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Introduction  

The pathogenesis of bacterial infections plays a critical role 

in the prognosis of diseases such as sepsis, which can be caused by 

various bacteria, including Staphylococcus aureus (S. aureus), 

Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, 

and Streptococcus pneumoniae.1 Among these, S. aureus is a gram-

positive bacterium, a leading cause of infection, and is frequently 

associated with illness and a high mortality rate. The bacterium is 

commonly present on skin, mucosa, bones, and joints. The clinical 

challenge arises because diverse bacterial virulence factors and the 

capacity to develop multidrug resistance are also emphasized by the 

World Health Organization in 2018.2–4 Virulence factors such as beta-

haemolysin (β-hlb), thermonuclease (nuc), and immune evasion 

strategies such as polysaccharide intercellular adhesion (PIA) play a 

critical role in pathogenesis by disrupting the human immune response. 

β-hlb activates the epidermal growth factor receptor, enhancing skin 

colonization and inflammation,5,6  while nuc and PIA promote biofilm 

formation through adhesion and aggregation.7–9  
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Drug-resistant S. aureus exhibits resistance against cephalosporin, 

vancomycin, ceftazidime, daptomycin, and ciprofloxacin.10 This 

alarming resistance trend highlights the need for alternative drugs. 

Ethnomedicinal plants have been recognized in traditional therapeutic 

systems and are known for their disease-preventive properties. 

Cinnamomum zeylanicum (family Lauraceae, C. zeylanicum) has a 

well-documented history of medicinal use and contains bioactive 

compounds such as cinnamaldehyde, eugenol, trans-cinnamaldehyde, 

cinnamic acid, and coumarin.11–13 These compounds have been reported 

to exhibit diverse pharmacological activities, including antibacterial, 

anti-inflammatory, antioxidant, and anticancer effects.14–18 

Computational studies conducted by Mulpuru et al. and Meylani et al. 

have demonstrated that phytoconstituents of C. zeylanicum may inhibit 

the SARS-CoV-2 main protease and Candida species, respectively,19,20 

and Pourkhosravani et al. have highlighted the potential antibacterial 

activity of essential oil by targeting bacterial receptors.21 However, the 

limited research studies have comprehensively profiled the 

phytochemical composition of C. zeylanicum bark and elucidated its 

interactions with specific bacterial targets. 

The present study aims to identify the effective antibacterial 

phytoconstituents of C. zeylanicum against target proteins of S. aureus 

through a combined in vitro and in silico approach. In vitro analyses 

included phytoconstituent profiling through qualitative and quantitative 

evaluation, gas chromatography-mass spectrometry (GC-MS), and 

antimicrobial activity assays. In silico analyses involved molecular 

docking, pharmacophore modeling, and ADMET evaluation of 

identified phytoconstituents against validated S. aureus target proteins. 

Furthermore, protein-phytoconstituent interaction networks and 

metabolic pathways were analyzed using STRING and KEGG 

databases. This multidimensional approach provides a mechanistic 

understanding of the interactions between C. zeylanicum bark 

phytoconstituents and S. aureus target proteins, offering a foundation 

for the development of novel plant-based therapeutic agents. 

ART ICLE  INFO  ABSTRACT 

Article history: 

Received 02 September 2025 

Revised 06 October 2025 

Accepted 08 October 2025 

Published online 01 November 2025  

Staphylococcus aureus is a major cause of severe infections, including sepsis, largely due to its 

diverse virulence factors and increasing antibiotic resistance, which highlights the need for 

alternative therapeutic strategies. The traditional medicinal plant, Cinnamomum zeylanicum, has 

rich bioactive secondary metabolites. In this study, we investigated the antimicrobial potential of 

C. zeylanicum bark against pathogenic S. aureus through minimum inhibitory and bactericidal 

concentration assays, along with phytoconstituent profiling using GC-MS. Virulence factors of S. 

aureus were characterized by PCR targeting the plc, icaA, and nuc genes. The identified 

phytoconstituents were further analyzed in silico, including molecular docking, pharmacophore 

modeling, and ADMET analysis against S. aureus target proteins. A tetrapartite interaction 

network and pathway analysis were constructed using STRING and KEGG databases. The 

methanol extract, containing 19 phytoconstituents, exhibited significant antibacterial activity with 

