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This study focused on evaluating the antioxidant properties of Octhochloa compressa, a Cholistani 
medicinal plant and to explore the interaction of its active phytochemical constituents with the 
biological macromolecule NADPH oxidase (PDB ID: 2CDU). Six different non-polar to polar solvent 
extracts were evaluated for their antioxidant activity using DPPH and FRAP assays. The key 
metabolites were then subjected to molecular docking against NADPH oxidase, density functional 
theory (DFT) and molecular dynamics (MD) simulations to validate the ligand-protein stability 
and conformational dynamics. The methanol extract revealed significantly highest scavenging 
potential (IC50 = 110 ± 2.34 µg/mL) in DPPH assay and displayed the greatest amount of total phenolic 
(97.34 ± 3.34 mg GAE/g) and flavonoid (98.72 ± 2.46 µg CE/g) contents. Phytochemical profiling of the 
methanol extract identified 43 major bioactive compounds by using HPLC and GC-MS. Silico molecular 
docking of selected metabolites (lignan, oxindole, apigenin, anthocyanin, acridone) with NADPH 
oxidase revealed stable interactions, with binding energies ranging from − 6.060 to -6.654 kcal/mol. 
DFT analysis revealed dipole moments of 1.36–7.52 D and HOMO–LUMO gaps of 3.15–11.74 eV with 
anthocyanin and apigenin, predicted as the most reactive ligands. MD simulations further confirmed 
these findings, as the representative 2CDU–ligand complex rapidly equilibrated and maintained the 
stability across 1 ns and 10 ns trajectories (RMSD ~ 0.2 nm, Rg 2.38–2.46 nm), with persistent non-
covalent interactions (− 300 to − 400 kJ/mol) and well-defined free energy minima, validating favorable 
and thermo-dynamically stable binding. Collectively, these results suggest that O. compressa is a rich 
source of anti-oxidants phyto-metabolites, capable of interacting with NADPH oxidase, emphasizing 
its role in the management of disorders related to oxidative stress.
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 The oxidative stress arises when the production of reactive oxygen species (ROS) exceeds the anti-oxidant 
defense mechanism, leading to damage of key biomolecules including proteins, lipids and nucleic acids. The 
damage caused by oxidative stress plays a key role in the initiation and progression of chronic disorders like 
diabetes, aging, neurodegenerative and cardiovascular diseases and multiple carcinomas1,2. Accumulating 
evidence supports the contribution of plant-sourced antioxidants in mitigating oxidative damage, largely due 
to the existence of bioactive compounds with strong radical-scavenging properties3–5. Among the enzymatic 
sources of ROS, NADPH oxidase (NOX) is a major macromolecular complex responsible for a regulated ROS 
production across various cell types. Initially, characterized in the phagocytes for its antimicrobial function, 
NOX isoforms are now also known to be widely expressed in non-phagocytic cells like fibroblasts, tumor 
cells and vascular tissue cells, where they contribute to redox signaling and pathophysiological oxidative 
stress6. Dysregulated NOX activity contributes to the development of multiple chronic disorders, making it a 
molecular target of interest in redox biology. The natural antioxidants particularly polyphenols and flavonoids 
have demonstrated the ability to modulate or inhibit NOX-derived ROS generation, thus protecting the cellular 
components from oxidative injury7–9.

The exogenous anti-oxidants obtained from medicinal plants, fruits and vegetables play a complementary 
role to the endogenous antioxidant defense system. These plant-derived compounds like polyphenols, phenolic 
acids, tannins, terpenoids, flavonoids and alkaloids are well documented for their potential in neutralizing the 
production of free radicals, chelate pro-oxidant metals and to regulate anti-oxidant enzymes10–12. The antioxidant 
property of phenolic phyto-metabolites is largely attributed to their hydroxylated aromatic structures that 
confer high reactivity towards ROS and potential biological efficacy13–15. Hence, to investigate these bioactive 
compounds, HPLC and GC-MS are routinely employed to explore and characterize the chemical profile of 
extracted plants16,17. These methods allow for detailed qualitative and quantitative assessments of the plant, 
enabling the identification of compounds with potential therapeutic applications.

 Octhochloa compressa (Poaceae), locally recognized as chimbar or ghoradhob, or hillu, is a long-lived 
grass, native to arid and semi-dry areas such as desert of Cholistan of Pakistan, as well as in Africa, Arabia and 
India18–20. Traditionally, greatly valued as a high-nutrition fodder for livestock, also used in ethnomedicine for 
treating kidney pain and inflammatory disorders in both animals and humans21. Pharmacological studies have 
demonstrated its in vitro anti-inflammatory effects and in vivo efficacy in carrageenan-induced rat paw edema 
model22, mediated by its terpenoid, flavonoid and polyphenolic constituents. Moreover, recent investigations 
have highlighted in vitro, in silico and in vivo anti-diabetic potential19 along with promising in vitro anti-cancer 
potential in HepG2 cell line and high thrombolytic activity23, further supporting the therapeutic versatility of the 
plant. Despite its well-documented traditional use and emerging ethno-pharmacological relevance, the structural 
characterization and mechanistic anti-oxidant basis of O. compressa still remained unexplored and extremely 
required in the scientific literature. To fill this gap, this study systematically evaluated the antioxidant potential 
of 6 different extracts; n-hexane, n-butanol, dichloromethane (DCM), ethyl acetate, methanol and aqueous 
of O. compressa. The methanol extract that exhibited the strongest antioxidant activity13,24, was investigated 
for the first time by using advanced structural elucidation techniques like HPLC and GC-MS, to explore and 
characterize its bioactive constituents. Additionally, computational molecular docking, density functional theory 
(DFT) calculations and molecular dynamics (MD) simulations were employed to explore the interaction of its 
bioactive compounds with oxidative stress-related macromolecules, particularly NADPH oxidase, thus, offering 
novel mechanistic insights into the antioxidant properties of the plant. These integrative approaches mark for 
the first comprehensive and extensive chemical and molecular investigation of O. compressa, underscoring its 
promising role as a natural source of antioxidants with great therapeutic effectiveness.

Materials and methods
Collection and extractions of the plant
The plant was obtained from the desert of Cholistan at Bahawalpur (Punjab, Pakistan) and carefully identified 
by Flora of Pakistan (www.efloras.org/index.aspx) and Online World Grass Flora database (​h​t​t​p​s​:​​​/​​/​w​w​​w​.​k​e​​w​.​o​​r​g​
/​d​a​​​t​a​/​g​r​​a​s​​s​e​s​​​-​d​b​​/​w​w​​w​/​g​e​n​​0​​0​4​2​3​.​h​t​m), by following the institutional, national and international guidelines. For 
additional authenticity, standard herbarium methods were followed25 and was further identified and confirmed 
by Dr. Ghulam Sarwar (Taxonomist, Department of Botany, The Islamia University of Bahawalpur). The plant 
material was then deposited at the institutional herbarium at the Department of Botany, The Islamia University of 
Bahawalpur (voucher number: Oc-491; Supplementary Fig. 1). The collection of the plant material and the usage 
in the research interventions in different experiments were followed according to the national and international 
legislations and the study protocol was reviewed and granted the ethical approval by Institutional Ethical Review 
board, The Islamia University of Bahawalpur, Pakistan (18/2020/PAEC, Dated: 15-09-2020).

The entire plant was first rinsed, air dried under the shade and finally pulverized into powder. Approximately, 
250gm of the dried plant powder was separately soaked in six different solvents: n-hexane, n-butanol, 
dichloromethane, ethyl acetate, methanol and aqueous solution. The mixtures were soaked for 72 h with periodic 
shaking, then filtration was done and extracts were concentrated by rotary evaporator and percentage yield was 
determined, as described earlier13,26.

Preliminary phytochemical analysis
The phytochemical analysis of each extract of O. compressa was conducted using established methods, as outlined 
earlier3.

