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Abstract

Background: Type 2 diabetes mellitus is a chronic metabolic disorder characterized by insulin
resistance and progressive pancreatic B-cell dysfunction, with an increasing global burden. The
limitations of existing therapies, particularly their adverse effects and suboptimal long-term
efficacy, underscore the need for safer and more effective antidiabetic agents. Phytochemicals
represent a valuable reservoir for novel drug discovery. Mangrove species represent promising yet

insufficiently explored sources of bioactive phytochemicals.

Methods: Following plant material collection and extract preparation, qualitative and quantitative
phytochemical characterization was performed. Antioxidant activity was assessed via DPPH free
radical scavenging and ferricyanide reducing power assays. Anti-inflammatory potential was
determined through bovine serum and egg albumin denaturation inhibition assays. Antidiabetic
activity was evaluated in vitro using o-amylase and a-glucosidase inhibition assays. Prior to in
vivo studies, the extract's safety profile was established through invertebrate and mammalian

toxicity models. Antihyperglycemic efficacy was subsequently assessed using the oral glucose
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tolerance test (OGTT) and an alloxan-induced diabetic rat model. Metabolite profiling was
conducted by FTIR and GC-MS analyses. Identified bioactive constituents were further subjected
to molecular docking, ADMET profiling, density functional theory (DFT) calculations, and
molecular dynamics (MD) simulations to prioritize lead candidates for antidiabetic drug

development.

Results: The extract exhibited significant antioxidant and anti-inflammatory activities and
demonstrated potent inhibition of a-amylase (ICso =40.07 £ 0.18 pg/mL) and a-glucosidase (ICso
=35.75 £ 1.42 pg/mL), surpassing that of acarbose. Toxicological assessment revealed moderate
cytotoxicity in the brine shrimp assay and low acute toxicity in vivo. In oral glucose tolerance and
alloxan-induced diabetic models, the extract significantly improved glucose tolerance and reduced
chronic hyperglycemia, outperforming metformin. FTIR analysis enabled functional group
characterization, whereas GC-MS facilitated the identification of individual constituents, leading
to the detection of 97 secondary metabolites. Comprehensive computational screening, including
molecular docking, ADMET prediction, density functional theory-based reactivity assessment,
and 100 ns molecular dynamics simulations, identified compounds 61, 78, and 88 as promising

candidates.

Conclusion: Collectively, these findings establish H. fomes leaves as a promising natural source

for the discovery of potential antidiabetic agents and further pharmacological development.

Keywords: Type 2 diabetes mellitus (T2DM), Oxidative stress, Inflammation, FTIR, GC-MS,

Molecular docking, ADMET, DFT, MD simulation
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1. Introduction

Diabetes mellitus (DM) encompasses a group of prevalent metabolic disorders characterized by
persistent hyperglycemia [1]. It is classified into type 1 diabetes mellitus (T1DM), type 2 diabetes
mellitus (T2DM), specific forms of diabetes, and gestational diabetes mellitus. T2DM is a
nonautoimmune, heterogeneous, and progressive disorder marked by inadequate pancreatic islet
B-cell insulin secretion. T2DM commonly occurs in the presence of insulin resistance (IR) and is
frequently associated with metabolic syndrome [2]. Globally, approximately 11.1% of adults are
affected by diabetes, with more than 90% being diagnosed with T2DM [3], underscoring its
substantial public health impact. T2DM is associated with microvascular complications and
macrovascular events, as well as heart failure and nonalcoholic fatty liver disease (NAFLD).
Emerging evidence also links diabetes to cognitive decline and Alzheimer’s disease. Cumulative
data indicate a strong interplay among chronic hyperglycemia, oxidative stress, and inflammation
in driving T2DM progression and its associated complications [4, 5]. These complications
substantially reduce quality of life and increase premature mortality [4]. The current therapeutic
landscape for T2DM encompasses a diverse range of approved pharmacological agents that target
multiple pathophysiological mechanisms [6]. These include biguanides, sulfonylureas,
thiazolidinediones, dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like peptide-1 (GLP-1)
receptor agonists, sodium—glucose cotransporter 2 (SGLT2) inhibitors, insulin, meglitinides, and
a-glucosidase and a-amylase inhibitors [7-9]. The inhibition of intestinal o-amylase and a-
glucosidase reduces postprandial hyperglycemia by delaying carbohydrate digestion and glucose
absorption, which represents an established strategy particularly in early-stage diabetes [10].
Agents such as acarbose and miglitol are effective but commonly cause gastrointestinal adverse

effects [9]. Additionally, current therapies are limited by risks including hypoglycemia, weight
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gain, edema, cost, and declining long-term efficacy, underscoring the need for safer and more

durable treatment options [7, 8, 11].

Medicinal plants, which are widely utilized in traditional systems of medicine, have long been
employed for the management of various disorders, including diabetes [12, 13]. Diverse classes of
plant-derived secondary metabolites exhibit antihyperglycemic activity through multiple
mechanisms, including the inhibition of a-amylase and a glucosidase [10, 13]. Emerging evidence
suggests that these phytochemicals may offer effective glycemic control with comparatively
favorable safety profiles [14]. Among plant-derived bioactive compounds, phenolic constituents
have emerged as particularly promising because their potent antidiabetic effects are mediated
through distinct structure-dependent mechanisms [15]. In addition to their ability to inhibit o-
amylase and a-glucosidase, phenolic compounds demonstrate significant antioxidant and anti-
inflammatory activities, underscoring their therapeutic potential in mitigating diabetes and its
associated complications [16]. Collectively, these findings underscore the potential of plant-
derived secondary metabolites as promising lead compounds for the development of potent and

safer antidiabetic therapeutics.

Bangladesh harbors the Sundarbans, the world’s largest contiguous mangrove forest, where local
and indigenous communities, including the Munda population, depend extensively on mangrove
and mangrove-associated flora for primary healthcare [17]. At least 41 documented species are
traditionally used to manage digestive, dermatological, respiratory, metabolic, and sociocultural
disorders, underscoring their ethnopharmacological significance and potential for drug discovery
[17]. Mangrove plants endure extreme environmental stresses like high salinity, hypoxia, and tidal
fluctuations, which drive the biosynthesis of structurally unique secondary metabolites, including

terpenoids, limonoids, and complex polyphenols with reported antidiabetic, antioxidant, and anti-
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inflammatory activities [18]. However, on a global scale, only approximately one-third of
mangrove species have undergone pharmacological evaluation, and an even smaller proportion
have been subjected to comprehensive phytochemical characterization [19]. These observations
underscore the potential of unexplored mangrove-derived phytochemicals to serve as lead
scaffolds for the development of antidiabetic therapeutics. Heritiera fomes Buch. -Ham. (family:
Sterculiaceae), commonly known as Sundari in Bengali, is a dominant and ecologically significant
mangrove species distributed throughout the Sundarbans forest in southern Bangladesh and the
adjoining region of West Bengal, India [20]. The plant holds substantial ethnomedicinal
importance and has long been utilized in traditional folk medicine by local communities and
traditional healers for the management of diabetes, hepatic and gastrointestinal disorders, goiter,
and various dermatological conditions [20]. A limited number of experimental investigations have
reported its potential antidiabetic activity on the basis of in vitro and in vivo studies [21, 22].
However, despite these preliminary findings, comprehensive metabolite profiling of H. fomes
leaves and systematic identification of bioactive lead compounds relevant to diabetes and its
associated complications remain largely unexplored. Accordingly, the present study adopted a
multidisciplinary experimental framework to evaluate the antioxidant, anti-inflammatory, and
antidiabetic properties of H. fomes leaves. This was followed by detailed phytochemical
characterization via FTIR and GC-MS analyses. Furthermore, an integrated in silico approach
comprising molecular docking, ADMET prediction, density functional theory (DFT), and
molecular dynamics (MD) simulations was employed to identify potential H. fomes leaves-derived

lead compounds that target a-amylase and a glucosidase.
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2. Methodology

2.1 Collection, identification, preparation and extraction of the plant material

Leaves of H. fomes were collected from the Karamjol area of the Sundarbans mangrove forest,
where the species is abundant. The plant was taxonomically identified at the Jahangirnagar
University Herbarium (JUH), Dhaka (accession no. JUH 10429), and further verified using
standard botanical literature. Identification was performed by Mr. Mohammad Abdur Rahim,
Principal Experimental Officer, Department of Botany, Jahangirnagar University. The collected
leaves were washed, shade-dried for seven days, oven-dried at 65°C, and pulverized [23, 24].
Approximately 1 kg of powdered material was extracted with methanol (2.5 L) by cold maceration
for 48 h in a Soxhlet apparatus. The solvent was efficiently and carefully removed from the

samples via a rotary evaporator, and the crude extract was stored at 4°C [25].
2.2 Chemicals and reagents

HPLC-grade methanol (Daejung Chemicals, South Korea) was used for extraction, and DPPH was
obtained from TCI, Japan. All other analytical-grade reagents were purchased from commercial
suppliers in India. Metformin hydrochloride (API) was procured from BEACON Pharmaceuticals

PLC., Bangladesh.
2.3 Experimental animals

Female Sprague—Dawley rats (120-180 g) and Swiss albino mice (25-30 g) were obtained from
the Department of Pharmacy, Jahangirnagar University, Dhaka, Bangladesh. The animals were
housed in standard polypropylene cages under controlled laboratory conditions (12 h light/dark
cycle; temperature 22 + 3°C) with free access to standard commercial pellet diet and water ad

libitum [26]. All experimental procedures were conducted in accordance with institutional ethical

7
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guidelines and were approved by the Animal Welfare and Experimentation Ethics Committee,
Faculty of Biological Sciences, Islamic University, Kushtia-7003, Bangladesh (Reference number:
AWEEC/FOB/IU/2025(12)), ensuring compliance with ethical and biosafety standards throughout

the study.

2.4 Qualitative and quantitative estimation of bioactive compounds

Preliminary phytochemical screening of the methanolic extract of H. fomes leaves (MEHFL) was
conducted to qualitatively assess the presence of phenols, flavonoids, terpenoids, tannins,
anthraquinones, reducing sugars, saponins, and steroids via standard procedures [27, 28] (Table
1). The quantitative estimation of total phenols, flavonoids, and tannins was performed
spectrophotometrically using appropriate standards, and results were expressed as equivalents per
gram of standards (Mean £ SEM). Total phenolic content (TPC) and total tannin content (TTC)
were determined via the Folin—Ciocalteu method [29, 30] with gallic acid, whereas the total
flavonoid content (TFC) was measured via the aluminum chloride assay with quercetin as the

standard [30].

Table 1: Test methods and observations of qualitative phytochemical screening of methanolic

extract of H. fomes leaves (MEHFL) [27, 28].

Phytochemical class Test Observation

Phenol Potassium dichromate test Dark color

Flavonoid Ammonia test Yellow color

Terpenoid Salkowski’s test Grey color solution

Tannin Braymer’s test Blue-green color

Anthraquinone Bormntrager’s test Pink, violet or red color solution
Reducing sugar Benedict’s test Green, yellow or red color

Saponin Olive oil test Foam formation

Steroid Acetic anhydride test Change in color; violet to blue/green
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2.5 In vitro antioxidant assays

2.5.1 DPPH free radical scavenging assay

The antioxidant activity of MEHFL was evaluated using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical scavenging assay with slight modifications [31]. Extracts (20-200 pg/mL)
were reacted with 0.1 mM DPPH, and the absorbance was measured at 517 nm after 30 min.
Ascorbic acid served as the positive control. The percent inhibition and ICso values were

determined from triplicate assays.

