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Abstract

Background and objectives: Breast cancer is the most frequently reported malignancy in women
worldwide and is a heterogeneous disease. Due to different levels of human epidermal growth factor
receptor 2 (HER-2) and its critical role in tumor progression, HER-2 has been considered as a
validated target in breast cancer therapy. The present study aimed to identify new and effective HER-2
inhibitors from selected plant-based compounds using a computational drug discovery approach. The
anticancer effects of top-ranked compounds were then evaluated using cellular and molecular methods.
Methods: The binding affinities of 47 herbal compounds (including 21 flavonoids, 16 anthraquinones,
and 10 cinnamic acids) with the extracellular domain of HER-2 were evaluated using molecular
docking analysis. The top hits were evaluated for their cell proliferation inhibition, apoptosis, and
migration effects in high and low HER-2-overexpressing SKBR-3 and MCF-7 cell lines, respectively.
Results: Chrysin, chrysophanol, and chlorogenic acid revealed the highest binding affinity to the
extracellular domain of HER-2; therefore, they were considered the top-ranked HER-2 inhibitors in
this study. Each component inhibited cell proliferation and decreased migration activity of SKBR-3
and MCF-7 cell lines, while the SKBR-3 cells were affected more. The results of the apoptosis assay
showed that chrysin was the only compound that could cause a significant induction of SKBR-3 cell
apoptosis in comparison to MCF-7 cells. Conclusion: The results of the present study suggest that
chrysophanol, chlorogenic acid, and especially chrysin may have anticancer effects and could be
considered drug candidates for therapeutic aims in human HER-2 positive cancer.
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Introduction

Breast cancer is the most frequent malignancy in
women globally. According to the World Health
Organization, breast cancer became the most
common cancer in 2021, accounting for 12% of
all new annual cancer cases worldwide. Besides,
more than 2.2 million new cases and 684,996

recent deaths were reported in 2020 [1,2].
Clinically, specific subtypes of breast cancer are
defined by their histopathological appearance and
expression of molecular targets. The first
molecular target is hormone receptors (estrogen
receptor alpha (ERa) and progesterone receptor
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(PR)), which are expressed in approximately 70%
of invasive breast cancers. The second main
molecular target is epidermal growth factor 2
(ERBB2, formerly HER-2 or HER-2 /neu), a
transmembrane tyrosine kinase receptor in the
epidermal growth factor receptor family. Its
expression is detected in approximately 20% of
breast cancers. Concerning the presence or
absence of these receptors, breast cancers are
classified as luminal A (HER-2 negative, and ER
and/or PR positive) luminal B (HER-2 positive,
and ER and/or PR positive); HER-2 -enriched
(HER-2 positive, and ER and PR negative) and
basal like (triple-negative breast cancer- HER-2,
ER, and PR negative) [3-5].

HER-2-positive breast cancer, compared with
HER-2-negative tumors, is an aggressive subtype
with a poor response to standard chemotherapy
regimens [6]. HER-2 is always in an active
conformation and ready to interact with the
ligand-activated HER receptors; highly expressed
HER-2 at the cell membrane results in
constitutive signaling of downstream pathways.
Differential levels of HER-2 and its role in tumor
progression make HER-2 a validated target in
breast cancer therapy. A better understanding of
intracellular and extracellular studies on the
HER-2 gene and its signaling has provided
insights into strategies to inhibit this pathway and
has developed new HER-2-targeted
pharmacological agents. This could subsequently
result in better survival outcomes in patients with
advanced HER-2-positive breast cancer [7,8].

To design and develop novel potential HER-2
inhibitors, in silico methods are considered as
one of the least expensive and fastest ways in the
therapy field. Various drugs derived from natural
products are being wused in treatments
successfully [9,10]. Traditional herbal
compounds  demonstrate  anti-inflammatory,
antioxidant, and anticancer properties that could
be used as cancer therapeutic agents [11].
Flavonoids with the basic structure of (C¢—C3—Cq)
skeleton are the most significant subgroup of
polyphenolics in the plant kingdom [12,13].
Anthraquinones are plant-based metabolites
mainly found in Rubiaceae, Polygonaceae, and
Rhamnaceae failies. They all contain a primary
structure of 9,10-anthracenedione, leading to
several derivatives with various therapeutic
applications [14].

