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Abstract
Background  Herbal formulations have garnered significant interest from researchers for their potential antidiabetic 
effects. However, scientific validation of their efficacy and understanding of their mechanisms of action have limited 
their use in modern medicine. Therefore, we investigated crude formulations consisting of Beta vulgaris leaves, Persea 
americana seeds, Beta vulgaris roots and Syzygium aromaticum for the management of type 2 diabetes mellitus 
(T2DM) by combining network pharmacology with experimental verification.

Methods  We screened 11 active ingredients and 3238 corresponding targets from biological databases. Additionally, 
the stability of the top-ranked poses and positive compounds linked to DPP-IV, α-amylase, and α-glucosidase were 
evaluated via molecular dynamics.

Results  Herbal formulations Formulations A and B exhibited notable inhibitory activity against the α-amylase 
enzyme, with IC50 values of 113.325. ± 6.627 and 170.704 ± 5.658 µg/mL, respectively, compared with that of acarbose 
(IC50 = 27.704 ± 0.270 µg/mL). Notably, Formulation B (IC50 = 15.035 ± 4.582 µg/mL) exhibited greater inhibitory activity 
than both Formulation A (IC50 = 271.835 ± 5.601 µg/mL) and the standard acarbose (IC50 = 17.389 ± 0.436 µg/mL). 
In addition, both Forms A (IC50 = 150.953 ± 23.127 µg/mL) and B (IC50 = 194.706 ± 37.776 µg/mL) showed notable 
inhibitory activity against DPP-IV compared with the standard evogliptin (IC50 = 86.534 ± 6.043 µg/mL). Furthermore, 
neither crude formulation exhibited cellular toxicity in human foreskin fibroblasts, with IC50 values for formulation 
A (1949 µg/mL) being lower than those for formulation B (7580 µg/mL). On the basis of our findings, the main 
active components, namely, quercetrin, rutin, and myricetin, exhibit strong binding affinities and stability for DPP-IV, 
α-amylase, and α-glucosidase. According to the results of the GO and KEGG analyses, the use of crude formulations to 
treat T2D may affect various pathways, including the EGFR and PI3K/Akt pathways.
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Introduction
Carbohydrate and lipid metabolism are pivotal for energy 
homeostasis and are tightly controlled in healthy indi-
viduals. However, as people age, the prevalence of lipid 
and glucose metabolic disorders (LGMDs) increases, 
resulting in health issues such as dyslipidemia, obesity, 
atherosclerosis, fatty liver, and type 2 diabetes mellitus 
(T2DM) [1, 2]. Among these diseases, type 2 diabetes 
mellitus (T2DM) has attracted the attention of research-
ers because of its status as a global pandemic [3]. T2DM 
is characterized by persistent hyperglycemia caused by 
both insulin resistance and inadequate insulin produc-
tion and secretion [4]. As T2DM progresses, it can have 
a substantial effect on multiple organs, resulting in com-
plicated implications such as neuropathy, renal disease, 
retinopathy, and macrovascular problems [5]. While a 
number of oral anti-type 2 diabetes drugs, such as sita-
gliptin, metformin, and sulfonylureas, have exhibited 
promising effects in treating T2DM, these drugs mainly 
target one pathway, which frequently has negative side 
effects [6]. Therefore, exploring similar and alternative 
medical approaches for efficient T2DM management 
is essential. African traditional medicine (ACM) often 
involves mixtures of medicinal plant species and miner-
als, which can lead to synergistic effects by functioning at 
various levels on many targets and pathways within the 
disease network [7, 8]. This method allows research into 
the synergistic effects of ACM by closing the gap between 
modern and traditional medicine. By leveraging multiple 
components and targets, ACM aims to achieve better 
therapeutic efficacy while minimizing side effects [8].

Owing to their accessibility, cost-effectiveness, and 
fewer side effects, natural medicines continue to be 
widely used by the general public even in the modern 
period, when synthetic medications dominate the thera-
peutic market. The bioactive substances found in plant 
extracts have been extensively investigated. The phy-
toconstituents of medicinal plants, including phenolics, 
flavonoids, terpenoids, and tannins, play crucial roles in 
managing diabetes (DM). By acting on cell receptors or 
biological targets, herbal products, prescription medi-
cations, and biochemical agents have synergistic effects 
that improve therapeutic results [9]. Synergy occurs 
when molecules work together to produce a combined 
effect that exceeds the sum of their separate effects. In a 
synergistic effect, multiple agents target similar biologi-
cal targets or receptors, leading to enhanced therapeutic 
outcomes due to positive interactions [10]. Conversely, 

additive effects result from two phytoconstituents act-
ing together, with their effects simply adding up [11]. In 
our study, we collected four medicinal plants from vari-
ous areas in Nigeria. These plants were mixed in differ-
ent ratios to create two distinct herbal formulations. Both 
additive and synergistic effects are thought to contribute 
to the hypoglycemic activity of these combination for-
mulations. The therapeutic plants selected included Beta 
vulgaris leaves, Persea americana seeds, Beta vulgaris 
roots and Syzygium aromaticum.

Beetroot (Beta vulgaris L.) is widely recognized as a 
valuable food source that offers significant nutritional 
and health benefits. Its medicinal properties are largely 
attributed to its high concentration of bioactive com-
pounds, particularly phenolic substances such as flavo-
noids and phenolic acids, and notably, it stands out as the 
most abundant natural source of betalains. These diverse 
phytochemicals are responsible for the broad spectrum 
of biological activities of beetroot, including antioxi-
dant, anti-inflammatory, antihypertensive, hepatoprotec-
tive, hypoglycemic, and potential antidepressant effects 
[12–14]. Historically, the high levels of these bioactive 
secondary metabolites have led to the use of beetroot 
in traditional medicine, and modern research contin-
ues to explore its extracts for their beneficial properties, 
including antibacterial actions. The variety of bioactive 
chemicals found in beetroot accounts for its wide range 
of activity [12].

P. americana, commonly known as avocado, is a valu-
able fruit with significant pharmacological potential. 
Avocado seeds have been studied extensively and exhibit 
various health-promoting activities. These effects include 
antioxidant, anti-inflammatory, antihypertensive, hepa-
toprotective, and hypolipidemic effects. Additionally, 
avocado seeds may aid in managing conditions such as 
hypertension, inflammatory disorders, and diabetes [15]. 
They also possess insecticidal, fungicidal, and antimicro-
bial properties [16, 17]. The rich diversity of bioactive 
compounds in avocado contributes to its multifaceted 
therapeutic benefits.

S. aromaticum, widely recognized as a clove, is a 
known traditional spice with a rich history of use in food 
preservation. In addition to its culinary applications, 
clove possesses various pharmacological activities due to 
its abundant phytochemicals [18]. Notable compounds 
found in clove include eugenol, eugenyl acetate, and 
β-caryophyllene. Pharmacological research has shown 
that clove has antimicrobial properties against bacteria, 

Conclusion  These results provide a scientific and experimental foundation for the use of these particular plants for 
the treatment of T2D.
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hepatitis C viruses, Plasmodium, Babesia, and Herpes 
simplex. Eugenol, a major component of clove oil, has 
analgesic, antioxidant, anticancer, antiseptic, and anti-
inflammatory properties [19]. Despite advancements 
in medicinal plant research, the specific components 
and associated targets of crude formulations for T2DM 
remain unclear and warrant further investigation.

