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ABSTRACT: Bioactive constituents from natural sources are of great
interest as alternatives to synthetic compounds for the treatment of various
diseases, including diabetes mellitus. In the present study, phytochemicals
present in Leucaena leucocephala (Lam.) De Wit leaves were identified by gas
chromatography−mass spectrometry and further examined by qualitative
and quantitative methods. α-Amylase enzyme activity assays were performed
and revealed that L. leucocephala (Lam.) De Wit leaf extract inhibited
enzyme activity in a dose-dependent manner, with efficacy similar to that of
the standard α-amylase inhibitor acarbose. To determine which phytochem-
icals were involved in α-amylase enzyme inhibition, in silico virtual screening
of the absorption, distribution, metabolism, excretion, and toxicity properties
was performed and pharmacophore dynamics were assessed. We identified
hexadecenoic acid and oleic acid ((Z)-octadec-9-enoic acid) as α-amylase
inhibitors. The binding stability of α-amylase to those two fatty acids was confirmed in silico by molecular docking and a molecular
dynamics simulation performed for 100 ns. Together, our findings indicate that L. leucocephala (Lam.) De Wit-derived hexadecanoic
acid and oleic acid are natural product-based antidiabetic compounds that can potentially be used to manage diabetes mellitus.

■ INTRODUCTION

Diabetes mellitus (DM) is a metabolic disease that results in
hyperglycemia. The hormone insulin, produced by β cells in
pancreatic islets, is required for uptake of glucose from the
blood into cells for energy or for storage in the liver as
glycogen. In DM, the body either does not produce enough or
cannot effectively use insulin.1−4 In type 2 DM (T2DM), the
body becomes resistant to insulin owing to disturbed insulin
receptor cell signaling, and glucose builds up in circulation,
whereas cells are glucose-starved. This forces the pancreas to
work harder to produce more insulin. In later stages of the
disease, cells in the pancreas become damaged and do not
produce enough insulin.5 DM-related disease complications
include congestive heart failure, atherosclerosis, cardiovascular
disease, peripheral vascular disease, chronic kidney disease,
neuropathy, and retinopathy.6−13 A potential strategy for
people with DM is to adjust glucose absorption from the
intestine into the bloodstream.14 Retardation of glucose
absorption by inhibiting carbohydrate hydrolyzing enzymes is
one therapeutic approach to hyperglycemia.15,16

Currently, several synthetic antidiabetic drugs are available
to lower blood glucose level: metformin, sulfonylureas,
meglitinides, thiazolidinediones, dipeptidyl peptidase-4 inhib-
itors, glucagon-like peptide-1 receptor agonists, and sodium−
glucose cotransporter-2 inhibitors.17,18

Natural products and traditional herbal medicines also have
potential antidiabetic efficacy.19−21 Naturally occurring chem-
ical compounds in plants, called phytoconstituents, can inhibit
α-amylase and be used to manage blood glucose level in
T2DM with fewer side effects than those caused by synthetic
agents.19,22,23 Pancreatic α-amylase plays a key role in the
digestive system,24 and inhibition of α-amylase activity
decreases the glucose level in the bloodstream.15,22,25−28

However, synthetic α-amylase inhibitors have been reported
to have various side effects, such as diarrhea, nausea, dyspepsia,
myocardial infarction, hypoglycemia, liver damage, flatulence,
abdominal pain, dropsy, and heart failure.22,23,29

Leucaena leucocephala (Lam.) De Wit is a fast-growing tree
(angiosperm, Fabaceae) indigenous to tropical countries near
the equator.30−34 Its leaves are frequently eaten by
ruminants33,35,36 and are traditionally used as an anthelmintic
therapy,37−40 though the leaves can potentially cause
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alimentary toxicosis.41 The antioxidative and antidiabetic
properties of L. leucocephala (Lam.) De Wit leaves have been
investigated.42−45 We designed the present study to identify
and investigate the phytochemical constituents of local L.
leucocephala (Lam.) leaves (Nagapattinam district in Tamil
Nadu, India) and their potential antidiabetic properties.
We identified phytochemicals by gas chromatography−mass

spectrometry (GC−MS), performed in silico screening of those
phytochemicals to identify their biophysical properties, and
characterized their interactions with α-amylase using molecular
dynamics simulations. We identified two fatty acids as
antidiabetic drug candidates because of their ability to inhibit
α-amylase activity.

