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A B S T R A C T   

Inflammatory diseases contribute to more than 50 % of global deaths. Research suggests that 
network pharmacology can reveal the biological mechanisms underlying inflammatory diseases 
and drug effects at the molecular level. The aim of the study was to clarify the biological 
mechanism of Cinnamomum zeylanicum essential oil (CZEO) and predict molecular targets of 
CZEO against inflammation by employing network pharmacology and in vitro assays. First, the 
genes related to inflammation were identified from the Genecards and Online Mendelian Inher-
itance in Man (OMIM) databases. The CZEO targets were obtained from the Swis-
sTargetPrediction and Similarity Ensemble Approach (SEA) database. A total of 1057 CZEO and 
526 anti-inflammation targets were obtained. The core hub target of CZEO anti-inflammatory was 
obtained using the protein–protein interaction network. KEGG pathway analysis suggested CZEO 
to exert anti-inflammatory effect mainly through Tumor necrosis factor, Toll-like receptor and IL- 
17 signalling pathway. Molecular docking of active ingredients-core targets interactions was 
modelled using Pyrx software. Docking and simulation studies revealed benzyl benzoate to 
exhibit good binding affinity towards IL8 protein. MTT assay revealed CZEO to have non- 
cytotoxic effect on RAW 264.7 cells. CZEO also inhibited the production of NO, PGE2, IL-6, IL- 
1β and TNF-α and promoted the activity of endogenous antioxidant enzymes in LPS-stimulated 
RAW 264.7 cells. Additionally, CZEO inhibited intracellular ROS generation, NF-kB nuclear 
translocation and modulated the expression of downstream genes involved in Toll-like receptor 
signalling pathway. The results deciphered the mechanism of CZEO in treating inflammation and 
provided a theoretical basis for its clinical application.   

1. Introduction 

Inflammatory diseases such as cancer, diabetes mellitus, chronic kidney disease, and stroke contribute to more than 50 % of global 
deaths [1]. Inflammation is a highly-regulated cascade of events initiated by physical, chemical and biological stimuli and provides a 
defence to the host by resolving the infection [2,3]. Although self-limiting inflammation is physiological and essential for pathogen 
elimination, its persistence harms the infected organs and leads to chronic diseases [4,5]. An unresolved inflammatory response 
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disturbs the immune homeostasis of the host cell. Therefore, a delicate balance must be maintained between pro-inflammatory and 
anti-inflammatory cytokine levels [6]. Reduction in expression of pro-inflammatory mediators can alleviate the severity of chronic 
inflammation [7]. During inflammatory disease, macrophages release excess mediators and activate pro-inflammatory downstream 
signal transduction pathway [8]. LPS-activated macrophage results in the release of nitric oxide (NO), interleukin (IL)-6, interleukin 
(IL)-1β and tumor necrosis factor (TNF)-α via NF-kB signalling pathway [9,10]. As a result, LPS-treated RAW 264.7 cells can be used as 
an in vitro model to understand the mechanism of anti-inflammatory agents. 

Non-steroidal anti-inflammatory drugs (NSAIDs) are used to treat inflammation, inhibiting the synthesis of prostaglandin by 
blocking the activity of cyclooxygenase enzymes [11]. However, prolonged consumption of these NSAIDs is known to cause adverse 
health complications such as renal, bone, gastrointestinal tract and cardiovascular problems [12]. In recent years, there has been 
growing evidence that herbal medicines significantly lower inflammation [13]. Therefore, there is a global demand to search for safe 
and effective phytochemicals with fewer side effects. 

The genus Cinnamomum of the family Lauraceae comprises nearly 200 species, among which 20 species occur in India [14]. 
Cinnamomum zeylanicum Blume, an important member of genus Cinnamomum is native to Sri Lanka, Myanmar and South East Asia [15, 
16]. The bark of C. zeylanicum is used as a potent therapeutic agent in the Ayurvedic system of medicine for treating several ailments, 
including arthralgia, myalgia, digestive, gynaecology and respiratory disorders [17]. C. zeylanicum essential oil extracted from the bark 
exhibited several efficacies such as anti-inflammatory, anti-diabetic, antioxidant, anti-microbial properties [18]. 

Former in vivo study showed that nano gel-formulation of C. zeylanicum essential oil possess substantial anti-inflammatory property 
in carrageenan-induced paw edema in rats [19]. In vitro study on commercially available C. zeylanicum bark essential oil exhibited 
anti-inflammatory effects in human skin disease models [18]. Although there are claims on the anti-inflammatory property of 
C. zeylanicum essential oil, the underlying mechanism behind its anti-inflammatory action is still unclear. Therefore, identifying po-
tential active compounds and therapeutic targets will improve the understanding of the anti-inflammatory mechanism of C. zeylanicum 
essential oil. 

Bioinformatics approaches have been used to systematically reveal the biological mechanisms underlying complex diseases and 
drug effects at the molecular level. Network pharmacology has been proven to be an emerging approach for identifying the potential 
molecular targets and their fundamental mechanism from a comprehensive and holistic viewpoint [20,21]. Therefore, in the current 
research network pharmacology was conducted to establish the components-targets-pathways-disease network and to investigate the 
potential mechanisms of CZEO in treating inflammation. Additionally, molecular docking and simulation approaches further validated 
the binding of the potential bioactive constituents and core inflammatory targets. Then, the pathways suggested by network phar-
macology were validated using LPS-induced RAW 264.7 inflammation model. The schematic workflow of the study is illustrated in 
Fig. 1. 

2. Materials and methods 

2.1. Plant material and extraction of essential oil 

Fresh bark of Cinnamomum zeylanicum was collected from medicinal plant garden of Institute of Mineral and Material Technology, 
Bhubaneswar, Odisha, India. The identification of this species was confirmed by Dr. P.C. Panda, Professor, Center of Biotechnology, 
SOA University, Odisha, India. The voucher specimen (2452/CBT Dt. November 10, 2022) was deposited in the Herbarium of Centre of 
Biotechnology, SOA University, Bhubaneswar. The bark was dried under shade at room temperature, grounded and then passed 
through a 60-mesh sieve. Essential oil from dried bark (200 g) was extracted by hydrodistillation using Clevenger apparatus for 6 h 
according to the method described in European Pharmacopoeia [22]. Anhydrous sodium sulphate was added to essential oil to remove 
the traces of water. 

2.2. Chemical characterization of essential oil 

The essential oil was characterized using Clarus 580 GC (PerkinElmer, USA) fitted with an SQ-8 MS detector. 0.1 μl of essential oil 
was injected into the system in splitless mode. Compounds separation was done using helium (1 ml/min) as carrier gas on an Elite-5 MS 
capillary column (30 m, 0.25 mm i.d., 0.25 μm thickness). The temperature was set at 60 ◦C, raised to 220 ◦C at a rate of 3 ◦C/min, and 
maintained there for 7 min. The ion source and detector temperature was set at 250 ◦C and 150 ◦C, respectively. The electron ioni-
zation energy was set at 70 eV. Individual constituents of essential oil were determined based on RI (Retention Index), which was 
evaluated using n-alkane series (C8–C20) on Elite-5 MS capillary column run under identical operating condition. Compound identi-
fication was performed by matching their recorded mass-spectra with the mass spectra of the inbuilt National Institute of Standards 
and Technology (NIST) library provided in the system. Additional comparison was done by checking the experimental retention 
indices values obtained with those published in the literature [23]. 

2.3. Network pharmacology 

2.3.1. Prediction of bioactive constituents 
All the phytoconstituents obtained from GC-MS analysis were subjected for pharmacokinetic screening in Swiss ADME online web 

tool (http://www.swissadme.ch/). The screening criteria were set as Lipinski’s rule and the abbott oral bioavailability (OB) value ≥
0.5. The constituents which qualified both the parameters were considered as active constituents. 
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2.3.2. Acquisition of compound and inflammation-associated targets 
The predicted targets of screened bioactive compounds were done by putting the SMILES into Swiss Target Prediction (STP) 

(http://www.swisstargetprediction.ch/) and Similarity Ensemble Approach (https://sea.bkslab.org/). Inflammation-related genes 
were acquired from Online Mendelian Inheritance in Man (OMIM) (https://omim.org/) and Gene Cards (https://www.genecards.org/ 
) by entering the keyword ‘anti-inflammation’. Venny 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/) online platform was used to 
ascertain the genes shared by both CZEO targets and inflammation targets. These intersecting genes were considered as CZEO target 
genes involved in treating inflammation. 

