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Design, synthesis and SAR of novel naphthalene-
sulfonamide hybrids: anticancer assessment, gene

expression analysis of IL6/JAK2/STAT3 signaling in
MCF7 cells and antimicrobial evaluation

Ghada H. Elsayed,?® Nagwa M. Abdelazeem,® Alaa M. Saleh,® Sherein Abd El-Moez,®
Marwa El-Hussieny @& *< and Aisha A. K. Al-Ashmawy @ *f

A multi-target and molecular hybridization drug design approach was used in the design and synthesis of

novel 6-acetylnaphthalene-2-sulfonamide derivatives (5a—5j) for anticancer and antimicrobial evaluation.

The compounds 5a, 5b, 5e, and 5i revealed the most cytotoxic activity against the human breast cancer

cell line (MCF7) with a good safety profile against the normal Madin—Darby canine kidney cell line
(MDCK). Compounds 5b and 5i exhibited significant antiproliferative activity in MCF7 cells by
downregulating 1L6, JAK2, STAT3, BCL2, Cyclin D1, and c-MYC, while upregulatiing BAX expression
levels, relative to control values, as confirmed by gRT-PCR analysis. Moreover, the antibacterial and anti-

mycotic activities for 5a-5j were assessed, and the minimum inhibitory concentration (MIC) was

evaluated for the promising compounds. In in vitro enzymatic assays, compounds 5e and 5b potently
inhibited STAT3 phosphorylation with ICsg = 3.01 pM and 3.59 uM, respectively, compared with
cryptotanshinone (ICsqo = 3.52 uM); compound 5b potently inhibited topoisomerase IV (ICso = 5.3 pg
mL~%, norfloxacin ICsp = 8.24 pg mL™Y) and moderately inhibited DNA gyrase in E. coli; and compound

Se effectively inhibited topoisomerase IV (ICso = 7.65 pg mL™%, norfloxacin I1Cso = 7.07 pg mL™Y) and

moderately inhibited DNA gyrase in S. aureus. Finally, SAR was discussed, revealing the essential role of
the N-aryl and/or heteroaryl moiety in directing the biological activity of each compound towards
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a specific target. An in silico study was performed to predict ADME and docking for the promising

hybrids. Collectively, the 6-acetylnaphthalene-2-sulfonamide hybrids suppressed MCF7 cell proliferation

DOI: 10.1039/d5ra05413c

rsc.li/rsc-advances

1 Introduction

Global cancer statistics (GLOBOCAN) 2020 estimates that the
incidence of cancer would increase by around 47% in 2040
compared to cases reported in 2020. The cancer mortality rate
would most likely rise in tandem with the growing number of
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and induced apoptosis via modulation of the IL6/JAK2/STAT3 signaling pathway and representing
promising building blocks as STAT3 inhibitors and antimicrobial leads for future modifications.

cases, especially those related to colorectal and breast cancers."
The IL6/JAK2/STAT3 signalling pathway is closely linked to the
development and progression of many human tumours,
including gastric cancer,” breast cancer,® liver cancer,* colo-
rectal cancer,’® colon cancer,® ovarian cancer,” lung cancer,® and
pancreatic cancer.® A pleiotropic factor, interleukin 6 (IL6), is
reported to have physiological and pathological roles in
immunology, inflammation, and cancer.' It can trigger the
overexpression of STAT3 (signal transducer and activator of
transcription 3) and JAK2 (Janus kinase 2), consequently acti-
vating downstream effector molecules and resulting in the
proliferation, differentiation, cell survival, invasiveness, inhi-
bition of apoptosis, and growth of cancer cells.* The BCL2 and
BAX proteins are critical for controlling apoptosis. In breast
cancer, an elevated level of BCL2 promotes cell survival by
suppressing apoptosis, whereas an increase in BAX causes cell
death." c-MYC, a transcription factor, is over-expressed in solid
and hematologic tumors and affects proteins such as caspase 3,
BAX, and BCL2, which control the development of tumors and
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apoptotic cell death.”*** Cyclin D1 protein is associated with the
proliferation of cancer and functions as a regulator of the cell
cycle (G1 to S phase progression). One of Cyclin D1's binding
partners, cyclin dependent kinase 4 (CDK4), helps create active
complexes that advance the cell cycle.'*"” Since over-activation
of STAT3 may participate in the cell cycle and survival, it can
up-regulate Cyclin D1, c-MYC, and BCL2 to inhibit the apoptosis
of breast cancer cells.*®* Furthermore, BAX/BCL2-related

37392 | RSC Adv, 2025, 15, 37391-3741

caspase-dependent apoptosis can be inhibited by STAT3 trig-
gered by the IL6/JAK2 pathway." From previously reported
clinical and preclinical data, the overexpression of STAT3 was
involved in metastasis and chemoresistance of breast cancer.”®
Therefore, the development of new compounds as STAT3
inhibitors could be a promising therapeutic approach for breast
cancer treatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The chaotic use of antibiotics has led to the emergence of
antimicrobial drug resistance (AMDR), which is a serious
worldwide health concern.”® The World Health Organization
(WHO) reported on calls for urgent action to face the disastrous
AMDR, which may lead to 10 million deaths yearly by 2050.>
Moreover, the WHO published a list of antibiotic-resistant
priority pathogens to highlight the importance of antimicro-
bial research and development.”® Consequently, there is
a pressing need to develop new antimicrobial compounds to
address AMDR problems. Type IIA topoisomerases, such as
bacterial DNA gyrase and topoisomerase IV, alter DNA topology
by cleaving the two strands of the double helix during bacterial
cell division. Gyrase is essential in the supercoiling of the
chromosomal DNA, while topoisomerase IV is responsible for
the segregation of the bacterial genetic material into two newly
formed daughter cells. Consequently, inhibitors of both
enzymes are considered attractive antibacterial candidates due
to the absence of these enzymes in eukaryotes and their well-
known mechanism of action in bacterial division.**

Naphthalene, a bicyclic aromatic ring, is derived from coal
tar as a white crystalline solid with a strong odor. Its formula
was first reported by Michael Faraday.” Naphthalene can be
synthesized chemically by Diels-Alder reaction of maleic
anhydride, followed by decarboxylation.>® A literature survey
revealed that naphthalene-containing compounds have a wide
range of pharmacological activities such as anticancer,” anti-
microbial,*® antiviral,> anti-inflammatory,*® and anti-
neurodegenerative  properties.®*® A bis-naphthalene-4-
methoxybenzenesulfonamide candidate, C188-9, is a potent
STAT3 inhibitor in phase I//II clinical trial that is used for head
and neck squamous cell carcinoma.** Also, a sulfonyl-N-
(naphthalene-1-yl)acrylamide derivative (compound I) was re-
ported as a potent STAT3 inhibitor (ICs, = 6.84 uM) with
a promising antiproliferative activity against A549 (ICs, = 1.35
uM), HCT-116 (ICs, = 3.04 uM) and MDA-MB-231 (ICs, = 2.85
uM) cells.*® Some examples of naphthalene-containing FDA-
approved drugs in the antimicrobial field include nafcillin,
which is a narrow-spectrum beta-lactam antibiotic,** tolnaftate,
which is a squalene epoxidase inhibitor marketed as an anti-
fungal drug,* and naftifine, which is an antifungal medication
that is used topically.*® In 2022, Yadav and coworkers reported
on an amide-coupled naphthalene derivative (compound II) as
a potent broad-spectrum antimicrobial with a minimum
inhibitory concentration (MIC) of 12.5 pg mL ™' and 62.5 pg
mL ™" against E. coli and S. aureus, respectively.’” Sulfonamides
are well known for a wide range of therapeutic activities such as
anticancer,*® antibacterial,® antifungal,’® anti-inflammatory,
and anti-HIV.** ABT-751 is an orally bioavailable sulfonamide
candidate in phase II clinical trial with a promising effect
against lung, breast, and colon cancers. It mainly inhibits
tubulin polymerization and weakly inhibits STAT3 phosphory-
lation.”” Sulfamethoxazole (SMZ) is an example of sulfa-
antibiotics in the market. This class of antibiotics blocks
bacterial folic acid synthesis by competing with p-aminobenzoic
acid (PABA) in dihydropteroate synthase (DHPS).** The multi-
target drug design approach is effective in complicated
diseases with complex cross-linked pathways. It can be
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considered as an attempt to avoid multiple drug administra-
tion, and/or to expect a synergistic therapeutic effect.***
Moreover, the molecular hybridization of two or more active
structural moieties may augment the biological activity against
a specific target.*®

According to the aforementioned findings, in this study,
a structural modification of the previously reported naphtha-
lene-sulfonamide hybrids (C188-9, compound I and ABT-751)
as STAT3 inhibitors was carried out, such as introducing a 6-
acetyl moiety and inserting different substituted aryl and
heteroaryl sulfonamides at position 2 of the naphthalene core
structure as shown in Fig. 1. Then, the cytotoxic activity of the
new compounds against MCF7 cancer cells and MDCK normal
cells was evaluated. Also, the gene expression levels of IL6, JAK2,
STAT3, BCL2, BAX, Cyclin D1, and ¢-MYC in MCF7 cells were
assessed. On the other hand, the structural hybridization of the
naphthalene core with a sulphonamide moiety was newly used
for antimicrobial screening against Gram-negative reference
strains; E. coli, Gram-positive reference strains; S. aureus, and
mycotic reference strain/isolate, including yeast; C. albicans and
mould isolate; A. flavus by agar disc diffusion test (ADDT). The
minimum inhibitory concentration (MIC) was determined for
the promising compounds. Then, in vitro enzymatic assays of
the active compounds were performed against STAT-3, E. coli
(DNA gyrase/topoisomerase 1V), and S. aureus (DNA gyrase/
topoisomerase IV). Finally, a molecular docking study was
performed to predict the best binding pose and interaction of
the active compounds against the target proteins.

