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ABSTRACT  
Diabetes affects over 500 million people worldwide, with high incidence in Southeast Asia, particularly India. Diabetic 
wound healing affect 1 in 3 to 5 diabetic individuals, often leading to non-healing wounds, infections, hospitalization, 
and amputations. Current treatment methods fail to address the multifactorial pathology of chronic diabetic wounds, 
particularly prolonged inflammation and extracellular matrix (ECM) degradation. The complicated process of wound 
healing includes ECM remodelling, inflammatory decrease, and coordinated tissue regeneration. This process could be 
clogged by overexpression of matrix metalloproteinase-9 (MMP-9), an enzyme that breaks down extracellular matrix. 
The purpose of this study is to investigate ar turmerone and turmerone’s potential for wound healing, particularly its 
capacity to inhibit MMP-9 by combining in vitro and in silico approaches. Molecular docking showed strong MMP-9 
binding, with turmerone displaying a better docking score (-10.1 kcal/mol) than ar-turmerone (-8.1 kcal/mol). Gas 
chromatography mass spectrometry (GC-MS) analysis of fresh C. longa rhizome oil confirmed the presence of both 
compounds in turmeric oil, with turmerone comprising 34.93% of the extract. In vitro scratch assays using L929 
fibroblast cells proved that the two compounds both accelerate cell proliferation and migration in a dose-dependent 
fashion, signifying their efficiency in healing wound closure. These results infer that turmerone can act as potential 
natural therapeutic drugs in accelerating wound healing through MMP-9 inhibition. 
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INTRODUCTION  

Diabetes mellitus is a chronic metabolic 
disorder caused by defects in insulin secretion, insulin 
action, or both, and is associated with hyperglycemia 
and disturbances in carbohydrate, fat, and protein 
metabolism (1). According to the International Diabetes 
Federation (IDF) estimates in 2020, 88 million 
individuals in Southeast Asia, including 77 million in 
India, had diabetes (2). Early diagnosis, effective 
treatment, and lifestyle changes are essential for the 
management of the disease. Nevertheless, current 
interventions like insulin treatment and oral antidiabetic 
drugs are limited by drug resistance, side effects, and 
systemic toxicity (3). Therefore, there is an increasing 
focus on discovering alternative therapeutics, especially 
from medicinal plants. 

A significant complication of diabetes is the 
development of chronic non-healing wounds, most 
notably diabetic foot ulcers (DFUs). Worldwide, more 
than 500 million individuals suffer from diabetes, and of 
those, one in three to five are prone to developing DFUs 
(4). These ulcers are associated with high recurrence 
rates, hospitalization, and amputation of the limbs. 
Impaired healing in diabetic patients’ results from 
chronic inflammation, oxidative stress, failure of 
angiogenesis, neuropathy, and aberrant neuropeptide 
signaling5. Additionally, reduced production of growth 
factors, defective collagen deposition, and dysregulation 
of extracellular matrix (ECM) remodelling also hinder 
wound healing (6), (7). 

Wound healing occurs in three overlapping 
phases: inflammation, proliferation, and remodeling. In 
diabetic wounds, the inflammatory phase is prolonged 
and the proliferative response is defective, leading to 
chronic ulcers (8). Medicinal plants have shown 
considerable promise in accelerating healing and 
reducing the risk of limb amputation in DFUs (9). 

Matrix metalloproteinases (MMPs) are zinc-
dependent endopeptidases critical for ECM remodeling. 
These include collagenases, gelatinases, stromelysins, 
and aggrecanases, regulated by tissue inhibitors of 
metalloproteinases (TIMPs) 10. Among these, MMP-9 
plays a central role in wound healing. In diabetic ulcers, 
MMP-9 is often overexpressed, with an excess of ECM 
degradation, impairment in tissue regeneration, and 
delayed wound closure (11). Regulatory pathways such 
as NF-κB and Notch1 that regulate MMP-9 expression 
and are being explored as therapeutic targets for diabetic 

wounds (12). Despite the fact that multiple treatment 
modalities such as growth factors, stem cell therapy, and 
gene therapy are available, their effective management 
of DFUs is difficult to achieve due to antimicrobial 
resistance, and clinical limitations (13). 

