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Abstract

Theobroma cacao L. is a commercially important food/beverage and is used as traditional
medicine worldwide against a variety of ailments. In the present study, computational biol-
ogy approaches were implemented to elucidate the possible role of cocoa in cancer therapy.
Bioactives of cocoa were retrieved from the PubChem database and queried for targets
involved in cancer pathogenesis using BindingDB (similarity index >0.7). Later, the protein-
protein interactions network was investigated using STRING and compound-protein via
Cytoscape. In addition, intermolecular interactions were investigated via molecular docking.
Also, the stability of the representative complex Hirsutrin-epidermal growth factor receptor
(EGFR) complex was explored using molecular dynamics simulations. Crude extract metab-
olite profile was carried out by LC-MS. Further, anti-oxidant and cytotoxicity studies were
performed in Chinese hamster ovary (normal) and Ehrlich ascites carcinoma (cancer) cell
lines. Herein, the gene set enrichment and network analysis revealed 34 bioactives in cocoa
targeting 50 proteins regulating 21 pathways involved in cancer and oxidative stress in
humans. EGFR scored the highest edge count amongst 50 targets modulating 21 key path-
ways. Hence, it was selected as a promising anticancer target in this study. Structural refine-
ment of EGFR was performed via all-atom molecular dynamics simulations in explicit
solvent. A complex EGFR-Hirsutrin showed the least binding energy (-7.2 kcal/mol) and
conserved non-bonded contacts with binding pocket residues. A stable complex formation
of EGFR-Hirsutrin was observed during 100 ns MD simulation. In vitro studies corroborated
antioxidant activity for cocoa extract and showed a significantly higher cytotoxic effect on
cancer cells compared to normal cells. Our study virtually predicts anti-cancer activity for
cocoa affected by hirsutrin inhibiting EGFR. Further wet-lab studies are needed to establish
cocoa extract against cancer and oxidative stress.
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Abbreviations: BE, Binding energy; CHO, Chinese
hamster ovary; CID, Compound identification
number; CYP, Cytochromes P450; DLS, Drug-
likeness score; DOPE, Discrete optimized protein
energy; DPPH, 2,2-diphenyl-1-picrylhydrazyl; EAC,
Ehrlich ascites carcinoma; EGFR, Epidermal growth
factor receptor; FDR, False discovery rate; ICsg,
Inhibitory concentration; KEGG, Kyoto
encyclopedia of genes and genomes; NO, Nitric
oxide; PDB, Protein data bank; RMSD, Root mean
square deviation; RMSF, Root-mean-square
fluctuation; ROS, Reactive oxygen species;
SMILES, Simplified molecular-input line-entry
system; SNP, Sodium nitroprusside; STRING,
Search tool for the retrieval of interacting genes/
proteins.

Introduction

Chemotherapeutic agents are extensively used in the management of cancer pathogenesis and
metastasis. However, very often, the normal cells also suffer collateral damage due to chemo-
therapy as there is no selective interaction of the chemotherapeutic agents against normal and
malignant cells. Further, maintenance of balance between wanted and unwanted effects has
been a serious challenge during chemotherapy [1]. Among the known causes of cancer, the
production of reactive oxygen species (ROS), and the development of protection against anti-
oxidants in cells are well documented. Under conditions of oxidative stress, overproduction of
ROS leads to necrobiosis via apoptosis or necrosis. Also, cancer cells extensively exhibit glycol-
ysis to produce energy which is required for neoplastic cell proliferation and disruption of gly-
colysis has been suggested as a possible strategy for cancer therapy [2]. Since early 19™
Century, prevention of certain cancers have been suggested by adoption of proper nourish-
ment and it has been postulated that nutrition might impact the risk of cancer [3]. There is a
growing list of herbal medicines and botanicals that have been reported to possess anticancer
activities as well [4]. However, the inadequacy of sufficient scientific data on these botanicals
to manage complex polygenic pathogenesis like cancer, coupled with lack of information on
the number and concentrations of active phytoconstituents, their molecular roles in the disease
pathways have been limited in practice.

Cocoa derived from the plant Theobroma cacao L. (family Malvaceae) renders tremendous
health benefits including cardioprotective [5], anti-cancer [6], anti-inflammatory [7], anti-dia-
betic [8], anti-obesity [9], and wound healing properties [10]. Further, it has been reported to
reduce blood pressure [11], asthma complications [12], and improve cognitive function [13].
Since cocoa is the primary ingredient of chocolates and drinks, they are composed of the high-
est levels of flavonoids amongst the commonly consumed foods. Interestingly, these have been
traditionally used as medicines to treat inflammation, pain, and numerous other diseases [14].
Additionally, cocoa contains phenolic bioactives that may act as checkpoints in cancer preven-
tion/progression and flavonoids (catechin, epicatechin, and procyanidins) that exhibit the
antioxidant activity and alter the immune response of cytokines, inflammatory response, cellu-
lar proliferation, and cell adhesion as reported from in vitro and ex vivo experiments [15-17].
The antioxidant activity of phenolic compounds has redox properties to act as reducing agents,
ROS scavengers, hydrogen bond donors, and metal ions chelators [14]. Despite the availability
of such information on the phytoconstituents of cocoa, to the best of our knowledge, the possi-
ble mechanism of action of cocoa in management of cancer has not been reported yet.

System biology components including network pharmacology describe the complex rela-
tionships between biological systems, drugs, and disease [18]. It also elucidates the possible
mechanisms of action of complex bioactive substances through analyzing large amounts of
data and identifying synergistic effects in multiple pathogeneses. Further, target-based network
pharmacology is a promising approach for drug discovery and development of next-genera-
tion herbal or herbal formulations [18]. Hence, in the present study, an attempt was made to
identify the probable potential protein targets and molecular pathways modulated by bioac-
tives of cocoa against oxidative stress and cancer using the network and reverse pharmacology
approaches and to study the basic antioxidant and anticancer activities through in vitro assays.

Materials and methods
In silico pharmacology

Mining of bioactives and their target prediction. The bioactives from cocoa were listed
from the literature and their structures in “smile” and “sdf” file format were then retrieved
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using publicly available small molecule databases like phytochemical interactions database
(PCIDB; https://www.genome.jp/db/pcidb/), Dr. Dukes DB) (https://phytochem.nal.usda.gov/
phytochem/search). The targets were predicted using BindingDB correspondence to the
known ligand molecules having minimum similarity of >0.7 and their Gene IDs were
retrieved from UniProtKB (https://www.uniprot.org) database.

Pathway and network construction. A set of Gene IDs was submitted to search tool for
the Retrieval of Interacting Genes/Proteins (STRING; https://string-db.org/) [19] 11.0v to iden-
tify the protein-protein interaction and pathways modulated by the predicted targets. The
overall pathways modulated by the gene set were identified using the KEGG pathway (https://
www.genome.jp/kegg/). The network between compounds, targets, and pathways were con-
structed using Cytoscape [20] ver 3.6.1. Biological interactions among them were interpreted
based on edge count. The map node size was set from low values to small sizes’ and the map
node color from “low value to bright colors" was set for the network [21,22].

Epidermal Growth Factor Receptor (EGFR) structure refinement and active sites assess-
ment. EGFR is a potential cancer target and a highly connected target within the network
was selected to identify phytochemical binding affinity and their interactions with its active
site residues. EGFR (PDB: 6LUB) x-ray crystallographic structure was chosen from the RCSB
PDB database (https://www.rcsb.org/), visualized for its missing amino acid, and remodeled by
homology modeling approach with Uniport ID: P00533 as a query sequence [23]. Total 100
structures were generated of which structure with the least DOPE score and having least
RMSD value was chosen for further structural refinement using MD simulations.

Least potential energy (PE) conformation by molecular dynamics (MD) simulation.

We used Desmond molecular modeling software version 6.1 [24] for MD simulations. All-
atom explicit MD simulation for 50 ns was performed with the OPLS force field. The modeled
EGEFR structure was solvated using a simple point charge (SPC) water model in the cuboidal
box (10A x 10A x 10A) periodic boundary condition. The system was neutralized by adding
six positively charged counterions (Na). Further, to restrain the geometry of water molecules,
bond angles, and bond lengths of heavy atoms, the SHAKE algorithm was applied and the Par-
ticle Mesh Ewald (PME) method was used to treat long-range interactions. The Lennard-Jones
interactions cut-off was set to 10A. The system was then subjected for production MD run fol-
lowed by energy minimization using default parameters via pressure (1.01325 bar), and tem-
perature (300 K). The trajectory was analyzed to check the structural stability and to obtain the
lowest PE confirmation of the EGFR.

Molecular docking. Three-dimension structures of each bioactive and known EGFR
inhibitor Erlotinib were retrieved from the PubChem database in “sdf” file format and con-
verted into “PDB?” file format using Biovia Discovery Studio Visualizer 2019. All the small mol-
ecules were subjected for energy minimization using the “mmft94” force field in Open babel
and the least energy conformation was chosen for docking. The least potential energy confor-
mation of EGFR was extracted from the trajectory and selected for the docking study. Docking
was performed using AutoDock vina via executed through POAP pipeline [25].The grid was
set around active site residues with box dimensions box center x = 2.8125, y = -9.6422, z =
-0.175; and box size 26A in all directions with spacing 1A. The exhaustiveness was set to 100.
Docking results were analyzed using a discovery studio visualizer to infer the intermolecular
interaction of bioactives with the EGFR target.

