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KEY WORDS Abstract Curcumin, the medically active component from Curcuma longa (Turmeric), is widely used to
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complex detection (MCODE). A PIN of curcumin with 482 nodes and 1688 interactions was constructed,
which has scale-free, small world and modular properties. Based on analysis of these function modules, the
mechanism of curcumin is proposed. Two modules were found to be intimately associated with inflammation.
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With function modules analysis, the anti-inflammatory effects of curcumin were related to SMAD, ERG and
mediation by the TLR family. TLR9 may be a potential target of curcumin to treat inflammation.
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1. Introduction

Curcumin, derived from Curcuma longa (Turmeric), is not only
known as a spice that gives a yellow color to food, but also a
traditional medicine that has been widely used particularly for
treating various malignant diseases, arthritis, allergies, Alzheimer's
disease, and other inflammatory illnesses' . The anti-inflammatory
effects of curcumin have been shown in clinical and experimental
studies®, and analogs and derivatives of curcumin with anti-
inflammatory biological activity have been developed”®. To make
new derivatives as effective as possible, the modified structure
should be based on the action targets. Therefore, research into the
molecular mechanism of curcumin is important for both new drug
design and clinical treatment. Although the anti-inflammatory
mechanism of curcumin has been partly unraveled’”, it needs to
be further clarified at the molecular level.

Proteins perform a vast array of functions within living
organisms, but they rarely act alone. Signaling proteins often
form dynamic protein—protein interaction (PPI) complexes to
achieve multi-functionality and constitute cellular signaling path-
ways and cell morphogenesis'®''. PPIs are pivotal for many
biological processes'>'>. The gene ontology (GO) project'® is a
collaborative effort to construct ontologies which facilitate biolo-
gically meaningful annotation of gene products. It provides a
collection of well-defined biological terms, spanning biological
processes, molecular functions and cellular components. GO
enrichment is a common statistical method used to identify shared
associations between proteins and annotations to GO. Module-
network and GO analysis may provide an efficient way to illustrate
the molecular mechanism of anti-inflammatory action for
curcumin.

This paper aims to further elucidate the anti-inflammatory
molecular mechanism of curcumin, and provide reference for its
clinical application and further drug development. A network
pharmacology approach was applied to analyze the anti-inflam-
matory mechanisms of curcumin, as a network analysis approach
has the advantage of evaluating the pharmacological effect of a
drug as a whole at the molecular level'®. The protein interaction
networks (PINs) of curcumin were constructed by Cytoscape, and
the properties of the scale-free, small-world network and module
were analyzed based on topological parameters. Functional mod-
ules were identified by gene ontology (GO) enrichment analysis
based on molecular complex detection (MCODE).

2. Methods
2.1.  Network construction

Targets of curcumin were extracted from ChEMBL (https:/www.
ebi.ac.uk/chembl/#) and STITCH4.0 (http://stitch.embl.de/).
ChEMBL'” is a manually curated chemical database of bioactive
molecules with drug-like properties whose data are manually
abstracted on a regular basis from the primary published literature,
then further curated and standardized. STITCH'® is a database of
protein—chemical interactions that integrates many sources of
experimental and manually-curated evidence with text-mining
information and interaction predictions.

The PPI information was obtained from the online databases of
String 9.1 (http://string-db.org) which was used to retrieve the
predicted interactions for the targets'®. All associations available in
String are provided with a probabilistic confidence score. Targets

with a confidence score greater than 0.7 were selected to construct
the PPI network.

2.2.  Network analysis

Topological properties have become very popular to gain an
insight into the organization and the structure of the resultant large
complex networks>"?2. Therefore, topological parameters such as
the clustering coefficient, connected components, degree distribu-
tion and average shortest path were analyzed by Network
Analyzer'” in Cytoscape software. Compared with the random
network, the properties of scale-free, small world and modularity
of the PIN were also investigated based on the topological
parameters.

The MCODE was used to further divide the PPI into modules,
using a cutoff value for the connectivity degree of nodes (proteins
in the network) greater than 3. The algorithm has the advantage
over other graph clustering methods of having a directed mode that
allows fine-tuning of clusters of interest without considering the
rest of the network and allows examination of cluster intercon-
nectivity, which is relevant for protein networks>. Based on the
identified modules, GO functional annotation and enrichment
analysis were performed using the BinGO** plugin in Cytoscape
with a threshold of P <0.05 based on a hypergeometric test.

3. Results and discussion
3.1.  Construction of the network

Ten human proteins from STITCH 4.0 and 68 human proteins
from ChEMBL (data accessed in August 2014) were extracted. 67
human proteins as curcumin targets were obtained after removing
a repeat protein. The binding affinities (ICsg) of ALPI and TLR9
were, respectively, 100 and 8.36 pmol/L. The ICs, values of the
remaining targets were not available because curcumin would have
inhibited or activated other proteins®>*. Information on the targets
is listed in Table 1. The PPIs of the targets were imported in
Cytoscape”’, union calculations were carried out and the dupli-
cated edges of PPIs were removed using Advanced Network
Merge”® Plugins, and the largest connected subgraph was selected
as the PIN of curcumin, which included 482 nodes and 1688
edges, as shown in Fig. 1. The nodes represent proteins and the
edges indicate their relations. The gray nodes represent seed nodes
and the others are nodes that interact with seed nodes. Due to
limits of the current studies, some human protein interactions are
still unclear. As a result, the network constructed for this research
is not comprehensive and the largest connected subgraph was
selected for further analysis.

