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ABSTRACT: Cancer remains a critical global health challenge, driven by multifactorial etiologies, including oxidative
stress, hormonal imbalances, and procarcinogen bioactivation. The cytochrome P450 enzymes CYP1B1 and CYP19A1
play significant roles in these processes, with CYP1B1 involved in the bioactivation of carcinogens such as DMBA and
estrogens, and CYP19A1 being crucial in estrogen biosynthesis, particularly in hormone-dependent cancers. In this
study, we synthesized a novel sulfonamide-based 2-indolinone compound (7h) and evaluated its inhibitory activity
against human CYP1B1 and CYP19A1 enzymes, along with previously reported 1H-indole-2,3-dione 3-[4-(3-
sulfamoylphenyl)thiosemicarbazones] (compounds 7-9). Additionally, the cytotoxic effects of these compounds were
tested on the MCF-7 human breast cancer cell line. R; trifluoromethoxy-substituted compound 7c emerged as the most
potent inhibitor of both hCYP1B1 (ICsp = 0.97 pM) and hCYP19A1 (ICsp = 6.46 uM) and demonstrated significant
cytotoxicity, reducing MCF-7 cell viability to below 70% at 10 pM. R; methyl- substituted compound 7b, R; and R»
dimethyl- substituted compound 8b and R; ethyl- substituted compound 9a reduced MCF-7 cell viability below 60%
after 24 hours of incubation at 10 pM. Molecular docking studies revealed key interactions between the compounds and
enzyme active sites, correlating with their inhibitory potency. These findings suggest that the sulfonamide-based 2-
indolinone derivatives, particularly compound 7c, hold promise as dual inhibitors of CYP1B1 and CYP19A1, offering
potential therapeutic benefits in the treatment of hormone-dependent and other cancers. Further studies are warranted
to explore their full clinical potential.
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1. INTRODUCTION

Cancer, characterized by rapidly escalating incidence and mortality rates, continues to pose a
formidable global health challenge. The etiology of cancer is multifactorial, encompassing oxidative stress,
hormonal imbalances, radiation exposure, tobacco use, and infections [1]. Many carcinogens are
procarcinogens that require metabolic activation to become cancer-causing. It is well-established that
cytochrome P450 (CYP1) enzymes, particularly CYP1B1, are integral to these bioactivation processes. For
instance, DMBA and endogenous estrogens are metabolized by CYP1B1 into reactive intermediates that
contribute to carcinogenesis[2]. Notably, CYP1B1 expression is selectively elevated in various malignancies,
including breast, lung, colon, and brain cancers, while being undetectable in normal tissues [3,4]. As a result,
targeting CYP1B1 with specific inhibitors is considered a promising strategy for cancer prevention [5].

Breast cancer is one of the most prevalent cancers worldwide and a leading cause of cancer-related
deaths among women. It represents about 25% of all cancer cases and 15% of cancer deaths in women [6].
The complexity of breast cancer is driven by its heterogeneity, with subtypes classified by hormone receptor
status, such as estrogen receptor (ER)-positive, HER2-positive, and triple-negative breast cancer (TNBC) [7].
This diversity necessitates personalized treatment approaches, particularly for hormone-dependent subtypes
like ER-positive breast cancer. One significant challenge in treating breast cancer is the role of estrogen in
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driving tumor growth, particularly in ER-positive subtypes. Elevated estrogen levels, often regulated by the
enzyme aromatase (CYP19A1), contribute to breast cancer progression [8]. Therefore, aromatase inhibitors
(Als) are essential in the treatment of postmenopausal women with ER-positive breast cancer [9-11].
However, the development of resistance to Als and the associated side effects highlight the need for more
selective and effective inhibitors [12].

In addition to the role of aromatase in estrogen biosynthesis, CYP1B1 plays a critical role in activating
carcinogens, which contributes to breast cancer development. The overexpression of CYP1B1 in breast cancer
makes it an attractive target for anticancer therapies, as inhibiting CYP1B1 could prevent carcinogen
activation and tumor progression.