MIC and MBC values of 5 mg/mL. Docking results revealed that α-copaene, α-muurolene, and τ-

cadinol showed strong binding interactions with D-alanine-D-alanine ligase, dihydrofolate 

reductase, peptide deformylase, and penicillin-binding protein 2a. These findings suggest that C. 

zeylanicum bark extract, enriched with phenolic and flavonoid derivatives, holds promise as a 

natural source of anti-S. aureus agents. However, further experimental validation is needed to 

confirm the predicted protein targets and pathways. 
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Materials and Methods 

In vitro design 

Plant collection and identification 

Stem of C. zeylanicum bark (CzB) was collected in April 2024 from a 

market in Bhopal, India (23°14′06.5″N, 77°24′00.5″E). The sample was 

authenticated by a taxonomist at the Vedanta Testing & Research 

Laboratory, Bhopal, India, and a voucher number (1/19424R) was 

issued. The CzB was air-dried at 25°C for 5 days and ground to a coarse 

powder.  

 

Extraction of plant material 

The crude extract was prepared by maceration, where 40 g of powder 

was immersed in 150 mL of methanol (Loba Chemie, India) and shaken 

at 100 rpm for 5 days. The extract was filtered and concentrated under 

reduced pressure using a rotary evaporator (Heidolph, Germany) with a 

speed of 70 rpm and a temperature of 50°C. The extract was dried in an 

oven at 40°C to obtain the extract. Finally, yield (%) was calculated 

according to equation 1,22 and the dried extract was stored at 4°C in an 

airtight container.  

Yield of CzB crude extract (%)=
weight of CzB crude extract 

total volume of solvent
×100       ….... (1) 

 

Qualitative and quantitative phytochemical screening  

Qualitative phytochemical assays were performed to detect flavonoids, 

phenols, coumarins, alkaloids, and quinones.23 The total phenolic 

content (TPC) was determined using the Folin-Ciocalteu method.24 The 

extract (1 mg/mL) was mixed with diluted Folin-Ciocalteu reagent (2.5 

mL, 1:10, Himedia, India) and sodium carbonate (3 mL, 7.5% w/v, 

Thermo Fisher Scientific, USA), incubated in the dark at 25 °C for 90 

min, and absorbance measured at 750 nm (UV-Vis spectrophotometer, 

Thermo Fisher Scientific). Results were expressed as mg gallic acid 

equivalent/g extract (mg GAE/g). The total flavonoid content (TFC) 

was determined using the aluminum chloride colorimetric method.25 

The extract (1 mg/mL) was mixed with aluminum chloride (0.1 mL, 

Pallav, India), potassium acetate (0.1 mL, 1 M, Himedia, India), and 

distilled water (2.8 mL), incubated in the dark at 25 °C for 30 min, and 

the absorbance was measured at 510 nm. Results were expressed as mg 

quercetin equivalent/g extract (mg QE/g). 

 

Gas chromatography mass spectrometer (GC-MS) profiling 

GC-MS analysis was conducted using Shimadzu's GC-MS system with 

an Rxi-5Sil MS column. Helium was used as the carrier gas at 1 

mL/min. The injector and detector temperatures were maintained at 

250°C and 280°C, respectively. Oven temperature was programmed to 

increase at 10°C/min to 250°C (3 min hold), then ramped to 280°C at 

30°C/min (2 min hold). Mass spectra were obtained in electron impact 

mode (70 eV).26 The data were analyzed by ChemStation software 

version 14 and compared against the National Institute of Standards and 

Technology library.27 

 

Genomic DNA extraction and molecular characterization of S. aureus 

The freeze-dried culture of S. aureus MTCC 96 was obtained from the 

Microbial Type Culture Collection, Chandigarh, India. The bacterial 

culture was maintained on nutrient agar medium at 4°C, and the strain 

was revived in Luria-Bertani medium (Lennox, USA) and incubated at 

37°C for 24 hours under sterile conditions. The culture density was 

standardized to the 0.5 McFarland standard, which is approximately 1.5 

× 10⁸ CFU/mL. Genomic DNA of S. aureus was extracted using the 

QIAamp® Genomic DNA Mini Kit, following the manufacturer’s 

protocol. DNA quality was assessed by 2% agarose gel electrophoresis. 

Polymerase Chain Reaction (PCR) was used for molecular 

identification and characterization of S. aureus targeting 16S rRNA and 

virulence genes (nuc,28 plc, and icaA) with gene-specific primers, 

respectively (table 1). Reactions were performed in a Thermal Cycler 

MJ Mini (BIO-RAD) using a Hi-PCR Kit (HiMedia, India). 

