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Alpha-amylase is widely exploited as a drug target for preventing postprandial
hyperglycemia in diabetes and other metabolic diseases. Inhibition of this
enzyme by plant-derived pregnanes is not fully understood. Herein, we used
in vitro, in silico, and in vivo studies to provide further insights into the alpha-
amylase inhibitory potential of selected pregnane-rich chromatographic
fractions and four steroidal pregnane phytochemicals (SPPs), viz:
marsectohexol (P1), 3-O-[6-deoxy-3-O-methyl-B-D-allopyranosyl-(1—14)-f-
D-oleandropyranosyl]-11,12-di- O-tigloyl-17p-marsdenin (P2), 3-O-[6-deoxy-
3-O-methyl-B-D-allopyranosyl-(1—4)-B-D-oleandropyranosyl]-17p-

marsdenin (P3), and 3-O-[6-deoxy-3-O-methyl-B-D-allopyranosyl-(1—4)-B-
D-canaropyranosyl]-17f-marsdenin (P4) derived from Gongronema latifolium
Benth. The results revealed that the SPPs source pregnane-rich
chromatographic fractions and the SPPs (P1-P4) exhibited inhibitory
potential against porcine pancreatic alpha-amylase in vitro. Compounds
P1 and P2 with ICsq values 10.01 and 12.10 uM, respectively, showed greater
inhibitory potential than the reference acarbose (ICsqg = 13.47 uM). Molecular
docking analysis suggests that the SPPs had a strong binding affinity to porcine
pancreatic alpha-amylase (PPA), human pancreatic alpha-amylase (HPA), and
human salivary alpha-amylase (HSA), interacting with the key active site residues

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmolb.2022.866719/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.866719/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.866719/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.866719/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.866719/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.866719/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2022.866719&domain=pdf&date_stamp=2022-08-10
mailto:omogunyemi1@gmail.com
mailto:gideonagyebi@gmail.com
https://doi.org/10.3389/fmolb.2022.866719
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2022.866719

Ogunyemi et al.

Introduction

10.3389/fmolb.2022.866719

through an array of hydrophobic interactions and hydrogen bonds. The strong
interactions of the SPPs with Glu233 and Asp300 residues may disrupt their
roles in the acid-base catalytic mechanism and proper orientation of the
polymeric substrates, respectively. The interactions with human pancreatic
amylase were maintained in a dynamic environment as indicated by the root
mean square deviation, radius of gyration, surface accessible surface area, and
number of hydrogen bonds computed from the trajectories obtained from a
100-ns molecular dynamics simulation. Key loop regions of HPA that contribute
to substrate binding exhibited flexibility and interaction potential toward the
compounds as indicated by the root mean square fluctuation. Furthermore,
P1 significantly reduced blood glucose levels and area under the curve in albino
rats which were orally challenged with starch. Therefore, Gongronema
latifolium and its constituent SPPs may be exploited as inhibitors of
pancreatic alpha-amylase as an oral policy for impeding postprandial blood
glucose rise.

KEYWORDS

diabetes, alpha-amylase, G. latifolium, phytochemicals, pregnanes, molecular docking,
molecular dynamics simulations

is projected to reach 700 million by 2045 (Cho et al., 2018; Kaur
et al,, 2021). In addition, DM has serious adverse effects on national

Diabetes mellitus (DM), a metabolic disease syndrome, is economies (American Diabetes Association, 2014; Unuofin and
ranked among the persistent and most challenging public health Lebelo, 2020) as most countries in the world spend between 5%
burdens worldwide. It afflicts up to 463 million people globally and and 13% of their total budgetary allocation on diabetes (Zhang et al.,
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FIGURE 1
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The 2D structures of marsectohexol (P1) and the pregnane glycosides, viz: iloneoside (P2), 3-O-[6-deoxy-3-O-methyl-B-D-allopyranosyl-
(1—4)-p-D-oleandropyranosyl]-17p-marsdenin (P3), and 3-O-[6-deoxy-3-O-methyl-p-D-allopyranosyl-(1—4)-p-D-canaropyranosyl]-17p-

marsdenin (P4) derived from Gongronema latifolium Benth.

2010; Beseni et al,, 2019). The global expenditure which was estimated
at USD 376 billion in 2010 is expected to rise to about USD 490 billion
by 2030 (Zhang et al, 2010). Untreated diabetes, which is
characterized by prolonged postprandial and fasting hyperglycemia
(Aryangat and Gerich, 2010; Riaz et al,, 2020), may lead to dysfunction
and failure of multiple organs (Mahomoodally et al., 2012; Beseni
et al, 2019) and thereby results in several secondary complications
such as neurodegenerative diseases, neuropathy, nephropathy,
retinopathy, cardiovascular diseases among people living with DM
(American Diabetes Association, 2014; Beseni et al., 2019).

A well-known therapeutic approach for the prevention and
management of diabetes is decreasing diet-dependent blood
glucose rise. This can be achieved by blunting dietary
carbohydrate digestion in the gut through inhibition of digestive
enzymes including alpha-amylase and alpha-glucosidase (Kim et al.,
2005; Ogunyemi et al,, 2022). The enzyme alpha-amylase (1,4-a-D-
glucan glucanohydrolase, EC 3.2.1.1) is a key therapeutic target that
has been exploited for developing several synthetic drugs such as
acarbose, voglibose, and miglitol (Algahtani et al, 2019). Several
amylase inhibitors have also been identified from natural sources
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(Ogunyemi et al., 2020; Lankatillake et al,, 2021; Ogunyemi et al,,
2022). The alpha-amylase mainly occurring in the saliva and pancreas
(Stiefel and Keller, 1973) helps to start the chemical process of
carbohydrate breakdown by hydrolyzing the glycosidic bonds in
starch and related substrate polysaccharides, transforming them into
oligosaccharides and simple absorbable sugars. While the salivary
amylase is produced by the salivary glands and initiates carbohydrate
digestion in the mouth, a large amount of pancreatic amylase is
secreted by the pancreas into the duodenum to continue the digestion
of incoming starch. Human pancreatic a-amylase (HPA) is a 57 KDa
protein comprising 512 amino acids in a single polypeptide chain
with a well-defined active site region (Whitcomb and Lowe, 2007).
Various synthetic inhibitors that interact with the active site and
impair the catalytic function of this enzyme, as mentioned earlier, are
known to be effective antidiabetics but are associated with several side
effects such as flatulence, diarrhea, bloating, and abdominal
discomfort (Kaur et al, 2021). This has stimulated researchers’
interest in developing safer alpha-amylase inhibitor molecules.
Many herbal extracts derived from herbs, spices, and medicinal
plants with acknowledged and scientifically proven antidiabetic

