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ABSTRACT

OBJECTIVES: Oxidative stress is implicated in several metabolic cascades involved in glucose control. Hence, investigating antioxidant
and antidiabetic activities is crucial for discovering an effective diabetes mellitus (DM) agent. This study was aimed at probing the therapeu-
tic efficacy of hydro-ethanolic extract of Combretum paniculatum (HECP) and gas chromatography-flame ionization detector (GC-FID)-iden-
tified phytochemicals as novel agents for DM.

METHODS: We determined the total phenols, flavonoids, and antioxidant vitamins in HECP using standard methods. A GC-FID was used to
decipher phytochemicals of HECP. The antioxidant and antidiabetic activities of HECP were assessed using in vitro and in silico approaches.

RESULTS: The results revealed that HECP is affluent in phenols, flavonoids, and vitamin E and demonstrated engaging antioxidant activi-
ties in 1,1-diphenyl-2-picryl-hydroxyl (DPPH; ICg,=0.83 pg/mL), thiobarbituric acid-reactive substances TBARS; ICy,=2.28 pg/mL), and fer-
ric-reducing antioxidant power assay (FRAP; 1C5,=2.89 pg/mL). Compared with the reference drug, acarbose, HECP exhibited good
a-amylase and a-glucosidase inhibitory capacity, having ICg, values of 14.21 and 13.23 pg/mL, respectively, against 13.06 and 11.71 pg/mL
recorded for acarbose. More so, the extract’s top 6 scoring phytochemicals (rutin, kaempferol, epicatechin, ephedrine, naringenin, and res-
veratrol) had strong interactions with amino acid residues within and around a-amylase and a-glucosidase active site domains. All the com-
pounds but rutin had favourable drug-like characteristics, pharmacokinetics, and safety profiles when compared with acarbose.

CONCLUSION: Altogether, our results vindicate the use of this herb in treating DM locally and reveal that it has pharmaceutically active

components that could be used as novel leads in the development of DM drugs.
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Introduction

Diabetes mellitus (DM) accounts for approximately 4.9 mil-
lion deaths globally.! Recently, reports by the International
Diabetes Federation (IDF) show that 463 million people
worldwide have diabetes in 2019, with a dismal prediction that
this number will increase to 700.2 million by 2045.2
Consequently, DM’s substantial economic, social, and health
complications make it a global challenge requiring urgent
attention.® DM is, among others, caused by aberrations in the
immune network culminating in macrophage, CD4+, and
CD8+ T-cell autoimmune destruction of pancreatic cells,
leading to insulin deficiency (type 1 diabetes). The decrease in
insulin secretion and resistance are the fundamental mecha-
nisms involved in the etiopathogenesis of type 2 diabetes
(T2D).# A third classification, gestational DM, arises when

hormonal changes in pregnancy step up the blood glucose

level.® In light of this, deregulated blood glucose levels in all
types of DM provoke dyslipidemia, hypertension, and, ulti-
mately, several organ damages, leading to polyphagia, polyuria,
retinopathy, neuropathy, nephropathy, and atherosclerosis.! In
addition, patients with DM are more susceptible to liver, pan-
creas, breast, stomach, urinary bladder, and lymphoid tissue
cancer.® The biochemical pathways mediating increased risk of
cancer and other related secondary diseases in patients with
DM are activated by an unregulated inflammatory response,
insulin resistance, hyperinsulinemia, and oxidative stress.5’
According to experimental findings, oxidative stress plays a
significant role in the aetiology and pathogenesis of all kinds of
DM, possibly because sustained hyperglycaemia overloads the
electron transport chain by generating excess NADH and
FADH,.3 It is worth mentioning that the increased supply of
NADH and FADH, in diabetes is contributed not only
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by oxidation of glucose but also by hyperglycaemia-mediated
activation of gluconeogenesis, protein, and fatty acid oxida-
tions.® This initiates aberrant production of superoxide radicals
and other free radical species above tolerable or physiological
concentrations, which disrupts the redox equilibrium. The
increase in oxidant species may cause or contribute to the
development of oxidative damage via DNA damage, leading to
the activation of poly-ADP-ribose polymerase (PARP).” The
activated PARP will, in turn, inhibit the activity of glyceralde-
hyde-3-phosphate dehydrogenase (GA3PDG), which leads to
the accumulation of glycolysis intermediates and subsequent
activation of pro-oxidant pathways such as polyol and hexosa-
mine pathways, protein kinase C (PKC) activity, and formation
of advanced glycation end-products (AGEs).1%1 Besides this,
oxidative stress provokes the development of T2D through the
involvement of nuclear factor kappa B, protein kinase p53,
Mitogen-activated protein kinases (MAPK), and NH,-
terminal Jun kinases, which may interfere with insulin signalling
pathways, destroying pancreatic -cells and insulin resistance.
The excess oxidant species may decrease insulin release by dete-
riorating the pancreas’s islet cells and, by extension, elicit several
micro- and macrovascular diabetic complications that are
responsible for the long-term disability and death of patients.>1213
It is worth mentioning that the high susceptibility of the pancre-
atic islets to reactive oxygen species (ROS) is mainly due to their
low expression of redox-regulating enzymes and free radical
detoxifying enzymes.? In light of this, antioxidant enzymes are
usually altered in patients with T2D.3 Consequently, antioxi-
dants are considered important therapeutic agents for preventing
the pathogenesis of DM and pancreatic tissue damage.!*

