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A B S T R A C T

This study comprehensively investigated the phenolic composition, antioxidant potential, and α-glucosidase 
inhibitory properties of B. aspera Steven ex Ledeb. extracts using integrated in vitro and in silico approaches. LC- 
MS/MS analysis identified seven major phenolic compounds, caffeic acid, chlorogenic acid, galangin, gallic acid, 
naringenin, p-coumaric acid, and rutin, with p-coumaric acid being the most abundant (306.71 mg/kg in aerial 
and 155.56 mg/kg in root extracts). Both extracts exhibited strong antioxidant and α-glucosidase inhibitory 
activities, particularly the aerial extract (IC50 = 0.678 and 0.173 for DPPH, ABTS, respectively and 0.022 mg/mL 
for α-glucosidase inhibition). Molecular docking and MM-GBSA analyses supported these findings, showing that 
p-coumaric acid had the strongest binding to α-glucosidase (–7.783 kcal/mol, ΔG = –47.76 kcal/mol), stabilized 
by key interactions with Asp-62, Arg-200, His-332, and Arg-400. A 250 ns molecular dynamics simulation 
confirmed the stability of the complex, and in silico ADME analysis revealed good oral absorption (67%) and 
compliance with Lipinski’s rule. Overall, results indicate that p-coumaric acid is the primary bioactive compound 
contributing to the antioxidant and α-glucosidase inhibitory activity of B. aspera, with promising potential as a 
natural lead for α-glucosidase inhibition.

1. Introduction

Nature provides a wide variety of plants known for their therapeutic 
properties in treating a variety of ailments. Due to their low toxicity and 
cost-effectiveness, medicinal plants have been used by numerous cul
tures throughout history to treat a variety of ailments [1–5]. This 
enduring tradition has generated significant interest in the development 
of herbal medicines, often linked to the presence of phytochemicals. 
According to data from the World Health Organization (WHO), 
approximately 80% of the global population relies primarily on medic
inal plants for basic healthcare needs [6]. In recent years, there has been 

an increasing focus on investigating the therapeutic potential of natural 
plant-based antioxidants, whether in the form of crude extracts or 
incorporated into functional foods [7,8]. The bioactive components 
present in the extracts exhibit synergistic interactions that are believed 
to be beneficial in addressing chronic, multifaceted disorders involving 
various pathways [9–11].

Diabetes is a chronic and debilitating disease characterized by a se
ries of events that lead to decreased or inhibited insulin secretion from 
the pancreas. When insulin production or utilization is inadequate, it 
leads to hyperglycemia, resulting in high blood sugar levels and, over 
time, damage to organs and tissues [12,13]. Currently, 
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antihyperglycemic agents such as acarbose, voglibose, and miglitol are 
available to prevent postprandial hyperglycemia [14–17]. Current 
medications may be effective in reducing hyperglycemia in diabetic 
patients. However, long-term use is associated with side effects such as 
liver toxicity, abdominal bloating, gas, and increased frequency of 
diarrhea [18]. The plant Bryonia aspera belongs to the Cucurbitaceae 
family and contains many kinds of cucurbitacins. The Bryonia genus is 
represented by 10 species in the worldwide and 5 species in Turkey. The 
Turkish name of Bryonia aspera is Şeytanşalgamı, but it is also known by 
various local names in the regions where it is distributed (such as ‘rehe 
abdülselam’, ‘tilkikuyruğu’, ‘Xezirvik’). Cucurbit plants are widely uti
lized as traditional herbal medicines for a variety of diseases because 
they have shown anti-inflammatory [19,20], anti-tumor, hep
atoprotective [21], and immunomodulatory properties [22].

The biological activities of the genus Bryonia were uncovered by a 
thorough investigation. These activities included intriguing anticancer 
activity in addition to antioxidant, antidiabetic [23], antibacterial [24,
25], antinociceptive [23], and anti-inflammatory properties [26–28]. 
Antioxidant activity studies on the B. aspera plant show that it protects 
against oxidative stress. At the same time, in a study that shows it has 
hypoglycemic properties in particular, an ethanolic extract of B. aspera 
significantly reduced blood glucose levels in streptozotocin-induced 
diabetic rats, thus indicating that it may be effective against hypergly
cemia [29–33]. B. aspera, which has been reported in the literature to 
have various biological activities, is considered a potential natural drug 
source in modern medicine. For example, an ethnopharmacological 
study in the literature reported that Iranians used the B. aspera plant to 
treat cancer, digestive problems, and liver disorders [34]. In addition to 
its diverse traditional uses worldwide, B. aspera has also been reported 
to be used in the treatment of diabetes in Türkiye [35]. Our ethnobo
tanical field studies further revealed its use in the treatment of headache, 
toothache, diabetes, and fever, as well as its consumption as a food 
source.

The aim of this study was to comprehensively investigate the 
phytochemical profile and biological activities of B. aspera. For this 
purpose, extracts obtained separately from the aerial and root parts were 
analyzed by LC-MS/MS to identify their phenolic, flavonoid, and organic 
acid compositions. Furthermore, their antioxidant and α-glucosidase 
inhibitory activities were evaluated and compared with reference con
trols. To gain further mechanistic insights, molecular docking and dy
namics studies were performed to explore the potential interactions of 
the major identified compounds with α-glucosidase and other relevant 
targets. In the present study, the aerial (AP) and root (RP) parts of 
B. aspera were found to contain the highest levels of p-coumaric acid 
among the detected phenolic and flavonoid compounds, with concen
trations of 294.74 mg/kg (AP) and 149.69 mg/kg (RP), respectively.

2. Results and discussion

2.1. Phenolic composition

The aerial and root parts of B. aspera were extracted separately, and 
the obtained extracts were analyzed by LC-MS/MS [36]. A total of 
eighteen reference standards including catechin, naringenin, gallic acid, 
caffeic acid, chlorogenic acid, p-coumaric acid, hesperidin, rutin, 
oleuropein, myricetin, quercetin, kaempferol, genistein, apigenin, 
pinocembrin, caffeic acid phenethyl ester, chrysin, and galangin were 
employed to identify phenolic, flavonoid, and organic acid constituents 
in the extracts [37,38]. The analysis indicated that seven compounds 
which are caffeic acid, chlorogenic acid, galangin, gallic acid, nar
ingenin, p-coumaric acid and rutin were detected as the major con
stituents, with p-coumaric acid being particularly abundant in both 
aerial and root extracts (Table 1).