Given the critical roles of CYP19A1 and CYP1B1 in breast cancer, targeting these enzymes with novel
inhibitors represents a promising therapeutic strategy. The 2-indolinone scaffold is a widely recognized
pharmacophore used in the design of anticancer agents. Many drugs that contain the 2-indolinone ring such
as sunutinib, pazopanib are already in clinical use for cancer treatment [13-15]. Over the past decade,
considerable research has focused on 2-indolinone derivatives, which exhibit anticancer activity through
various mechanisms [16,17]. Structure-activity relationship (SAR) studies have demonstrated that the
introduction of alkyl or aralkyl groups at the 1-position of the indole ring, as well as methylene, imino,
hydrazono, or thiosemicarbazone moieties at the 3-position, and alkyl, alkoxy, or halogen substituents at the
5-position, can significantly enhance anticancer activity [18]. Furthermore, phenyl-substituted derivatives
have been found to possess superior anticancer properties compared to those substituted with alkyl or
cycloalkyl groups at the thiosemicarbazone moiety. Recent investigations have revealed that 3-
imino/hydrazono/thiosemicarbazone-2-indolinone derivatives bearing a phenyl sulfonamide group exhibit
highly selective inhibitory effects against hCA IX and XII isozymes, which are critical targets for antitumor
therapy, due to their role in tumor growth and metastasis under hypoxic conditions. While these carbonic
anhydrases (CAs) are not directly related to the CYP19A1 and CYP1B1 enzymes, their involvement in cancer
progression highlights the broader relevance of sulfonamide-based inhibitors in anticancer research (Figure
1) [19-26].
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Figure 1. Structure-activity relationships of 2-indolinone derivatives

In a previous study, we reported the synthesis of several novel 1H-indole-2,3-dione 3-[4-(3-
sulfamoylphenyl) thiosemicarbazones] (compounds 7-9), along with molecular modeling studies for target
enzymes and an evaluation of the inhibitory effects of these compounds on carbonic anhydrase (CA)
isozymes. Many of the compounds tested demonstrated potent inhibition in the low nanomolar range
against hCA IX and XII, with all showing selective inhibition at low nanomolar concentrations for hCA II
[27].

In the current study, these previously synthesized compounds, along with a newly developed
sulfonamide-based 2-indolinone compound 7h, were evaluated for their inhibitory activity against human
CYP1B1 and CYP19A1 enzymes. Additionally, the cytotoxic effects of these compounds were evaluated in
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the MCF-7 human breast cancer cell line. Molecular modeling studies were conducted to elucidate the
interactions responsible for the observed inhibition profiles further supporting the therapeutic potential of
these dual inhibitors in the treatment of hormone-dependent cancers.

2. RESULTS AND DISCUSSION
2.1. Chemistry

1H-Indole-2,3-diones (1) were reacted with methyl iodide or ethyl chloride to synthesize 1-
methyl/ethyl-1H-indole-2,3-diones (2 and 3). The compound (3-sulfamoylphenyl) isothiocyanate (5) was
prepared by treating 3-aminobenzenesulfonamide (4) with thiophosgene. Subsequently, 4-(3-
sulfamoylphenyl) thiosemicarbazide (6) was synthesized through the reaction of 5 with hydrazine hydrate.
The compounds 1H-indole-2,3-dione 3-[4-(3-sulfamoylphenyl) thiosemicarbazones] (7-9) were obtained by
condensing 6 with 1-3. In this study, a novel sulfonamide-based 2-indolinone compound (7h) carrying a
sulfonic acid sodium moiety was synthesized for the first time using these methods. The other compounds
(7a-g, 8a-f and 9a-g) had been previously reported by Eraslan-Elma et al.[27]. The structures of compounds
were verified through elemental analysis and spectroscopic data, including IR, TH NMR, 3C NMR-APT,
HSQC-2D, HMBC-2D, and LCMS-ESI (Figure 2 and Table 1). Analysis (IR, TH NMR, and *C NMR-APT)
spectra of compound 7h are included in the supplementary material in this article. Analysis (IR, TH NMR,
1B3C NMR-APT, HSQC-2D, HMBC-2D, and LCMS-ESI) spectra of compounds 7a-g, 8a-f and 9a-g are
available at supplementary material in the literature 18.
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Figure 2. Synthesis of compounds 7-9. Reagents and conditions: i) DMF, K,CO;, K1, stirred, ii) H2O, HC], stirred,
iii) EtOH, stirred, cooled, iv) EtOH, H2SOy, reflux.

