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Abstract: The anti-diabetic potential of whole unripe jackfruit (peel with pulp, flake, and seed) was
investigated using inhibitory assays for α-glucosidase, α-amylase, aldose reductase, and glycation at
multiple stages. Using activity-guided repeated fractionation on a silica gel column chromatography,
dietary flavonoid rutin with potent antihyperglycemic activity was extracted from the methanol
extract of whole jackfruit flour (MJ). Rutin was found to inhibit both α-glucosidase (IC50: 7.86 µg/mL)
and α-amylase (IC50: 22.00 µg/mL) in a competitive manner of inhibition with low Ki values. In
addition, in vitro glycation experiments revealed that rutin prevented each stage of protein glycation
as well as the production of intermediate molecules. Furthermore, rutin significantly inhibited aldose
reductase (IC50: 2.75 µg/mL) in a non-competitive manner. During in silico studies, molecular
docking and molecular dynamics simulation studies have suggested that rutin has a high binding
affinity for the enzymes studied, which could explain its inhibitory effects. Rutin interacted with the
key residues of the target enzymes’ inhibitor binding sites. Compared to the controls used, rutin had
a higher binding efficiency as well as stability in the inhibitor binding pocket of the target enzymes.
According to our findings, the presence of rutin is more likely to be associated with the potential
of MJ in antihyperglycemic activity via inhibition of α-glucosidase and in anti-diabetic action via
inhibition of the polyol pathway and protein glycation. The bio-computational study indicates
rutin as a potential lead inhibitor of all the target enzymes used and could be used as an effective
anti-diabetic drug in the near future.

Keywords: whole jackfruit; diabetes mellitus; dietary flavonoid; rutin; inhibition kinetics; molecular
dynamics simulation; phyto-computational stratagem

1. Introduction

Type 2 diabetes mellitus (T2DM) is regarded as a serious concern of endocrine health,
where altered body metabolism occurs due to an imbalance in insulin levels [1]. Over the
past few decades, diabetes and obesity have increased at an unprecedented rate, affecting
more than 10.5% and 13%, respectively, of the global adult population. In addition, it is
also recognized as a pediatric medical problem [2,3]. In >90% of all instances, T2DM is
reportedly more common than T1DM. There have been a few instances of it in children and
teenagers, but adults are the ones who typically experience it [4]. Due to the increasing
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levels of fast urbanization, poor diets, tobacco consumption, obesity, environmental factors,
aging populations, and sedentary lifestyles, the condition continues to pose a global
danger [5]. Diabetes mellitus patients may develop a number of concomitant health
maladies known as diabetic complications as a result of chronic hyperglycemia and insulin
resistance. These include persistent deterioration and the dysfunction of bodily tissues,
which results in diabetes cardiomyopathy, nephropathy, neuropathy, retinopathy, and
diseases of the liver, pancreas, adipose tissue, and skeletal muscle [6].

The pathophysiology of diabetes mellitus is spread throughout different stages of
human metabolism. Most of the events related to the development of diabetic conditions
occur during the absorption of digested food. For instance, glycoside hydrolases are known
as α-glucosidase (AG) and α-amylase (AM), which aid in the swift digestion of ingested
carbohydrates into simpler monosaccharides, resulting in postprandial hyperglycemia
(excess blood glucose). This is the first sign of diabetes, and glycoside inhibitors are widely
acknowledged as an effective way to control postprandial hyperglycemia by preventing
the release of free sugars, allowing for a stable glycemic profile [7,8].

By the action of aldose reductase (AR), high blood glucose levels produce a sub-
stantial flux of glucose into the polyol pathway, where it is converted to sorbitol [7,9].
Reduced metabolism or decreased membrane permeability of sorbitol dehydrogenase
causes the overproduction of sorbitol, which in turn accumulates in tissues, such as nerves,
retina, kidney, retina, and lens. Therefore, AR can act as a crucial target, which can be
inhibited to prevent sorbitol accumulation, which is linked to a variety of microvascular
problems and cardiovascular disorders [10]. In addition, protein glycation in diabetes
mellitus results in a partial loss of activity as a result of persistent hyperglycemia. A non-
enzymatic nucleophilic addition reaction of the carbonyl residue of sugar with the free
amino group of proteins produces a reversible Schiff base, which ultimately yields a more
stable Amadori product. The Amadori products are subsequently exposed to a series of
dicarbonyl intermediate-mediated processes, yielding an unknown family of molecules
known as advanced glycation end products (AGEs). These AGEs accumulate in tissues and
are the source of micro- and macro-vascular problems in diabetics [11,12].

As a result, finding molecules that block all the stages of glycation and the synthesis
of intermediary products in the route can aid in the development of new therapeutic ap-
proaches to delay or avoid harmful consequences. Furthermore, by interfering with the
signal transduction cascade, glycated proteins and AGEs cause the production of reactive
oxygen species (ROS), resulting in oxidative stress, which is a key factor in the advance-
ment of numerous vascular problems in diabetes [11]. Antioxidants, which neutralize the
produced free radicals, are the most effective way to defend against ROS-mediated damage.
Overall, a medication with integrated antioxidant and anti-glycation characteristics, as well
as potent AG inhibition and reduced AM inhibition, may be the most effective treatment
for diabetes mellitus and its consequences [13].

In this context, the use of fruits and vegetables to prevent diabetes has been the center
of focus. The effects exerted are mainly due to the enormous antioxidant and antihyper-
glycemic potentials present in fruits and vegetables, which indicates the pharmacological
potential of phytochemicals to curb diabetes mellitus. [14,15]. Diabetes mellitus is a chronic
metabolic syndrome produced by a shift in diet and lifestyle from traditional diets rich in
plant-based foods, including legumes, grains, fruits, and vegetables, to more Western-style
diets rich in fat, carbohydrates, and animal-source foods [16,17]. Therefore, traditional diets
rich in bioactive compounds are indeed an effective mode of therapy to achieve long-term
control of diabetes. Thus, the present era can be marked as the period of transition pro-
viding a better scientific basis for phytochemical therapies. It also paves newer avenues
to the modern understanding of dietary interventions known as non-pharmacological
interventions, in the treatment of chronic diseases such as diabetes mellitus [18,19].

To date, several plant species have been investigated for their anti-diabetic potential
against multiple targets. Artocarpus heterophyllus (jackfruit), a member of the Moraceae
family and a common household tree in India and Bangladesh, is the most well-known
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of these species. This tree is very popular for its fruit and timber and is commonly called
“the poor man’s food” because of its abundance and lower cost [20]. Studies have proved
that the fruit contains carotenoids, flavonoids, volatile acids, sterols, and tannins with a
robust antioxidant potential [20,21]. Although information is available on ripe jackfruit in
terms of its composition and health benefits, there is scarce knowledge on its potential in
the treatment of diabetes [20,22].

Therefore, we aim to investigate the anti-diabetic potential of methanol extract of
whole unripe jackfruit flour (MJ) by inhibiting AG and AM, which cause hyperglycemia.
We also aim to evaluate its effect on AR and protein glycation, which cause numerous
diabetic complications. Glycation indicators were evaluated at each stage of glycation,
including fructosamines (early stage), protein carbonyls (middle stage), and AGEs (late
stage). Moreover, the isolation of active compounds responsible for the beneficial properties
followed by computational approaches to evaluate their druggability and ability to bind to
the target proteins was also carried out.

2. Materials and Methods
2.1. Plant Material

In May 2019, whole mature and unripe jackfruits (94–101 days) were collected in
Chandra Bakke cultivar nurturing farms of Nanjangud, Karnataka, India (geographical
coordinates: 12◦9′12.88′′ North 76◦42′51.01′′ East), and authenticated (MYS 457869) by the
Department of Horticulture, Government of Karnataka, Mysore, India, which also housed
voucher specimens. Before being sliced into bits, the samples were rinsed under running
tap water. They were then shade-dried before being milled into flour and kept at 4 ◦C
until needed.

2.2. Extraction

Using the Soxhlet apparatus (Borosil, Mumbai, Maharashtra, India), crude extracts
of whole jackfruit flour were obtained by extracting 500 g of dried whole jackfruit (peel
with pulp, flake, and seed) with solvents of increasing polarity (chloroform, ethyl acetate,
acetone, methanol, and water). The solvents used for extraction were of analytical grade
(99%) and were procured from Merck (Mumbai, India). The methanol extract was selected
for further studies as it was found to be more active on the basis of antioxidant and anti-
diabetic potential. The yield of the crude methanol extract was 70 g. This crude extract was
fractionated using a series of column chromatography into petroleum ether, ethyl acetate,
and n-butanol fractions. The active ethyl acetate soluble fraction was chromatographed on
a silica gel column and successively eluted with stepwise linear gradients of chloroform:
methanol. The most active fraction (90:10) was further chromatographed on a Sephadex
LH-20 column (Mitsubishi Chemical Corporation, Tokyo, Japan) with methanol solvent to
obtain rutin (Supplementary Materials Figure S1).

