Indian Journal of Experimental Biology
Vol. 63, June 2025, pp. 491-502
DOI: 10.56042/ijeb.v63i06.14845

CSIR

HRd
The Innovation Engine of Indla

Synthesis and biological evaluation of novel anthraquinone derivatives as potential

therapeutics against breast cancer: In vitro and in silico approaches

Ebru Haciosmanoglu Aldogan', Kamala Asgarova®, Fidan Vagifli?, Funda Ozkék?, Mesut Sentiirk®, Hilal Cap”,
Nihal Onul? & Basak Giinger™*

!Department of Biophysics, Cerrahpasa Faculty of Medicine, Istanbul University-Cerrahpasa, 34098, Istanbul, Tiirkiye
2Department of Chemistry, Faculty of Engineering, Istanbul University-Cerrahpasa, 34320, Istanbul, Trkiye
®Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Istanbul Biruni University Istanbul, Tirkiye

*Institute of Graduate Studies in Health Sciences, Istanbul University, Istanbul, Tiirkiye
®Department of Biophysics, Istanbul Faculty of Medicine, Istanbul University, Istanbul, 34093, Tiirkiye

Received 04 November 2024; revised 08 April 2025

Many traditional chemotherapeutic agents used for breast cancer cause systemic toxicity. Studies conducted on new-
generation drug candidates have gained importance in recent years because of their low cytotoxicity and high anticancer
effects. Anthraquinones and their derivatives are widely used for cancer treatment. In this study, we synthesized amino (5,7)
and thioanthraquinone (3) derivatives. The effect of the compounds on cell viability was tested by the MTT assay using
MCF-7 and MCF-10A cell lines. Compound 7 showed the highest inhibitory effect on cell proliferation MCF-7 with an ICs
value of 1.781 + 1.4 and was therefore selected for further studies. The apoptotic effect of compound 7 was investigated
using AnnexinV/Propidium lodide (AV/PI) staining by flow cytometry, which revealed a significant increase in late
apoptotic cells after 24h of treatment. Additionally, Caspase 3/7 activation was analyzed using fluorescence, which
confirmed the induction of apoptosis by compound 7. In silico predictions of absorption, distribution, metabolism, and
excretion (ADME) analysis confirmed the drug-likeness of compound 7. Molecular docking studies were conducted to
understand interactions with target proteins. Compound 7 showed lower binding energy scores for Caspase 3, P53,
Cytochrome C and Bax than the reference drugs These findings suggest that compound 7 holds promise as a potential
therapeutic agent for breast cancer treatment. Further studies are warranted to elucidate its mechanism of action and explore

its potential in clinical applications.
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Breast cancer (BC) is the most common cancer in
women worldwide. BC is divided into four types
according to the expression of hormone receptors:
human epidermal growth factor receptor 2 (HER2)-
positive  estrogen receptor  2-(ER)-positive,
progesterone receptor (PR)-positive, and ftriple-
negative breast cancer (TNBC; in which the receptors
are not expressed). Regarding ER- and/or PR-positive
BC, anticancer drugs targeting hormone receptors,
such as tamoxifen, megestrol acetate, and raloxifene,
have been developed’. Current cancer treatments
include surgery, radiotherapy, and chemotherapy.
Chemotherapy is the main approach for the treatment
of metastatic BC; however, significant side effects
such as neurotoxicity, bone marrow depression, and
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liver and kidney damage occur during the treatment
process®’. To eliminate these side effects, studies in
medicinal chemistry have focused on the discovery of
novel anticancer photochemicals that can specifically
target cancer cells and minimize the possible side
effects on normal cells®. Phytochemicals demonstrate
anticancer properties through the regulation of
disrupted signaling pathways that play key roles in
cellular functions, including cell proliferation, cell
cycle control, metabolic activity, and apoptosis
(berberine).