■ RESULTS AND DISCUSSION

Phytochemical Analysis: Qualitative Histochemical
Analysis. The phytochemical content of L. leucocephala leaves
was histochemically analyzed, and the results are presented in
Table S1. Leaf samples contained large amounts of tannins,
terpenoids, polyphenols, and flavonoids and smaller quantities
of saponins.
Qualitative Phytochemical Analysis. We qualitatively

identified the phytochemical constituents in the alcohol and
aqueous extracts of L. leucocephala leaves, such as tannins,
saponins, flavonoids, steroids, terpenoids, triterpenoids,
anthraquinones, polyphenols, glycosides, and coumarins
(Table S2). Alkaloids were not detected in either extract
type, whereas flavonoids were abundantly detected in both.
Aqueous extracts were enriched in saponins, anthraquinones,
polyphenols, and coumarins.
Quantitative Analysis. The 70% ethanol leaf extract of L.

leucocephala was quantitatively analyzed for its phytochemical
constituents (Table S3 and Figure 1). L. leucocephala leaf
extract contained many phenolic constituents as well as
flavonoids and saponins, but only small amounts of terpenoids
were detected, which is consistent with other studies
describing the metabolic profile of L. leucocephala (Figure
1).46−48

In Vitro Anti-α-Amylase Enzyme Activity of L.
leucocephala Leaf Extracts. The in vitro α-amylase
inhibitory activity of the 70% ethanol L. leucocephala leaf
extract was investigated. The L. leucocephala leaf extract
inhibited α-amylase activity in a dose-dependent manner
(Table S4 and Figure 2). Acarbose, a clinically approved anti-
α-amylase drug, was used as a comparative standard. The L.
leucocephala leaf extract inhibited α-amylase activity to an
extent similar (within a difference of ∼±5%) to that of
acarbose (Figure 2).

GC−MS Analysis. We next analyzed the 70% ethanol
extract using GC−MS analysis and unambiguously identified
17 specific phytochemical compounds; cyclohexane-
1,2,3,4,5,6-hexol was particularly abundant (peak 5) (Table 1
and Figure 3).43,49,50

In Silico Virtual Screening: In Silico Absorption,
Distribution, Metabolism, Excretion, and Toxicity
(ADMET) Property Analysis. To assess the possible clinical
potential of the 17 phytochemicals identified by GC−MS in
the ethanolic (70%) leaf extract of L. leucocephala, we
determined their ADMET properties and physicochemical
parameters in silico (Table S5 and Figure 4). The percentage of
human oral absorption was predicted based on a quantitative
multiple linear regression model (>80% indicates high
absorption and <25% poor absorption). Overall, predicted
qualitative human oral absorption was assessed on a scale from
1 to 3 (1, 2, or 3 for low, medium, or high absorption,
respectively). The ADMET assessment uses a knowledge-
based set of rules, including assessment for suitable values of %
human oral absorption, number of metabolites, number of
rotatable bonds, log P, solubility, MW, and cell permeability.51

Hexadecanoic acid and oleic acid met the physicochemical and
drug-likeness criteria best (≥80% human oral absorption; MW
250−500 (Table S5 and Figure 4)), also known as the Rule of
5.52,53

Molecular Docking. Active-site α-amylase amino acid
(AA) residues were identified as TRP58, TRP59, TYR62,
GLN63, LEU65, TYR151, LEU162, THR163, LEU165,
LYS200, Glu233, ILE235, ASP300, and HIS305.16 We used
the Glide 4.0 XP extra precision scoring function and docking

Figure 1. Quantitative analysis of phytochemicals in L. leucocephala leaf powder. Values (mg of phytochemical per gram of leaf powder) are
expressed as mean ± standard deviation (SD) based on experiments performed in triplicate.

Figure 2. Efficacy of anti-α-amylase enzyme activity of L. leucocephala
leaf extract (70% ethanol) compared with that of acarbose. Mean
values are from independent experiments performed in triplicate
(maximum mean deviation ±5%).
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protocol to determine the binding affinities of the 17 selected
phytochemicals as ligands for α-amylase (Table S6). α-
Amylase−ligand interactions are presented in two dimensions
in Figure 5. α-Amylase affinity for the ligands hexadecanoic
acid and (Z)-octadec-9-enoic acid was −1.313 and −1.266
kcal/mol, respectively.
Highest Occupied Molecular Orbital (HOMO)−Low-

est Unoccupied Molecular Orbital (LUMO) Energy Gap
Analysis. Because higher gap energies between molecules
indicate lower stability and reactivity, we focused on the low
HOMO−LUMO energy gaps of select phytochemicals present

in the ethanolic (70%) leaf extract of L. leucocephala. The fatty
acids hexadecanoic acid (−1.583; very low) and (Z)-octadec-
9-enoic acid (−13.161; low) had reasonable low energy gaps
(Table S7). Those properties assisted us in defining the
frontier molecular orbitals of the molecules (Figure 6).