Amplification involved an initial denaturation at 95°C for 2 min, 

followed by 30 cycles of denaturation at 94°C for 1 min, annealing 

(54°C for 16S rRNA and plc, 50°C for icaA, and 55°C for nuc), and 

extension (72°C for 45 s, 1 min, and 1.5 min, respectively). A final 

extension was carried out at 72°C for 4 min, and products were 

visualized by 2% agarose gel electrophoresis. 

 

Table 1: List of Primers used in the molecular characterization of Staphylococcus aureus MTCC96 

Gene ENA  

accession number 
Primer Sequence (5’- 3’) 

Amplicon 

size (bp) 

icaA 

(N-acetyl-

glucosaminyltransferase) 

SUK09942.1 

F GAACCGCTTGCCATGTGTTG  

497 

 
R TTCCCTCTGTCTGGGCTTGA 

 

plc  

(phospholipase C) 

SUJ92450.1 

F TGGGCAGATAACGCGACATT 

284 
R ATCAGCCAACCCGTTCTAG 

 

nuc 28 

(thermostable nuclease) 

SUJ96783.1 

F GCGATTGATGGTGATACGGTT 

270 
R ACGCAAGCCTTGACGAACTAAAGC 

 

16S rRNA 

  

UHAE01000001.1 

F GAGTACGACCGCAAGGTTGA 
 

204 R CCCAACATCTCACGACACGA 

Minimum inhibitory and bactericidal concentration  

S. aureus colonies were incubated in Mueller-Hinton broth (HiMedia, 

India) at 37°C for 16-18 h, and cell density was adjusted to 5 × 10⁵ 

CFU/mL by the McFarland method. The CzB extract was dissolved in 

10% dimethyl sulfoxide (Finar, India), and ciprofloxacin was used as a 

positive control. Minimum inhibitory concentration (MIC) was 

determined by resazurin-based microdilution in 96-well plates 

incubated at 37 °C for 18 h, followed by the addition of resazurin dye 

(30 μL, 0.015%, Sulab, India) and further incubation for 3 h. The MIC 

was defined as the lowest concentration preventing a color change from 

blue to pink. Minimum bactericidal concentration (MBC) was 

determined by streaking wells onto Mueller-Hinton agar (HiMedia, 

India) and incubating at 37 °C for 18 h. The lowest concentration with 

no bacterial growth was recorded as the MBC.29 All experiments were 

performed in triplicate, and results were analyzed by one-way ANOVA 

(Microsoft Excel 2016), with significance at p < 0.05. 

 

In silico design 

Proteins and phytoconstituents preparation 

In our previous research,30 seven potential drug target proteins of S. 

aureus were retrieved from the Protein Data Bank.31 Only structures 

with resolution <2.0 Å were selected. Proteins were prepared in PDBQT 

format using AutoDock Tools version 1.532 by removing ligands, ions, 

and water molecules, adding missing atoms and polar hydrogens, and 

applying Kollman charges. The three-dimensional structure of the 

phytoconstituents of CzB, identified through GC-MS analysis, was 

prepared using MarvinSketch version 3.033 and then optimized with the 

MMFF94 force field. Then, structures were saved in SDF format and 

converted to PDBQT using OpenBabel version 3.1.34  
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Molecular docking, principal component analysis, and pharmacophore 

modeling 

Molecular docking was performed using AutoDock Vina (ADV) 

version 1.1.32 Grid parameters were taken from previous studies, and 

docking configuration files were executed via Perl scripts. Docked 

complexes were visualized in Discovery Studio version 21.1. Binding 

affinity scores (kcal/mol) were subjected to principal component 

analysis (PCA) to cluster phytoconstituents according to interaction 

patterns. PC1 and PC2 values were derived from the covariance matrix 

of eigenvectors and eigenvalues.35 PCA was performed in Minitab 

version 17.36 Pharmacophore features of the best docked complexes 

were analyzed in Discovery Studio version 21.1 using default settings, 

highlighting steric and electronic features critical for phytoconstituent-

protein interactions. 

 

Tetrapartite network and pathway analysis  

A tetrapartite network was developed in Cytoscape version 3.9, linking 

phytoconstituents, best docked protein complexes, protein functions, 

and pathway proteins.37 Protein-protein interactions (PPIs) were 

retrieved using STRING version 12.0 (https://string-db.org/) with a 

high-confidence score (≥0.70).38 This approach provides insights into 

the interactions between phytoconstituents and their target proteins. 

