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Objective: This study aimed to identify the molecular mechanism of curcumin on periodontitis based on
a pharmacological network strategy.
Methods: The potential therapeutic targets of curcumin and differentially expressed genes in peri-
odontitis were identified. Subsequently, we extracted the molecules in common and analyzed them. A
metabolic pathway enrichment and gene ontology analysis were performed and the proteineprotein
interaction network was inferred. These analyses allowed the identification of key proteins. Finally, a
molecular docking of the main key proteins was performed with curcumin.
Results: Our results showed that 55 genes are differentially expressed in periodontitis and are potential
targets of curcumin. In addition, we observed that these genes participate in cell motility and immune
response and are related to chemokine receptors (CXCRs) and enzymatic activity, such as arachidonate 5-
lipoxygenase (ALOX5). We identified six key proteins, IL1B, CXCL8, CD44, MMP2, EGFR, and ITGAM;
molecular docking revealed that these six proteins spontaneously bind to curcumin.
Conclusion: The results of this study helps us understand the molecular mechanism of curcumin in
periodontitis. We propose that curcumin affects proinflammatory cytokines, ALOX5, and cell migration
through chemokine receptors and acts on the cell membrane. Additionally, we identified six key proteins
that are essential in this mechanism, all of which spontaneously bind to curcumin.

© 2023 Japanese Association for Oral Biology. Published by Elsevier B.V. All rights reserved.
1. Introduction

Periodontitis comprises a wide range of inflammatory condi-
tions affecting the supporting structures of the teeth (gingiva, bone,
and periodontal ligament) [1]. Periodontitis is a public health
problem affecting many of the world's population. In 2017 an
estimated 796 million people worldwide suffered from severe
periodontitis [2]. The etiology of this disease is multifactorial, and
the factors involved are environmental, genetic, and microbial.
Genetic factors are mainly involved in the onset of periodontitis but
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are influenced by environmental factors and vary according to
ethnic group. Microbial infections are essential for the onset and
progression of periodontitis but are modulated by the host's im-
mune response [3].

The treatment of periodontitis can be divided into two main
groups: non-surgical and surgical periodontal treatment. Scaling
and root planning are considered the gold standard non-surgical
treatment for periodontitis. However, when this treatment is
insufficient, adjunctive therapies, such as amoxicillin and metro-
nidazole, may be necessary [4]. Nevertheless, new adjuvant ther-
apies have been proposed in recent years, such as antimicrobial
photodynamic therapy, probiotics, prebiotics, statins, and omega-3
and 6 fatty acids, among others [5].

Another type of adjuvant therapy for the treatment of peri-
odontitis is herbal medicine. Herbs have high overall safety and
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possess a multitude of pharmacological actions. Curcumin is a
bioactive polyphenol extracted from Curcuma longa, which has
antioxidant, antimicrobial, anti-inflammatory, analgesic, and anti-
cancer properties [6]. The results of previous studies analyzing the
effect of curcumin on periodontitis have been positive, and it has
been suggested that curcumin could be used as an alternative to
conventional adjuvant therapies [7,8].

The proposed mechanisms of curcumin on periodontitis are
mainly antimicrobial and anti-inflammatory effects. It has been
proposed that curcumin regulates inflammation by inhibiting NF-
kB, JAK/STAT, and mitogen-activated protein kinase signaling
pathways [9]. However, the mechanism of action of curcumin in
periodontitis has not been fully elucidated; moreover, the molec-
ular targets of curcumin have been poorly studied.

The pharmacological network is a novel strategy to identify
mechanisms of action of molecules with pharmacological proper-
ties based on the idea that several effective drugs act on numerous
targets instead of just one. Network pharmacology is integrative, in
silico approach to establishing a “protein-compound/disease-gene”
network [10,11]. The pharmacological network research method-
ology begins by identifying therapeutic targets of a given molecule,
and these targets are then matched with genes or proteins differ-
entially expressed in a given disease. A proteineprotein network is
constructed from these key molecules, which is analyzed to find
key genes. Finally, in vivo, in vitro, or in silico validation is per-
formed, for example, molecular docking [10].

