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Background: Diabetic wounds are a significant clinical challenge due to impaired healing processes often exacerbated by elevated
matrix metalloproteinases (MMPs). Cinnamomum zeylanicum, known for its anti-inflammatory and antioxidant properties, has shown
potential in promoting wound healing. This study investigates the molecular docking and experimental validation of Cinnamomum
zeylanicum’s effects on diabetic wound healing, focusing on its interaction with matrix metalloproteinases-8 (MMP-8) and 9 (MMP-9).
Methods: Molecular docking studies were performed to predict the binding affinity of Cinnamomum zeylanicum compounds to
MMP-8 and MMP-9. Diabetic wound healing was evaluated using in vivo models where wounds were induced and treated with
Cinnamomum zeylanicum extract. Various parameters were measured, including wound contraction, hydroxyproline content, super-
oxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and malondialdehyde (MDA) levels. Biochemical analyses
included glucose levels, fasting blood glucose (FBG), oral glucose tolerance test (OGTT), and histomorphological examination of skin
tissues.

Results: Molecular docking results indicated a high binding affinity of Cinnamomum zeylanicum s bioactive compounds with MMP-8
and MMP-9, suggesting potential inhibition. Experimental validation showed significant improvement in wound contraction and
increased hydroxyproline content, indicating enhanced collagen synthesis. Antioxidant enzyme activities (SOD, GPx, CAT) were
significantly elevated, while MDA levels were reduced, reflecting decreased oxidative stress. Biochemical analysis demonstrated
improved glucose homeostasis with reduced FBG and enhanced OGTT responses. Histomorphological studies revealed improved
tissue architecture and re-epithelialization in treated wounds.

Conclusion: Cinnamomum zeylanicum exhibits promising potential in diabetic wound healing by modulating MMP-8 and MMP-9
activities, enhancing antioxidant defenses, and improving glucose regulation. These findings support its therapeutic application for
diabetic wounds, providing a foundation for further clinical investigations.
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Introduction

Diabetic wounds represent a significant clinical challenge due to the complex interplay of various pathological factors
that impair the normal wound healing process.'” These wounds commonly occur in individuals with diabetes mellitus,
where prolonged hyperglycemia leads to microvascular complications, neuropathy, and immune dysfunction, collectively
contributing to impaired wound healing.>> The hallmark features of diabetic wounds include delayed inflammation,
aberrant angiogenesis, impaired collagen deposition, and increased susceptibility to infections, culminating in chronic
non-healing ulcers.®’” Current treatment modalities for diabetic wounds primarily focus on managing underlying risk
factors such as glycemic control, infection control, and offloading pressure from the wound site.® Standard wound care
practices encompass debridement, wound cleansing, dressings, and offloading techniques, aimed at promoting
a conducive environment for healing.” Despite these interventions, diabetic wounds often exhibit poor response rates
and high recurrence rates, highlighting the urgent need for novel therapeutic approaches. Emerging strategies in diabetic
wound management include the utilization of natural products with anti-inflammatory, antioxidant, and proangiogenic
properties, which holds promise in promoting wound healing through modulation of different molecular targets.'
Integrating such innovative therapies with conventional approaches may offer a multifaceted approach to enhance the
healing outcomes of diabetic wounds and alleviate the considerable burden associated with this debilitating complication
of diabetes."!

Cinnamomum zeylanicum (CZ), an ancient herbal remedy dating back four thousand years, has gained recognition for
its therapeutic properties.'>'? CZ demonstrates diverse health benefits, including antimicrobial, anti-inflammatory, and
blood glucose-regulating properties, along with potential cardiovascular and cognitive benefits, and cancer risk
reduction.*'¢ In vitro experiments have highlighted CZ’s antioxidant potential, enhancing antioxidant enzyme activity
and exhibiting antibacterial effects against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus.'”'®
CZ has long been investigated as a potential treatment for type 2 diabetes, revealing insulin-potentiating properties
in vivo and in vitro studies.'® Notably, aqueous extracts of CZ have been found to enhance glucose metabolism and
insulin action.?

The ability of CZ to cure wounds was addressed in numerous recently published papers, but none specifically
addressed cinnamon’s ability to heal wounds in diabetic conditions. In addition, understanding the intricate interactions
between bioactive components of cinnamon and their molecular targets is crucial for elucidating its therapeutic potential
in managing diabetic wounds. In addition, precise molecular mechanisms through which CZ exerts its therapeutic effects
on diabetic wound healing remain unknown. In recent years, network pharmacology and molecular docking have
emerged as powerful tools in drug discovery and development, facilitating the identification of potential molecular
targets and elucidation of drug-target interactions.”’** By integrating network pharmacology and molecular docking
analyses, comprehensive insights into the pharmacological mechanisms of natural compounds such as cinnamon can be
obtained, aiding in the rational design of novel therapeutic strategies for diabetic wound healing.”* Purpose of the study is
to employ a systematic approach combining network pharmacology and molecular docking analyses to investigate the
interactions between bioactive constituents of CZ and molecular targets, particularly MMP-8 and MMP-9 proteins
implicated in wound healing processes, thereby shedding light on its therapeutic potential in the management of diabetic
wounds.

Materials and Methods

Plant Extraction Process and Phytochemical Identification

The CZ bark was purchased from a local market and authenticated by the Department of Plant Taxonomic Research and
Museum, Bangladesh National Herbarium (BNH), Ministry of Environment, Forest and Climate Change and deposited at
the BNH as specimen No. DACB 91376. The extract was prepared through a cold extraction method using ethanol.
Briefly, around 4 kilograms of CZ bark were dried, cut into small pieces, and submerged in 20 liters of ethanol for 15
days. Afterwards, it was filtered using a cotton filtration process, and the filtrate was collected until it became a clear,
colorless liquid. The filtrate was then concentrated using a rotary evaporator to produce the ethanolic extract of CZ,
which was later stored at a temperature of 4 °C until use.
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The gas chromatography-mass spectrometry (GC-MS) analysis was performed using a Clarus® 690 gas chromato-
graph (PerkinElmer, CA, USA) and a column (Elite-35, 30 m % 0.25 mm; PerkinElmer, CA, USA) with a 0.25 pum film.
Additionally, the gas chromatograph was equipped with a Clarus® SQ 8 C mass spectrometer (PerkinElmer, CA, USA).
A 1 pL sample was injected (splitless mode), and helium with a purity of 99.999% was utilized as the carrier gas at
a constant flow rate of 1 mL/min for 40 minutes. The sample was evaluated in high-energy EI (electron ionization) mode
(70 eV). Although the inlet temperature remained unchanged at 280 °C, the column oven temperature was initially set at
60 °C (for 0 minutes), increased at a rate of 5 °C per minute to 240 °C, and maintained for 4 minutes. The scan period
was 1 second, and the mass range was 50-600 m/z. Sample chemicals were identified by comparing them to the National
Institute of Standards and Technology (NIST) database.

In Silico Assessment

Assessment of Disease-Gene Association

One of the largest publicly available datasets of genes and variations linked to human disorders may be found on the
platform called DisGeNET.** DisGeNET web-server was used in the current study to investigate the association between
diabetic wound healing and matrix metalloproteinase proteins (MMP8 and MMP9). In the search section of the web tool,
“diabetic wound healing” was used as a keyword. The summary of the disease was generated using the default search
parameters. In the disease-gene association summary sub-section, several genes associated with diabetic wound healing
were tabulated with relevant information such as disease specificity index, disease pleiotropy index, gene-disease
association score, and the probability of being loss-of-function intolerant.

Protein-Protein Network Analysis

STRING is a biological repository and online resource for known and anticipated protein—protein interactions in
molecular biology.”> The STRING platform was used to build a protein—protein interaction network for MMP-8 and
MMP-9. In the designated search field of the web tool, the target protein was entered as input. The intended organism
was set to Homo sapiens for the search results. The web tool generated a network of proteins in the form of colored
nodes, showing the first line of interacting proteins with the target proteins.

Investigation of Association Between Disease and Gene Expression

Enrichr is a bioinformatics tool that can be utilized to investigate different pathways in which a gene and its co-expressed
genes are involved.”® Enrichr web-server was used in this research to analyze the association between diseases such as
microvascular complications of diabetes and diabetic perturbations with target protein alongside its co-expressed genes.
At first the web-server generated a database of MMP8 and 100 co-expressed genes utilizing default settings and
algorithm. The following parameter was set for co-expressed gene database creation: Top 100 genes co-express with
MMPS8 identified with ARCHS4 RNA-seq gene—gene co-expression. The database was further used for analysis
purposes. After the search operation was over, the web-server showed various sources of information for disease-gene
association. ClinVar 2019 and diabetic perturbation GEO 2022 archives were used in the current study.