2 Results and discussion

2.1. Chemistry

Firstly, we prepared 6-acetylnaphthalene-2-sulfonyl chloride (3)
from the reaction of 1-naphthalen-2-yl ethanone (1) with
chlorosulfonic acid (2) (Scheme 1).

Then, we studied the reaction of 6-acetylnaphthalene-2-
sulfonyl chloride (3) with the desired amines 4 in di-
chloromethane to form 6-acetyl-N-phenylnaphthalene-2-
sulfonamide derivatives 5a-j. The chemical structures of 5a-j
were confirmed using microanalyses and several spectroscopic
data (Scheme 2).

2.2. Biological evaluation

2.2.1. Cytotoxic effect of the synthesized compounds. The
neutral red assay, which is based on the ability of viable cells to
incorporate and bind the supravital dye neutral red in the
lysosomes, was used to assess the in vitro cytotoxicity of the
synthesized compounds (5a-5j) against the cancer cell line
MCF7 and the normal cell line MDCK at various concentrations
from 12.5 to 100 uM. As a reference drug, doxorubicin (Dox) had
a significant impact on the growth of MCF7 and MDCK cells
after 48 hours when compared to untreated cells. The viability
of MCF7 and MDCK cells was not significantly affected by the
use of DMSO as a solvent after a 48 hour treatment. The cyto-
toxic activity of the compounds was evaluated against the MCF7
and MDCK cell lines. The ICs, values and selectivity index (SI)
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Scheme 2 Synthesized 6-acetyl-N-phenylnaphthalene-2-sulfonamide derivatives.

obtained from the neutral red assay are presented in Table 1,
Fig. 2A, B and 3A, B. After 48 h of incubation time, compounds
5a, 5b, 5e, and 5i with IC5, values of 42.13, 40.08, 43.13, and 41.6
uM, respectively, revealed more cytotoxicity on the MCF7-

Table 1 Cytotoxic activity expressed as ICsg (uM) of the new
derivatives®

IC50 (uM) (sp*
Compounds no. MCF7 MDCK MCF7
5a 42.13%* 90.9 2.15
5b 40.08%* 93.4 2.33
5¢ ND 12.65% ND
5d ND ND ND
5e 43.13* 95.8 2.22
5f ND 21.8* ND
5g ND 18.2%* ND
5h ND ND ND
5i 41.6* 88.8 2.13
5§ ND 20.7% ND
Doxorubicin 22.8% 70.05* 3.07

¢ ICs: concentration needed to reduce the viability of cells by 50%. * (SI)
= IC59 MDCK cell/IC5, MCF7 cell. ND: means not detected within the
range of the tested concentrations. * significant difference from the
control values at P > 0.05.

37394 | RSC Adv, 2025, 15, 37391-37411

treated cells compared with the untreated cells (P > 0.05). The
1C5, values of 42.13, 40.08, 43.13, and 41.6 uM and IC;, values of
90.9, 93.4, 95.8, and 88.8 uM for compounds 5a, 5b, 5e, and 5i in
the MCF7 cells and the MDCK cells, respectively, were used to
determine the selectivity indexes (SI) of each compound, which
represents the overall activity. The degree of selectivity of the
compounds can be expressed by their Selectivity Index (SI)
value. Selectivity of the cytotoxic effect of the tested compounds
was determined by comparing the cytotoxic activity (ICs,) of
each compound against the cancerous MCF7 cells with the
normal MDCK cells. Significant SI values were observed for all
investigated compounds: 2.15, 2.33, 2.22, and 2.13 for 5a, 5b, 5e,
and 5i on MCF?7 cells, respectively. These findings showed that
the tested compounds 5a, 5b, 5e, and 5i had the most promising
cytotoxic action on the MCF7 breast cancer cells.

2.2.1.1 Structure-activity relationship (SAR). The combina-
tion of various heterocyclic rings to the 6-acetylnaphthalene-2-
sulfonyl chloride moiety appears to have led to alterations in
the cytotoxic activity of these compounds in MCF7 cells,
according to the structure-activity relationship study. After a 48
hour incubation, the addition of a phenyl ring to 6-
acetylnaphthalene-2-sulfonyl chloride to give compound 5a is
more efficient and potent than the addition of o-tolyl, m-
ethoxyphenyl, and benzyl rings to 6-acetylnaphthalene-2-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sulfonyl chloride to give compounds 5f, 5g, and 5h, respectively.
The phenyl moiety in hybrid 5a has a mild (—I) inductive effect
and no resonance effect, so the net electronic effect is neutral.
Concerning the steric effect, it is planar with moderate bulki-
ness. Compounds 5b and 5e have 4-fluoro and 4-bromophenyl
groups, which are more cytotoxic than compounds 5¢ and 5d,
which contain 2- and 3-chlorophenyl groups, respectively.
Therefore, it is obvious that the para substitution of the phenyl
moiety with halogen is preferred for anticancer activity
compared to the ortho or meta halogen substitution. In hybrid
5b, the high electronegativity of the fluorine atom resulted in
a strong electron-withdrawing inductive effect (—I), which is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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opposed by the electron-donating resonance effect due to its
lone pairs (+R) that ended up with a slight electron withdrawing
effect. In the case of the 5e hybrid, the 4-bromophenyl group
having moderate (—I) and strong (+R) ended up with a net
electron-withdrawing group, but was weaker than the 4-fluoro
moiety. As a result of the fluorine atom being small, 4-fluoro-
phenyl had the same steric bulkiness as the unsubstituted
phenyl. However, the 4-bromophenyl was slightly more steri-
cally hindered than 5a and 5b due to the large size of the
bromine atom. Additionally, the existence of the pyridine-2-yl
ring in compound 5i had a greater effect than the existence
of the pyridine-3-yl ring in compound 5j. The pyridine has

RSC Adv, 2025, 15, 37391-37411 | 37395


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05413c

Open Access Article. Published on 07 October 2025. Downloaded on 11/13/2025 6:39:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

14 | MCF7

1.2

0.2

0.6 -

0.4 4

Relative expression of mRNA

0.2

IL6

JAK2

m Control

m Doxorubicin
m 5a

m5b

m Se

m5i

STAT3

Fig. 4 Effects of doxorubicin and the investigated derivatives on the MCF7 cell gene expression levels of IL6, JAK2, and STAT3. The data were

reproducible and are shown as the mean + SEM with *P < 0.05.

c F7 m Control
4 *
= Doxorubicin
% 3.5 =5a
o =5b
i 3
s =5c¢
= M
S 25 a—
w
7]
et
& 2
L H]
‘g 1.5
=
S
@
o 1
0.5
0

BCL2

BAX

Cyclin D1

c-MYC

Fig. 5 Effects of doxorubicin and the investigated derivatives on the MCF7 cell gene expression levels of BCL2, BAX, Cyclin D1, and c-MYC. The
data were reproducible and are shown as the mean + SEM with *P < 0.05.

a strong electron-withdrawing inductive effect (—I) and it is
sterically similar to the phenyl size. Therefore, our findings
demonstrated the impact of phenyl, 4-fluorophenyl, 4-bromo-
phenyl, and pyridin-2-yl rings as pharmacophores for the anti-
tumor action.