The convergence of bioinformatics, artificial intelli-
gence, and methods such as dynamic simulation, molec-
ular docking, and network pharmacology has indeed 
emerged as an interdisciplinary approach to compre-
hensively study African traditional medicine (ATM). 
Researchers are increasingly integrating computational 
approaches, clinical trials, and experimental methods to 
enhance our understanding of traditional complemen-
tary medicine (TCM) processes. This comprehensive 
approach allows for a deeper exploration of the mecha-
nisms underlying traditional medicine practices and their 
potential applications in modern health care [20, 21]. 
Although herbal plants are extensively utilized by diverse 
indigenous and ethnic communities worldwide, only lim-
ited scientific studies exist to validate their efficacy. The 
aim of this study was to verify the effectiveness of a few 
selected plant remedies by scientific and experimental 
means, taking into account the references provided and 
utilizing these plants in complementary and alternative 
therapies. This work integrated network pharmacology, 
molecular dynamics simulation docking, and experimen-
tal research to determine the active constituents, puta-
tive targets, and underlying processes of the anti-T2DM 
effects of crude drug formulations.

Methods
Chemicals
For chromatographic analysis, chromatographic-grade 
methanol was obtained from J.T. Baker (USA), phos-
phoric acid (H3PO4) was obtained from EM Science 
(USA), and tetrahydrofuran was obtained from EM Sci-
ence (USA). A suite of standard compounds, including 
gallic acid, ferulic acid, kaempferol, quercetrin, caffeic 
acid, myricetin, rutin, methyl gallate, syringic acid, and 

p-coumaric acid, were procured from Sigma Aldrich. 
Human foreskin fibroblasts (HFFs) were routinely main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; 
Sigma, Tokyo, Japan) supplemented with 5% (v/v) fetal 
calf serum (FCS; Gibco, Invitrogen, UK) and 1% peni-
cillin‒streptomycin (Biowhittaker, UK) at 37  °C in a 5% 
CO2 atmosphere.

Plant sample collection and identification
In October 2020, selected medicinal plant materials, spe-
cifically B. vulgaris leaves and roots, P. americana seeds, 
and S. aromaticum buds (as detailed in Table  1), were 
procured from an herbal vendor in Ado-Ekiti, Nigeria 
(7.6124° N, 5.2371° E). Taxonomic identification and her-
barium preparation were conducted by Mr. Odewo at the 
Forestry Research Institute of Nigeria (FRIN), Ibadan. 
Voucher samples for each plant were subsequently 
archived at the FRIN herbarium under accession codes 
FH1 114,105 (B. vulgaris leaves and roots), FHI113162 
(P. americana seeds), and FHI 114,106 (S. aromaticum 
buds). Following collection, the plant samples under-
went immediate processing: they were rinsed thoroughly, 
sectioned into smaller pieces, and initially air-dried in 
a shaded area. Final drying to a consistent weight was 
achieved via the use of an air oven set at 40  °C, after 
which the dried materials were pulverized into a fine 
powder and sieved.

Flavonoid-rich extraction and crude drug formulations
To obtain flavonoid-rich extracts, powdered samples 
(50 g each) of B. vulgaris leaves and roots, P. americana 
seeds, and S. aromaticum buds were initially subjected to 
72 h of maceration in 80% methanol. The resulting crude 
methanolic extract (20 g) then underwent acid hydrolysis 
using 10% H2SO4 (200 mL) at 100 °C for 30 min, followed 
by cooling on ice to precipitate the flavonoid aglycones. 
These aglycones were subsequently dissolved in warm 
95% ethanol (50 mL) and filtered, and the volume was 
adjusted to 100 mL with 95% ethanol. After concentrat-
ing via rotary evaporation, the flavonoids were precipi-
tated from the filtrate via concentrated NH4OH. The 
precipitate was allowed to settle and then washed with 
diluted NH4OH to yield the final flavonoid extracts [22]. 
Two distinct formulations (A and B, detailed in Table S1) 
were then prepared by combining these crude flavonoid-
rich extracts at specific ratios. The flavonoid extracts 
were dissolved in DMSO (1:5 w/v) and subjected to a sin-
gle 24 h maceration. This formulation strategy was based 
on guidance from a traditional medicine practitioner in 
Iwo, Nigeria. The obtained crude formulations were uti-
lized for subsequent preclinical investigations.

Table 1  List of chosen medicinal plants
Scientific 
name

Family Local 
name

English 
name

Part 
Used

Crude 
vouch-
er No

Beta vulagris Amaranthaceae Ewe beet Beet 
green

Leaf FHI 
114,105

Persea 
americana

Lauraceae Ube-beke Avocado Seed FHI 
113,162

Beta vulgaris Amaranthaceae Gbẹri beet Red beet Root FHI 
114,105

Syzygium 
aromaticum

Myrtaceae Kanafuru Clove Flow-
er 
bud

FHI 
114,106
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High-performance liquid chromatography (HPLC) analysis 
of crude formulations A and B
Chromatographic separation was performed via an Agi-
lent Technologies 1100-series HPLC system equipped 
with a quaternary pump and a UV-Diode Array Detector 
(DAD) (Agilent, San Jose, CA, USA). A Zorbax Eclipse 
Plus C18 column (250 mm × 4.6 mm, 5 μm particle size; 
Agilent Technologies, USA) was used for the analy-
sis. The mobile phase consisted of a gradient mixture of 
water (containing 1% H3PO4), methanol (MeOH), and 
tetrahydrofuran (THF), which was delivered at a flow rate 
of 1.5 mL/min. For each analysis, a 20 µL sample volume 
was injected. The chromatographic run involved a 10 min 
mobile phase purge and a 10  min column equilibra-
tion period, followed by a 35  min sample analysis time. 
Spectral data were acquired at a detection wavelength of 
220 nm, following a previously established methodology 
[23].

In vitro antidiabetic activities
α-Amylase inhibitory properties
In this investigation, we evaluated the α-amylase inhibi-
tory activity of crude drug formulations A and B via the 
methodology outlined elsewhere [24]. First, we made an 
enzyme mixture in ice-cold PBS (pH 6.7) with 20 mM 
and 6.7 mM NaCl. The concentration of this solution was 
5 units/mL. After that, we mixed the inhibitors (acarbose 
or crude drug formulations A and B) at different doses 
with 250 µL of the enzyme, leaving out a blank sample. 
The reaction was developed by heating the mixture in a 
100 °C water bath for 10 min, after which the absorbance 
was measured at 540 nm.

Inhibitory properties of α-glucosidase
Using a method described by [25], we evaluated the 
effects of the formulations on intestinal α-glucosidase 
activity. This method calculates the amount of glucose 
generated during the hydrolysis of sucrose. A positive 
control (acarbose), control samples (distilled water), or 
crude drug formulations A and B at different concen-
trations were added to the combination. At 400 nm, the 
absorbance of the resulting solution was measured.

Activity of dipeptidyl peptidase IV (DPP-IV)
In this work, we used 96-well ELISA plates to assess 
the DPP-IV inhibitory properties of the formulations. 
Evogliptin was used as a standard inhibitor. Briefly, we 
added 100 µL of DPP-IV enzyme, 30 µL of Tris-HCl buf-
fer solution, and 100 µL of different doses (from 15.625 
to 1000 µg/mL) of standard or crude drug formulations 
A and B to each well. Furthermore, 50 µL of gly-pro-
p nitroanilide was added as the substrate. Following 
a 30  min incubation period at 37  °C, the absorbance of 
the reaction mixture was quantified at 405  nm via a 

microplate reader [26]. The percentage inhibition was 
subsequently determined via the following formula:

	
% Inhibition = DPP − IV activity (with fraction)

DPP − IV activity (without fraction)
× 100

Cytotoxicity in mammalian cells
Cytotoxicity was evaluated in mammalian cells via a 
previously reported method [27]. For the experimental 
assays, HFFs were seeded at a density of 1 × 104 cells/well 
into 96-well plates. Following 72 h of preincubation, the 
cells were exposed to the test compounds (0–1000  µg/
mL) for an additional 72  h under standard culture con-
ditions. The control groups consisted of medium-only 
wells and cells cultured with medium devoid of test 
compounds; staurosporine was employed as a reference 
toxicant. The cell viability was subsequently quantified, 
all the treatments were performed in triplicate, and the 
entire experiment was independently replicated twice.