Moreover, cinnamic acid derivatives with an
elementary construction of CeCs

(phenylpropanoid) are essentially identified in
Cinnamomum cassia, Panax ginseng, and honey
[15,16]. Several beneficial effects of flavonoids,
anthraquinones, and cinnamic acid have made
them potential drug candidates for cancer therapy.
In the present study, we hypothesized that the
binding of small molecules to the central residues
incorporated in the extracellular domain of HER-
2 might attenuate the receptor dimerization and
downstream signaling pathway. To examine this
hypothesis, we selected a list of natural
compounds from medicinal herbs with anticancer
activities in  previous studies, including
flavonoids [17], anthraquinones [18], and
cinnamic acid derivatives [19,20]. We performed
a comparative docking study using an in
silico approach for the virtual screening of
selected herbal compounds [21] to establish the
best molecular interactions between the HER-2
inhibitors and the HER-2 receptor. Moreover, the
selected inhibitors were applied on SKBR-3 cell
lines, which overexpress HER-2, and MCF-7 cell
lines, which lack HER-2, to assess the impact on
cell proliferation and migration, and investigate
the genes implicated in these pathways.

Material and Methods

Ethical considerations

Ethics were considered in this study. The present
study was approved by the Ethics Committee of
Hamadan University of Medical Sciences,
Hamadan, Iran, on 2021.01.25
(IR.UMSHA.REC.1398.958).

Chemicals

Tetrazolium 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay kit
(Sigma, USA); Annexin-V-FITC/Propidium
lodide (PI) kit (MabTag, Germany); RNX-Plus
Kit (Cinnagen, Tehran, Iran); First-strand cDNA
synthesis kit (Cinnagen, Tehran, Iran); SYBR
green master mix (Ampligon, Denmark); DMEM
(Bioidea, Iran); DMSO (Sigma Aldrich, USA);
Chrysin  (Sigma-Aldrich; Merck; CAS. no.
480400); Chrysophanol (Sigma-Aldrich; Merck;
CAS. no. 481743); Chlorogenic  acid
(Sigma-Aldrich; Merck; CAS. no. 327979) were
used in the study.

Computational procedures

To evaluate our hypothesis, we selected the
crystalline structure of HER-2 complexed with
pertuzumab (PDB ID: 1S78). Pertuzumab is an
anti-HER-2 monoclonal antibody, which binds to
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HER-2 close to the center of domain Il, sterically
blocking a binding pocket essential for receptor
dimerization and downstream signaling pathway
[22]. The research collaboratory achieved the
three-dimensional (3D) structure of the HER-2
extracellular domain for Structural
Bioinformatics (https://www.rcsb.org) [23]. The
PDB code 1S78 with criteria of x-ray resolution
as 3.25 A was selected to study the binding
affinity of 47 natural components with the
extracellular domain of HER-2. In addition,
molecular docking analysis was executed
between HER-2 and HERPS as a positive control
compound. According to the results of the study
by Satyanarayanajois et al. HERP5 demonstrated
a considerable binding affinity to the HER-2
extracellular domain. Moreover, HERP5 showed
anti-proliferative activity with the 1C5, value of
0.396 micromolar against SKBR-3 cell lines [24].
The 1S78 file contained six polypeptide chains:
A, B, C, D, E, and F. The chains A and B
represented the extracellular domain of HER-2,
where C, D, E, and F served as pertuzumab Fab
light chains. Chain B, with a length of 624
residues, was considered for molecular docking
analysis, and the other chains were removed from
the PDB file before molecular docking analysis.
Energy minimizing (EM) of the protein was
executed before docking procedures utilizing the
Swiss-pdbViewer version 4.1.0
(https://spdbv.unil.ch/) [25]. Before the docking
process, the PDBQT files of the receptor and
ligands were prepared [26].

The 3D coordinates of small molecules were
primarily obtained from the PubChem database
(https://pubchem.nchi.nlm.nih.gov) as structure
data file (SDF) files. Next, the PDB formats of
the structures were achieved using the cactus
webserver  (http://cactus.nci.nih.gov/translate/).
Moreover, the EM was applied for all ligands
with MM+ force field by the HyperChem 8.0.10
software [27].

A windows-based operating system with the
criteria of system type, 64-bit; processor, Intel
Core i7; installed memory, 32 GB was utilized
for the docking study, which was performed
using the AutoDock 4.0
(http://autodock.scripps.edu) [28]. Within the
HER-2 extracellular domain, the interacting
residues with the pertuzumab Fab light chain
(which are necessary for receptor dimerization
and signaling) were considered as a receptor site
in docking analyses; these key amino acids were
identified from the study by Franklin et al. [22]

and included His245, Tyr252, Phe257, Thr268,
Asp285, Val286, Ser288, Thr290, Pro294,
Leu295, His296, Lys314, and Pro315. The grid
box in the AutoDock tool was set to X-dimension,
60; Y-dimension, 74; Z-dimension, 86; X-center,
14.144; Y-center, 21.709; Z-center, 209.157;
spacing, 0.375 A. The number of docked runs for
each ligand was set to 50. The model with the
lowest binding energy in the main cluster of the
RMSD table was considered for further analyses,
including protein-ligand complex imaging and

interaction mode analysis. The BIOVIA
Discovery Studio Visualizer version
19.1.0.18287

(https://discover.3ds.com/discovery-studio-
visualizer-download) was used for analyzing the
interactions among ligands and residues of HER-
2 extracellular domain to achieve the 2D/3D view
of the docked poses.

