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A B S T R A C T

Leea asiatica (L.) Ridsdale has been used by different ethnic communities to manage diseased 
conditions that can be traced to oxidative stress and cellular inflammations but scientific evi-
dences to support the claim are scanty. The objective of this study was to isolate and identify the 
antioxidants present in the aerial parts of Leea asiatica, perform their molecular docking against 
proteins to inspect whether the traditional uses of the plant can be validated by an in-silico 
approach. Quercetin (1), gallic acid (2), kaempferol (3), methyl gallate (4), myricetin 3-O-α-L- 
rhamnopyranoside (5), (− )-epicatechin-3-O-gallate (6) and (− )-epigallocatechin-3-O-gallate (7) 
were isolated from the 70 % methanolic extract of the aerial parts. Compounds 2, 4, 6, and 7 are 
reported for the first time from Leea asiatica. Quercetin (1), gallic acid (2), (− )-epicatechin-3-O- 
gallate (6) and (− )-epigallocatechin-3-O-gallate (7) showed potent antioxidant activity against 
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical. Molecular docking with NADPH oxidase and TNF- 
α revealed that epicatechin-3-O-gallate, epigallocatechin-3-O-gallate and quercetin bound with 
the least binding energy amongst the isolated compounds as well as standard (Trolox and 
Prednisolone). By molecular dynamics analysis, epicatechin-3-O-gallate maintained stable 
conformation with NADPH oxidase and TNF-α and was found to possess good ADMET profile 
thereby validating the ethnic use of the plant as a medicine in the management of inflammatory 
conditions by an in vitro and in silico approach.

1. Introduction

Oxidants are vital for maintaining cellular redox balance, but an excess can lead to imbalance, with Reactive Oxygen Species (ROS) 
from aerobic respiration being particularly unstable and prone to causing oxidative damage to molecules and biomacromolecules [1,
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2]. Elevated oxidative stress is implicated in various chronic diseases, including diabetes, neurodegenerative conditions, cardiovas-
cular issues, and cancer [3]. This stress triggers the activation of transcription factors, which, in turn, upregulate genes associated with 
growth factors and inflammatory cytokines, fostering pathways that can transform normal cells into cancerous ones [4]. Thus, anti-
oxidants within the cells determine the cell’s redox homeostasis and the mitigation of the stress caused by oxidants, especially when 
the initial defense mechanisms are overwhelmed [5]. During the metabolism of arachidonic acid, ROS are generated by different 
enzymes: NADPH oxidase, cytochrome P450 (CP450), Lipoxygenase (LO), Myeloperoxidase (MP), and Xanthine Oxidase (XO). In-
hibition of such enzymes disrupts the ROS production cycle, reducing oxidative stress [6]. ROS mediated increase in oxidative stress 
can contribute to various diseases [7]. Consequently, the search for substances which can maintain redox balance (antioxidants) plays 
a pivotal role in discovering molecules that can cure, manage or prevent multiple diseases by mitigating oxidative stress [3–6].

Tumor necrosis factor (TNF-α) functions as a versatile pro-inflammatory cytokine, impacting immune cells significantly while also 
being pivotal in cellular processes of differentiation, proliferation, metabolism, inflammation, and cell death [8]. Tumor necrosis 
factor α (TNF-α) and tumor necrosis factor beta (TNF-β) are the two forms that have been identified. These variants exhibit structural 
and sequential similarities, vying for receptor binding in biological processes [9]. The functions of TNF-α are activated by their in-
teractions with either of the two receptors: TNFR1 or p55 and TNFR2 or p75 (tumor necrosis factor receptor type I and tumor necrosis 
factor receptor type II respectively). The expression of TNFR2 typically occurs in immune cells, cells of the endothelia, and neurons 
under normal physiologies, while TNFR1 is ubiquitously expressed on nearly all nucleated cells, pivotal in initiating TNF-α signaling 
pathways [10]. After the binding of TNF-α to its receptors, it activates many pathways: extracellular signal regulated kinase (ERK), 
c-Jun N-terminal kinase, transcription factor NFκB mitogen activated protein kinase (MAPK) [11]. Physiologically, TNF-α crucially 
regulates immunological activities however, dysregulation of the activities of TNF-α has been associated to inflammatory conditions 
such as autoimmune diseases, cancer, and neurological illnesses [12]. Agents that antagonize TNF-α (Adalimumab, Certolizumab, 
Etanercept, Golimumab, and Infliximab) have transformed the treatment and management of inflammatory autoimmune disorders 
[13–17]. These medicines attach to the interface of TNF-α dimers and complexes, preventing TNF-α receptors from binding and 
activating downstream signaling pathways that cause inflammation. Drugs discovered thus far have higher molecular weight (pro-
teins/antibodies) and are related with numerous side effects, such as TB, CHF, demyelinating illness, lupus, formation of autoanti-
bodies, and systemic adverse effects [18–21]. The structure of dimeric TNF-α associated with SPD304 (a small inhibitor) was published 
in 2005 which revealed that TNF α′s active site at the dimer interface is made up of sixteen amino acid contact residues. These are 
distributed in two chains, chain A with 9 amino acids and chain B with the remaining 7 amino acids. Of all the amino acids, the most 
important one is Tyr119. The chi-1 angles at Tyr119 rotate and form a dimer that facilitates chemical binding. When SPD304 interacts 
with key residues alteration occurs in trimer symmetry, causing monomer dissociation and stabilization of the dimer. This structure as 
the guide to create direct TNF-α suppressors by stabilizing its dimer structure in the form of small molecule inhibitors. There are 
currently no known orally active small molecule drugs against TNF-α. Identification of small compounds that can block the pathway 
regulated by TNF-α is a potential and current emphasis area [22].