Metabolic pathways associated with proteins were analyzed using the 

Kyoto Encyclopedia of Genes and Genomes (KEGG, 

https://www.genome.jp/kegg/)39 and the PPI network and visualized in 

Draw.io version 4.0. 

 

ADME and toxicity analysis 

Pharmacokinetic profiles (Absorption, Distribution, Metabolism, and 

Excretion, ADME) were predicted using SwissADME 

(http://www.swissadme.ch/),40 including Lipinski’s and Ghose rules, 

BBB permeability, and bioavailability. Toxicity was evaluated with 

ProTox-II (https://tox-new.charite.de/protox_II/), predicting 

carcinogenicity, mutagenicity, and cytotoxicity.41 

 

Results and Discussion 

Qualitative and quantitative analysis of C. zeylanicum bark extract  

8.4 g (5.6%) of CzB extract was yielded by methanol extraction, which 

was used for subsequent analyses. The qualitative analysis confirmed 

the presence of flavonoids, coumarins, phenols, and quinones in table 

2. The TPC, calculated using a gallic acid standard curve (R² = 0.97), 

was 43.3 ± 0.27 mg GAE/g extract. The TFC, based on a quercetin 

standard curve (R² = 0.98), was 28.93 ± 0.49 mg QE/g extract (figure 

1). The significant presence of phenolic and flavonoid compounds 

suggests that CzB extract is a rich source of these secondary 

phytoconstituents, contributing to its potential therapeutic applications. 

 

Table 2: Qualitative phytochemical analysis of the extract of Cinnamomum zeylanicum bark 

S. No. Phytoconstituents  Result 

1 Flavonoid + 

2 Alkaloid - 

3 Coumarin + 

4 Phenol + 

5 Quinone + 

Note: (+) = present, (-) = absent 

 

 
Figure 1: Gallic acid and quercetin calibration graph for 

estimation of total phenolic content (blue) and total flavonoid 

content (orange), respectively 
 

GC-MS profiling of phytoconstituents  

Nineteen phytoconstituents present in the CzB extract were identified 

using the GC-MS, as shown in figure 2 and table 3. Cinnamaldehyde 

was the most abundant constituent (18.37%), followed by (Z)-2-

methoxycinnamaldehyde (1.75%). Other phytoconstituents, including 

α-copaene,42 coumarin,43 and τ-cadinol,44 were also identified, which 

are recognized for their antibacterial properties. Coumarin is widely 

reported for its anti-inflammatory and antioxidant properties, which 

enhance the pharmacological profile of the extract. α-Muurolene has 

been associated with antimicrobial, anti-inflammatory, and wound-

healing activities, in addition to tumor growth inhibition.45 

 

Molecular characterization of pathogenic S. aureus  

PCR-based identification confirmed the identity and pathogenic 

potential of S. aureus MTCC 96 (figure 3). The 16S rRNA gene of S. 

aureus species confirmed identification, while the detection of 

virulence genes (plc, nuc, and icaA) indicated a pathogenic profile. The 

icaA gene encodes polysaccharide intercellular adhesion, which 

mediates biofilm formation and enhances bacterial resistance to host 

immune defenses.46 The plc gene encodes phospholipase C, facilitating 

tissue invasion through cell membrane disruption.47 The nuc gene 

encodes thermonuclease, an enzyme involved in degrading neutrophil 

extracellular traps, thus aiding immune evasion.48 

 

 
Figure 2: The total ion chromatogram of the GC-MS between 

intensity and elution time of the Cinnamomum zeylanicum bark 

extract 
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Table 3: GC-MS analysis of Cinnamomum zeylanicum bark extract with chemical formula and 2D structure 

CZ_peak 

No. 

Retentio

n time 

Area

% 

Name of  

phytoconstituent 

Chemical 

formula 

Structure 

CZ_1 8.424 18.37 Cinnamaldehyde, (E)- C9H8O 

 

CZ_2 8.683 0.46 Pentadecane C15H32 
 

CZ_3 9.702 0.61 α-Copaene C15H24 

 

CZ_4 10.483 0.38 Coumarin C9H6O2 

 

CZ_5 10.664 1.66 Diethyl Phthalate C12H14O4 

 

CZ_6 10.833 0.6 

(1S,4aR,8aS)-1-Isopropyl-

7-methyl-4-methylene-

1,2,3,4,4a,5,6,8a-

octahydronaphthalene 

C15H24 

 

CZ_7 10.954 1.29 Octadecane C18H38  
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CZ_8 11.102 1.17 .α.-Muurolene C15H24 

 

CZ_9 11.321 0.82 

Naphthalene, 1,2,4a,5,8,8a-

hexahydro-4,7-dimethyl-1-

(1-methylethyl)-,[1S-

(1.alpha.,4a.beta.,8a.alpha.)