Experimental procedures

Cell viability assay

This study assessed the selected inhibitors
cytotoxicity using tetrazolium  3-(4, 5-
dimethylthiazol-2-yl)-2,  5-diphenyltetrazolium
bromide (MTT) assay kit [29]. Briefly, 1 x 10*
SKBR-3 (Iranian Biological Resource Center)
(high expressedHER-2) and MCF-7 (lranian
Biological Resource Center) (low expressed
HER-2) cells were seeded in 96-well tissue
culture plates per well and cultured overnight.
Different concentrations of selected HER-2
inhibitors were prepared using a 10% FBS-high
glucose DMEM medium and added to the cells.
After cell incubation for 24, 48, and 72 h at 37 °C,
10 pL of MTT dye was added to each well (0.9
mg/mL), followed by 3 hours of incubation at
37 °C. The viable cells with active metabolism
converted MTT into a purple-colored formazan
product. The medium was discarded, and the
insoluble formazan precipitate was then
solubilized with Dimethyl sulfoxide DMSO. An
ELISA microplate reader (Biotek, USA)
measured the absorbance at 570 nm with a
reference wavelength of 630 nm. The cell
viability percentage was calculated as follows.

absorbance of treated
e o _ cells
Cell viability (%) absorbance of untreated 100

cells

Wound healing assay
The scratch-wound assay measured SKBR-3 and
MCF-7 cell migration. In this method, 70 x 10°
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SKBR-3 and MCF-7 cells were seeded in a 24-
well plate separately and incubated at 37 °C for
24 h. On the following day, the confluent
monolayer cells were scratched with a sterile
pipette crystal tip to make a thin incision, and
then it was washed with PBS to remove the
debris. Afterward, each well was treated with
selected HER-2 inhibitors. Cells on the plate
were photographed randomly from various areas
with inverted microscope (time 0) and then
incubated for 24, 48, and 72 h at 37°C with 5%
CO,, allowing them to migrate into the wound
area. Images of the wound were collected at these
three-time points with inverted microscope
(Motic, China). Cell migration was determined
through the wound edge polarization and
migration into the wound space [30].

Cell apoptosis assay

Cell apoptosis was analyzed according to the
manufacturer’s instructions using an Annexin-V-
FITC/Propidium lodide (PI) kit. Briefly, SKBR-3
and MCF-7 cell lines were seeded in 6-well
plates at a density of 3x10°. After treatment with
selected HER-2 inhibitors (based on MTT
results), cells were trypsinized and centrifuged at
300 g for 5 min at 4 °C. The cell pellet was
resuspended in a cold binding buffer and stained
with Annexin V-FITC and PI solutions. After 15
min of incubation, apoptosis and cell death were
detected using Attune NXT acoustic focusing
cytometer (Life Technology, USA), and data
were analyzed using FlowJo software version 10
for Windows [30].

RNA isolation and quantitative reverse-
transcription polymerase chain reaction (RT-
gPCR)

Total RNA was isolated from the SKBR-3 and
MCF-7 cell lines treated with chrysin using
RNX-Plus Kit after 24 h. Quantity and quality of
the isolated RNA were measured using
NanoDrop and 2 pg of total RNAs was converted
to complementary DNA (cDNA) with reverse
transcriptase using a first-strand cDNA synthesis
kit. The real-time PCR assay was conducted with
SYBR green master mix and specific primers for
CXCR4, MMP9, VEGF, and Caspase-3 with
thermal cycling as follows; initial denaturation at
95 °C for 15 min, followed by 40 amplification
cycles of denaturation at 95 °C for 30 s,
annealing at 60 °C for 30 s and extension 72 °C
for 30 s using a light cycler instrument (Roche 96
system, Germany). Primer sequences are listed in

Table 1. The expression level of the genes was
normalized with B-actin as an internal control,
and the relative expression of genes was reported
using the 27T method analysis.

Results and Discussion

The smaller AG pinging, demonstrates the higher
binding affinity between ligands and receptors. In
this regard, AG pinging < —5.00 kcal/mol illustrates
a good binding power, while AG pinging < —7.00
demonstrates a salient binding affinity [31].
According to the in silico analyses, 18 flavonoids,
10 anthraquinones, and 4 cinnamic acid
derivatives exhibited a salient binding strength
with the HER-2 extracellular domain. In addition,
chrysin, chrysophanol, and chlorogenic acid
exhibited the most significant results among
flavonoids, anthraquinones, and cinnamic acid
derivatives, respectively. Furthermore, the results
showed that these three compounds had a greater
binding affinity to HER-2 extracellular domain
than HERP5 (Table 2). The AG binding value
between chrysin, chrysophanol, chlorogenic acid,
HERPS5, and the extracellular region of HER-2
was estimated as —8.12, —9.07, —10.20, and —7.36
kcal/mol, respectively. Table 3 details these top-
ranked compounds' energies and inhibition
constant (Ki) values.