Integrated network Pharmacology and molecular 
dynamics
Seeking putative target genes for bioactive compounds
SMILES (Simplified Molecular Input Line Entry System) 
notations for bioactive compounds identified by HPLC 
from formulations A and B were retrieved from the Pub-
Chem database (accessed July 12, 2024) [28]. The poten-
tial protein targets of these HPLC-identified compounds 
in H. sapiens were subsequently predicted via the Swis-
sTarget prediction web server (accessed July 14, 2024) 
[29, 30]. On July 12, 2024, further targets were obtained 
from PharmMapper (​h​t​t​p​​:​/​/​​w​w​w​.​​l​i​​l​a​b​​e​c​u​​s​t​.​c​​n​/​​p​h​a​r​m​
m​a​p​p​e​r​/). Only targets with a probability of ≥ 0.1 were 
considered after we filtered the results in the SwissTarget 
prediction platform using the species Homo sapiens [31].

Constructing the target database for T2DM
By scanning the DisGeNet database ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​d​i​s​
g​e​n​e​t​.​o​r​g​/​​​​​, retrieved on 14 July 2024) [32], MalaCards 
(accessed on July 14, 2024, from ​h​t​t​p​s​:​/​/​w​w​w​.​m​a​l​a​c​a​r​d​s​
.​o​r​g​/​​​​​) [33] and the Online Mendelian Inheritance in Man 
(OMIM) [34], which was accessed on July 14, 2024, from 
https://www.omim.org, T2DM-related genes were ​i​d​e​n​
t​i​f​i​e​d​. Targets with a score of ≥ 0.1 were considered for 
inclusion [31].

Identifying bioactive compound targets for treating T2DM
The overlapping targets were extracted from the putative 
targets of the bioactive substances and all the T2DM-
related targets [22]. Networks were further constructed 
using the overlapping genes.

http://www.lilabecust.cn/pharmmapper/
http://www.lilabecust.cn/pharmmapper/
https://www.disgenet.org/
https://www.disgenet.org/
https://www.malacards.org/
https://www.malacards.org/
https://www.omim.org


Page 5 of 25Ojo et al. BMC Complementary Medicine and Therapies          (2025) 25:225 

Constructing the interaction network of bioactive 
compounds from flavonoid formulations A and B with T2DM 
targets
A protein‒protein interaction (PPI) network for Homo 
sapiens was created via the STRING database (accessed 
July 12, 2024) [29], with interactions filtered to a high 
confidence score (> 0.9) [35]. This network, where nodes 
represent the target genes (proteins) and edges depict the 
interactions between them, was visualized and further 
analyzed. Key hub genes and significant nodes within this 
network were identified via the CytoHubba plugin [36] in 
Cytoscape, a tool designed for exploring and analyzing 
biomolecular interaction networks.

Pathway analysis and functional enrichment
Enrichment analyses, encompassing both KEGG path-
way and Gene Ontology (GO) terms, were carried out 
on the set of intersecting genes via the ShinyGO v0.77 
tool (accessed July 12, 2024) [37]. The top 10 significantly 
enriched terms, determined by a p value < 0.05 and a false 
discovery rate (FDR) < 0.05, are presented.

Molecular Docking of bioactive compounds with target 
proteins
Target protein Preparation
The three-dimensional (3D) coordinates for two tar-
get proteins relevant to T2DM were obtained from the 
Protein Data Bank. These structures include human 
α-amylase bound to acarbose (PDB ID: 1B2Y) [38] and 
α-glucosidase bound to acarbose (PDB ID: 3TOP) [39] 
and DPP4 in complex with vildagliptin (PDBID: 6B1E) 
[40], Akt1 (PDBID: 6CCY), STAT3 (PDBID: 4ZIA), P53 
(PDBID: 2°CJ), and TNF-alpha (PDBID: 2AZ5) [41].

Ligand preparation
Structural data (SDF files) for the HPLC-identified phy-
tocompounds from formulations A and B, along with ref-
erence inhibitors acarbose and vildagliptin, were sourced 
from the PubChem database. These structures were 
subsequently converted to the PDB file format via Open 
Babel [42].

Validation of the molecular Docking analysis
The docking protocol was validated by redocking the 
cocrystallized ligand (acarbose) into the binding sites of 
its respective proteins. Specifically, the experimentally 
observed pose of acarbose (extracted from the crystal 
structure) was compared to its computationally predicted 
docked pose, which achieved the lowest binding energy. 
This comparison involved superimposing the two poses, 
and the root mean square deviation (RMSD) between 
them was calculated via Discovery Studio Visualizer 
(BIOVIA, 2020). The successful reproduction of the crys-
tallographic pose confirmed the suitability of the docking 

methodology for evaluating HPLC-identified bioactive 
compounds.

Molecular Docking of phytochemicals with targeted active 
sites
The reference inhibitors and the bioactive compounds 
identified via HPLC were subjected to an active site tar-
get molecular docking process via AutoDock Vina com-
bined with Python prescription-PyRx version 0.8 at the 
binding sites of the three target proteins [41, 43] (Table 
S2).

Molecular dynamics simulations
Molecular dynamics (MD) simulations (100 ns) were 
performed on complexes formed by the top two bioac-
tive compounds with 1B2Y and TNF-alpha via GRO-
MACS 2019.2 with the GROMOS96 43a1 force field 
[44–46]. Protein and ligand topologies were generated 
via Charmm-GUI [47, 48]. The system setup, including 
solvation, physiological conditions, periodic boundar-
ies, minimization, and NPT equilibration, followed our 
previously established protocols [49–51]. The simula-
tions were maintained at 310  K and 1  atm via a Par-
rinello–Rahman barostat and velocity rescaling, with 
a 2-fs timestep and a leap-frog integrator. Trajectories 
(1000 frames, 0.1 ns/snapshot) were analyzed for param-
eters such as RMSD, RMSF, SASA, ROG, and H-bond 
interactions.

Binding affinity assessment by MM-GBSA
Binding free energies for the top two docked bioactive 
compounds complexed with 1B2Y and TNF-alpha were 
calculated via the Molecular Mechanics Generalized 
Born Surface Area (MM-GBSA) method implemented 
with gmx_MMPBSA software, which also facilitated 
decomposition analysis [22, 52]. The specific MM-GBSA 
parameters and procedures employed were consistent 
with our previously published work [50, 51, 53].

Data analysis
The data were analyzed via one-way analysis of vari-
ance (ANOVA), and the results are expressed as the 
means ± standard deviations (SDs) from three indepen-
dent experiments (n = 3). Post hoc comparisons were 
subsequently performed via Tukey’s test followed by 
Dunnett’s multiple range test. The significance level was 
set at p < 0.05.

Results
HPLC‒DAD chromatogram
Analysis of the crude formulations by HPLC-DAD 
revealed distinct profiles of bioactive flavonoids. Formu-
lation A was found to contain six such compounds: syrin-
gic acid, rutin, gallic acid, caffeic acid, kaempferol, and 
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quercetrin. Formulation B yielded seven bioactive flavo-
noids: caffeic acid, quercetrin, p-coumaric acid, myric-
etin, rutin, gallic acid, and methyl gallate (as detailed in 
Table 4 and illustrated in Figs. 1 and 2). Further charac-
terization of these identified compounds, including their 
respective retention times, molecular formulae, and 
chemical structures, is provided in Table 2.

α-Amylase and α-glucosidase inhibitory activities
The standard acarbose and crude drug formulations 
A and B strongly suppressed α-amylase activity in a 
concentration-dependent manner (Fig.  3a). Compared 
with crude formulation B, crude formulation A exhib-
ited superior (p < 0.0001) α-amylase inhibitory activity, 
with an IC50 of 113.325 ± 6.627  µg/mL and an IC50 of 
170.585 ± 5.658  µg/mL. In contrast, the standard drug 
acarbose had better inhibitory effects than did crude for-
mulations A and B, with an IC50 of 27.104 ± 0.270 µg/mL 
(Fig. 3b).

