tar-
geting glucose transporter4 (GLUT4) (Wang et al. 
2017). Accumulation of cholesterol leads to defects 
in insulin secretion, causing hyperglycemia and dys-
lipidemia. This phytosterol with anti-atherosclerotic 
potential can be used as a strategy to pro-
tect β-cell function (Ward et al. 2017). The results 
imply that stigmasterol and, conceivably, other red 
rice metabolites might be studied further as novel 
medicinal agents. These natural substances could 
provide a more effective or complementary method 
for managing type 2 diabetes mellitus.

In the docking investigations targeting α-glucosidase, 
distinct binding patterns were discovered for the red 
rice metabolites, which give valuable insights into 
their potential as therapeutic agents. Acarbose had the 
greatest binding affinity among the investigated phar-
maceuticals, with a docking score of –7.0 kcal/mol. 
This score shows a very high interaction between acar-
bose and α-glucosidase. The molecular interactions 
investigation indicated that acarbose forms essential 
hydrogen bonds with numerous critical residues in 
the α-glucosidase binding site. Specifically, hydrogen 
bonds were created with residues Glu114, Arg283, 

 
Figure 6. Molecular interaction of α-amylase with (A) acarbose and (B) stigmasterol

 

(A) (B)
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Ala509, Lys776, and His645. These interactions are 
critical for stabilising the acarbose α-glucosidase 
complex, enhancing its inhibitory influence on the 
enzyme’s activity.

The red rice metabolite 1,2-benzenedicarboxylic 
acid demonstrated modest binding affinities, with 
a docking score of –6.4 kcal/mol. Although this 
score is less favourable than acarbose, it nevertheless 
suggests a substantial binding interaction (Table 5, 

Figure 7). Examination of the binding mechanisms 
of 1,2-benzenedicarboxylic acid showed that this 
metabolite similarly forms hydrogen bonds with 
a α-glucosidase residues. Still, the precise residues 
and the intensity of these interactions may vary from 
those of acarbose. The intermediate binding affin-
ity means that although it may not be as potent as 
acarbose, it can competitively inhibit α-glucosidase 
activity. In addition, oleic acid in other pigmented 

Table 5. Molecular docking analysis of the compounds against α-glucosidase

S. No. Compound name Binding energy 
(kcal/mol) Interactions Bond length 

(Å)

1 Acarbose –7.0 Glu114 (2) , Arg283 (2), Ala509, 
Lys776, Asp777, His645

1.83, 1.94, 1.98, 2.30, 
2.46, 1.92, 2.02, 1.86

2 1,2-benzenedicarboxylic acid –6.1 Ser521, Ser288 1.64, 2.07
3 4,5-Diamino-2-hydroxypyrimidine –5.6 Arg520 (2) , Ile523 2.47, 2.21, 2.05
4 Tetradecanoic acid –3.0 Asp777, Leu286 2.36, 1.86
5 Heptanoic acid –2.7 Ile523 1.85
6 1-Dodecanol –2.5 Lys776, Arg520 2.04, 1.77
7 Stigmast-5-en-3-ol, (3 beta) –2.5 Arg283 2.28
8 Stigmasterol –2.4 Asp777 2.06
9 n-Hexadecanoic acid –2.3 Lys776, Lys513 2.81, 2.28
10 Fumaric acid –2.1 Met567, Ile523 2.55, 2.13
11 1-Tridecanol –1.9 Arg520, Lys776 2.80, 2.02
12 Hexadecanoic acid methyl ester –1.8 Lys513 2.74
13 Squalene –1.3 – –
14 4-Octadecenal –0.9 Met567 2.23

 
Figure 7. Molecular interaction of α-glucosidase with (A) acarbose and (B) 1,2-benzenedicarboxylic acid

(A) (B)
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rice is reported to have anti-glucosidase activity (Su 
et al. 2013).

The results underscore the medicinal potential 
of red rice metabolites as efficacious inhibitors of 
α-glucosidase. Despite acarbose having a greater 
binding affinity, the intense interaction seen with 
1,2-benzenedicarboxylic acid emphasises the potential 
of these natural compounds. Red rice metabolites 
might be further researched and perhaps produced 
as additional or alternative therapies to current 
α-glucosidase inhibitors. The ability of these me-
tabolites to inhibit α-glucosidase implies they might 
help control type 2 diabetes mellitus by adjusting 
postprandial blood glucose levels. This corresponds 
with the treatment approach of α-glucosidase inhibi-
tors to manage blood sugar levels after meals. Also, 
a study demonstrated the presence of this com-
pound in the seaweed Gelidium spinosum reduced 
hyperglycemic effects in streptozotocin-induced rats 
(Poulose et al. 2021). 1,2-benzenedicarboxylic acid 
is commonly known as phthalic acid or phthalates 
(Nam et al. 2020).

