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Development of a multi-targeted sulfonyl-bridged
bisselenadiazole derivative as a potent EGFR/PI3K/
AKT/mTOR modulator in lung adenocarcinoma

{ ") Check for updates ‘

Cite this: RSC Ad\v., 2026, 16, 19903

Wesam Abd El-Fattah,® Ahlem Guesmi,*® Naoufel Ben Hamadi,?
Abdelwahed R. Sayed,” Ahmed A. M. El-Reedy,® Hani S. Hafez, @2 ¢
Reda F. M. Elshaarawy (2 *¢ and Soha A. Hassan®

Lung adenocarcinoma (LUAD), the most common type of non-small cell lung cancer (NSCLC), requires
multi-targeted therapies to overcome resistance mechanisms and reduce toxicity. Herein, we synthesize
and characterize a new sulfonyl-bridged bis(1,3,4-selenadiazole) derivative (BISDA) containing four
pharmacophores that potently inhibits LUAD cell proliferation. BISDA displayed 48-h ICsq of 2.609 pg
mL™! in A549 cells, decreased viability compared to controls, and was less toxic than cisplatin while
inducing apoptosis, G2/M cell cycle arrest, and inhibiting cancer cell migration. BISDA remodels the
redox environment by reducing glutathione peroxidase activity, and increasing intracellular glutathione
levels, leading to increased PD-1 and reduced IFN-y expression. It further downregulated prominent
oncogenic drivers, EGFR, AKT1, MAPK3, mTOR, TGF B, HSP60, HSP70 and HSP90, targeting proliferation
and survival with stress response in the context of metastasis. Principal component analysis showed that
BISDA reprogrammed signaling through decoupling of the EGFR-mTOR axis from the TGFB-AKT1-
MAPK3-HSP90 cluster, indicative of a global rewiring of pathways. These results suggest that BISDA may
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1 Introduction

According to GLOBOCAN, lung cancer results in 2480675 new
cases and 1817469 deaths worldwide." Non-small cell lung
cancer (NSCLC), specifically lung adenocarcinoma (LUAD), is
the most prevalent type, affecting both smokers and non-
smokers through genetic mutations and chemical exposure.”
Current chemotherapies exhibit significant toxicity and resis-
tance, necessitating novel agents with enhanced efficacy and
reduced off-target effects.®> To address these limitations, we
present a multifunctional derivative designed to target multiple
oncogenic pathways.

Synthetic compounds represent potential therapeutic agents
targeting cancer signal transduction pathways. The epidermal
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apoptosis induction while also preventing signaling pathways associated with resistance.

growth factor receptor (EGFR) is a receptor tyrosine kinase that
regulates cell growth, survival, and differentiation. Upon
epidermal growth factor (EGF) binding, EGFR undergoes
dimerization and autophosphorylation, activating the PI3K/
AKT/mTOR and RAS/RAF/MAPK/ERK pathways.* The PI3K/
AKT/mTOR pathway controls cellular proliferation, growth,
migration, and apoptosis resistance,® while the RAS/RAF/MAPK/
ERK pathway regulates cell proliferation, apoptosis, differenti-
ation, and stress response. Disruption of these components can
lead to tumor development.® Studies have demonstrated that
synthetic azole derivatives exhibit greater efficacy than doxoru-
bicin in colorectal and lung adenocarcinoma cells via the EGFR
and PI3K/AKT/mTOR pathways and are considered safer than
traditional chemotherapies.®

Heterocyclic compounds containing selenium are rare but
attract interest due to their reactivity and potential in cancer
therapy. Selenadiazoles exhibit anticancer properties and
stimulate mitochondrial apoptosis via JAK2/STAT3 cascades in
breast MCF7 and HeLa cancer cells.”® Sulfone derivatives
display anticancer activity in LUAD,® leukemia,'® and head and
neck squamous cell carcinoma™ by modulating proliferation
pathways. Chalcones exhibit anticancer activity via ferroptosis
in LUAD cells™ and inhibit migration through G2/M cell cycle
arrest in bone, hepatic, and lung cancer cells.”® Imino
compounds act as antitumor agents by suppressing tubulin
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cancer cells.*®