2.2.2. Gene expression findings. One of the main causes of
death for women is breast cancer. Extensive attempts have been
made in the last several decades to determine the pathogenesis
of breast cancer. IL6 is one of the best-studied pro-
tumorigenic cytokines due to its important involvement in
pathological and physiological processes.”” In breast cancer,
a signal transduction hexameric receptor complex is formed
when the IL6 binds to its receptor in association with glyco-
protein 130 (gp130). This interaction recruits and activates

37396 | RSC Adv, 2025, 15, 37391-374T1

Janus kinases (JAKs), leading to phosphorylation of STAT3 and
subsequent regulation of downstream target genes.*®* The JAK/
STAT signaling pathway is one of the main signaling cascades
that facilitate cancer cell survival and proliferation.*®

In breast tumor cells, the over-activated STAT3 upregulates
the target genes Cyclin D1, c-MYC, MCL1, and BCL2, which
leads to tumor growth and inhibition of apoptosis.*** On the
other hand, the over-activated STAT3 may also suppress the
production of proteins that promote apoptosis and participate
in the initiation and/or acceleration of apoptosis, such as Fas,*
BAX,** and P53.>® Constitutively active IL6/JAK/STAT3 signaling
inhibits apoptosis while promoting the growth and invasiveness
of cancer cells.** Moreover, a literature survey revealed that
MCF?7 cells downregulate the expression of BAX and upregulate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Zone of inhibition of the tested compounds using the agar well diffusion test (AWDT)®

Tested compounds

Tested strains 5a 5b 5¢ 5d 5e 5f 58 5h 5i 5j

S. aureus ATCC 25923 (1) 0(-) 0(-) 0(-) 0(— 16 (+++) 0 (-) 0(-) 14 (+f)  0(-) 0(-)

E. coli 0157 ATCC 700728 (2) 10S (+) 15 (+++) 12 (+4) 10 (+) 12 (+4) 11 (+) 12 (+4) 10 (+) 11 (+) 16 (++4)
C. albicans ATCC 10231 (3) 12 (++) 15 (+++) 16 (+++) 15 (+) 15 (+++) 12 (4) 10 (+) 7 (+) 14 (+) 16 (+++)
A. flavus isolate (4) 0(-) 0(-) 0(-) 0(-) 11 (+) 0(-) 0(-) 10 (+) 0(-) 74

¢ Key of inhibition scale: negative inhibition “zero” (0), 0-6 mm (—), 7-11
activity.

Table 3 Minimum inhibitory concentration (MIC) of the promising
compounds

Strains Compound MIC (mg mL™")
E. coli 0157 ATCC 700728 5b 10
E. coli 0157 ATCC 700728 Sj 20
S. aureus ATCC 25923 5e 20
S. aureus ATCC 25923 5h 40
C. albicans ATCC 10231 5b 10
C. albicans ATCC 10231 5¢ 20
C. albicans ATCC 10231 5d 10
C. albicans ATCC 10231 5e 20
C. albicans ATCC 10231 5i 40
C. albicans ATCC 10231 5j 10

the expression of IL6, JAK2, STAT3, BCL2, Cyclin D1, and c-MYC
genes.””*

After 48 hours, the IC5, values of compounds 5a, 5b, 5e, and
5i were used to assess the impact of these compounds on the
mRNA expression levels of IL6, JAK2, STAT3, BCL2, BAX, Cyclin
D1, and ¢-MYC genes in MCF?7 cells. Additionally, the ratio of its
expression to that of B-Actin was calculated in comparison to
the control values.

The present research demonstrated that, in MCF7 cells
relative to untreated cells, doxorubicin significantly raised the
expression levels of the BAX gene while significantly decreasing
the expression levels of the IL6, JAK2, STAT3, BCL2, Cyclin D1,
and ¢-MYC genes (P > 0.05) (Fig. 4 and 5). Additionally, treat-
ment of MCF7 cells with compounds 5b and 5i resulted in
a significant increase in the BAX expression levels relative to the
control values and a significant decrease in the expression levels
of IL6, JAK2, STAT3, BCL2, Cyclin D1, and ¢-MYC genes (P >

Table 4 [Csq values of the four tested compounds 5a, 5b, 5e, and 5i as
STAT3 phosphorylation inhibitors

STAT3 phosphorylation

Compounds IC5 (uM) (mean + SD)
1 5a 7.87 + 0.74%
2 5b 3.59 £0.70
3 5e 3.01 + 0.06
4 5i 8.58 + 0.90°
5 Cryptotanshinone 3.52 £ 0.75

“ Significant difference from cryptotanshinone values at P > 0.05.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0.05). Similarly, when compared to control values, compound
5a significantly decreased the expression levels of IL6, JAK2,
STAT3, BCL2, and ¢-MYC in the MCF?7 cell line. Compound 5e
also caused a significant reduction in the genes for IL6, STAT3,
Cyclin D1, and ¢-MYC (P > 0.05). On the other hand, compared
to the control values, compound 5e significantly increased the
BAX gene in MCF7 cells (P> 0.05) (Fig. 4 and 5). These findings
are consistent with prior research; the most effective action was
shown by SMY002, a naphthalene-SERM hybrid that could
directly engage with the SH2 domain of STAT3 and significantly
reduce its phosphorylation, dimerisation, nuclear distribution,
transcriptional activity, and target gene expression. Addition-
ally, via downregulating the expression of Cyclin D1 and MMP9,
SMY002 significantly inhibited the migration, invasion,
survival, growth, and metastasis of TNBC cells both in vitro and
in vivo.** In addition, Minus et al.®®* stated that naphthalene
sulfonamides are interesting lead chemicals for inhibiting
STAT3. These segments function as a flexible core for ligand
synthesis and have been demonstrated to bind STAT3. Because
of the substituent flexibility of the scaffold, particularly at the 2-,
5-, and 8-positions, halogens or other groups might be added to
improve binding or provide redox activity. Fluorinated naph-
thalene sulfonamides synthesized using modular techniques
are one option, emphasizing the significance of halogen
substitution for adjusting steric and electronic properties.

The results reported here indicate that compounds 5b and 5i
had significant effects by downregulating the levels of IL6, JAK2,
STAT3, BCL2, Cyclin D1, and ¢-MYC and upregulating the BAX
gene, which in turn causes apoptosis and inhibits the prolifer-
ation of breast cancer cells (MCF7).

2.2.3. Antimicrobial screening of the synthesized
compounds. The final compounds 5a-5j were individually
tested against a variety of certified reference strains, including
Gram-negative E. coli 0157 ATCC 700728, Gram-positive S.
aureus ATCC 25923, and mycotic reference strain/isolate,
including yeast; C. albicans ATCC 10231, and mould isolate; A.
flavus using the Agar Well Diffusion Test (AWDT).** After incu-
bation time, antimicrobial activities were expressed as inhibi-
tion diameter zones in millimeters (mm). The experiment was
carried out in triplicate, and the average zone of inhibition was
calculated. The zone of inhibition was measured using
a measuring caliper (the detailed method is included in the SI
file S3). The results are summarized in Table 2.

From the preliminary antimicrobial screening, the prom-
ising compounds were chosen to investigate their minimum
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Table 5 1Csg values (ug mL™) of 5b and 5e against £. coli and S. aureus DNA gyrase and topoisomerase IV enzymes®
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1C50 = SEM
Organism DNA gyrase Topo-1IV

Compounds E. coli Supercoiling pg mL ™" ATPase pg mL ™" Cleavage pg mL ™" ATPase ug mL ™"
5b 7.07 + 0.24° 1.23 + 0.022¢ 5.3 + 0.462 1.2 + 0.03¢
Ref. Nor 3.56 + 0.07 Cipro 0.64 £ 0.04 Nor 8.24 + 0.18 Cipro 0.64 £ 0.07
1C50 = SEM

Organism DNA gyrase Topo-IV
Compounds S. aureus Supercoiling pg mL ™" ATPase pg mL ™" Decatenation pg mL ™" ATPase pug mL ™"
5e 8.83 + 0.46" 1.23 £+ 0.019“ 7.65 + 0.28 2.41 + 0.056“
Ref. Nor 3.56 + 0.07 Cipro 0.65 + 0.09 Nor 7.07 £+ 0.35 Cipro 0.65 £+ 0.012

“ Significant difference from reference values at P > 0.05.