The current study explored the chemical constituent 
in the red rice methanol extract for its anti-diabetic 
activity through in vitro and in silico approaches by 
inhibiting carbohydrate hydrolysing enzymes such as 
α-amylase and α-glucosidase. Among four different 
rice extracts, the red rice methanol extract showed 
the highest inhibition of α-amylase and α-glucosidase. 
Molecular docking studies of identified metabo-
lites, 1,2-benzenedicarboxylic acid exhibited notable 
binding affinity against α-glucosidase. At the same 
time, stigmasterol demonstrated promising inter-
action with α-amylase, surpassing the efficacy of 
the conventional drug acarbose in binding affinity. 
However, it is noteworthy that acarbose still exhibited 
lower binding affinity than rice metabolites against 
α-glucosidase. Although in vitro studies demonstrated 
that acarbose yielded marginally better results than 
the active metabolites, the significant binding affin-
ity of specific rice metabolites against key enzymes 
implicated in T2DM underscores their potential 
as preventive supplements against the onset of the 
disease. In conclusion, the findings suggest that in-
corporating these active metabolites from red rice 
into daily supplementation could serve as a promis-
ing strategy for T2DM prevention. Further research 
and clinical trials are warranted to validate these 
findings and explore the full therapeutic potential 
of these rice metabolites in mitigating T2DM and 
related metabolic disorders.

Acknowledgement. Authors would like to extend 
their sincere thanks to Dr. G.R. Damodaran College 
of Science, Coimbatore for providing the opportunity. 
The authors extend their appreciation to the research-
ers supporting project number (RSPD2024R1095) 
King Saud University, Riyadh, Saudi Arabia.

REFERENCES

Abirami D., Gomathi R. (2022): Target and candidate agents for diabetes 
treatment in the framework of the food nexus. Energy Nexus, 5: 100041.

Aneeqa B., Shagufta P., Nusrat S., Maryam R., Ahmad Moham-
mad S., Samir I., Mohammed B. (2024): Computational study of 
ADME-Tox prediction of selected phytochemicals from Punica 
granatum peels. Open Chemistry, 22: 1–13.

Ashokkumar K., Govindaraj M., Vellaikumar S., Shobhana V.G., 
Karthikeyan A., Akilan M., Sathishkumar J. (2020): Comparative 
profiling of volatile compounds in popular South Indian tradi-
tional and modern rice varieties by gas chromatography-mass 
spectrometry analysis. Frontiers in Nutrition, 7: 599119.

Liyanaarachchie C.P.T., Gunatilake M., Jayasinghe L., Bandra 
B.M.R. (2021): In vitro antidiabetic and in vivo hypoglycemic ac-
tivities and toxicity of Canarium zeylanicum bark extracts. Jour-
nal of Biologically Active Products from Nature, 11: 242–253.

Chiasson J.L., Josse R.G., Gomis R., Hanefeld M., Karasik A., Laakso 
M. (2002): Acarbose for prevention of type 2 diabetes mellitus: 
the STOP-NIDDM randomised trial. Lancet (North American 
Edition), 359: 2072–2077.

Dontha S. (2016): A review on antioxidant methods. Asian Journal 
of Pharmaceutical and Clinical Research, 9: 14–32.

Etsassala N.G.E.R., Badmus J.A., Marnewick J.L., Iwuoha E.I., Nchu 
F., Hussein A.A. (2020): Alpha-glucosidase and alpha-amylase 
inhibitory activities, molecular docking, and antioxidant capaci-
ties of Salvia aurita constituents. Antioxidants, 9: 1149.

Fujisawa T., Ikegami H., Inoue K., Kawabata Y., Ogihara T. (2005): 
Effect of two alpha-glucosidase inhibitors, voglibose and acar-
bose, on postprandial hyperglycemia correlates with subjective 
abdominal symptoms. Metabolism, 54: 387–390.

