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Abstract 
Background: Chronic obstructive pulmonary disease (COPD) is a chronic 

inflammatory disease of the respiratory tract; it causes considerable morbidity and 

mortality worldwide. Phosphodiesterase-4 (PDE4) is a validated target for drug 

development, and PDE4 inhibitors increase intracellular cAMP and inhibit 

inflammatory signals. However, the adverse effects of the PDE4 inhibitors currently 

available (including roflumilast) have restricted their clinical use, which makes 

natural PDE4 inhibitors with fewer adverse effects more desirable. 

Methods: An integrated computational and experimental approach was used to 

discover natural PDE4 inhibitors from an Ayurvedic phytoconstituent library, which 

consisted of 250 phytoconstituents. The prioritized compounds after physicochemical 

filtering and pharmacophore-based virtual screening were then docked into the 

catalytic domain of PDE4 (PDB ID: 4WCU) and subsequently the binding free 

energies of these selected chemicals were computed using MM-GBSA approach. The 

prioritized compounds were also evaluated for their ADMET, toxicity and 200_ns 

MD simulation. Ellagic acid was chosen as the lead compound and further tested in 

the in vitro antioxidant (DPPH) and BEAS-2B cell viability (SRB), pro-inflammatory 

cytokine (TNF-α, IL-6, and IL-1β) and nitric oxide inhibition and intracellular cAMP 

assays. 

Results: Molecular docking revealed that Ellagic acid had a Glide XP score of −9.262 

kcal/mol and MM-GBSA binding free energy of −72.56 kcal/mol with the catalytic 

pocket of PDE4 and showed stable hydrogen bonding with some key catalytic 

residues such as TYR159, ASP318, GLN369 and PHE372 for favourable binding. 

Molecular dynamics simulations showed that the PDE4–Ellagic acid complex 

exhibited minimal conformational changes of the protein and ligand during the 200 

ns simulation and that the protein–ligand interactions were maintained. In silico 

ADMET and toxicity prediction indicated acceptable pharmacokinetic properties, and 

a favourable predicted safety profile. In vitro, Ellagic acid had strong antioxidant 

activity (DPPH IC₅₀ ≈ 38 µg/mL), low cytotoxicity to BEAS-2B cells (IC₅₀ = 735.4 

µg/mL) and significantly reduced the production of TNF-α, IL-6, IL-1β and nitric 

oxide in LPS stimulated RAW264.7 macrophages, and restored intracellular cAMP 

levels in inflamed BEAS-2B cells, supporting modulation of the PDE4/cAMP 

signaling pathway. 

Conclusions: The combination of computational and experimental results shows that 

Ellagic acid is a promising natural lead compound for PDE4 targeting therapy for 

COPD. All these properties indicate that it is highly favourable for binding, stable 

molecular interactions, an acceptable predicted pharmacokinetic profile, potent 

antioxidant activity, anti-inflammatory properties and the ability to restore 

intracellular cAMP, which indicate further investigation and preclinical development. 

However, biochemical PDE4 enzyme inhibition assays and in vivo efficacy assays 

need to be undertaken to verify its therapeutic potential and mechanism of action. 
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INTRODUCTION 

The superfamily of enzymes known as 

phosphodiesterases (PDEs) degrades the second 

messengers cAMP and cGMP, thereby controlling many 

physiological functions. The isoforms of PDE4 that are 

cAMP selective play a very important role in the control 

of immunological and inflammatory reactions. PDE4 

overactivation is involved in chronic inflammatory 

diseases [1]. In fact, selective PDE4 inhibitors can 

increase cAMP levels in the cell to prevent pro-

inflammatory cytokines from being produced[2]. So far, 

there are only two PDE4 inhibitors that have been brought 

to the clinic: roflumilast (in COPD) and apremilast (in 

psoriatic arthritis), and both contain a catechol-like motif. 

The adverse effects of gastrointestinal and 

neuropsychiatric nature restrict their clinical utility, and 

the need to identify new PDE4 inhibitors with different 

scaffolds and a better therapeutic index is imperative. 

Specifically, the non-catechol natural compounds with a 

structurally diverse nature can overcome the drawbacks 

of existing medicines[3]. 

A search towards natural PDE4 inhibitors has been 

concerted over the last few years. Indicatively, resveratrol 

(a grape stilbene) was demonstrated to inhibit PDE3 and 

PDE4 as well as mediate anti-aging. Non-aromatic PDE4 

inhibitors were also characterized by our group as marine 

and plant-derived: a new prostaglandin derivative from 

coral and toddacoumalone Toddalia asiatica[4]. In more 

recent times, powerful PDE4 inhibitors (selaginpulvilins 

A-L) were discovered in Selaginella pulvinata and had 

low nanomolar values in terms of IC50. One such 

fluorescent inhibitor of PDE4D was the crystal structure 

(PDB 5WQA) that showed an unusual binding mode. 

These findings show that natural compounds may be able 

to produce novel PDE4 ligands, which are frequently too 

complex to co-crystallize, and thus require computational 

docking to provide mechanistic information[5]. 

With the accessible structural information (e.g. PDE4D 

structures PDB ID 4WCU, 5WQA), an in-silico screening 

is a valuable approach that can be used to suggest new 

inhibitors. Thus, we use the method of molecular docking 

of Ellagic acid into the PDE4 active site (4WCU) to 

predict the binding conformation and the affinity. The 

PDB model (4WCU) of the human PDE4D in the 

presence of a small-molecule inhibitor (LEO 29102) is a 

high-resolution (2.35 A) model to design around 

structure[6,7]. 

Ellagic acid (EA) is suggested as the compound of interest 

(replacement). EA is a naturally occurring polyphenolic 

dilactone (C 14H 6O 8, MW 302.20 g/mol) which is a 

hydrolysate of ellagitannins[8]. Estructurally, EA is a 

fused ring compound that has four phenolic OH groups; it 

is highly polar and is virtually insoluble in water. In spite 

of low bioavailability, EA has been touted to have a wide 

spectrum of bioactivity. It is rich in pomegranates, berries 

and nuts and is a powerful antioxidant and anti-

inflammatory[9]. Several studies have found that EA 

prevents oxidative stress and inflammatory signal 

transduction: e.g., EA prevents oxidized-LDL-induced 

inflammatory response in endothelial cells, and prevents 

cytokines causing inflammation from being released in an 

animal model of vascular disease[10]. It has also been 

demonstrated that EA has vasodilatory effects through the 

NO/cAMP signaling pathways. Some literature has shown 

that EA increased intracellular levels of cAMP in smooth 

muscle and synergized with the PDE4 inhibitor rolipram. 

This implies that EA can indirectly tune PDE4-associated 

pathways, but has not been directly reported to interact 

with the enzyme[11]. 
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In this light, we will hypothesise that EA, per se, can bind 

to and inhibit PDE4. The hypothesis is that EA, based on 

its polyphenolic structure and capacity to stimulate cAMP, 

might be inserted into the PDE4 active site and inhibit 

cAMP hydrolysis. This will be tested by molecular 

docking to determine the binding mode of EA in PDE4 

(4WCU), and compare it to the known inhibitor (LEO 

29102) and Roflumilast. The drug-like properties of EA 

will also be taken into consideration[12]. EA is not very 

lipophilic (logP = -0.2) and has a number of hydrogen 

bond acceptors/donors (4 H-bond donors, 8 acceptors). 

These properties are in opposition to those of common 

PDE4 inhibitors (usually more hydrophobic), and may 

affect binding and ADMET. The EA ADMET profile has 

been highly researched: it is non-toxic in dietary amounts 

and has GRAS status, but has poor solubility, which 

restricts its bioavailability. However, the safety and oral 

bioactivity of EA have been established, which is why it 

should be investigated regarding its pharmacological 

potential[13]. 