Estimation of total phenolics and flavonoids contents
Total phenolic contents (TPC) of all extracts of O. compressa were quantified by using the Folin-Ciocalteu assay. 
Briefly, 1mL of respective plant extract was added in 5mL of freshly prepared Folin–Ciocalteureagent (diluted 
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10 fold with distilled water) and incubated for 10 min. Subsequently, 4mL of sodium bicarbonate solution was 
mixed and left for 30 min, then the absorbance was measured at 765 nm using a UV/vis spectrophotometer 
and expressed as milligrams of gallic acid equivalents (GAE) per gram of dry extract. For the measurement of 
total flavonoid contents (TFC), 5mL of aluminium trichloride (2% in methanol) was added to 5mL of each of 
the plant extract and mixed thoroughly. After 10 min, the absorbance was recorded at 415 nm and presented as 
milligrams of catechin equivalents (CE) per gram of each extract27.

HPLC quantification
HPLC analysis quantified the key polyphenolic compounds in the MetOH extract of O. compressa by following 
the previous standardized procedure13. Briefly, each extract was prepared by dissolving in a mobile phase of 
milliQ water with acetic acid (A) and acetonitrile with acetic acid (B) (93:7, v: v) with an addition of 20% DMSO. 
The sample, adjusted to 1 mg/250µL, was vortexed, sonicated and then injected (20µL) into an HPLC system 
equipped with a Waters of 600 solvent pump and detector of 2996PDA The separation was performed by using a 
column of C18 at 30 ± 1 °C, with UV/Vis detection across 200–500 nm. The gradient elution used a degassed water-
acetonitrile mobile phase with acetic acid (3%). Finally, each target compound’s concentration was determined 
by use of calibration curve28. For reproducibility, authentic phenolic and heterocyclic compounds standards were 
procured from Sigma-Aldrich® and Merck (Darmstadt, Germany) with following product identifiers: gallic acid 
(CAS 149-91-7; product no. 8.42649), protocatechuic acid (CAS 99-50-3; product no. PHL89766), vanillic acid 
(CAS 121-34-6; product no. 94770), caffeic acid (CAS 331-39-5; product no. C0625), syringic acid (CAS 530-57-
4; product no. S6881), p-coumaric acid (CAS 501-98-4; product no. C9008), ferulic acid (CAS 537-98-4; product 
no. Y0001013), 3,5-dimethoxy-4-hydroxycinnamic acid (CAS 4385-56-2; product no. 631310), flavanols (CAS 
6203-18-5; product no. D4506), (+)-catechin (CAS 225937-10-0; product no. C1251), (–)-epicatechin (CAS 490-
46-0; product no. 03940590), pyridines (CAS 110-86-1; product no. 33553), pyrroloindoles (CAS 13754-86-4; 
product no. 357839), quinazolines (CAS 2274-42-2; product no. 184365), quinolines (CAS 91-22-5; product 
no. 94517), oxindoles (CAS 59-48-3; product no. O9808), manzamines (CAS 13089-11-7; product no. 510246), 
indolizidines (CAS 72741-87-8; product no. 574775-M), bisindoles (CAS 603-76-9; product no. 193984), indoles 
(CAS 120-72-9; product no. PHR3524), imidazoles (CAS 288-32-4; product no. I2399), ergots (CAS 511-08-0; 
product no. PHL80440), ephedras (CAS 1124-11-4; product no. 95162), carbolines (CAS 78538-74-6; product 
no. E006) and acridones (CAS 1124-11-4; product no. 95162).

GC-MS analysis
GC-MS analysis of MetOH extract of O. compressa was conducted using a Perkin Elmer Clarus 500 GC system 
equipped with an auto-sampler (AOC-20i) and a mass spectrometer at Textile Testing Lab, Quaid-e-Azam 
Industrial State, Lahore (Pakistan). The analysis was carried out at 70 eV in an electron impact mode, with 
99.999% Helium gas serving as the carrier gas, with a constant 1 mL/min flow rate. A fused silica capillary column 
(Elite-1) with specific dimensions (30 × 0.25 mm ID×1µMdf), composed entirely of Dimethyl polydiloxane was 
employed. The injection volume was set at 0.5 µl with a 10:1 split ratio, while the temperature of injector and 
ion-source was kept at 250 °C and 280 °C, respectively. The temperature of oven was allowed to rise from 110 °C 
(held isothermally for 2 min) at a rate of 10 °C/min until reached at 280 °C, where it was held for 9 min. Mass 
spectra were recorded at 70 eV, with a 0.5 s scan interval, covering fragments from 40 to 450 Da. The entire 
GC run was lasted for 40–45 min. The relative percentage amounts of individual compounds were determined 
by comparison of their average peak areas to the total areas by employing Turbo Mass Ver 5.2.1 software for 
chromatogram and mass spectra handling17.

DPPH assay
The antioxidant potential of each extract of O. compressa was assessed by measuring their capacity to neutralize 
1,1-diphenyl-2-picrylhydrazyl (DPPH) free radicals assay29. In brief, 20µL of the respective plant extract was 
added to 96-wells microplate containing DPPH, incubated for 30 min at 37 °C in darkness, OD517 was measured 
and the Radical Scavenging Activity (RSA) was calculated.

Ferric reducing antioxidant power (FRAP) assay
The antioxidant potential of each extract of O. compressa was assessed by FRAP assay. Briefly, in a microtiter 
plate, each plant extract (20µL) was mixed with 0.2 M phosphate buffer (90µL) and 1% w/v potassium 
ferricyanide (30µL) were added in the wells, followed by incubation for 20 min at 50 °C. Afterwards, 10% w/v 
trichloroacetic acid (30µL) and 0.1% w/v ferric chloride (30µL) were added and the plate was left for 10 min at 
room temperature. The data were recorded at OD700 by using ascorbic acid as the positive standard reference30.

In Silico study of NADPH oxidase
Retrieval of the target protein and associated ligands
In silico analysis of enzyme-inhibitor interactions was performed using the Schrodinger software suite ​(​​​h​t​t​p​s​:​/​/​
w​w​w​.​s​c​h​r​o​d​i​n​g​e​r​.​c​o​m​/​​​​​)​​3​1​​. Three-dimensional structure of the target protein, NADPH oxidase (PDB ID: 2CDU) 
was retrieved from the Protein Data Bank, as described (PDB, www.rcsb.org;32. For this study, the 2D molecular 
structures of the ligands were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov) specifically of lignan 
(PubChem ID: 261166), oxindole (PubChem ID: 321710), acridone (PubChem ID: 2015), apigenin (PubChem 
ID: 5280443), anthocyanin (PubChem ID: 145858), quinazoline (PubChem ID: 9210), xanthone (PubChem ID: 
7020), artimisine (PubChem ID: 68827), quinoline (PubChem ID: 7047), quinolizidine (PubChem ID: 119036), 
imidazole (PubChem ID: 795), stilbene (PubChem ID: 638088) and gallic Acid (PubChem ID: 370).
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Preparation of NOX protein and ligands
For accurate docking simulations in the Maestro platform of Schrödinger, the target protein was prepared through 
a series of essential steps32. First, unwanted amino acid residues and any co-crystallized ligands were removed. 
The protein’s protonation states were then optimized using Epik, water molecule orientations were evaluated and 
hydrogen bonding networks were assigned with PropKa. Further structural refinement was achieved through 
energy minimization using the OPLS-2005 force field. The 2D structures of the selected compounds were 
imported and processed using the LigPrep module, where they were optimized geometrically at the relevant pH, 
taking into account the potential ionization and tautomeric forms. This streamlined preparation process laid 
the groundwork for precise and reliable docking simulations, providing a robust basis for subsequent analyses.

Molecular docking
To enable a precise docking, a receptor grid was generated, specifically tailored to the catalytic site of the NADPH 
oxidase protein. This grid construction was guided by pertinent literature, resulting in the creation of a grid box 
with dimensions measuring 14 × 15 × 19. The coordinates for the center of the grid were meticulously set as 
x = 18.9974, y = −5.774 and z = −1.808. Following the grid preparation, the ligands were flexibly docked onto 
this grid using Schrödinger’s Glide module that was operated in the standard precision (SP) mode. Each ligand 
was underwent 32 runs as part of the docking process. A detailed evaluation of the Glide outcomes, including 
qualitative and quantitative assessments was then performed, with a primary focus on examining the binding 
interactions. The Docking results were expressed as SP GScore in kcal/mol31,33.