Table 1. 1H-indole-2,3-dione 3-[N-(3-sulfamoyl) phenyl]thiosemicarbazones] (7-9)

Comp. Ri Rz Comp. R1 R2 Comp. Rq R»

L H H 7h SOs3Na H 9a H CoHs
7b CH3 H 8a H CH3 9b CH3 C2H5
7c OCF; H 8b CHs CHs 9c OCF; CoHs
7d F H 8c OCF3 CH3 9d F C2H5
7e Cl H 8d F CHs 9e Cl CoHs
7f 1 H 8e Cl CHs 9f I CoHs
7g NOz H 8f I CH3 9g N Oz C2H5

IR spectra of compounds 7-9 exhibited NH stretching bands of the thioamide, lactam, and
sulfonamide groups in the 3105-3394 cm™! region. The absorption bands due to the lactam C=O and
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thioamide C=S were observed at 1670-1707 and 1178-1229 cm™! regions, respectively. Moreover, the S=O
stretching bands of the sulfonamide groups appeared two separate bands at 1325-1348 and 1143—-1178 cm~!
regions. 'H NMR spectra of compounds 7-9 were observed as two separate singlets the thioamide NH
protons of the thiosemicarbazone moiety at 6 10.98-11.49 and 12.56-12.89 ppm regions. While the methyl (5
3.19-3.33 ppm region) and ethyl (6 1.19-1.24 and 3.74-3.88 ppm regions) signals at the 1-position of the
indole ring in the spectra of compounds 8a-f and 9a-g prove alkylation, indole NH proton signals showed as
singlets in the 6 11.25-12.11 ppm region in the spectra of compound 7a-h. The spectra of compounds 7-9
displayed a singlet sulfonamide NH protons at 6 7.43-7.71 ppm region. The phenyl C2 protons at the
thiosemicarbazone moiety are least shadowed by the electron withdrawing effect of the sulfonamide and
thioamide groups. Therefore, it is observed in the 6 8.05-8.33 ppm region. Whereas, phenyl C6, C4 and C5
protons were observed in the & 7.86-8.12, 7.70-7.97 and 7.60-7.87 ppm regions, in accordance with
substituent effects, cleavage patterns, and coupling constancy. Due to the anisotropic effect of the
azomethine group at the 3- position of the 2-indolinone ring, the least deshielded indole C4 and C6 protons
among the indole protons were observed in the 6 7.58-8.71 and 7.22-8.36 ppm regions, respectively.
However, indole C7 proton signals, shielded by the mesomeric effect of the anilide group at the 2-indolinone
ring, were determined in the 8 6.87-7.46 ppm region. Substituents at the 1- and 5- positions of the indole ring
also caused some shifts in the indole proton signals. However, the signal sequence of indole protons is
unchanged. In compounds 7a, 8a, and 9a, which are unsubstituted at the 5-position of the indole ring, signals
of indole C5 protons were observed at 6 7.11, 7.18 and 7.17 ppm, respectively. In the spectra of compounds
7d, 8d and 9d, which have fluorine substitution at the 5-position of the indole ring, indole signals showed as
double doublets or triple doublets by coupling with fluorine.