Table 6 Swiss ADME prediction of the drug likeness (Lipinski's rule) with other physicochemical properties, including lipophilicity (MLOGP) and
water solubility (Alilog S) for compounds 5a-5j*

Lipinski rules Violation Water solubility
Compounds MW (g mol ) HBA HBD TPSA MLOGP Rotatable (bonds = 9) Yes or 0 Alilog s Ali class
5a 325.38 3 1 71.62 2.6 4 0 —4.59 Moderate
5b 343.37 4 1 71.62 2.99 4 0 —4.67 Moderate
5¢ 359.83 3 1 71.62 3.1 4 0 —4.8 Moderate
5d 359.83 3 1 71.62 3.1 4 0 —5.22 Moderate
5e 404.28 3 1 71.62 3.22 4 0 —5.28 Moderate
5f 339.41 3 1 71.62 2.83 4 0 —4.83 Moderate
5g 355.41 4 1 80.85 2.27 5 0 —4.73 Moderate
5h 339.41 4 1 71.62 2.57 5 0 —4.5 Moderate
5i 326.37 4 1 84.51 1.14 4 0 -3 Soluble
5j 326.37 4 1 84.51 1.14 4 0 —3.72 Soluble

4 MW: molecular weight = 500; log P: lipophilicity < 4.15; HBA: hydrogen bond acceptor = 10; HBD: hydrogen bond donor = 5; TPSA (topological
polar surface area), Ali log S scale values ranging from =10 (insoluble) to =2 (soluble).

inhibitory concentration (MIC) against specific strains as
follows: 5b and 5j against E. coli, 5e and 5f against S. aureus, 5b,
5¢, 5d, 5e, 5i, and 5j against C. albicans according to the

reported method.® The results are summarized in Table 3. It
was found that the presence of 4-fluorophenyl attached to 6-
acetyl naphthalene-2-sulfonamide in 5b gave the best MIC

Table 7 The Swiss ADME pharmacokinetic parameters prediction for GIT absorption, BBB permeability, substrate permeability of glycoprotein,
and the inhibitory profile against some CYP 450

Swiss ADME Inhibitors of CYP450
Compounds GI absorption BBB permeability Pgp substrate CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
5a High No No Yes Yes Yes Yes Yes
5b High No No Yes Yes Yes No Yes
5¢ High No No Yes Yes Yes No Yes
5d High No No Yes Yes Yes No Yes
5e High No No Yes Yes Yes No Yes
5f High No No Yes Yes Yes No Yes
5g High No No Yes Yes Yes Yes Yes
5h High Yes No Yes Yes Yes Yes Yes
51 High No No Yes Yes Yes No Yes
5j High No No Yes Yes Yes Yes Yes

37398 | RSC Adv, 2025, 15, 37391-3741M
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Table 8 The predicted binding affinity and 2D binding mode of 5a, 5b, 5e, and 5i in the STAT3 binding pocket

Binding affinity 2D predicted binding mode representing the types and measurement
Compound negative (kcal mol ) of the binding interactions in the STAT-3 binding pocket

5a —6.6
Interactions
|:| van der Waals - Pi-Pi Stacked
- Conventional Hydrogen Bond - Pi-Pi T-shaped
D Pi-Donor Hydrogen Bond I:I Pi-Alkyl
- Pi-Sigma
5b —6.7
v
-~
ILE .
8 RP
AB59
AB23
GLU
AB25
Interactions
D van der Waals - Pi-Pi Stacked
- Conventional Hydrogen Bond - Pi-Pi T-shaped
D Pi-Donor Hydrogen Bond D Pi-Alkyl
- Pi-Sigma
5e —6.7
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Table 8 (Contd.)
Binding affinity 2D predicted binding mode representing the types and measurement
Compound negative (keal mol ") of the binding interactions in the STAT-3 binding pocket
GLU
A:G’BQ
., f.ZZ SER
*e A636
GLN b 266
A:6d44 ¢
GLN
A:635
TYR
A:640
ILE
A:659
GLU
A:625
Interactions
[:] van der Waals :l Alkyl
- Conventional Hydrogen Bond I:l Pi-Alkyl
|:| Pi-Pi T-shaped
ILE
AB59
GLN
AG44
AB40
‘ : VAL
51 —6.5 A637 A(;;sl'aNs
Interactions
van der Waals E Pi-Alkyl
- Conventional Hydrogen Bond
SD36 —7.0 NA

(10 mg mL ") against E. coli. On the other hand, the presence of
4-bromophenyl attached to the 6-acetyl naphthalene-2-
sulfonamide shifted the activity towards the Gram-positive S.
aureus with the best MIC (20 mg mL ') among the tested
compounds. Furthermore, it was concluded that the presence of
any halogen at the ortho, meta or para position of the phenyl
moiety or even pyridine-2-yl or pyridine-3-yl rings linked to the
naphthalene-sulfonamide core structure switched on the
activity towards C. albicans. The compounds that were strongly

37400 | RSC Adv, 2025, 15, 37391-374T1

effective against Candida were 5b, 5d and 5j, with an MIC of
10 mg mL " (S3 in SI).

2.2.3.1 Minimum bactericidal concentration of the promising
compounds (MBC). The direct plating technique® was used to
spread 100 pL of the minimum inhibitory concentration of the
promising compounds onto XLD and Baird Parker agar for E.
coli and S. aureus, and the plates were incubated at 44 °C and 37
°C/24 h, respectively. In contrast, for C. albicans, 100 pL of the
negative cells were plated onto potato dextrose agar and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The surface structure of the STAT-3 binding pocket showing the native ligand SD36 (white) superimposed with 5a (red), 5b (green), 5e

(yellow), and 5i (blue).

incubated at 25 °C/72 h. The results revealed that the tested
compounds had bactericidal and mycotoxin-inhibiting activity.

2.2.4. In vitro enzymatic assay of the promising
compounds

2.2.4.1 Inhibition of STAT3 tyrosine phosphorylation. ELISA
was used to characterize the in vitro inhibitory activity against
STAT3 phosphorylation of the four MCF7 anti-proliferative
promising compounds 5a, 5b, 5e, 5i and cryptotanshinone as
a reference, as shown in Table 4. The best compound was 5e
with IC5 = 3.01 uM, followed by 5b with IC5, = 3.59 uM, which
were approximately half the values of the ICs, (7.87 and 8.58
uM) of 5e and 5i, respectively. Favorably, 5e and 5b were more
potent as STAT3 inhibitors, exhibiting approximately 2-fold
higher potency than the previously reported lead sulfonyl-N-
(naphthalene-1-yl)acrylamide derivative (compound I). This
emphasized the importance of the presence of electron-
withdrawing groups (Br and F) at the para position of the
phenyl nucleus, which is attached to the sulfonamide moiety in
the 6-acetyl-naphthalene core structure for the STAT3 phos-
phorylation inhibitory activity (S4 in the SI).

2.2.4.2 Inhibition of bacterial topoisomerase II. Commercially
available topoisomerase II assay kits (Inspiralis Ltd, UK) were
used to evaluate the antibacterial activity of the synthesized
compounds through their ability to inhibit E. coli and S. aureus
topoisomerases (gyrase and topoisomerase IV). The DNA gyrase
supercoiling assay®®®® and ATPase assay,*>’® topoisomerase IV
ATPase assay,*’® and cleavage assay were performed in E.
coli,/*”* while the decatenation assay was performed in S.
aureus.®® Tested compounds were dissolved in DMSO and added
to each assay at different concentrations to determine the ICs,
value.

2.2.4.2.1. Inhibition of E. coli DNA gyrase and topoisomerase
IV. In Table 5, the enzymatic assay results of compound 5b
showed moderate activities with nearly twice the value of ICs, of
the corresponding reference drug, except for the topoisomerase
IV cleavage assay, where it was 1.5-fold more potent than
norfloxacin (S5 and S6 in the SI).

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.2.4.2.2. Inhibition of S. aureus DNA gyrase and topoisom-
erase IV. Table 5 summarizes the results of compound 5e, which
showed approximately similar inhibitory activity to norfloxacin
in the decatenation topoisomerase IV assay. Compound 5e
possessed nearly twice the value of ICs, of the corresponding
reference drug in the DNA gyrase supercoiling and ATPase
assays. It also showed weaker activities (more than 3-fold less
than ciprofloxacin) in the topoisomerase IV ATPase assay (S5
and S6 in the SI). It can be concluded that both 5b and 5e had
remarkable inhibitory activity against topoisomerase IV in the
cleavage and decatenation assays, respectively. Finally, both
compounds might require some structural modification to
improve their inhibitory activity against E. coli and S. aureus
DNA gyrase and topoisomerase IV enzymes, respectively.

2.3. Computational study

2.3.1. In silico prediction of drug likeness, ADME studies.
The compound is predicted to be an orally bioavailable candi-
date in accordance with its theoretically measured physico-
chemical and pharmacokinetic parameters. The Swiss ADME
website (https://www.swissadme.ch) was used to assess the
drug-likeness and ADME properties for the final compounds
5a-5j, as shown in Tables 6 and 7. All of the tested compounds
successfully passed the Lipinski rule of five without any viola-
tion.” The total polar surface area (TPSA) of each compound
was evaluated and was within the required range between 20
and 130 A7 Concerning the lipophilicity, log P, represents
the relative solubility of a compound in n-octanol (representing
the cell membrane lipid bilayer) and water (as a model for fluids
inside and outside the cell). Herein, we used MLOGP for the
prediction of the compounds’ lipophilicity, where all of the
compounds fulfilled the acceptable lipophilicity range (<4.15),
which guaranteed good oral and intestinal absorption.”
Conversely, the water solubility was estimated from Ali classi-
fication, where all of the compounds possessed moderate
solubility except 5h and 5i, which were water-soluble. Con-
cerning the other pharmacokinetic parameters in Table 6,

RSC Adv, 2025, 15, 37391-37411 | 37401
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Table 9 The predicted binding affinity and 2D binding mode of 5b in E. coli DNA gyrase and topoisomerase IV enzymes