The study of interactions between ligands and macromolecules is now possible with molecular docking. This technique provides 
insights into the regions of receptor activity, define which amino acids are involved during the interactions, and visualize the inter-
action of each atom of the ligand with the receptor (macromolecule) [23].

Leea asiatica Edgew. (syn. Leea asiatica Edgew, Leea crispa van Royen ex L, Family: Vitaceae) commonly known as Kumali/Guithe 
Padari in Nepal. It is a shrub, widely distributed in various parts of Asia, including Nepal, India, Bangladesh, Sri Lanka, Malaysia, and 
Thailand between 1300 and 2600m. The leaves and roots of L. asiatica are used traditionally to alleviate pain and inflammation [24]. 
Several studies report that the methanolic extracts of the plant possess analgesic, anti-inflammatory, hepatoprotective, and neph-
roprotective properties [25,26]. Studies focused on the characterization of phytoconstituents report the presence of flavonoids, 
phenolic glycosides, terpenoids, and several other secondary metabolites from the plant [27,28].

The current study focused on isolating and characterizing the major antioxidant constituents of Leea asiatica (aerial parts) and 
evaluating the potential of the isolates to inhibit NADPH oxidase and TNF-α by an in silico approach to validate the ethnobotanical use 
of the plant in different inflammatory disorders.

2. Materials and methods

2.1. Plant material

The fresh plant was collected from Lahachock, Kaski, Nepal in July 2014 and identified by Prof. Takashi Watanabe, Kumamoto 
University, Kumamoto, Japan. The voucher specimen (Voucher No.: KUNP20140825-9) was deposited at Graduate School of Phar-
maceutical Sciences, Kumamoto University, Kumamoto, Japan.

2.2. Reagents, chemicals and equipment

TLC was performed on precoated silica gel 60 F254 plates (0.2 mm, aluminum sheet, Merck). 1,1-Diphenyl-2-picrylhydrazyl (DPPH) 
was obtained from Wako Pure Chemicals, Osaka, Japan, Trolox was used from Calbiochem (Denmark) and MES [2-(N-morpholino) 
ethane sulphonic acid] buffer was obtained from Dojindo Chemical Research, Kumamoto, Japan. Column chromatography (CC) was 
carried out with silica gel 60 (0.040–0.063 mm, Merck), MCI GEL® CHP20P (75–150 μm, Mitsubishi Chemical Industries Co., Ltd.), 
Sephadex® LH-20 (Amersham Pharmacia Biotech) and Chromatorex ODS (30–50 μm, Fuji Silysia Chemical Co., Ltd.). NMR spectra 
(1H: 500 MHz and 13C: 125 MHz) were measured and recorded as chemical shifts (ppm) with reference to TMS. Mass spectra were 
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recorded on JEOL JMS 700 MStation mass spectrometer.