Molecular Docking Studies

For macromolecular structures to be more accessible, macromolecular protein processing is necessary. Atomic collisions
can be eliminated, hydrogen bonds can be added and optimized, connected water molecules can be removed, and other
procedures necessary for docking investigations can be carried out using refinement techniques. For the current
investigation, the experimentally verified electron microscopy structures of MMP8 and MMP9 proteins were taken
from the protein data repository. Then, in order to clean and refine these protein structures, the BIOVIA Discovery Studio
2020 Client was used. Water molecules were removed, followed by the elimination of cofactors, mineral ions, and other
heteroatoms.

The ligands’ structure data files (SDF) were obtained from the PubChem database. The PubChem database was used
to collate the Structure Data Files for every ligand. Using PyRx software, the files were opened, and each ligand SDF was
copied to the Open Babel area. The Open Babel platform was used for ligand optimization, which involved minimizing
the ligands and converting them to pdbqt format.
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PyRx was used to carry out molecular docking in the following phase. One well-known virtual screening tool that has
been used to identify multiple potential treatment candidates is PyRx. PyRx uses score-based Lamarckian Genetic
Algorithms (LGAs), specifically AutoDock and AutoDock Vina. AutoDock Vina was used to perform independent
docking with each of the compounds after accessing the PDB files of the target protein that were thus created. After the
compounds were eventually docked, the target protein macromolecule was visualized using the BIOVIA Discovery
Studio Visualizer Software, revealing the binding interactions with specific ligands.

Interaction Studies of Ligand-Protein Docked Complexes

The interacting bonds that the ligands make with the target macromolecular protein structure were investigated by
generating two-dimensional (2D) interaction diagrams in Discovery Studio software. First, the protein-ligand docked
complexes for the top ligands with high binding affinities were generated in protein data bank (PDB) file format using
PyMOL software. After this, the PDB format files were each opened separately in Discovery Studio, where the ligand-
protein interactions were visualized.

ADMET Prediction

The SwissADME web-server was used to predict the Absorption, Distribution, Metabolism and Excretion profiles of all
the ligands.?” SwissADME webserver was used to assess whether natural substances were drug-like. The following
criteria were used: BBB permeant, ESOL Class, number of Lipinski rule violations, GI absorption, CYP inhibitor, and
bioavailability grade. The ligand structure data files were gathered from PubChem. The files that were downloaded were
uploaded one after the other to the webservers of SwissADME. The retrieved data were tabulated in Microsoft Excel.

Biological Activity Estimation

PASS (Prediction of Activity Spectra for Substances) Online predicts more than 4000 different types of biological
activity, such as effects on metabolism and transporters, pharmacological implications, biological mechanisms of action,
toxic and detrimental impacts, and influence on gene expression.”®* PASS ONLINE is a subsidiary section supported by
way2drug web-server. PASS ONLINE simultaneously predicts many distinct types of biological activity based on the
structure of chemical substances. Prior to chemical synthesis and biological testing, PASS can be used to forecast the
biological activity profiles for simulated molecules. Our top-recommended compounds’ anti-microbial properties were
predicted using the PASS online web server. Within the web server’s designated search box, the canonical SMILES of the
compounds with good binding affinities and ADMET parameters were integrated. The biological activity is defined by Pa
(probability of activity) score. The activities with highest Pa scores were recorded and tabulated in MS Excel with the
threshold level set at 0.80.

Molecular Dynamics Simulation
Dynamics simulation is a dependable and valuable tool in the study of biomolecules and experimental methods.?’ Energy
minimization is a crucial preparatory step in molecular dynamics (MD) simulations, designed to optimize the system’s
geometry and eliminate unfavorable interactions that could lead to artifacts during the simulation. The process begins
with applying the steepest descent algorithm, which is effective for quickly reducing large gradients in the potential
energy landscape. This method ensures that high-energy steric clashes or overlaps between atoms are resolved in the
initial stages. For instance, ligand-docking applications typically use this simulation technique to look at conformational
space. Moreover, the interaction of two biological molecules like protein-drug interactions or protein—protein interactions
can be studied by using molecular docking and molecular dynamics will provide us with a better understanding of what
will happen to these interacting molecules over time.

Normal mode analysis (NMA) dynamics simulation was conducted using the iMODS server (https:/imods.igft.csic.es/).*°

This approach allowed for the exploration of the flexibility and conformational changes in the protein-ligand complex, thereby
validating the stability and accuracy of the docking results. By utilizing NMA, the simulation provided valuable information
on the possible movements and stability of the biomolecular structures, enhancing our understanding of their interactions and
potential efficacy.
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In Vivo Experimental Assessment

Ointment Preparation

Lanolin, white soft paraffin, and liquid paraffin were used to make an emulsifying ointment to be used as a vehicle for
topical preparation. The ingredients were put together on a clean glass plate and mixed using a spatula until a whitish-soft
semisolid consistency formed. A 2% CZ ointment was prepared using the weighed amount of CZ extract and ointment
base. Dose has been optimized by previous study.>' The ingredients were combined homogeneously using a spatula and
a glass plate and stored in a tightly sealed jar with proper labels.

Excision Wound Model and Treatment

Ninety Wistar rats were collected from the Animal Research Center of Jahangirnagor University. All rats weighed
150-200 g and 3 to 4 months old. The animals were acclimatized for one week to a laboratory setting that included
temperatures of 22 = 5 °C, 80 + 10% humidity, and 12-hour day/night cycles. They were provided with food pellets and
water on an ad libitum basis. The rats were equally distributed into five groups: non-diabetic sham control (SC), diabetic
negative control without treatment (NC), diabetic vehicle control (VC), diabetic group treated with povidone-iodine as
standard treatment (ST) and diabetic group treated group with CZ extract (CE). Each group contained eighteen rats, with
six used for wound contraction measurement and six for histological and biochemical analysis on days 3 and 9. Each
dataset was treated as a separate, independent measurement.

Four experimental groups (NC, VC, ST and CE) were induced severe diabetes conditions by administering alloxan
monohydrate (SISCO Research Lab) intraperitoneal injection (120 mg/kg body weight) for three days.?* Fasting blood
glucose (FBG) and oral glucose tolerance test (OGTT) levels were recorded after 72 hours using glucometer (Onetouch
Ultra, China) to assess the diabetes condition of rats. Rats with diabetic condition were chosen for investigating of wound
healing effect based on a conventional criterion (FBG > 10 mmol/L).

1.2* Rats were weighed and anesthetized

The wound-healing effect was investigated using an excision wound mode
with ketamine hydrochloride (50 mg/mL) before their dorsal hair was clipped. Four wounds were created on each rat’s
dorsal skin using an 8 mm biopsy punch and measure wound surface diameter by caliper. The non-diabetic sham control
(SC) and diabetic control (NC) groups did not receive any treatment, while the other groups (VC, ST and CE) were
treated with ointment base, povidone-iodine and CZ extract ointment respectively. Daily open wound dressing was

performed until complete healing.

Wound Contraction Measurement

Two criteria such as macroscopic appearance and wound surface area were set to evaluate the wound contraction during
healing process. Photos of wound area were taken with a digital camera and wound size was measured using a digital
caliper with clock approach.>*-** Wound size and photographs were taken on day 0 (zero), 3, 6, 9, 10 and followed until
healing was complete. Determination of “complete healed day” based on the assessment of duration of wounds across
individual rats, subsequently averaging the results for six rats per group.

Immunoassay

Wound tissue samples measuring 1.0 cm x 1.0 cm were excised on day 3 and day 9 post-wounding for immunoassay of
protein levels, endogenous antioxidant enzyme and lipid peroxidation activities. Each tissue sample was dried, weighed,
and transferred to an Eppendorf tube containing digestion buffer solution. The samples were homogenized using
a microtube homogenizer (Benchmark Scientific, USA) and subsequently centrifuged at 8000 g for 10 minutes at 4°C
to remove insoluble materials, and take the supernatant on ice before testing. The supernatant was collected for further
biochemical estimations, which included the immunoassay of hydroxyproline content, superoxide dismutase (SOD),
catalase (Cat), glutathione peroxidase (GPx), and malondialdehyde (MDA) levels. All assay kits were purchased from
Solarbio, China, and analyzed according to manufacturer’s protocols.

