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ARTICLE INFO ABSTRACT

Keywords: A series of nitroxanthone derivatives (1-6) were synthesized and evaluated for their potential efficacy against
Nitroxanthone estrogen-receptor positive (MCF-7) and triple-negative breast cancer cell lines (MDA-MB-231). Cell viability
MCF]'Z . assays identified compound 1 at 10 uM as the most promising candidate due to its potent growth inhibitory
;i’;tecisll:r dockin activity (22.05 + 2.40 %) against the MCF-7 cell line. The half-maximal inhibitory concentration (ICsq) of
Zebrafish & compound 1 was 7.00 + 0.00 uM for MCF-7 cells, compared to 250.00 + 70.71 uM for HaCaT and 800.00 +
Brine shrimp in vitro 0.00 uM for RAW 264.7 cells, yielding selectivity indices (SI) of 35.71 and 114.29, respectively. Additionally,
In vive compound 1 exhibited mortality concentrations of 1736.58 uM and 3660.35 uM for zebrafish and brine shrimp

embryos, with SI values of 522.91 and 248.08, respectively. Molecular docking analysis showed that compound 1
binds more efficiently to the target enzyme aromatase compared to other derivatives, likely due to its optimal
number of nitro groups, orientations, and polarizabilities. Crystal structure analysis revealed that compound 1
crystallizes in the monoclinic system with the C2/c space group. In summary, compound 1 demonstrates se-
lective toxicity towards tumor cells (MCF-7) while being non-toxic to normal cell lines (HaCaT and RAW 264.7)
and in vivo studies with brine shrimp and zebrafish. These findings suggest that compound 1 holds promise as a
lead compound to target breast cancer cells.

1. Introduction

Breast cancer remains a significant public health concern, with many
countries experiencing escalating incidence rates. Despite current pre-
ventative efforts, the illness is expected to become more prevalent over
the next two decades. This trend is associated with the increased number
of women harboring major risk factors for breast cancer worldwide, such
as early menarche, late first pregnancies, fewer pregnancies, shorter or
no lactation periods, and late menopause [1,2]. Approximately 2.3
million women were identified with breast cancer in 2022, and 670,000

died worldwide [3]. Although breast cancer impacts women of all ages
after puberty, its prevalence intensifies later in life. Global assessments
of breast cancer burden indicate notable discrepancies predicated on
human development. For instance, 1 in every 12 women in nations with
a high Human Development Index (HDI) is anticipated to be diagnosed
with breast cancer at some point in her life, and 1 in every 71 will die
from this condition [4]. Aromatase is prominent in the biosynthesis of
estrogen, a vital hormone in many physiological processes, especially in
females. It is responsible for the conversion of androgens, such as
testosterone and androstenedione, into estrogen, including estradiol

Abbreviations: MCF-7, breast cancer cell line; MDA-MB-231, late-stage breast cancer cell line; MTT, (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium
bromide) assay; NMR, nuclear magnetic resonance spectroscopy; FTIR, Fourier transform infrared spectroscopy; DI-MS, direct infusion-tandem mass spectrometry;
XRD, X-ray diffraction analysis; SI, Selectivity Index; HaCaT, human epidermal keratinocyte; RAW, 264.7 macrophage; BSLA, Brine Shrimp Lethality Assay; DMSO,
dimethyl sulfoxide; EM, embryo membrane; LCsg, Lethal concentration 50; ICso, Half-maximal inhibitory concentration; ADMET, (absorption, distribution, meta-
bolism, excretion, and toxicity) analysis; BBB, blood-brain barrier; HIA, human intestinal absorption; hERG, Human Ether-a-go-go-Related Gene; MW, molecular
weight; TLC, Thin-layer chromatography; HSQC, Heteronuclear single quantum coherence spectroscopy; HMBC, The heteronuclear multiple bond correlation;
ANOVA, Analysis of variance.
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Table 1

Commonly used anti-breast cancer drugs and associated side effects.

Type of Therapies

Anti-Breast Cancer
Drugs

Side Effects

Hormonal Tamoxifen [13] Hot flashes, vaginal dryness, mood
Therapies swings, blood clots, increased risk of
uterine cancer

Anastrozole [14] Joint pain, bone loss (osteoporosis),
Letrozole [15] fatigue, hot flashes
Exemestane [16]

Targeted Trastuzumab Heart damage, infusion reactions,

Therapies (Herceptin) [17] fatigue, nausea
Pertuzumab [18] Diarrhea, infusion reactions, heart
dysfunction

Palbociclib [19] Low white blood cell counts,
Ribociclib [20] nausea, fatigue, diarrhea
Abemaciclib [21]
Olaparib [22] Nausea, anemia, fatigue, low blood
Talazoparib [23] cell counts

Chemotherapy Doxorubicin Hair loss, nausea, heart damage,
(Adriamycin) [24] fatigue
Paclitaxel [25] Hair loss, peripheral neuropathy,
Docetaxel [26] allergic reactions, low blood counts
Cyclophosphamide Nausea, bladder irritation, low
[27]1 white blood cells, hair thinning

Immunotherapy Atezolizumab [28] Fatigue, rash, diarrhea,

inflammation of organs (such as
lungs, liver)

Fever, myalgia, fatigue and
influenza-like

Bone-modifying Zoledronic Acid [29]

Agents
Denosumab [30] Bone pain, low calcium levels, jaw
osteonecrosis

(the most potent estrogen) [5]. This conversion occurs primarily in the
ovaries, testes, placenta, and adipose (fat) tissues. Its presence in
different tissues allows for the localized production of oestrogen [6]. A
study reported that although aromatase activity helps maintain normal
estrogen levels in the body, aromatase activity dysregulation can cause
hormonal abnormalities leading to various health consequences,
including breast cancer [7].

Many medications have been discovered for breast cancer patients.
However, most of them are toxic and adversely affect normal cells and
tissues as described in Table 1. Consequently, researchers are now
motivated to further develop innovative medications for cancer therapy
with better selectivity towards tumor cells and without adverse effects
on normal cells [8]. Xanthone is a group of naturally occurring organic
compounds that have garnered considerable interest in the fields of
chemistry, pharmacology, and medicine due to their diverse range of
biological activities and potential therapeutic applications [9]. It is a
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group of oxygenated heterocyclic compounds characterized by a tricy-
clic structure consisting of two benzene rings fused to a central six-
membered ring. Xanthones are known as “privileged structures”
because they can bind to several receptors and, as a result, demonstrate
potent pharmacological effects against various disorders [10]. As a
consequence, xanthones have piqued the interest of researchers and
pharmaceutical scientists as drug candidates and health-promoting
medicines. Different substituents exhibit a wide range of pharmacolog-
ical activities, and previous research reported that xanthones with ox-
ygen substituents could enhance anticancer activity [11]. In 2018, Zhou
group had patented a nitroxanthone derivative with inhibitory effect on
human liver cancer SMMC-7721 cells and human cervical cancer Hela
cells, the cell inhibition rates are 90.17 & 0.41 % and 51.20 + 0.37 %,
respectively, and the ICsg is 14.02 + 0, and 36.55 + 0.69 pm, respec-
tively [12]. These results showed that nitroxathone is highly potent
against cancer cell lines. Hence, our group is interested in investigating
the nitroxanthone derivatives with different positions of the nitro group
against MCF-7 cell lines. Indirectly, the aromatase is a protein of MCF-7
cells.