2.3. Extraction and isolation of compounds from Leea asiatica aerial part

The shade dried aerial part of L. asiatica (1.8 kg) were extracted with 70 % MeOH (18 L x 2) at 50◦C (5 h) and at room temperature 
(25◦C, 19 h) to afford 204 g extract. The extract was suspended in water and fractionated with EtOAc. The aqueous fraction (116 g) was 
subjected on MCI GEL™ CHP20P column chromatography (CC) and eluted successively with water, 40 %, 60 %, 80 %, and 100 % 
MeOH to give five fractions (1–5). Fraction 1 (67 g, H2O eluate) was subjected on MCI GEL™ CHP20P CC to give three fractions (1- 
1~1-3). Fraction 1–2 was subjected on Sephadex® LH-20 CC (50 % MeOH) to afford compound 2 (228 mg). Fraction 5 (2.74 g, 40 % 
MeOH eluate) was subjected on Sephadex® LH-20 CC (50 % MeOH) to afford compound 5 (329 mg) and compound 1 (23 mg). The 
EtOAc fraction (88 g) was suspended in MeOH and fractionated with n-hexane to obtain n-hexane and MeOH fractions. Then MeOH 
fraction (44 g) was subjected on MCI GEL™ CHP20P CC and eluted successively with 20 %, 40 %, 60 %, 80 %, and 100 % MeOH to give 
eleven fractions (1–11). Fraction 4 (3.66 g, 40 % MeOH eluate) was subjected successively on Sephadex® LH-20 CC (MeOH) and ODS 
(50%MeOH) to afford compound 6 (86 mg), 4 (33 mg), 7 (58 mg). Fraction 8 (1.10 g, 60 % MeOH eluate) was subjected on Sephadex® 
LH-20 CC (MeOH) to afford compound 1 (52 mg). Fraction 9 (4.17 g, 40 % MeOH eluate) was subjected on Sephadex® LH-20 CC 
(MeOH) to afford compound 3 (22 mg) (Fig. 1).

2.4. In vitro antioxidant activity

In vitro antioxidant activity was measured as the ability of the isolates to scavenge DPPH free radical using a microplate reader 
spectrophotometer [29]. For this, the compounds were made soluble in suitable solvents. 80 μL of sample and 40 μL of MES buffer (200 
mM, pH 6.0) were mixed in a 96-well plate. 40 μL of DPPH solution (800 mM in EtOH) was then added to each of the wells. After 
shaking vigorously, the reaction mixture was allowed to stand for 30 min at room temperature protected from light. The anti-oxidant 
potency corresponding to the ability to scavenge DPPH radical was calculated by measuring the absorbance at 510 nm using a UV 
visible spectrophotometer using following formula: 

Radical scavenging activity (%) = 100 × (A-B)/A                                                                                                                          

Where, A is the control absorbance of DPPH radicals’ solution and B is the absorbance after incubating the reaction mixture. Trolox, the 
water-soluble analogue of vitamin E was used as the positive control and appropriate negative controls were used. Results are 
expressed as mean of four experiments. Effective Concentration (EC50) value was calculated from a plot of concentration of samples vs 
% radical scavenging activity which is the concentration (μM) of the sample required for 50 % reduction of the DPPH radical 
absorbance.

2.5. Molecular docking study

Protein selection and preparations: Proteins: NADPH oxidase (PDB ID: 2CDU) for antioxidant activity and TNF- α (PDB ID:2AZ5) 
for anti-inflammatory activity, were selected based on the literature survey [3,5,12,22,30–32]. Protein models were downloaded from 
the protein data bank (https://www.rcsb.org/) in PDB format as target. 2CDU and 2AZ5 have better resolution (1.80 Å & 2.10 Å), no 
mutation, and the conformation were validated with Ramachandran plot (Supplementary Material Figs. S8 and S9). These protein 
models were prepared by eliminating heteroatoms, water molecules, cocrystal ligands and adding polar hydrogen via Discovery studio 

Fig. 1. Structures of compounds isolated from Leea asiatica aerial parts; quercetin (1), gallic acid (2), kaempferol (3), methyl gallate (4) myricetin 3- 
O-α-L-rhamnopyranoside (5), (− )-epicatechin-3-O-gallate (6) and (− )-epigallocatechin-3-O-gallate (7).
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visualizer v24.1.0.23298 software and saved in PDB format for docking [33,34].
3D Ligand preparations: The 3D structure of 7 isolated compounds and standard drugs Trolox and Prednisolone were downloaded 

from PubChem database (https://pubchem.ncbi.nlm.nih.gov/) in ‘.sdf’ format. These structures in. sdf format were optimized to 
minimum geometric configuration in PyRx 0.8 software and used for docking studies [35].

2.6. Ligand protein interactions

To perform the molecular docking, Autodock Vina wizard in PyRx 0.8. software was used [35,36]. Protein in PDB format was 
loaded in PyRx and converted to ‘.pdbqt’ format through make macromolecule option. Open babel in PyRx was used to upload the 3D 
ligands and geometrical energy minimized to global energy minimum and converted to ‘.pdbqt’ format [37]. The instance coordinates 
of co-crystallized ligand were downloaded in SDF format from protein data bank and interaction with the protein was visualized in 
Biovia Discovery studio to view interacting amino acids. The grid box parameter was set to cover all the interacting amino acids which 
are tabulated (Supplemental Material Table S13). We used default commands of software for docking and the best docked poses were 
visualized in BIOVIA Discovery studio [38–40].