2.5.2 Ferricyanide reducing power assay

The reducing power of MEHFL was assessed via the ferricyanide assay [32]. The extract (12.5—
400 pg/mL) reduced Fe** to Fe?', forming a ferric—ferrous complex measured at 700 nm. An
increased absorbance indicates a greater reducing capacity. Ascorbic acid served as the positive

control, and the assays were performed in triplicate.

2.6 In vitro anti-inflammatory assays

2.6.1 Bovine serum albumin denaturation (BSA) assay

The anti-inflammatory activity of MEHFL was evaluated by inhibition of BSA denaturation at
concentrations ranging from 125-2000 pg/mL. The reaction mixtures were incubated and heat-
induced denaturation was measured at 660 nm. Aspirin served as the positive control. The percent

inhibition and ICso values were determined from triplicate assays [33].

2.6.2 Egg albumin denaturation assay

The anti-inflammatory activity of MEHFL was also assessed by inhibition of egg albumin

denaturation. The extract or diclofenac (125-2000 pg/mL) was incubated with egg albumin and
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phosphate buffer, followed by heat-induced denaturation. The absorbance was measured at 660

nm. The percent inhibition and ICso values were determined from triplicate assays [34].

2.7 In vitro antidiabetic assays

2.7.1 a-Amylase inhibition assay

The a-amylase inhibitory activity of MEHFL was evaluated via a modified McCue and Shetty
method [35]. Extracts (12.5-400 pg/mL) were incubated with the a-amylase and starch substrates,
and the absorbance was measured at 540 nm after DNSA (3,5-dinitrosalicylic acid) reaction.

Acarbose served as the positive control, and the ICso values were determined.

2.7.2 a-Glucosidase inhibition assay

The a-glucosidase inhibitory activity of MEHFL (12.5-400 pg/mL) was evaluated using pNPG
(4-Nitrophenyl a-D-glucopyranoside) as a substrate [36]. The reaction mixtures were incubated
with a glucosidase, and absorbance was measured at 405 nm after termination. Acarbose served
as the positive control. The percentage inhibition and ICso values were determined from triplicate

assays.

2.8 Toxicological assessment

2.8.1 Brine shrimp lethality bioassay

The brine shrimp lethality bioassay was conducted using a 20,000 pg/mL stock solution of the
extract in Dimethyl sulfoxide (DMSO), followed by serial dilutions (12.5-400 pg/mL) in
simulated seawater (38 ppt). Potassium dichromate served as the control. Fifteen nauplii per tube
were incubated for 24 h, and mortality was recorded. LCso values were calculated from percentage

mortality data [37, 38].

10
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2.8.2 Acute oral toxicity study in mouse model

The acute oral toxicity of MEHFL was evaluated in female mice according to OECD guideline
423 [39]. A single oral dose of 5000 mg/kg body weight of the MEHFL, suspended in distilled
water, was administered to the MEHFL group (n=5), whereas the control group (n=5) received
distilled water only. Dosing was performed after an overnight fasting period, with food provided
approximately 1 h post administration. The animals were monitored daily for 14 days to assess
mortality, physical appearance, and clinical signs of toxicity, with body weights recorded at

weekly intervals.

2.9 In vivo antidiabetic assays

2.9.1 Oral glucose tolerance test (OGTT) in nondiabetic mice

Following an overnight fast (12 h), the mice were administered a 40% glucose solution (2 g/kg)
via oral gavage. The samples were randomly allocated into four groups (n =5): negative control
(distilled water), positive control (metformin, 100 mg/kg), and treatment groups receiving MEHFL
at 250 and 500 mg/kg. Blood glucose levels were measured via a Call EZ II glucometer (Acon
Laboratories, Inc., San Diego, USA) via tail vein sampling at 0 min (prior to glucose

administration), and subsequently at 30, 60, 90, and 120 min [40].

2.9.2 Assessment of fasting blood glucose (FBG) levels in alloxan-induced diabetic rats

The rats were fasted prior to diabetes induction with a single intraperitoneal injection of alloxan
monohydrate (150 mg/kg) [41] and were maintained for 7 days with free access to food and water.
After 7 days followed by a 12 h fasting period, fasting blood glucose (FBG) was measured in tail
vein blood using a Call EZ II glucometer (Acon Laboratories, Inc., San Diego, USA), and samples
with FBG > 11 mmol/L were considered diabetic [42]. The rats were randomly assigned to five
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groups (n = 5): normal control (nondiabetic; distilled water), negative control (diabetic; distilled
water), positive control (diabetic; metformin 100 mg/kg), and MEHFL-treated (diabetic; 250 and
500 mg/kg). Treatments were administered orally for 21 days. FBG levels were recorded on days

1,7, 14, and 21 following a 6-h fast.

2.10 Statistical analysis

The experimental data are expressed as the mean + standard error of the mean (SEM) for the
indicated number of experiments. Statistical analyses were performed using RStudio (R v4.4.0).
Normality and homogeneity of variances were assessed using the Shapiro—Wilk and Levene’s
tests, respectively. Group differences were analyzed by one-way ANOVA followed by Dunnett’s

post hoc test, with p < 0.05 considered statistically significant [43].

2.11 Characterization and identification of phytoconstituents

2.11.1 Fourier-Transform Infrared (FTIR) spectroscopy analysis

The FTIR spectrum of MEHFL was recorded using an FTIR spectrophotometer (IRPrestige-21,
Shimadzu, Japan) equipped with a deuterated L-alanine doped triglycine sulphate (DLATGS or
DLTGS) detector, connected to IRSolution 1.40 software. Approximately 10 mg of the plant
powder was thoroughly mixed with half a microspatula of chromatographic-grade potassium
bromide (KBr) and compressed into a pellet. Spectra were acquired in the range of 4000-400 cm™
at a resolution of 4 cm™! by averaging 10 scans, using the potassium bromide (KBr) pellet method

[44, 45].
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2.11.2 Gas Chromatography—Mass Spectrometry (GC-MS) profiling

GC-MS analysis was performed using a Thermo Scientific™ TSQ™ 9000 Triple Quadrupole
GC-MS/MS system coupled with a Thermo Scientific™ ISQ™ 7000 single quadrupole mass
spectrometer. Separation was achieved on a TG-5MS capillary column (30 m x 0.25 mm i.d., 1
um film thickness). The oven program was set from 60°C (5 min) to 180°C, then to 280°C, and
finally to 310°C (3 min). A 1 pL sample was injected in split mode at 280°C, with helium as the
carrier gas (1.2 mL/min). The total run time was 39.99 min, and compound identification was

based on National Institute of Standard and Technology (NIST) library matching [45].

2.12 In silico analysis

2.12.1 Ligand retrieval and preparation

Following GC-MS analysis, the identified phytochemicals were subjected to computational
characterization (Additional file 2, Table ST13). Along with the control compound (Acarbose),
the three-dimensional molecular structures of the identified compounds were retrieved from the
PubChem in SDF format. For certain compounds whose structures were not available in the
PubChem database, ChemDraw 16 software was utilized to manually generate the chemical
structures and their corresponding SMILES notations, which were then used for subsequent
computational processing [46]. All the structures were modified and geometrically optimized
using Gaussian 09 software, employing Density Functional Theory (DFT) with the B3LYP

functional and the 6-311G(d,p) basis set [47].

2.12.2 Protein structure preparation, validation and active site prediction

The target proteins selected for computational studies were chosen based on their therapeutic
relevance in diabetes management. a-amylase (PDB ID: 2QV4) [48] and a-glucosidase (PDB ID:

13
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3A4A) [49] are key enzymes involved in carbohydrate metabolism and are widely recognized as
validated targets for the development of antidiabetic agents [50, 51]. The three-dimensional crystal
structures of these proteins were retrieved from the Protein Data Bank with resolutions ranging
between 2.0 and 2.5 A to ensure structural accuracy [52]. Following retrieval, the proteins were
preprocessed using Discovery Studio 2024, and subsequently energy-minimized using SWISS-
PDBViewer to relieve steric clashes and stabilize atomic positions [53]. The quality of the
optimized protein structures was validated using web-based tools including SAVES v6.1 (ERRAT,
VERIFY, and PROCHECK) and ProSA-Web [54, 55]. Putative ligand-binding sites were

predicted using the PrankWeb server [56].
2.12.3 Molecular docking and interaction analysis

Molecular docking was performed using PyRx [57]. For a amylase, the grid box was centered at
(16.567, 50.278, 26.078) with dimensions of 33.022 x 20.190 x 24.871 A, whereas for a-
glucosidase the center was set at (—15.000, —=30.991, 96.062) with dimensions of 21.698 x 20.690
x 21.373 A. The grids encompassed the predicted binding pockets to enable accurate protein—
ligand interaction analysis. Docking poses were ranked according to binding affinity (kcal/mol),
and compounds exhibiting binding energies equal to or stronger than the control were initially
shortlisted. Two-dimensional interaction profiles and hydrogen bond analyses were generated
using BIOVIA Discovery Studio 2024, while three-dimensional view of protein—ligand
interactions were generated using PyMOL (v4.6.0) [58]. Compounds demonstrating favorable
binding affinities and a higher number of direct hydrogen bonds with the target proteins were

selected for subsequent computational analyses.

14
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2.12.4 Evaluation of physicochemical, drug-likeliness and pharmacokinetic properties

Following molecular docking and interaction analyses, the selected compounds were assessed for
their physicochemical, drug-likeness, pharmacokinetic (ADME: Absorption, Distribution,
Metabolism, and Excretion), and toxicological properties. Canonical SMILES representations of
the compounds were used as input for computational prediction platforms, including SwissADME,
ADMETLab 2.0, Deep-PK, and ProTox3.0 to evaluate their physicochemical characteristics and

ADMET profiles [59].

2.12.5 Assessment of passive permeability

The ability of the selected compounds to permeate the plasma membrane was evaluated using the
PerMM web server. Optimized PDB structures of the compounds were submitted as input under
default experimental settings. The server predicts membrane binding affinities, energy barriers

along the membrane normal, and permeability coefficients [60, 61].

2.12.6 Off-target effects prediction

Swiss Target Prediction web tool was employed to identify potential off-target interactions of the
selected compounds. Canonical SMILES representations were used as input for the analysis, and
predicted targets were ranked by probability scores ranging from 0 to 1, with values closer to 1

indicating a higher likelihood of interaction between the compound and the predicted target [62].