Fig. 1. Schematic flowchart of the proposed work.  
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2.3.3. Compound-target disease network construction 
Compound-target-disease network was created to analyse and visualize the interrelationship between phytoconstituents, targets 

and disease-related pathways using Cytoscape 3.9.1 software [24]. For visualisation, potential active components and targets of CZEO 
were imported into Cytoscape 3.9.1 software, and a network of CZEO components and anti-inflammatory targets was built. In the 
compound-target network, each component or target is represented by a node, and the relationship between the component and the 
target is represented by a connecting line. The degree value reflects the importance of the node in the network; the higher the value, the 
more important the node. And the core active ingredients were screened out by the degree values. 

2.3.4. Protein-protein interaction (PPI) analysis 
The key target genes obtained from the intersection of two gene datasets were enriched in the STRING database (https://string-db. 

org/) to get a PPI network containing both direct and indirect connections among proteins. The screening criteria in the STRING 
database was limited to species Homo sapiens and confidence score was set to >0.7. Cytohubba module of Cytoscape was used to screen 
and visualize the densely linked protein based on degree algorithm [25]. These genes were considered hub targets for the treatment of 
inflammation. 

2.3.5. GO and KEGG enrichment analysis 
The functional enrichment analysis of intersecting therapeutic targets were assessed based on Kyoto Encyclopaedia of Genes and 

Genomes (KEGG) and Gene Ontology (GO). GO enrichment analysis discloses the biological mechanism associated with key thera-
peutic targets. KEGG enrichment analysis depicts the functional pathways annotations of key targets. Three GO terms (biological 
function, molecular function and cellular component) were analyzed in DAVID database (https://david.ncifcrf.gov/) and visualisation 
was done in SRPLOT (https://www.bioinformatics.com.cn/en). KEGG pathway enrichment analysis was performed in ShinyGO 0.77 
(http://bioinformatics.sdstate.edu/go/) database and visualisation was also done in SRPLOT. The cut-off value for significant KEGG 
pathway enrichment analysis was set as p < 0.05 and FDR<0.01. The KEGG mapper (http://www.kegg.jp.org/) highlighted the top 
pathway and demonstrated its distinct molecular mechanism within that particular pathway. 

2.3.6. Molecular docking 
Molecular docking simulation provides an in-depth understanding of the binding mechanism between targeted protein and 

probable drug ligands. Initially the hub genes were searched in the UniProt database (https://www.uniprot.org/) to validate this. The 
crystal structures of hub target proteins were: TNF (PDB ID: 2AZ5), IL6 (PDB ID:1ALU), TLR4 (PDB ID: 2Z63), STAT3 (PDB ID: 6NJS), 
IL8 (PDB ID: 6N2U) and NFKB (PDB ID: 1NFI), and were downloaded from RCSB Protein Data Bank (http://www.rcsb.org/pdb) in PDB 
format. Three dimensional structures of protein targets were modelled by eliminating water, ligands, ions, heteroatoms from atoms, 
and adding polar hydrogen atom, gasteiger and kollman charges to protein structure. SDF formats of ligands (Hydrocinnamyl acetate, 
benzyl benzoate, ethyl cinnamate, benzyl cinnamate, cinnamic acid, α-muurolene and hexadecanoic acid) were obtained from Pub-
chem database (https://pubchem.ncbi.nlm.nih.gov/) and discovery visualizer was utilized for converting the SDF files into PDB files. 
Molecular docking between bioactive constituents (ligands) and refined protein targets was performed using the Autodock vina plugin 
tool of PyRx software. Energy minimization of compounds were done in PyRx. The PDB files of protein and ligand were converted into 
their PDBQT format in Auto Dock Tool. Complete protein was covered under grid box and docking was done with all default parameter 
settings. The validation of docking was confirmed based on low RMSD (<2 Å) of the redocked ligand from the orientation of the 
cocrystallized ligand and the reproduction of observed interactions from the pdb structure. The BIOVIA Discovery Studio visualizer 
tool was used to visualize the best-docking poses. 

2.3.7. Molecular dynamics 
Molecular dynamics simulation was carried out using the Schrodinger software’s Desmond module. In MD simulation, an ortho-

rhombic box was generated with simple point charge (SPC) solvent model system of water. The salt concentration was kept constant at 
0.15 M, and the model was optimized. The MD simulation was performed using a constant temperature and pressure (NPT) at 310 K 
and 1.013 bar atmospheric pressure for 100 ns. A total of 1000 frames were generated during the simulation. The outcome of the 
simulation results was examined by calculating the root mean square deviation, root means square fluctuation, and ligand interaction 
profile obtained using the simulation interaction diagram report. 

2.4. Experimental assays 

2.4.1. Cell culture 
RAW 264.7 cells were purchased from NCCS, Pune, India. The cells were cultured in DMEM (Dulbeco’s Modified Eagle Medium) 

high glucose media, enriched with 10 % Fetal Bovine Serum (FBS), 1 % L-Glutamine (200 mM) and 1 % antibiotic-antimycotic solution. 
RAW 264.7 cells were maintained in a humidified incubator containing 5 % CO2 and 18–20 % O2 at 37 ◦C. 

2.4.2. Cytotoxicity assay 
The cytotoxic effect of CZEO on RAW 264.7 cells were assessed using MTT assay. Essential oils of Cinnmaomum zeylanicum were 

prepared by dissolving them in 0.5 % (v/v) DMSO. Initially, RAW 264.7 cells were incubated in 96-well plate (1 × 105 cells/ml) and 
allowed to grow for 24 h in a CO2 incubator. Cells were treated with different essential oil concentrations (12.5–100 μg/ml) and 
incubated for another 24 h. After 24 h, the used media was removed and MTT reagent (50 μg/ml) was added. The produced formazan 
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crystals were solubilized by adding DMSO. Then absorbance of this solution was taken by an ELISA plate reader at 570 nm. 

2.4.3. Nitric oxide assay 
RAW 264.7 cells (1 × 105 cells/ml) were seeded in a culture plate and incubated for 24 h. Then the cells were pre-incubated with 

LPS (1 μg/ml) except in untreated well. Cells were then exposed to different concentrations of essential oil (12.5 and 100 μg/ml) and 
incubated at 37 ◦C in a humidified incubator for 24 h. Then Griess reagent (100 μl) was mixed with 100 μl of culture supernatant. Then 
the solution was kept at 37 ◦C for 2 h and absorbance was measured at 540 nm using Microplate reader (ELX 800, BioTek, USA). The 
quantification was done on the basis of sodium nitrite standard curve. 

2.4.4. Measurement of prostaglandin-E2 (PGE2) levels 
RAW 264.7 cells (1 × 105 cells/ml) were seeded in culture plate and incubated at 37 ◦C for 24 h for cell fixation and to achieve 

desired cell density. Then, the cells were stimulated with LPS (1 μg/ml) for 2 h followed by exposure to different concentrations of 
CZEO (12.5 and 100 μg/ml) and incubated for another 24 h. After incubation, supernatants were collected. The level of PGE2 was 
determined using enzyme immunoassay (EIA) following the supplier’s instructions (Cayman Chem, Ann Arbor, Michigan, USA). Then 
Ellman’s reagent was added and the colour intensity was measured by taking the absorbance at 405 nm. 

2.4.5. Measurement of TNF-α, IL6 and IL-1β levels 
RAW 264.7 cells at a density of 1 × 105 cells/ml were plated and incubated for 24 h for cell adhesion and to achieve the required 

cell density. Cells were stimulated with LPS (1 μg/ml) followed by treatment in the absence or presence of CZEO (12.5 and 100 μg/ml) 
and kept in humidified atmosphere for 24 h. After incubation, the culture media were centrifuged. After centrifugation, supernatants 
were collected to estimate the levels of IL-6, IL-1β and TNF-α. Quantification of pro-inflammatory cytokines was measured by 
quantitative ELISA using the kits obtained from RayBiotech Laboratories (Norcross, GA). 