Protein-ligand complex stability. The docked complexes with the least binding energy
and maximum interaction with active site residue were subjected to 100ns MD simulation
using similar parameters used for EGFR MD. Total three replicas of MD simulation were run
to get plausible data from the study using the same starting structure and parameters. Trajecto-
ries generated were analyzed to investigate stability and intermolecular interactions.
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Drug-likeness and side effects prediction. The MolSoft web server (http://www.molsoft.
com) was used to predict drug-likeness of selected bioactives and Erlotinib. Similarly,
ADVER-Pred [26] an online server was used to predict the possible side effects of bioactives
and Erlotinib.

Experimental pharmacology

Plant material. Cocoa pods were obtained from Sirsi (14°.34'38.7984 N, 74°.58’21.288 E),
Uttar Kannada District, Karnataka, India, identified and certified by a qualified plant taxono-
mist at ICMR- NITM, Belagavi. The voucher specimen of the same has been deposited in
ICMR-NITM with accession number RMRC-1392 for future reference.

Extraction. The dried cocoa beans were crushed and defatted using ten folds of petroleum
ether to remove the fat using the Soxhlet apparatus. Defatted and dried powder of cocoa was
then extracted through cold maceration technique with ethanol: water (80%v/v: 20%v/v) [27]
as a solvent. The final dry extract (COE) was obtained via lyophilization and the percentage
yield was calculated.

LC-MS analysis of cocoa beans extract. The following conditions were maintained in
running the sample on LC-MS 2010A (Shimadzu Japan). The C18 column was used as a sta-
tionary phase and a 90:10 v/v ratio of methanol: water was used (flow rate of 200 uL min™") as
the mobile phase. The COE was dissolved in the mobile phase and injected (volume 5 pL) and
absorbance was recorded at 254 nm.

In vitro antioxidant assays

2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) free radical scavenging assay. DPPH
radical scavenging activity of the COE was carried out as explained by Brand- Williams et al
[28]. Briefly, 0.1 mM DPPH solution was prepared, and from that 3.5 mL solution was added
to 0.5 mL of different concentrations (20 to 100 pg/mL) of the COE in ethanol. The solution
was shaken and kept at room temperature for 30min. The absorbance of the mixture was mea-
sured at 517 nm. Ascorbic acid was utilized as a standard. The effect of quenching on the per-
centage of DPPH was calculated using the following equation:

DPPH (%) = [A0 — A1/A0] x 100

where A0 is the absorbance of the control and A1 is the absorbance in the presence of the test.

Nitric oxide (NO) radical scavenging assay. NO generated from sodium nitroprusside
(SNP) was measured as explained by Marcocci et al [29]. Griess reagent was prepared by add-
ing 1% sulfanilamide in 2.5% phosphoric acid and 0.1% n- ethylenediamine dihydrochloride
in 2.5% phosphoric acid. Briefly, 0.5 mL of 10 mM sodium nitroprusside in a phosphate-buft-
ered salt solution was mixed with 1 mL of various concentrations of COE (50 to 800 ug/mL)
and incubated for 180 min at 25°C. The COE was then mixed with a freshly prepared Griess
reagent. The reaction mixture was transferred to a 96-well plate. Absorbance was quantified at
546 nm using a micro UV plate reader. Gallic acid was used as a positive control.

The percentage of nitrogen oxide scavenged (%) = [A0 — A1/ A0] x 100

Where A0 is the absorbance of the control and Al is the absorbance in the presence of the
test.

In vitro cytotoxicity assay

Procurement of cell lines and their maintenance. Chinese Hamster Ovary (CHO) and
Ehrlich Ascites Carcinoma (EAC) cell lines were procured from National Centre for Cell Sci-
ences (NCCS), Pune and were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
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supplemented with 10% fetal bovine serum (FBS), 20 pg/mL penicillin (100 U), and 100pg/mL
streptomycin. The cells were sub-cultured and maintained until they reached 70% confluence
in T25 flasks at 37°C with 5% CO, in a humidified incubator.

Preparation of test samples. Initially, 10 mg/mL stock concentration of the COE and
5 mg/mL of hirsutrin was prepared in 5% DMSO in sterile water and filtered using a
0.22 pM syringe filter from which different concentrations (50-600 pg/mL for COE and 5
to 160 ug/mL for hirsutrin) were used for MTT assay. All the experiments were performed
in triplicate.

MTT assay of COE and hirsutrin on EAC and CHO cell lines. The cytotoxic activity of
COE and hirsutrin on EAC and CHO cell lines was determined using MTT assay [8]. The
MTT assay is based on the reduction of yellow-colored water-soluble tetrazolium dye to for-
mazan crystals. During the assay, cell lines were plated onto 96-well flat-bottom plates at a cell
density of 20,000 cells/well, and the cells were allowed to grow for 24 h. The stock solutions of
COE and hirsutrin were prepared in 5% DMSO. Then the cells were treated with COE and hir-
sutrin. The final volume in each well was made up to 250 uL with DMEM media supplemented
with 3% FBS and incubated for 48 h (COE and hirsutrin) at 37°C in 5% CO,. Further, 20 uL of
MTT reagent (5 mg/mL stock solution) was added to all the wells and incubated for 4h at 37°C
in 5% CO,. After incubation, the wells were washed with PBS thrice to remove the MTT. The
MTT reduction product (formazan crystals) was then dissolved in 100 puL of 99.5% DMSO by
gentle shaking and the absorbance was noted at 570 nm using an ELISA plate reader. The cyto-
toxic activity was expressed as a percentage of cell viability in CHO and EAC cell lines com-
pared with the control i.e. extract-treated vs untreated.

Hydrogen peroxide-induced oxidative stress in EAC and CHO cell line. Hydrogen per-
oxide was used for induction of oxidative stress as described by Balekar et al. [18] and Ponnu-
samy et al. [19]. The EAC and CHO cells were seeded at a density of 30,000 cells/well into a
96-well plate in DMEM supplemented with 10% FBS and incubated at 37°C, in a humidified
5% CO, atmosphere overnight. A curve with H,0, concentrations 0.0625, 0.125, 0.25, 0.5, and
1.0 mM was constructed to determine H,O, concentration, decrease in cell viability by 50%
after 24 h of exposure using MTT assay. Subsequently, EAC and CHO cells were seeded at a
density of 30,000cells/well into a 96-well plate containing DMEM culture medium supple-
mented with 10% FBS and incubated overnight at 37°C, in a humidified 5% CO, atmosphere.
After 24 h, cells were pre-treated with hirsutrin and COE on both the cell lines. Later, after 12h
of exposure with IC5, of H,0, (0.1 mM for EAC and 0.13 mM for CHO), and percentage cyto-
toxicity was evaluated using MTT assay as detailed above.

Statistical analysis

Network interaction was evaluated via edge count. Docking data are presented as energy in
kcal/mol. Interaction stability and fluctuations through MD simulation were analyzed by
RMSD and RMSF. All experimental data were presented in mean + SD. The IC5, was calcu-
lated using a linear regression curve using GraphPad ver 5.

Results
Mining of bioactives and prediction of their targets

Fifty-four bioactives previously reported to be present in the cocoa were mined from the avail-
able phytochemical database and published literature (S1 Table). Among them, the majority of
the bioactives were identified as flavonoids and phenols. Among the 54 bioactives, 34 were pre-
dicted to modulate 220 protein targets by BindingDB (S2 Table).
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Enrichment analysis and network construction

Gene set enrichment analysis identified a total of 220 targets interacting with each other to regu-
late 104 pathways concerning the KEGG database (S3 Table). The probable protein-protein
interaction of bioactives-regulated targets is presented in Fig 1. Among them, 21 pathways were
identified to associate with oxidative stress and cancer via modulating 50 protein targets. The
Arachidonic acid metabolism pathway (hsa00590) scored the lowest false discovery rate (FDR)
of 1.27E-06 by triggering 7 genes (AKR1C3, ALOX12, ALOX5, CYP2C9, PLA2G10, PLA2G2A,
and PLA2GS5). Likewise, pathways in cancer (hsa05200) scored the second-lowest FDR of 1.34E-

PLA2G5

PLA2G10

¢ MAOB
PLA2G2A @
- \\ MAOA

be

Fig 1. Protein-protein interaction of the regulated targets by the bioactives. @ colored nodes: Query proteins and first shell of interactors, u white
nodes: Second shell of interactors, Node content; \’__/ empty nodes: Proteins of unknown 3D structure, ;_/ filled nodes: Some 3D structure is known or

predicted.
https://doi.org/10.1371/journal.pone.0259757.9001
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Table 1. Enrichment analysis of pathways involved in oxidative stress and cancer.