Histomorphological Analysis
On days 3 and 9, skin tissue was collected and fixed in 10% neutral-buffered formalin, then processed through a series of
alcohol solutions with decreasing concentrations, rinsed with xylene, infiltrated with tissue, and embedded in paraffin
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wax. Tissue sections were cut perpendicularly to the wound, dewaxed with xylene, and stained with hematoxylin and
eosin (H & E) for general morphological assessment. These stained skin slides were examined under a light microscope,
and images were captured for further analysis. Stained samples were evaluated by histology experts blindly using
a modified numerical scale ranging from 0 to 3 (Table S1).

Statistical Analysis

The Statistical Package for the Social Sciences was used to analyze all quantitative data as means with standard errors of
the mean (SEM) (SPSS, version 23.0). One-way ANOVA with Tukey’s HSD post-hoc test determined significant
differences. If p < 0.05, it was significant.

Results and Discussion
Phytochemical Profiling of CZ

In GC-MS analysis, 33 compounds were identified from the experimental extract. Figure 1 represents the distinct GC-MS
chromatogram.

The bioactive compounds were represented by their retention time (RT), chemical formula, molecular weight and
peak area in Table 1. Major compounds were detected cinnamaldehyde (10.88%), eugenol (10.19%), xanthosine (9.10%),
a-pinene (5.78), quinoline (5.29%) and quinoline derivatives like methylquinoline (4.97%).

Disease-Gene Association and Network Pharmacology Studies

The DisGeNET web-server incorporates information from scholarly literature, animal models, GWAS libraries, and
expert-curated sources. DisGeNET data are uniformly labelled using community-driven ontologies and controlled
vocabularies. Furthermore, a number of unique indicators are offered to help prioritize the links between genotype and
phenotype. DisGeNET (v7.0) currently includes 369,554 variant-disease associations (VDAs) between 194,515 variants
and 14,155 diseases, traits, and phenotypes, and 1,134,942 gene-disease associations (GDAs), between 21,671 genes and
30,170 diseases, disorders, traits, and clinical or abnormal human phenotypes.
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Figure | Gas Chromatography mass spectroscopic (GC-MS) base chromatogram of CZ bark ethanol extract.
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Table I Gas Chromatography-Mass Spectroscopic Data of Compounds in CZ Bark Extract

Serial No. | Retention Time Compounds Name Chemical Formula Molecular Peak
Weight (g/mol) | Area (%)

| 3.27 Inositol Cé6HI1206 180 4.66
2 3.60 Cyclobutanethiol C4H8S 88 0.59
3 4.02 Glycine C2H5NO2 75 2.82
4 4.78 Imidazole-4-methanol C4H6N20O 98 1.40
5 5.35 a-Pinene CIOHI16 136 5.78
6 6.12 Cyclohexenone C6H8O 96 1.14
7 6.50 Cinnamaldehyde C9H8O 132 10.88
8 6.73 p-cymene CIOHI4 134 2.87
9 6.92 4-Ketopimelic acid C7HI1005 174 1.45

10 7.79 Alanine C3H7NO2 89 1.13

I 821 Furanone C4H402 84 0.02
12 8.75 Piperidine C5HIIN 85 0.56
13 9.17 Linalool CIOHI8O 154 0.38
14 9.00 Linalyl isobutyrate Cl14H2402 224 0.11

15 9.84 Furaneol C6H80O3 128 4.77
16 10.50 Thymine C5H6N202 126 2.02
17 11.24 6-Hydroxy-5-decanone CI10H2002 172 2.0l

18 12.43 L-norvaline, n-ethoxycarbonyl-, butyl ester CI8H35NO4 245 2.87
19 12.70 L-valine, ethyl ester C7HI5NO2 145 0.77
20 13.78 4-Chloroanisole CIC6H40CH 143 1.31

21 13.98 Thiazole C3H3NS 85 1.00
22 15.48 2,4-Difluoroaniline C6H5F2N 129 2.62
23 15.87 Cyclopentanone, 2-(1-methylpropyl)- C9H160 140 0.8l

24 16.05 5-hydroxymethylfurfural C6H603 126 1.67
25 16.75 4-mercaptophenol C6H60S 126 1.36
26 17.69 D-allothreonine C4H9NO3 119 1.44
27 19.10 Quinoline C9H7N 129 5.29
28 20.58 Valproic acid C8HI1602 144 0.57
29 20.97 2-ethylthiolane, s, s-dioxide C6H1202S 148 0.84
30 2227 Eugenol CI0HI1202 164 10.19
31 26.69 Xanthosine CI0HI12N406 284 9.10
32 27.32 Methylquinoline CIOH9N 143 4.97
33 29.07 Dodecanoic acid Cl2H2402 200 1.45
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According to the findings from DisGeNet web-server, the disease specificity index of matrix metalloproteinase-8
(MMPS) gene for diabetic wound disease was 0.488. The disease pleiotropy index for the gene MMP8 was 0.808. Gene-
disease association score was 0.020 in case of MMPS8. The results retrieved for matrix metalloproteinase-9 (MMP9)
protein were 0.305 for diabetic wound disease specificity index, 0.923 for pleiotropy index and 0.090 for gene-disease
association score.

Information from a wide range of sources, including public text collections, computer prediction techniques, and
experimental data, is included in the STRING database. The first line of proteins which interact with MMP8 are TIMP1,
TIMP4, TIMP2, A2M, ELANE, OLFM4, SERPINH1, MPO and DEFA4 (Figure 2a). The first line of protein—protein
interactions for MMP9 occur with the following: THBS1, MMP1, TIMP1, TIMP2, LCN2, CTSG, TIMP3, ELN and
DMP1 (Figure 2b).

The results collected for MMPS8 from the ClinVar 2019 database showed that MMP8 and co-expressed genes have
a p-value of 0.131 for diabetes mellitus disease. For the MMP9 protein, results showed that MMP9 and co-expressed
genes have a p-value of 0.03448 for microvascular complications of diabetes. The adjusted p-value and odds ratio were
0.06113 and 33.49, respectively. The relationship between various diabetes-related pathologies and MMP8 is illustrated
in a bar plot retrieved from Enrichr (Figure 3a and b). Similarly, the Diabetic Perturbations GEO 2022 database shows
the connection between different diabetes-related pathologies and MMP9 in a bar plot (Figure 3¢ and d).

Evaluation of Binding Affinities of Ligands With Target Protein Through Molecular
Docking

The potentials of the phytochemical ingredients to interact with MMP8 and MMP9 were investigated through the
application of molecular docking. For MMPS protein the top compounds with good binding affinities above —7 kcal/mol
were xanthosine, methylquinoline, quinoline and L-norvaline, n-ethoxycarbonyl-, butyl ester respectively. The compound
with the highest binding affinity toward MMPS8 was xanthose with a binding affinity of —8.6 kcal/mol. For MMP9, the
top compounds with binding affinities above —7 kcal/mol were quinoline and p-cymene (Table 2 and Figure 4).

Prediction of Absorption, Distribution, Metabolism and Excretion Profiles of Ligands
Inositol and 6-Hydroxy-5-decanone are P-glycoprotein substrates. All the ligands except furaneol, dodecanoic acid and
4-Ketopimelic acid showed a bioavailability score of 0.55. Furaneol and dodecanoic acid have bioavailability score of
0.85, while 4-Ketopimelic acid. Has a score of 0.56 Out of all the ligands, only 6-Hydroxy-5-decanone is CYP3A4
inhibitor. Eugenol, xanthosine, quinoline and methylquinoline are CYP1A2 inhibitors. The other ligands are not CYP1A2
inhibitors. Different parameters such as Molecular Weight, ESOL Class, GI absorption, BBB permeant and number of
Lipinski violations have been tabulated from SwissADME (Table 3).

Biological Activity of Ligands

The structural formula is required to determine the expected biological activity profile for your compound; therefore,
prediction can be performed even for virtual structures that have been computer-designed but not yet synthesized. The
top 3 ligands with good binding affinities for each protein, MMP8 and MMP9 were subjected to investigation by PASS
ONLINE. It is a sub-section of the way2drug web-server. The Pa score indicates probability of activity for each of the
activity. The results retrieved from the web-server has been summarized in Table 4.