Ghasemzadeh A., Karbalaii M.T., Jaafar, Asmah R. (2018): Phytochemi-
cal constituents, antioxidant activity, and antiproliferative properties 
of black, red, and brown rice bran. Chemistry Central Journal, 12: 17.

Gong L., Feng D., Wang T., Ren Y., Liu Y., Wang J. (2020): Inhibi-
tors of α-amylase and α-glucosidase: potential linkage for whole 
cereal foods on prevention of hyperglycemia. Food Science Nu-
trition, 8: 6320–6337.

Gupta O.P., Phatak S. (2003): Pandemic trends in prevalence of dia-
betes mellitus and associated coronary heart disease in India – 
their causes and prevention. International Journal of Diabetes in 
Developing Countries, 23: 37–50.

Harborne J.B. (2001): Twenty-five years of chemical ecology. Natu-
ral Product Reports, 18: 361–379.

693

Plant, Soil and Environment, 70, 2024 (11): 683–694	 Original Paper

https://doi.org/10.17221/150/2024-PSE



Hemamalini G., Jithesh P., Nirmala P. (2013): Phytochemical analy-
sis of leaf extract of plant Acacia nilotica by GCMS method. Ad-
vances in Biological Research, 7: 141–144.

Mirmiranpour H., Ashoori M., Mikaeili A.S., Pezeshki S., Serani 
A., Baez A., Martirosyan D. (2022): The effect of squalene on 
proteinuria in patients with type 2 diabetes mellitus. Bioactive 
Compounds in Health and Disease, 5: 117–135.

Ibrahim A., Umar I.A., Aimola I.A., Mohammed A. (2019): Inhibition 
of key enzymes linked to diabetes by Annona senegalensis Pers (An-
nonaceae) leaf in vitro. Journal of Herbal Medicine, 16: 32.

Ibrahim Z.Y., Uzairu A., Shallangwa G.A., Abechi S.E. (2021): Phar-
macokinetic predictions and docking studies of substituted aryl 
amine-based triazolopyrimidine designed inhibitors of Plasmo-
dium falciparum dihydroorotate dehydrogenase (PfDHODH). 
Future Journal of Pharmaceutical Sciences, 7: 1–10.

Jaya Prasad B., Subramania Sharavanan P., Sivaraj R. (2019): Ef-
ficiency of Oryza punctate extract on glucose regulation: inhi-
bition of α-amylase and α-glucosidase activities. Grain and Oil 
Science and Technology, 2: 44–48.

Jia Z.S., Tang M.C., Wu J.M. (1999): The determination of flavonoid 
contents in mulberry and their scavenging effects on superoxide 
radicals. Food Chemistry, 64: 555–559.

Kashyap H., Makol V., Khatri M. (2023): Screening of phytochemi-
cals from Derris indica for antimycobacterial potential using 
molecular docking analysis. Biosciences Biotechnology Research 
Asia, 20: 907–917.

Krishnanunni K., Senthilvel P., Ramaiah S., Anbarasu A. (2015): 
Study of chemical composition and volatile compounds along 
with in-vitro assay of antioxidant activity of two medicinal rice 
varieties: Karungkuravai and Mappilai samba. Journal of Food 
Science and Technology, 52: 2572–2584.

Maurus R., Begum A., Williams L.K., Fredriksen J.R., Zhang R., 
Withers S.G., Brayer G.D. (2008): Alternative catalytic anions 
differentially modulate human alpha-amylase activity and speci-
ficity. Biochemistry, 47: 3332–3344.

McCue P., Kwon Y.-I., Shetty K. (2005): Anti-amylase, anti-glucosi-
dase and anti-angiotensin converting enzyme potential of select-
ed foods. Journal of Food Biochemistry, 29: 278–294.

Nam D.J., Kim Y., Yang E.H., Lee H.C., Ryoo J.H. (2020): Relationship 
between urinary phthalate metabolites and diabetes: Korean Na-
tional Environmental Health Survey (KoNEHS) cycle 3 (2015-2017). 
Annals of Occupational and Environmental Medicine, 18: 32: e34.

Nickavar B., Kamalinejad M., Mohandesi S. (2006): Comparison of the 
components of the essential oils from leaves and fruits of Grammoscia-
dium platycarpum. Chemistry of Natural Compounds, 42: 686–688.