It is on this basis that the current study adopted an 

integrated approach of computation and experimental 

design in the discovery of Ellagic acid as a potential 

natural inhibitor of phosphodiesterase-4 (PDE4) to 

manage COPD. Ellagic acid was first chosen in a virtual 

screening workflow, then molecular docking with the 

catalytic domain of PDE4 (PDB ID: 4WCU) was 

performed to determine the interaction of the drug and its 

inhibitory abilities[14]. The stability of the Ellagic acid 

PDE4 complex was then assessed using molecular 

dynamics simulations, and binding affinity was 

ascertained by calculating binding free energy (MM-

GBSA), electronic characteristics and molecular 

reactivity. Moreover, physicochemical characteristics, 

pharmacochemical behavior, drug-like, and toxicity 

profiles were fully evaluated with the aid of in silico 

ADMET predictive tools[15,16]. Lastly, the 

computational results were confirmed by exploring the in 

vitro antioxidant, anti-inflammatory, Nitric Oxide 

inhibitory assay and cAMP level measurement assay to 

determine the therapeutic prospects of Ellagic acid as a 

new natural PDE4 inhibitor. This multi-scale 

methodology, in combination, gives mechanistic 

information about the interaction between Ellagic acid 

and PDE4 and about its potential to serve as a lead 

molecule to develop safer and more effective therapeutic 

interventions against COPD. 

 

2. Methodology 

2.1 High-Throughput Virtual Screening and Ligand 

Preparation 

An Ayurvedic phytoconstituent library containing 250 

phytoconstituents listed in the Ayurvedic Formulary of 

India was compiled in order to discover possible natural 

phosphodiesterase-4 (PDE4) inhibitors. Before the virtual 

screening, physicochemical filtering of the compound 

library according to the Rule of Five by Lipinski, as well 

as the elimination of compounds with highly reactive or 

chemically unstable functional groups, was performed to 

obtain 150 structurally diverse drug-like compounds to be 

evaluated by computational methods. The catalytic 

domain of the human PDE4 crystal structure with PDB 

ID: 4WCU and the ligand library were prepared and used 

the crystal structure obtained from the RCSB Protein Data 

Bank (https://www.rcsb.org/) to screen them against one 

another[17–20]. The active-site region has been chosen 

according to the co-crystallized ligand's coordinates, and 

all compounds were first put through an initial virtual 

screening workflow[21,22]. The ranking of the candidate 

molecules was done according to the Glide docking score, 

the binding orientation, and contact between the potential 

compounds and the essential PDE4 catalytic pocket 

residues[23]. The most promising compounds with good 

binding affinity and interaction characteristics were 

shortlisted to carry out further computational studies as 

indicated in Table 1.  

The Epik module of the Schrödinger Suite was utilized to 

produce up to 20 energetically accessible conformers per 

compound within the physiological pH range of 7.0 + 2.0 

to thoroughly explore the flexibility of the conformations 

of each ligand. The ionization states and associated 

tautomeric forms were predicted and the energetically 

unfavourable tautomers were not analyzed further. After 

conformational preparation, a virtual screening protocol 

based on a pharmacophore was carried out with the Phase 

module[24,25]. Ligands were screened based on the 

Phase Screen Score, a combination of vector alignment, 

volume overlap and RMSD-based site matching to 

determine the strength of the pharmacophore. The 

compounds with a Phase Screen Score of 1.5 or higher 

were viewed as potential hits and were chosen to be 

studied in molecular docking[26,27]. Lastly, the LigPrep 

module was used to optimize three-dimensional 

geometries of all shortlisted ligands, assign protonation 

states, correct where necessary, correct stereochemistry, 

and to minimize the energy with the OPLS4 force field. 

The ligand structures were then prepared, and precision 

molecular docking was performed on the PDE4 catalytic 

pocket using the prepared ligand structures to determine 

which natural inhibitor was the most promising to further 

validate using computational and experimental methods. 

2.2 Protein Preparation 

The Protein Data Bank (RCSB PDB; 

https://www.rcsb.org) provided the 3-D X-ray crystal 

structure of human phosphodiesterase-4 (PDE4) in 

complex with a co-crystallized inhibitor (PDB ID: 

4WCU), which served as the receptor model for all 

molecular docking, molecular dynamics (MD) 

simulation, and binding free energy calculations[28,29]. 

The chosen crystal structure has a resolution of 2.35 A 

which offers a high-quality structural backbone with a 

defined catalytic binding pocket for structure-based 

virtual screening and ligand-binding studies. To achieve 

an energetically optimized receptor structure, which can 

be used in computational analyses, protein preparation 

was done with the Protein Preparation Wizard of the 

Schrödinger Suite 2025-4[30]. To remove all non-

essential solvent molecules, all the crystallographic water 

molecules outside of the catalytic region, which were 

involved in fewer than three hydrogen-bond interactions, 

were removed first. The protein structure was then 

modified to represent physiological parameters (pH 7.0 + 

0.2) by adding hydrogen atoms, assigning bond ordering, 

and adjusting the protonation states of ionizable 

residues[31]. In the cases of missing side chains, these 

were rebuilt with the Prime module, then the hydrogen-

https://www.rcsb.org/
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bonding network was optimized to achieve the correct 

orientations of the polar residues. Lastly, the minimization 

of the energy restrained with the OPLS4 force field was 

continued until the RMSD of the heavy atoms became less 

than 0.3 Å to minimize the steric clashes without altering 

the geometry of the crystal observed in the 

experiment[32–34]. A structural examination of the 

receptor so made showed that there were only a few 

unresolved loop and side-chain regions that were found 

on peripheral surfaces that were exposed to solvents. 

Notably, no gaps in the sequence or structural 

discontinuities were observed in or near the catalytic 

binding pocket, thereby obviating the need to use 

homology modelling and the subsequent reconstruction of 

the structure on a large scale. Therefore, localized 

refinements were the only refinements done in the normal 

protein preparation workflow to refine the stereochemical 

quality of the receptor before receptor-grid 

generation[35,36].  

The Receptor Grid Generation module of Schrödinger 

was used to generate the molecular docking receptor grid, 

with the grid box centered on the co-crystallized 

inhibitor's binding site. The docking grid was delimited to 

cover the entire catalytic cavity, including the important 

amino acid residues HIS160, TYR159, ASP318, TYR329, 

GLN369, PHE372, THR333 and ASN395 that are 

important in ligand recognition and PDE4 inhibition. The 

positions of the attached ligand in the structure of the 

crystal  (PDB ID: 4WCU) were used to create the grid as 

the centroid to make sure that the biologically relevant 

active site is represented in all the subsequent molecular 

docking and computational studies[37,38]. 