In the 3C NMR-APT spectra of compounds 7-9, thiosemicarbazone C=S, indole C2 and C3 signals
were observed in the & 176.54-177.35, 161.32-163.77 and 130.05-133.12 ppm regions, respectively. The
phenyl carbon signals were determined in the order C3, C1, C5, C6, C4 and C2, starting from downfield due
to the effects of sulfonamide and thioamide groups. While indole C2 and C7a carbons displayed the most
downfield shift, indole C7 and C3a carbons showed the the most shielded among the indole carbons. Shifts
in the indole signals were observed due to the effects of the substituents at the 5th position of the 2-
indolinone ring. Indole signals of fluorine-substituted compounds (7d, 8d and 9d) displayed as separate
doublets due to 13C-19F interaction. These data confirmed the findings of HSQC-2D (7a, 7d, 7g, and 8b) and
HMBC-2D (7g and 9g). LCMS-ESI spectra of the compounds were taken using the negative ionization
technique for 7d, 7e, 8b, 8d, 9a, 9¢, and 9e, and the positive ionization technique for 7a, 7d, 8b, 8d, 9a, and 9e.
[M-H]- and [M+H]* peaks displayed with various relative abundances confirmed the molecular weights of
all compounds.

2.2. Effects of the compounds on aromatase activity

Aromatase (CYP19A1) is a member of the cytochrome P450 (CYP) enzyme family, catalyzing the
conversion of androgens to estrogens. It is a significant source of local estrogen production, especially in
postmenopausal women [28,29]. Exposure to estrogens is a significant risk factor for breast cancer.
Therefore, inhibiting the aromatase enzyme is a crucial strategy in treating estrogen-responsive breast
cancers [30].

In the present study, the aromatase inhibitory activity of the 1H-indole-2,3-dione 3-[4-(3-
sulfamoyl)phenyl]thiosemicarbazone derivatives (7-9) was evaluated using an in vitro assay with a
fluorescence substrate and human CYP19 aromatase. Among all tested compounds, all except R> sodium
sulfonate - substituted compound 7h showed substantial inhibition of aromatase, indicating that methyl or
ethyl substitution at 1-position decreases CYP19 inhibitory activity (Figure 3). Compounds 8e, 9a, 9d, 9e, and
9f also showed statistically significant inhibition of aromatase activity with varying potencies. However,
none of the tested compounds inhibited aromatase enzyme activity as potently as the reference inhibitor
compound ketoconazole (89% inhibition) at their 10 ptM concentration.
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Figure 3. Effects of the 1H-indole-2,3-dione 3-[N-(3-sulfamoyl)phenyl]thiosemicarbazone] derivatives
(10uM) on aromatase activity. Bars represent percentage values compared to control group. * p < 0.05, ** p
<0.01, ** p < 0.001, FI: Fluorescence intensity, KTZ: Ketoconazole.

Compounds that dramatically inhibited aromatase (R» methyl- substituted compound 7b; %42
inhibition and R, iodine- substituted compound 7f; %58 inhibition) were further investigated at their 8
different concentrations in order to obtain ICsy values. We found that compounds 7b and 7f dose-
dependently inhibited aromatase enzyme with 1.47. 105 M and 6.46. 106 M ICs values, respectively (Figure
4). The most potent compound, 7f, exhibited approximately 10-fold lower activity compared to the well-
known aromatase inhibitor aminoglutethimide (ICso= 0.6. 10¢ M) (Figure 5) [31].
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Figure 4. Aromatase inhibition curves and ICsy values obtained with potent compounds 7b and 7f (FL:
Fluorescence intensity).
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2.3. Effects of the compounds on catalytic CYP1 activity

Many known carcinogens are procarcinogens, needing bioactivation to induce carcinogenic effects. It's
widely recognized that CYP1 enzymes play a pivotal role in these bioactivation processes. For example,
DMBA and endogenous estrogens are converted into reactive metabolites through CYP1B1, thereby causing
carcinogenic effects [2]. Consequently, the development of CYP1B1 inhibitors has been proposed as a
significant strategy for chemoprevention [5].