Compared with those of the reference formulation 
(acarbose), the α-glucosidase inhibitory properties of for-
mulations A and B increased in a dose-dependent man-
ner (Fig. 4A). Furthermore, crude drug formulation B had 
better inhibitory activity (IC50 = 15.035 ± 4.582  µg/mL) 
than did standard acarbose (IC50 = 17.389 ± 0.436 µg/mL) 
and crude drug formulation A (IC50 = 271.839 ± 5.601 µg/
mL).

DPP-IV inhibitory activity of the crude drug formulations
Figure 5 shows the DPP-IV inhibitory activity of crude 
drug formulations A and B. Crude drug formulations A 
and B demonstrated concentration-dependent inhibi-
tion of DPP-IV, with formulation A exhibiting a lower 
IC50 value of 150.95  µg/mL than B (IC50 = 194.71  µg/
mL) (Fig. 5b). Nevertheless, compared with the standard 

DPP-IV inhibitor evogliptin (IC50 = 86.534 ± 6.043  µg/
mL), the DPP-IV inhibitory ability of crude drug for-
mulations A (IC50 = 150.953 ± 23.127  µg/mL) and B 
(IC50 = 194.706 ± 37.776  µg/mL) was less effective. How-
ever, crude drug formulation A had better DPP-IV inhibi-
tory activity than formulation B.

Cytotoxicity studies
First, we administered forms A and B at several concen-
trations (ranging from 0 to 1000 µg/mL) to growing HFFs 
and evaluated their cytotoxicity (Fig. 6). Both crude for-
mulations A and B moderately reduced cell viability in 
vitro at increasing concentrations, with IC50 values for 
formulation A (1949 µg/mL) being lower than those for 
formulation B (7580 µg/mL). Both formulations demon-
strated biological safety, with no discernible cytotoxicity 
to HFF cells at the indicated doses after 72  h (Fig.  6A). 
Our screening assay was validated by the fact that the ref-
erence drug (staurosporine), which was used as a positive 
control, strongly decreased cell viability (Fig. 6B).

Identification of bioactive compounds and database 
resources for therapeutic targets in T2DM
A comprehensive list of 3238 unique genes linked to 
T2DM was compiled by integrating data from the 
MalaCards, DisGeNet, and Online Mendelian Inheri-
tance in Man (OMIM) databases, following duplicate 
removal. Separately, target prediction for a panel of bio-
active compounds yielded 188 potential protein targets. 
The intersection between these T2DM-associated genes 
and the predicted compound targets was then deter-
mined via a Venn diagram. A group of 119 putative anti-
type 2 diabetes mellitus genes were chosen and deemed 
noteworthy targets (Fig. 7).

Fig. 2  Chromatogram of crude formulation B

 

Fig. 1  Chromatogram of crude formulation A
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Target PPI network analysis
Analysis of the PPI network for the overlapping genes 
revealed 118 nodes and 1238 edges, an average node 
degree of 21, and a local clustering coefficient of 0.56 
(compared with a predicted 524 edges; see Figure S1, 

Supplementary data). The top 20 targets were subse-
quently identified by filtering for genes with scores above 
the median value across all network metrics (Fig.  8). 
The top 20 targets that were drawn from the overlap-
ping genes of the compound targets and T2D targets 

Table 2  Bioactive principles identified in crude drug formulations, including retention times, metabolic classes and molecular 
formulae
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were mainly inflammatory targets, including TNF, TP53, 
AKT1, and STAT3, which are not solely implicated in 
diabetes alone but are major hallmarks of diabetes com-
plications. These targets were further studied via molec-
ular docking and molecular dynamics (Table S3). The 

constructed network was subsequently imported into 
Cytoscape software (version 3.8.2) for detailed investiga-
tion of significant subnetworks. Cluster analysis within 
the network was performed utilizing proximity and 
degree metrics, with scores derived from the CytoHubba 

Fig. 4  Alpha-glucosidase inhibitory activity of formulations A and B: (a) Dose‒response inhibition; (b) calculated IC50 values. Legends: Data represent 
the mean ± SD (n = 3). T tests indicated p < 0.0001. Acarbose served as the standard drug

 

Fig. 3  Alpha-amylase inhibitory activity of formulations A and B: (a) Dose‒response inhibition; (b) calculated IC50 values. Legends: Data represent the 
mean ± SD (n = 3). T tests indicated p < 0.0001. Acarbose served as the standard drug
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and CytoNca plugins. Finally, the top 20 target genes 
were identified by selecting those whose associated 
analytical values surpassed the median score across all 
entities.

Functional enrichment analysis of shared targets
The top 20 enriched genes from the 119 overlapping 
targets were identified via Gene Ontology (GO) analy-
sis. Subsequent biological process (BP) enrichment 
(Fig.  9A) suggested that the bioactive compounds pre-
dominantly influence cellular responses and reactions 

to nitrogenous, oxygen-containing, and organonitrogen 
compounds. With respect to cellular processes, the most 
enriched terms were the following: spanning components 
of the plasma membrane, caveolae, membrane rafts, 
and membrane microdomains (Fig.  9B). The enriched 
molecular functions (MFs) included identical protein 
binding, enzyme binding, protein/threonine/serine/tyro-
sine kinase activity, catalytic activity acting on protein, 
and carbohydrate derivative binding (Fig.  9C). KEGG 
pathway enrichment analysis revealed that the bioactive 
compounds were associated with cancers, EGFR tyrosine 

Fig. 6  Effects of crude drug formulations on cell viability following 72 h of treatment. The cytotoxicity of the (A) crude formulations A and B is displayed in 
the dose‒response curve. (B) Viability of the reference compound staurosporine. Following a 72 h incubation period, the test molecules were applied to 
the host monolayers at various doses, and the IC50 values for the crude drug formulations and cell viability were ascertained. Staurosporine was included 
as a reference toxicant to validate the assay. The data are presented as the means ± standard deviations (SDs). We performed the experiment in triplicate 
and repeated it two times independently

 

Fig. 5  Dipeptidyl peptidase-4 inhibitory activity of formulations A and B: (a) dose‒response inhibition; (b) calculated IC50 values. Legends: Data repre-
sent the mean ± SD (n = 3). T tests indicated p < 0.0001. Acarbose served as the standard drug
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kinase inhibitor resistance, lipid and atherosclerosis, 
endocrine resistance, and the P13k-Akt signaling path-
way (Fig. 9D).

Molecular docking of bioactive compounds with key targets
To ensure the reliability of the docking procedure for 
evaluating bioactive compounds against T2DM target 
proteins, the protocol was first validated. This involved 
redocking the cocrystallized ligand, acarbose, into its 
respective protein structure. The computationally pre-
dicted pose of acarbose yielding the lowest binding 
energy was then superimposed onto its experimentally 
determined (cocrystallized) conformation, resulting in 
an RMSD of 0.2232 Å (Fig. 10), confirming the accuracy 
of the docking methodology. Following validation, the 
binding energies of the identified bioactive compounds 
against three T2DM target proteins were determined 
(Fig. 11), and the two leading compounds for each target 
were selected on the basis of these energies. For refer-
ence, acarbose exhibited binding energies of -12.3  kcal/
mol with 1B2Y and − 11.1 kcal/mol with 3TOP, whereas 
vildagliptin had a binding energy of -6.7  kcal/mol with 

Fig. 8  Cytoscape-generated protein‒protein interaction network integrating flavonoid-enriched crude formulations A and B targets with T2DM-associ-
ated genes, highlighting the central subnetwork of 20 key nodes identified through CytoHubba analysis

 

Fig. 7  Overlap between T2DM-related genes and targets of bioactive 
compounds in formulations A and B, visualized by a Venn diagram. Among 
the T2DM and bioactive compound targets, 119 shared genes were identi-
fied. (BC: bioactive compound target

 



Page 11 of 25Ojo et al. BMC Complementary Medicine and Therapies          (2025) 25:225 

6B1E. Among the bioactive compounds, myricetin 
(-9.1  kcal/mol) and rutin (-8.9  kcal/mol) were the top 
bioactive compounds for 1B2Y. For the 3TOP target, 
myricetin (-8.9 kcal/mol) and quercetrin (-9.1 kcal/mol) 
had the best energies. Compared with 6B1E, quercetrin 
(-7.9  kcal/mol) and myricetin (-7.8  kcal/mol) were the 
most promising. Notably, while the top bioactive com-
pounds displayed less negative binding energies for 1B2Y 
and 3TOP than did acarbose, their interactions with 
6B1E were more favorable than those of the reference 
compound vildagliptin. Additionally, both myricetin and 
quercetrin exhibited dual high binding inclinations to a 
minimum of two protein targets (Fig. 11).