]- 

C15H24 

 

CZ_10 11.4 1.75 
(Z)-2-

Methoxycinnamaldehyde 
C10H10O2 

 

CZ_11 12.794 0.35 τ.-Cadinol C15H26O 

 

CZ_12 19.233 2.93 1-Heptacosanol C27H56O 
 

CZ_13 19.6 2.49 
Tetracosyl 

pentafluoropropionate 
C31H57F5O2 

 

CZ_14 19.9 19.5 Dotriacontane C32H66 
 

CZ_15 20.126 22.17 Tetracontane C40H82 
 

CZ_16 20.3 4.57 
Tetrapentacontane, 1,54-

dibromo- 
C54H108Br2 

 

CZ_17 20.573 9.79 
Dotriacontyl 

pentafluoropropionate 
C35H65F5O2 
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CZ_18 20.854 6.26 1-Hexacosanol C26H54O 
 

CZ_19 21.28 4.82 

Sulfurous acid, 

cyclohexylmethyl 

heptadecyl ester 

C24H48O3S 
 

Note: CZ = Cinnamomum zeylanicum.  

 

 
Figure 3: The agarose gel electrophoresis analysis of 

polymerase chain reaction-amplified genes, with a 100 bp 

DNA ladder as a reference. The 16S rRNA gene was used for 

the identification of Staphylococcus aureus MTCC96, while 

the virulence-associated genes include icaA, plc, and nuc 
 

Minimum inhibitory and bactericidal concentration  

Bacterial viability was evaluated using a resazurin assay (figure 4). S. 

aureus culture was treated with CzB extract at concentrations ranging 

from 20 mg/mL to 0.15 mg/mL, with positive (ciprofloxacin) and 

negative controls. Growth inhibition was observed in wells 1-3, 

whereas bacteria remained viable from the fourth well onward, 

indicating an MIC of 5 mg/mL. MBC was determined and confirmed 

that 5 mg/mL of CzB kills a complete bacterial colony. The MIC and 

MBC values suggest that the methanol bark extract of C. zeylanicum 

exhibits strong antibacterial activity against S. aureus. Previous studies 

have reported MIC values ranging from 6.25 to 12.5 mg/mL for 

cinnamon bark extracts against S. aureus, depending on the strains.49,50 

 

Molecular docking and PCA analysis  

The 3D crystal structures of seven target proteins generated via X-ray 

crystallography were retrieved from the PDB with high resolution (≤2 

Å). Protein quality was checked using ProCheck, ERRAT (>90% 

quality), and Verify3D for sequence-structure compatibility. Active site 

and grid parameters are predicted by Discovery Studio and the 

Autodock tool, given in table 4. The molecular docking approach was 

conducted on target proteins and 19 phytoconstituents. PCA was done 

using the binding affinity score of the docked target protein-ligand 

complex, where the calculated eigenvalue of the correlation matrix is 

5.45 and creates four clusters shown in figure 5b. Phytoconstituents 

present in clusters 3 and 4 showed strong negative binding affinities 

with target proteins. Heatmap and PCA screened eight 

phytoconstituents (CZ_3, CZ_4, CZ_5, CZ_6, CZ_8, CZ_9, CZ_10, 

and CZ_11) that strongly interact with four target proteins, including 

peptide deformylase (PDF, 6JFG), D-alanine-D-alanine ligase (DDL, 

2I8C), dihydrofolate reductase (DHFR, 4TU5), and penicillin-binding 

protein 2a (PBP, 5M19), shown in figure 5a. CZ_3 (α-copaene) 

interacted with 2I8C and 4TU5, having -7.1 kcal/mol binding affinity. 