All hydrogen and hydrophobic interactions
among top-ranked components in this study,
control inhibitor, and the main residues
incorporated in the HER-2 extracellular domain
were analyzed and demonstrated in Figure 1. In
this regard, chrysin, chrysophanol, and
chlorogenic acid formed five, three, and six
hydrogen bonds with the extracellular residues of
HER-2, respectively. The compounds' 3D views
of docked poses are also presented in Figure 1.
The details of classical and non-classical
hydrogen bonds between ligands and the residues
within the HER-2 extracellular domain are shown
in Table 4. The IUPAC describes a hydrogen
bond (H bond) as an attractive interaction in
which hydrogen is covalently bound to an
electronegative atom (H bond donor) and
interacts with another electronegative atom (H
bond acceptor). In classical (conventional) H
bonds, the donor and acceptor are the most
electronegative elements, including O, N, and F.
In non-classical (nonconventional) H bonds,
alternative atoms act as H bond acceptors with
the same characteristics as conventional H bonds
[32].
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Table 1. Specific primer sequences for gRT-PCR

Gene Sense strand Antisense strand

CXCR4 CATGGAAATATACACTTCGGA TGCCCACTATGCCAGTCAAG
MMP9 GGTGATTGACGACGCCTTTG AACCGAGTTGGAACCACGA
VEGF GTG CTAATG TTATTGGTG TCT TC CTCTCATCT CCTCCTCTT CC
Caspase-3 GAATGTCATCTCGCTCTGGTACG CTGCTCCTTTTGCTATGATCTTCC

gRT-PCR: quantitative reverse transcription PCR

Table 2. Binding affinity between 47 herbal ligands and the positive control inhibitor with the extracellular domain of HER-2

A, Flavonoids

Estimated binding energy

PubChem ID Ligand name Ki (uM) Herbal source (s) Reference
(kcal/mol)
5281607 Chrysin —8.12 1.13 Mushrooms [33]
629440 Hemileiocarpin —-8.09 1.17 Glycyrrhiza glabra [34]
5280443 Apigenin —8.05 1.26 Parsley [35]
5281612 Diosmetin —8.03 1.29 Citrus fruits [36]
9911508 Astragalin —7.96 1.45 Moringa oleifera and Cassia alata [37]
5317435 Fustin -7.85 1.75 Rhus verniciflua [38]
9064 Catechin -7.81 1.88 Mimosa catechu [39]
14309735 Xanthogalenol —71.74 2.12 Humulus lupulus [40]
638278 Isoliquiritigenin —7.65 2.47 Glycyrrhiza uralensis [41]
5281654 Isorhamnetin —7.59 2.72 Anoectochilus roxburghii [42]
1203 Epicatechin —7.54 3.00 Litchi chinensis. [43]
72936 Sophoraflavanone G —7.53 3.01 Sophora flavescens [44]
10680 Flavone -7.20 5.27 Scutellaria baicalensis [45]
Viscum coloratum, Sarcocornia
fruticosa, Nasturium officinale
5280681 3-O-Methylquercetin -7.18 5.42 Achyrocline [46]
satureioides, Semecarpus
anacardium
25201019 Ponciretin -7.17 5.54 Citrus fruits [47]
124052 Glabridin -7.12 6.00 Glycyrrhiza glabra [48]
72281 Hesperetin -7.11 6.12 Citrus fruits [49]
443639 Epiafzelechin —7.03 6.99 Bergenia ligulata [50]
5318998 Licochalcone A —6.88 8.98 Glycyrrhiza inflata [51]
639665 Xanthohumol —6.60 14.59 Humulus lupulus [52]
5280378 Formononetin —6.51 17.03 Red propolis [53]
B, Anthraquinones
PubChem ID Ligand name Estimated binding energy Ki (uM) Herbal source (s) Reference
(kcal/mol)
10208 Chrysophanol -9.07 0.11416 Rumex and Rheum [54]
6293 Alizarin —8.96 0.27058 Radix Rubiae [55]
99649 Emodin-8-glucoside —8.93 0.28690 Moringa oleifera [56]
Rheum palmatum, Cassia tora,
10168 Rhein -8.31 0.80391 Polygonum multiflorum, Aloe [57]
barbadensis
361510 Emodic acid —7.83 1.82 Nephromopsis cucullata [58]
Rheum palmatum, Polygonum
3220 Emodin -7.81 1.89 cuspidatum, Polygonum [59]
multiflorum
101286218 Rhodoptilometrin =7.75 2.10 Himerometra magnipinna [60]
10639 Physcion —7.31 4.38 Radix et Rhizoma rhei [61]
- Human intestinal anaerobe,
10459879 Sennidin B —7.24 4.94 Bifidobacterium sp. strain SEN [62]
2950 Danthron -7.12 6.04 Rheum palmatum [63]
124062 Rubiadin —6.81 10.20 Rubiaceae family [64]
3083575 Obtusifolin —6.52 16.56 Cassia tora [65]
92826 Sennidin A -5.4 109.95 Senna angustifolia [66]
2948 Damnacanthal -5.26 139.71 Morinda citrifolia [67]
442753 Knipholone -5.11 179.62 Kniphofia foliosa [68]
160712 Nordamnacanthal —4 1170 Morinda elliptica [69]
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Table 2. Continued