The docking of these compounds to the targets identi-
fied by network pharmacology revealed binding ranges of 
-5.5–9.3, -5.3–7.2, -5.0–7.6 and − 6.7–7.0 kcal/mol for the 
Akt1, Stat-3, p53, and TNK-alpha targets, respectively, 
with rutin and quercetrin being the top two docked com-
pounds across the targets (Table S1: supplementary data).

Docking interactions of leading bioactive and reference 
compounds with T2DM target proteins
The ranked compounds that were selected on the basis 
of their binding energy and interaction with the catalytic 
residues of the target proteins were further subjected 
to interaction analysis (Table  3). From the validation 
analysis, acarbose was stretched in a binding conforma-
tion similar to the extracted conformation in the binding 
site of 1B2Y, with a bond stabilized by several hydrogen 
bonds and one hydrophobic contact with Trp59. Myric-
etin was also stabilized in the binding site by several 
hydrogen bonds interacting with the same residues as 
acarbose and via more hydrophobic interactions, includ-
ing pi-anion interactions with Asp197 and pi-pi stacking 
with Tyr62 and Trp59. Similarly, rutin was stabilized by 
several hydrogen bonds and few hydrophobic interac-
tions with His305 (Pi-cation), Asp356 (pi-anion), Trp59 
(pi-pi T-shaped and pi-pi stacking), Trp59 (pi-alkyl), 
His101 (alkyl) and Leu165 (alkyl) (Fig. 12).

Acarbose was stabilized in the active site of 3TOP via 13 
hydrogen bonds and few hydrophobic contacts, including 
pi‒sigma interactions with Phe1560 and pi‒alkyl interac-
tions with Tyr1251, Phe1559 and Phe1560. Myricetin also 
formed 9 hydrogen bonds and 6 hydrophobic interac-
tions, including pi-anion interactions with Asp1526, pi-pi 
T-shaped interactions with Trp1369, Trp1355 and pi-pi 
stacking with Phe1559 and Phe1560. Quercetrin formed 
9 hydrogen bonds and 3 pi-pi T-shaped interactions 
with Trp1355, Phe1559 and Tyr1251 (Fig.  13). Vilda-
gliptin was stabilized at the binding site of 6B1E with 6 
hydrogen bonds, attractive charge contacts with His740, 
pi-sigma interactions with Phe357, pi-alkyl interactions 
with Phe357 and pi-cation interactions with Glu206 and 
Glu205. Myricetin was also stabilized at the binding site 

by several hydrogen bonds interacting with the same 
residues as vildagliptin and few hydrophobic contacts, 
including pi-anion interactions with Glu206 and pi-pi 
stacking with Phe357. Quercetrin forms hydrogen bonds 
with several 11 amino acid residues and a pi-anion con-
tact and pi-pi stacking with Phe357 (Fig. 14).

Additionally, the top two compounds (rutin and quer-
cetrin) across the four targets significantly interact with 
amino acids through a balance of hydrogen, hydrophobic 
and van der Waals bonds (Fig. 15).

Molecular dynamics
Table 4 summarizes the mean values and standard devia-
tions for all the thermodynamic parameters, whereas 
Fig.  16 shows the time-resolved parameter profiles. The 
RMSD trajectories for the 1B2Y complexes indicated 
system equilibration prior to 10 ns, with minimal struc-
tural variation observed postequilibration (Fig.  16a). 
RMSF measurements were used to assess residue-level 
flexibility following the binding of myricetin and quer-
cetrin to the 1B2Y active site (Fig. 16b). The top-docked 
compounds (myricetin and rutin) presented ROG aver-
ages comparable to those of acarbose (23.34 Å, 23.33 Å, 
and 23.29 Å, respectively), suggesting similar compact-
ness (Fig.  16c). While compound binding appeared to 
influence protein structural stability, the SASA values 
matched those of acarbose, indicating that no significant 
unfolding occurred (Fig.  16d). The number of hydrogen 
bonds remained stable across all the complexes, with the 
ligand-bound systems maintaining consistent interac-
tions (Fig.  16e). For the TNF-alpha systems, comparing 
the RMSD of the unbound 2AZ5 and the bound system, 
rutin appears to stabilize the protein complex slightly 
better than does quercetrin, as indicated by the lower 
RMSD (1.48 Å vs. 2.12 Å). With a slightly greater RMSF 
(1.38 Å) than the unbound 2AZ5 (1.22 Å), 2AZ5_Rutin 
adds some flexibility. AZ5_Quercetrin (1.14 Å) has less 
flexibility, indicating that it might more successfully limit 
residue migrations. Comparable RoG values (~ 15.3 Å) 
are displayed for all the systems, indicating no appre-
ciable variation in compactness. 2AZ5_Rutin (6497.6 Å²) 
has a lower SASA than does 2AZ5 (6933.0 Å²), indicating 
tighter packing when Rutin is bound. Rutin has a greater 
degree of reduced SASA than 2AZ5_Quercetrin does 
(6595.1 Å²). Strong binding is shown by the maximum 
number of H-bonds formed by 2AZ5_Rutin (62.64). 
2AZ5_Quercetrin forms 58.05  H-bonds, which are still 
substantial but fewer than Rutin (Fig. 17).

Binding affinities analysis via MMGBSA
The binding affinities of the top two phytochemicals for 
protein 1B2Y were quantified via MMGBSA. Compared 
with the reference compound, myricetin exhibited the 
most favorable binding affinity (-17.67 ± 6.02  kcal/mol), 
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Fig. 9  Summary of enriched pathways and functional annotation terms, including biological processes, cellular constituents, molecular functions, and 
KEGG pathway analysis
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surpassing acarbose (-10.38 ± 10.63 kcal/mol), with both 
top candidates demonstrating stronger interactions. 
Table 5 outlines the energy components contributing to 
the total binding free energy, whereas Fig.  18 illustrates 
the residue-specific contributions.

For the TNF-α system, quercetrin and rutin displayed 
binding energies of -16.36 ± 3.71 and.

-27.97 ± 8.72  kcal/mol, respectively, with their stabili-
zation driven by a balance between van der Waals forces 
and electrostatic interactions that offset solvation penal-
ties, positioning them as promising candidates for stabi-
lizing 2AZ5.