Accordingly, the World Health Organization (WHO)
expert committee on diabetes has recommended screening
medicinal plants to improve the normal glycaemic and antioxi-
dant status and prevent the destruction of pancreatic B-cells
and other diabetic-mediated anomalies.? Conversely, there is
now bench-to-bedside investigation to identify anti-DM
agents from medicinal plants or natural products that could be
used in clinical settings and also to identify their pharmaco-
logically active compounds, which may potentially serve as a
lead agent for drug development and applications. Medicinal
plants contain a repository of multi-component bioactive com-
pounds that have demonstrated astounding therapeutic activity
with a multi-targeted approach compared with single-compo-
nent treatments. Moreover, they have a better safety profile, are
cheaper alternatives, and are accessible and biocompatible.!>16
Interestingly, emerging research evidence has registered the
therapeutic efficacy of several medicinal plants against DM,
but several other plants, including Combretum paniculatum, are
yet to be explored.

Combretum paniculatum is a member of the Combretaceae
family and a wild plant of African origin that is now widely
distributed on other continents. It is commonly called burning
bush or forest flame-creeper in English. The plant components

were historically used in African civilization as food, medicine,
and ornamentation. The plant is embraced for several ethno-
medicinal purposes as remedies for diarrhoea, chronic dysen-
tery, flatulence, enlarged liver, stomach pain, wounds, stomatitis,
ringworm, gonorrhoea, leprosy, and eye diseases.!” Combretum
paniculatum has demonstrated numerous pharmacological
potentials, including antimicrobial, anti-trypanocidal, anti-
cancer, anti-viral, and antidiabetic activities.!”!8 The anti-
inflammatory and toxicity profile of the extract has been
appraised.!” Herein, we investigate the chemical composition
of the extract. Panels of in vitro therapeutic targets fundamen-
tal to metabolic changes in diabetes, namely the potential to
manage oxidative stress through antioxidant action and inhibi-
tion of carbohydrate metabolizing enzymes (o.-glucosidase and
o-amylase), were employed to appraise the antidiabetic poten-
tial of hydro-ethanolic extract of Combretum paniculatum
(HECP). Furthermore, in silico studies via molecular docking,
drug-likeness, pharmacokinetics, and toxicity screening were
used to explore the therapeutic value and safety profile of the
gas chromatography-flame ionization detector (GC-FID)-
identified phytochemicals as potent DM antagonists.

Materials and Methods

Ldentification, collection, and preparation of
Combretum paniculatum hydro-ethanolic extract

Fresh C. paniculatum leaves were collected from Nsukka Local
Government Area, Enugu State Nigeria, and an expert, Mr.
Alfred Ozioko, made taxonomic identification. A voucher
specimen of the leaves with reference number InterCEDID/1909
was deposited in the herbarium of the International Centre for
Ethnomedicine and Drug Development (InterCEDD) in
Nsukka, Enugu State, Nigeria. The obtained leaves were air-
dried at room temperature, ground (11205g), and then
immersed in 5.6 L. of distilled water-ethanol (30:70 v/v) for 3
days while being shaken occasionally. The macerate was fil-
tered and concentrated with a vacuum rotary evaporator
(R-215, Buchi, Flawil, Switzerland) under reduced pressure
and at a temperature of 45°C. Until needed, the hydro-etha-
nolic extract of C paniculatum (HECP) was stored at 4°C in an
airtight screw-capped bottle.

Chemicals and reagents

The experiments were conducted with these analytical-grade
chemicals and reagents: Aluminium chloride, ascorbic acid, o.-
amylase, 2,2-diphenyl-1-picrylhydrazyl, ethanol, ethyl acetate,
ferric chloride, folin ciocalteau’s reagent, gallic acid, o-
glucosidase, and quercetin were products of Sigma-Aldrich,
Inc., UK. While a-a 1-dipyridyl, diethyl ether, diphenol indo 2,
6-dichlorophenol, iron (II) tetraoxosulphate (IV), methanol,
n-hexane, potassium acetate, sodium sulphate, and sodium
bicarbonate were products of British Drug Houses (BDH)
Chemicals Ltd., Poole, England.
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Total phenol content. The total phenols present in HECP were
quantified using the Singleton and Rossi!® procedure. Equal
volumes (1.5mL) of HECP and 1/10 dilution of folin-ciocal-
teau reagent were added to 2% sodium carbonate (1.5 mL w/v),
and the resultant mixture was incubated at 45°C for 15 min-
utes. Finally, the absorbance was taken at 765 nm using a UV/
visible spectrophotometer (Jenway 6305, Bibby Scientific Ltd.,
UK). Total phenol content (TPC) was reported using the gallic
acid equivalent (GAE) value.

Total flavonoid content. The total flavonoid content (TFC) of
HECP computed in quercetin equivalent (QE) value was
ascertained following the Zhishen et al?® method. A mixture of
the extract (0.5 mL), aluminium chloride (0.2mL), 1M potas-
sium acetate (0.2mL), and distilled water (5.6 mL) was incu-
bated for 30 minutes before measuring absorbance at 415 nm.