2.12.7 Quantum chemical reactivity analysis

Quantum chemical reactivity analysis of the selected compounds was performed using density

functional theory (DFT) at the B3LYP/6-311G(d,p) level with Gaussian 09 [47, 63]. Reactivity-
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and stability-related descriptors were visualized and analyzed using GaussView 5 and calculated

according to the following equations:

Egap = (ELumo — Enomo) - v - )
I = —Ejgpmo w oo oo (i)
A= —Epomo - - - (iii)
_ u+4
= T (iii)
I+ 4 .
= e (iv)
w? = PR (v)
_I1-A .
n= T ......... (Ul)
0= =i (vii)

where Ej,,, denotes the energy gap; Ejyumo the lowest unoccupied molecular orbital; Eygpe the
highest occupied molecular orbital; I the ionization potential; A the electron affinity; p the
chemical potential; y the electronegativity; o the electrophilicity index; n the chemical hardness;

and o the chemical softness.
2.12.8 Molecular dynamics simulation and post-simulation analysis
Molecular dynamics (MD) simulations were performed to investigate the conformational stability

and dynamic properties of protein—ligand complexes within the target binding sites. Simulations
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were carried out for 100 ns using the Desmond v3.6 module (Schrodinger suite) under a Linux
environment, employing the OPLS 3e force field [64]. Complexes were solvated in an
orthorhombic box with TIP3P water and a 10 A buffer, neutralized with Na*/Cl- ions at 0.15 M.
Following energy minimization and equilibration, production runs were conducted under NPT
conditions (300 K, 1 atm) using the Nosé—Hoover thermostat and isotropic barostat. Trajectories
were saved every 50 ps. Post-simulation analyses included RMSD, RMSF, Rg, SASA, MolSA,
PSA, protein—ligand contacts using Desmond and Maestro. Simulated complexes were compared

with the control to evaluate relative stability and binding behavior.
2.12.9 Post simulation MM-GBSA analysis

Binding free energies of ligand—protein complexes were estimated using the molecular mechanics
generalized Born surface area (MM-GBSA) method [65], over 100 ns MD trajectories via the

Maestro interface (Schrodinger Release 2020-3) with default parameters.
2.12.10 PCA and DCCM analysis

Principal component analysis (PCA) and dynamic cross-correlation matrix (DCCM) analyses were
performed using custom-built BioPython scripts to evaluate conformational flexibility, structural
transitions, and correlated residue motions. These analyses provide insights into binding behavior,

complex stability, protein dynamics, and potential allosteric communication pathways [66].
2.12.11 Free energy landscape analysis

Stability of phytochemical-protein and control complexes were assessed using RMSD—-Rg based
free energy landscapes derived from MD trajectories to evaluate structural compactness,
conformational stability, and energetically favorable states [67]. A custom-built Bio-Python script
was used to compute the calculation.
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2.12.12 Gibbs free energy analysis

Gibbs free energy landscapes were generated using a custom Python script based on Boltzmann

statistics, mapping dominant conformational states via PC1 and PC2 [68, 69].
3. Results

3.1 Preliminary phytochemical screening

The preliminary phytochemical analysis of MEHFL revealed the presence of phenols, flavonoids,

tannins, terpenoids, reducing sugars, anthraquinones, saponins, and steroids.
3.2 Quantitative determination of bioactive phytoconstituents (TPC, TFC, TTC)

The phenolic content of MEHFL was quantified using standard calibration curves. TPC was
calculated from the regression equation y = 5.88 x 107 x + 0.15 (R2 = 0.98; Additional file 1,
Figure SF1), yielding a result of 78.92 + 0.26 mg GAE/g dry extract. TTC was calculated using
the regression equation y = 6.58 x 102 x + 0.37 (R2= 0.95; Additional file 1, Figure SF2), resulting
in 245.92 + 0.60 mg GAE/g dry extract. Both TPC and TTC were calculated using gallic acid as
the standard. TFC was measured using y = 0.36x — 0.02 (R* = 0.98; Additional file 1, Figure SF3),

giving 1.56 + 0.06 mg QE/g dry extract, with quercetin as the reference standard.
3.3 In vitro antioxidant assays
3.3.1 DPPH free radical scavenging assay

The free radical scavenging activity of MEHFL increased in a concentration-dependent manner
(Figure 1A). The DPPH assay revealed significantly greater (p < 0.001) antioxidant potency of
MEHFL than the positive control, ascorbic acid, as reflected by lower ICso values. MEHFL
exhibited an ICso 0of 21.98 + 1.19 pg/mL, whereas ascorbic acid showed a higher ICso of 59.58 +
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2.06 ng/mL, indicating lower activity. At 200 ug/mL, MEHFL achieved a maximum inhibition of
85.77 £ 0.04%, surpassing that of ascorbic acid (66.84 + 0.13%) at the same concentration

(Additional file 1, Table ST1).

3.3.2 Ferricyanide reducing power assay

The reducing power of MEHFL was found to increase with increasing concentration (Figure 1B).
A strong linear relationship was observed for both MEHFL (R? = 0.87) and ascorbic acid (R? =
0.86). At all tested concentrations, MEHFL exhibited higher absorbance values than ascorbic acid
(Additional file 1, Table ST2). At 400 ng/mL, MEHFL showed an absorbance of 1.29 + 0.002
compared with 0.44 + 0.001 for ascorbic acid, with the difference being statistically significant (p

<0.001).

3.4 In vitro anti-inflammatory assays

3.4.1 Bovine serum albumin (BSA) denaturation assay

MEHFL inhibited bovine serum albumin denaturation in a concentration-dependent manner
(Figure 1C). At all concentrations tested, MEHFL exhibited significantly greater inhibition than
aspirin (Additional file 1, Table ST3). Maximum inhibition by MEHFL was 91.35 + 2.22% at
2000 pg/mL, compared with 77.77 £ 1.85% for aspirin. Consistent with this, ICso analysis
indicated significantly higher anti-inflammatory activity of MEHFL relative to the positive control
(» <0.001), with ICso values of 966.61 + 0.45 pg/mL for MEHFL and 1380.23 £+ 0.95 pg/mL for

aspirin.
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3.4.2 Egg albumin denaturation assay

MEHFL also inhibited egg albumin denaturation in a concentration-dependent manner (Figure
1D), exceeding the activity of diclofenac at all concentrations (Additional file 1, Table ST4).
Maximum inhibition by MEHFL was 78.78 + 0.87%, higher than diclofenac (64.14 = 1.33%). The
ICso of MEHFL (834.85 + 0.52 pg/mL) was significantly lower than that of diclofenac (1300.75 +

0.85 pg/mL; p <0.001), indicating superior anti-inflammatory potency.

3.5 In vitro antidiabetic assays

3.5.1 a-Amylase inhibition assay

The a-amylase enzyme was inhibited by the MEHFL in a concentration-dependent manner (Figure
1E), with the percentage inhibition 90.32 + 0.29% at 400 pg/mL surpassing acarbose (65.02 +
0.29%) at the same concentration (Additional file 1, Table STS5). Consistently, MEHFL exhibited
a significantly lower ICso value (40.07 + 0.18 pg/mL) than acarbose (78.52 + 0.32 pg/mL; p <

0.001), indicating superior antidiabetic potential.

3.5.2 a-Glucosidase inhibition assay

MEHFL inhibited a-glucosidase in a concentration-dependent manner, similar to o-amylase
(Figure 1F). At all concentrations, MEHFL demonstrated significantly greater inhibition than
acarbose (Additional file 1, Table ST6). Maximum inhibition by MEHFL was 74.09 + 0.92% at
400 pg/mL, compared with 67.21 + 0.61% for acarbose. ICso values confirmed significantly higher
antidiabetic activity of MEHFL (35.75 £+ 1.42 pg/mL) relative to acarbose (84.34 +2.01 pg/mL;

»<0.001).
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Figure 1: Concentration—response profiles of the methanolic extract of H. fomes leaves (MEHFL)
across in vitro assays compared with respective positive controls: (A) DPPH free radical
scavenging, (B) ferricyanide reducing power, (C) BSA denaturation, (D) egg albumin
denaturation, (E) a-amylase inhibition, and (F) a-glucosidase inhibition. Data are represented as

mean + SEM, n = 3.
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3.6 Toxicological assessment

3.6.1 Brine shrimp lethality bioassay

MEHFL induced concentration-dependent mortality in brine shrimp nauplii over the range of
12.5-400 pg/mL (Figure 2A). Mortality rates for MEHFL ranged from 4.44 + 2.22% to 55.56 +
2.22%, whereas the control produced 24.44 + 2.22% to 77.78 + 5.88% mortality (Additional file
1, Table ST7). The LCso value of MEHFL (328.57 + 2.12 pg/mL) was significantly higher than
that of the control (56.25 + 4.62 ug/mL), indicating moderate toxicity of MEHFL (LCso < 500
pg/mL) and high toxicity of the control (LCso < 100 pg/mL) according to Meyer’s toxicity index

[70].

3.6.2 Acute oral toxicity study in mice model

The 14-day trial showed no mortality in the study animals treated with MEHFL, indicating that
the LDso of MEHFL exceeds 5000 mg/kg. However, hyperactivity was observed in the mice for
some hours on the first day following MEHFL administration, which normalized in the subsequent
days of the trial (Additional file 1, Table ST8). Apart from this, no changes in behavioral patterns,
physical appearance, or signs of illness were noted during the 14-day trial period. Though, body
weight gradually increased in both groups (Figure 2A), statistical analysis did not reveal any

significant difference between the MEHFL and control group (Additional file 1, Table ST9).
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Figure 2: Toxicological assessment of the methanolic extract of H. fomes leaves (MEHFL). (A)
Dose-response relationship between MEHFL and the control, illustrating percentage mortality of
brine shrimp nauplii (n = 3). Data are expressed as mean = SEM (n = 3). (B) Body weight changes
of mice during the acute oral toxicity study of MEHFL, recorded on day 0 (W0), day 7 (W1), and
day 14 (W2). Data are presented as mean = SEM (n = 5), with statistical comparisons performed

using Welch’s #-test.
3.7 In vivo antidiabetic assays
3.7.1 Oral glucose tolerance test (OGTT) in non-diabetic mice

Both doses of MEHFL significantly attenuated the peak blood glucose level at 30 min compared
with both control groups (Figure 3A). MEHFL-250 produced a significant reduction (p < 0.05),
whereas MEHFL-500 elicited a more pronounced effect (p <0.01) (Additional file 1, Table ST10).
Overall glycemic response was evaluated using the area under the curve (AUC) (Figure 3B;
Additional file 1, Table ST10). Although MEHFL-250 reduced the AUC (465.33 + 28.93
mmol/L-min™), this reduction was not statistically significant relative to the negative (545.70 +

13.21 mmol/L-min") and positive (521.40 £ 9.97 mmol/L-min™') control groups. In contrast,
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MEHFL-500 significantly decreased the AUC (416.40 = 12.52 mmol/L-min™") compared with both
controls. MEHFL-500 also exhibited the lowest total blood glucose level over the study period

(13.88 = 0.38 mmol/L) among all experimental groups (Additional file 1, Table ST10).
3.7.2 Assessment of fasting blood glucose (FBG) level in alloxan-induced diabetic rats

Weekly monitoring of FBG over the 21-day treatment period revealed a marked reduction in FBG
levels following MEHFL administration compared with the negative control (Figure 3C).
However, only the higher dose (MEHFL-500) produced significantly lower FBG levels than the
positive control at all time points. Area under the curve (AUC) analysis further reflected the
cumulative glycemic burden during the study (Figure 3D). MEHFL-250 significantly reduced the
AUC compared with the negative control only, whereas MEHFL-500 resulted in a significant
decrease in AUC relative to both control groups. The normal control group exhibited the lowest
AUC, whereas the negative control group showed the highest value (127.01 £ 2.12 and 301.73 +
1.90 mmol/L-day™! for the normal and negative control groups, respectively; Additional file 1,
Table ST11). Untreated diabetic rats maintained the highest blood glucose levels throughout the
study (day 1-21), with a cumulative glucose level of 60.62 + 0.41 mmol/L, while the normal
control consistently showed the lowest levels (25.40 = 0.37 mmol/L; Additional file 1, Table
ST11). Both MEHFL doses significantly reduced total blood glucose levels compared with the
negative control; however, only MEHFL-500 achieved a significantly lower glucose level (35.66

+ 1.81 mmol/L) than the positive control (52.94 £+ 0.54 mmol/L; p < 0.05).
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Figure 3: Effect of the methanolic leaf extract of H. fomes (MEHFL) on blood glucose regulation
in in vivo antidiabetic models. Time-course profiles for the oral glucose tolerance test (OGTT) and
alloxan-induced diabetes models are shown in (A) and (C), respectively, with corresponding areas
under the curve (AUC) presented in (B) and (D). Statistical significance is denoted by *, **, and
*#% (p <0.05,0.01, and 0.001, respectively) versus the negative control, and by (a), (b), and (¢) (p
< 0.05, 0.01, and 0.001, respectively) versus the positive control (one-way ANOVA followed by

Dunnett’s post hoc test). Data are expressed as mean + SEM (n = 5).