2.3 Molecular Docking Studies 

The affinity for binding and interaction pattern of the 

selected phytoconstituents to the catalytic domain of the 

human PDE4 were ascertained using molecular docking 

assays. The PDE4 X-ray crystal structure in the presence 

of an inhibitor (PDB ID: 4WCU) that has been co-

crystallized acquired from the Protein Data Bank 

(https://www.rcsb.org/). The chosen structure is one with 

a high crystallographic resolution (2.35 A) and a strong 

co-crystallized inhibitor with an IC50 of 3 nM, and will 

thus be a useful structure template in structure-based drug 

discovery[39]. The receptor structure had been prepared 

as outlined in Section 2.2, which was further used to 

generate receptor grids and conduct molecular docking 

analyses. Protein Preparation Wizard. During the 

preparation procedure, the side-chain atoms and missing 

hydrogen atoms were added, and crystallographic water 

molecules with less than three hydrogen bonds were 

removed[40]. The ionizable residues were protonated at 

physiological pH (7.0 ± 0.2), and restrained energy 

minimization of the OPLS4 force field was used until 

convergence of the heavy atoms to a root-mean-square 

deviation (RMSD) of 0.3 A was achieved, to obtain a 

geometrically optimized receptor that can be used in 

docking calculations. After virtual screening based on 

pharmacophore, shortlisting of about 8, 500 compounds 

was performed, followed by a hierarchical molecular 

docking workflow with the Glide module of Schrodinger 

Suite[41,42]. To begin with, Standard Precision (SP) 

docking was carried out to selectively remove those 

ligands that do not strongly interact with the catalytic site 

and to rank the compounds with good binding orientations 

and interactions in the PDE4 catalytic site. According to 

Glide GScore, binding orientation, contact with key 

catalytic residues and the quality of docking, the top 

ligands of the SP stage were further selected to be 

subjected to Extra Precision (XP) docking, which further 

assesses the binding affinity and molecular recognition of 

the ligand. The end docking poses were categorized based 

on the value of Glide GScore, Glide Energy and Glide 

Emodel[43,44]. In addition to docking scores, each 

ligand's interaction profile with PDE4's essential catalytic 

residues was carefully examined to ascertain if stable 

hydrogen bonds, hydrophobic contacts, π-stacking 

interactions and other non-covalent interactions that 

might help stabilize the ligand in the active site. The top-

ranking ligand conformations using XP docking were 

further used in MM-GBSA binding free energy and 

molecular dynamics simulations, among other 

downstream computational analysis to thoroughly assess 

their inhibitory capability against PDE4[45,46]. 

2.4 MM-GBSA Calculation 

The Prime Molecular Mechanics-Generalized Born 

Surface Area (MM-GBSA) module of Schrödinger Suite 

2025-4 was used to calculate the binding free energy of 

the selected ligands with phosphodiesterase-4 (PDE4) for 

a more precise approximation of the binding affinity of 

the selected ligands[47,48]. The top docking 

conformations of the Glide XP docking were used to carry 

out the MM-GBSA analysis to further assess the 

thermodynamic stability of the ligand in the catalytic 

binding pocket of PDE4. All calculations were done using 

the OPLS4 force field, and the implicit solvent model 

VSGB 2.1 [49]. Each protein–ligand complex was locally 

energy-minimized keeping the backbone of the whole 

receptor in a fixed conformation to preserve the 

crystallographic geometry and the energy of each 

complex was calculated. To obtain the binding free energy 

(ΔGbind), molecular mechanics energies were then 

combined with the generalized Born electrostatic 

solvation and solvent-accessible surface area (SASA) to 

obtain the binding free energy[50]. Besides the overall 

binding free energy, decomposition of the energies in 

MM-GBSA was performed to understand the contribution 

of individual energy terms in the recognition and 

stabilisation of the ligand in the active site. These 

interactions were coulombic interactions, the hydrogen-

bonding energy, van der Waals interactions, lipophilic 

interactions and solvation energy. Compounds with the 

most desirable negative values of ΔGbind along with 

stable interaction patterns were chosen as potential lead 

candidates and further underwent molecular dynamics 

simulations and experimental validation[51,52]. 

2.5 Toxicity Profile 

Prioritized compounds' toxicity profiles were predicted 

using the ProTox-3.0 web server 

(https://tox.charite.de/protox3/), which is an in-silico 

toxicity prediction platform. For each chemical 

compound (with experimentally validated toxicological 

data) and reliable information source, the safety profile of 

these compounds was estimated using machine learning 

algorithms as well. Computational toxicity prediction, 

through this approach, can begin to focus on early 

identification of potential toxicity problems and diminish 
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the need for large-scale experimental toxicity studies. The 

toxicity was predicted (median lethal dose, LD 50), and 

the toxicity has been classified along with all its organ-

specific and systemic toxicity effects that include 

hepatotoxicity, neurotoxicity, nephrotoxicity, respiratory 

toxicity, cardiotoxicity, cytotoxic effects, blood brain 

barrier (BBB) toxicity, mutagenicity, immunotoxicity, and 

carcinogenicity. The toxicity profiles made were further 

merged with the ADMET results and allowed for a holistic 

view of the safety profiles of the selected lead compounds 

before further computational & biological studies[53]. 

2.6 Molecular Dynamics Simulation 

Molecular dynamics (MD) simulations were done in the 

Desmond Molecular Dynamics System in Schrodinger 

Suite 2025-4 in order to study dynamic behaviour and 

structural stability of the protein-ligand complexes under 

physiological conditions. The most promising one, PDE4-

ellagic acid complexes along with the inert molecule 

Roflumilast, were simulated, and the OPLS4 force field 

was used in the simulation protocol. To neutralize all the 

protein-ligand complexes, the proper number of counter 

ions (Na+) and explicit water molecules (TIP3P) were 

added into each system, and then simulations were run in 

an orthorhombic simulation box. The end solvated system 

consisted of about 16 649 water molecules; 55 887 atoms 

and the volume of the simulation box was 1 174 189 A 3. 

The calculation of short-range van der Waals and 

Coulombic interactions was done with a cutoff distance of 

10 A and long-range electrostatic interactions were done 

using the Smooth Particle Mesh Ewald (PME) method 

with an electrostatic tolerance of 1 × 10^-9. After 

construction of the systems, a standard relaxation protocol 

(1000 steps of steepest descent, and conjugate-gradient 

energy minimization) followed by treatment on a gradual 

equilibration protocol, was applied to all the models 

before a production simulation was applied[54,55]. The 

production was done at an isothermal-isobaric (NPT) 

ensemble, at 1 bar and 300K temperature and pressure for 

a 200 nm simulation. To ensure a constant temperature, 

NoséHoover thermostat and pressure with a Martyna-

Tobias-Klein barostat were used to control temperature 

and pressure, respectively. In the trajectory analysis, 

several pathways have been used to get deep insight into 

the stability and conformational changes of the protein-

ligand complexes, including RMSD, RMSF and protein-

ligand interaction profiling, secondary structure element 

(SSE) analysis, ligand torsional behaviour profiling and 

ligand centre of mass (CM) motion profiling throughout 

the time course of the simulation. The most promising 

compound obtained during the screening process of 

compounds (highest ranked Ellagic acidPDE4 complex) 

was chosen for the rest of the molecular dynamics 

simulation to confirm the dynamic stability of the lead 

compound that was computationally identified in the 

catalytic binding pocket of PDE4 under simulated 

physiological conditions [56–58]. 

2.7 In Vitro Studies 

2.7.1 Antioxidant Activity (DPPH Radical Scavenging 

Assay) 

Antioxidant activity of Ellagic acid was determined by the 

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 

scavenging assay, which is one of the commonly used 

assays for free radical scavenging activity of natural 

substances. An initial DPPH stock solution was prepared 

in methanol containing 24 mg DPPH in 100 mL, which 

was well mixed to give a homogeneous solution. The 

radical scavenging assay was carried out in a 96-well 

microplate. In brief, 140 μL of freshly prepared DPPH 

solution was added to 20 μL of Ellagic acid solution at 

varying concentrations (0, 10, 25, 50, 75, 100, 125, 250 

and 500 μg/mL) to produce the test reaction mixture. The 

control was methanol:140 μL, DPPH solution:20 μL, 

time:30 min, while all other experimental conditions were 

kept constant. After incubation, the microplate was stored 

at room temperature in the dark for 30 min to complete 

the radical scavenging reaction. The absorbance of each 

well was then measured at a wavelength of 517 nm with a 

microplate reader[59,60].  

The DPPH radical scavenging activity (RSA) was 

measured as a percent according to the following formula: 

Radical Scavenging Activity (%)=Ac−AsAc×100 

where: 

Ac = Absorbance of the control 

As = Absorbance of the sample 

From the dose-response curve, the concentration of 

Ellagic acid that reduced the DPPH radicals by 50% 

(IC50) was calculated and served as a measure for 

antioxidant activity. Each experiment was repeated three 

times, and results were plotted as mean ± S.D (Standard 

Deviation). 