In this study, we focus on the nitro compounds which have demon-
strated great importance in long-standing studies of their utilization in
synthetic organic chemistry, the nitro compounds have been considered
promising compounds against diverse diseases [31], as well as, they
have been present in several approved drugs such as nilutamide (non-
steroidal antiandrogen) [32], nitrendipine (Alzheimer’s disease) [33]
and nitrazepam (anticonvulsant) [34].

The nitro group (NOy) is a functional group formed by one nitrogen
atom linked to two oxygens, it is a particularly electron-withdrawing
moiety since the N has no lone pair, hence it bears a positive charge
[35]. The electron-withdrawing group (EWG) effect is observed in aro-
matic rings due to resonance with the nitro group, which deactivates
certain positions and alters the molecule’s polarity. This change can
enhance interactions with nucleophilic sites in protein structures, such
as enzymes, potentially leading to inhibition [36]. Another study about
the electron-donating group (EDG) by the Lee group [37] reported o-
OCHj3 (alkyl group) is an excellent substituent for designing potent an-
tioxidants with increasing the number of 0-OCH3 groups on the phenol
ring further enhances the antioxidant activity.

Inspired by previous research on xanthone derivatives, we aimed to
expand the range of nitroxanthone derivatives (1-6) by synthesizing
them using a modified method of Grover, Shah, and Shah, with sub-
stitutions at the ortho, meta, and para positions as in Fig. 1 [38,39]. Their
anti-breast cancer activities were evaluated on human breast cancer cell
lines (MCF-7 and MDA-MB-231) using a tetrazolium-based (MTT) assay.
This study also investigates how the position of nitro groups and addi-
tion of alkyl group affects their activity based on the structure activity
relationship (SAR). Additionally, the cytotoxicity of the most potent
compound was evaluated both in vitro and in vivo. The results confirm
the potential of nitroxanthones for development into valuable health-
care products and applications.

O OH O OH O OH
O;N
OSPWNOOS 0O
0 OH O OH O,N 0 OH
(1) NO;  (2) (3)
O OH o OH O OH
2 X o X
D D D
(0] (¢} &) ¢ O,N o (¢}
4) NO,  (5) (6)

Fig. 1. Ortho, meta and para nitroxanthone at ring A and alkylation at ring D.
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Scheme 1. The synthesis of xanthone derivatives: (a) Eaton’s reagent, reflux
20 min, 80 °C.

2. Experimental section
2.1. Chemistry

The reactions in this study were conducted under a nitrogen atmo-
sphere using reagents acquired from commercial suppliers, such as
Sigma-Aldrich, Merck, and Alfa Aesar. The crude products were purified
using column chromatography on Sigma-Aldrich silica gel with a
100-200 mesh size. Thin-layer chromatography (TLC) plates were
visualised using ultraviolet light at 254 and 365 nm for short and long
waves. The 1D and 2D NMR spectra (lH, 13C, HSQC, and HMBC) were
obtained by VARIAN 500 MHz and recorded in deuterated solvents at
500 MHz (1H) and 125 MHz (13C), with chemical shifts reported in parts
per million (ppm) relative to TMS. Mass spectra were obtained using
direct-injection (DIMS) techniques, and infrared spectra (IR) were ob-
tained using the Attenuated Total Reflectance (ATR) technique. Melting
points were obtained using a Fisher-Johns melting point apparatus.

2.2. Experimental synthesis of nitro xanthone derivative

The nitro xanthone derivatives 1-3 were prepared using the modi-
fied Grover, Shah, and Shah reaction [40]. Eaton’s reagent (4.00 mL)
was slowly added to react with the mixture of salicylic acid derivatives
(5.46 mmol/1.00 g) and phloroglucinol (5.46 mmol/0.69 g). The
mixture was refluxed for 20 min at 80 °C in an oil bath with constant
stirring. After the reaction, the product was cooled at room temperature
and cold distilled water was added and stirred for one hour in an ice
water bath. The formed precipitate was filtered, rinsed with cold

6_1
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distilled water, and dried overnight. The crude products underwent
additional purification using column chromatography on silica gel to
obtain the desired xanthone derivative. Then, to synthesize nitro
xanthone derivatives (4-6) from derivatives of 1-3, 3-methyl-2-butenal
(3 mmol) was added to a solution of the derivatives (1-3), (1 mmol) and
calcium hydroxide, Ca(OH); (2 mmol), in methanol [40,41]. The
resulting solution was stirred for 36 h at room temperature. Upon
completion of the reaction, the reaction mixture was then diluted with
ethyl acetate, followed by extraction and washing with 2 M hydrochloric
acid (HCI), water, and brine. The resulting product was then dried over
anhydrous MgSO4 and concentrated under vacuum. The crude products
were subjected to column chromatography for further purification.

2.2.1. Structural elucidation and characterization of nitro xanthone
derivative

2.2.1.1. Synthesis of 7-nitro-1,3-dihydroxy-9H-xanthen-9-one (1).. Dark
yellow solid; yield 78 %; m.p 277.30 °C; [Eluent: Hexane: Ethyl acetate
(9:1)]; 'H NMR (500 MHz, DMSO-dg) 5: 4.95 (2H, s, 1-OH & 3-OH), 6.29
(1H,d,J=1.95Hz,H-4),6.48 (1H, d,J=1.95Hz, H-2), 7.83 (1H, d,J =
9.25, H-5), 8.60 (1H, dd, J = 2.75, 9.25 Hz, H-6), 8.80 (1H, d, J = 2.75
Hz, H-8), 12.40 (2H, s, 1-OH & 3-OH); 13C NMR (125 MHz, DMSO-dp) &:
94.40, 98.64, 117.73, 119.12, 121.42, 126.38, 128.92, 129.45, 129.45
159.12, 163.64, 166.86, 178.85; IR (ATR) 3337.00 (OH), 2359.00 (CH
aromatic), 1620.00 (C = 0), 1511.00 (NO), 1528.00 (C = C aromatic),
1265.00 (CN), 1216.00 (CO) cmfl; DI-MS m/z calcd for C13H;NOg [M]™
273.20, found 273.05 [42]

2.2.1.2. Synthesis of 5-nitro-1,3-dihydroxy-9H-xanthen-9-one (2).. Dark
yellow solid; yield 40.54 %; m.p 270.20 °C; [Eluent: Hexane: Ethyl ac-
etate (9:1)]; H NMR (500 MHz, methanol-d4) &: 4.00 (1H, s, 3-OH),
4.60 (1H, s, 1-OH), 6.26 (1H, d, J = 2.1 Hz, H-4), 6.41 (1H, d, J =
2.1 Hz, H-2), 7.55 (1H, dd, J = 7.9, 7.9 Hz, H-7), 8.39 (1H, dd, J = 1.6,
7.9 Hz, H-8), 8.50 (1H, dd, J = 1.6, 7.9 Hz, H-6); '3C NMR (125 MHz,
methanol-d4) &: 94.43, 98.82, 122.97, 105.41, 109.99, 130.26, 130.53,
161.95, 155.54, 155.89, 162.97, 164.46, 178.29; IR (ATR) 3347.54

Fig. 3. The arrangement of 1; a) The asymmetric unit; b) The unit cell that contains eight molecules.
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Table 2
Experimental details for 7-nitro-1,3-dihydroxy-9H-xanthen-9-one (1).