3.8 Characterization and identification of phytoconstituents

3.8.1 Fourier-Transform Infrared (FTIR) spectroscopy analysis

Functional groups present in MEHFL (Table 2) were identified through interpretation of the FTIR
spectra (Figure 4). The analysis confirmed the presence of diverse chemical functionalities.

Notably, a broad O-H stretching band, together with prominent aromatic C=C vibrations and
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characteristic out-of-plane C—H bending, indicates a phenolic-rich extract. In addition, intense C—

O—C and C-O stretching bands in the 1200-1000 cm™ region suggest sugar conjugates, while

CH2/CHs stretching and alkene bending vibrations imply the presence of fatty acids, terpenes, or

sterol-like compounds.

Table 2: FTIR spectral peak assignments of the methanolic extract of H. fomes leaves (MEHFL).

Characteristic Absorption (cm™)

Bond

Functional Group

3394.7

2956.9

2927.9

2854.6

27273

2065.8

1608.6

1518.0

1444.7

1377.2

1354

1284.6

1247.9

1205.5

1112.9

1099.4

1066.6

1020.3

931.6

895

821.7

769.6

667.4

507.3

O-H stretch, H-bonded
C—H stretch (asymmetric)
C—H stretch (asymmetric)
C—H stretch (symmetric)
C—H stretch (aldehyde)
C=C stretch

C=C stretch (aromatic)
C=C stretch (aromatic)
C—H bending (CHz)
C—H bending (CHs)
C-H wag

C-O stretch

C-O stretch

C-O stretch

C-0O—C stretch

C-O stretch

C-O stretch

C-0O-C stretch

=C-H out-of-plane bend
=C-H out-of-plane bend
C-H out-of-plane bend
C-H out-of-plane bend
C-H wag

C—C stretch / C—X stretch

Alcohols, Phenols

Alkanes (CHs)

Alkanes (CH,)

Alkanes (CH,)

Aldehydes (-CHO)
Alkynes

Aromatic ring

Aromatic ring

Alkanes

Alkanes

Alkyl halides / C-O stretch
Esters, Ethers

Esters, Ethers

Alcohols, Ethers

Ether linkage

Alcohols, Esters

Primary alcohols

Ether linkage

Alkenes (trans)

Alkenes (vinylidene)
Aromatic (1,4-disubstituted)
Aromatic (mono/substituted)
Alkyl halides (C—Cl)

Alkyl halides
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Figure 4: FTIR spectra of the methanolic extract of H. fomes leaves (MEHFL).
3.8.2 Gas Chromatography—Mass Spectrometry (GC-MS) profiling

GC-MS analysis of MEHFL revealed the presence of 97 distinct phytochemicals spanning a broad
range of chemical classes (Figure 5). The relative abundance of these constituents suggests their
potential contribution to the biological activities of the extract. The most abundant compound was
rhodopin, with a retention time of 36.72 min (Additional file 1, Table ST12). The second and third
most abundant compounds were identified as (E,E,E)-3,7,11,15-tetramethylhexadeca-1,3,6,10,14-

pentaene (36.37 min) and squalene (36.06 min), respectively.
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Figure 5: GC-MS chromatogram of the methanolic extract of H. fomes leaves (MEHFL).

3.9 In silico analysis

3.9.1 Ligand geometry optimization

To obtain reliable molecular geometries of GC-MS-guided phytochemicals from MEHFL, density

functional theory (DFT) calculations were performed at the B3LYP/6-311G(d,p) level using the
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Gaussian 09 software package (Additional file 2, Table ST13). The optimized structures are
depicted with atom-specific labels and symbols, and distinct color codes are used to represent

different atomic species within the molecules (Figure 6).

(A) (B)

OK

Figure 6: Two- and three-dimensional representations of some geometry-optimized compounds
derived from the methanolic extract of H. fomes leaves (MEHFL): (A) Compound 61, (B)
Compound 78, and (C) Compound 88. The control compound, acarbose, is shown in (D). In each
illustration, the left side depicts the two-dimensional chemical structure, while the right side

illustrates the corresponding three-dimensional optimized conformation.

3.9.2 Structure validation and active site prediction of the target proteins

The structural quality of the selected crystal protein structures was evaluated using multiple

validation tools (Table 3). Both proteins exhibited acceptable quality based on ERRAT and
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VERIFY3D scores. PROCHECK Ramachandran plots (Additional file 2, Figure SF4) showed
favorable backbone conformations, with no disallowed residues in 2QV4 and two in 3A4A.
ProSA-web z-scores were within the range of experimentally determined NMR structures, and
residue-wise energy profiles showed minimal anomalies (Additional file 2, Figure SF5),
confirming structural suitability for computational studies. Binding-site prediction using
PrankWeb identified two and five pockets in 2QV4 and 3A4A, respectively, with pocket 1 selected

for docking analysis (Additional file 2, Table ST14 and SF3).

Table 3: Validation metrics of the selected protein structures for computational analysis.

Protein PDB ERRAT VERIFY 3D PROCHECK Ramachandran plot ProSA
Name ID Residues in  Residues in  Residues V4
most favored additional in score
region allowed disallowed
region regions
o amylase 2QV4  Overall Pass 361 (86.0%) 57 (13.6%) 0 (0.0%) -9.56

quality factor:  91.31%  of the residues have

95.8763 averaged 3D-1D score >= 0.1
o 3A4A  Overall Pass 461 (88.5%) 58 (11.1%) 2 (0.4%) -10.43
glucosidase quality factor:  99.15% of the residues have

93.2526 averaged 3D-1D score >=0.1

Data were obtained using SAVES v6.1 (ERRAT, VERIFY3D, and PROCHECK) and ProSA-

Web.

3.9.3 Molecular docking analysis

Following molecular docking of GC-MS-identified MEHFL-derived compounds against o-
amylase and o glucosidase, candidates with docking scores equal to or more negative than the
control were shortlisted (Additional file 2, Table ST15). Nine compounds for a-amylase and seven

for a-glucosidase met this criterion. Among these, compound 17 and 61 showed the highest and
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second-highest affinities against both targets, respectively. Compound 17 exhibited binding
affinities of —10.4 and —10.5 kcal/mol toward a-amylase and a glucosidase, respectively, whereas
compound 61 showed affinities of —9.9 and —9.4 kcal/mol. Subsequent molecular interaction
profiling was conducted to prioritize ligands based on the number of direct hydrogen bonds formed
with active-site residues. Compounds forming multiple hydrogen bonds were preferentially
selected. Accordingly, compounds 17, 30, 61, 88, and 94 were shortlisted against o amylase, while
compounds 17, 61, 78, and 94 were selected against a-glucosidase (Additional file 2, Table ST15).
Among these, compound 17 formed the highest number of hydrogen bonds with both targets. In o
amylase, compound 17 formed six hydrogen bonds with ALA106 (2.80 A), HIS299 (2.43 A),
ASP300 (2.37, 2.52 A), ASP197 (2.39 A), and HIS305 (3.54 A). Similarly, in a glucosidase, it
formed six hydrogen bonds with THR310 (2.70 A), ASP242 (2.05, 3.51 A), TYR158 (2.37 A),
PRO312 (2.99 A), and GLU411 (2.67 A) (Additional file 2, Table ST16). Compound 78 showed
the second-highest number of hydrogen bonds against a glucosidase, interacting with ARG315
(5.16 A), GLN353 (2.05 A), LEU313 (1.88 A), and TYR158 (2.60 A) (Figure 7). The remaining
selected compounds formed two hydrogen bonds at the active sites of both enzymes. Notably,
although the control ligand exhibited lower docking scores, it formed a more extensive interaction

network with both targets (Figure 7).
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Figure 7: Molecular interaction profiles of some shortlisted GC—-MS-guided compounds from the
methanolic extract of H. fomes leaves (MEHFL) with a-amylase and a glucosidase. The upper
panel depicts interactions of (A) compound 61, (B) compound 88, and (C) the control with a-
amylase at the predicted active site (brown dotted region). The lower panel shows interactions of
(D) compound 61, (E) compound 78, and (F) the control with a-glucosidase at the predicted active
site (green dotted region). For each illustration, three-dimensional interaction views are shown on

the left, with corresponding two-dimensional interaction maps on the right.

3.9.4 Physicochemical properties, drug likeliness and ADMET prediction

All shortlisted compounds largely conformed to Lipinski’s rule of five, with the exception of
compound 17, while compound 78 exhibited a single violation attributable to an elevated
hydrogen-bond donor count (Table 4). Compounds 30, 88, and 94 demonstrated an optimal
balance between lipophilicity and aqueous solubility, whereas compounds 17 and 61 were
predicted to be more lipophilic and the control compound highly hydrophilic. Predicted
bioavailability scores supported favorable oral exposure for all shortlisted compounds except

compound 17. None of the candidates showed structural alerts for assay interference, and all were
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predicted to be synthetically more accessible than the control. Comprehensive ADMET profiling
indicated superior intestinal absorption for all shortlisted compounds relative to the control (Figure
8 and Additional file 2, Table ST17). Compounds 30, 61, and 88 exhibited >30% predicted human
oral bioavailability, whereas compounds 17 (<20%), 78, and 94 (<30%) showed comparatively
lower values. P-glycoprotein interactions were predicted for compounds 17, 61, and 94. Except
for compound 78, all candidates displayed higher steady-state volumes of distribution than the
control, suggesting enhanced tissue penetration; notably, compound 94 showed distribution
parameters within optimal ranges. Cytochrome P450 liabilities were minimal for compound 78 but
most pronounced for compound 61, while only compound 17 was predicted to inhibit OATPI1BI.
All shortlisted compounds were predicted to undergo faster clearance than the control, with longer
elimination half-lives except for compound 88. In silico toxicity assessment identified potential
hepatotoxicity for compounds 17 and 30 and the control, mutagenicity for compound 17, and a

low predicted LDso for compound 94.
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593  Table 4: Physicochemical properties, drug-likeness, and medicinal chemistry profiles of GC-MS-

594  identified shortlisted compounds from the methanolic extract of H. fomes leaves (MEHFL).