Turmeric (Curcuma longa), which is widely 
used in traditional medicine, exhibits a strong anti-
inflammatory, antioxidant, and antimicrobial activity. 
Curcumin, its principle bioactive component has been 
demonstrated to possess vast therapeutic potential to 
heal wounds (14). Turmeric oleoresin, a lipid-soluble 
fraction that contains high levels of curcuminoids as 
well as essential oil, offers greater bioavailability and 
sustained therapeutic effects compared to isolated 
curcumin (15), (16). Turmeric oleoresin is, however, 
limited by poor water solubility and susceptibility to 
degradation. For this purpose, novel delivery systems 
such as hydrogels, nanoemulsions, and nanofiber 
scaffolds are being developed to enhance its bioactivity 
and therapeutic efficacy in chronic wound healing (17), 
(18). 
 
MATERIALS AND METHODS 
In-silico Studies 
Selection of protein and Ligands 

Different structural forms of the MMP-9 
protein were obtained from the Protein Data Bank 
(PDB). From these, the most optimal structure was 
selected based on the experimental method, resolution, 
and the presence or absence of mutations. A high-
resolution structure, specifically one with a resolution of 
2.0 Å, was preferred. Ligand structures were retrieved 
from reputable databases such as PubChem, ensuring 
that proper stereochemistry and complete molecular 
configurations were maintained. A ligand was chosen 
based on compliance with Lipinski’s Rule of Five, 
including a molecular weight between 150 and 500 Da, a 
logP value of ≤5, and a polar surface area of ≤90 Å² (19). 
 
Preparation of Protein 

Proteins were prepared in Chimera through a 
series of critical steps to ensure a clean and optimized 
structure. The process was initiated by loading the PDB 
file to check for missing residues or structural issues. 
Unwanted components, such as water molecules and 
ions, were removed. Atoms or hydrogen atoms necessary 
to complete the molecular structure were added using 
Dock Prep. Structural errors were resolved by 
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eliminating steric clashes using the Find 
Clashes/Contacts tool. Appropriate charges, such as 
AMBER or Gasteiger, were assigned to the structure 
using the Add Charge tool. Energy minimization of the 
geometry was then performed using the Minimize 
Structure tool. Finally, the prepared protein was saved in 
PDB format for further computational analysis (20), 
(21). 
 
Quality Evaluation of the Model 

Homology modeling was employed to construct 
the 3D structure of the target protein, which was 
subsequently validated using various computational 
tools. A Ramachandran plot was generated by 
PROCHECK to verify the stereochemical quality, and a 
quality score based on structural parameters was 
provided by QMEAN. The atomic model’s consistency 
with its sequence was assessed by Verify3D, while non-
bonded atomic interactions were evaluated by ERRAT. 
Finally, the overall quality of the model was aligned 
with experimentally solved structures by estimating the 
Z-score using ProSa-Web. All of these validation 
methods were utilized to ensure the accuracy and 
reliability of the predicted model (22). 
 
SWISS ADME Properties 

The Swiss ADME submission page allows 
users to input a list of SMILES for molecular analysis. 
SwissADME employs various computational methods 
optimized for speed, robustness, and interpretability to 
assess pharmacokinetic profiles, making it accessible 
even to non-experts. It offers unique methods like 
iLOGP and the BOILED-Egg alongside multiple 
predictions for parameters, providing a comprehensive 
tool for drug design and assessment in comparison to 
existing platforms (23). 
 
Toxicity Prediction 

The ProTox 3.0 platform features seven 
classification steps: (i) acute toxicity, (ii) organ toxicity, 
(iii) toxicological endpoints, (iv) toxicological pathways, 
(v) molecular initiating events, (vi) metabolism, and 
(vii) toxicity targets, with a total of 61 models, including 
28 new ones developed using Random Forest (RF) and 
Deep Learning algorithms. These models utilize two 
molecular fingerprints: MACCS and Morgan circular. 
Models were evaluated based on accuracy, sensitivity 
and specificity, with a range from 0 to 1. The best-
performing model for each endpoint was saved using 

pickle and implemented in ProTox 3.0. Different toxicity 
models were constructed, including acute toxicity, 
hepatotoxicity, neurotoxicity, and nephrotoxicity. The 
acute toxicity model focused on chemical similarities, 
while hepatotoxicity and neurotoxicity were based on 
previous methodologies (24). 
 