frontiersin.org
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properties serve to complement current therapies in developing
countries (Poovitha and Parani, 2016; Ogunyemi et al., 2022). The
ethnopharmacological use of such herbs is increasingly gaining
importance as medicines due to accumulating scientific evidence.
They are also considered important vegetal resources for alpha-
amylase inhibitors, preventive nutraceuticals, and antidiabetic drugs
and may be exploited as an oral policy for impeding postprandial
blood glucose rise in diabetes and metabolic syndrome (Dhital et al,,
2013; Nyambe-Silavwe et al,, 2015; Ogunyemi et al., 2022). Such
antidiabetic plants and their activity against alpha-amylase were
recently reviewed extensively by Kaur et al. (2021). G. latifolium
Benth. is an antidiabetic plant that has been used in African
traditional medicine against diabetic conditions (Al-Hindi et al,
2016; Ogunyemi et al, 2020). Several experimental pieces of
evidence also support the ethnopharmacological use of this plant
as the antidiabetic potentials of its bioactive extracts, and fractions
have been documented in vitro and in vivo for over a decade (Akah
etal, 2011; Chime et al., 2014; Al-Hindi et al., 2016; Ogunyemi et al.,
2020). Such plants possessing antidiabetic activity mostly contain
glycosides, pregnanes, alkaloids, terpenes, flavonoids, and
carotenoids (Malviya et al, 2010; Ardalani and Hejazi Amiri,
2021). Major active constituents like pregnanes, pregnane
glycosides, saponins, anthraquinones, alkaloids, p-sistosterol,
sitostenone, lupenyl esters, glycosides, and essential oils have
been isolated from different fractions of G. latifolium Benth. and
may mediate biological activities of this food plant (Edet et al., 2009;
Al-Hindi et al., 2016; Gyebi et al.,, 2018; Al-Hindi and Yusoff, 2019).
On the other hand, several plant extracts containing pregnanes have
been suggested and investigated as potential anti-obesity and
antidiabetic drugs (Liu et al., 2013; Abdel-Sattar et al,, 2018). For
instance, the extracts and various fractions from the pregnane-rich
Caralluma species, which are known to contain pregnane glycosides,
were reported to show antihyperglycemic activity (Venkatesh et al,
2003; Habibuddin et al., 2008; Abdel-Sattar et al., 2011; Ashwini and
Anitha, 2017). A recent report documented the inhibitory activity of
five novel pregnane glycosides isolated from the ethanol extract of
Gymnema sylvestre stem against o-amylase and a-glucosidase
enzyme activities (Kiem et al, 2020). Therefore, plant pregnanes
are dubbed as promising inhibitors of human pancreatic amylase,
which may be exploited as preventive nutraceuticals for drug
development. Herein, we used in vitro, in silico, and in vivo
analyses to explore the alpha-amylase inhibitory potential of
selected steroidal pregnane phytochemicals (SPPs) derived from
Gongronema latifolium.

Materials and methods
Plant materials and phytochemicals

The detailed methods of extraction, successive solvent-

solvent  partitioning, = chromatographic  fractionation,

isolation, and characterization of bioactive compounds
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from G. latifolium have been reported in previous studies
(Gyebi et al, 2018). Three bioactive pregnane-rich
chromatographic fractions and the isolated steroidal
pregnanes were selected for the current study. The isolated
pregnane compounds comprise a pregnane marsectohexol
(P1) and three pregnane glycosides, viz: iloneoside (P2), 3-
O-[6-deoxy-3-O-methyl-p-D-allopyranosyl-(1—4)-p-D-
oleandropyranosyl]-178-marsdenin (P3), and 3-O-[6-deoxy-
3-O-methyl-B-D-allopyranosyl-(1—4)-B-D-
canaropyranosyl]-17p-marsdenin (P4) (Gyebi et al., 2018;
Ogunyemi et al., 2020) as depicted in Figure 1.

Enzyme inhibition assays

The alpha-amylase inhibitory activity of the pregnane-rich
chromatographic fractions (F1-F3) and that of the isolated
SPPs (P1-P4) alongside the reference acarbose were carried out
as described by Carrasco et al. (2017) based on the
dinitrosalicylic acid (DNSA) method (Miller, 1959). Varying
concentrations of the pregnane-rich fractions (40-200 pg/ml)
and those of the isolated compounds (10-50 pg/ml) were
prepared in DMSO. Briefly, 100 pL of the test substance was
reacted with 200 ul of alpha-amylase (alpha-amylase from
porcine pancreas, EC 3.2.1.1, type VI, Sigma) and 100 ul of
2mM of phosphate buffer (pH 6.9) of 0.02M sodium
phosphate (pH 6.9). Subsequent to incubation for 20 min,
100 uL of 1% starch substrate was added. Blank controls
where the enzyme was replaced with the buffer were also
prepared alongside. Following incubation of the reaction
mixture for 5 min, 500 pl of dinitrosalicylic acid reagent was
mixed with the control and the test. These were kept in a water
bath at a boiling temperature for 5min. The absorbance
readings were taken at 540nm, and the percentage
inhibition was calculated as follows:

(Absorbance o) — Absorbance,)

% inhibition = x 100,

Absorbance o,ro1
where Aconirol = absorbance of the blank control (containing all
reagents including 20% DMSO except the test solution) and
Ayest = absorbance of the test sample.

The half-maximal inhibitory concentration (IC50) values
were determined by fitting inhibition parameters with
standard log inhibitor vs. normalized response models using
nonlinear regression as described by Buchwald (2020).