For this reason CYP1 inhibitory activities of the compounds were tested. Among 21 tested
compounds, only nine compounds showed statistically significant inhibition on microsomal CYP1 enzymes.
However, none of them was effective as much as ketoconazole which is a known CYP1 inhibitor (Figure 6).
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Figure 6. Effects of the 1H-indole-2,3-dione 3-[4-(3-sulfamoyl)phenyl] thiosemicarbazone] derivatives (10
uM) on microsomal CYP1 activity. Bars represent percentage inhibition values compared to control group
from three different experiments * p <0.05, ** p < 0.01, *** p < 0.001 (KTZ: Ketoconazole).

In addition, we found that fluorine substitution at the 5-position decreased the inhibitory activity
comparing to chlorine- and iodine- substituted derivatives at the same position. With 45% inhibition,
compound 7c without substituents at the 1-position and trifluoromethoxy- substituted at the 5-position has
the highest microsomal CYP1 inhibitory effect compared to other compounds. We further investigated
inhibitory activity of compound 7c on the human recombinant CYP1B1 enzyme at 8 different concentrations
and the enzyme inhibition curve was obtained. We found that compound 7c¢ dose-dependently inhibits
CYP1B1 enzyme with 9.7.107 M ICsp value (Figure 7). Compared to previously reported sulfonamide-based
inhibitors of CYP1B1, compound 7c demonstrates a significantly lower ICso value (9.7 x 107 7 M vs. 2.5 x
10" ¢ M reported by Chun et al. [5].The introduction of a trifluoromethoxy group at the 5-position of
compound 7c resulted in the highest inhibitory effect on CYP1B1 (ICs = 9.7 x 10~ 7 M). This enhancement
can be attributed to the electron-withdrawing nature of the trifluoromethoxy group, which stabilizes the
interaction between the compound and the enzyme’s active site. By contrast, the 5-position methyl group in
compound 7b did not provide the same level of activity, suggesting that larger, more polar substituents at
this position play a critical role in optimizing the enzyme-binding affinity.
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Figure 7. Inhibitory effect of the compound 7c¢ on human recombinant CYP1B1 activity (FI: Fluorescence
intensity)

Furthermore, as microsomes contain many CYP isozymes like CYP1A1 and CYP1A2 beside CYP1B1,
possible inhibitory activity of the compound 7c against other isozymes should also be investigated to
enlighten its selectivity and specificity (Figure 8).

Substitution of a fluorine instead of a S
chlorine or iodine decreases the NH
CYP1B1 inhibitory effect.

SO2NH»

The compound without substituents at R @
and trifluoromethoxy substituted at R, has
the highest CYP1B1 inhibitory effect.

Figure 8. Structure-activity relationships on CYP1B1 inhibitory effects of compounds 7-9
2.4. Cytotoxicity of the compounds

The cytotoxicity of the novel derivatives was assessed in MCF-7 cells using MTT assay. Almost all
compounds (10 pM) were found to decrease cell viability with varying potencies. Compounds which have
methyl substitution at 5-position (7b, 8b and 9b) showed statistically significant decrease in cell proliferation
and showed potent cytotoxic activity. In addition, compounds without substituents at 5-position of indole
ring, namely compounds 7a, 8a and 9a, caused dramatic and significant reduction in cell proliferation.
Compounds 7b, 8b and 9a reduced MCEF-7 cell viability below 60% after 24 h incubation. Furthermore,
among the tested compounds, 7c stood out with both strong CYP1B1 inhibition and significant cytotoxicity
against MCF-7 cells, reducing cell viability to below 70% at 10 pM. This dual action positions 7c as a
promising candidate for further development, particularly as a treatment for hormone-dependent breast
cancers (Figures 9 and 10).
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Figure 9. Effects of the 1H-indole-2,3-dione 3-[4-(3-sulfamoyl)phenyl]thiosemicarbazone] derivatives (10 uM) on
MCE-7 cell viability evaluated via MTT assay. Bars show percentage viability values compared to control group
from four different experiments. Statistical analysis of samples was performed by comparing with control group,
TritonX-100 used as positive cytotoxic control group.*p < 0.05, ** p < 0.01, *** p < 0.001.