2.4.6. Measurement of endogenous antioxidant enzymes 
RAW 264.7 cells (1 × 105 cells/ml) were grown in a culture dish and incubated for 24 h in a humidified incubator for cell 

attachment and to achieve the required cell density. Then cells were stimulated with 1 μg/ml of LPS and incubated for another 2 h to 
induce inflammation. Subsequently, cells were incubated with different concentrations of CZEO (12.5 and 100 μg/ml) for 24 h. Cells 
were harvested, sonicated and centrifuged to get the cell lysate. Antioxidant enzymes including superoxide dismutase (SOD), gluta-
thione (GSH), glutathione peroxidase (GPx) and catalse (CAT) were assessed from cell free supernatant by following the instruction 
mentioned in the kit (Krishgen Biosystems, Mumbai, India). 

2.4.7. Measurement of intracellular reactive oxygen species 
The production of intracellular reactive oxygen species (ROS) in RAW 264.7 cells was measured using 2′,7′,-dichlorodihydro-

fluorescein diacetate (DCFH-DA) assay. Briefly, RAW 264.7 cells (1 × 105 cells/ml) were seeded in the culture dish and treated with 
LPS (1 μg/ml) followed by incubation with varying concentration of CZEO (12.5 and 100 μg/ml) for 24 h in a humidified atmosphere. 
After 24 h of incubation, cells were exposed to DCFH-DA for 30 min. Thereafter media was discarded and the cells were washed twice 
with cold PBS followed by centrifugation. Then the cell pellets were suspended in DMSO and the level of reactive oxygen species was 
visualized under a fluorescent microscope. 

2.4.8. Measurement of mitochondrial membrane potential 
RAW 264.7 cells (1 × 105 cells/ml) were grown in a culture dish for 24 h. Mitochondrial membrane potential in RAW 264.7 cells 

was assessed using JC-1 dye. Initially cells were treated with LPS (1 μg/ml) followed by treatment with different doses of CZEO (12.5 
and 100 μg/ml) and was incubated for another 24 h. Then the cells were rinsed with PBS, stained with 1 μg/ml of JC-1 dye for 30 min 
and kept at 37 ◦C. Then the cells were observed under a fluorescent microscope. 

2.4.9. NF-kB nuclear translocation 
RAW 264.7 cells (1 × 105 cells/ml) were plated in well plate and incubated in 5 % CO2 incubator for 24 h. Cells were induced with 

LPS (1 μg/ml) except in untreated well and kept for 2 h before CZEO treatment. Then the cells were treated with the required con-
centrations of CZEO and incubated for another 24 h in a humidified incubator. After incubation, the culture media were removed and 
rinsed with PBS. Following this, 0.5 ml of BD Cytofix/Cytoperm solution was added. Then the cells were washed and immune stained 
with 10 μl of PE Mouse anti-NFkB p65 antibody, followed by counterstaining with 100 μl of 1 μg/ml DAPI solution. Cells were 
visualized under the confocal laser scanning microscope ZEISS LSM 880 (Carl Zeiss, Oberkochen, Germany) and expression of NFkB- 
p65 was measured in Image J software. 

2.4.10. RNA extraction and reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) analysis 
RAW 264.7 cells were seeded as described above. The cells were exposed to LPS (1 μg/ml) to induce inflammation, followed by 

treatment with varying concentrations of CZEO (12.5 and 100 μg/ml) and incubated for 24 h. The RNA extraction was performed using 
RNeasy kit (Qiagen, Chatsworth, CA, USA) and synthesis of cDNA was performed using the iScript cDNA synthesis kit (Bio-Rad 
Laboratories, Hercules, CA, USA). The expression analysis was done in Qiagen RotorGene Q 5 plex HRM using the SYBR Green. The 
PCR conditions were set to 40 cycles and the reaction conditions were as follows: initial denaturation at 95 ◦C for 5 min, denaturation 
at 95 ◦C for 10 s, annealing at 60 ◦C for 20 s and extension at 72 ◦C for 20 s. Each gene relative expression was calculated using 2-ΔΔCt 
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method compared to β-actin. The primers sequence used are listed in Table 1. 

2.5. Statistical analysis 

The data obtained are mean ± SD of three independent experiments. Statistical significance analysis was performed using analysis 
of variance (ANOVA) followed by Tukey’s test using GraphPad Prism software. 

3. Results 

3.1. Chemical constituents of CZEO by GC-MS 

The bark essential oil of Cinnamomum zeylanicum (CZEO) was pale yellow with an oil yield of 0.4 (%v/w) on a dry weight basis. A 
total of 57 constituents were detected, accounting for 95.54 % of total bark oil (Table 2). The major compounds were (E)-Cinna-
maldehyde (33.31 %), Eugenol (11.37 %), Benzyl benzoate (11.22 %), Camphor (7.96 %) and Linalool (4.72 %) (Fig. 2). The phy-
toconstituents of CZEO were classified broadly into eight groups such as phenylpropanoids (46.88 %) followed by oxygenated 
monoterpenes (19.07 %), benzenoids (14.34 %), oxygenated sesquiterpenes (7.09 %), monoterpene hydrocarbons (3.63 %), sesqui-
terpene hydrocarbons (3.58 %), oxygenated diterpene (0.19 %) and others (0.76 %). 

3.2. Screening of bioactive constituents and acquisition of compound and inflammation-related targets 

The chemical constituents identified by GC-MS were screened for their drug-likeness properties by following Lipinski’s rule and 
Abbott Bioavailability score. Lipinski’s rule states that the molecular weight of a compound should be less than 500 amu, H-bond donor 
should be less than 10, H-bond acceptor should be less than 5, lipophilicity value should be less than 5. Abbott bioavailability score 
should be greater than 0.5 for an orally active drug. Out of 57 constituents identified from GC-MS analysis, 52 were screened as 
bioactive constituents as they passed the above criteria (Table 3). Then, the bioactive constituents were subjected to acquire compound 
targets from public databases. A total of 1057 predicted targets for CZEO were identified by Swiss Target Prediction (STP) and 
Similarity Ensemble Approach (SEA) database, respectively. The Venn diagram-based analysis revealed the presence of 335 common 
targets between STP and SEA database. A total of 488 and 284 targets were screened from Genecards (targets with relevance score >10 
were only included) and OMIM database, respectively. 246 intersectional targets were obtained. Subsequently, 526 targets were 
considered as anti inflammation-related therapeutic targets. Thereafter, compound-disease intersecting targets were obtained by 
intersecting compound targets and disease targets genes using Venny 2.1.0 online tool. A total of 124 common intersecting targets 
were obtained (Fig. 3A). 

3.3. Compound target network analysis 

Cytoscape 3.9.1 software was used to visualize and correlate the interlink between compounds and targets used in treating 
inflammation by constructing a compound-target disease network. The network consists of 177 nodes interacting through 1125 edges 
(Fig. 3B). This pharmacological network indicates that one compound can target multiple genes. In order to determine the significant 
key components among the detected constituents, constituents were filtered on the basis of the degree value. Seven hub compounds 
were selected based on their degree value, including hydrocinnamyl acetate (degree-50), benzyl benzoate (degree-50), ethyl cinna-
mate (degree-44), benzyl cinnamate (degree-37), cinnamic acid (degree-32), α-muurolene (degree-31) and hexadecanoic acid (degree- 
31) (Table 4). 

Table 1 
Primer sequences used for qRT-PCR analysis.  

Gene Primer Sequence (5′-3′) 

β-actin Forward CATTGCTGACAGGATGCAGAAGG 
Reverse TGCTGGAAGGTGGACAGTGAGG 

TLR4 Forward CCCTGAGGCATTTAGGCAGCTA 
Reverse AGGTAGAGAGGTGGCTTAGGCT 

IL8 Forward GAGAGTGATTGAGAGTGGACCAC 
Reverse CACAACCCTCTGCACCCAGTTT 

IL6 Forward AGACAGCCACTCACCTCTTCAG 
Reverse TTCTGCCAGTGCCTCTTTGCTG 

NFkB Forward GCAGCACTACTTCTTGACCACC 
Reverse TCTGCTCCTGAGCATTGACGTC 

TNF Forward CTCTTCTGCCTGCTGCACTTTG 
Reverse ATGGGCTACAGGCTTGTCACTC  
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Table 2 
Chemical characterization of Cinnamomum zeylanicum bark essential oil RIexp: Retention indices calculated 
on the basis of homologous n-alkane series (C8–C20) on an Elite-5 MS column. RIlit: Retention indices pub-
lished in literature (Adams, 2007). 
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3.4. Protein-protein interaction analysis of intersecting targets 

One hundred twenty-four common intersecting targets were imported into the STRING database by setting the confidence level 
score as high (0.7) and removing the disconnected nodes. After de-weighting, the targets were imported into Cytoscape 3.9.1 software, 
and PPI network diagram was obtained with 124 nodes and 1522 edges (Fig. 3C). The topological screening of protein-protein 
interaction analysis of the network was done using Cytohubba plugin on the basis of degree centrality. The top 6 proteins were 
TNF, IL6, TLR4, STAT3, IL8 and NFkB (Fig. 3D). 