2.3. Inhibition Assay and Kinetics for AM, AG, and AR Inhibitory Activity

The crude extracts, fractions, and isolated rutin were evaluated for anti-diabetic target
enzyme inhibition (AM, AG, and AR). All the test samples (crude extracts, fractions, and
rutin) with varying concentrations (0–1000 µg/mL) were dissolved in dimethyl sulfoxide.
Acarbose (AG and AM) and quercetin (AR) were used as the positive controls. The
inhibition tests for AM (EC 3.2.1.1, type-VI B porcine pancreatic amylase), yeast AG (EC
3.2.1.20, type-1 α-glucosidase), and human recombinant AR were performed using starch
(1%), pNPG (0.5 mM), and DL-glyceraldehyde (5 mM), respectively, as described earlier [7].
By comparing the absorbance change of the test samples to that of the control, the inhibitory
activity was assessed. Using the formula below, the results were reported as a percentage
of enzyme inhibition (AM, AG and AR).

Inhibition (%) = A (control)−A (sample)/A (control) × 100
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Each experiment was carried out three times with the necessary blanks. The inhibitory
activity of the test samples were represented by the least-squares regression line of loga-
rithmic concentrations plotted against percent inhibition, which yielded the IC50 values
(µg/mL). When compared to the control, this number (IC50 values) shows the concentration
of test samples that can inhibit enzyme activity by 50%. The inhibition kinetics of AM, AG,
and AR were determined using the method described by Maradesha et al. (2022) [20].

2.4. Assay for Antioxidant Activity

According to a previous study by Razali et al., 2008 [23], the antioxidant activity
was assessed under in vitro conditions using the DPPH (2,2-diphenyl-1-picryl-hydrazyl-
hydrate), superoxide, and ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid))
radical scavenging activities. The tests were conducted in triplicates. Their potential radical
scavenging capability was represented by EC50 values. An EC50 value implies scavenging
of 50% of free, cation, and anion radicals.

2.5. Analysis of Phenolic Compounds and Ascorbic Acid by HPLC

With a few minor modifications in the protocol, the identification of phenolic com-
pounds from methanol extract of whole jackfruit flour (MJ) was conducted according to
Seal (2016) [24]. With a photodiode array (PDA) detector and a reverse phase C18 (250 mm
4.6 mm, Supelco) column, the HPLC system (Agilent Technologies, Santa Clara, CA, USA)
was run at 37 ◦C with a flow rate of 0.8 mL/min and an injection volume of 20 µL. Methanol
(solvent A) and 0.1% formic acid (v/v) in water (solvent B) made up the mobile phase. From
0 to 55 min, the elution gradient was 85% A and 15% B; from 55 to 57 min, 20% A and 80% B;
from 57 to 60 min, 85% A and 15% B. The phenolic compounds peak areas were compared
to those of the standards viz. ascorbic acid, gallic acid, catechin, methyl gallate, caffeic
acid, syringic acid, rutin, p-coumaric acid, sinapic acid, ferulic acid, myricetin, quercetin,
apigenin, and kaempferol (Supplementary Materials Figure S2).

2.6. Determination of Total Flavonoid Content (TFC) and Total Phenol Content (TPC)

The TFC was evaluated using a modified protocol by Ordon et al. (2006) [25]. Fur-
thermore, 200 µL of a 0.5 mol/L sodium carbonate solution was mixed with one milliliter
of MJ of different concentrations (0–1000 µg/mL). The mixture was added to 200 µL of
0.3 mol/L aluminum chloride crystalline after standing for 5 min, and the mixture was then
incubated for an additional 5 min. The reaction system was then added with 1.0 mL of 1 M
NaOH, and the absorbance was measured at 510 nm in comparison to a blank. Quercetin
equivalents per gram of dry weight (QE/g) were used to calculate and express the results.

By the Folin–Ciocalteu method, the TPC in MJ was determined as per Shuxia et al.
(2013) [26]. In brief, 5.9 mL of water was used to dilute MJ (100 µL) of different concen-
trations (0–1000 µg/mL) before they were mixed. In addition, 200 µL of Folin–Ciocalteu
reagent was added, and 2 mL of sodium carbonate solution was added 1 min later to
the mixture. A 120-min reaction at room temperature and dark conditions was given to
the mixture before the absorbance at 735 nm was obtained. Results were represented in
milligrams of gallic acid equivalents (GAE/g) and compared to a reference of gallic acid.

2.7. Separation and Identification of Rutin

The methanol extract was chosen for the extraction of bioactive constituents because of
its inhibitory potential (AG, AM, and AR), yield, and antioxidant capabilities. The methanol
extract of whole jackfruit flour (MJ) was subjected to phytochemical profiling [27]. First,
70 g of MJ was fractionated using column chromatography (90 cm × 3 cm) on silica gel
(100–200 mesh) and eluted with analytical grade (99%) solvents such as ethyl acetate,
petroleum ether, and n-butanol (500 mL). Next, the soluble fractions (petroleum ether:
7 g; ethyl acetate: 8 g; n-butanol: 6 g) were collected (21 fractions), concentrated (flash
evaporation), and then tested for anti-diabetic and antioxidant activities. The active ethyl
acetate soluble fraction (Fr. I-09–15) was chromatographed once more on a silica gel
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column (35 cm–2 cm) and successively eluted with stepwise linear gradients of chloroform:
methanol (100:0; 95:5; 90:10; 80:20; 75:25; 50:50; 25:75; 0:100 v/v). Then, the fractions
were gathered (51 fractions) and spotted on Merck’s F254 pre-coated silica gel plates
(20 × 20 cm). The optimum resolution was obtained in the solvent system of ethyl acetate:
toluene: formic acid (4.5:5:0.5, v/v). Thin Layer Chromatography (TLC) plates were
subjected to iodine fumes to visualize the spot. The fractions (Fr) in the TLC pattern
that had a similar retention factor (Rf) were combined. The anti-diabetic and antioxidant
activity of these fractions were evaluated. The most active ethyl acetate soluble fraction
Fr. II (37–42) was again separated using silica gel column (30 cm × 2 cm) chromatography
with a 90:10 mixture of chloroform and methanol, followed by re-chromatography using a
Sephadex LH20 column with methanol as the eluting solvent to yield rutin (Supplementary
Material Figure S1). Rutin (96 mg) was isolated from Fr. II (37–42) with a single spot-on
TLC with ethyl acetate: toluene: formic acid (4.5:5:0.5, v/v) as the mobile phase.

2.8. Structural Elucidation

Fourier transform infrared (FT-IR) (Thermo Fisher Scientific, Rockford, IL, USA),
LCMS2010A (Shimadzu, Tokyo, Japan), and the 1H and 13C Nuclear magnetic spectrom-
eter (NMR) (Bruker Biospin Co., Karlsruhe, Germany) with deuterated chloroform or
chloroform-d (CDCl3) as a solvent were used to determine the chemical structure of rutin.

2.9. Multiple Stages of the Human Serum Albumin (HSA) Glycation Inhibition Assay

The antiglycation potential of rutin was examined at multiple stages, namely early
glycation product (fructosamine), intermediate (protein carbonyls), and late-stage glycation
end products (AGEs), according to the procedure published in our previous work [1].