Molecular Dynamics. Based on our analyses of the
ADMET properties and the HOMO−LUMO data, we further
focused on hexadecanoic acid and (Z)-octadec-9-enoic acid.
Although cyclohexane-1,2,3,4,5,6-hexol (better known as
inositol) was the most abundant compound in the ethanolic
(70%) leaf extract of L. leucocephala (Figure 3 and Table 1)

Table 1. Phytocomponents Identified in the Ethanolic (70%) Leaf Extract of L. leucocephala by GC−MSa

peak RT area
area
(%) height

height
(%) A/H compound IUPAC name

1 7.214 56 975 0.53 28 986 1.75 1.97 6-methylheptan-1-ol, CAS number: 1653-40-3
2 7.305 97 848 0.90 45 863 2.77 2.13 3,7-dimethylnonane, CAS number: 17302-32-8
3 9.731 62 260 0.58 30 452 1.84 2.04 6-methylheptan-1-ol, CAS number: 1653-40-3
4 9.812 80 458 0.74 35 780 2.16 2.25 3,7-dimethyldecane, CAS number: 17312-54-8
5 11.143 6 692 445 61.84 496 677 29.98 13.47 cyclohexane-1,2,3,4,5,6-hexol, CAS number: 87-89-8
6 11.383 760 814 7.03 124 537 7.52 6.11 4-bromo-2-[(2-phenylbenzotriazol-5-yl)iminomethyl]phenol, NIST number:

223598
7 11.792 272 398 2.52 62 726 3.79 4.34 hexadecanoic acid, CAS number: 57-10-3
8 12.077 60 474 0.56 27 190 1.64 2.22 tridecan-1-ol, CAS number: 112-70-9
9 12.140 50 414 0.47 23 921 1.44 2.11 2,3,6-trimethyloctane, CAS number: 62016-33-5
10 12.619 397 897 3.68 154 947 9.35 2.57 2,6,10-trimethylpentadecane, CAS number: 3892-00-0
11 12.891 91 527 0.85 29 926 1.81 3.06 tetradecanal, CAS number: 124-25-4
12 13.095 180 050 1.66 46 539 2.81 3.87 tetradecanal, CAS number: 124-25-4
13 13.660 345 690 3.19 117 115 7.07 2.95 2-(diethylamino)-N-(2,6-dimethylphenyl)acetamide, CAS number: 137-58-6
14 13.717 267 510 2.47 87 110 5.26 3.07 N-trimethylsilyl aniline, CAS number: 3768-55-6
15 13.965 573 744 5.30 149 994 9.05 3.83 (Z)-octadec-9-enoic acid, CAS number: 112-80-1
16 14.217 198 276 1.83 23 725 1.43 8.36 undecan-1-ol, CAS number: 112-42-5
17 14.441 51 164 0.47 24 316 1.47 2.10 not identified
18 15.542 233 427 2.16 79 035 4.77 2.95 (E)-3,7,11,15-tetramethyl-2- hexadecen-1-ol, CAS number: 7541-49-3
19 20.374 236 481 2.19 40 896 2.47 5.78 2,6-dimethylhepta-1,5-diene, CAS number: 6709-39-3
20 22.990 111 694 1.03 26 867 1.62 4.16 spiro[4.4]nona-3,8-diene, CAS number: 6569-94-4

aNote: RT, retention time; A/H, area/height.

Figure 3. GC chromatogram of the ethanolic (70%) L. leucocephala leaf extract. Further details are provided in Table S5. The top 20 GC peaks
(based on A/H values) (Table 1) were selected for MS analysis, which unambiguously revealed 17 chemicals (Table 1).
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Figure 4. In silico ADMET analyses. (1) 6-Methylheptan-1-ol; (2) 3,7-dimethylnonane; (3) 3,7-dimethyldecane; (4) cyclohexane-1,2,3,4,5,6-hexol;
(5) 4-bromo-2-[(2-phenylbenzotriazol-5-yl)iminomethyl]phenol; (6) hexadecanoic acid; (7) tridecan-1-ol; (8) 2,3,6-trimethyloctane; (9) 2,6,10-
trimethylpentadecane; (10) tetradecanal; (11) 2-(diethylamino)-N-(2,6-dimethylphenyl)acetamide; (12) N-trimethylsilyl aniline; (13) (Z)-
octadec-9-enoic acid; (14) undecan-1-ol; (15) (E)-3,7,11,15-tetramethyl-2- hexadecen-1-ol; (16) 2,6-dimethylhepta-1,5-diene; and (17)
spiro[4.4]nona-3,8-diene.