Crystal Data 7-nitro-1,3-dihydroxy-9H-xanthen-9-one (1)

Chemical formula Ci13H7NOg

M, 273.20

Crystal system, space Monoclinic, C2/c
group

Temperature (K) 301

a, b, c(A) 14.265 (3), 7.0591 (15), 21.712 (4)

BC) 98.103 (7)

Vv (A% 2164.5 (7)

Z 8

Radiation type Mo Ka

p (mm™1) 0.14

Crystal size (mm) 0.3 x 0.3 x 0.03
Data collection
Diffractometer

Absorption correction

Bruker APEX-II CCD

Multi-scan

SADABS2016/2 (Bruker,2016/2) was used for
absorption correction. wR2(int) was 0.0722 before and
0.0642 after correction. The Ratio of minimum to
maximum transmission is 0.9421. The A/2 correction
factor is Not present.

0.703, 0.746

31891, 2701, 1787

Timin> Tmax

No. of measured,
independent and
observed [I > 206(D)]

reflections
Rint 0.101
(5in 0/Mmax (A1) 0.667
Refinement
RIF* > 26(F)], wR(F?), S 0.051, 0.125, 1.07
No. of reflections 2701
No. of parameters 187

H-atom treatment H atoms treated by a mixture of independent and
constrained refinement

APmmax> APmin (€ A7) 0.26, —0.22

Table 3
Percentage of cell viability for two different breast cancer cell lines (MCF-7 and
MDA-MB-231).

Compounds Concentration Cell Viability (%)

(M) MCF-7 MDA-MB-231
1 10 22.05 + 2.40 98.92 + 2.76
2 10 93.49 + 1.64 97.94 £ 1.78
3 10 93.42 + 2.36 99.80 + 3.00
4 10 107.96 + 4.78 96.08 + 0.6
5 10 92.78 + 5.81 102.16 +£1.94
6 10 101.01 + 0.26 110.93 + 3.10
Gemcitabine 10 22.20 + 1.95 33.68 + 1.87

*Gemcitabine = a standard drug.

Table 4
Percentage of cell viability for MCF-7 breast cancer cell line and BEAS-2B normal
lung cell line.

Compounds Concentration Cell Viability (%)
(uM)
MCEF-7 BEAS-2B
1 10 22.05 + 2.40 94.15 £ 0.12
Gemcitabine 10 22.20 +1.95 9.64 + 0.50

*Gemcitabine = a standard drug.

(OH), 1976.17 (CH aromatic), 1737.38 (C = 0), 1529.94 (NO), 1459.84
(C = C aromatic), 1267.32 (CN), 1090.14 (CO) cm’l; DI-MS m/z calcd
for C13H;NOg [M]1* 273.00, found 273.00 [42]

2.2.1.3. Synthesis of 6-nitro-1,3-dihydroxy-9H-xanthen-9-one (3).. Light-
yellow solid; 37.63 %; m.p 229.20 °C; [Eluent: Hexane: Ethyl acetate
(9:1)1; 'H NMR (500 MHz, methanol-dy) &: 4.01 (1H, s, 3-OH), 4.97 (1H,
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s, 1-OH), 7.70 (1H, s, H-5), 7.72 (1H, d, J = 2.2 Hz, H-4), 7.73 (1H, d, J
= 2.2 Hz, H-2), 8.08 (1H, d, J = 8.6 Hz, H-8), 8.09 (1H, d, J = 8.6 Hz, H-
7); 13C NMR (125 MHz, methanol-d,) &: 94.13, 98.40, 111.74, 112.85,
113.22, 117.85, 117.72, 127.12, 131.61, 151.96, 162.02, 170.66; IR
(ATR) 3281.00 (OH), 1955.00 (CH aromatic), 1681.00 (C = 0), 1516.00
(NO), 1480.00 (C = C aromatic), 1278.00 (CN), 1172.00 (CO) cm %;
DIMS m/z caled for C;3H7NOg [M]" 273.00, found 273.00

2.2.1.4. Synthesis of  1-hydroxy-3,3-dimethyl-7-nitropyrano[3,2-b]
xanthen-6(2H)-one (4).. Oily yellow; 49.00 %; [Eluent: Hexane: Ethyl
acetate (9:5)]; THNMR (500 MHz, acetone-dg) &: 1.29 ppm (s, 6H, 2-
CHs), 5.83(d, 1H, J = 10.10 Hz, H-2)), 6.49 (s, 1H, H-4), 6.71 (d, 1H, J =
10.10 Hz, H-1), 7.22 (d,1H, J = 9.20 Hz, H-5), 8.42 (dd, 1H, J = 2.90,
9.20 Hz, H-6), 8.72 (d, 1H, J = 2.90 Hz, H-8), 11.41 (s, 1H, 1-OH); '3C
NMR (125 MHz, acetone-dg) 6:27.67, 109.99, 112.48, 114.34, 118.56,
119.71, 126.15, 136.08, 141.73, 130.48, 152.40, 153.45, 166.71,
168.97,174.64,177.17,179.79; IR (ATR) 3390 (OH), 2890 (CH alkane),
1855 (CH aromatic), 1681 (C = 0), 1625 (C = C aromatic), 1522 (NO),
1342 (CN), 1074 (CO) cm’l; DI-MS m/z caled for CgH13NOg [M]™
339.15 found 339.00

2.2.1.5. Synthesis of  1-hydroxy-3,3-dimethyl-5-nitropyrano[3,2-b]
xanthen-6(2H)-one (5).. Light yellow solid; 45.00 %; m.p 231.90 °C;
[Eluent: Hexane: Ethyl acetate (9:5)]; 1TH NMR (500 MHz, methanol-d4)
5:1.49 (s, 6H, 2-CHs), 5.64 (d, 1H, J = 10.10 Hz, H-2), 6.48 (s, 1H, H-4),
6.72 (d, 1H, J = 10.10 Hz, H-1), 7.47 (dd, 1H, J = 7.90, 7.90 Hz, H-7),
8.31 (dd, 1H,J =1.70, 7.90 Hz, H-8), 8.52 (dd, 1H, J = 1.70, 7.90 Hz, H-
6), 12.68 (s, 1H 1-OH); 13C NMR (125 MHz, methanol-ds) 5: 29.68,
72.98, 96.15, 98.08, 98.44, 109.99, 114.94, 126.58, 128.04, 122.91,
128.29, 130.90, 131.38, 134.07, 143.29, 170.53, 178.60; IR (ATR) 3428
(OH), 3021 (CH alkane), 2400 (CH aromatic), 1736 (C=0),1651 (C=C
aromatic), 1520 (NO), 1317 (CN), 1217 (CO) cm_l; DI-MS m/z calcd for
C18H13NOg [M]" 339.10 found 339.00

2.2.1.6. Synthesis of  1-hydroxy-3,3-dimethyl-6-nitropyrano[3,2-b]
xanthen-6(2H)-one (6).. Oily brown; 40.00 %; [Eluent: Hexane: Ethyl
acetate (9:5)]; '"H NMR (500 MHz, methanol-d4) &: 1.50 ppm (s, 6H, 2-
CHs), 5.64 (d, 1H, J = 10.10 Hz, H-2), 6.41 (s, 1H, H-4), 6.73 (d, 1HJ =
10.10 Hz, H-1'), 8.16 (dd, 1H, J = 2.15, 8.70 Hz, H-7), 8.30 (d, 1H, J =
2.15 Hz, H-5), 8.41 (d, 1H, J = 8.70 Hz, H-8), 12.76 (s, 1H, 1-OH); 3¢
NMR (125 MHz, methanol-dy) &: 29.68, 78.90, 95.52, 103.97, 106.26,
114.99, 113.71, 108.91, 124.60, 118.07, 127.68, 128.14, 155.38,
157.14,157.70,161.83, 179.05; IR (ATR) 3435 (OH alcohol), 3021 (CH
alkane), 2360 (CH aromatic), 1650 (C = 0), 1530 (NO), 1430 (C =C
aromatic), 1315 (CN), 1217(CO) cm’l; DI-MS m/z caled for C1gH13NOg
[M]* 339.10 found 339.00