Anthraquinones (AQs), such as valrubicin,
doxorubicin, idarubicin, epirubicin, and mitoxantrone,
have been successfully used to treat hematological
and solid cancers. Damnacanthal is an example of a
natural anthraquinone isolated from Damnacanthus
that exhibits strong cytotoxic and apoptotic activities
against breast cancer cell lines via activation of the
p53 and p21 genes. These findings highlight the
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potential of natural anthraquinones, such as emodin,
aloe-emodin, and rhein, in inhibiting cancer cell
growth and metastasis through various mechanisms.
Emodin and aloe-emodin have been shown to inhibit
breast cancer cell invasion and migration®. However,
some pharmacological, pharmacokinetic, and toxicity
studies, both in vitro and in vivo have shown that
emodin may also have adverse effects on the
reproductive system, kidney, and liver, especially
when used over an extended period®. Aloe-emodin has
shown promise in overcoming drug resistance in
glioblastoma cells and has exhibited potent anticancer
effects in pancreatic adenocarcinoma cell lines®’.
Rhein, on the other hand, has demonstrated efficacy
against lung cancer cells by inhibiting the STAT3
pathway and inducing cell cycle arrest, as well as
inducing oral cancer cell apoptosis and ROS
generation via the AKT/mTOR signaling pathway in
oral cancer®®. The mechanism of apoptosis is complex
and involves several pathways. This leads to the
malignant transformation of the affected cells, tumor
metastasis, and resistance to anticancer drugs.
Moreover, it has been discovered that anthraquinones
can also demonstrate anticancer efficacy via
alternative pathways, such as paroptosis'®, autophagy,
multidrug resistance?, amplification of
radiosensitivity’> and suppression of invasion and
metastasis*® Collectively, these studies suggest several
potential applications of these natural compounds in
cancer treatment. Doxorubicin, epirubicin, and
mitoxantrone are FDA-approved anthraquinone-
derived drugs used in chemotherapy™. However,
owing to the high preparation time, cost, and limited
amount of natural compounds, synthetic chemicals
have been used in drug discovery studies®.

Functional groups such as amino, hydroxy,
methoxy, cyano, thiazoline, and thiophene have been
incorporated into the anthraquinone framework,
significantly enhancing interactions with biological
systems. Studies demonstrate that these specific
anthraquinone  derivatives  exhibit  improved
biocompatibility along with selective antimicrobial
and anticancer activity, highlighting their potential as
promising candidates for biomedical applications™.

In this study, three unique anthraquinone
derivatives were synthesized, with the addition of
thiol (compound 3) and piperazine amino groups
(compounds 5 and 7) to enhance the biological
activity. Previous studies have demonstrated the
anticancer effects of both thiol and amino groups*’*®.

Materials and Methods

Synthesis method for the thioanthraquinone analog (3)

In a previous study, a practical, one-step, and
economical synthesis method was developed to
synthesize amino and thio-anthraquinone
derivatives'. 1-Chloro anthraquinone compound 1,
one molar equivalent of nonanethiol 2 and 25 mL
ethylene glycol were stirred in a reaction flask. The
reaction mixture turned yellow. Subsequently, 10 mL
of aqueous potassium hydroxide solution was added
to this yellow mixture and the reaction temperature
was increased to 110-120°C. After reflux (48 h), an
orange solid thioanthraquinone compound 3 was
obtained (Fig. 1). The new product (3) was extracted
using chloroform (30 mL). The organic layer was
washed with water and dried with calcium sulfate.
The novel synthesized analog (3) was purified by
column chromatography.

1-(nonylthio)antracene-9,10-dione (3)

Orange solid. Yield: 0.9 g (62%), m.p: 114.1-
114.6 °C. R;:0.48 (Chloroform); FT-IR (ATR):v (cm™)
=3077 (CHarom.), 2956, 2921, 2850 (CHajiphatic-), 1663
(C=0), 1590, 1570 (C=C); 'H NMR (500 MHz,
CDCly): 6=7.67-8.34 (m, 7H, Huom.), 2.98-3.01 (m,
2H, S-CH, ), 1.27-1.82 (m, 14H, CHonanethior), 0.87-
0.88 (m, 3H, CH;); *C NMR (125 MHz, CDCly):
8=183.52, 183.23, (C=0), 145.80 (S-Carom.), 134.35,
133.62, 132.92 (Cyom.), 129.97, 127.44, 126.79
(CHarom.), 32.16, 31.86, 29.45, 29.32, 29.29, 29.27,
27.82, 22.67 (CH,), 14.12 (CHjy); ESI(+): m/z=384.5
[M+NH,]*, 239.95 [M- (CH,)sg-CHs]", Cy3H20,S,
(M= 366.52 g/mol).
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Fig. 1 — Synthetic pathway of anthraquinone analog.
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Synthesis method for aminoanthraquinone analogs (5,7)

1-Chloro anthraquinone compound 1, one molar
equivalent of 1-Ethylpiperazine (4) or 4-(piperazine-
1-yl) phenol (6) and 25 mL ethylene glycol were
stirred in the reaction flask. The reaction mixture
turned yellow in colour. Subsequently, 10 mL of
aqueous potassium hydroxide solution was added
to this yellow mixture and the reaction temperature
was increased to 110-120°C. After reflux (48 h), a
violent viscous liquid compound 5 or a dark red solid
compound 7 was synthesized. The novel products
(5,7) were extracted with chloroform (30 mL).
The organic layer was washed with water and
dried with calcium sulfate, and the novel synthesized
analogs (5,7) were purified by column
chromatography.