Binding affinity 2D predicted binding mode representing the types and measurements of the binding
Compounds negative (kcal mol ) interactions in the E. coli DNA gyrase (PDB 5L3j) binding pocket
ASN
A4E
-
E
_d B
VAL ILE _—
A93 ATS GTS y -
5b 7.2 HIS PRO - ATS
A:39 A:79 ARG
ATE
VAL
A97

Interactions

D van der Waals

- Conventional Hydrogen Bond

- Pi-Anion
NA

- Pi-Sigma
|:| Pi-Alkyl

6G9 (native ligand) -6.7
Binding affinity 2D predicted binding mode representing the types and measurements of the binding
Compound negative (kcal mol ") interactions in the E. coli topoisomerase IV (PDB 1S16) binding pocket
o G
A1098
~ A1097 <&@k .
5: GlY %o,
A:1115 .
@ @ Y
[GLY | 213 i
5351111;. . - .
o LEU
d TYR
GLN gor- A1105
A1332 218"
_vr“’m'l‘:r‘
31114
N
HIS
A1112 ey 4
A1110 A A
5b —-9.2 ILE - .
A:1090 ARG QT:;:‘; 4280
A1072 < .
' - 2o
A1334 aible (G
ERE A1073
GLU A1075 L
A1038
GLU
A1046
THR
A1163

ANP (native ligand) —8.6
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Interactions

D van der Waals

- Conventional Hydrogen Bond
D Halogen (Fluorine)

- Pi-Cation
- Pi-Sigma
|:| Pi-Alkyl

NA
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(A) The compound 5b (cyan) superimposed over the native ligand 6G9 (pink) in the binding pocket of E. coli DNA gyrase (sticks). (B)

Compound 5b (cyan) superimposed over the native ligand ANP (pink) in the E. coli topoisomerase IV binding pocket (sticks).

interestingly, all of the compounds were predicted to be
passively absorbed from the gastrointestinal tract (GIT) and did
not cross the blood-brain barrier, except for compound 5h,
which might be due to the presence of the N-benzyl moiety in its
structure. The metabolism and elimination of the drugs as
a protective mechanism for the body are controlled by several
systems, including P-glycoprotein and CYP450.”° None of the
tested compounds were substrates for the active efflux across
the cell membrane of the P-gp. Generally, the inhibitory effect of
any drug on one or more of the CYP450 isoenzymes leads to
drug-drug interactions and side effects due to its accumulation
in the body.”” The inhibitory profiles of the compounds 5a-5j
against CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4 are
shown in Table 7.

2.3.2. Molecular docking simulation study. For deep
exploration of the molecular interactions of the promising
compounds in terms of their anticancer and antimicrobial
activities, we selected compounds 5a, 5b, 5e, and 5i to be
docked in the binding pocket of STAT-3 (PDB ID 6N]JS).”® We
also selected compound 5b to be docked in E. coli DNA gyrase
(PDB ID 5L3j)® and topoisomerase IV (PDB ID 1S16).” For
compound 5e, it was docked in the binding pocket of S. aureus
DNA gyrase (PDB ID 4URO)* and topoisomerase IV (PDB ID
4URN).* The 3D structures of the target proteins co-crystallized
with their corresponding native ligands were downloaded from
the Protein Data Bank (https://www.rcsb.org/). The molecular
docking study was performed using Autodock Vina Wizard
PyRx (https://pyrx.sourceforge.io/),** as previously reported.®>
The protein preparation involved the removal of the ions,

© 2025 The Author(s). Published by the Royal Society of Chemistry

water, unnecessary chains, and the native ligand, then energy
minimization was carried out using the YASARA energy
minimization server.** Both the native ligand and the tested
compounds were subjected to PyRx universal force field
optimization and ligand preparation. Each native ligand was
redocked in its target enzyme, where the RMSD values were
0.6 A, 0.7 A, 0.6 A, 0.8 A, and 0.7 A, in order to ensure the
validation of the docking study. Finally, for the 2D
visualization of the binding interactions in the binding site of
each enzyme, Biovia Discovery Studio 2024 (https://
discover.3ds.com/) was used.

In Table 8, the binding scores of 5a, 5b, 5e, and 5i in STAT3
were very close to each other, but slightly less than that of the
native ligand SD36. This might be explained due to the large
molecular weight difference between SD36 and the four tested
compounds. Consequently, all of them were superimposed over
each other in the binding groove, but there was a part without
interaction with our tested compounds, as depicted in Fig. 6.
Interestingly, all of the tested compounds bound similarly to
each other and with the same amino acid residues as SD36.
Three favorable hydrogen bonds were formed between the O of
the acetyl group with Gln 644, the O of SO, and Glu 638, and NH
and Ser 636, in addition to other van der Waals and different pi
interactions, as demonstrated. This emphasized the impor-
tance of both the 6-acetyl and 2-sulfonamide moieties, which
are linked to the naphthalene core structure for its activity as
STAT3 inhibitors, in addition to the essential presence of the 4-
F-phenyl, 4-Br-phenyl, phenyl, and 2-pyridinyl moieties linked
to sulfonamide, to ensure the activity of the compounds.

RSC Adv,, 2025, 15, 37391-3741 | 37403
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Table 10 The predicted binding affinity and 2D binding mode of 5e in S. aureus DNA gyrase and topoisomerase IV enzymes

Binding affinity 2D predicted binding mode representing the types and measurement of the binding
Compounds negative (kcal mol ") interactions in the S. aureus DNA gyrase (PDB 4URO) binding pocket

ILE

GLN
D:151

GLU
D:58
5e —6.5
ARG
D:84
PRO
Gy D:87
D:85
Interactions
I:] van der Waals D Alkyl
- Conventional Hydrogen Bond I:I Pi-Alkyl
- Pi-Sigma
Novobiocin —6.9 NA
Binding affinity 2D predicted binding mode representing the types and measurement of the binding interactions
Compound negative (kcal mol ™) in the S. aureus topoisomerase IV (PDB 4UNR) binding pockets
5e -9.4
AP
THR -
B:177 et &332
Interactions
D van der Waals D Alkyl
- Conventional Hydrogen Bond |:| Pi-Alkyl
Novobiocin -9.8 NA

Interestingly, the binding affinity of 5b in E. coli DNA gyrase acetyl formed two hydrogen bonds with Gly77 (2.46 A) and
(PDB 5L3j) and topoisomerase IV (PDB 1S16) enzymes was Thr165 (2.68 A), pi-anion with Glu50, pi-sigma with Ile94, pi-
predicted to be better than that of the native ligands 6G9 and  alkyl with Ile78 and Pro79, and van der Waals interactions. As
ANP, respectively, as shown in Table 9. In the DNA gyrase, 5b  depicted in Fig. 7A, our compound 5b was typically

37404 | RSC Adv, 2025, 15, 37391-3741
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A
B
Fig. 8 (A) The compound 5e (green) superimposed over the native ligand novobiocin (white) in the binding pocket of S. aureus DNA gyrase

(surface). (B) Compound 5e (cyan) superimposed over the native ligand novobiocin (pink) in the S. aureus topoisomerase IV binding pocket

(sticks).

superimposed over the native ligand 6G9. Conversely, in the
topoisomerase IV binding pocket, 5b was expected to form five
hydrogen bonds, including the fluoro with Gly1073 (2.80 A), O
of SO, with Gly1098 (2.18 A), and acetyl group O with Gly1113
(2.64 A), val1114 (2.11 A) and Gly1115 (2.13 A). There are also
other van der Waals interactions, including pi-cation with
Lys1098, pi-sigma with Met1074 and pi-alkyl with Pro1075,
11e1090. Compound 5b was also superimposed over the native
ligand ANP and interacted with the same amino acid residues,
as shown in Fig. 7B.

In the S. aureus DNA gyrase (PDB 4URO) and topoisomerase
IV (PDB 4URN) enzymes, the binding affinity of 5e was predicted
to be slightly less than that of the native ligand novobiocin, as

© 2025 The Author(s). Published by the Royal Society of Chemistry

shown in Table 10. This might be attributed to the difference in
the molecular size between 5e and novobiocin. Thus, 5e was
superimposed over novobiocin in both enzymes but it did not
occupy the whole binding cavity, as demonstrated in Fig. 8A and
B. In S. aureus DNA gyrase, 5e formed three hydrogen bonds,
two of them with Asn54 (2.84 A)/Ser128 (2.48 A) and the two O
atoms of SO,, and one with acetyl O and Tyr153 (2.42 A). In
addition to the van der Waals interactions, there were pi-sigma
and two pi-alkyl interactions with Ile86 (3.76 A, 4.30 A, 5.02 A,
respectively), and finally 4-bromo formed an alkyl interaction
with Pro87 (4.97 A). In S. aureus topoisomerase IV, 5e formed
three hydrogen bonds as follows: NH with Glu53 (1.82 A), the O
atom of SO, with Asn56 (2.04 A) and the O atom of acetyl with

RSC Adv., 2025, 15, 37391-37411 | 37405
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E. | The 6-acetyl-naphthalene-2-sulfonamide
core structure is essential for anticancer
4-fluoro > | and antimicrobial activity

C. albicans
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chloro, pyridi-3yl >
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pyridine-2yl

(B)

[
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o
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0 | ‘

Phenyl
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Qualitative SAR of 6-acetylnaphthalene-2-
sulfonamide hybrids according to R substitution

4-Br Benzyl pyridine-2ylpyridine-3yl

M |L6/JAK2/STAT3 pathway inhibition

W STAT3 (Tyr705) phosphorylation inhibition ™ Gram-negative E.coli

B Gram-positive S.aureus

Fig. 9

C. albicans

(A) Summary of the SAR of naphthalene-2-sulfonamide hybrids. (B) An illustrative clustered column chart of the qualitative SAR of

naphthalene-2-sulfonamide hybrids, highlighting the effect of R substituents in directing the biological activities.