Pathway | Pathway name Gene False discovery | Regulated genes
ID count rate
hsa00590 | Arachidonic acid metabolism 7 1.27E-06 AKRI1C3, ALOX12, ALOX5, CYP2C9, PLA2G10, PLA2G2A, PLA2G5
hsa05200 Pathways in cancer 15 1.34E-06 AKT1, ALK, AR, EDNRA, EGFR, ESR1, FGFR1, HGF, HSP90AA1, IL2RA, KIT,
PGF, STAT1, TERT, VEGFA
hsa04024 cAMP signaling pathway 10 1.67E-06 ADORAL, AKT1, EDNRA, GRIA1, GRIA2, GRIA3, GRIA4, GRIN2D, PDE3A,
PDE3B
hsa04015 Rapl signaling pathway 10 2.18E-06 ADORAZ2B, AKT1, CNR1, EGFR, FGFR1, HGF, KIT, PGF, SRC, VEGFA
hsa04014 Ras signaling pathway 10 5.60E-06 AKT1, EGFR, FGFR1, HGF, KIT, PGF, PLA2G10, PLA2G2A, PLA2G5, VEGFA
hsa04072 Phospholipase D signaling 8 1.36E-05 AKT1, EGFR, GRM1, GRM2, GRM3, GRM5, GRMS, KIT
pathway
hsa04022 cGMP-PKG signaling pathway 8 2.38E-05 ADORA1, ADRA2A, AKT1, EDNRA, NOS3, PDE3A, PDE3B, PDE5A
hsa04010 MAPK signaling pathway 10 3.16E-05 AKTI1, CACNA2DI1, EGFR, FGFR1, HGF, KIT, PGF, RPS6KA3, TNF, VEGFA
hsa05205 | Proteoglycans in cancer 8 7.57E-05 AKT1, EGFR, ESR1, FGFR1, HGF, SRC, TNF, VEGFA
hsa04151 PI3K-Akt signaling pathway 10 0.00011 AKT1, EGFR, FGFR1, HGF, HSP90AA1, IL2RA, KIT, NOS3, PGF, VEGFA
hsa01521 EGER tyrosine kinase inhibitor 5 0.00042 AKT1, EGFR, HGF, SRC, VEGFA
resistance
hsa05215 Prostate cancer 5 0.00095 AKT1, AR, EGFR, FGFR1, HSP90AA1
hsa04370 | VEGEF signaling pathway 4 0.0015 AKT1, NOS3, SRC, VEGFA
hsa00982 | Drug metabolism—cytochrome 4 0.002 CYP2C9, CYP3A4, MAOA, MAOB
P450
hsa05212 Pancreatic cancer 4 0.0026 AKT1, EGFR, STAT1, VEGFA
hsa05224 Breast cancer 5 0.0039 AKT1, EGFR, ESR1, FGFR1, KIT
hsa05226 Gastric cancer 5 0.0039 ABCBI1, AKT1, EGFR, HGF, TERT
hsa05206 MicroRNAs in cancer 5 0.004 ABCBI1, ABCC1, DNMT1, EGFR, VEGFA
hsa05219 Bladder cancer 3 0.0048 EGEFR, SRC, VEGFA
hsa04923 Regulation of lipolysis in 3 0.0084 ADORAI, AKT1, PDE3B
adipocytes
hsa04012 | ErbBsignaling pathway 3 0.0228 AKT1, EGFR, SRC
hsa04630 | Jak-STAT signaling pathway 4 0.0228 AKT1, EGFR, IL2RA, STAT1

https://doi.org/10.1371/journal.pone.0259757.t001

06 by modulating 15 genes (AKT1, ALK, AR, EDNRA, EGFR, ESR1, FGFR1, HGF, HSP90AA1,
IL2RA, KIT, PGF, STAT1, TERT, and VEGFA). Following the cancer pathways, cAMP, Rapl,
Ras, Phospholipase D, cGMP-PKG, MAPK, PI3K-Akt, and VEGF signaling pathways scored the
lowest FDR and had potential involvement in oxidativeStress and cancer (Table 1).

The network between compound-protein (Fig 2), protein-pathway (Fig 3), and com-
pounds-proteins-pathways (Fig 4) were constructed by treating edge count topological param-
eters using Cytoscape ver 3.6.1. Network analysis identified, among all the queried protein
targets involved in cancer and oxidative stress, EGFR was identified as an enriched hub protein
within the network that scored the highest edge count (Fig 4). EGFR was found to involve in
15 pathways out of 21 and targeted by 11 bioactives of cocoa. Based on network analysis,
EGEFR was selected to infer the intermolecular interactions with bioactives of cocoa by molecu-
lar docking and dynamics analysis.

EGER structure refinement, lowest PE conformation from MD, and its
active site residues

A total of 100 models were generated of which we select model 63 as it shows the least DOPE
score (-37918.11). The stereochemical properties of the modeled EGFR were analyzed by gen-
erating a Ramachandran plot (Fig 5A). The RMSD of 0.359 A with template revealed the
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reliability of the selected model (Fig 5B). The parameters describing structural stability such as
RMSD and RMSF revealed stable dynamics during the 50 ns simulation (Figs 6A and 4B
respectively). Further, the structure with the least potential energy was extracted at 33.7 ns
from the MD simulation trajectory and used for docking study.

Molecular docking

The active site residues of EGFR namely Leu23, Lys33, Ala48, Lys50, Cys80, Met95, GIn96,
Leu97, Met98, Pro99, Argl46, Asn147, Leul49, Thr159, and Asp160 were taken from the
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crystal structure “6LUB.pdb”. The docking analysis revealed all 11 compounds were efficiently
bound to the EGFR binding pocket. Amongst them, hirsutrin (BE is -7.2 kcal/mol), also
known as isoquercitrin showed a maximum number of stable interactions (11), of which 8
interactions were precise with the defined binding pocket residues (Fig 7). We observed H-
bonding interactions with Ser102, Phe100, Lys33, and other non-bonded interactions with
Lys33, Leu97, Ala48, Leul49, Leu23, and Phe100. However, apigetrin showed the least binding
energy with EGFR (- 9.0kcal/mol) by forming a maximum of 8 interactions, of which only 4
interactions are with the active site residues Argl46, Asn147 (2), Lys50. Erltonib shows BE of
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-7.0 forming two H-bonds with active site residues Asn147 and Lys50. It also formed six non-

hydrogen bonds with residues Alal44, Trp185, Gly162, Glu211, and Phe28 (2). Therefore we
select Hirsutrin-EGFR for further MD simulation study. Table 2 lists the binding energy of all

the docked bioactives and their intermolecular interactions.

Hirsutrin-EGFR complex MD simulation

The complex Hirsutrin-EGFR exhibited stable dynamics as revealed by parameters RMSD,
RMSEF, rGyr, and intermolecular interactions in all three replicas. Backbone EGFR showed a
mean RMSD of 1.18A and 3.22A between the initial and final frame. The average backbone
RMSD for all three replicas was 2.62A. The complex RMSD was 4.56A (initial and final frame
RMSD was 1.094A and 4.281A, respectively). Further, the residue-wise fluctuation was ana-

lyzed through RMSF for the protein backbone. The average RMSF of protein residues (322

10/24
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residues) was 1.20A. The c- terminal loop residues (300-320) showed maximum fluctuation
for ~5.5A due to the flexibility. Active site residue involved in the interactions viz., GIn96,
Met98, and Asp105 showed the least RMSF fluctuation (~1.5A) in all three replicas throughout
the simulation. The ligand means rGyr for three replicates was 4.16A (initial and final frame
rGyr was 4.26A and 4.144A, respectively). The overall residual fluctuations of EGFR were very
less except terminal residues and loop regions. The complex Hirsutrin-EGFR formed a com-
pact globular shape as revealed by a steady decrease in the rGyr values. Fig 8 represents the
RMSD of the EGFR backbone (8A) and complex (8B). Fig 9 represents the RMSF of protein
(9A) and ligand rGyr fluctuation (9B). Residues GIn96, Met98, and Asp105 show very stable
and conserved interactions throughout the simulation period in all three replicates. In replica
1, Met98 showed an interaction fraction of about 53% with hirsutrin whereas, in replicas 2 and
3, it showed interaction fractions of 91% and 89% respectively. Similarly, another important
binding pocket residue GIn96 showed about 52%, 65%, and 88% interaction fraction in repli-
cas 1, 2, and 3, respectively with hirsutrin.

Drug-likeness and side effects

All the compounds scored a positive DLS except ferulic acid and esculetin (Table 3). Interest-
ingly, hirsutrin scored the highest DLS of 0.84 which showed stable and maximum interactions
in docking and MD simulations. While apigenin and luteolin scored the least DLS of 0.39 and
0.38 respectively. The possible side effect is predicted using the ADVERpred server. Four com-
pounds namely, apigenin, quercetin,luteolin, kaempferol scored Pa>0.5 for hepatotoxicity, 6
compounds ferulic acid, cinaroside, hirsutrin, esculetin, chrysoeriol7-o- glucoside, and apige-
trin scored Pa<0.5 for hepatotoxicity, nephrotoxicity, and myocardial infarction. A compound
hyperosid did not show any probable side effects. Similarly, a control molecule, erlotinib was
also predicted to cause hepatotoxicity (Pa = 0.90), myocardial infarction (Pa = 0.665), nephro-
toxicity (Pa = 0.594), and cardiac failure (Pa = 0.362).
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Table 2. Binding affinity of compounds with EGFR.