1-(4-ethylpiperazin-1-yl)antracene-9,10-dione (5)

Viole viscos liquid. Yield: 0.73 g (57%), R; :0.32
(Chloroform), FT-IR (ATR):v (cm™)=3069 (CHaom.),
2922, 2851 (CHajiphaiic). » 1663, 1617 (C=0), 1590,
1570 (C=C); 'H NMR (500 MHz, CDCls): $=6.64-8.27
(m, 7H, Haom.), 3.46-3.68 (m, 8H, CHpiperazin ), 1.53-
1.56 (m, 2H, CH,), 1.23-1.26 (m, 3H, CH3); *C NMR
(125 MHz, CDCl,): 6=185.24, 181.66 (C=0), 132.76,
125.72, 120.87, 110.76 (Carom- V€ CHarom.), 46.17, 45.20
(Cpiperazin),  39.31 (CHy), 10.38 (CH3); ESI(+):
m/z=321.30 [M+H]", 293.0 [M-CH,CH;]", 208.6 [M-
ethylpiperazine]”, CxH20N,0,, (M= 320.38 g/mol).

1-(4-(4-Hydroxyphenyl) piperazine-1-yl)antracene-9,10-dione (7)

Dark red solid. Yield: 1g (52%). m.p: 260-261°C.
Ri: 0.46 (Dichloromethane). FT-IR(ATR): vy (cm™)=
3412 (OH), 3280, 3279 (CHaom), 1511, 1456 (C=C),
1603,1583 (C=0), 2996, 2955, 2929 (CHuiphatic); 'H
NMR(499.74 MHz, CDCly)= s, 1H, OH), 7,45-7,48
(m, 4H, CHgom), 4.03-4.30 (m, 8H, CH,), 7.64-8.30
(m, 7H, CHaom). °C NMR (125.66 MHz, CDCls) =
134.9, 134.1, 133.3, 129.4, 126.9, 122.8, 112.2 (Cyom
and CHgom),184.9, 182.7 (C=0), 150.8 (HO-C), 65.1
(CHQ) ESI (+): m/z= 385.10 [M+H]+, C24H20N203),
(M=384.15 g/mol).

Cell culture

The non-malignant breast epithelial cell line MCF-
10A cells (CRL-10317, ATCC®, Manassas, VA,
USA) was cultured in DMEM-F12 medium
supplemented with 20 ng/mL epidermal growth
factor, 0.5 pg/mL hydrocortisone, 10 pg/mL insulin,
penicillin/streptomycin (100 U/mL and 100 mg/mL),
and 1 % L-glutamine all purchased from Sigma, St.
Louis, MO, USA). Human breast adenocarcinoma

cells, MCF-7 (HTB-22, ATCC®, Manassas, VA,
USA) cells were cultured in DMEM F-12 (Thermo
Fisher Scientific, Waltham, MA, USA) medium
supplemented with fetal bovine serum (10%, FBS,
Sigma, St. Louis, MO, USA) and
penicillin/streptomycin (100 U/mL and 100 mg/mL,
Sigma, St. Louis, MO, USA) at 37°C with 5% CO; in
standard cell culture conditions®.

Cell viability assay

A colourimetric assay, 3-(4,5-Dimethylthiazol-2-
yl)-2,5-Diphenyltetrazolium Bromide (MTT; Sigma,
St. Louis, MO, USA), was performed“. MCE-7 cells
were seeded in 96-well plates at a density of
3x10° cells/well and incubated with certain
concentrations of compounds 3, 5 and 7 individually
(1-50 uM) for 24h. After treatment, MTT (final
concentration 0.1 mg/mL) was added, and the cells
were incubated for 4 h at 37°C. Following aspiration
of the supernatants, DMSO was added, and the
mixture was further incubated at room temperature in
the dark for 30 min. Absorbance was measured at
570nm using a microplate reader (BioTek
Instruments Inc., VT, USA), and ICs, values were
calculated using Excel and GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA). The
significance of the differences between the control
and treatment groups was analyzed by one-way
ANOVA with GraphPad Prism 7, and a P value less
than 0.05 was considered significant.