LC-MS/MS analysis of B. aspera revealed the presence of seven major 
phenolic and flavonoid compounds in both aerial part and root extracts. 
Among these, p-coumaric acid was identified as the predominant 

constituent in both extracts, reaching remarkably high levels in the 
aerial part extract (306.71 mg/kg) compared to the root extract (155.56 
mg/kg). This suggests that p-coumaric acid is the key phenolic marker of 
the species and may play a major role in its biological activities .

Other phenolic acids such as caffeic acid and gallic acid were also 
present in both extracts, but at considerably higher concentrations in the 
aerial part extract (caffeic acid: 16 mg/kg; gallic acid: 20.4 mg/kg) than 
in the root extract (caffeic acid: 2.5 mg/kg; gallic acid: 1.8 mg/kg). 
Similarly, naringenin was detected in both extracts, with levels 
approximately two-fold higher in the aerial part extract compared to the 
root extract. Certain compounds, chlorogenic acid, galangin, and rutin, 
were exclusively detected in the aerial part extract, while being absent in 
the root extract. This qualitative difference indicates that the aerial part 
extract possesses a broader and more diverse phenolic profile. The 
presence of p-coumaric acid as the major phenolic constituent in both 
aerial and root extracts was further confirmed by LC-MS/MS analysis, 
which showed sharp peaks at retention times of 3.61 min (aerial extract) 
and 3.60 min (root extract) (Fig. 1).

2.2. Antioxidant capacity and α-glucosidase inhibitory activity

The antioxidant activity of B. aspera extracts and p-coumaric acid 
were evaluated using two widely applied in vitro assays, namely DPPH 
and ABTS radical scavenging tests, which provide complementary in
formation on the free radical scavenging ability of plant-derived com
pounds. In addition, their α-glucosidase inhibitory potential was 
assessed through an α-glucosidase inhibition assay, a standard in vitro 
method for evaluating the ability of natural products to modulate car
bohydrate metabolism. In all assays, biological activity was quantified 
based on IC50 values, where a lower IC50 indicates stronger radical 
scavenging or enzyme inhibitory efficiency. The antioxidant capacity 
(DPPH and ABTS) and α-glucosidase inhibitory activity of B. aspera ex
tracts as well as p-coumaric acid are summarized in Table 2.

As shown in Table 2, both aerial and root extracts of B. aspera 
exhibited measurable antioxidant capacity. In the DPPH assay, the aerial 
part demonstrated stronger radical scavenging activity (IC50 = 0.678 
mg/mL, R2 = 0.997) compared to the root extract (IC50 = 3.877 mg/mL, 
R2 = 0.954). In the ABTS assay, both extracts showed higher potency, 
with IC50 values of 0.173 mg/mL (aerial, R2 = 0.969) and 0.457 mg/mL 
(root, R2 = 0.948).Among the detected compounds, p-coumaric acid, 
which is most abundant compound in both extracts, exhibited substan
tial antioxidant capacity (IC50 = 0.563 mg/mL for DPPH, R2 = 0.985 and 
0.0003 mg/mL for ABTS, R2 = 0.997), confirming its contribution to the 
overall activity of the extracts.

Although the positive control trolox displayed far superior activity 
(IC50 = 0.006 mg/mL for DPPH and 0.003 mg/mL for ABTS), both ex
tracts demonstrated notable radical scavenging potential.Overall, the 
aerial extract was consistently more active than the root extract, indi
cating that antioxidant constituents such as p-coumaric acid are likely 
more abundant in aerial tissues. In a previous study, the antioxidant 
potential of various parts of Cucurbitaceae vegetables was investigated. 
ABTS radical scavenging was found to be 51.4% for Coccinia grandis 
pulp, while DPPH radical scavenging was found to be 21.61% at the 
same concentration. This finding is similar to our study in that the 

Table 1 
Phenolic compounds detected in black and root extracts (two replicates) of 
Byrona aspera.

Compounds Aerial Part Extract (mg/kg) Root Extract (mg/kg)

Caffeic acid 16.01 2.53
Chlorogenic acid 11.36 –
Galangin 0.37 –
Gallic acid 20.43 1.85
Naringenin 0.92 0.47
p-Coumaric acid 306.71 155.56
Rutin 8.08 –
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extracts are more effective in scavenging ABTS radicals [39]. In a study 
conducted to determine the DPPH radical scavenging capacity of the 
methanolic extract of Coccinia grandis leaves, the IC50 value was found to 
be 0.50 mg/mL [40]. It is observed that a relatively similar result was 
obtained with the IC50 value (0.678 mg/mL) in the DPPH analysis of the 
aerial part extract in our study. In another study measuring the ABTS 
radical scavenging capacity of the methanol extract of Charmaghaz sat
ivus seed, the IC50 value was determined to be 0.161 mg/mL [41]. 
Similar results (IC50=173 mg/mL) were obtained in our ABTS radical 
scavenging test with aerial part extract. Consequently, it can be said that 
the findings are consistent with the literature.

The inhibitory effects of the extracts against α-glucosidase, a key 
enzyme in carbohydrate digestion, were also evaluated. The IC50 values 
for the root extract, aerial extract, p-coumaric acid, and the positive 
control acarbose against α-glucosidase were 0.044, 0.022, 0.439 and 
0.166 mg/mL respectively (Table 2).These results indicate that both 
extracts exhibited stronger α-glucosidase inhibitory activity than acar
bose, with the aerial extract being approximately twice as potent as the 
root extract. In the literature, in a study investigating the potential 
inhibitory effect of hydroethanol extract of Withania frutescens leaves on 
α-glucosidase activities using in vitro methods, an IC50 value of 0.18 mg/ 
mL was reported [42]. In our study, both the root part extract 

(IC50=0.044 mg/mL) and the aerial part extract (IC50=0.022 mg/mL) 
showed higher inhibition against α-glucosidase. In a study investigating 
the α-glucosidase inhibition capacity of Tamarix nilotica aqueous extract, 
it was found that the aerial part extract in our study had a similar 
inhibitory effect with an IC50 value of 0.025 mg/mL [43].