General information Physicochemical properties Drug likeliness Medicinal chemistry

Compound Name PubChem MW NHA NAHA NRB NHBA NHBD Log Log Solubility Lipinski Bioavailability PAINS Synthetic

Number CID (g/mol) Pon S score accessibility

17 5-(3-acetyl-1-(2- 126623006 597.40 39 21 8 9 3 1.72 - Moderate No; 2 0.17 0 alert 4.58
((2S.,4R)-2-((6- 453 Violations

bromopyridin-2-
yl)carbamoyl)-4-
fluoropyrrolidin-
1-yl)-2-oxoethyl)-
1H-indazol-5-yl)-
2-
aminopyrimidine
1-oxide
30 1,3-Bis(3- 136428 240.30 18 12 4 1 2 3.19 - Soluble Yes; 0 0.55 0 alert 1.79
methylphenyl)urea 3.72 Violations
61 3-[3- 536420 418.67 25 16 1 3 1 3.71 - Moderate Yes; 0 0.55 0 alert 3.45
Bromophenyl]-7- 4.90 Violations
chloro-3,4-
dihydro-10-
hydroxy-
1.9(2H,10H)-

acridinedione

78 (3S,5R,68,7E,9x)- 16745401 390.47 27 0 5 8 6 0.03 - Very Yes; 1 0.55 0 alert 6.12
7-Megastigmene- 1.73 Soluble Violations
3,6,9-triol 9-
glucoside

88 (E)-4,4-(cthene- 5280698 272.30 20 12 4 4 2 3.06 - Moderately Yes; 0 0.55 0 alert 224
1,2-diyl)bis(2- 4.18 soluble Violations

methoxyphenol)

94 (5B)Pregnane- N/A 419.55 30 0 7 6 1 3.10 - Moderately Yes; 0 0.55 0 alert 4.83
3,20B-diol, 4.23 soluble Violations
14a,18a-[4-

methyl-3-oxo-(1-
oxa-4-azabutane-
1,4-diyl)]-,
diacetate
Control Acarbose 9811704 645.60 44 0 13 19 14 - 2.57 Highly Noj; 3 0.17 0 alert 7.25

6.24 soluble Violations

595  Abbreviations: MW = Molecular weight, NHA = Number of heavy atoms, NAHA = Number of

596  aromatic heavy atoms, NRB = Number of rotatable bonds, NHBA = Number of hydrogen bond

597  acceptor, NHBD = Number of hydrogen bond donor and TPSA = Topological polar surface area.
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ADMET-related properties

Figure 8: Heat map of ADMET profiles of shortlisted GC-MS-identified compounds from the
methanolic extract of H. fomes leaves (MEHFL). Blue indicates values within acceptable ranges,
whereas yellow denotes deviations. For enzyme-related parameters, yellow indicates predicted
interaction (substrate and/or inhibitor) and blue indicates non-interaction. For toxicity endpoints,
blue denotes inactive and yellow denotes active predictions. Assessed through SwissADME,

ADMETLab 2.0, Deep-PK and ProTox 3.0 web tools.

3.9.5 Passive permeability assessment

Membrane permeability analysis indicated that shortlisted compounds traversed the phospholipid
bilayer with lower energetic penalties than the control, reflecting enhanced passive diffusion
(Figure 9A). Compounds 30 and 94 showed the most favorable central bilayer energetics, while
compound 61 exhibited neutral energy at the membrane midpoint and a binding free energy of
—6.19 kcal/mol (Additional file 2, Table ST18). Trajectory analysis demonstrated adaptive

membrane alignment and greater insertion stability relative to the control (Figure 9B).
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Figure 9: Predicted passive plasma membrane permeability of shortlisted GC—MS-identified
compounds from the methanolic extract of H. fomes leaves (MEHFL). (A) Energy transfer profiles
across the phospholipid bilayer. (B) Spatial localization and optimized orientations of the

compounds within the plasma membrane, obtained using PerMM server.

3.9.6 Compound selection

The shortlisted compounds demonstrated superior binding affinities toward both targets relative to
the control, with comparable interaction profiles and overall favorable pharmacological
characteristics. Compounds 17 and 30 were excluded due to predicted toxicity risks. Although
compound 94 exhibited promising ADME and membrane permeability properties, its low
predicted LDso suggested a potentially narrow therapeutic index [71, 72]. Consequently,
compounds 61, 78, and 88 were advanced based on robust docking performance, favorable ADME

attributes, absence of predicted toxicity, and enhanced passive membrane permeability.

3.9.7 Off-target effects prediction
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In silico off-target profiling was conducted to identify the most probable alternative targets of the
selected compounds beyond a-amylase and a-glucosidase (Figure 10; Additional file 2, Table
ST19), providing additional insight into potential off-target interactions and pharmacological
versatility. Compound 61 was predominantly predicted as a protease inhibitor, with matrix
metalloproteinases comprising the majority of its top-ranked targets. Compounds 78 and 88
exhibited broader target diversity across multiple protein classes. Notably, the top predicted targets
of compound 78 included sodium/glucose cotransporters 1 and 2, whereas compound 88 showed
prominent associations with the NF-kB p65 subunit and cyclooxygenase-2. These predictions
suggest potential therapeutic relevance in mitigating T2DM associated oxidative stress and

inflammation [73-77].
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Figure 10: Predicted off-target profiles of the selected GC—MS identified compounds from the
methanolic extract of H. fomes leaves (MEHFL), using SwissTargetPrediction web tool. (A)

Compound 61, (B) Compound 78, and (C) Compound 88.

3.9.8 Quantum chemical reactivity analysis

3.9.8.1 Frontier molecular orbital analysis

HOMO-LUMO analysis elucidated the electronic distribution and reactivity of the selected
compounds (Table 5; Figure 11). Compounds 61 and 88 exhibited smaller HOMO-LUMO gaps
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than the control, indicating enhanced chemical reactivity due to facilitated electronic transitions
[78]. In contrast, compound 78 showed a larger gap, suggesting greater chemical stability relative
to the control. All screened compounds displayed less negative HOMO energies than the control,
reflecting increased electron-donating ability and reactivity; however, such features may confer

higher susceptibility to oxidative metabolic transformations [79].

Table 5: Comprehensive DFT-derived quantum chemical parameters of selected GC-MS-

identified compounds from the methanolic extract of H. fomes leaves (MEHFL).

Compound Enomo Erumo Egap 1 A X n n c ®

Hit61 —946  -129 817 129 9.46 5.37 —537 —4.08 ~0.24 —3.54

Hit78 -9.89 047 1036 —0.47 9.89 470 ~4.70 -5.18 ~0.19 -2.13

Hit88 -835 037 797 037 8.35 436 -436 -3.98 -025 -238

Control -10.02  -0518 950 051 10.02 5.26 -5.26 -4.75 -021 -2.92
Egqp = energy gap (eV); E ymo = lowest unoccupied molecular orbital (eV); Eyome = highest

occupied molecular orbital (eV); I = ionization potential (eV); A = electron affinity (eV); p =
chemical potential (eV); y = electronegativity (eV); o = electrophilicity index (eV); n = chemical

hardness (eV); and ¢ = chemical softness (eV™').
3.9.8.2 Molecular electrostatic potential (MEP) analysis

Molecular electrostatic potential (MEP) mapping delineated electrophilic and nucleophilic
reactive regions and hydrogen-bonding propensity (Figure 11). Oxygen atoms exhibited the most
negative potentials, whereas hydrogen atoms showed the highest positive potentials. Electrostatic
values ranged from +6.87 to +8.68 a.u. and —6.87 to —8.68 a.u.; the control spanned +8.68 a.u.
Compound 88 displayed the lowest absolute potential values, indicating a more evenly distributed

charge profile.
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Figure 11: Frontier molecular orbitals (FMO) and molecular electrostatic potential (MEP) maps
of optimized geometries of selected GC-MS identified compounds from the methanolic extract of

H. fomes leaves (MEHFL).
3.9.9 Molecular dynamics (MD) simulation
3.9.9.1 Root Mean Square Deviation (RMSD) analysis

The structural stability and conformational dynamics of protein—ligand complexes were evaluated
over 100 ns MD simulations using Co. RMSD analysis (Figure 12A and B). In a amylase, the
control exhibited lower Coo RMSD and minimal fluctuations (mean = 1.48 = 0.12 A), comparable
to the apo form (mean = 1.47 + 0.23 A), whereas compound 88 maintained a consistently higher
plateau (mean = 1.58 £ 0.13 A). Compound 61 initiated near 1.0 A and equilibrated at ~20-30 ns,
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followed by a transient deviation between 40—60 ns, suggesting temporary conformational
rearrangement before partial stabilization (mean = 1.55 £ 0.19 A). In a glucosidase, all complexes
attained Co. RMSD equilibrium within 15-30 ns. Consistent with o amylase, the control remained
the most compact throughout the simulation (mean = 1.28 = 0.10 A) and exhibited lower RMSD
fluctuations than the apo structure (mean = 1.50 + 0.15 A) after equilibration. In contrast,
compounds 61 and 78 displayed elevated plateau levels, with compound 61 showing moderate
deviation (mean = 1.60 = 0.22 A) and compound 78 exhibiting the highest and most sustained drift
(mean = 1.82 £+ 0.35 A), indicative of greater structural perturbation. Nevertheless, all systems
stabilized within 30 ns, and subsequent fluctuations likely reflect intrinsic protein flexibility rather
than instability, as overall RMSD values remained within acceptable limits (<3.0 A), supporting

conformational stability [80].

Ligand RMSD profiles were assessed to determine binding stability, where lower values indicate
stable conformations and higher fluctuations suggest reduced stability [81] (Figure 12C and D).
Compound 61 exhibited the lowest mean ligand RMSD in both a-amylase (0.73 + 0.27 A) and a-
glucosidase (0.67 + 0.44 A), indicating stable binding. In a amylase, the control showed the highest
values (mean = 1.94 + 0.23 A), with compound 88 displaying intermediate mobility (mean = 1.22
+£0.37 A). In a glucosidase, compound 78 exhibited the highest ligand RMSD (mean = 1.96 + 0.20

A), while the control showed intermediate stability (1.78 + 0.15 A).
3.9.9.2 Root Mean Square Fluctuation (RMSF) analysis

Residue-level flexibility of the protein—ligand complexes was evaluated by RMSF analysis (Figure
12E and F). In both targets, the control exhibited the lowest mean RMSF values (0.67 + 0.29 A for
o amylase; 0.67 £ 0.56 A for o glucosidase). In o amylase, compounds 61 (mean = 0.77 + 0.48 A)

and 88 (mean = 0.75 + 0.41 A) showed reduced overall flexibility relative to the apo structure
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(mean = 0.82 = 0.41 A), although localized fluctuations (>3 A) were observed at GLN349,
ASN350, GLY351, and ASN352 for compound 61, and TYR2, ASN350, and GLY351 for
compound 88. In a glucosidase, compound 61 (mean = 0.79 £ 0.66 A) and compound 78 (mean =
0.90 + 0.76 A) showed higher fluctuation than apo form (mean = 0.73 £ 0.64 A), with notable
deviations at SER4 and SERS. Importantly, none of these highly fluctuating residues were located

within the predicted active sites, supporting stable ligand binding [82].
3.9.9.3 Radius of gyration (Rg) analysis

Tertiary structural compactness was quantitatively assessed using Rg analysis, reflecting folding
dynamics upon ligand binding (Figure 12G and H). Lower Rg values indicate increased
compactness and structural stability, whereas higher values reflect reduced compactness and
greater conformational entropy [80]. In o amylase, compounds 61 (4.88 £ 0.06 A) and 88 (4.30 =
0.06 A) exhibited lower mean Rg values than the control (5.69 = 0.13 A). Similarly, in o
glucosidase, compounds 61 (mean = 4.81 £ 0.05 A) and 78 (mean = 4.23 £ 0.07 A) showed greater
compactness than the control (mean = 5.88 + 0.06 A). Collectively, these findings indicate
enhanced structural stability of both targets upon binding of the selected H. fomes-derived ligands

relative to the control.
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Figure 12: Molecular dynamics simulation trajectories of selected GC-MS identified compounds

from the methanolic extract of H. fomes leaves (MEHFL) with a-amylase and a glucosidase. (A,

