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ABSTRACT: Type 2 diabetes mellitus leads to metabolic impairment caused by insulin resistance and hyperglycemia, giving rise to
chronic diabetic complications and poor disease prognosis. The heartwood of Pterocarpus marsupium has been used in Ayurveda for
a long time, and we sought to find the actual mechanism(s) driving its antidiabetic potential. Methanol was used to prepare the
extract using a Soxhlet extraction, and the identification of metabolites was performed by thin-layer chromatography (TLC) and
ultraperformance-liquid chromatography and mass spectroscopy (UP-LCMS). The antioxidant potential of methanolic heartwood
extract of Pterocarpus marsupium MHPM was determined using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and a reducing power assay.
The α-amylase and α-glucosidase enzyme inhibitory potential of MHPM were investigated for their antidiabetic activity against
acarbose. TLC-MS-bioautography was performed to identify the compounds responsible for possible antioxidant and antidiabetic
activities. Moreover, targeting protein tyrosine phosphatase 1B (PTP1B), a key regulator of insulin resistance, by identified
metabolites from MHPM through molecular docking and all-atom molecular dynamics (MD) simulations was also undertaken,
suggesting its potential as an antidiabetic herb. The IC50 of free-radical scavenging activity of MHPM against DPPH was 156.342 ±
10.70 μg/mL. Further, the IC50 values of MHPM in α-amylase and α-glucosidase enzymatic inhibitions were 158.663 ± 10.986 μg/
mL and 180.21 ± 11.35 μg/mL, respectively. TLC-MS-bioautography identified four free radical scavenging metabolites, and vanillic
acid identified by MS analysis showed both free radical scavenging activity and α-amylase inhibitory activity. Among the identified
metabolites from MHPM, epicatechin showed significant PTP1B docking interactions, and its MD simulations revealed that PTP1B
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forms a stable protein−ligand complex with epicatechin throughout the progression, which indicates that epicatechin may be used as
a promising scaffold in the development of the antidiabetic drug after isolation from Pterocarpus marsupium. Overall, these findings
imply that Pterocarpus marsupium is a source of valuable metabolites that are accountable for its antioxidant and antidiabetic
properties.

■ INTRODUCTION
Type 2 diabetes (T2D), which is a metabolic disease largely
characterized by hyperglycemia resulting from impaired insulin
secretion, its action or both, leading to metabolic ailments, has
currently become a global epidemic.1 The most common form
of diabetes is type 2 (T2DM), which affects approximately 90%
of diabetic people. Type 1 diabetes (T1D) affects the remaining
10% of patients; this form of diabetes is caused by a lack of
functioning beta cells (insulin-dependent) giving rise to insulin
deficiency, whereas patients with type 2 diabetes (insulin
resistance) are unable to respond to insulin, and this type can be
managed with changes in diet and exercise and medicines.2

T2DMhas been termed as noninsulin-dependent diabetes and is
the most common cause of chronic metabolic ailments,
characterized by higher blood glucose levels due to the
individual’s poor management of insulin, which could progress
to utter resistance in addition to limited β-cell activity in the long
run.3 The World Health Organization’s Fact Sheet on Diabetes
stated that being overweight or obese is the most significant risk
factor for T2DM, which is increasingly being seen in children,
adolescents, and young adults. Diabetes has been expected to
rise from 4% in 1995 to 5.4% by 2025, according to the report
published by the World Health Organization (WHO). The
WHO has forecasted that developing countries would bear the
brunt of the huge numbres of cases of diabetic patients.4

Though the etiology of diabetes is yet unknown, scientific data
suggests that the generation of free radicals or the inability to
scavenge them play an important role in its progression and,
more crucially, the development of diabetes-related complica-
tions. In chronic hyperglycemia, free radicals damage cellular
components, DNA, peptides, and lipids, resulting in altered
physiological activities5 and producing advanced glycation end
products (AGEs), which act directly on cells and cause
inflammation and oxidative stress.2

Diabetes is a complex disease with various complications
associated with its progression, and it necessitates a multi-
therapeutic approach. Various side effects like gastrointestinal
disorders, hypoglycemia, hepatotoxicity, etc.6 of modern
medicine treatment have prompted patients with diabetes to
look for alternative treatments with fewer side effects.7,8 As a
result of the complexity of many phytochemicals, medicinal
plants are a good source of drug discovery and development.
The use of medicinal plants and their derivative products has
grown exponentially, as they have the fewest adverse effects. The
combined effect of phytochemicals present in plants is thought
to be one of the most effective and focused pharmacological
therapies for restoring cellular normalcy against the harmful
effects of various acute and chronic diseases. Traditional
medicine uses at least 1200 varieties of plant species for their
antidiabetic properties. Only a small fraction of these plant
species have been scientifically investigated for their possible
effect on reducing the progression of diseases, and only a few of
them have had their mechanisms of action investigated.9

The deciduous tree Pterocarpus marsupium Roxb. is mostly
found in Sri Lanka and India.10 It is often recognized in Hindi as
Vijaysar and is an important medicinal plant used mostly in

Ayurveda to cure diabetes. Its therapeutic and laxative qualities
are well-known in Ayurvedic medicine. Its blossoms are used to
treat fever, its heartwood is often used as a depurative,
hemostatic, and rejuvenating agent, and its wood is used to
treat chest and body pain, gastritis, and other ailments.11 Over
centuries, the heartwood and bark of Pterocarpus marsupium
Roxb. (PM) have been employed as an antihyperglycemic
treatment.12

However, most studies reported on PM highlight its
antidiabetic effect(s) with scarce information on its molecular
mechanisms in preventing diabetic complications. In this
account, we sought to pursue the antidiabetic potential and
the metabolite fingerprinting of MHPM, as well as its potential
in scavenging the generation of ROS. Further, the molecular
mechanism of its antidiabetic potential was evaluated by in silico
molecular approaches, highlighting epicatechin as an effective
metabolite interacting with and blocking PTP1B. Further
studies, however, are needed to establish epicatechin as an
antidiabetic agent using suitable in vitro and in vivo models.

