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1. Introduction

Network pharmacology-based analysis for
unraveling potential cancer-related molecular
targets of Egyptian propolis phytoconstituents
accompanied with molecular docking and in vitro
studiest

Reham S. Ibrahim @ * and Alaa A. El-Banna

Cancer is one of the predominant causes of death worldwide. The new trend nowadays is to exploit natural
products with the hope of developing new anticancer agents with fewer side effects. Propolis is one of
these natural products which showed effectiveness in cancer treatment. The aim of this study is to
understand the multi-level mechanism of action of propolis constituents in cancer treatment using an
integrated approach of network pharmacology-based analysis, molecular docking and in vitro
cytotoxicity testing. An inhouse database of chemical constituents from Egyptian propolis was compiled
and assessed for its ADME properties using the QikProp module in the Schrodinger software. STITCH,
UniProt, STRING, KEGG and DAVID databases were used for construction of constituent-target gene,
gene-pathway, and constituent-target gene-pathway networks with the aid of Cytoscape 3.8.2. The
network pharmacology-based analysis showed that the hit propolis constituents related to cancer
targets were genistein, luteolin, benzoic acid, quercetin and vanillic acid, whereas the main cancer-
associated targets were CYP1Al, CYP19A1, ESR1, NOS3, CASP3 and AKT1. Twenty-four cancer-related
pathways were recognized where the most enriched ones were pathways in cancer and estrogen
signaling pathway. The most enriched biological processes involved in the mechanism of action of
propolis constituents in cancer treatment were negative regulation of the apoptotic process and the
metabolic process and negative regulation of cellular glucuronidation. Molecular docking analysis of the
top hit compounds against the most enriched target proteins in the constructed networks was carried
out using the Maestro interface of the Schrodinger software. Among hit compounds, quercetin and
genistein exhibited the most stabilized interaction. Finally, confirmation of the potential anticancer
activity of propolis was assured by in vitro cytotoxicity testing of propolis extract on human prostate
cancer (DU-145), breast adenocarcinoma (MCF-7) and colorectal adenocarcinoma (Caco-2) cell lines.
This study presents deeper insights about propolis molecular mechanisms of action in cancer for the first
time using an integrated approach of network pharmacology, molecular docking and in vitro testing.

Many chemotherapeutic agents have been developed during
the past five decades. Although these agents were beneficial in

Cancer is among the major causes of death worldwide. It is the
second predominant reason for mortality following cardiovas-
cular diseases.' It is charged with one in eight deaths in the
world, exceeding malaria, AIDS and tuberculosis collectively.?
The number of deaths due to cancer in the world is expected to
rise from 7.1 million in 2002 to 11.5 million in 2030.
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the treatment of cancer, they exhibited many adverse side
effects.* Therefore, scientific research is needed to improve
these agents and develop new ones with no or fewer side effects.
Because of this requirement, great attention is now paid to
natural products as a promising treasure to discover safer and
more effective anticancer agents.

Four categories of natural anticancer agents are marketed
today, the vinca alkaloids, the epipodophyllotoxins, the taxanes
and the camptothecin derivatives.* Natural products still have
great prospect to yield novel anticancer agents and one of these
auspicious natural products is propolis.

Propolis is a resinous substance produced by honey bees via
mixing their salivary and enzymatic secretions with plant sap

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and gums. It is called “bee glue” because it is used by bees to
close up unwanted pores and cracks in their hives. It is also
used by bees as an antiseptic to sanitize their hives against
microbial infections.® Propolis color and structure vary based
on the plant and the geographical origins. It may be green,
black, red, white and most commonly brown in color and hard
or fragile in structure. There are many botanical origins of
propolis, the most commonly identified are chestnut, pine,
sweetgum, poplar, oak, birch, elm, coin vine, willow, acacia,
eucalyptus, etc. The geographical origin includes many coun-
tries across the world such as Egypt, China, Thailand, India,
Taiwan, Iraq, Greece, Tunisia, Turkey, Cuba, Croatia, Mexico,
Portugal, Brazil and Caribbean countries.®

From a chemical perspective, the propolis chemome has
a remarkable qualitative and quantitative divergence due to
specificity of the surrounding flora at the collection site and
accordingly geographic, climatic features and harvest seasons.
Further, genetic differences among bee races account for this
inherent variability, possibly owing to discrete preferences
toward appropriate resin sources from various plant families.”

Literature survey revealed that propolis is rich in many active
constituents mainly polyphenols, flavonoids, amino acids and
minerals.® Therefore, it exhibits a variety of health-promoting
activities such as antioxidant, antimicrobial, skin emollient,
anti-inflammatory, laxative, immunomodulator, antidiabetic,
and anticancer activities.®> Owing to its positive human health
consequences against degenerative diseases,” propolis was
recognized as a valuable therapeutic agent and extensively
incorporated into commercial health-promoting formulations
traditionally consumed worldwide.