2.2.2. Structure determination by single-crystal XRD analysis

The 7-nitro-1,3-dihydroxy-9H-xanthen-9-one (1) was chosen for
confirmation and analysis of the chemical bonding of the structure as it
is the most active. The compound 1 crystal is suitable for single crystal
analysis that was grown from hexane and ethyl acetate in a slow evap-
oration method and characterized crystallographically. The diffraction
data were measured at T = 301 K on a Bruker APEX-II CCD diffrac-
tometer fitted with Mo Ko radiation (A = 0.71073 A). Then, data
reduction, including analytical absorption correction, was done via
multi-scan using SADABS-2016/2 (Bruker,2016/2) [43]. The structures
were solved by direct methods and refined (anisotropic displacement
parameters, C-bound H atoms in the riding model approximation) on F2
[44]. The oxygen and nitrogen-bound hydrogen atoms were located
from Fourier difference maps and refined with distance restraints of
O-H =0.84 + 0.01 A and N-H = 0.88 = 0.01 A. In the final cycles of
the refinement of 10, two reflections, i.e. (—6—4 8), were omitted due to
poor agreement with the model.
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Table 5
The percentage of dead brine shrimp of compound 1.

Results in Chemistry 13 (2025) 101998

Sample Concentration (uM) Number of dead shrimp/ Total of shrimp

3660.35 1830.18 915.09 457.54 228.77 114.39 57.21 28.59 Untreated Control
1 All survive All survive All survive All survive All survive All survive All survive All survive All survive
2
3
4
5
6
Total
Percentage of dead shrimp 0% 0% 0% 0% 0% 0% 0% 0% 0%
2.3. Bioassay hatched within 24 h [50]. Each of the 96 wells was infused with a 100 pL

2.3.1. Cell culture

The cell lines used in this research were immortalized human kera-
tinocyte (HaCaT), macrophage (RAW 264.7), and the breast cancer cell
lines oestrogen-receptor positive (MCF-7) and triple-negative (MDA-
MB-23). The cell lines were cultured in RPMI 1640 medium supple-
mented with 0 % fetal bovine serum and 50 units/mL pen-
icillin-streptomycin mixture (Invitrogen Co., Carlsbad, CA, USA) for
growth. The cells were maintained in a humidified 5 % CO5 incubator at
37 °C. All cell lines were sourced from the Department of Medicine,
Faculty of Medicine and Health Sciences, Universiti Putra Malaysia.

2.3.2. Microculture MTT (tetrazolium) assay

The assay protocol was performed according to Razak NA (2019)
[45]. Initially, 96-well microplates were prepared with different cell
lines, and the cells underwent overnight incubation at 37 °C with 5 %
CO2. Gemcitabine (Food & Drug Administration, FDA approved drug.
Application number: 2007950rig1s000) [46] and DMSO were used as a
positive and negative control. Synthetic derivatives were initially
screened at a concentration of 10 uM. Compounds showing less than 50
% cell viability underwent a full dose-response analysis with concen-
trations ranging from 0.1 to 100 uM to determine their ICsg values. The
derivatives were prepared by adding 20 pL of stock solutions (100 mg/
mL in DMSO) to each well of the microplate containing 180 uL of RPMI
1640 medium. Control wells contained only 180 pL medium, and each
derivative concentration was tested in quadruplet. The plates were then
incubated for 96 h at 37 °C with 5 % CO,. After incubation, 50 uL of MTT
solution (2 mg/mL in PBS) was added to each well and incubated for
2-4 h at 37 °C. Excess MTT solution was removed, 100 pL of DMSO was
added to each well and gently agitated to dissolve the formazan crystals.
The absorbance of formazan was measured at 570 nm using a microplate
reader to determine cell viability [47]. Cell viability percentage was
determined using the formula:

Absorbance of the treated cells

100
Absorbance of the control cells x

%Cytotyxicity =

2.3.3. Toxicity analysis

2.3.3.1. Cytotoxicity. The selectivity index (SI) needs to be determined
to investigate the toxicity of the synthesized compound. The ICsg values
of the standard and selected compounds on the cancer cells were utilized
to identify the SI value by comparing the ICs( value on normal cell lines
(HaCaT and RAW 264.7). The SI value was calculated using the equation
below [48].

ICs of normal cell lines (uM)

Selectivity index(ST) = ICs of cancer cell lines (uM)

2.3.3.2. Brine shrimp lethality assay (BSLA). The Brine Shrimp Lethality
Assay (BSLA) was employed to predict the toxicity potential [49] of the
chosen synthesized compound. Artemia salina (brine shrimp) larvae

brine solution containing five to ten brine shrimps. Subsequently, 100 pL
of the sample, dissolved in 5 % DMSO, was introduced into the 96 wells
with varied concentrations (3660.35, 1830.18, 915.09, 457.54, 228.77,
114.38,57.21, and 28.59 uM). After 24 h, the wells were inspected using
a microscope, and the surviving brine shrimp count in each well was
recorded. The lethality percentage of the brine shrimp at each concen-
tration and control was computed, and the lethality concentration
(LCsp) was established.

2.3.3.3. Zebrafish embryo toxicity assay. Zebrafish embryos (Danio
rerio) at 24 h post-fertilisation (hpf) were examined using an inverted
microscope (Olympus CKX 41) and then carefully selected and trans-
ferred into individual wells of 96-well microplates using a Pasteur
pipette. Both synthesised compound and control treatments were added
to the wells, each with varying concentrations. The development of
treated embryos was observed at 24, 48, 72, and 96 h post-fertilisation
(hpf) to assess formation and development. Parameters such as the
survival rate, hatching rate, oedema formation, scoliosis, and heartbeats
per minute were monitored. The experiments were conducted in tripli-
cate, and results were presented as mean =+ standard deviation (n = 3).
The LCs¢ for both samples and controls were determined using probit
analysis with linear regression. Statistical significance was assessed
using one-way analysis of variance (ANOVA), with p < 0.05 considered
significant [51,52].

2.4. Molecular docking analysis

2.4.1. Preparation of protein structure

The molecular configuration of the protein was sourced from the
RSCB Protein Data Bank under the PDB ID: 3EQM (http://www.rcsb.
org/) [53]. The potential binding interactions of the synthesised com-
pounds with the 3EQM protein were explored through molecular
docking analysis. This analysis was performed using the AutoDockTools
1.5.4 (https://mgltools.scripps.edu) and AutoDock Vina (https://vina.sc
ripps.edu, respectively) programs. The crystal structure was prepared
for molecular docking using BIOVIA Discovery Studio Visualiser. This
involved the removal of all water molecules, and the prepared structure
was saved in.pdbqt format [54]. Water molecules were removed from
the crystal structure to simplify the computational process and to ensure
a clear binding site, which could otherwise interfere with the docking
search. This step was taken to enhance the accuracy and efficiency of the
molecular docking simulations [55]. The final step involved adding
hydrogen atoms necessary for forming hydrogen bonds to ensure that
the molecular structures are complete and accurate for the docking
simulations, enhancing the reliability of the results using Auto-
DockTools 1.5.4 software [56].