Therefore, this work aimed to identify themolecularmechanism
of curcumin on periodontitis based on a pharmacological network
strategy.

2. Material and methods

2.1. Data acquisition

The chemical structure and SMILES (simplified molecular input
line entry specification) of curcumin were obtained from the Pub-
Chem website (https://pubchem.ncbi.nlm.nih.gov/compound/969
516) [12]. We then searched the interactions of curcumin in three
different databases, the Swiss Target Prediction database (http://
www.swisstargetprediction.ch/) [13], the Comparative Tox-
icogenomics Database (http://ctdbase.org/) [14], and the STITCH
database (http://stitch.embl.de/) [15]. We limited the search for
targets to the species “homo sapiens.”

The target genes for periodontitis were obtained from the Gene
Expression Omnibus dataset in the National Center for Biotech-
nology Information (https://www.ncbi.nlm.nih.gov/geo/) [16]. We
found three datasets related to periodontitis. The first study
(GSE10334) was conducted on a total of 247 samples (from 183
diseased and 64 healthy sites) [17]. In the second study (GSE16134),
gingival tissue RNAwas extracted, reverse-transcribed, labeled, and
hybridized with whole-genome microarrays (310 in total) [18]. In
the third study (GSE23586), healthy and periodontitis-affected
gingival tissues were taken from three patients with severe
chronic periodontitis [19].

We identified the differentially expressed genes (DEGs) in the
three datasets using the GEO2R analysis tool [16]. The cut-off
criteria in this analysis were set as p < 0.05 and |log FC| > 0.5.
The intersection between curcumin targets and DEGs from the
periodontitis datasets was obtained and visualized using the Venny
2.1.0 platform (https://bioinfogp.cnb.csic.es/tools/venny/).

2.2. Gene ontology (GO) and pathway enrichment analyses

The 55 common genes between the DEGs and curcumin thera-
peutic targets were analyzed with Shiny GO 0.76.3 (http://
2

bioinformatics.sdstate.edu/go/) to determine applicable term
enrichment [20]. Gene ontology (GO) enrichment analysis includes
a biological process (BP), molecular function (MF), and cellular
component (CC) analysis. Metabolic pathway enrichment was
performed with the Topp Gene Suite, specifically Topp Fun (https://
toppgene.cchmc.org/) [21]. The FDR (False Discovery Rate) adjust-
ment of p-values was performed using the Benjamini-Hochberg
method.

2.3. Proteineprotein interaction (PPI) network analysis

The proteineprotein interaction (PPI) network of target genes
was obtained from the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING 11.5; https://string-db.org/) database, with
the minimum required interaction score �0.4 [22]. We then visu-
alized the network with the Cytoscape platform v3.9.1 [23], widely
applied to construct and visualize the network, especially in
network pharmacology analysis. In the PPI network, the nodes
represent the target proteins, while the edges represent the pre-
dicted or validated interaction between the proteins. Themolecular
complex detection (MCODE) plugin was used to determine closely
connected network components in the networks [24]. The MCODE
plugin of Cytoscape with specifics containing degree cut-off ¼ 4,
node score cut-off ¼ 0.2, haircut-off, k-core ¼ 2, and maximum
depth ¼ 100 was performed. In addition, we identified the top 10
key genes based on their degree of connectivity.

2.4. Molecular docking simulation

We performed molecular docking studies on curcumin and
potential periodontitis targets to verify the reliability of these tar-
gets. The PDB (Protein Data Bank) files of potential target proteins
were downloaded from the Research Collaboratory for Structural
Bioinformatics Protein Data Bank Protein Structure Database
(https://www.rcsb.org/) [25]. Non-protein molecules and ligands
were removed, and polar hydrogen was added and loaded. From
the PubChem Organic Small Molecule Biological Dynamic Database
(https://pubchem.ncbi.nlm.nih.gov/compound/969516) [12], the
SDF (Spatial Data File) files of the curcumin structure were down-
loaded and converted into mol2 format with OpenBabel software.
Finally, UCSF Chimera software, with the Autodock Vina tool, was
used to perform interaction simulations between the target key
proteins and curcumin [26].