Programmed cell death protein 1 (PD-1) is a transmembrane
receptor expressed on immune cells that regulates immune
responses.'” PD-1 binding to PD-L1 and PD-L2 inhibits T lympho-
cyte activation and promotes immune tolerance, thereby enabling
cancer cells to evade immunity in non-small cell lung cancer
(NSCLC). PD-L1 expression is regulated by the EGFR/MAPK
pathway.'® PD1 and PDL1 are important targets for NSCLC immu-
notherapy, with immune checkpoint inhibitors (ICIs) blocking PD1
or PDL1 to enhance antitumor immunity." Consequently, PD-1 and
PD-L1 may serve as biomarkers of therapeutic effectiveness. Inter-
feron gamma (IFN-y) acts as a cancer biomarker, predicting ther-
apeutic efficacy through tumor recognition with ICIs,**** while its
activation promotes tumor progression via anti-apoptotic and
metastatic effects by stimulating the EGFR and MAPK/ERK path-
ways in brain cancer and intestinal cells.”

Although advancements have been made, existing therapies
for LUAD frequently encounter obstacles, including the devel-
opment of resistance to targeted treatments and significant
systemic toxicity from traditional chemotherapy drugs. Conse-
quently, there is a critical need for innovative, multi-functional
compounds capable of overcoming these challenges by effec-
tively targeting multiple cancer-related pathways while offering
enhanced safety profiles. Therefore, the development of novel
synthetic chemical compounds containing selenadiazole,
sulfone, ketone, aromatic ring, and imino derivatives (BISDA)
represents a strategic approach to address critical gaps in
current anticancer therapy through multi-targeted molecular
design, incorporating antioxidant, cell cycle arrest, apoptosis
triggering, IFN-y, and EGFR inhibition with PD-1 activation.
The synthesized compound was designed to circumvent drug
resistance associated with conventional chemotherapeutics
through apoptosis evasion and to mitigate poor tumor selec-
tivity, which can lead to severe systemic toxicity. Our study
aimed to develop novel multi-target agents by synthesizing a bis
selenadiazolimine derivative (BISDA), integrating these func-
tional groups to enhance efficacy and reduce resistance to LUAD
treatment, utilizing the A549 cell line as an in vitro model.

BISDA comprises four pharmacophores (sulfone, 1,3,4-sele-
nadiazole, imino and arylketone moieties), which were inte-
grated to generate complementary anticancer actions. The
sulfone-bridged aromatic scaffold is a rigid, electron with-
drawing and lipophilic backbone that assists in stabilizing the
conjugated system while also promoting protein target inter-
molecular interactions that allow for redox-active behavior
across the m-framework.>*?* On the other hand, selenium from
1,3,4-selenadiazole rings that can induce intracellular redox
imbalance and trigger ROS release in cancer cells sensitizes the
redox-prone signaling hubs such as EGFR/PI3K/AKT/mTOR and
stress-response pathways.®* The imino functions perform
hydrogen-bond donor/acceptor and coordination sites that
interact with nucleophilic residues in enzymes and molecular
chaperones, including heat shock proteins, resulting in modu-
lated apoptosis and cell cycle control.>**® The arylketone moie-
ties extend conjugation and increase planarity, facilitating mw—m
stacking with aromatic amino acid residues and nucleic acids,

and inhibiting carbohydrate enzymes in
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while tuning the electronic distribution throughout the scaf-
fold.***” This constellation of functional groups links selenium-
induced redox perturbation to inhibition of pro-survival and
stress-adaptation pathways but endows attributes that enable
DNA/protein binding. This multitarget strategy is designed to
elicit oxidative stress, inhibit related pathways of EGFR/AKT/
mTOR and heat shock protein (HSP) signaling, and stimulate
apoptosis, G2/M cell cycle arrest process as well as migration
inhibition effects in lung adenocarcinoma cells.