C, Cinnamic acid derivatives

Estimated binding energy

PubChem ID Ligand name (kcal/mol)

Ki (uM) Herbal source (s) Reference

Malus domestica, Cynara, Piper
betle, Arctium lappa, Daucus
1794427 Chlorogenic acid -10.2 0.0333 carota, Robusta coffee, Solanum [70]
melongena, Eucommia ulmoides,
Vitis vinifera

Caffeic acid phenethyl

5281787
ester

—-7.58 2.76 Propolis and grains [71,72]

Hordeum vulgare, Secale cereal,
Zea mays, Vaccinium
corymbosum, Malus

domestics, Vitis vinifera,
Phaseolus vulgaris, Pisum
sativum, Solanum

lycopersicum, Allium

sativum, Camellia sinensis

637540 0-Coumaric acid =7.27 4.70 [73-76]

5281759 Caffeic acid 3-glucoside -7.1 6.27 Vaccinium macrocarpon [77]

5372945 N-p-Coumaroyltyramine —6.63 13.71 Crinum biflorum [78]

Vaccinium corymbosum, Actinidia
deliciosa, Prunus domestica,
Prunus avium, Malus
domestica

689043 Caffeic acid -5.79 57.09 [79]

Cinnamomum cassia, Panax

444539 Cinnamic acid -5.47 97.04 ginseng, grains, and honey

(80]

Triticum spp, Zea mays, Spinacia
oleracea, Vitis, vinifera,
Rheum rhabarbarum, Avena
sativa, Hordeum vulgare,
Secale cereale, Zea mays,
Oryza sativa

445858 Ferulic acid 54 110.72 [81]

Hordeum vulgare, Secale cereal,
Zea mays, Vaccinium
corymbosum, Vitis vinifera,
Malus domestica, Phaseolus
vulgaris, Pisum sativum,
Corylus avellana, Carya
illinoinensis, Apium
graveolens, Solanum
lycopersicum, Allium
sativum, Linum
usitatissimum, Camellia
sinensis

637542 p-Coumaric acid -5.38 114.04 [73-76]

Rhizome of Hydnophytum

637775 Sinapinic acid -5.02 208.48 formi [82]
ormicarum

NA HERP5 (Ctrl+) ~7.36 401 NA

Ctrl+: positive-control; NA, not available

Table 3. Details of energies and inhibition constant values between top-ranked compounds in this study, control positive
inhibitor, and the extracellular domain of HER-2

. Intermolecular Internal Torsional free Unbound system’s Free binding Ki
Ligand name energy (kcal/mol) energy energy energy (kcal/mol) energy (uMm)
(kcal/mol) (kcal/mol) (kcal/mol)
Chrysin —8.02 -1.72 1.19 —0.43 —8.12 1.13
Chrysophanol -9.04 -1.27 1.19 —0.05 -9.07 0.22522
Chlorogenic acid —9.07 —6.44 4.18 -1.14 —10.2 0.033.3
HERP5 (Ctrl+) —9.74 -1.48 2.98 —0.88 —7.36 4.01

Ctrl+: positive-control

48 Res J Pharmacogn 10(3): 43-59
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Table 4. Interaction modes between the best inhibitors in this study and the extracellular domain of HER-2

Ligand name Hydrogen bond (distance A)

Hydrophobic interaction (distance A)

Cys246 (4.57, Classical); Pro247 (4.38, Classical);
Chrysin Tyr267 (4.65, Non-Classical); Gly287 (3.13, Non-
Classical; 3.67, Non-Classical)

Ala248 (4.18, Alkyl); Leu249 (4.25, Alkyl); Val250
(5.95, Alkyl)

Chrysophanol Cys293 (4.41, Non-Classical)

Asn297 (3.71, Classical); Ala317 (3.87, Classical);

Leu295 (4.22, Alkyl); Ala317 (3.83, Alkyl); Val319
(5.07, Alkyl); Cys316 (4.73, Alkyl)