Compound name Compound BE (kcal/ | Conventional HBI Non-conventional interactions No. of interactions with active
CID mol) site residues
Apigetrin 5280704 -9.0 Asnl47 (2), Argl46 Glu67, Leu52 (2), Ile64, Lys50 4
Cinaroside 5280637 -8.6 Glu211, Argl46 (2), Lys50 Trpl85 (2), Alal44 (2), Argl46 (2) 5
Chrysoeriol7-O- 11294177 -8.3 Argl46, Glu67 (2) Trpl85, Alal44 (2), Argl46 (3), Phe28 4
glucoside
Kaempferol 5280863 -8.0 Phe28, Argl46 Leu52 (2), lle64, Lys50, Glu67 (2), 2
Argl63, Gly162, Tle64
Quercetin 5280343 -7.8 Nil Val31l, Leul49, Leu23 2
Apigenin 5280443 -7.7 Argl46 Glu67 (2), Leu52 (2), Lys50, Ile64 2
Luteolin 5280445 -7.7 Asp160, Met98 Leul49, Ala48, Val31, Leu23 (2) 6
Hirsutrin 74982342 -7.2 Ser102, Phel00, Lys33 (2) Lys33, Leu97, Ala48, Leul49, Leu23 (2), |8
Phel00
Hyperosid 90657624 -7.2 Ser102, Asp105, Lys33 Leul49, Leu23 (2), Ala48, Phe100 5
Ferulic acid 445858 -6.4 Argl46.0- (2), Met98. . .OH, Leul49, Leu23, Val31, Asp160 7
Met98...=0
Esculetin 5281416 -6.2 Leu23, Met98 Gly101, Ala48, Leu149, Leu23 (2) 6

BE, Binding energy; HBI, Hydrogen bond interactions.

https://doi.org/10.1371/journal.pone.0259757.t002
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Extraction and LC-MS profile of COE

The yield of the hydroalcoholic extract was 5.8% w/w of the dried cocoa bean. LC-MS profile
of cocoa bean extract also traced the presence of active principles which were incorporated in
the network pharmacology. Some of the lead hit bioactives with positive drug-likeness score
and identified in the LC-MS analysis includes apigenin (MF: C,,H 13019, MW: 442.4), apige-
trin (MF: C,,H,0019, MW: 432.4), chrysoeriol7-O-glucoside (MF: C,,H,,0,;, MW: 462.4),

EGFR-Hirsutrin complex

—— Replica 1
100 No. of Residue 200 300 Replica 2
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20 40 60 80 100
Time (ns)

Fig 9. (a) The qualitative parameters explaining structural stabilities like residual fluctuations and (b) radius of gyration in all the replicas.

https://doi.org/10.1371/journal.pone.0259757.9009
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Table 3. Druglikeness and side effects profile of bioactives targeting EGFR.

Cocoa bioactives
Apigenin
Apigetrin

Chrysoeriol7-O-glucoside

Cinaroside

Esculetin
Ferulic acid
Hirsutrin
Kaempferol
Luteolin
Quercetin

Hyperosid

MF
C2H15010
C21H20010

CZZI_IZZC)II
C21H20011

C9H604
C101_11004
C211_120()12
C151_11006
CISHIOOS
Cl SH1007
CZII_II9OIZ

MW (g/mol) NHBA NHBD LogP DLS Pa Pi Predicted side effect(s)
442.4 5 3 3.06 0.39 0.525 0.182 Hepatotoxicity
432.4 10 6 0.31 0.59 0.38 0.096 Nephrotoxicity

0.363 0.288 Hepatotoxicity
462.4 11 6 0.28 0.56 0.361 0.108 Nephrotoxicity
448.4 11 7 -0.07 0.6 0.395 0.262 Hepatotoxicity

0.373 0.1 Nephrotoxicity
178.14 4 2 1.08 -1.22 0.463 0.216 Hepatotoxicity
164.16 3 2 2.07 -0.61 0.44 0.057 Myocardial infarction
464.4 12 8 -0.64 0.84 0.387 0.268 Hepatotoxicity
286.24 6 4 2.49 0.5 0.525 0.182 Hepatotoxicity
270.24 6 4 2.68 0.38 0.559 0.165 Hepatotoxicity
302.23 7 5 2.11 0.52 0.559 0.165 Hepatotoxicity
463.09 12 7 -0.32 0.64 Not predicted

MF, Molecular Formula; MW, Molecular Weight, HBA, Hydrogen Bond Acceptor; HBD, Hydrogen Bond Donor; LogP, Partition Co-efficient; DLS, Druglikeness score;

Pa, Probable activity; Pi, Probable inactivity.

https://doi.org/10.1371/journal.pone.0259757.t1003

cinaroside (MF: C,;H,001;, MW: 448.4), esculetin (MF: CoHgO4, MW: 178.14), ferulic acid
(MF: C1oH1004, MW: 164.16), hirsutrin (MF: C;H,001,, MW: 464.4), kaempferol (MF:
C15H100, MW: 286.24), luteolin (MF: C,5H,,05, MW: 270.24), quercetin (MF: C,5H,,0-,
MW: 302.23), and hyperosid (MF: C,;H,901,, MW: 463.09); Fig 10.

In-vitro anti-oxidant assays

DPPH and Nitric Oxide free radical scavenging assay. For DPPH assay, the ICs, of the
extract was found to be (54.3520.09) ug/mL, whereas, ICsq of ascorbic acid was (46.84+1.164)
ug/mL. Further, for nitric oxide assay, the IC5, of the COE was (249.82+36.42) ug/mL,
whereas, the IC5, of gallic acid was (125.96+6.41) ug/mL; Fig 11.

In vitro cytotoxicity assay: MTT assay

Cytotoxic activity of COE (Fig 12) and hirsutrin (Fig 13) was performed in CHO and EAC.
The mean ICs, of the cocoa extract against CHO and EAC cell at 48h was 420.15+5.4pug/mL
and 222.8+0.68ug/mL, respectively. Further, the mean ICs of the hirsutrin against CHO and
EAC cells were found to be 100.27+0.87ug/mL and 64.79+1.74pg/mL, respectively.

Hydrogen peroxide-induced oxidative stress in EAC and CHO cell line

Cells were treated with ICsq value of H,0, respective to the EAC and CHO cell lines which
resulted in decrease of cell viability by 50% after 24 h exposure. Similarly, when cells were pre-
treated with COE and hirsutrin for 24 h, followed by IC5, value of H,O, exposure for 12 h
showed a protective effect against H,O,-triggered oxidative stress; maintained the cell viability
(Fig 14).

Discussion

The present study traced 54 documented bioactives of cocoa to propose a probable mechanism
against oxidative stress and cancer pathogenesis. The bioactives were predicted to target 220
proteins and were found to involve in 104 pathways, in which 50 targets and 21 pathways were
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found to associate with oxidative stress and cancer. The network of interactions between
bioactives, protein molecules, and their pathways was constructed and analyzed based on
‘edge count’ to identify the node with maximum interactions that indicate key molecules [30].
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Fig 13. Cytotoxicity of hirsutrinin CHO normal cell line and EAC cancer cell line after 48 h treatment.
https://doi.org/10.1371/journal.pone.0259757.g013
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Among 50 targets predicted, EGFR was identified as a major druggable target for cocoa bioac-
tives, in which EGFR modulated in 15 pathways within the network. Out of 34 bioactives, 11
were identified to target EGFR. EGFR is a potent oncogene frequently overexpressed in a vari-
ety of cancers and is already a well-known therapeutic target in cancer therapy [31]. EGFR
inhibitors have beneficial effects against cell proliferation and progression in a wide variety of
cancer types [32]. Catechins from green tea extract have been reported to prevent colon cancer
and hepatocellular cell carcinoma by blocking the activation of the RTKs, primarily EGFR,
IGF- 1R, VEGFR2, and related pathways [33]. Cocoa polyphenols exhibit potent antioxidant,
anti-inflammatory, and chemo-protective effects by reducing TNF-a-induced up-regulation
of VEGF by directly inhibiting PI3K and MEK1 activities [34]. Further, an in vitro study dem-
onstrated a combination of glucose-(-)-epigallocatechin-3- gallate derivatives, and chemother-
apeutics as a treatment for non-small cell lung cancer [35]. Epicatechin, an antioxidant
flavonoid regulates nitric oxide production and exhibits anti-inflammatory effects in addition
to cardiovascular protective effects on vascular endothelium [14]. Therefore, network analysis,
and predicted affinity of bioactives of cocoa towards active site residue of EGFR seems to be in
concurrence with these findings and provide possible molecular modes of action of cocoa as a
potential anti-cancer nutraceutical. Hirsutrin (galactoside of quercetin) showed stable complex
formation with EGFR during the MD simulation. Similarly, hyperosid formed three hydrogen
bond interactions and five non-hydrogen bond interactions, in which five interactions were
with active site residues. A previous study by Kern et al [36] identified hirsutrin(7.5 uM) and
hyperoside (6.7 uM) from apple juice as EGFR-inhibitors. Further, we compared the obtained
data concerning a known EGFR inhibitor i.e. erlotinib, which scored binding energy of—7.0
kcal/mol and formed two hydrogen bond interactions with active site residues.