2 Materials and methods

2.1. Chemistry

2.1.1. Chemicals and reagents. All chemicals, reagents, and
solvents used in this study were obtained from commercial
sources and utilized directly without further purification. 3-
Chloro-2,4-pentanedione (97%), 4,4’-diaminodiphenyl sulfone
(98%), and potassium selenocyanate (97%) were obtained from
Sigma-Aldrich. Sodium acetate trihydrate (99%) and sodium
nitrite (98%) were obtained from Thermo Fisher Scientific.

2.1.2. Instrumentations. The melting points of the new
compounds were determined using an Electrothermal IA 9000
series digital melting point apparatus. Fourier transform
infrared (FTIR) spectra were recorded as KBr discs in the range
of 400-4000 cm ™" using a Pye Unicam SP 3300 and a Shimadzu
FTIR 8101 PC spectrophotometer. Absorption bands were
denoted as weak (w), medium (m), strong (s), broad (br), and
sharp (sh). A Varian Mercury VX-300 spectrometer was used to
acquire the NMR spectra. The instrument was run at 300 MHz
for "H-NMR and at 75 MHz for '*C-NMR. Deuterated dimethyl
sulfoxide (DMSO-d,) was used as solvent. The "H NMR signal at
2.52 ppm and the *C NMR signal at 39.5 ppm of residual
DMSO-ds proton were used to calibrate the spectrometer.
Splitting patterns of the NMR peaks were represented as singlet
(s), doublet (d), triplet (t), quartet (q), or multiplet (m).

2.1.3. Synthesis N,N'-((sulfonyl)-bis(1,4-phenylene))bis(2-
oxopropanehydrazonoyl chloride) (BHC). The intermediate bi-
shydrazonoyl chloride (BHC) was synthesized following the
established procedure reported in our previous work.?® In brief,
4,4’-diaminodiphenyl sulfone (DADPS, 2.48 g, 10 mmol) in 6 M
hydrochloric acid (6 mL), was dissolved and cooled to 0-5 °C
using an ice bath while stirring with a magnetic stirring bar. The
diazonium salt was generated in situ by adding freshly prepared
aqueous sodium nitrite (0.69 g, 10 mmol in 10 mL distilled
water, 0.71% w/v) dropwise over a period of 5 min. To ensure
complete diazotization, the reaction mixture was stirred vigor-
ously for 20 min at 0-5 °C. A 250 mL round bottom flask was
charged with 3-chloro-2,4-pentanedione (1.34 g, 10 mmol) and
anhydrous sodium acetate trihydrate (1.36 g, 10 mmol), then
dissolved in absolute ethanol (100 mL) under a simple stream of
magnetic stirring at room temperature (20-25 °C). The cold
diazonium salt solution was added dropwise to the ethanolic
mixture over a 10 min period while keeping the temperature in
the range of 0-5 °C; on complete addition, reaction mixture was
further stirred for 15 min at this temperature followed by
gradual warming up to room temperature and another stirring
for 30 min. Subsequently, the reaction flask was moved to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a refrigerator and left at 4 °C for 3 h to allow full precipitation.
The obtained yellow-brown precipitate was filtered by vacuum
on a Bichner funnel, successively washed with cold distilled
water (3 x 50 mL) and then in cold ethanol (2 x 30 mL), fol-
lowed by vacuum-drying at 50 °C during 4 h. The crude product
was purified by recrystallization from a DMF/ethanol mixture
(1:3 v/v, 80 mL total) to afford BHC as faint brown, fine crystals
(4.15 g, 89% yield). Mp 273-275 °C (Lit. 271-273 (ref. 28)). FTIR
(KBr) v (em™"): 3267 (N-H), 1689 (C=0), 1632 (H-C=N). 'H
NMR (400 MHz, DMSO-dg) 6 (ppm): 10.71 (s, 2H, 2 N-H), 7.88 (d,
J = 8.3 Hz, 4H, 4 Ar-H), 7.61 (d, J = 8.2 Hz, 4H, 4 Ar-H), 2.39 (s,
6H, 2 CH;). Full spectroscopic characterization data are
provided in our previous study.*®