Apoptosis detection (Annexin V-FITC/PI staining)

The apoptosis assay was performed using a
fluorescein isothiocyanate (FITC) Annexin V
Apoptosis Detection Kit (ApoFlowEx FITC Kit,
ExBio, Czech Republic). Briefly, 5x10° cells were
washed with cold PBS and suspended in 100 pL
Annexin V binding buffer. The cells were stained with
5 puL FITC-labeled Annexin V and 5 pL propidium
iodide (Pl) and incubated for 15 min at room
temperature in the dark. Pl was used with Annexin V to
determine whether cells were viable, early apoptotic,
late apoptotic, or necrotic. The cells were analyzed
using a flow cytometer (BD Accuri C6 Plus Flow
Cytometer, CA, USA). In this assay, Annexin V and
Pl negative (V~ P) cells are considered viable cells,
and Annexin V positive and PI negative (V" PI') cells
are considered to be in the early stages of apoptosis.
Annexin V and PI positivity (V* P*) are considered in
the late apoptosis or death stage?’. NovoExpress
software was used to analyze the results.
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Caspase-3/7 activation assay

The percentage of caspase-3/7 activation was
determined using a Caspase-3/7 kit (Promega,
Madison, WI, USA) according to the manufacturer's
instructions.  Caspase-3/7  activation detects a
luminogenic substrate that is cleaved by caspases,
resulting in the generation of a luminescent signal. The
signal was measured using a fluorescence microplate
reader (BioTek Instruments, Inc., VT, USA) at 490 nm.

Drug-like properties

To elucidate the structure-activity relationships of
compound AA, drug-likeness evaluations were
performed using the Swiss ADME Calculation
program® (http://www.swissadme.ch).

Molecular docking studies

Molecular docking simulations, energy
minimization, and molecular visualization were
conducted using AutoDock Vina software suite®.
Compound 7 was prepared for molecular docking
using the ChemDraw sketch program, while the
Chem3D suite was used to draw and edit the
compound in SD file format. These molecular
structures underwent protonation, charging, and
conformation minimization based on the root-mean-
square gradient. The three-dimensional coordinates of
the X-ray crystal structures of the target proteins were
obtained from the Protein Data Bank (RCSB)
(https://www.rcsh.org). The crystal structures used in
the  docking calculations included CDK2
(PDB:1AQ1), PI3K (PDB:1EZ8), Caspase 3 (PDB: 1
NMS), Cytochrome C (PDB:10CD), P53 (PDB:
1T4E), topoisomerase 2 (PDB: 1ZXM), and Bax
(PDB:3G11). Structural defects in these target
proteins were rectified using the AutoDock Vina
software. Docking calculations were performed using
default parameters (temperature, 300 K; pH: 7.0,
solvent: 0.1 M, electrostatic energy cutoff, 15 A). The
final molecular docking scores were derived as the
average of the top 10 docking poses based on the
binding minimum energy (kcal/mol) for each
compound. Conformations with the lowest negative
binding energy values, indicative of the strongest
binding affinity of the ligand to the target, were
selected following the docking interactions.

Results

Synthesis and characterization
In this study, three anthraquinone derivatives were
synthesized. In the FT-IR (ATR) spectrum of