CZ_4 (coumarin) exhibited -6.5 and -6.4 kcal/mol binding affinity with 

4TU5 and 6JFG, respectively, and CZ_5 (diethyl phthalate) also 

showed a binding affinity of -6.3 kcal/mol with both proteins 4TU5 and 

6JFG. CZ_6 ((1S,4aR,8aS)-1-Isopropyl-7-methyl-4-methylene-

1,2,3,4,4a,5,6,8a-octahydronaphtha) displayed -6.8 kcal/mol and -6.6 

kcal/mol, and CZ_8 (α-muurolene) demonstrated -7.7 kcal/mol and -7.0 

kcal/mol with 4TU5 and 2I8C, respectively. CZ_9 (naphthalene, 

1,2,4a,5,8,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-,[1S-

(1.alpha)]) showed -7.6 kcal/mol, -7.0 kcal/mol, and -7.0 kcal/mol with 

4TU5, 2I8C, and 6JFG, respectively. CZ_10 ((Z)-2-

Methoxycinnamaldehyde) exhibited -6.5 kcal/mol with 4TU5. CZ_11 

(τ-cadinol) showed -7.2 kcal/mol, -6.9 kcal/mol, and -6.2 kcal/mol with 

6JFG, 2I8C, and 5M19, respectively. All binding affinity scores of 

molecular docking analysis are given in supplementary table. Based on 

the binding affinity score and PCA analysis, CZ_3, CZ_8, CZ_9, and 

CZ_11 showed higher binding interactions with target proteins, 

including 2I8C, 4TU5, 6JFG, and 5M19, which were subject to further 

analysis. 

 

 

 

 

 

 

 

Figure 4: The results of the (a) minimum inhibitory concentration and (b) minimum bactericidal concentration of the extract of 

Cinnamomum zeylanicum bark on Staphylococcus aureus MTCC96 
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Table 4: Seven target proteins of Staphylococcus aureus with their center grid parameter, dimensions, and ProCheck, ERRAT, and 

Verified 3D results 
PDB ID 1LJL 5M19 6JFG 1SFJ 2I8C 1QXZ 4TU5 

Target proteins 

name 

Arsenate 

reductase 

(AR) 

Penicillin-binding 

protein 2a 

(PBPs) 

Peptide 

deformylase 

(PDF) 

3-dehydroquinate 

dehydratase 

(DHQD) 

D-alanine-D-

alanine ligase 

(DDL) 

Methionine 

aminopeptidase 

(MAP) 

Dihydrofolate 

reductase 

(DHFR) 

Center grid box (X, 

Y, Z) 

17.17, 

−3.62, 

36.91 

−20.65, 

−17.8, 

51.81 

−31.38, 

22.41, 

2.88 

104.97, 

−17.41, 

−107.42 

7.96, 

−13.99, 

10.42 

12.33, 

4.01, 

1.74 

−1.25, 

34.66, 

5.46 

Dimension point 

(Å) 

(X, Y, Z) 

24, 

30, 

26 

28, 

22, 

22 

36, 

48, 

64 

38, 

60, 

48 

66, 

68, 

76 

46, 

54, 

42 

84, 

74, 

66 

ProCheck (favored 

regions %) 
95.6 90.9 93.1 91.5 90.7 94.1 90.4 

ERRAT (%) 94.262 95.132 91.819 94.582 92.814 93.724 98.592 

Verify 3D (%) 
Pass 

(100%) 
Pass (95.76%) 

Pass 

(97.27%) 
Pass (83.7%) Pass (90.46%) Pass (97.98%) Pass (84.71%) 

 

(a) (b) 

 

 

Figure 5: Heatmap and Principal Component Analysis (PCA) of the molecular docking score. (a) Heatmap of molecular 

docking showing the highest binding affinity of seven target proteins with phytoconstituents. (b) PCA graph representing 

four different clusters that represent the phytoconstituents 

Pharmacophore and docked complexes interaction analysis 

Pharmacophore modeling of phytoconstituents revealed hydrophobic 

interaction properties, which were the main contributors to binding for 

CZ_3 and CZ_8 with the target protein, whereas CZ_11 gained 

additional strength through having hydrogen bonding capacity, as 

shown in figure 6. CZ_3 contains two aromatic rings linked to a methyl 

group, which increases hydrophobicity and facilitates alkyl bonds. It 

interacts with amino acids VAL59, VAL121, LEU122, ALA125, and 

MET128 with 6JFG; amino acids LEU20, ILE14, and VAL6 with 2I8C; 