The anticancer effect of propolis is its most astounding
activity. It is mainly ascribed to its anti-oxidant potential,
immune-boosting effect, antiproliferative activity, tumor
vascularization inhibition, killing cancer stem cells, alteration
of the neoplasm microenvironment, mitigation of chemother-
apeutics side effects.'® Propolis is reported to be effective in the
treatment of many types of cancer such as brain and spinal
cord, breast, blood, head and neck, skin, pancreas, colon,
kidney, liver and bladder cancers.®

Comprehension and illustration of the molecular mecha-
nisms by which natural products act on molecular targets is very
difficult because of the complex chemome of natural products
and the possibility to act synergistically and on multiple targets
at the same time. Lately, the explanation of the mechanism of
actions of natural products in various diseases with the
projection of target genes and pathways have been successfully
illustrated by the use of network pharmacology analysis."™*®
This analysis is utilized to construct compound-target-gene-
disease network that makes it easy to understand the multi-
target mechanism of natural products constituents. Network
pharmacology heighten the conception of “network target,
multicomponent therapeutics” in a holistic approach compa-
rable to the complexity of natural products metabolomes.*®

The aim of this study is to comprehend the mechanism of
the anticancer activity of propolis via the network pharmacology
analysis. The identification of protein targets and the related
pathways followed by gene enrichment

analysis were
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conducted. Molecular docking analysis was performed on the
identified hit compounds mostly related to cancer targets in
order to investigate the molecular interactions of these
compounds with the target genes. In vitro cytotoxicity testing on
prostate, breast and colon cancer cell lines was further carried
out to prove the potential anticancer activity of Egyptian prop-
olis extract. This study represents deeper insights about prop-
olis molecular mechanisms of action in cancer for the first time
using an integrated approach of network pharmacology,
molecular docking and in vitro testing.

2. Experimental

2.1. Compilation of an in-house database for Egyptian
propolis

A database of 100 compounds was compiled from previous
literature review on chemical composition of Egyptian propolis
(Table S1t). The 2D structures of these compounds were
confirmed using ChEMBL (https://www.ebi.ac.uk/chembl/) and
PubChem (https://pubchem.ncbi.nlm.nih.gov/). Then the
conversion of these structures to the SMILES format was
accomplished using Schrodinger software (2017A).

2.2. ADME and drug-likeness filtration

Filtration of propolis constituents imported from the database
was carried out using Qikprop software (Schrodinger suite
2017A) by calculation of absorption, distribution, metabolism,
and excretion (ADME) criteria and applying Lipinski's rule of
five.”” In this study, compounds with projected oral bioavail-
ability (OB) of less than 30 were excluded. In addition,
compounds that satisfied less than three criteria from Lip-
inski's rule of five were also excluded.

2.3. Network pharmacology-based analysis

2.3.1. Target genes related to the filtered constituents.
Identification of the target genes related to the filtered constit-
uents was achieved via STITCH DB (http://stitch.embl.de/, ver.
5.0) with the ‘Homo sapiens’ species setting.'® Genes names, 1D,
organism and function were retrieved from UniProt (http://
www.uniprot.org/).'>' Only the ‘Homo sapiens’ proteins associ-
ated with cancer were retained. Then protein-protein interac-
tion network (PPI network) was constructed using STRING
database (https://string-db.org/).>

2.3.2. Networks construction and pathway analyses. Cyto-
scape 3.8.2 (http://www.cytoscape.org/) was utilized to construct
three types of networks: constituent-target gene, gene-pathway
and constituent-gene-pathway networks in order to investigate
the multi-level mechanisms of action of propolis constituents in
cancer treatment. In these networks, the nodes represent
constituents, genes and pathways, while the edges refer to the
interactions between them. The network analyzer plug-in in
Cytoscape was utilized to calculate the network parameters. The
significance of nodes in each constructed network was assessed
using Cytoscape combined score of interactions.

2.3.3. Gene ontology (GO) enrichment analysis of the
identified targets. In order to gain information about gene
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ontology and identify the canonical pathways, biological
processes, cellular components and molecular functions that
were strongly related to the target genes, searching the database
for Annotation, Visualization and Integrated Discovery (DAVID)
ver. 6.8 (https://david.ncifcrf.gov/) and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways (http://
www.genome.jp/kegg/pathway.html) was carried out.’*?>' Only
pathways with P-values < 0.01 were chosen.

2.4. Molecular docking studies

The Protein Data Bank (PDB) was used for retrieving the crystal
structure of most enriched targets revealed from network
pharmacology analysis, which are cytochrome P450 1A1
(6DWN), aromatase (3EQM), estrogen receptor (4]J26), endo-
thelial nitric oxide synthase (1M9K), caspase-3 (3DEI) and RAC-
alpha serine/threonine-protein kinase (3096). The selection of
crystal structure of each protein was relied on best resolution
available. Preparation of the proteins crystallographic struc-
tures was accomplished using protein preparation module of
Schrodinger's Maestro molecular modeling suit (Schrédinger).
Initially, preprocessing of the proteins was carried out by
assigning bond orders and hydrogens in addition to creation of
zero order bonds to metals and disulphide bonds, all the water
molecules exceeding 5 A from the active site were removed,
assignment of hydrogen bonds was performed via PROPKA at
PH = 7, then energy was minimized using OPLS 3 force field
until the relative mean standard deviation (RMSD) of the
minimized structure compared to the crystal structure was
above 0.30 A.>*> Localization of the binding site for the docking
experiments was assigned by the use of receptor grid generation
module and the boxes enclosing the centroids of co-crystallized
ligands were set as the grids. The compounds 3D structures
were imported as SDF file into the LigPrep module of the
Maestro molecular modeling package in order to obtain low
energy structures of compounds. Adjustment of ionization
states was carried out in order to produce all possible states at
PH 7. Molecular docking simulations were achieved by the use
of Glide docking program of Maestro molecular modeling
package implementing extra-precision (XP-Glide) module. The
ligand-target interactions including hydrogen bond, ion pair
interactions, hydrophobic interactions and the binding modes
of the identified compounds were visualized using Maestro
interface.