2.7.2 Cell Viability Assay (Sulforhodamine B Assay) 

The cell viability of Ellagic acid in human bronchial 

epithelial BEAS-2B cells was measured by 

Sulforhodamine B (SRB) assay performed as reported 

earlier. Contents with three different concentrations of 

Ellagic acid (10, 100 and 1000 μg/mL) were chosen for 

cellular viability and proliferation. In brief, BEAS-2B 

cells (5×10³ cells/well) were seeded in 96-well culture 

plates and grown in 100 μL complete growth medium for 

24 h to ensure cell adhesion. After that, 100 μL of the fresh 

culture medium comprising various concentrations of 

ellagic acid was fed to the culture and incubated for 72 h 

under standard cell culture conditions. The culture 

medium was removed after treatment, and the cells were 

fixed by adding 150 μL of 10% (w/v) Trichloroacetic Acid 

(TCA) into each well and incubating at 4°C for 1 h. The 

TCA solution was removed, and the plates were washed 

five times with distilled water to remove unbound cellular 

components and any residual medium. The fixed cells 

were then submitted to staining with either 70 μL (w/v) 

Sulforhodamine B (SRB) solution for 10 min at room 

temperature in the dark. The plates were washed three 

times with 1% acetic acid to remove excess dye, and then 

air dried overnight. The protein-bound SRB dye was then 

solubilized in 150 μL of the solubilizing agent (10 mM 

Tris base), and the optical density (absorbance) was 

assessed at 540 nm by using an Omega microplate reader 

(BMG LABTECH, Ortenberg, Germany). Cell viability 

was represented as a percentage of untreated control cells, 

and the IC₅₀ value was obtained from the concentration-

response curve[61,62]. 

2.7.3 Anti-inflammatory Activity: Pro-inflammatory 

Cytokine Assay 

Anti-inflammatory effect of Ellagic acid was assessed 

based on its inhibitory effect on RAW264.7 mouse 

macrophage cells to produce the pro-inflammatory 
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cytokines tumor necrosis factor alpha (TNF-α), 

interleukin-6 (IL-6) and interleukin-1 beta (IL-1β). 

RAW264.7 cells were cultured in 96-well culture plates at 

a density of 2 × 10⁵ cells/well for 1 h before they adhered. 

The cells were then exposed to various doses of Ellagic 

acid, which were then stimulated with lipopolysaccharide 

(LPS, 0.2 μg/well) to elicit an inflammatory response. 

Culture medium was added in control wells, and no LPS 

was stimulated. After 24 h of incubation, the culture 

supernatants were harvested, and the levels of TNF-alpha, 

IL-6 and IL-1β were determined by commercially 

available enzyme-linked immunosorbent assay (ELISA) 

and were done according to the manufacturer's 

instructions. These were read at a microplate reader at 450 

nm, and the concentration of cytokines was determined 

from the standard calibration curves[63,64]. 

2.7.4 Nitric Oxide (NO) Inhibition Assay 

The inhibitory activity of Ellagic acid on nitric oxide 

(NO) production was determined in the LPS-stimulated 

RAW264.7 macrophages by the modified Griess reaction. 

RAW264.7 cells were cultured in 96-well plates (2 × 

10⁵/well) for 4 h to adhere. Then, different concentrations 

of Ellagic acid (10, 100, and 1000 μg/mL) were used to 

treat the cells with or without Escherichia coli-derived 

LPS (1 μg/mL). Cells, unstimulated with LPS (mock), 

were considered normal controls and cells stimulated with 

LPS alone were considered positive inflammatory 

controls. After incubation in 24-well plates for 24 hours at 

37°C in a humidified CO₂ incubator with 5% CO₂ and 

95% humidity, equal volumes of the culture supernatant 

and the modified Griess reagent were combined and 

incubated for 15 minutes at room temperature. It was then 

measured by a microplate reader at 540 nm absorbance. 

The production of NO was determined by comparing it 

with the standard curve made by Sodium nitrite, and the 

effect of Ellagic acid was expressed in comparison with 

the LPS-treated control group[65,66]. 

2.7.5 Intracellular cAMP Level Measurement 

To investigate the pharmacological effects of Ellagic acid 

as a PDE4 inhibitor in an in vitro COPD inflammatory 

model, the intracellular cyclic adenosine monophosphate 

(cAMP) levels were quantified. In summary, BEAS-2B 

cells were cultured under inflammatory conditions similar 

to COPD-related airway inflammatory conditions and 

stimulated with LPS (10 µg/mL) for 24 hours. The cells 

were treated with Ellagic acid (10 μM) under the same 

culture conditions after LPS stimulation. Cells were 

harvested and lysed at the end of the treatment period, as 

per the manufacturer's instructions. The concentration of 

cAMP then was measured by competitive enzyme-linked 

immunosorbent assay (ELISA) kit. Absorbance was read 

in a microplate reader, and the intracellular cAMP was 

determined by using a standard curve prepared as per the 

manufacturer's instructions[67,68]. 

2.8 Statistical Analysis 

Data are expressed as means ± standard deviations (SD) 

of at least three independent experiments. Data were 

analysed using GraphPad Prism software (version 10.0, 

GraphPad Software Inc., San Diego, CA, USA). One-way 

analysis of variance (ANOVA) with Tukey's multiple 

comparison post hoc test was performed among the 

experimental groups. Statistically difference was 

considered significant at a P-value of < 0.05. 

 

3. Results 

3.1 Molecular Docking Study 

The progressive screening of the compounds through a 

multistep virtual screening process prioritised the 

phytoconstituents according to their highest predicted 

affinity for the phosphodiesterase-4 (PDE4) catalytic 

domain. The shortlisted compounds were then extensively 

docked, and binding free energy was estimated using the 

MM-GBSA approach to identify compounds that may 

have binding affinity compared to the clinically approved 

PDE4 inhibitor Roflumilast (CID: 449133). As 

summarized in Table 1, all prioritized phytoconstituents 

showed better docking affinity than the reference drug and 

Glide GScores ranged between −9.173 and −12.914 

kcal/mol, whereas -7.793 kcal/mol was the docking score 

of Roflumilast. Of the compounds screened, Gallotannins 

had the best docking score of −12.914 kcal/mol, followed 

by Rutin (−12.430 kcal/mol), β-glucans (−11.830 

kcal/mol), Galactomannans (−11.680 kcal/mol), and 

Tribuloside (−10.957 kcal/mol), which were found to 

exhibit excellent geometric complementarity in the 

catalytic cavity of PDE4. Additionally, the EVDW values 

of Glide indicated good hydrophobicity of the binding of 

these phytoconstituents and their steric fit into the 

receptor binding pocket. 

Molecular docking alone does not mean to be a good 

indicator of the thermodynamic stability of the protein-

ligand complex, although Gallotannins had the highest 

docking score. Thus, the docked complexes were further 

analysed by Prime binding free energy (MM-GBSA). 

Interestingly, Ellagic acid showed the most favourable 

binding free energy (ΔGbind = −72.56 kcal/mol) and was 

able to bind better than all the other compounds screened 

and the reference inhibitor Roflumilast (ΔGbind = −49.18 

kcal/mol). The rest of the phytoconstituents had the 

ΔGbind values in the range of −68.80 to −46.35 kcal/mol, 

with Tribuloside (−68.80 kcal/mol), Gallotannins (−68.34 

kcal/mol), Polygonatoside A (−65.54 kcal/mol), and Rutin 

(−62.60 kcal/mol) having relatively stable ΔGbind values. 