Val286 (3.33, Classical; 4.60, Classical; 4.88,
Classical); Leu249 (4.86, Classical); Asp285 (4.24,

Chlorogenic acid
Classical; 4.94, Classical)

Ala248 (4.46, Alkyl); Leu249 (4.99, Alkyl)

HERP5 (Ctrl+) Leu249 (3.92, Classical)

Ala248 (3.75, Pi/AIKyI; 7, Pi/Alkyl); Leu249 (4.59,
Pi/Alkyl); Val250 (5.06, Pi/Alkyl); Tyr252 (5.05, Pi);
Phe257 (5.25, Pi)

Ctrl+: positive-control

The effects of chrysin, chrysophanol, and
chlorogenic acid on SKBR-3 (Figure 2a) and
MCEF-7 (Figure 2b) cell viability were determined
by MTT assay. SKBR-3 and MCF-7 cells were
treated with various concentrations of chrysin,
chrysophanol, and chlorogenic acid (0, 100, 200,

400, 600, 800, and 1000 uM) for 24, 48, and 72 h.

As shown in Figure 2, they reduced the
percentage of viable cells compared with
untreated cells in a dose and time-dependent
manner. However, the decrease in the percentage
of viable SKBR-3 cells expressing high levels of
HER-2 was more significant than that of MCF-7
cells. As shown in Table 5, chrysin's 50%
inhibitory concentration (ICsp) value was less
than other components. Based on the MTT assay
outcomes, the concentrations of 200 pM of
chrysin and 600 uM of both chrysophanol and
chlorogenic acid were selected for further
evaluation.

The scratch test was performed to detect the
impact of chrysin, chrysophanol, and chlorogenic
acid on the migration ability of SKBR-3 and
MCF-7 cells. The results showed that they
inhibited cell migration of the SKBR-3 cells, and
the wound area remained unchanged, whereas the
wound area percentage in the control group
reduced in a time-dependent manner, particularly
after 72 h (Figure 3a). Following the treatment of
MCF-7 cells with chrysin, chrysophanol, and
chlorogenic acid (Fig. 3b), the scratch gaps were
observed to be filled with cells. Notably,
chrysophanol treatment resulted in a more
significant increase in cell migration at 48 and 72
h compared to chrysin and chlorogenic acid.

This data suggests that chrysin, chrysophanol,
and chlorogenic acid could inhibit the migration
of the cells specifically through inhibition of
HER-2.

The effect of HER-2 inhibitor components on
apoptosis was analyzed using the Annexin V/PI

assay. Flow cytometric analysis demonstrated
that treatment of SKBR-3 with 200 uM CH and
600 uM CGA increased the percentage of total
apoptotic cells up to 5.32% after 24 h and 19.1%
after 48 h for chrysin (Figure 4b) and 1.27% after
24 h and 11.5% after 48h for chlorogenic acid
(Figure 4c¢) compared to untreated cells (Figure
4a). Nevertheless, 200 uM chrysin and 600 pM
chlorogenic acid did not induce apoptosis for
MCEF-7 cells as well as SKBR-3 cells. The total
apoptotic rates for MCF-7 were 3.06 and 4.47 %
after treatment with chrysin (Figure 4b), and 2.48
and 3.31 % after treatment with chlorogenic acid
for 24 and 48 h, respectively (Figure 4c).
Moreover, therapy with chrysophanol did not
exhibit significant cell apoptosis in SKBR-3 and
MCEF-7 cell lines (data are not shown).

To discover the mechanisms involved in the
apoptosis and migration of SKBR-3, the mRNA
expression of caspase-3, CXCR4, and MMP9
were investigated in cells treated with 200 pM of
chrysin after 24 h. As shown in Figure 5, after
treatment with chrysin, the mRNA expression
levels of caspase-3 significantly increased in
SKBR-3 (p<0.05). In contrast, there was a
marked decrease in mMRNA expression of the
CXCR4 gene in SKBR-3 cells in comparison
with the control group (p<0.05). The mMRNA
expression levels of VEGF and MMP9 genes
were measured to evaluate the chrysin anti-
angiogenic effect. Data analysis demonstrated
that the chrysin did not affect MMP9 expression,
while it could decrease the VEGF expression
significantly in SKBR-3 cells (p<0.05) but not in
MCEF-7.