Figure 5. Schematic representation of 2D interactions of α-amylase with select phytochemicals identified in the ethanolic (70%) leaf extract of L.
leucocephala. (a) Cyclohexane-1,2,3,4,5,6-hexol; (b) hexadecanoic acid; (c) 2-(diethylamino)-N-(2,6-dimethylphenyl)acetamide; (d) undecan-1-ol;
(e) tridecan-1-ol; (f) 6-methylheptan-1-ol; (g) 2,6,10-trimethylpentadecane; (h) 3,7-dimethylnonane; (i) 3,7-dimethyldecane; (j) tetradecanal; (k)
spiro[4.4]nona-3,8-diene; (l) N-trimethylsilyl aniline; (m) 2,6-dimethylhepta-1,5-diene; (n) 2,3,6-trimethyloctane; (o) (Z)-octadec-9-enoic acid;
and (p) (E)-3,7,11,15-tetramethylhexadec-2-en-1-ol. Black lines indicate C−C (chemicals) or peptide bonds (protein). Amino acid color code
indicates hydrophobicity and polarity. Van der Waals forces/hydrogen bonds are indicated by colored arrows. Hexadecanoic acid and (Z)-octadec-
9-enoic acid interact with key AAs in the active site of α-amylase.16
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and is known as a hypoglycemic agent,49,50 hexadecanoic acid
and (Z)-octadec-9-enoic acid met the ADMET and HOMO−
LUMO criteria best. Thus, we proceeded to analyze the
stability of these α-amylase protein−fatty acid complexes by
calculating the root-mean-square deviation (RMSD) of atomic
positions and root-mean-square fluctuation (RMSF) values
and determining the α-amylase protein contact map (Figures
7, 8, 9, and 10). The RMSD plots distinguished conformational
changes caused by binding between the fatty acids and α-
amylase. The hexadecanoic acid−α-amylase complex structure
exhibited an energy difference (protein vs protein-bound
ligand) of ∼3.6 Å (less than 4 Å for hydrogen bonding) at 40
ns and after 80 ns. The (Z)-9-octadecanoic acid−α-amylase
complex showed stabilized energy differences at <4 Å after 70
ns. The RMSF plots show residue fluctuations during the
molecular dynamics simulations (Figures 9 and 10).
Figures 11 and 12 show the specific AA residues involved in

fluctuations and interactions with these two phytochemicals.
An in silico α-amylase docking analysis with hexadecanoic

acid and (Z)-octadec-9-enoic acid confirmed the specific AA
residue binding sites and binding energy (Figure 13).
Interacting AA residues bound within 4 Å radius of ligands
were chosen for visualization and prediction by molecular
rendering. Both fatty acids interact with the active site of α-
amylase via AA residues TRP58, LEU162 and 165, Lys200,
Glu233, and ILE235. Lys200 interacts with the ligands by
hydrogen bonds for activity, and it is common for both fatty
acids (Figure 13). AA residues TRP58, LEU162 and 165,
Glu233, and ILE235 were identified as hydrophobic/π−π
contacts in the protein binding site, and these AA residues are
common binding partners for both fatty acids and are also key
AA residues interacting with the standard α-amylase inhibitor

acarbose (Figure 13).129 Glu233 is widely regarded as a key
AA in the active site of α-amylase, where it acts as a general
acid/base catalyst.16 Differences between Figures 11 and 12 on
the one hand and Figure 13 on the other hand are based on the
time-dependent dynamic nature of the analyses shown in
Figures 7−12.
We performed phytochemical analyses of L. leucocephala leaf

extracts using various solvents (methanol and ethanol for
quantitative and qualitative analyses, respectively; 70% ethanol
for GC−MS analysis). Our phytochemical studies revealed that
the L. leucocephala leaf extract contains many phenolic
constituents and is rich in flavonoids, coumarins, and saponins
but not alkaloids.
L. leucocephala leaves have been reported to function as α-

amylase inhibitors to reduce blood sugar level and aid in starch

Figure 6. Schematic diagram of the HOMO−LUMO energy gap
preferences of select phytochemicals identified from the ethanolic
(70%) leaf extract of L. leucocephala. Frontier energies of HOMO and
LUMO and intrinsic electronic proprieties of select phytochemicals
are shown. (a) Cyclohexane-1,2,3,4,5,6-hexol; (b) hexadecanoic acid;
(c) 2-(diethylamino)-N-(2,6-dimethylphenyl)acetamide; (d) unde-
can-1-ol; (e) tridecan-1-ol; (f) 6-methylheptan-1-ol; (g) 2,6,10-
trimethylpentadecane; (h) 3,7-dimethylnonane; (i) 3,7-dimethylde-
cane; (j) tetradecanal; (k) spiro[4.4]nona-3,8-diene; (l) N-trimethyl-
silyl aniline; (m) 2,6-dimethylhepta-1,5-diene; (n) 2,3,6-trimethyloc-
tane; (o) (Z)-octadec-9-enoic acid; and (p) (E)-3,7,11,15-tetrame-
thylhexadec-2-en-1-ol. The positive electron density is shown in red
color, whereas negative is shown in blue.