Plant Plant extract TPC TFC Yield (%)

O. compressa

Aqu 73.43 ± 2.32 65.45 ± 1.84 7.16

MetOH 97.34 ± 3.34*** 98.72 ± 2.46*** 5.80

n-But 67.83 ± 3.21 31.39 ± 1.74 3.31

EtAc 89.32 ± 4.56** 95.27 ± 1.96** 6.10

n-Hex 58.89 ± 5.67 18.39 ± 2.27 4.01

DCM 95.23 ± 1.98** 91.44 ± 1.62** 4.52

Table 2.  Total phenolic (TPC) and total flavonoid (TFC) contents and percentage yield of O. compressa 
extracts. The results are mean with SEM of triplicate independent observations. The highest extract yield was 
achieved in Aqu extract, while, lowest yield was observed in n-Hex extract. TPC and TFC were calculated from 
standard curve of gallic acid and quercetin, respectively. One-way ANOVA, with Dunnett’s post-hoc test was 
applied for comparisons against the control group (Ascorbic acid). Aqu = aqueous. ** = p˂0.01, *** = p˂0.001.

 

Phytochemical
tests Aqueous Methanol n-Butanol Ethyl acetate n-Hexane DCM

Molisch
Carbohydrates) + + + + + +

Benedict
(Reducing sugars) + ++ - + - +

Barfoed (Monosaccharides) + ++ - + - ++

Ninhydrin
(Amino acids) - - - - - -

Terpenoid + +++ + ++ + +++

Salkowski (Triterpenes) + + + + - -

Saponins - + - - - -

Libermann (Sterols) - + - + + +

Flavonoids + ++ - ++ - -

Phenols ++ +++ - ++ - ++

Anthocyanin/betacyanin - - - + - -

Quinines - - ++ + -

Steroids + ++ - ++ -

Fats/Oils + ++ - ++ - ++

Phlobatannins + ++ - + - ++

Table 1.  Phytochemical composition of O. compressa extracts. The analysis revealed various bioactive 
compounds abundantly found in respective extracts. DCM = Dichloromethane, - = absent, + = slightly present, 
++ = moderately present, +++ = strongly present.
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Fig. 1.  HPLC chromatograph of 25 standard compounds.

 

Sr. no RT (min) Peak area Molecular Formula
Molecular
Weight Identified compound Amount (µg/mg)

1 1.247 27,119,903 C72H52O46 1701.2 Tannins 3.86

2 1.545 14,327,781 --- --- --- ---

3 1.829 18,922,436 C7H6O5 170.12 Gallic Acid 2.07

4 2.841 1,058,263 C13H8O2 196.19 Xanthone 4.99

5 2.997 876,587 C14H12 180.25 Stilbene 9.26

6 3.217 657,493 C25H30O8 458.5 Lignan 7.27

7 3.397 2,784,221 C13H9NO 195.22 Acridone 2.47

8 4.904 569,217 --- --- --- ---

9 5.397 401,494 C3H2N2 68.077 Imidazole 8.55

10 5.897 769,884 C15H22O5 282.33 Artemisinin 2.72

11 7.082 252,369 --- --- --- ---

12 7.490 223,130 --- --- --- ---

13 7.816 286,915 C8H7NO 133.150 Oxindole 6.06

14 8.392 83,965 C9H7N 129.16 Quinoline 4.49

15 8.735 262,900 C8H6N2 130.15 Quinazoline 7.15

16 9.338 224,548 C9H17N 139.24 Quinolizidine 5.01

17 10.339 122,266 C15H11O+ 207.2472 Flavonoid/anthocyanin 9.15

18 11.150 242,193 C15H10O5 270.24 Apigenin 4.29

19 12.133 40,838 --- --- --- ---

20 12.558 193,083 --- --- --- ---

21 14.116 45,503 --- --- --- ---

22 14.947 54,216 --- --- --- ---

23 16.946 12,298 --- --- --- ---

24 19.222 1898 --- --- --- ---

25 45.800 1535 --- --- --- ---

Table 3.  HPLC quantification of MetOH extract of O. compressa. MetOH extract of the plant revealed the 
presence of these 14 compounds.
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Density functional theory (DFT) analysis
DFT computations were performed with Gaussian 09 to investigate the electronic properties and reactive 
behavior of the chosen ligands34. All ligands were first geometry-modified at the B3LYP/6-31G(d, p) theory 
level to achieve stable structures without any imaginary frequencies. Frontier molecular orbital analysis was 
then performed to identify the lowest unoccupied molecular orbital (LUMO), highest occupied molecular 
orbital (HOMO) and the corresponding energy gap (ΔE = E_LUMO − E_HOMO) that provides insights into 
the electronic reactivity and stability. Additionally, global reactivity parameters such as ionization potential (IP), 
electronegativity (χ), electron affinity (EA) and chemical hardness (η) were computed by following Koopmans’ 
theorem. These descriptors were then correlated with molecular docking outcomes to elucidate the electronic 
factors influencing the ligand binding to NADPH oxidase.

Molecular dynamics (MD) simulations
MD simulations was employed in GROMACS 2023.3 using the top-ranked NADPH oxidase–lignan complex 
(PDB ID: 2CDU), parameterized with CHARMM36 for protein and ACPYPE for ligand, solvated in a cubic 
TIP3P water box (1.0 nm margin) with Na⁺/Cl⁻ counter ions for neutralization. Energy minimization was 
carried out using the steepest descent method until the maximum force dropped below 1000 kJ/mol/nm. The 
system was equilibrated in two steps: first, 100 ps in the NVT ensemble at 300 K employing a velocity-rescaling 
thermostat, followed by100 ps in the NPT ensemble at 1 bar using the Parrinello–Rahman method for pressure 
equilibration, with positional restraints applied to the protein heavy atoms. An initial 1 ns MD production run 
was conducted, to evaluate the preliminary equilibration and stability of the complex. This was followed by a 
full 10 ns production run was achieved, under the conditions of periodic boundary, keeping the temperature at 
300 K and at 1 bar of pressure. Bond constraints were enforced using the LINCS algorithm, while long-range 
electrostatic interactions were handled with the particle mesh Ewald (PME) procedure, applying a 1.0 nm cutoff 
for both interactions of van der Waals and Coulombic forces35.

Trajectory analyses were performed using GROMACS tools along with custom Python scripts. Structural 
stability was evaluated through root-mean-square deviation (RMSD), while the radius of gyration (Rg) was 
employed to assess the protein compactness. Residue-level flexibility was examined using root-mean-square 
fluctuation (RMSF) and hydrogen bond analysis quantified the interactions between the protein and ligand. 
Interaction energies including electrostatic and van der Waals components, were extracted from the simulations. 
Finally, free energy landscape (FEL) analysis along the first two principal components (PC1 and PC2) was 
performed to identify the most stable conformational basins of the 2CDU–lignan complex36.

Fig. 2.  HPLC chromatograph of methanol extract of O. compressa. The results revealed the presence of 14 
compounds including gallic acid (2.07 µg/mg), stilbene (9.26 µg/mg), flavonoid/anthocyanin (9.15 µg/mg), 
imidazole (8.55 µg/mg), lignan (7.27 µg/mg), quinazoline (7.15 µg/mg), quinoline (4.49 µg/mg), oxindole 
(6.06 µg/mg), quinolizidine (5.01 µg/mg), xanthone (4.99 µg/mg), apigenin (4.29 µg/mg), tannins (3.86 µg/
mg), artemisinin (2.72 µg/mg) and acridone (2.47 µg/mg).
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Statistical analysis
The study employed one-way ANOVA followed by Dunnet’s t-test. The reported values represent the mean of 
three replicates with standard error of mean (SEM). The concentrations for 50% inhibition (IC50) of the extracts 
were determined using linear regression analysis37. The level of significance was set at p < 0.05.

