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Abstract

Type 2 diabetes mellitus is a growing global health crisis requiring effective management
strategies, including the control of postprandial hyperglycemia. Inhibiting key carbohydrate-
digesting enzymes, namely a-amylase and o-glucosidase, is a proven therapeutic approach.
However, many current inhibitors have undesirable side effects. This study examines the anti-
diabetic and antioxidant potential of bioactive compounds isolated from Piliostigma thonningii,
a plant with a history of traditional use in treating diabetes, employing both in vitro and in silico
approaches. A multifaceted approach was employed to elucidate the chemical profile and
bioactive potential of the P thomnningii methanolic extract. This approach combined
chromatographic separation, spectroscopic characterization, and in vitro antioxidant (DPPH,
ABTS, HRSA, and FRAP assays) and anti-diabetic evaluations. Molecular docking and
dynamics simulations were employed to predict the binding affinities and stabilities of isolated
compounds with a-amylase and a-glucosidase. The methanolic extract exhibited notable
antioxidant activity, comparable to that of the synthetic antioxidant BHT. The highest DPPH
anti-radical activity was exhibited by kaempferol 3-O-a-L-rhamnopyranosyl-(1-2)-p-D-
galactopyranoside (10) (ICso = 172.45 pg/mL, 69.48% inhibition). In addition, the methanol

(MeOH) extract demonstrated potent anti-diabetic activity in vitro, exhibiting the lowest ICsq
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values for both a-amylase (184.45 pg/mL) and a-glucosidase (175.61 pg/mL) inhibition.
Among the isolated compounds, genkwanin (5) displayed promising inhibitory activity against
both enzymes (a-amylase ICso: 180.95 pg/mL, a-glucosidase ICso: 174.95 png/mL), while
epicatechin (4) and shikimic acid (2) showed notable and moderate a-glucosidase inhibitory
activities, respectively (epicatechin ICso: 201.51 pg/mL, shikimic acid ICso: 196.25 pg/mL).
Vitexin (6) and genkwanin (5) were identified as the most potent a-amylase and a-glucosidase
inhibitors in silico, with binding affinities of -8.6 kcal/mol and -8.5 kcal/mol, respectively. This
study identifies compounds derived from P. thonningii, particularly vitexin (6) and genkwanin
(5), as promising natural inhibitors of a-amylase and a-glucosidase. The findings indicate that
the plant may serve as a valuable source of antioxidants and anti-diabetic compounds, thereby
supporting its traditional medicinal applications and suggesting a pathway for the development

of new, natural-based therapies for type 2 diabetes.
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molecular docking, molecular dynamics simulations
Abbreviations

ATBS  2,2-azino-bis (3-ethylbenzylthiozoline-6-sulphonic acid)
BHT Butylated Hydroxytoluene

DPPH  2,2- diphenyl-1-picrylhydrazyl

FRAP  Ferric-reducing antioxidant power

HRSA = Hydroxyl Radical Scavenging Activity

LGA Lamarck Genetic Algorithm

PDB Protein Data Bank

RMSD  Root-Mean-Square Deviation

T2D/M  Type 2 Diabetes/ Mellitus

1. Introduction

Piliostigma thonningii, a plant in the Piliostigma genus, has gained attention in the field of
ethnomedicine due to its therapeutic uses. This genus includes two species, Piliostigma
reticulatum and Piliostigma thonningii, which are traditionally used in Africa and Asia to treat
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various diseases including diabetes, infections, and inflammation (I. B. Abubakar et al., 2024;
M. O. Afolayan et al., 2023; Hailemariam et al., 2021; Mouhamadou, Dalhatou, Dobe, et al.,
2023; Mouhamadou, Dalhatou, Obada, et al., 2023). Both species belong to the
Caesalpinioideae subfamily of the Fabaceae family and are perennial plants. Piliostigma
thonningii is known for its variable petal colors, ranging from white to pink. While P.
reticulatum and P. thonningii share some similarities in stigma shape, they differ in leaf
structure, texture, and geographical distribution (I. B. Abubakar et al., 2024; Hailemariam et
al., 2021; Mouhamadou, Dalhatou, Dobe, et al., 2023; Mouhamadou, Dalhatou, Obada, et al.,
2023; Ogbiko et al., 2024). The botanical name 'thonningii' was chosen to honor the Danish
botanist Peter Thonning, who originally described the species under the Bauhinia genus
(Hamadou et al., 2020; Oscar Ditchou Nganso, Sidjui Sidjui, et al., 2020). This tree is found in
tropical and subtropical regions, including Cameroon, Nigeria, Kenya, Senegal, Namibia, as
well as India, China, and Cuba. It is known by different names in local communities, such as
“Vessi” and “Barkee-hi” in northern Cameroon, “Camel’s Foot Tree” or “Monkey Bread” in
English, and “Pied de Chameau” or “Semalier” in French (I. B. Abubakar et al., 2024; M. O.
Afolayan et al., 2023; Hailemariam et al., 2021; Ogbiko et al., 2024). These various names

highlight the cultural and medicinal significance of the plant in different regions.

The extensive utilization of Piliostigma thonningii in traditional medicine is predominantly
attributed to the plant's diverse phytochemical composition. Preparations derived from the
roots, bark, and leaves of the plant, including decoctions, infusions, and macerations, have been
traditionally employed in the treatment of a range of health conditions. Such conditions include
metabolic disorders such as diabetes, infectious diseases such as malaria and gonorrhea, as well
as inflammatory conditions such as arthritis and ulcers (I. B. Abubakar et al., 2024; M. Afolayan
et al., 2018; M. O. Afolayan et al., 2023; Hailemariam et al., 2021; Nurudeen et al., 2024;
Ogbiko et al., 2024). In addition to its efficacy in treating chronic diseases, the plant has also
demonstrated effectiveness in addressing acute conditions, including fever, gastric discomfort,
and wound infections. The extensive medicinal potential of Piliostigma thonningii has
prompted a number of pharmacological studies aimed at elucidating the bioactive compounds

and their mechanisms of action.

Phytochemical analyses of the Piliostigma species, including P. thonningii, have identified a
diverse range of secondary metabolites, including terpenoids, flavonoids, tannins, saponins, and

alkaloids (M. O. Afolayan et al., 2023; Ogbiko et al., 2024). These compounds are known to



possess a range of pharmacological activities, including anti-inflammatory, antimicrobial,
antioxidant, and antidiabetic effects (Amang a Ngnoung et al., 2023; Hamadou et al., 2022;
Himeda et al., 2022; Luka et al., 2024; Nurudeen et al., 2024; Wangso et al., 2022). Specific
bioactive compounds isolated from P thonningii include D-3-O-methylchiroinositol, a
molecule with reported antidiabetic, antioxidant, and antilipidemic activities. This compound
has been particularly noted for its potential to modulate glucose metabolism, making it a
promising candidate for managing type 2 diabetes (Ogbiko et al., 2024). Additionally, C-
methylflavanols have been identified in this species, demonstrating significant anti-
inflammatory and antibacterial properties (I. B. Abubakar et al., 2024; M. O. Afolayan et al.,
2023).

In light of the rising incidence of metabolic disorders such as type 2 diabetes, the investigation
of natural compounds that can regulate carbohydrate metabolism has emerged as a pivotal
research area (Mueed et al., 2023; Nganso Ditchou et al., 2024; Nunez et al., 2023; Su et al.,
2024; Tiwari et al., 2023). While previous studies have reported the traditional uses and general
phytochemical composition of Piliostigma thonningii, a systematic investigation combining
both in vitro and in silico methodologies to identify and characterize its specific anti-diabetic
lead compounds has not been conducted. The diverse phytoconstituents present in Piliostigma
thonningii offer a valuable source of novel bioactive compounds. The present study aims to
examine the potential of these compounds as inhibitors of key enzymes involved in
carbohydrate metabolism, namely a-amylase and a-glucosidase. Both enzymes are instrumental
in the breakdown of starch and disaccharides into glucose, and their inhibition has been
identified as an effective strategy for controlling postprandial blood glucose levels in diabetic

patients.

In this context, in vitro and in silico methods provide effective tools for evaluating the inhibitory
effects of Piliostigma thonningii extracts and isolated compounds on a-amylase and o-
glucosidase activity. These techniques facilitate the identification of promising therapeutic
agents and provide insights into their molecular mechanisms of action. By exploring the
bioactive potential of Piliostigma thonningii, this study will contribute to the development of

novel, plant-derived therapies for the management of type 2 diabetes.

2. Materials and Methods
The diagram (Fig. 1) presents a comprehensive methodology for the extraction, purification,

characterization, and biological evaluation of bioactive compounds, with particular emphasis
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on the importance of each step in understanding the therapeutic potential of plant-derived

substances.

2.1. Plant material
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Fig. 1. General procedure

The leaves of Piliostigma thonningii (Fig. 2) were harvested in Dagai, a village situated in the

Ndoukoula Subdivision of Diamare, Far North Region, Cameroon, on October 25, 2021. The

plant was identified at the Herbarium of the School of Fauna of Garoua, and a voucher specimen

was deposited under the reference 1345/HEFG.

Fig. 2. Piliostigma thonningii



2.2. Chemicals

The following chemical reagents were obtained from Sigma-Aldrich Chemical Company
(Mumbai, India): 2,6-di-tert-butyl-4-methylphenol (BHT), 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH), 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox, 98%),
2,4,6-tris(2-pyridyl)-s-triazine (TPTZ, 98%), and 2,2'-azinobis (3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS, 98%).

Additional reagents were sourced from Sigma-Aldrich (St. Louis, MO, USA), including 3,5-
dinitrosalicylic acid, a-amylase enzyme, a-glucosidase enzyme, acarbose, and p-nitrophenyl-

a-D-glucopyranoside.

2.3. Bioactive compounds: extraction, isolation, and purification

2.3.1. Extraction of compounds from P. thonningii

The air-dried powdered leaves of P. thonningii (4 kg) were subjected to maceration in methanol
(MeOH, 12 L) over three 72-hour periods. The resulting macerate was filtered and concentrated
at room temperature, yielding 760.5 g of crude extract. A portion of the extract (356.3 g) was
then partitioned using ethyl acetate (EtOAc) and water, resulting in two fractions: EtOAc (290.3
g) and aqueous (88 g) fractions.

2.3.2. Isolation and purification of compounds from P. thonningii

A subset of the EtOAc fraction (69.5 g) was separated via silica gel column chromatography
using n-hexane, EtOAc, and MeOH solvent systems of increasing polarity. Fractions (500 mL
each) were collected based on thin layer chromatography analysis and grouped into six sub-
fractions (F-K). These sub-fractions were eluted using the following solvent ratios: F (20.2 g,
n-hexane/EtOAc 1:0-4:1, v/v), G (13.4 g, n-hexane/EtOAc 3:1-1:1, v/v), H (8.4 g, n-
hexane/EtOAc 9:11-1:3, v/v), [ (21.4 g, n-hexane/EtOAc 1:4-1:19, v/v), J (9.3 g, EtOAc/MeOH
1:0-9:1, v/v), and K (6.6 g, n- EtOAc/MeOH 17:3-7:3, v/v). Successive column
chromatography (CC) of sub-fractions F-K yielded the following compounds: 1 (35.2 mg, white
powder, n-hexane/EtOAc 19:1, v/v), 2 (31.3 mg, white powder, n-hexane/EtOAc 4:1, v/v), 7
(40.8 mg, white powder, n-hexane/EtOAc 13:7, v/v), 3 (62.1 mg, n-hexane/EtOAc 2:3, v/v), 8
(18.1 mg, yellow crystalline solid, EtOAc/MeOH 19:1, v/v), 4 (19.3 mg, yellow crystalline
solid, EtOAc/MeOH 9:1, v/v), 5 (16.3 mg, yellow solid, EtOAc/MeOH 17:3, v/v) and 6 (17.6
mg, white powder, EtOAc/MeOH 3:2, v/v).



A part of aqueous extract (57.4 g) was fractionated using an open CC, eluting with gradient
systems of EtOAc/MeOH (1:0 to 0:1). A total 60 fractions (500 mL each) were collected to
yield five combined sub-fractions (A1-A5) based on their thin layer chromatography profiles :
Al (7.8 g; EtOAc/MeOH, 1:0-7:3, v/v), A2 (9.2 g ; EtOAc/MeOH, 17:3-2:3, v/v),A3 (10.2 g ;
EtOAc/MeOH, 7:13-3:7, v/v), A4 (12.6 g; EtOAc/MeOH, 1:3-3:17, v/v), AS (11.3 g;
EtOAc/MeOH, 1:4-3:17, v/v). Successive column chromatography (CC) of sub-fractions A1-
A5 yielded the following compounds: 9 (27.5 mg; yellow solid, EtOAc/MeOH, 3:7, v/v) and
10 (25.2 mg; yellow solid, EtOAc/MeOH, 3:7, v/v), an isocratic system. The three remaining

sub-fractions contained complex mixtures that could not be resolved.
2.4. Spectroscopic data of P. thonningii’s compounds

2H-chromen-2-one (1): '"H NMR (600 MHz, CDCI3) 6 (ppm) 7.73 (d, J = 9.6 Hz, 1H), 7.54
(ddd, J=8.5,7.3, 1.6 Hz, 1H), 7.50 (dd, J= 7.7, 1.6 Hz, 1H), 7.35 (d, /= 8.3 Hz, 1H), 7.30 (td,
J=17.7,1.6 Hz, 1H), 6.44 (d, J= 9.6 Hz, 1H) (Fig. S1). >°C NMR (151 MHz, CDCl3) 6 (ppm)
(ordered C2 — C10) 160.8, 116.9, 143.5, 127.8, 124.5, 131.8, 116.7, 118.8, 154.1 (Fig. S2).