In the network, arachidonic acid metabolism pathway, cAMP, Rap1, Ras, Phospholipase D,
c¢GMP-PKG, MAPK, PI3K-Akt, and VEGF signaling pathways were found to be the highly
enriched pathway modulating multiple protein molecules. On looking into the arachidonic
acid metabolism pathway, it includes 7 potential targets i.e. AKR1C3, ALOX12, ALOXS5,
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CYP2C9, PLA2G10, PLA2G2A, and PLA2G5. A previous study demonstrated flavonoids from
cocoa to exhibit potent anti-inflammatory effects through modulation of the arachidonic acid
pathway by the inhibiting 5-lipoxygenase enzyme [37]. The current study identified flavonoids
to disrupt the arachidonic acid pathway by targeting these 7 key protein targets, among which
5-lipoxygenase (ALOXS5) and 12-lipoxygenase (ALOX12) are also present. Arachidonic acid
metabolism pathway is an important metabolic pathway in which cytochrome P450 (CYP)
monooxygenases, cyclooxygenases, lipoxygenases, and phospholipase A2 are potentially
involved and play crucial roles in various pathophysiological functions via inflammatory
response, oxidation, cell proliferation, survival, angiogenesis, invasion, and metastasis, that
can promote carcinogenesis [38]. Further, it is well reported from in vitro and in vivo studies,
that flavonoids present in cocoa may act as anti-proliferative, induce apoptosis, and inhibit
angiogenesis [39-42]. Also, bioactives present in cocoa via catechin, epicatechin, quercetin,
and procyanidin, dimer extracts of procyanidin derivatives are reported to down-regulate NF-
kB and AP-1 in cancer cell lines [43-46]. Hence, the current study findings on the anti-cancer
activity of cocoa could be due to the modulation of the arachidonic acid metabolism pathway
and other intracellular signaling pathways via cAMP, Rapl, Ras, phospholipase D,
cGMP-PKG, MAPK, PI3K-Akt, and VEGF.

The level of reactive oxygen species (ROS) generation in the tissue depends on the balance
between oxidants and antioxidants. In endothelial cells, ROS-mediated angiogenesis via various
stimuli via angiopoietin-I, angiogenin, VEGF, EGF, urotensin-II, shear stress, and hypoxia is a
major contribution to cancer [46,47]. The common mechanism involved in cancer is dysregula-
tion of the EGFR that plays a vital role in cell survival, growth, differentiation, and tumorigenesis
[48]. Further, angiogenin and VEGF are probably the most widely found initiators of angiogenesis
[47,49] and ultimately plays role in the progression of cancer. VEGF activates Racl- dependent
NOX to induce ROS production, which sequentially provokes signaling pathways involved in
endothelial cell proliferation and migration and anti-apoptotic cascade [50,51]. In this context,
our study further aimed to investigate the in vitro antioxidant and cytotoxic potential of the COE.
The main goal of cancer chemotherapy is to target cancer cells without exhibiting toxicity to nor-
mal cells and this is a limitation of the use of current chemotherapy agents [52].

Therefore, the lead molecule’s antioxidant capacity and selective toxicity on normal and
cancer cells must be put into consideration in cancer treatment. Also, there is a close relation-
ship between oxidative stress and the spread of cancer. Several in vivo and in vitro studies have
shown that the use of exogenous antioxidants can prevent free radicals and damage to DNA
and proteins, thereby reducing the risk of cancer [53]. The prospect of using natural antioxi-
dants alone or in combination with existing chemotherapy is an ideal strategy to combat
tumor development. In this study, DPPH and nitric oxide scavenging activity showed the anti-
oxidant potential of cocoa extract and was found to be equivalent to, ascorbic acid and gallic
acid, taken as standards. Further, the MTT cytotoxicity assay demonstrated higher toxicity of
COE to EAC compared to CHO. Herein, in the EAC cell line, a well-established cancer cell
line with overexpression of EGFR is known to be involved in oxidative stress and cancer pro-
gression [17,54,55]. In contrast, the CHO cell line is a normal epithelial cell line that does not
express the EGFR [56]. In cancer pathogenesis, rapid activation of the ROS system has been
reported [57], which can be neutralized by selected traditional drugs. In this study, we found
that COE had a stronger cytotoxic effect on EAC [56] cells compared to CHO. This means that
the phytoconstituents contained in bioactives can have a stronger tendency to inhibit the
growth of tumor cells than normal cells. As the ICs, values of COE were relatively lower in
normal cell lines than tumors; may represent some photo components that have a higher bind-
ing affinity or modulate proteins/pathways involved in tumor pathogenesis, but not in normal
cells [30]. A previous study by Corcuera et al. [58] also demonstrated polyphenols extracted
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from cocoa as a potential antioxidant agent in HepG2 cells treated with mycotoxins ochratoxin
A. Martin et al. reported antiapoptotic activity of cocoa polyphenols in tert-butyl hydroperox-
ide-induced cellular death and apoptosis in HepG2 cells [59]. This antiapoptotic impact was
linked to decreased ROS production, avoidance of ERK deactivation and JNK activation, and
prevention of caspase-3 activation. Also, numerous researchers demonstrated polyphenolic
compounds as potent EGFR tyrosine kinase inhibitors [36,60,61]. Hence, the current study
corroborates the previous literature for cocoa bioactives may have more affinity towards can-
cer cells to inhibit the EGFR task, which was demonstrated via docking studies. Further, the
antioxidant activity of COE and a pure compound “Hirsutrin” was evaluated for H,O,
induced oxidative stress in CHO and EAC cell lines. The results showed a protective role of
COE and hirsutrin in both the cell lines, in which COE was found to be more potent than hir-
sutrin. This demonstrates the multiple compounds present in the COE (Fig 10) may pose syn-
ergistic activity in the prevention of oxidative stress.

Our study further provides the add-on molecular and bioinformatics support to previous
studies by deciphering the possible roles of action of bioactives from cocoa at the molecular level.
The entire set of bioactives and study of all of them together along with their interactions may not
be feasible although a modest attempt has been made to draw a network to understand the sys-
temic functions to the extent possible within the scope of this study. Our study has used ‘Herbal
informatics’ a combination of knowledge on the use of botanicals in traditional medicine with
modern-day bioinformatics using computational advancements which is essentially the use of
high-tech computational studies and simulations in establishing the validity of existing traditional
use through the reverse pharmacology approach. Apart from providing a valuable clue on design-
ing further wet-lab studies on the anti-cancer activity of the COE and hirsutrin our study should
help promote the use of cocoa for anti-oxidant and anti-cancer activities and if corroborated
which will not only help to validate a traditional medicinal food but is also likely to impact the
marketing of cocoa and its products as nutraceuticals. The present study was limited to the use of
modern-day informatics and molecular modeling and except for the modest in vitro assays; is
devoid of biological experimental proof. However, the present study provides vital clues to likely
modes of action which could help in designing further research on cocoa.

Conclusion

The current study used an in silico approach followed by an experimental evaluation to investi-
gate the antioxidant and anticancer activity of the cocoa hydroalcoholic extract. We reported
interactions of the bioactive from the cocoa with a protein involved in the pathogenesis of can-
cer which was identified by modulation of multiple pathogenesis/ proteins involved in the
ROS system and cancer pathogenesis. Gene set enrichment analysis identified the Arachidonic
acid pathway as a likely major target of the bioactives of cocoa to counteract cancer and oxida-
tive stress. Hirsutrin, hyperosid, and other key constituents present in cocoa were found to tar-
get and bind with EGFR suggesting their probable roles in inhibiting EGFR and other key
protein targets in cancer biology. Further, antioxidant activity validation by in vitro study via
the quantification of enzymatic and non-enzymatic assays and the mechanisms underlying the
anti-cancer effect of cocoa extracts/enriched fractions in EAC- induced cancer in mice remain
elusive and yet to be evaluated. In addition, as a perspective, the majorly triggered proteins/
targets traced in the network pharmacology need to be further evaluated.

Supporting information

§1 Table. List of phytcompounds selected from T. cocoa = 54.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0259757  April 14, 2022 20/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259757.s001
https://doi.org/10.1371/journal.pone.0259757

PLOS ONE

Theobroma cacao L. as a potent anti-cancer botanical

$2 Table. Probable protein targets of selected phycompounds.
(XLSX)

§3 Table. Molecular pathways enrichment analysis of probable protein targets.
(XLSX)

S1 Graphical abstract.

(TIF)

Acknowledgments

PPP thank to KLE College of Pharmacy, KLE Academy of Higher Education and Research
(KAHER), Belagavi, and Directorate of Minority for supporting the PhD program.