Estimation of vitamin A content. The extract was freshly pre-
pared according to the Association of Official Analytical
Chemist (AOAC)?! methodology, and it was added to 10mL
of isopropanol before measuring for extinction at 325 nm com-
pared with a solvent blank (T1) to assess the total amount of
vitamin A in HECP. The cuvettes were subsequently taken out
and placed under ultraviolet (UV') radiation till the extinction
stopped decreasing with time; at this point, the absorbance was
measured again (T2). The ST1 and ST2 of the standard vita-
min A solution were determined by performing the same pro-
cedure. The concentration of vitamin A was obtained with
Equation 1.

Vitamin A (mg /100 g) __n-T2 x 1x Dilution factor (1)

~ STI-ST2

Determination of vitamin C. The amount of vitamin C in
HECP was measured using DPIP (diphenol indo 2,6,-dichlo-
rophenol) titration following the AOAC?' method. Sodium
bicarbonate (100mg/L) and DPIP (295mg/L) were titrated
using 0.2g of HECP and 4mL of oxalic acid (1g/L) and
sodium acetate (4g/L) buffer solution. The following equation
(Equation 2) was used to determine the amount of vitamin C
in the samples:

Vitamin C (mg /100 g) = w @)

where M = titration mass of ascorbic acid equivalent to 0.001
M DPIP solution (mg); V =titrant volume of 0.001 M DPIP
solution (mL); 100 x 100 stands for the dilution ratio of the
sample and the conversion scaling factor per 100 g of raw mate-
rials, respectively; 10 stands for the titrate volume; and
B =weight (g) of the extract used.

Determination of vitamin E. The vitamin E content of HECP
was quantified as previously described by Achikanu et al.?2 The
resulting solution’s absorbance was measured at 520 nm against
a blank, after which Equation 3 below was used to determine
the quantity of vitamin E in the extract:

AB of HECP x

Vitamin E (mg /100 g) = Concezlltara(l)t;og[;zg:rtzndard

(3)
where AB stands for absorbance.

Gas chromatography-flame ionization dictator (GC-FID) phyto-
chemical screening. Phytochemicals present in the extract were
analysed by BUCK M910 gas chromatography coupled to a
flame detector (GC-FID) according to the protocol described
in Chukwuma et al' with the help of a RESTEK 15 m MXT-1
column (15m x 250 pm x 0.15 pm). Phytochemicals were
quantified using the internal standard’s mass and area.

In vitro antioxidant assay

1,1-Diphenyl-2-picryl-hydroxyl radical-scavenging assay. The
extract’s ability to contribute the electron(s) necessary to con-
vert 1,1-diphenyl-2-picryl-hydroxyl (DPPH) radicals (purple)
to their hydrazine form (yellow) was examined using the pro-
tocol of Gyamfi et al.>> The absorbance of serial dilutions of
HECP (15.63-500 pg/mL) and ascorbic acid (the standard
drug) was measured at 517 nm. After that, the scavenging of
DPPH radicals was estimated using Equation 4.

AB of control —
AB of HECP

DPPH scavenging activity(%) = m
of contro

x100 (4)

where AB stands for absorbance.

Ferric-reducing antioxidant power assay. The ferric-reducing anti-
oxidant power assay (FRAP) of HECP was estimated by adopt-
ing the method of Oyaizu.?* The absorbance of the Perl’s Prussian
blue complex, formed possibly after the reduction of Fe3+ to
Fe?+, was spectrophotometrically measured at 700nm. The
FRARP activity was expressed as a gallic acid equivalent (GAE).

Inhibition of lipid peroxidation (TBARS) activity. The in vitro
lipid peroxidation inhibitory effect of HECP was ascertained by
measuring thiobarbituric acid-reactive substances (I BARS) fol-
lowing method of Banerjee et al?® using butylated hydroxytolu-
ene as the standard drug. In test tubes containing 100 puL of
serially diluted solution of the sample (15.63-500g/mL), 500 pL.
of rat brain homogenate was added, and the mixture was diluted
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with distilled water to 1.0 mL. Following this, 50 pL of 0.075 M
FeSO, and 20 pL of L-ascorbic acid were added, and the mixture
was incubated for 60minutes at 37°C. Subsequently, it was
heated to 100°C for 15 minutes after adding 0.2mL of EDTA
(0.1 M) and 15mL of TBA reagent. Finally, the test tubes were
cooled and centrifuged, and the absorbance of the supernatant
was measured at 532 nm. The lipid peroxidation inhibitory activ-
ity of the extract or standard was calculated with Equation 5.

Lipid peroxidation AB of control - AB of HECP

AB of control

100

inhibitory activity (%)
®)

where AB stands for absorbance.

In vitro antidiabetic studies

Assay of alpha-amylase activity. The extract’s ability to inhibit
o-amylase activity was determined by the Kwon et al?® method
using acarbose as a reference drug. The absorbance of varying
concentrations of HECP and acarbose (100, 200, 300, and 500
pg/mL) was measured at 540nm. Subsequently, o-amylase
activity was calculated using Equation 6.

o —amylase

AB of control — AB of HECP
inhibitory activity(%) = x

AB of control

100

(6)

Assay of a-glucosidase activity. The inhibitory effect of HECP
on o-glucosidase activity was investigated using the experi-
mental protocol of Matsui et al.”” The amount of p-nitrophe-
nyl formed after enzymatic dephosphorylation was determined
by measuring the absorbance at 405 nm. The sample protocol
was used for acarbose. The inhibition (%) was calculated as in

Equation 7:

o —glucosidase

AB of control — AB of HECP
inhibitory activity(%) = X

AB of control

100

)

where AB stands for absorbance.