2.4.2. Preparation of ligand structure

The 3D structures of the synthesised compounds were created using
the Avogadro program [57]. An energy optimisation tool within the
program was then employed to stabilise the ligands’ 3D structures,
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Table 6
The morphological characteristics of zebrafish embryos treated with six concentrations of compound 1 at 24, 48, 72 and 96 h observed under 5x magnification.
Duration
No Concentration (pM) 24 Hrs 48 Hrs 72 Hrs 96 Hrs
1 EM with 0.1 % DMSO (Control)
2 28.59
3 57.21
4 114.39
5 228.77
6 457.54
7 915.09
8 1830.18

preparing them for molecular docking studies [58]. Subsequently, all
ligands were transformed into.pdbqt file format for molecular docking.

2.4.3. Molecular docking of ligand and protein

In a molecular docking study, AutoDock Vina was used to dock
optimised ligand molecules that were docked into a refined protein
model. This process aimed to identify the best ligand conformations
within the binding sites of the target macromolecules (3EQM) and

determine the affinity energy of the interactions. In order to identify the
binding pocket of the target receptor, the protein structure was initially
loaded, and then the active site was located based on the location of the
co-crystallised ligand [59]. The grid box of the receptor (3EQM) is
shown as follows: RMSD: 1 A, the size of the grid box: x-axis: 40.00, y-
axis: 40.00 and z-axis: 40.00 and the centre-x: 85.51, centre-y: 51.58 and
centre-z: 43.04. The analogues were then subjected to Biovia Discovery
Studio Visualiser to view lists of interactions and better ligand-protein
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Table 7
The binding affinity values of compound 1-6 and letrozole with
aromatase cytochrome P450.

Compound Binding Affinity (kcal/mol)

—-8.4
-7.8
-8.1
-8.4
-8.1
-8.2
Letrozole -8.3

U A wWwN =

residue graphics in both 2D and 3D representations. AutoDock Vina was
used to re-dock the isolated co-crystallized ligands into the corre-
sponding protein binding sites after they were prepared following the
same standard protocol for ligand preparation. For the purpose of vali-
dating the docking procedure, the docked pose was superimposed over
the original pose to calculate the Root Mean Square Deviation (RMSD)
for the protein 3EQM.

3. Results and discussion
3.1. The synthesis and characterization of nitro xanthone derivatives

A total of six xanthone derivatives were synthesized and character-
ized (1-6), but we only focused on the most potent and non-toxic
compound in this article which is compound 1. The spectral values of
compounds 2-6 are given in the experimental synthesis section and
supplementary data (Figs. §5-S24). Briefly, the process of generating
compound 1 involved the one-pot reaction combining 5-nitrosalicylic
acid and phloroglucinol followed by the addition of a coupling agent
and catalyst, i.e., Eaton’s reagent [38-40] comprising phosphorus
pentoxide solution in methane sulfonic acid (P20s/CH3SOH) (Scheme
1). The cyclization reaction was involved in the synthesis of xanthone
derivatives. At the end of this reaction, tricyclic xanthone 1 was pro-
duced with a yield of 78 %.

After synthesis, nuclear magnetic resonance spectroscopy (*H and
B3¢ NMR), Fourier transform infrared spectroscopy (FTIR), and direct
infusion-tandem mass spectrometry (DI-MS) studies were used to char-
acterize and elucidate the purified compounds. Compound 1 exhibits
five signals spanning from 6.00 to 9.00 ppm, representing five aromatic
protons, as shown in 'H NMR (Fig. S1; Supporting document). The
signals are observed at 8.80 ppm (1H, d, J = 2.75 Hz), 8.60 ppm (1H, dd,
J = 2.75, 9.25 Hz), 7.83 ppm (1H, d, J = 9.25), 6.48 ppm (1H, d, J =
1.95 Hz), and 6.29 ppm (1H, d, J = 1.95 Hz), assigned respectively as H-
8, H-6, H-5, H-2, and H-4. A broad signal at 12.40 (2H, s) corresponds to
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the two hydroxyl protons of 1-OH and 3-OH.

The '3C NMR analysis (Fig. S2; Supporting document) revealed
distinct peaks corresponding to different carbon environments in the
compound. The carbonyl carbon C9 exhibits the highest chemical shift
at 178.78 ppm. Hydroxyl carbons C1 and C3 appeared at 166.75 and
159.00 ppm due to the deshielding effects of the hydroxyl groups.
Carbon C7, associated with the nitro (NO3) group, is observed at 129.46
ppm. Meanwhile, carbons C5, C6, and C8, located on the same aromatic
ring, appeared at 121.42, 126.39, and 128.92 ppm, with C6 and C8
showing slightly higher chemical shifts due to their proximity to the
—NO; group. Quaternary carbons C10a, C4a, C8a, and C9a are observed
at the peaks of 139.60, 109.99, 98.64, and 94.40 ppm, with C10a and
C4a exhibiting higher chemical shifts due to their oxygen bonding.
Carbons C2 and C4, located on the same aromatic ring, appeared at
119.12 and 117.73 ppm, where C2 is slightly deshielded, likely due to its
position between two hydroxyl-bonded carbons.

The FTIR analysis (Fig. S3; Supporting document) shows O-H
stretching at 3337 cm-1, C-H stretching at 2359 cm ™!, C = O stretching
at 1620 cm ™}, C = C stretching at 1528 cm ™!, N-O stretching at 1446
em™L, CN stretching at 1265 cm™Y, and C-O stretching at 1216 em ™Y,
indicating the presence of various functional groups in the compound.
The DI-MS spectrum (Fig. S4; Supporting document) displays a molec-
ular ion peak [M]" and a base peak at m/z 273.00, congruent to the
expected molecular formula of C;3H7NOg for the compound [42].

3.2. X-ray diffraction (XRD) analysis

High quality crystal form of compound 1 was grown via the slow
evaporation method, where it was dissolved in ethyl acetate and kept at
room temperature to allow slow evaporation of the solvent. The solution
and refinement of the single crystal data of compound 1 confirmed the
molecular structure of the compound to be agreeable to other data ob-
tained earlier. Refinement of the crystal structure led to a final R factor
of 5.14 %. The molecular structure of compound 1 is depicted in ORTEP
view (Fig. 2). The compound is found to crystallize in a monoclinic
system with a C2/c space group. The asymmetric unit constitutes one
molecule of 1 in a neutral state. The complete unit cell contains eight
molecules, as shown in Fig. 2. The analysis of single-crystal X-ray
diffraction revealed that 1 has three cyclic rings with aromaticity on the
side ring. Each element within the ring has a p-orbital that is perpen-
dicular to the ring; hence, 1 is planar, as depicted in Fig. 3. Metrical
parameter analysis indicates that the molecule does not display any
anomalies compared to the available literature data for related com-
pounds. Table 2 lists the details of the crystal data collection and
structure refinement.
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Fig. 4. Electron density effect of para-nitroxanthone (1).
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Fig. 5. Active site analysis and drug interactions of human placental aromatase cytochrome P450 (PDB ID: 3EQM). (a) Docked conformation of compound 1 together
with the key amino acid residues of human placental aromatase cytochrome P450. (b) Docked conformation of compound 2 together with the key amino acid
residues of human placental aromatase cytochrome P450. (c) Docked conformation of compound 3 together with the key amino acid residues of human placental
aromatase cytochrome P450. (d) Docked conformation of compound 4 together with the key amino acid residues of human placental aromatase cytochrome P450. (e)
Docked conformation of compound 5 together with the key amino acid residues of human placental aromatase cytochrome P450. (f) Docked conformation of
compound 6 together with the key amino acid residues of human placental aromatase cytochrome P450. (g) Docked conformation of letrozole together with the key
amino acid residues of human placental aromatase cytochrome P450. (h) Comparison of binding location between compounds 1-6 and the potential aromatase
inhibitor, letrozole.