2.5. Invitro cytotoxicity assay on human prostate cancer
(DU-145), breast adenocarcinoma (MCF-7) and colorectal
adenocarcinoma (Caco-2) cell lines

2.5.1. Chemicals and cell lines. Human prostate cancer
(DU-145), breast adenocarcinoma (MCF-7) and colorectal ade-
nocarcinma (Caco-2) cell lines were obtained from Nawah
Scientific Inc. (Mokatam, Cairo, Egypt). Dulbecco's Modified
Eagle Medium (DMEM), streptomycin, penicillin, fetal bovine
serum, sulforhodamine B (SRB) were procured from Lonza
(Belgium). Trichloroacetic acid (TCA), acetic acid, TRIS and
ethanol were bought from Fisher Scientific, UK. Propolis
sample was acquired from reputable bee-keeping communities
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View Article Online

Paper

from Abees Agricultural Research Unit in Alexandria, Egypt
during summer 2020.

2.5.2. Preparation of propolis extract for in vitro cytotox-
icity assay. A crude sample of propolis was dried and kept
overnight at —20 °C. The sample was ground via manual grinder
and then extracted according to the optimized extraction
method previously reported in the literature,” 2 g of dried
powdered sample were extracted using 10 mL of 96% ethanol by
sonication in an ultrasonic bath apparatus 28 kHz/1100 W (3 L
Alpha Plus, Japan) for 60 min at 35 °C. The ethanolic extract was
concentrated to dryness under reduced pressure using rotary
evaporator at 45 °C.

2.5.3. In vitro sulforhodamine B (SRB) cytotoxicity assay.
Human prostate cancer (DU-145), breast adenocarcinoma
(MCF-7) and colorectal adenocarcinoma (Caco-2) cells were
separately preserved in Dulbecco's Modified Eagle Media
(DMEM) supplied with 100 units per mL of penicillin, 100 mg
mL~" of streptomycin, and 10% of heat-inactivated fetal bovine
serum in humidified, 5% (v/v) CO, atmosphere at 37 °C. Sul-
forhodamine B (SRB) assay was applied for assessment of cell
viability.>*** Aliquots of 100 pL cell suspension (5 x 103 cells)
from each cell line were separately placed in 96-well plates and
incubated for 24 h in complete media. Then treatment of the
cells with another aliquot of 100 pL media containing propolis
at 0.001, 0.01, 0.1, 1, 10, 100 g mL~' concentrations was
carried out. After 72 h exposure to drug, cells were fixed by
exchanging media with 150 pL of 10% trichloroacetic acid (TCA)
and then the cells were incubated at 4 °C for 1 h. The TCA
solution was removed, and distilled water was used for washing
the cells 5 times. Aliquots of 70 uL SRB solution (0.4% w/v) were
added and incubated in a dark place at room temperature for
10 min. Washing the plates 3 times with 1% acetic acid was
carried out, then the plates were allowed to air-dry overnight.
After that, protein-bound SRB stain was dissolved using 150 pL
of TRIS (10 mM); finally, the measurement of the absorbance
was performed at 540 nm by the use of a BMG LABTECH® -
FLUO star Omega microplate reader (Ortenberg, Germany).

3. Results and discussion

A database of 100 compounds was constructed from previous
literature review on chemical composition of Egyptian propolis.

3.1. ADME filtration of propolis constituents

Assessment of the ADME properties of the compounds was
carried out via QikProp module which measures some physi-
ochemical properties that project the drug-likeness of
compounds. These physiochemical properties were summa-
rized by Lipinski's rule of 5. In accordance with Lipinski's rule
of 5, a compound of reported biological activity is considered
active (having good absorption and/or permeation) if it has
lower than ten hydrogen-bond acceptors (Hacc), lower than five
hydrogen-bond donors (Hdon), 10 or fewer rotatable bonds
(RBN), a molecular weight less than 500 Da and has a calculated
log P (ClogP) less than five.'” Only compounds obeying at least
three of the above features were retained in the database.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Potential protein targets of propolis constituents
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Short name of
protein

Full name of protein

Interacting compound (s) (combined interaction
score)

ABCG2

ACSM1

ACSM2B

AKT1
ALAD
AOX1
AR
ASPA
CASP3
CDK1
CDK2
CES1
CFTR

CYP19A1

CYP1A1

CYP1B1
DAO
EGFR
ESR1

ESR2
F12
FOS
HCK
HRSP12

JUN
MAPKS
MCL1

MMP9
NOS3
PIK3CG

PIM1
PPARA
PPARG

PRDX5
SIRT1
TMEM37
TMEM67
UGT1A10
UGT1A3
UGT1A7

UGT1A8

In addition, the oral bioavailability of the gathered
compounds was calculated.? It indicates the extent of the orally
administered drug dosage reaching the therapeutic site of

Broad substrate specificity ATP-binding cassette
transporter

Acyl-CoA synthetase medium-chain family
member 1

Acyl-CoA synthetase medium-chain family
member 2B

RAC-alpha serine/threonine-protein kinase
Delta-aminolevulinic acid dehydratase
Aldehyde oxidase 1

Androgen receptor

Aspartoacylase

Caspase-3

Cyclin-dependent kinase 1
Cyclin-dependent kinase 2

Carboxylesterase 1D

Cystic fibrosis transmembrane conductance
regulator

Aromatase

Cytochrome P450 1A1

Cytochrome P450 1B1

Diamine oxidase

Epidermal growth factor receptor
Estrogen receptor alpha

Estrogen receptor beta

Coagulation factor XII

Proto-oncogene c-Fos

Tyrosine-protein kinase HCK
2-Iminobutanoate/2-iminopropanoate
deaminase

Transcription factor AP-1

Mitogen-activated protein kinase 8

Induced myeloid leukemia cell differentiation
protein

Matrix metalloproteinase-9

Nitric oxide synthase

Phosphatidylinositol 4,5-bisphosphate 3-kinase
catalytic subunit gamma isoform
Serine/threonine-protein kinase pim-1
Peroxisome proliferator-activated receptor alpha
Peroxisome proliferator-activated receptor
gamma