Although Ellagic acid had a comparatively moderate 

docking score, the binding free energy was found to be 

substantially lower, suggesting that the protein-ligand 

interaction is energetically more stable; between the two, 

MM-GBSA analysis is more important to prioritise leads 

with docking analysis. 

Energy decomposition analysis also gave insightful 

information about the intermolecular forces in the 

catalytic pocket in determining ligand recognition. Rutin 

showed the highest value of electrostatic contribution 

(ΔCoul = −74.70 kcal/mol), followed by Galactomannans 

(−72.67 kcal/mol) and β-glucans (−73.24 kcal/mol), 

showing that the electrostatic interaction is important 

towards the stabilization of these highly hydroxylated 

phytoconstituents. In contrast, Ellagic acid strongly 

interacted with a favorable Coulombic energy (ΔCoul = 

−29.62 kcal/mol), but an overall stable binding free 

energy, indicative of a combined effect of hydrogen 

bonding, π–π stacking, van der Waals interactions and 

hydrophobic contacts, rather than electrostatic 

interactions only. Of the ligands studied, Galactomannans 

(ΔHbond = −5.99 kcal/mol) and β-glucans (ΔHbond = 

−5.89 kcal/mol), which possessed the largest contribution 
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of hydrogen-bonding interactions, had the strongest 

hydrogen-bond energy, while Ellagic acid possessed a 

comparatively moderate hydrogen-bond energy (ΔHbond 

= −0.93 kcal/mol) and other non-covalent interactions 

played a significant role in the overall stability of binding. 

While all the phytoconstituents showed excellent docking 

scores, Ellagic acid was chosen as the lead compound due 

to its consistently most favorable thermodynamic binding 

free energy with a stable interaction profile with the 

catalytic pocket of PDE4. This remark highlights the 

importance of using MM-GBS calculations to obtain a 

more realistic estimation of the stability of ligand binding 

than using docking scores alone. Thus, Ellagic acid was 

chosen for further molecular dynamics simulation and in 

vitro biological validation for in-depth investigation of its 

therapeutic potential against COPD. 

Residue-wise interaction analysis of the above complex 

revealed that Ellagic acid is very well accommodated in 

the catalytic pocket of PDE4, and in the binding 

conformation it is stabilized by hydrogen bonding, 

aromatic π–π stacking and hydrophobic interaction (Fig. 

4A and 4B). A typical hydrogen bond was observed 

between the ligand and TYR159 that is crucial for the 

stabilization of the polyphenolic scaffold in the binding 

cavity. Moreover, the fused aromatic ring system of 

Ellagic acid also had π–π stacking interactions with 

PHE372 and TYR159, which also contributed to the 

stability of the protein–ligand complex. The ligand was 

surrounded by several hydrophobic amino acid residues, 

which provided favorable van der Waals and hydrophobic 

interactions that favored the accommodation of the ligand 

in the catalytic site, such as MET273, MET357, ILE336, 

ILE376, LEU319 and PHE340. Additionally, the binding 

pocket was also closed by polar residues GLN369, 

SER368, ASN321 and HIS164 and the catalytic residue 

ASP318 and the positively charged HIP160 were found 

near the ligand, which provided an electrostatically 

favorable environment for ligand complex formation. 

Multiple hydroxyl and lactone groups of Ellagic acid 

allowed favourable interaction with the active-site 

residues while the rigid fused dibenzopyranone 

framework allowed stable aromatic interaction within the 

hydrophobic cavity (Fig. No. 1). All these secondary non-

covalent interactions synergistically contributed to a 

compact and energetically favorable binding orientation 

and the better MM-GBSA binding free energy obtained 

for Ellagic acid as compared to the reference inhibitor 

Roflumilast, suggesting its potential as a better natural 

inhibitor of PDE4 enzyme.

 

 

Table No. 1 Comparative molecular docking scores and MM-GBSA binding free energy values of the prioritized 

phytoconstituents screened against the catalytic domain of phosphodiesterase-4 (PDB ID: 4WCU) 

S. 

No.  

Compound 

Code  

Glide 

Gscore  

Glide 

evdw  

XP 

Gscore 

MM-

GBSA ∆G 

Bind 

MM-

GBSA 

∆Hbond 

MM-

GBSA 

 ∆Coul 

1. Ellagic acid -9.262 -33.666 -9.262 -72.56 -0.93 -29.62 

2. Tribuloside -10.957 -50.618 -10.957 -68.80 -0.80 -62.13 

3. gallotannins -12.914 -45.305 -12.914 -68.34 -2.78 -63.75 

4. Polygonatoside 

A -9.223 -43.351 -9.223 -65.54 -4.39 -53.13 

5. Rutin -12.430 -38.228 -12.430 -62.60 -2.24 -74.70 

6. beta-glucans -11.830 -36.087 -11.830 -57.49 -5.89 -73.24 

7. Galactomannan

s -11.680 -35.511 -11.680 -57.09 -5.99 -72.67 

8. Beta-D-glucans -10.224 -36.552 -10.224 -55.72 -3.44 -64.00 

9. Isoquercitrin -9.173 -38.569 -9.173 -50.18 -0.16 -42.74 

10. α-Tocopherol -9.484 -41.190 -9.484 -46.35 0.68 -7.29 

11. Roflumilast -7.793 -33.004 -7.793 -49.18 -0.89 -12.19 

 

Table No. 2 Physicochemical and cheminformatics characteristics of the lead compound Ellagic acid 

Sl. No Parameter Details 

1.  Compound ID 5281855 

2.  
IUPAC Name 

6,7,13,14-tetrahydroxy-2,9-dioxatetracyclo[6.6.2.04,16.011,15]hexadeca-

1(15),4,6,8(16),11,13-hexaene-3,10-dione 

3.  Molecular Formula C14H6O8 

4.  Molecular Weight 302.19 g/mol 

5.  Exact Mass 302.00626715 Da 

6.  SMILES Notation C1=C2C3=C(C(=C1O)O)OC(=O)C4=CC(=C(C(=C43)OC2=O)O)O 

7.  InChIKey AFSDNFLWKVMVRB-UHFFFAOYSA-N 

8.  Compound Class Phenols and Cresols 
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9.  Predicted Biological 

Relevance 

Inhibition of xanthine oxidase assessed as conversion of xanthine to uric acid 

incubated 

10.  PresentinRole

Study 

Lead compound selected for docking, MM-GBSA, molecular dynamics, and in 

vitro biological evaluation 

 

 
Fig. No. 1 Two-dimensional binding interaction profile of the computationally prioritized compound Ellagic acid 

and Co-crystal (4WCU) with the catalytic binding in PDE4 (PDB ID: 4WCU) 

 

3.2 Toxicity Profile 

The toxicity profile of prioritized phytoconstituents was 

predicted by using the web server of ProTox-3.0, and the 

information is presented in Table 3. The selected 

compounds had a wide range of predicted acute oral 

toxicities, ranging from LD₅₀ of 51 mg/kg to 5000 mg/kg 

and toxicity classes ranged from 3–5. The compound with 

the lowest predicted LD₅₀ is Ellagic acid with a toxicity 

class of 5, meaning that it is relatively not toxic when 

ingested orally. In the same manner, Rutin, Isoquercitrin, 

α-Tocopherol and Gallotannins also fall under toxicity 

class 5, which signifies that such phytoconstituents have 

favorable safety profiles as compared to the other 

phytoconstituents screened. Tribuloside and Cedeodarin, 

on the other hand, were classified as toxicity class 4, with 

the β-glucans, galactomannans, and Myricetin being 

classified as toxicity class 3, which indicate 

comparatively higher predicted acute toxicity. 