P. Devakrishnan et al.

Results in Chemistry 13 (2025) 101998

Fig. 5. (continued).

3.3. Preliminary screening of the synthetic derivatives (1-6) against
breast cancer cell lines (MCF-7 and MDA-MB-231)

The compounds were studied for their potencies in inhibiting breast
cancer cell lines by screening assay at 10 pM concentration. The breast
cancer cell lines used in this study were MCF-7 (estrogen receptor-
positive) and MDA-MB-231 (triple-negative). The in vitro cytotoxicity
of compounds 1-6 was tested using the MTT 3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyltetrazolium bromide assay. A chemotherapy drug,
gemcitabine, was used in this study as a positive control. Table 3 shows
the percentage of cell viability of compounds 1-6 against two different
cell lines, MCF-7 and MDA-MB-231, at a concentration of 10 pM.

According to Riss T.L (2013) [60], a compound is regarded as an
active compound if the viability of the cells after the screening test is less
than 50 %. Compound 1 exhibits the greatest inhibitory effect against
MCF-7 compared to the other compounds (2-6) in the screening test
(Table 3), as it was applied at 10 uM to MCF-7 cells, resulting in a
viability rate of 22.05 % + 2.40 %. This rate is influenced by cellular

activity in the cytoplasm, particularly where estradiol, a type of estro-
gen, undergoes metabolic or functional processes. Compound 1’s pres-
ence or activity in this cellular context impacts MCF-7 cell viability,
potentially through interactions with estradiol metabolism or cyto-
plasmic signaling pathways. Interestingly, compound 1 shows a similar
percentage of cell viability as gemcitabine, a standard drug, in Table 3.
In contrast, compound 1 has no inhibitory effects against MDA-MB-231,
with a cell viability percentage of 98.92 + 2.00 %. The MDA-MB-231 is a
cell line that is resistant to treatment with antiestrogens because it lacks
an estrogen receptor (ER). It is also a triple-negative breast cancer cell
line, i.e., none of the usual breast cancer receptors are present.

Based on the SAR analysis, this also verifies that the insertion of the
nitro group at the para position (compound 1) of the precursor com-
pound increased its activity. In contrast, compounds 2 to 6 showed no
activity against MCF-7 cells, as shown in Table 3. Although the nitro
group as the electron-withdrawing group was presented in both com-
pounds (2 and 3), the greater steric hindrance at the ortho and meta
positions (nitro group and ring B) likely retards the interaction of the
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Fig. 5. (continued).

aromatic ring A with MCF-7 cells [61]. Another possible theory is the
electron density effect, in which any conjugate of the lone pair on the O
atom with the x system would increase the electron density in the ortho
and para positions, but mostly favored para which is more reactive
(Fig. 5) [62]. Interestingly, compound 4 has the same position of the
nitro groups as compound 1, but unfortunately, it does not show activity
against MCF-7. We suspect that adding an alkylation group (EDG) on the
D ring may cause low electron density on the oxygen atom because the
lower the stabilization energy, the less reactive compound 4 [63].

To evaluate the safety of the active compound, the cytotoxicity of
compound 1 and gemcitabine was assessed on the normal lung cell line
BEAS-2B (Table 4). Compound 1 showed a higher percentage of cell
viability, 94.15 %, compared to gemcitabine, which had 9.64 %. Based
on Riss T.L. (2013) [60], this means that compound 1 is not toxic to
normal cells, while gemcitabine is highly toxic to normal cells. This is
very interesting because compound 1 shows potential for novel appli-
cations compared to the standard drug (gemcitabine), specifically being
selectively toxic to the MCF-7 breast cancer cell line only.

3.4. Half-maximal inhibitory concentration ICsg value

The selection of the synthetic compound 1, which showed inhibitory
efficacy against the oestrogen-dependent breast cancer (MCF-7) cell line
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(Table 3), was subsequently examined at various concentrations (0.1, 1,
10, and 100 pM) to identify its half-maximal inhibitory concentration
value, ICsg. Fig. S25 presents that the ICsy value of compound 1 that
inhibits the growth of oestrogen-dependent breast cancer cells (MCF-7)
is 7.00 + 0.00 uM. Meanwhile, based on study by Tao et al group, the
ICsg's of gemcitabine against MCF-7 was 2.01 + 0.30 uM [64].

Previous research has indicated that an ICsq value of less than 10 uM
is deemed highly inhibitory against cancer cells [65]. Thus, compound 1
demonstrated good cytotoxicity with a promising percentage of cell
death towards MCF-7 [66]. However, the effects of the synthetic com-
pound 1 on normal cell lines need to be determined via in vitro cyto-
toxicity assay.

3.5. Cytotoxicity and selectivity index (SI) on normal cell lines

The selectivity index of compound 1 against normal cell lines was
conducted using the MTT assay. The cell lines used were human
epidermal keratinocyte (HaCaT) and macrophage (RAW 264.7) from the
American Tissue Culture Collection (Virginia, USA). Fig. S26 and
Fig. S27 present the ICs value of compound 1 against HaCaT and RAW
264.7 (normal cell lines) as 250.00 + 70.71 and 800.00 + 0.00 uM, with
SI values of 35.71 and 114.29. A compound is considered a good po-
tential inhibitor for the therapeutic agent if its SI value is more than 10
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Table 8
The interactions available on molecular docking analysis of letrozole and com-
pound 1-6 with aromatase-androstenedione complex structure (3EQM).

Compounds  Binding Affinity Receptor  Type of Distance (A)
(kcal/mol) interactions

1 —8.4 ALA438 H-B 1.89
CYS437 H-B 3.49
ALA306 n-Sigma 3.94
ALA438 n —Sigma 3.88
LEU152 n —Alkyl 4.87; 5.22
ALA307 n —Alkyl 4.28
ALA306 7 —Alkyl 3.42; 4.40
MET303 n —Sulfur 4.87;5.11;

5.64

MET446 n —Sulfur 5.40

2 -7.8 THR310 H-B 2.60
LEU372 H-B 2.70
THR310 Pi-Sigma 3.95
TRP224 n — n Stacked 4.80; 5.97
VAL373 n —Alkyl 5.25
VAL370 n —Alkyl 4.76; 4.92

3 -8.1 LEU477 H-B 2.14
MET374 H-B H: 2.87; O:

1.86

ALA306 C-H Bond 3.48
TRP224 n — n T-shaped 4.72
VAL370 n —Alkyl 5.42
LEU477 7 —Alkyl 5.45

4 —-8.4 SER314 H-B 1.93
THR310 n —Donor H-B 2.66
CYS437 n —Donor H-B 3.66; 4.02
ALA306 n —Sigma 3.87
MET311 n —Sulfur 5.95
PHE430 n — n T-shaped 5.50
VAL370 7 —Alkyl 5.28
CYS437 n —Alkyl 5.15
ALA443 n —Alkyl 5.26; 5.30

5 -8.1 ILE133 n —Sigma 3.67
VAL370 7 —Alkyl 4.62; 5.50
LEU477 n —Alkyl 5.17
ILE133 n —Alkyl 4.97

6 —-8.2 ARG115 H-B 2.95; 2.38
TRP141 H-B 2.63
ARG145 H-B 2.11
ARG435 H-B 2.05; 2.46
GLY439 C-H Bond 3.62
CYS437 © —Donor H-B 4.13
ALA306 n —Sigma 3.85
ILE133 7 —Alkyl 4.27;5.12
ALA438 n —Alkyl 5.14
ALA306 7 —Alkyl 5.25
CYS437 7 —Alkyl 4.76
ALA438 n —Alkyl 4.75; 5.40

Letrozole -8.3 TRP141 H-B 2.38
ARG435 H-B 2.16; 2.77
ALA306 n —Alkyl 4.67
ALA438 n —Alkyl 4.59
ILE132 7 —Alkyl 5.37
ILE133 n —Alkyl 4.49; 4.81

*H-B = Hydrogen bonding; C-H = Carbon-hydrogen.