2.10. Molecular Docking Simulation

Protein and ligand preparation, binding site prediction, and virtual screening of the
phenolic compounds were conducted according to Patil et al. (2021) [28]. The AG protein
sequence retrieved from UniProt (https://www.uniprot.org/) was used to construct a
homology model using SWISS-MODEL (https://swissmodel.expasy.org/ accessed on 10
July 2022). The protein model was constructed using an x-ray crystal structure of Sac-
charomyces cerevisiae isomaltase (PDB ID: 3AXH), which showed 72% identical and 84%
comparable sequences at a resolution of 1.8 Å [29]. The validation of protein structure using
the Ramachandran plot revealed the presence of 94% of the 9362 residues in favorable
regions [28]. In addition, the X-ray crystal protein structures of AM (PDB ID: 1DHK),
human serum albumin (HSA) (PDB ID: 2BXG), and human AR (HAR) (PDB ID: 1IEI) were
obtained from the RCSB PDB database (https://www.rcsb.org/ accessed on 10 July 2022).
For these proteins, the binding site was predicted using the literature analysis. For AG,
the binding site predicted in the previous study was used [22]. Binding pocket of AG was
placed in a box of 40 Å × 40 Å × 40 Å positioned at x = −17.489 Å, y = −8.621 Å, and
z = −19.658 Å using AutoDock Tools 1.5.6 (Center for Computational Structural Biology
Logo) [28]. Similarly, for AM (22.48 Å × 22.48 Å × 22.48 Å positioned at x = 103.469 Å,
y = 37.176 Å, z = 19.607 Å), HSA (15.02 Å × 15.02 Å × 15.02 Å positioned at x = 8.249 Å,
y = 2.58 Å, and z = −14.75 Å), and HAR (8.25 Å × 8.25 Å × 8.25 Å positioned at
x = −5.06 Å, y = 0.19 Å, and z = 9.94 Å), grid boxes consisting of binding residues were
placed. In case of ligand preparation, phytochemical structures in 3D Spatial Data File (SDF)
format obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/ accessed on 11 July
2022 were converted into PDBQT format using OpenBabel 2.3.1 [30]. After ligand prepa-
ration, the compounds were docked into their respective protein targets using AutoDock
Vina 1.1.2. Acarbose was used as a control for both AG and AM, whereas aminoguanidine
and quercetin were used as a control for HSA and HAR, respectively.

https://www.uniprot.org/
https://swissmodel.expasy.org/
https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
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2.11. Molecular Dynamics Simulation

The docked conformations of target proteins and respective ligands with the most neg-
ative binding affinity were selected, and the molecular dynamics simulation was performed
according to Patil et al. (2021) [31]. The GROMACS-2018.1 software package (The Biophysi-
cal Chemistry department of University of Groningen, Groningen, Poland) was used for
the simulation [32]. The CHARMM36 force field was applied to all the protein–ligand com-
plexes, subsequently obtaining the ligand topology using the CGenFF server [33]. Using
the GROMACS pdb2gmx module, hydrogen atoms were added to the present heavy atoms.
Subsequently, vacuum minimization of 5000 steps was performed utilizing the steepest
descent algorithm. Both protein–rutin and protein–acarbose complexes were placed in a
box of 10 Å distance to the edges. The solvent was added using the TIP3P water model.
Further, by incorporating the appropriate number of Na+ and Cl− counter ions, all the
systems were neutralized. The steepest descent and conjugate gradient methods were
employed to minimize the energy of the systems. A short equilibration in constant number
(N), volume (V), and temperature (T) or NVT and constant number (N), pressure (P), and
temperature (T) or NPT ensembles (1000 ps each) were performed prior to the simulation
run. In total, 12 simulations were run (4 bare protein atoms, 4 protein–rutin complexes, and
4 protein–standard drug complexes) for 100 ns time at 310K temperature and 1 bar pressure.
The protein–ligand root-mean-square deviation (RMSD), root-mean-square fluctuation
(RMSF), radius of gyration (Rg), and solvent accessible surface-area trajectory analysis
(SASA) and ligand hydrogen bond trajectory analysis were conducted by plotting the
respective graphs using XMGRACE 5.1.22 [34].

2.12. Binding Free Energy Calculations

Another application of molecular dynamics simulations and thermodynamics to
analyze the extent of ligand binding with protein is the computation of binding free energy
of a protein–ligand complex. The Molecular Mechanics/Poisson–Boltzmann Surface Area
(MM-PBSA) technique was employed to calculate the binding free energy for each ligand–
protein complex using the g_mmpbsa tool [35]. The binding free energy is calculated
using three components in the g_mmpbsa tool: molecular mechanical energy, polar and
apolar solvation energies, and molecular mechanical energy. The last 50 ns of molecular
dynamics trajectories were used to compute ∆G with dt 1000 frames. The binding free
energy is computed using Equation (1) below, while the free energy of individual complex
components is obtained using Equation (2) below:

∆Gbinding = Gcomplex − (Gprotein + Gligand) (1)

G = (EMM)-TS + (Gsol) (2)

EMM = Ebonded + Enonbonded (3)

Gsol = Gpolar + Gnonpolar (4)

Gsol is the sum of the solvation-free energy, while EMM is the average potential energy
in vacuum. Ebonded indicates the bond length, angle, and torsion angle in Equation (3),
whereas non-bonded van der Waals and electrostatic are observed in Equation (3). The
energy required to transport a solute from vacuum to a solvent is calculated using Equa-
tion (4). The electrostatic and non-electrostatic support for the solvation-free energy is
represented by Gpolar and Gnonpolar [36].

2.13. Statistical Analysis

All three different sets of experiments were conducted in triplicates. The data is
presented as a mean standard deviation (mean ± SE). The computer program SPSS 21.0
version for Windows (Version 21.0, Chicago, IL, USA) was used for statistical analysis.
Duncan’s multiple range tests were performed to establish the study’s significance, followed
by one-way ANOVA. The level of statistical significance was chosen at p ≤ 0.05.
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3. Results
3.1. Isolation and Identification of Rutin from MJ

The methanol extract was chosen for extraction and purification of the bioactive
component responsible for whole jackfruit flour due to its high antioxidant and anti-diabetic
potential (Table 1) in comparison to other solvents (viz. chloroform, ethyl acetate, acetone,
and water). Further, the crude methanol extract was fractionated chromatographically into
three different polarity extracts: petroleum ether, ethyl acetate, and n-butanol. Individual
soluble fractions were then tested for radical scavenging activities (DPPH, ABTS, and
superoxide) and enzyme inhibition (AG, AM, and AR) to calculate the anti-diabetic as
well as antioxidant effects of the extract fractions. Ethyl acetate was found to be the most
effective solvent (in comparison to petroleum ether and n-butanol) in radical scavenging
and anti-diabetic activities, with the lowest IC50 and EC50 values (Table 1). The findings
suggest that bioactive components derived from whole jackfruit flour are more abundant
in the ethyl acetate fraction of the methanol extract. Using column chromatography, the
bioactive component of the ethyl acetate fraction from whole jackfruit flour was extracted
(Supplementary Figure S1).

Table 1. Antioxidant activity and inhibitory potential of crude extracts and its respective fractions of
green jackfruit flour against α-amylase, α-glucosidase, and aldose reductase enzymes.

Extracts
(Ext.)/Fractions (Fr.)

Enzyme Inhibition IC50
x,y (µg/mL) Antioxidant Activity EC50

x,z (µg/mL)

α-Amylase α-Glucosidase Aldose
Reductase DPPH ABTS Superoxide

Chloroform (Ext.) 43.00 ± 0.86 h 24.09 ± 0.14 f 9.00 ± 0.15 d 35.65 ± 0.57 h 35.14 ± 1.25 h 66.25 ± 1.19 i

Ethyl Acetate (Ext.) 36.65 ± 0.14 f 15.00 ±0.88 e 9.68 ± 1.11 e 37.05 ± 1.23 i 32.00 ± 0.00 g 50.80 ± 0.08 f

Acetone (Ext.) 31.00 ± 0.50 e 14.45 ± 0.23 e 8.00 ± 0.04 d 30.66 ± 0.08 f 28.00 ± 0.94 f 52.99 ± 0.37 g

Methanol (Ext.) 27.95 ± 0.10 c 10.10 ± 0.20 c 3.80 ± 1.01 b 24.55 ± 1.52 d 21.00 ± 0.96 c 44.75 ± 1.23 e

Water (Ext.) 47.00 ± 0.86 i 31.15 ± 0.08 g 10.20 ± 1.41 e 44.50 ± 0.02 k 36.65 ± 0.10 h 57.88 ± 1.33 h

Petroleum ether (Fr.) 40.50 ± 1.44 g 30.50 ± 0.54 g 8.50 ± 0.30 d 32.50 ± 0.11 g 39.15 ± 0.88 i 57.00 ± 1.00 h

Ethyl Acetate (Fr.) 26.15 ± 0.15 c 09.00 ± 0.10 b 3.25 ± 0.70 b 23.50 ± 0.35 d 19.06 ± 1.74 b 40.75 ± 0.65 d

n-butanol (Fr.) 31.00 ± 0.77 e 14.50 ± 0.55 e 6.00 ± 1.01 c 28.50 ± 0.80 e 25.00 ± 0.90 e 46.14 ± 1.26 e

Cf:Me (22–30) 28.00 ± 0.34 c 12.00 ± 1.33 d 5.50 ± 0.33 c 27.05 ± 0.12 e 23.00 ± 0.12 d 41.50 ± 1.14 d

Cf:Me (31–36) 27.88 ± 1.87 c 10.75 ± 1.02 c 5.25 ± 0.55 c 27.10 ± 1.09 e 22.15 ± 1.73 c 37.75 ± 1.00 c

Cf:Me (37–42)—Rutin 22.00 ± 0.16 a 07.86 ± 0.33 a 2.75 ± 0.10 a 15.00 ± 0.18 a 10.70 ± 0.47 a 27.05 ± 1.00 a