This highlights the high therapeutic potential of B. aspera, particu
larly its aerial part, as a natural source of antidiabetic agents. The 
observed biological activities can be partially explained by the phyto
chemical composition determined via LC-MS/MS. Both extracts were 
rich in p-coumaric acid a compound known to contribute significantly to 
antioxidant and α-glucosidase inhibitory properties. Additional pheno
lics detected included gallic acid (20.43 mg/kg), caffeic acid (16.01 mg/ 
kg), chlorogenic acid (11.36 mg/kg), rutin (8.08 mg/kg), naringenin 
(0.92 mg/kg), and galangin (0.37 mg/kg). Many of these compounds, 
especially p-coumaric acid, are recognized as radical scavengers and 
α-glucosidase inhibitors, suggesting a synergistic effect that enhances 
the overall activity of the extracts.

These findings indicate that B. aspera is a promising natural source, 
particularly for its aerial part extracts, in terms of in vitro α-glucosidase 
inhibition and antioxidant capacity. The observed biological activities 
can be partially explained by the phytochemical composition deter
mined by LC-MS/MS. Although both extracts are rich in p-coumaric 
acid, the α-glucosidase inhibition potential of pure p-coumaric acid (IC₅₀ 
= 0.439 mg/mL) was found to be approximately 20 times weaker than 
that of the entire aerial part extract (IC₅₀ = 0.022 mg/mL). This signif
icant difference suggests that the observed inhibitory activity of the 
extract is largely dependent not on a single compound but on synergistic 
interactions among the phenolic components. The other identified 
phenolics—gallic acid (20.43 mg/kg), caffeic acid (16.01 mg/kg), 
chlorogenic acid (11.36 mg/kg), rutin (8.08 mg/kg), naringin (0.92 mg/ 
kg), and galangin (0.37 mg/kg) can be considered potential components 
contributing to this synergistic effect.

In conclusion, the aerial extract exhibited stronger antioxidant and 
α-glucosidase inhibitory activities than the root extract, which can be 
attributed to its richer and more diverse phenolic composition. Both 
extracts were more potent α-glucosidase inhibitors than acarbose, 
emphasizing their potential as natural sources of enzyme inhibitors. 
These findings, together with the notable activity of p-coumaric acid and 
the presence of other phenolic constituents, support the view that 
phenolic compounds collectively play a major role in the bioactivity of 
B. aspera.

2.3. Molecular docking studies

To elucidate the contribution of these identified compounds to the 
α-glucosidase inhibitory activity, molecular docking studies were con
ducted. Each compound was docked into the active site of the α-gluco
sidase enzyme to evaluate their binding affinity and interaction profiles. 

Fig. 1. LC-MS/MS chromatograms of p-coumaric acid detected in Byrona aspera extracts: (a) aerial part extract (retention time: 3.61 min); (b) root extract (retention 
time: 3.60 min).

Table 2 
Antioxidant as radical scavenging (DPPH and ABTS) and α-glucosidase inhibi
tory activities of B. aspera extracts.

Inhibitors aDPPH 
IC50 (mg/ 
mL)

R2 aABTS 
IC50 (mg/ 
mL)

R2 α-Glu 
IC50 

(mg/mL)

R2

Root Extract 3.877 ±
0.059

0.954 0.457 ±
0.027

0.948 0.044 ±
0.003

0.990

Aerial Part 
Extract

0.678 ±
0.005

0.997 0.173 ±
0.009

0.969 0.022 ±
0.002

0.998

p-Coumaric 
Acid

0.563±
0.004

0.985 0.0003 ±
0.000

0.997 0.439 ±
0.026

0.999

bAcarbose - - - - 0.166 ±
0.007

0.992

cTrolox 0.006 ±
0.000

0.991 0.003 ±
0.000

0.997 - -

a Values are expressed as radical scavenging activity with IC50.
b Reference compounds used for positive control as enzyme inhibitors.
c Reference antioxidant (trolox) used for positive control. Values are 

expressed as mean ± standard deviation (SD) of three independent experiments 
(n = 3) for radical scavenging activity and α-glucosidase inhibitory activities 
with IC50. Statistical significance was evaluated by one-way ANOVA followed by 
Student’s t-test, and differences were considered significant at p < 0.05. The R2 

values were calculated using GraphPad Prism based on non-linear regression 
analysis of dose–response curves. These values indicate the goodness of fit and 
confirm the reliability of the calculated IC50 values.
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By analyzing ligand–protein interactions (LPI) and binding energies, the 
compound exhibiting the strongest binding capacity was proposed as the 
potential active inhibitor responsible for the observed in vitro activity. 
Induced Fit Docking (IFD) was used to account for the flexibility of both 
the ligand and the α-glucosidase binding site, enabling accurate pre
diction of binding modes [44,45]. To further refine these results, 
MM-GBSA calculations were performed to estimate the binding free 
energies of the ligand–protein complexes, providing insight into their 
stability and interaction strength. The molecular docking and MM-GBSA 
ΔG binding results were summarized in Table 3.

Among the phytochemicals detected in the extracts, p-coumaric acid 
exhibited the most favorable interaction with α-glucosidase, with the 
lowest docking score (− 7.783 kcal/mol) and MM-GBSA binding energy 
(− 47.76 kcal/mol). Notably, this compound was also the most abundant 
in the extracts (306.71 mg/kg), strongly suggesting it is the major 
contributor to the observed α-glucosidase inhibitory activity. Caffeic 
acid and chlorogenic acid also showed relatively strong binding affin
ities (ΔG: − 40.45 and − 41.12 kcal/mol, respectively), and were present 
in moderate amounts.