3.2.  Network analysis

3.2.1.  Topological analysis
All the topological parameters were calculated, as shown in
Table 2.

Degree distribution was computed by counting the number of
connections between various proteins of the network””". As
shown in Fig. 2A, the degree distribution of the PIN of curcumin
followed the power law distribution and the equation is
y=218.67x"'3%°. The PIN of curcumin is a scale-free network.
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Table 1  Proposed curcumin targets.

Target UniProt ID Target UniProt ID Target UniProt ID Target UniProt ID
ABCG2* QIUNQO AR P10275 HSD17B10 Q99714 POLB P06746
AKTI1* P31749 ATADS Q96QE3 HSPAS P11021 POLI QIUNA4
CASP3* P42574 BACELl P56817 HTT P42858 POLK QIUBT6
CCNDI1* P24385 BAZ2B QIUIF8 IDH1 075874 PPARD Q03181
HMOX1* P09601 BRCA1 P38398 1L-8 P10145 RORC P51449
JUN* P05412 CASP1 P29466 KCNH2 Q12809 RXRA P19793
MMP9* P14780 CASP7 P55210 KDM4A 075164 SMAD3 P84022
PPARG" P37231 CYP3A4 P08684 KDM4DL B2RXH2 SNCA P37840
PTGS2* P35354 EHMT2 QI96KQ7 LMNA P02545 TARDBP Q13148
STAT3" P40763 ERG P11308 MAPK1 P28482 TDP1 QINUWS
AHR P35869 ESR1 P03372 MAPT P10636 THRB P10828
ALDHI1A1 P00352 FEN1 P39748 MBNLL1 QINR56 TLR9 QINR96
ALOX12 P18054 GAA P10253 MLL Q03164 TP53 P04637
ALOX15 P16050 GBA P04062 NFE2L2 Q16236 TSG101 Q99816
ALOX15B 015296 GLS 094925 NFKB1 P19838 TSHR P16473
ALPI P09923 GMNN 075496 NPSR1 Q6W5P4 USP1 094782
ALPL P05186 GNAS P63092 NR1H4 Q96RI1 VDR P11473
ALPPL2 P10696 HBB P68871 NR3Cl1 P04150

APOBEC3F Q8IUX4 HIF1A Q16665 PIN1 Q13526

APOBEC3G QI9HC16 HPGD P15428 PKM2 P14618

“Targets were obtained from STITCH.
Targets were extracted from both ChEMBL and STITCH. The remaining targets were obtained from ChEMBL.
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Figure 1 The protein network of curcumin. The nodes and edges indicate the proteins and their relationships. The gray nodes represent seed
nodes and the white ones are nodes that interact with the seed nodes.
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Average shortest path refers to the average density of the
shortest paths between all pairs of nodes®”*’. As shown in Fig. 2B,
network path length was mostly concentrated in steps 3-5. The
shortest path length between any two proteins was 4.394. This
meant that most proteins were very closely linked and the PIN of
curcumin was a small world network.

Clustering coefficient refers to the average density of the node
neighborhoods®”>°. The higher the clustering coefficient, the
more modular the network is. Compared with a random network
whose number of nodes and edges are the same as the PIN of
curcumin, the PIN clustering coefficient for curcumin was
higher. This indicates that the PIN of curcumin possesses the
property of modularity. This result suggests that the network
possesses the scale-free property, a small world property and
modular properties.

3.2.2.  Clustering and GO enrichment analysis

As shown in Fig. 3, 19 modules were identified from the network
through the MCODE algorithm. The gray nodes indicate seed
nodes and the others are nodes that interact with seed nodes.

Table 2 The topological parameters of the protein interac-
tion network of curcumin.

Parameter Network
PIN of Random
curcumin network
Clustering coefficient 0.641 0.016
Connected component 1 1
Network diameter 11 4
Network centralization 0.165 0.017
Shortest path 231,842 (100%) 231,842 (100%)
Characteristic path length 4.394 3.390
Network heterogeneity 0.995 0.376

The connected component is 1, indicating that the network has no
other subgraphs. The network diameter is the greatest distance
between any pair of vertices. Network centralization is a network
index that measures the degree of dispersion of all node centrality
scores in a network. Network heterogeneity measures the degree of
uneven distribution of the network.
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The results of functional enrichment analysis using BinGO are
shown in Table 3. The result shows that curcumin has pharma-
codynamic interactions with several biological processes, includ-
ing regulation of transcription, cell-cycle processing, negative
regulation of thrombin, hydrogen peroxide metabolic processing,
and anti-inflammatory mechanisms. Module 10 and module 13 are
related to anti-inflammatory actions.