Cf:Me (43–48) 25.00 ± 0.00 b 09.05 ± 0.40 b 6.33 ± 0.21 c 18.25 ± 1.88 b 18.55 ± 1.11 b 30.30 ± 0.04 b

Cf:Me (49–54) 28.20 ± 1.33 c 10.50 ± 0.66 c 6.00 ± 0.12 c 25.10 ± 1.01 d 25.40 ± 0.75 e 40.06 ± 0.15 d

Cf:Me (55–60) 28.13 ± 0.07 c 09.50 ± 1.10 b 6.50 ± 0.00 c 19.20 ± 1.02 c 20.65 ± 1.66 c 40.00 ± 0.26 d

Cf:Me (61–66) 27.77 ± 1.19 c 08.80 ± 0.56 b 5.05 ± 1.00 c 20.20 ± 1.08 c 23.35 ± 0.68 d 35.66 ± 0.14 c

Cf:Me (67–72) 28.75 ± 0.55 d 10.88 ± 0.16 c 3.90 ± 0.16 b 34.66 ± 0.09 h 26.11 ± 0.54 e 50.00 ± 0.44 f

Positive control * 29.00 ± 0.16 d 11.05 ± 0.23 c 4.00 ± 0.14 b 40.00 ± 0.18 j 31.25 ± 0.02 g 65.00 ± 0.10 i

x Values are reported as mean ± SE. A significant variation between the extracts and fractions is indicated by
the different superscript letters (a–k) are significantly different (p ≤ 0.05) according to Duncan multiple range
test. y The IC50 (µg/mL) value is the sample concentration at which 50% inhibition was achieved. z The effective
concentration of samples required to show 50% antioxidant activity under assay conditions is defined as the EC50
(µg/mL) value. * In the α-amylase and α-glucosidase inhibition assays, acarbose was utilized as a positive control,
but in the aldose reductase assay, quercetin was employed as a positive control.

The bioactive compound was characterized as rutin with the resulting characteristics:
pale yellow amorphous powder. Melting point: 242 ◦C. UV (methanol): λmax 359 nm. IR
(KBr): 3520–3610 cm −1 (OH). 1H NMR (DMSO): δ 1.21 (s, 3H, CH3), 3.48 (m, 6H, 6-HO-CH),
3.75 (d, 2H, O-CH2), 3.9 (d, 1H, -O-CH), 4.15 (bs, 6H, 6-OH), 4.2 (q, 1H, -O-CH-C), 5.1 (s,
2H, 2-O-CH), 5.55 (bs, 4H, 4-OH), 6.2–6.6 (m, 5H, Ar-H). 13C NMR (DMSO): δ 16.8, 64.5,
70.6, 71.8, 73.2, 73.5, 73.6, 73.9, 75.9, 77.7, 92.7, 98.0, 98.3, 104.5, 105.5, 113.6, 117.2, 120.4,
124.4, 135.1, 146.5, 147.2, 154.9, 160.1, 163.9, 166.4, 178.3. MS: m/z 611 (M+1). Analytical
calculated data for C27H30O16 (610.15): C, 53.12; H, 4.95. Found: C, 53.15; H, 4.93%. On
the basis of the previously mentioned findings (Supplementary Materials Figures S3 and
S4), as well as comparisons with NMR and MS data in the literature, the identity of rutin
was determined [37,38]. These results concur with our HPLC findings that rutin was found
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in the methanol extract (Table 2). Additionally, the total phenolic content (253.7 mg GAE
per g) and total flavonoid content (602.20 mg QE per g) of MJ was found to be high.

Table 2. HPLC study of phenolic components in methanol extract of green jackfruit flour.

Sl. No. Name Ret. Time Area Height Concentration
(µg/mg)

1 Ascorbic acid 4.223 294,491 35,608 17.29
2 Gallic acid 5.712 96,769 16,767 5.69
3 Catechin 11.520 73,497 7891 4.32
4 Methyl gallate 12.436 30,776 3117 1.81
5 Caffeic acid 14.586 21,652 2539 1.27
6 Syringic acid 15.033 14,842 2119 0.87
7 Rutin 18.396 11,618 1976 0.68
8 p-Coumaric acid 19.068 15,034 2077 0.88
9 Sinapic acid 19.851 38,537 6079 2.26
10 Ferulic acid 20.996 55,995 6370 3.29
11 Myricetin 23.226 17,352 2102 1.02
12 Quercetin 28.368 11,515 1267 0.68
13 Apigenin 32.265 96,531 8183 5.67
14 Kaempferol 34.993 107,714 10,321 6.32

3.2. Effect of Isolated Fractions on Multiple Diabetic Enzyme Inhibition

Table 1 shows the inhibitory activity of isolated fractions derived from methanol
extraction of green jackfruit flour on AG, AM, and AR. Rutin isolated from methanol
extract inhibited all the enzymes (IC50: 22.00 µg/mL (AM); IC50: 7.86 µg/mL (AG); IC50:
2.75 µg/mL (AR) more effectively than all other isolated fractions. Under the same condi-
tions, acarbose and quercetin exhibited IC50 values of 29.00 µg/mL (AM), 11.05 µg/mL
(AG), and 4.00 µg/mL (AR), respectively, indicating that MJ and its isolated fractions had a
stronger inhibitory impact in this experiment. Rutin and all isolated fractions demonstrated
considerably higher (p ≤ 0.05) IC50 values than acarbose and quercetin on yeast AG, AM,
and AR.

3.3. Enzyme Kinetics of Multiple Diabetic Enzyme Inhibition by Rutin

To elucidate the manner of AM, AG, and AR inhibition, kinetic analysis was performed
for rutin by incubating with different doses of starch (0.5–8%), pNPG (4-Nitrophenyl-β-D-
glucopyranoside) (0.25–4 mmol L−1), and DL-glyceraldehyde (2.5–40 mmol L−1), respec-
tively, in the absence (control) or presence of rutin at IC20, IC40, and IC60 inhibitory con-
centrations (µg/mL). Lineweaver–Burk (LB) plots in the reaction were used to determine
the mode of inhibition, Km, and Vmax values. Figure 1A–C illustrate LB plots of rutin
against the inhibition of AM, AG, and AR, respectively. The results show that rutin caused
a decrease in Vmax values compared to the control, with a corresponding increase in Km
value (without substantial change in Km values), which is typical of reversible, mixed-type
plots. Competitive and non-competitive inhibition are combined in mixed-type inhibition.
The kinetic manner of inhibition of starch, pNPG, and DL-glyceraldehyde by rutin was
mixed, with increasing concentrations resulting in a succession of lines on the y-axis with
the same intercept but various gradients. Rutin exhibited a mixed-type of inhibition against
all the enzymes tested viz. AM (K1: 8.80 µg/mL; K2: 12.34 µg/mL), AG (K1: 11.50 µg/mL;
K2: 15.15 µg/mL), and AR (K1: 37.86 µg/mL; K2: 59.05µg/mL). K1 and K2 are two types
of inhibitor constants used in mixed inhibition. The kinetics of rutin inhibition against all
the enzymes revealed that K2 values of rutin were greater than K1, indicating that rutin
has a stronger affinity for free enzymes than for enzyme–substrate complexes.
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Figure 1. Rutin inhibitory potential of α-amylase (A), α-glucosidase (B), and aldose reductase (C)
via Lineweaver–Burk plot of substrate-dependent enzyme kinetics. A-amylase, α-glucosidase, and
aldose reductase were incubated with different doses of starch (0.5–8%), pNPG (0.25–4 mmol L−1),
and DL-glyceraldehyde (2.5–40 mmol L−1), respectively, in the absence (control) or presence of rutin
at IC20, IC40, and IC60 inhibitory concentrations (µgmL−1).

3.4. Antioxidant Activities of the Isolated Fractions

DPPH, ABTS, and superoxide radical scavenging assay methodologies were used to
assess the antioxidant properties of the separated MJ fractions (Table 1). In all parameters,
rutin had stronger antioxidant activity than BHA (positive control). Additionally, in
comparison to the positive control, all fractions examined had better radical scavenging
properties (Table 1). The antioxidant activity of the investigated samples, as determined by
DPPH, ABTS, and the superoxide radical scavenging method, might be ordered as follows:
Rutin > MJ > ethyl acetate fractions > BHA in terms of EC50 values.

3.5. Antiglycation Potential of Rutin

In the antiglycation assay, HSA comprising fructose, rutin, or aminoguanidine (posi-
tive control) at varying concentrations was utilized. In sterile circumstances, the reaction
mixture was incubated at 37 ◦C for 21 days. After 21 days, it was clear that rutin had
strong inhibitory actions (at all stages) compared with the positive control with vari-
ous concentrations. Rutin (88%) and aminoguanidine (68%) were found to suppress the
synthesis of fructosamines at a concentration of 100 µg/mL, whilst protein carbonyl com-
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pounds were inhibited at 91% and 70%, respectively. Rutin and aminoguanidine have been
shown to reduce the production of AGE by 51% and 74%, respectively. In the presence of
rutin, thiol shielding values were found to be 82% (concentration 100 µg/mL). Under the
same assay conditions, aminoguanidine (concentration 100 µg/mL) exhibited 75% thiol
group protection.