2.7. Molecular docking simulation

To assess the stability of the most promising epicatechin-3-O-gallate in complex with the NADPH oxidase (PDB ID: 2CDU) and TNF- 
α (PDB ID:2AZ5) proteins, MD simulations (200 ns) were carried out using the OPLS3e force field within the Desmond package. This 
advanced computational approach provides insights into the dynamic behavior of the compound-enzyme complex over time, thereby 
allowing for a deeper understanding of the stability and interactions within the system. The simulation box parameters, solvation 
model, energy minimization, thermostat, and barostat methods used in this study were in line with those described in a previous study 
[41,42].

2.8. Prediction of ADMET properties, drug-likeness and medicinal chemistry

ADMET properties shows the absorption, distribution, metabolism, excretion, and toxicity of drugs. In the preclinical stages, it is a 
useful tool to predict the pharmacological and toxicological properties.

We used freely accessible SwissADME online web tool (http://www.swissadme.ch)to evaluate the pharmacokinetics, drug-likeness, 
and medicinal chemistry of the isolated molecules and standard drugs [43]. Similarly, we used another free webserver ProTox 3.0 
(https://comptox.charite.de/protox3/) for the prediction of toxicity of isolated molecules and standards [44]. The compounds in 
SMILES format were downloaded from PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and used for the prediction in both 
SwissADME and ProTox 3.0 web tools.

3. Results

3.1. Extraction, isolation and characterization

Maceration of the aerial parts (1.8 kg) of L. asiatica (shade dried) in 70 % MeOH (18 L x 2) at 50◦C (5 h) and at room temperature 
(25◦C, 19 h) gave 204 g of extract. The extract, suspended in water, was fractioned with ethyl acetate. Both water (116 g) and EtOAc 
(88 g) fraction were applied to separately in column chromatography (CC) on MCI GEL™ CHP20P, Sephadex® LH-20, ODS and silica 
gel to get compounds 1–7 (Fig. 1).

Structure elucidation of these compounds revealed them as quercetin (1) [45], gallic acid (2) [46], kaempferol (3) [46], methyl 
gallate (4), myricetin 3-O-α-L-rhamnopyranoside (5) [47], (− )-epicatechin-3-O-gallate (6) [48] and (− )-epigallocatechin-3-O-gallate 

Fig. 2. DPPH scavenging activities (IC50 ± SEM: μM) of compounds 1–7 and Trolox. Compound 4 was less potent. Quercetin (1), gallic acid (2), 
kaempferol (3), methyl gallate (4), myricetin 3-O-α-L-rhamnopyranoside (5), (− )-epicatechin-3-O-gallate (6) and (− )-epigallocatechin-3-O- 
gallate (7).
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(7) [49] based on spectroscopic data and comparison with literature. 1H and 13C NMR data and spectra of these compounds are given in 
Supplementary Materials (Tables S1 and S2 and Fig. S1).

3.2. Invitro antioxidant activity

Antioxidant activity was determined as the ability of isolates to scavenge diphenyl-2-picrylhydrazyl (DPPH) free radical [29]. 
Compounds 1, 2, 3, 5, 6, and 7 were found to be excellent free radical scavengers (Fig. 2).

3.3. Molecular docking analysis

Molecular docking was conducted to provide in silico evidence for the in vitro activity and its ethnomedicinal uses and to identify 
the interactions established with NADPH oxidase and TNF-α.

3.4. In silico antioxidant activity

In the active site of target protein NADPH oxidase, the isolated compounds and standard drug (Trolox) were docked within a 
defined grid. Altogether nine poses were generated for each ligand during ligand-protein interaction. The best poses (ligand with low 
binding energy (kcal/mol) and low RMSD value), are shown in Fig. 3. The taller the peak (more negative), the lower the binding energy 
(kcal/mol) and thus the more significant the interaction between ligand and receptor for the antioxidant activity [30,50,51]. Quercetin 
and (− )-epicatechin-3-O-gallate showed the best binding energy (− 8.5 kcal/mol) with NADPH oxidase followed by (− )-epi-
gallocatechin-3-O-gallate (− 8.4 kcal/mol), myricetin 3-O-α-L-rhamnopyranoside (− 8.3 kcal/mol), and kaempferol (− 7.9 kcal/mol). 
The binding energies for the isolated compounds were found to be better as compared to Trolox (− 7.6 kcal/mol).