Molecular Dynamics Simulation Analysis

The Figure 5a and b and Figures S1 and S2 illustrate that the results of molecular dynamics simulations for protein-ligand
complexes over 100 nanoseconds (ns). This plot shows the RMSD (root mean square deviation) values of the MMP8
protein with its docked Xanthosine compounds (ligand) (5a) and MMP9 protein with its docked Methylquinoline
compounds (ligand) (5b) over time. The molecular dynamics simulations for protein-ligand complexes reveal that the
MMP8 protein with Xanthosine and MMP9 protein with Methylquinoline exhibit gradual increases in RMSD values over
100 ns, stabilizing around 2.5 nm and 7.5 nm, respectively, indicating conformational changes while maintaining relative
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Table 2 Binding Affinities of Phytochemicals Docked With MMP8 and MMP9 Proteins

Ligands Binding Affinity Binding Affinity
with MMP8 (kcal/mol) with MMP9 (kcal/mol)
Xanthosine —8.6 -7.2
Methylquinoline -7.8 =79
Quinoline -7.3 -7.6
L-norvaline, n-ethoxycarbonyl-, butyl ester -7.3 —6.6
p-cymene —6.8 -7.0
4-Ketopimelic acid —6.6 —6.5
Eugenol —6.5 -53
Linalyl isobutyrate —6.4 -53
Cinnamaldehyde —6.4 —6.6
Thymine —6.2 —6.4
Dodecanoic acid —6.2 —4.5
2,4-Difluoroaniline —6.2 —5.8
Cyclopentanone, 2-(1-methylpropyl)- —6.2 -5.6
Valproic acid -6 —6.1
Linalool -6 —4.8
Furaneol -6 —4.9
a-Pinene -59 -5.5
Inositol -5.8 -6.7
5-hydroxymethylfurfural -5.8 —6.1
6-Hydroxy-5-decanone =57 —6.3
4-Chloroanisole —5.6 -5.9
4-mercaptophenol -5.3 —5.6
L-valine, ethyl ester -5.2 5.6
Cyclohexenone =5.1 =5.1
D-allothreonine —4.8 —52
2-ethylthiolane, s, s-dioxide —4.7 —4.6
Imidazole-4-methanol —4.6 —5.1
Furanone —4.5 —4.7
Alanine —44 —4.6
Piperidine —4.3 —4.9
Glycine -3.7 -39
Thiazole -34 -39
Cyclobutanethiol -34 —4.0
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Figure 4 Protein-ligand docked complexes of compounds with good binding towards target proteins MMP8 (a) and MMP9 (b) for top three ligands along with 2D
interaction diagrams.

stability. In contrast, the ligands show lower RMSD values, fluctuating between 1.0 to 1.5 nm for MMP8 and 1.5 to 4.0
nm for MMP9, demonstrating that they remain stable and well-aligned with the proteins during the simulations (Table 5).
The RMSD plots show that both MMP8 and MMP9 proteins, along with their respective ligands, maintain stability
throughout the 100 ns simulation. The protein conformational changes are within the acceptable range, indicating that the
protein-ligand complexes are stable.
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Table 3 ADME Parameters of 33 Ligands Tabulated From SwissADME Web-Server

Ligand MwW ESOL Class GIT BBB Lipinski
Absorption | permeant | *violations
Xanthosine 284.23 Very soluble Low No 0
Methylquinoline 143.19 Soluble High Yes 0
Quinoline 129.16 Soluble High Yes 0
L-norvaline, n-ethoxycarbonyl-, butyl ester | 307.38 Soluble High Yes 0
p-cymene 134.22 Soluble Low Yes |
4-Ketopimelic acid 174.15 Highly soluble High No 0
Eugenol 164.2 Soluble High Yes 0
Linalyl isobutyrate 224.34 Soluble High Yes 0
Cinnamaldehyde 132.16 Soluble High Yes 0
Thymine 126.11 Very soluble High No 0
Dodecanoic acid 200.32 Soluble High Yes 0
2,4-Difluoroaniline 129.11 Soluble High Yes 0
Cyclopentanone, 2-(1-methylpropyl)- 140.22 Soluble High Yes 0
Valproic acid 144.21 Soluble High Yes 0
Linalool 154.25 Soluble High Yes 0
Furaneol 128.13 Very soluble High Yes 0
a-Pinene 136.23 Soluble Low Yes |
Inositol 180.16 Highly soluble Low No |
5-hydroxymethylfurfural 126.11 Very soluble High No 0
6-Hydroxy-5-decanone 354.36 | Moderately soluble High No 0
4-Chloroanisole 142.58 Soluble High Yes 0
4-mercaptophenol 126.18 Very soluble High Yes 0
L-valine, ethyl ester 145.2 Very soluble High Yes 0
Cyclohexenone 96.13 Very soluble High Yes 0
D-allothreonine 119.12 Highly soluble High No 0
2-ethylthiolane, s, s-dioxide 148.22 Very soluble High Yes 0
Imidazole-4-methanol 98.1 Very soluble High No 0
Furanone 84.07 Very soluble High No 0
Alanine 89.09 Highly soluble High No 0
Piperidine 85.15 Very soluble Low No 0
Glycine 75.07 Highly soluble High No 0
Thiazole 85.13 Very soluble High Yes 0
Cyclobutanethiol 88.17 Very soluble High Yes 0
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Table 4 Probability of Activity (Pa) Scores for the Various Biological Activities of Top
Ligands With Good Binding Affinities Towards Target Proteins

Ligands Biological Activities Pa Value
Xanthosine Isopenicillin-N epimerase inhibitor 0.810
Antiviral (Picornavirus) 0.804
Antiviral (Poxvirus) 0.931
Immunostimulant 0.832
Methylquinoline | Cytochrome P450 stimulant 0.836
Thioredoxin inhibitor 0.802
Testosterone |7beta-dehydrogenase (NADP+) inhibitor 0811
Quinoline Glycosylphosphatidylinositol phospholipase D inhibitor 0.954
Dehydro-L-gulonate decarboxylase inhibitor 0.940
Carboxypeptidase Taq inhibitor 0.937
Phthalate 4.5-dioxygenase inhibitor 0.929
Glutathione thiolesterase inhibitor 0.929
Pullulanase inhibitor 0.929
Aldehyde dehydrogenase (pyrroloquinoline-quinone) inhibitor 0.925
Nitrate reductase (cytochrome) inhibitor 0.925
Amine dehydrogenase inhibitor 0.921
(R)-6-hydroxynicotine oxidase inhibitor 0.920

In the Figure 5c and d, This plot presents the RMSF (root mean square fluctuation) values for the C-alpha atoms of
the MMP8 and MMP9 proteins over the residue index. Peaks in RMSF values indicate regions of higher flexibility within
the MMPS8 protein. Residues with RMSF values of MMS8 were up to 4.0 A exhibit considerable motion, possibly
corresponding to loops or unstructured regions. Similar to MMPS8, peaks in RMSF values indicate regions of higher
flexibility in the MMP9 protein. The fluctuations range up to 9.0 A, suggesting some residues or regions are highly
flexible. The RMSF plots reveal specific regions of flexibility within the proteins. Identifying these regions can be crucial
for understanding the dynamics and potential binding sites of the proteins.

Figure 6a and d illustrates that the interaction diagrams of molecular dynamics (MD) simulations for target protein-
drug complexes. Specifically, it shows the interactions of MMP8 complexed with Xanthosine and MMP9 complexed
with Methylquinoline. This diagram (6a-b) shows the chemical structure of Xanthosine molecule includes multiple
functional groups such as hydroxyl (OH) groups and amine (NH2) groups. It likely forms hydrogen bonds and other
interactions with the target protein (MMPS8) during the MD simulation. Residues such as HIS, LEU, ASN, PRO, and
GLU are involved in interactions with Xanthosine, indicating hydrogen bonds, electrostatic interactions, and possibly
hydrophobic contacts. Xanthosine interacts with several residues in MMPS, forming a network of interactions that
stabilize the complex. The interaction is facilitated by hydrogen bonds and possibly hydrophobic contacts. This diagram
(6¢-d) shows the chemical structure of Methylquinoline consists of a quinoline ring structure with a methyl group
substitution and nitrogen in the ring may participate in interactions with the protein (MMP9). TYR 420 is identified as
a significant interacting residue, with a 99% interaction rate, indicating a strong and consistent interaction with
Methylquinoline during the simulation. Methylquinoline primarily interacts with TYR 420 in MMP9, forming a strong
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Figure 5 Trajectory plots of molecular dynamics (MD) of target protein-drug complex. Protein ligand-root mean square deviation (PL-RMSD) with respect to time
(nanoseconds) during MD simulation of MMP8 complexed with xanthosine (a) and MMP9 complexed with methylquinoline (b). Protein-root mean square fluctuation
(P-RMSF) with respect to time (nanoseconds) during MD simulation of MMP8 complexed with xanthosine (c) and MMP9 complexed with methylquinoline (d).
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Table 5 Average, Maximum and Minimum Protein-RMSD and Ligand-RMSD With Respect to Time
(Nanoseconds) During MD Simulation of MMP8 Complexed With Xanthosine and MMP9 Complexed

With Methylquinoline

MD Simulation Trajectories

Xanthosine

Methylquinoline

Average | Maximum | Minimum | Average | Maximum | Minimum
Protein RMSD 20 A 28 A 0.6 A 7.50 A 9.6 A 1.0 A
Ligand bound RMSD 1.20 A 20 A 03A 450 A 7.50 A 1.0 A

Abbreviations: RMSD, ligand-root mean square deviation; RMSF, root mean square fluctuation.

and consistent interaction. This suggests a significant role for TYR 420 in stabilizing the Methylquinoline-MMP9
complex.