Author Contributions
Conceptualization: Basanagouda M. Patil, Subarna Roy.

Data curation: Priyanka P. Patil.

Formal analysis: Harish R. Darasaguppe, Subarna Roy.

Investigation: Priyanka P. Patil.

Methodology: Priyanka P. Patil.
Software: Vishal S. Patil, Pukar Khanal.

Supervision: Harish R. Darasaguppe, Basanagouda M. Patil, Subarna Roy.

Validation: Priyanka P. Patil, Vishal S. Patil, Basanagouda M. Patil.

Visualization: Priyanka P. Patil.

Writing - original draft: Priyanka P. Patil.

Writing - review & editing: Priyanka P. Patil, Vishal S. Patil, Pukar Khanal, Harish R. Darasa-

guppe, Rajitha Charla, Arati Bhatkande, Basanagouda M. Patil, Subarna Roy.

References

1.

Kosoko AM, Olurinde OJ, Akinloye OA. Doxorubicin induced neuro- and cardiotoxicities in experimental
rats: protection against oxidative damage by Theobroma cacao stem bark. Biochem Biophys Rep.
2017;10. https://doi.org/10.1016/j.bbrep.2017.01.012 PMID: 28955758

Kumari S, Badana AK, G MM, G S, Malla R. Reactive oxygen species: a key constituent in cancer sur-
vival. Biomark Insights. 2018; 13. https://doi.org/10.1177/1177271918755391 PMID: 29449774

Clinton SK, Giovannucci EL, Hursting SD. The world cancer research fund/american institute for cancer
research third expert report on diet, nutrition, physical activity, and cancer: impact and future directions.
J Nutr. 2020; 150. https://doi.org/10.1093/jn/nxz268 PMID: 31758189

Greenwell M, Rahman PKSM. Medicinal plants: their use in anticancer treatment. Int. J. Pharm. Sci
2015; 6. https://doi.org/10.13040/IJPSR.0975-8232.6(10).4103-12.

Zieba K, Makarewicz-Wujec M, Koztowska-Wojciechowska M. Cardioprotective mechanisms of cocoa.
J Am Coll Nutr. 2019; 38: 564-575. https://doi.org/10.1080/07315724.2018.1557087 PMID: 30620683

Maskarinec G. Cancer protective properties of cocoa: a review of the epidemiologic evidence. Nutr Can-
cer. 2009; 61. https://doi.org/10.1080/01635580902825662 PMID: 19838930

Feo MD, Paladini A, Ferri C, Carducci A, Pinto RD, Varrassi G, et al. Anti-inflammatory and anti-noci-
ceptive effects of cocoa: a review on future perspectives in treatment of pain. Pain Ther. 2020; 9.
https://doi.org/10.1007/s40122-020-00165-5 PMID: 32314320

PLOS ONE | https://doi.org/10.1371/journal.pone.0259757  April 14, 2022 21/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259757.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259757.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259757.s004
https://doi.org/10.1016/j.bbrep.2017.01.012
http://www.ncbi.nlm.nih.gov/pubmed/28955758
https://doi.org/10.1177/1177271918755391
http://www.ncbi.nlm.nih.gov/pubmed/29449774
https://doi.org/10.1093/jn/nxz268
http://www.ncbi.nlm.nih.gov/pubmed/31758189
https://doi.org/10.13040/IJPSR.0975-8232.6(10).4103-12
https://doi.org/10.1080/07315724.2018.1557087
http://www.ncbi.nlm.nih.gov/pubmed/30620683
https://doi.org/10.1080/01635580902825662
http://www.ncbi.nlm.nih.gov/pubmed/19838930
https://doi.org/10.1007/s40122-020-00165-5
http://www.ncbi.nlm.nih.gov/pubmed/32314320
https://doi.org/10.1371/journal.pone.0259757

PLOS ONE

Theobroma cacao L. as a potent anti-cancer botanical

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Ramos S, Martin M, Goya L. Effects of cocoa antioxidants in type 2 diabetes mellitus. Antioxidants.
2017; 6. https://doi.org/10.3390/antiox6040084 PMID: 29088075

Coronado-Céceres LJ, Rabadan-Chavez G, Mojica L, Hernandez-Ledesma B, Quevedo- Corona L,
Cervantes EL. Cocoa (Theobroma cacao |.) seed proteins’ anti-obesity potential through lipase inhibi-
tion using in silico,in vitro and in vivo models. Foods. 2020; 9. https://doi.org/10.3390/foods9101359
PMID: 32992701

Yadav S, Mishra AP, Kumar S, Negi A, Asha Maurya VK. Herbal wound healing agents. preparation of
phytopharmaceuticals for the management of disorders. Academic Press; 2021. pp. 169-184. https://
doi.org/10.1016/B978-0-12-820284-5.00007—1

Ried K, Fakler P, Stocks NP. Effect of cocoa on blood pressure. Cochrane Database Syst Rev. 2017;
2017. https://doi.org/10.1002/14651858.CD008893.pub3 PMID: 28439881

Awortwe C, Asiedu-Gyekye IJ, Nkansah E, Adjei S. Unsweetened natural cocoa has anti-asthmatic
potential. Int J Immunopathol Pharmacol. 2014; 27. https://doi.org/10.1177/039463201402700207
PMID: 25004832

Mastroiacovo D, Kwik-Uribe C, Grassi D, Necozione S, Raffaele A, Pistacchio L, et al. Cocoa flavanol
consumption improves cognitive function, blood pressure control, and metabolic profile in elderly sub-
jects: the Cocoa, Cognition, and Aging (CoCoA) Study—a randomized controlled trial. Am J Clin. Nutr.
2015; 101. https://doi.org/10.3945/ajcn.114.092189 PMID: 25733639

Katz DL, Doughty K, Ali A. Cocoa and chocolate in human health and disease. Antioxid Redox Signal.
2011; 15. https://doi.org/10.1089/ars.2010.3697 PMID: 21470061

Akinmoladun AC, Olowe JA, Komolafe K, Ogundele J, Olaleye MT. Antioxidant activity and protective
effects of cocoa and kola nut mistletoe (Globimetula cupulata) against ischemia/reperfusion injury in
langendorff-perfused rat hearts. J Food Drug Anal. 2016; 24. https://doi.org/10.1016/j.jfda.2015.10.007
PMID: 28911597

Saha A, Kuzuhara T, Echigo N, Suganuma M, Fujiki H. New role of (-)-epicatechin in enhancing the
induction of growth inhibition and apoptosis in human lung cancer cells by curcumin. Cancer Prev Res.
2010; 3. https://doi.org/10.1158/1940-6207.CAPR-09-0247 PMID: 20606042

Mackenzie GG, Adamo AM, Decker NP, Oteiza PI. Dimericprocyanidin b2 inhibits constitutively active
nf-kb in hodgkin’s lymphoma cells independently of the presence of ikb mutations. Biochem. Pharma-
col. 2008; 75. https://doi.org/10.1016/j.bcp.2007.12.013 PMID: 18275936

Chandran U, Mehendale N, Patil S, Chaguturu R, Patwardhan B. Network pharmacology. Innovative
Approaches in Drug Discovery. 2017:127-64. https://doi.org/10.1016/B978-0-12-801814-9.00005-2

Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M, et al. The string database in 2017:
quality-controlled protein—protein association networks, made broadly accessible. Nucleic Acids Res.
2017; 45. https://doi.org/10.1093/nar/gkw937 PMID: 27924014

Shannon P. Cytoscape: A software environment for integrated models of biomolecular interaction net-
works. Genome Res. 2003; 13. https://doi.org/10.1101/gr.1239303 PMID: 14597658

Khanal P, Patil BM. Gene set enrichment analysis of alpha-glucosidase inhibitors from Ficus bengha-
lensis. Asian Pac J Trop Biomed. 2019; 9. https://doi.org/10.4103/2221-1691.260399

Patil VS, Deshpande SH, Harish DR, Patil AS, Virge R, Nandy S, et al. Gene set enrichment analysis,
network pharmacology and in silico docking approach to understand the molecular mechanism of tradi-
tional medicines for the treatment of diabetes mellitus. J protein proteomics. 2020; 11. https://doi.org/
10.1007/s42485-020-00049-4

Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS, Eramian D, Shen M-Y, et al. Comparative pro-
tein structure modeling using modeller. Curr Protoc Bioinform. 2006;Chapter 5. https://doi.org/10.1002/
0471250953.bi0506s15 PMID: 18428767

Bowers KJ, Sacerdoti FD, Salmon JK, Shan Y, Shaw DE, Chow E, et al. Molecular dynamics—scalable
algorithms for molecular dynamics simulations on commodity clusters. Proceedings of the 2006 ACM/
IEEE conference on Supercomputing—SC ‘06. ACM Press; 2006. https://doi.org/10.1145/1188455.
1188544

Samdani A, Vetrivel U. POAP: A GNU parallel based multithreaded pipeline of open babel and Auto-
Dock suite for boosted high throughput virtual screening. Comput Biol Chem. 2018; 74. https://doi.org/
10.1016/j.compbiolchem.2018.02.012 PMID: 29533817