3.5. GO enrichment and KEGG pathway analysis 

Gene ontology (GO) analysis of 124 intersecting targets was carried out to understand the core targets involved in cellular 
component (CC), molecular function (MF), and biological process (BP). A total of 127 GO terms were considerably enriched, including 
95 in BP, 16 in CC and 16 in MF, respectively. The top 10 terms of BP, CC, and MF were obtained at a threshold cutoff of p < 0.05 and 
FDR<0.01, respectively (Fig. 4A). The results showed that all 124 intersecting targets were associated with biological processes (BP) 
such as inflammatory response, positive regulation of transcription from RNA polymerase II promoter, signal transduction, positive 
regulation of gene expression etc. In terms of molecular function, the targets were associated in protein binding, zinc ion binding, 
enzyme binding, ATP binding etc. The core genes enriched with cellular component (CC) were mainly related to plasma memebrane, 
cytoplasm, cytosol, integral component of plasma membrane etc. In KEGG enrichment analysis, we obtained 193 signalling pathways 
at a threshold value of p < 0.05 and FDR<0.01 (Fig. 4B). The dot plot diagram was used to represent the top 20 pathways linked to 
inflammation based on their –logP value. The most significant KEGG pathways related to inflammation were TNF signalling pathway, 
Toll-like receptor pathway and IL-17 signalling pathway. To further analyse the mechanism by which key targets are associated with 
the anti-inflammatory effect of CZEO, targets were uploaded in KEGG mapper for significant pathway analysis. The predictive targets 
of most representative inflammatory signalling pathway namely Toll-like receptor pathway was shown in Fig. 5, which demonstrated 
the involvement of 19 genes through PI3K-Akt signalling pathway, NF-kappa B signalling pathway, MAPK signalling pathway and JAK- 
STAT signalling pathway. 

3.6. Molecular docking and molecular dynamics simulation 

Molecular docking was carried out to measure the binding affinity of active constituents of CZEO and the hub target genes. Seven 
active constituents (hydrocinnamyl acetate, benzyl benzoate, ethyl cinnamate, benzyl cinnamate, cinnamic acid, α-muurolene and 
hexadecanoic) acid and six target proteins (TNF, IL6, TLR4, STAT3, IL8, and NFKB) were selected from network screening having high 
degree scores. The Pyrx software was employed for molecular docking. A higher negative docking score indicates a stronger binding 
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affinity between protein and ligand. The molecular docking results were presented as heat map, as depicted in Fig. 6A. 
The binding affinities of target proteins with their active constituents and co-crystalized ligands/inhibitors are demonstrated in 

Table 5. It can be seen from Fig. 6A that benzyl benzoate with IL8 showed highest binding affinity of free binding energy − 6.4 kcal/ 
mol. This interaction was attributed to van der Waals forces with SER42, LEU47, TYR11 as well as hydrophobic interactions with 
ARG45, ASP43, PHE19, LEU41 and PHE15 residues of IL8 (Fig. 6B). Previously reparixinx-IL8 complex also displayed pi-pi stacking 
with PHE19 and alkyl interaction with LEU41 in agreement with the current study [26]. Additionally, we also discovered that benzyl 
cinnamate also exhibited good binding affinity towards STAT3 (− 6.1 kcal/mol) by forming van der Waals interactions at ASP371, 
ASP369, VAL490, LEU436, HIS437, SER381, ARG382 and hydrophobic interactions at LYS383 residues of STAT3. Resveratrol 
interacted with STAT3 at the binding pocket by forming bonds with ASP369, LEU436, HIS437, SER381 amino acid residues in 
agreement with our study [27]. Similarly, α-muurolene interacted with STAT3 by forming van der Waals forces at LYS290, SER2922, 
TYR293, LEU207, PHE172, ASP173 and hydrophobic interactions at VAL291, TYR176, LYS177 residues of STAT3 having free binding 
energy of − 6.1 kcal/mol. 

Although molecular docking is a rapid and effective method for determining ligand-protein binding within a protein’s active site, it 
overlooks the conformational stability that occurs during the interaction between the protein and ligand. In order to address this 
limitation, molecular dynamics (MD) simulation was employed for the docked complex as it will offer a more precise assessment of the 
conformational changes of stability and compatibility of protein-ligand complexes. The root mean square deviation (RMSD), the root 
mean square fluctuation (RMSF), and protein–ligand interactions were generated with the production of 100 ns MD simulations for the 
top ranked docked complex compared to the apo protein. The protein–ligand RMSD plots for the IL8-Benzyl benzoate complex showed 
that RMSD was greater than 3 Å for the first few nanoseconds, increased to 4 Å after a while, and then decreased to 3 Å, where it 
stabilized (Fig. 7A). The fluctuation analysis, quantified as root-mean-square fluctuation (RMSF), revealed maximum fluctuation of 
~4 Å due to the inherent flexibility of N and C terminal loop residues. Active site residue involved in the interactions showed the least 
RMSF fluctuation (~1.5 Å) throughout the simulation (Fig. 7B). The hydrogen-bond, hydrophobic contact, and ionic interaction are 
shown in interaction fraction in the Y-axis and the residues that aid in interaction are displayed in X-axis. While minor fluctuations in 
the Benzyl benzoate-IL8 interaction were noted during the simulation (Fig. 7C), crucial bonds established in the initial ligand-docked 
compounds remained consistent throughout. Through protein-ligand contact analysis, it was found that the residues Tyr11, Phe15, 
Phe19, Leu41, and Leu47 were responsible for hydrophobic contacts with benzyl benzoate, among which Tyr11, Phe15, Phe19 were 
the most accountable ones at 0.25 ns, 0.25 ns and 0.23 ns fractions of the interaction time, respectively. Arg45 was responsible for the 
highest water bridging at ns, while, on the other hand, Tyr11, Ser42, Asp43, and Arg45 were responsible for H-bonding contacts. The 
IL8-Benzyl benzoate exhibited stable dynamics as revealed by parameters RMSD, RMSF and intermolecular interactions. 

3.7. CZEO did not affect the cell viability and morphology of RAW 264.7 cells 

The cytotoxicity of CZEO on RAW 264.7 cells was measured using MTT assay. The result revealed that CZEO did not exhibit any 
cytotoxicity even at a dose of 100 μg/ml as more than 85 % of RAW 264.7 cells were viable (Fig. 8A). Therefore CZEO concentrations 
below 100 μg/ml were selected for subsequent assays. As observed in the untreated cells, the cell morphology generally showed a 
round and regular form (Fig. 8B). The treatment of RAW 264.7 cells with CZEO up to a concentration of 100 μg/ml did not exhibit 
much cell spreading and pseudopodia formation, indicating that most of the cells were viable. The results proposed that CZEO did not 
affect the viability and morphology of RAW 264.7 cells. 

Fig. 2. Total ion chromatogram of Cinnamomum zeylanicum bark essential oil.  
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3.8. CZEO treatment decreased the LPS-induced increase in nitric oxide (NO) and prostaglandin-E2 (PGE2) levels in RAW 264.7 cells 

The inhibitory effect of CZEO on nitrite production in LPS-activated RAW 264.7 cells was evaluated using the Griess reagent. The 
result displayed a dose-dependent decrease in nitric oxide production in RAW 264.7 cells on treatment with varying concentrations of 
CZEO (Fig. 9A). LPS (1 μg/ml) stimulation elevated the level of NO significantly (#p < 0.05) in RAW 264.7 cells compared to the 
untreated group. However, exposure to different concentrations of CZEO significantly decreased nitric oxide levels in a concentration- 
dependent manner. 