■ MATERIALS AND METHODS
An HPTLC system (CAMAG, Muttenz, Switzerland), TLC
silica gel 60F254 (Merck KgaA, 64271 Darmstadt, Germany),
and Water’s ACQUITY UPLC system (Waters Corp., MA,
U.S.A.) were used for mass spectrometry analysis. A C18 column
(ACQUITY UPLC BEH C18 1.7 μm, 2.1 × 100 mm), Mass
Lynx V4.1 (Waters, U.S.A.), and HPLC water were used. Α-
amylase, α-glucosidase, pNPG, fast blue, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), quercetin, acarbose, and ascorbic acid
were purchased from Sigma-Aldrich Co., St. Louis, MO, U.S.A.
Collection of Plant Material and Preparation of Plant

Extract. The selected plant material was purchased from
Universal Biotech (Delhi, India) and authenticated as per the
standard protocol specified in the Ayurvedic Pharmacopeia of
India.13 The authenticated plant material was disposed of at the
Bioactive Natural Product Laboratory for future reference with
voucher number JH/BNPL/SA/2020/PM.
Healthy heartwood of Pterocarpus marsupium (PM) was

processed for extract preparation; the plant material was first
rinsed with distilled water and was further dried in the shade for
4 to 5 days. The dried plant part was ground into a fine powder,
and 50 g of the owdered sample was processed in 500 mL of
methanol, at an ambient temperature of 50 °C for 6 h in the
Soxhlet apparatus. Then, after cooling, the extract was filtered
and the filtrate was subjected to dryness using a rotary
evaporator at 40 °C under reduced pressure. The percentage
yield of the extract was calculated, and the extract was stored at 4
°C for further experiments.

% Yield of extract (Weight of dried extract

/Weight of plant material) 100

=

×
Estimation of Total Phenolic and Flavonoid Content.

The total phenol content (TPC) of MHPM was carried out by
the Folin Ciocalteu method.14

The total flavonoid content (TFC) of MHPMwas carried out
by the aluminum chloride colorimetric method.15

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04283
ACS Omega 2022, 7, 46156−46173

46157

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In Vitro Antioxidant Activity of MHPM. The free radical
scavenging potential of the MHPM was determined by 1,1-
diphenyl-2-picryl-hydrazyl (DPPH) assay as per the reported
protocol.16 Briefly, 0.1 mM of DPPH in 1.5 mL of DPPH
solution (0.1 mMprepared in methanol) was mixed with 0.5 mL
of different concentrations of MHPM (15.62−500 μg/mL).
Furthermore, the reaction mixture was left in a dark place for 30
min, and finally, the absorbance of the mixture was measured at
517 nm in a UV−visible spectrophotometer (Shimadzu Corp.
A116354, Japan). Ascorbic acid was used as a reference
standard. The free radical scavenging activity was calculated
by the following equation.

(A0 A1/A0) 100{ } ×
where A0 is the absorbance of the control and A1 is the
absorbance of the extracts or standard.
The % scavenging curve was plotted against the MHPM

concentration, and the half maximal inhibitory concentration
(IC50) of the MHPM was calculated.
The reducing power of the extracts was determined by

evaluating the transformation of Fe3+ to Fe2+ according to the
protocol of Zahiruddin et al.17 Different concentrations of the
MHPM (15.62−500 μg/mL) were mixed with 2 mL of
phosphate buffer (pH 6.7) and 2 mL of potassium ferricyanide
solution. The whole mixture was incubated for 30 min at 45 °C.
After incubation, 2 mL of trichloroacetic acid (10%) was added
to each sample, which was centrifuged for 10 min. After
centrifugation, 5 mL from the upper layer of each sample was
taken and mixed with 5 mL of distilled water and 1 mL of ferric
chloride (0.1%). After continuous shaking, the absorbance of the
solution was measured at 700 nm in a UV−visible spectropho-
tometer (Shimadzu Corp. A116354, Japan). The higher the
absorbance, the greater the reducing power.
In Vitro Enzyme Inhibitory Activity of MHPM. α-

Amylase Inhibitory Assay. α-Amylase inhibitory activity of
the methanolic extract was carried out according to the reported
method with minor modification.18 Briefly, 25 μL of various
concentrations of MHPM or acarbose and 50 μL of α-amylase
solution (4 U/mL in phosphate buffer, pH 6.7) were mixed in a
96-well plate at 37 °C and preincubated for 20 min. The mixture
was again incubated at 37 °C for 30 min by adding 20 μL of
starch (1% in phosphate buffer, pH 6.8). Further, 50 μL of
hydrochloric acid was added to the mixture to stop the reaction,
and 50 μL of iodide solution was added. The absorbance of the
mixture was measured at 580 nm using a Multiplate Reader
spectrophotometer (iMarkMicroplate Reader Bio-Rad, U.S.A.).
Acarbose was used as a standard. The results were expressed as
percentage inhibition, which was calculated using the formula,

Inhibitory activity (%) (1 AbT/AbC) 100= ×

where AbT is the absorbance in the presence of the test
substance and AbC is the absorbance of the control.