These compounds may contribute synergistically to the α-glucosi
dase inhibitory effect, albeit to a lesser extent compared to p-coumaric 
acid. Other compounds, such as gallic acid, naringenin, galangin, and 
rutin, showed weaker binding energies and were present in lower con
centrations, indicating a more limited role in the overall inhibitory 
activity.

Caffeic acid and p-coumaric acid share a similar structural backbone, 
with caffeic acid differing only by the presence of an additional hydroxyl 
group on the aromatic ring. Despite this minor difference, both com
pounds exhibited comparable docking behavior, suggesting that this 
structural motif may play a significant role in binding to the α-glucosi
dase active site.

The 2D and 3D ligand-protein interactions (LPI) between p-coumaric 
acid and α-glucosidase are illustrated in Fig. 2. Fig. 2a illustrates key 
hydrogen bonding and electrostatic interactions contributing to the 
stability of the p-coumaric acid–α-glucosidase complex. The phenolic 
hydroxyl group of p-coumaric acid forms two hydrogen bonds with Gly- 
228 and Tyr-389, while the carboxylate group forms a salt bridge and 
two additional hydrogen bonds with Arg-200. Furthermore, Arg-400 
establishes an additional hydrogen bond with the carboxylate anion. 
These interactions collectively enhance the binding affinity and 
contribute to the stabilization of the LPI complex, thereby potentially 
strengthening the inhibitory effect.

Fig. 2b depicts these interactions in 3D. Yellow dashed lines repre
sent hydrogen bonds, and the pink dashed line indicates the salt bridge 
interaction. The hydrogen bond lengths range from 1.76 Å to 2.72 Å. The 
bluish molecular surface represents the ligand binding surface, while the 
gray surface corresponds to the protein's binding site. The high degree of 
surface complementarity suggests a well-fitted ligand orientation within 
the active site. The three-point hydrogen bonding network further 
supports the structural stability of the complex.

As a conclusion, molecular docking studies demonstrated that p- 
coumaric acid is the most potent α-glucosidase inhibitor among the 

major phytochemicals identified in the extracts. Its strong binding af
finity, supported by multiple hydrogen bonds and a salt bridge, along 
with its high abundance, suggests that it plays a central role in the 
observed in vitro α-glucosidase inhibitory activity. The close structural 
similarity between p-coumaric acid and caffeic acid also indicates that 
the phenylpropanoid scaffold is critical for effective enzyme binding.

2.4. MM-GBSA Energy decomposition analysis

To gain a deeper understanding of the binding affinity and the en
ergetic contributions of individual phytochemicals identified in B. aspera 
extracts, MM-GBSA (Molecular Mechanics Generalized Born Surface 
Area) energy decomposition analysis was performed. This approach 
allows for the breakdown of the total binding free energy (ΔG Bind) into 
its major energetic components, including Coulombic, covalent, 
hydrogen bonding, lipophilic, solvation, and van der Waals (vdW) in
teractions. Such decomposition provides valuable insights into the mo
lecular determinants of ligand–protein interactions, highlighting which 
forces predominantly drive or destabilize the binding process [46].

The refined MM-GBSA decomposition analysis (Table 4) highlighted 
significant differences in the binding behaviors of the studied phyto
chemicals. Van der Waals and lipophilic interactions were identified as 
the main stabilizing factors across most ligands, particularly for p-cou
maric acid and chlorogenic acid, which combined strong vdW and hy
drophobic contributions. Caffeic and gallic acids benefited additionally 
from hydrogen bonding (–4.01 and –6.44 kcal/mol, respectively), 
reflecting their hydroxyl‑rich structures. Galangin, despite an unfavor
able solvation energy (+33.12 kcal/mol), maintained stability through 
compensatory vdW and hydrophobic effects. Electrostatic interactions 
were generally unfavorable, especially in chlorogenic (+103.32 kcal/ 
mol) and gallic acid (+83.01 kcal/mol), but these penalties were largely 
offset by favorable solvation terms. Overall, p-coumaric, chlorogenic, 
and caffeic acids emerged as the most promising ligands, stabilized 
predominantly by vdW and hydrophobic forces, while gallic acid’s 
notable hydrogen bonding also contributed to its activity. These findings 
provide mechanistic insight into the strong binding and potential 
α-glucosidase inhibitory effects of B. aspera phytochemicals. Overall, the 
results indicate that p-coumaric acid is the most potent and abundant 
α-glucosidase inhibitor in the extract, making it a strong candidate for 
further pharmacological investigation.

2.5. Molecular dynamics simulations

A 250 ns MD simulation of the p-coumaric acid–α-glucosidase com
plex showed stable RMSD and RMSF trajectories for both protein and 
ligand, indicating structural equilibrium throughout the simulation 
(Fig. 3). Interaction histogram analysis confirmed that key hydrogen 
bonds and hydrophobic contacts were largely maintained. These find
ings demonstrate that p-coumaric acid forms a stable and energetically 
favorable complex, reinforcing its potential as an α-glucosidase 
inhibitor.

Fig. 3a illustrates the key ligand–protein interactions observed 
throughout the MD simulation in a 2D representation, with the duration 
of each interaction expressed as a percentage of the simulation time. The 
carboxylic acid group of p-coumaric acid formed multiple hydrogen 
bonds, indicating a stable binding throughout the simulation. Notably, 
interactions were observed with Asp-202 (43% of the simulation), His- 
332 (91%), Arg-200 (177%), Arg-400 (99%), and Asp-62 (99%). The 
percentage exceeding 100% for Arg-200 reflects the simultaneous 
engagement of multiple functional groups within the residue. Addi
tionally, the phenolic hydroxyl group formed a hydrogen bond with Gly- 
228 for 95% of the simulation, further stabilizing the complex.

Fig. 3b shows the RMSD profiles for both the protein and ligand 
atoms. The protein Cα atoms exhibited an average RMSD of 1.05 Å (light 
blue), ligand atoms averaged 1.5 Å (red), and the ligand relative to its 
initial position showed an RMSD of 0.6 Å (pink), indicating minimal 

Table 3 
Molecular docking and MM-GBSA ΔG binding free energies of major compounds 
detected in the extracts.