To explore the role of CZEO on PGE2 production levels, RAW 264.7 cells were treated with LPS (1 μg/ml) for 2 h followed by 
treatment with CZEO for 24 h. Stimulation of RAW 264.7 cells with LPS (1 μg/ml) led to an inflammatory condition which led to a 

Table 3 
Drug likeness properties of the 52 screened compounds in Cinnamomum zeylanicum essential oil.  

S. 
No. 

Compound Lipinski’s rule Abbott 
bioavailability 
Score (>0.5) 

Lipinski 
Violation 

Drug 
likeness 

MW (≤500) (g/ 
mol) 

MLOGP 
(<4.15) 

HBA 
(<10) 

HBD 
(<5) 

1 α-Thujene 136.23 4.29 0 0 0.55 1 Pass 
2 α-Fenchene 136.23 4.29 0 0 0.55 1 Pass 
3 Benzaldehyde 106.12 1.45 1 0 0.55 0 Pass 
4 β-Pinene 136.23 4.29 0 0 0.55 1 Pass 
5 α-Phellandrene 136.23 3.27 0 0 0.55 0 Pass 
6 α-Terpinene 136.23 3.27 0 0 0.55 0 Pass 
7 ρ-Cymene 134.22 4.47 0 0 0.55 1 Pass 
8 β-Phellandrene 136.23 3.27 0 0 0.55 0 Pass 
9 Salicylaldehyde 122.12 0.79 2 1 0.55 0 Pass 
10 Linalool 154.25 2.59 1 1 0.55 0 Pass 
11 α-Campholenal 152.23 2.2 1 0 0.55 0 Pass 
12 Camphor 152.23 2.3 1 0 0.55 0 Pass 
13 (Z)-Non-3-en-1-ol 142.24 2.39 1 1 0.55 0 Pass 
14 Borneol 154.25 2.45 1 1 0.55 0 Pass 
15 cis-Linalool oxide 170.25 1.38 2 1 0.55 0 Pass 
16 ρ-Cymen-8-ol 150.22 2.49 1 1 0.55 0 Pass 
17 Cryptone 138.21 1.89 1 0 0.55 0 Pass 
18 γ-Terpineol 154.25 2.3 1 1 0.55 0 Pass 
19 Hydrocinnamyl alcohol 136.19 2.19 1 1 0.55 0 Pass 
20 Nerol 154.25 2.59 1 1 0.55 0 Pass 
21 o-Anisaldehyde 136.15 1.12 2 0 0.55 0 Pass 
22 (E)-Cinnamaldehyde 132.16 2.01 1 0 0.55 0 Pass 
23 (E)-cinnamyl alcohol 134.18 2.1 1 1 0.55 0 Pass 
24 Eugenol 164.2 2.01 2 1 0.55 0 Pass 
25 Hydrocinnamyl acetate 178.23 2.58 2 0 0.55 0 Pass 
26 Methyl eugenol 178.23 2.3 2 0 0.55 0 Pass 
27 β-Caryophyllene 204.35 4.63 0 0 0.55 1 Pass 
28 Ethyl Cinnamate 176.21 2.49 2 0 0.55 0 Pass 
29 (E)-Cinnamyl acetate 176.21 2.49 2 0 0.55 0 Pass 
30 (E)-Cinnamic acid 148.16 1.9 2 1 0.85 0 Pass 
31 (E)-Methyl isoeugenol 178.23 2.3 2 0 0.55 0 Pass 
32 α-Muurolene 204.35 4.63 0 0 0.55 1 Pass 
33 2-Methoxy- 

cinnamaldehyde 
162.19 1.66 2 0 0.55 0 Pass 

34 α-Calacorene 200.32 5.36 0 0 0.55 1 Pass 
35 cis-3-Hexenyl benzoate 204.26 3.31 2 0 0.55 0 Pass 
36 Caryophyllene oxide 220.35 3.67 1 0 0.55 0 Pass 
37 Spathulenol 220.35 3.67 1 1 0.55 0 Pass 
38 Globulol 222.37 3.81 1 1 0.55 0 Pass 
39 Viridiflorol 222.37 3.81 1 1 0.55 0 Pass 
40 Sesquithuriferol 222.37 3.81 1 1 0.55 0 Pass 
41 (Z)-Asarone 208.25 1.97 3 0 0.55 0 Pass 
42 α-Muurolol 222.37 3.67 1 1 0.55 0 Pass 
43 1-epi-cubenol 222.37 3.67 1 1 0.55 0 Pass 
44 α-Cadinol 222.37 3.67 1 1 0.55 0 Pass 
45 Agarospirol 222.37 3.67 1 1 0.55 0 Pass 
46 Himachalol 222.37 3.67 1 1 0.55 0 Pass 
47 7-epi-α-Eudesmol 222.37 3.67 1 1 0.55 0 Pass 
48 Benzyl benzoate 212.24 3.41 2 0 0.55 0 Pass 
49 trans-Farnesyl acetate 264.4 4.14 0 9 0.55 1 Pass 
50 Phytol 296.53 5.25 1 1 0.55 1 Pass 
51 Hexadecanoic acid 256.42 4.19 2 1 0.85 1 Pass 
52 Benzyl cinnamate 238.28 3.57 2 0 0.55 0 Pass 

HBA: Hydrogen bond acceptor, HBD: Hydrogen bond donor, MLOGP: Moriguchi octanol-water partition coefficient. 
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significant increase (#p < 0.05) in the level of PGE2 production compared to the untreated group (Fig. 9B). This rise in PGE2 levels was 
remarkably reduced after treating the cells with CZEO at concentrations of 12.5 μg/ml and 100 μg/ml by 1.03-fold and 4.30-fold, 
respectively. 

3.9. CZEO treatment decreased the LPS-induced increase in pro-inflammatory cytokines levels in RAW 264.7 cells 

RAW 264.7 cells express IL-6, IL-1β and TNF-α in response to LPS stimulation. Therefore, it was determined if CZEO had any in-
fluence on the expression of inflammatory cytokines in LPS-induced RAW 264.7 cells. The levels of IL-1β, IL-6 and TNF-α significantly 
(#p < 0.05) increased from 27.31 to 417.98 pg/ml, 33.50–358.71 pg/ml and 780.93–2447.48 pg/ml, respectively after treatment of 
RAW 264.7 cells with LPS (1 μg/ml). Treatment of CZEO at concentrations of 12.5 and 100 μg/ml effectively inhibited the expression 
level of IL-1β by 6.56 % (1.07-fold) and 81.21 % (5.3-fold), IL-6 by 23.38 % (1.3-fold) and 81.13 % (5.3-fold), TNF-α by 42.85 % (1.7- 
fold) and 81.54 % (5.4-fold), respectively (Fig. 10A–C). 

3.10. CZEO treatment increased LPS-induced decrease in endogenous antioxidant levels in RAW 264.7 cells 

The antioxidation system includes antioxidant enzymes, which are crucial in lowering ROS levels. Cells were stimulated with LPS, 
followed by exposure to different doses of CZEO. LPS stimulation reduced SOD, CAT, GPx and GSH levels in RAW 264.7 cells. In 
contrast to LPS-treated cells, however, treatment with CZEO at doses of 12.5 and 100 μg/ml dramatically increased the SOD level by 
1.86 and 7.55 fold, respectively (Fig. 11A). The basal levels of GSH were increased by 1.5 and 3.32 fold (Fig. 11B), CAT by 4.2 and 12.8 
fold (Fig. 11C), and GPx by 1.3 and 6 fold (Fig. 11D), respectively, when cells were treated with CZEO at doses of 12.5 and 100 μg/ml. 

3.11. CZEO treatment decreased LPS-induced increase in ROS level in RAW 264.7 cells 

The antioxidant activity conferred by CZEO in LPS-treated RAW 264.7 cell is associated with a reduction in intracellular ROS 
generation, which was assessed using oxidation-sensitive probe 2′,7′-dichlorodihydrofluorescein di-acetate (DCFH-DA) by flow 
cytometry (Fig. 12A). RAW 264.7 cells treated with LPS led to a significant (#p < 0.05) increase in the intracellular ROS level as 
compared to the untreated group, which was effectively attenuated by treating with CZEO in a dose-dependent manner (Fig. 12B). 