The five isolated compounds with the best binding affinity (low binding energy) compared to Trolox (<− 7.6 kcal/mol) were 
selected to visualize molecular interaction with protein. Co-crystallized ligand (Adenosine-5′-diphosphate) was taken as the reference 
ligand and it showed hydrogen bonds interaction with AspA179, CysA242, LysA213, TyrA188, LysA187, and ValA214 residues. All the 
compounds showed at least one hydrogen bond with any of these receptors which may be responsible for the stability of interaction. 
The active sites were surrounded by IleA160, IleA243, LysA213, AspA179, and ValA214 residues which were involved in almost every 
interaction. Especially, IleA243 residue was involved in hydrophobic interaction with co-crystallized ligand, standard drug, and all the 
compounds except for myricetin 3-O-α-L-rhamnopyranoside (did not show hydrophobic interaction). The interactions of the target 
with the ligands (isolated and standard) are shown in Fig. 4 ((− )-epicatechin-3-O-gallate), Fig. 5 (Trolox) Supplementary S2-5, and 
Tables S3–4.

3.5. In silico anti-inflammatory activity

In the active site of the target protein: TNF-α, the isolates (ligands) were docked within defined grid. Altogether nine poses were 
generated for each ligand during ligand-protein interaction. The best poses, which is a ligand with low binding energy (kcal/mol) and 
low RMSD value (0), are shown in Fig. 6. The taller the peak, the lower the binding energy and thus the more significant the interaction 
between ligand and receptor for the anti-inflammatory activity [31,50,51]. The compound (− )-epicatechin-3-O-gallate revealed the 
best binding affinity at − 8.9 kcal/mol followed by (− )-epigallocatechin-3-O-gallate (− 8.8 kcal/mol), myricetin 
3-O-α-L-rhamnopyranoside (− 8.6 kcal/mol), and quercetin (− 7.8 kcal/mol). This interaction was better than standard prednisolone 
(− 7.6 kcal/mol) as shown in Fig. 6.

The four isolated compounds with good binding affinity (low binding energy), as compared to prednisolone (<− 7.6 kcal/mol), 

Fig. 3. Binding energies of the seven isolated compounds and Trolox (ligands) with NADPH oxidase (macromolecule/target). Data represented in 
negative scale. Quercetin (1), gallic acid (2), kaempferol (3), methyl gallate (4), myricetin 3-O-α-L-rhamnopyranoside (5), (− )-epicatechin-3-O- 
gallate (6) and (− )-epigallocatechin-3-O-gallate (7).
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were selected to visualize molecular interaction with receptors. Co-crystallized ligand SPD304 was taken as reference ligand which is 
the inhibitor of TNF-α and the molecular interactions were studied which were important for inhibitory actions. It showed one 
hydrogen bond (C-H bond) with LeuD15, Hydrophobic interactions are Pi-Pi T-shaped interaction with TyrA119, and Pi-alkyl inter-
action with TyrB59. Similarly, standard prednisolone showed three conventional hydrogen bonds with TyrB119, TyrB151, and 
GlyA121. Two Pi-alkyl hydrophobic interactions with TyrB119 and TyrA119 were observed (Fig. 9, Tables S5 and S6). All four isolated 
compounds and Prednisolone showed strong hydrophobic interactions with TyrA119 and TyrB119 along with the hydrogen bond with 
TyrB residues similar to co-crystallized ligands. Hydrogen bonds with Ser60 were common for all the isolated compounds. Three 
Compounds (− ) -epicatechin-3-O-gallate (Fig. 7), epigallocatechin-3-O-gallate (Fig. 8), and myricetin 3-O-α-L-rhamnopyranoside 
(Fig. S6) showed at least one hydrogen bond with Tyr residue. Interactions for the rest of the ligands are provided as supplementary 
figures (S6-7).

3.6. Molecular docking simulation

To enhance the analysis and ascertain the stability of the docking complexes, we conducted classical MD simulations on epi-
catechin-3-O-gallate in an aqueous environment. This methodology enabled us to explore the dynamic interactions within the ligand- 
protein complex and evaluate the durability of the binding configuration suggested by the molecular docking investigation. We 

Fig. 4. Interaction of (− )-epicatechin-3-O-gallate and NADPH oxidase (3D and 2D interactions).

Fig. 5. Interaction of Trolox with NADPH oxidase enzyme (3D and 2D interactions).
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Fig. 6. Binding energy of isolated ligands and Prednisolone with TNF-α. Quercetin (1), gallic acid (2), kaempferol (3), methyl gallate (4), myricetin 
3-O-α-L-rhamnopyranoside (5), (− )-epicatechin-3-O-gallate (6) and (− )-epigallocatechin-3-O-gallate (7).

Fig. 7. Interaction of (− )-epicatechin-3-O-gallate with TNF- α (3D and 2D interactions).