ARG241 and VAL277 with 4TU5; and HIS293 with 5M19. CZ_8 and 

CZ_9 are isomers, so both phytoconstituents displayed similar 

interactions with target proteins. CZ_8 interacted through hydrophobic 

regions as well as, due to its steric configuration, formed alkyl and π-

alkyl bonds involving amino acids VAL59, LEU112, CYS111, HIS154, 

VAL151, LEU105, TYR147, and ALA244 with 6JFG; PHE175, 

PHE295, LEU145, VAL216, and ILE14 with 2I8C; VAL31, LEU5, 

PHE92, and HIS293 with 4TU5; and VAL277, VAL256, and ARG241 

with 5M19. CZ_11 is the hydroxylated form of CZ_8, which gains 

additional pharmacophore properties of hydrogen bonding formation. 

Its OH group acted as a donor, forming two hydrogen bonds with 

VAL59 and GLY60 and alkyl bonds with HIS154, LEU105, TYR147, 

and VAL151 with 6JFG. It also formed an alkyl bond using LYS348 

and a hydrogen bond using PHE206 with 2I8C, alkyl and π-alkyl bonds 

with LYS33, LEU34, PHE151, HIS30, and VAL137 with 4TU5, and a 

hydrogen bond using GLU239 along with alkyl bonds involving 

VAL277, ARG151, VAL256, ARG241, HIS293, and MET372 with 

5M19. These findings suggest that binding interaction capabilities of 

CzB phytoconstituents and slight structural modifications of these 

phytoconstituents, particularly hydroxylation, could enhance their drug-

like properties.  
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Figure 6: The pharmacophore properties of the phytoconstituents and interactions between the target proteins of Staphylococcus aureus 

and phytoconstituents 
 

Tetrapartite network and pathway analysis 

The PPIs network of target proteins of S. aureus, including 

phytoconstituents, facilitates an understanding of the molecular 

function of key proteins, their associated proteins, and interacting 

phytoconstituents, as illustrated in figure 7. Eight CzB 

phytoconstituents exhibited the most significant interactions with four 

key target proteins: 5M19, 2I8C, 4TU5, and 6JFG. The target proteins 

5M19 and 2I8C contribute functional roles in cell wall biosynthesis, 

while 4TU5 and 6JFG are essential in nucleotide synthesis and 

translation. Further, STRING analysis revealed that PBP-3 

(ABD30728.1) and PBP-1 (ABD30255.1) are linked to 5M19, while 

2I8C is connected with Mur family proteins. Additionally, 4TU5 

connects to thymidylate synthase, critical for DNA replication, and 

6JFG is associated with ribosomal proteins (rplU, tig, rplV, rplS, and 

map). 

The metabolic pathway of target proteins was reconstructed and 

connected with associated proteins on the basis of KEGG pathway 

analysis, as presented in figure 8.39 PBP2a and DDL were integrated 

within the peptidoglycan biosynthesis pathway, which is essential for 

bacterial survival and β-lactam resistance. MecA protein has a role in 

the synthesis of PBPs. The metabolism of amino acids, nucleotide 

sugars, and D-amino acid metabolism pathways contributes to the 

synthesis of Mur family proteins (MurB, MurC, and MurF) and D-ala-

D-ala, respectively. D-ala-D-ala is linked to enhance the function of 

PBPs. Purine, phenylalanine, and pterin biosynthesis pathways are 

involved in the formation of tetrahydrofolate and dihydrofolate 

synthase. These findings demonstrate that C. zeylanicum 

phytoconstituents act on multiple target proteins, which can interfere 

with cell wall integrity and nucleic acid metabolism. 

 
Figure 7: A tetrapartite network illustrates the interactions between Cinnamomum zeylanicum bark phytoconstituents and their target 

proteins, along with the protein functions and their linkages to associated proteins 
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Figure 8: The illustration of metabolic pathways including four target proteins: D-alanine-D-alanine ligase, dihydrofolate reductase, 

peptide deformylase, and penicillin-binding protein in Staphylococcus aureus.39 The highlighted color illustrates the distinct metabolic 

pathways associated with each of these target proteins 
 

ADME and toxicity analysis 

ADME analysis provides insights into the body’s response to 

administered phytoconstituents, given in table 5. Nineteen 

phytoconstituents were evaluated for BBB permeability, Lipinski’s and 

Ghose rule violations, and bioavailability. The BBB regulates exchange 

between circulating blood and the brain’s extracellular fluid.51 Six 

phytoconstituents (CZ_1, CZ_3, CZ_4, CZ_5, CZ_10, and CZ_11) 

showed BBB permeability. Evaluation of drug-likeness using 

Lipinski’s Rule of Five and the Ghose Rule revealed that CZ_5, CZ_10, 

and CZ_11 met both criteria, while CZ_3, CZ_8, and CZ_9 violated 

only one Lipinski rule but satisfied the Ghose Rule, suggesting 

acceptable pharmacokinetic potential. Seven phytoconstituents (CZ_3, 

CZ_5, CZ_6, CZ_8, CZ_9, CZ_10, and CZ_11) exhibited a 

bioavailability score of 0.55, indicating favorable oral absorption. 