Fig. 3. Compound target network and protein protein interaction (PPI) analysis. (A) Venn diagram representing 124 targets of CZEO against 
inflammation. (B) Compound-target network constructed using Cytoscape version 3.9.1. Pink diamonds represent hub compound with highest 
degree values and orange arrows represent targets. (C) Protein protein interaction network of 124 common targets resulted from STRING database 
containing 124 nodes and 1522 edges. (D) Topological screening of PPI network representing 6 hub genes. 
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3.12. CZEO treatment protected mitochondrial membrane potential from LPS induced depolarization in RAW 264.7 cells 

To investigate the role of CZEO on LPS-mediated mitochondrial membrane damage, RAW 264.7 macrophages were treated with 
mitochondrial-membrane probe JC-1 dye and observed under microscope. Intact mitochondrial membrane potential caused the JC-1 
to fluoresce green and damaged membrane potential caused the JC-1 to fluoresce red. This depletion in mitochondrial membrane 
potential was significantly restored when RAW 264.7 cells were treated with CZEO at concentrations of 12.5 and 100 μg/ml, 
respectively (Fig. 13A–D). 

Table 4 
Active constituents of Cinnamomum zeylanicum essential oil based on degree centrality. 
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3.13. CZEO treatment inhibited NF-kB translocation to the nucleus in LPS induced RAW 264.7 cells 

The ability of CZEO to inhibit NF-kB translocation from the cytoplasm into the nucleus was investigated using confocal microscopy 
(Fig. 14A). After treatment with essential oil, RAW 264.7 cells were immunostained with anti-NFkB p65 antibody followed by 
counterstaining with DAPI solution. The mean fluorescence intensity of NF-kB p65 was increased by 2.2-fold in RAW 264.7 cells after 
addition of LPS, whereas a dose-dependent increase of CZEO gradually decrease the nuclear NF-kB fluorescence intensity in LPS- 
stimulated RAW 264.7 cells (Fig. 14B). 

Fig. 4. Pathway enrichment analysis of hub targets. (A) Gene Ontology enrichment analysis of top 10 biological processes, cellular components and 
molecular functions represented in red, green and blue bars respectively. (B) Bubble plot diagram of KEGG enrichment analysis of top 20 pathways 
where X-axis and Y-axis represent fold enrichment and names of pathways, respectively. The size and color of each bubble corresponds to number of 
enriched genes and p value. 

Fig. 5. Toll-like receptor signaling pathway. Red rectangles represent the hub targets.  
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3.14. CZEO exert anti-inflammatory effect by modulating toll-like receptor pathway in RAW 264.7 cells 

It was observed from network pharmacology analysis that CZEO exert anti-inflammatory effect by modulating Toll-like receptor 
pathway. Therefore we investigated the effect of CZEO on down-stream target genes involved in Toll-like receptor pathway by 
assessing their mRNA expression levels using RT-qPCR. RAW 264.7 cells were treated with LPS (1 μg/ml) followed by treatment with 
CZEO (12.5 and 100 μg/ml) and incubated for 24 h. In LPS stimulated RAW 264.7 cells, CZEO treatment reduce the mRNA expression 
level of TLR4, IL8, IL6, NFkB and TNF in a dose dependent manner compared to that of LPS treated group (Fig. 15A–E) 

4. Discussion 

Inflammation has been linked to the development and progression of various chronic diseases [28,29]. The adverse reactions 
caused by long-term usage of non-steroidal anti-inflammatory drugs (NSAIDs) and steroidal anti-inflammatory drugs (SAIDs) are 
gradually increasing and garnering public attention. In recent years, there has been a growing evidence that herbal medicines 
significantly reduce inflammation [13]. The bark of Cinnamomum zeylanicum is used in herbal medicines for treating inflammation and 
pain [30]. Previous research has shown that Cinnamomum zeylanicum essential oil possesses anti-inflammatory properties [19,31], 
however, its molecular mechanism remains unelucidated. Therefore, network pharmacology in combination with in vitro assays was 
applied to identify the effective constituents, molecular targets and to explore the potential mechanism of Cinnamomum zeylanicum 
essential oil in treating inflammation. 

In this study, a total of 57 constituents were identified by GC-MS analysis, including phenylpropanoids, oxygenated monoterpenes, 
monoterpene hydrocarbons, benzenoids, sesquiterpene hydrocarbons, oxygenated sesquiterpenes, and diterpenoids. Numerous 
studies have revealed that phenylpropanoids, including cinnamaldehyde, cinnamic acid, and methyl eugenol, inhibit tissue inflam-
mation and modulate signalling pathways involved in the inflammatory response [32–35]. Cinnamaldehyde has been reported to 
possess anti-inflammatory, anti-microbial, anti-diabetic properties [18]. E-Cinnamladehyde and O-methoxy cinnamaldehyde has been 
shown to display potent anti-inflammatory activity by inhibiting the production of LPS + IFN-γ induced NO and TNF-α in RAW 264.7 
and J774A.1 cells. Certain major constituents like coumarin and cinnamyl alcohol which were present in bark extracts of Cinnamomum 
zeylanicum were not detected in the essential oil [36]. This might be due to the fact that compounds present in essential oil are mostly 
volatile constituents, whereas that in extracts are usually non-volatile compounds. It is imperative to carry out pharmacokinetic 
parameter screening of herbal medicine to obtain active constituents [37]. After screening compounds for drug-likeness (Lipinski’s 
rule) and bioavailability score (Abbott), 52 active compounds were retrieved. The compound target disease network was then con-
structed using Cytoscape software, which revealed hydrocinnamyl acetate (degree-50), benzyl benzoate (degree-50), ethyl cinnamate 
(degree-44), benzyl cinnamate (degree-37), cinnamic acid (degree-32), α-muurolene (degree-31), and hexadecanoic acid (degree-31) 
to exhibited higher degree values than other constituents. We found that the important component of Cinnamomum zeylanicum 
essential oil, such as benzyl benzoate plays a crucial role in alleviating skin inflammation in patients suffering from rosacea and 
demodicosis [38,39]. Anti-inflammatory property of ethyl cinnamate using albumin denaturation activity has also been studied [40]. 
Cinnamic acid has shown vasodilative property activity in human umbilical vein endothelial cells by modulating nitric 
oxide-cGMP-PKG pathway [41]. Benzyl cinnamate has been reported to possess a myriad of bioactivities, such as anti-inflammatory, 
anti-cancer, anti-ultraviolet radiation, and anti-fungal effects [42,43]. Hexadecanoic acid acts as an anti-inflammatory agent by 
inhibiting the activity of phospholipase A2 [44]. 

The PPI network of gene targets for Cinnamomum zeylanicum essential oil in treating inflammation was established based on the 

Fig. 6. Molecular docking analysis of core constituents of CZEO with hub targets. (A) Heat map showing binding affinities between hub targets with 
probable drug ligands. (B) Molecular docking simulation showing interaction between protein and ligand of highest binding affinity i.e. IL8 with 
benzyl benzoate. 
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compound and inflammatory target network with 124 intersecting genes. Using the degree algorithm of the CytoHubba plug-in, 6 hub 
genes, namely TNF, IL6, TLR4, IL8, STAT3 and NFKB with the highest degree values were identified. The docking results of these 
targets also revealed that the compounds had a high binding affinity for them. TNF-α plays a critical role in accelerating wound healing 
and excessing inflammation by impairing leukocyte recruitment and NFkB activation [45]. Toll-like receptor 4 (TLR4) pathway is a 
promising strategy to target several pathologies, including arteriosclerosis, rheumatoid arthritis, neuroinflammation, trauma and 
haemorrhage [46]. IL6 inhibition has effectively prevented inflammation, as tested in various chronic inflammatory disease models 
such as colitis and arthritis [47]. A key player in the pathogenesis of lung inflammatory illness is the pro-inflammatory cytokine IL-8, 
which attracts neutrophils to the site of inflammation [48]. Signal transducer and activator of transcription (STAT3) plays a central 
role in the host’s response to injury by maintaining homeostasis [49]. NF-kB is a pleiotropic transcription factor activated in response 
to foreign stimuli and is involved in immune response, inflammation, cellular proliferation, differentiation and survival [50,51]. The 
docking results of the identified targets also revealed that Cinnamomum zeylanicum essential oil compounds have a good binding af-
finity for these genes, further supporting their potential use as anti-inflammatory agents. Overall, these findings suggest that Cinna-
momum zeylanicum essential oil may be a promising natural remedy for inflammatory diseases, potentially targeting multiple targets 
and pathways simultaneously. 