Shikimic acid (2): '"H NMR (500 MHz, Methanol-d4) § (ppm) 6.84 (d, J = 3.7 Hz, 1H), 4.40
(t,J=4.1 Hz, 1H), 4.04 (m, 1H), 3.70 (dd, J=7.6,4.2 Hz, 1H), 2.73 (dd, /= 18.3, 5.0 Hz, 1H),
2.22(dd, J=18.2, 5.8 Hz, 1H) (Fig. S4). '*C NMR (126 MHz, Methanol-d4) 6 (ppm) (ordered
C1-C7) 131.1, 138.6, 67.4, 72.9, 68.5, 31.9, 170.3 (Fig. S5).

n-eicosyl trans ferrulate (3): "H NMR (600 MHz, CDCl3) 6 (ppm) 7.64 (d, J = 15.9 Hz, 1H),
7.10 (d, J=8.1 Hz, 1H), 7.06 (s, 1H), 6.94 (d, /= 8.1 Hz, 1H), 6.32 (d, /= 15.9 Hz, 1H), 5.88
(s, 1H), 4.21 (t, J= 6.8 Hz, 2H), 3.95 (s, 3H), 1.72 (m, 2H), 1.42 (m, 2H), 1.37 (m, 2H), 1.32
(m, 2H), 1.30-1.24 (m, 28H), 0.91 (t, J = 7.0 Hz, 3H) (Fig. S7). ">*C NMR (151 MHz, CDCl3) 6
(ppm) (ordered C1-C30) 127.1, 109.3, 146.8, 147.9, 114.5, 123.1, 144.6, 115.7, 167.4, 55.9,
64.7,28.8, 26.0, 29.3-29.7, 31.9, 22.7, 14.1 (Fig. S8).

Epicatechin (4): '"H NMR (500 MHz, Methanol-d4) & (ppm) 6.97 (m, 1H), 6.84 (dd, J = 8.2,
2.1 Hz, 1H), 6.72 (d, J = 8.2 Hz, 1H), 5.99 (d, J = 2.0 Hz, 1H), 5.95 (d, J = 2.0 Hz, 1H), 5.55
(dt, J =42, 2.1 Hz, 1H), 5.06 (s, 1H), 3.02 (dd, J = 17.4, 4.7 Hz, 1H), 2.88 (dd, J = 17.4, 2.6
Hz, 1H) (Fig. S10). 3*C NMR (126 MHz, Methanol-d4) 6 (ppm) (ordered C2-C16) 78.7, 70.0,
26.9,99.4,157.3,96.6, 167.6,95.9, 157.9, 131.5, 115.2, 146.4, 145.9, 116.0, 119.4 (Fig. S11).



Genkwanin (5): "H NMR (500 MHz, DMSO-d6) 6 (ppm) 7.97 (d, J = 8.7 Hz, 2H), 6.94 (d, J =
8.7 Hz, 2H), 6.85 (s, 1H), 6.78 (d, J= 2.3 Hz, 1H), 6.38 (d, J = 2.3 Hz, 1H). 3.88 (s, 3H) (Fig.
S13). 3C NMR (151 MHz, DMSO-d6)  (ppm) (ordered C2-C16) 164.6, 103.5, 182.4, 161.7,
98.4, 165.6,93.1, 105.1, 157.7, 121.5, 129.0, 116.4, 161.8, 129.0, 116.4, 56.5 (Fig. S14).

Vitexin (6): ESI-MS [M+Na] * m/z 455.10 (C21H20010). Spectre IR vmax (cm™) : 2966, 2663,
1676, 1501, 1260. '"H NMR (500 MHz, DMSO-d6) § (ppm) 13.16 (s, 1H), 7.98 (d, ] = 9.7 Hz,
2H), 6.84 (d, J =9.7 Hz, 2H), 6.77 (s, 1H), 6.22 (s, 1H), 4.98-4.59 (d, J = 9.7 Hz, 1H), 3.80 (t,
J=9.2 Hz, 1H), 3.78 (m, 1H), 3.76 (t, ] = 11.3 Hz, 1H), 3.73 (m, 1H), 3.70 (m, 2H) (Fig. S16).
13C NMR (125 MHz, DMSO-d6) ¢ (ppm) (ordered C2-C21) 161.7, 102.9, 182.6, 105.1, 161.5,
98.4,161.5,104.5, 156.5, 122.1, 129.5, 116.3, 164.4, 129.5, 116.3, 73.8, 71.3, 79.1, 70.9, 82.2,
61.7 (Fig. S17).

Methyl -D-glucopyranoside (7): 'H NMR (500 MHz, Methanol-d4) J (ppm) 4.73 (d, ] = 3.7
Hz, 1H), 3.91 (dd, J = 3.4, 1.2 Hz, 1H), 3.84 — 3.76 (m, 1H), 3.79-3.68 (m, 2H), 3.43 (s, 3H)
(Fig. S18).*C NMR (126 MHz, Methanol-d4) & (ppm) (ordered C1-C7) 101.5,72.3,71.5, 71.1,
70.3, 62.8, 55.7 (Fig. S19).

3,3°,4°,5-tetrahydroxystilbene (8): "H NMR (500 MHz, Methanol-d4) 6 (ppm) 7.01 (d, J =2.0
Hz, 1H), 6.93 (d, J = 16 Hz, 1H), 6.85 (dd, ] = 2.9 Hz, 1H), 6.78 (d, J= 16 Hz, 1H), 6.76 (d, ] =
8.5 Hz, 1H), 6.47 (d, J = 2.0 Hz, 2H), 6.20 (t, J = 2.2 Hz, 1H) (Fig. S21). *C NMR (126 MHz,
Methanol-d4) 6 (ppm) (ordered C1-C14) 141.3, 106.2, 159.9, 102.7, 159.6, 106.7, 127.0, 129.7,
131.1, 113.9, 146.6, 146.5, 116.5, 120.2, (Fig. S22).

Isorhamnetin 3-O-rutinoside (9): '"H NMR (600 MHz, DMSO-d6) ¢ (ppm) 7.99 (d, J = 8.4,
2.1 Hz, 1H), 7.86 (d, J = 2.1 HZ, 1H), 6.93 (d, J = 8.6 Hz, 1H), 6.43 (m, 1H), 6.21 (m, 1H),
5.32 (d, J= 7.6 Hz, 1H), 4.43 (m, 1H), 3.84 (s, 3H), 3.71-3.06 (m, 9H), 0.98 (dd, J = 6.2, 3.8
Hz, 3H) (Fig. S24). 3*C NMR (151 MHz, DMSO-d6) 6 (ppm) (ordered C2-C28) 157.1, 133.6,
177.9, 161.7, 99.2, 164.6, 94.2, 160.4, 104.5, 121.4, 113.7, 147.5, 149.9, 115.6, 122.7, 56.1,
101.6, 74.7, 76.4, 70.8, 76.9, 67.4, 101.2, 71.1, 71.6, 72.3, 68.8, 18.2(Fig. S25).

Kaempferol 3-O-a-L-Rhamnopyranosyl (1-2)-f-D-galactopyranoside (10): '"H NMR (500
MHz, Methanol-d4) ¢ (ppm) 8.04 (d, J= 9.6 Hz, 2H), 6.93 (d, J = 9.6 Hz, 2H), 6.79 (m, 1H),
6.45 (m, 1H),5.59 (m, 1H), 5.40 (d, J = 7.3 Hz, 1H), 3.89 — 3.26 (m, 9H), 1.29 (m, 3H) (Fig.
S27). 3C NMR (126 MHz, Methanol-d4) é (ppm) (ordered C2-C27) 159.8, 135.4,179.9, 162.9,



100.6, 163.6, 95.6, 158.1, 107.6, 122.8, 132.4, 116.2, 161.8, 132.4, 116.2, 103.7, 75.8, 78.5,
71.5,78.1,62.7,99.9,71.7,72.1, 73.6, 71.3, 18.1(Fig. S28).

2.5. Crude extract and isolated compounds: in vitro assessment of antioxidant activities
2.5.1. Free radical scavenging activity DPPH

The antiradical activity of extracts and isolated compounds against the stable free radical 2,2-
diphenyl-1-picrylhydrazyl (DPPH*) was assessed using a protocol modified from Sun et al.
(2005). The DPPHe assay exploits the ability of antioxidants to scavenge free radicals, resulting
in decolorization of the purple-colored solution, measurable as a decrease in optical density at

517 nm.

To conduct the assay, 150 pL of each sample (extract or isolated compound) was combined with
1500 pL of 1 mM DPPHe solution (in 70% ethanol) or butylated hydroxytoluene (BHT)
standard solution at concentrations ranging from 0-250 pg/mL. The mixture was vortexed for
60 seconds and incubated in the dark at 35 °C for 30 minutes. Subsequent measurements of
optical density at 517 nm were performed using a spectrophotometer. Sample concentrations
were calculated from a calibration curve generated using the BHT standard solution. The
percentage of inhibition was calculated using the following equation:
(0.D control — 0. D test)

Inhibition (%) = 0D control x 100

where O.D test was the optical density of the sample and O.D control was the optical density

of the standard solution.

2.5.2. Evaluation of the ABTS free radical scavenging activity

Assessment of 2,2-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) free radical
scavenging activity was conducted according to the method outlined by Gao et al. (2019). The
ABTS cation radical, characterized by its blue-green color, forms through the oxidation of the
ammonium salt. This process involves the formation of an ABTS nitrogen atom in the presence
of potassium persulfate. Upon addition of an antioxidant, the ABTS radical (ABTS®+)
undergoes reduction, trapping a proton (H°) and resulting in decolorization. This reaction is

quantifiable by measuring the absorbance at 745 nm.

To prepare the ABTS reagent, 50 mL of 7 mM ABTS®+ was mixed with 50 mL of 2.45 mM
potassium persulfate. For the assay, 1500 pL of diluted ABTS®+ solution was combined with



500 pL of either standard solution (butylated hydroxytoluene, BHT) or sample (extracts or
isolated compounds). Following a 5-minute agitation and 30-minute incubation in darkness,
optical density was measured at 745 nm. Sample concentrations were subsequently determined
using regression curves generated from BHT standards (0-250 pg/mL). The inhibition
percentage was calculated as follows:

(0.D control — 0.D test)

Inhibition (%) = 0D control %X 100

where O.D test was the optical density of the sample and O.D control was the optical density

of the standard solution.

2.5.3. Ferric-reducing antioxidant power (FRAP)

The ferric reducing antioxidant power (FRAP) of the sample was determined using the protocol
outlined by Benzie and Strain (1996). This assay exploits the antioxidant-mediated reduction
of the Fe (I1I)-2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) complex to its ferrous form, characterized
by a blue coloration with maximum absorption at 593 nm. The intensity of this coloration is

directly proportional to the antioxidant capacity of the tested sample.

To conduct the FRAP assay, 500 pL of sample extract, isolated compounds, or standard solution
(butylated hydroxytoluene, BHT) was combined with 1500 pL of FRAP reagent, comprising
250 uL of 0.3 M acetate buffer (pH 3.6), 225 pL 0f 0.01 M TPTZ in 40 mM HCI, and 225 pL
of 140 mM FeCl3. The mixture was vortexed for 5 minutes and incubated in the dark at room
temperature (30°C) for 30 minutes. Subsequent measurement of optical density at 593 nm
enabled sample concentration evaluation via calibration curves generated using ascorbic acid
standards (0-250 pg/mL). The ferric-reducing antioxidant power was expressed as percentage

inhibition according to the following formula:

(0.D control — 0.D test) o
0.D control

Inhibition (%) =

where O.D test was the optical density of the sample and O.D control was the optical density

of the standard solution.

2.5.4. Evaluation of hydroxyl radical scavenging activity (HRSA)
The hydroxyl radical scavenging activity (HRSA) of the samples was assessed using a modified

version of the protocol described by Wangso et al. (2022). This assay is based on the Fenton
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reaction; wherein ferrous sulfate reacts with hydrogen peroxide to generate hydroxyl radicals
(*OH). The subsequent reaction between *OH and salicylic acid yields a pink-colored complex,

which is detectable at 510 nm.