3. Results

3.1. Analysis of curcumin targets and periodontitis

We obtained the structure of curcumin from PubChem (Fig. 1A).
Therewere 675 curcumin target genes identified, while the DEGs of
the datasets were 3078 for GSE10334, 3175 for GSE16134, and 4967
for GSE23586. Matching the DEGs with the curcumin targets
(Fig. 1B), 55 genes were selected as potential targets for the ther-
apeutic effect of curcumin in periodontitis.

3.2. Enrichment analysis of overlapping targets

GO enrichment analysis of the 55 target genes showed that the
main enriched biological processes were related to cell motility and
immune response (Fig. 2A). The main cellular components were
related to the cell surface, membrane domains, receptors, and Golgi
apparatus (Fig. 2B). Finally, the molecular functions enriched were
related to binding to different cell receptors and enzymatic activity
(Fig. 2C).
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Fig. 1. Curcumin and DEGs. (A) Chemical structure of curcumin in 2D; (B) Venn diagram of the matched genes between DEGs and curcumin targets.
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In the metabolic pathway enrichment analysis, most were
related to the immune system, mainly cytokines and NF-kappa B.
We also found the metabolic pathways of photodynamic therapy,
burn wound healing, and lung fibrosis (Table 1).
3.3. PPI network and key target predictions

The PPI network was constructed by the STRING database and
imported into Cytoscape. This network's nodes represent proteins,
and the edges represent PPIs. The principal network presented 207
interactions among the proteins; the proteins with the most in-
teractions were IL1B, CXCL8, CD44, MMP2, EGFR, and ITGAM, with
28, 23, 23, 20, 20, and 20 interactions of eachmolecule, respectively
(Fig. 3A). A cluster was inferred from the principal networkwith the
MCODE plugin. Interestingly, all six key molecules were part of this
cluster (Fig. 3B).
3.4. Validation of key proteins using molecular docking

We performed a molecular docking simulation from the PPI
network analysis between curcumin and the six key proteins with
the most interactions (Fig. 4). The PDB IDs used in molecular
docking were 1IOB, 5D14, 1POZ, 1CK7, 1M14, and 1IDN. The esti-
mate of DG < 0 suggests the possibility of spontaneous binding of
curcumin to receptor proteins. The results showed that the DG of all
six proteins were less than 0, indicating that they all spontaneously
bind to curcumin.
4. Discussion

Periodontitis is present in a large proportion of the world's
population. Although this disease has different treatments, it is not
always easy to treat. Therefore, searching for new molecules and
their mechanism of action to treat this disease is a growing field of
study. In this work, we investigated the molecular mechanism of
curcumin on periodontitis through a network pharmacology
approach. Our results confirm that curcumin regulates the immune
system by inhibiting inflammation, but we also found six key genes
through which curcumin exerts its action. In addition, we found
3

that the product of these genes, proteins, have a high probability of
spontaneously binding to curcumin.

In this research, we found 55 genes differentially expressed in
periodontitis that were also targets of curcumin. When we per-
formed enrichment of these DEGs, we found that the primary
biological processes were related to inflammation and cytokine
response. The anti-inflammatory effect of curcumin and the inter-
vention of cytokines in this process has been reported in previous
research [9,27]. Similarly, a US research group previously reported
that a curcuminoid compound regulates the migration of fibro-
blasts obtained from periodontal tissue [28].

The enrichment of cellular components showed that curcumin
acts mainly on the cell surface. This result was experimentally
verified when it was observed that curcumin inhibits the entry and
adhesion of Porphyromonas gingivalis outer membrane vesicles,
obtained by confocal laser scanning microscopy [29].