Molecular Docking studies 

Receptor–ligand docking was performed using 
PyRx software integrated with AutoDock Vina. 
PDB/MOL2 files were converted to PDBQT format. The 
receptor and ligands were prepared using AutoDock 
Tools, and the Lamarckian genetic algorithm was 
employed for the docking process. In PyRx, binding 
affinity calculations were carried out, and the results 
were saved for further analysis. Binding interactions 
were visualized using Discovery Studio, by which 
datasets of ligands were efficiently screened for potential 
interactions with the target receptors (25), (26). 
 
MD Simulations 

Molecular dynamics (MD) simulations of 
protein–ligand complexes were conducted using the 
iMOD server (iMODS) (http://imods.chaconlab.org), a 
tool for analyzing macromolecular flexibility and 
stability. Molecular movements were simulated, and 
conformational stability was evaluated. To assess the 
protein–TMZ complex dynamics, deformability, B-
factor, eigenvalues, variance, covariance maps, and 
elastic network models were analyzed. Docked PDB 
structures were submitted to iMODS with default 
parameters to ensure standardization. Critical residues 
involved in ligand binding and stability were identified 
through simulation results, offering insights into binding 
mechanisms and supporting therapeutic design (27). 
 
Extraction of Turmeric Oleoresin 

Turmeric oleoresin was extracted from fresh 
and dried Curcuma longa rhizomes using a Soxhlet 
apparatus. Dried rhizomes were processed into powder 
after drying at 40°C–50°C, while fresh rhizomes were 
cleaned, peeled, and ground into a paste. Approximately 
25–50 g of dried powder or muslin-wrapped paste was 
placed in the extraction chamber, and 300 mL of 95% 
ethanol was used as the solvent. Upon heating at 60°C–
70°C, curcuminoids and volatile compounds were 
extracted continuously 26. Extraction was considered 
complete when the siphoning solvent turned clear after 
4–6 hours. Following extraction, ethanol was evaporated 
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by heating, and the concentrated oleoresin—appearing 
as a semi-solid—was filtered and further dried using a 
rotary evaporator under reduced pressure or a hot air 
oven at 40°C. To prevent degradation, the final extract 
was stored in amber airtight containers at under 
refrigeration (27). Chemical profiling was performed 
using GC-MS to determine purity and confirm the 
presence of bioactive compounds, ensuring the extract's 
quality and efficacy (28). 
 
Characterization of turmeric oleoresin 

Pre-characterization of turmeric oleoresin, a 
bioactive compound extracted from turmeric rhizomes, 
was conducted using UV-Vis spectroscopy for 
preliminary detection, while precise identification and 
quantification were carried out using Gas 
Chromatography–Mass Spectrometry (GC-MS). Dried 
turmeric rhizomes were extracted with hexane or ethyl 
acetate, followed by filtration through a 0.22 µm 
membrane filter. The UV-Vis spectrum of the extract 
was recorded within the 200–500 nm range, and a 
characteristic absorption peak between 250–280 nm, 
indicative of turmerones, was observed. The 
concentrations of ar-turmerone and turmerone were 
estimated using a calibration curve constructed with 
standard solutions (29). 
 
GC-MS Analysis 

Gas Chromatography-Mass Spectrometry (GC-
MS) was utilized to identify and quantify ar-turmerone 
and turmerone, bioactive compounds found in turmeric 
oleoresin. Analysis was conducted using an Agilent GC 
7890A / MS 5975C system equipped with a DB-5MS 
capillary column (30 m × 0.25 mm ID × 0.25 µm film 
thickness). Turmeric essential oil was extracted using 
hexane or ethyl acetate, then filtered through a 0.22 µm 
membrane. Injection was performed in split mode (10:1) 
with a 1 µL volume, and the injector temperature was 
maintained at 250°C. Helium (99.999% purity) served as 
the carrier gas at a constant flow rate of 1.0 mL/min. The 
oven temperature was initially set at 60°C (held for 2 
min), ramped to 180°C at 10°C/min (held for 2 min), 
and then to 280°C at 5°C/min (held for 5 min), yielding 
a total run time of approximately 35–40 minutes (29), 
(30). 
 
 
In vitro Approaches 
MTT Assay 

The cytotoxicity of turmeric oleoresin was 
evaluated using the L929 murine fibroblast cell line. The 
test compound, prepared in two-fold dilutions, was 
cultured in DMEM supplemented with penicillin, 
streptomycin, and 10% inactivated fetal bovine serum. 
Cells were seeded into 96-well plates and incubated for 
24 hours before treatment. Afterwards, 100 µl of each 
test concentration and MTT reagent were added to each 
well, followed by a 4-hour incubation at 37°C to allow 
formazan crystal formation. Absorbance at 590 nm was 
measured using a Tecan plate reader. IC50, cell viability, 
and inhibition percentages were calculated using 
GraphPad Prism 6 through nonlinear regression of a 
sigmoidal dose-response curve. Cytotoxic effects were 
quantitatively assessed, revealing insights into the 
compound’s biological activity against L929 cells (31). 
 