Compounds α-Glucosidase (PDB ID: 3WY1)

Docking Scores (kcal/mol) MM-GBSA ΔG bind. (kcal/mol)

Caffeic acid − 7.351 − 40.45
Chlorogenic acid − 6.226 − 41.12
Galangin − 5.487 − 39.03
Gallic acid − 6.477 − 36.07
Naringenin − 6.038 − 32.21
p-Coumaric acid ¡7.783 ¡47.76
Rutin − 5.308 − 35.42
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conformational drift. Figs. 3c and 3d depict RMSF values for protein Cα 
and ligand atoms, respectively. The average RMSF for the protein was 
0.8 Å, while the ligand RMSF averaged 0.7 Å, suggesting overall struc
tural stability. In Fig. 3c, vertical green lines indicate residues in contact 
with the ligand, totaling 14 contacts. Finally, Fig. 3e presents the frac
tion interaction histogram, with green representing hydrogen bonds and 
purple indicating hydrophobic contacts. The most frequent interactions 
involved Arg-200, followed by Asp-62, Gly-228, His-332, Arg-400, and 
Phe-166, underscoring the critical residues that maintain strong and 
persistent ligand–protein binding. As a result, these analyses confirm 
that p-coumaric acid establishes a stable and robust complex with 
α-glucosidase, driven by strong and multiple hydrogen bonding 
interactions.

2.6. ADME Prediction

To assess the pharmacokinetic potential of major B. aspera phyto
chemicals, in silico ADME predictions were performed. Key parameters 
included Lipinski’s Rule of Five, Rule of Three, human oral absorption 
(%HOA), Caco-2 and MDCK permeability, blood–brain barrier pene
tration (QPlogBB), lipophilicity (QPlogPo/w), solubility (QPlogS), 
hydrogen bond counts, and molecular weight, providing insight into 
drug-likeness, bioavailability, and permeability.

As summarized in Table 5, most compounds complied well with 
Lipinski’s rule of five, except chlorogenic acid (1 violation) and rutin (3 
violations), indicating generally favorable oral bioavailability. Rule of 
Three violations were minimal, suggesting potential lead-likeness. 
Human oral absorption (%HOA) was highest for galangin (77%) and 
p-coumaric acid (67%), while chlorogenic acid (17%) and rutin (0%) 
showed poor predicted absorption. Caco-2 and MDCK permeability 
values indicated moderate to good intestinal permeability for nar
ingenin, galangin, and p-coumaric acid, whereas chlorogenic acid and 
rutin were low. Predicted BBB penetration (QPlogBB) was limited for all 
compounds, and QPlogPo/w values suggested balanced lipophilicity 
favoring membrane permeation for galangin and naringenin. Solubility 
(QPlogS) was moderate, higher for caffeic acid and p-coumaric acid 
compared to lipophilic galangin. Hydrogen bond counts were generally 

within acceptable ranges, except for rutin, correlating with its poor 
permeability and solubility. Molecular weights were suitable for oral 
drugs, except rutin (610.52 g/mol). Overall, p-coumaric acid, galangin, 
and naringenin exhibited favorable ADME profiles, supporting their 
potential as orally active α-glucosidase inhibitors, whereas chlorogenic 
acid and rutin may be limited by poor absorption and low permeability.

2.7. Molecular docking validations

Docking validation was performed by redocking the co-crystallized 
ligand into the α-glucosidase active site (PDB ID: 3WY1; resolution: 
2.00 Å). The superposition of the co-crystallized ligand (green) and 
redocked pose (pink) showed good agreement, with an RMSD of 1.31 Å 
(Fig. 4). As the RMSD value was below 2.0 Å, the docking protocol was 
considered reliable [44,45].

3. Conclusion

This study comprehensively evaluated the phenolic composition, 
antioxidant potential, and α-glucosidase inhibitory properties of 
B. aspera extracts through integrated in vitro and in silico approaches. LC- 
MS/MS analysis revealed seven major phenolic constituents, caffeic 
acid, chlorogenic acid, galangin, gallic acid, naringenin, p-coumaric 
acid, and rutin, with p-coumaric acid being the most abundant in both 
aerial (306.71 mg/kg) and root (155.56 mg/kg) extracts.

In biological assays, both extracts showed strong antioxidant and 
α-glucosidase inhibitory activities, with the aerial extract being the most 
potent (IC50 = 0.678, 0.173, and 0.022 mg/mL for DPPH, ABTS, and 
α-glucosidase, respectively). The root extract showed moderate activity, 
while p-coumaric acid displayed high antioxidant potential (IC50 =

0.563 and 0.0003 mg/mL) but weaker α-glucosidase inhibition (IC50 =

0.439 mg/mL). Its high abundance and strong antioxidant capacity 
likely enhance the overall bioactivity of B. aspera through synergistic 
effects with other phenolics.

Molecular docking and MM-GBSA analyses confirmed this relation
ship at the molecular level. p-Coumaric acid exhibited the lowest 
docking score (–7.783 kcal/mol) and the most favorable binding free 

Fig. 2. The molecular docking 2D (a) and 3D (b) LPI between p-coumaric acid and α-glucosidase.

Table 4 
MM-GBSA Energy decomposition analysis of phytochemicals from Bryonia aspera extracts.

MM-GBSA Par. (kcal/mol) Caffeic acid Chlorogenic acid Galangin Gallic acid Naringenin p-Coumaric acid