compound 3, the stretching bands of the v=2956, 2921,
and 2850 aliphatic (CHajipnatic.) bonds were observed. In
the 'H NMR (CDClI,) spectrum of 3, the (CH5) protons
in the aliphatic chain of nonantiol were confirmed as
multiplets at 6=0.87-0.88 ppm and the (CH,) protons
close to sulfur were confirmed as multiplets at 6=2.98-
3.01 ppm. Other methylene protons in the non-ano
chain were observed at 5=1.28-1.57 ppm. In the **C
NMR (CDCI5) spectrum of compound 3, a sulfur-
bound carbon in the anthraquinone ring was observed
at 6=145.80 ppm. The (CH3) carbon in non-ano was
observed at 6=14.12 ppm. The ESI(+) polarity mass
spectrum of 3 (C,3H»0,S, M=366.52 g/mol) showed
an m/z=384.15 [M+NH,]* molecular ion and an
m/z=239.95 [M-(CH,)sCH3]" fragmentation ion. In the
FTIR (ATR) spectrum of 5, stretching bands of
aliphatic (CHajiphatic.) bonds were observed at v=2922,
2851 cm™. In the 'H NMR (CDCIl;) spectrum of
compound 5, the methylene protons in the piperazine
ring were confirmed as a multiplet at 6=3.46-3.68 ppm
and CHs protons in the ethyl chain attached to the
piperazine ring were confirmed as a multiplet at
8=1.23-1.26 ppm and CH, methylene protons were
confirmed as a multiplet at 5=1.53-1.56 ppm. In the **C
NMR (CDCls) spectrum of compound 5, the methylene
carbon of the chain attached to the piperazine ring was
observed at 6=39.31 ppm and the methyl carbon was
observed at 6=10.38 ppm. The carbons in the
piperazine ring were observed at 6=46.17, 45.20 ppm.
The ESI (+) polarity mass spectrum of compound 5
(CxoH2N,0,, M=320.38 g/mol) showed an m/z=321.15
[M+H]" molecular ion and m/z=293.0 [M-CH;CH,]"
and m/z=208.6 [M-C,HN,CH,CH;]" fragmentation
ions. In the FTIR (ATR) spectrum of 7, the stretching
band of the (OH) bond was observed
at v= 3412 cm™. 'H-NMR (CDCl;) spectrum of 7
showed that the OH group in the piperazine ring
was observed as a singlet at & = 1.57 ppm. In the
BC-NMR (CDCl;) spectrum of compound 7, the
carbonyl group carbons (C=0) in the anthraquinone
ring were observed at 0=184.9,182.7 ppm and the
nitrogen-bonded carbon (C-N) at &=142.9 ppm.
The aromatic carbons of anthraquinone and 4-
hydroxophenylpiperazine are observed at 6=134.9,
134.1, 133.3, 129.4, 126.9, 122.8, and 112.2 ppm. In
4-hydroxophenylpiperazine, hydroxylated methylene
was observed at 6=150.8 ppm and other carbons at
6=65.1 ppm. The mass spectrum of compound 7
(Ca4H2N,03) (M=384.15 g/mol) at ESI(+) polarity
showed m/z= 385.10 [M+H]" (Fig. 1).
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Effects of compounds 3, 5 and 7 on the cell viability of non-
tumorigenic breast epithelial and breast cancer cell lines

The effect of the compounds on cell proliferation
was explored using the MTT assay. MCF-7 breast
cancer cells and MCF-10 A healthy control cells were
incubated with compounds 3, 5 and 7 individually at
concentration of 3-150 uM for 24 h. The compounds
exhibited concentration-dependent cytotoxic profiles
in cell lines. When compound 3 was applied, cell
viability decreased significantly with increasing
concentrations (~ P< 0.001) in both cell lines. These
data show that just as compound 3 decreased the cell
viability of cancer cells, it also caused death in
healthy cells.

In contrast, no significant changes were observed
after treatment with compounds 5 and 7 separately in
MCF-10A cells (Fig. 2A). Although compounds 5 and
7 showed concentration-dependent inhibitory effects
on MCF-7 cell viability, compound 7 had better
antiproliferative activity than compound 5 ("™'P <
0.001, Fig. 2B).

The half-maximal inhibitory concentration (I1Cs)
values obtained for all the tested compounds are
listed in Table 1. Compounds 3, 5 and 7 exhibited
cytotoxic activities with 1Cx, values of 2.7, 8.832, and
1.781 respectively against MCF-7 cells. Compound 7
showed the highest inhibitory effect on MCF-7 cells.
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Fig. 2 — Cell viability of (A) MCF-10A (B)MCF-7 cells after
treatment with compounds 3, 7, and 5 for 24 h. Significant
differences in control of compounds 3,7 and 5 respectively,
indicate *,*, * P < 0.05; ** # ** P < 0.01; ***, " *** P <0.001.

Moreover, it did not show any toxic effects on non-
cancerous MCF-10A cells. Based on these results, we
decided to conduct future studies using compound 7.