Figure 7 presents normalized stacked interaction bar charts derived from molecular dynamics simulations focusing on
two distinct protein-drug complexes. It illustrates the interactions between the MMP8 protein interected with xanthosine
and MMP9 protein with methylquinoline, employing color-coded bars to represent various interaction types, including
hydrogen bonds, hydrophobic interactions, and water bridges, thereby facilitating an intuitive comparison of their relative
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Figure 6 Trajectory plots of molecular dynamics (MD) of target protein-drug complex. Interaction plots of molecular dynamics (MD) of target protein-drug complex.
Interaction diagram during MD simulation of MMP8 complexed with xanthosine (a and b) and MMP9 complexed with methylquinoline (¢ and d). Color labels at the center
signify the interaction taking place for the circles.
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Figure 7 Normalized stacked interaction bar charts during MD simulation of MMP8 complexed with xanthosine (a) and MMP9 complexed with methylquinoline (b). Color
labels signify the interaction taking place for each column.

significance. These charts effectively highlight the differences in interaction patterns among various amino acids within
each protein throughout the course of the simulation.

Assessment of In-Vivo Diabetic Wound Healing

Macroscopic Assessment and VWound Contraction Measurement

Macrocosmic view in the Figure 8 showed that the wound healing efficacy of a CZ extract treatment against standard
povidone-iodine and a vehicle control in diabetic and non-diabetic mice revealed that CZ extract significantly accelerated
wound healing. Wounds treated with CZ extract began healing around day 10, compared to day 14 for both the negative
control group and vehicle control groups. This accelerated healing was attributed to a faster transition through the wound
healing stages, with CZ extract-treated wounds displaying signs of moving from the inflammatory to the proliferation
stage by day 3. Additionally, CZ extract facilitated rapid scab formation and granulation tissue development, leading to
earlier appearance of white fibrous tissue. The non-diabetic group exhibited the fastest healing, while the standard
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Day 0
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Figure 8 Macroscopic view of wounds of five experimental groups: SC, NC, VC, STand CE on day 0, 3, 6,9, 10, 11, 12, I3, 14, 15 and 16. SC, non-diabetic sham control,
NC, diabetic negative control (without treatment), VC, diabetic vehicle control, ST, treated with povidone-iodine as standard treatment, and CE, treated group with CZ
extract.
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Table 6 Wound Surface Area of Five Experimental Groups: SC, NC, VC, ST and CE

Groups Wound Surface Area (mm)

Day 0 Day 3 Day 6 Day 9 Day 10 Day 11
SC 69.87 + 391 | 3994217 29.68 + 2.63 12.32 + 1.48 6.96 + 1.48 448 £ |.11
NC 57.18 + 4.11 | 6293 +3.23 40.24 £ 3.59 2299 £ 436 | 14.16 £2.34 9.46 + 1.94
vC 67.95 + 3.69 | 64.13 +3.00 45.57 + 3.68 22.83 £ 223 1851 £250 | 12.96 +2.06
ST 69.24 + 625 | 71.14 £ 581 51.35 £ 335 3093 £3.12 | 2245 %296 | 17.55 %295
CE 67.25 £ 3.90 | 45.13 +3.29% | 19.07 + 1.95% | 2.7] + 0.97%* | 0.8] £ 0.40** | 0.00 + 0.00**

Notes: All data are given as mean * S.E. for six animals in each group. Statistically significant results are indicated as *p < 0.05, CE
versus NC, VC and ST and **p < 0.000, CE versus SC, NC, VC and ST.

treatment group required approximately 16 days for full recovery. These findings highlight the potential of CZ extract as
a promising therapeutic agent for accelerating wound healing in diabetic individuals.

Wound surface area on day basis is described in the Table 6 and S2. At day zero, there were no significant differences
among the groups, ensuring a fair comparison. By day 3, the CZ extract-treated group (CE) showed a statistically
significant reduction in wound area (45.13 + 3.29 mm) compared to the NC, VC, and ST groups, although no significant
difference was found between the CE and SC groups. CE group demonstrated faster healing on Day 6, 9, and 10, with
significantly lower wound areas (p < 0.001) compared to all other groups, including SC, NC, VC, and ST. These results
suggest that CZ extract has notable wound healing properties, especially for diabetic wounds.

The complete healed of wounds data are presented in Figure 9 offers valuable insights into the effectiveness of
experimental treatments. The results showed that CE group treated with CZ extract, experienced a significantly faster
healing process compared to the untreated and control groups (SC, NC, VC, and ST). Statistical analysis revealed that the
difference in the mean day of complete wound healing for the CE group was statistically highly significant (p < 0.000).
Notably, the NC group, representing the diabetic negative control, exhibited the slowest healing time, highlighting the
detrimental effect of diabetes on wound recovery. In addition, the SC group, comprising non-diabetic mice, demonstrated

relatively quick healing, faster than the NC group. There was no significant difference in healing times between the VC

SC NC VC ST CE

Figure 9 Bar charts represent of complete healed day of five experimental groups: SC, NC, VC, ST and CE. All data are given as mean * S.E. for six animals in each group.
Statistically significant results are indicated as *p < 0.000, CE versus SC, NC, VC and ST.
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and NC groups. Both groups (NC and VC) taken duration for completing healed around 14 days. Moreover, povidone-
iodine treatment group (ST) demonstrated a relatively slower wound healing rate, as shown by the similar outcomes
within these conditions. ST took to complete cover the wounds more than 16 days. These findings highlight the potential
therapeutic benefits of CZ extract in promoting faster wound healing, which could have important clinical applications.

Determination of Hydroxyproline Content

Figure 10 shows the content of hydroxyproline in skin tissue on post-wounded day 3 and day 9 of five experimental
groups: SC, NC, VC, ST and CE. At the early stage of wound treatment (Day 3), the hydroxyproline content ranged from
41.02 + 0.37 to 47.49 + 025 mg/g, and there was no significant difference among the groups. On day 9, the hydroxypro-
line content in CZ treated group (60.82 + 0.62 mg/g) was significantly higher (p < 0.001) than the NC (45.12 +
0.95 mg/g), VC (54.31 = 1.50 mg/g), and ST (47.03 £ 0.91 mg/g) groups. A similar trend had been shown in the non-
diabetic sham control (SC) group. Hydroxyproline content of SC group was 57.84 + 0.54 mg/g (p < 0.0001, versus NC
and ST). Notably, hydroxyproline content increased gradually after day 3 for the most of groups such as SC, NC, VC and
CE. However, ST group remained steady results between day 3 (47.49 + 0.25 mg/g) and day 9 (47.03 = 0.91 mg/g). In
addition, there was no significant difference between NC and ST groups (p = 0.636).

Antioxidant Enzyme Activities

Figure 11a shows the level of catalase (Cat) in skin tissue on post-wounded day 3 and day 9 of five experimental groups: SC,
NC, VC, ST and CE. At the early stage of wound treatment (Day 3), the Cat levels ranged from 71.36 + 6.00 to 98.90 £4.57 U/
g, and there was no significant difference among the groups. On day 9, the Cat levels in SC (179.01 + 15.99 U/g) (p < 0.05),
VC (172.89 +21.87 U/g) (p < 0.05) and CE (220.49 + 18.35 U/g) (p < 0.0001) groups was significantly higher compared to
NC group (99.78 + 9.44 U/g). An opposite trend had been shown in the standard treatment (ST) group. There was no
significant difference between NC and ST groups (p = 0.136).