2.1.4. 1,1-((Sulfonylbis(4,1-phenylene))bis(5-imino-4,5-
dihydro-1,3,4-selenadiazole-4,2-diyl))-bis-(ethan-1-one)
(BISDA). Bis hydrazonoyl chloride (BHC, 0.466 g, 1.0 mmol) and
potassium selenocyanate (KSeCN, 0.288 g, 2.0 mmol, 2.0 equiv.)
were dissolved in a solvent mixture of absolute ethanol (20 mL)
and anhydrous DMF (5 mL) in 100 mL round-bottom flask fitted
with a magnetic stirrer and reflux condenser. The reaction
mixture was stirred at room temperature (20-25 °C) for 10 min
to give a homogeneous dispersion, resulting in a faint yellow
solution. This with stirring and under nitrogen atmosphere for
3 h at reflux (oil bath temperature 85-90 °C), which was moni-
tored by thin layer chromatography (TLC) on silica gel 60 F,s,
plates [(dichloromethane/methanol (9:1 v/v))] where comple-
tion is marked by the disappearance of the BHC starting
material spot (Rf = 0.65) and a new single spot due to BISDA
being observed (R = 0.42). Upon the completion of the reaction,
heating was stopped and the resultant mixture cooled to room
temp with continuous stirring. Cold distilled water (50 mL) was
then added dropwise over 5 min resulting in immediate
precipitation of brown solid. The precipitate was isolated by
vacuum filtration on a Bichner funnel, washed extensively with
cold distilled water (3 x 30 mL), followed by cold ethanol (2 x
20 mL), and dried in vacuo at 60 °C for 6 h. The crude product
was further purified via recrystallization from hot DMF/ethanol
mixture (1 : 4 v/v, total volume 50 mL) to give BISDA as a brown
microcrystalline powder (0.493 g, yield 83%). Mp > 300 °C
(decomposes without melting). FTIR (KBr) » (cm ™ "): 3304 (N-H),
1688 (C=0), 1609 (C=NH), 1585 (C=N), 1324 (SO, asym-
metric), 1153 (SO, symmetric), 736 (N-N), and 593 (C-Se-C). 'H
NMR (400 MHz, DMSO-d) 6 (ppm): 10.28 (s, 2H, 2 N-H), 7.88 (d,
J = 8.4 Hz, 4H, 4 Ar-H), 7.63 (d, J = 8.5 Hz, 4H, selected Ar-H),
6 ppm: pure and white compound was obtained after recrys-
tallization from dioxane solvent. **C NMR (151 MHz, DMSO-d,)
6 (ppm): 191.00, 158.37, 151.72, 143.13, 136.89, 128.49, 124.37,
25.95. Elemental analysis caled for CyoH;6NsO04SSe, (594.37): C,
40.42; H, 2.71; N, 14.14%; found: C, 40.43; H, 2.72; N, 14.12%.
BISDA was dissolved DMSO (1 mL, 100 pg mL ') to generate
a stock solution for biological assays, briefly sonicated (5 s), and
stored at —20 °C in aliquots until usage.

2.2. Biological assessment

2.2.1. Culture of A549 cell line. A549 cells were obtained
from the American Type Culture Collection (cat. no. CCL-185,
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LGC Promochem, UK), served as a well-established and repre-
sentative in vitro model for lung adenocarcinoma, facilitating
direct comparisons with previous studies on novel anticancer
agents. Cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and a 1% antibiotic mixture consisting of penicillin G
sodium (10 000 IU), streptomycin (10 mg), and amphotericin B
(25 pg) (all from Gibco, Thermo Fisher Scientific, Germany).
Cells were incubated at 5% CO, and 37 °C. Following conflu-
ence, cells were detached using trypsin/EDTA (cat. no.
25200056, Gibco, Thermo Fisher Scientific, USA) for experi-
mental purposes. All samples were analyzed in triplicate to
ensure accuracy.