Results
Phytochemical analysis and Estimation of total contents
The phytochemical analysis of O. compressa crude extracts revealed that alkaloids and flavonoids were abundantly 
detected in the Aqu, MetOH, EtAc and DCM extracts of O. compressa (Table  1), wherein, anthocyanin and 
betacyanin were exclusively found in the EtAc extract, while, most of the phytochemicals like phenols, steroids 
and steroids were present in all the extracts. Notably, cardiac glycosides, coumarins, phlobatannins and quinines 
were more abundant in Aqu, MetOH, EtAc and DCM extracts. Whereas, the saponins were predominantly 
identified in MetOH and EtAc extracts. Regarding the extraction yield of O. compressa, the highest percentage 
of extract yield was achieved in the Aqu extract (7.16%), followed by EtAc (6.10%) and MetOH (5.80%) extracts. 
Conversely, the lowest extract yield was observed in n-Hex (4.01%) extract (Table 2).

The phenolic contents in O. compressa extracts ranged from 58.89 ± 5.67 to 97.34 ± 3.34 GAE mg/g of each 
plant extract. The highest TPC were observed in the MetOH (97.34 ± 3.34 GAE mg/g), DCM (95.23 ± 1.98GAE 
mg/g), EtAc (89.32 ± 4.56 GAE mg/g) and Aqu (73.43 ± 2.32 GAE mg/g) extracts. However, in TFC, the MetOH 
extract exhibited the highest value (98.72 ± 2.46 µg/CE) of catechin equivalents per gram of plant, followed by 
EtAc (95.27 ± 1.96 µg), DCM (91.44 ± 1.62 µg) and Aqu (65.45 ± 1.84 µg) extracts. The lowest TFC were recorded 
in the n-Hex extract (18.39 ± 2.27 µg/CE) (Table 2).

Fig. 3.  The structures of 14 compounds identified in the MetOH extract of O. compressaby HPLC.
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HPLC analysis
Phenolics and flavonols were quantified in the extracts by comparing their retention time and spectral properties 
with those of 25 standard analytes (Fig. 1). The MetOH extract of O. compressa revealed the presence of 14 
compounds including stilbene (9.26  µg/mg), flavonoid/anthocyanin (9.15  µg/mg), imidazole (8.55  µg/mg), 
lignan (7.27 µg/mg), quinazoline (7.15 µg/mg), oxindole (6.06 µg/mg), quinolizidine (5.01 µg/mg), xanthone 
(4.99 µg/mg), quinoline (4.49 µg/mg), apigenin (4.29 µg/mg), tannins (3.86 µg/mg), artemisinin (2.72 µg/mg), 
acridone (2.47 µg/mg) and gallic acid (2.07 µg/mg) (Table 3; Figs. 2 and 3).

Characterization by GC-MS
The GC-MS characterization of MetOH extract of O. compressa identified 29 compounds with retention time 
ranging from 5.095 to 33.866 min (Table 4; Figs. 4 and 5), including methyl palmitate (14.87 µg/mg), palmitic 
acid (14.16  µg/mg), methyl stearate (11.77  µg/mg), bis(2-ethylhexyl) phthalate (8.17  µg/mg), phenol,2,2’-
methylenebis[6-(1,1-dimethylethyl)−4-methyl-(7.48  µg/mg), 2-methoxy-4-vinylphenol (4.52  µg/mg), stearic 
acid (4.14  µg/mg), dioctyl terephthalate (3.85  µg/mg), 9,12,15-octadecatrienoic acid methyl ester (3.12  µg/
mg), 1,3,5-triphenylcyclohexane (3.04  µg/mg), methacrylic acid (2.42  µg/mg), dimethylamine (2.36  µg/mg), 
2-palmitoylglycerol (1.87  µg/mg), isoeugenol (2.30  µg/mg), 3-piperidinemethanol, 1-methyl-(1.67  µg/mg), 
alloxan (1.52  µg/mg), syringol (1.50  µg/mg), pentasiloxane (1.37  µg/mg), cyclohexasiloxane (1.35  µg/mg), 
glycine (1.12 µg/mg), 9,12-octadecadienoic acid methyl ester (1.06 µg/mg), o-toluidine (1.03 µg/mg), gentisic 
acid (1.03 µg/mg), 2,4-di-tert-butylphenol (0.91 µg/mg), piperazine (0.90 µg/mg), cyclohexene 2-butyl-1,3,3-
trimethyl-(0.70 µg/mg), octanamide, n,n dimethyl-(0.68 µg/mg), 3-amino isoxazole (0.63 µg/mg) and butylated 
hydroxytoluene (0.48 µg/mg).

DPPH assay
All extracts of O. compressa exhibited varying degrees of antioxidant potential in a dose-dependent manner 
(Supplementary Fig. 2 A), with IC50 values ranging from 110 ± 2.34  µg/mL to 937 ± 1.21  µg/mL. Notably, 
the MetOH extract of O. compressa demonstrated strongest radical scavenging potential with IC50 value of 
110 ± 2.34 µg/mL, followed by EtAc and DCM extracts of O. compressa with IC50 values of 155 ± 2.29 µg/mL 

Peak #
RT
(min) Peak area

Molecular
formula Molecular weight Identified compound Amount (µg/mL)

1 5.095 2,123,335 (CH3)2NH 45.08 Dimethylamine 2.36

2 5.192 1,508,446 C7H15NO 129.20 3-piperidinemethanol, 1-methyl- 1.67

3 5.406 2,067,825 C10H12O2 164.20 Isoeugenol 2.30

4 5.566 1,008,883 C₂H₅NO₂ 75.07 Glycine 1.12

5 6.465 1,366,101 C4H2N2O4 142.07 Alloxan 1.52

6 7.117 809,245 C4H10N2 86.136 Piperazine 0.90

7 7.422 2,177,474 C4H6O2 86.06 Methacrylic acid 2.42

8 7.834 567,935 C3H4N2O 84.08 3-amino isoxazole 0.63

9 9.000 1,216,838 C10H32O6Si6 416.87 Cyclohexasiloxane 1.35

10 9.722 4,070,434 C9H10O2 150.177 2-methoxy-4-vinylphenol 4.52

11 10.615 1,346,620 C8H10O3 154.16 Syringol 1.50

12 11.562 925,733 C6H4CH3NH2 107.15 O-toluidine 1.03

13 12.691 1,234,002 C24H60O16Si5 745.1 Pentasiloxane 1.37

14 13.445 431,730 C15H24O 220.35 Butylated hydroxytoluene 0.48

15 13.525 823,548 C14H22O 206.32 2 4-di-tert-butylphenol 0.91

16 15.493 923,794 C7H6O4 154.12 Gentisic acid 1.03

17 20.494 13,395,488 C17H34O2 270.45 Methyl palmitate 14.87

18 21.163 12,751,895 C16H32O2 256.42 Palmitic acid 14.16

19 23.083 955,857 C19H34O2 294.4721 9,12-Octadecadienoic acid (Z, Z)-, methyl ester 1.06

20 23.174 2,807,764 C19H32O2 292.4562 9 12 15-octadecatrienoic acid methyl ester (z z z)- 3.12

21 23.591 10,602,998 C19H38O2 298.5 Methyl stearate 11.77

22 24.190 3,729,607 C18H36O2 284.48 Stearic acid 4.14

23 24.714 630,617 C13H26 182.3455 Cyclohexene 2-butyl-1 3 3-trimethyl 0.70

24 25.447 609,054 C10H21NO 171.28 Octanamide, N,N-dimethyl- 0.68

25 27.694 6,734,826 C23H32O2 340.4990 Phenol, 2,2’-methylenebis[6-(1,1-dimethylethyl)−4-methyl- 7.48

26 28.212 2,734,410 C24H24 312.4 1,3,5-Triphenylcyclohexane 3.04

27 29.475 1,684,995 C19H38O4 330.5 2-Palmitoylglycerol 1.87

28 29.721 7,355,806 C24H38O4 390.6 Bis(2-ethylhexyl) phthalate 8.17

29 33.866 3,464,801 C24H38O4 390.564 Dioctyl terephthalate 3.85

Table 4.  GC-MS results of MetOH extract of O. compressa. MetOH extract of the plant revealed the presence 
of these 29 compounds with retention time ranging from 5.095 to 33.866 min.
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and 198 ± 2.89 µg/mL, respectively. Conversely, the Aqu and n-Hex extracts showed the highest IC50 values with 
lowest percentage of RSA. In summary, the radical scavenging activity of O. compressa extracts followed the 
trend: MetOH > EtAc > DCM > n-But > n-Hex > Aqu (Table 5, Supplementary Fig. 3).