Figure 11b shows the level of reduced glutathione (GSH) in skin tissue on post-wounded day 3 and day 9 of five
experimental groups: SC, NC, VC, ST and CE. At day 3, GSH levels ranged were from 247.69 + 1.87 to 321.75 =
25.01 pg/g among the groups. They had no significant difference. Later stage on day 9, the GSH levels in SC (743.52 +
49.69 ng/g) (p < 0.0001), VC (638.26 + 20.88 ng/g) (p < 0.01) and CE (736.12 = 62.12 pg/g) (p < 0.0001) groups was
significantly higher compared to NC group (419.89 + 39.43 ng/g). However, ST group showed remained steady results
like NC group on the corresponding day and no significant difference between them (p = 0.772).
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Figure 10 Bar charts represent of hydroxyproline content (mg/g) of skin tissue on post-wounded day 3 (Bold) and day 9 (light) of five experimental groups: SC, NC, VC, ST
and CE. All data are given as mean * S.E. for six animals in each group. Statistically significant results are indicated as *p < 0.001, CE versus NC, VC and ST; VC versus NC;
**p < 0.0001, SC versus NC and ST; and p = 0.636, ST versus NC on the corresponding day.
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Figure |1 Bar charts represent of catalase (Cat) levels (U/g) (a) and reduced glutathione (GSH) levels (ug/g) (b) of skin tissue on post-wounded day 3 (Bold) and day 9
(light) of five experimental groups: SC, NC, VC, ST and CE. All data are given as mean * S.E. for six animals in each group. In case of (a), statistically significant results are
indicated as *p < 0.05, SC and VC versus NC; **p < 0.0001, CE versus NC; p = 0.136, ST versus NC on the corresponding day and in case of (b), statistically significant
results are indicated as *p < 0.01, VC versus NC; **p < 0.0001, CE and SC versus NC; p = 0.772, ST versus NC on the corresponding day.

Estimation of Lipid Peroxidation

Figure 12 shows the levels of Malondialdehyde (MDA) in skin tissue on post-wounded day 3 and day 9 of five
experimental groups: SC, NC, VC, ST and CE. There was no significant difference from day 3 to day 9 among groups
except CE. MDA levels reduced in SC, NC and CE groups and increased in VC and ST groups from day 3 to day 9.
However, only MDA levels of CE group at day 9 (32.91 = 0.51 nmol/g) was significantly lower (p < 0.01) that day 3
(46.06 £ 0.67 nmol/g). In addition, MDA levels in CE group (32.91 £+ 0.51 nmol/g) was significantly lower (p < 0.05)
compared to VC (39.87 + 1.89 nmol/g) and ST (41.85 £ 3.83 nmol/g) groups on the corresponding day 9.

Assessment of Skin Tissue Histomorphology

Histopathological examination of the wound tissues was carried out using hematoxylin and eosin (H&E) for evaluation
of skin morphology. In the Table 7, histological observations of re-epithelialization, fibroblast cell proliferation,
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Figure 12 Bar charts represent of malondialdehyde (MDA) levels (nmol/g) of skin tissue on post-wounded day 3 (Bold) and day 9 (light) of five experimental groups: SC,
NC, VC, ST and CE. All data are given as mean + S.E. for six animals in each group. Statistically significant results are indicated as *p < 0.05, CE and SC versus ST on the
corresponding day and #p < 0.001, Day 3 versus Day 9 of CE group.
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Table 7 Mean Score From Histological Evaluation of Skin Tissue on Post-Wounded Day 3 and Day 9 by Hematoxylin and Eosin (H&E)
Staining of Five Experimental Groups: SC, NC, VC, ST and CE

Groups Re-Epithelialization Inflammatory cell Fibroblast cell Neo-Vascularization Granulation Tissue
Infiltration Proliferation Formation

Day 3 Day 9 Day 3 Day 9 Day 3 Day 9 Day 3 Day 9 Day 3 Day 9
sC 0.00 £ 0.00 | 1.67 £0.17 2.06 £0.10 1.06 £ 0.06 | 0.94 + 0.06 1.72 + 0.09 050+0.12 | 1.83+0.08 | 078 +0.15 1.94 + 0.06
NC 0.00 £ 0.00 | 1.22+0.32 1.89 £ 0.07 1.50 £ 0.12 | 0.89 +0.07 1.67 £0.08 | 056 +0.10 | 1.89£0.07 | 0.78 £0.12 1.89 £ 0.07
vC 0.00 £ 0.00 | 1.67 £0.17 1.89 £ 0.07 1.17 £ 0.08 | 0.83 + 0.08 1.83 £0.08 | 083+0.12 | 1.94+0.06 | 0.67 +0.08 1.61 £0.16
ST 0.33+0.17 | 2.00 + 0.00 1.94 £ 0.06 1.17£0.08 | 0.78 £0.12 1.89 £ 0.11 072+£0.12 | 1.94+£006 | 044 +0.15 1.94 £ 0.06
CE 033 £0.17 | 2942006 | 239 £0.07° | 067 £0.14° | 1.00 £0.00 | 2.6/ £0.11° | I.I1 £0.07° | 2.06 £0.06 | I.Il £0.07 | 2.83 + 0.08

Notes: All data are given as mean  S.E. for six animals in each group. Statistically significant results are indicated as *p < 0.0001, CE versus SC, NC and VC and p < 0.01, CE
versus ST on the corresponding day; ®p < 0.0001, CE versus NC and VC; p < 0.01, CE versus ST and p < 0.05, CE versus SC on the corresponding day; p < 0.0001, CE
versus NC and p < 0.05, CE versus VC and ST on the corresponding day; % < 0.0001, CE versus SC, NC, VC and ST on the corresponding day; ®p < 0.01, CE versus SC and
NC on the corresponding day; and fp < 0.0001, CE versus SC, NC, VC and ST on the corresponding day.

neovasculation, and granulation tissue development were all identical in all groups; however, inflammatory cell infiltra-
tion was diametrically opposed. On day 3, skin histology as evaluated by H&E stain were immature in all characteristics
except for inflammatory cell infiltration, where the score varied from around O to 1. When the healing process had
progressed further, the cells were abundant and completely matured. However, the score for inflammatory cell infiltration
was the complete reverse. On day 3, the inflammatory cells scored between 1.9 and 2.4, suggesting a mild to severe
infiltration. Moreover, at the early stage (day 3), parameters of histology such as proliferation of epithelial cells, vascular
cells, and granulation tissues in wounded skin were immature and the score was around 1. By day 9, most of the
parameters were matured in the treated groups with a score of 2 to 3, whereas the control groups were less matured than
treated groups on the corresponding days. The mean scores from histological evaluations on days 3 and 9 demonstrated
statistically significant differences, particularly for the CE group, which consistently showed higher scores compared to
SC, NC, VC, and ST groups, with p-values indicating strong significance (p < 0.0001). This data underscores the
effectiveness of the treatments in promoting wound healing.

Figure 13 shows the histomorphological view of the wounded skin by H&E staining of the SC, NC, VC, ST and CE
groups on days 3 and 9 post-wounding. The pictures of skin histology illustrated that on day 3, there were many
inflammatory cells on necrotic cells layer. The skin microstructure at the wound site such as epidermal, dermal, and
hypodermal was not prominent at an early stage, as indicated by the lacking proliferation of epithelial cell, fibroblast, and
granulation tissue formation. However, on day 9, inflammatory cells still appeared in the wounding area and the
epidermal layer was not mature enough in the control groups whereas these were improved significantly in the treated
groups. The wound healing process in the treated groups was recovered by epithelialization with the formation of
keratinocytes at the same time. Newly formed capillary, fibroblast, collagen, and connective tissues were seen in the
treated groups on day 9, whereas the formation of fibroblast cells, granulation tissue, and, eventually, the re-
epithelialization of wound skin in the control groups were delayed and formed on days 11 to 16. Overall, the skin

structure was more matured in the treated groups compared to the control groups at the later stage.