Peroxiredoxin-5, mitochondrial
NAD-dependent protein deacetylase sirtuin-1
Transmembrane protein 37

Transmembrane protein 67

UDP glucuronosyltransferase family 1 member
A10

UDP glucuronosyltransferase family 1 member
A3

UDP glucuronosyltransferase family 1 member
A7

UDP glucuronosyltransferase family 1 member
A8

action unchanged. Only compounds having OB = 30% were

© 2021 The Author(s). Published by the Royal Society of Chemistry

Tectochrysin (0.7)
Benzoic acid (0.952)
Benzoic acid (0.958)

Genistein (0.96), chrysin (0.7)
Hydroxyvaleric acid (0.949)
Isovanillin (0.861)

Genistein (0.959)

Triacetin (0.534)

Luteolin (0.947), myricetin (0.733)
Apigenin (0.949)

Luteolin (0.942)

Benzoic acid (0.958)

Genistein (0.961), gluconate (0.442)

Genistein (0.962), chrysin (0.931), biochanin A
(0.986), apigenin (0.837)

Genistein (0.988), galangin (0.981), chrysin
(0.841), formononetin (0.722), genkwanin (0.7),
ellagic acid (0.444)

Quercetin (0.975)

Benzoic acid (0.993)

Luteolin (0.869)

Genistein (0.996), apigenin (0.961), benzoic acid
(0.7)

Genistein (0.996)

Ellagic acid (0.966)

Luteolin (0.944)

Quercetin (0.969)

Benzoic acid (0.958)

Luteolin (0.946)
Luteolin (0.951)
Quercetin (0.987)

Luteolin (0.949)
Genistein (0.978), ellagic acid (0.828)
Myricetin (0.928)

Quercetin (0.969)
Naringenin (0.86)
Genistein (0.964)

Benzoic acid (0.97)
Myricetin (0.943)
p-Coumaric acid (0.517)
Triacetin (0.4)

Vanillic acid (0.7)
Vanillic acid (0.7)
Vanillic acid (0.7)

Vanillic acid (0.7)

kept in the database. All the compounds of the database (Table
S1t) obeyed the specified criteria and thus were retained for
further network pharmacology-based analysis.

RSC Adv, 2021, 11, 11610-11626 | 11613
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Fig. 1 Network of compound-target gene interactions for propolis constituents by linking 20 compounds and 41 target proteins.

3.2. Identification of cancer-associated target genes of constructed using the searching results gained from STITCH 5.0
propolis constituents via network pharmacology-based database. STITCH is a large database that contains information
analysis about chemicals interactions. It contains interaction informa-

tion for more than 68 000 chemicals, including 2200 drugs, and

In order to recognize the cancer-associated target genes of -
connects them to 1.5 million genes across 373 genomes.”

propolis compounds, a compound-target network was

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Fig. 2 The distributions % of the compound—target gene (C-T) interactions on the propolis constituents.
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UniProt database was utilized to know the role of each identi-
fied target gene and its relation to cancer. The Universal Protein
Resource (UniProt) is a comprehensive resource for protein
sequences and functional annotation, it contains information
about more than 550 000 proteins and their functions.?®

In STITCH 5.0 database, there are “combined scores” for the
interactions between chemicals and genes with stronger inter-
actions exhibiting higher scores. In this study, only compounds
having interaction score higher than 0.4 were retained (Table 1).
The constructed constituent-target network was composed of 61
nodes (20 constituents and 41 targets) and 55 edges (Fig. 1) with
an average of 2.222 targets for each constituent signifying the
multi-target feature of the studied compounds.

From the constructed compound-target (C-T) network, it
can be shown that the propolis flavonoidal constituents were
predominant in the hit list where genistein (flavonoid) exhibi-
ted the highest C-T interaction percentage (19%), followed by
luteolin (14%) (flavonoid), benzoic acid (14%) (aromatic
carboxylic acid), quercetin (8%) (flavonoid), vanillic acid (6%)
(phenolic acid), apigenin (6%) (flavonoid), myricetin (6%)
(flavonoid), chrysin (5%) (flavonoid) and ellagic acid (5%)
(polyphenol) (Fig. 2).

From Fig. 3, it can be concluded that the most enriched
cancer-associated target genes which exhibited the highest
percentage of interactions with the constituents in this network
were CYP1A1 (10%), CYP19A1 (8%), ESR1 (5%), NOS3 (4%),

View Article Online

RSC Advances

CASP3 (4%) and AKT1 (4%). These are well-recognized cancer
molecular targets where CYP1A1 plays an important role in the
metabolism of the polycyclic aromatic hydrocarbons and in the
oxidative metabolism of estrogens that might increase the risk
of oxidative stress and cancer.” Also, CYP19A1 (aromatase)
plays a critical role in estrogen biosynthesis and thus may be
related to the progression of breast cancer and other hormone-
dependent cancers.* In addition, ESR1 is the gene that encodes
the estrogen receptor protein. Therefore, plays a role in patho-
genesis of cancers.* NOS-3 has also been suggested to modulate
different cancer-related events such as angiogenesis, apoptosis,
cell cycle, invasion and metastasis.*> Meanwhile, CASP3 is
involved in the activation cascade of caspases responsible for
apoptosis execution.* Whereas, AKT1 regulates many processes
including metabolism, proliferation, cell survival, growth and
angiogenesis.* Strong interactions were found between genes
in protein-protein network (Fig. 4).