Fig. 8. Interaction of (− )-epigallocatechin-3-O-gallate with TNF-α (3D and 2D interactions).
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carefully scrutinized the MD trajectories of all complexes to evaluate stability, structural characteristics, and system convergence 
throughout the simulation period.

In this context, the overall structural fluctuations and conformational stability of each complex were assessed by analyzing the 
Root-mean-square deviation (RMSD) of the α-carbon atoms over the simulation time. The RMSD reflects the deviation of atoms within 
the protein structure throughout the MD simulation. Ideally, the RMSD value of α-carbons in the protein should remain below 3 Å once 
the system has equilibrated. Higher RMSD values indicate that the system has undergone significant conformational changes. A 

Fig. 9. Interaction of Prednisolone with TNF- α enzyme (3D and 2D interactions).

Fig. 10. A. Time-dependent RMSD of 2CDU and 2AZ5 proteins Cα atoms in complex with epicatechin-3-O-gallate; B. RMSF of individual amino 
acids of 2CDU protein; C. RMSF of individual amino acids of 2AZ5 protein; D. Time-dependent Hydrogen Bond analysis of epicatechin-3-O-gallate in 
complex with 2CDU and 2AZ5 proteins.
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gradual, steady RMSD slope during the simulation suggests a more stable system, whereas significant fluctuations in the RMSD graph 
indicate an unstable binding of the ligand to the target protein structure [52–54].

Initially, the RMSD values for both complexes start below 2 Å, indicating a well-optimized initial structure. As the simulation 
progressed, the RMSD for the epicatechin-3-O-gallate-2CDU Complex (orange) remained consistent, reaching around 2.32 Å by 134 ns 
and fluctuating between 2.2 and 1.5 Å for the remainder of the simulation. Similarly, the epicatechin-3-O-gallate-2AZ5 Complex 
(green) shows an increase in RMSD, stabilizing between 2.0 and 3.0 Å. In this complex, minor fluctuations are observed at 85 ns with 
RMSD up to 2.89 Å. Both complexes exhibit fluctuations, but they remain within a similar range, indicating a comparable level of 
stability. The average RMSD values for the α-carbon atoms were observed to be 1.79 Å for the epicatechin-3-O-gallate-2CDU Complex 
and 2.48 Å for the epicatechin-3-O-gallate-2AZ5 Complex, respectively (Fig. 10).

3.7. ADME prediction and drug-likeness

SwissADME online tool was used to predict the in silico pharmacokinetic properties i.e. Absorption, Distribution, Metabolism, and 
Elimination, and also to predict Drug-Likeness of the isolates from Leea asiatica. This study found that all isolated compounds showed 
low GI absorption compared to standard trolox. Only two compounds gallic acid and methyl gallate showed GI absorption higher than 
standard prednisolone. All the compounds indicated the bioavailability and plasma concentration. No compounds crossed the brain 
blood barrier (BBB). Cytochrome P450 (CYP450) is the major liver enzyme system and hence plays a critical role in drug metabolism. 
Quercetin and kaempferol behave as CYP1A2, CYP2D6, and CYP3A4 inhibitors and on the other hand, gallic acid behaves as CYP3A4 
inhibitors which means they decrease the elimination and metabolism, increasing bioavailability.

The drug-likeness properties of isolated compounds of Leea asiatica were evaluated by using SwissADME. The five filters given by 
Swiss ADME define an active molecule’s drug likeness properties including Lipinski, Ghose, Veber, Egan, and Muegge. In our study, the 
isolated compounds with standard drugs obey all five filters with not exceeding 3 violations. The pharmacokinetic parameters of 
ADME and drug-likeness are provided as included in supplementary tables (Tables S7–11).

3.8. Evaluation of toxicity

The computational method also can be employed to determine the toxicity of the compounds and help to eliminate unsuitable 
compounds from the drug screening process. In the current study, the isolated compounds from Leea asiatica were employed for 
toxicity studies such as carcinogenicity, hepatotoxicity, mutagenicity, immunogenicity, and cytotoxicity versus standard drugs by 
using the ProTox online tool. The compounds quercetin, gallic acid, and myricetin 3-O-α-L-rhamnopyranoside show potent carcino-
genic effects but quercetin shows both carcinogenic and mutagenic effects (Table S12). The reference prednisolone shows immuno-
genic effects. The structural modification of isolated compounds can minimize the toxic effects.