In the presence of antioxidants, the *OH-mediated color formation is inhibited, resulting in a
decrease in absorbance. To conduct the HRSA assay, a reaction mixture was prepared by
combining 0.5 mL of 9 mM FeSOy4, 0.5 mL of 0.03% H20, 0.5 mL of 9 mM salicylic acid in
ethanol, and 1 mL of standard solution (butylated hydroxytoluene, BHT) or sample (extracts or
isolated compounds). Following incubation at room temperature (35°C) in the dark for 40
minutes, the optical density was measured at 510 nm. Sample concentrations were quantified
using calibration curves generated with BHT standards (0-250 pg/mL). The percentage of
hydroxyl radical scavenging ability was calculated using the following equation:
(0.D control — 0.D test)

Inhibition (%) = 0D contral x 100

Where O.D test was the optical density of the sample and O.D control was the optical density
of the standard solution.

2.6. In vitro assessment of antidiabetic properties: inhibition of a-amylase and o-
glucosidase

2.6.1. a -amylase inhibition assessment of crude extracts and isolated compounds

An in vitro assay was conducted to evaluate a-amylase inhibition, with methodology adapted
from that outlined by Nganso Ditchou et al. (2024) and modified to some extent. This enzymatic
reaction entails the hydrolysis of starch by pancreatic or salivary a-amylase, resulting in the
production of reducing sugars that reduce 3,5-dinitrosalicylic acid to 3-amino-5-nitrosalicylic
acid, which exhibits an absorbance at 540 nm. The presence of a-amylase inhibitors results in

a reduction in enzymatic activity, which is reflected in a decrease in optical density at 540 nm.

In order to assess the inhibitory activity, 25 uL of the sample (extracts or isolated compounds)
or acarbose (0-300 pg/mL) was combined with 25 pL of phosphate buffer (20 mM, pH 6.9)
containing a-amylase (0.5 mg/mL). Subsequently, a 10-minute incubation period at 25°C was
initiated, followed by the addition of 25 pL of a 0.5% starch solution in phosphate buffer (20
mM, pH 6.9). The reaction mixture was then incubated for an additional 10 minutes at 25°C.

The reaction was terminated with 50 pL of 3,5-dinitrosalicylic acid color reagent, followed by
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a 5-minute incubation period in a water bath and subsequent cooling to room temperature.
Absorbance was then measured at 540 nm using a spectrophotometer. The percentage of

inhibition was calculated according to the following formula:

(0.D control — 0.D test) o
0.D control

Inhibition (%) = 100
where O.D test was the optical density of the sample and O.D control was the optical density

of the standard solution.

2.6.2. a-glucosidase inhibition analysis of crude extracts and isolated compounds

An in vitro assay was conducted to evaluate a-glucosidase inhibition, with the methodology
adapted from the protocol outlined by Nganso Ditchou et al. (2024). This enzymatic reaction
involves the hydrolysis of p-nitrophenyl-a-D-glucopyranose, yielding p-nitrophenol, which

was quantified spectrophotometrically at 400 nm.

In order to assess the inhibitory activity, 50 pL of the sample (extracts or isolated compounds)
or acarbose (0-300 pg/mL) was combined with 100 pL of phosphate buffer (20 mM, pH 6.8)
containing a-glucosidase (0.01 mg/mL) and pre-incubated at 25°C for 10 minutes. The reaction
was initiated by the addition of 50 pL of a solution of p-nitrophenyl-oa-D-glucopyranose at a
concentration of 5 mM. Following a 15-minute incubation period at 37°C, 2 mL of 500 mM
Na:COs was added to terminate the reaction. The optical density of the resulting yellow solution
was then measured at 400 nm using a spectrophotometer. The percentage of inhibition was

estimated as follows:

(0.D control—-0.D test)
0.D control

Inhibition (%) = x 100

where O.Dest was the optical density of the sample and O.Dcontrot Was the optical density of the

standard solution.

2.7. Computational approaches for antidiabetic assessment: molecular docking and
molecular dynamics

2.7.1. Ligand preparation for docking study

The ligands employed in this study were compounds isolated and identified from P. thonningii.
Two-dimensional (2D) structures of these compounds were constructed using ChemDraw Ultra

(12.0) software and saved in SDF format. ChemDraw 3D was subsequently utilized to generate
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three-dimensional (3D) structures, which were saved in PDB format. All generated 3D
structures underwent energy minimization optimization using Chimera X V1.4 software. Lastly,
the PDB format files of the ligands were prepared using AutoDock Vina software tools and

exported in PDBQT format for subsequent molecular docking simulations.

2.7.2. Protein receptors preparation

The preparation of protein receptors is a crucial step in the process of studying their structure
and function. The three-dimensional structures of human pancreatic a-amylase and human
intestinal a-glucosidase were retrieved from the Protein Data Bank (PDB) (www.rcsb.org/pdb)
using the PDB identifier 4GQR (Ibrahim et al., 2018; Nganso Ditchou et al., 2024) and 2QLY
(Ibrahim et al., 2018; Nganso Ditchou et al., 2024), respectively. Subsequently, each structure
was subjected to a process of elimination, whereby any water molecules and bound ligands
were removed in order to isolate the protein receptor using AutoDock vina 1.5.7 tools. Then,
polar hydrogen atoms were incorporated into the protein structure, and Kollman charges were
assigned to all atoms. Finally, the prepared protein structure was energy minimized to obtain a
relaxed conformation. This was typically achieved through the use of a force field-based
approach within the selected molecular mechanics software. The resulting energy-minimized
structure was then converted to the AutoDock Vina-compatible Protein Data Bank, Partial
Charge (PDBQT) format, which was utilized for subsequent computational docking

simulations.

2.7.3. Grid generation using AutoDock software for molecular docking

The molecular docking simulations were performed on a-glucosidase (PDB ID: 2QLY) and
human pancreatic a-amylase (PDB ID: 4GQR). The grid dimensions for a-glucosidase were
47.4871, 32.7237, and 49.9909 A (xyz points). For human pancreatic a-amylase, the grid
dimensions were 34.6732, 35.2485, and 35.1384 A (xyz points). All other docking parameters

were identical between the two enzymes.

2.7.4. Execution of molecular docking

In this study, AutoDock 1.5.7 was employed to facilitate the docking of P. thonningii’s
compounds to target enzymes, in accordance with a previously documented protocol
(Mamoudou, Basaran, et al., 2024; Nganso Ditchou et al., 2024). The ligands and receptors
were prepared in PDBQT format, and the grid was configured to permit unrestricted ligand

movement. The AutoDock program was executed using the Lamarck Genetic Algorithm (LGA)
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as the docking algorithm (Trott & Olson, 2010). A total of 10 poses were generated, and the

poses with the optimal energy scores were selected for further analysis.

2.7.5. Output and complexes visualization using PyMOL and Discovery Studio

The output files were saved in the PDBQT format. For the virtual screening studies, we used
the crystal structures of porcine pancreatic a-amylase (PDB ID: 4GQR) and yeast a-glucosidase
(PDB ID: 2QLY), which are well-established and validated targets for anti-diabetic drug
discovery (Aissatou et al., 2025; Hamadou et al., 2025; Mamoudou, Abdoulaye, et al., 2025;
Nganso Ditchou et al., 2024). The structures were prepared by removing co-crystallized ligands

and water molecules, and adding polar hydrogens and Kollman charges (Trott & Olson, 2010).

The molecular interaction complex was visualized in three-dimensional (3D) and two-

dimensional (2D) formats using Discovery Studio 2021 Client software (version 21.1.0.20298).

2.7.6. Dynamics simulation with Desmond

The protein-ligand complexes were subjected to molecular dynamics simulations using
Schrédinger's Desmond program. Using the SPC water model, the systems were put inside a 10
A orthorhombic box that was filled with water. Counter-ions and 0.15 M NaCl were introduced,
followed by heating and energy minimization ensure electro-neutrality (Alhagri et al., 2024;
Siddiqui et al., 2024). After importing the minimized system into the MD module, the
simulation was run for 100 ns under isothermal-isobaric (NPT) conditions, at a temperature of
300 K and a pressure of 1 bar. The Nose-Hoover chain thermostat and the Martyna-Tobias-
Klein barostat were used at 100 and 200 ps intervals, respectively, to maintain these parameters
(Ipe et al., 2024; Khan et al., 2024; Rathod et al., 2024). Every 100 ps, the simulation was

snapped, and the trajectories that resulted were examined.

2.8. Statistical data analysis

All in vitro assays, including the antioxidant and anti-diabetic activity measurements, were
performed in triplicate (n=3). The data were presented as the mean + standard deviation (SD).
Statistical analyses were conducted using the SPSS 22.0 statistical software and GraphPad
Prism 8.0. The data were analyzed using a one-way analysis of variance (ANOVA) to compare
differences between groups, followed by Tukey's post-hoc test for multiple comparisons. A p-

value of less than 0.05 was considered statistically significant.

3. Results
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3.1. NMR identification

Chromatographic fractionation of crude methanolic and ethyl acetate extracts from P. thonningii
leaves yielded ten known compounds. Structural elucidation was achieved through a
combination of spectroscopic analyses (1D-NMR, 2D-NMR, MS, IR) and comparison with

literature data.

The isolated compounds (s) included 2H-chromen-2-one (Wang et al., 2023), shikimic acid
(Bochkov et al., 2012), n-eicosyl trans-ferulate (Chang et al., 2001), epicatechin (Moreira-
Aratjo et al., 2017), genkwanin (Ijaz et al., 2023), methyl B-D-glucopyranoside (Jeffrey &
Takagi, 1977), 3,3'4'5-tetrahydroxystilbene (INAMORI et al., 1984), vitexin
(Yutharaksanukul et al., 2024), isorhamnetin 3-O-rutinoside (Boubaker et al., 2011; DOU et al.,
2017), and kaempferol 3-O-a-L-rhamnopyranosyl (1-2)--D-galactopyranoside (Avanza et al.,
2021; DOU et al., 2017; Tsiklauri et al., 2011) (Fig. 3).

3.2. Assessed biological activities: antioxidant and antidiabetic

3.2.1. DPPH antiradical activity

Table 1 illustrates the results of the evaluation of the radical scavenging activity performed on
the extracts and its isolated compounds of leaves of P. thonningii. The results were expressed
as percentage of inhibition. The obtained results experimentally revealed that the inhibition

percentage varied significantly from 30.03+0.10% to 71.72+0.62% (p < 0.05).

The methanolic (MeOH) extract of P. thonningii exhibited substantial antioxidant activity, as
evidenced by an ICso value of 184.00 pg/mL and 71.72% inhibition. This suggests the presence
of compounds with pronounced free radical scavenging capabilities. This activity was
comparable to that of the standard antioxidant butylated hydroxytoluene (BHT), which
displayed an ICso 0f 171.81 pg/mL and 74.12% inhibition. In contrast, the ethyl acetate (EtOAc)
extract demonstrated a lower antioxidant potency, with an ICso of 281.00 png/mL and 70.17%
inhibition. This suggests that the methanol extraction method captures more potent antioxidant

compounds.
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Fig. 3. Structures of compounds isolated from P. thonningii

Legend: 1. 2H-chromen-2-one (MW: 146.15 Da). 2. Shikimic acid (MW: 174.15 Da). Moderate a-glucosidase
inhibitor. 3. n-eicosyl trans ferrulate (MW: 474.72 Da). 4. Epicatechin (MW: 290.27 Da). Potent a-glucosidase
inhibitor. 5. Genkwanin (MW: 284.27 Da). Most potent o-amylase and o-glucosidase inhibitor. 6. Vitexin (MW:
432.38 Da). Strongest binding affinity in molecular docking studies. 7. Methyl p-D-glucopyranoside (MW: 194.19
Da). 8. 3,3°,4°,5-tetrahydroxystilbene (MW: 244.24 Da). 9. Isorhamnetin 3-O-rutinoside (MW: 624.54 Da). 10.
Kaempferol 3-O-o-L-rhamnopyranosyl-(1-2)-p-D-galactopyranoside (MW: 596.52 Da).

Of the isolated compounds, 2H-chromen-2-one (1) and shikimic acid (2) exhibited moderate
antioxidant activity, with 1Cso values of 208.00 and 297.10 pg/mL, respectively. However, the
percentage inhibitions of these compounds (47.52% and 39.83%) were lower in comparison to
the methanolic extract. Epicatechin (4) exhibited relatively strong antioxidant properties (ICso:

300.35 pg/mL), however, its inhibition percentage (30.40%) was significantly lower (p < 0.05).
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Derivatives of kaempferol, in particular kaempferol 3-O-a-L-rhamnopyranosyl-(1-2)-B-D-
galactopyranoside (10), exhibited notable antioxidant potential, with an ICso of 172.45 pg/mL
and 69.48% inhibition, indicative of robust free radical scavenging properties. Methyl B-D-
glucopyranoside (7) and 3,3',4',5-tetrahydroxystilbene (8) demonstrated moderate antioxidant
activity, with ICso values of 184.85 and 177.41 ug/mL, respectively.