The DEGs in periodontitis were enriched in the molecular
function of immune response-related receptors. Among these re-
ceptors is the chemokine family CXCRs, which attract immune cells
to the site of infection. Curcumin has been reported to block
neutrophil chemotaxis through CXCR1 and CXCR2, inhibiting IL-8
signaling [30]. Similarly, another study that employed molecular
docking reported that the chemokine receptors CXCR4 and CXCR7
showed a high affinity for curcumin [31]. Arachidonate 5-
lipoxygenase (ALOX5) is an enzyme involved in inflammatory
processes. Some researchers have linked ALOX5 to periodontitis
and the regulation of this molecule by curcumin [32e34]. However,
we inferred that ALOX5 participates in the molecular mechanism of
curcumin in periodontitis. Therefore, our results show that curcu-
min inhibits proinflammatory cytokines, ALOX5, and cell migration
through chemokine receptors acting on the cell membrane.

We also inferred that DEGs bind insulin-like growth factor II
(IGF2) to curcumin. Other studies have shown that curcumin reg-
ulates IGF2 in cancer [35,36]. However, what is most interesting is
that IGF2 is involved in the development of the periodontal liga-
ment, as well as in the formation of dentin [37,38]. Consequently,
curcumin, through IGF2, may regulate periodontal ligament
development and dentin formation. Metalloendopeptidases are
metalloproteinases (MMPs) that are most active in the progression
of periodontitis. We found that curcumin regulates these enzymes'



Fig. 2. Gene ontology (GO) enrichment analysis for target genes (top 10). (A) Biological process; (B) Cellular component; (C) Molecular function.
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Table 1
Top 10 results for the pathway enrichment analysis of key targets.

Metabolic pathway name ID Source p-value
FDR B&H

Hit in Query List

Interleukin-4 and 13 signaling 1,470,923 BioSystems:
REACTOME

1.767E-11 VIM, IL18, TIMP1, CD36, MMP2, TNFRSF1B, MMP9, IL1B, ITGAM, ALOX5,
VCAM1, CXCL8

Photodynamic therapy-induced
NF-kB survival signaling

M39529 MSigDB C2
BIOCARTA (v7.5.1)

4.058E-10 BIRC3, BCL2A1, MMP2, MMP9, IL1B, CXCL2, VCAM1, CXCL8

Burn wound healing M42571 MSigDB C2
BIOCARTA (v7.5.1)

4.872E-09 VIM, TIMP1, PDGFRB, CXCR4, KDR, MMP2, MMP9, IL1B, CXCL12, CXCL8

Signaling by Interleukins 1,269,318 BioSystems:
REACTOME

2.966E-08 VIM, IL18, EGFR, TIMP1, PDGFRB, CD36, MMP2, TNFRSF1B, MMP9, IL1B,
ITGAM, CXCL2, HCK, ALOX5, VCAM1, CXCL8

Cytokine Signaling in Immune
System

1,269,310 BioSystems:
REACTOME

6.935E-08 VIM, IL18, EGFR, TIMP1, PDGFRB, CD36, CD44, BIRC3, MMP2, TNFRSF1B,
MMP9, IL1B, ITGAM, CXCL2, HCK, ALOX5, VCAM1, CXCL8

NF-kappa B signaling pathway 634,527 BioSystems: KEGG 5.83E-07 CD14, BIRC3, BCL2A1, IL1B, CXCL2, CXCL12, VCAM1, CXCL8
Lung fibrosis M39477 MSigDB C2

BIOCARTA (v7.5.1)
7.222E-07 TIMP1, NFE2L2, MMP2, MMP9, IL1B, CXCL2, CXCL8

Cytokineecytokine receptor
interaction

M9809 MSigDB C2
BIOCARTA (v7.5.1)