The observed cytotoxicity of compound 7b in MCF-7 cells (62% cell viability at 10 pM) may be linked
to its dual inhibition of CYP19A1 and CYP1. By reducing estrogen production via CYP19A1 inhibition,
compound 7b decreases the availability of estrogen needed for tumor growth. Simultaneously, the inhibition
of CYP1 prevents the bioactivation of carcinogenic estrogens, thereby reducing DNA damage and

subsequent tumor progression. This dual action may explain the significant reduction in cell viability
observed in our assays.
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Figure 10. Structure-activity relationships on cytotoxic activities of compounds 7-9 against MCF-7 cells.

2.5. Molecular modelling

In molecular modeling studies, we have investigated the possible binding relationships of compounds
7c, 7a and 9e which have the highest activity in hCYP1B1 enzyme inhibition assays. The indole ring of
compound 7c located close to the HEM group and the sulfonamide moiety formed hydrogen bonds with the
side chains of Asn228 and GIn332 (Figure 11). In addition the sulfonamide moiety had hydrophobic
interactions with Phe 231, Phe 268 and the HEM group. As with compound 7c, the indole rings of compound
7a and 9e were close to the HEM group (Figure 11). The sulfur atom of thiosemicarbazides interacted the
side chain of Asp333 as well as the phenil moiety formed hydrophobic interactions with Phe231 and Phe268.
In addition the sulfonamide groups of the ligands made hydrogen bonds with either Ser127 (7a) or leu224
and Asn228 (9e).Compounds 7b and 7f showed the highest activity in hCYP19A1 enzyme inhibition assays.
The sulfonamide moiety of compound 7f made hydrogen bonds with side chains of Argl92 and Asp309

(Figure 12). This compound adopted a linear conformation and the indole ring was close to the HEM group.
Other molecules similarly bind to the active site.
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Figure 11. The docked poses of compounds 7c (left) and 7a and 9e (right) forming interaction in the active site of
hCYP1B1. The heme group is represented in green, iron is displayed in turquoise, amino acids are shown in grey,
ligands are displayed in turquoise or purple. Hydrogen bonds are indicated with red dashed lines.

The docking results indicated in Figures 11 and 12 show the possible localization and binding
relationships of the hCYP1B1 and hCYP19A1 active sites of the compounds which were tested. It has
predicted that many of these compounds can bind to the active site in this way.

Our docking studies identified critical interactions in the CYP1B1 and CYP19A1 active sites, including
hydrogen bonds with Asn228, GIn332 (CYP1B1), and Argl192, Asp309 (CYP19A1). These residues play key
roles in inhibitor binding, as highlighted in previous studies. For example, Fabris et al. noted similar
hydrogen bond and m-mm interactions with CYP1B1 residues, particularly Phe231, essential for binding
affinity [32]. Yi et al. demonstrated that hydrophobic interactions with Phe268 and Val395 further enhance
CYP1B1 specificity[33]. Our findings align with these results and suggest avenues for optimizing selectivity
and potency in CYP-targeted inhibitors.

3. CONCLUSION

In summary, a series of 1H-indole-2,3-dion 3-thiosemicarbazones bearing 3-sulfamoylphenyl moiety
were evaluated towards CYP1 and aromatase enzymes. Compounds that lack methyl or ethyl substitutions
at the 1-position of the indole ring, except 7h, showed potent inhibition on aromatase enzyme. Among these
compounds, compound 7b bearing a methyl group at the 5-position of indole ring and 7f bearing an iodine
group at the position 5- of indole ring exhibited more effective inhibition than the other molecules.
Compound 7c bearing a trifluoromethoxy group at the 5-position of indole ring had the highest microsomal
CYP1 inhibitory effect compared to other compounds. We also screened the inhibitory activity of 7c on the
human recombinant CYP1B1 enzyme and determined that 7c is an effective CYP1B1 inhibitor. The cytotoxic
activity of these derivatives was tested on the MCF-7 human breast cancer cell line, and compound 7c
significantly inhibited cell proliferation. By the support of molecular modelling studies, we explained that
the synthesized compounds possessed similar binding modes in aromatase and CYP1B1 enzyme active sites.
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lle133

Figure 12. The docked poses of compound 7f forming interaction with the active site of hCYP19A1. The
heme group is represented in green, iron is displayed in turquoise, amino acids are shown in grey, ligands
are displayed in turquoise. Hydrogen bonds are indicated with red dashed lines.