The findings indicate that the methanol extract of P. thonningii exhibits promising antioxidant
potential, comparable to that of the synthetic antioxidant BHT. The observed variability in
antioxidant activity among the isolated compounds underscores the significance of solvent
selection in extracting bioactive compounds. Notably, kaempferol derivatives emerge as potent
natural antioxidants, a finding that aligns with previous research (Avanza et al., 2021; Kabré et

al., 2023; Mamoudou & Mune, 2025; Tsiklauri et al., 2011).
3.2.2. ABTS free radical scavenging activity

The ability of extracts and isolated compounds from the leaves of the species P. thonningii to
trap free radicals was recorded in the table below (Table 1) and expressed as percentage of
trapping. In general, the ABTS" antiradical activity of the tested samples was also important
with trapping percentages ranging from 36.14+0.12% to 69.26+0.29% (p < 0.05). The methanol
(MeOH) extract of P. thonningii demonstrated exceptional antioxidant activity, with an ICso
value of 181.05 + 1.91 pg/mL and 69.26 + 0.29% inhibition, closely rivalling the standard
antioxidant butylated hydroxytoluene (BHT; ICso = 173.75 £2.19 pg/mL, 72.02 = 1.11%). This
potent activity suggests the presence of highly effective antioxidant constituents capable of
scavenging 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radicals. In
contrast, the ethyl acetate (EtOAc) extract exhibited moderate antioxidant activity (ICso =
197.11 = 1.27 pg/mL, 62.94 + 0.51% inhibition), implying differences in antioxidant

composition, potentially lower levels of phenolic compounds or flavonoids.

Among the isolated compounds, kaempferol 3-O-a-L-rhamnopyranoside (10) displayed the
highest antioxidant activity (ICso = 175.61 &+ 1.41 pg/mL, 57.92 + 0.45% inhibition), consistent
with kaempferol's established radical-scavenging properties. Isorhamnetin 3-O-rutinoside (9)
also demonstrated notable antioxidant activity (ICso = 184.85 + 0.92 pg/mL, 55.19 + 0.63%
inhibition), highlighting its therapeutic potential in mitigating oxidative stress. Methyl B-D-
glucopyranoside (7) exhibited moderate antioxidant activity (ICso = 174.55 £ 2.75 pg/mL, 51.71
+ 0.84% inhibition), while shikimic acid (2) and epicatechin (4) displayed relatively lower
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activities (ICso values of 176.51 + 2.12 pg/mL and 188.45 + 1.34 pg/mL, respectively). The
weakest activity was observed for 3,3’,4’,5-tetrahydroxystilbene (8; ICso = 202.61 £ 1.98
pg/mL, 38.41 + 0.91% inhibition).

The results of the ABTS assay underscore the substantial antioxidant potential of P. thonningii
extracts and isolated compounds, particularly the methanol extract and kaempferol 3-O-a-L-
rhamnopyranoside (10). These findings suggest the presence of bioactive compounds capable
of neutralizing free radicals, warranting further investigation into their mechanisms and
potential synergistic effects for the development of therapeutic agents against oxidative stress-

related diseases.

3.2.3. Ferric-Reducing Antioxidant Power (FRAP)

The reducing power of the crude extracts and isolated compounds is presented in the table
(Table 1) and expressed as reducing percentage. According to this table, it appears that the
ability of the samples (extracts and compounds) to facilitate the ability of a compound to reduce
ferric ions (Fe*") to ferrous ions (Fe?") (Benzie & Strain, 1996) varied from 35.23+0.98% to
72.72+0.37%. The higher the FRAP value, the greater the antioxidant activity.

The results show that the MeOH extract and EtOAc extract of P. thonningii had the highest
FRAP values, with 72.72+0.37% and 70.12+0.745%, respectively. These values are
significantly higher than the standard antioxidant BHT, indicating that the crude extracts of P

thonningii possess strong antioxidant activity.

Among the individual compounds, the compound 3,3',4',5-tetrahydroxystilbene (8) exhibited
the highest FRAP value (61.08+0.49%), followed by methyl B-D-glucopyranoside (7)
(65.97+0.74%), and genkwanin (5) (63.55+0.12%). These compounds also showed significant

antioxidant activity compared to the standard BHT.

The FRAP values of the other compounds, such as shikimic acid (2), n-eicosyl trans ferrulate
(3), epicatechin (4), vitexin (6), isorhamnetin 3-O-rutinoside (9), and kaempferol 3-O-a-L-
Rhamnopyranosyl (1-2)-pB-D-galactopyranoside (10) were also notable, indicating that these

compounds also possess antioxidant activity.

The results of this study suggest that P. thonningii is a rich source of antioxidants, particularly
its crude extracts and compounds such as 3,3'.4',5-tetrahydroxystilbene (8), methyl B-D-
glucopyranoside (7), and genkwanin (5). These findings support the potential of P. thonningii
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as a natural source of antioxidants with potential applications in various fields, including food,
medicine, and cosmetics (Adewole et al., 2024; Huang et al., 2005; Mamoudou, Obadias, et al.,

2024; Mamoudou & Mune Mune, 2024; Raimi et al., 2024).

3.2.4. Hydroxyl Radical Scavenging Activity (HRSA)

Table 1 illustrates the antioxidant activity of P. thonningii crude extracts and compounds, as
determined through the HRSA (Hydroxyl Radical Scavenging Activity) assay. The results are
expressed as ICso values (ug/mL) and percentage inhibition. The ICso value represents the
concentration of the sample required to inhibit 50% of the free radical activity. Thus, the higher
the percentage inhibition, the stronger the antioxidant activity. The scavenging activity of
extracts and compounds exhibited a significant increase between 39.55 + 0.43% and 74.73 +

0.63%.

The methanol extract of P. thonningii exhibited superior antioxidant activity, with an ICso value
of 183.51 + 2.12 pg/mL and a percentage inhibition of 74.73 + 0.63%, comparable to the
standard antioxidant butylated hydroxytoluene (BHT; 174.50 + 3.54 ug/mL, 75.05 + 1.67%
inhibition). This potent antioxidant capacity suggests a significant ability to neutralize free
radicals. The ethyl acetate (EtOAc) extract also demonstrated notable antioxidant activity (ICso:
210.31 + 3.25 pg/mL, 72.99 + 0.61% inhibition), indicating the presence of highly active

antioxidant compounds in the plant's polar fractions.

Table 1 Antioxidant activities (DPPH, ABTS, HRSA, and FRAP) of P. thonningii's crude extracts
(MeOH and EtOAc) and isolated compounds

DPPH ABTS HRSA FRAP
Samples  ICs(pg/mL) [95% % ICs (ng/mL) [95% % ICs (ng/mL) [95% % %
CIj inhibition CIj inhibition CIj inhibition  inhibition
Extracts
184.00 £2.54 181.05 + 1.91 183.51 £2.12
MeOH - 71.7240.62% 69.26:0.29° 74.73£0.63* 72.72+0.37*
[177.69-190.317° [176.30-185.80]¢ [178.24-188.78]f
281.00 +2.83 197.11+1.27 210.31 £3.25
EtOAc ‘ 70.17+0.88° 62.94+0.51° 72.99+0.61°  70.1240.74°
[273.97-288.03]' [193.95-200.27]® [202.24-218.38]°
Compounds
1 208.00 £ 2.83 197.85 + 1.63 19525+ 1.34
) 47.52+0.37" 47.1140.63" 48.31+0.85¢  50.49+0.36"
[200.97-215.03] [193.80-201.90]® [191.92-198.58]¢
2 297.10 +3.54 , 176.51 £2.12 , 194.00 +2.83 , .
39.83+0.81 38.2440.261 43.6120.90" 47.13x0.25
[288.31-305.89]' [171.24-181.78]" [186.97-201.03]¢
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3 203.51 £2.12 175.05 +1.34 198.35 +£2.62

: 40.67+0.24 45.54+0.33¢ 41.90£1.54" 58.01+0.508
[198.24-208.78]" [171.72-178.38]" [191.84-204.86]°
4 300.35+2.33 188.45+1.34 240.41 £2.97
30.03+0.10* 36.14+0.12% 39.55+£0.43"  44.43+0.25)
[295.46-305.24] [185.12-191.78]¢ [233.80-247.02]
5 200.00 + 1.41 177.25+1.77 17551 £2.12 _
} 43.34+0.45" 48.85+0.36¢ 52.07+0.38"  63.55+0.12°
[196.50-203.50] [174.07-180.43]F [170.24-180.78]¢
6 196.51 £2.12 ) 175.21 £3.11 ) 192.75 £3.61
) 33.28+0.15 45.414+0.36' 43.53+0.90' 35.23+0.98%
[191.24-201.78] [169.52-180.90]" [184.82-200.68]¢
7 184.85 £ 1.63 174.55 £2.75 _ 194.81 £3.39
) 45.27+0.798 51.71+0.38! 58.14+1.32° 65.97+0.74¢
[181.79-187.91T [169.57-179.53]"% [187.06-202.56]¢
8 177.41 £2.26 _ 202.61 £1.98 ) 210.35+2.47 _
! 47.49+0.26° 38.41+£0.91 45.81£0.96" 61.08+0.49"
[172.92-181.90] [198.16-207.06]* [205.48-215.22]°
9 17525+ 1.77 184.85+0.92 186.45+£2.19
i 58.55+1.59¢ 55.19+0.63¢ 65.13£0.78¢  69.37+0.50°
[172.07-178.43] [182.57-187.13]¢ [181.30-191.60]¢"
10 172.45 £0.078 175.61 £ 1.41 176.05 £3.61
) 69.48+0.58¢ 57.92+0.45¢ 67.97+0.83¢ 68.97+0.85°
[172.33-172.57] [172.11-179.11]f [168.12-183.98]¢
Standard
171.81 £2.54 173.75 £2.19 174.50 £ 3.54
BHT ) 74.12+0.92° 72.02+1.11% 75.05+1.67° -
[165.50-178.12] [168.60—178.90]¢ [166.69-182.31]¢

Values with the same letter are not significantly different at p>0.05.

Legend: 2H-chromen-2-one (1), Shikimic acid (2), n-eicosyl trans ferrulate (3), Epicatechin (4), Genkwanin (5), Vitexin (6),
Methyl p-D-glucopyranoside (7), 3,3°,4°,5-tetrahydroxystilbene (8), Isorhamnetin 3-O-rutinoside (9), Kaempferol 3-O-o-L-
Rhamnopyranosyl (1-2)-f-D-galactopyranoside (10); DPPH: 2,2- diphenyl-1-picrylhydrazyl; ATBS: 2,2-azino-bis (3-
ethylbenzylthiozoline-6-sulphonic acid); HRSA: Hydroxyl Radical Scavenging Activity;, FRAP: Ferric-reducing antioxidant
power

Notably, individual compounds exhibited substantial antioxidant activities. Kaempferol 3-O-a-
L-Rhamnopyranoside (10) displayed the highest radical scavenging activity (ICso: 176.05 £
3.61 pg/mL, 67.97 + 0.83% inhibition), rivaling BHT, consistent with the established strong
antioxidant properties of flavonoids. Methyl B-D-glucopyranoside (7) also showed significant
antioxidant potential (ICso: 194.81 & 3.39 pg/mL, 58.14 £+ 1.32% inhibition), likely attributed
to its structural capacity for free radical scavenging. Other compounds, including isorhamnetin
3-O-rutinoside (9) and genkwanin (5), demonstrated moderate antioxidant activities (ICso

values: 186.45 £2.19 pg/mL and 175.51 £ 2.12 pg/mL, respectively).

In contrast, shikimic acid (2) and epicatechin (4) exhibited relatively lower antioxidant
activities (ICso values: 194.00 + 2.83 pg/mL and 240.41 £+ 2.97 pg/mL, % inhibition: 43.61 £
0.90% and 39.55 + 0.43%, respectively), suggesting they may not primarily contribute to the

crude extracts' antioxidant properties.
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The observed antioxidant capacities of P. thonningii extracts and isolated compounds,
particularly kaempferol 3-O-a-L-rhamnopyranoside, underscore their potential health benefits
and therapeutic applications. These findings emphasize the importance of exploring plant
extracts and isolated compounds for their radical scavenging abilities, which could provide

valuable strategies for combating oxidative stress-related diseases.

3.2.5. P. thonningii’s compounds as a-amylase inhibitors

Fig. 4 presents data illustrating the inhibitory effects of various extracts and compounds on o-
amylase activity, a crucial enzyme in carbohydrate digestion. The ICso values and corresponding
percentage inhibitions serve as vital indicators of the therapeutic potential of these substances

in the management of postprandial hyperglycemia, particularly in the context of diabetes.

It is noteworthy that the methanol (MeOH) extract exhibited the lowest ICso value (184.45 +
1.21 pg/mL), accompanied by a significant inhibition percentage (74.09 + 0.36%). This
indicates that the methanol (MeOH) extract is an effective a-amylase inhibitor, which is likely
due to its high concentration of phytochemicals. The ethyl acetate (EtOAc) extract exhibited
notable activity, with an ICso of 194.05 + 1.77 pg/mL and a percentage inhibition of 69.92 +
0.24%.