Wound Healing Assay 

Cells were detached using standard passaging 
procedures. A six-well plate was prepared with 1–2 mL 
of pre-warmed media per well. Cells were seeded in 24-
well plates at 4000 cells/well and incubated at 37°C for 
24 hours. Samples at IC50 concentrations were then 
added at 50 µg/mL. After 18–24 hours, once confluence 
was reached, a straight-line scratch was made using a 
cell scriber. Detached cells were removed by gentle 
washing, and fresh medium was added. Cells were 
immediately imaged using a fluorescence microscope 
(Olympus CKX-53, Japan). Acridine Orange staining 
was used to visualize live cells and nuclear morphology 
(32). 
 
RESULT 
Selection of Protein and Ligands 
Selection of Protein 

Retrieving MMP-9 structures from the Protein 
Data Bank (PDB) is the initial step in choosing the most 
suitable protein structure for AutoDock. Next, the 
quality of the protein is assessed by removing truncated 
entries, ranking structures by resolution, and ensuring 
the preservation of critical motifs, such as the catalytic 
zinc-binding site. Once the optimal structure PDB ID 
5TH6 is identified (Fig. 1a), it is prepared for docking 
by removing heteroatoms and water molecules using 
software such as ChimeraX, adding missing hydrogens, 
setting the active site and docking grid, and energy 
minimization with software such as PyRx. 
 
Selection of Ligands 
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To select appropriate ligands for AutoDock, 
complete structures with correct stereochemistry were 
obtained from authentic databases such as PubChem. 
Ligands were chosen based on drug-likeness according 
to Lipinski's Rule of Five, which includes criteria such 
as logP (≤ 5) and molecular weight (150–500 Da). The 
number of rotatable bonds in each ligand was calculated 
to assess flexibility and ensure suitability for docking. 
To identify ligands with higher potential for wound 
healing, preliminary docking trials were conducted to 
evaluate binding affinity. Additionally, tools like 
SwissADME were used to assess ADMET properties, 
predicting bioavailability and potential toxicity. Finally, 
the selected ligands were converted to PDBQT format 
using AutoDock Tools to prepare them for docking. 
 
Retrieval of Protein and Ligands 

The selected protein and ligands for AutoDock 
were obtained by accessing the RCSB Protein Data 
Bank (PDB) website, selecting the PDB format, and 
downloading the human matrix metalloproteinase-9 
(MMP-9) structure with PDB ID 5TH6 (Fig. 1a). 
Turmerone and ar-turmerone (Fig. 1b, 1c) were retrieved 
from PubChem to ensure correct stereochemistry and 
molecular arrangement. After downloading, the ligands 
were converted to the PDBQT format using AutoDock 
Tools to make them compatible with AutoDock. 
Accurate preparation and acquisition of these 
compounds were critical for reliable docking studies and 
binding affinity analysis. 

 
Fig. 1: Structure of protein & Ligand (a) 3D 
structure of protein (MMP-9); (b) chemical structure 
of ligand (ar-turmerone); and (c) chemical structure 
of ligand (Turmerone) 
 
Model Analysis and Quality Evaluation 

PROCHECK, Verify 3D, ERRAT, and QMEAN 
were employed to assess the quality of the predicted 
three-dimensional protein structure. According to 

PROCHECK, 95.2% of amino acid residues in the 
Ramachandran plot fell within the most favoured region. 
Verifying 3D analysis showed that 93.90% of residues 
achieved an average 3D-1D score ≥ 0.1, indicating good 
structural compatibility. The ERRAT tool estimated the 
model’s quality factor at 87.5453, signifying reliable 
structural accuracy. QMEAN placed the model in the 
dark grey zone, with a QMEAN4 score of 0.96, 
suggesting acceptable quality. Additionally, ProSA 
analysis yielded a Z-score of -6.84, confirming that the 
model fell within the range of high-quality native protein 
structures (Fig. 2). 