Crystal protein structure retrieval and preparation. The x-ray
crystallography structures of human pancreatic amylase (SEOF)
and alpha-glucosidase (3WY2) were retrieved from the Pro-
tein Data Bank (PDB). The proteins were prepared with the
Schrodinger Suite v12.5 protein preparation wizard by assign-
ing bond order and side chains, adding hydrogen, filling miss-
ing hoops, creating zero-order bond metals, deleting water
beyond 5.00 A, converting selenomethionine to methionine,
assigning bond orders, simulated missing disulfide bonds, cre-
ating disulfide bonds, and removing water molecules beyond 5
A. Finally, the restricted energy of the protein structure was
minimized.

Preparation of ligands. 'The 3D structures of HECP phyto-
chemical constituents determined by the GC-FID and those
of the standard drug, acarbose, were obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/). The retrieved ligands
were prepared with the Schrodinger Suite v12.5 LigPrep tools.

Prediction of binding sites and design of grid generation for molecu-
lar docking. The most favourable binding pockets and active
catalytic sites of a.-amylase (Site 1) and a-glucosidase (Site 2)
were selected based on the predicted D score, site score, and
volume (Supplementary Tables 1 and 2). In addition, using the
grid construction tools of the Schrodinger Suite, the docking
grid was created around the most probable binding site (Sup-
plementary Figure 1).

Molecular docking and validation. The prepared ligands were
docked into the enzymes’ active sites as specified by the gener-
ated grid via extra-precision (XP) docking models on Schrod-
inger Suite v12.05. Subsequently, the 2D and 3D interactions
of the hit compounds (chosen based on the X-glide score) were
further investigated. The root mean square deviation (RSMD)
value of the crystallographic structure pose of the co-crystal-
lized ligand and the docked pose of a-glucosidase (3WY4) was
also calculated to validate the docking programme (Supple-
mentary Figure 2). The RSMD value of 0.6520 A was obtained,
which validates the accuracy of the docking software.?®

Pharmacology parameters. The canonical smiles of the identi-
fied compounds were assessed from the PubChem database
(www.pubchem.com) and incorporated into the SwissADME
web server (http://www.swissadme.ch/) to determine the
ADME (adsorption, distribution, metabolism, and excretion)
characteristics of the hit compounds. Physicochemical features
not limited to molecular weight (MW), hydrogen bond donor
and acceptor (HBD and HBA), n-octanol/water partition
coefficient (Log P), number of rotatable bonds (Nrot), and
topological polar surface area (TPSA) helped in predicting
chemicals’ drug-likeness in compliance with the rules of Egan
et al,?? Veber et al, and Lipinski et al.3! Furthermore, gastro-
intestinal absorption, blood-brain barrier, P-glycoprotein inhi-
bition/substrate, cytochrome P450 inhibition, and skin
permeation were also estimated from SwissADME.

In addition, toxicity prediction such as LDy, toxicity class,
organ toxicity (hepatotoxicity), and toxicological effects,
including mutagenicity, carcinogenicity, immunogenicity, and
cytogenetcity, was estimated using the webserver of ProTox-11
(https://tox-new.charite.de/protox_II).

Statistical analysis

The dataset generated from triplicate determinations of each
experiment was analysed descriptively, deploying 1-way analy-
sis of variance (ANOVA) and, subsequently, the Duncan post

hoc analysis multiple comparisons test of IBM SPSS version
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Table 1. Total phenols, total flavonoids, and vitamins composition of
HECP.

COMPOUNDS AMOUNTS

Phytochemicals

Total phenols (mg/g GAE) 2711 +0.61
Total flavonoids (mg/g QE) 8.49+0.04
Vitamins (pg/g)

Vitamin A 0.48 =0.01
Vitamin C 2.042£0.41
Vitamin E 35.22+3.14

Values are recorded as mean = SD of triplicate.

23 (SPSS Inc., Chicago, IL, USA). The mean = SD of the
results were presented, with P<<.05 as a significant threshold.
Furthermore, regression square (R2) and half maximal inhibi-
tory concentration (IC50) values were computed from the
GraphPad Prism 6.5 software non-linear regression equation

(GraphPad Software, Inc., California, USA).