2.2.2. Evaluating cytotoxic effect (ICs,) using MTT assay.
Twenty-four hours prior to the experiment, 8 x 10° cells per well
were seeded and incubated in a sterile 96-well plate. Later, cells
were treated and incubated with serial concentrations of the
BISDA compound dissolved in the medium at the following
concentrations: 0.01, 0.1, 1.0, 10, and 100 ug mL™" for 24 and
48 h. Untreated control A549 cells were incubated with 0.1%
DMSO, and negative (cells treated with phosphate buffer saline;
PBS) and positive (cells treated with 11.5 pg per mL cisplatin as
a standard reference) control groups were also evaluated.

The tested compound was dissolved in DMSO to prepare
a stock solution and subsequently diluted in culture medium to
achieve final concentrations of 0.01-100 pg mL™". The final
DMSO concentration did not exceed 0.1% (v/v) in any well.
Untreated control cells were incubated with 0.1% DMSO in
medium as vehicle control.

The cytotoxic effect (IC5,) of BISDA was evaluated using the
MTT assay (Vybrant® MTT Cell Proliferation Assay Kit, Cat No.
#M6494, ThermoFisher Scientific, Germany), a widely accepted
colorimetric method for high-throughput screening of anti-
proliferative effects. Cell membrane integrity was further
confirmed using the trypan blue exclusion method, alongside
direct cell counts. In accordance with Hazekawa et al.,* the
media were replaced with fresh media, and an MTT solution
(1 mg mL ", Invitrogen, ThermoFisher Scientific, Germany) was
added to each well at a volume of 20 pL for a 4-hour incubation.
Following removal of the MTT solution, 100 pL of sodium
dodecyl sulfate (SDS)-HCl was added to each well. Optical
density was measured at 570 nm using an ELISA microplate
reader (ELx 800; Bio-Tek Instruments Inc., Winooski, VT, USA).
The IC5, was calculated using the concentration-response curve
and normalized to the negative control using GraphPad Prism
software (version 9.1.0).

2.2.3. Evaluating cell viability using trypan blue exclusion
method. Trypan blue was utilized for cell counting and viability
assessments. Cells (1 x 10* per well) were seeded in sterile 24-
well plates for 24 h. Media were replaced with fresh media
containing ICs, concentration of BISDA compound. These two
time points validated the cytotoxic results obtained from the IC
5o analysis. For non-attached cells, the medium containing
floating cells was collected. For non-attached cells, medium
with floating cells was collected. Attached cells were trypsinized
with EDTA and resuspended in 1x Dulbecco's phosphate-
buffered saline (DPBS, cat. no. #14190144, Gibco,
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ThermoFisher Scientific, USA). The cell suspensions were mixed
with 0.4% trypan blue dye 1:1 (cat. no. 15250061, Gibco,
Thermo Fisher Scientific, USA) and incubated for 3 min at room
temperature at RT. The mixture was examined using a hemo-
cytometer and bright-field microscopy (LaboMed, USA).