[48]. From the results, compound 1 has an SI value higher than 10 for
HaCaT and RAW 264.7 cell lines. It indicates the uniqueness of com-
pound 1, i.e., it is more selective to oestrogen-dependent breast cancer
cell lines (MCF-7) and nontoxic toward normal cell lines, which is
desirable for drug candidates.

3.6. Brine shrimp lethality assay (BSLA)

A brine shrimp lethality assay (BSLA) was performed on compound
1. It is a simple, high-throughput toxicity assay for bioactive substances
[67]. Table 5 displays a 0 % of dead shrimps for various concentrations
of compound 1. The mortality rate was recorded based on this pre-
liminary data. Crude or pure compounds are considered toxic if their
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Table 9
The ADMET properties of compound 1.
ADMET properties Value Outcome
Absorption
Plasma Protein Binding 95.50 %  High therapeutic
index
Blood-Brain Barrier 0.670 BBB-
Human Intestinal Absorption 0.009 HIA-
Caco-2 Permeability —4.860 Caco2-
P-Glycoprotein Inhibitor 0.002 Non-inhibitor
P-Glycoprotein Substrate 0.080 Non-substrate
Metabolism
CYPAZ2 inhibitor 0.980 Inhibitor
CYPA2 substrate 0.680 Substrate
CYP2C9 inhibitor 0.404 Non-inhibitor
CYP2C9 substrate 0.058 Non-substrate
CYP2C9 inhibitor 0.600 Inhibitor
CYP2C9 substrate 0.930 Substrate
CYP2D6 inhibitor 0.739 Non-inhibitor
CYP2D6 substrate 0.453 Non-substrate
CYP3A4 inhibitor 0.647 Non-inhibitor
CYP3A4 substrate 0.090 Non-substrate
Toxicity
AMES Toxicity 0.879 Non-Toxic
Human Ether-a-go-go-Related Gene Inhibition 0.060 Inactive (Weak
(hREG 1//11 inhibitor) inhibitor)
Eye Corrosion 0.283 Noncorrosive
Table 10
The drug-likeness analysis of compound 1.
Druglikeness Results
Lipinski Yes; 0 violation
Ghose Yes
Veber Yes
Egan Yes
Muegge Yes
Bioavailability Score 0.55

lethal concentration (LCsp) value is < 3660.35 pM and non-toxic if their
LCsp value is > 3660.35 pM [68]. Our finding revealed that compound 1
had no toxicity against brine shrimp. The finding signifies that com-
pound 1 is inactive towards the brine shrimp even at the highest con-
centration used (3660.35 pM), and there is no observed fatality of the
brine shrimps. For increased accuracy and avoidance of different data
produced, the lethality assay was performed in six replicates to avoid
inconsistency in the results received.

3.7. Zebrafish embryo toxicity test

Compound 1 was tested at various concentrations to assess its effect
on zebrafish embryo survival rate over 96 h. The results showed a 100 %
survival rate at concentrations between 57.21 to 228.77 pM, similar to
the negative control (embryos treated with 0.1 % DMSO). However,
survival decreased to 50 % at 915.09 uM, and no embryos survived at
the highest concentration of 1830.18 uM. This pattern of survival was
consistent across the tested concentrations, highlighting the resilience of
most embryos to compound 1. The LCso value of compound 1 for
zebrafish embryos was determined to be 474.43 pg/mL over 96 h.
ANOVA analysis confirmed this value, indicating that compound 1 is
non-toxic to zebrafish embryos, even after prolonged exposure up to 96
h post-fertilization, as shown in Fig. S28.

Figs. S28 and S29 present the effects of compound 1 on zebrafish
embryos. In Fig. S30, hatching rates were 25 % at concentrations be-
tween 28.59 and 228.77 uM after 48 h, improving to 100 % between 72
and 96 h. At 457.54 uM, the hatching rate decreased to 66.67 %, and at
915.09 pM, it was 50 %. No embryos hatched at 1830.18 pM. Fig. S31
shows heartbeat measurements at the 96-hour mark, revealing no sig-
nificant changes in surviving embryos at concentrations from 28.59 to
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Fig. 6. The boiled egg model of compound 1.

915.05 pM. At 1830.18 uM, no heartbeat was detected in deceased
embryos. The data indicate a decrease in heartbeat as the concentration
increased, with the LCsy value of compound 1 (474.43 pg/mL or
1736.58 pM) falling within the non-toxic range of 915.05 to 1830.18 uM
[69].

The morphological features of zebrafish embryos exposed to various
concentrations of compound 1 (0 to 1830.18 uM) were assessed over 24
to 96 h. No morphological changes, such as scoliosis, pericardial
oedema, or coagulation, were observed, indicating that the embryos
survived well up to 96 h. At the pharyngula stage, fin growth and the
development of blood circulation organs were seen even at the highest
concentration of compound 1. By 72 to 96 h, the hatched embryos dis-
played active feeding behaviour and growth across all concentrations.
However, at 1830.18 uM, no embryos hatched during the 24 to 96-hour
period. A summary of the findings is provided in Table 6.

3.8. Molecular docking

To visualize the detailed intermolecular interactions between the
synthesized compounds (1-6), the molecular docking analysis was
performed using the crystal structure of human placental aromatase
cytochrome P450 (PDB ID: 3EQM; 2.90 A X-ray resolution) using the
Autodock Vina software [70]. Firstly, the RMSD value calculated for co-
crystallized ligand pose vs docked posed was 2.892 A. According to
Ramirez & Caballero (2018), the RMSD value < 2.0 A agrees with good
docking solutions and the docking solutions with an RMSD value be-
tween 2.0 to 3.0 A maintain the intended orientation while varying from
the reference position [71]. Therefore, acceptable RMSD values were
found for the chosen docking protocol, demonstrating its capacity to
replicate the initial co-crystallized position.

Based on the binding affinity values from Table 7, it is evidenced that
compound 1 where the nitro group at the para position showed the
highest binding affinity value compared to other compounds where the
nitro position at the alternate position. As illustrated in Fig. 4.a—f, all the
compounds (except compound 5) have at least one hydrogen bonding
interaction with the active site of the protein. However, only compound
1 makes hydrogen bonding with the nitrogen atom of CYS437 through
the oxygen atom present at C-9 establishing a bond length of 3.49 A. This
interaction significantly contributed to the overall binding affinity of the
compound [72].