α-Glucosidase Inhibitory Assay. α-Glucosidase inhibitory
activity was measured according to the reported method with
minor modifications.19 Briefly, a volume of 20 μL of varying
concentrations of MHPM (0.1, 0.2, 0.3, 0.4, and 0.5 mg/mL)
was mixed with 10 μL of alpha-glucosidase (1 U/mL) in a 96
well plate. The reaction mixture was preincubated at 37 °C for
15 min. The reaction mixture was again incubated at 37 °C for
20min after adding 20 μL of para-nitrophenyl-α-D-glucopyrano-
side (5 mM) as the substrate. Further, 50 μL of sodium
bicarbonate (0.1 M) was added to stop the reaction. The
absorbance of the reaction mixture was measured at 405 nm

using a multiplate reader (iMark Microplate Reader Bio-Rad,
U.S.A.). Acarbose at various concentrations (0.1−0.5 mg/mL)
was used as the standard. The results were expressed as
percentage inhibition, which was calculated using the formula,

Inhibitory activity (%) (1 AbT/AbC) 100= ×

where AbT is the absorbance in the presence of the test
substance and AbC is the absorbance of the control.
Characterization of MHPM by TLC Profiling. TLC

profiling of MHPM and the standard quercetin (≥95%)
(Sigma) was performed according to the in-house developed
procedure.20 An aluminum silica gel 60F254 TLC plate (5 cm ×
10 cm) was employed on which the sample and standard (4.0 μL
each) were applied using a CAMAG ATS 4 syringe (Switzer-
land) with a delivery speed of 100 nL/s with 6.0 mm of band
length. Toluene−ethyl acetate−formic acid−methanol
(6:3:0.5:0.5, v/v/v/v) was used as the mobile phase. Up to
80% development/run, the plate was removed from the
CAMAG twin trough glass tank and air-dried for another 10
min. Densitometric measurements were carried out in the
absorbance mode at 254 and 366 nm using a CAMAG TLC
Scanner 3.
TLC-MS-Bioautographic Activity. TLC-MS Bioautogra-

phy for Antioxidant Activity/DPPH Free-Radical Scavenging
Activity. TLC-bioautographic measurements of DPPH free-
radical scavenging active substances were performed as per the
reported method.21 To identify the free radical scavenging
compounds in MHPM, the developed TLC plate was dipped in
DPPH solution (5 mM). The yellowish band against the purple
background of the plate indicated the free radical scavenging
metabolites in MHPM.

TLC-MS Bioautography for α-Amylase Activity. The TLC-
bioautographic-based evaluation of α-amylase active substances
was carried out as per the reported method.21 The developed
TLC plate was dipped in freshly prepared α-amylase enzyme
solution (10 mg of enzyme in 20 mL of sodium acetate buffer
solution) and incubated for 1.5 h in a humid desiccator. After the
incubation, the plate was dipped in starch solution (1%) and
again incubated for 30 min for the reaction of enzyme and
substrate. Further, the plate was dipped in an iodine solution,
and α-amylase inhibiting metabolites of the plate showed a dark
violet color against a brown background.

Analysis of Bioactive Metabolites Isolated from TLC-
Bioautography. The MS analysis of the scraped band from
underivatized parallel plate having active metabolites showing
free radical scavenging and α-amylase inhibitor activity was
carried out on a Waters ACQUITY UPLC (TM) system
(Waters Corp., MA, U.S.A.) fitted with a binary solvent delivery
system, an autosampler, a column manager, and a tunable MS
detector (Serial No. JAA 272; Waters, Manchester, U.K.), a
triple quadrupole mass spectrometer fitted with an ESI source,
installed and controlled by Mass Lynx V 4.1 (Waters, U.S.A.).
For ideal chromatographic separation, acetonitrile (A) and 0.1%
formic acid in water (B) were run on a uniform capillary silica-
based C18 column (ACQUITY UPLC(R) BEH C18 1.7 μm,
2.1 × 100 mm). The nebulizer gas flow was set at 500 L/h, and
the cone gas flow rate was set at 50 L/h; for the cone gas, the flow
was set at 50 L/h, and the supply temperature was maintained at
104 °C. The capillary and cone voltages were set at 3.0 and 40
kV, respectively. At a pressure of 5.3× 10−5 Torr, argon was used
for collision. Separated metabolites from different samples were
tentatively identified using mass data sources such asMass Bank,
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PubChem, NIST Chemistry Web Book, and the litera-
ture.14,21,22

Characterization of MHPM by UPLC-MS Profiling.
UPLC-MS analysis can be used to identify the metabolites
present in MHPM.23 The UPLC-MS analysis of MHPM was
carried out with the water’s ACQUITY UPLC system (Serial
No. F09 UPB 920M; Model code UPB Corp., MA, U.S.A.),
equipped with a binary solvent delivery system, a column
manager, an autosampler, and a tunable MS detector (Serial No.
JAA 272; Synapt; Waters, Manchester, U.K.), and a triple
quadrupole mass spectrometer fitted with an ESI source,
installed and controlled by Mass Lynx V 4.1 (Waters, U.S.A.).
Data acquisition has been done in both positive and negative
modes. In gradient elution mode, the extract was chromato-
graphically separated in a previously degassed mobile phase
containing 0.5% (v/v) formic acid in water (A) and acetonitrile
(B). The ACQUITYUPLCBEH C18 (100 2.1 mm 1.7 m)
column was used, and the mobile phase flow velocity was 0.4
mL/min. The temperatures of the column manager and sample
manager were set to 35± 2 °C and 25± 2 °C, respectively. With
the help of an autoinjector, approximately 10 μL of a sample was
injected in a split mode of 5:1, and the system pressure was set to
15 000 psi. The MS detector was used to detect the separated
metabolites. The nebulizer gas and cone gas flow rates were set
at 500 L/h and 50 L/h, respectively. The MS detector’s source
temperature was set to 104 °C. Capillary and cone voltages were
set to 3.0 kV and 40 kV, respectively. At a pressure of 5.3 × 10 −5