KEGG (Kyoto Encyclopedia of Genes and Genomes) is
a database resource for understanding high-level functions and
utilities of the biological system from molecular-level informa-
tion, especially large-scale molecular datasets generated by
genome sequencing and other high-throughput experimental
technologies.** KEGG pathways functional enrichment analysis
was performed to recognize the signaling pathways and func-
tions of identified target genes (Table 2). From KEGG pathways
analysis (Table 2 and Fig. 5), it can be observed that the target

DAO2%
MCL12%

Fig. 3 The distributions % of the compound-target gene (C-T) interactions on the identified cancer-related proteins.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Protein—protein interaction (PPI) network of identified cancer-related targets.

genes interact with 24 cancer-associated pathways with the the largest number of observed gene count, followed by steroid

most enriched ones were pathways in cancer and estrogen hormone biosynthesis and microRNAs in cancer.

signaling pathway which had the lowest false discovery rate and Merging compound-target and target-pathway networks
was carried out to obtain the compound-target-pathway

Table 2 KEGG pathway analysis of potential target genes functions

Pathway Observed gene False discovery

ID Pathway description count rate Matching proteins in network

5200  Pathways in cancer 9 1.09 x 1071 AKT1, CASP3, EGFR, FOS, JUN, MAPKS, MMP9, PIK3CG,
PPARG

4915 Estrogen signaling pathway 9 5.48 x 107*3 AKT1, EGFR, ESR1, ESR2, FOS, JUN, MMP9, NOS3, PIK3CG

140 Steroid hormone biosynthesis 7 1.76 x 107° CYP19A1, CYP1A1, CYP1B1, UGT1A10, UGT1A3, UGT1A7,
UGT1A8

5206  MicroRNAs in cancer 7 5.94 x 107° CASP3, CYP1B1, EGFR, MCL1, MMP9, PIM1, SIRT1

5205 Proteoglycans in cancer 6 8.09 x 107® AKT1, CASP3, EGFR, ESR1, MMP9, PIK3CG

5210 Colorectal cancer 6 1.33 x 1077 AKT1, CASP3, FOS, JUN, MAPKS, PIK3CG

5204 Chemical carcinogenesis 6 3.07 x 1077 CYP1A1, CYP1B1, UGT1A10, UGT1A3, UGT1A7, UGT1A8

4010  MAPK signaling pathway 6 2.24 x 107° AKT1, CASP3, EGFR, FOS, JUN, MAPKS

5215 Prostate cancer 5 2.58 x 10°°¢ AKT1, AR, EGFR, MMP9, PIK3CG

4151  PI3K-Akt signaling pathway 5 1.58 x 10°° AKT1, EGFR, MCL1, NOS3, PIK3CG

5224 Breast cancer 4 1.95 x 107 AKT1, EGRF, ESR1, ESR2

5218 Melanoma 3 0.00014 AKT1, EGFR, PIK3CG

5214 Glioma 3 0.000186 AKT1, EGFR, PIK3CG

5221 Acute myeloid leukemia 3 0.00023 AKT1, PIK3CG, PIM1

5203 Viral carcinogenesis 3 0.000282 CASP3, JUN, PIK3CG

5213 Endometrial cancer 3 0.000318 AKT1, EGFR, PIK3CG

5223 Non-small cell lung cancer 3 0.000511 AKT1, EGFR, PIK3CG

4913 Ovarian steroidogenesis 3 0.000541 CYP19A1, CYP1A1, CYP1B1

5211 Renal cell carcinoma 3 0.000808 AKT1, JUN, PIK3CG

4210 Apoptosis 3 0.000876 AKT1, CASP3, PIK3CG

5202 Transcriptional misregulation in 2 0.00416 MMPY, PPARG

cancer

5220 Chronic myeloid leukemia 2 0.00508 AKT1, PIK3CG

5222 Small cell lung cancer 2 0.00701 AKT1, PIK3CG

5219 Bladder cancer 2 0.00877 EGFR, MMP9
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network that revealed the multiple interaction nature of the
studied propolis constituents together with the identified
cancer-associated genes where each node in the network had an
average number of interactions of 1.8 (Fig. 6).

In order to validate the results gained from network
pharmacology-based analysis, the PubMed was reviewed for
studies relating the hit constituents to the different cancer
treatment pathways (Table 3). For instance, genistein was found
to induce apoptosis in prostate, breast, lung, and pancreas
cancer cells by inhibition of NF-kappaB and Akt signaling
pathways.*® In addition, luteolin was reported to arrest the
growth of colon adenocarcinoma cells by inactivation of the
PI3K/Akt and ERK1/2 pathways via a reduction in insulin-like
growth factor-I receptor (IGF-IR) signaling.’” Meanwhile,

© 2021 The Author(s). Published by the Royal Society of Chemistry

benzoic acid derivatives were proved to inhibit murine bladder
cancer cells growth and metastasis through inhibition of TNFa/
NFkB and iNOS/NO pathways.*® Moreover, quercetin was
declared to suppress the viability and proliferation of breast
cancer cells by activation of both apoptosis and necroptosis
signaling pathways.* Also, vanillic acid was proclaimed to
inhibit the growth of human colon cancer cells by suppression
of hypoxia-inducible factor 1 (HIF-1) expression via inhibition of
mTOR/p70S6K/4E-BP1 and Raf/MEK/ERK pathways.*’

3.3. Gene ontology (GO) enrichment analysis for targets

Gene ontology (GO) describes gene products with three inde-
pendent categories: biological process, cellular component, and