Retrieval and preparation of proteins

The crystal structures of porcine pancreatic alpha-amylase (PDB
ID: 10SE), human pancreatic alpha-amylase (PDB ID: 4GQR), and
human salivary alpha-amylase (PDB ID: 1SMD) were retrieved from
the Protein Data Bank website: http://www.rcsb.org. The native
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ligands and molecules of water associated with the protein structures
were removed, while missing hydrogen atoms were included using
MGL-AutoDockTools (ADT, v1.5.6). The Kollman charges were
included as the partial atomic charges (Morris et al, 2009). This
procedure was applied to all proteins and then saved as the dockable
protein databank extension pdbqt for docking simulations.

Ligands preparation

The 3D structures of the SPPs, the reference inhibitor, and
the co-crystallized compound were retrieved from the PubChem
database (www.pubchem.ncbinlm.nih.gov) in structure file
format (SDF). The chemical structures were then converted to
mol2 format through Open Babel (O'Boyle et al., 2011). Then,
polar hydrogen charges of the Gasteiger type were assigned to
atoms, while the non-polar hydrogen molecules were merged
with the carbon atoms. The ligands were then converted to the
PDBQT format using AutoDock Tools for molecular docking
simulation and molecular dynamics simulations.

Molecular docking studies

Prior to docking analysis, the docking protocol was
validated by redocking the native inhibitor into the active
region of the enzyme. The binding pose with the minimal
binding energy was superimposed on the retrieved co-
crystallized inhibitor, after which the root mean square
deviation (RMSD) was calculated using Discovery Studio.
Then, the SPPs alongside reference inhibitors were docked
into the active region of the enzymes using the AutoDock
Vina docking tool in PyRx 0.8 (Trott and Olson, 2010).
Blind docking calculations were also performed in order to
screen the protein surface for possible binding spots other than
the active site. The ligand molecules were imported, and energy
was minimized using Open Babel (O’Boyle et al., 2011) in PyRx
0.8, applying the “universal force field” (UFF) as the energy
minimization parameter and the conjugate gradient descent as
the optimization algorithm. The parameters of the regions
enclosing the active sites of the proteins as defined by the
grid boxes are presented in Supplementary Table S1. The
prepared enzyme structures were also imported, and the
docking analysis was run with all other parameters kept as
default. The docked complexes were visualized using the
Discovery Studio Visualizer version 21 to detect and
document the molecular interactions.

Molecular dynamics simulations

Following molecular docking, apo-HPA and the complexes
formed with the SPPs were subjected to a full atomistic 100-ns
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molecular dynamic (MD) simulation in GROMACS 2019.2 using
GROMOS96 43al forcefield on the WebGRO (Bekker et al,
1993; Oostenbrink et al., 2004; Abraham et al., 2015). The
required topology files of the ligand molecules were generated
using the PRODRG web server (http://davapcl.bioch.dundee.ac.uk/
cgi-bin/prodrg) (Schiittelkopf and Van Aalten, 2004). The solvation
of the apoenzyme and ligand-enzyme complex systems within a
cubic box of the transferable intermolecular potential was performed
with a four-point (TIP4P) water model, employing the periodic
boundary conditions at a physiological concentration of 0.154 M
set by neutralized NaCl ions. The minimization of the biomolecular
systems was performed for 10,000 steps using the steepest descent
algorithm in a constant number of atoms, volume, and temperature
(NVT) ensemble for 0.3 ns followed by 0.3 ns of equilibration in
constant atom number, constant pressure, and constant temperature
(NPT). The temperature was maintained using 310 K using velocity
while 1 atm
Parrinello-Rahmanbarostat. Leap-frog integrator was used with a

rescale, pressure  was set to using
time step of two femtoseconds. For the 100 ns production run
performed for each system, a 0.1-ns snapshot was saved with a
total of 1,000 frames from each system. The thermodynamic
parameters such as RMSD, RMSF, SASA, RoG, and the number
of H-bond were computed from the trajectory files using VMD TK

console scripts (Humphrey et al,, 1996).

Oral starch tolerance test

The animal study was reviewed and approved by the
University Ethical Review Committee of the University of
Tlorin (Protocol Identification Code: UERC/LSC/183). An oral
starch tolerance test was carried out as described in a previous
study (Poovitha and Parani, 2016). Sixteen fasted albino rats were
divided into four groups of four each, and orally treated with
DMSO (negative control), 10 mg/kg acarbose (positive control),
10 mg/kg marsectohexol, and 20 mg/kg marsectohexol. After
10 min, the blood glucose level was estimated (0 min), and the
rats were orally administered with 3.0 g/lkg starch. Then, the
blood glucose level was estimated at 30, 60, and 120 min after the
administration using a glucometer. Peak blood glucose (PBG)
was determined by observing the blood glucose level during the
previously mentioned time intervals, and the area under the
curve (AUC) was calculated.

Statistical analysis

Data were processed using Microsoft Excel 2010, Graphpad
software 6.0, and SAS 9.12 statistical software. One-way analysis
of variance (ANOVA) and Duncan multiple range were used to
assess the possible differences among the means. The results were
expressed as the mean + SEM and p < 0.05 as the level of
statistical significance.
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Inhibitory activity of bioactive fractions of Gongronema latifolium Benth. against alpha-amylase. Percentage inhibitory activity of the selected
pregnane-rich chromatographic sub-fractions on porcine alpha-amylase (A). Half-maximal inhibitory concentrations (IC50) of the pregnane-rich

fractions (B).

Results

In vitro analysis of amylase inhibition by
pregnane-rich fractions and steroidal
pregnane phytochemicals

The inhibitory potential of selected pregnane-rich
chromatographic sub-fractions derived from G. latifolium
Benth. is depicted in Figure 2.

The fraction F1 exhibited the strongest alpha-amylase
inhibition in a concentration-dependent manner (Figure 2A).

Frontiers in Molecular Biosciences

This fraction possessed an ICs, value of 14.10 pg/ml (Figure 2B).
Fractions F2 and F3 also possessed considerable inhibitory
potential against the target enzyme.

The SPPs latifolium Benth. in
comparison with the reference acarbose showed inhibitory

derived from G.

potential against porcine alpha-amylase as depicted in
Figure 3.