FRAP assay
In the FRAP assay, the MetOH and DCM extracts exhibited remarkably strong reducing power (Supplementary 
Fig. 2B), with lowest IC50 values < 42 µg/mL, followed by EtAc extract, achieved by donating the electrons to 
ferric cyanide. While, n-But and Aqu extracts showed comparatively moderate reducing power and exhibited 
considerable higher activity at increased concentrations, with high IC50 values (Fig. 6).

In Silico molecular Docking
According to the Ramachandran plot, 96.5% of residues in NADPH oxidase were positioned in the favorable 
regions, supporting the correctness of φ and ψ dihedral angles of the protein model (Fig.  7). Amongst, all 
compounds of MetOH extract, lignan, oxindole, acridone, apigenin and anthocyanin formed energetically 
favorable NOX-ligand complex with docking scores of −6.949, −6.683, −6.521, −6.298 and − 6.079 kcal/mol, 
respectively (Table 6). A comparative structure-activity relationships (SAR) offering critical insights, wherein 
lignan exhibited stable interactions of hydrogen bonding with specific residue Ala B:300 within the active site of 

Fig. 4.  GC-MS chromatograph of MetOH extract of O. compressa. GCMS identified 29 compounds with 
a retention time ranging from 5.095 to 33.866 min, including methyl palmitate (14.87 µg/mg), palmitic 
acid (14.16 µg/mg), methyl stearate (11.77 µg/mg), bis(2-ethylhexyl) phthalate (8.17 µg/mg), phenol, 
2,2’-methylenebis [6-(1,1-dimethylethyl)−4-methyl- (7.48 µg/mg), 2-methoxy-4-vinylphenol (4.52 µg/
mg), stearic acid (4.14 µg/mg), dioctyl terephthalate (3.85 µg/mg), 9, 12, 15-octadecatrienoic acid methyl 
ester (3.12 µg/mg), 1,3,5-triphenylcyclohexane (3.04 µg/mg), methacrylic acid (2.42 µg/mg), dimethylamine 
(2.36 µg/mg), 2-palmitoylglycerol (1.87 µg/mg), isoeugenol (2.30 µg/mg), 3-piperidinemethanol, 
1-methyl-(1.67 µg/mg), alloxan (1.52 µg/mg), syringol (1.50 µg/mg), pentasiloxane (1.37 µg/mg), 
cyclohexasiloxane (1.35 µg/mg), glycine (1.12 µg/mg), 9,12-octadecadienoic acid methyl ester (1.06 µg/
mg), o-toluidine (1.03 µg/mg), gentisic acid (1.03 µg/mg), 2, 4-di-tert-butylphenol (0.91 µg/mg), piperazine 
(0.90 µg/mg), cyclohexene 2-butyl-1 3 3-trimethyl (0.70 µg/mg), octanamide, n,n dimethyl- (0.68 µg/mg), 
3-amino isoxazole (0.63 µg/mg), and butylated hydroxytoluene (0.48 µg/mg).
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the target enzyme (2CDU) (Fig. 8A). Similarly, oxindole showed stable hydrogen bonding interactions involving 
the NH group with Cys133 (Fig. 8B). However, acridone displayed hydrogen bond interaction of NH group 
with residue Thr112 (Fig. 8C). Additionally, apigenin demonstrated substantial hydrophobic interactions and 
stable interactions of hydrogen bonding between oxygen and hydroxyl group with Asp282 and Thr112 (Fig. 8D). 
Anthocyanin exhibited π–π interactions with the aromatic side chain of Phe245 (Fig. 8E). The existence of nitro 
and dihydroxy groups was identified as a key determinant for stable binding interactions within the active site 
of NADPH oxidase.

DFT calculations
DFT analysis was performed on the top-scoring ligands identified from molecular docking to characterize their 
electronic structures and reactivity profiles (Table 7; Fig. 9). Dipole moment values varied widely, from 1.36 D 
in anthocyanin to 7.52 D in apigenin, reflecting differences in molecular polarity that may affect the solubility 
and hydrogen-bonding capacity. Frontier molecular orbital analysis revealed the energy gaps (ΔE_gap) ranging 
from 3.15 eV (anthocyanin) to 11.74 eV (oxindole), indicating that anthocyanin is the most chemically reactive, 
whereas oxindole is the most electronically stable. Ionization potential (IP) and electron affinity (EA) further 

Doses
Samples

RSA (%) ± SEM

1000 µg/mL 750 µg/mL 500 µg/mL 250 µg/mL 125 µg/mL 62.5 µg/mL IC50µg/mL

+ve control 96.2 ± 0.05 94.1 ± 0.03 92.3 ± 0.091 91.1 ± 0.031 90.9 ± 0.019 88.10 ± 0.05 ---

Aqu 54.5 ± 0.05 47.4 ± 0.01 47.4 ± 0.013 18.0 ± 0.022 14.7 ± 0.026 8.20 ± 0.046 937 ± 1.21

MetOH 95.6 ± 0.25*** 86.6 ± 0.03*** 76.6 ± 0.036** 67.9 ± 0.019* 52.7 ± 0.092 21.2 ± 0.072 110 ± 2.34

n-But 61.6 ± 0.24 51.4 ± 0.08 51.4 ± 0.018 21.1 ± 0.013 14.3 ± 0.075 12.30 ± 0.03 791 ± 2.76

EtAc 93.3 ± 0.05*** 83.3 ± 0.05*** 73.3 ± 0.025** 66.5 ± 0.018* 47.9 ± 0.056 27.2 ± 0.026 155 ± 2.29

n-Hex 58.5 ± 0.02 47.5 ± 0.01 47.5 ± 0.010 22.5 ± 0.019 16.6 ± 0.028 9.10 ± 0.038 794 ± 1.76

DCM 91.1 ± 0.05*** 81.4 ± 0.05*** 71.4 ± 0.050** 56.3 ± 0.013 37.7 ± 0.025 16.7 ± 0.024 198 ± 2.89

Table 5.  Free radical scavenging and IC50 of O. compressa extracts in DPPH assay. The results are mean 
with SEM of triplicate independent observations. MetOH extract demonstrated strongest radical scavenging 
potential, while, Aqu extract showed the highest IC50 value with lowest % RSA. One-way ANOVA followed by 
Dunnett’s test vs. control (ascorbic acid) was applied. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

 

Fig. 5.  The structures of 29 compounds identified in the MetOH extract of O. compressaby GC-MS.
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supported these observations: lignan showed moderate donor–acceptor capacity (IP 5.15  eV; EA 1.32  eV), 
while oxindole exhibited the highest IP (8.34 eV) and a negative EA (− 3.39 eV), suggesting a strong resistance 
to electron removal and poor electron-accepting ability. Global reactivity descriptors highlighted the clear 
distinctions in ligand behavior. Hardness (η) was highest for oxindole (5.87 eV), confirming its low reactivity, 
whereas anthocyanin displayed the lowest value (1.57  eV), indicating high softness and enhanced electron 
cloud polarizability. Electrophilicity indices further identified that acridone (3.26 eV) and apigenin (2.97 eV) 
are strong electrophiles having a high propensity for interaction with nucleophilic protein residues. Conversely, 
oxindole had the lowest electrophilicity (0.52 eV), consistent with its electronic inertness.