4. Discussion

Leea asiatica is reported to have been used to treat eye diseases, diabetes, gastrointestinal disorders, and liver disorders by the ethnic 
tribes of Asian countries [24]. Several studies report that the methanolic extracts of the plant possess analgesic, anti-inflammatory, 
hepatoprotective, and nephroprotective properties [25,26], and these conditions share a common pathophysiology of increased 
oxidative stress and cellular inflammation [55]. The 70 % methanolic extract of the aerial parts of the plant gave 7 major polyphenolic 
compounds: Quercetin (1), gallic acid (2), kaempferol (3), methyl gallate (4), myricetin 3-O-α-L-rhamnopyranoside (5), (− )-epi-
catechin-3-O-gallate (6) and (− )-epigallocatechin-3-O-gallate (7) of which (1), (3) and (5) have previously been reported from Leea 
asiatica [27,28]. This is the first report of gallic acid (2), methyl gallate (4), (− )-epicatechin-3-O-gallate (6) and (− )-epi-
gallocatechin-3-O-gallate (7) from the plant. All of the isolated compounds were found to be a potent scavenger of DPPH free radicals 
as compared to Trolox (water soluble analogue of Vitamin E) [56]. The DPPH free radical scavenging potential (an in vitro marker of 
antioxidant potential) [57] was the greatest for (− )-epigallocatechin-3-O-gallate (19.3 μM) followed by quercetin (37.7 μM) and 
(− )-epicatechin-3-O-gallate (39.1 μM).

In the in silico antioxidant study, five isolated compounds showed lower binding energy except methyl gallate and gallic acid (also 
possessed less potent DPPH free radical scavenging activity) in comparison to Trolox. The significance of ligand-receptor interaction 
increases with decrease in the binding energy (more negative value) [30,50,51]. Quercetin and -(− )-epicatechin-3-O-gallate showed 
better interaction with low binding energy among all the isolated compounds. The molecular interaction study showed ligand 
interaction with aspartic acid, isoleucine and valine residues (potentially AspA179, IleA243, and ValA214) of NADPH oxidase enzyme 
were important for the antioxidant activity. This was further supported by the study that reported similar interactions and active sites 
[30,31]. AspA179 and ValA214 were the TNF-α active residues for hydrogen bond interactions. Ligands were also seen for hydro-
phobic interaction with AspA179 and IleA243 residues. These hydrogen bonding and hydrophobic interaction with crucial residues of 
NADPH oxidase are responsible for the stable interaction resulting in the antioxidant activity as NADPH oxidase is responsible for 
generation of ROS.

The in silico anti-inflammatory activity showed -(− )-epicatechin-3-0-gallate has lower binding energy and the binding energy is 
even lower (more negative) than prednisolone. Molecular interaction with tyrosine residues (potentially Tyr119) was important for the 
TNF-α inhibition. TyrA119 and TyrB119 were the TNF-α active residues for hydrophobic interactions. Ligands were also seen for 
hydrogen bond formation with Tyr residues. These findings are similar to ones reported in other studies [31] that report tyrosine 
residues as the active binding site of TNF-α for inhibition. Of the major compounds isolated from Leea asiatica, three compounds 
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showed hydrogen bond contacts and strong hydrophobic interactions with the crucial residues of the TNF-α.
The Root Mean Square Fluctuation (RMSF) is a crucial metric in molecular dynamics simulations used to assess the average de-

viation of protein residues from a reference position over time. This metric provides dynamic insights into the behavior of protein 
structures, shedding light on their flexibility and rigidity. By quantifying these deviations, RMSF offers a detailed view of the fluc-
tuations within different regions of the protein, highlighting areas that exhibit significant variability and those that remain relatively 
stable throughout the simulation [58–60]. In the context of the study involving the epicatechin-3-O-gallate-2CDU and epi-
catechin-3-O-gallate-2AZ5 complexes, the RMSF analysis revealed distinct patterns of fluctuation in different protein residues. The 
epicatechin-3-O-gallate-2CDU complex displayed major RMSF fluctuations in Asn254, Asn255, and the N-terminal residue, indicating 
significant flexibility in these regions (Fig. 10 B). On the other hand, the epicatechin-3-O-gallate-2AZ5 complex showed significant 
fluctuations in residues such as Thr89, Glu23, Gly24, Arg103, Val85, Tyr87, and Ser86, suggesting dynamic behavior in these areas 
(Fig. 10C). It was observed that epicatechin-3-O-gallate interacts with 2AZ5 protein residues, including Ser60, Tyr119, Leu120, Tyr59, 
Ile58, Leu120, Tyr119, Gly121, Gly122, Ser60, Ile58, Val123, Gln61, Ser95, Leu57, Gly122, Gly121, Gln125, Leu55, Glu53, Tyr151, 
Leu157, Lys11, and Gln149, while in 2CDU, Thr9, His10, Leu40, Ser41, Gly43, Ile44, Thr113, Ser115, Cys133, Lys134, Asn135, 
Gly156, Ser157, Gly158, Tyr159, Ile160, Gly161, Glu163, Asp179, His181, Tyr186, Lys187, Tyr188, Cys242, Ile243, Gly244, Phe245, 
Arg246, Asn261, Asp282, Tyr296, Pro298, Leu299, Ala300, Thr301, Ser326, Ser327, Ser328, and Gly329. All the interacted residues 
have RMSF values less than 2 Å, indicating the stability of epicatechin-3-O-gallate under dynamic conditions. These interactions were 
found to exhibit RMSF values of less than 2 Å. This observation indicates that epicatechin-3-O-gallate maintains stability within the 
complex environment, as these residues show minimal deviation from their initial positions during the simulation.