Although the reference acarbose exhibited the greatest
inhibition effects, compounds P1 and P2 with ICs, values of
10.01 and 12.10 uM, respectively, showed greater inhibitory
potential than the reference acarbose (ICsy = 13.47 uM).
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Molecular docking simulation

Prior to molecular docking simulation, which was based
on the scoring function in AutoDock Vina, the docking
protocol was validated by retracting myricetin, the co-
crystallized compound with the human pancreatic alpha-
amylase protein structure (PDB ID: 4GQR). The compound
was subsequently redocked into the same domain of the
enzyme structure. The result revealed that all the docking
conformations of myricetin structure were located within the
active site region of the enzyme and interacted with the
catalytic triad and other critical residues that define the
active site of the enzyme as shown in Figure 4.

Estimation of the root mean square deviation (RMSD)
between the lowest binding pose and the initial crystal
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structure gave 1.97 A (less than 2.00 A), while the best-docked
conformation of myricetin with HPA had a docking score
of —8.4 Kcal/mol and interacted with HPA through hydrogen
bonds with Asp197, Asp300, Tyr62, Gln63, and His299 and
hydrophobic interactions with Trp59 and Tyr62.

Subsequent to docking validation, an active-site directed
docking of the compounds against the structures of porcine
pancreatic amylase, human pancreatic amylase, and human
salivary amylase was conducted. Blind docking, which helps to
screen the whole surface of the proteins, was also conducted to
assess possible binding interactions to other sites such as
regulatory sites. The docking scores obtained from this
analysis are shown in Table 1.

Molecular docking of the SPPs and acarbose with the active
site of PPA revealed that the P1 had the lowest docking score
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FIGURE 4
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Redocked native compound: (A) Superimposition of selected docked conformer of co-crystallized myricetin on the retracted co-crystallized

structure. (B) interacted amino acid residues with myricetin.

TABLE 1 Docking scores of the targeted and blind docking simulations of pregnanes with porcine alpha-amylase and human amylase.

Compounds PPA HPA

Targeted score Blind score

(Kcal/mol) (Kcal/mol)
Acarbose (E = -6.1 -8.2 -6.5
852.22)
P1 (E = 1048.30) -8.4 -85 -8.4
P2 (E = 1688.06) -0.8 -8.5 =77
P3 (E = 1455.05) -5.4 -9.3 -8.1
P4 (E = 1489.24) -59 94 -85

[E = Energy of minimization in universal force field (UFF)].

(8.4 Kcal/mol) as compared to the pregnane glycosides
(P2-P4) and the reference acarbose (—6.1 Kcal/mol). The
blind docking revealed comparable binding energy of the
pregnanes to PPA. All the SPPs had lower docking scores
than the reference acarbose with respect to both targeted
docking and blind docking to HPA. Similar results were
obtained in the case of HSA.
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Targeted score
(Kcal/mol)

HSA

Blind score Targeted score Blind score

(Kcal/mol) (Kcal/mol) (Kcal/mol)
7.1 6.2 -7.2
-8.4 -7.7 =7.7
-9.2 -7.9 -8.0
-9.0 -9.0 -9.3
-84 -89 -89

Molecular interactions of the pregnane
compounds with alpha-amylase

The SPPs are C21 steroid derivatives with carbons present at
positions 1 through 21 (Figure 1). Several interactions were
formed between these structures and the active site residues of
the enzyme proteins are shown in Table 2.
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TABLE 2 Molecular interactions of porcine pancreatic alpha-amylase, human pancreatic alpha-amylase, and human salivary alpha-amylase with
acarbose and the pregnane compounds (P1-P4) derived from G. latifolium.

Enzymes

Compounds

Acarbose PPA

P1

P2

P3

P4
Acarbose HPA
P1

P2

P3

P4

Acarbose HSA

P1

P2

P3

P4

Active site docking

Hydrogen bond
interactions

No Residues

4 Asp300 (3) and

Gly306

3 His 299 and Asp
300 (2)

1 His299

1 His299

5 Asp300 (3) and
Glu240 (2)

8 Lys200, His305 (2),
Asp300 (3), and
Glu233 (2)

3 Glu233 (2) and
Asp300

3 Asp197, Thrl63,
and Tyr151

3 Thr163 and
Asp300 (2)

6 Glu233, Glu240 (2),
Asp300 His305, and
Gly306

3 Asp300, Gly306,
and Lys200

2 Glu233 and Asp300

3 Glu233 and
Asp300 (2)

3 Asp300 (2) and
Glu240

4 Asp300 (3) and
Glu240

Hydrophobic interaction

No Residues
3 Lys200, Tle235, and Tyr151

10 Leul62 (2), Alal198, 1le235,
Leul65, Trp58, Tyr62 (3),
and His201

7 Vall63(2), Leul62 (2),
Lys200, His201, and His299

4 Leul62, Ile235, and Tyr62

9 Leul62 (2), Ala198, Ile235,
Ala307, Trp58, Tyr62 (2),
and His201

2 Trp58 and Trp59

8 Leul62 (2), Leul65 (2),
Alal98, 1le235, Leul62,
and His201

10 Tyrl51 (3), lle235 (2),
Trp58 (2), Trp59, His299,
and His305

11 Leul62, (2), le235 (2),
Trp58, Trp59 (2), Tyr62,
Tyr151, and His201

10 Leul62 (2), Ala198, Tle235,
Trp58, Tyr62 (2), Tyrl51
(2), and His201

3 Trp58, Trp59, and His305

7 Leul62 (2), Ala198, Leul65,
Tyr62, and His201 (2)

9 Trp59 (2), Leul62 (2),
Ala198, Ala307, Tyr62, and
His201 (2)

12 Leul62 (2), Ala198, Ala307,
Ile235, Leu237, Trp58,
Tyr62 (2), His101, and
His201 (2)

10 Leul62 (2), Alal198, Ile235
(2), Trp68, Tyr62 (2),
His101, and His201

Blind docking

Hydrogen bond
interaction

No Residues

3 Arg252, Lys278, and
Glu404

6 His 299, Gly306,
Asp300(2), and
Glu233 (2)

6 Arg252, Trp280,
Gly334, His331,
Asn279, and Trp280

8 Arg252, Ser289,
Pro332, Gly334, His331
(2), Asn279, and
Trp280

5 Lys200, Glu240,
Glu233 (2), and
Asp300

6 Glu233 (3), Asp300,
His305, and Gly306

4 Asp197, Glu233,
Alal98, and GIn63

4 Asp300, Thr163, and
Glu240

3 Thr163, Glu240, and
Gly239

5 Thr163, Asp300 (2),
His305, and Gly306

5 Asp300 (2), Argl95,

and Lys352 (2)
3 Asp300 (3)