3.6. Molecular Docking Simulation

Molecular docking simulation results show that rutin had the higher (most negative)
binding affinity among all the ten phenolic compounds screened for the four target proteins,
whereas the controls had a lesser binding affinity. The virtual screening of the compounds
based on the binding affinity and the total number of bonds formed is been detailed in
Table 3. While interacting with AG, rutin also formed the highest non-bonding interactions
(thirteen); nine turned out to be hydrogen bonds. The hydrogen bonds formed by rutin
included ARG 439 (2.71 Å), ASP 349 (2.18 Å and 2.17 Å), HIS 279 (2.95 Å), GLU 276
(2.63 Å), THR 307 (2.29 Å), ARG 312 (3.15 Å), PHE 157 (1.85 Å), and HIS 245 (2.97 Å). Two
hydrophobic interactions, including a pi–pi stacked bond with HIS 279 (5.53 Å), and a
pi–sigma bond with PRO 309 (2.46 Å) were formed. There were two electrostatic pi-anion
bonds formed with GLU 304 (4.17 Å and 3.72 Å). With all these binding interactions, rutin
had a binding affinity of −10.5 kcal/mol, whereas acarbose was found to have only seven
non-bonding interactions with all of them being hydrogen bonds. These include GLU 304
(2.36 Å), SER 308 (1.92 Å), HIS 279 (2.49 Å), THR 307 (2.55 Å), PHE 157 (3.56 Å), HIS 239
(3.02 Å), and PRO 309 (1.77 Å). With these binding interactions, acarbose was predicted with
−8.2 kcal/mol binding affinity. The binding interactions of rutin and acarbose with AG are
visualized in Figure 2. In the case of AM, rutin bound with the key residue was involved
with the catalytic mechanism, GLU 233 with two hydrogen bonds (2.85 Å) and (2.16 Å). In
total, rutin was predicted with ten non-bonding interactions, in which seven of them were
found to be hydrogen bonds. Apart from GLU 233, it formed five hydrogen bonds with HIS
101 (2.42 Å), HIS 299 (2.94 Å), ARG 195 (2.11 Å), TYR 151 (1.93 Å), and HIS 201 (2.04 Å). It
also formed hydrophobic pi–pi bonds with TRP 59 (5.13 Å and 4.53 Å) and TYR 62 (4.65 Å).
With these interactions, rutin had a binding affinity of −10.2 kcal/mol. While binding
with AM, acarbose interacted with the GLU 233 with a single hydrogen bond (2.40 Å).
However, apart from this, it was predicted with only four hydrogen bonds with HIS 101
(2.71 Å), TRP 59 (2.68 Å), ASP 300 (2.78 Å), and ASN 298 (2.75 Å). Acarbose did not form
any hydrophobic or electrostatic bonds, and it had a binding affinity of −8.9 kcal/mol. The
binding interactions of rutin and acarbose with AM are visualized in Figure 3. Both rutin
and aminoguanidine are bound with the same binding site in the case of HSA, which is
located at the subdomain IIIA, bound with co-crystallized ligand ibuprofen. Rutin formed
a total of fourteen non-bonding interactions, where six of them were found to be hydrogen
bonds. In the subdomain IIIA, rutin was predicted to bind with the key residues such as
ASN 489 (2.39 Å), ARG 410 (2.19 Å), TYR 411 (2.57 Å), and VAL 433 (2.55 Å) with hydrogen
bonds. Two hydrophobic pi–alkyl bonds were formed with VAL 433 (4.64 Å) and LEU 430
(5.44 Å). In addition, rutin formed a pi–sigma bond with LEU 453 (4.61 Å). Apart from these
interactions, rutin bound with ASN 391 with two hydrogen bonds (1.87 Å and 3.26 Å), CYS
438 (4.94 Å) with a pi–sulfur bond, and ALA 449 (4.66 Å) with a pi–alkyl bond. With these
interactions, rutin had a binding affinity of −9.9 kcal/mol. However, aminoguanidine was
not able to bind properly with HSA. It had formed only two hydrogen bonds with ARG
485 (2.93 Å and 2.86 Å). There were two unfavorable bonds present, LYS 414 (3.04 Å and
TYR 411 Å). With these bonds, aminoguanidine had a binding affinity of −6.4 kcal/mol.
The visualization of binding interactions of rutin and aminoguanidine with HSA is given
in Figure 4. In addition, both rutin and quercetin occupied the same binding site of the
co-crystallized ligand zenarestat, which is located near to the NADPH binding site. Rutin
formed a total of ten non-bonding interactions with HAR, including six hydrogen bonds.
The hydrogen bonds included TYR 48 (1.81 Å), TRP 111 (1.78 Å), TRP 20 (2.52 Å), VAL
47 (2.93 Å), GLN 49 (2.45 Å), and PHE 122 (2.14 Å). It also formed three pi–alkyl bonds
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with CYS 298 (3.58 Å), TRP 219 (4.98 Å), and PRO 218 (5.48 Å). Altogether, rutin’s binding
affinity was −10.2 kcal/mol with these interactions, whereas quercetin formed a total of
eight non-bonding interactions, which included a single hydrogen bond. It is bound with
TRP 20 (5.03 Å) and TRP 111 (5.74 Å and 5.22 Å) with hydrophobic pi–pi bonds. It is also
bound with LEU 300 with (5.13 Å and 3.63 Å). However, two unfavorable bonds with CYS
298 (2.39 Å) and TYR 309 (2.42 Å) were also present. With these interactions, quercetin was
found with a binding affinity of −7.8 kcal/mol. The visualization of binding interactions of
rutin and quercetin with HAR is depicted in Figure 5.

Table 3. Binding affinity, total number of non-bonding interactions, and hydrogen bonds formed by
phenolic compounds during docking simulation.

Sl. No.
Name of the
Compound

α-Glucosidase α-Amylase HSA HAR

BA NB HB BA NB HB BA NB HB BA NB HB

1 Ascorbic acid −5.2 3 2 −7.5 7 2 −8.1 8 2 −6.2 5 1
2 Gallic acid −6.4 3 2 −8.2 8 1 −7.7 7 2 −7.8 6 0
3 Catechin −6.4 2 1 −9.1 5 2 −7.1 6 2 −8.3 8 2
4 Methyl gallate −8.2 5 4 −8.1 6 3 −6.4 9 3 −7.2 4 3
5 Caffeic acid −5.9 8 5 −6.2 5 1 −7.0 8 4 −8.2 7 1
6 Syringic acid −8.4 11 6 −9.1 9 4 −8.9 10 5 −9.0 8 4
7 Rutin −10.5 13 9 −10.2 10 7 −9.9 14 6 −10.2 10 6
8 p-Coumaric acid −5.8 7 5 −8.3 9 6 −9.1 7 1 −9.7 9 3
9 Sinapic acid −5.6 8 4 −7.2 7 3 −8.4 8 2 −8.2 5 2

10 Ferulic acid −8.0 6 5 −6.5 8 3 −7.1 8 2 −6.2 8 3
11 Myricetin −9.1 5 5 −8.9 5 2 −9.2 7 4 −7.8 6 5
12 Apigenin −8.1 6 2 −7.2 8 2 −8.1 5 2 −8.6 5 2
13 Kaempferol −8.5 7 3 −8.0 7 5 −7.4 6 3 −9.1 7 6
14 Acarbose −8.2 7 7 −8.9 5 5 - - - - - -

15 Amino-
guanidine - - - - - - −6.4 2 2 - - -

16 Quercetin - - - - - - - - - −7.8 8 1

Note: BA: binding affinity in kcal/mol, NB: Total number of non-bonding interactions, HB: Total number of
hydrogen bonds, HSA: human serum albumin, HAR: human aldose reductase.