RSC Adv, 2021, 11, 1610-11626 | 11617
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molecular function,** which may produce multiple GO terms
assigned to one query sequence. Gene ontology enrichment
analysis of the identified 41 target genes was carried out using
DAVID bioinformatics resources with the selection of Homo
sapiens limit annotation. DAVID is a web-accessible program
that combines functional genomic annotations with intuitive
graphical summaries. Lists of gene or protein identifiers are
rapidly annotated and summarized according to shared cate-
gorical data for gene ontology, protein domain, and biochem-
ical pathway membership. DAVID assists in the interpretation
of genome-scale datasets by facilitating the transition from data
collection to biological meaning.*” From Fig. 7A it can be
concluded that the most enriched biological processes were
negative regulation of apoptotic process, metabolic process and
negative regulation of cellular glucuronidation. As shown in
Table 3, apoptosis or programmed cell death pathway involved
three cancer-associated target genes; AKT1, CASP3 and PIK3CG
interacting with propolis compounds. Where, Akt1 is the prin-
cipal Akt isoform regulating apoptosis in limiting cytokine
concentration.”® Caspase-3 is a frequently activated death
protease, catalyzing the specific cleavage of many key cellular
proteins.** Moreover, inhibition of PIK3CG activation could
enhance cancerous cells apoptosis. It is reported that PIK3CG is
also a potential target for the treatment of few malignant
tumors such as acute lymphoblastic leukemia, medulloblas-
toma and Kaposi sarcoma.*

The most significant molecular functions were enzyme
binding, RNA polymerase II transcription factor activity and
transcription factor binding. Meanwhile, the most involved

1618 | RSC Adv, 2021, 11, 1161011626

cellular components were cytosol, endoplasmic reticulum
membrane and nucleus (Fig. 7A).

Moreover, the GO enrichment analysis using DAVID bio-
informatics resources recognized 3 BBID pathways including T-
cell receptor and cyclin and p27 cell cycle, 11 BIOCARTA path-
ways involving inhibition of cellular proliferation, nerve growth
factor pathway and TSP-1 induced apoptosis and 28 KEGG
pathways including estrogen signaling pathways, colorectal
cancer, breast cancer and prostate cancer (Fig. 7B). All recog-
nized pathways possessed P-value less than or equal to 0.01.

3.4. Molecular docking studies of hit compounds in the
active sites of the most enriched cancer-associated target
genes

The Glide module of the Schrodinger suite software was used
for calculating the docking XP G scores of propolis hit
compounds genistein, luteolin, benzoic acid, quercetin and
vanillic acid against the active sites of the most enriched cancer-
associated target genes CYP1A1, CYP19A1, ESR1, NOS3, CAPS3
and AKT1. From Table 4, it can be observed that quercetin had
the lowest XP G score against cytochrome P450 1A1, estrogen
receptor, caspase-3 and RAC-alpha serine/threonine-protein
kinase. Whereas, genistein exhibited the most stabilized inter-
action with aromatase and endothelial nitric oxide synthase.
The 2D and 3D interaction diagrams of quercetin in the
active site of cytochrome P450 1A1 (PBD ID 6DWN) (Fig. 8A)
revealed the formation of two hydrogen bonds between 3’ and 4’
hydroxyl groups and Asn222 and a stacking pi-pi interaction
between the aromatic ring B of the flavone moiety and Phe224.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Summary of literature survey on the top scoring propolis constituents in cancer treatment
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Compound

Model

Reference

Mechanism

Genistein

Luteolin

Benzoic acid

Quercetin

© 2021 The Author(s). Published by the Royal Society of Chemistry

Breast cancer cells (MDA-MB-435
and MDA-MB-231)

Breast cancer cells

PC-3 (prostate), MDA-MB-231
(breast), H460 (lung), and BxPC-3
(pancreas) cancer cells

Human cervical carcinoma cells
(HeLa)

Human leukemia HL-60 cancer cell

HCT-15 colon adenocarcinoma cell
line

HT-29 colon adenocarcinoma cell
line

SW480 and Caco-2 colon cancer cell
lines
Caco-2 colon cancer cell line

Human colon carcinoma cell line
Caco-2 (BS TCL 87)

Human gastric cancer cell line BGC-
823

MDA-MB-231 breast cancer cells

Murine bladder cancer cell line
MB49

Human cervical carcinoma HeLa
cells

MCEF-7 breast cancer cells

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

33249095

18492603

16061678

31766427

30618158

24099426

22269172

15203384

20659486

26580959

28789432

31611756

31877271

31366565

28814095

Inhibited secreted OPN expression
leading to reduced colony
formation rate, migration and
invasion of MDA-MB-435 and MDA-
MB-231 cancer cells. It also
activated the MAPK pathway by
phosphorylating MEK2 and ERK2
and increased silent mating type
information regulation 2 homolog 1
(SIRT1) expression in these cells
Inhibited the proto-oncogene HER-
2 protein tyrosine phosphorylation
Inhibited the activation of NF-
kappaB and Akt signaling pathways
that lead to apoptosis

Modulated the expression of several
genes involved in the cell cycle
regulation, migration,
inflammation, phosphatidylinositol
3-kinase (PI3K) and mitogen
activated kinase-like protein
(MAPK) pathway including CCNB1,
TWIST1, MMP14, TERT, AKT1,
PTPRR, FOS and IL1A

Decreased cell number through G,/
M phase arrest and the induction of
cell apoptosis through ER stress-
and mitochondria-dependent
pathways in HL-60 cells

Induced growth arrest by inhibiting
Wnt/B-catenin/GSK-3f signaling
pathway. It also induced apoptosis
by caspase-3 mediated manner
Downregulated the activation of the
PI3K/Akt and ERK1/2 pathways via
a reduction in IGF-1R signaling
leading to apoptosis