Figure 7. RMSD plot of α-amylase protein with hexadecanoic acid.
The plot shows the RMSD evolution of α-amylase (left Y-axis). The
ligand RMSD (right Y-axis) indicates the stability of the ligand
hexadecanoic acid with respect to α-amylase and its binding pocket.
In the plot, “Lig fit Prot” shows the RMSD of hexadecanoic acid when
the α-amylase−hexadecanoic acid complex is aligned to the protein
backbone of the reference, followed by measurement of the RMSD of
hexadecanoic acid heavy atoms. Values significantly larger than the
RMSD of α-amylase indicate that hexadecanoic acid diffused from its
initial binding site. Good binding was observed at 40 ns and after 80
ns.

Figure 8. RMSD plot of α-amylase protein with (Z)-octadec-9-enoic
acid. The plot shows the RMSD evolution of α-amylase (left Y-axis).
The ligand RMSD (right Y-axis) indicates the stability of the ligand
(Z)-octadec-9-enoic acid with respect to α-amylase and its binding
pocket. In the plot, Lig fit Prot shows the RMSD of (Z)-octadec-9-
enoic acid when the α-amylase−(Z)-octadec-9-enoic acid complex is
aligned to the protein backbone of the reference, followed by
measurement of the RMSD of the (Z)-octadec-9-enoic acid heavy
atoms. Values significantly larger than the RMSD of α-amylase
indicate that (Z)-octadec-9-enoic diffused from its initial binding site.
Stable binding was observed after 70 ns.
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digestion.42−44 We found that an ethanol extract of L.
leucocephala leaves had significant α-amylase inhibition activity,
comparable to that of the standard anti-diabetes drug
acarbose.58−61 Our GC−MS analysis of L. leucocephala leaf
extract revealed the presence of 17 phytochemicals, including

hexadecanoic acid and oleic acid ((Z)-octadec-9-enoic acid).
In silico molecular docking and dynamics studies indicated that
hexadecanoic acid and (Z)-octadec-9-enoic acid are potential
α-amylase enzyme inhibitors.
Our data strongly indicate these two fatty acids as natural

drugs for the treatment of T2DM. Accordingly, further in vitro
and in vivo experimental studies62,63 are required to confirm
and validate the possible α-amylase enzyme inhibitory activity
of hexadecanoic acid and oleic acid. As nutraceuticals,
hexadecanoic acid and oleic acid could serve for non-
pharmacological strategies for treating T2DM.64−67 However,
possible detrimental side effects (e.g., fatty liver, insulin
resistance, atherosclerosis, or other cardiovascular diseases)
of long-term treatment at higher doses must be considered and
would require further animal and human studies.67−74

Moreover, although L. leucocephala leaves could be a
reasonable alternative medicine in the form of a food
supplement for relief of T2DM,75,76 isolated and purified
fatty acids from different plant origins and with proven
inhibitory activity of key enzymes related to T2DM77−82 would
require optimized production processes at an industrial scale
and would have to pass through the entire drug development
process, including clinical trials.83−85

■ CONCLUSIONS

We examined the phytochemical composition and potential
antidiabetic activity of L. leucocephala leaves. Two potential α-
amylase inhibitors were identified through in vitro and in silico
analyses. The fatty acids hexadecanoic acid and (Z)-octadec-9-
enoic acid from L. leucocephala leaves had significant α-amylase
enzyme inhibitory activity and are potential alternative natural
product-based drugs for the treatment of T2DM.

■ EXPERIMENTAL SECTION

Materials. All chemicals used in this research were of
analytical grade and were purchased from Sigma-Aldrich (St.
Louis, MO).

Origin of L. leucocephala (Lam.) De Wit. L. leucocephala
(Lam.) De Wit was collected from the Nagapattinam district in
Tamil Nadu, India (10.7906° N, 79.8428° E), in December
2019 and authenticated (voucher specimen no. 375 deposited

Figure 9. RMSF plot of the α-amylase protein with hexadecanoic
acid. The X-axis shows the AA residue number of the α-amylase
protein. On this plot, peaks indicate areas of α-amylase that fluctuated
most during the simulation.

Figure 10. RMSF plot of the α-amylase protein with (Z)-octadec-9-
enoic acid. The X-axis shows the AA residue numbers of α-amylase.
On this plot, peaks indicate areas of α-amylase that fluctuated most
during the simulation.