MD simulations
The molecular dynamics simulations of 2CDU–lignan complex demonstrated consistent stability and favorable 
binding interactions over both 1 ns and 10 ns trajectories. During 1 ns simulation, the protein backbone RMSD 
rose rapidly within the first 0.1–0.2 ns to ~ 0.20–0.23 nm, after which it stabilized without any upward drift, 
indicating an equilibration of the system. Over the longer 10 ns trajectory, the RMSD continued to remain 
around ~ 0.2  nm, confirming the structural stability and absence of large-scale conformational deviations 
(Fig. 10). Flexibility analysis through RMSF revealed that most of the residues exhibited low fluctuations (~ 0.05–
0.2 nm), consistent with a stable folded protein core, while flexible peaks reaching ~ 0.4–0.45 nm were observed 
in loop and terminal regions (Fig. 11A-B). The radius of gyration fluctuated narrowly between 2.38 and 2.46 nm 
in both short and extended runs, with balanced RgX, RgY and RgZ values, showing that the protein retained the 
compactness without unfolding (Fig. 11C-D).

This pattern was maintained across both 1 ns and 10 ns, indicating localized flexibility without destabilizing 
the overall structure. Hydrogen bonding remained dynamic but persistent, with 2–4 stable protein–ligand 
hydrogen bonds and occasional peaks of 5–6, supported by 6–10 donor–acceptor pairs within 0.35  nm. 
Interaction energies confirmed a favorable binding, with Lennard-Jones short-range energies between − 250 and 
− 320 kJ/mol, Coulombic short-range contributions from − 70 to − 110 kJ/mol and a total interaction energy of 
− 300 to − 400 kJ/mol throughout both simulations (Fig. 12A-B). Interaction energy decomposition confirmed 
a favorable binding at both 1 ns and 10 ns. Lennard-Jones short-range energies remained between − 250 and 
− 320 kJ/mol, while Coulombic short-range contributions fluctuated between − 70 and − 110 kJ/mol. The total 
interaction energy consistently ranged from − 300 to − 400 kJ/mol, highlighting the dominant role of van der 
Waals forces, with electrostatic interactions providing additional stabilization (Fig. 12C-D).

The free energy landscape (FEL), derived from principal component analysis, revealed multiple well-defined 
low-energy basins across the 10 ns trajectory, representing stable thermodynamic states of the protein–ligand 
complex. The persistence of these minima confirmed a robust binding mode and supported the reliability of 
docking predictions. Overall, the system setup, where the 2CDU protein was solvated in an explicit water box 
(TIP3P model) and neutralized with Na⁺/Cl⁻ ions, ensured a physiologically relevant simulation environment, 
while the FEL analysis confirmed the structural and energetic stability across both 1 ns and 10 ns simulations 
(Fig. 13).

Fig. 6.  The relative percentage of FRAP assay (A) and IC50(B) of O. compressa (Oc) compared to ascorbic acid 
(positive control). A: methanol (MetOH) and dichloromethane (DCM) extracts have shown strongest FRAP 
(%), B: least IC50 was observed by extract MetOH and DCM extracts. P.C: Positive control, Aqu: aqueous 
extract, n-But: n-butanol extract, EtAc: ethyl acetate extract, n-Hex: n-Hexane extract extract.
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Discussion
Medicinal plants serve as an abundant reservoir of bioactive phytochemicals that determine their great 
therapeutic potential26,38–40. The choice of solvent in extraction critically influences both the yield and profile 
of these compounds1. As likely in case of O. compressa, varying extraction yields were obtained from eleven 
South African medicinal plants, with the highest yield obtained in the aqueous extract, followed by DCM 
and MetOH extracts11. In the current study, the alkaloids and flavonoids like tannins, terpenes and saponins 
were maximally identified in the MetOH extract of the plant, followed by Aqu, EtAc and DCM extracts. These 
specific bioactive compounds are well-known due to their role in anti-oxidant, analgesic, anti-inflammatory 
and hyperglycemic effects, thus highlighting the medicinal significance of the plants in treating the infections, 
hyperglycemia, fever, pain and inflammation41–44. Specifically, terpenoids, flavonoids and phenolics contribute 
significantly to the antioxidant properties45, while anthocyanin, betacyanin, cardiac glycosides, coumarins, 
quinines and saponins further underscores the potential medicinal value of the plant8. Consistently with our 
observations, the methanolic extract displayed the highest TPC and TFC, in agreement with reports on Echium 
humile28, Beilschmiedia roxburghiana stem barks3 and Arabis carduchorum46. These polyphenols are associated 
with anti-oxidant, anti-inflammatory, antimicrobial, antipyretic and anti-diabetic activities, reinforcing their 
pharmaceutical significance27. Oxidative stress induced by free radicals lead to cellular and tissue damage, 
promoting inflammation, fever, liver damage, carcinogenesis, hematological and histological alterations15,47,48 
Endogenous anti-oxidant enzymes like catalase, glutathione peroxidase and superoxide dismutase counteract 
these inflammatory reactions2,49,50, while plant-derived anti-oxidants further enhance this defense by scavenging 
the reactive oxygen species51.

Fig. 7.  Structural validation and binding pocket analysis of NOX (2CDU). A: Ramachandran plot showing 
96.5% of residues in favored regions, confirming proper φ and ψ dihedral geometry of the protein model, B: 
predicted binding pocket of 2CDU with docked ligand poses, C: corresponding molecular interaction view.
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Polyphenols play a key role in radical scavenging due to their redox-active hydroxyl groups, a principle 
exploited in the DPPH activity, where DPPH radical reduction causes a colorimetric shift from purple to 
yellow46. In this study, the MetOH extract exhibited the strongest scavenging potential (IC50 of 110 µg/mL), 
followed by EtAc (155 µg/mL) and DCM (198 µg/mL) extracts, reflecting the abundance of hydroxyl-rich-
polyphenols and flavonoids52. Similarly, antioxidant and anti-inflammatory potential has also been reported 
for Severinia buxifolia53, Justicia secunda54 and Anthurium plowmanii leaves55, supporting the relevance of 
polyphenolic compounds in mediating their bioactivities. One of our recent studies on another Cholistani desert 
plant (Neurada procumbens) also demonstrated a highest anti-oxidant potential of the plant due to its high 
phenolic contents13,24. Moreover, the methanolic extract of O. compressa exhibited the strongest FRAP among all 
extracts, consistent with its abundant TPC and TFC29,56,57 Similarly, Cypria and Cynara scolymus L. extracts rich 
in polyphenols and flavonoids were found to exhibit superior reducing potential58. The EtAc extract of Cynara 
scolymus L. also exhibited the highest reducing activity on in vitro and in vivo evaluations, due to high TPC 
and TFC7. These results also align with prior reports on Sideritis cypria, where extracts rich in polyphenols and 
flavonoids exhibited superior reducing potential59. Similarly, antioxidant evaluations of Borassus flabellifer L. 
extract, highlighted that phenolic acids and flavonoids, including quercetin, coumarin and gallic acid elucidate 
robust radical-scavenging and reducing activities12.