Torr, argon gas was used to simulate ion collisions. Both the
UPLC and the mass detector were controlled by the
MassLynxV4.1 software. The separated metabolites were
identified based on their m/z values using a mass bank and
previous literature.17

In Silico Analysis of PTP1B Inhibitors. Computational
Resources. Different bioinformatics tools, including InstaDock,
Discovery Studio Visualizer, PyMOL and GROMACS,24 were
used for docking and simulation studies. RCSB-Protein Data
Bank (PDB), the ZINC database, Swiss ADME, CarcinoPred-
EL, VMD, QtGrace etc. are web resources that were employed
for data retrieval and analysis. The regularized coordinates in
three dimensions of protein tyrosine phosphatase (PTP-1B)
were retrieved from PDB (PDB ID: 1C83). Water molecules,
cocrystallized heteroatoms, and cocrystallized ligands were
removed from the native coordinates. The PTP-1B structure was
prepared for high-throughput screening in the Swiss PDB
Viewer and InstaDock by altering missing residues, adding
hydrogen atoms to polar groups, and assigning certain atom
types. Potent antidiabetic phytoconstituents from UPLC-MS
analysis of MHPMwere selected for molecular docking; further,
the most stable sample with less binding energy from docked the
phytoconstituent was selected for MD simulation analysis, and
its structures were retrieved from PubChem and then processed
in InstaDock.

Virtual Screening Based on Molecular Docking. Molecular
docking is a popular method for predicting the optimal
orientation and binding affinity of biomolecules to a receptor,
most commonly a protein.25 Molecular docking was used to
determine the optimal structure and binding affinity of the
phytoconstituent toward PTP-1B. The docking was structurally
blind for all the compounds with an exhaustiveness of 8, where
they were free to move and search their preferential binding sites
in the proteins. The protein−ligand docking was attained using
InstaDock with a blind search space of a grid size of 110, 70, and
108 Å for theX, Y, and Z coordinates, respectively. The center of

the grid was set to X = 63.09, Y = 14.98, and Z = 76.91, with 1 Å
grid spacing; this was suitable for housing all of the heavy atoms
of PTP-1B where ligands canmove quickly. Further, the docking
specifications were left at their defaults. The InstaDock tool was
used to determine and analyze the phytocompound PTP-1B
binding affinities and other docking characteristics. The docking
data was filtered using energy values, and then all docking poses
for each phytocompound were created.

Molecular Simulations. MD simulations help us understand
the atomic movements of proteins and protein−ligand
complexes.26,27 MD simulation studies were used to confirm
docking results of interactions between PTP-1B and the selected
bioactive constituent epicatechin. The structural coordinates of
the thermodynamically stable systems of free PTP-1B and its
interactions with the selected compound epicatechin were
authenticated by MD simulation using GROMACS v5.5.1.24

The PRODRG server was used to parametrize epicatechin to
generate a receptor−ligand complex topology. For solvation in
the Simple Point Charge (SPC216) water model, each system
was placed in the center of a cubic box with a 10 Å distance to the
edges. A suitable amount of counterions (Na+ and Cl−) was
introduced to neutralize the simulation systems. The two-step
equilibration was performed for 100 ps at a fixed volume with
periodic boundary settings and gradual heating from 0 K to 300
K at a pressure of 1 atm. All systems were simulated for 100 ns,
and the resulting data were evaluated to determine protein−
ligand stability using the GROMACS techniques.

■ RESULTS AND DISCUSSION
The authenticated dried heartwood of Pterocarpus marsupium
was extracted with methanol using a Soxhlet extraction process.
The percentage yield of the methanolic extract of heartwood of
Pterocarpus marsupium (MHPM) was 11%.
Phenolic and Flavonoid Content of the Extract.

Phenols and flavonoids belong to a large family of secondary
metabolites produced by plants that have multiple roles in plant
metabolism primarily in plant defense.28 As a result of their
multifunctional capabilities of hydrogen donating, reducing, and
singlet oxygen quenching, these phenols and flavonoids can
neutralize free radicals. The total phenolic value in MHPM was
15.7 %.
Flavonoids are a class of naturally occurring phenylchromones

that can be found in various parts of plant materials. Total
flavonoid content in MHPM was 7.8 %. A previous study also
reported that Pterocarpus marsupium contains a high concen-
tration of phenolic and flavonoids.29 On the basis of their
phenolic and flavonoid content, MHPM may be a good source
of bioactive compounds.
Antioxidant Potential of MHPM. In the DPPH assay, the

degree of discoloration indicates the scavenging potency of
antioxidant metabolites. Secondary metabolites found in
MHPM including phenols, flavonoids, and terpenoids may be
involved in the elevation of antioxidant potential due to their
redox properties.28,30 A previous study also reported that
Pterocarpus marsupium contains a high concentration of
phenolic and flavonoids.29 The free radical scavenging potency
of MHPM showed dose-dependent scavenging potential, and
the scavenging potency at 500 μg/mL was 68.58 ± 3.471%, with
an IC50 value of 156.342 ± 10.70 μg/mL. The positive control
(ascorbic acid) exhibited an average inhibition of 79.69 ± 3.35%
at the concentration of 500 μg/mL with an IC50 value of 50.03±
5.29 μg/mL. MHPM manifested a statically significant P-value
summary*** and P-value (one-tailed) < 0.0001 redox potential
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when compared to ascorbic acid. The reducing power of the
MHPM from ferricyanide into ferrocyanide was conducted to
confirm its antioxidant potential. The increase in antioxidant
activity was observed and was linearly proportionate to the
DPPH scavenging activity (Figure 1).
The antioxidant activity of MHPM could be attributed to the

presence of phenols and flavonoids. A higher phenolic and
flavonoid content coincides with high antioxidant activity.31