4. MATERIALS AND METHODS
4.1. Chemistry

The synthesis and chemical identification of the compounds 7-9 were described by Eraslan Elma et.al
[27]. The spectral data of the novel compound 7h was identified below.

Sodium 2-0x0-3-{2-[(3-sulfamoylphenyl)carbamothioyl Jhydrazinylidene}-2,3-dihydro-1H-indole-5-sulfonate
(7h).

Yellow powder (95%): mp >300 °C; IR (KBr): 3298, 3188, 3165 (NH), 1707 (C=0), 1618, 1589, 1543, 1479
(C=N, C=C), 1336, 1149 (S=0), 1229 (C=S). 'H NMR (DMSO-ds/300 MHz) ppm: 6.87 (1H, d, J: 7.80 Hz, ind.
C7-H), 7.43 (2H, s, SO:NH>), 7.59 (1H, d, J: 7.8 Hz, phen. C5-H), 7.70 (1H, d, J: 8.3 Hz, phen. C4-H), 7.88 (1H,
d, J: 8.3 Hz, phen. C6-H), 8.10 (1H, t, J: 1.9 Hz, phen. C2-H), 7.63 (1H, dd, J: 8.3, 1.9 Hz, ind. C6-H), 8.15 (1H,
d, J: 1.9 Hz, ind. C4-H), 11.24 (1H, s, N4-H), 11.30 (1H, s, ind. N-H), 12.82 (1H, s, N2-H). 3C APT (DMSO-
ds/125 MHz): 110.39 (ind. C7), 120.01 (ind. C4), 119.58 (ind. C3a), 123.30 (phen. C2); 123.47 (phen. C4), 129.39
(ind. C6), (phen. C6), 129.41 (phen. C5, C6), 133.12 (ind. C3), 139.51 (phen. C1), 142.87 (ind. C5), 143.92 (phen.
C3), 144.75 (ind. C7a), 163.48 (ind. C2), 177.09 (CS). Anal. Calcd for C15H12NsNaOgS:. H.O: C, 36.36; H, 2.84;
N, 14.13 Found: C, 36.68; H, 2.98; N, 13.74.

4.2. Cell culture and reagents

MCEF-7 cells were generously provided by Prof. Ana Soto from Tufts Institute and cultured at 37°C in
a 5% CO2 atmosphere in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). All chemical reagents used for the biological activity assays were obtained from Sigma-Aldrich
(St. Louis, MO, USA) and Invitrogen (Oregon, USA). The final concentration of DMSO in the cell culture
medium was kept below 0.5% v/v.

4.3. Aromatase activity assay

The aromatase inhibitor activity of the synthesized compounds was evaluated following the
procedure described by Ozcan-Sezer et al. [32] using a commercially available CYP19A /MFC screening kit
from Corning. In this assay, the fluorescent substrate 7-methoxy-4-trifluoromethyl coumarin (MFC) is
metabolized by aromatase to HFC in the presence of an NADPH-generating system. A decrease in
fluorescence intensity reflects the inhibitory effect on aromatase. Enzyme reactions were conducted in black
96-well plates, with the compounds dissolved in acetonitrile. Fluorescence was measured at an excitation
wavelength of 409 nm and an emission wavelength of 530 nm. The percent inhibition was calculated by
comparing the fluorescence of treated wells to that of control wells without the inhibitor. The ICsq values for
each compound were determined using GraphPad Prism 5 software.
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4.4. 7-Ethoxyresorufin O-dealkylation assay