B) Ca RMSD; (C, D) ligand RMSD; (E, F) residue-wise RMSF; (G, H) radius of gyration (Rg)

for a-amylase and a glucosidase, respectively.
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3.9.9.4 Solvent accessible, molecular and polar surface area assessment

SASA analysis was performed to evaluate protein surface exposure and structural adaptation upon
ligand binding, where reduced SASA reflects tighter packing and enhanced stability [62]. In a-
amylase (Figure 13A), compounds 61 (210.95 + 30.94 A?) and 88 (218.17 + 42.35 A?) exhibited
lower mean SASA values than the control (260.16 = 25.51 A?), indicating greater surface burial.
In a-glucosidase (Figure 13B), compound 78 showed the lowest SASA (mean = 73.75 + 31.06
A?), whereas compound 61 displayed transient expansion before stabilization (mean = 192.59 +
42.56 A?); the control remained intermediate (mean = 114.12 + 12.78 A?). MolSA further
[83]supported enhanced complex stability, as lower values denote tighter structural packing
(Additional file 2, Figure SF7). In both enzymes, selected ligands demonstrated markedly lower
MolSA than the control (0-amylase (mean): compound 61 = 314.29 + 1.36 A2, compound 88 =
277.20 + 1.36 A2, and control = 506.38 £ 5.05 A%; a-glucosidase (mean): compound 61 = 314.57
+ 1.29 A%, compound 78 = 356.26 + 3.27 A% and control = 515.39 + 4.88 A?). PSA analysis
(Additional file 2, Figure SF7) revealed consistently lower values for the selected compounds
relative to the control, suggesting improved membrane permeability [84, 85] (a-amylase (mean):
compound 61 = 105.86 + 1.98 A%, compound 88 = 117.44 + 2.46 A%, and control = 507.20 + 12.86
A?; a-glucosidase (mean): compound 61 = 106.18 £ 2.12 A2, compound 78 = 237.80 + 6.90 A?

and control = 536.11 + 12.07 A?).
3.9.9.5 Hydrogen bond analysis

Hydrogen-bond analysis was performed to assess ligand stability at the active site and its impact
on intraprotein hydrogen-bond networks, a key determinant of molecular recognition and
interaction specificity [80] (Figure 13C, D). In a amylase, compound 61 exhibited minimal

deviation from the apo form (apo (mean): 468.60 = 9.21; compound 61 (mean): 467.62 £+ 8.31),
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indicating preservation of the native hydrogen-bonding network without substantial polar
rearrangement. A similar trend was observed in a-glucosidase (apo (mean): 600.50 + 11.16;
compound 61 (mean): 600.70 £+ 12.50). In contrast, compound 88 in a-amylase (mean = 460.25 +
11.42) and compound 78 in a-glucosidase (mean = 595.51 + 15.01) reduced the total number of
intraprotein hydrogen bonds and increased dynamic variability, suggesting ligand-induced local
reorganization. The control slightly reduced hydrogen bonding in a-amylase (mean = 465.46 +
9.47) but increased it in o-glucosidase (mean = 616.80 £ 9.63) with the lowest variability,

indicating differential stabilization effects across targets.
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Figure 13: Solvent-accessible surface area (SASA) and hydrogen-bond analyses of selected GC—
MS identified compounds from the methanolic extract of H. fomes leaves (MEHFL) in a-amylase
and a glucosidase. (A, B) SASA profiles; (C, D) hydrogen-bond dynamics for a-amylase and a

glucosidase, respectively.
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3.9.9.6 Protein-ligand contact analysis

A comprehensive protein—ligand contact analysis was performed over the 100 ns MD trajectories
to characterize interaction persistence (Figure 14). In a amylase, compound 61 demonstrated
prominent interactions with TRP58, TRP59, GLN63, THR163, and HIS305, reflected by high
interaction fractions. GLN63 maintained hydrogen bonding for ~90% of the simulation. In «
glucosidase, compound 61 primarily formed ionic interactions, with ASP242, HIS280, and
PRO312 showing occupancies >0.7. Compound 88 (a amylase) and compound 78 (a glucosidase)
exhibited interaction networks largely dominated by hydrogen bonds. For compound 88, key
residues included TRP59, GLN63, and ASP53. For compound 78, TYR158, GLN279, GLU411,
and SER311 were predominant, with GLU411 forming hydrogen bonds for ~99% of the trajectory.
The control displayed comparatively more extensive and persistent interaction profiles in both
enzymes. In a amylase, major contacts involved TYRS59, GLN63, ALA106, THR163, ASP197,
and ASP300. In a glucosidase, dominant interactions were observed with ASP242, GLU277,

ASP307, ASP352, ASN350, and GLU411.
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Figure 14: Protein—ligand contact profiling of selected GC-MS identified compounds from the
methanolic extract of H. fomes leaves (MEHFL) in a-amylase and a glucosidase. The upper panel
illustrates interactions of (A) compound 61, (B) compound 88, and (C) the control with o amylase.
The lower panel presents interactions of (D) compound 61, (E) compound 78, and (F) the control
with o glucosidase. For each representation, two-dimensional interaction maps (left) are

accompanied by corresponding interaction fraction plots (right).

3.9.10 Post simulation MM-GBSA analysis

Post-simulation MM-GBSA analysis was performed to elucidate the thermodynamic stability of
the protein—ligand complexes (Table 6). In o amylase, compound 61 exhibited its most favorable
binding at 50 ns (AGginda = —34.52 kJ/mol), driven by van der Waals (—25.50 kJ/mol) and
Coulombic (—6.32 kJ/mol) contributions that offset the polar solvation penalty (+18.15 kJ/mol).
At 100 ns, despite improved vdW interactions (—29.68 kJ/mol), increased electrostatic and

solvation contributions attenuated overall binding (AGginga = —26.50 kJ/mol), suggesting transient
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stabilization. Compound 88 displayed weaker early binding but improved at 100 ns (AGgind =
—23.83 kJ/mol), consistent with optimized hydrophobic accommodation. The control showed the
least stable profile, with the weakest binding at 100 ns (—15.72 kJ/mol). In a glucosidase,
compound 61 demonstrated consistent moderate binding across the trajectory. Compound 78
exhibited the most favorable energetics at 100 ns (AGgina = —36.27 kJ/mol), driven by strong vdW
(—29.36 kJ/mol) and Coulombic (—26.12 kJ/mol) interactions despite solvation penalties (+17.26
kJ/mol), indicating robust electrostatic and hydrophobic stabilization upon relaxation. The control
displayed variable behavior, with moderate binding at 100 ns (—28.71 kJ/mol) primarily supported

by favorable vdW contributions.
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801  Table 6: Prime MM—-GBSA energy components and total binding free energies (kJ/mol) computed
802  from snapshots at 0, 50, and 100 ns for the apo forms of a-amylase and a-glucosidase and their
803  complexes with selected GC—MS-identified compounds from the methanolic extract of H. fomes

804  leaves (MEHFL) and the control ligand.

Protei  Ligand  Simulati  AGgjn AGginacosom  AGgindcovalen ~ AGginatioond  AGBindLipo ~ AGBgindpackin ~ AGBinasonvG ~ AGBindvaw

n on time (KJ/mol (KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol) « (KJ/mol) s (KJ/mol)  (KJ/mol)
name )
o Apo 0 ns —19.64 -9.96 3.89 -2.81 —4.52 —2.84 159 —33.55
amyla 50 ns -32.61 —-15.06 3.24 -1.32 -4.94 -1.84 16.73 —21.88
se 100 ns -31.83 -2.67 222 -2.79 -2.35 -2.75 24.85 -21.71
Compo Ons —29.42 —13.54 2.20 -1.12 —6.67 -1.12 24.75 —26.13
und 61 50 ns —34.52 —6.32 1.39 —-1.80 —2.40 -2.49 18.15 —25.50
100 ns —26.50 —23.68 1.77 —-0.13 -3.21 -2.19 20.40 —29.68
Compo Ons —-14.61 2.51 -2.14 -1.22 —-1.02 16.21 -32.17 —14.61
und 88 50 ns —-10.12 1.26 -1.67 -1.75 —0.61 25.12 —27.60 —-10.12
100 ns —23.83 —4.06 0.77 -5.01 -1.56 19.99 —19.42 —23.83
Control O ns —26.25 —6.94 2.69 -2.71 —4.56 -1.25 12.72 —23.58
50 ns —27.72 -7.70 3.82 —1.88 —5.52 -2.26 17.44 -25.13
100 ns —15.72 —14.02 2.03 -1.67 —8.43 =275 22.65 -30.91
o Apo 0ns -30.30 -19.21 -1.24 -1.07 -7.24 -1.78 19.91 —19.62
gluco 50 ns —38.12 -30.52 —0.11 -2.59 —-5.01 —0.43 25.44 -25.92
sidase 100 ns —22.46 —26.45 2.68 -2.86 -1.90 -2.14 25.00 -30.49
Compo Ons -30.50 -14.97 3.01 -1.04 -5.24 —-1.11 17.63 -27.27
und 61 50 ns —-31.63 —7.66 3.14 -1.21 -5.22 —2.41 23.17 —28.14
100 ns —28.98 -9.57 3.89 -1.52 -3.89 -2.33 20.58 -26.19
Compo Ons —24.39 —26.20 1.50 -1.17 —6.84 —1.64 9.55 -21.39
und 78 50 ns -32.93 1.17 3.74 -3.27 -7.83 -2.37 18.66 -32.23
100 ns -36.27 —26.12 —0.53 -2.01 -3.76 -1.56 17.26 —29.36
Control  Ons -31.66 —24.95 2.76 —-1.80 -3.24 0.37 9.99 —25.11
50 ns -23.77 1.69 1.40 -1.16 —0.43 —-1.08 31.07 —24.94
100 ns —28.71 —13.54 0.75 -1.55 -9.35 -1.02 18.19 —34.43

805
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3.9.11 PCA and DCCM analysis

Principal component analysis (PCA) delineated the dominant collective motions and major
conformational variances across all systems (Figure 15). The first three principal components
(PC1-PC3) captured the majority of structural fluctuations. Distinct clustering patterns revealed
ligand-specific modulation of conformational landscapes, indicating differential dynamic
reprogramming by MEHFL-derived phytochemicals. In a amylase, compound 61 redistributed
conformational sampling beyond the apo PC1 space (PC1: compound 61 =—37.90, apo =—52.77),
shifting population toward PC2 and suggesting localized induced-fit adaptation rather than
rigidification. Compound 88 restricted global conformational space (PC1: —45.47), consistent with
partial dynamic confinement. In contrast, the control markedly suppressed intrinsic apo motions
(PC1: —21.09), stabilizing a narrow conformational ensemble. In a glucosidase, compound 61
modestly enhanced collective flexibility relative to the apo state (PC1: compound 61 = —32.52,
apo = —30.48), whereas compound 78 induced pronounced large-scale rearrangement (PC1:
—58.98), indicative of a strong induced-fit mechanism. The control exhibited mild rigidification
(PC1: —28.81), limiting conformational diversity compared with phytochemical-bound states.
DCCM analysis was performed to elucidate ligand-induced modulation of residue—residue
dynamic coupling (Figure 15). In o amylase, compound 61 enhanced localized positive
correlations while attenuating extreme anti-correlations observed in the apo state, indicating
stabilization of a coordinated residue network and suppression of intrinsic functional transitions
which is consistent with a plausible inhibitory mechanism. Compound 88 induced moderate,
distributed redistribution of correlations across multiple residue pairs, reflecting global but subtle
dynamic rewiring. The control ligand also reshaped correlation patterns; however, it reduced

extremes without generating the pronounced correlation hotspots observed with compound 61. In
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829  a glucosidase, compound 61 intensified both correlated and anti-correlated motions, suggesting
830  the emergence of strong localized coupling and opposing residue networks, potentially indicative
831  of newly established allosteric communication pathways. Compound 78 promoted broad, system-
832  wide reorganization of dynamic coupling, consistent with large-scale conformational
833  rearrangement and formation of an inhibited conformational ensemble. In contrast, the control