Figure 11. Bar diagram of α-amylase protein contacts with hexadecanoic acid showing the specific AAs involved in fluctuations and interactions.
The X-axis indicates the AA residue number of the α-amylase protein. Protein interactions with the ligand were monitored throughout the
simulation. Interactions were categorized by type and summarized in the plot above. α-Amylase protein−hexadecanoic acid interactions (or
“contacts”) were categorized into four types: hydrogen bonds, hydrophobic interactions, ionic interactions, and water bridges. The stacked bar
charts were normalized over the course of the trajectory: for example, a value of 0.7 suggests that the specific interaction was observed during 70%
of the simulation time. Values over 1.0 are possible as some protein residue may make multiple contacts of the same subtype with the ligand.
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in the herbarium of the Department of Botany, Annamalai
University, Chidambaram, Tamil Nadu) by Professor
Mullainathan. Plant material was washed with normal and
distilled water, dried in the dark, and ground to a fine powder,
as described previously.62,63,86−88

Preparation and Qualitative Phytochemical Analysis
of Leaf Extracts. Ground L. leucocephala leaf powder was
soaked in 70% ethanol for 24 h with mild shaking at room
temperature. After 24 h, the sample was filtered using
Whatman grade 1 filter paper (Sigma-Aldrich) and concen-
trated by a rotary vacuum evaporator to 1 mg/mL.62,63,86−88

Concentrated extract was stored at 4 °C until further use.89,90

Preliminary qualitative phytochemical characterization of the
L. leucocephala leaf extract was performed to identify and
characterize phytochemical constituents such as anthraqui-
nones, coumarins, polyphenol, terpenoids, saponins, tannins,
steroids, alkaloids, flavonoids, glycosides, triterpenoids, and
terpenoids following the standard protocols of Harborne.91

Quantitative Analysis of Phytochemicals. Leaf powder
was quantitatively analyzed using standard procedures.91−99

Determination of Total Phenols by UV/VIS Spectro-
photometry. Total phenol content was estimated using the
method of Mbaebie et al.92 L. leucocephala leaf powder (250
mg) was soaked in 10 mL of ether for 15 min to extract
phenolic components. Approximately 2.5 mL of ether extract
was transferred to a 50 mL conical flask, and 5 mL of sterile
distilled water was added. Ammonium hydroxide solution (1
mL) and amyl alcohol (2.5 mL) were added. Sterile distilled
water was added to a volume of 13 mL, followed by a 30 min
incubation for color development. Optical density (OD) at a
wavelength of 565 nm was measured using a UV/Vis
spectrophotometer (Lambda 265, PerkinElmer Health Scien-
ces Pvt. Ltd., Chennai, Tamil Nadu, India).
Determination of Flavonoid Content. L. leucocephala

leaf powder (250 mg) was extracted with 10 mL of 80%
aqueous methanol and incubated at room temperature for 30
min. The methanol extract was filtered through Whatman
grade 1 filter paper (Sigma-Aldrich). The filtrate was
transferred into a crucible and kept in a water bath to facilitate
evaporation; the amount of sample left after evaporation was
weighed. Total flavonoid content was determined using
previously described standard procedures.91,93−95,100

Estimation of Total Terpenoid Content. L. leucocephala
leaf powder (250 mg) was soaked in methanol (100%, 10 mL)
for 24 h. One milliliter of filtrate (crude extract) was extracted
with 3 mL of petroleum ether (1:3 ratio). The ether extract
was evaporated under reduced pressure. The dried ether
extract was collected to determine the total terpenoid content
of the leaves using standard procedures.91,96,97

Estimation of Saponin Content. L. leucocephala leaf
powder (250 mg) was mixed in 10 mL of 80% aqueous
ethanol. The ethanol extract was heated at 55 °C for 1 h in a
water bath. The filtrate was transferred to 10 mL of ethanol,
and the volume of this mixture was reduced to 5 mL by boiling
in a hot water bath. Diethyl ether was added, and the
concentrated solution was shaken vigorously in a separating
funnel; the aqueous layer was removed for purification by
repeating the steps described above. Five milliliters of butanol
was added to the filtrate, followed by evaporation of the
mixture by immersion in hot water. Total saponin content in
the leaf extracts was assessed by standard procedures.91,98,99,101

Qualitative Histochemical Tests. Qualitative phyto-
chemical analyses were performed using the protocols of
Adetuyi and Popoola,102 Trease and Evans,103 and Sofowora104

with slight modifications. Briefly, a small quantity of dried and
finely powdered leaf sample was placed on a grease-free
microscopic slide and treated with specific chemicals and
reagents, followed by a 2 min incubation step. Light
microscopy (pathology microscope BLS 111, BLISCO,
Haryana, India) was used to observe and record color changes
over time. Development of a black color after FeCl3 treatment
indicated the presence of tannins, whereas the development of
a yellow color after treatment with H2SO4 indicated the
presence of saponins. Development of an orange color after
dinitrophenol hydrazine treatment indicated the presence of
terpenoids, and a green color after toluidine blue treatment
indicated the presence of polyphenols. Finally, development of
a yellow color after treatment with diluted ammonia and
H2SO4 indicated the presence of flavonoids.91,105,106