Results and Discussion

Preliminary phytochemical screening and

vitamin composition of HECP

Medicinal plants have recently become widely accepted and
laudable due to their desired therapeutic effect on diabetic suf-
ferers.>32 Hydro-ethanolic extract of C paniculatum (HECP) is
rich in phenols, flavonoids, and vitamin E, with moderate vita-
min C and low vitamin A content (Table 1). Broadly speaking,
phenols and flavonoids have demonstrated excellent antioxi-
dant potential, the activity of which depends on the number
and position of free OH groups in the phenolic ring.’3
Generally, the protective actions of flavonoids are attributed to
their free radical neutralizing effect, oxidase inhibition, and
capacity to activate antioxidant enzymes.3*% Ideally, as oxida-
tive stress is intrinsically implicated in diabetes onset and pro-
gression, flavonoids could immensely benefit patients with
diabetes. Flavonoids improve oxidative metabolism, derange
glucose levels, and stimulate insulin secretion in the diabetic
state by altering the intracellular concentrations of Ca?+ .3
Previous studies reported a linear correlation between total
phenols, flavonoids, and antioxidant activity. Also, dietary
intake of vitamins improves pancreatic -cell function, which
prevents or delays the transition from pre-diabetes to DM.
According to Chukwuma et al,! vitamin A enhances pancreatic
function, B-cell regeneration, insulin sensitivity, and secretion
via activation of glucokinase promoters, increasing pancreatic
glucokinase, which mitigates insulin resistance. Emerging data
have revealed that vitamin E, usually deficient in patients with
diabetes, is a chain-breaking antioxidant known to improve
insulin sensitivity and metabolic control in diabetes.” The
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Figure 1. GC-FID chromatogram of compounds present in HECP.

interaction of vitamin E with the cysteine residues of protein
kinase C prevents the overproduction of ROS. Hence, vitamin
E-enriched agents hold great appeal in DM treatment because
they mitigate downstream signalling responsible for insulin
resistance, impaired insulin secretion, and the induction of dia-
betic complications.?®

GC-FID phytochemical profiling of HECP

Some essential phytochemicals with well-established biological
properties were identified in HECP using GC-FID. Among
these, flavonoids (proanthocyanidin, naringin, flavan-3-ol,
anthocyanin, naringenin, rutin, flavanones, kaempferol, epicat-
echin, flavone, and resveratrol) were found to be the major com-
pounds. Other compounds also identified were glycosides
(linamarin), steroids (cardiac glycoside and steroids), alkaloids
(ribalinidine, sparteine, and ephedrine), and anti-nutrients
(phytate and oxalate) (Figure 1 and Table 2). Proanthocyanidin
and anthocyanin, which contain the glycosyl and aglycone
groups, serve as stress protectants in plants and have health-
promoting effects due to their potent antioxidant, inflamma-
tory, and blood glucose-regulating actions.>**? Anthocyanidins
exert antidiabetic activity mainly by inhibiting oxidative stress,
promoting insulin secretion, and improving insulin resistance.’
To lend credence to this statement, Johnson and de Mejia*
recorded increased insulin secretion and regulated Dipeptidyl
peptidase IV (DPPIV). They upregulated mRNA expression in
insulin receptor-related genes after anthocyanidin supplementa-
tion. Moreover, Egbuna et al*! reported that anthocyanins pro-
tected against B-cell injury and autophagy mediated by H,O, by
upregulating the expression of HO-1 and transcription factor
Nrf2 and also improved glucose tolerance, serum insulin level,
and restored blood glucose in Streptozotocin-induced diabetic
rats. Naringenin's pharmaceutical activities include antioxidant,
anti-inflammatory, antidepressant, anti-hyperlipidaemia, and
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Table 2. Phytochemicals identified in hydro-ethanolic extract of C paniculantum using GC-FID.

PEAK NO IDENTIFIED RETENTION PEAK AREA PEAK HEIGHT CONC. (uG/G) CLASS OF
COMPOUNDS TIME (MINUTES) COMPOUNDS

1 Proanthocyanidin 0.080 232.8066 139.940 0.2183 Flavonoid

2 Lunamarin 0.280 3400.3980 117.455 4.9786 Glycoside

3 Naringin 2.390 12252.8106 301.042 15.2487 Flavonoid

4 Cardiac glycoside 4120 6344.5478 157.568 3.9370 Steroid

5 Flavan-3-ol 6.016 18154.0688 442.689 10.5455 Flavonoid

6 Anthocyanin 7.470 8442.9838 206.428 7.2410 Flavonoid

7 Ribalinidine 10.366 19598.0668 476.646 8.4040 Alkaloid

8 Naringenin 12.970 6238.3258 152.341 2.6361 Flavonoid

9 Sparteine 15.460 4967.5639 121.273 8.9024 Alkaloid

10 Rutin 17.966 11339.2568 276.424 7.0365 Flavonoid

1 Rutin 20.313 12756.4840 307.630 7.9159 Flavonoid

12 Flavanones 22.730 9573.1408 233.186 8.2102 Flavonoid

13 Steriods 25.650 10008.8176 245115 17.1678 Steroid

14 Kaempferol 27.536 11458.0104 280.295 5.2899 Flavonoid

15 Epicatechin 29.860 5478.4406 133.723 8.2188 Flavonoid

16 Phytate 32.996 14009.1853 345.703 18.8296 Anti-nutrient

17 Flavone 34.600 5756.4320 144.579 3.5721 Flavonoid

18 Oxalate 36.876 6988.5601 170.310 11.0380 Anti-nutrient

19 Resveratrol 39.200 10234.6024 249.263 77771 Flavonoid

20 Sapogenin 42.276 3473.1416 85.310 5.7077 Saponin

21 Ephedrine 44170 10509.6768 256.782 13.5202 Alkaloid

antidiabetic properties.3* Naringenin plays an essential role in of resveratrol.3*#! Ribalinidine, sparteine, and ephedrine are