One of the studies reported that the leaf extract of Pterocarpus
marsupium showed high antioxidant activity and may be due to
the high content of polyphenols.32 These polyphenols comple-
ment the efficacy of the antioxidant enzyme defense system,
containing a variety of enzymes, including superoxide dismutase,
glutathione peroxidase, glutathione reductase, and catalase.
These enzymes are well-known for their crucial role in the
suppression of excessive ROS by breaking the autoxidation chain
of events, sniffing out trace elements, and attempting to prevent
overall cell damage. The antioxidant activities of medicinal herbs
and nutritional supplements are dependent on a large cohort of
polyphenols, which are naturally occurring antioxidants that play
an important role in oxidative suppression and cure various
ailments including T2DM.33

Enzyme Inhibitory Activity. α-Amylase Inhibitory
Potential of MHPM. The metalloenzyme α-amylase is a
calcium-containing key enzyme that breaks down polysacchar-
ide-1,4 linkages to monosaccharides in the oral cavity. An
increase in postprandial blood sugar levels can be caused by an
uneven cellular carbohydrate and lipid metabolism, which
inevitably leads to the initiation and advancement of T2DM. As
a result, finding alternative therapies that inhibit α-amylase is
critical. MHPM exhibited strong dose-dependent α-amylase
inhibitory activity with an average inhibition of 66.441 ±
3.459%, at 500 μg/mL and an IC50 value of 158.663 ± 10.986
μg/mL. The percentage inhibition of positive control
(acarbose) was 78.410 ± 4.005% at 500 μg/mL, with an IC50
value of 56.060 ± 4.465 μg/mL. MHPM showed statically
significant P-value summary*** and P-value (one-tailed) <
0.0001 α- amylase inhibitory potential when compared to
acarbose. As a result, the study suggests that the MHPM has a
good ability to inhibit α-amylase as shown in Figure 2A.

α-Amylase inhibitors prevent or slow the uptake of starch into
the gastrointestinal tract (GIT), primarily by inhibiting the
hydrolysis of 1,4-glycosidic linkages in starch and other
oligosaccharides into maltose and other simple sugars.34 Several

Figure 1. Free radical scavenging (A) and reducing power (B) capacity of MHPM.

Figure 2. α-Amylase (A) and α-glucosidase (B) inhibitor activity of MHPM.
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studies show that amylase blockers, notably acarbose
(pseudotetrasaccharide), can regulate the modulatory effects
of PPG and HbA1c in high blood sugar.35 Ineffective treatment
promotes slow progression of T2DM and leads to oxidative
stress because of the generation of free radicals as a result of
glucose oxidation and the oxidative degradation of glycated
proteins in diabetic patients leading to the complication of the
disease. Therefore, natural products rich in polyphenols can help
in alleviating diabetic complications.36

α-Glucosidase Inhibitory Potential of MHPM. In type 2
diabetes patients, the α-glucosidase enzyme can significantly
raise postprandial blood glucose levels. As a result, α-glucosidase
inhibitors control postprandial hyperglycemia by postponing
carbohydrate metabolism.37 PM is one of the most credible
natural and alternative therapies with many pharmacological
properties including an inhibitory potential against the α-
glucosidase activity.38 The findings indicated a significant dose-
dependent inhibition activity with a mean inhibitory percentage
of 63.852 ± 3.535% at 500 μg/mL, with an IC50 value of 180.21
± 11.35 μg/mL, whereas acarbose showed a mean inhibitory
percentage of 82.901 ± 4.019% at 500 μg/mL with an IC50 value
of 57.969 ± 6.835 μg/mL. MHPM showed statically significant
P-value summary*** and P-value (one-tailed) < 0.0001 α-
glucosidase inhibitory potential when compared to acarbose. As
a result, the study reveals that MHPM α-glucosidase inhibitory
potential increases with the increase in concentration and
further remains constant at higher concentrations as shown in
Figure 2B. The ability to inhibit enzymes may be credited to the
high phenolic and flavonoid content of MHPM. The presence of
essential phytoconstituents, viz., quercetin, epicatechin, and
vanillic acid, may contribute to the enzyme inhibition capacity of
MHPM.39,40

TLC Fingerprint Profile of MHPM. Thin-layer chromatog-
raphy was used to separate themetabolites ofMHPM. For better
separation of metabolites in MHPM, different mobile phases
with different ratios were examined. The mobile phase toluene/
ethyl acetate/methanol/formic acid [6:3:0.5:0.5] showed well-
defined peaks with satisfying resolution at different Rf values.
The TLC fingerprinting for MHPM resolved the existence of 16
peaks corresponding to different metabolites at each peak. A
total 16 peaks with retention factor (Rf) values of 0.05, 0.14,
0.20, 0.23, 0.29, 0.40, 0.44, 0.47, 0.50, 0.56, 0.67, 0.74, 0.79, 0.85,
0.89, and 0.94, respectively, at 254 nm and 12 peaks correspond
to different metabolites at each peak with (Rf) values of 0.14,
0.20, 0.23, 0.29, 0.37, 0.40, 0.44, 0.47, 0.67, 0.75, and 0.85 are
separated and visualized at 366 nm (Table 1). The analysis of
quality control for herbal-based medicines is one of the critical
problems. TLC profiling is a typical tool for separating
metabolite patterns from natural products. Plant materials or
extracts with the same TLC pattern must have the same
bioactivity. Quality control and regulatory bodies can use TLC
profiling of plant materials to verify product quality and safety.
TLC-MS Bioautographic Activity. Identified Free Radical