7.409E-07 IL18, EGFR, PDGFRB, CXCR4, KDR, TNFRSF10C, TNFRSF1B, IL1B, CXCL2,
CXCL12, CXCL8

Cytokineecytokine receptor
interaction

83,051 BioSystems: KEGG 8.003E-07 IL18, EGFR, PDGFRB, CXCR4, KDR, TNFRSF10C, TNFRSF1B, IL1B, CXCL2,
CXCL12, CXCL8

IL-18 signaling pathway M39818 MSigDB C2
BIOCARTA (v7.5.1)

1.013E-06 PTPN7, IL18, TIMP1, CD36, BIRC3, MMP2, MMP9, IL1B, MMP14, CXCL2,
CXCL8
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activity, a result reported experimentally in previous studies
[39,40].

Enrichment of the signaling pathways confirmed that the mo-
lecular mechanism of curcumin on periodontitis involves cytokines
acting through NF-kappa B. The effect of curcumin on IL-4 and IL-8
cytokines in periodontitis has been previously reported [30,41].
Regarding IL-13 studies show that curcumin increases IL-13
expression, and this cytokine is associated with periodontitis
[42,43].

After gene enrichment, we inferred the PPI network, and from
this network, we identified key genes based on the degree of
connectivity. The cutoff point was 20 interactions or more. In
Fig. 3. PPI network. (A) PPI principal network constructed with th
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addition, we verified these key molecules through molecular
docking. We found six key molecules: IL1B, CXCL8, CD44, MMP2,
EGFR, and ITGAM.

IL1B is a proinflammatory cytokine widely associated with
periodontitis. Two previous studies in which curcumin was used in
a gel form showed that curcumin treatment decreased serum and
salivary IL1B levels. IL-8 and CD44 are other molecules associated
with periodontitis and regulated by curcumin. However, in a study
performed in osteoblasts and stimulated with a P. gingivalis protein,
curcumin could not regulate IL-8 [44]. To the best of our knowl-
edge, no work has been reported investigating the effect of cur-
cumin on CD44 in periodontitis. However, the idea that curcumin
e match targets; (B) Cluster obtained with the MCODE plugin.



Fig. 4. Schematic diagram of the interaction of curcumin and related targets. (A) IL1B, DG ¼ �6.9 kcal/mol; (B) CXCL8, DG ¼ �6.6 kcal/mol; (C) CD44, DG ¼ �6.6 kcal/mol; (D)
MMP2, DG ¼ �7.1 kcal/mol; (E) EGFR, DG ¼ �7.1 kcal/mol; (F) ITGAM, DG ¼ �6.8 kcal/mol.
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regulates inflammation in periodontitis through IL-8 and CD44 is
feasible. Therefore, testing this hypothesis experimentally is very
interesting.

MMP2 is an enzyme that plays an essential role in developing
periodontitis. Several reports show that molecules modified from
curcumin decrease MMP2 levels in different models of periodon-
titis [39,45,46]. In contrast, curcumin increased the expression of
integrin alpha M (ITGAM) in a murine model of periodontitis; and
with respect to EGFR, curcumin inhibited its phosphorylation
causing the inhibition of the signaling pathway, in human gingival
fibroblasts [47,48].

This research shows valuable information on the molecular
mechanism of curcumin on periodontitis. However, like most
studies based on bioinformatics analysis, it has several limitations.
The first is because the databases in this work infer themechanisms
in which the analyzed molecules participate; therefore, it is
necessary to verify the results experimentally. Other points to be
analyzed are the dose-response relationship and the route of
administration of curcumin. Finally, it is also necessary to consider
the pharmacokinetics of curcumin and its possible interactions
with other molecules, such as drugs and food.

5. Conclusion

In conclusion, our work helps to understand the molecular
mechanism of curcumin on periodontitis. We propose that curcu-
min inhibits proinflammatory cytokines, the enzyme ALOX5, and
the process of cell migration through chemokine receptors on the
cell membrane. In addition, six key proteins (IL1B, CXCL8, CD44,
MMP2, EGFR, and ITGAM) are essential in this mechanism, all of
which spontaneously bind curcumin.
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