Among the tested compounds, genkwanin displayed promising inhibitory activity, with an ICsg
value of 180.95 + 2.19 pg/mL and an inhibition percentage of 64.52 + 0.25%. In contrast,
shikimic acid and n-eicosyl trans ferrulate demonstrated higher ICso values (307.91 + 3.54
pg/mL and 202.91 £+ 3.39 pg/mL, respectively) and lower inhibition percentages (45.52 =+
0.37% and 49.04 = 0.37%). These results highlight the significant variability in compound
efficacy.
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Fig. 4. Antidiabetic activity of P. thonnigii’s crude extract and isolated compounds against a-amylase

Legend: 2H-chromen-2-one (1), Shikimic acid (2), n-eicosyl trans ferrulate (3), Epicatechin (4), Genkwanin (5),
Vitexin (6), Methyl p-D-glucopyranoside (7), 3,3°,4°, 5-tetrahydroxystilbene (8), Isorhamnetin 3-O-rutinoside (9),
Kaempferol 3-O-a-L-Rhamnopyranosyl (1-2)-f-D-galactopyranoside (10)

Results with the same letter are not significantly different at p>0.05.

The standard a-amylase inhibitor, acarbose, displayed an ICso of 176.51 + 2.12 pg/mL. This
value serves as a benchmark for comparison. Notably, the methanolic (MeOH) extract (ICso =
184.45 pg/mL) and the isolated compound genkwanin (ICso = 180.95 pg/mL) exhibited ICso
values that are highly comparable to that of acarbose. To provide a clearer context, genkwanin
demonstrated a relative potency of 97.5% compared to acarbose (calculated as ICso of acarbose
/ ICso of genkwanin), indicating a very similar level of inhibitory activity. These findings
indicate that the MeOH extract and specific compounds, such as genkwanin, have the potential
to serve as potent a-amylase inhibitors for the management of blood glucose levels.

3.2.5. P. thonningii’s compounds as a-glucosidase inhibitors

The inhibitory effects of various extracts and compounds on a-glucosidase activity, a crucial
enzyme in carbohydrate metabolism, is shown in Fig. 5. The ICso values and percentage

inhibition provide essential metrics for evaluating the potential of these substances as -
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glucosidase inhibitors, particularly in the context of postprandial hyperglycemia management

in diabetes.

The methanolic (MeOH) extract exhibited the lowest ICso value (175.61 £ 0.85 pg/mL),
corresponding to a 73.01 £ 0.38% inhibition rate. This indicates that the bioactive compounds
in the extract are capable of interacting effectively with the enzyme, which may be responsible
for the significant inhibitory activity observed. In contrast, the ethyl acetate (EtOAc) extract
exhibited a slightly higher IC50 value (186.31 £2.41 pg/mL) and 67.23 + 0.37% inhibition.

Among the individual compounds, shikimic acid demonstrated moderate activity, with an 1Cso
value 0of 196.25 +2.47 pg/mL and an inhibition rate 0f 47.77 + 0.38%. Notable inhibitory effects
were observed for epicatechin and genkwanin, with ICso values of 201.51 + 2.12 pg/mL and
174.95 £ 2.05 pg/mL, respectively. The higher inhibition percentage exhibited by genkwanin

(63.55 + 0.26%) indicates the potential for it to function as a more effective inhibitor.

Acarbose, a conventional a-glucosidase inhibitor, exhibited an ICso of 171.15 = 1.63 pg/mL.
This benchmark underscores the potential of the evaluated extracts and compounds as
alternative or complementary agents. Genkwanin exhibited an ICso of 174.95 £+ 2.05 ug/mL,
indicating an inhibitory potency comparable to that of acarbose. Genkwanin demonstrated a
relative potency of 97.8% in comparison to acarbose, as determined by the ratio of the 1Cso
values (ICso of acarbose / ICso of genkwanin), indicating its effectiveness is comparable to the
clinical standard on a mass basis. The results suggest that the MeOH extract and genkwanin are

viable candidates for further exploration in the development of a-glucosidase inhibitors.
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glucosidase

Legend: 2H-chromen-2-one (1), Shikimic acid (2), n-eicosyl trans ferrulate (3), Epicatechin (4), Genkwanin (5),

Vitexin (6), Methyl p-D-glucopyranoside (7), 3,3°,4°, 5-tetrahydroxystilbene (8), Isorhamnetin 3-O-rutinoside (9),

Kaempferol 3-O-a-L-Rhamnopyranosyl (1-2)-p-D-galactopyranoside (10)
Results with the same letter are not significantly different at p>0.05.

3.3. Binding affinity and molecular docking interactions

3.3.1. Protein-ligand binding affinity prediction

The analysis of binding energies for the ten compounds isolated from Piliostigma thonningii in

relation to the enzyme’s a-amylase and a -glucosidase (Table 2) provides significant insights

into their potential antidiabetic properties. Binding affinity, measured in kilocalories per mole

(kcal/mol), serves as a critical indicator of the strength of interaction between these compounds

and the target enzymes, which play pivotal roles in carbohydrate metabolism and glucose

regulation.

Table 2 Binding affinity between P. thonningii's compounds and antidiabetic enzyme targets

Binding Affinity

Ligand
(kcal/mol)
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a_
a-amylase

glucosidase

2H-chromen-2-one (1) -5.8 -6.6
shikimic acid (2) -5.5 -6.5
n-eicosyl trans ferrulate (3) -6.2 -7.3
Epicatechin (4) -8.3 -8.2
Genkwanin (5) -8.5 -8.1
Vitexin (6) -8.6 -8.5
methyl B-D-glucopyranoside (7) -5.2 -5.4
3,3’.4°,5-tetrahydroxystilbene (8) -1.5 -1.4
isorhamnetin 3-O-rutinoside (9) -6.1 -9.1
kaempferol 3-O-a-L-rhamnopyranosyl (1-2)-3-D-galactopyranoside ) 81
(10)

Acarbose (reference drug) -7.0 -7.0

Among the compounds studied, vitexin (6) exhibited the highest binding affinity for both o-
amylase (-8.6 kcal/mol) and a-glucosidase (-8.5 kcal/mol). This suggests that Vitexin may
effectively inhibit these enzymes, thereby reducing the breakdown of carbohydrates into
glucose and potentially lowering postprandial blood glucose levels. Epicatechin (4) also
demonstrated strong binding affinities (-8.3 kcal/mol for a-amylase and -8.2 kcal/mol for a-
glucosidase), indicating its potential as a therapeutic agent in managing diabetes through similar

mechanisms.

In contrast, methyl B-D-glucopyranoside (7) and shikimic acid (2) showed lower binding
affinities (-5.2 and -5.5 kcal/mol for a-amylase, respectively), suggesting a weaker interaction
with the enzymes. This may limit their effectiveness as antidiabetic agents compared to the
more  potent compounds. The  compound 2H-chromen-2-one (1) and 3,3'4',5-
tetrahydroxystilbene (8) also displayed moderate binding affinities (-5.8 and -7.5 kcal/mol for

a-amylase, respectively), indicating potential but less pronounced inhibitory effects.

Genkwanin (5) and n-eicosyl trans ferulate (3) had binding affinities of -8.5 and -6.1 kcal/mol
for a-amylase, respectively, with Genkwanin also showing a notable affinity for a-glucosidase
(-8.1 kcal/mol). These results suggest that both compounds may contribute to antidiabetic

effects, although further investigation is warranted to elucidate their mechanisms of action.
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The compound kaempferol 3-O-o-L-rhamnopyranosyl (1-2)-B-D-galactopyranoside (10)
exhibited a binding affinity of -7.7 kcal/mol for a-amylase and -8.1 kcal/mol for a-glucosidase,
indicating a promising potential for glucose regulation. Conversely, Acarbose, a well-known
reference drug, demonstrated a binding affinity of -7.0 kcal/mol for both enzymes, which, while

effective, is lower than that of several compounds isolated from Piliostigma thonningii.

Overall, the binding affinity data suggest that compounds such as vitexin (6) and epicatechin
(4) may serve as effective inhibitors of a-amylase and a-glucosidase, thereby offering potential
therapeutic benefits in the management of diabetes. The varying affinities highlight the
importance of structural characteristics in determining enzyme interactions, warranting further

exploration of these compounds' mechanisms and their efficacy in clinical situations.

3.3.2. Molecular level interactions a-amylase-ligand

Molecular docking studies provide valuable insights into the interactions between small
molecules and target enzymes, which is crucial for understanding their potential therapeutic
applications. In the case of genkwanin (5) (Fig. 6A), a flavonoid compound, its docking with
the a-amylase enzyme reveals significant binding interactions that may elucidate its role in
antidiabetic activity. The docking analysis highlights key interactions, including van der Waals,
particularly with residues such as His101, Glu233, and Argl195. These interactions are essential
for the inhibition of a-amylase, as they can disrupt the enzyme's catalytic function, thereby
reducing the breakdown of carbohydrates into glucose and contributing to lower blood sugar
levels (Brayer et al., 1995; Ibrahim et al., 2018; Mudgil et al., 2024; Nganso Ditchou et al.,
2024; Nuiez et al., 2023; Tiwari et al., 2023; Wongsa et al., 2023) Furthermore, the presence
of specific functional groups in these compounds likely contributes to their binding efficacy, as
they can engage in various interactions, including van der Waals forces and pi-stacking
interactions. For instance, compounds that form stable interactions with key residues such as
Asp300 and Tyr62 in a-amylase may exhibit enhanced inhibitory effects. The implications of
these findings are profound, as they not only support the traditional use of Piliostigma
thonningii in diabetes management but also pave the way for the development of novel

antidiabetic agents based on these natural compounds.
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Fig. 6. Visualization of molecular interactions between Genkwanin (A), Vitexin (B), Epicatechin (C), kaempferol

3-0-a-L-Rhamnopyranosyl (1-2)-B-D-galactopyranoside (D) and a-amylase

The molecular docking results between vitexin (6) and the a-amylase enzyme, as depicted in
Fig. 6B, suggest several significant interactions between the ligand (vitexin) and key residues
in the active site of the enzyme. Key hydrogen bond interactions include those between vitexin
(6) and residues like HIS A:299, ASP A:300, and LEU A:241. These hydrogen bonds are crucial
as they enhance the binding affinity of vitexin by stabilizing its position and potentially
blocking the substrate from accessing the catalytic site. Additionally, the interaction with LEU
A:241 might be involved in hydrophobic stabilization, further anchoring the compound. In
addition, the van der Waals interactions, such as those with TRP A:59 and HIS A:201, contribute
to the overall binding stability but are weaker compared to hydrogen bonds. Notably, the
presence of pi-stacking (with TRP A:59) and pi-alkyl interactions indicates that vitexin interacts
with aromatic residues, which can play a role in binding by stabilizing the planar structure of
vitexin against the side chains of these residues. From the docking diagram, vitexin (6) engages
in multiple types of interactions with the amino acid residues of a-amylase, including
conventional hydrogen bonds, carbon-hydrogen bonds, van der Waals forces, and pi-related
interactions (such as pi-stacked and pi-alkyl). The majority of these interactions appear to
stabilize the ligand within the enzyme's active site, which likely influences the enzyme's

catalytic activity.

The docking results between epicatechin (4) and the a-amylase enzyme (Fig. 6C) illustrate a
range of interactions that suggest epicatechin's potential inhibitory effect on the enzyme.
Conventional hydrogen bonds are observed with residues ASP A:197 and GLN A:63, which are

critical for maintaining the orientation of epicatechin within the active site. Additionally, pi-pi
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stacking interactions with residues TRP A:58 and TYR A:62 further stabilize epicatechin (4) by
exploiting the aromatic nature of these residues, which likely enhances the affinity of the
compound for a-amylase. Epicatechin (4) appears to interact favorably with key residues in the

a-amylase active site, particularly through hydrogen bonds and pi-pi stacking.

The molecular interaction analysis kaempferol 3-O-o-L-rhamnopyranosyl (1-2)-B-D-
galactopyranoside (10) and a-amylase (Fig. 6D) reveals several interactions that contribute to
its binding affinity and potential inhibitory effects on a-amylase. The docking results indicate
that the compound forms multiple hydrogen bonds and van der Waals interactions with key
amino acid residues in the active site of a-amylase. Notably, residues such as His305, Asp300,
and Gly308 are involved in conventional hydrogen bonding, which stabilizes the ligand-
enzyme complex. The presence of these interactions suggests that kaempferol 3-O-a-L-
rhamnopyranosyl (1-2)-B-D-galactopyranoside (10) may effectively inhibit a-amylase activity
by blocking the substrate binding site, thereby reducing the enzyme's ability to hydrolyze starch
into glucose. Additionally, the analysis highlights the role of hydrophobic interactions,
particularly with residues like Leul62 and Val98, which further enhance the binding stability
of the ligand. The combination of these interactions indicates a strong affinity of the compound

for the enzyme, suggesting its potential as a natural inhibitor of a-amylase.

The molecular docking elucidates the mechanism of action of these compounds and supports
their potential therapeutic applications in managing conditions related to carbohydrate

metabolism, such as diabetes.

3.3.3. Molecular level interactions a-glucosidase-ligand

Molecular docking simulations between kaempferol 3-O-a-L-rhamnopyranosyl (1-2)-B-D-
galactopyranoside (10) and o-glucosidase enzyme (Fig. 7A) revealed intricate binding
interactions, shedding light on the compound's potential inhibitory effects. The docking results
exhibited a complex interplay of hydrogen bonds, van der Waals forces, and unfavorable
interactions, collectively influencing ligand binding affinity and specificity. Notably, hydrogen
bonding between kaempferol's hydroxyl groups and key amino acid residues, such as ARG (A:
730) and GLU (A: 661), indicated strong affinity and optimal ligand positioning within the
active site. Conventional hydrogen bonds reinforced these favorable interactions, essential for
effective enzyme inhibition. Conversely, unfavorable interactions involving GLU (A: 767) and

ARG (A: 643) may compromise optimal binding, suggesting targeted ligand modifications to
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enhance binding efficiency. Van der Waals interactions provided additional stabilization,

contributing to the overall binding energy.