Due to strongest anti-oxidant potential of O. compressa, the methanol extract was selected for detailed 
characterization and structural elucidation of phenolic compounds by HPLC and GC-MS analysis. HPLC 
profiling of the plant performed against 25 standard analytes, enabled the identification of 14 compounds 
including stilbene, flavonoid/anthocyanin, lignan, quinazoline along with various concentrations of oxindole, 
quinolizidine, xanthone, quinoline, apigenin, tannins, artemisinin, acridone and gallic acid. In the same context, 
an extensive HPLC analysis of Cordia diffusa leaves revealed 8 phenolic compounds with potent DPPH radical 
scavenging activity60 and Trifolium repens L. leaves, wherein, 29 compounds were quantified in methanol extract, 
highlighting their potential as a natural anti-oxidant and anti-cholinesterase therapeutics16. Additionally, GC-
MS profiling of MetOH extract of O. compressa identified 29 bioactive volatile and semi-volatile compounds 
with a retention time ranging from 5.095 to 33.866 min, several of which are strongly associated with anti-
oxidant activity. Fatty acid esters like hexadecanoic acid methyl ester, diterpenoids such as phytol possess 
hydroxyl or unsaturated moieties are capable of donating electrons or stabilizing peroxyl radicals, thereby 
mitigating the oxidative stress. Such mechanisms have been experimentally validated in the previous reports 
linking these metabolites with significant DPPH and ABTS radical scavenging activities61. Consistent with 
this, GC–MS analyses of other medicinal plants, such as methanolic extract of Gardenia jasminoides revealed 
diverse phytochemical profiles with 54 bioactive compounds, demonstrating the anti-oxidant capacity of the 
plant17. While, MetOH and Aqu extracts of Moringa oleifera leaves and Catharanthus roseus identified 40 and 
65 compounds respectively in GC-MS, with strong and significant anti-oxidant and anti-bacterial effects against 
three human pathogens (E. coli, B. subtilis, S. aureus)14.

The phenolic derivatives and sterols further reinforce the anti-oxidant response through hydrogen atom 
donation, metal chelation and modulation of endogenous defense systems, in line with prior phytochemical 
studies62. Alongside these metabolites, the peaks corresponding to siloxane derivatives like pentasiloxane and 
cyclohexasiloxane were also detected, although such signals are frequently attributed to column bleed or PDMS 
contamination63, however, the occurrence of silicon compounds in plants remains a subject of active debate64. 
Silicon is known to accumulate as phytoliths, soluble silica or organosilicon complexes, contributing to stress 
tolerance ability of plant65. Importantly, recent evidence has shown that GC-MS can successfully detect silicon-
containing constituents in coffee beans, supporting the interpretation that the silicon-related peaks identified 
in O. compressa represent authentic metabolites rather than analytical artefacts64,66. Although confirmation 

Sr. # Compound ID Compound name
Docking score
(kcal/mol)

Binding energy
(kcal/mol)

1 261,166 Lignan.1 −6.949 −49.843

2 321,710 Oxindole.1 −6.683 −24.293

3 2015 Acridone.1 −6.521 −33.355

4 5,280,443 Apigenin.1 −6.298 −45.178

5 145,858 Anthocyanin.1 −6.079 −31.245

6 9210 Quinazoline.1 −5.407 −25.181

7 7020 Xanthone.1 −5.271 −30.562

8 68,827 Artimisine.1 −5.189 −36.923

9 7047 Quinoline.1 −5.179 −24.663

10 119,036 Quinolizidine.1 −5.086 −19.232

11 795 Imidazole.1 −4.936 −19.103

12 638,088 Stilbene.1 −4.795 −27.203

13 370 Gallic Acid.1 −4.103 −35.714

Table 6.  Docking score of ligands with protein 2CDU in molecular docking. Among the compounds of 
MetOH extract, lignan, oxindole, acridone, apigenin and anthocyanin formed energetically favorable NOX-
ligand complex with docking scores of −6.949, −6.683, −6.521, −6.298 and − 6.079 kcal/mol, respectively.
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Fig. 8.  Comparative binding poses (left side) and molecular interaction views (right side) of NOX enzyme 
(2CDU) with selected MetOH extract ligands. A: Lignan–Ala300, B: Oxindole–Cys133, C: Acridone–Thr112, 
D: Apigenin–Asp282/Thr112, E: Anthocyanin–Phe245. Stable hydrogen bonding and π–π interactions 
contributed to favorable binding affinities (− 6.949 to − 6.079 kcal/mol). Nitro and dihydroxy groups were 
identified as key determinants of ligand stability within the active site.
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with techniques such as Inductively Coupled Plasma–Mass Spectrometry (ICP–MS) or Scanning Electron 
Microscopy–Energy Dispersive X-ray Spectroscopy (SEM–EDS) is still required67, these findings highlight the 
growing recognition that silicon chemistry constitutes a genuine and underexplored aspect of plant metabolomes.

Importantly, in the computational study, molecular docking were employed to determine the interactions 
between the identified phenolic compounds with NADPH oxidase (NOX; PDB ID: 2CDU), a key enzyme complex 
involved in ROS generation and oxidative stress-mediated cellular injury. Among the tested phytochemicals, 
lignan, oxindole, acridone, apigenin and anthocyanin showed strong binding affinities (docking scores: −6.654 
to − 6.060 kcal/mol), indicating their potential to inhibit the activity of NADPH oxidase. These computational 
predictions align with our recent in vitro and in vivo studies demonstrating significant anti-inflammatory 
activity of O. compressa19, as well as previous reports highlighting NOX-targeted antioxidant and cytoprotective 

Fig. 9.  DFT analysis of five high scoring docked compounds. The electronic structure and reactivity 
parameters of lignan, oxindole, acridone, apigenin and anthocyanin were evaluated through frontier molecular 
orbital (FMO) analysis. Variations in HOMO–LUMO energy gaps, dipole moments and global reactivity 
descriptors revealed distinct chemical behaviors—anthocyanin showed the highest reactivity (lowest ΔE_gap), 
while oxindole exhibited maximum stability (highest ΔE_gap). Acridone and apigenin demonstrated strong 
electrophilic characteristics, suggesting a high potential for interaction with nucleophilic sites of the NOX 
enzyme.

 

Ligand

Dipole 
moment 
(Debye)

HOMO
(a.u.)

LUMO
(a.u.)

Energy gap 
(ΔEGap)
(ev)

Ionization
Potential 
(eV)

Electron 
affinity 
(eV)

Electro-
negitivity χ 
(eV)

ECP µ 
(eV)

Hardness η 
(eV)

Softness
S (eV)

Electrophilicity
ω (eV)

Lignan 4.308 −0.18911 −0.04867 3.833 5.146 1.324 3.235 −3.235 1.911 0.523 2.738

Oxindole.1 3.4161 −0.30660 0.12485 11.7404 8.3430 −3.3973 2.4728 −2.4728 5.8702 0.1704 0.5208

Acridone.1 6.1267 −0.21078 −0.05891 4.134 5.737 1.603 3.670 −3.670 2.067 0.484 3.259

Apigenin.1 7.5172 −0.21807 −0.05153 4.534 5.934 1.403 3.669 −3.669 2.266 0.441 2.971

Anthocyanin.1 1.3636 −0.15013 −0.03448 3.147 4.085 0.939 2.512 −2.512 1.573 0.636 2.005

Table 7.  Density functional theory calculations of selected ligands. The analysis was performed on top-
scoring ligands identified from molecular docking to characterize their electronic structures and reactivity 
profiles. LUMO = lowest unoccupied molecular orbital, HOMO = highest occupied molecular orbital, 
ECP = electrochemical potential.
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activities of related phytochemicals in Piper cubeba extracts in the cardiovascular disease68. Similarly, acridine 
and apigenin also exhibited significant potential for free radical suppression through strong interactions with 
NADPH oxidase69,70. Notably, acridone and apigenin have been reported to mitigate the oxidative stress and 
cytotoxicity in models of aluminum phosphide–induced cardiomyocyte injury, highlighting their cardio-
protective and anti-oxidant properties71. Moreover, anthocyanin demonstrated superior NOX inhibition, 
surpassing ascorbic acid and exhibiting DPPH radical-scavenging activity greater than that of vitamin E, 
consistent with its potent antioxidant capacity72,73. Additionally, lignan and oxindole effectively attenuate the 
oxidative stress across multiple models, contributing to reduced risks of atherosclerosis, diabetes, cancer and 
cardiovascular disease74.