Scavenging Metabolite by TLC-MS-Bioautography. Mass
spectrometry has become a technique of choice for identifying
the quantity and chemical diversity of plant metabolites. Low
resolution mass spectroscopy is preferred for the identification
and quantification of low-abundance metabolites, without their
fragmentation because of its minimal analysis cost, robustness,
and great efficiency.23,41 TLC interfaced with mass spectrometry
is a fast and effective method for direct identification of bioactive
compounds present in the plant extract having antioxidant or
enzyme inhibitory activities.21,42,43 To identify a DPPH

scavenging metabolite by TLC-bioautography hyphenated
with mass spectroscopy, the previously developed TLC plate
was dipped in DPPH solution and examined under visible light;
the presence of pale-yellow bands on a purple background
confirmed the free radical scavenging metabolites. Four
metabolites, viz., epicatechin (Rf 0.14), quercetin (Rf 0.40),
Naringenin (Rf 0.44), and vanillic acid (Rf 0.67), have been
identified through MS analysis of scrapped bands as shown in
Figure 3 and as mentioned in Table 2. These metabolites have
been previously reported in the heartwood of PM44 and are
reported to be having strong free radical scavenging activity;45

moreover, vanillic acid had been reported to show both
antioxidant and antihyperglycemic potential.46

Many authors propose that active molecules from natural
herbs act antagonistically to various diseases such as diabetes.47

Oxidative stress causes a variety of pathophysiological events,
leading to diabetic complications; the antioxidant activity of
bioactive compounds may neutralize the free radicals and thus
may account for their potential health benefits in ROS induced
metabolic disorders. The results showed the promising
antioxidant potential of MHPM through TLC-bioautography
evidenced by its metabolites composition.

Identified α-Amylase Inhibitor Metabolite by TLC-MS-
Bioautography. The TLC plate with α-amylase inhibitor
activity was visualized under visible light, and a dark colored
alpha-amylase inhibitory band on the light violet background
was observed. Furthermore, the MS analysis of the scrapped
active band from the TLC plate indicated one prominent
bioactive compound as vanillic acid (Rf 0.67), as shown in
Figure 3 and mentioned in Table 2.
Vanillic acid has been reported to show a strong inhibitory

effect on α-amylase by Aleixandre et al.48 Vanillic acid was also
reported to have a modulatory influence on diabetic hyper-
tension control, lowering blood glucose and blood pressure
while also countering oxidative stress through tissue antioxidant
activation.49 In this study, vanillic acid (Rf 0.67) showed both
DPPH inhibition and α-amylase inhibitory activity, and this

Table 1. Phytocompounds Identified in MHPM by HPTLC
Analysis

area in AU

S.
no. Rf value 254 nm 366 nm

identified compounds by TLC-MS-
bioautography

01 0.05 + − −
02 0.14a + + epicatechin
04 0.20 + + −
06 0.23 + + −
07 0.29 + + −
08 0.37 − + −
09 0.40a + + quercetin
10 0.44a + + naringenin
11 0.47 + + −
12 0.50 + − −
13 0.56 + − −
14 0.67a,b + + vanillic acid
15 0.74 + − −
16 0.75 − + −
17 0.79 + − −
18 0.85 + + −
19 0.89 + − −
20 0.94 + − −

aAntioxidant. bAntidiabetic.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04283
ACS Omega 2022, 7, 46156−46173

46161

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


inhibitory effect of vanillic acid makes it a strong candidate drug
against diabetes; however, further studies are needed to isolate
the inhibitory compound from MHPM and establish the
findings using a suitable molecular approach.

Identified Metabolites in MHPM through UPLC-MS.UPLC-
MS analysis was performed to identify the various metabolites
present inMHPM.UPLC-MS is themost acceptablemethod for
identifying tangible and intangible metabolites.33 The tentative
mass observed was matched with the mass records from
authentic sources using a mass bank, a chemical library, and a
literature survey. UPLC-MS analysis indicates the presence of 40
phytoconstituents in MHPM as mentioned in Table 3. The
prominent antidiabetic compounds identified in MHPM are
pterostilbene (Rt 5.289),

50 epicatechin (Rt 1.722),
51 curcumol

(Rt 4.735),
52 amygdalin (Rt 12.256),

53 quercetin (Rt 4.735),
54

iso-liquiritigenin (Rt 5.289),55 naringenin (Rt 0.615),56

kaempferol-7-O-alpha-L-rhamnoside (Rt 4.735),57 lupeol (Rt
9.010),58 and epigallocatechin gallate (Rt 8.703).59

We reported the tentatively identified phytoconstituents
including some major antidiabetic compounds from the
heartwood extract of PM. For epicatechin (Rt 1.722), a natural
flavonoid, several studies of its isolation from the bark of PM
reported that it alleviated hyperglycemia and showed free radical
scavenging activity.60,61 Pterostilbene (Rt 5.289) is a stilbenoid
structurally similar to resveratrol and is one of the main
constituents of PM; pterostilbene is reported to be antidiabetic
and alleviate diabetes in streptozotocin-induced diabetic mice.62

Iso-liquiritigenin (Rt 5.289) is a phenolic phytoconstituent, is a
part of the class of chalcones, exhibited antioxidant and

antidiabetic properties, and has previously been isolated from
the heartwood of Pterocarpus santalinus.63 Various other
glycosyloxyflavones and alkaloids have been identified in
MHPM that may be responsible for their antioxidant and
antidiabetic activity.