Hydrogen bond analysis in MD simulations is of paramount importance for unraveling the intricate dynamics and interactions 
within bimolecular systems. These bonds, formed between hydrogen atoms and electronegative atoms like oxygen or nitrogen, play a 
fundamental role in shaping the structure, stability, and function of proteins [61–63]. Hydrogen bond analysis is essential for un-
derstanding molecular interactions within complexes such as those involving epicatechin-3-O-gallate with different protein structures. 
In the case of the epicatechin-3-O-gallate-2CDU complex, the number of hydrogen bonds ranges from 1 to 7, with an average of 4.00. 
This indicates a relatively consistent and stable interaction between epicatechin-3-O-gallate and the protein in this complex. 
Conversely, the epicatechin-3-O-gallate-2AZ5 complex exhibits a hydrogen bond range from 1 to 8, but with a much lower average of 
1.31. This suggests that while 2AZ5 can form more hydrogen bonds at its maximum, it generally maintains fewer hydrogen bonds on 
average, indicating moderate interactions (Fig. 10 D). The higher average hydrogen bond count in the 2CDU complex suggests stronger 
and more stable binding, potentially leading to higher binding affinity and stability.

From the in-silico study, it was found -(− )-epicatechin-3-O-gallate, together with other antioxidant compounds might be 
responsible for the ethnomedicinal property of the plant in the management of inflammatory conditions. Further, -(− )-epicatechin-3- 
O-gallate can be a potential candidate for antioxidant and anti-inflammatory agents as it shows better binding interactions with re-
ceptors as compared to standard (Trolox and prednisolone). The MD simulation analysis of epicatechin-3-O-gallate complexes with 
2CDU and 2AZ5 proteins reveals that the epicatechin-3-O-gallate-2CDU complex demonstrates greater stability and stronger in-
teractions, as indicated by lower RMSD and higher average hydrogen bond counts (Fig. 10A). In contrast, the epicatechin-3-O-gallate- 
2AZ5 complex shows moderate interactions and stability, with slightly higher RMSD values and fewer average hydrogen bonds 
(Fig. 10A). This correlates with the in vitro DPPH free radical scavenging activity where -(− )-epicatechin-3-O-gallate shows more than 
twice the potency compared to Trolox. Swiss ADME study shows low GI absorption in humans compared to standard and structural 
modification can increase the water solubility of the compound. It follows the drug-likeness properties like Lipinski and Ghose. 
Toxicity study shows no kind of toxicity for these compounds. In-silico approach provides the information about the predictive mode of 
action, ADME properties and toxicity of compounds in very short period of time. We used in-silico process to predict the binding mode 
and their stability. This will help to design the in vitro and in vivo experiments for the isolated compounds.

5. Conclusion

In conclusion, Leea asiatica exhibits promising medicinal properties supported by both traditional use and scientific research. The 
70 % methanolic extracts of the plant have shown analgesic, anti-inflammatory, hepatoprotective, and nephroprotective properties, 
attributed to their antioxidant activities. This study identified seven major polyphenolic compounds from the aerial parts of plant, with 
some reported for the first time, including gallic acid and (− )-epigallocatechin-3-O-gallate, which displayed the highest DPPH free 
radical scavenging activity. In silico studies further demonstrated the strong antioxidant and anti-inflammatory potential of these 
compounds, particularly (− )-epicatechin-3-O-gallate, which showed superior binding interactions compared to standards like Trolox 
and prednisolone. Molecular dynamics simulations revealed that the epicatechin-3-O-gallate-2CDU complex had greater stability and 
stronger interactions, correlating with in vitro antioxidant activity. These findings emphasize the potential of Leea asiatica, especially 
(− )-epicatechin-3-O-gallate, as a candidate for developing antioxidant and anti-inflammatory agents. Future research should focus on 
structural modifications to enhance bioavailability and further explore the therapeutic applications of these compounds.
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