The GO enrichment analysis proposed that the intersecting genes were involved in several biological processes, such as inflam-
matory response, positive regulation of transcription from RNA polymerase II promoter, signal transduction, positive regulation of 

Table 5 
Binding affinities of target proteins with active constituents and co-crystalized ligands/inhibitors.  

Protein Compounds Binding affinity (kcal/mol) 

TNF (PDB ID: 2AZ5) Hydrocinnamyl acetate − 4.7 
Benzyl benzoate − 5.6 
Ethyl cinnamate − 4.9 
Benzyl cinnamate − 5.9 
Cinnamic acid − 5.1 
α-Muurolene − 5.7 
Hexadecanoic acid − 5.6 
3-phenyl-propenal − 4.7 

IL6 (PDB ID: 1ALU) Hydrocinnamyl acetate − 4.8 
Benzyl benzoate − 5.9 
Ethyl cinnamate − 4.8 
Benzyl cinnamate − 5.6 
Cinnamic acid − 4.9 
α-Muurolene − 6 
Hexadecanoic acid − 4.2 
L(+)-TARTARIC ACID − 4.7 

TLR4 (PDB ID: 2Z63) Hydrocinnamyl acetate − 4.6 
Benzyl benzoate − 4.9 
Ethyl cinnamate − 4.9 
Benzyl cinnamate − 5.4 
Cinnamic acid − 5 
α-Muurolene − 5.7 
Hexadecanoic acid − 3.6 
TLR4-IN-C34 − 4.9 

STAT3 (PDB ID: 6NJS) Hydrocinnamyl acetate − 4.5 
Benzyl benzoate − 5.8 
Ethyl cinnamate − 4.8 
Benzyl cinnamate − 6.1 
Cinnamic acid − 5.2 
α- muurolene − 6.1 
Hexadecanoic acid − 4.6 
KQV − 9.3 

IL8 (PDB ID: 6N2U) Hydrocinnamyl acetate − 5.6 
Benzyl benzoate − 6.4 
Ethyl cinnamate − 5.3 
Benzyl cinnamate − 5.4 
Cinnamic acid − 5.7 
α-Muurolene − 5.4 
Hexadecanoic acid − 4.7 
Reparixin − 5.6 

NFkB (PDB ID: 1NFI) Hydrocinnamyl acetate − 5.2 
Benzyl benzoate − 6 
Ethyl cinnamate − 5.4 
Benzyl cinnamate − 5.8 
Cinnamic acid − 5.5 
α-Muurolene − 5.6 
Hexadecanoic acid − 4.3 
JSH-23 − 4.9  
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Fig. 7. MD simulation of IL8 and benzyl benzoate complex (A) Protein-ligand RMSD of IL8-benzyl benzoate complex during 100 ns MD simulation 
(B) C-alpha root mean square fluctuation of IL8 during 100 ns MD simulation (C) Histogram of protein-ligand contacts resulted from MD simulation 
of IL8 with benzyl benzoate complex. 

Fig. 8. Protective role of Cinnamomum zeylanicum essential oil (CZEO) on cell viability and morphological alteration in RAW 264.7 cells. (A) 
Cytotoxicity effect of CZEO on RAW 264.7 cells as measured by MTT assay (B) Cells were treated with various concentration of CZEO (12.5–100 μg/ 
ml) for 24 h and the morphology was observed under microscope (scale bar 50 μm). Data are expressed as mean ± SD of three independent 
experiments. 
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gene expression etc, thus suggesting that the anti-inflammatory activity of CZEO is due to modulation of these processes. Immediate 
mediators of the inflammatory response have a specific mechanism that involves RNA polymerase II stalling to facilitate their gene 
activation [52]. Many chronic inflammatory diseases are associated with deregulated intracellular signal transduction pathways [53]. 

KEGG enrichment analysis indicated that TNF signalling pathway, Toll-like receptor signalling pathway and IL-17 signalling 
pathway were the critical signalling pathways involved in inflammation. In the Toll-like receptor signalling pathway, LPS enters the 
host body by interacting with TLR4 and triggers the activation of numerous inflammatory mediators. Therefore, inhibition of TLR 
signalling pathways is an excellent strategy to control inflammation. Previous studies revealed the anti-inflammatory activity of 
several essential oils by down-regulating TLR4/NFkB pathway in LPS-induced RAW 264.7 cells [54,55]. 

Our findings reported that CZEO contains seven core compounds (benzyl benzoate, hydrocinnamyl acetate, ethyl cinnamate, 
benzyl cinnamate, cinnamic acid, α-muurolene, and hexadecanoic acid) that can be linked to six potential target genes (TNF, IL6, 

Fig. 9. Effect of CZEO on LPS-induced nitric oxide (NO) and prostaglandin-E2 (PGE2) production in RAW 264.7 cells. Cells were treated with LPS (1 
μg/ml) for 2 h followed by treatment with CZEO (12.5 and 100 μg/ml) for 24 h. Measurement of (A) NO and (B) PGE2 levels. Data are expressed as 
mean ± SD (n = 3). Statistical significance was measured by using one way analysis of variance followed by Tukey test. #p<0.05 between untreated 
and LPS-treated group; *p < 0.05, **p < 0.01 between LPS and CZEO treated group. 

Fig. 10. Effect of CZEO on LPS-induced pro-inflammatory cytokine expression in RAW 264.7 cells. Cells were treated with LPS (1 μg/ml) for 2 h 
followed by treatment with CZEO (12.5 and 100 μg/ml) for 24 h. Cell-free supernatants were collected to estimate the level of (A) TNF-α, (B) IL-1β 
and (C) IL6 cytokines. Data are expressed as mean ± SD (n = 3). Statistical significance was measured by using one way analysis of variance 
followed by Tukey test. #p < 0.05 between untreated and LPS-treated group; *p < 0.05 and **p < 0.01 between LPS and CZEO treated group. 
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TLR4, IL8, STAT3 and NFKB) related to inflammation. These six potential target proteins associated with seven active compounds 
selected by network pharmacology analysis were further analyzed by molecular docking simulation. This determined the binding pose 
of the active compounds when bound to the target protein, and suggested that the active compounds might have high binding affinity 
for proteins encoded by inflammation-related genes. The molecular docking score indicated that the significant node (benzyl ben-
zoate), which had a high degree obtained from network analysis, had the strongest affinity with probable target genes. Additionally, 
according to prior studies, benzyl benzoate substantially reduces inflammation of the skin [37]. This finding suggests that one or more 
compounds may interact with many target proteins instead of just one molecule and one target protein. Thus, we validated the premise 
that the anti-inflammatory efficacy of CZEO results from the interaction of many active compounds and multiple target genes and/or 
proteins. 

Meanwhile, in vitro assays were performed on LPS-induced RAW 264.7 cells to support the findings revealed by network phar-
macology and to decipher the anti-inflammatory action of CZEO. CZEO did not exhibit cytotoxicity on RAW 264.7 cells, even at a dose 
of 100 μg/ml, as more than 85 % of the cells remained viable. Therefore, concentrations below 100 μg/ml were chosen for subsequent 
assays. Additionally, the NO inhibitory activity of CZEO was tested using the Griess assay. Nitric oxide is a pro-inflammatory mediator 
and is a critical element in the pathophysiology of inflammation [56]. It was observed that CZEO revealed anti-inflammatory prop-
erties by inhibiting nitric oxide (NO) levels. PGE2 is another key inflammatory mediator synthesized via the arachidonic acid meta-
bolism pathway that plays a critical role in the vasodilation of infiltrating leukocytes and the recruitment of macrophages at the 
inflammation site [57]. Numerous studies suggest that uncontrolled generation of pro-inflammatory cytokines like TNF, IL-1β, and 
TNF-α are associated with inflammatory injuries and pathogenesis of inflammation [58,59]. Therefore, in this study, the levels of 
pro-inflammatory cytokines were evaluated after treating LPS RAW 264.7 cells with CZEO. It was observed that CZEO significantly 
suppressed the expression levels of PGE2, IL-6, IL-1β, and TNF-α in RAW 264.7 macrophages compared to the LPS-treated group. 