In Silico Analysis of PTP1B Inhibitors. Virtual Screening
Based on Molecular Docking. Virtual screening is a method of
identifying potential compounds by comparing them to
predetermined biological targets.64 It has become a necessary
technique in terms of reducing experimental time and energy.
Virtual screening using molecular docking was carried out with
protein tyrosine phosphatase (PTP-1B), which has recently
been introduced to be a negative regulator of the signaling
pathway, proposing that inhibition of this enzyme could help
with type 2 diabetes treatment.65 We initially select the 10 best
antidiabetic compounds from MHPM out of which six
phytoconstituents showed good docking scores, viz., epicate-
chin, quercetin, pterostilbene, vanillic acid, naringenin, and
amygdalin, based on their significantly low binding energies with
PTP-1B (Table 4). Here, we found that the epicatechin showed
good binding affinity followed by quercetin and cocrystal with
PTP-1B and preferentially occupied the active site cavity with
high ligand efficacy with the binding free energy of −8.2 kcal/
mol with PTP-1B; when compared with the cocrystal, both the
compounds formed several close interactions, such as hydrogen
bonds, to active site residues and other interactions offered by
the protein PTP-1B as shown in Table 4, lower panel. We used
PyMOL and Discovery Studio Visualizer to conduct a complete
analysis of epicatechin and quercetin for their specific

Figure 3. The photograph of the developed TLC plate of MHPM at 254 and 366 nm (3A and 3B); TLC-bioautography representing the normal view
(control TLC) of the plate (3C); α-amylase-treated TLC bioautogram of MHPM, displaying dark blue/violet spots on a brown color background
(3D); scrapped α-amylase active spot and DPPH active spots from TLC plates (3E) and DPPH scavenged treated TLC bioautogram of MHPM
displaying yellow spots against a dark purple background (3F).

Table 2. Identified Active Compounds from MHPM through TLC-Bioautography-MS

TLCRf value
compound
identified exact mass

tentative
massa mass error [Da]

molecular
formula mass ID activities

0.14 epicatechin 290.0790 289.0021 −0.0769 C15H14O6 MBID: 000088 antioxidant
0.40 quercetin 302.0422 301.0305 −0.0117 C15H10O7 MBID: PN000111 antioxidant
0.44 naringenin 272.0685 273.0069 −0.0616 C15H12O5 MBID: ML005001 antioxidant
0.67 vanillic acid 168.1467 167.9883 0.8416 C8H8O4 NIST ID: 121-34-6 antioxidant and amylase activity

aObserved mass [M − H] or [M + H].

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04283
ACS Omega 2022, 7, 46156−46173

46162

https://pubs.acs.org/doi/10.1021/acsomega.2c04283?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04283?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04283?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04283?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 3. List of Phytoconstituents Identified by UP-LCMS in MHPM
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Table 3. continued
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Table 3. continued
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interactions with the PTP1B binding sites. The molecular
docking study provides an accurate and preferred orientation of
a compound at the binding site of a receptor. For proper
function, the PTP1B binding site at the main catalytic center of

PTP1B is critical. According to the docking analysis, epicatechin
and quercetin bind in the same site as the cocrystallized ligand.
As a result, it is clear that epicatechin and quercetin could act as
PTP1B inhibitors. Interaction analysis of all possible docked

Table 3. continued

aObserved mass [M − H] or [M + H].

Table 4. Binding Affinity of Compounds with PTP1B Generated from Molecular Docking (Upper Panel) and Molecular
Interaction of Epicatechin and Quercetin with PTP1B Binding Site along with the Key Interacting Residues (Lower Panel)

target protein name of the ligand
binding free energy

(kcal/mol) PKi
ligand efficiency

(kcal/mol/non-H atom)

protein tyrosine phosphatase 1B (PTP1B) (PDB ID: 1C83) epicatechin −8.2 4.91 0.224
quercetin −7.7 4.89 0.223
pterostilbene −6.7 4.87 0.218
vanillic acid −6.7 4.84 0.213
naringenin −6.6 4.80 0.174
amygdalin −6.5 4.71 0.170
co-crystal −8.3 4.91 0.319

protein−ligand interactions

hydrogen bonds

compound affinity (kcal/mol) amino acid residues distance (Å) other interacting residues

epicatechin −8.2 Thr-133 2.35 -
Asn-134 2.38
Thr-158 2.43
Gln-59 2.68

quercetin −7.7 Gln-127 2.98 Arg-156,Ile-149,Thr-151
Glc-147 2.59
Lys-150 2.46, 2.72
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conformers of compounds was carried out to investigate their
binding pattern and possible interactions toward the PTP1B
binding pocket as shown in Figure 4. Thus, the analysis of
docked conformations indicates that both compounds bind

deeper into the binding pocket of PTP1B and perhaps block the
accessibility of the substrate, which may be presumably
responsible for inhibition by decreasing the accessibility of the
substrate or binding partner. A suppositional diagram

Figure 4. Structural organization of PTP1B with epicatechin and quercetin. (A) Surface representation of PTP1B showing the docked epicatechin
(brown) and quercetin (blue). (B) Cartoon representation of PTP1B showing the docked epicatechin and quercetin. (C and D) 3-D representation
PTP1B residues interacting to epicatechin and quercetin. (E and F) 2-D representation PTP1B residues interacting to epicatechin and quercetin.

Figure 5. Suppositional schematic representation of identified metabolite regulation on apoptosis and insulin resistance via PTP1B inhibition.
Identifiedmetabolites may suppress PTP1B expression, which resulted in the restoration of insulin-stimulated tyrosine phosphorylation of IR and IRS.
Increased upstream signaling via IR and IRS-1 activated Akt, regulating diabetes-induced hepatic ER-stress, cell apoptosis, and increasing GLUT4
translocation to the cell membrane.
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representing the PTP1B inhibitory effect by the identified
compounds is shown in Figure 5.