MMGBSA ΔG Bind Coulomb 81.97 103.32 − 20.71 83.01 − 4.96 90.63
MMGBSA ΔG Bind Covalent 0.74 10.74 5.39 7.18 9.16 2.01
MMGBSA ΔG Bind Hbond − 4.01 − 2.70 − 0.89 − 6.44 − 1.56 − 3.85
MMGBSA ΔG Bind Lipo − 12.53 − 20.13 − 11.12 − 7.17 − 8.78 − 10.75
MMGBSA ΔG Bind Solv GB − 62.78 − 59.50 33.12 − 74.35 22.65 − 58.04
MMGBSA ΔG Bind vdW − 22.87 − 42.71 − 23.58 − 16.78 − 27.71 − 27.00
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energy (ΔG = –47.76 kcal/mol) against α-glucosidase, outperforming 
other major compounds such as caffeic acid (–7.351, –40.45 kcal/mol) 
and chlorogenic acid (–6.226, –41.12 kcal/mol). The strong binding 
affinity of p-coumaric acid was stabilized by multiple hydrogen bonds 
and hydrophobic contacts with critical catalytic residues, particularly 
Asp-62, Arg-200, Gly-228, His-332, and Arg-400. A 250 ns molecular 
dynamics simulation verified the stability of the p-coumaric acid–α- 
glucosidase complex, with average RMSD values of 1.05 Å for protein Cα 
and 1.5 Å for ligand atoms, and persistent hydrogen bonding (>90% 

occupancy) throughout the trajectory. MM-GBSA energy decomposition 
further revealed that van der Waals (–36.81 kcal/mol) and lipophilic 
(–20.95 kcal/mol) terms were the primary stabilizing factors, confirm
ing the strong nonpolar interactions responsible for the ligand’s high 
affinity. In silico ADME prediction supported these findings, indicating 
good oral absorption (67%), balanced lipophilicity (QPlogPo/w = 2.9), 
and full compliance with Lipinski’s rule of five, suggesting favorable 
pharmacokinetic properties for p-coumaric acid.

Collectively, the integrated data suggest that p-coumaric acid is one 

Fig. 3. The 250 ns MD analysis of the p-coumaric acid–α-glucosidase complex: (a) key ligand–protein interactions with simulation duration (%), (b) RMSD of protein 
Cα (light blue), ligand (red), and ligand relative to initial position (pink), (c,d) RMSF of protein Cα and ligand atoms (e) fraction interaction histogram showing 
hydrogen bonds (green) and hydrophobic contacts (purple). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.).
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of the major contributors to the observed antioxidant and α-glucosidase 
inhibitory effects of B. aspera, likely acting in combination with other 
phenolic constituents through synergistic effects. Its high abundance, 
strong binding affinity, stable complex formation, and favorable ADME 
profile highlight its potential as a promising lead natural compound for 
α-glucosidase inhibition. Although the findings of this study are prom
ising, validation through cell-based and in vivo experimental models is 
required to substantiate any clinical antidiabetic claims. Therefore, 
future studies may focus on evaluating the antihyperglycemic activity of 
B. aspera and p-coumaric acid in streptozotocin-induced diabetic animal 
models and elucidating the precise inhibition kinetics and mechanism of 
enzyme inhibition.

4. Materials and method

4.1. Chemicals and plant materials

In LC–MS/MS analysis, the following compounds were used as 
standards: gallic acid (97.5%), quercetin (95%), catechin hydrate 
(99%), oleuropein (98%), p-coumaric acid (98%), chlorogenic acid 
(96%), pinocembrin (95%), hesperetin (95%), caffeic acid (98%), myr
icetin (96%), kaempferol (97%), apigenin (95%), naringenin (98%), 
CAPE (97%), chrysin (98%), galangin (95%), genistein (98%), rutin 
hydrate (≥94%), formic acid, which were purchased from Sigma 
Aldrich. Ethanol and HPLC-grade methanol were purchased from Merck 
(Germany). Stock solutions (1000 mg/L) were prepared from each 
phenolic standard in MeOH. Working solutions were prepared at 1 mg/L 
by taking appropriate portions from the stock solutions. The compounds 
used for antioxidant activity such as 1,1-diphenyl-2-picryl-hydrazyl 
(DPPH), 2,2′-azino-bis(3-et hylbenzthiazoline-6-sulfonic acid) (ABTS), 
and α-tocopherol were obtained from Sigma (Sigma–Aldrich, Germany). 
Dilutions were carried out employing automated pipettes and precision 
glass volumetric flasks. All remaining chemicals utilized were of 
analytical grade and sourced from Sigma–Aldrich or Merck. The plant 

was collected during the flowering period (Bryonia aspera, B7 Tunceli 
Center (Türkiye), Mazgirt district, Güneşdere neighborhood, at the 
streambank, May 2024, Voucher specimen: MA 2046), dried under 
appropriate conditions and turned into a herbarium specimen at Munzur 
University laboratories.

4.2. Preparation of Bryonia aspera extracts

Ethanol extraction of B. aspera was carried out in Soxhlet extractor 
setup. For this purpose, the aboveground (AG: stem and flower) and 
underground (UG: root) parts of Bryonia Aspera were dried separately in 
the NUVE heating oven (FN 055 Series) at 30 ◦C. Plant materials were 
ground into a fine powder in a blender. The solid to be extracted (ground 
plant material; AG/UG; 25 g/25 g) is placed on cartridge paper (made 
from cellulose). 250 mL of ethanol was added to the reactor, and the 
system was heated. Extraction was performed by siphoning the solvent 
three times through the Sohxlet apparatus. The ethanol solvent was 
removed via a rotary evaporator (Heidolph Hei-Vap Adv ML) at 40 ◦C to 
obtain a dry extract. The dried ethanolic extract was stored in a glass 
bottle at − 20 ◦C until further use [4,47,48].

4.3. Instruments and chromatographic conditions

4.3.1. LC-MS/MS Analysis
LC–MS/MS analyses of the samples were performed as in our pre

vious studiesc (Oren, et all., 2024). Binary gradient LC-40D XS- Auto
sampler Model; SIL-40C XS- Oven Model; the system was coupled to an 
CTO-40S-Shımadzu 8050 triple quadruple detector (Shimadzu, Japan) 
controlled by LabSolution 5.60 SP2 software. A Shimadzu Nexera X2 
UHPLC (Shimadzu, Japan) liquid chromatograph equipped with an Inert 
Sustain Swift C18 (2.1 mm*100 mm, 3 μm) column was used. Ultra-pure 
water was prepared on a Milli-Q IQ 7000 system (Millipore Company, 
USA). A liquid chromatograph-mass spectrometer (LC–MS/MS) was 
used to analyze 18 distinct phenolic compounds [49–51].