Induced cell cycle arrest at G2/M
phase

Showed a protective effect against
H,0,-induced DNA damage
Exerted toxic effects on colon cancer
cells by inhibiting both S1P
biosynthesis and ceramide traffic
Induced apoptosis through
suppressing the MAPK and PI3K
signaling pathways

Induced apoptosis through the
caspase cascade and PARP
inactivation

Benzoic acid derivatives inhibited
tumor growth and metastasis
through inhibition of TNFa/NF«B
and iNOS/NO pathways

Blocked the PI3K, MAPK and WNT
pathways by modulating the
expression of several proteins
leading to the inhibition of cell
proliferation, cell cycle arrest, DNA
damage and apoptosis in cervical
cancer (HeLa) cells

Suppressed viability and
proliferation of MCF-7 cells by
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Table 3 (Contd.)
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Compound

Model

Reference

Mechanism

Vanillic acid

Human prostate cancer cell lines
(LNCaP, DU-145, and PC-3)

Human pancreatic cancer cell line
MIA Paca-2

AGS human gastric cancer cells

Human colon cancer HCT116 cells

Human prostate cancer cell lines
(LNCaP, DU145, GM-0637, BPH-1,
and TRAMP cell lines)

B16BL6 melanoma cells

benzo(a)pyrene induced lung
cancer in Swiss albino mice

7,12-Dimethylbenz(a)anthracene-
induced hamster buccal pouch
carcinogenesis

1620 | RSC Adv, 2021, 11, 610-11626

PMID

PMID

PMID

PMID

PMID

PMID

PMID

PMID

129898731

: 31590760

: 30152185

: 30678221

: 12869308

1 32722030

: 31468657

: 30488845

activation of both apoptosis and
necroptosis signaling pathways.
Apoptosis was induced via
increasing expression of Bax and
caspase-3 and decreasing
expression of Bcl-2 genes.
Necroptosis was induced by
increasing expression of RIPK1 and
RIPK3

Exerted its anti-cancer effects by
modulating ROS, Akt, and NF-kB
pathways

Induced apoptosis and
chemosensitivity through RAGE/
PI3K/AKT/mTOR pathways
Induced cell morphological changes
and reduced total viability via
apoptotic cell death in AGS cells
Increased reactive oxygen species
(ROS) production, decreased the
levels of mitochondrial membrane
potential, and increased the
apoptotic cell number in AGS cells
Decreased anti-apoptotic protein of
Mcl-1, Bcl-2, and Bel-x but
increased pro-apoptotic protein of
Bad, Bax, and Bid

Increased the gene expressions of
TNFRSF10D (tumor necrosis factor
receptor superfamily, member 10d,
decoy with truncated death
domain), TP53INP1 (tumor protein
p53 inducible nuclear protein 1),
and JUNB (jun B proto-oncogene)
but decreased the gene expression
of VEGFB (vascular endothelial
growth factor B), CDK10
(cyclin-dependent kinase 10), and
KDELC2 (KDEL [Lys-Asp-Glu-Leu]
containing 2) that are associated
with apoptosis pathways
Suppressed HIF-1a expression via
inhibition of mTOR/p70S6K/4E-BP1
and Raf/MEK/ERK pathways
Vanillic acid methyl ester
suppressed Akt/NFKB cell survival
signaling pathway therefore it can
be used for treatment of prostate
cancer

Induced STAT3-mediated
autophagy to inhibit cancer growth
It had an efficient preventive action
against B(a)P-induced lung cancer,
and this is attributed to its
free-radical scavenging antioxidant
activities

Increased the phase I (cytochrome
P450 and cytochrome b5) and
decreased phase II (GSH, GR, and
DT-diaphorase) detoxification
enzymes in DMBA treated hamsters

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(A) GO enrichment analysis of identified cancer targets. Biological processes are colored green, cellular components are orange and

molecular functions are blue. (B) BBID (green), BIOCARTA (yellow) and KEGG (blue) pathways analysis involved in cancer. The order of
importance was ranked by —log 10 (P-value) with bar chart. The number of targets stick into each term with line chart.

Table 4 XP G scores of the top hit compounds in the compound—target network against the most enriched cancer-associated target proteins

Caspase-
Cytochrome P450 Aromatase  Estrogen receptor Endothelial nitric 3 RAC-alpha serine/threonine-protein
1A1 (6DWN) (3EQM) (4]26) oxide synthase (IM9K)  (3DEI) kinase (3096)
Genistein —10.968 —9.634 —10.428 —7.951 —7.615 —8.583
Lueolin —11.551 —8.521 —10.703 —7.107 —6.747 —10.114
Benzoic acid —5.395 —3.564 —5.646 —7.126 —2.907 —4.194
Quercetin —11.606 —8.765 —11.074 —7.434 —8.056 —10.452
Vanillic acid —6.277 —-5.170 —7.070 —7.840 —4.466 —5.236

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Charged negative interactions were also observed with Asp313
and Asp320 in addition to hydrophobic interactions with Ile386,
Ala317, Leu496, Phe319, Leu217, Phe258, Ile115, Leu312 and
Phe123. Moreover, there were polar interactions with Ser122,
Thr321 and Thr497.%¢

Meanwhile, the interaction of quercetin with estrogen
receptor (PDB ID 4]26) involved four hydrogen bonds between 5,
3, 4 hydroxyl groups and Glu305, Gly472 and Hid475. In
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addition to a stacking pi-pi interaction between the aromatic
ring B of the flavone moiety and Phe356. There were also
hydrophobic interactions with Met336, Trp335, Met340,
Leu339, Leu343, Leu 301, Ala302, Leu 298, Ile376, Leu380,
1le373, Phe377, Met295 and Leu476 *” (Fig. 8B).