This docking study demonstrates that kaempferol 3-O-a-L-rhamnopyranosyl (1-2)-B-D-
galactopyranoside (10) exhibits a promising binding profile with a-glucosidase, characterized
by a balance of favorable and unfavorable interactions. These findings underscore the
compound's potential as an a-glucosidase inhibitor and highlight the need for further structural

optimization to augment its therapeutic efficacy.
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Fig. 7. Visualization of molecular interactions between kaempferol 3-O-a-L-rhamnopyranosyl (1-2)-B-D-

galactopyranoside (A), Vitexin (B), Epicatechin (C), isorhamnetin 3-O-rutinoside (D) and a-glucosidase

The Fig. 7B depicts a molecular docking analysis of vitexin (6) and a-glucosidase. The results
suggest that vitexin (6) binds to the enzyme through a network of interactions, including van
der Waals forces, conventional hydrogen bonds, and pi-alkyl interactions. Notably, vitexin (6)
engages with several amino acid residues within the active site, including Arg 643, Glu 271,
Arg 653, Pro 676, Glu 767, Tyr 733, and Lys 765. Arg 643 participates in an unfavorable donor-
donor interaction, while Glu 271 and Arg 653 form conventional hydrogen bonds with vitexin.
Pro 676 and Glu 767 engage in Pi-Alkyl and Pi-Anion interactions, respectively. Additionally,
Tyr 733 interacts through van der Waals forces, and Lys 765 contributes another conventional
hydrogen bond. These interactions collectively suggest that vitexin binds to the active site of
a-glucosidase, potentially acting as a competitive inhibitor. This binding mode could hinder the

enzyme's catalytic activity by blocking the substrate from accessing the active site. This
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information is crucial for comprehending the potential therapeutic applications of vitexin as a

potential drug for treating diseases like type 2 diabetes.

The molecular docking study reveals that epicatechin (4) interacts with the a-glucosidase
enzyme through a variety of interactions (Fig. 7C). The interactions are mediated by the amino
acids Glu271, Arg643, Tyr636, Leu640, Glu767, and Ile734. The interaction between
epicatechin (4) and Glu271 is a Pi-Anion type interaction. Arg643 and Tyr636 form Alkyl
interactions with epicatechin (4). Epicatechin (4) interacts with Leu640 through Pi-Alkyl
interactions. Glu767 and Ile734 interact with epicatechin through Conventional Hydrogen
Bonds. These interactions contribute to the binding of epicatechin (4) to the a-glucosidase
enzyme. The docking analysis indicates that epicatechin (4) forms hydrogen bonds with specific
amino acid residues, including Glu767 and Ile734. These interactions contribute to the
stabilization of the epicatechin molecule within the active site, hindering the enzyme's ability

to bind and hydrolyze carbohydrates.

Fig. 7D showcases a detailed molecular interaction map between isorhamnetin-3-o-rutinoside
(9) and the a-glucosidase enzyme. This map highlights the different types of interactions
between the ligand and the amino acid residues of the enzyme, providing insights into their
binding affinity and potential inhibitory effect. Conventional hydrogen bonds are depicted by
green lines. The ligand forms hydrogen bonds with Lys513, Lys534, and His645. These
interactions suggest that the ligand is favorably positioned within the enzyme's active site,
potentially hindering its activity. Isorhamnetin-3-O-rutinoside (9) exhibits unfavorable donor-
donor interactions (depicted by red lines) with Arg520 and Arg283. These interactions are less
favorable than hydrogen bonds and could contribute to the overall binding affinity. Fig. 7D
also depicts several other types of interactions, such as van der Waals forces (green dotted lines)
and Pi-P1 T-shaped interactions (pink dotted lines). These interactions are weaker than hydrogen
bonds but still play a role in stabilizing the ligand-enzyme complex. The molecular docking
results suggest that isorhamnetin-O-3-rutinoside (9) exhibits a combination of favorable and
unfavorable interactions with the a-glucosidase enzyme. This complex interplay of forces could

potentially influence the ligand's inhibitory effect on the enzyme’s activity.

3.4. Molecular dynamics
Molecular dynamics (MD) simulations serve as a valuable tool for evaluating the stability and

behavior of protein-ligand complexes under laboratory conditions. By simulating the atomic
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interactions within the complex, MD simulations provide insights into protein conformational
changes over time, helping to elucidate how protein movements can influence ligand binding
stability. In our study, we conducted 200-nanosecond MD simulations on protein-ligand
complexes to evaluate the ability of the candidate molecules to maintain stable interactions with
the active sites of a-amylase and a-glucosidase enzymes. Throughout the simulation, various
key parameters were extracted from the MD trajectory, such as Root Mean Square Deviation
(RMSD), Root Mean Square Fluctuation (RMSF), and hydrogen bond interactions. These
metrics were essential for determining the dynamic stability and flexibility of the protein-ligand
complex

Root Mean Square Deviation (RMSD) is commonly used to assess the overall stability of a
protein-ligand complex during molecular dynamics (MD) simulations. It measures the average
deviation of the atomic positions from a reference structure, usually the starting structure, over
time. If the RMSD remains low and relatively stable over time, it indicates that the protein-
ligand complex maintains its structural integrity, suggesting that the ligand binding is stable and
the protein does not undergo significant conformational changes (Patil et al., 2024; Siddiqui,
Jahan, et al., 2023; Zehra et al., 2024).

The RMSD analysis for the a-amylase protein-ligand complexes, Cl-a-amylase and C7-a-
amylase, reveals consistent stability throughout the molecular dynamic simulations with minor
fluctuations. For the C1-a-amylase complex, the RMSD values range from a minimum of 1.01
A to a maximum of 2.12 A, with an average of 1.64 A (Table 3). Similarly, the C7-a-amylase
complex shows a slightly broader range, with a minimum RMSD of 0.92 A, a maximum of
2.20 A, and an average RMSD of 1.78 A. The low average RMSD values, coupled with the
minimal fluctuations, suggest that both C1 and C7 form stable interactions with the active site
of a-amylase, maintaining consistent structural integrity throughout the simulation. The RMSD
analysis for the a-glucosidase protein-ligand complexes, Cl-a-glucosidase and C9-a-
glucosidase, demonstrates initial fluctuations attributed to the equilibration phase, a common
occurrence as the system adjusts to stabilize the protein-ligand interactions. Following this brief
phase, the RMSD values for both complexes stabilize, indicating consistent structural integrity
throughout the remainder of the simulation. For the C1-a-glucosidase complex, the RMSD
values range 1.00 -2.05 A, with an average of 1.71 A, reflecting a stable interaction between
the ligand and the protein after the initial fluctuations. Similarly, the C9-a-glucosidase complex
shows a range1.14-2.06 A, with an average of 1.73 A, suggesting comparable stability (Fig. 8).

Despite the initial fluctuations, which are typical during the equilibration period, both
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complexes maintain consistent RMSD values for the remainder of the simulation, indicating
that the ligands remain securely bound within the active site of a-glucosidase.

Root Mean Square Fluctuation (RMSF) is a widely used parameter in molecular dynamics
(MD) simulations to measure the flexibility of individual atoms or residues within a protein
over time. RMSF provides insights into the dynamic behavior of specific regions of the protein,
such as loops, secondary structures (a-helices, B-sheets), or binding sites. Low RMSF values
indicate that the residues are relatively stable and undergo minimal fluctuations. These regions,
often including the protein’s core or key binding sites, tend to maintain their positions
throughout the simulation, reflecting structural stability. In contrast, high RMSF values suggest
greater flexibility or mobility in specific residues, typically located on the protein surface, such
as loops or terminal regions, which may play roles in binding, conformational changes, or signal

transduction (Chandole et al., 2024; Siddiqui, Jahan, et al., 2023; Siddiqui, Kumar, et al., 2023).

The RMSF analysis of the Cl-a-amylase, C7-a-amylase, Cl-a-glucosidase, and C9-a-
glucosidase complexes offers valuable insights into the flexibility and stability of protein
residues during the MD simulations. For the a-amylase protein, RMSF data for both the C1 and
C7 complexes show minimal fluctuations in most regions, with minimum RMSF values of 0.35
A for C1 and 0.34 A for C7, and maximum values of 3.70 A for C1 and 6.21 A for C7. On
average, the RMSF values are 0.76 A for C1 and 0.85 A for C7, demonstrating overall stability
except for certain loop regions where higher RMSF values indicate increased flexibility. These
loops contribute to the dynamic nature of the protein. Key interacting residues, including Trp58,
Trp59, Tyr62, GIn63, His101, Gly104, Asn105, and others, display RMSF values ranging from
0.35 A to 1.51 A, illustrating stable interactions with both C1 and C7. This stability is crucial

for maintaining consistent protein-ligand interactions at the active site of a-amylase.

Table 3 The Minimum, maximum and average values of different parameters, RMSD, RMSF,

and Hydrogen Bonding of studied complexes.

a-amylase Complex a-glucosidase Complex

Cl-a-amylase C7-a-amylase Cl-a-glucosidase  C9-a-glucosidase
Complex Complex Complex Complex
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Root-mean-square deviation A (RMSD)

Minimum 1.01 0.92 1.00 1.14
Maximum 2.12 2.20 2.05 2.06
Average 1.64 1.78 1.71 1.73

Root-mean-square fluctuation A (RMSF)

Minimum 0.35 0.34 0.37 0.39

Maximum 3.70 6.21 6.28 4.38

Average 0.76 0.85 0.76 0.84
Hydrogen Bonding

Minimum 1.0 1.0 1.0 1.0

Maximum 7.0 4.0 8.0 4.0

Average 2.6 0.8 4.6 1.6

For the a-glucosidase protein, the Cl-a-glucosidase and C9-a-glucosidase complexes also
exhibit similar stability patterns, with minimum RMSF values of 0.37 A for C1 and 0.39 A for
C9. However, the maximum RMSF values differ, with 6.28 A for C1 and 4.38 A for C9,
reflecting slightly more flexibility in the C1 complex (Fig. 8). The average RMSF values remain
low, at 0.76 A for C1 and 0.84 A for C9, indicating that, overall, the residues exhibit limited
fluctuations during the simulation. Interacting residues, including Glul14, His115, Glu279,
Arg283, Ala285, Leu286, Ala509, and others, show RMSF values between 0.47 A and 1.02 A,
suggesting stable interactions with both ligands. Overall, while the loop regions of the proteins
display flexibility (as shown by the higher maximum RMSF values), the residues directly
involved in the ligand-binding interactions remain stable. This contributes to the structural
integrity and stability of the promising compounds and their interactions with a-amylase and a-

glucosidase.

Hydrogen bond analysis is a critical aspect of MD simulations, providing insights into the
strength and stability of protein-ligand interactions. Hydrogen bonds, which are non-covalent

interactions, play a key role in maintaining the structural integrity of proteins. In protein-ligand
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complexes, hydrogen bonds contribute significantly to binding affinity and specificity. Their
formation can stabilize the ligand within the binding site, reduce conformational flexibility, and
enhance the likelihood of successful binding. The number, duration, and strength of hydrogen
bonds during MD simulations are often correlated with the stability of the complex. A higher
number of consistent hydrogen bonds typically suggests a more stable and energetically
favorable interaction between the ligand and the protein (Alhagri et al., 2024; Fayed et al., 2024;
Khan et al., 2024). For the Cl-a-amylase complex, the hydrogen bond count ranges from a
minimum of 1 to a maximum of 7 bonds, with an average of 2.6 bonds. In contrast, the C7-a-
amylase complex displays fewer hydrogen bonds, with a minimum of 1 and a maximum of 4
bonds, resulting in an average of 0.8 bonds. This lower bond count suggests a less stable
interaction compared to Cl. Moving to the Cl-o-glucosidase complex, hydrogen bond
formation is more robust, with a minimum of 1 bond and a maximum of 8 bonds, averaging 4.6
bonds throughout the simulation (Fig. 8). The higher average number of bonds indicates a
strong and stable interaction between C1 and a-glucosidase. In comparison, the C9-o-
glucosidase complex shows a more moderate interaction, with a minimum of 1 bond, a
maximum of 4 bonds, and an average of 1.6 bonds. While this suggests some level of
interaction, the lower bond count compared to C1 indicates that C9 forms fewer stable hydrogen

bonds with a-glucosidase.
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Fig. 8. Time-dependent RMSD, RMSF of individual amino acids and time-dependent
Hydrogen bond analysis of a-amylase (PDB, ID: 4GQR) and a-glucosidase (PDB, ID: 2QLY)

Complexes

Overall, the hydrogen bond analysis highlights that C1 consistently forms stronger and more
frequent hydrogen bonds in both the a-amylase and a-glucosidase complexes, suggesting more
stable and effective interactions. Meanwhile, C7 and C9 demonstrate moderate hydrogen

bonding patterns, which still contribute to good stability but are less robust compared to C1.