Average similarity and prediction accuracy obtained by 

the ProTox-3.0 platform were used to check the reliability 

of the computational predictions. Some of the compounds 

obtained, such as Tribuloside, Myricetin, β-glucans and 

Rutin, had an average similarity of 100%, which means 

that there is a high similarity in structure to compounds 

found in the reference toxicity database. The prediction 

accuracy corresponding to each varied from 67.38% to 

100%, which is an indication of the robustness of the 

computational toxicity assessment. Ellagic acid showed 

an average similarity of 53.49% and a prediction accuracy 

of 67.38%, which was similar to the reference drug 

Roflumilast (54.39% and 67.38%), respectively, 

suggesting good confidence in the predicted toxicity 

profile of ellagic acid. 

In general, the computational toxicity assessment 

indicates that Ellagic acid has a favourable predicted 

safety profile with its high LD₅₀ value (5000 mg/kg) and 

toxicity class 5, which means Ellagic acid has low acute 

oral toxicity as compared to some of the other prioritized 

phytoconstituents. While these in silico toxicity 

predictions can be helpful in early-stage lead optimization 

and compound prioritization, they can only be taken as 

preliminary and should be supported by a comprehensive 

in vitro and in vivo toxicological investigation before 

clinical translation. 
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Table No. 3 Predicted acute oral toxicity and safety profile of the prioritized phytoconstituents obtained using the 

ProTox-3.0 web server 

Sl. 

No 
Coconut ID Predicted LD50 

Predicted 

Toxicity Class 

Average 

similarity 

Prediction 

accuracy 

1 Ellagic acid 5000mg/kg 5 53.49% 67.38% 

2 Tribuloside 1190mg/kg 4 100% 100% 

3 gallotannins 2260mg/kg 5 76.41% 69.26% 

4 Myricetin 159mg/kg 3 100% 100% 

5 Rutin 5000mg/kg 5 100% 100% 

6 beta-glucans 51mg/kg 3 100% 100% 

7 Galactomannans 51mg/kg 3 97.92% 72.9% 

8 Cedeodarin  2000mg/kg 4 83.23% 70.97% 

9 Isoquercitrin 5000mg/kg 5 95.7% 72.9% 

10 α-Tocopherol 5000mg/kg 5  82.25% 70.97% 

11 Roflumilast 2000mg/kg 4 54.39% 67.38% 

 

3.3 Molecular Dynamics (MD) simulation 

To further explore the dynamic stability of the ligand of interest, which was computationally prioritized in the catalytic 

pocket of PDE4, a 200 ns molecular dynamics (MD) simulation was conducted for both the PDE4–Ellagic acid and 

PDE4–Roflumast complexes. The stability of the complexes was initially assessed using the root mean square deviation 

(RMSD) of backbone atoms of the protein and the ligand from the trajectory of the simulation (Fig. No. 2A and 2B). The 

PDE4-Ellagic acid complex was seen to have an initial equilibration period for the first 20–30ns, after which the protein 

backbone starts to attain a stable structure, although moderate fluctuations are observed throughout the rest of the 

trajectory. The ligand made some conformational changes in the initial part of the trajectory but eventually evolved to a 

stable binding conformation in the catalytic cavity without breaking free from the binding pocket throughout the 

trajectory. The PDE4–Roflumilast complex, on the other hand, also reached equilibrium after the equilibration process, 

but there were relatively larger fluctuations in the trajectory, which indicates that the ligand was more flexible in the active 

site than the PDE4–Milrinone complex. In general, both complexes showed no structural changes throughout the 200ns 

simulation, with the PDE4–Ellagic acid complex showing a more consistent conformational behavior, suggesting a greater 

dynamic stability as compared to the reference inhibitor (Fig. No. 2). 

 

 

 

Fig. No. 2A Root mean square deviation (RMSD) 

trajectory of the PDE4–Ellagic acid complex 

over a 200 ns molecular dynamics simulation 

Fig. No. 2B Root mean square deviation (RMSD) 

trajectory of the PDE4–Roflumilast complex 

over a 200 ns molecular dynamics simulation 

Fig. No. 2 Root mean square deviation (RMSD) profiles of the PDE4–Ellagic acid and PDE4–Roflumilast 

complexes during the 200 ns molecular dynamics simulation 

 

RMSF profiles were then used for analysing the flexibility of each residue of the PDE4 protein in the presence of both 

ligands (Fig. No. 3). The fluctuation of most of the amino acid residues was low in both complexes, showing that there 

was no change in the protein architecture during the simulation. Not surprisingly, increased fluctuations were primarily 

localized to solvent-accessible loop regions of the structure, with residues forming the catalytic binding pocket of the 
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enzyme being relatively rigid. The PDE4–Ellagic acid complex revealed relatively smaller fluctuations for most of the 

catalytic site residues, and thus the ligand binding was able to restrict local protein mobility. The PDE4–Roflumilast 

complex, on the other hand, showed overall increased flexibility at a few loop regions, indicating less efficient 

stabilization of the receptor structure. Significantly, the important catalytic residues participating in the recognition of 

ligands were stable during the simulation, and this confirmed the stability of the protein–ligand interactions observed in 

molecular docking (Fig. No. 3). 

 
 

Fig. No. 3A Root Mean Square Fluctuation 

(RMSF) profile of amino acid residues of the 

PDE4–Ellagic acid complex during the 200 ns 

molecular dynamics simulation 

Fig. No. 3B Root Mean Square Fluctuation 

(RMSF) profile of amino acid residues of the 

PDE4–Roflumilast complex during the 200 ns 

molecular dynamics simulation 

Fig. No. 3 Comparative root mean square fluctuation (RMSF) profiles of the PDE4–Ellagic acid and PDE4–

Roflumilast complexes during the 200 ns molecular dynamics simulation 

 

Protein–ligand interaction histogram analysis also revealed that the intermolecular interactions remained constant 

throughout the time of the simulations (Fig. No. 4). Ellagic acid was able to maintain frequent interaction with the key 

residues of the catalytic cavity of the enzyme, namely, TYR159, ASP318, PHE372, GLN369, ASN321 and HIS164, 

suggesting that it was present at the catalytic cavity for a prolonged time. The interaction profile showed that the hydrogen 

bonding was the dominant stabilizing force and the hydrophobic and water-mediated contacts were also found to help the 

ligand to retain its orientation during the trajectory. By contrast, Roflumilast showed fewer persistent contacts and 

predominantly interacted with ASP318, PHE372, GLN369, ILE336 and TYR159 with lower frequencies of contact for a 

number of adjacent residues. The general interaction network seen for Ellagic acid indicates better retention in the catalytic 

pocket and resistance to conformational changes during simulations. 

 
 

Fig. No. 4A Ligand atom interactions histograms of 

Ellagic acid with the residues of 4WCU.pdb 

Fig. No. 4B Ligand atom interactions 

histograms of Roflumilast with the residues of   

4WCU.pdb 

Fig. No. 4 Comparative protein–ligand interaction histogram analysis of the PDE4–Ellagic acid and PDE4–

Roflumilast complexes during the 200 ns molecular dynamics simulation 

 

The representative 2D interaction diagram performed from the MD trajectory also verified the stability of Ellagic acid 

binding mode (Fig. No. 5). Ellagic acid maintained a consistent hydrogen bond network with the backbone of TYR159 

and GLN369 throughout the simulation and some other interactions such as the backbone hydrogen bonding with 

ASP318, hydrogen bonding with the side chain of ASN321 and π–π stacking and hydrophobic interactions with HIS164 

and PHE372 also helped in stabilization of the complex. Due to the multiple hydroxyl and lactone functionalities of 

Ellagic acid, multiple complementary interactions were formed at the catalytic cavity, which resulted in less replacement 

of the ligands in the simulation. The Roflumilast complex, on the other hand, has fewer simultaneous interactions, and 

the majority of the contacts are with ASP318, PHE372, and surrounding hydrophobic residues. The multiple contacts of 
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Ellagic acid with the PDE4 active site in the form of a multivalent interaction network might explain the better 

thermodynamic stability, predicted by MM-GBSA analysis, and the good dynamic behavior during the 200ns simulation. 