Furthermore, quercetin interacted with caspase-3 (PDB ID
3DEI) using three hydrogen bonds between 3’ and 5 hydroxyl
groups and Thr255, Lys259 and Thr166. In addition to polar
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Fig.10 Dose response curve of propolis extract (to the left) and doxorubicin (to the right) against the human prostate cancer (DU-145) (a), breast
adenocarcinoma (MCF-7) (b) and colorectal adenocarcinoma (Caco-2) (c) cell lines.
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interactions with Thr62, Thr166 and Thr255 and hydrophobic
interaction with Tyr204, Cys170, Phe256, Leul68, Tyr204,
Phe256 and Leu168. There was also a charged negative inter-
action with Glu167 *® (Fig. 8C).

Whereas, the stabilization of quercetin interaction with RAC-
alpha serine/threonine-protein kinase (PDB ID 3096) was
through the formation of four hydrogen bonds between 5, 7, 3’
and 4" hydroxyl groups and GIn79, Thr211and Ser205, and a pi-
pi stacking interaction between the aromatic ring A of the
flavone moiety and Trp80. There were also polar interactions
with Thr81, Thr82 and Asn54 and hydrophobic interactions
with Tyr263, Leu264, Ile84, vVal270, Tyr272, Leu210, Ala212, and
11e290. In addition to positively charged interaction with Lys268
and negatively charged interaction with Asp292 *° (Fig. 9A).

On the other hand, the interaction of genistein with aro-
matase (PDB ID 3EQM) involved four hydrogen bonds between
5,7, 4 hydroxyl groups and Ala 306, Leu477, Leu372 and Met374
residues. There were also hydrophobic interactions with
Phe134, Ile133, Ala307, Trp224, Phe221, Val370 and Val 373 and
polar interaction with Ser478 and Thr310. In addition to
a charged positive interaction with Arg115 ***') (Fig. 9B). While
the interaction of genistein with endothelial nitric oxide syn-
thase (PDB ID 1M9K) was stabilized via the formation of
a hydrogen bond between 4’ hydroxyl group and Ser354 and
a pi-pi stacking interaction between the aromatic ring A of the
flavone moiety and Trp178. In addition to the formation of
coordination reaction with Hem901 and hydrophobic interac-
tions with Leu193, Ala227, Ile228, Phe353, Phe473, Ala181,
Met339, Trp447, Cys184. There were also a charged positive
interaction with Arg183 and polar interaction with Ser226 **
(Fig. 9C).

3.5. Invitro anticancer activity of propolis extract on human
prostate (DU-145), breast (MCF-7) and colorectal (Caco-2)
cancer cell lines

The propolis extract was subjected to in vitro anticancer activity
testing on human prostate (DU-145), breast (MCF-7) and colo-
rectal (Caco-2) cancer cell lines. The results shown in Fig. 10
indicated the high propolis potency against the studied cancer
types, where it showed ICs, values equal to 26.5 £ 0.06, 11.95 +
0.01 and 10.213 + 0.07 pg mL~" in human prostate (DU-145),
breast (MCF-7) and colorectal (Caco-2) cancer cell lines,
respectively. These results are concordant with the literature
survey summarized in Table 3 demonstrating the activity of
propolis constituents against the studied cancer cell lines where
luteolin was found to induce G2/M cell-cycle arrest in human
colon cancer cell lines.®® Whereas quercetin was reported to
suppress viability and proliferation of MCF-7 cells by activation
of both apoptosis and necroptosis signaling pathways.>* It was
also found to exert anticancer effect on DU-145 cells by modu-
lating ROS, Akt, and NF-kB pathways.*® The Egyptian propolis
extract exhibited more potent cytotoxic activity than well-known
cytotoxic agents such as platinum nanocatalysts®® and even
propolis from other regions such as Moroccan and Indian
propolis.®”*® DAVID pathway analysis of prostate (Fig. S17),
breast (Fig. S21) and colorectal (Fig. S3) cancer illustrates the
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potential targets and pathways of Egyptian propolis chemical
constituents. The red ovals indicate the targets where the
molecules interact and the pink rectangles indicate the targeted
pathways.

4. Conclusion

Due to the complex metabolome of natural products and the
high cost of in-laboratory screening of their role and mecha-
nism of action in various diseases, the network pharmacology-
based analysis is regarded as a valuable mean to accomplish
this task easily and more conveniently. In this study, the
network pharmacology-based analysis of propolis showed that
the hit propolis constituents related to cancer targets were
genistein, luteolin, benzoic acid, quercetin and vanillic acid.
Whereas, the main cancer-associated targets were CYP1Al,
CYP19A1, ESR1, NOS3, CASP3 and AKT1. Twenty-four cancer-
related pathways were recognized where the most enriched
ones were pathways in cancer and estrogen signaling pathway.
Among hit compounds, molecular docking studies revealed that
quercetin had the lowest binding energy with cytochrome P450
1A1, estrogen receptor, caspase-3 and RAC-alpha serine/
threonine-protein kinase. Whereas, genistein exhibited the
most stabilized interaction with aromatase and endothelial
nitric oxide synthase. This study represents a thorough expla-
nation of the proposed mechanism of action of propolis
constituents in cancer and suggests this natural product as
a potential source of phytoconstituents that can be imple-
mented for cancer prevention or treatment. Further extensive in
vivo and clinical studies are required to confirm the anti-cancer
potential of the concluded top hit natural compounds.
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