2.2.4. Evaluating cell apoptosis using Annexin V/PI stain-
ing. Flow cytometry, utilizing Annexin V-FITC and propidium
iodide (PI) double staining, was employed to assess the
apoptotic activity of BISDA. This method differentiated between
early and late apoptotic cells. Cells (1 x 10 cells per well) were
seeded in sterile 6-well plates 24 h before the experiment. To
investigate the mechanistic effects at a biologically relevant
concentration, the cells were treated with BISDA ICs, for 48 h,
allowing for the observation of significant cellular responses
while maintaining cell integrity for downstream assays. The
cells were harvested and resuspended in annexin-binding
buffer for 5 min at RT, stained with Annexin V/PI (Alexa
Fluor® 488 annexin V/Dead cell apoptosis Kit, cat. no.
#V13241, Invitrogen, ThermoFisher Scientific, UK) for 15 min
at RT. Flow cytometry analysis was performed using a 488 nm
argon-ion laser to measure fluorescence at 530 nm and 575 nm,
as previously described.** Beckman Coulter Navios EX software
(SM: BE14548 software version: Navios EX) was used to analyze
the data.

2.2.5. Evaluating cell cycle progression by flow cytometry.
Flow cytometry was used to determine the cell cycle arrest
phases induced by BISDA. Both untreated and treated cells were
initially fixed with cold methanol and subsequently stained with
Vybrant DyeCycle Violet (cat. no. #V35003, Invitrogen, Ther-
moFisher Scientific, USA). The stained cells were then incu-
bated at 37 °C for 30 min in darkness. Data acquisition was
performed using a 405 nm excitation and 440 nm emission
filter. Flow cytometry data were analyzed using Beckman
Coulter Navios EX software (SM: BE14548, version Navios EX).

2.2.6. Evaluating cell migration using transwell migration
assay. To assess the effect of BISDA on cell migration, a Trans-
well assay was performed. Briefly, untreated and treated cells (2
x 10> cells per well) were resuspended in serum-free medium
and seeded into the upper chambers of cell culture inserts
(Thermo Scientific™ Nunc™, cat. no. # 140629, ThermoFisher
Scientific, USA). Complete DMEM was added to each well of the
lower chamber of the insert. The cells were then incubated at
37 °C for 24 h. Cells that migrated to the lower surface of the
insert membrane were fixed with 4% paraformaldehyde (PFA)
(cat. no. #P6148, Sigma-Aldrich, Germany) for 15 min. and
stained with 0.1% crystal violet (cat. no. #C0775; Sigma-
Aldrich). The number of migrated cells was imaged at 20x
magnification using an inverted microscope (Labomed, USA)
and a Vega Digital Camera. At least five images from each
sample were captured and analyzed using the Image] software
(version 1.53, National Institutes of Health, Bethesda, MD,
USA). All the settings were adjusted to calculate the total
number of migrated cells per field.

2.2.7. Evaluating endogenous antioxidant status. Gluta-
thione peroxidase (GPx) and glutathione (GSH) activity were
evaluated to determine the possible effects of BISDA on the
oxidative stress status and antioxidant response of A549 cells.
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Cells (1 x 10°) from untreated and treated cells were homoge-
nized in PBS (0.01 M, pH 7.4) at 4 °C and then centrifuged at 10
000xg for 10 min. The supernatant was separated and stored on
ice for subsequent analysis. GSH-Px activity was measured using
a GSH-Px activity assay kit (cat. no. # E-BC-K096-S; Elabscience
Biotechnology, USA) and reduced glutathione (cat. no. # E-BC-
K030-M), following the manufacturer's instructions, and read
at OD 412 nm using an ELISA microplate reader (DIALAB
Diagnostics, Neudorf, Austria).

2.2.8. Immunofluorescence (IF) staining. The expression of
programmed cell death protein 1 (PD-1) and interferon-y (IFN-
v), both involved in immunomodulatory pathways, was quan-
tified using immunofluorescence (IF) staining. Untreated and
treated cells were fixed with 4% paraformaldehyde (PFA) and
blocked with blocking serum to minimize background staining.
Subsequently, cells were incubated overnight at 4 °C with
primary antibodies-PD-1 Polyclonal Antibody (cat. no. #PA5-
20351 and IFN-y Monoclonal Antibody, cat. no. #MA5-44024,
Invitrogen, ThermoFisher Scientific, USA) diluted 1:400 over-
night at 4 °C. The following day, cells were washed with
phosphate-buffered saline (PBS) and then incubated with Alexa
Fluor 488 secondary antibodies (Goat anti-rabbit for PD-1 and
anti-mouse for IFN-y), diluted at 1:100, from Invitrogen,
ThermoFisher Scientific, Hilden, Germany. Slides were coun-
terstained with DAPI (Prolong Gold Antifade DAPI counter stain
Reagent (10 pg mL™"), Abcam, Cambridge, UK) and mounted
overnight at room temperature (RT). Imaging was conducted
using a fluorescence microscope (LABOMED LX400, USA). IF
staining intensity was assessed using a four-tier scoring system,
and the median H-score was calculated according to.>*