In the current study, computational screening was
employed to discover new potential herbal
components for pharmaceutical research that
effectively operate inhibitory activity on HER-2
for breast cancer. In this regard, 47 compounds in
the PubChem database were used to select
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desirable molecules and introduced as potential
ligands using the AutoDock software. According
to the docking analysis, three herbal components,
chrysin, chrysophanol, and chlorogenic acid,
demonstrated salient binding affinity to the HER-
2 extracellular domain. The AG binding for these
compounds was estimated to be —8.12 kcal/mol
(for chrysin), —9.07 kcal/mol (for chrysophanol),
and —10.20 kcal/mol (for chlorogenic acid).
Based on the docking results, chlorogenic acid
formed six hydrogens and two hydrophobic
interactions with Ala248, Lelu249, Asp285, and
Val286 incorporated in the HER-2 extracellular
domain. Chrysophanol showed three hydrogens
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and four hydrophobic interactions with Cys293,
Leu295, Asn297, Cys316, Ala3l7, and Val319
located in the HER-2 extracellular domain.
Moreover, chrysin demonstrated five H-bond and
three hydrophobic interactions with Cys246,
Pro247, Ala248, Leu249, Val250, Tyr267, and
Gly287. The molecular docking data showed
considerable fitness with the MTT assay.
However, the result did not completely coincide
with the best compounds in the molecular
mechanism of biological activities. Our data
shows that chrysin significantly demonstrated the
best anticancer activity in vitro for SKBR-3 cells
compared to MCF-7.

Figure 1. Two and three-dimensional views of the docked poses of chrysin (a), chrysophanol (b), chlorogenic acid (c), and the
control inhibitor (d) within the HER-2 extracellular domain; all ligands are shown in CPK format in the three-dimensional
images. HER-2: human epidermal growth factor receptor 2
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Figure 2. Effect of HER-2 inhibitors on cell viability; A) SKBR-3 and B) MCF-7 cells were treated with various concentrations
of chrysin (CH), chrysophanol (CHR), and chlorogenic acid (CGA) for 24, 48, and 72 h, and their viability was examined by

MTT assay. Data are reported as the mean + standard error of the mean (n = 8)

Table 5. The ICs; values (uM) for chrysin, chrysophanol, and chlorogenic acid

SKBR-3 MCEF-7
Compound 24 h 48 h 72 h 24 h 48 h 72 h
CH 304.913 310.353 241.285 519.0269 427.686 513.71
CHR 877.764 980 883.363 4943.151 1848.59 1521.99
CGA 3091.98 361.434 319.256 Not significant 1024.17 1052.39

1Csp; 50% inhibitory concentration; CH: chrysin; CHR: chrysophanol; CGA: chlorogenic acid
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Figure 3. Effect of HER-2 inhibitors on cell migration; the migration capability of (a) SKBR-3 and (b) MCF-7 cells after 0, 24,
48, and 72 h of treatment with chrysin (CH), chrysophanol (CHR), and chlorogenic acid (CGA)
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Figure 4. Effect of chrysin on apoptosis; representative flow cytometry plots of SKBR-3 and MCF-7 cells stained with
propidium iodine/Annexin V-FITC at 24 and 48 h after treatment with A) 0 uM and B) 200 uM of chrysin (CH) C) 600 uM
chlorogenic acid (CGA) (n=2); the total apoptotic rate of SKBR-3 cells was higher than MCF-7 cells; D) Percentage of total

apoptotic cell after treatment

C— Control
= SKBR3 trealed with 200uM of Chrysin
4 EB MCF-7 treated with 200pM of Chrysin

EN
1

w
N

Gene Expression (Fold Change)
o

E I I

CXCR4 MMP9 VEGF  Caspase 3

Figure 5. Effect of chrysin on cell migration, angiogenesis
and apoptosis related genes; RT-gPCR analysis of CXCR4,
MMP9, VEGF and caspase-3 expression in cells treated
with chrysin and untreated cells after 24 h of treatment; data
are represented as mean + standard error of the mean (n = 3).
*p<0.05 versus control group; gRT-PCR: quantitative
reverse transcription PCR