 
 
Fig 2: Evaluation of models quality: (a) 
Ramachandran plot of model structure validated by 
PROCHECK program; (b) Graphical representation 
of QMEAN result of the model structure (indicates 
good agreement between model structure and 
experimental structures similar size; and (c) Z- score 
of the protein using proSA server. 
 
Drug Likeness Property 

The two bioactive molecules, 1 and 2, were 
subjected to in silico ADME (absorption, distribution, 
metabolism, excretion) prediction using SwissADME to 
estimate their overall pharmacokinetic behaviour (Table 
1). The drug-likeness of the compounds was assessed 
based on Lipinski’s Rule of Five (Ro5), which focuses 
on the following criteria: molecular weight less than 500 
Daltons, lipophilicity (octanol–water partition 
coefficient, logP) less than 5, fewer than 10 hydrogen 
bond donors, and fewer than 5 hydrogen bond acceptors. 
Both compounds were found to satisfy Lipinski’s Ro5. 

Table 1: Drug likeness Properties of Selected 
Phytocompounds 



COMPUTATIONAL AND IN-VITRO EVALUATION OF TURMERIC OLEORESIN AS AN MMP-9 INHIBITOR FOR WOUND 
HEALING 

IJDDT, Volume 16 Issue 23s, 2026 Page 499 
 

Lipkin's rule of 5 Std 
value 

Ar-
turmerone 

Turmerone 

Molecular weight <500 216.32 
g/mol 

216.32 
g/mol 

H-Bond Donor <5 0 0 
H-Bond acceptor <10 1 1 

Rotable bonds <10 4 4 
Lipophilicity (logP) <5 3.98 3.37 

 
Toxicity Prediction 

The phytocompounds Ar-Turmerone and 
Turmerone were evaluated for toxicity using 
computational predictions, likely via ProTox 3. Both 
compounds showed low risk for general toxicity, 
demonstrating inactivity against targets such as 
hepatotoxicity, neurotoxicity, and nephrotoxicity. Ar-
Turmerone was classified in toxicity class 4 with a 
predicted LD50 of 2920 mg/kg, while Turmerone was in 
class 5 with an LD50 of 2000 mg/kg. Although these in 
silico results indicate low toxicity, experimental 
validation is necessary, as prediction accuracy depends 
on the model and toxicity may vary with dose and 
exposure. Further studies are required to fully 
characterize their toxicological profiles. 

Table 2: Toxicity profiling of selected phytocompounds 

 
Ligands Ar-turmerone Turmerone 

Hepatotoxicity Inactive Inactive 

Neurotoxicity Inactive Inactive 

Nephrotoxicity Inactive Inactive 

Respiratory toxicity Inactive Inactive 

Cardiotoxicity Inactive Inactive 

Carcinogenicity Inactive Inactive 

Immunotoxicity Inactive Inactive 

Mutagenicity Inactive Inactive 

 
 
 
Molecular Docking 

Molecular docking, a widely used 
computational method to estimate the binding affinity 
and pose of small molecules with target proteins 33, was 

employed using PyRx in this study. The binding abilities 
of Turmerone and ar-Turmerone to a wound healing-
related target protein were assessed. Turmerone 
exhibited a more negative docking score (-10.1) 
compared to ar-Turmerone (-8.1), indicating a higher 
predicted binding affinity (Table 3). This difference is 
likely attributable to variations in their molecular 
structures influencing interactions within the protein’s 
binding site (Fig. 3). 
 

 
Fig. 3: (a) Molecular docking of ar-turmerone and 
active site of MMP-9; (b) Molecular Docking of 
turmerone and active site of MMP-9 

 
Table 3: Protein Ligand Auto dock Score Using Pyrx 

Ligand Binding Affinity 

Turmerone -10.1 

ar-Turmerone -8.1 

 
Protein Ligand Interaction 
 

Turmerone and ar-Turmerone demonstrated 
strong binding affinities to MMP9, with distinct binding 
modes for each compound. Turmerone showed a higher 
affinity (-10.1 kcal/mol) compared to ar-Turmerone (-8.1 
kcal/mol), likely due to a pi–pi stacking interaction with 
His-401, which was absent in ar-Turmerone’s binding 
(Fig. 4 and Fig. 5). Additionally, Turmerone formed a 
more extensive network of Van der Waals interactions. 
Further studies are required to clarify the contributions 
of these interactions to binding affinity and to explore 
potential differences in their inhibitory mechanisms. 
Comparison with known MMP9 inhibitors could reveal 
unique binding strategies. Both compounds exhibited 
multiple interaction types, suggesting stable complexes 
with MMP9; however, molecular dynamics simulations 
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and binding free energy calculations are necessary for a 
detailed assessment of their dynamic stability and 
comparative efficacy (34). 