 

 
 

Fig. No. 5A Ligand atom 2D interactions of Ellagic 

acid with residues of 4WCU.pdb 

Fig. No. 5B Ligand atom 2D interactions of 

Roflumilast with residues of 4WCU.pdb 

Fig. No. 5 Protein–ligand 2D interaction analysis during molecular dynamics simulation of PDE4–Ellagic acid 

and PDE4–Roflumilast complex 

 

Overall, the 200 ns molecular dynamics simulation indicated that the PDE4–Ellagic acid complex maintained structural 

stability during the entire simulation and always retained important interactions with the catalytic binding pocket. Overall 

RMSD, RMSF, protein–ligand interaction, and two-dimensional interaction analysis results reveal that Ellagic acid 

strongly interacts with PDE4 to form a stable complex at a dynamically stable state as compared to the reference inhibitor 

Roflumilast. These results further validate the molecular docking and MM-GBSA results and also suggest that Ellagic 

acid could be a potential natural lead compound to develop PDE4-targeted therapeutics for chronic obstructive pulmonary 

disease. 

3.4 In vitro Study 

3.4.1 Antioxidant Assay 

Ellagic acid was tested for antioxidant activity at various concentrations (0-500µg/mL) by DPPH free radical scavenging 

assay. DPPH radicals have a distinctive deep purple colour which will fade after they have been reduced by a hydrogen- 

or electron-donating antioxidant molecule to a yellowish colour, causing a decrease in absorbance at 517 nm. As shown 

in Table No. 4 and Fig. No. 6, the free radical scavenging activity of No.11 Ellagic acid increased as the concentration 

increased. The untreated control did not show any inhibition, while the inhibition was 36.66 ± 0.14% at 10 µg/mL. The 

radical scavenging activity progressively increased to 46.12 ± 0.16%, 56.62 ± 0.17%, 67.32 ± 0.08%, 73.06 ± 0.11%, and 

75.34 ± 0.10% at concentrations of 25, 50, 75, 100, and 125 µg/mL, respectively. Under higher concentrations (250 and 

500 µg/mL), Ellagic acid showed a maximum scavenging activity of 86.11 ± 0.23% and 86.56 ± 0.09%, respectively, 

which means that the antioxidant effect of Ellagic acid was almost saturated. The IC50 (concentration to inhibit 50% of 

DPPH radicals) was found to be about 38 µg/mL, which showed potent free radical scavenging ability of Ellagic acid. 

These results support the potent antioxidant activity of Ellagic acid that could play a role in its protective effect against 

oxidative stress in COPD. 

 

Table No. 4 Antioxidant activity of Ellagic acid in different concentrations 

Sl. No Conc. in µg/mL % Inhibition 

1.  0 0.00 

2.  10 36.66 ± 0.14 

3.  25 46.12 ± 0.16 

4.  50 56.62 ± 0.17 

5.  75 67.32 ± 0.08 

6.  100 73.06 ± 0.11 

7.  125 75.34 ± 0.10 

8.  250 86.11 ± 0.23 

9.  500 86.56 ± 0.09 

Values are mean ± S.E.M, n=3 symbols represent statistical significance 
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Fig. No. 6 Concentration-dependent DPPH radical scavenging activity of Ellagic acid under in vitro conditions. 

The antioxidant activity increased progressively with increasing concentrations of Ellagic acid, with the highest 

concentration (green bar) exhibiting significantly greater radical scavenging activity than the lowest 

concentration (orange bar), indicating enhanced antioxidant potential 

 

3.4.2 Cell Viability Assay 

Sulforhodamine B (SRB) Assay was used to assess the cytotoxicity of Ellagic acid on normal human bronchial epithelial 

(BEAS-2B) cells. As revealed in Table No. 5 and Fig. No. 7, Ellagic acid showed a concentration-dependent decrease in 

cell viability. In the case of 10 µg/mL, it can be seen that 76.27 ± 0.06% of cells remained viable, which means that all 

the experimental conditions were acceptable for cellular tolerance. The cell viability was further decreased to 65.39 ± 

0.04% by the 100 µg/mL concentration and 42.84 ± 0.20% by the 1000 µg/mL concentration, indicating a higher level of 

cytotoxicity at higher concentrations. The untreated control had 100% cell viability for the duration of the experiment. 

These results suggest that Ellagic acid has a relatively low level of cytotoxicity at low concentrations and concentration-

dependent growth inhibition at higher concentrations. The cell viability assay was used to provide the preliminary cellular 

safety profile of Ellagic acid and is not necessarily a direct readout of PDE4 inhibitory activity or therapeutic activity.  

 

 

Table No. 5 Cell viability % of Ellagic acid against BEAS2B cell line 

Sl. No. Concentration (µg/ml) Cell viability (%) 

1.  10 76.27 ± 0.06 

2.  100 65.39 ± 0.04 

3.  1000 42.84 ± 0.2 

4.  Normal Control 100 ± 0.00 

Values are mean ± S.E.M, n=3 symbols represent statistical significance 
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Fig. No. 7 Concentration-dependent BEAS-2B cell viability following treatment with Ellagic acid, as determined 

by the SRB assay. Cell viability remained high at lower concentrations and gradually declined with increasing 

drug concentration, demonstrating relatively low cytotoxicity toward normal bronchial epithelial cells under the 

experimental conditions 

 

3.4.3 SRB Assay (IC50) 

To further compare the cytotoxic effects of Ellagic acid and reference PDE4 inhibitor, Roflumilast on BEAS-2B cells, 

their respective IC₅₀ values were also calculated from the SRB assay. As shown in Table No. 6, Ellagic acid resulted in an 

IC₅₀ value of 735.4 ± 0.04 µg/mL, which was relatively high when compared to Roflumilast, which had a significantly 

lower IC₅₀ value of 4.3 ± 0.07 µg/mL. There is a significant difference between the IC₅₀ of Ellagic acid and the reference 

drug in the same experimental condition, which suggests lower toxicity and enhanced cellular tolerability of Ellagic acid 

than the reference drug towards normal bronchial epithelial cells. The results suggest that Ellagic acid has a relatively 

good in vitro safety profile since BEAS-2B cells are normal lung epithelial cells. However, these observations should be 

considered in the context of the cell-based cytotoxicity assessment only and not directly define comparative anti-

inflammatory activity, PDE4 inhibitory potency or clinical safety. 

 

Table No. 6 IC50 value of Ellagic acid and Roflumilast against BEAS2B 

Sl. No. Compounds IC50 Value (µg/ml) 

1.  Ellagic acid  735.4 ± 0.04 

2.  Roflumilast  4.3 ± 0.07 

 

3.4.4 Pro-inflammatory cytokines assay  

The anti-inflammatory effect of Ellagic acid was assessed by determining the level of pro-inflammatory cytokines 

secreted by LPS-stimulated RAW264.7 macrophages. As shown in Fig No. 8, 9 and 10, LPS-induced secretion of TNF-