Table 3  Interactions of the top-ranked bioactive constituents of crude formulations A and B with the three target proteins
Compounds Protein

Targets
Hydrogen bonds Hydrophobic Interaction
Interacting residues Interacting residues

Acarbose 1B2Y Trp59 Gln63 Tyr62 Thr163 GLy306 Thr163 His305 His299 Tyr62 Tyr151 His201 Lys200 Ile235 
Arg195 Asp197 Lys200 Glu233 Asp300

Trp59

Myricetin Gln63 Tyr62 His101 Asp300 His299 Arg195 Ala198 Asp197 Glu233 Trp59 Tyr62 Asp197
Rutin Ala198 Gln63 Thr163 Tyr62 Tyr151 Trp59 Asp356 Arg195 Val354 Asp300 His299 Asp197 His101 His305 Trp59 

Asp356 Tyr62 Leu165
Acarbose 3TOP Asp1555 Arg1582 Asp1317 His1584 Trp1355 Thr1528 Gln1561 Lys1460 Asp1157 Met1421 

Tyr1167 Arg1516 Asp1526
Tyr1251 Phe1559 Phe1560,

Myricetin Asp1157 Arg1510 Lys1460 Asp1526 His1584 Asp1279 Thr1586 Ile1587 Trp1369 Phe1560 Phe1559, Asp1526 
Trp1355 Tyr1251 Pro1159

Quercetrin Asp1279 His1584 Asp1420 Asp1526 Arg1510 Trp1369 Lys1460 Asp1157 Trp1355 Phe1559 Tyr1251
Vildagliptin 6B1E Ser630 Asn710 Tyr662 Ser209 His126 His740 Phe357 Phe357 

Glu206 Glu205,
Myricetin Phe357 Val207 Glu206 Arg669 Tyr666 Se630 Tyr662 Tyr631 Arg125 Asn710 Glu205 Tyr547 

Phe357
Phe357 Glu206

Quercetrin Val207 Glu206 Arg669 Tyr662 Asn710 His740 Glu205 Tyr631 Ser630 Tyr547 Arg125 Phe357

Fig. 11  Binding affinities of identified constituents with key proteins implicated in T2DM

 

Fig. 10  Superimposition of the conformer with the least minimal binding 
energy from the docking analysis of acarbose on the conformation of the 
extracted ligand from 1B2Y. The blue color signifies the docked conformer, 
whereas the gold color represents the cocrystallized conformation
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Discussion
Globally, populations with diabetes use a variety of 
plants that have hypoglycemic qualities, depending 
on historical, cultural, and economic factors [54]. His-
torically, herbal remedies have been used to treat dia-
betes and hypertension [55]. Owing to the adverse 
effects associated with existing antihyperglycemic 
drugs [56], researchers are actively exploring plant-
derived compounds as alternative inhibitors of intesti-
nal α-glucosidase and pancreatic α-amylase, given their 
lower risk of side effects and potential to lower blood 

glucose levels [57]. By functioning as enzyme inhibitors, 
several plants have been used to treat diabetes [58, 59].

Polyphenols are among the most important and com-
mon phytochemicals found in medicinal plants [60]. 
These compounds include tannins, phenolic acids, fla-
vonoids, coumarins, lignans, and stilbenes, among other 
chemical compounds. Phenolic acids are broadly clas-
sified into two main categories: benzoic acids (C6–C7) 
and cinnamic acids (C6–C3), both of which share a nine-
carbon structural framework [61]. Cinnamic acid and its 
derivatives are synthesized by plants via the shikimate 

Fig. 12  Top-ranked compounds and acarbose interactions with the amino acid active site of 1B2Y. Sticks are used to represent the ligands. (i) 3D and (ii) 
2D interactions. (a) Acarbose, (b) myricetin, and (c) rutin
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pathway [62, 63]. Studies on their pharmacokinetics 
and bioavailability indicate that the limited presence of 
cinnamic acid and its derivatives in the bloodstream is 
likely a result of their rapid elimination, extensive meta-
bolic processing, and/or poor absorption [64, 65]. These 
variables may be insufficient to produce the desired bio-
logical effects needed to prevent chronic illnesses. The 
bioavailability and biological effects of cinnamic acid 
have been enhanced through novel strategies that include 
the derivatization and combination of these derivatives at 
various ratios [66, 67].

Formulation A may have a stronger antidiabetic effect 
because it contains syringic acid, known for its antidia-
betic effect [68], along with derivatives of cinnamic acid. 
Cinnamic acid and its derivatives exert their effects by 
binding to the active sites located at the C- and N-ter-
minal regions of α-amylase and α-glucosidase [69, 70]. 
The inhibitory action of cinnamic acid on α-glucosidase 
is strengthened when hydroxyl or methoxy groups are 
present [71]. The methoxy group was more potent than 
the hydroxyl group [72]. Additionally, DPP-IV activity is 
inhibited by cinnamic acid and its derivatives [69, 73, 74]. 

Fig. 13  Visualization of the highest-ranking compounds and the reference inhibitor acarbose docked at the active site of 3TOP, with ligands depicted 
as stick models. Shown are both (i) three-dimensional and (ii) two-dimensional interaction diagrams for (a) acarbose, (b) myricetin, and (c) quercetrin
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More recently, caffeic acid has been found to inhibit DPP-
IV activity [75, 76]. Therefore, the substantial inhibitory 
effects of formulation A on α-amylase, α-glucosidase, and 
DPP-IV may be attributed to syringic acid and other fla-
vonoids, which possess two methoxy groups at the meta 
position of the cinnamic acid skeleton.

Toxicological investigations of a few cinnamic acid 
derivatives, which were also present in formulations A 
and B, demonstrated the compounds’ nontoxic qualities, 
indicating their appropriateness for in vivo usage [77, 
78]. The ability of cinnamic acid derivatives to suppress 

the proliferation of cells with aberrant p53 while sparing 
other cells was shown by Ogunlakin et al. [79]. Marangi 
et al. [80]. also assessed the possible cytotoxic effects 
of kiwi berry leaf extracts rich in cinnamic acid deriva-
tives on HFF-1 cells. A viability of 66% was reported in 
HFF-1 cells at the highest concentration tested (500 µg/
mL) after testing a range of concentrations (15.63  µg/
mL–500 µg/mL). Furthermore, cinnamic acid derivatives 
stimulate pancreatic cells and sciatic nerve regenera-
tion [69, 81, 82]. Consistent with these studies, the crude 
formulations did not exhibit cytotoxicity in HFF cells at 

Fig. 14  Visualization of the highest-ranking compounds and the reference inhibitor vildagliptin docked at the active site of 6B1E, with ligands depicted 
as stick models. Shown are both (i) three-dimensional and (ii) two-dimensional interaction diagrams for (a) vildagliptin, (b) myricetin, and (c) quercetrin
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the indicated concentrations. Taken together, these find-
ings demonstrate the potentially beneficial application of 
formulations rich in cinnamic acid derivatives and other 
flavonoids in the management of diabetes. However, 

investigations of the toxicity of these formulations via in 
vivo methods are needed.

In contemporary drug design and identification 
of bioactive compounds, network pharmacology, 

Fig. 15  Top-ranked compounds, (i) rutin, (ii) quercetrin, from the docking analysis of compounds that interact with the amino acids (a) Akt1, (b) STAT-3, 
(c) P53, and (d) TNF-alpha. Sticks are used to represent the ligands
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molecular docking, and molecular dynamics are essen-
tial approaches that offer unique but complementary 
perspectives on the intricate procedures involved in drug 
discovery and development. This combination makes it 
easier to find novel drug candidates, optimize current 
medications, and comprehend pharmacological mecha-
nisms [83].

Furthermore, we investigated how to use network phar-
macology, molecular docking, and molecular simulation 
to evaluate the potential bioactive components identified 
in formulations against T2DM in complex situations. A 
total of 3238 genes linked to T2DM were identified from 
various databases, and screening of the bioactive com-
pounds yielded 188 targets, with 119 overlapping genes 
that were common to T2DM genes and targets associated 

with bioactive compounds. In the PPI network, target 
proteins, a complex network of bioactive compounds and 
T2DM targets, reflect multicomponent properties. With 
a PPI enrichment value of less than 1.0 × 10_16, an aver-
age number of generated edges and the expected number 
of edges, the network had substantially more interactions 
than predicted, indicating that the proteins are biologi-
cally related as a group [84].