Ivanov SM, Lagunin AA, Rudik AV, Filimonov DA, Poroikov VV. ADVERPred—-web service for prediction
of adverse effects of drugs. J Chem Inf Model. 2018; 58. https://doi.org/10.1021/acs.jcim.7b00568
PMID: 29206457

Ruzaidi A, Amin |, Nawalyah AG, Hamid M, Faizul HA. The effect of malaysian cocoa extract on glucose
levels and lipid profiles in diabetic rats. J Ethnopharmacol. 2005; 98: 55—60. https://doi.org/10.1016/j.
jep.2004.12.018 PMID: 15763363

PLOS ONE | https://doi.org/10.1371/journal.pone.0259757  April 14, 2022 22/24


https://doi.org/10.3390/antiox6040084
http://www.ncbi.nlm.nih.gov/pubmed/29088075
https://doi.org/10.3390/foods9101359
http://www.ncbi.nlm.nih.gov/pubmed/32992701
https://doi.org/10.1016/B978-0-12-820284-5.00007%26%23x2013%3B1
https://doi.org/10.1016/B978-0-12-820284-5.00007%26%23x2013%3B1
https://doi.org/10.1002/14651858.CD008893.pub3
http://www.ncbi.nlm.nih.gov/pubmed/28439881
https://doi.org/10.1177/039463201402700207
http://www.ncbi.nlm.nih.gov/pubmed/25004832
https://doi.org/10.3945/ajcn.114.092189
http://www.ncbi.nlm.nih.gov/pubmed/25733639
https://doi.org/10.1089/ars.2010.3697
http://www.ncbi.nlm.nih.gov/pubmed/21470061
https://doi.org/10.1016/j.jfda.2015.10.007
http://www.ncbi.nlm.nih.gov/pubmed/28911597
https://doi.org/10.1158/1940-6207.CAPR-09-0247
http://www.ncbi.nlm.nih.gov/pubmed/20606042
https://doi.org/10.1016/j.bcp.2007.12.013
http://www.ncbi.nlm.nih.gov/pubmed/18275936
https://doi.org/10.1016/B978-0-12-801814-9.00005%26%23x2013%3B2
https://doi.org/10.1093/nar/gkw937
http://www.ncbi.nlm.nih.gov/pubmed/27924014
https://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.4103/2221-1691.260399
https://doi.org/10.1007/s42485-020-00049-4
https://doi.org/10.1007/s42485-020-00049-4
https://doi.org/10.1002/0471250953.bi0506s15
https://doi.org/10.1002/0471250953.bi0506s15
http://www.ncbi.nlm.nih.gov/pubmed/18428767
https://doi.org/10.1145/1188455.1188544
https://doi.org/10.1145/1188455.1188544
https://doi.org/10.1016/j.compbiolchem.2018.02.012
https://doi.org/10.1016/j.compbiolchem.2018.02.012
http://www.ncbi.nlm.nih.gov/pubmed/29533817
https://doi.org/10.1021/acs.jcim.7b00568
http://www.ncbi.nlm.nih.gov/pubmed/29206457
https://doi.org/10.1016/j.jep.2004.12.018
https://doi.org/10.1016/j.jep.2004.12.018
http://www.ncbi.nlm.nih.gov/pubmed/15763363
https://doi.org/10.1371/journal.pone.0259757

PLOS ONE

Theobroma cacao L. as a potent anti-cancer botanical

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Brand-Williams W, Cuvelier ME, Berset C. Use of a free radical method to evaluate antioxidant activity.
LWT—Food Sci Technol. 1995; 28. https://doi.org/10.1016/S0023-6438(95)80008-5

Marcocci L, Maguire JJ, Droylefaix MT, Packer L. The nitric oxide-scavenging properties of Ginkgo
biloba extract egb 761. Biochem Biophys Res. 1994; 201. https://doi.org/10.1006/bbrc.1994.1764
PMID: 8003011

Khanal P, Patil BM. In vitro and in silico anti-oxidant, cytotoxicity and biological activities of Ficus ben-
ghalensis and Duranta repens. Chin Herb Med. 2020;12. https://doi.org/10.1016/j.chmed.2020.02.004

Thomas R, Weihua Z. Rethink of EGFR in cancer with its kinase independent function on board. Front
Oncol. 2019; 9. hitps://doi.org/10.3389/fonc.2019.00800 PMID: 31508364

Seshacharyulu P, Ponnusamy MP, Haridas D, Jain M, Ganti AK, Batra SK. Targeting the EGFR signal-
ing pathway in cancer therapy. Expert Opin Ther Targets. 2012; 16. https://doi.org/10.1517/14728222.
2011.648617 PMID: 22239438

Shimizu M, Adachi S, Masuda M, Kozawa O, Moriwaki H. Cancer chemoprevention with green tea cate-
chins by targeting receptor tyrosine kinases. Mol Nutr Food Res. 2011; 55. https://doi.org/10.1002/mnfr.
201000622 PMID: 21538846

Kim J-E, Son JE, Jung SK, Kang NJ, Lee CY, Lee KW, et al. Cocoa polyphenols suppress TNF-a-
induced vascular endothelial growth factor expression by inhibiting phosphoinositide 3-kinase (PI3K)
and mitogen-activated protein kinase kinase-1 (MEK1) activities in mouse epidermal cells. Br J Nutr.
2010; 104. https://doi.org/10.1017/S0007114510001704 PMID: 20550744

Weisburger JH. Chemopreventive effects of cocoa polyphenols on chronic diseases. Exp Biol Med.
2001; 226. https://doi.org/10.1177/153537020122601003 PMID: 11682694

Kern M, Tjaden Z, Ngiewih Y, Puppel N, Will F, Dietrich H, et al. Inhibitors of the epidermal growth factor
receptor in apple juice extract. Mol Nutr Food Res. 2005; 49. https://doi.org/10.1002/mnfr.200400086
PMID: 15759309

Yarla NS, Bishayee A, Sethi G, Reddanna P, Kalle AM, Dhananjaya BL, et al. Targeting arachidonic
acid pathway by natural products for cancer prevention and therapy. Semin Cancer Biol. 2016;40—41.
https://doi.org/10.1016/j.semcancer.2016.07.005 PMID: 27491692

Zhao J, Wang J, Chen Y, Agarwal R. Anti-tumor-promoting activity of a polyphenolic fraction isolated
from grape seeds in the mouse skin two-stage initiation—promotion protocol and identification of procya-
nidin B5-3'-gallate as the most effective antioxidant constituent. Carcinogenesis. 1999; 20. https://doi.
org/10.1093/carcin/20.9.1737 PMID: 10469619

Eng ET, Ye J, Williams D, Phung S, Moore RE, Young MK, et al. Suppression of estrogen biosynthesis
by procyanidin dimers in red wine and grape seeds. Cancer Res. 2003; 63. PMID: 14679019

Faria A, Calhau C, Freitas V de, Mateus N. Procyanidins as antioxidants and tumor cell growth modula-
tors. J Agric Food Chem. 2006; 54. https://doi.org/10.1021/jf0526487 PMID: 16536624

Shoji T, Masumoto S, Moriichi N, Kobori M, Kanda T, Shinmoto H, et al. Procyanidin trimers to penta-
mers fractionated from apple inhibit melanogenesis in B16 mouse melanoma cells. J Agric Food Chem
2005; 53. https://doi.org/10.1021/jf050418m PMID: 16029003

Zhang W, Liu H, Xie K, Yin L, Li Y, Kwik-Uribe CL, et al. Procyanidin dimer B2 [epicatechin-(43-8)-epica-
techin] suppresses the expression of cyclooxygenase-2 in endotoxin-treated monocytic cells. Biochem
Biophys Res. 2006; 345. https://doi.org/10.1016/j.bbrc.2006.04.085 PMID: 16681998

Garcia-Mediavilla V, Crespo |, Collado PS, Esteller A, Sanchez-Campos S, Tufién MJ, et al. The anti-
inflammatory flavones quercetin and kaempferol cause inhibition of inducible nitric oxide synthase,
cyclooxygenase-2 and reactive C-protein, and down-regulation of the nuclear factor kappaB pathway in
Chang Liver cells. Eur J Pharmacol. 2007; 557. https://doi.org/10.1016/j.ejphar.2006.11.014 PMID:
17184768

Kang NJ, Lee KW, Lee DE, Rogozin EA, Bode AM, Lee HJ, et al. Cocoa procyanidins suppress trans-
formation by inhibiting mitogen-activated protein kinase kinase. J Biol Chem. 2008; 283. https://doi.org/
10.1074/jbc.M800263200 PMID: 18519570

Mackenzie GG, Carrasquedo F, Delfino JM, Keen CL, Fraga CG, Oteiza PI. Epicatechin, catechin, and

dimericprocyanidins inhibit PMA- induced NF- kB activation at multiple steps in Jurkat T cells. FASEB J.
2004; 18. https://doi.org/10.1096/fj.03-0402fje PMID: 14630700

Weng M-S, Chang J-H, Hung W-Y, Yang Y-C, Chien M-H. The interplay of reactive oxygen species and
the epidermal growth factor receptor in tumor progression and drug resistance. J Exp Clin Cancer Res.