Ala122 (2.07 A). Also, the 4-bromo formed two alkyl interactions
with Lys36 (4.31 A) and Pro82 (4.05 A) in addition to other van
der Waals and pi-alkyl interactions.

The molecular docking study emphasized two major points.
The first point is the flexibility of our 6-acetyl-naphthalene-2-
sulfonamide core structure in fitting in STAT3 and bacterial
(E. coli & S. aureus) DNA gyrase and topoisomerase IV, in which
both the acetyl and sulfonamide moieties were predicted to
form essential hydrogen bonds with crucial amino acid residues
in the binding pockets of each target. The second point is the
crucial role of N-aryl and/or heteroaryl substitution in directing
the biological activity of our compounds.

A summary of the SAR of naphthalene-2-sulfonamide deriv-
atives is illustrated in Fig. 9A and B, highlighting the descend-
ing order of different measured biological activities according
to the substituted aryl or heteroaryl ring attached to the
sulfonamide function group. Moreover, it emphasizes the 6-
acetyl moiety and 2 sulfonamide moiety that were attached to
the naphthalene core structure, and were responsible in

37406 | RSC Adv, 2025, 15, 37391-37411

forming hydrogen bond interactions with essential amino acid
residues in each target as predicted in the docking section.

3 Conclusion

In this study, multi-target and molecular hybridization drug
design approaches were complementarily used in the synthesis of
ten novel 6-acetylnaphthalene-2-sulfonamide hybrids (5a-5j) as
anticancer (STAT3 inhibitors) and antimicrobial agents. All the
compounds were assessed for anticancer activity against the
MCEF?7 cell line. Compounds 5a, 5b, 5e, and 5i were shown to be
more active agents against the MCF?7 cell line. Among the inves-
tigated compounds, compounds 5b and 5i triggered apoptosis by
the inhibition of the IL6/JAK2/STAT3 pathway, which in turn
elevated the expression of the BAX and decreased the expression
of the BCL2, Cyclin D1, and c-MYC target genes. The antimicro-
bial activity against E. coli (Gram-negative), S. aureus (Gram-
positive), and C. albicans (fungal strain) was evaluated for the
studied compounds. Then, the MIC was assessed for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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promising compounds (in AWDT) against the specific strains.
The MIC values were in the range of 10-40 mg mL™". This was
followed by the evaluation of MBC, which emphasized the
bactericidal and mycotic hindered effect of the tested
compounds. Furthermore, in vitro enzymatic assays of the active
compounds were performed against STAT3, E. coli (DNA gyrase/
topoisomerase IV), and S. aureus (DNA gyrase/topoisomerase
IV). The compounds 5e and 5b were very potent against STAT3
phosphorylation inhibition, with ICs, values of 3.01 M and 3.59
uM, respectively, which were more potent by approximately 2-fold
than the previously reported sulfonyl-N-(naphthalene-1-yl)
acrylamide lead derivative (compound I). Compound 5b in E.
coli potently inhibited topoisomerase IV (ICso = 5.3 ug mL ') and
moderately inhibited DNA gyrase (ICso = 7.07 pg mL™") in
comparison with the norfloxacin reference drug. In S. aureus,
compound 5e effectively inhibited topoisomerase IV (IC5, = 7.65
ug mL~ ") and moderately inhibited DNA gyrase (IC5, = 8.83 pg
mL™") when compared with norfloxacin as a reference drug. The
computational study demonstrated the good drug likeness and
ADME profile of 5a-5j. The molecular docking study of the
promising compounds also revealed the favourable binding
affinity and binding interactions of the native ligands in each
specific target. A summary of the structure-activity relationship of
the promising compounds was discussed in detail, which high-
lighted the flexibility of our core structure in fitting within the
selected targets, in addition to the essential role of the N-aryl and/
or heteroaryl R substitution in directing the biological activity of
each compound towards a specific target. The whole series of 6-
acetylnaphthalene-2-sulfonamide hybrids could be considered as
building blocks that can be subjected to further modifications
through QSAR-guided synthesis for improvement in their anti-
cancer and antimicrobial activities. Therefore, future research
should be focused on biological assessment to include resistant
microbial strains, other cancer types, in vivo effectiveness,
experimental ADME, toxicity investigations, and the exploration
of synergistic effects with well-established therapeutic medicines.

4 Experimental

4.1. Chemistry

4.1.1. Procedure for the synthesis of 6-acetylnaphthalene-
2-sulfonyl chloride (3). 2-Acetylnaphthalene (1.0 g) was treated
with chlorosulfonic acid (5 mL) with continuous stirring for 2 h
on an ice bath. After that, the ice bath was removed, and the
mixture of the reaction was added slowly on ice to yield a white
precipitate. Then, the precipitate was filtered and washed with
distilled water several times until it was acid-free and crystal-
lized from DCM to give white needles.

4.1.2. General procedure for the synthesis of 6-acetyl-N-
phenylnaphthalene-2-sulfonamide derivatives (5a-j). An
appropriate quantity of amine (1.5 mmol) was added to 6-
acetylnaphthalene-2-sulfonyl chloride (1.0 mmol) in di-
chloromethane (DCM, 20 mL) for 1-3 h with continuous stirring
at room temperature. After that, the precipitate was filtered and
crystallized from ethanol to give the final product.

4.1.2.1 6-Acetyl-N-phenylnaphthalene-2-sulfonamide (5a).
Yield 98%; mp 218-220 °C; IR: v/em™": 3220 (NH), 1668 (C=0);

© 2025 The Author(s). Published by the Royal Society of Chemistry
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'"H NMR (500 MHz, DMSO-dg): 6/ppm = 2.68 (s, 3H, CH3), 7.23-
7.28 (m, 5H, Ar), 7.66 (t, 1H, Jyy = 15.25 Hz, Ar), 8.12 (d, 1H, Jyy
= 8.55 Hz, Ar), 8.29 (d, 1H, Juy = 7.15 Hz, Ar), 8.35 (d, 1H, Jyy =
10.00 Hz, Ar), 8.81 (d, 2H, Jyiy = 9.05 Hz, Ar), 10.78 (s, 1H, NH).
3C NMR (125 MHz, DMSO-dg): é/ppm: 27.28 (CHj), 112.15,
119.89, 120.61, 124.39, 125.41, 125.96, 126.07, 129.60, 129.92,
130.15, 138.09 (C-aromatics) and 198.17 (C=0). MS (EI, 70 eV):
m/z 326 [M']. Anal. calcd for C;5H;sNO;S (325.38): C, 66.44; H,
4.65; N, 4.30; S, 9.85; found: C, 66.43; H 4.63; N, 4.29; S, 9.83%.

4.1.2.2  6-Acetyl-N-(4-fluorophenyl)naphthalene-2-sulfonamide
(5b). Yield 94%; mp 228-230 °C; IR: v/cm ': 3240 (NH), 1665
(C=0); 'H NMR (500 MHz, DMSO-d;): 6/ppm = 2.69 (s, 3H,
CHj,), 6.87-7.00 (m, 4H, Ar), 7.66 (t, 1H, Jiy;; = 7.85 Hz, Ar), 8.12
(s, 1H, Ar), 8.23 (d, 1H, Jy = 9.64 Hz, Ar), 8.38 (d, 1H, Jyy =
8.10 Hz, Ar), 8.76 (d, 2H, Jun = 9.55 Hz, Ar). ">C NMR (125 MHz,
DMSO-dg): 6/ppm = 27.24 (CH3), 116.32, 116.41, 116.50, 121.20,
122.70, 125.97, 126.08, 136.17, 157.75, 159.65, 160.35 (C-
aromatics), 198.19 (C=0). MS (EI, 70 eV): m/z 343 [M']. Anal.
caled for C;4H,,FNO;S (343.37): C, 62.96; H, 4.11; N, 4.08; S,
9.34; found: C, 62.90; H 4.00; N, 4.07; S, 9.32%.