DM, where it regulates hyperglycaemia by inhibiting the reab-
sorption of glucose in the renal tubule and the intestinal brush
border, as well as increasing glucose uptake and utilization by
muscle and fat tissues.! Similarly, rutin and kaempferol help
control hyperglycaemia by increasing insulin secretion and
release, increasing glucose uptake in peripheral tissues, and
stopping gluconeogenesis.*! Studies have shown that epicate-
chin consumption reduces hyperglycaemia in patients with dia-
betes. Moreover, resveratrol is a dietary stilbene known to
modulate the inflammatory response, reduce oxidative stress,
and protect the pancreatic B-cell. Restoring the activities of
enzymes involved in glucose homeostasis altered in diabetic
individuals, reversing the degeneration of beta cells, and inhibit-
ing beta cell apoptosis via the inhibition of caspase-3 are the
critical mechanisms of the antidiabetic actions of resveratrol.?
It is worth noting that several animal, cell, and clinical studies
activity

have convincingly confirmed the antidiabetic

quinoline alkaloids pharmacologically active as radical scaven-
gers.*? Intriguingly, the availability of these antidiabetic com-
pounds in C paniculantum leaves could account for its high
therapeutic efficacy.

In vitro antioxidant activities of HECP

Oxidative stress is linked to the pathophysiology of DM
because of its consequences or as a causative agent.! Under sus-
tained hyperglycaemia, ROS build up because of glucose
autoxidation, non-enzymatic glycation, and a drop in glu-
tathione levels. This leads to cell dysfunctions, insulin resist-
ance, and diabetic vascular complications.3¥* Hence, several
clinical trials targeting ROS sources are ongoing as possible
targets for treating diabetes and its complications.3® Within
the frame of this study, HECP demonstrated good DPPH,
TBARS, and FRAP inhibitory effects, which were maximal at
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Figure 2. Antioxidant activity of the extract and standards determined by (A) DPPH radical scavenging activity, (B) TBARS inhibition and (C) FRAP.
Results are presented as mean = SD of determinations made in three replicates.

500 pg/mL (Figure 2). Comparatively, the DPPH (ICs, value
0.8254 pg/mL) and TBARS (ICs, value 2.284 pg/mL) inhibi-
tory capacities of the extract were higher than the 4.452 and
13.16 pg/mL recorded in the standards, ascorbic acid, and but-
ylated hydroxytoluene, respectively (Figure 3). The ability of
the extract to reduce the DPPH radical (purple) to the stable
hydrazine form (light yellow) and Fe3+ to Fe?+ in the FRAP
assay shows its potential as a laudable antioxidant agent.
Furthermore, inhibition of malondialdehyde formation in
the TBARS assay further highlights the extract’s antioxidant
properties and suggests its potential to prevent peroxidation of
the biomembranes. The identified bioactive compounds,
including vitamins and phytochemicals, could be responsible
for the antioxidant action.** In general, polyphenols identified
in the extract donate electrons from their multiple phenolic
rings to scavenge free radicals, with subsequent stabilization
due to the resonance structure of the phenolic ring. These find-
ings provide insight into HECP’s ability to scavenge the exces-
sive free radicals and other oxidant species generated under
diabetic conditions. This will avert oxidative stress-mediated
complications in patients with DIV. Earlier studies have shown

that modulating oxidative stress, which is the central mediator
of autoimmune destruction of beta cells in T1D or malfunction
of beta cells, glucotoxicity, and insulin resistance in T2D, will
not only help in regulating glucose levels but will also prevent
the onset of diabetes.*> As a result, the exciting antioxidant
capacity of HECP makes it a valuable agent for antidiabetic
drug discovery.

In vitro antidiabetic activities of HECP

Increasing evidence has shown that controlling postprandial
glucose levels is a crucial and practical approach to preventing
DM in high-risk and pre-diabetic individuals.!143645
Interestingly, HECP demonstrated potent inhibitory proper-
ties against a-amylase and a-glucosidase in a concentration-
dependent manner, with ICy, values of 14.21 and 13.23 pg/
mL, respectively. These values were found to be comparable
with 13.06 pg/mL (a-amylase) and 11.71 pg/mL (a-
glucosidase) inhibitory effects recorded with the standard drug,
acarbose (Figures 4 and 5). Accordingly, inhibition of a-
amylase needed to break a (1—4) glycosidic linkages of
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carbohydrates and starch to oligosaccharides and a-glucosidase,
which regulates glucose absorption in the small intestine, is a
pointer to the antidiabetic action of the extract. Ideally, a-
amylase inhibitors prevent the absorption of dietary starch,
which has beneficial effects on insulin resistance and glycaemic
index control in people with diabetes.*® In addition, inhibition
of o-glucosidase has a remarkable impact on polysaccharide
metabolism and cellular interaction, opening up new avenues
for drugs targeting diabetes, metastatic cancer, and viral infec-
tion.# As previously reported, regulation of these enzymes
controls postprandial hyperglycaemia, decreases glycated hae-
moglobin levels, and averts diabetic complications in patients.3
The synergic effects between the polyphenols and other bioac-
tive compounds present in HECP on the carbohydrate-bind-
ing regions of these enzymes could be responsible for the
observed effects. Indeed, flavonoids, vitamin E, and alkaloids
present in high amounts in the extract have demonstrated anti-
diabetic actions in several studies. These results are in tandem
with previous studies by Miaffo et al*® and Chika and Bello,*
who reported a-amylase and o-glucosidase inhibitory effects

of Combretum molle twigs and antihyperglycaemic activity of
Combretum micranthum in alloxan-induced diabetic rats,
respectively.