Among the 119 overlapping genes that were further 
analyzed via Cytoscape, the most enriched targets were 
the inflammatory markers TNF (tumor necrosis fac-
tor), TP53 (tumor protein 53) [85], AKT1 (Akt serine/
threonine kinase 1) [86], and STAT3 (signal transducer 
and activator of transcription 3) [87], which are essen-
tial for cellular functions such as metabolism, apoptosis, 

Table 4  Mean and standard deviation values for key parameters from the MDS trajectories of the top-ranked compound‒target 
complexes
Complexes Thermodynamic parameters

RMSD (Å) RMSF (Å) RoG (Å) SASA (Å2) H-Bonds
1B2Y_Acarbose 1.55 ± 0.26 0.86 ± 0.54 23.3 ± 0.08 21386.1 ± 439.8 122.7 ± 9.38
1B2Y_Myricetin 1.54 ± 0.22 0.85 ± 0.47 23.3 ± 0.09 21156.5 ± 362.4 123.7 ± 9.12
1B2Y_Rutin 1.43 ± 0.26 0.82 ± 0.52 23.2 ± 0.08 20831.0 ± 426.3 127.2 ± 8.85
2AZ5 1.57 ± 00.2 1.22 ± 0.52 15.3 ± 0.10 6933.0 ± 175.6 56.16 ± 4.89
2AZ5_Rutin 1.48 ± 0.22 1.38 ± 0.67 15.3 ± 0.09 6497.6 ± 247.5 62.64 ± 62.6
2AZ5_Quercetrin 2.12 ± 0.27 1.14 ± 0.54 15.2 ± 0.08 6595.1 ± 171.3 58.05 ± 4.99

Fig. 16  Molecular dynamics trajectory analysis of 1B2Y complexes
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inflammation, and cell survival. In addition to insulin 
resistance and diabetic complications, these targets have 
been linked to the pathophysiology of diabetes, particu-
larly type 2 diabetes (T2D) [88, 89]. Other targets, includ-
ing MAPK1, GSK3B, PARP1, MMP2, PIK3CA, MMP9, 
TLR4, and ESR1, also have different implications in the 
pathogenesis of T2D. For example, by interfering with 
insulin receptor signaling, overactivation of MAPK1 sig-
naling leads to insulin resistance. Serine phosphoryla-
tion of insulin receptor substrates (IRSs) due to elevated 
MAPK1 activity can disrupt insulin signal transduc-
tion [90]. Compounds that inhibit the MAPK1 pathway 
reduce the incidence of T2D. Furthermore, GSK3B is 
a serine/threonine kinase involved in regulating vari-
ous cellular processes, including glucose metabolism 
and insulin signaling. GSK3B influences insulin sensitiv-
ity and prevents the production of glycogen. Increased 
GSK3B activity in type 2 diabetes prevents the liver and 

muscles from storing glycogen, which leads to insu-
lin resistance [91]. PARP1 is involved in cellular stress 
responses and DNA repair. Overactivation of PARP1 in 
beta-cells causes apoptosis and exacerbates insulin secre-
tion in type 2 diabetes. It has been demonstrated that 
PARP1 inhibition enhances glucose homeostasis and 
protects against beta-cell death [92].

The functions of bioactive chemicals have focused pri-
marily on cellular responses and the response to nitro-
gen, oxygen-containing, and organonitrogen compounds 
on the basis of our biological process (BP) findings. Both 
cellular stress responses and nitrogen metabolism are 
intricately associated with the pathogenesis of T2D, par-
ticularly in the context of insulin resistance, beta-cell 
dysfunction, inflammation, and metabolic abnormalities 
[93]. T2D is characterized by chronic low-grade inflam-
mation, which triggers an array of cellular signaling path-
ways, such as those comprising the mitogen-activated 

Table 5  Mean and standard deviation values of the binding free energy components (kcal/mol) for the top phytochemical‒target 
interactions
SYSTEM ΔVDWAALS ΔEGB ΔEEL ΔGGAS ΔESURF ΔGSOLV ΔTOTAL

1B2Y_ acarbose -10.54 ± 8.68 18.48 ± 19.78 -16.03 ± 20.78 -26.64 ± 27.76 -2.28 ± 1.83 16.23 ± 18.06 -10.38 ± 10.63
1B2Y_Rutin -14.15 ± 2.88 -16.36 ± 12.3 21.95 ± 6.31 -2.73 ± 0.42 -30.48 ± 11.9 19.23 ± 6.04 -11.34 ± 7.09
1B2Y_Myricetin -23.48 ± 4.98 35.10 ± 9.61 -26.14 ± 15.11 -49.62 ± 14.67 -3.14 ± 0.65 31.93 ± 9.29 -17.67 ± 6.02
2AZ5_Rutin -28.25 ± 4.64 43.77 ± 15.15 -39.38 ± 21.53 -67.63 ± 22.04 -4.11 ± 0.72 39.66± 14.61 -27.97 ± 8.72
2AZ5_Quercetrin -24.25 ± 3.57 12.24 ± 4.23 -1.34 ± 5.04 -25.60 ± 5.90 -3.01 ± 0.43 9.23 ± 4.15 -16.36 ± 3.71

Fig. 17  Molecular dynamics trajectory analysis of TNF-alpha complexes
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protein kinase (MAPK) and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) pathways. 
These pathways impede insulin signaling by promoting 
the production of proinflammatory cytokines, including 
IL-6 (interleukin-6) and TNF-α (tumor necrosis factor-
alpha). The decreased ability of insulin to promote glu-
cose absorption into muscle and adipose tissue, which 
results in increased blood glucose levels, is a hallmark of 
insulin resistance [94, 95]. The control of the urea cycle, 
protein synthesis, and amino acid metabolism are the 
main mechanisms underlying the response to nitrogen. 
The ratio of branched-chain amino acids (BCAAs) to 
essential amino acids is not balanced in type 2 diabetes. 
T2D patients frequently have elevated blood levels of 
BCAAs, such as leucine, isoleucine, and valine [96]. By 
encouraging the activation of mTOR (mechanistic tar-
get of rapamycin) and decreasing insulin sensitivity in 

muscle and adipose tissue, high levels of BCAAs can dis-
rupt insulin signaling [97].

With respect to cellular processes, the most enriched 
terms were the following: spanning components of the 
plasma membrane, caveolae, membrane rafts, and mem-
brane microdomains. For Molecular Function (MF), the 
most enriched terms included identical protein bind-
ing, enzyme binding, protein/threonine/serine/tyro-
sine kinase activity, catalytic activity acting on protein, 
and carbohydrate derivative binding. Understanding 
the molecular causes of insulin resistance, inflamma-
tion, and metabolic dysfunction in type 2 diabetes (T2D) 
requires an understanding of the spanning components 
of the plasma membrane, caveolae, membrane rafts, and 
membrane microdomains [98]. Insulin receptor binding 
occurs in the plasma membrane, where it triggers sig-
naling pathways, such as the PI3K–Akt pathway, which 

Fig. 18  MM-GBSA plot of the contributing amino acid residues of (a) 1B2Y_acarbose, (b) 1B2Y_rutin, (c) 1B2Y_myricetin, (d) 2AZ5_rutin, and (e) 
2AZ5_quercetrin
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in turn triggers mTOR. This signaling is compromised 
in insulin resistance, which leads to aberrant metabolic 
reactions and decreased glucose absorption [99]. The 
interaction of the bioactive compounds may interfere 
with this cellular process, thereby reducing the blood 
glucose concentration by increasing glucose absorption. 
KEGG pathway enrichment analysis revealed that the 
bioactive compounds were associated with several key 
pathways, including those related to cancer, EGFR tyro-
sine kinase inhibitor resistance, lipid metabolism and 
atherosclerosis, endocrine resistance, and the PI3K‒Akt 
signaling pathway. Among these pathways, the PI3K‒Akt 
pathway plays a central role in regulating essential bio-
logical processes such as protein synthesis, insulin sensi-
tivity, glucose metabolism, and cell growth and survival. 
Dysregulation of this pathway is commonly observed in 
type 2 diabetes, contributing significantly to the devel-
opment of insulin resistance, elevated blood glucose, 
and broader metabolic disturbances [99]. An appealing 
therapeutic approach for enhancing insulin sensitiv-
ity and controlling type 2 diabetes is to target elements 
of the PI3K–Akt signaling pathway, and the interaction 
between the bioactive compounds and this pathway may 
be a possible mechanism of the antidiabetic properties of 
the formulation.