4.3.2. Sample preparation
0.01 g sample (accuracy of 0.001 g) is weighed into a 50 ml centri

fuge tube. 15 ml methanol and 15 ml water are added. The sample is 
then subjected to ultrasonication for 20 min. It is then centrifuged at 
4000 rpm for 10 min. After centrifugation, the sample is made up to 50 
ml methanol. It is then passed through a filter paper and a 0.45 µm filter 
tip before being transferred to a vial for LC-MS/MS analysis.

4.3.3. MS Parameters
Table 6.

4.3.4. Validation parameters
During the experiments, the samples were kept at 15 ◦C in the 

autosampler. Additionally, the chromatographic conditions, instru
mental procedure optimization, linearity, repeatability, recovery, pre
cision, limits of quantification (LOQ) and determination (LOD), 

Table 5 
ADME Prediction of the title compounds.

Parameters Naringenin Gallic acid Chlorogenic acid Caffeic acid p-Coumaric acid Galangin Rutin Ref. Values

Rule of Five 0 0 1 0 0 0 3 Max 4 violation
Rule of Three 0 1 1 1 0 0 2 Max 3 violation
%HOA 74 41 17 54 67 77 0 >80 high, <25 poor
QPPCaco 128 9 1 22 61 168 1 <25 poor, >500 great
QPPMDCK 54 4 1 10 31 72 1 <25 poor, >500 great
QPlogBB − 1.416 − 1.679 − 3.342 − 1.547 − 1.082 − 1.308 − 3.865 –3 to 1.2
QPlogPo/w 1.627 − 0.574 − 0.232 0.541 1.429 1.777 − 2.500 –2 to 6.5
QPlogS − 3.438 − 0.712 − 2.589 − 1.288 − 1.665 − 3.411 − 1.656 –6.5 to 0.5
Accept HB 4 4 10 4 3 4 20 2 to 20
Donor HB 2 4 6 3 2 2 9 0 to 6
mol MW 272.25 170.12 354.31 180.16 164.16 270.24 610.52 130 to 725

Fig. 4. Docking validation: superposition of co-crystallized (green) and 
redocked (pink) ligands. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.).
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identification of uncertainty sources, and identification of standard 
uncertainties (Table 7) were performed according to our previous study 
[52].

4.4. Antioxidant and α-glucosidase inhibitory activity studies

4.4.1. DPPH Radical scavenging activity
The DPPH assay was used to determine the free radical scavenging 

activity of the extracts. 0.9 mL of DPPH (0.1 mM) solution was mixed 
with 0.1 mL of extract at different concentrations or positive control 
trolox. The reaction mixture was incubated in the dark for 30 min, and 
absorbance was measured at 517 nm. 1 mL of methanol was used as a 
blank. The negative control mixture contained 0.9 mL of DPPH and 0.1 
mL of methanol. The initial sample/standard stock solutions were pre
pared in methanol at a concentration of 5 mg/mL, and serial dilutions 
were prepared to cover a concentration range spanning at least two 
orders of magnitude around the expected IC50 values. The decrease in 
absorbance was considered as stronger DPPH radical scavenging activity 
[12,53,54].

4.4.2. ABTS Radical scavenging activity
ABTS+ radical scavenging activity of the extracts was conducted 

according to previously described literature [12]. Briefly, equal volumes 
of ABTS+ solution (7.0 mM) and potassium persulfate (2.45 mM) were 
mixed and left in the dark for 16 h to allow the formation of the ABTS+
radical cation. Furthermore, the ABTS+ solution was adjusted by 
diluting with methanol until its absorbance reached 0.70 ± 0.10 at 734 
nm. Then, 0.1 mL of samples prepared at different concentrations or 
trolox (as a reference standard) was mixed with 0.9 mL of the diluted 
ABTS+ solution. Finally, the test mixtures were left at room temperature 
for 6 min, and the absorbance was measured at 734 nm. 1 mL of 
methanol was used as a blank. The negative control mixture contained 
0.9 mL of ABTS and 0.1 mL of ethanol [55,56].

4.4.3. In vitro α-glucosidase inhibitory activity
The α-glucosidase inhibitory activity of the extracts as antidiabetic 

activity was evaluated using a modified α-glucosidase inhibition assay 
based on the method previously described by Yadav and coworkers [12]. 
Initial sample/standard stock solutions were prepared in DMSO at a 
concentration of 5 mg/mL, and serial dilutions were prepared to cover a 
concentration range spanning at least two orders of magnitude around 
the expected IC50 values. Briefly, 100 µL of extract at a range of con
centrations was mixed with 50 µL of α-glucosidase solution (1 U/mL) 
and pre-incubated at room temperature for 5 min. The tested concen
trations were selected to cover a broad range of inhibition levels, 
allowing accurate determination of IC50 values. Subsequently, 150 µL of 
p-nitrophenyl-α-D-glucopyranoside (pNPG, 5 mM) was added as the 
substrate, and the reaction mixture was further incubated for 5 min. The 
reaction was terminated by adding 500 µL of sodium carbonate solution 
(200 mM). The release of p-nitrophenol was measured at 405 nm using a 
UV spectrophotometer. Acarbose was used as a positive control. All 
experiments were performed in triplicate [57,58].

Table 6 
MS parameters for the tested compounds.

Standart Compounds Precursor Product CE Polarity

Gallic acid 168.9 125 15 Negative
Catechin Hydrate 290.8 139 − 13 Positive
​ 290.8 123 − 21 Positive
Chlorogenic acid 353.3 191.3 17 Negative
​ 353.3 111 32 Negative
Cafeic acid 178.85 135.05 16 Negative
​ 178.85 89.2 33 Negative
p-Coumaric Acid 162.95 93 28 Negative
​ 162.95 119.5 15 Negative
Hesperidin 609 301.2 25 Negative
Rutin 608.9 300 36 Negative
​ 608.9 271.05 55 Negative
Oleuropein 539.3 275.1 21 Negative
​ 539.3 306.9 21 Negative
Myricetin 317 151.2 24 Negative
​ 317 179.2 12 Negative
Naringenin 272.8 153 − 24 Positive
​ 272.8 147.1 − 21 Positive
Quercetin 300.8 179 18 Negative
​ 300.8 151 21 Negative
Kemferol 285.2 116.9 45 Negative
​ 285.2 93 36 Negative
​ 285.2 182 49 Negative
​ 285.2 227.2 33 Negative
Apigenin 269.1 117 33 Negative
​ 269.1 149.2 22 Negative
Genistein 269.1 117.1 48 Negative
​ 269.1 106.9 30 Negative
Pinosembrin 254.9 213.1 19 Negative
​ 254.9 151.2 21 Negative
CAPE 282.85 135.05 25 Negative
​ 282.85 161 23 Negative
​ 282.85 179.05 18 Negative
Chrysin 252.8 209.15 22 Negative
​ 252.8 143.1 26 Negative
​ 252.8 62.95 31 Negative
Galangin 269.2 213.1 24 Negative
​ 269.2 227 25 Negative

Table 7 
Bryonia aspera content's uncertainty and validation parameters.