5 Asp300, Ser163,
His305, and Leu237

5 Glu233, Asp300 (2),
Glu240, and Lys200

3 Asp300 (2) and Glu240

Hydrophobic interaction

No Residues
1 Pro332

8 Leul62 (2), Ala198,
Leul65, Trp58, Tyr62 (2),
and His201

4 Pro332 (2), Pro405, and
Phe335

3 Pro4 and Phe335 (2)

8 Leul62 (2), Ala198, Ile235,
Ala307, Leu237, Tyr62, and
His201

2 Trp58 and Trp59

10 Leul62 (3), Leul65 (2),
Alal98, Ile235, Trp59,
His201, and GIn63

9 Tyrl51, Trp59 (4), Leul62,
Tyr62, His201, and His305

15 Leul62 (2), Ala198, 1le235
(2), Trp58, Ala307, Leu237
(2), Tyr62 (2), and
His201 (2)

6 Leul62, 1le235, Leul62,
Leu237, Tyr62, and Tyr151

1 Trp59

10 Leul62 (2), Leul65,
Ala198, Trp58, Tyr62 (2),
His101, and His201

7 Tyrl51, Trps9 (3), Leul62
(2), and His305

11 Leul62 (2), Ala198, Ala307,
Tle235, Trp58, Tyr62 (2),
His101, and His201 (2)

10 Leul62 (2), Ala198, Tle235
(2), Trp58, Tyr62 (2),
His101, and His 201

NB: P1, marsectohexol; P2, 3-O-[6-deoxy-3-O-methyl-p-D-allopyranosyl-(1—14)-p-D-oleandropyranosyl]-11,12-di-O-tigloyl-17p-marsdenin; P3, 3-O-[6-deoxy-3-O-methyl-p-D-
allopyranosyl-(1—4)-B-D-oleandropyranosyl]-17p-marsdenin; P4, 3-O-[6-deoxy-3-O-methyl-p-D-allopyranosyl-(1—4)-B-D-canaropyranosyl]-17p-marsdenin. Amino acid residues in

bold font are members of the catalytic triad. Figures in parenthesis indicate multiple bonds exhibited by the residues. Amino acids in bold fonts are the catalytic residues.

The results showed that while the interactions of acarbose
with the active site were dominated by hydrogen bonds, the
interactions of the SPPs were dominated by hydrophobic
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interactions. The amino acid interactions reported in
Table 2 are further illustrated graphically in surface view
and three-dimensional structure to show the bond sub-
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TABLE 3 Effect of acarbose and the marsectohexol on blood glucose level in albino rats.

Group PBG (mmol/L) % reduction of PBG
Control 3.60 + 0.20°

Acarbose (10 mg/kg) 2.85 + 0.05™ 20.83

Marsectohexol (10 mg/kg) 2.90 + 0.10" 19.44

Marsectohexol (20 mg/kg) 2.15 + 0.45° 28.18

PBG, peak blood glucose; AUC, area under the curve. Values are the mean + SEM (n = 4), at p < 0.05 vs. control.

HIs201

LEU162

LYS200

FIGURE 5
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% reduction of AUC

7.00
6.36
2591

GLU240

The 3D depiction of the interactions of acarbose and the isolated steroidal pregnanes with amino acid residues in the active site of porcine
pancreatic alpha-amylase (PPA). Ligands are depicted in stick representations in colors red: acarbose (reference inhibitor); blue: P1; green: P2; pink:
P3; purple: P4. Interaction types (dotted lines) and their bond lengths are depicted in green (H-bonds); light purple: hydrophobic interactions (pi-
alkyl, alkyl, and pi-stacking); purple: pi-pi T-shaped interactions; yellow: pi-sulfur interactions and pi-stacking interactions. Amino acid residues

are in a three-letter representation.

Frontiers in Molecular Biosciences 10

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.866719

Ogunyemi et al.

10.3389/fmolb.2022.866719

GLU233

198
ILE235

FIGURE 6

ﬁzﬂ” ILE235
o /,‘f‘\

\ \ 1S201

=

TRP58 |
TYR62 |

P4

LEU162

The 3D depiction of the interactions of acarbose and the isolated steroidal pregnanes with amino acid residues in the active site of human
pancreatic alpha-amylase (HPA). Ligands are depicted in stick representations in colors red: acarbose (reference inhibitor); blue: P1; green: P2; pink:
P3; purple: P4. Interaction types (dotted lines) and their bond lengths are depicted in green (H-bonds); light purple: hydrophobic interactions (pi-
alkyl, alkyl, and pi-stacking); purple: pi-pi T-shaped interactions; yellow: pi-sulfur interactions and pi-stacking interactions. Amino acid residues

are in a three-letter representation.

types and bond distances as depicted in Figures 5-7. Figure 5
shows that the SPPs fit into the binding pocket of the porcine
alpha-amylase and interacted with critical amino acids that
define the active site of the enzyme. In a similar manner, the
compounds interacted with the active site of human enzymes
as depicted in Figures 6, 7.

Molecular dynamics simulation
In this study, a 100-ns atomistic MDS was performed to

compare the stability and structural conformation of the
ligand-enzyme complexes with unbound enzyme (apoenzyme)
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in a dynamic environment as indicated by the thermodynamic
parameters computed and plotted from the MDS trajectory files
(Figures 8, 9).

The root mean square deviation (RMSD) of the backbone
C-a atoms of all the HPA systems showed a stable trend after
equilibration as depicted in Figure 8A. The RMSD of the
backbone C-a atoms of the apo-HPA showed an increasing
trend in the first 21.9 ns before stabilizing at around an
average value of 2.61 A. The HPA-P1 system showed the
rising value of RMSD until 24.5 ns at which stability around
3.18 A was attained. The HPA-P2 system showed stability
beyond 28.8 ns, averaging at 3.02 A. Stability was attained
for HPA-P3 at 25 ns with an average value of 2.83 A. The
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The 3D depiction of the interactions of acarbose and the isolated steroidal pregnanes with amino acid residues in the active site of human
salivary alpha-amylase (HSA). Ligands are depicted in stick representations in colors red: acarbose (reference inhibitor); blue: P1; green: P2; pink: P3;
purple: P4. Interaction types (dotted lines) and their bond lengths are depicted in green (H-bonds); light purple: hydrophobic interactions (pi-Alkyl,
alkyl, and pi-stacking); purple: pi-pi T-shaped interactions; yellow: pi-sulfur interactions and pi-stacking interactions. Amino acid residues are in

a three-letter representation.