The DFT calculations provided a mechanistic rationale for the docking outcomes by linking the ligand 
electronic properties to their predicted binding behavior. The markedly low HOMO–LUMO gaps of anthocyanin 
(3.15 eV) and apigenin (4.53 eV) reflect high chemical softness and facile charge transfer, characteristics that 
enable rapid electronic redistribution upon interaction with protein residues75. This property is particularly 
important in antioxidant ligands, as smaller energy gaps are associated with enhanced radical-scavenging ability 
and stabilization of electron-rich environment76,77. The presence of extended π-conjugation in anthocyanin 
and polyphenolic substitutions in apigenin not only reduces their ΔE < sub > gap</sub > but also increases 
the electrophilicity, thereby facilitating π–π stacking, hydrogen bonding and charge-transfer interactions 
within the catalytic pocket78,79. These descriptors rationalize their strong docking affinities and consistent 
stabilization during MD simulations, underscoring their suitability as reactive inhibitors of NADPH oxidase. In 
contrast, oxindole displayed a wide HOMO–LUMO gap (11.74 eV), negative electron affinity and the highest 
hardness (5.87 eV), electronic features that confer the stability and diminish reactivity80. The indole framework 
is electronically rigid, limiting delocalization and making the scaffold resistant to the charge perturbations. 
Although oxindole was structurally compatible with the binding site, its low electronic flexibility reduces the 
likelihood of dynamic charge-transfer interactions with active-site residues, explaining its relatively weaker 
docking interactions compared to other polyphenolic ligands81. Lignan and acridone, with intermediate 
HOMO–LUMO gaps, represent a balance between stability and reactivity, thus, these descriptors suggest 
moderate softness, allowing selective charge redistribution without compromising the structural integrity. This 
aligns with the previous reports about acridones engaging in π–π stacking and electrophilic interactions with 
nucleophilic residues, which is consistent with their observed docking stabilization and MD-derived binding 
energetics82,83. Moreover, the intermediate profile of lignans similarly supports their role as versatile stabilizers, 
able to adaptively engage in van der Waals and electrostatic interactions84.

Fig. 10.  RMSD profiles of NOX (2CDU) and its complex with lignan during molecular dynamics simulations. 
RMSD of the unbound NOX protein at 1 ns (A) and 10 ns (B). RMSD of the 2CDU–lignan complex at 1 ns 
(C) and 10 ns (D). The complex exhibited minimal structural deviation (~ 0.2 nm) throughout the simulation, 
indicating stable binding and overall conformational equilibrium.
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MD simulations of the NOX–lignan complex provided the detailed insights into the structural stability and 
dynamic features of the docked ligand in the near-physiological state in GROMACS. The RMSD analysis (Fig. 
10) revealed that the protein backbone equilibrated rapidly within 0.2 ns and maintained the plateau at ~ 0.2 
nm throughout 10 ns, indicating that the docking-derived pose represents a near-optimal binding orientation 
with minimal structural rearrangements. This rapid stabilization is consistent with previous MD studies of FAD/
NAD(P)H oxido-reductases, where ligands occupying pre-organized hydrophobic pockets maintain low RMSD 
values, due to constrained mobility85–87.

The radius of gyration (Rg) remained tightly distributed between 2.38 and 2.46 nm (Fig. 11), indicating 
that the overall compactness of 2CDU protein was preserved upon lignan binding; this stability suggests that 
the ligand complements the shape and hydrophobic character of the binding pocket without inducing global 
unfolding. In consistent with our observations, the previous MD studies narrate that tight-binding polyphenolic 
or aromatic ligands maintained protein structural integrity while optimizing the interactions within oxido-
reductase active sites88,89. Residue-level flexibility analysis via RMSF (Fig. 11) revealed that fluctuations were 
largely confined to loop and terminal regions (~ 0.4–0.45 nm), while the catalytic core remained highly rigid (~ 
0.05–0.2 nm), a mechanistically significant pattern that preserves the geometry of active site for stable catalysis 
while allowing loop mobility to facilitate ligand access and product release, as likely found in the prior MD 
studies on oxido-reductases and NADPH-dependent enzymes90. Hydrogen bond analysis (Fig. 12) showed 2–4 
persistent interactions with 5–6 transient peaks, reflecting a dynamic yet stable network, mediated by water 
and solvent effects; a behavior characteristic of polyphenolic ligands that maintain the binding affinity while 
allowing conformational adaptability. This is consistent with previous MD studies on flavonoid–oxido-reductase 
complexes where reversible H-bonds facilitated both stability and flexibility86. Energetic decomposition (Fig. 12) 
revealed that van der Waals interactions (− 250 to − 320 kJ/mol) primarily stabilized the complex, complemented 
by electrostatic contributions (− 70 to − 110 kJ/mol), resulting in strongly negative total energies (− 300 to − 400 
kJ/mol) and reflecting the hydrophobic nature of the NOX binding pocket, as consistent with prior findings that 
aromatic and hydrophobic ligands engage oxido-reductases mainly through dispersion forces86. Free energy 
landscape (FEL) analysis (Fig. 13) showed multiple deep minima along PC1 and PC2 over 10 ns, suggesting 
that the complex is stable in terms of kinetics and energetics and thus, reinforcing the potential biological 
significance of lignan binding15,36. Hence, the combined phytochemical, biochemical and multi-layered in silico 
analyses confirmed that O. compressa, particularly its methanolic extract, possesses potent anti-oxidant potential 

Fig. 11.  RMSF profile of NOX (2CDU) protein. RMSF analysis revealed low residue fluctuations (~ 0.05–
0.2 nm), indicating a stable protein core, with higher flexibility (~ 0.4–0.45 nm) confined to loop and terminal 
regions, confirming structural stability across both simulations at 1 ns (A) and 10 ns (B). Radius of gyration 
profile of NOX (2CDU) protein at 1 ns (C) and 10 ns (D). The Rg values fluctuated slightly between 2.38–
2.46 nm throughout both simulations, with consistent RgX, RgY and RgZ components. These results indicate 
that the protein maintained structural compactness and stability without any signs of unfolding during the 
simulation.
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Fig. 13.  System setup for MD simulation of 2CDU–lignan complex (A) and free energy landscape (FEL) 
representation derived from the simulation (B). MD simulation showing the 2CDU protein solvated in a 
TIP3P water box and neutralized with Na⁺/Cl⁻ ions. FEL derived from principal component analysis displaying 
multiple low-energy basins across 10 ns trajectory, indicating stable thermodynamic states and confirming a 
robust and energetically favorable protein–ligand binding mode.

 

Fig. 12.  Hydrogen bond analysis of NOX (2CDU) protein at 1 ns (A) and 10 ns (B). Dynamic yet stable 
hydrogen bonding profile showing 2–4 consistent protein–ligand hydrogen bonds (peaking at 5–6) and 6–10 
donor–acceptor interactions within 0.35 nm. Interaction energy profiles of NOX (2CDU)-lignan complex at 1 
ns (C) and 10 ns (D). Lennard-Jones (− 250 to − 320 kJ/mol) and Coulombic (− 70 to − 110 kJ/mol) short-range 
energies yielded total interaction energy of − 300 to − 400 kJ/mol, confirming stable and favorable binding, 
primarily driven by van der Waals forces with supportive electrostatic interactions.
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mediated in part by inhibition of NADPH oxidase and thus, supporting its promise as a source of plant-derived 
compounds for therapeutic applications in oxidative stress-related disorders.

Conclusions
This study presents the first comprehensive and detailed structural elucidation and functional evaluation of 
Octhochloa compressa, highlighting its potential as a natural antioxidant source. Among all its extracts, the 
methanole extract demonstrated the significantly highest TPC and TFC, along with superior DPPH radical 
scavenging and FRAP activities. Structural characterization using HPLC and GC-MS enabled the quantification 
of 14 phenolic and 29 volatile/semi-volatile metabolites in the plant, respectively. Furthermore, in computational 
study, molecular docking exhibited strong binding interactions of different phytometabolites with NADPH 
oxidase along with DFT calculations rationalized these interactions, while MD simulations further validated 
these findings. Collectively, all these experimental and computational results provide a mechanistic insight into 
the antioxidant activity of O. compressa and strongly support its future development as a safe phyto therapeutic 
agent for oxidative stress-related disorders.

Data availability
All the data of the current study are available in the manuscript.
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