Induction of apoptosis by compound 7 in breast cancer cells

Apoptosis is a crucial process that regulates
programmed cell death, and previous studies have
revealed the anticancer effect of anthraquinones using
flow cytometry. Owing to the strong inhibitory effect
of compound 7 against MCF-7 cells, further studies
were carried out to analyze the apoptotic rates with
AV-PI dual staining by flow cytometry. 5x10° MCF-7
cells were treated with increasing concentrations
of compound 7 (3-150 uM) for 24 h. As shown in
(Fig. 3A-F) the number of apoptotic cells increased in
a dose-dependent manner. The proportion of MCF-7
cells in early apoptosis was 8.6 %, in late apoptosis
was 67.22 %, and necrosis was 7.92 % after 24 h
incubation time respectively (Fig. 3G).

Effect of Compound 7 on caspase-3/7 activation

Caspases-3 and 7 are effector caspases are essential
for the cleavage of cellular targets. The late phase
begins with activation of caspase-3/7, resulting in
DNA fragmentation®. The mechanism of apoptotic
induction by compound 7 was investigated by
determining the percentage of caspase-3/7 activation
in cancerous cell lines treated with the ICs, dose
of compound 7. results (Table 2) revealed that
compound 7 significantly induced caspase-3/7
activation (more than 50%) higher than that reference;
doxorubicin (1C5=10.0266 uM) (40.62 %) in breast
cancer cell lines. Accordingly, the results of the
caspase-3/7 activation assay were concordant with
those of flow cytometric analysis of apoptosis.

Drug-Like Properties

ADME of Absorption, Distribution, Metabolism,
and Excretion (ADME) of drug candidates is crucial
for selecting appropriate candidates for preclinical
studies. In this study, the ADME parameters of a
new amino-anthraquinone derivative were assessed
using the Swiss ADME Calculation program. The
molecular weight, log P, Topological polar surface
area (TPSA), blood-brain barrier (BBB) permeability,

Table 1 — Cytotoxic ICsq values of the compounds tested against
MCF-7 and MCF-10A lines using the MTT assay

Compound 1Cso (ULM)
MCF-10A MCF-7
3 1.178 £0.12 27+21
5 2.138 £0.34 8.832+0.2
7 9.005 +0.92 178114
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Fig. 3 — (A-F) Compound 7 induced apoptosis of MCF-7 cells
evaluated by Annexin V-FITC/PI double staining assay. (G) Annexin
VIPI staining representative dot plots: Q2-4 (early apoptosis), Q2-3
(live), Q2-2 (late apoptosis), and Q2-1 (necrosis). (A) Control,
(B) 3 uM (C) 15 uM, (D) 30 uM, (E) 75 pM, (G) 150 pM compound
7 treated MCF-7 cells for 24 h. (G) Percentage column bar graph of
early and late apoptotic cell death. Data are shown as mean + SEM,
**P < 0.01 compared with the corresponding control.

gastrointestinal (Gl) absorption properties, and CYP-
450 enzyme inhibition profile of compound 7 are
summarized in Table 3. According to the drug-
likeness criteria, the molecular weight of a compound
should range from 150 to 500 g/mol, and compound 7
should exhibit a molecular weight of 384.43 g/mol.
The logP® value should be less than 5; for compound
7, it was calculated to be 3.12. The total polar surface
area (TPSA) should be between 20 and 130 A2, with
compound 7 displaying a TPSA of 60 A2 Compound
7 demonstrated the ability to cross the BBB and
showed high GI absorption, indicating that it could

effectively traverse lipid barriers. Furthermore,
compound 7 inhibited CYP1A2, CYP2C9, and
CYP3A4 expression. Importantly, compound 7
complied with Lipinski's Rule of Five.

Molecular Docking Studies

The anti-proliferative effects of this novel

compound were explored using molecular docking
studies, and the best-docked poses of the molecules
were thoroughly evaluated. The binding affinity and
receptor-ligand interactions of compound 7 were
assessed, revealing strong interactions within the
active sites of the target receptor proteins, as shown in
Table 4.