HPA-P4 system attained stability around 16.6 ns beyond
which RMSD averaged at 2.76 A. Upon equilibration and
stabilization, the RMSD values were maintained within 2 A.
The radius of gyration (RoG) plot further showed stability of
the ligand-HPA complexes (Figure 8B). The RoG value of
the apo-enzyme system was maintained around 22.98 A,
while those of the HPA-P1, HPA-P2, HPA-P3, and HPA-
P4 were maintained around 22.89, 22.82, 23.08, and 22.57 A,
respectively. Furthermore, the surface accessible surface
area (SASA) plot in Figure 8C indicates the level of the
solvent accessibility surface of the protein systems. The apo-
enzyme system exhibited an average SASA value of around
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18,699.95, while HPA-P1, HPA-P2, HPA-P3, and HPA-P4
showed 18,781.49, 19,491.29, 19,120.87, and 18,766.17 A?,
respectively. A more detailed stability analysis through
computation of the number of hydrogen bonds existing in
the biomolecular systems was performed, and the plot is
shown in Figure 8D. The number of H-bonds shows a stable
trend for all the biomolecular systems. The apo-HPA, HPA-
P1, HPA-P2, HPA-P3, and HPA-P4 featured 108, 104, 103,
106, and 106 hydrogen bonds, respectively.

The RMSF in Angstrom (A) was plotted for the apo-HPA
and in complex with the isolated steroidal pregnanes
(Figure 9).
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Structural stability of apo human pancreatic amylase and in complex with the isolated steroidal pregnanes. (A) Backbone root mean square
deviation (RMSD) plots. (B) Radius of gyration (RoG) plots. (C) Surface accessible surface area (SASA) plots. (D) Change in the number of hydrogen

bonds.
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FIGURE 9

Per residue root mean square fluctuations (RMSF) plots of
molecular dynamics (MD) simulation of human pancreatic amylase
(HPA) and in complex with the isolated steroidal pregnanes.

Compared to the non-complexed HPA, increased disorder
was observed in specific loop regions of the proteins. Some of
the amino acid residues that define the active site of HPA
showed significant fluctuations (greater than 2 A). In addition
to the active site residues, other residues also show several
significant peaks of increased RMSF. Specific regions of the
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FIGURE 10

Effects of P1 (marsectohexol) from Gongronema latifolium

and acarbose on the blood glucose level after the administration of
3 mg/kg starch to albino rats. Values are the mean + SEM (n = 4), at
p < 0.05.

RMSF plots that showed the highest fluctuations are the
Phe348-Asn352 region (yellow cartoon) as well as the
Gly238-Glu240 region (red cartoon). These regions form
loops in the vicinity of the active site of the enzyme. These
loops showed the highest fluctuations upon interactions with
the compound P3.
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Oral starch tolerance test

The orally administered marsectohexol alongside acarbose
showed a significant decrease in the blood glucose level as
depicted in Figure 10, as well as the peak blood glucose and
area under curve (Table 3), further indicating the inhibitory role
of this compound against alpha-amylase.

Discussion

Alpha-amylase is widely exploited as a drug target for
preventing postprandial hyperglycemia in diabetes and other
metabolic diseases (Borah et al, 2019; Ogunyemi et al, 2022).
Pregnane-rich plant extracts are known to possess strong alpha-
amylase inhibitory potential and thereby serve as important
bioresources for preventive nutraceuticals and potent antidiabetic
agents as discussed earlier. Herein, the alpha-amylase inhibitory
action of selected pregnane-rich chromatographic fractions and
steroidal pregnane phytochemicals (SPPs) derived from G.
latifolium Benth. was reported. The observed inhibitory activity
of the pregnane-rich plant extracts against the porcine pancreatic
amylase in vitro (Figure 2) and that of the isolated SPPs (Figure 3)
was expected as the fraction F1 (previously combined Fr.5 and Fr.6)
is the source chromatographic fraction of compounds P1 and P2,
while the F3 (derived from further fractionation of Fr.8) afforded
P3 and P4 as reported earlier (Gyebi et al., 2018; Ogunyemi et al.,
2020). Depending on the experimental conditions, several studies
have reported the range of alpha-amylase and alpha-glucosidase
inhibitory activity of acarbose as 55%-82% (Mohamed et al,, 2012;
Perez-Gutierrez and Damian-Guzman, 2012; Olubomehin et al.,
2013). Under the same experimental conditions, the SPPs showed
high inhibitory activity against a-amylase but less than reference
acarbose. Our study is in tandem with a previous in vitro study that
demonstrated the inhibition of carbohydrate hydrolyzing enzymes
by eight pregnanes derived from the methanolic extracts of the fruit
pericarp of Gymnema griffithii.

(Srisurichan et al., 2014). Also, russelioside B, a pregnane
glycoside structure isolated from Caralluma quadrangula, was
reported to exhibit antihyperglycemic activity in streptozotocin-
induced diabetes albino rats through regulation of important
carbohydrate metabolizing enzymes (Abdel-sattar et al., 2016). In
a previous study that employed porcine pancreatic amylase and
human pancreatic amylase, bisdemethoxycurcumin from C.
longa inhibited these enzymes in a
(Ponnusamy et al, 2012). We reported that all the SPPs
showed good ICs, values against porcine alpha-amylase