Chrysin (5, 7-dihydroxyflavone) is a natural
hydroxylated flavone that abundantly appears in
some natural products, including honey,
propolis, passion ~ flowers, etc.  Multiple
pharmacological effects are displayed by chrysin,
such as antibacterial, anticancer, anti-allergic,
antihypertensive, anti-inflammatory, antidiabetic,
anti-estrogenic, and antioxidant effects [1,83-86].
The antitumor cytotoxicity of chrysin has been
widely studied over the years in many cancer
types, such as hepatocellular, breast, prostate, and
pancreatic carcinomas [87]. Moreover, to reduce
the mechanisms of resistance in clinical cancer
chemotherapy, chrysin was used with anticancer
drugs such as doxorubicin, cisplatin, and
ciglitazone to increase their cytotoxicity and
induce apoptosis [88]. Regarding our results,
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chrysin induced apoptosis of SKBR-3 cells
through enhancement of caspase-3, but its effect
on caspase-3 expression is not significant for
MCEF-7. A previous study confirmed that chrysin
pretreatment diminished the viability of breast
cancer cells through increased p53 protein
expression for MCF-7 [89], up-regulation of S-
phase Kkinase-associated protein-2 (Skp2), low-
density lipoprotein receptor-related protein 6
(LRP6),  peroxisome  proliferator-activated
receptor (PPARa) and TRAIL-mediated
apoptosis for MDA-MB-231 [90,91]. Chrysin
showed a more accumulative inhibitory effect on
the migration of SKBR-3 during 72 h compared
to MCF-7. Chrysin also could reduce the
migration and angiogenesis of SKBR-3 via
downregulation of chemokine receptor CXCR4
and VEGF, respectively. In contrast, MMP9, as
an intermediate molecule for migration and
angiogenesis, was not affected by chrysin. As the
same significant effects on the molecular
mechanism were not seen for MCF-7, it can be
considered that the inhibitory behavior of chrysin
is related to the expression of HER-2.
Lirdprapamongkol et al. [92] reported that
chrysin decreased the survival of 4T1 cells after
exposure to hypoxia and suppressed hypoxia-
induced VEGF gene expression. The
combination treatment of apigenin and chrysin
for 36 h synergistically decreased MDA-MB-231
cell motility through down-regulation of MMP2,
MMP9, fibronectin, and snail [90]. In addition,
chrysin demonstrated anticancer effects on
SW620 cells by reducing the protein expression
of p-ERK/ERK, p-AKT/AKT, amphiregulin,
CXCL1, and MMP-9 were identified as potential
targets for chrysin [93].

Chlorogenic acid, a well-known polyphenol, is an
ester formed from cinnamic acids and quinic acid
produced by certain plant species and is an
essential component of green coffee beans.
Evidence has established that this substance

possesses  different  biological  properties,
including antioxidant and anticarcinogenic
activities and  antibacterial,  particularly

antidiabetic and antilipidemic effects [94]. In a
study by Park et al., chlorogenic acid could
inhibit hypoxia-induced angiogenesis in HUVEC
cells by downregulating the HIF-10/AKT
pathway [95]. Chlorogenic acid also induces the
differentiation of solids tumor cells through the
expression of KHSRP, p53, andp2l and
attenuates the cancer behavior leading to being

considered a promising therapeutic agent for
cancer [96]. Additionally, Zeng et al.
demonstrated that chlorogenic acid could
significantly suppress viability and induce
apoptosis in breast cancer cells. Chlorogenic acid
suppressed the migration and invasion of breast
cancer cells by impairing the NF-«xB/EMT
signaling pathway and improved antitumor
immunity by enhancing the proportion of CD4"
and CD8" T cells in the spleens of mice-bearing
tumors [97]. Our data also confirmed that
chlorogenic acid could decline breast cancer
cells' viability and migration ability.
Chrysophanol is a naturally  occurring
anthraquinone that was initially extracted from
plants of the Rheum genus. In parallel with our
results, it has been demonstrated that
chrysophanol has anticancer properties. It
induces cell death of human liver cancer cells by
stimulating intracellular production of reactive
oxygen species (ROS) production and impairing
mitochondrial ATP synthesis [98]. Also,
chrysophanol preferentially inhibits the viability
of colon cancer cells, which express a high level
of EGFR via suppression of EGF-induced
phosphorylation of EGFR and downstream
signaling molecules, such as AKT, ERK, and
MmTOR [99]. In the study by Wang et al.
chrysophanol  inhibited the growth of
meningioma cells by modulating
osteoglycin/mTOR and NF2 signaling pathways.
Chrysophanol treatment significantly diminished
the Bcl-2/Bax expression ratio, up-regulated
cleaved caspase-3 and -9, and the activities of
caspase-3 and -9 [100]. Moreover, chrysophanol
effectively  suppressed breast cancer cell
proliferation and facilitated chemosensitivity to
paclitaxel through modulation of NF-«kB/cyclin
signaling [101]. These data align with our results,
which showed the inhibitory effect of
chrysophanol on breast cancer cells survival and
migration, especially on SKBR-3.

In future studies, more analyses (e.g., cell
apoptosis assay, AOPI staining, cell cycle
analysis, and western blot test) should be
performed to confirm our findings and to
illustrate more molecular mechanisms of chrysin.

Conclusion

The present study provided accurate preliminary
information for recognizing novel natural HER-2
inhibitors using in silico pharmacophore-based
screening. The molecular docking identified three
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compounds as possible HER-2 inhibitors with
drug-like features based on optimal binding

modes, binding affinities, and critical interactions.

Their inhibitory biological activity also
demonstrated that chrysin, chrysophanol, and
chlorogenic acid could selectively inhibit the
proliferation and migration of HER-2-positive
breast cancer cells. The natural compound
chrysin was identified as a potential inhibitor
against HER-2 based on in silico and
experimental analysis. This study could suggest a
way to develop selective and safer HER-2
inhibitors with a superior therapeutic profile in
future studies.
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