3.7. Molecular Dynamics Simulation

Since rutin had the highest number of interactions and the most negative binding
affinity, it was selected for simulation. Based on the results obtained from the simulations
that were run for 100 ns, trajectories were plotted in terms of RMSD, RMSF, Rg, SASA, and
ligand hydrogen bonds. The stability of the protein–ligand complexes is depicted in the
RMSD plot of the simulation. The Rg plot plots illustrate the structural compactness of the
molecules by calculating their RMSD with respect to the central axis of rotation. The RMSF
plots show a particle’s average deviation from a reference point over time. It examines
the regions of the protein–ligand complex or protein backbone structure that differ the
most/least from the mean. Furthermore, the area around the hydrophobic core created
between protein–ligand complexes is shown in the SASA plots. Since few hydrogen bonds
were concurrently disrupted and rebuilt, it is critical to calculate the number of hydrogen
bonds produced during the simulation.
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Figure 2. Visualization of docking simulation of experimental compounds with α-glucosidase. (A,B) 
Interaction of rutin acid visualized in 3D and 2D; (C,D) Interaction of acarbose visualized in 3D and 
2D, respectively. Colored: bound residues, turquoise blue: surrounding residues. 

Figure 2. Visualization of docking simulation of experimental compounds with α-glucosidase.
(A,B) Interaction of rutin acid visualized in 3D and 2D; (C,D) Interaction of acarbose visualized in 3D
and 2D, respectively. Colored: bound residues, turquoise blue: surrounding residues.
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respectively. Colored: bound residues, turquoise blue: surrounding residues. 

Figure 3. Visualization of docking simulation of experimental compounds with α-amylase. (A,B) In-
teraction of rutin visualized in 3D and 2D; (C,D) Interaction of acarbose visualized in 3D and 2D,
respectively. Colored: bound residues, turquoise blue: surrounding residues.
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Figure 4. Visualization of docking simulation of experimental compounds with HSA. (A,B) Interac-
tion of rutin visualized in 3D and 2D; (C,D) Interaction of aminoguanidine visualized in 3D and 2D,
respectively. Colored: bound residues, turquoise blue: surrounding residues.
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Figure 5. Visualization of docking simulation of experimental compounds with HAR. (A,B) Inter-
action of rutin visualized in 3D and 2D; (C,D) Interaction of quercetin visualized in 3D and 2D, 
respectively. Colored: bound residues, turquoise blue: surrounding residues. 

Figure 5. Visualization of docking simulation of experimental compounds with HAR. (A,B) Inter-
action of rutin visualized in 3D and 2D; (C,D) Interaction of quercetin visualized in 3D and 2D,
respectively. Colored: bound residues, turquoise blue: surrounding residues.
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The simulation trajectories obtained for AG complexed with rutin and acarbose re-
vealed that all the RMSD plots become stabilized after 20 ns, reaching equilibrium after
initial fluctuations. The RMSD value of bare protein atoms and the protein–rutin complex
was found to range between ~0.35 and 0.40 nm. On the other hand, the RMSD of the
protein–acarbose complex was found to be between ~0.30 and 0.35 nm. In the case of
bare protein atoms, Rg value was found to be ~3.3 nm, whereas both protein–rutin and
protein–acarbose showed the Rg value ranging between ~2.3 and 2.4 nm. In the case of
RMSF analysis, bare protein atoms were predicted with fluctuations at terminal and loop
regions. However, the protein–acarbose complex showed higher fluctuations than the
protein–rutin complex (200–300 and 400–500 residues). Further, in the case of bare protein
atoms, the SASA value was found to range between 350 and 375 nm2. Both protein–rutin
and protein–acarbose showed similar patterns, with the SASA value of 225 nm2. In the
case of ligand hydrogen bonds, rutin formed a maximum number of nine bonds, whereas
acarbose was able to form only five of them. This indicates the stronger binding affinity and
stability of rutin with the protein compared to acarbose. Even though similar patterns were
observed in case of RMSF, SASA, and Rg, rutin poses a better ligand in comparison with
acarbose during other trajectory analyses. Results from molecular dynamics simulation
reveal rutin as a stable and stronger inhibitor of AG in comparison with acarbose. The
visualization of simulation results for AG is summed up in Figure 6A1–A4.
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Figure 6. Visualization of trajectories obtained from molecular dynamics simulation. (A1–A4):
RMSDs of proteins and protein–ligand complexes for α-glucosidase, α-amylase, HSA, and HAR,
respectively. (B1–B4): Rg, (C1–C4): RMSF, (D1–D4): SASA, and (E1–E4): ligand hydrogen bonds.
Green: protein backbone atoms, orange: protein–rutin complex, red: protein–acarbose complex, blue:
protein–aminoguanidine complex, violet: protein–quercetin complex.

In the case of AM, the RMSD plots reveal that protein backbone and protein–acarbose
complex becomes stabilized at 30 ns, whereas the protein–rutin complex becomes stabilized
at 35 ns. However, both bare protein atoms and protein–rutin complexes become equili-
brated at between 0.3 and 0.35 ns, and the protein–acarbose complex becomes equilibrated
at between 0.35 and 0.40 ns. Meanwhile, the RMSD plots of the protein backbone and
protein–acarbose complex are not found to be as concurrent as that of the protein–rutin
RMSD plot. The Rg plots also depict the same pattern, where all the plots equilibrate at
2.3 nm. However, plots of the protein–rutin complex and bare protein atoms are more
concurrent with each other. The RMSF plots depict the comparative instability of the
protein–acarbose complex, where the fluctuations at loop regions (about 350th residue)
were found to be higher (0.8 nm) than that of the protein–rutin complex plots (0.45 nm). The
SASA plots reveal that both protein backbone atoms and protein–rutin complex become
equilibrated at between 185 and 190 nm2, whereas the protein–acarbose complex becomes
equilibrated at 180 nm2. This brings interference in the concurrency between the plots of
bare protein atoms and the protein–acarbose complex. Further, acarbose was predicted to
form five hydrogen atoms during MD simulation, whereas rutin was found with seven of
them. Results from these simulations depict that rutin had comparatively higher stability
than acarbose. The visualization of MD trajectories of AM complexed with experimental
molecules is given in Figure 6B1–B4. During the analysis of MD simulation results of HSA
with rutin and aminoguanidine, it was found that the RMSD of plots of both bare protein
atoms become stabilized after 15 ns. Moreover, the protein–aminoguanidine complex be-
comes stabilized after 40 ns. The concurrency between the RMSD plots of protein backbone
atoms and protein–rutin complexes was found to be higher in comparison with that of the
protein–acarbose complex and bare protein atoms. The Rg plots also reveal the structural
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compactness of the protein–rutin complex over the protein–aminoguanidine complex,
where both bare protein atoms and protein–rutin complexes become equilibrated at 2.6 nm
and the protein–aminoguanidine complex at between 2.5 and 2.6 nm. The RMSF plots show
that the protein–aminoguanidine complex had higher fluctuations in comparison with
that of the protein–rutin complex throughout the simulation run. However, protein–rutin
was found with fluctuations only in the loop regions (about 300th residue) and c-terminal
regions. In the case of the SASA plots, all the plots become equilibrated at between 250
and 265 nm2. However, the SASA plot of the protein–aminoguanidine complex was not
in concurrence with that of the bare protein atoms. Further, aminoguanidine formed only
three hydrogen bonds at the maximum during the simulation, whereas rutin formed four
of them during the same. Figure 6C1–C4 detail the visualization of the MD trajectories
obtained for the HSA complexed with rutin and aminoguanidine. In the case of HAR, the
RMSD plots of bare protein atoms, protein–rutin complex, and protein–quercetin complex
became stabilized after the initial fluctuation at 5 ns. All the plots become equilibrated in
the range from 0.3–0.4 nm. However, the RMSD plot of the protein–rutin complex appears
to have more concurrency with that of the bare protein atoms, in comparison with the
protein–quercetin plot. The Rg plots also depict the same pattern, where bare protein
atoms and the protein–rutin complex equilibrate at between 1.85 and 1.875 nm, whereas the
protein–quercetin complex equilibrates at between 1.875 and 1.90 nm. In the case of RMSF
plots, the protein–quercetin plot shows more fluctuations at loop regions (100–150 residues,
200–250 residues), in comparison with the protein–rutin complex. However, at terminal
regions, fluctuations of the protein–rutin complex were found to be high. Moreover, the
protein–rutin complex was predicted with minimal fluctuations throughout the simula-
tion. The same pattern was continued with the SASA plots, where bare protein atoms
and protein–rutin complexes were predicted with the SASA value of between 135 and
140 nm2, yet the protein–quercetin complex was found with the SASA value of between
130 and 135 nm2. In the case of ligand hydrogen bonds, both quercetin and rutin were able
to form an equal number of hydrogen bonds (five) during the course of MD simulation.
Visualization of MD trajectories obtained for HAR complexed with rutin and quercetin is
depicted in Figure 6D1–D4.