similar manner

in vitro, some of which were on par with the reference
acarbose. The compound P1 (Figure 3) exhibited the lowest
IC5, value (10.01 uM) as compared to reference acarbose
(ICsp = 13.47 uM) and other SPPs. Compound P2 with an
IC5o value of 12.10 uM also showed stronger inhibitory
potential than the reference acarbose. Structurally, compound
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P1 possesses a C21 steroidal framework with carbons present at
positions 1 through 21 (Figure 1). It is unglycosylated unlike the
compounds P2-P4 with a sugar moiety attached to the alcohol
group at C-3 of the steroidal core. P2 differs from the other
glycosylated steroidal pregnanes (P3 and P4) owing to the
presence of a tigloyl component attached at C-11 and C-12.
Given the bulky structures, which may confer the ability to
bind to multifarious biological targets (Sales et al, 2012; Saini
et al.,, 2016; Saini et al., 2017) and the structural differences of the
SPPs, in silico study was performed to assess the interactions of
the compounds with alpha-amylase structures with well-defined
active site regions. The polypeptide chain of an alpha-amylase is
known to fold into three domains, viz: domains A, B, and C,
starting at the amino terminal (Brayer et al., 1995). The enzyme
active site occurs as a pocket found in the (f/a)g barrel motif in
domain A of the polypeptide chain while the domain B comprises
an important loop that occurs between the third -strand and the
third helix of the (p/a)g barrel (Buisson et al., 1987; Nahoum
et al., 2000). The active site of this enzyme comprises five sub-
sites which bind different glucose residues in the substrate
(Seigner et al, 1987). Prior to the docking analyses of the
SPPs with PPA, HPA, and HSA, the docking protocol was
validated by redocking the native myricetin with HPA. The
low RMSD value observed between the lowest binding pose
and the experimental crystal structure, which is significantly
below 2.5 A, is an indication of the accuracy of the molecular
docking protocol (Elekofehinti et al., 2021; Iwaloye et al., 2021).
In addition to the low RMSD, the low binding score, the favorable
docked conformations, and interactions with the active site
amino acid residues observed further showed that myricetin
successfully mimicked the experimental structures determined
by X-ray crystallography. Thus, the docking protocol using
AutoDock Vina software is reliable. Application of the
docking protocol to the pregnane compounds revealed that
the best-docked conformations of the pregnane compounds
had good docking scores, which were comparable to or lower
than those of reference acarbose. This suggests strong binding
interactions of the SPPs with the PPA, HPA, and HSA. A closer
inspection of the binding interactions of acarbose and the SPPs
with the target enzymes revealed desirable interactions with the
active site region of the enzyme, while the interactions of
acarbose with the active sites were dominated by hydrogen
bonds and interactions of the SPPs were dominated by
hydrophobic interactions. This might be due to the steroid
core structure which typically comprises carbon atoms bonded
in four “fused” rings: three six-member cyclohexane rings (rings
A, B, and C) and one five-member cyclopentane ring (the D
ring). The X-ray crystal structure and biochemical studies of
amylase have revealed the catalytic triad comprising Asp197,
Glu233, and Asp300 (Nahoum et al., 2000; Rydberg et al., 2002;
Williams et al., 2012). Aspl97 is known to intervene in the
nucleophilic reaction (Rydberg et al, 2002), while residue
Glu233 mediates the acid-base catalysis, and Asp300 involves
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the optimized orientation of the substrate in the binding site. The
active site-directed docking and blind docking simulations
performed in this study show several overlaps of amino acid
interactions. This might be due to binding at both the active site
and other pockets in close proximity to the binding site of the
enzymes. Dandekar et al. (2021) recently identified eight
consensus surface pockets (site 1-site 8) on the HPA
structure, with site 1 having a partial overlap with the known
active site of HPA with common residues Asp197, Glu233, and
Asp300, while the pocket site 2—site 8 are distinctly away from the
active site. The major overlaps observed in this study involve
Glu233 and Asp300. Previous reports have delineated several
inhibitory mechanisms known to underpin the actions of known
alpha-amylase inhibitors. These include the potency to construct
hydrogen bonds and other interactions with the catalytic triad
(Asp197, Glu233, and Asp300) and other catalytic residues,
interactions at sites other than the active site, or covalent
bond with enzymes through an epoxy or aziridine group
(Moorthy et al., 2012; Rouzbehan et al., 2017). The interaction
analysis of the SPPs and reference acarbose showed that they
have a close binding pattern as the native myricetin and
interacted with the catalytic residues through hydrogen bonds
and hydrophobic interactions. The acarbose structure conducted
both hydrogen bonds and hydrophobic interactions with the
active site residues of the target enzyme as reported in previous
studies (Singla et al., 2016; Etsassala et al., 2020; Ogunyemi et al.,
2020). The hydroxyl groups on C-20 and C-14 of the pregnane
structure of the P1 donated hydrogen to the side chains of
Glu233 and Asp300 of HPA, respectively, with bond distances
less than 2.9 A to form conventional hydrogen bonds. The C-20
on the ring D of the steroid structure of this compound made an
additional carbon-hydrogen contact (bond distance, 3.56 A) with
the side chain of Glu233. Strong interactions with Glu233 may
have negative impacts on its critical role in the acid-base catalytic
mechanism of the enzyme. Also, interactions with Asp300 may
hinder the proper orientation of the polymeric substrates of the
enzyme as illustrated in previous studies (Nahoum et al., 2000;
Rydberg et al., 2002; Williams et al., 2012). In addition to these
strong interactions, the P1 structure also made alkyl hydrophobic
interactions with several amino acids such as Alal98, Ile235,
Leul65, and Leul62. The C21 made pi-alkyl interaction with
His201. A similar study by Williams et al. (2012) reported that
myricetin as an a-amylase inhibitor was tightly bound and
interacted with the critical amino acid residues including
Glu233 and Asp300 in the active region of the enzyme via
hydrogen bond and hydrophobic interactions. In the case of
compound P2, which is a f-marsdenin glycoside, the additional
sugar moiety bonded to the alcoholic group at C-3 of the
aglycone structure donated a hydrogen to form an important
conventional hydrogen bond with a bond length of 1.97 A with
Aspl97. Given the role of Aspl97 as a nucleophile, the
interaction with P2 may disrupt the nucleophilic attack of
Aspl97 on polymeric substrates such as starch during the
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hydrolytic activity of the enzyme. An additional hydrogen
bond was made between this sugar moiety with the side chain
of Thr163 and by the steroidal framework of P2. Several pi-sigma,
alkyl, and pi-alkyl hydrophobic interactions were made by the
compounds with the active site residues of HPA to stabilize the
complex. The additional tigloyl substituent attached at C-11 and
C-12 in the steroidal framework of P2 also made a pi-alkyl
hydrophobic interaction with Tyr151. In the cases of P3 and P4,
hydroxyl groups on the pregnane structure conducted hydrogen
bonds with amino acids such as Asp300, Glu233, Glu240, and
Tyrl63. Several alkyl and pi-alkyl hydrophobic interactions
contributed to the stability of these compounds in the active
site of HPA. In the same vein, the active site residues of HSA
conducted similar interactions with Asp300 and Glu233 as well
as other critical amino acids that define the active site of the
enzyme.