Notable, there is a hydrogen bond interaction between the nitro
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group at the para position of compound 1 and ALA438 amino acid res-
idue measured at a bond distance of 1.89 A. Nevertheless, compound 4
where the position of nitro groups was the same as compound 1
exhibited the same binding affinity as compound 1, but compound 4
only has one hydrogen bond interaction with a slightly longer bond
distance (1.93 A) compared to compound 1. Additionally, the nitro
group at ortho position of compound 2 established two hydrogen
bonding interactions with THR310 and LEU372 amino acid residues but
the bond distance is relatively longer (bond distance = 2.60 A;2.70 A
respectively) than the bond distance of compound 1. Thus, this factor is
evidence that compound 1 with the nitro group at the para position was
interacting with the active site more efficiently compared to the other
compounds. Additionally, the aromatic ring of compound 1 plays a part
in a n-sulfur interaction with MET303 and MET446 amino acid residue,
apparent from the 4.88 A, 5.11 A, 5.64 A and 5.40 A bond lengths
respectively. On the other hand, as shown in Fig. 4g, letrozole, the po-
tential aromatase inhibitor, exhibited two hydrogen bonding interaction
with TRP141 and ARG435 amino acid residue. However, both the
hydrogen bond interaction has longer bond length (2.38 and 2.16; 2.77
respectively). Due to this weaker interaction, letrozole displayed a
slightly lower binding affinity than compound 1. Table 8 illustrates the
key interaction of aromatase inhibitor, letrozole and compounds 1-6
with the amino acid residues of the active site.

Moreover, as illustrated in Fig. 4h, it is clearly showed that com-
pound 1 (green color) and the aromatase inhibitor, letrozole (blue color)
bonded at the same location of the active site compared to the other
compounds (red color) which exhibited that compound 1 able to repli-
cate the efficiency in inhibiting the cytochrome P450 same as the po-
tential inhibitor. Thus, these complex interactions within the molecular
framework of compound 1 proved that the nitro group at the para po-
sition exhibited strong binding potential in comparison with compounds
2-6. In order to confirm the docking results on human placental aro-
matase cytochrome P450, the biochemical validation of aromatase ac-
tivity for compound 1 must be explored further.

3.9. ADMET properties analysis

The ADMET (absorption, distribution, metabolism, excretion, and
toxicity) analysis was applied to identify the predicted toxicity of com-
pound 1 [73]. The ADMET analysis predicted the pharmacokinetic
properties and toxicities of the selected compound, including their



P. Devakrishnan et al.

permeability for the blood-brain barrier (BBB), human intestinal ab-
sorption (HIA), and whether they act as P-glycoprotein substrates or
inhibitors. According to the results in Table 9, compound 1 showed
negative (—) BBB and HIA permeability, suggesting weak absorption in
the human body [74]. Moreover, compound 1, the most promising
molecule identified through docking and bioassay, was found to be a
non-inhibitor of P-glycoprotein. It suggests that the molecule is unlikely
to interact with other medications or drugs, as P-glycoprotein is often
implicated in drug-drug interactions [75]. Furthermore, the ADMET
analysis indicates that compound 1 inhibits CYP enzymes, specifically
isoforms A2 and 2C9. Inhibition of these enzymes can lead to either
enhanced or reduced drug metabolism because human cytochrome P450
(CYP) isoforms A2, 2C9, 2D6, and 3A4 collectively account for
approximately 90 % of oxidative metabolic activities [76]. The ADMET
results revealed that although the compound showed a high AMES toxic
value, it is non-corrosive to the human eye. Finally, the ADMET data
indicate that compound 1 is a weak inhibitor and inactive against the
Human Ether-a-go-go-Related Gene (hERG). The hERG gene is known to
be sensitive to drug interactions [77]. Thus, compound 1 is predicted to
have good binding with the receptor [78].

3.10. Drug-likeness analysis

The study further employed pharmacokinetic and drug-likeness
predictions according to the Lipinski, Ghose, Veber rules, and
bioavailability scores, as illustrated in Table 10. According to the drug-
likeness analysis, compound 1 does not violate any of the mentioned
rules. Specifically, compound 1 met Lipinski’s rule of five, which states
that a compound should possess a molecular weight (MW) of less than or
equal to 500, a LogP value (octanol-water partition coefficient) of less
than or equal to 5, fewer than 10 hydrogen bond acceptors, and fewer
than 5 hydrogen bond donors [79]. Next, compound 1 agrees with
Veber’s rules because it has a total hydrogen bond of < 12, rotatable
bonds of < 10, and a polar surface area (PSA) of < 140, with oral
bioavailability of > 20 % [80]. Moreover, compound 1 falls within the
acceptable ranges for Log P (—0.4-5.6), molar refractivity (MR) of
40-150, molecular weight (MW) of 160-480, and number of atoms
(20-70), aligning with Ghose’s rule [81].

3.11. Gastrointestinal absorption and brain penetration prediction
[BOILED-Egg]

The Brain or Intestinal. EstimateD permeation method (BOILED-Egg)
method, utilized to assess the pharmacokinetic features, facilitates the
comprehension of how the molecule positions in the WLOGP-versus-
TPSA referential and small molecule lipophilicity and polarity calcula-
tions affect BBB and passive HIA [82]. Moreover, the BOILED-Egg model
offers a fast, reliable, and statistically improved method for assessing the
high gastrointestinal absorption and brain permeability of small com-
pounds used in drug discovery and development. The yolk (yellow) re-
gion indicates a high potential for brain penetration, while the white
region indicates a high possibility of passive absorption by the gastro-
intestinal system. There is no conflict between the white and yolk re-
gions. Fig. 6. depicts compound 1 in the white region, indicating that it is
predicted to be highly absorbed by the gastrointestinal tract. P-glyco-
protein is important for both the absorption and disposal of drugs. Due
to its location, P-glycoprotein apparently could greatly limit the number
of drugs absorbed by cells from the intestinal lumen and brain than
enhancing drug excretion drugs hepatocytes and renal tubules into the
surrounding luminal space. The BOILED-Egg model suggests that com-
pound 1 is not a P-glycoprotein substrate; hence, drug excretion will not
be a concern [83].

4. Conclusion

In conclusion, the findings of this study indicate that the
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nitroxanthone derivatives 1 where the nitro group substituted at para
position showed similar evidence of a notable anti-breast cancer effect
against MCF-7 when compared to the standard drug, gemcitabine, in the
screening test in terms of cell viability percentage. Further insights into
the half-maximal inhibitory concentration value, ICsg, of compound 1
for anti-breast cancer activity was less than 10 uM, confirming com-
pound 1 as having the potential to inhibit breast cancer cell growth.
Prior to that, the toxicity analyses of compound 1 on three different
models (cell cytotoxicity, brine shrimp, and zebrafish toxicity) were
established, revealing compound 1 to be more selective towards breast
cancer cell lines than normal cell lines compared to the standard drug
(gemcitabine). Compound 1 is corroborated to be non-toxic towards
normal cells compared to gemcitabine. Additionally, no mortality was
observed in brine shrimp exposed to various concentrations of com-
pound 1, indicating its inactivity even at the highest concentration
tested. Furthermore, the in vivo zebrafish embryo toxicity analysis
confirmed that compound 1 is non-toxic as per the following parame-
ters: survival rate, hatching rate, heartbeat rate, and morphology. Mo-
lecular docking was conducted to elucidate the desired xanthone
derivative’s binding affinity and chemical interactions. The outcome
showed that the docking of compound 1 with nitro group at the para
position with the crystal structure of human placental aromatase cyto-
chrome P450 (PDB ID: 3EQM), showed a significantly better binding
affinity than compound 2-6 with nitro group at the alternate position.
Lastly, the potential of compound 1 as a drug candidate was also eval-
uated by calculating and verifying their adherence to Lipinski’s rule.
Thus, integrating pharmacokinetic and molecular docking analysis
verifies in vitro findings and enhances the potential of these compounds
in medicinal applications. This multifaceted strategy lays the ground-
work for future research and therapeutic applications.
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