3.8. Binding Free Energy Calculations

The extent of binding is represented by the binding free energy of ligands bound
to protein structures. Binding free energy is released during the creation of a protein–
ligand complex and is used to determine whether or not the complex is stable. The
creation of a stable complex is better described by binding free energy with a lower value.
Van der Waal’s, electrostatic, polar solvation, SASA, and binding energy were used to
calculate the binding free energy in this case. In this experiment, the AG–rutin complex
(−324.712 kj/mol) showed the highest binding free energy in comparison with all the other
complexes. It significantly used van der Waal’s force to form. In comparison with the
other binding free energies, van der Waal’s was found to be the major contributor to the
protein–ligand complexes. In addition, all the protein–rutin complexes were found to have
higher (more negative) binding free energies in comparison with all the protein–control
drug complexes. Results from binding free energy calculations support the results obtained
from MD simulations in terms of stability and binding efficiency. Types of binding free
energies and standard deviations of all protein–ligand complexes have been summarized
in Table 4.
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Table 4. Binding free energy calculations of target proteins complexed with experimental ligands.

Protein-Ligand
Complexes

Values and
Standard

Deviations

Types of Binding Free Energies

Van der Waal’s
Energy

(kj/mol)

Electrostatic
Energy

(kj/mol)

Polar
Solvation

Energy
(kj/mol)

SASA Energy
(kj/mol)

Binding
Energy

(kj/mol)

α-glucosidase-rutin EV −324.712 −5.382 92.618 −24.746 −260.222
SD ±21.580 ±4.082 ±13.384 ±1.441 ±21.396

α-glucosidase-
acarbose

EV −134.192 −4.813 62.125 −9.310 −90.102
SD ±180.341 ±9.475 ±58.801 ±14.719 ±145.076

α-amylase-rutin EV −204.258 −2.931 42.572 −16.289 −180.906
SD ±117.430 ±4.057 ±39.446 ±9.495 ±118.715

α-amylase-acarbose EV −130.161 −2.106 39.340 −9.564 −87.109
SD ±100.269 ±22.186 ±54.310 ±6.998 ±61.672

HSA-rutin
EV −161.503 −5.499 55.663 −9.513 −99.851
SD ±41.895 ±6.908 ±34.324 ±3.103 ±22.691

HSA-
aminoguanidine

EV −150.719 −5.127 47.498 −7.981 −81.872
SD ±99.469 ±10.298 ±57.619 ±8.124 ±79.501

HAR-rutin
EV −184.694 −6.705 97.407 −9.678 −93.670
SD ±81.018 ±6.141 ±30.480 ±7.049 ±70.236

HAR-quercetin EV −171.669 −3.291 81.102 −8.781 −85.768
SD ±110.361 ±34.678 ±79.539 ±15.786 ±92.766

Note: EV: Energy values, SD: standard deviation, HSA: human serum albumin, HAR: human aldose reductase.

4. Discussion

Successful hyperglycemia intervention is critical for reducing the frequency, progres-
sion, and severity of diabetes complications. On the other hand, using a single therapy
technique has not been successful in preventing all of the negative consequences of high
blood glucose levels [39]. As a result, AG inhibitors, AR inhibitors, antiglycation medica-
tions, and antioxidants may be viable choices for lowering the negative impact exerted by
persistent circulating glucose. Numerous studies have demonstrated that basic plant extract
as well as bioactive combinations produced from it can aid in the reduction of blood glucose
levels [40,41]. Enumerable studies have shown that the unrefined plant concentrate, as well
as its bioactive molecules present in these extracts, are effective in lowering blood glucose
levels. In this regard, several bioactive ingredients isolated from plants have been identified
for their potential glucose-lowering abilities [41]. Rutin is one such plant flavonoid that has
anti-diabetic activity induced via reducing the expression of insulin-resistant molecules,
enabling the interaction between insulin and its receptors, inducing adipose tissue perox-
isome proliferator-activated receptor (PPAR) expression and adipocyte-derived protein
production, according to studies through molecular and physiological mechanisms [42].
Chen et al. (2020) demonstrated in an animal study that rutin-containing formulations
significantly improved serum insulin and C-peptide concentrations, hexokinase, hyper-
lipidemia, liver glycogen content, hyperglycemia, glucose-6-phosphatase, and glycogen
phosphorylase activities in type 2 diabetes mellitus (DM) rats that were orally treated
with rutin [43]. Rutin caused a significant improvement in peripheral glucose levels in
rat diaphragm studies. It has demonstrated potent antioxidant properties observed by its
lowering abilities on lipid peroxidation and the generation of thiobarbutiric acid reactive
species (TBARS).

The metabolic process in the body is initiated by the conversion of dietary glucose
into energy, which is utilized primarily by AM and AG [44]. In the present study, rutin
extracted from jackfruit flour was discovered to be a potent AG and AM inhibitor. An LB
plot obtained from the kinetics data to explore the mechanism underlying this inhibition
demonstrated a reversible, mixed pattern of inhibition. Mixed-type inhibition is a cross
between competitive and non-competitive inhibition, with two different types of equilib-
rium constants, K1 and K2. The higher the inhibition, the lower the equilibrium constant.
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The inhibition constants (K1 and K2) were found to have lower values in this study, and
K1 values were always smaller than K2 values. From the study, it was revealed that rutin
inhibits both AM and glucosidase, which is in line with earlier research [45]. The mixed
form of inhibition was previously observed in flavonoids with comparable results [46].

When diabetes persists, excessive free glucose units cause a number of secondary
problems, which must be considered while developing an optimal anti-diabetic treatment.
In addition, the polyol pathway, which is a part of the intermediate metabolism, is harmed
when glucose levels are too high [47]. According to studies, roughly 3% of glucose is
metabolized through this route in normoglycemic situations, whereas glucose consumption
increases to more than 30% in hyperglycemic states [48]. The AR catalyzes the conversion of
glucose to sorbitol and serves as the pathway’s rate-limiting step. Despite evidence that AR
has a role in the detoxification of aldehydes, a by-product of lipid peroxidation, its role in
carbohydrate metabolism is unknown. However, its inhibition has been known to prevent
the development of diabetic retinopathy, which constitutes one of the serious complications
of diabetes [49]. In the present study, rutin showed to be a potent AR inhibitor faring
better than the reference standard quercetin. The LB plot demonstrated that the compound
inhibited AR in a mixed-type manner. Flavonoids have been reported to alter carbohydrate
digestion, insulin generation, insulin signaling, and glucose absorption in insulin-sensitive
organs via interacting with several intracellular signaling pathways [50]. The link between
flavonoid structure and AR inhibitory function has been discovered through various
studies on flavonoid structure. In agreement with these studies, rutin also demonstrated
an inhibitory effect of AR, and, in turn, exerting its effect on the polyol pathway.

Protein glycation is considered to possess some of the serious complications of di-
abetes [51]. Glycation of various proteins occurs when there is too much glucose in the
bloodstream, rendering them inactive. Fructose has recently been discovered in glycation,
either directly or through promoting fructose formation from glucose by activating the
polyol pathway [7]. Fructose participates in glycation at a quicker pace than glucose,
meaning greater adverse effects. The nucleophilic addition reaction between the free amino
group of proteins and the carbonyl group of the reducing sugar initiates the creation of a
Schiff’s base, which results in irreversible Amadori products, such as fructosamines [7,20].
In the second stage of glycation, fructosamines are converted to a range of carbonyl com-
pounds, including deoxyglucosones glyoxal and methylglyoxals, resulting in the formation
of carbonyl proteins. The progression of this condition results in the formation of protein
thiols. Overall, the progressive glycation process results in the formation of advanced
glycation end products (AGE), the insoluble luminous products that bind to glycated
proteins and accumulate in cells. They hinder normal protein function within the cells and
create irregular cross-linking of the extracellular matrix, preventing it from performing
its normal function [20]. Aside from causing vascular problems, AGEs also cause the
development of reactive oxygen species (ROS), which has been related to the majority of
diabetes problems [20,52].

With this background, in the present study, the initial stage of protein glycation was
performed under in vitro conditions by exposing HSA to high fructose concentrations,
which was expected to glycate HSA. Fructosamine levels were higher than non-glycated
HSA levels in our study, as expected, and rutin therapy significantly reduced this, exceeding
the standard inhibitor aminoguanidine [7,20]. The increased protein carbonyl groups
generated after the exposure to a high fructose load, as well as the similarly low levels
of protein thiols, demonstrated the second stage of protein glycation. Treatment with
rutin reduced this to approximately 82%, showing that it has a protective effect. Finally,
the compounds’ ability to create fluorescent products was employed to measure AGE
development in this study; the results revealed that AGE formation was significantly
reduced [7,20]. As a result, the potential role of rutin in avoiding each stage of protein
glycation has been confirmed, indicating that they may be effective in reducing the different
complications arising due to diabetes. Conversely, aminoguanidine, an anti-glycation
experimental drug, was found to be less effective than the compound tested [20].
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Plant extracts have been well-known for their potential antioxidant properties owing
to the presence of several bioactive components [53]. In this regard, in the present study,
the antioxidant potential of rutin was evaluated using some of the standard assays, namely
DPPH, ABTS, and superoxide. Our findings proved that rutin had improved free radical
scavenging activity in all of the tests employed in the study, showing that it has a protective
role against free radical-mediated damage. Several researchers have proven the remarkable
antioxidant potential of flavonoids present in plant extracts [54]. In all of the investigations,
the extracts containing the greatest phenolic compounds and flavonoids were found to
be the most powerful antioxidants, protecting against oxidative damage caused by free
radicals in diseases such as cancer, diabetes, asthma, dementia, Parkinson’s disease, and
others [54]. In agreement with the previous studies, rutin showed noteworthy antioxidant
ability in comparison with that of standard ascorbic acid.