α, IL-6 and IL-1β was significantly decreased after treatment with Ellagic acid as compared to the inflammatory control 

group. The inhibitory effect was found to be concentration-dependent, with higher concentrations of the treatment 

resulting in suppression of the production of cytokines. The highest concentration of Ellagic acid had the biggest effect 

in reducing the release of the cytokines, demonstrating that the LPS-induced inflammatory response was effectively 

reduced. The decreased production of these cytokines may contribute to the anti-inflammatory property of Ellagic acid, 

as overproduction of these cytokines is involved in the chronic inflammation of the airways in COPD. These findings, 

however, are the biological responses under current experimental conditions, and shouldn't necessarily be translated into 

direct evidence of selective PDE4 inhibition, as additional mechanistic validation is required. 
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Fig. No. 8 Effect of Ellagic acid on LPS-induced TNF-α production in RAW264.7 macrophages. The LPS-treated 

inflammatory control group (red bar) exhibited markedly elevated TNF-α levels, whereas treatment with Ellagic 

acid (yellow, light green, and green bars) produced a concentration-dependent reduction in TNF-α production, 

indicating significant anti-inflammatory activity 
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Fig. No. 9 Effect of Ellagic acid on IL-6 production in LPS-stimulated RAW264.7 macrophages. The LPS-treated 

inflammatory control group (red bar) exhibited markedly elevated IL-6 levels, whereas treatment with 

increasing concentrations of Ellagic acid (yellow, light green, and green bars) significantly and concentration-

dependently reduced IL-6 production, indicating potent anti-inflammatory activity under the experimental 

conditions 
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Effect of Ellagic acid on LPS-Induced IL-1β Production
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Fig. No. 10 Effect of Ellagic acid on IL-1β production in LPS-stimulated RAW264.7 macrophages. The LPS-

treated inflammatory control group (red bar) exhibited markedly elevated IL-1β levels, whereas treatment with 

increasing concentrations of Ellagic acid (yellow, light green, and green bars) significantly and concentration-

dependently reduced IL-1β production, indicating potent anti-inflammatory activity under the experimental 

conditions 

 

3.4.5 Nitric oxide inhibition assay 

The production of nitric oxide (NO) production in macrophages stimulated with LPS by the effect of Ellagic acid was 

studied. The production of NO was significantly elevated in the LPS (1 µg/mL) treated group as compared with the normal 

control, reflecting successful induction of inflammatory response. Fig. No. 10 shows that the amounts of nitric oxide 

released in response to Ellagic acid treatment at 10, 100 and 1000 µg/mL were significantly lower than the LPS treated 

group. The inhibitory effect was concentration-dependent and at the highest concentration the nitric oxide production was 

most suppressed. These data suggest that Ellagic acid is able to inhibit nitric oxide production in response to LPS, and 

therefore may be able to regulate inflammatory mediators production under the experimental conditions used. 
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Fig. No. 11 Effect of Ellagic acid on nitric oxide (NO) production in LPS-stimulated RAW264.7 macrophages. 

The LPS-treated inflammatory control (red bar) exhibited the highest NO production, whereas treatment with 

increasing concentrations of Ellagic acid (yellow, light green, and green bars) significantly and concentration-
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dependently suppressed NO production. The untreated normal control (orange bar) showed basal NO levels, 

demonstrating the anti-inflammatory potential of Ellagic acid under the experimental conditions 

 

3.4.6 cAMP Level Measurement 

The functional effects of Ellagic acid on intracellular cAMP signalling were tested in BEAS-2B cells stimulated with LPS 

(10 µg/mL) and treated with Ellagic acid to set up an in vitro COPD inflammatory model. As shown in Table No. 7 and 

Fig. No. 11, the mean value of the first harmonic THD at 40% load is 1.9452%. The untreated control group (No.15) had 

an intracellular cAMP level of 27.5 ± 0.1 pmol/mg protein. The intracellular cAMP level was significantly decreased in 

the LPS-stimulated group (11.47 ± 0.06 pmol/mg protein), and the inflammatory model was successfully induced. Partial 

recovery of the impaired cAMP signalling pathway was observed by the treatment with Ellagic acid (10 µM) which 

showed significant recovery of the intracellular level of cAMP to 18.36 ± 0.03 pmol/mg protein. The treatment 

concentration was increased to 100 μM for a further increase in the levels of intracellular cAMP to 23.74 ± 0.50 pmol/mg 

protein, which was near the untreated control. These results suggest that Ellagic acid is able to reverse the cAMP depletion 

by LPS, as observed by the concentration-dependent restoration of the intracellular cAMP levels. The increase in cAMP 

levels is consistent with the suggested mechanism of PDE4 inhibition by the computational studies, since PDE4 was 

found to be the main enzyme that breaks down cAMP in inflammatory cells from the airways. Taken together, the data 

presented here indicate that Ellagic acid recovers the intracellular cAMP signalling under inflammatory conditions and 

could thus be a valuable natural therapeutic compound for COPD via modulation of the cAMP/PDE4 pathway. 

 

Table No. 7 Quantification of Intracellular cAMP Levels in BEAS2B Cells following Treatment with Ellagic acid 

Sl. No. Experimental Group 
Intracellular cAMP Level 

(pmol/mg protein) 

1. Control Group 27.5 ± 0.1 

2. LPS (10 µg/mL) 11.47 ± 0.06 

3. LPS + Drug (10 µM) 18.36 ± 0.03 

4. LPS + Drug (100 µM) 23.74 ± 0.5 
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Fig. No. 12 Effect of Ellagic acid on LPS-induced cAMP level measurement in RAW264.7 macrophage cells at 

various concentrations of Ellagic acid. Treatment with Ellagic acid resulted in a concentration-dependent 

increase in the level of cAMP in comparison to LPS-treated controls, suggesting a PDE4 Inhibitor 

 

Conclusion 

In the present study, an integrated computational and 

experimental approach was successfully utilized to 

investigate Ellagic acid as a potential natural 

phosphodiesterase-4 (PDE4) inhibitor for the 

management of chronic obstructive pulmonary disease 

(COPD). Through systematic virtual screening, Ellagic 

acid was identified as one of the most promising 

candidates for further investigation, as part of a virtual 

screening workflow of Ayurvedic phytoconstituents. 

Molecular docking showed that Ellagic acid fits well in 

the PDE4 catalytic pocket (PDB ID: 4WCU) with 

hydrogen bonding, π-π stacking and hydrophobic 

interactions with important catalytic residues such as 

TYR159, GLN369, PHE372, ASP318, and HIS160. The 

subsequent MM-GBSA calculations showed that the 

protein-ligand complex was stable with a favorable 

binding free energy; the molecular dynamics simulation 

showed that the structure of the complex remained stable 

throughout the 200 ns simulation with low RMSD, limited 

fluctuations of residues and persistent protein-ligand 

interactions. Combined with the computational results, 

the overall data suggest that Ellagic acid might have a 

stable binding mode that could be able to fit the catalytic 

pocket of PDE4. 

Additionally, in silico pharmacokinetic screening 

revealed that Ellagic acid has the desirable drug-like 

properties with a favourable predicted toxicity profile, 

making it suitable for further pharmaceutical 

development. This was supported by experimental 

validation, which showed that Ellagic acid possesses 

strong antioxidant activity, low toxicity toward normal 

BEAS-2B bronchial epithelial cells, a strong inhibitory 

effect on the production of pro-inflammatory mediators 

(TNF-α, IL-6, IL-1β and nitric oxide) in LPS-stimulated 

RAW264.7 macrophages, and the ability to restore 

intracellular cAMP levels in inflamed BEAS-2B cells. 

The biological results show that Ellagic acid was able to 

reduce oxidative stress and inflammatory response in 

COPD as well as modulate the functional activity of the 

cAMP signalling pathway, supporting the proposed 

mechanism of action of PDE4 inhibitors. 

Overall, the use of molecular modelling, molecular 

dynamics simulations, ADMET prediction and in vitro 

biological evaluation strongly suggest that Ellagic acid is 

a good natural lead molecule for PDE4-targeted therapy 

for COPD. While the current results provide a 

comprehensive preclinical platform, further biochemical 

PDE4 enzyme inhibition studies, target validation, 

biochemical and in vivo efficacy/pharmacokinetic 

investigations are needed to verify the mechanism of 

action and therapeutic value before clinical translation. 

The present work is useful for future development of safe 

and natural PDE4 inhibitors as a treatment for chronic 

inflammatory airway diseases. 
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