Compound 7 had a lower energy score than the
reference drugs for targets Caspase-3, cytochrome C,
P53, and Bax, while having higher energy scores for
the rest. The interaction of compound 7 with apoptotic
targets was consistent with our previous apoptotic
findings. As demonstrated in (Fig. 4-8) molecules
bound to the active site overlapped with the reference
molecules. Our initial findings indicate that these
compounds have reasonable ligand-receptor binding
interactions. The oral bioavailability radar chart was
predicted with SwissADME, as shown in (Fig. 8) This
graph uses six physicochemical characteristics of a

Table 2 — Percentages of caspase-3/7 activation in compound 7
treated MCF-7 cell line

MCEF-7 cells
Compound 7 58.98+1.22
Doxorubicin 40.67 £0.74

[All values are expressed as mean + SEM]

Table 3 — Drug-like properties of compound 7 calculated by the Swiss ADME online software program

MW?(g/mol)  LogP® TPSA® BBB! Gl Abs.® Type of CYP Inh.f  Rule of Five?
384.43 3.12 60.85 Yes High CYP1A2, CYP2C9, Yes

CYP3A4

[®Molecular weight (recommended value <500); "Logarithm of the partition coefficient of the compound between n-octanol and water

(recommended value <5); “Polar surface area (recommended value <140A%); %Indicates whether the compound passes Blod Brain Barrier

or not; °Degree of Gastrointestinal Absorption; ‘Represent the inhibition of CYP450 subtypes; %Indicates whether the compound obeys

Lipinski's Rule of Five or not]

Compound
Compound 7
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Target Protein
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[**Structures containing the CDK2 (PDB:
(PDB:1T4E), Topoisomerase 2 (PDB:

1AQ1), PI3K (PDB: 1EZ8), Caspase 3

TYR67, THR78, LYS79

TYR67, LEU68, THR78

LEUS4, GLLY58, MET62

GLY 16, LEu54, MET62

SER149, GLY 164,
TYRI165,

GLY 161, TYRI165,
GLY 166

ALA207, PHE229, THR307

(PDB:

protein for use in docking calculations]

Energy Score
(kcal/mol)
-10.29

-12.57

-10.68

-11.29

-10.09

-12.73

-10.34

-9.79

-7.86

-11.25

-13.69

-10.65

-9.85

Table 4 — Docking results for compound 7 and reference drugs against various target proteins

RMD
Value
1.68

0.96

0.34

0.07

0.82

0.08

0.67

0.61

0.88

0.48

H bond
(distance A)
H of OH with
O of Carboxyl

of ASP145

(2.212)

O of Carbonyl
with H of NH
of ASP145
(1.713)

None

O of Carbonyl
with H of NH
of VAL.882
(1.923)

O of Carbonyl
with H of NH
of HIS121
(2.149)

H of NH with
O of Carbonyl
of ASN208
(1.938)
None

None

H of OH with
O of Carbonyl
of GLY16
(2.153)

None

O of OH with
H of NH of
GLY 166
(1.939)

O of OH with
H of NH of
ALA167
(1.711)

O of Carbonyl
with H of NH
of HIS303
(1.671)

None

1INMS), Cytochrome C (PDB: 10CD), P53
12XM), Bax (PDB:3G11) were chosen as crystal structure models corresponding to this target
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Fig. 7 — Compound 7 interaction with Bax (PDB 3G11). (A) 3D Interaction (B) 2D interaction.
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Fig. 8 — Oral bioavailability radar of compound 7 predicted using the Swiss ADME database. (A) Chemical structure of compound 7;
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properties of the derivatives. [FLEX; flexibility, LIPO; lipophilicity, INSATU; unsaturation, INSOLU; insolubility, POLAR; polarity]

molecule i.e., flexibility, unsaturation, insolubility,
lipophilicity, polarity, and size. The physicochemical
properties of compound 7 were within the limit
defined by the pink region, except that unsaturation
was an outlier. The pink zone in the chart represents a
suitable physicochemical space for the bioavailability
of oral drugs.

Discussion

Anthraquinones are compounds that have been
used as core chemical templates to achieve structural
modifications, such as promising anticancer agents.
The number of new anthraquinone-based compounds

has been rapidly increasing in recent years.
Several derivatives have been synthesized and
investigated for their anticancer properties®.
Doxorubicin 7 is an anticancer drug with an
anthraquinone  nucleus produced by bacteria
of the Streptomyces genus. It binds to
DNA-associated enzymes and intercalates with
the DNA base pairs?’. The antitumor activities
of anthraquinones include a wide range of areas
such as inhibition of cancer cell proliferation,
induction of apoptosis, invasion, migration and
reversing drug resistance. Moreover, anthraquinones
directly inhibit various targets in the cell, such as
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protein kinases, topoisomerases, matrix
metalloproteinases (MMPs), and ectonucleotidases?.