Toxicity predictions using ProTox 3.0 showed no hepatotoxicity among 

the phytoconstituents. However, CZ_4, CZ_10, CZ_11, CZ_13, CZ_16, 

and CZ_17 were associated with carcinogenic potential, CZ_6 and 

CZ_9 with immunotoxicity, and CZ_4 with cytotoxicity. Additionally, 

CZ_1, CZ_10, CZ_11, and CZ_16 displayed mutagenic activity, while 

CZ_3 and CZ_8 were non-toxic as the most promising leads, balancing 

efficacy with safety. 

 

Table 5: The ADME (Absorption, Distribution, Metabolism, and Excretion) and toxicity profile of phytoconstituents of Cinnamomum 

zeylanicum bark 
 

 

 CZ_ID  ADME  Toxicity 

BBB 

permeate 

Lipinski 

violations 

Ghose 

violations 

Bioavailability 

Score 

Hepatotoxicity Carcinogenicity Immunotoxicity Cytotoxicity Mutagenicity 

CZ_1 Yes 0 2 0.55 Inactive Inactive Inactive Inactive Active 

CZ_2 No 1 4 0.55 Inactive Inactive Inactive Inactive Inactive 

CZ_3 Yes 1 0 0.55 Inactive Inactive Inactive Inactive Inactive 

CZ_4 Yes 0 2 0.55 Inactive Active Inactive Active Inactive 

CZ_5 Yes 0 0 0.55 Inactive Inactive Inactive Inactive Inactive 

CZ_6 No 1 0 0.55 Inactive Inactive Active Inactive Inactive 

CZ_7 No 1 1 0.55 Inactive Inactive Inactive Inactive Inactive 

CZ_8 No 1 0 0.55 Inactive Inactive Inactive Inactive Inactive 

CZ_9 No 1 0 0.55 Inactive Inactive Active Inactive Inactive 

CZ_10 Yes 0 0 0.55 Inactive Active Inactive Inactive Active 

CZ_11 Yes 0 0 0.55 Inactive Active Inactive Inactive Active 
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CZ_12 No 1 3 0.55 Inactive Inactive Inactive Inactive Inactive 

CZ_13 No 2 4 0.17 Inactive Active Inactive Inactive Inactive 

CZ_14 No 1 3 0.55 Inactive Inactive Inactive Inactive Inactive 

CZ_15 No 2 4 0.17 Inactive Inactive Inactive Inactive Inactive 

CZ_16 No 2 4 0.17 Inactive Active Inactive Inactive Active 

CZ_17 No 2 4 0.17 Inactive Active Inactive Inactive Inactive 

CZ_18 No 1 2 0.55 Inactive Inactive Inactive Inactive Inactive 

CZ_19 No 1 2 0.55 Inactive Inactive Inactive Inactive Inactive 

 

Note: ADME = Absorption, Distribution, Metabolism, and Excretion, CZ = Cinnamomum zeylanicum, BBB permeate = Blood-Brain Barrier permeability. 

 

Conclusion 

The phytoconstituents, including α-copaene, α-muurolene, and τ-

cadinol, present in C. zeylanicum bark exhibit antibacterial potential 

against pathogenic S. aureus. The primary target proteins include D-

alanine-D-alanine ligase, dihydrofolate reductase, peptide deformylase, 

and penicillin-binding protein 2a, indicating disruption of cell wall 

formation, nucleic acid metabolism, and protein synthesis. Multi-target 

suggests a synergistic antibacterial mechanism that may reduce the risk 

of resistance. Future investigations should focus on the purification and 

fractionation of identified phytoconstituents, followed by in vitro and 

in vivo validation. Structure optimization may further improve their 

potency and safety, supporting their development as promising natural 

anti-S. aureus therapeutics. 
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