4.1.2.3 6-Acetyl-N-(2-chlorophenyl)naphthalene-2-sulfonamide
(5¢). Yield 86%; mp 180-182 °C; IR: v/cm ': 3252 (NH), 1671
(C=0); 'H NMR (500 MHz, DMSO-de): 6/ppm = 2.69 (s, 3H,
CH,), 7.20-7.27 (m, 4H, Ar), 7.63 (t, 1H, Jiy; = 7.15 Hz, Ar), 8.06
(d, 1H, Jez; = 9.05 Hz, Ar), 8.11 (d, 1H, Jizy; = 7.15 Hz, Ar), 8.40 (d,
1H, Juu = 8.10 Hz, Ar), 8.75 (t, 2H, Jux = 7.88 Hz, Ar), 10.37 (s,
1H, NH). **C NMR (125 MHz, DMSO-d;): 6/ppm = 27.30 (CH3),
121.81, 123.73, 125.06, 128.40, 128.65, 130.30, 136.21 (C
aromatics), 198.25 (C=0). MS (EI, 70 eV): m/z 359 [M']. Anal.
caled for C;gH,,CINO;S (359.83): C, 60.08; H, 3.92; N, 3.89;
found: C, 60.06; H; 3.91; N, 3.89%.

4.1.2.4 6-Acetyl-N-(3-chlorophenyl)naphthalene-2-sulfonamide
(5d). Yield 97%; mp 272-274 °C; IR: v/em ': 3223 (NH), 1665
(C=0); 'H NMR (500 MHz, DMSO-d;): 6/ppm = 2.69 (s, 3H,
CH3,), 6.96 (d, 1H, Jiy;; = 7.15 Hz, Ar), 7.00-7.12 (m, 3H, Ar), 7.13
(s, 1H, Ar), 7.71 (t, 1H, Ar), 8.22 (m, 1H, Ar), 8.33 (d, 1H, Jyy =
7.65 Hz, Ar), 8.41 (d, 1H, Jyy = 8.10 Hz, Ar), 8.74 (t, 2H, Jun =
9.80 Hz, Ar), 11.05 (s, 1H, NH). **C NMR (125 MHz, DMSO-ds): 6/
ppm = 27.30 (CH,), 117.73, 118.80, 123.97, 125.09, 126.06,
126.32, 126.61, 128.83, 129.98, 131.44, 131.63, 132.69, 133.90,
134.90, 134.63, 135.14, 136.27, 139.49 (C aromatics), 198.07 (C=
0). MS (EI, 70 eV): m/z 360 [M]. Anal. caled for C;3H;6CINO;S
(361.84): C, 59.75; H, 4.46; N, 3.87; found: C, 59.74; H; 4.46; N,
3.86%.

4.1.2.5 6-Acetyl-N-(4-bromophenyl)naphthalene-2-
sulfonamide (5e). Yield 98%; mp > 300 °C; IR: »/cm ™ : 3220 (NH),
1666 (C=0); 'H NMR (500 MHz, DMSO-d): 6/ppm = 2.68 (s,
3H, CHj), 7.31 (d, 2H, Juuz = 8.60 Hz, Ar), 7.50 (d, 2H, Juyu =
8.10 Hz, Ar), 7.68 (t, 1H, J = 7.50 Hz, Ar), 8.33 (d, 1H, Juy =
7.65 Hz, Ar), 8.41 (d, 1H, Jy; = 8.10 Hz, Ar), 8.33 (d, 1H, Jyy =
7.15 Hz, Ar), 8.76 (d, 2H, Jyy = 8.15 Hz, Ar). MS (EI, 70 eV): m/z
405 [M']. Anal. caled for Ci5H,4BrNO;S (404.28): C, 53.48; H,
3.49; N, 3.46; found: C, 53.47; H; 3.48; N, 3.46%.

4.1.2.6 6-Acetyl-N-(o-tolyl)naphthalene-2-sulfonamide  (5f).
Yield 90%; mp 216-218 °C; IR: v/em ™ ': 3282 (NH), 1667 (C=0);
'H NMR (500 MHz, DMSO-d): 6/ppm = 1.83 (s, 3H, CH3), 2.70
(s, 3H, CH3), 6.96-7.06 (m, 4H, Ar), 7.65 (d, 1H, Jyy = 7.60 Hz,
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Ar), 8.07-8.08 (m, 2H, Ar), 8.40-8.41 (m, 1H, Ar), 8.79 (d, 2H, Juu
= 7.50 Hz, Ar), 9.95 (s, 1H, NH). *C NMR (125 MHz, DMSO-d,):
6/ppm = 18.10 (CH3), 27.28 (COCH,), 119.67, 123.31, 125.11,
126.84, 126.90, 127.04, 127.09, 127.28, 127.52, 130.29, 131.19,
131.61, 131.78, 138.26 (C aromatics), 198.20 (C=0). MS (EL, 70
eV): m/z 338 [M™]. Anal. calcd for C;oH;7NO3S (339.41): C, 67.24;
H, 5.05; N, 4.13; found: C, 67.24; H, 5.00; N, 4.12%.

4.1.2.7 6-Acetyl-N-(4-methoxyphenyl)naphthalene-2-
sulfonamide (5g). Yield 80%; mp 208-210 °C; IR: y/em™': 3245
(NH), 1665 (C=0); 'H NMR (500 MHz, DMSO-d): 6/ppm = 2.69
(s, 3H, CHy), 3.63 (s, 3H, OCH3), 6.67 (d, 2H, Jyy = 7.15 Hz, Ar),
6.84 (d, 2H, Juu = 7.15 Hz, Ar), 7.64 (d, 1H, Jun = 6.20 Hz, Ar),
8.14 (t, 2H, Juu = 10.72 Hz, Ar), 8.22 (s, 1H, Ar), 8.77 (d, 2H, Juu
=9.05 Hz, Ar), 9.95 (s, 1H, NH). *C NMR (125 MHz, DMSO-d,):
é/ppm = 27.27 (CHj), 55.93 (OCH,), 114.82, 115.31, 122.30,
123.51, 125.48, 125.94, 131.56, 132.39, 136.24, 156.98 (C
aromatics), 198.20 (C=0). MS (EI, 70 eV): m/z 354 [M"]. Anal.
caled for C;0H;,NO,S (355.41): C, 64.21; H, 4.82; N, 3.94; found:
C, 64.20; H; 4.82; N, 3.93%.

4.1.2.8 6-Acetyl-N-benzylnaphthalene-2-sulfonamide (5h).
Yield 70%; mp 217-219 °C; IR: »/cm ™ *: 3250 (NH), 1668 (C=0);
"H NMR (500 MHz, DMSO-d,): 6/ppm = 2.70 (s, 3H, CH,), 4.74
(s, 2H, CH,), 7.37-7.47 (m, 5H, Ar), 8.10-8.76 (m, 6H, Ar). MS
(EL 70 eV): m/z 340 [M"]. Anal. calcd for C,oH;,NO;S (339.41): C,
67.24; H, 5.05; N, 4.13; found: C, 67.23; H, 5.00; N, 4.12%.

4.1.2.9 6-Acetyl-N-(pyridin-2-yl)naphthalene-2-sulfonamide
(5i). Yield 67%; mp 240-242 °C; IR: v/em ': 3245 (NH), 1678
(C=0); 'H NMR (500 MHz, DMSO-dg): é/ppm = 2.67 (s, 3H,
CH,), 6.71 (t, 1H, Juu = 7.56 Hz, Ar), 7.69 (t, 3H, Juu = 6.88 Hz,
Ar), 8.07 (d, 1H, Juy = 9.05 Hz, Ar), 8.34 (t, 2H, Juy = 11.20 Hz,
Ar), 8.70 (s, 1H, Ar), 8.86 (d, 2H, Juu = 9.05 Hz, Ar), 12.91 (s, 1H,
NH). "*C NMR (125 MHz, DMSO-ds): /ppm = 27.54 (CH3),
113.93, 115.40, 125.38, 126.00, 126.76, 130.42, 130.63, 131.21,
134.93, 154.84 (C aromatics), 198.21 (C=0). MS (EL, 70 eV): m/z
326 [M']. Anal. caled for Ci;H4N,05S (326.37): C, 62.56; H,
4.32; N, 8.58; found: C, 64.55; H, 4.31; N, 8.57%.