In Vitro α-Amylase Inhibitory Activity. To determine
the ability of the leaf extract to inhibit α-amylase activity, the
3,5-dinitrosalicylic acid (DNSA) method was used.107−109

Briefly, 100 mg of L. leucocephala leaf powder extract (80%
ethanol) was dissolved in 100 mL of 80% ethanol, and serial
dilutions (100, 200, 300, 400, and 500 μg/mL) were prepared.

Figure 12. Bar diagram of α-amylase protein contacts with (Z)-octadec-9-enoic acid showing the specific AAs involved in fluctuations and
interactions. The X-axis shows the AA residue number of the α-amylase protein. Protein interactions with the ligand were monitored throughout
the simulation. These interactions were categorized by type and are summarized in the plot above. α-Amylase protein−(Z)-octadec-9-enoic acid
interactions (or contacts) were categorized into four types: hydrogen bonds, hydrophobic interactions, ionic interactions, and water bridges. The
stacked bar charts were normalized over the course of the trajectory: for example, a value of 0.7 indicates that the specific interaction was
maintained for 70% of the simulation time.
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Five hundred microliters of α-amylase solution (HiMedia,
Mumbai, Maharashtra, India) was mixed with 500 μL of leaf
extract, and tubes were incubated for 10 min at 25 °C. Five
hundred microliters of starch solution (0.5% in water (w/v);
Nice Chemicals Pvt. Ltd., Kochi, Kerala, India) was added to
each tube, followed by an additional 10 min incubation. The
reaction was terminated by adding 1 mL of DNSA and boiling
in a water bath at 85−90 °C for 5 min. The reaction mixture
was cooled to ambient temperature, and absorbance was
measured at 540 nm using a UV/Vis spectrophotometer
(Lambda 265, PerkinElmer). Acarbose (an antidiabetic drug
used to treat T2DM)58−61 was used as the positive control.
The α-amylase enzyme inhibitory activity of the leaf extract is
expressed as inhibition percentage and was calculated using the
following equation

% amylase inhibition

(Abs(control) Abs(extract)) 100/Abs(control)

α

= − ×

Percentage of α-amylase inhibition was plotted against extract
concentration, and half maximal inhibitory concentration
(IC50) was calculated.

Gas Chromatography−Mass Spectrometry Analysis.
The GC−MS analysis was carried out using a Shimadzu
QP2010PLUS (Shimadzu Analytical India Pvt. Ltd., Chennai)
system comprising an AOC-20i autosampler and GC
interfaced to an MS instrument with an Rtx-5Ms column
(Restek, Bellefonte, PA; column diameter: 0.32 mm, column
length: 30 m, column thickness: 0.50 mm) operated in electron
impact mode at 70 eV. Helium gas (99.99%) was used as the
carrier gas at a constant flow of 1.73 mL/min. An injection
volume of 5 mL (split ratio of 10:1), injector temperature of
270 °C, and ion source temperature of 200 °C were used. The
Turbo Mass Ver. 5.2.0 software supplied with the device was
used. Interpretation of the GC−MS results was conducted
using the database of the National Institute of Standards and
Technology (NIST), which contains more than 62,000 MS
patterns. The spectra of unknown components were identified
based on comparison with spectra of known components
stored in the NIST library, and the chemicals with their
structures were unambiguously identified in the PubChem
database.110−112

Computational In Silico Studies: Data Collection. The
crystallographic 3-dimensional (3D) protein structure of the α-
amylase protein (PDB ID: 3OLE) was retrieved from the
Protein Data Bank113 at a resolution of 1.55 Å. Compound
structures were downloaded from the PubChem database114 as
described previously.55−57

Ligand Preparation. The LigPrep module of the
Schrödinger software package (Schrödinger, LLC, New York,
NY) was used to generate accurate and energy-minimized 3D
molecular structures of the ligands. All compound structures
were imported into the workspace, and the LigPrep module
created 3D conformational structures and possible combina-
tions of ligand compounds by adding potential missing atoms.
The OPLS3E force field was used to minimize the energy of
the ligands.115