Phenolic Compounds Linearity (R²) LOD (μg/kg) LOQ (μg/kg) Intra-Day Variation (%RSD) Inter-Day Variation (%RSD) Recovery (%)
(100–200 750 μg/kg (100–200–750 μg/kg (100–200–750 μg/kg

Gallic acid 0.998 0.03 0.1 8–9–7 10–9–8 87–90–95
Catechin hydrate 0.999 0.03 0.11 10–8–9 11–10–9 82–88–92
Chlorogenic acid 0.998 0.05 0.12 9–10–8 10–10–9 85–89–93
Caffeic acid 0.999 0.04 0.09 8–9–8 9–8–8 90–92–96
p-Coumaric acid 0.998 0.05 0.08 10–9–8 11–10–9 88–91–94
Hesperidin 0.999 0.04 0.1 8–8–7 8–7–8 92–95–98
Rutin 0.999 0.04 0.12 9–10–9 10–9–10 86–89–92
Oleropin 0.998 0.03 0.09 8–9–8 9–8–9 88–90–93
Myricetin 0.999 0.05 0.11 10–9–9 10–9–8 85–90–94
Naringenin 0.999 0.06 0.1 9–8–8 10–9–9 83–87–91
Quercetin 0.998 0.05 0.12 9–9–8 10–9–9 87–92–95
Kaempferol 0.999 0.03 0.08 8–9–9 9–8–8 89–91–94
Apigenin 0.998 0.06 0.11 9–8–9 10–8–9 86–89–93
Genistein 0.999 0.04 0.09 8–9–8 8–7–7 93–95–98
Pinocembrin 0.999 0.04 0.1 10–8–8 10–9–8 87–91–94
CAPE 0.998 0.05 0.11 8–9–8 9–8–9 95–97–99
Chrysin 0.999 0.05 0.09 9–8–8 10–9–8 86–90–92
Galangin 0.998 0.03 0.08 10–9–7 11–10–8 89–91–95
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4.5. Computational studies

Molecular docking and molecular dynamics (MD) simulations were 
performed using the Schrödinger Molecular Modeling Suite (2025–1) 
with the Maestro interface (v14.5) and Desmond. The crystal structure 
of α-glucosidase (PDB ID: 3WY1) was retrieved from the Protein Data 
Bank and prepared using the Protein Preparation Wizard. Missing side 
chains and loops were added where necessary, hydrogen atoms were 
assigned, bond orders were corrected, and protonation states were 
generated using Epik at pH 7.0 ± 2.0. The hydrogen-bonding network 
was optimized, and restrained energy minimization was performed 
using the OPLS4e force field with a heavy atom convergence threshold 
of 0.3 Å.

Ligands were prepared using LigPrep to generate low-energy 3D 
conformations. Possible ionization states at physiological pH (7.0 ± 2.0) 
were generated using Epik, and geometries were optimized with the 
OPLS4e force field. The receptor grid was generated by centering the 
grid box on the co-crystallized ligand binding site. The grid box di
mensions were defined as 20 × 20 × 20 Å for the outer box and 10 × 10 
× 10 Å for the inner box, ensuring full coverage of the active site resi
dues. Van der Waals scaling factors were set to 1.0 with a partial charge 
cutoff of 0.25.

Docking simulations were carried out using Glide in extra precision 
(XP) mode. For each ligand, up to 20 poses were generated, and the best- 
ranked conformations were selected based on GlideScore and IFD score. 
Receptor flexibility was further considered using the Induced Fit Dock
ing (IFD) protocol, allowing side-chain refinement within 5.0 Å of the 
ligand. The top-ranked complexes were subjected to Prime MM-GBSA 
calculations using the VSGB solvation model and OPLS4e force field to 
estimate binding free energies.

MD simulations were performed using Desmond. Each pro
tein–ligand complex was placed in an orthorhombic simulation box with 
a buffer distance of 10 Å and solvated using the TIP4P water model. The 
system was neutralized with appropriate counter ions, and 0.15 M NaCl 
was added to mimic physiological ionic strength. Long-range electro
static interactions were treated using the Particle Mesh Ewald (PME) 
method with a cutoff radius of 9.0 Å for short-range interactions. Energy 
minimization was followed by a two-stage equilibration protocol under 
NVT and NPT ensembles. The production MD simulation was carried out 
for 250 ns at 300 K and 1.01325 bar using the Nosé–Hoover thermostat 
and Martyna–Tobias–Klein barostat. The integration time step was set to 
2.0 fs, and coordinates were recorded at appropriate intervals for 
analysis. Trajectory analyses were conducted using the Simulation 
Interaction Diagram tool in Desmond. Structural stability and flexibility 
were evaluated through root mean square deviation (RMSD) and root 
mean square fluctuation (RMSF) analyses. Key intermolecular in
teractions, including hydrogen bonds, hydrophobic contacts, ionic in
teractions, and water bridges, were monitored throughout the 
simulation [59–62].

4.6. Statistical analysis

Statistical analysis was performed using one-way analysis of variance 
(ANOVA) followed by Student’s t-test to evaluate differences between 
groups. All experiments were conducted in triplicate, and the results are 
expressed as mean ± standard deviation (SD). A value of p < 0.05 was 
considered statistically significant [63,64].
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