4.1.2.10 6-Acetyl-N-(pyridin-3-yl)naphthalene-2-sulfonamide
(5j). Yield 68%; mp 222-224 °C; IR: v/em ': 3224 (NH), 1664
(C=0); 'H NMR (500 MHz, DMSO-de): é/ppm = 2.67 (s, 3H,
CH,), 7.61 (d, 1H, Juu = 7.80 Hz, Ar), 7.65 (d, 1H, Juu = 7.88 Hz,
Ar), 7.66 (t, 1H, Juu = 7.50 Hz, Ar), 8.15 (d, 2H, Juy = 10.45 Hz,
Ar), 8.22 (s, 1H, Ar), 8.34 (t, 2H, Juyy = 7.87 Hz, Ar), 8.76 (t, 2H,
Juu = 7.87 Hz, Ar), 11.05 (s, 1H, NH). *C NMR (125 MHz,
DMSO-d,): 6/ppm = 27.27 (CHs), 124.46, 125.09, 126.04, 126.32,
127.01, 131.64, 132.71, 136.74, 141.40, 145.46 (C aromatics),
198.04 (C=O0). MS (EI, 70 eV): m/z 326 [M']. Anal. caled for
C1,H14N,038 (326.37): C, 62.56; H, 4.32; N, 8.58; found: C, 64.54;
H; 4.30; N, 8.57%.

4.2. Biology

4.2.1. Cell culture. Cancer cells (MCF7 cells) and normal
cells (MDCK cells) were purchased from the American Type
Culture Collection (ATCC) and kept under the appropriate
conditions. The cells were cultivated in Dulbecco's Modified
Eagle's Medium (DMEM) (Lonza, Belgium) at 37 °C in
a humidified incubator with 5% CO,, supplemented with 10%
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fetal bovine serum (FBS), 100 U mL " penicillin, and 100 ug/mL
streptomycin sulphate. Following trypsinization (0.025%
trypsin and 0.02% EDTA), the cells were collected and twice
washed with Dulbecco's phosphate-buffered saline (DPBS).
Cells were divided for continued cultivation when the cell
density approached 80%. Cells in the logarithmic growth phase
were used for the experiments.

4.2.2. Neutral red uptake assay. The neutral red uptake test
was used to assess the cytotoxicity of different compounds.**
The capability of viable cells to absorb and bind the supravital
dye neutral red in the lysosomes is the basis for the neutral red
uptake test, which offers a quantitative estimate of the number
of viable cells in a culture. MCF7 and MDCK cells were treated
with various concentrations of the test compounds (12.5, 25, 50,
and 100 pM) and were incubated at a density of 10* cells per well
of a 96 well plate for 48 hours. The neutral red working solution
(0.4 ug mL™") from Sigma-Aldrich was incubated at 37 °C for
24 h, similarly to the treated cells. Neutral red medium (100 pL)
was added to each well of the cultured cells after the culture
media were withdrawn, and the cells were incubated for two
hours to allow the pivotal dye to be incorporated into the live
cells. After the neutral red media were decanted, 150 pL of
Dulbecco's PBS buffer was added to each well. A micrometer
plate shaker was used to rapidly agitate the cells for at least 10
minutes after adding 150 pL of extraction buffer (1% acetic acid,
50% ethanol (96%), and 49% deionized H,0) to extract the dye
from the cells. Using a micro-liter plate reader spectropho-
tometer (Sorin, Biomedica A., Milan, Italy), the extract neutral
red color intensity was evaluated at 450 and 630 nm as the
excitation and emission wavelengths, respectively. The rela-
tionship between the utilized log concentrations and the
neutral red intensity value was used to estimate the ICs, of the
investigated compound. Instead of adding the test compound,
the medium was supplied to the untreated cells (negative
control). Doxorubicin (Dox, Mr = 543.5) as a positive control
and cytotoxic natural compound was tested, which provided
100% inhibition. The studied compound was dissolved in
DMSO (dimethyl sulfoxide), and its final concentration was less
than 0.2% in the cells. Each test and analysis were carried out
three times, and the results were averaged.

4.2.3. Selectivity index (SI). The cytotoxic selectivity (i.e.,
safety) of the tested compounds against cancer cells, in contrast
to normal cells, is shown by the selectivity index (SI), which was
estimated using the tested compound ICs, in normal cells
versus cancer cells.®

4.2.4. Quantitative real-time PCR (qRT-PCR) analysis.
Using the RNeasy Mini Kit (Qiagen, Germany), RNA was
extracted from MCF?7 cells (3 x 10 cells per well) after a 48 hour
treatment. The concentration and purity of the extracted RNA
were measured using the NanoDrop One Microvolume UV
spectrophotometer (Thermo Fisher Scientific, USA). The
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, USA) was used to convert RNA from each treatment to
first-strand cDNA in accordance with the manufacturer's
instructions. Sequences of specific primers are presented in
Table 11. Using the Maxima SYBR Green qPCR Master Mix (2X)
(Thermo Fisher Scientific, USA), the expression levels of IL6,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Primers for qRT-PCR analysis
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Gene Primer forward (5'-3') Primer reverse (5'-3')

B-Actin CCTTCCTGGGCATGGAGTCCT GGAGCAATGATCTTGATCTTC

IL6 GGTACATCCTCGACGGCATCT GTGCCTCTTTGCTGCTTTCAC
JAK2 CCAGATGGAAACTGTTCGCTCAG GAGGTTGGTACATCAGAAACACC
STAT3 TGAGACTTGGGCTTACCATTGGGT TCTTTAATGGGCCACAACAGGGCT
BCL2 CCTGGTGGACAACATCGCC AATCAAACAGAGGCCGCATGC
BAX GATGCGTCCACCAAGAAG AGTTGAAGTTGCCGTCAG

Cyclin D1 GAGGAAGAGGAGGAGGAGGA GAGATGGAAGGGGGAAAGAG
c-MYC GCTGCTTAGACGCTGGATTT TAACGTTGAGGGGCATCG

JAK2, STAT3, BCL2, BAX, Cyclin D1, and ¢-MYC genes were
normalized relative to the B-Actin transcript, and the 27 22¢r
methodology was used to measure these values.*® For a total of
40 cycles of amplification, the reaction conditions were as
follows: 95 °C for 10 min, 95 °C for 15 s, 60 °C for 30 s, and 72 °C
for 30 s. Estimation of the gene expression was measured using
the DNA Technology Detecting Thermocycler DT Lite 4S1
(Russia).

4.2.5. Antimicrobial screening assay and MIC. The agar
well diffusion test (AWDT) was used for the tested compounds
against a variety of certified reference strains, including Gram-
negative E. coli 0157 ATCC 700728, Gram-positive S. aureus
ATCC 25923, and mycotic reference strain/isolate, including
yeast, C. albicans ATCC 10231, and mould isolate; A. flavus, as
was previously reported.*” The promising compounds were
chosen to investigate their minimum inhibitory concentration
(MIC) against a specific strain, according to a previously re-
ported method,* for the determination of the bactericidal
effect.®

4.2.6. In vitro enzymatic
compounds

4.2.6.1 STAT3 phosphorylation kit. Phospho-Stat3 (Tyr705)
ELISA kit (Cell Signaling Technology, USA)*” was used according
to the manufacturer's instructions at eight different dilutions of
the four tested compounds (100, 30, 10, 3, 1, 0.3, 0.1, and
0.03 uM).

4.2.6.2 DNA gyrase supercoiling assay (Inspiralis kit). In this
assay, the substrate is the relaxed pRB322, which is supercoiled
by gyrase. The two forms of plasmid, either relaxed or super-
coiled, could be separated by agarose gel, following the manu-
facturer's instructions and as previously reported.®**

4.2.6.3 Gyrase and topoisomerase IV ATPase assay (Inspiralis
kit). Gyrase requires energy from ATP hydrolysis to make
negative supercoils in DNA, in addition to topoisomerase IV
energy from ATP hydrolysis. This assay links ATP hydrolysis to
the conversion of NADH to NAD', which can be measured by
a change in absorbance at 340 nm. The Inspiralis gyrase/
topoisomerase IV ATPase kits for S. aureus and E. coli were
used following the manufacturer's instructions and as previ-
ously reported.®*”®

4.2.6.4 S. aureus topoisomerase IV decatenation assay
(Inspiralis kit). The substrate in this assay is interlinked double-
stranded kinetoplast DNA, which can be decatenated by topo-
isomerase IV, releasing minicircles from this network. These
minicircles migrate into the gel (in gel electrophoresis), which

assay of the promising

© 2025 The Author(s). Published by the Royal Society of Chemistry

can be visualized after staining with ethidium bromide. The kit
was used following the manufacturer's instructions and as
previously reported.®

4.2.6.5 E. coli topoisomerase IV cleavage assay (Inspiralis kit).
Topoisomerase IV makes a double-strand break in DNA
(cleavage complex), then passes another DNA segment and
reseals the break. Some inhibitors for the enzyme stabilize the
cleavage complex. In this assay, the substrate is supercoiled
PBR322. The relaxed and supercoiled forms can be separated by
gel electrophoresis, following the manufacturer's instructions
and as previously reported.”>”>

4.2.7. Statistics. The data are shown as the mean + stan-
dard error mean (SEM). IC5, values are determined using Sig-
maPlot version 11. The data analysis and significant differences
between the studied compounds were analyzed using the
Student's t-test. As statistically significant, the value of P < 0.05
was used. Every data set was repeatable.
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