In silico antidiabetic compounds identified
Jfrom HECP

Molecular docking is a valuable asset used in drug discovery and
development to model interactions between potential drug can-
didates and receptors or proteins implicated in the etiopatho-
genesis of diseases due to its high precision.!*%°1 We evaluated
the molecular interactions of the bioactive compounds from
HECP with a-amylase and a-glucosidase. Hydro-ethanolic
extract of C paniculatum phytoligands interacted favourably in
the binding domain of o-amylase, with rutin having the best
binding score of -11.307 kcal/mol. Other top-scoring ligands,
kaempferol, epicatechin, ephedrine, and resveratrol, had dock-
ing scores of -7.797, -6.652, -6.289, and -6.206 kcal/mol,
respectively (Table 3). Understanding the type and number of
interactions between protein-ligand complexes provides vital
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Table 3. Top-scoring compounds from HECP and their molecular interactions with a-amylase and a-glucosidase.

COMPOUNDS PUBCHEM DOCKING SCORES XP GSCORE NO H-BONDS INTERACTING AMINO ACID RESIDUES
CID (KCAL/MOL) (KCAL/MOL)

o-amylase

Rutin 5280805 —-11.307 -11.307 6 "TRP59, "hASP356, "HIP305, "ASP197,
hGLU223, "HIP305, *TRP59, *HIP305

Kaempferol 5280863 —7.797 —7.797 2 "TYR59, hGLU233, #*HIS201

Epicatechin 72276 —6.652 —6.652 3 hhASP197, \GLN63, *TYR62, #*TRP59

Ephedrine 9294 —6.289 —6.252 1 hASP197, "GLU233

Resveratrol 445154 -6.206 -6.206 4 hTHR163, "TRP59, "GLN63, "GLU233,
*TYR62

Acarbose 41774 —11.542 6 hGLN63, "TRP59, "ASP197, "HIS201,

hLYS200, "THR163, "GLU240

o~glucosidase

Epicatechin 72276 —-8.963 —-8.963 4 hARG400, "ASP62, "HIE105, "GLY228,
*PHE296

Kaempferol 5280863 -8.359 —-8.391 4 hAST202, "HIE105, "ASP333, "GLY273,
TYR65

Naringenin 439246 -8.177 -8.195 4 hGLY273, "ARG400, "ASP202, "HIE105,
*TYR65

Ephedrine 9294 -8.174 -8.181 3 hASP202, "ARG400, "ASP62, 'PHE166,
nASP202

Resveratrol 445154 -8.102 -8.102 3 hASP62, "HIE332, "ASP202, *TYR65

Acarbose 41774 —7.194 —7.332 3 hLYS467, "GLU439, "GLU532

"H-bond, #pi-pi stacking, "Pi-cation, and rsalt bridge.
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Figure 6. Three dimensional (3D) representation of the ligand-receptor complex formed between a-amylase and the hits compounds: A= rutin,
B = Kaempferol, C = epicatechin, D = Ephedrine, E = Resveratrol and H = Acarbose.

information on the mechanisms of action of the latter ligands
against DML5 Interestingly, hydrogen bonding, pi-pi stacking,
and pi-cation interactions between our top-scoring compounds
and the active site amino acid residues of o-amylase indicate the
formation of well-established complex stability. As revealed
from enzyme kinetics and x-ray crystallographic studies, the o.-
amylase active site contains ASP197, ASP300, and GLU233
amino acid residues.’>37 In the hydrolysis of starch, ASP 197 is
a catalytic nucleophile; ASP 300 helps optimize the substrate
orientation; and GLU 233 acts as an acid-base catalyst.%
Furthermore, rutin and epicatechin formed H-bonds with
ASP197 using hydroxyl groups found in their phenolic rings.
Similarly, resveratrol had hydrogen bonding with GLU233,
while ephedrine had pi-cation interactions with GLU233 and
hydrogen bonding with ASP197 (Figures 6 and 7 and Table 3).

It is worth mentioning that interactions with ASP197 and
GLU233 present in the a-amylase active site domain will
cause strong geometric constraints, thereby inhibiting the sub-
sequent binding of substrate (starch) from releasing glucose.3”
In addition, high-binding affinity with docking scores in the
range of -8.102 to -8.963 kcal/mol was recorded between our
ligands and a-glucosidase. This was comparatively higher
than the -7.194 kcal/mol registered with acarbose. The inter-
actions of the top-scoring compounds with a-glucosidase
were mainly mediated by conventional H-bonds, pi-cation,
pi-pi stacking, salt bridge formation around the active site, and
catalytic amino acid residues (Figures 8 and 9). Collectively,
the high docking scores exhibited by HECP compounds with
o-amylase and o-glucosidase denote their therapeutic efficacy
against DM.
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Figure 7. Two dimensional (2D) representation of molecular docking poses of best hit compounds from the HECP with amylase. A= rutin, B =Kaempferol,

C= epicatechin, D= Ephedrine, E= Resveratrol and H =Acarbose.