The 7-ethoxyresorufin O-dealkylation (EROD) assay was conducted using a spectrofluorometric
method [33] with minor modifications. In this assay, 7-ethoxyresorufin, a CYP1 selective substrate, is
converted to resorufin by CYPl enzymes, and the fluorescence intensity of resorufin is measured.
Fenobarbital-induced hepatic microsomes and/or human recombinant CYP1ls were used as CYP donors.
Briefly, each 250 pL incubation contained 90 mM KH2PO4/K2HPO4 (pH 7.4), 3.70 mM 7-ethoxyresorufin,
human recombinant CYP enzyme (1.25 pmol CYP1B1) or hepatic rat microsomes, 0.22 mM NADPH, and the
test compounds. The reaction was initiated by the addition of NADPH, and incubation was performed at
30°C for microsomes or 37°C for recombinant CYP enzymes. After 10 minutes of incubation, the reaction was
stopped by the addition of 500 pL ice-cold acetone. Samples were centrifuged, and fluorescence intensity
was determined at excitation and emission wavelengths of 537 nm and 583 nm, respectively. The percentage
inhibition values of the compounds were calculated compared to the control group.

4.5. MTT assay

The cytotoxic activity of the synthesized compounds was assessed using the MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)[34]. This assay relies on the reduction of MTT by
mitochondrial succinate dehydrogenases in viable cells, forming purple formazan crystals, which are then
quantified by measuring optical density. MCF-7 cells were plated in 96-well plates at a density of 6,000 cells
per well and incubated for 24 hours at 37°C with 5% CO2. Cells were treated with the synthesized
compounds at a concentration of 10 pM for 24 hours. The experiment included a control group (cells with
medium only), a vehicle control, and a positive control (15 pM Triton X-100). After treatment, the medium
was removed, and the cells were washed with phosphate-buffered saline (PBS) before incubation with MTT
(1 mg/ml) for 4 hours at 37°C. The MTT solution was discarded, and the resulting formazan crystals were
solubilized in DMSO. Absorbance was measured at 550 nm using a microplate reader. The percentage of cell

viability was calculated as the ratio of the absorbance of treated cells to that of the control, which was set to
100%.

4.6. Molecular modelling studies
4.6.1. Preparation of human CYP19A1 and CYP1B1 crystal structures for docking studies

The crystal structures of hCYP19A1 in complex with the aromatase inhibitor 4-androstene-3-17-dione
(pdb entry: 3s79; 2.75 A) and hCYP1B1 in complex with a-naphthoflavone (pdb entry: 3pm0; 2.70 A) were
obtained from the Protein Data Bank. All water molecules were deleted from their crystal structures
Hydrogens atoms were added using the protonate 3D tool of the MOE software package (v. 2016.0802,
Chemical Computing Group Inc., Montreal) and subsequently the obtained structure was energy-minimized
(AMBER12:EHT force field) [35]. The RMSD value of the protein Ca-atoms after the energy minimization
was low (RMSD<0.1 A ) indicating that the protein structure did not change significantly. The protein was
saved as a mol2-file.

4.6.2. Preparation of ligands for docking studies

The three-dimensional structures of synthesized compounds were built using MOE software package
(v2016.08, Chemical Computing Group, Inc, Montreal, Canada). The protanation of the ligands were
generated according to pH 7 and energy minimization protocol was applied using the MMFF94x forcefield.
The ligands were saved as mol2-files.

4.6.3. Docking studies

All ligands were docked into the hCYP19A1 (pdb entry: 3s79) and hCYP1B1 (pdb entry: 3pm0; 2.70 A)
structures using the P450 enzyme settings(chemscore.p450_csd.params) and the ChemScore scoring function
in the GOLD suite software package (v5.6, CCDC, Cambridge, UK). The binding pocket was defined as all
amino acids within 5.5A of the cocrystallized ligand. For each ligand 25 dockings were performed with
default settings and the best scoring five poses were identified.

4.7. Statistical analyses

Statistical analysis was carried out using GraphPad Prism 5.0 software. Results are presented as the
mean * SD. Differences among group means were evaluated using one-way ANOVA followed by Tukey’s
post-hoc test. Statistical significance was defined as p < 0.05, with a 95% confidence interval. Levels of
significance are indicated as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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