834  reduced overall coupling while retaining a limited number of dominant correlated residue pairs.
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Figure 15: Principal component analysis (PCA) and dynamic cross-correlation matrix (DCCM)
analyses of a-amylase and a-glucosidase in their apo forms and in complex with selected GC-MS
identified compounds from the methanolic extract of H. fomes leaves (MEHFL). (A-D) represent
the PCA and DCCM results for the apo protein, compound 61, compound 88, and the control
complex with a amylase, respectively. (E—H) illustrate the corresponding PCA and DCCM
analyses for the apo protein, compound 61, compound 78, and the control complex with a

glucosidase.
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3.9.12 Free energy landscape (FEL) analysis

Energy transitions, structural stability, and dynamic behavior of the protein—ligand complexes
were evaluated using Rg—RMSD based FEL analysis (Figure 16). Rg reflects global compactness,
whereas RMSD represents conformational deviation. The FEL provides a thermodynamic
topography in which deep basins correspond to stable conformational states and elevated regions
denote energy barriers between transitions. The a-amylase apo form populates a single dominant
basin with moderate RMSD dispersion. Compound 61 slightly shifts the basin toward higher
RMSD with a narrower distribution, indicating mild backbone mobilization while maintaining
ensemble compactness. Compound 88 generates a confined RMSD basin with marginally
increased Rg, suggesting a stabilized yet slightly expanded conformational state. The control
exhibits the strongest rigidification, characterized by a deep, narrow basin at lower Rg. In «
glucosidase, the apo structure occupies a relatively tight basin. Compound 61 broadens the
landscape, increasing Rg and RMSD dispersion, indicative of enhanced conformational
heterogeneity. Compound 78 further expands sampling, producing a broad, shallow basin
consistent with large-scale structural rearrangement. Conversely, the control markedly stabilizes

the enzyme, yielding a deep, narrow basin with minimal conformational dispersion.
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Figure 16: Rg—RMSD based FEL analysis of a-amylase and a-glucosidase in their apo forms and
in complex with selected GC-MS identified compounds from the methanolic extract of H. fomes
leaves (MEHFL). (A—D) depict the FEL profiles of the apo protein, compound 61, compound 88,
and the control complex with o amylase, respectively. (E-H) present the corresponding FEL
analyses for the apo protein, compound 61, compound 78, and the control complex with a
glucosidase. In each case, the left side illustrates the two-dimensional FEL projection, whereas the

right side presents the corresponding three-dimensional energy basin representation.
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3.9.13 Gibbs free energy landscape analysis

Ligand-induced conformational redistribution was characterized using FELs projected onto the
first two principal components (PC1 and PC2) (Figure 17). In a amylase, compound 88 stabilizes
a distinct conformational basin spatially separated from the apo minimum, with a deeper free
energy well, indicating stabilization of a thermodynamically favorable alternative state. In
contrast, compound 61 shifts the conformational ensemble toward a nearby basin that is slightly
less favorable than the apo minimum, suggesting modest population redistribution without
substantial energetic stabilization. The control exhibits a global minimum (AG = —17.96 kJ/mol)
that is less favorable than both the apo and ligand-bound states, indicating comparatively weaker
thermodynamic stabilization within the PC1-PC2 projection. In a glucosidase, compound 61
displays the least favorable minimum (AG =—-20.92 kJ/mol), directing the protein toward a remote,
high—free energy conformational region, consistent with low-occupancy states. Compound 78
promotes sampling of an alternative PC space; however, this basin remains thermodynamically
less favorable than the apo and control minima. Notably, the control exhibits the lowest AG

(—11.96 kJ/mol), stabilizing a comparatively favorable conformational state primarily along PC2.
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886  Figure 17: Gibbs free energy landscape (FEL) analysis of a-amylase and a-glucosidase in their
887  apo states and in complex with selected GC-MS—identified compounds from the methanolic
888  extract of H. fomes leaves (MEHFL). (A-D) illustrate the FEL profiles of the apo enzyme,
889  compound 61, compound 88, and the control complex with a amylase, respectively. (E-H) show
890  the corresponding FEL profiles for the apo enzyme, compound 61, compound 78, and the control

891  complex with a glucosidase.
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4. Discussion

Type 2 diabetes mellitus (T2DM) is a complex, multifactorial, polygenic disorder and a major
global public health challenge, currently ranking ninth among the leading causes of mortality
worldwide [2, 5]. This multisystem metabolic disease is characterized by persistent hyperglycemia
resulting from insulin resistance and progressive pancreatic B-cell dysfunction. Its pathogenesis
involves interconnected mechanisms, including f-cell dedifferentiation, mitochondrial
dysfunction, oxidative stress, and chronic low-grade inflammation [86]. Multiple pharmacological
agents targeting distinct pathophysiological pathways are available for the management of type 2
diabetes mellitus [6]. Suppression of postprandial hyperglycemia, primarily through inhibition of
intestinal o-amylase and o glucosidase, remains a key therapeutic strategy, as chronic
hyperglycemia drives diabetic complications [87]. Although currently approved enzyme inhibitors
effectively attenuate postprandial glucose excursions, their clinical use is limited by
gastrointestinal adverse effects [88, 89]. Plant derived secondary metabolites have historically
served as important sources of drug leads [90]. Despite their rich ethnopharmacological relevance
and structural diversity, many mangrove species remain insufficiently explored with respect to
pharmacological activity and metabolite characterization [18, 19]. Therefore, the present study
employed integrated experimental and computational approaches to evaluate the antioxidant, anti-
inflammatory, and antidiabetic potential of H. fomes leaves, perform comprehensive metabolite

profiling, and identify candidate a-amylase and a-glucosidase inhibitory lead compounds.

Preliminary qualitative phytochemical screening provided baseline insight into the composition of
MEHFL. The analysis revealed the presence of diverse classes of bioactive constituents associated
with a broad spectrum of pharmacological activities [91-96]. Such qualitative approaches are
simple, cost effective, and accessible, serving as an initial foundation for subsequent detailed
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phytochemical and bioactivity investigations [97]. Quantitative analysis identified phenolics as the
predominant constituents, whereas flavonoids were present at lowest levels, likely reflecting
solvent selectivity, as absolute methanol preferentially extracts lower molecular weight
polyphenols over flavonoids [98—100]. The high phenolic content support the pronounced in vitro
antioxidant, anti-inflammatory, and antidiabetic activities observed. [15, 98]. MEHFL
demonstrated dose dependent antioxidant activity in both DPPH radical scavenging and
ferricyanide reducing power assays, surpassing ascorbic acid, indicating the presence of
hydrophobic and hydrophilic antioxidants capable of neutralizing free radicals and enhancing
redox balance [101-104]. MEHFL demonstrated dose-dependent inhibition of protein
denaturation and superior anti-inflammatory activity relative to the positive controls, suggesting
potential efficacy in mitigating persistent subclinical inflammation [105]. Furthermore, MEHFL
significantly inhibited a-amylase and a-glucosidase in vitro, exceeding the effect of acarbose. Such
dual enzyme inhibition may enhance postprandial glycemic control by simultaneously suppressing
starch hydrolysis and glucose release. [106—108]. Given that chronic hyperglycemia, oxidative
stress, and inflammation are central to the progression of T2DM and its complications [4], the
observed bioactivities of MEHFL support its therapeutic potential in the management of T2DM

and related complications.

Preclinical toxicity evaluation of MEHFL was performed using the brine shrimp lethality bioassay
and acute oral toxicity testing to ensure safety prior to in vivo experimentation [109, 110]. The
brine shrimp assay demonstrated moderate cytotoxic activity, suggesting the presence of
biologically active constituents, while the comparatively higher LCso value relative to the control
indicated an acceptable safety margin within therapeutic ranges [111, 112]. The detected phenolic

constituents may partially account for the observed bioactivity [112]. Acute oral toxicity
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assessment, conducted according to OECD guideline 423, classified MEHFL under category 5,
indicating low acute toxicity [113]. Transient behavioral alterations observed in the murine model,
in the absence of mortality, are consistent with outcomes commonly reported under OECD
guideline 423 and suggest reversible functional effects rather than systemic toxicity [114, 115].
Collectively, these findings informed the selection of appropriate dose levels for subsequent in

vivo experiments.

In vivo antidiabetic evaluations were conducted to assess the insulin sensitizing and potential 3
cell restorative effects of MEHFL in established diabetic models. Together, these assays enabled
assessment of both acute glucose tolerance and sustained glycemic control [116]. MEHFL
produced dose dependent antihyperglycemic effects in both models, with the higher dose
demonstrating greater efficacy than metformin. In the OGTT, which reflects glucose utilization
and insulin responsiveness [117], MEHFL improved glycemic control, suggesting enhanced
peripheral glucose uptake or modulation of insulin sensitivity [43]. In the alloxan induced diabetic
model, hyperglycemia results from selective pancreatic B cell destruction mediated by oxidative
stress and free radical generation [118]. Alloxan induced B cell damage triggers inflammatory
signaling cascades, including NFkB activation and inflammasome mediated responses, thereby
perpetuating oxidative inflammatory cycles [119]. The observed in vivo antihyperglycemic
activity of MEHFL may be attributed to its a-amylase and a-glucosidase inhibitory properties,
along with its antioxidant and anti-inflammatory effects, which may mitigate oxidative and
inflammatory damage. These findings are consistent with previous reports [21, 22, 120—122] and

support the therapeutic potential of MEHFL in diabetes management.

Comprehensive metabolite profiling of MEHFL was performed using FTIR and GC-MS analyses

[123]. FTIR spectroscopy provided functional group fingerprints that corroborated the results of
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preliminary qualitative and quantitative phytochemical screening, confirming a phenolic rich
extract. These observations are consistent with previous reports [124]. GC—MS analysis enabled
the identification of individual constituents, with rhodopin detected as the most abundant
compound, consistent with its reported occurrence in related mangrove species [125]. Although
phytochemical screening and FTIR indicated high phenolic content, the GC—MS chromatogram
was dominated by other classes of secondary metabolites. This apparent discrepancy likely reflects
methodological constraints, as comprehensive phenolic characterization often requires
complementary analytical techniques [126, 127]. Importantly, systematic metabolite profiling of
H. fomes leaves has been limited, and the present study contributes novel and meaningful insights

in this context.