Molecular docking simulations are used to determine the molecular interactions
between ligands and target proteins; they determine the extent of ligand binding, which
indicates whether or not a protein is inhibited or activated [55]. We chose rutin, a flavonoid
found in jackfruit flour to target the inhibition of AG, AM, HSA, and HAR in this work.
Rutin exhibited the highest binding affinity with all of the target proteins, according to the
docking simulation results.

All experimental compounds were bound deep within the binding pocket during the
docking simulation of AG. According to a previous study by Patil et al. (2021), the docking
was accurate [28]. The interaction of rutin was found to be superior to that of acarbose,
despite the fact that both the ligands were found docked inside the binding pocket. The
binding affinity of rutin was high because the number of hydrophobic linkages (pi–pi and
pi–alkyl) was deemed higher than the number of hydrogen bonds [56]. In the case of AM,
HSA, and HAR, rutin showed the same pattern. When compared to other non-bonding
interactions, all four proteins bound with rutin employed more hydrophobic bonds. In all
the four target proteins, control drugs were not able to form more hydrophobic bonds, and
their binding efficiency was not up to the mark of rutin. The binding interaction analysis
of compounds docked with AM shows that both rutin and acarbose were bound to the
key residue GLU 233. However, due to the hydrophobic bonds and other non-bonding
interactions, such as hydrogen bonds, rutin was found to have more binding affinity than
acarbose. Binding to this catalytic residue (GLU 233) would effectively reduce the activity
of AM, as indicated in recent studies [57,58]. Moreover, the binding of rutin to both the
carbohydrate digestion enzymes was in accordance with a previous study conducted by
Osman et al. (2021) [59] and Jhong et al. (2015) [60]; these studies used different sources of
rutin, yet the docking results are similar.

In case of HSA, all the compounds were bound to binding site II, which is made
of 6 helices of subdomain III. Binding site II consists of a polar patch, which consists of
key residues ARG 410, TYR 411, SER 489 LEU 430, and LEU 453. These residues are
present in the vicinity of fatty acid site 4 (FA4), which accommodates the methylene tails
of lipids bound to this site [61]. Moreover, the ligands occupied the same binding site of
the co-crystallized ligand ibuprofen. According to a study, binding into the polar patch
of the binding pocket induces conformational changes in the protein [62]. As rutin was
bound to these key residues of the polar patch of binding site II, it is expected to induce
conformational changes in HSA. However, aminoguanidine was not able to bind to these
residues. The docking results were in accordance with the study performed by Isogai and
Hirayama (2013) [61] and Ali et al. (2022) [63]. While binding with HAR, both rutin and
quercetin occupy the same binding site as the co-crystallized ligand zenarestat, which is
present in the proximity of the NADPH binding site. The NADPH-dependent conversion
of glucose to sorbitol, which is the initial step in the polyol pathway of glucose metabolism,
is catalyzed by HAR [64].

We performed the MD simulations for all the protein–ligand complexes formed as a
result of molecular docking. The overall stability of the protein–ligand combination kept in
a particular environment for a specific period of time is assessed using molecular dynamics
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simulation. Simulating experimental molecules with their target proteins has given variable
results in this study.

In the case of AG, rutin acid is the most stable compound according to all graphs. In
none of the plots was the protein–rutin acid complex predicted with aberrant variations
(RMSD, RMSF, Rg, SASA, and ligand hydrogen bonds). Protein–acarbose complex plots,
on the other hand, were not as similar as the protein–rutin complex with the bare protein
atoms. The simulations of all four target proteins showed the same pattern in case of
rutin. During the simulation study, the concurrent plots of the protein–ligand complex
with the bare protein atoms show a greater binding affinity [65,66]. In the case of AM,
protein–acarbose complex was found to be relatively unstable in comparison with the
protein–rutin complex. Simulated plots of a protein–rutin acid complex were consistent
with earlier research by Kumar et al. (2021) [67].

Further, dynamics simulation trajectory analysis of HSA complexed with caffeic acid
and aminoguanidine showed similar patterns of instability compared with that of the
protein–syringic acid complex. However, a study by Soltanabadi et al. (2018) depicted
the binding stability of cinnamaldehyde [68]. Since the simulation was performed for
only 20 ns, it was difficult to predict the overall stability of the protein–cinnamaldehyde
complex. Moreover, our study clearly established the protein–syringic acid complex as the
stable complex through 100 ns simulation. This result was in accordance with a study that
evaluated the stability of the HSA–phycocyanobilin complex [69]. Furthermore, the relative
instability of the protein–quercetin complex is depicted in the dynamics simulation results
of HAR complexed with the experimental molecules. The protein–rutin complex has been
considered stable in comparison with the protein–quercetin complex. The outcomes of the
HAR simulation were consistent with a study that suggested kusunokinin as a potential
HAR inhibitor [70].

We have also evaluated the binding free energy calculations using the MMPBSA
program to determine the type of binding free energies contributing to the protein–ligand
complex formation during MD simulation. All the complexes significantly used van der
Waal’s energy to form. This was followed by binding and SASA energies. Results from
binding free energy calculations indicate that the formation of protein–ligand complexes
is in accordance with molecular docking and dynamics simulations. Additionally, all the
binding free energy calculations indicate that rutin binds effectively with all the target
proteins in comparison with the control drugs. In the case of AG, rutin had the highest
van der Waal’s binding free energy of −324.712 kJ/mol, which was in accordance with
the study conducted by Adinortey et al. (2022) [71], while binding with AM it had a van
der Waal’s binding free energy of −204.258 kJ/mol. The values obtained in our study
were in accordance with the study by Lolok et al. (2021) for the inhibition of AM [72]. In
another study, Yu et al. (2016) performed binding free energy calculations for the HSA–
paclitaxel complex [73]. The results obtained from our calculations for HSA are found to be
consistent with those given by Yu et al. (2016) [73]. In addition, a similar pattern of results
was obtained for HAR complexed with rutin, which was found to be in accordance with
Ciccone et al. (2022), where nature-inspired o-benzyl oxime-based derivatives bound with
HAR were evaluated for the binding free energy calculations [74].

By the virtue of results obtained in our in vitro and in silico experiments, we propose
rutin as the multi-target inhibitor of diabetes mellitus. In these experiments, it has been
revealed that rutin can effectively inhibit all the enzymes (AG, AM, HSA, and HAR)
effectively. Therefore, rutin would have the same effects in the in vivo studies. Rutin would
decrease blood glucose levels, superoxide ions, and AGE levels. It would also reduce the
production of sorbitol by interfering with the polyol pathway. Overall, it would reduce the
characteristics of diabetes mellitus at different stages. While most phytochemical-based
studies only focus on dual inhibition or single inhibition of target proteins [8], our study
involves the inhibition of multiple proteins using a single phytochemical. Therefore, in
the near future, rutin could be used as a potential inhibitor of the above-mentioned target
enzymes in vivo and in clinical trials.
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5. Conclusions

This study investigates the antihyperglycemic properties of the complete unripe
jackfruit, as well as the polyphenol compound (rutin) that makes it up. Furthermore, MJ
inhibits both the carbohydrate digesting enzymes, in addition to aldose reductase inhibition
and anti-glycation potential. The extract also showed significant antioxidant activity by
reducing the superoxide levels. The positive effects of MJ match those of isolated rutin,
suggesting that rutin could be employed as anti-diabetic medication. Our data clearly
demonstrate the antioxidant properties of MJ and rutin, proposing a link to their anti-
diabetic properties. Furthermore, the presence of large levels of rutin in MJ provided
support for a robust chemical basis for MJ’s anti-diabetic properties. Since rutin is largely
present in the extract, we propose rutin as a potential lead inhibitor of all the target enzymes
used in this study. In computational studies, rutin outperformed all other phytochemicals
and control drugs to become a ubiquitous inhibitor of all target proteins. Based on the
findings of this investigation, a further experimental effort will hopefully be prioritized,
resulting in the effective design and development of novel antihyperglycaemic drugs from
different jackfruit extracts.
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