Binding and interactions of an enzyme with its substrate and/
or specific inhibitor is a dynamic process often assessed through
MD simulations. When integrated with molecular docking
simulation, MD simulations had a predictive capability of
providing detailed insights into biomolecular structure and
dynamics, which often difficult
experimental procedures (Borhani and Shaw, 2012; Gyebi
et al,, 2021; Ogunyemi et al.,, 2022). Thus, it has been dubbed
a reliable method for further validation of results obtained from

are to obtain from

molecular docking analysis. In the current study, the structural
and conformational stability of the amylase-pregnane complexes
were assessed through a 100-ns full atomistic MD simulation
the Upon
equilibration and stabilization, the RMSD values of the apo-

alongside unbound enzyme (apoenzyme).
HPA and the ligand-HPA complexes were maintained within
2 A as depicted in Figure 8A. The observed initial high deviations
may indicate major conformational transitions to attain stable
conformation of the protein systems. Maintenance of RoG of the
apoprotein and the pregnane-HPA complexes within 2 A
throughout the simulation period suggests a low tendency of
an unfolding deviation from the original structure (Figure 8B).
The surface accessible surface area (SASA), which estimates the
level of the solvent accessibility surface of the protein systems also
indicated the stability of the pregnane-HPA complexes
(Figure 8C). The high number of hydrogen bonds detected in
the pregnane-HPA complexes as depicted in Figure 8D further
revealed the stability of the complexes. The steady SASA and
RoG flow maintained throughout the simulation time is an
of  highly well-folded
pregnane-HPA complexes with stable intermolecular bonds
(Sinha and Wang, 2020; Ogunyemi et al., 2021; Olawale et al.,
2022). Hydrogen bonds are important strong non-covalent

indication compacted  and

interactions in protein-ligand complexes where they are
responsible for the flexibility of the protein’s residues,
maintaining a compact structure as well as a proper
configuration (Gyebi et al., 2020; Gyebi et al, 2022). Taken
together, the RMSD, SASA, RoG, and H-bond values revealed
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that the inhibitor-enzyme complexes were stable during the
simulation and not likely to undergo an unfolding process.
The pivotal roles of the amino acid residues that define the
active site of a protein in attaining stable conformations with
specific ligands can be assessed by computing the root mean
square fluctuation (RMSF) from the MDS trajectory files of the
biomolecular systems. The resulting plots indicate the flexibility
attained by every residue of the protein in the dynamic
environment. Thus, the greater the RMSF of amino acid
residues in a protein motif, the greater the tendency of the
subdomain to interact with the ligand. Important loop regions
such as loop 3 (residues 105-111), loop 6 (residues 235-243),
loop 7 (residues 295-315), and 8 (residues 346-353) are known
to play important roles in the catalytic activity of HPA and are
often targeted with inhibitors (Ann MacGregor, 1996; Borah
et al,, 2019). The highest RMSF values exhibited by the amino
acids within loops 6, 7, and 8 of the HPA-P3 complex indicate a
greater interaction tendency of the loops with the compound P3.

The maintenance of enzyme inhibitory activity of the
pregnanes observed in vitro was assessed in vivo through
oral administration of starch to albino rats. Peak blood
glucose (PBG) and area under the curve (AUC) were
significantly reduced in the albino rats that were orally
administered with the 20 mg/kg dose of marsectohexol after
starch loading. The ability of pregnane to lower the blood
glucose was on par with acarbose in starch-fed albino rats.
These results demonstrated the glucose-lowering effect of the
marsectohexol possibly due to the alpha-amylase inhibitory
activities observed in vitro and strong interactions with the
enzyme catalytic residues observed in silico.

Conclusion

There is an increasing interest among researchers to identify
safer and more effective a-amylase inhibitors from antidiabetic
food herbs and medicinal plants. In this study, we demonstrated
the a-amylase inhibitory activity of a pregnane alongside three
17B-marsdenin pregnane glycosides, viz: iloneoside, 3-O-[6-
deoxy-3-O-methyl-p-D-allopyranosyl-(1—4)-B-D-
and 3-O-[6-deoxy-3-O-
methyl-B-D-allopyranosyl-(1—4)-p-D-canaropyranosyl]-17(-

oleandropyranosyl]-17p-marsdenin,

marsdenin derived from G. latifolium using in vitro, in silico, and
in vivo approaches. The pregnane-rich fractions and the SPP
pregnanes exhibited inhibitory activity against porcine amylase
in vitro. Molecular docking predicted strong affinity binding of
these pregnanes with the porcine pancreatic alpha-amylase,
human pancreatic amylase, and human salivary amylase. The
binding interactions featured an array of hydrogen bonds and
hydrophobic interactions, with critical catalytic residues involved
in the acid/base catalysis of the target enzymes. These
interactions were preserved in a dynamic environment as
indicated by the computed root mean square deviation, radius
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of gyration, surface accessible surface area, and number of
hydrogen bonds from the molecular dynamics trajectory files
of pregnane-amylase complexes. The amylase also showed
flexibility and interaction potential of its active site residues
toward the compounds as indicated by the root mean square
fluctuation. Furthermore, the P1 had significant reducing effects
on the peak blood glucose and area under the curve in albino rats
that were orally challenged with starch. Therefore, the SPPs
derived from G. latifolium may be recommended as inhibitors
of a-amylase, a diabetes target. However, experimental
biophysical binding analysis and further in vivo experiments
applied to disease conditions would be needed to validate the
activity of these compounds toward their optimization,
development, and exploitation as nutraceuticals and anti-
diabetic drugs.
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