 
Fig. 4: Turmerone binds with the active site of MMP9 

 
Fig. 5:ar-Turmerone Binds with the active site of 
MMP9 
MD Simulation Studies 
The B-factor and deformability plots of the MMP9-
Turmerone and MMP9-ar-Turmerone complexes 
revealed regions of high flexibility, indicated by peak 
values. The B-factor plots compared experimental PDB 
data with normal mode analysis (NMA), highlighting 
stability and flexibility across the protein. Variance 
inversely correlated with normal modes, with purple and 
green bars representing individual and cumulative 
variance, respectively. Larger eigenvalues corresponded 
to greater rigidity, while smaller values indicated 
increased flexibility. Covariance matrices illustrated 
residue correlations, where red indicated strong 
correlation, white uncorrelated motion, and blue 
anticorrelation. Higher correlation suggested greater 
complex stability, critical for understanding protein-
ligand dynamics. The elastic network models further 
highlighted atomic associations, with darker grey 
regions denoting stiffer, more rigid protein segments 
(Fig. 6 and Fig. 7). Both complexes exhibited elastic 
network maps consistent with acceptable structural 

stability, suggesting that Turmerone and ar-Turmerone 
influence MMP9 flexibility and dynamics differently. 
 
Extraction of Turmeric Oleoresin 

To obtain turmeric oleoresin from turmeric 
rhizome, begin by preparing the powder from dry and 
fresh rhizomes and putting it in a thimble. A Soxhlet 
apparatus is assembled with 200-300 ml of ethanol in 
the round bottom flask. The solvent is heated to 
evaporate, condense, and fall into the powder, repeating 
this process until the powder turns colourless. This 
procedure separates the turmeric oleoresin from fresh 
and dried rhizome. 
 
GC-MS Analysis  
 
GC-MS analysis of dry turmeric rhizome oleoresin 
identified 213 compounds, with turmerone as the major 
component (41.44%) and ar-turmerone present at 0.14%, 
indicating that drying significantly altered the 
composition by reducing ar-turmerone levels. In 
contrast, fresh turmeric rhizome oleoresin contained 32 
compounds, with turmerone (34.93%) and ar-turmerone 
(8.80%) as the primary constituents. The higher content 
of turmerone and ar-turmerone in fresh oleoresin 
supports its selection for further in vitro studies due to its 
potentially greater bioactivity and stability compared to 
the dried form (Fig. 8 and Fig. 9). 
 
In-vitro studies 
MTT Assay 

The MTT assay demonstrated that turmeric 
oleoresin exhibited low cytotoxicity against L929 
fibroblast cells, with an IC50 ≥ 100 µg/mL. Cell viability 
showed a dose-dependent decline, recording 97%, 77%, 
and 58% viability at 10, 50, and 100 µg/mL 
concentrations, respectively. The IC50 value exceeding 
100 µg/mL indicates negligible cytotoxic effects at 
lower concentrations, confirming the compound’s 
biocompatibility and suitability for subsequent wound 
healing investigations (Fig. 10,11). These findings 
corroborate the oleoresin’s potential therapeutic 
application with minimal adverse effects on cellular 
viability. 
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Fig. 6 - MD Simulations of Turmerone (a) Molecular Mobility Evaluated by NMA of the Docked Complexes 
MMP9 and Turmerone: Outputs of Molecular Dynamics Simulations in Imods for SLIT1‐TMZ: (b) 
Deformability and B‐Factor Plot; (c) Eigenvalue and Variance Plot; (d) Elastic Network Model; and (e) 
Covariance Map 

 

 
 

Fig. 7 - MD Simulations of ar-Turmerone (a) Molecular Mobility Evaluated by NMA of the Docked Complexes 
MMP9 and ar-Turmerone: Outputs of Molecular Dynamics Simulations in Imods for SLIT1‐TMZ; (b) 
Deformability and B‐Factor Plot; (c) Eigenvalue and Variance Plot; (d) Elastic Network Model; and (e) 
Covariance Map. 
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Fig. 8 – GC-MS Analysis: Dry Rhizome
 
 
 
 

 
 
 
 

ar-Turmerone 

Turmerone 
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Fig. 9- GCMS Analysis – Fresh Rhizome 