In this study, we synthesized new anthraquinone
derivatives, namely compounds 3, 5, and 7.
Anticancer potential of the derivatives was
investigated. Compound 7 showed the highest
antiproliferative activity and high selectivity index
against MCF-7 cells and did not show a toxic effect
against non-cancerous MCF-10A cells. Based on
these results, we decided to conduct future studies
using compound 7. Apoptosis is considered a major
mechanism of chemotherapy-induced cell death. The
apoptotic effect of compound 7 was investigated by
AV/PI staining using flow cytometry and a caspase
3/7 activation assay for 24 h. It has been shown that
compound 7 induced apoptosis in 24 h. Likewise, in
our study, 1,3-dihydroxy-9,10-anthraquinone-2-
carboxylic acid (DHAQC) (2), an anthraquinone
derivative, showed apoptotic induction in MCF-7
cells™. Consistent with our results, in a recent study,
induction by caspase-3 activation was defined as a
good biomarker for early apoptosis that accurately
predicted tumor growth inhibition by anti-cancer
drugs in engineered colon cancer and glioblastoma
cell lines and mouse xenograft models®.

ADME analysis of drug candidates provides data
for selecting appropriate candidates for preclinical
studies. In a previous study, two series of novel
anthraquinone-based benzenesulfonamide derivatives
were designed, with ADME predictions indicating
favorable pharmacokinetic and physicochemical
properties for all compounds®. In this study, we
identified the ADME parameters of a new amino-
anthraquinone derivative. According to Lipinski’s
rule of five, the number of hydrogen-binding atoms
should not exceed five. The molecular weight of the
compound should be between 150 and 500 g/mol.
Compound 7 had a molecular weight of 384.43 g/mol.
The total polar surface area (TPSA) should be
between 20 and 130 A2, and it was found to be 60.85
A° for compound 7. GI absorption was high, and it
was observed that compound 7 could pass through the
blood-brain barrier. These results indicated that
compound 7 has drug-like properties, consistent with
previous studies, such as 9,10-anthraquinone, an
endogenous estrogen receptor ligand®!. In silico drug
design tools have also made a great contribution to the
development of new anthraquinone derivates®.

Using molecular docking studies, it is possible to
predict how a ligand binds to a three-dimensional

protein using the molecular docking method. Target
proteins were selected based on previous studies®.
Caspase-3, the apoptosis regulator Bcl-2, cyclin-
dependent protein kinase 2 (CDK2), cytochrome c,
P53, topoisomerase 2, and Bax were chosen as
molecular targets for compound 7.

According to our results, compound 7 exhibited
lower energy scores for caspase-3, cytochrome C,
P53 and Bax than reference drugs® . Active caspase
3 degrades various intracellular proteins, leading to
controlled cell dismantling. Caspase-3 had a high
affinity for compound 7 (-10.09 Kcal/mol) compared
to the Pac-1 standard anticancerous drug
(-9.35 Kcal/mol). Cytochrome C is a critical
mediator and biomarker of mitochondria-mediated
apoptosis. Cytochrome C showed a binding score
(-12.73 kcal/mol) to compound 7 while the
anticancerous drug methazolamide showed a binding
score (-10.34 kcal/mol). p53 gene is the most
commonly mutated gene in a wide range of human
cancers, with mutations estimated to occur in
approximately 50% of all cancer cases. The
widespread occurrence of p53 mutations across
different cancer types highlights its critical role in
tumor development and potential for targeting
p53 pathways in cancer treatment strategies®.
The free binding energy score of P53 to compound
7 was (-9.79 kcal/mol) lower than that of Pifithrin
b (-7.86 kcal/mol). As many chemotherapeutic agents
have been proven to induce apoptosis in cancer cells,
it has been proposed that targeting the regulators of
apoptosis could be a promising approach for
discovering new anticancer drugs.

Conclusion

In conclusion, compound 7 is an original molecule
that was synthesized for the first time in this study.
The side effects of standard treatments have
motivated the development of new drugs. In vitro
experiments have shown that compound 7 has a toxic
effect on cancer cells but has no impact on control
cells, highlighting its significance in this context. In
addition, it induces apoptosis. Molecular docking
studies revealed that the compound interacts with
important protein targets, such as caspase-3, P53,
cytochrome ¢, and Bax. The ADME analysis
indicated that the molecule could potentially be
developed into a drug. These findings indicate that the
molecule possesses considerable potential as a
therapeutic agent.
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