2.2.9. Quantitative gene expression analysis RT-qPCR. The
gene expression of the epidermal growth factor receptor (EGFR)
and genes related to its downstream pathways was investigated
using quantitative PCR in untreated and treated cells. 1 x 10°
cells were homogenized and lysis was carried out in a guani-
dine-thiocyanate-containing buffer.>* Total RNA was extracted
and purified using RNeasy Mini Kit (cat. no. 74104; Qiagen,
Hilden, Germany) following the manufacturer's instructions.
RNA was then used in a cDNA synthesis reaction employing the
QuantiTect Reverse Transcription Kit (cat. no. #205310, Qia-
gen, Hilden, Germany), according to the manufacturer's
instructions. Gene expression was measured using the Quanti-
Tect primer assay (Table 1) and QuantiTect SYBR Green PCR Kit
(Qiagen, Germany) with a 5 Rotplex or Gene PCR Analyzer
(Qiagen, Germany). All genes were normalized to the B-actin
housekeeping gene. The relative mRNA expression (i.e., fold
change) for each gene was calculated using the 2(72A¢Y
equation.*

ACt(tested = Ct(target in the teste groups) — Ct(ref. in test group)
ACt(calibrator) = Ct(target in control) — Ct(ref. in control)
AACt = CA Ct(test) — ACt(calibrator)

Fold change = 2(724¢€Y

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Primers used for amplification
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Gene Assay name Assay ID
1 Epidermal growth factor receptor (EGFR) Hs_EGFR_1_SG QuantiTect primer assay QT00085701
2 Protein kinase B (Akt) Hs_AKT1_1_SG QuantiTect primer assay QT00085379
3 Mitogen-activated protein kinase 1 (MAPK1) HS_MAPK3_2_SG, QuantiTect primer assay QT02589314
4 Mechanistic target of rapamycin (MTOR) Hs_MTOR_1_SG QuantiTect primer assay QT00056133
5 Transforming growth factor-beta (TGFB) HS_TGFBRAP1_1_SG QuantiTect primer assay QT00057155
6 Heat shock protein 60 (HSP 60) Hsp60 (HSPD1) NM_002156
7 Heat shock protein 70 (HSP70) HSP70-1A NM_005345
8 Heat shock protein 90 (HSP 90) Hs_HSP90B2P_1_SG QuantiTect primer assay QT01152550

2.2.10. ADMET methodology. The absorption, distribution,
metabolism, excretion, and toxicity (ADMET) profile of the
investigated compound was evaluated using the pkCSM web
server, a graph-based signature modeling platform for phar-
macokinetic and toxicity prediction. Predictions were per-
formed using the canonical SMILES representation of the
ligand under study. pkCSM employs validated machine
learning models trained on large experimental datasets to
estimate pharmacokinetic behavior and toxicity endpoints
relevant to drug development. All predictions were generated
under default settings.

2.2.11. Statistical analysis. All experiments were conducted
in triplicate, and data are presented as mean =+ standard error of
the mean (SEM). Statistical comparisons were performed using
one-way analysis of variance (ANOVA) followed by Tukey's post
hoc test using GraphPad Prism (version 8.0.1). A p-value < 0.05
was considered statistically significant. Significance levels were
defined as p < 0.05; *p < 0.01; **p < 0.001; ****p < 0.0001; ns =
not significant.