 
 
 

Turmerone 

ar-Turmerone 
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Fig. 10 - MTT Assay Analysis of Turmeric Oleoresin 
on L929 Cells (a) Control sample without treatment; 
(b) concentration of 10 µg/mL; (c) concentration of 
50 µg/mL; and (d) concentration of 100 µg/mL 

 
 
Fig.11-MTT assay on L929 cells showing dose-
dependent reduction in cell viability 
 
In vitro scratch assay 

The scratch assay is a standardized in vitro 
technique employed to quantitatively assess cellular 
migration and proliferation dynamics on two-
dimensional substrates in response to experimental 
treatments. Confluent monolayers are mechanically 
disrupted using a sterile pipette tip to generate a linear 
wound gap, which is immediately imaged (time 0) and 
subsequently monitored at defined intervals. The extent 
of wound closure is quantified by calculating the 

percentage reduction of the scratch area relative to the 
initial gap. 

In this investigation, the wound closure kinetics 
exhibited a temporally dependent pattern consistent with 
enhanced cell motility and mitotic activity. Initial 
imaging at 0 hours confirmed a well-defined acellular 
zone. At 12 hours post-scratch, partial re-
epithelialization was observed, corresponding to 
approximately 35% gap closure. This progressed to 70% 
closure by 24 hours, and by 48 hours, the wound area 
was effectively sealed (~95% closure), indicating robust 
migratory and proliferative responses (Fig. 12). 
Fluorescence microscopy analysis demonstrated a 
concomitant increase in viable cell density within the 
wound region over time, supporting quantitative 
observations. These data underscore the cells’ intrinsic 
regenerative capacity and substantiate the efficacy of the 
applied treatment in promoting cellular migration and 
proliferation critical to wound healing processes. 

 
Fig. 12- Fluorescence Microscopy Images Depicting 
Wound Closure in L929 Cells Treated with Turmeric 
Oleoresin at different hours (a) 0 hr; (b) 12 hrs; (c) 
24 hrs; and (d) 48 hrs 
 
DISCUSSION 

The present study builds upon existing research 
highlighting the diverse pharmacological potential of 
turmeric-derived phytoconstituents, particularly 
turmerone and ar-turmerone, and extends their 
evaluation to wound healing via MMP-9 inhibition. A 
previous investigation into Ar-turmerone identified it as 
a promising scaffold for dual inhibition of human 
acetylcholinesterase (AChE, PDB: 4PQE) and human 
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salivary α-amylase (PDB: 1XV8). In that study, Ar-
turmerone demonstrated strong negative binding 
energies (−7.9 kcal/mol for AChE and −6.7 kcal/mol for 
α-amylase), attributed primarily to robust intra- and 
intermolecular hydrogen bonding interactions (35), (36). 
The compound also showed favorable ADMET 
properties, suggesting its potential for oral therapeutic 
use in treating neurological disorders and diabetes. 

In comparison, the current research focused on 
the wound-healing potential of turmerone and ar-
turmerone by targeting matrix metalloproteinase-9 
(MMP-9) using in silico docking, MD simulations, and 
ADMET predictions. Among the two, turmerone 
demonstrated a significantly stronger binding affinity 
(−10.1 kcal/mol) relative to ar-turmerone (−8.1 
kcal/mol), suggesting more stable interactions with 
MMP-9. This enhanced binding was likely due to π–π 
stacking interactions with the catalytic His401 residue 
and a more extensive van der Waals interaction network, 
consistent with known binding patterns of potent MMP-
9 inhibitors, where turmerone showed significant 
binding energies in docking studies, indicating its 
potential as an MMP-9 inhibitor (37), (38). 
Comparable interactions have been described with 
natural sesquiterpenes, where hydrophobic interactions 
were the major contributor to the stability of binding 
(39). MD simulations verified the stability of both 
complexes, with B-factor plots registering the slightest 
atomic fluctuations (Fig 6 & 7), whereas the elastic 
network model pointed towards enhanced rigidity in the 
MMP-9-turmerone complex, which would imply 
extended inhibitory activity—critical to the extent of 
extracellular matrix degradation reduction in chronic 
wounds (40). These observations are in agreement with 
recent data on ligand-induced stabilization of wound 
healing targets (41), (42). ADMET profiling revealed 
favorable drug-likeness for both compounds, adhering to 
Lipinski’s Rule of Five (Table 1), with acceptable 
physicochemical properties such as logP < 5 and 
molecular weight < 500 Da, supported by SwissADME 
predictions (43). Toxicity analysis using ProTox 3.0 
indicated low risk, with LD50 values > 2000 mg/kg 
(Table 3), consistent with previous studies on turmeric 
derivatives (44). The findings of this study suggest that 
Ar-Turmerone displayed better docking performance 
and stronger binding affinity than the standard drugs, 
which may be attributed to its effective hydrogen 
bonding interactions within and between molecules. 