CZ Effects on Diabetic Condition and

To optimize the diabetic condition of the experimental groups, various glucose parameters such as fasting blood glucose
(FBQG) levels, and oral glucose tolerance test (OGTT) had been done before starting treatment. In addition, serum glucose
level was measured to make sure the steady diabetic condition throughout the experiment. In the Table 8 shows that
before alloxan induction, FBG levels was almost similar results in all experimental groups and there was no significant
difference among them. However, after alloxan induction, FBG level of diabetic groups (NC, VC, ST and CE) was
significantly increased (p < 0.0001) than non-diabetic group (SC). A similar result had been shown in the OGTT test.
After alloxan induction, OGTT was remained significant difference (p < 0.0001) between diabetic () and non-diabetic
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Figure 13 Histopathological view of skin tissue on post-wounded day 3 and day 9 by hematoxylin and eosin (H&E) staining of five experimental groups: SC, NC, VC, ST and
CE. Pictures of stain are at 10x magnification. Bar scale: 100 pm.
Abbreviations: E, Epidermis; D, Dermis; Fb, Fibroblast cells; ICI, Inflammatory cells infiltration; Re, Re-epithelialization; Ne, Neo-vascularization; GT, Granulation tissue.

groups at both 0 (zero) min and 120 min. A dramatic change was seen during treatment in case of serum glucose level.
The level of serum glucose of SC group at day 3 (5.53 + 0.33) and day 9 (5.93 £ 0.30) was significantly lower (p < 0.05)
compared to NC, VC and ST groups on the corresponding days. In contrast, serum glucose level of CE was not

Drug Design, Development and Therapy 2025:19 httpsi/doi.org/102147/DDDTS489113 | 6



Akter et al

Table 8 Mean Value of Different Glucose Levels Such as FBG, OGTT and Serum Glucose of Five
Experimental Groups: SC, NC, VC, ST and CE

Groups FBG (mmol/L) OGTT (mmol/L) Serum Glucose (mmol/L)
B.A.l A.A.l A.A.l at 0 min | A.A.l at 120 min Day 3 Day 9
sC 453 +0.13 | 443 £0.15° 4.60 £ 0.14° 435+ 0.18° 577 £ 030 | 593 0.30°
NC 460 +0.15 | 13.88 £0.48 14.43 + 0.48 15.75 + 0.37 1143 £ 142 | 1493 + 1.05
vC 431 £0.17 | 13.48 £0.39 13.80 + 0.38 16.06 + 0.38 1200 £ 1.12 | 11.67 + 1.56
ST 4.18+0.13 | 13.63 £0.39 13.98 + 0.41 15.19 + 0.44 1153 £ 1.63 | 13.83 +1.22
CE 4.18+0.12 | 14.10 £ 0.30 14.50 + 0.29 1561 +0.28 10.13 £097 | 9.77 £ 1.26

Notes: Data for FBG and OGTT are given as mean * S.E. for twelve animals in each group and Data for serum glucose are given as
mean = S.E. for six animals in each group. Statistically significant results are indicated as *p < 0.0001, SC versus NC, VC, ST and CE on
the corresponding stage; ®p < 0.0001, SC versus NC, VC, ST and CE on the corresponding time; p < 0.0001, SC versus NC, VC, ST
and CE on the corresponding time; dp < 0.05, SC versus NC, VC, and ST on the corresponding day and ep < 0.05, SC versus NC, VC,
and ST on the corresponding day.

Abbreviations: FBG, fasting blood glucose; OGTT, oral glucose tolerance test; B.A.l, before alloxan induction; A.All, after alloxan
induction.

significantly difference than SC on both days. Results of serum liver biomarkers (AST and ALT) and lipid profiles (TC
and TG) were similar trend like serum glucose (Table S3). Morphological assessment of liver and pancreas tissues had
been reflected similar results of serum studies (Figures S3 and S4). In this figure, the rats in the SC group had a normal
liver architecture, with sinusoidal hepatocyte cards and a central vein in the lobule’s center. The cells of the liver are
organized in sheets such as the spokes of a wheel. The liver was entirely distorted when diabetes was induced owing to
inflammation in the hepatocytes (Figure S3). In addition, normal pancreatic structure featuring normal Langerhans islets
in the middle with whitish spherical and ovoid cells embedded in the exocrine region of the pancreas, whereas, shrinkage
of islets on Langerhans with degeneration and necrosis of component cells, with heavily basophilic nuclei and karyolysis
visible in the diabetic groups (Figure S4).

Discussion

Diabetes mellitus is a chronic disorder characterized by hyperglycemia, which delays wound healing. The use of
phytochemicals has shown potential in improving wound healing in diabetic conditions.*>** Wound contraction is
a crucial step in the healing process that ultimately leads to wound closure. Previous studies have reported on the
tissue’s capacity to heal itself and the angiogenesis process, considering the type and extent of tissue damage and the
overall state of tissue health.>’ Evaluations of wound contraction and visual assessments serve as credible criteria for
assessing macroscopic wound healing.38 The current investigation at the macroscopic level supports of initial hypothesis.
During the wound healing process, C. zeylanicum extract stimulates the surrounding cells, leading to an increase in cell
production. These findings, observed from a macroscopic perspective, allowed us to conclude that cinnamon positively
influences wound healing by promoting the proliferation of surrounding tissues during treatment. By day 3, after the
inflammatory stage, wounds treated with C. zeylanicum showed superior healing progress compared to the other groups.
This result strongly correlates with cinnamon’s anti-inflammatory properties. However, the persistence of inflammation
during the anti-inflammatory phase (days 3—6) may slow wound healing. The observed reduction in inflammation aligns
with expected results, leading to less redness and swelling and accelerating the overall healing process. Studies have
shown that shortly after stable clot formation, the injured tissue is quickly colonized by cells involved in the inflamma-
tory response.’’ Inflammatory cells create an environment that encourages macrophage and neutrophil infiltration to
eliminate necrotic tissue, debris, and microbial sources while secreting inflammatory mediators and growth factors that
activate fibroblasts.*® The wound begins to heal more quickly due to the plant extract’s beneficial proliferative properties,
which become more effective over time. C. zeylanicum reduces swelling, redness, and pain associated with wounds,
speeding up the healing process. It was observed that non-diabetic rats exhibited faster healing than diabetic rats,
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confirming our original hypothesis regarding the delayed healing associated with diabetes. Previous studies have
described that diabetic-related wounds have reduced vascularity and capillary density due to impaired angiogenesis.
Diabetes significantly delays wound closure, and chronic non-healing wounds are common.” The group treated with
C. zeylanicum extract showed better and more efficient healing than the other three diabetic groups. The C. zeylanicum
treated rats began to heal around day 10, whereas it took approximately 16 days for the standard treatment with
povidone-iodine dressing to achieve complete healing. Antiseptics like povidone-iodine and hydrogen peroxide inhibit
fibroblast migration and proliferation in a dose-dependent manner.*! As a result, cell migration into the wound is delayed,
early wound matrix development is reduced, collagen synthesis is impaired, fibroblast proliferation is hindered, and
wound contraction is inhibited in the povidone-iodine dressing group.** The ointment base group did not exhibit any
significant wound-healing activity, suggesting that the base used for ointment preparation does not play a significant role
in wound healing.*® Histopathological findings in wound healing, such as re-epithelization, fibroblast proliferation,
collagen deposition, and granulation tissue formation, are key indicators of the wound contraction process. Collagen
fibrils play a crucial role by providing the mechanical strength needed for tissue contraction and wound closure.*’
Myofibroblasts, specialized fibroblasts, are essential in this process, migrating to the wound site, proliferating, and
synthesizing granulation tissue, with their activity peaking 8 to 10 days post-injury.**

Hydroxyproline, a key collagen component, serves as an important indicator of tissue repair and remodeling.*’
Present study showed that C. zeylanicum extract treated group exhibited a notably elevated hydroxyproline content
outperforming the other groups. This enhancement in hydroxyproline levels in the plant treated group underscores the
potential efficacy of this treatment in promoting collagen synthesis and supporting wound healing.*® Interestingly,
hydroxyproline content of rats treated with povidone-iodine demonstrated a lack of improvement in the healing process.
This stagnation suggests that povidone-iodine, typically regarded as a standard treatment, may not be sufficient to
stimulate collagen deposition in this diabetic wound model.*’

Reactive oxygen species (ROS) significantly contribute to oxidative stress, which impairs wound healing by
damaging cellular components and delaying the inflammatory response.*® Inflammatory cells, such as neutrophils and
macrophages, release ROS at wound sites, leading to collagen breakdown and chronic wounds.**>° Antioxidant enzymes
like catalase and glutathione play a crucial role in mitigating oxidative damage, as their levels are significantly elevated
in treated groups compared to controls during late-stage wound healing.’' However, the effectiveness of antioxidants can
vary, and excessive ROS production remains a challenge in chronic wound management.’> Lowering malondialdehyde
(MDA) levels in granulation tissue is vital for speeding up wound healing, as MDA serves as an indicator of oxidative
stress and cellular damage.”® Elevated MDA levels are associated with slower healing due to heightened lipid peroxida-
tion and inflammation, which obstruct the repair processes. Research indicates that reducing MDA levels can enhance
wound healing by strengthening antioxidant defenses and encouraging fibroblast growth and collagen production.>*
Current study showed a significant reduction in the plant extract treated rats indicating a better wound healing outcomes.
Thus, integrating phyto-therapies may improve healing outcomes by addressing oxidative stress and promoting tissue
regeneration.