Following GC-MS guided identification of 97 secondary metabolites from MEHFL, structure
based virtual screening was conducted against a-amylase and a-glucosidase to identify potential
antidiabetic leads. Compound 61, 3- [3-bromophenyl]-7-chloro-3,4-dihydro-10-hydroxy-
1,9(2H,10H)-acridinedione, emerged as a promising dual inhibitor, exhibiting superior binding
affinity to acarbose and comparable interaction profiles. The compound satisfied Lipinski criteria
and demonstrated favorable physicochemical, ADME, permeability, and toxicity predictions,
although potential cytochrome P450 interactions suggest drug interaction risk [128, 129]. Off
target predictions indicated possible modulation of oxidative stress and inflammation related
pathways, including matrix metalloproteinases [73, 74]. Molecular dynamics simulations
supported stable binding [130], reinforcing its dual inhibitory potential, while indicating the need
for further structural refinement. The development of dual a amylase/a-glucosidase inhibitors
offers theoretical and therapeutic advantages over single-target agents by enabling coordinated

suppression of carbohydrate digestion and postprandial glucose excursions [131, 132]. In this
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context, the identification of Compound 61 as a probable dual inhibitory lead underscores the
significance of the present study. Additionally, Compound 88 ((3S,5R,6S,7E,9x)-7-
megastigmene-3,6,9-triol  9-glucoside) and Compound 78 ((E)-4,4'-(ethene-1,2-diyl) bis(2-
methoxyphenol)) were identified as promising candidates for selective inhibition of a-amylase and
a-glucosidase, respectively, based on their binding performance and dynamic stability profiles.
Beyond glycemic control, in silico target predictions suggest that these compounds may also
contribute to the attenuation of oxidative stress and inflammatory pathways associated with T2DM
related complications. Collectively, these findings highlight the therapeutic potential of secondary
metabolites derived from H. fomes leaves as promising scaffolds for future antidiabetic drug

development.

5. Conclusion

Type 2 diabetes mellitus remains a major global public health challenge, associated with
substantial healthcare expenditures, morbidity, and mortality. Medicinal plants have long served
as valuable sources of structurally diverse scaffolds for drug discovery, including antidiabetic
agents. The present study investigated H. fomes leaves using integrated experimental and
computational approaches to evaluate their therapeutic potential and to identify candidate
compounds capable of mitigating chronic hyperglycemia, oxidative stress, and inflammation
associated with T2DM. The methanolic leaf extract demonstrated significant antioxidant, anti-
inflammatory, and antidiabetic activities in vitro, along with pronounced antihyperglycemic
effects in vivo. FTIR and GC-MS analyses characterized its metabolite profile, and subsequent in
silico investigations identified three promising lead compounds. Collectively, these findings
provide the first comprehensive metabolite profiling of H. fomes leaves and computational
evidence supporting their potential role in T2DM management.
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Despite the strengths of this multifaceted approach, several limitations warrant consideration. The
in vitro antidiabetic activity was primarily attributed to inhibition of carbohydrate metabolizing
enzymes, which does not fully capture the complex pathophysiology of T2DM. Moreover, the
alloxan induced diabetic rat model may not adequately replicate human disease heterogeneity,
including genetic, environmental, and dietary influences that affect therapeutic response. The
tested concentrations may not directly translate to clinically achievable doses, highlighting the
need for dose optimization studies. In vivo evaluation was limited to blood glucose measurements,
without assessment of additional biochemical markers or histopathological alterations.
Furthermore, although computational analyses facilitated rapid lead identification, experimental
validation of the predicted targets and activities remains essential. Future investigations should
incorporate comprehensive biochemical and histological assessments, advanced omics based
mechanistic studies, and well-designed preclinical and clinical trials to enhance translational
relevance. Overall, this study provides valuable insight into the therapeutic potential, metabolite
profile, and lead identification of H. fomes leaves, thereby establishing a foundation for further

advanced investigations.
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Supplementary Information

Additional file 1. [PDF] Title: Supplementary experimental data. Description:

Figure SF1: Gallic acid calibration curve for total phenolic content (TPC). Figure SF2: Gallic
acid calibration curve for total tannin content (TTC). Figure SF3: Quercetin calibration curve for
total flavonoid content (TFC). Table ST1: Antioxidant activity of the methanolic extract of H.

fomes leaves (MEHFL) in DPPH free radical scavenging assay. % Inhibition =

(Absorbanceyegative control — AbSOTbancerest sample)

(Absorbanceyegative control)

X 100 %; the negative control contained all

reagents except the extract or ascorbic acid, while the test sample consisted of the reaction mixture
containing either MEHFL or ascorbic acid. Results are expressed as mean = SEM (n = 3). Table
ST2: Ferricyanide reducing power of the methanolic extract of H. fomes leaves (MEHFL). Results
are expressed as mean = SEM (n = 3). Table ST3: ST3: Anti-inflammatory activity of the

methanolic extract of H. fomes leaves (MEHFL) in bovine serum albumin (BSA) denaturation

(Absorbancerest sample — Absorbanceyegative control )

(Absorbanceyegative control)

assay. % Inhibition = X 100 %; the negative

control contained all reagents except the extract or aspirin, while the test sample consisted of the
reaction mixture containing either MEHFL or aspirin. Results are expressed as mean + SEM (n =

3). Table ST4: Egg albumin denaturation activity of the methanolic extract of H. fomes leaves
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MEHFL n € albumin denaturation assay. % Inhibition =
( gg y

(Absorbancerest sampile — Absorbanceyegative control )

(Absorbanceyegative control)

X 100 %; the negative control contained all

reagents except the extract or diclofenac, while the test sample consisted of the reaction mixture
containing either MEHFL or diclofenac. Results are expressed as mean = SEM (n = 3). Table

STS: a-amylase inhibitory activity of the methanolic extract of H. fomes leaves (MEHFL) in a-

Cqet e ey (Absorbanceyegati trol — Absorbancerggt le)
amylase inhibition assay. % Inhibition = SRR SR X
(Absorbanceyegative control)

100 %; the negative control contained all reagents except the extract or acarbose, while the test
sample consisted of the reaction mixture containing either MEHFL or acarbose. Results are
expressed as mean £ SEM (n = 3). Table ST6: a-glucosidase inhibitory activity of the methanolic

extract of H. fomes leaves (MEHFL) in o-glucosidase inhibition assay. % Inhibition =

(Absorbanceyegative control — AbSorbancerest sample)

(Absorbanceyegative control)

X 100 %; the negative control contained all

reagents except the extract or acarbose, while the test sample consisted of the reaction mixture
containing either MEHFL or acarbose. Results are expressed as mean + SEM (n = 3). Table ST7:

Effects of the different concentrations of the methanolic extract of H. fomes leaves (MEHFL) in

(Total Nauplii—Alive Nauplii)
(Total Nauplii)

brine shrimp lethality bioassay. % Mortality = X 100 %. Results are

expressed as mean + SEM (n = 3). Table ST8: Observations and appearance of MEHFL
(methanolic extract of H. fomes leaves) and control groups during 14-day study period. (N. O =
Not observed). Table ST9: Changes in body weight (g) of mice during the acute oral toxicity study
of the methanolic extract of H. fomes leaves (MEHFL). Here W0, W1, and W2 represents day 0,
7 and 14 respectively. Data are represented as mean = SEM (n = 5). Table ST10: Effect of the
methanolic extract of H. fomes Leaves (MEHFL) on blood glucose levels in mice during the Oral

Glucose Tolerance Test. Data are presented as mean + SEM (n = 5). Statistical significance was
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determined by one-way ANOVA followed by Dunnett post hoc test, where *, **, and *** indicate
p <0.05, 0.01, and 0.001 versus the negative control, and (a), (b), and (c) indicate p < 0.05, 0.01,
and 0.001 versus the positive control. Here, AUC = Area under the curve. Table ST11: Effect of
the methanolic extract of H. fomes Leaves (MEHFL) on fasting glucose levels (FBG) in alloxan
induced diabetic rats during the 21 days study period. Data are presented as mean = SEM (n = 5).
Statistical significance was determined by one-way ANOVA followed by Dunnett post hoc test,
where *, ** and *** indicate p < 0.05, 0.01, and 0.001 versus the negative control, and (a), (b),
and (c) indicate p < 0.05, 0.01, and 0.001 versus the positive control. Here, AUC = Area under the
curve. Table ST12: Secondary metabolite profile of the methanolic extract of H. fomes Leaves

(MEHFL) identified via GC-MS analysis. (RT = Retention time)

Additional file 2. [PDF] Title: Supplementary in silico data. Description:

Figure SF4: PROCHECK Ramachandran plots of (A) a amylase, (B) a glucosidase. Figure SF5:
ProSA-Web validation parameters of the target proteins. (A, B) Z scores of o amylase and o
glucosidase within the range of experimentally determined NMR structures; (C, D) residue wise
energy profiles of a amylase and a glucosidase, respectively. Figure SF6: PrankWeb predicted
active site of (A) a amylase, (B) a glucosidase. Figure SF7: Molecular surface area (MolSA) and
polar surface area (PSA) profiles of selected GC-MS identified compounds from the methanolic
extract of H. fomes leaves (MEHFL). (A, B) MolSA in a amylase and a glucosidase, respectively;
(C, D) PSA in a amylase and a glucosidase, respectively. Table ST13: General information of the
ligand library for the computational analysis. Table ST14: Predicted binding pockets of the target
proteins identified using the PrankWeb tool. Table ST15: Results of molecular docking of
shortlisted GC-MS-identified compounds from the methanolic extract of H. fomes leaves
(MEHFL) against both target proteins. Table ST16: Non-bond interaction profiles of the
shortlisted GC-MS-guided compounds from the methanolic extract of H. fomes leaves (MEHFL)
with a-amylase and a glucosidase. Table ST17: Comprehensive ADMET profile of shortlisted
GC-MS identified compounds from the methanolic extract of H. fomes leaves (MEHFL).
Abbreviation: HOB20%: Human oral bioavailability 20% (Probability), HOB50%: Human oral
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bioavailability 50% (Probability), HIA: Human Intestinal Absorption, PGI: P—glycoprotein
inhibitor, PGS: P—glycoprotein substrate, BBB: Blood—Brain barrier (Probability), FU: Fraction
unbound (Human) (Percentage), PPB: Plasma protein binding (Percentage), VDss: Steady state
volume of distribution (Log VDss), CYP1A2I: CYP 1A2 Inhibitor, CYP1A2S: CYP 1A2
Substrate, CYP2C191: CYP 2C19 Inhibitor, CYP2C19S: CYP 2C19 Substrate, CYP2C9I: CYP
2C9 Inhibitor, CYP2C9S: CYP 2C9 Substrate, CYP2D6I: CYP 2D6 Inhibitor, CYP2D6S: CYP
2D6 Substrate, CYP3A41l: CYP 3A4 Inhibitor, CYP3A4S: CYP 3A4 Substrate, OATP1BI,
OATPI1B3, CI: Clearance (ml/min/kg), OCT2: Organic cation transporter 2, HL: Half-life (hr),
LDso: LDso (mg/kg), TC: Toxicity Class, Hep: Hepatotoxicity, Car: Carcinogenicity, Mut:
Mutagenicity, Cyt: Cytotoxicity, B: Bioavailable, NB: Non-Bioavailable, NI: Non-Inhibitor, NS:
Non-Substrate, I: Inhibitor, S: Substrate. Table ST18: Predicted passive permeability profiles of
shortlisted GC-MS identified compounds from the methanolic extract of H. fomes leaves
(MEHFL) obtained using the PerMM web tool. Table ST19: Predicted off targets (top 10) of the
selected GC-MS identified compounds from the methanolic extract of H. fomes leaves (MEHFL)

from SwissTargetPrediction.
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