ADMET properties of the top-scoring compounds

Conventionally, in silico prediction of absorption—distribu-
tion—metabolism—excretion—toxicity (ADMET') properties is
crucial in ascertaining pharmacological efficacy and safety,
which are major decisive factors that lead to drug failure in
clinical trials.?”>2 It determines if a compound is orally absorb-
able, well distributed to its specific target, swiftly metabolized,
and quickly eliminated without provoking adverse effects in
the body.>® The zero violation of the drug-likeness rules of
Lipinski, Veber, and Egan by the hit compounds revealed that
they are good oral drugs, as also corroborated by their 0.55%
bioavailability scores (Table 4). Drug candidates that obey
Lipinski, Veber, and Egan rules have a high chance of becom-
ing marketable due to their lower attrition rate when subjected
to clinical trials.%* Furthermore, the hit compounds had good

pharmacokinetics and toxicity profiles, as shown in Table 5.
The hits’ high gastrointestinal absorption (GIA) potentials
make them an optimal therapeutic agent for reducing the
activities of a-glucosidase and subsequent glucose absorption
in the intestinal brush border. At the same time, the non-inhi-
bition of all the CYP 450 isoforms by rutin, epicatechin, and
ephedrine suggests that they could be easily biotransformed to
water-soluble compounds easily eliminated in the urine to
reduce organ toxicity due to interaction with other drugs.>
The CYP 450 family, particularly isoforms 1A2, 2C9, 2C19,
2D6, and 3A4, is responsible for about 90% of oxidative meta-
bolic reactions.”> According to Apeh et al,*¢ inhibition of more
CYP isoforms by a given molecule shows that it has the poten-
tial to have drug-drug interactions with other drugs. Most
importantly, the toxicity results of the hit compounds show
that they are safe, as revealed by their LDs values in the range
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Figure 8. Three dimensional (3D) representation of the ligand-receptor complex formed between a-glucosidae and the hits compounds: A= Epicatechin,

B =Kaempferol, C=, Naringinin D= Ephedrine, E= Resveratrol and H =Acarbose.

of 404 to 10.000kg/b.w. It is also worth mentioning that they
belong to safe toxicity classes 4 to 6 and are not likely to be
hepatotoxic or carcinogenic.

Conclusions

This research indicates that the hydro-ethanolic extract of C
paniculatum possesses profound potential as an antioxidant and
antidiabetic agent, as revealed from the in vitro experiments.

Furthermore, 7 GC-FID-identified compounds established
satisfactory results as promising inhibitors of o-amylase and
o-glucosidase in our in silico experiments. It is, therefore, expe-
dient to conclude that the extract’s rich bioactive compounds
might be responsible for the antidiabetic activity. Thus, the
extract contains lead phytochemicals, which could serve as
therapeutics for developing novel antidiabetic drugs. However,
this could be further substantiated using in vivo experiments.
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Figure 9. Two dimensional (3D) representation of the ligand-receptor complex formed between a-glucosidae and the hits compounds: A= Epicatechin, B
=Kaempferol, C=, Naringinin D= Ephedrine, E= Resveratrol and H =Acarbose.

Table 4. Predicted drug-likeness of the top-scoring compounds identified from HECP.

COMPOUNDS MW (G/MOL) LOG P #HBA # HBD NROT TPSA BAS NO. OF VIOLATIONS

LIPINSKI VEBER

Rutin 10 6

Kaempferol 286 1.7 6 4 1 1111 0.55 0 0 0
Epicatechin 290 1.47 6 5] 1 110.4 0.55 0 0 0
Ephedrine - 3 - 0.55 0 0 0
Naringenin 272 1.75 5 3 1 86.99 0.55 0 0 0
Resveratrol 228 1.71 3 3 2 60.69 0.55 0 0 0

Values in red and green colours are above the reference range of drug-like compounds.
Abbreviations: MW, molecular weight (g/mol); Log P, octanol-water partition coefficient; HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; TPSA, topological
polar surface area; Nrot, # rotatable hydrogen bond; BAS, bioavailability score.
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Table 5. Pharmacokinetics and toxicity prediction output of HECP compounds.

PROPERTIES A B C D E F G

Pharmacokinetics

GIA Low High High High High High Low
BBB No No No Yes No Yes No
P-gp substrate Yes No Yes No Yes No Yes
CYP1A2 No Yes No No No Yes No
CYP2C19 No No No No No No No
CYP2C9 No No No No No Yes No
CYP2D6 No Yes No No No No No
CYP3A4 No Yes No No Yes Yes No

Log kp (cm/s) -10.26 -6.7 -7.82 -6.65 -6.2 -5.47 -16.29
Toxicity

LD, (mg/kg) 5000 3919 10000 404 2000 1560 24000
Toxicity class 5 5 6 4 4 4 6
Hepatotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Active
Carcinogenicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Immunogenicity Active Inactive Inactive Inactive Inactive Inactive Active
Mutagenicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Cytotoxicity Inactive Inactive Inactive Inactive Active Inactive Inactive

Abbreviations: A=rutin, B=Kaempferol, C=epicatechin, D=Ephedrine, E=Naringinin, F=Resveratrol, and H=acarbose.
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