Poulose N., Sajayan A., Ravindran A., Chandran A., Priyadharshini 
G.B., Selvin J., Kiran G.S. (2021): Anti-diabetic potential of a stig-
masterol from the seaweed Gelidium spinosum and its application 
in the formulation of nanoemulsion conjugate for the develop-
ment of functional biscuits. Frontiers in Nutrition, 8: 694362.

Prasad M., Jayaraman S., Eladl M.A., El-Sherbiny M., Abdelrahman 
M.A.E., Veeraraghavan V.P., Rajagopal P.A. (2022): Comprehen-
sive review on therapeutic perspectives of phytosterols in insulin 
resistance: a mechanistic approach. Molecules, 27: 1595.

Renganathan S., Manokaran S., Vasanthakumar P., Singaravelu U., 
Kim P.S., Kutzner A., Heese K. (2021): Phytochemical profiling in 
conjunction with in vitro and in silico studies to identify human 
α-amylase inhibitors in Leucaena leucocephala (Lam.) De Wit for 
the treatment of diabetes mellitus. ACS Omega, 6: 19045–19057.

Saeedi P., Petersohn I., Salpea P., Malanda B., Karuranga S., Unwin 
N., Colagiuri S., Guariguata L., Motala A.A., Ogurtsova K., Shaw 
J.E., Bright D., Williams R. (2019): Global and regional diabetes 
prevalence estimates for 2019 and projections for 2030 and 2045. 
Results from the International Diabetes Atlas. Diabetes Research 
and Clinical Practice, 157: 107843.

Sim L., Quezada-Calvillo R., Sterchi E.E., Nichols B.L., Rose D.R. 
(2008): Human intestinal maltase-glucoamylase: crystal struc-
ture of the N-terminal catalytic subunit and basis of inhibition 
and substrate specificity. Journal of Molecular Biology, 375: 
782–792.

Singleton V.L., Orthofer R., Lamuela-Raventos R.M. (1999): Analy-
sis of total phenols and other oxidation by means of Folin-Cio-
calteu reagent. Methods in Enzymology, 299: 152–178.

Su C.H., Hsu C.H., Ng L.T. (2013): Inhibitory potential of fatty acids 
on key enzymes related to type 2 diabetes. Biofactors, 39: 415–421.

Tan D.C., Kassim N.K., Ismail I.S., Hamid M., Ahamad Bustamam 
M.S. (2019): Identification of antidiabetic metabolites from 
Paederia foetida L. twigs by gas chromatography-mass spec-
trometry-based metabolomics and molecular docking study. Bi-
oMed Research International, 29: 7603125.

Widyawati T., Syarifah S., Sumantri I.B. (2021): Squalene decreased 
fasting blood glucose level of type ii diabetic rats. 2021. IOP Con-
ference Series: Earth and Environmental Science, 912: 012088.

Widyawati T., Syahputra T.A., Syarifah S., Sumantri I.B. (2023): 
Analysis of antidiabetic activity of squalene via in silico and in 
vivo assay. Molecules, 28: 3783.

Wang J., Huang M., Yang J., Ma X., Zheng S., Deng S., Huang Y., 
Yang X., Zhao P. (2017): Anti-diabetic activity of stigmasterol 
from soybean oil by targeting the GLUT4 glucose transporter. 
Food Nutrition Research, 61: 1364117.

Ward M.G., Li G., Barbosa-Lorenzi V.C., Hao M.M. (2017): Stig-
masterol prevents glucolipotoxicity induced defects in glucose-
stimulated insulin secretion. Scientific Reports, 7: 9536.

Zhu X.R., Yang F.Y., Lu J., Zhang H.R., Sun R., Zhou J.B., Yang J.K. 
(2019): Plasma metabolomic profiling of proliferative diabetic 
retinopathy. Nutrition Metabolism (Lond), 16: 37.

Wu C.T., Agrawal D.C., Huang W.Y., Hsu H.C., Yang S.J., Huang 
S.L., Lin Y.S. (2019): Functionality analysis of spent coffee 
ground extracts obtained by the hydrothermal method. Journal 
of Chemistry, 2019: 4671438.

Received: March 9, 2024
Accepted: July 4, 2024

Published online: September 30, 2024

694

Original Paper	 Plant, Soil and Environment, 70, 2024 (11): 683–694

https://doi.org/10.17221/150/2024-PSE