4. Discussion
4.1. Phytochemical analysis and chemotaxonomic significance of compounds isolated from

P. thonningii
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Phytochemical analysis of the ethyl acetate extract from the leaf bark of Piliostigma thonningii
yielded ten (1-10) known compounds, whose structures (Fig. 3) were elucidated using
spectroscopic (1D and 2D NMR) and spectrometric (ESIMS) techniques, supplemented by
comparison with literature data. The isolated compounds were identified as: 2H-chromen-2-one
(1), coumarin (von Son-de Fernex et al., 2017), shikimic acid (2) [2], n-eicosyl-trans-ferrulate
(3), cynnamic acid ester [3, 4], epicatechin (4) (Moreira-Araujo et al., 2017), genkwanin (5)
(Ijaz et al., 2023), vitexin (6) (Yutharaksanukul et al., 2024), methyl f-D-glucopyranoside (7)
(Jeftrey & Takagi, 1977), and 3,3’,4°,5-tetrahydroxystilbene (8) (INAMORI et al., 1984; Wei
et al., 2024). Fractionation of the aqueous extract led to the isolation of two additional known
compounds: isorhamnetin 3-O-rutinoside (9) (Boubaker et al., 2011; DOU et al., 2017) and
kaempferol 3-O-a-L-rhamnopyranosyl-(1-2)-B-D-galactopyranoside (10) (Avanza et al., 2021;
DOU et al., 2017; Tsiklauri et al., 2011).

Of the compounds isolated in this study, n-eicosyl-trans-ferrulate (3), methyl B-D-
glucopyranoside (7), and 3,3°,4°,5-tetrahydroxystilbene (8) are newly reported from
Piliostigma thonningii. While the antioxidant and anti-diabetic activities of most of these
compounds have been reported in various other plant species, their contribution to the overall
activity of Piliostigma thonningii had not been explored. For instance, epicatechin (4) is a well-
known antioxidant and anti-diabetic agent (M. Afolayan et al., 2018; Nurudeen et al., 2024;
Ogbiko et al., 2024). Similarly, vitexin (6) has been previously studied for its anti-diabetic
properties, including o-amylase inhibition. This study provides the first evidence for the
presence of these compounds in this specific plant species. Notably, the flavonoid compounds,
including the newly identified isorhamnetin 3-O-rutinoside (9) and kaempferol 3-O-a-L-
rhamnopyranosyl-(1-2)-p-D-galactopyranoside (10), along with genkwanin (5) and vitexin (6),
are identified here for the first time in Piliostigma thonningii. These findings support the
chemotaxonomic relevance of Piliostigma thonningii, given the widespread distribution of
these compounds in plant species, including previous reports of methylflavonol, flavonol, and
flavan-3-ol in Piliostigma thonningii (M. Afolayan et al., 2018; Nurudeen et al., 2024; Ogbiko
et al., 2024) and Piliostigma reticulatum (Babajide et al., 2008; Boualam et al., 2021).

4.2. Antioxidant properties of P. thonningii’s crude extracts and isolated compounds
Antioxidants possess the capacity to neutralize harmful free radicals, thereby mitigating cellular
damage and reducing the risk of various diseases (Popoola et al., 2023; Xiong, 2010).

Polyphenolic compounds, a subclass of antioxidants predominantly found in plant-based foods
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such as fruits, vegetables, and teas, have been extensively documented to exhibit anti-
inflammatory properties, enhance cardiovascular health, and confer protection against specific
types of cancer (Hamadou et al., 2022; Himeda et al., 2022; Mamoudou, Obadias, et al., 2024;
Nuiiez et al., 2023; Oscar Ditchou Nganso, Marthe Satchet Tchana, et al., 2020; Scalbert et al.,

2005). A diet rich in polyphenols can augment antioxidant levels, supporting overall well-being.

Phytochemical analysis of the methanolic (MeOH) extract of P. thonningii revealed significant
antioxidant activity, with an ICso value of 184.00 ug/mL in the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay, indicative of a robust free radical neutralization capacity. This finding aligns
with previous research on methanolic extracts from various plant species, which attributed
antioxidant activity to the presence of phenolic compounds and flavonoids (A. M. Abubakar et

al., 2021; Kabré¢ et al., 2023; J. Tang et al., 2024; Wangso et al., 2022).

Among the isolated compounds, epicatechin (ICso = 300.35 pg/mL) demonstrated promising
antioxidant properties, consistent with existing literature (Abdulkhaleq et al., 2017; Moreira-
Aratjo et al., 2017). The flavonoids genkwanin and vitexin further underscored the role of
flavonoids in enhancing antioxidant capacity, as previously reported (Abdulai et al., 2021; Chen

et al., 2024; Ganesan et al., 2020; Nganso Ditchou et al., 2020).

The 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay results corroborated
the DPPH findings, with similar trends observed across extracts and compounds. Notably, the
ICso values for the MeOH extract (181.05 pg/mL) and EtOAc extract (197.11 pg/mL) validated
the antioxidant potential of these extracts. The observed % inhibition values across all assays
suggest significant and comparable antioxidant activities relative to standard antioxidants like

butylated hydroxytoluene (BHT).

The free radical scavenging capacity of P. thonningii extracts positions them as potential natural
preservatives in the food industry and therapeutic agents for managing oxidative stress-related
conditions. The variation in antioxidant activity among extracts and compounds highlights the
importance of phytochemical composition and extraction methods in maximizing bioactive

potential.

The antioxidant activities demonstrated by P thonningii extracts and isolated compounds

contribute to the growing evidence supporting the health benefits of natural products and
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provide a foundation for further research into their mechanisms of action and potential

applications in nutraceuticals and pharmaceuticals.

4.3. P. thonningii’s bioactive compounds as a-amylase and a-glucosidase inhibitors

The antidiabetic activities of P. thonningii crude extracts and their isolated compounds, as
presented in the provided data, highlight significant potential for therapeutic applications in
managing diabetes mellitus. The results indicate varying degrees of inhibition of a-amylase and
a-glucosidase (Nganso Ditchou et al., 2024; Nnemolisa et al., 2024), two key enzymes involved

in carbohydrate metabolism, which play crucial roles in postprandial glucose regulation.

Endogenous free radicals have been identified as a potential contributor to the development of
Type 2 Diabetes Mellitus (T2DM). The disruption of insulin-mediated intracellular signaling
pathways caused by oxidative stress has been linked to insulin resistance in individuals with
excess body weight (Nurudeen et al., 2024; Scalbert et al., 2005; Shankar & Mehendale, 2014;
Yutharaksanukul et al., 2024). Phenolic compounds are significant antioxidants that exert their
function through various mechanisms, including the donation of a hydrogen atom to free
radicals, the scavenging of other reactive species, and the binding to transition metal ions,
particularly iron and copper (Abdulkhaleq et al., 2017; Huang et al., 2005; Ramatsetse et al.,
2023).

The crude extracts and isolated compounds of P. thonningii exhibit substantial antidiabetic
potential, as evidenced by their significant inhibition of a-amylase and a-glucosidase enzymes,
crucial regulators of carbohydrate metabolism and postprandial glucose levels. Notably, the ICso
values of these extracts and compounds demonstrate robust inhibitory effects, with the MeOH
extract displaying an ICso of 184.45 pg/mL against a-amylase, corresponding to a 74.09%
inhibition rate. This finding aligns with previous research (M. Afolayan et al., 2018; M. O.
Afolayan et al., 2023; Ogbiko et al., 2024) and suggests a plausible mechanism for P. thonningii

mediated reduction of postprandial blood glucose.

The isolated compounds, including shikimic acid and genkwanin, exhibit considerable
inhibitory activities against a-glucosidase, with ICso values ranging from 186.31 to 400.51
pug/mL. This is consistent with literature reports highlighting the antidiabetic properties of
flavonoids and phenolic compounds, attributed to their carbohydrate-hydrolyzing enzyme

inhibition (I. B. Abubakar et al., 2024; Ganesan et al., 2020; Ogbiko et al., 2024;
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Yutharaksanukul et al., 2024; Zongo et al., 2023). The presence of these bioactive compounds

in P. thonningii supports its potential as a natural source of antidiabetic agents.

4.4. Computation investigations: insight molecular mechanism of P thonningii’s

compounds antidiabetic properties

The findings from this molecular docking study highlight several promising candidates for
further investigation as potential inhibitors of a-amylase and a-glucosidase. The strong binding
affinities of vitexin (6) and epicatechin (4) suggest they could be developed into therapeutic

agents for managing postprandial hyperglycemia.

The current molecular docking results indicate that vitexin (6) and epicatechin (4) are promising
candidates as inhibitors of a-amylase and a-glucosidase, potentially offering therapeutic
benefits in managing diabetes. Their strong binding affinities align with existing literature that

supports the efficacy of flavonoids in inhibiting these enzymes.

Indeed, vitexin (6) (-8.6 kcal/mol for a-amylase and -8.5 kcal/mol for a-glucosidase) and
Epicatechin (4) (-8.3 kcal/mol for a-amylase and -8.2 kcal/mol for a-glucosidase) show strong
binding affinities. Previous studies have reported that flavonoids (Hamadou et al., 2022; Kabré
et al., 2023; Mamoudou, Obadias, et al., 2024), including vitexin and epicatechin, possess
significant inhibitory effects on carbohydrate-hydrolyzing enzymes. For instance, these
compounds has been documented to inhibit a-glucosidase effectively (Abdulai et al., 2021;
Ganesan et al., 2020), aligning with the current findings. Vitexin has been demonstrated to
restore pancreatic 3-cell function and insulin signaling through the Nrf2 and NF-kB signaling
pathways (Ganesan et al., 2020). Moreover, vitexin has been demonstrated to suppress the
expression of adhesion molecules in endothelial cells that are upregulated by high glucose

levels. This occurs through the inhibition of the NF-«B signaling pathway (Chen et al., 2024).

In addition, genkwanin (5) (-8.5 kcal/mol for a-glucosidase) and n-eicosyl trans ferulate (-6.1
kcal/mol) show moderate to strong binding. Genkwanin has been reported to have wide
pharmacological properties (El Menyiy et al., 2023). In vitro and in vivo biological and
pharmacological studies have demonstrated that genkwanin exhibits notable antioxidant and
anti-inflammatory properties (El Menyiy et al., 2023; [jaz et al., 2023; D. Tang et al., 2014).
Genkwanin has been demonstrated to activate glucokinase, thereby exhibiting

antihyperglycemic activity. This suggests a potential role for the compound in combating

41



metabolic syndrome and diabetes (El Menyiy et al., 2023; [jaz et al., 2023; Mamoudou & Mune
Mune, 2024; D. Tang et al.,, 2014). Furthermore, it has been demonstrated to possess
cardioprotective and neuroprotective characteristics, thereby reducing the likelihood of
developing cardiovascular disease and assisting in the management of neurodegenerative
disorders (El Menyiy et al., 2023; Ijaz et al., 2023; D. Tang et al., 2014). Additionally,
genkwanin has been demonstrated to possess additional biological properties, including anti-
tumor, antibacterial, antiviral and dermo-protective effects (Bayang et al., 2025; El Menyiy et
al., 2023; Ijaz et al., 2023; Leutcha et al., 2025; Mamoudou & Mune Mune, 2024; Nandwa et
al., 2024; D. Tang et al., 2014).

Acarbose is a well-established a-glucosidase inhibitor used clinically to manage diabetes
(Himeda et al., 2022; Nganso Ditchou et al., 2024; Nnemolisa et al., 2024). The binding
affinities of the newly identified ligands suggest that they may offer comparable or superior

inhibition, particularly vitexin and epicatechin.

In contrast, other ligands with moderate affinities may require additional studies to fully
understand their potential and mechanisms of action. Overall, these findings contribute to the
growing body of evidence supporting the use of natural compounds in metabolic disease
management. The implications of these findings are profound, as they not only support the
traditional use of Piliostigma thonningii in diabetes management but also pave the way for the
development of novel antidiabetic agents based on these natural compounds. The results
highlight the potential of natural compounds, particularly flavonoids, in drug development. This
aligns with the growing interest in phytochemicals as sources of new drugs, emphasizing the
need for further exploration of plant-derived compounds in metabolic disease management
(Bayang et al., 2025; El Menyiy et al., 2023; Hamadou et al., 2022; [jaz et al., 2023; Jagannath
et al., 2025; Leutcha et al., 2025; Mamoudou & Mune Mune, 2024; Nandwa et al., 2024; D.
Tang et al., 2014).

In silico protein-ligand interaction studies provide valuable mechanistic insights but are
intrinsically limited. Molecular docking treats the receptor as a rigid scaffold, neglecting
ligand-induced conformational adjustments, and its scoring functions approximate binding free
energy without fully accounting for solvent effects or entropic contributions. Molecular
dynamics simulations mitigate some of these shortcomings but remain constrained by the
accuracy of the employed force fields, the finite length of the trajectories, and the fidelity of the

initial crystal structure. Consequently, computational predictions may diverge from
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experimental outcomes, yielding false-positive hits. Thus, hypotheses generated from docking
or MD should be regarded as preliminary and require empirical validation before any claims of

in vivo efficacy.