Another key inflammation factor is oxidative stress created by reactive oxygen species (ROS). ROS functions as a secondary 
messenger in various signalling pathways including apoptosis, inflammation, cell growth [7]. Oxidative stress is defined as a state of 
imbalanced oxidant/anti-oxidant ratio in the body leading to oxidative damage of cellular organelles [9,60]. Excessive ROS destroy 
mitochondrial membrane integrity and lead to the advancement of chronic inflammation [61,62]. Adverse effects exerted by ROS are 
neutralized by a natural antioxidant defence system. A delicate balance between oxidants and antioxidant maintains homeostasis [63]. 
Therefore, in this study, we assessed the level of intracellular ROS and measured the levels of antioxidant enzymes such as SOD, CAT, 
GPx and GSH in LPS-induced RAW 254.7 cells. It was observed that CZEO inhibited LPS-mediated ROS accumulation, restored 
mitochondrial membrane potential and increased the level of antioxidant enzymes in RAW 264.7 cells. 

Intracellular ROS stimulate the secretion of cytokines by activating the NF-kB transcription factor [64]. NF-kB exists as a 

Fig. 11. Effect of CZEO on the endogenous anti-oxidant enzymes in LPS stimulated RAW 264.7 cells. Cells were treated with LPS (1 μg/ml) for 2 h 
followed by treatment with CZEO (12.5 and 100 μg/ml) for 24 h. Antioxidant enzymes including (A) SOD, (B) CAT, (C) GSH, and (D) GPx levels 
were assessed from cell free supernatant. Data are expressed as mean ± SD (n = 3). Statistical significance was measured by using one way analysis 
of variance followed by Tukey test. #p < 0.05 between untreated and LPS-treated group; *p < 0.05 and **p < 0.01 between LPS and CZEO 
treated group. 
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Fig. 12. Change in intracellular ROS levels in LPS stimulated RAW 264.7 cells after treatment with CZEO as measured by flow cytometry. Cells were 
treated with LPS (1 μg/ml) for 2 h followed by treatment with CZEO (12.5 and 100 μg/ml) for 24 h. After incubation cells were incubated with 
DCFH-DA for 30 min. (A) Fluorescence intensity plots of DCF dye in untreated cells (black color) and cells exposed to LPS (red color) and then 
treated with 12.5 μg/ml of CZEO (green color) and 100 μg/ml of CZEO (blue color). The probe DCFH-DA was incubated in cells for 30 min. (B) 
Quantitative analysis represented as relative fluorescence intensity of each treated group. Data are expressed as mean ± SD (n = 3). Statistical 
significance was measured by using one way analysis of variance followed by Tukey test. #p < 0.05 between untreated and LPS-treated group; *p <
0.05 and **p < 0.01 between LPS and CZEO treated group. 

Fig. 13. Analysis of change in mitochondrial membrane potential in LPS stimulated RAW 264.7 cells after treatment with CZEO as measured by 
flow cytometry using JC-1 assay. Cells were treated with LPS (1 μg/ml) for 2 h followed by treatment with CZEO (12.5 and 100 μg/ml) for 24 h. 
After incubation cells were stained with JC-1 dye for 30 min. Data are presented as dot plot of JC-1 red fluorescence representing healthy mito-
chondria (Y-axis) against JC-1 green fluorescence representing damaged mitochondria (X-axis). (A) Untreated group (B) LPS treated group (C) CZEO 
treated group (12.5 μg/ml) (D) CZEO treated group (100 μg/ml). 
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heterodimeric complex of p50 and p65 subunits and LPS stimulation can induce the transcriptional activity of NF-kB p65 by promoting 
its nuclear translocation. NF-kB remains in inactive cytoplasmic form by binding with the inhibitory protein IkB. Upon LPS stimu-
lation, p65 subunit is separated, and IkB undergoes phosphorylation and degradation, thereby translocating activated NF-kB p65 into 
the nucleus and resulting in the release of cytokines [65,66]. Therefore, in the current study, we assessed the effect of CZEO on NF-kB 
p65 nuclear translocation. The results revealed that CZEO effectively inhibited the nuclear translocation of NF-kB p65 in a 
dose-dependent manner. The current finding is in agreement with the result reported by another researcher, who also demonstrated 
another key Cinnamomum species i.e. Cinnamomum subavenium essential oil to exert an anti-inflammatory effect in 
carrageenan-induced paw edema mouse model by antagonizing the transcriptional activity of NF-κB [67]. 

Additionally, RT-qPCR analysis was carried out to understand the role of CZEO on the mRNA expression level of downstream target 
genes involved in Toll-like receptor pathway in RAW 264.7 cells. The results of RT-qPCR implied that CZEO treatment downregulated 
the mRNA expression of TLR4, IL8, IL6, TNF and NFkB that were upregulated after treating RAW 264.7 cells with LPS, thereby 
suggesting that CZEO could alleviate inflammation in RAW 264.7 cells mainly via Toll-like receptor signalling pathway. 

5. Conclusions 

In summary, a combination of network pharmacology and experimental assays was carried out to systematically validate the active 
constituents of CZEO and its multitarget and multi-pathway characteristics in the process of treating inflammation. The key targets 
predicted from network pharmacology were verified in the LPS-induced RAW 264.7 inflammation model. The present study showed 
that CZEO could alleviate inflammation in RAW 264.7 cells mainly via toll like receptor signalling pathway. Hydrocinnamyl acetate, 
benzyl benzoate, ethyl cinnamate, benzyl cinnamate, cinnamic acid, α-muurolene and hexadecanoic acid may be the key active 
constituents behind the anti-inflammatory effect of CZEO. However, we still have a limited understanding of how these active com-
pounds induce a protective effect on LPS induced inflammation. Secondly, because the current study was based on network phar-
macology and in vitro assays, further experiments on animal models are still needed to validate the anti-inflammatory activity of CZEO. 
Thirdly, some compounds of CZEO have been detected by GC-MS and this may produce bias in our study. Overall, the obtained results 
suggested that CZEO might be used as a promising therapeutic agent for treating inflammation-related disorders. 

Fig. 14. Effect of CZEO on LPS induced nuclear translocation of NF-kB p65 in RAW 264.7 cells. Cells were treated with LPS (1 μg/ml) for 2 h 
followed by treatment with CZEO (12.5 and 100 μg/ml) for 24 h. (A) Representative confocal images of NF-kB p65 nuclear translocation in RAW 
264.7 cells in different treated groups. RAW 264.7 cells are stained with DAPI (blue color) and immunolabelled for NFkB p65 (red color). Bar 
represents 50 μm (B) Quantitative analysis represented as relative mean fluorescence intensity of NF-kB p65 of each treated group. Data are 
expressed as mean ± SD (n = 3). Statistical significance was measured by using one way analysis of variance followed by Turkey test. #p < 0.01 
between untreated and LPS treated group; **p < 0.01 between LPS and CZEO treated group. 
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Fig. 15. Effect of CZEO on expression level of downstream genes involved in Toll like receptor pathway. mRNA expression of (A) TLR4 (B) IL8 (C) 
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100 μg/ml) for 24 h. Data are expressed as mean ± SD (n = 3). Statistical significance was measured by using one way analysis of variance followed 
by Tukey test. #p < 0.05 between untreated and LPS treated group; nsp>0.05, *p < 0.05 and **p < 0.01 between LPS and CZEO treated group. 
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OMIM Online Mendelian Inheritance in Man 
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IL8 Interleukin 8 
NFκB Nuclear factor kappa B 
STAT3 Signal Transducer and Activator of Transcription Factor 3 
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DMEM Dulbecco’s Modified Eagle Medium 
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DMSO Dimethyl sulfoxide 
NO Nitric oxide 
PGE2 Prostaglandin E2 
ELISA Enzyme Linked Immunosorbent Assay 
IL-1β Interleukin- 1β 
SOD Super oxide dismutase 
GSH Glutathione 
CAT Catalase 
GPx Glutathione peroxidase 
ROS Reactive oxygen species 
DCFH-DA Dichloro-dihydro-fluorescein diacetate 
JC-1 5,5,6,6′-tetrachloro-1,1′,3,3′ tetraethylbenzimi-dazoylcarbocyanine iodide 
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RT-qPCR Reverse transcription quantitative polymerase chain reaction 
IκB Inhibitor of κB 
MAPK Mitogen activated protein kinase 
JAK-STAT Janus kinase - Signal transducers and activators of transcription 
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