Absorption, Distribution, Metabolism, Excretion, and
Toxicity Properties of the Ligands. For all compounds of
interest, ADMET properties and physicochemical parameters
affecting ADMET, including solubility, lipophilicity, and
permeability, as well as hydrogen bonding parameters,116−119

were determined using the Qikprop module of the Schrödinger
software package (Schrödinger, LLC).120 Based on compound
information, ligand properties were calculated. Molecular
weight (MW), solvent-accessible surface area, partition
coefficient (QP log Po/w), pharmacokinetic properties
(blood−brain barrier penetration (QP log BB), gut−blood
barrier penetration (QPP MDCK), and serum binding protein
(QP log Khsa)), and pharmacological properties were
determined.121

Highest Occupied Molecular Orbital−Lowest Unoc-
cupied Molecular Orbital. The frontier molecular orbitals of
the compounds were calculated using density functional
theory.122,123 The HOMO and LUMO gap energy predictions
were executed using the jaguar module of the Schrödinger
software package (Schrödinger, LLC).124,125 Various parame-
ters, such as dipole movement, chemical hardness, and

Figure 13. In silico α-amylase docking analyses with hexadecanoic
acid and (Z)-octadec-9-enoic acid. The α-amylase protein structure is
shown as a brown backbone ribbon, and the compounds are indicated
with sticks. Interacting residues were determined using BIOVIA
Discovery Studio Visualizer (Dassault Systems K.K., Tokyo, Japan);54

hydrogen bonds are represented by pale red dotted lines. Docking was
performed using Glide 4.0 (XP) extra precision (Schrödinger) to
depict the binding mode and calculate binding energies as described
previously.55−57 Hexadecanoic acid interacted with surrounding
residues through hydrophobic interactions with TRP59, TYR62,
GLN63, TYR151, THR163, HIS201, GLU233, and GLY306; H-
bonds with LYS200; and π−π interactions with TRP58, LEU162, and
LEU165. (Z)-Octadec-9-enoic acid interacted with surrounding
residues through hydrophobic interactions with TRP59, TYR62,
GLN63, TYR151, THR163, HIS201, GLU233, ASP300, and
GLY306; H-bonds with LYS200; and π−π interactions with
TRP58, LEU162, and LEU165.
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chemical softness, were determined. The HOMO−LUMO gap
energies were determined using the equation KE gap =
EHOMO − ELUMO, and the calculated HOMO−LUMO gap
energy value was reported as described previously.121

Molecular Docking and Dynamics: Protein Prepara-
tion. In this study, the α-amylase 3D protein crystal structure
was prepared using the protein preparation wizard panel of the
Schrödinger software package (Schrödinger, LLC). The 3D
protein crystal structure of α-amylase was imported into the
workspace and preprocessed, and the missing amino acid
residues were filled.126 Water molecules were removed from
the ligand-binding domain. H-bonds were optimized using the
hydrogen bond optimizer, and the α-amylase protein structure
was subjected to a minimization process to obtain the lowest-
energy conformational structure.121

Receptor Grid Generation. Grids were generated using
the receptor grid generation module of the Schrödinger
software package (Schrödinger, LLC). This module generates
a grid box in cocrystallized acarviostatins and compares it with
the ligand acarbose of human α-amylase to define the center of
the grid box for optimal inhibitory ligand position.127−129

Molecular Docking. Default parameters were used for
molecular docking, which was performed using the Glide 4.0
XP extra precision module of Schrödinger software package
(Schrödinger, LLC). Interacting AA residues bound within 4 Å
radius of ligands were chosen for visualization and prediction
by molecular rendering. The binding affinity between each
ligand and α-amylase was calculated, and phytochemical
ligands were ranked by scoring function.16,55−57,126,129

Molecular Dynamics Simulations of Protein and
Ligand Complexes. Based on the docking scores, ADMET
properties, and HOMO−LUMO gaps, 17 phytochemical
compounds were subjected to molecular dynamics simulations
using the Desmond module of the Schrödinger software
package (Schrödinger, LLC).130 α-Amylase protein−phyto-
chemical compound ligand complexes were adjusted in the
cubic box, and the solvation model used was a simple point
charge model. System equilibration was set to a temperature of
300 K and a pressure of 1 bar. A graphic processing unit was
used for production and trajectory preparation. Each trajectory
was generated and recorded for up to 100 ns. Calculations of
the RMSD, RMSF,131 radius of gyration, and torsional studies
were performed using the trajectory files of the protein−ligand
complexes.121,132,133

Statistical Analysis. Data obtained in this study were
analyzed by Student’s t test using SPSS software (IBM SPSS
Statistics; Armonk, NY). Experiments were performed in
triplicate, and data are presented as mean ± SD. The
significance of differences between groups was determined
using unpaired Student’s t test, and the significance of
differences within groups was assessed using paired Student’s
t test.
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