Matrix metalloproteinase (MMP), often referred to as matrix metallopeptidases or matrixins, are zinc-containing
endopeptidases that are dependent on calcium.”® Other members of this family include astacins, serralysins, and
adamalysins. The MMPs are members of the metzincin superfamily, which is a wider family of proteases. When
combined, these enzymes have the ability to break down every type of extracellular matrix protein and also digest
many bioactive compounds. They have been linked to chemokine/cytokine inactivation, the release of apoptotic ligands
(such the FAS ligand), and the cleavage of cell surface receptors.’® Additionally, it is believed that MMPs are important
for cellular activities such angiogenesis, apoptosis, differentiation, migration (adhesion/dispersion), and host defense.’’
One of the previously stated elements is the proteolytic enzyme MMP, which is strongly produced during the healing
process and whose action is to break down the extracellular matrix (ECM), which causes the healing process to be
delayed.”® Hence, the ECM is less broken down by blocking MMP activity, which speeds up the healing of wounds.

Several studies showed that MMPs were potential predictive markers for impaired wound closure in diabetic foot
ulcers. %% The mRNA expression of MMP9 is significantly upregulated in the wounds of diabetic patients. Inhibitors
of MMP9 can decrease the level of the protein and thereby facilitate faster wound healing. The protein MMP-8 plays role
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in remodeling the extracellular matrix and healing the wound.®® A strategy to hunt agonists of MMP8 can yield fruitful
results in treatment of diabetic wound closure. Studies found that the mRNA expression of MMP9 was significantly
higher in diabetic foot ulcers, while the expression of its inhibitors, TIMP1 and TIMP2, was significantly lower
compared to normal wounds.®' This suggests that diabetes increases MMP protein levels in wound tissues while
decreasing TIMP proteins, potentially contributing to poor wound healing.

Phytochemicals play a significant role in the wound healing process by interacting with MMPs, particularly MMP8
and MMP9 proteins by accelerating the wound closure process.®> Molecular docking is a commonly employed method in
structure-based drug design, aiming to predict the optimal arrangement of a small molecule within the binding site of
another molecule.®® By targeting MMPS8 and MMP9 proteins, phytochemicals exhibit promising therapeutic potential in
promoting efficient wound healing and tissue regeneration. The GC-MS analysis of the C. zeylanicum extract identified
thirty-three phytochemicals with potential medicinal properties. A docking score of - 6.00 kcal/mol or higher is
considered the standard for an effective drug.®* Most of phytochemicals of C. zeylanicum in this study has showed
potential binding affinity with proteins. Binding Affinity of xanthosine with MMP8 and Methylquinoline with MMP9
were highest among all phytochemicals. Numerous studies reported that xanthosine has several biological activities,
including promoting the expansion of mammary stem cells, hepatic stem cells, and hair follicle stem cells.®” It can aslo
regulate hepatic glucose homeostasis via signaling cascade. It Inhibits gluconeogenesis, activates glycogenesis through
AMPK/FoxO1/AKT/GSK3p pathway.°® Quinoline derivatives, including methylquinoline, exhibit diverse biological
activities such as antibacterial, antifungal, anticancer, anti-HIV, antimalarial, antitumor, and anti-inflammatory
properties.®” Hydrogen bonding and hydrophobic interactions are pivotal in enhancing the interaction between drugs
and receptors. In this study, all chosen ligand molecules demonstrated considerable formation of hydrogen bonds and
hydrophobic interactions within binding site of target molecules.®® This study has also found the main two types of
bonds; hydrogen bonds and hydrophobic bonds. The van der Waal bond has also been examined, but it is not presented
for all drugs. Drug-likeness which is known as the Lipinski rule or rules of five considered a vital element of a drug for
drug likeness properties including molecular weight (MW), estimated solubility (ESOL) class, GI absorption and
membrane permeability.” Most of ligands have been followed the Lipinski rule of five. All phytochemicals have
lower than 500 g/mol of weight and most of the compounds obey the rule in terms of hydrogen bond acceptor and
donors. Moreover, PASS can enrich the understanding of pharmacological potentials and aid in advancing drug
development initiatives.”” In the study, xanthosine demonstrate notable biological activities, such as isopenicillin-N
epimerase inhibitors and various antiviral properties, including effectiveness against picornaviruses and poxviruses.
Additionally, the potential for immunostimulant activity is particularly promising.

Molecular dynamics (MD) simulation is an essential tool for investigating biomolecules, offering a deeper under-
standing of ligand-protein interactions in molecular docking studies.”' It serves as a critical method for verifying the
results of molecular docking by simulating the behavior of molecules over time, thus providing dynamic insights that
static docking cannot offer.”” In this study, MD simulations of MMP8 and MMP9 protein-ligand complexes over 100
nanoseconds reveal key insights into their stability and conformational behavior. The RMSD analysis indicates that both
proteins undergo conformational changes but remain stable, with MMPS8 stabilizing around 2.5 nm and MMP9 around
7.5 nm. The ligands, Xanthosine for MMP8 and Methylquinoline for MMP9, show lower RMSD values, suggesting
stable binding throughout the simulation. This flexibility is crucial when evaluating the stability of protein-ligand
interactions, as it can highlight regions of structural stability or instability throughout the simulation. Thus, consistent
RMSD values suggest a stable protein-ligand complex, while significant fluctuations may indicate instability or
conformational changes.”

RMSF analysis identifies flexible regions within the proteins, crucial for understanding ligand binding and protein
dynamics.”* Xanthosine interacts with MMP8 through hydrogen bonds and electrostatic interactions, while
Methylquinoline forms a strong, consistent interaction with tyrosine-420 in MMP9. The interaction patterns, visualized
through stacked bar charts, highlight the significance of specific residues in stabilizing the complexes via hydrogen
bonds, hydrophobic interactions, and water bridges.”> The RMSF analysis reveals alternating stable and flexible regions
within the protein structure. Atom indices 6 and 9 exhibit the lowest RMSF values (2.0 A), indicating greater rigidity,
while indices 1, 5, and 11 show higher flexibility, with 11 being the most dynamic at 2.6 A. The RMSF oscillates between

1778 https: Drug Design, Development and Therapy 2025:19



Akter et al

2.0 and 2.6 A, highlighting a dynamic landscape where flexible regions may correspond to loops or unstructured
domains, and stable regions are likely structural cores. This pattern provides valuable insights into the protein’s structural
stability and functional dynamics.

The top graph likely represents the percentage of Secondary Structure (SS) over time, where peaks indicate regions of
consistent structure (eg, alpha-helices, beta-sheets) important for stability, and lower points suggest flexible or disordered
regions (eg, loops, coils) potentially involved in interactions or conformational changes. The bottom graph likely shows
the evolution of secondary structure elements (SSEs) along the protein sequence over time, with different colors
representing specific SSEs (eg, helices, sheets). Peaks in a color indicate the presence of a particular SSE at a residue,
while low points suggest its absence. These graphs collectively provide insights into the protein’s structural dynamics,
stability, and functional regions, with interpretations depending on the simulation’s time scale and the protein’s biological
context.

The top graph highlights the overall stability of secondary structure (SS%) over time, with minor fluctuations
suggesting local conformational adjustments while maintaining a stable structural core. In contrast, the bottom graph
reveals specific regions of stable secondary structure elements (SSEs), such as helices or sheets, alongside dynamic
regions showing frequent transitions between SSE types, indicating structural flexibility. Stable regions likely contribute
to the protein’s overall stability, while dynamic regions may be crucial for functional roles like ligand binding or
conformational changes. This comparative analysis underscores the protein’s balance between structural rigidity and
plasticity, essential for its stability and dynamic functionality.

These findings are essential for guiding future drug design efforts targeting MMP8 and MMP9, emphasizing the
importance of selecting ligands that effectively bind and stabilize these proteins.”®

Conclusion

C. zeylanicum extract possesses significant wound healing properties in in diabetic rats. The optimized C. zeylanicum
extract demonstrated superior efficacy, resulting in faster recovery compared to other groups. This suggests that
C. zeylanicum may serve as a promising natural alternative for the treatment of diabetic wounds and potentially offers
a novel therapeutic strategy for managing diabetic complications. Moreover, the identification of active phytochemicals
through molecular docking studies has shed light on the mechanisms by which C. zeylanicum exerts its therapeutic
effects, particularly through the modulation of matrix metalloproteinases-8 and 9. This study underscores the potential of
natural products in the development of therapies for diabetic wounds and related complications. In addition, considering
all the computational parameters in this experiment, it can be concluded that the phytochemicals derived from
C. zeylanicum extract play a potential role in the wound healing process. Specifically, xanthosine induces the MMP-8
protein, contributing to the remodeling of the extracellular matrix, while methylquinoline decreases the MMP-9 protein

level, thereby facilitating faster wound healing.
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