Experimental verification by GC-MS analysis 
proved the existence of turmerone (34.93%) and ar-
turmerone (8.80%) in turmeric oleoresin (Fig. 8 and Fig 
9), consistent with metabolomic accounts (45), and UV 
spectroscopy demonstrated characteristic absorption at 
233 nm, consistent with curcuminoid chromophore 
patterns (46). These compounds are known for their 
significant biological activities, including anti-
inflammatory, antioxidant, and anticancer effects, which 
support the therapeutic potential of turmeric oleoresin in 
various applications. This complementary analytical 
verification underscores the chemical stability and 
composition of the oleoresin, providing a biochemical 
basis for its observed biological activities. The similarity 
between GC-MS data enhances the reliability of our 
characterization and supports the potential utility of 
turmeric oleoresin as a natural bioactive agent in 
medicinal and nutraceutical formulations. 
Based on these findings, fresh turmeric oleoresin was 
chosen for further biological evaluation, including the 
scratch wound healing test. The higher turmerone 
content in the fresh rhizome is expected to improve the 
oleoresin's therapeutic effects, especially in influencing 
MMP-9 activity and promoting tissue regeneration. 

In vitro tests exhibited low cytotoxicity against 
L929 fibroblasts with IC50 ≥ 100 µg/mL (Fig. 10), 
consistent with the reported pro-proliferative activity of 
turmeric (47). Scratch assays also verified increased cell 
migration at reduced concentrations (Fig.11), validating 
their function in wound closure, in line with fibroblast 
activation studies using natural compounds. The wound 
healing studies with turmeric oleoresin showcased 
significant enhancement in cellular migration and 
proliferation, achieving ~95% wound closure within 48 
hours, indicating strong regenerative potential. 
Overall, these results validate the therapeutic promise of 
turmerone and ar-turmerone as biocompatible MMP-9 
inhibitors in wound healing processes (48), (49). Their 
ability to act as biocompatible MMP-9 inhibitors may 
further contribute to modulating extracellular matrix 
remodelling, essential for proper tissue repair. This 
positions these compounds as promising therapeutic 
candidates for enhancing wound healing processes, with 
the advantage of low toxicity and supportive 
biocompatibility. Future studies could focus on 
elucidating the molecular pathways involved and 
evaluating their efficacy in vivo, moving closer to 
clinical application. 
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CONCLUSION 

The study highlights the potential of turmeric-
derived compounds, Turmerone and Ar-Turmerone, in 
promoting wound healing through their strong inhibitory 
interaction with MMP-9. Molecular docking studies 
revealed high binding affinities, with Turmerone (-10.1) 
and Ar-Turmerone (-8.1), indicating their therapeutic 
significance. Both compounds also satisfy Lipinski’s 
Rule of 5, suggesting good oral bioavailability. Toxicity 
predictions confirmed their safety, as they were inactive 
in all tested toxicity categories, including hepatotoxicity, 
nephrotoxicity, and cardiotoxicity. Molecular dynamics 
simulations also proved Turmerone-MMP-9 interactions 
to be stable, corroborating their efficacy as wound-
healing agents. GC-MS analysis of turmeric rhizomes 
revealed Turmerone and Ar-Turmerone to be 
predominant constituents, further testifying to their 
natural abundance and viability for therapeutic use. In 
vitro assays offered further proof of their 
biocompatibility, with MTT assay results showing an 
IC50 of 100 µg/mL in L929 cells, affirming low 
cytotoxicity. Scratch assay findings revealed time-
dependent wound healing with 95% healing at 48 hours, 
indicating strong cell migration and proliferation. The 
results indicate that turmeric oleoresin, which is a rich 
source of Turmerone and Ar-Turmerone, possesses huge 
potential for therapeutic applications in wound healing. 
Future research should focus on hydrogel formulations 
with these bioactives to maximize therapeutic effects in 
the clinic. 
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