Molecular Dynamics (MD) Simulation Studies of PTP-1B
and Epicatechin to Combat Insulin Resistance. MD
simulations can help in understanding the structural details
and dynamic behavior of protein−ligand complexes where
experimental approaches struggle to provide specific insight.
MD simulation results of PTP-1B alone and in combination with
epicatechin were carried out with a GROMOS 96 force field in
GROMACS 5.1.2. To determine conformational dynamics, the
bioactive constituent “epicatechin” was chosen for MD
simulations based on its binding energy and significant
interactions with the target molecule. As a result, PTP-1B and
epicatechin were prepared and used for 100 ns MD simulation.
The stability and dynamics of PTP-1B in complex with the
ligands epicatechin as well as the apo-state of PTP-1B were
studied using a variety of comprehensive and structural
parameters. Following that, all-atom MD simulations (100 ns)
of PTP-1B alone and in complex with epicatechin were run to
determine conformational dynamics in an aqueous environ-
ment. Several parameters, including root-mean-square devia-

tions (RMSD), studying root-mean-square fluctuation (RMSF),
the radius of gyration (Rg), and solvent accessible surface area
(SASA), as well as the systems’ kinetic energy, enthalpy, volume,
potential energy, and density, were calculated and presented in
Table 5. It is well understood that the linkage of any ligand
causes conformational changes in the target protein’s native
structure. The degree of these conformational changes with time
from the data produced by the MD simulation is measured by
evaluating the RMSD.66 RMSD plots of the PTP-1B apo and
PTP-1B-epicatechin complex are presented in Figure 6. Average
RMSD values for PTP-1B apo and the PTP-1B-epicatechin
complex were found to be 0.351137 and 0.355333 nm,
respectively, as mentioned in Table 5. RMSD shows that the
binding of the epicatechin with PTP-1B were balanced
throughout the simulation, suggesting substantial stability of
the docked system. The Rg values provide information about the
protein’s overall dimensions and shape.66 The Rg values for the
PTP-1B apo and the PTP-1B-epicatechin complex were
discovered to be 1.89354 and 1.90585 nm, respectively. These
Rg values indicate that the protein’s overall shape was stable after
epicatechin binding. Electrostatic and surface properties were

Table 5. Parameters Calculated for Protein and Protein−Ligand Systems after 100 ns Simulation

MD simulation parameters

average
RMSD (nm)

average
RMSF (nm)

average
Rg (nm)

average
SASA (nm2)

kinetic energy
(kJ/mol)

potential energy
(kJ/mol)

enthalpy
(kJ/mol)

volume
(nm3)

density
(kg/m3)

tyrosine phosphatase 1b 0.351137 0.1494 1.89354 134.992 160029 −973265 −813198 637.851 1025.4
tyrosine phosphatase 1b-
epicatechin complex

0.355333 0.1809 1.90585 139.833 112422 −601159 −488709 459.992 1008.44

Figure 6. (a) Root mean square deviation (RMSD) for epicatechin in complex with PTP1B Mpro. (b) Root mean square fluctuations (RMSF) for
epicatechin in complex with PTP1BMpro. (c) Time evolution of the radius of gyration (Rg) for epicatechin in complex with PTP1BMpro. (d) Solvent
accessible surface area (SASA) for epicatechin in complex with PTP1B Mpro.
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further studied, and SASA calculations provide insight into the
interaction between a protein and its bordering solvent,
reflecting their conformational behavior patterns during
simulation.67 In the complex, a small increase in SASA was
observed, which could be due to the higher surface area of PTP-
1B in the involvement of epicatechin, exposing some inner
residues to the exterior. Throughout the simulation, the SASA
maintained a stable equilibrium without switching, indicating
structural stability of PTP-1B in the presence of epicatechin. The
energy released during the bonding process establishment or, so,
the engagement of a ligand with another ligand and protein is
represented by binding energy.68 Lower binding energy
indicates better ligand−protein binding. The results show that
all types of energy played a positive role in the interaction
between PTP-1B and epicatechin.
PTP-1B is the main enzyme involved in insulin receptor

desensitization and can be a drug target for the treatment of
diabetes type 2. PTP-1B inhibitors have already been discovered
that interact with the enzyme’s binding site, which is located
around the catalytic amino acid Cys215 and the surrounding
area.69 The current study shows that the phytoconstituent
“epicatechin” is efficacious with potent inhibition against PTP-
1B. We further suggest that this small inhibitor biochemical
constituent should be validated and repurposed for the
treatment of T2DM. Binding studies of this inhibitor molecule
with a purified target protein are needed to confirm the
preliminary findings.

■ CONCLUSION
MHPM showed the presence of vital bioactive compounds
which may show a variety of biochemical functions. The TLC-
bioautographic analysis combined with MS analysis revealed
that MHPM has antidiabetic and antioxidant compounds. The
results indicate that MHPM has an enormous ability to be used
as a therapeutic agent against diabetes and oxidative stress,
mitigated by α-amylase and α-glucosidase, rescuing oxidative
stress by free-radical scavenging. The enzyme inhibitory
potential could help to lower postprandial blood sugar levels.
The bioactive constituent epicatechin was discovered to be a
potent inhibitor of PTP-1B in this study. Binding studies and
bioassays using epicatechin as an inhibitor against purified PTP-
1B protein are needed to confirm these findings further using
suitable in vitro and/or in vivo models.
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