2018; 37. https://doi.org/10.1186/s13046-018-0728-0 PMID: 29548337

Ferrara N. Role of vascular endothelial growth factor in regulation of physiological angiogenesis. Am. J.
Physiol. Cell Physiol. 2001; 280. https://doi.org/10.1152/ajpcell.2001.280.6.C1358 PMID: 11350730

Griffioen AW, Molema G. Angiogenesis: potentials for pharmacologic intervention in the treatment of
cancer, cardiovascular diseases, and chronic inflammation. Pharmacol Rev. 2000; 52.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259757  April 14, 2022 23/24


https://doi.org/10.1016/S0023-6438%2895%2980008-5
https://doi.org/10.1006/bbrc.1994.1764
http://www.ncbi.nlm.nih.gov/pubmed/8003011
https://doi.org/10.1016/j.chmed.2020.02.004
https://doi.org/10.3389/fonc.2019.00800
http://www.ncbi.nlm.nih.gov/pubmed/31508364
https://doi.org/10.1517/14728222.2011.648617
https://doi.org/10.1517/14728222.2011.648617
http://www.ncbi.nlm.nih.gov/pubmed/22239438
https://doi.org/10.1002/mnfr.201000622
https://doi.org/10.1002/mnfr.201000622
http://www.ncbi.nlm.nih.gov/pubmed/21538846
https://doi.org/10.1017/S0007114510001704
http://www.ncbi.nlm.nih.gov/pubmed/20550744
https://doi.org/10.1177/153537020122601003
http://www.ncbi.nlm.nih.gov/pubmed/11682694
https://doi.org/10.1002/mnfr.200400086
http://www.ncbi.nlm.nih.gov/pubmed/15759309
https://doi.org/10.1016/j.semcancer.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27491692
https://doi.org/10.1093/carcin/20.9.1737
https://doi.org/10.1093/carcin/20.9.1737
http://www.ncbi.nlm.nih.gov/pubmed/10469619
http://www.ncbi.nlm.nih.gov/pubmed/14679019
https://doi.org/10.1021/jf0526487
http://www.ncbi.nlm.nih.gov/pubmed/16536624
https://doi.org/10.1021/jf050418m
http://www.ncbi.nlm.nih.gov/pubmed/16029003
https://doi.org/10.1016/j.bbrc.2006.04.085
http://www.ncbi.nlm.nih.gov/pubmed/16681998
https://doi.org/10.1016/j.ejphar.2006.11.014
http://www.ncbi.nlm.nih.gov/pubmed/17184768
https://doi.org/10.1074/jbc.M800263200
https://doi.org/10.1074/jbc.M800263200
http://www.ncbi.nlm.nih.gov/pubmed/18519570
https://doi.org/10.1096/fj.03-0402fje
http://www.ncbi.nlm.nih.gov/pubmed/14630700
https://doi.org/10.1186/s13046-018-0728-0
http://www.ncbi.nlm.nih.gov/pubmed/29548337
https://doi.org/10.1152/ajpcell.2001.280.6.C1358
http://www.ncbi.nlm.nih.gov/pubmed/11350730
https://doi.org/10.1371/journal.pone.0259757

PLOS ONE

Theobroma cacao L. as a potent anti-cancer botanical

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Huss WJ, Hanrahan CF, Barrios RJ, Simons JW, Greenberg NM. Angiogenesis and prostate cancer:
identification of a molecular progression switch. Cancer Res. 2001; 61. PMID: 11289156

Schirrmacher V. From chemotherapy to biological therapy: A review of novel concepts to reduce the
side effects of systemic cancer treatment (Review). Int J Oncol. 2019; 54. https://doi.org/10.3892/ijo.
2018.4661 PMID: 30570109

Zogakis TG, Libutti SK. General aspects of anti-angiogenesis and cancer therapy. Expert Opin Biol
Ther. 2001; 1. https://doi.org/10.1517/14712598.1.2.253 PMID: 11727534

Bonner MY, Arbiser JL. The antioxidant paradox: what are antioxidants and how should they be used in
a therapeutic context for cancer. Future Med Chem. 2014; 6. https://doi.org/10.4155/fmc.14.86 PMID:
25329197

Bahr HI, Toraih EA, Mohammed EA, Mohammad HMF, Ali EAI, Zaitone SA. Chemopreventive effect of
leflunomide against Ehrlich’s solid tumor grown in mice: Effect on EGF and EGFR expression and
tumor proliferation. Life Sci. 2015; 141. https://doi.org/10.1016/).1fs.2015.10.003 PMID: 26439991

Ahsan A, Hiniker SM, Davis MA, Lawrence TS, Nyati MK. Role of cell cycle in epidermal growth factor
receptor inhibitor-mediated radiosensitization. Cancer Res. 2009; 69. https://doi.org/10.1158/0008-
5472.CAN-09-0466 PMID: 19509222

V PG, Moshin AS. Design, synthesis, and cytotoxicity evaluation of new 2,4-disubstituted quinazolines
as potential anticancer agents. J Appl Pharm. Sci 2020. https://doi.org/10.7324/JAPS.2020.10804

Liou G-Y, Storz P. Reactive oxygen species in cancer. Free Radic Res. 2010; 44. https://doi.org/10.
3109/10715761003667554 PMID: 20370557

Rodrigues J, Hullatti K, Jalalpure S, Khanal P. In-vitro cytotoxicity and in silico molecular docking of
alkaloids from Tiliacora acuminata. Indian J Pharm Educ Res. 2020; 54. https://doi.org/10.5530/ijper.
54.25.86

Corcuera LA, Amézqueta S, Arbillaga L, Vettorazzi A, Tourifio S, Torres JL, et al. A polyphenol-enriched
cocoa extract reduces free radicals produced by mycotoxins. Food Chem Toxicol. 2012; 50. https://doi.
org/10.1016/j.fct.2011.11.052 PMID: 22166788

Martin MA, Serrano ABG, Ramos S, Pulido MI, Bravo L, Goya L. Cocoa flavonoids up- regulate antioxi-
dant enzyme activity via the ERK1/2 pathway to protect against oxidative stress-induced apoptosis in
HepG2 cells. J Nutr Biochem. 2010; 21: 196—205. https://doi.org/10.1016/j.jnutbio.2008.10.009 PMID:
19195869

Jeong H, Phan AH, Choi J-W. Anti-cancer effects of polyphenolic compounds in epidermal growth factor
receptor tyrosine kinase inhibitor-resistant non-small cell lung cancer. Pharmacogn Mag. 2017; 13.
https://doi.org/10.4103/pm.pm_535_16 PMID: 29200719

Milligan SA, Burke P, Coleman DT, Bigelow RL, Steffan JJ, Carroll JL, et al. The green tea polyphenol

egcg potentiates the antiproliferative activity of c-met and epidermal growth factor receptor inhibitors in
non—-small cell lung cancer cells. Clin Cancer Res. 2009; 15. https://doi.org/10.1158/1078-0432.CCR-

09-0109 PMID: 19638461

PLOS ONE | https://doi.org/10.1371/journal.pone.0259757  April 14, 2022 24/24


http://www.ncbi.nlm.nih.gov/pubmed/11289156
https://doi.org/10.3892/ijo.2018.4661
https://doi.org/10.3892/ijo.2018.4661
http://www.ncbi.nlm.nih.gov/pubmed/30570109
https://doi.org/10.1517/14712598.1.2.253
http://www.ncbi.nlm.nih.gov/pubmed/11727534
https://doi.org/10.4155/fmc.14.86
http://www.ncbi.nlm.nih.gov/pubmed/25329197
https://doi.org/10.1016/j.lfs.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26439991
https://doi.org/10.1158/0008-5472.CAN-09-0466
https://doi.org/10.1158/0008-5472.CAN-09-0466
http://www.ncbi.nlm.nih.gov/pubmed/19509222
https://doi.org/10.7324/JAPS.2020.10804
https://doi.org/10.3109/10715761003667554
https://doi.org/10.3109/10715761003667554
http://www.ncbi.nlm.nih.gov/pubmed/20370557
https://doi.org/10.5530/ijper.54.2s.86
https://doi.org/10.5530/ijper.54.2s.86
https://doi.org/10.1016/j.fct.2011.11.052
https://doi.org/10.1016/j.fct.2011.11.052
http://www.ncbi.nlm.nih.gov/pubmed/22166788
https://doi.org/10.1016/j.jnutbio.2008.10.009
http://www.ncbi.nlm.nih.gov/pubmed/19195869
https://doi.org/10.4103/pm.pm%5F535%5F16
http://www.ncbi.nlm.nih.gov/pubmed/29200719
https://doi.org/10.1158/1078-0432.CCR-09-0109
https://doi.org/10.1158/1078-0432.CCR-09-0109
http://www.ncbi.nlm.nih.gov/pubmed/19638461
https://doi.org/10.1371/journal.pone.0259757