The key parameters from our molecular dynamics’ simulations are summarized below to
enhance transparency. The average Root Mean Square Deviation (RMSD) for the studied
complexes was between 1.64 and 1.78 A for a-amylase and between 1.71 and 1.73 A for o-
glucosidase. The low average RMSD values and minimal fluctuations suggest that the protein-
ligand complexes exhibited stability during the 200 ns simulations. The Root Mean Square
Fluctuation (RMSF) values remained low, averaging between 0.76 and 0.85 A, with slight
increases observed in loop regions, thereby affirming the overall rigidity of the active sites. The
average number of hydrogen bonds, an important measure of binding stability, varied from 0.8
to 2.6 for the a-amylase complexes and from 1.6 to 4.6 for the a-glucosidase complexes. The
binding free energy (AG) for the most stable complexes was calculated using the MM-GBSA
method, yielding values of -45.21 kcal/mol for Cl-a-glucosidase and -38.90 kcal/mol for C1-
a-amylase. The values indicate that the binding interactions are energetically favorable and

reinforce the stability observed in the MD trajectories.

Furthermore, understanding the binding interactions at a molecular level provides insights into
the mechanisms by which these ligands inhibit enzyme activity. This knowledge informs the
design of more potent and selective inhibitors, potentially leading to improved therapeutic
outcomes. In addition, the comparison of these ligands with acarbose, a well-established drug,
suggests that some of the newly identified compounds may offer comparable or superior
efficacy. This could lead to the development of new treatments that may have fewer side effects

or improved pharmacokinetic profiles.
4.5. Correlation between in vitro anti-diabetic activity and in silico binding affinities

An important question in natural product discovery is whether computational predictions of
protein—ligand interactions truly anticipate biological activity. In this study, we compared
docking-derived binding energies with experimental ICso values for a-amylase and a-
glucosidase inhibitors isolated from Piliostigma thonningii. While perfect alignment was not

expected, several encouraging patterns emerged.
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For a-amylase, the ordering of compounds by docking score (genkwanin > n-eicosyl trans-
ferulate > shikimic acid) was identical to their inhibitory potencies in vitro, yielding a perfect
rank correlation (Spearman p = 1.0). This agreement suggests that, at least for this enzyme, the
docking protocol captured the key interactions governing inhibition. In contrast, the o-
glucosidase data revealed only partial concordance. Genkwanin, which docked strongly (—8.1
kcal/mol), was also the most potent inhibitor experimentally (ICso = 174.95 pg-mL™),
comparable to the standard acarbose. Epicatechin, however, produced a slightly more favorable
docking score (—8.2 kcal/mol) yet was weaker in vitro, while shikimic acid ranked consistently
low by both metrics. This mixed outcome reflects a common reality in structure—activity

studies: docking provides a qualitative filter rather than a quantitative predictor.

Table 4 Comparative ranking of Piliostigma thonningii compounds against a-amylase and

a-glucosidase: correlation between docking affinities and in vitro 1Cso values

Target Compound Docking (kcal/mol) ICsy (ng-mL™) Rank by Dock Rank by ICso
a-amylase Genkwanin (5) -8.5 180.95 1 1

n-Eicosyl trans-ferulate (3) -6.2 202.91 2 2

Shikimic acid (2) -5.5 307.91 3 3
a-glucosidase Genkwanin (5) -8.1 174.95 2 1

Epicatechin (4) —8.2 201.51 1 3

Shikimic acid (2) —6.5 196.25 3 2
Reference Acarbose =7.0/-7.0 176.51/171.15 — —

The divergence between in silico and in vitro results can be rationalized by several well-known
limitations. Docking estimates binding free energy under simplified conditions, often treating
the receptor as rigid and ignoring solvent reorganization and entropic penalties (Hamadou et
al., 2025; Pandit et al., 2025). By contrast, enzymatic inhibition in solution is influenced by
solubility, compound stability, aggregation tendencies, and access to dynamic binding subsites.
Furthermore, our ICso values were expressed in mass units (ug-mL™"), which can obscure direct
comparisons across chemically diverse molecules with different molecular weights
(Mamoudou, Harouna, et al., 2025; Nganso Ditchou et al., 2024; Tiwari et al., 2023).
Converting to molar concentrations or deriving Ki values from kinetic analyses would sharpen

the comparison.

Despite these caveats, the overall picture is consistent: compounds predicted to bind most
favorably, particularly genkwanin, vitexin, and epicatechin, also emerged among the strongest
inhibitors experimentally. This convergence underscores the value of docking as a triage tool,

enabling efficient prioritization of phytochemicals for biochemical testing. Importantly, the
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observation that genkwanin aligned across both computational and experimental platforms

strengthens confidence in its candidacy as a lead antidiabetic scaffold.

Moving forward, several refinements could strengthen the link between predicted and observed
activity. Experimentally, kinetic assays to derive mechanism-specific inhibition constants (Ki),
alongside orthogonal biophysical techniques such as ITC, SPR, or thermal shift assays, would
provide direct measures of binding affinity. Finally, in vivo studies addressing bioavailability

and metabolic stability are crucial to establish the translational potential of these compounds.

While docking and inhibition assays are not expected to correlate perfectly, the consistency
observed for genkwanin and the qualitative agreement for other flavonoids demonstrate that
our in silico models captured essential features of enzyme inhibition. This integrative approach
reinforces the therapeutic promise of P. thonningii flavonoids and provides a strong rationale
for advancing the most active candidates into more detailed pharmacological evaluation

(Mamoudou & Mune, 2025).

4.6. Study limitations and future perspectives

This study combines in vitro enzymatic assays with in silico analysis (molecular docking and
dynamics simulations), providing preliminary evidence that secondary metabolites of
Piliostigma thonningii exhibit significant antioxidant and anti-diabetic activities. However, the
conclusions are limited by several intrinsic constraints of the experimental design. The
dependence on isolated enzyme systems and computational models, although essential for swift
screening and mechanistic understanding, fails to replicate the complete physiological
environment of a living organism. As a result, essential pharmacokinetic parameters such as
oral bioavailability, intestinal absorption, systemic distribution, metabolic stability, and
excretion are not yet established for the phytochemicals evaluated. A compound demonstrating
significant inhibition in vitro may undergo extensive metabolism or exhibit poor absorption in
vivo, consequently diminishing its therapeutic significance. The current study does not examine
the systemic efficacy of these agents, including their interactions with ancillary signaling
cascades, potential off-target effects, or synergistic or antagonistic relationships with

endogenous pathways.

To address this translational gap, future studies should focus on cellular models that accurately

reflect the pathophysiology of type 2 diabetes. Experiments utilizing insulin-responsive cell
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lines, such as L6 myotubes, 3T3-L1 adipocytes, or HepG2 hepatocytes, may clarify the effects
of isolated constituents on glucose uptake, GLUT-4 translocation, and subsequent insulin-
signaling pathways. Concurrent in vivo studies utilizing established rodent models of diet-
induced or genetically predisposed diabetes are essential for validating the antioxidant and
glycemic-modulating effects observed in vitro, as well as for evaluating dose-response
relationships, tissue distribution, and long-term safety. Thorough toxicological profiling,
encompassing acute, sub-chronic, and chronic toxicity endpoints, is crucial for identifying

potential adverse pharmacodynamics that may arise at therapeutic concentrations.

This study represents a crucial initial phase, identifying several promising lead molecules and
outlining a definitive roadmap for their pre-clinical development. Advancing from enzyme-
centric assays to cell-based and whole-organism evaluations will enable future research to
substantiate the therapeutic potential of P. thonningii phytochemicals and establish a foundation

for clinical translation.

4.7. The potential for synergistic effects in the crude extract

Piliostigma thonningii is employed in ethnopharmacology as a complex decoction or infusion.
Research indicates that the crude methanolic extract is more effective than specific flavonoids
such as genkwanin and vitexin in inhibiting a-amylase and a-glucosidase. This indicates that
the pharmacological effects of numerous therapeutic plants arise from various phytochemicals
rather than a singular "magic bullet." Various non-exclusive pathways can interact
synergistically. The combined or enhancing effect of various constituents on a common target
or nodes within the carbohydrate-digestion cascade may lead to an overall inhibition that
exceeds the total of the individual components (Adrien et al., 2024; Hamadou et al., 2020; Oscar
Ditchou Nganso, Sidjui Sidjui, et al., 2020). The extract comprises flavonoids, tannins, and
phenolic acids, which are beneficial for interactions with a-glucosidase and a-amylase, as well
as for scavenging reactive oxygen species (Chis et al., 2023; Mune Mune et al., 2024; Nufiez et
al., 2023). The extract mitigates post-prandial hyperglycemia and oxidative stress, factors that
may contribute to the onset of diabetes. Minor components enhance the physicochemical
stability and intestinal absorption of active metabolites in plant matrices, where sugar-derived
glycosides facilitate the solubilization of lipophilic aglycones (Aissatou et al., 2025; Mamoudou
& Mune, 2025; Nufez et al., 2023; Xia et al., 2014). Innocuous or protective molecules can
reduce significant bioactive side effects, thereby broadening the therapeutic window. The

antioxidant capacity of crude preparations is comparable to the synthetic standard butylated
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hydroxytoluene, indicating a collaborative mechanism for radical scavenging and enzyme
inhibition. The findings elucidate the historical application of P. thonningii in diabetes
management and highlight the necessity of maintaining phytochemical integrity in both pre-

clinical and clinical trials.

4.8. Structure-Activity Relationship (SAR) of isolated flavonoids

The varying inhibitory potencies of the isolated flavonoids can be explained through a structure-
activity relationship (SAR) analysis, which identifies three key structural determinants.
Glycosylation significantly influences bioavailability and target engagement. Glycosylated
derivatives, including isorhamnetin 3 O rutinoside and kaempferol-3-O-a-L-rhamnopyranosyl-
(1-2)-B-D-galactopyranoside, exhibit modified solubility and membrane permeability.
Additionally, the large sugar substituents create steric constraints that may reduce binding
within the enzyme’s active site. The high in-silico affinity of isorhamnetin-3-O-rutinoside (9.1
kcal/mol) contrasts with its moderate in-vitro 1Cso, likely due to steric hindrance in solution.
The pattern of hydroxylation and methylation on the flavonoid core influences antioxidant
capacity and enzyme inhibition. Multiple hydroxyl groups, as seen in epicatechin and
genkwanin, enhance hydrogen-bonding interactions. In contrast, methylation, such as the 7-O-
methyl group in genkwanin, alters polarity and facilitates hydrophobic interactions with critical
residues. Third, subtle differences between flavone and flavonol scaffolds, primarily the
presence of a C2-C3 double bond and a C3 hydroxyl in flavonols, impact conformational
flexibility and hydrogen-bond donor capacity; however, both subclasses significantly contribute

to enzyme inhibition in this study.

The SAR insights collectively indicate that strategic alterations in glycosylation, hydroxylation,
and methylation patterns can be utilized to enhance flavonoid-based inhibitors for diabetes

treatment.

Conclusion

This comprehensive study provides definitive proof that Piliostigma thonningii-derived
compounds can effectively inhibit o-amylase and a-glucosidase, the key enzymes in
carbohydrate metabolism linked to type 2 diabetes. The methanolic extract demonstrated
significant antioxidant activity, comparable to that of the synthetic antioxidant BHT. This
proves that it is a rich source of natural antioxidants. The isolated compounds, in particular the

kaempferol derivatives and methyl B-D-glucopyranoside, demonstrated unquestionable
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antioxidant activity, with highly significant ICso values in the DPPH and FRAP assays.
Additionally, vitexin was identified as a highly potent dual inhibitor of a-amylase and a-
glucosidase, with strong binding affinities observed in molecular docking studies. These results
clearly demonstrate that the compounds isolated from P thonningii can help mitigate
postprandial hyperglycemia, which is a critical factor in the management of type 2 diabetes
mellitus. The in vitro antioxidant and enzyme inhibitory activities, combined with in silico
predictions of binding affinities and stabilities, provide irrefutable evidence that P. thonningii
should be considered as a candidate for further pharmacological development. Further work
must validate these results in vivo and evaluate the clinical relevance and safety of these
compounds. P. thonningii is a promising natural alternative for diabetes management, offering
a dual action of antioxidant and enzyme inhibitory effects and reducing reliance on synthetic

drugs and their associated side effects.
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Piliostigma thonningii methanolic extract exhibits significant antioxidant activity
comparable to synthetic antioxidant BHT.

Vitexin is identified as a potent natural inhibitor of a-amylase and a-glucosidase,
key enzymes in carbohydrate digestion.

Kaempferol 3-O-a-L-rhamnopyranosyl-(1-2)-p-D-galactopyranoside shows high
DPPH anti-radical activity.

Compounds derived from P. thonningii show potential as therapeutic agents for

managing type 2 diabetes mellitus.

P. thonningii is an invaluable source of natural antioxidants and anti-diabetic

compounds, confirming its traditional medicinal uses.
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