Module 10 contains proteins such as interleukin (IL)-8, Nuclear
factor kappa B (NF-xB), signal transducer and activator of
transcription complex (STAT)3, SMAD3 and ERG. IL-8 is a
key indicator of localized inflammation’’. NF-xB is a key
signaling molecule in the elaboration of the inflammatory
response. STAT3 is activated in response to various cytokines
and growth factors including IL-6 and IL-10. Curcumin was
previously reported to exhibit anti-inflammatory actions by
decreasing IL-8 levels’’, acting as an NF-xB inhibitor’>** and
suppressing STAT3*. Therefore, the predicted results based on
network analysis were consistent with these previous findings. The
expression of SMAD3 is related to mitogen-activated protein
kinase (MAPK)*. It has been reported that curcumin demonstrates
anti-inflammatory activity by inhibiting MAPK®>. Consequently,
the anti-inflammatory activity of curcumin would be related to the
predicted interaction with SMAD3. ERG is a member of the
erythroblast transformation-specific (ETS) family of transcription
factors which regulate inflammation®®. ERG also has been shown
to interact with c-Jun (activated through double phosphorylation
by the INK pathway) which contributes to inflammation®’. At the
same time, curcumin was anti-inflammatory by inhibiting JNK
activity”?, indicating that the anti-inflammatory effects of curcumin
would be related to ERG. Hence, the analysis of module 10
indicated that the anti-inflammatory actions of curcumin may be
associated with SMAD3 and ERG.

Module 13 is closely related to the toll-like receptor (TLR)
family, including TLR3, TLR7 and TLR9. TLR3® leads to the
activation of IRF3, which ultimately induces the production of
type I interferons (IFNs). IFNs activate STATSs, suggesting that the
Janus kinase-STAT (JAK-STAT) signaling pathway was
initiated®®. There is evidence that the JAK-STAT pathway is
involved in the anti-inflammatory reaction®”. TLR7 and TLRY also
led to activation of the cells that initiated pro-inflammatory
reactions resulting the production of cytokines, such as, type-I
interferon*'. Moreover, TLR9 was the seed node and the binding
affinity (ICsp) with curcumin is 8.36 pmol/L. This indicates that
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Figure 2 Topological properties of the network. (A) Degree distribution of the curcumin network; (B) shortest path length distribution of the
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Figure 3 Modules in the PIN of curcumin. With the MCODE algorithm, 19 modules were extracted from the network. The gray nodes present
seed nodes and the white ones are nodes that interact with the seed nodes.

Table 3 GO biological process terms of the modules.

Module GO term P value
Module 1 Transcription initiation from RNA polymerase II promoter 7.6587 x 102
Module 2 G-protein coupled receptor signaling pathway, coupled to cyclic nucleotide second messenger 3.8329 x 10~ %°
Module 3 M/G] transition of mitotic cell cycle 77133 x 10777
Module 4 Response to DNA damage stimulus 2.0766 x 103>
Module 5 Fatty acid derivative metabolic process 2.0128 x 10~ 1¢
Module 6 Glutamine family amino acid catabolic process 5.7668 x 10~ '8
Module 7 Tricarboxylic acid cycle 1.6501 x 10~ 13
Module 8 Negative regulation of superoxide anion generation 230x107*
Module 9 Hydrogen peroxide catabolic process 1.5518 x 10~ 8
Module 10 Cellular response to growth factor stimulus 4.6078 x 10~ '©
Module 11 Transcription initiation from RNA polymerase II promoter 6.9789 x 10~ 16
Module 12 G-protein coupled receptor signaling pathway 23039 x 10~ 1°
Module 13 Toll-like receptor signaling pathway 523 x 1077
Module 14 Cementum mineralization 131 x107*
Module 15 DNA cytosine deamination 2.1272x 10~
Module 16 Negative regulation of thrombin receptor signaling pathway 1.64x107*
Module 17 Regulation of transcription from RNA polymerase II promoter in response to hypoxia 45178 x 10716
Module 18 G-protein coupled receptor signaling pathway 6.04 x 10~°
Module 19 Chromatin organization 423 %1073

P value is the probability of obtaining the observed effect, a very small P value indicates that the observed effect is very unlikely to have arisen
purely by chance, and therefore provides evidence against the null hypothesis.

TLR9 may be a potential target of curcumin to treat inflammation
and curcumin may exert anti-inflammatory properties through the
TLR family.

4. Conclusions

In this paper, the PIN of curcumin possesses scale-free, small
world properties and modular properties based on analysis of its
topological parameters. A module-based network analysis
approach was proposed to highlight the anti-inflammatory
mechanisms of curcumin. The anti-inflammatory effects of curcu-
min may be related to SMAD and ERG, and mediated by the TLR

family. TLR9 may be a potential target of curcumin to treat
inflammation. However, further experiments are needed to confirm
these conclusions.

Although the present analysis is restricted to in silico analysis,
this study provides an efficient way to elucidate possible mechan-
isms of curcumin, and provides reference for its clinical applica-
tion and further drug development.
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