Molecular docking was performed to assess the inter-
action between bioactive compounds in the formula-
tion and the target enzymes that were used to assess the 
antidiabetic effects of the formulation. Validation of the 
molecular docking protocol has become an important 
step before conducting the main analysis with the aim of 
reducing errors associated with the process [100]. In the 
present study, the obtained docked conformations were 
close to those of the native ligands, indicating a proper 
protocol for screening the bioactive components.

Interestingly, the top two bioactive compounds for 
alpha-amylase, which are myricetin [101, 102] and rutin, 
have been reported to have anti-T2D activities. Simi-
larly, the top two ranked compounds for alpha-gluco-
sidase activity are myricetin [103, 104], and quercitrin 
has been reported to have alpha-glucosidase inhibitory 
activity. Quercitrin [105] and myricetin [106] have been 
reported to have anti-DPP4 inhibitory activities. Hence, 
these compounds, in part or in synergetic activities, may 
have been responsible for the inhibitory activities of the 
enzymes that were studied in vitro.

Structural stability assessment of the top bioactive 
complexes with 1B2Y was performed by monitoring the 
RMSD, radius of gyration (ROG), solvent accessible sur-
face area (SASA), and hydrogen bond formation during 
MD simulations compared with those of the acarbose-
bound reference system. Root mean square deviation 
(RMSD) trajectories quantified structural divergence 
from initial conformations over time, with values below 

3 Å indicating stable ligand‒protein interactions, as 
established in prior studies [107]. According to the mean 
RMSD values, the myricetin complex presented a close 
mean value compared with that of acarbose, whereas 
the rutin complex presented a lower mean RMSD than 
did the acarbose. RMSD trajectory analysis suggested 
that the binding of myricetin and rutin did not adversely 
affect the thermal or structural stability of the protein; in 
fact, rutin formed a more stable complex than the refer-
ence inhibitor, acarbose [108].

The RMSF values, which measure the average atomic 
and residue fluctuations during the simulation, reflect the 
capacity of these components to form stable intra- and 
intermolecular interactions within the protein. Lower 
fluctuations, especially at the active site, indicate stron-
ger binding and higher ligand affinity [108]. In this study, 
the top-ranked ligands did not induce additional residue 
fluctuations compared with the reference compound. The 
fluctuation at the end of the spectrum is due to terminal 
fluctuations. The greatest fluctuation was observed for 
amino acid residue 111 in the acarbose complex system, 
but this fluctuation was minimal in the myricetin and 
rutin complexes. Similarly, compared with the acarbose 
system, the myricetin and rutin complexes presented 
minimal fluctuations around amino acid residues 309 and 
375.

The radius of gyration (ROG) serves as a metric for 
assessing the compactness of a complex throughout a 
molecular dynamics simulation; lower ROG values indi-
cate a more stable and tightly packed structure. Analysis 
revealed that the binding of the top-docked compounds 
did not compromise the protein’s structural integrity or 
promote unfolding. The solvent accessible surface area 
(SASA), which reflects changes in protein folding and 
overall surface exposure, remained comparable between 
the top-docked complexes and the acarbose-bound 
reference, further supporting the notion that protein 
unfolding did not occur [109]. Protein stability during 
simulation is also influenced by the presence and con-
sistency of intramolecular hydrogen bonds. Throughout 
the simulation, the average number of hydrogen bonds 
remained steady across all complexes, suggesting that 
ligand binding did not disrupt the protein’s structural sta-
bility [107].

For the TNF-alpha system, rutin demonstrates 
enhanced stability (lower RMSD, reduced SASA), a high 
number of H-bonds, and moderate flexibility, imply-
ing stabilization of the protein while maintaining strong 
and possibly more stable interactions with the protein. 
Despite having a greater RMSD, quercetrin nevertheless 
strongly binds through H-bonds and has a lower SASA, 
which decreases the flexibility (RMSF). Quercetrin might 
add more structural variability than rutin does (89, 109).
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The binding free energy quantifies the energy difference 
between the bound and unbound components of a com-
plex (ligand and receptor); the greater the negative value 
is, the higher the ligand’s affinity for the protein [109]. 
In the early phases of drug discovery and development, 
binding free energy estimates offer thorough information 
on the binding processes of the top docked compounds 
[110]. The residues interacting during static docking were 
found to be primarily involved in contributing to the 
total binding free energy, further indicating the ability of 
the compounds to bind strongly to the targets, probably 
offering a modulatory effect.

Future directions for this research will be to continue 
exploring indigenous herbal formulations to identify new 
bioactive compounds with potential antidiabetic proper-
ties, conduct in vivo studies to validate the efficacy and 
safety of promising formulations identified through in 
vitro and computational studies, and design and imple-
ment clinical trials to assess the therapeutic potential of 
these formulations in human subjects. In addition, the 
likelihood that these formulations will progress to animal 
studies and clinical trials will depend on securing fund-
ing and resources for extensive research, meeting regula-
tory requirements and obtaining approval from relevant 
authorities necessary before proceeding to clinical trials, 
and collaborating with academic institutions, research 
organizations, and pharmaceutical companies can facili-
tate the progression of these formulations. This study has 
several limitations, one of which is that the results from 
computational models need to be validated through in 
vivo studies to ensure reliability. Furthermore, several 
limitations of network pharmacology models range from 
their inability to be used in real-world biological sys-
tems because they are highly complex, with numerous 
interacting pathways and feedback mechanisms. Com-
putational predictions on the basis of data from model 
organisms may not always translate directly to human 
biology owing to species-specific differences in molecu-
lar pathways and drug responses. In addition, computa-
tional models can generate hypotheses; these predictions 
require experimental validation through in vitro and in 
vivo studies to confirm their relevance and accuracy.

Conclusion
This study highlighted the potential of herbal formula-
tions containing B. vulgaris leaves and roots, P. ameri-
cana seeds, and S. aromaticum in the management of 
T2DM. By employing a comprehensive approach that 
combines network pharmacology, in vitro enzyme assays, 
and molecular docking analyses, the formulations dem-
onstrated notable inhibitory activity against critical car-
bohydrate-metabolizing enzymes, including α-amylase 
and α-glucosidase. These findings are further substanti-
ated by identifying critical protein targets and pathways 

involved in diabetes management, which suggests a mul-
titarget mechanism of action that aligns with the princi-
ples of African traditional medicine.

While the formulations displayed promising bioactivi-
ties, we acknowledge the limitations of relying on in vitro 
and computational models. Furthermore, future stud-
ies should include in vivo validation to assess the phar-
macokinetics, toxicity, and efficacy in biological systems. 
Additionally, clinical trials are essential to confirm their 
therapeutic potential and translational viability.

Our findings bridge the gap between traditional knowl-
edge and modern biomedical research, emphasizing 
the value of African traditional medicine in address-
ing unmet clinical needs. By exploring synergistic 
phytochemical interactions and employing advanced 
computational and experimental methods, this work lays 
a foundation for the development of new, plant-based 
therapies for diabetes.
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