3 Results and discussion

3.1. Synthesis protocol

Hydrazonoyl halides are versatile precursors for the synthesis of
heterocyclic derivatives. Selenadiazoles are unique selenium-
containing heterocycles characterized by a five-membered ring
composed of two nitrogen atoms and one selenium atom. This
study focused on the preparation of novel selenadiazole deriv-
atives. The reaction of hydrazonoyl halides with potassium
selenocyanate has been previously reported.** Specifically, the
reaction of bishydrazonoyl chloride (BHC) with potassium
selenocyanate under reflux conditions yielded a novel S-
alkylated intermediate, which subsequently underwent in situ
cyclization under the same conditions to afford the corre-
sponding bisselenadiazolimine (BISDA) derivative (Scheme 1).
This process consistently produced a single isolable product
(BISDA), confirmed via thin-layer chromatography (TLC). The
formation of the final products was explained through a mech-
anism involving nucleophilic attack of the thiocyanate anion,
followed by intramolecular cycloaddition. BISDA was obtained
in high purity and good yield, and its molecular structure was
elucidated using microanalysis and spectral data.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.2. FTIR spectroscopy

The FTIR spectrum of BISDA agrees with the bis (1,3,4-selena-
diazole) structure, along with sulfonyl-bridged aryl and acyl
substituents, including all characteristic functional groups
such as imino, carbonyl, sulfonyl, and selenadiazole rings. The
lack of impurity bands and well-resolved diagnostic absorptions
indicate the successful synthesis of a single molecular species.*
For example, the medium sharp band, 3304 cm ™", corresponds
to N-H stretching vibration that supports the imino/amine
functionality coming from the 5-imino-4,5-dihydro-1,3,4-sele-
nadiazole.*® A strong absorption peak at 1688 cm™ " is assigned
to the carbonyl stretching of ethanone units attached to sele-
nadiazole ring. The blue shift of this C=0 band indicated its
conjugation with the heteroaromatic system, which weakened
the C=0 bond. Two bands at 1609 and 1585 cm™ " are assigned
to C=NH and C=N stretching vibrations, the presence of
which confirms the existence of the 1,3,4-selenadiazole core and
imino substitution at C-5. Such vibrations favor the formation
of heterocycles over open-chain diazines or hydrazine byprod-
ucts.*” The sulfonyl linker was confirmed by asymmetric SO,
and symmetric SO, stretching vibrations at 1324 and
1153 ecm™ ', respectively, imparting the aryl sulfone moiety.®
The band at 736 cm™" is due to N-N stretching in the 1,3,4-
selenadiazole system, which is characteristic of such heterocy-
cles. The band at 593 cm™" is due to the vibration of C-Se-C,
indicating the incorporation of Se into the heteroaromatic
system.

Interestingly, the presence of powerful electron-withdrawing
(SO,, C=0) and delocalized/charge-rich electron-donating
centers (C=NH, C=N, Se) in a rigid m-conjugated skeleton
implies strong intramolecular charge transfer processes and
multiple metal ion/biomolecule binding sites.* This combina-
tion is exciting for organoselenium materials, redox-active
ligands, or bioactive heterocycles, and FTIR data assist in sup-
porting such structure-property discussions.

3.3. NMR spectroscopy

The "H and *C NMR spectra of BISDA are consistent with the
proposed structure of 1,1’-((sulfonylbis(4,1-phenylene))bis(5-
imino-4,5-dihydro-1,3,4-selenadiazole-4,2-diyl))bis ~ (ethan-1-
one) and corroborate the FTIR assignment of a symmetric
sulfonyl-bonded bis-selenadiazolimine scaffold. The spectra
exhibited only one symmetrical species in solution without

RSC Adv, 2026, 16, 19903-19919 | 19907
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resonances for the starting materials, regioisomers, and
decomposition products.

In the "H NMR spectrum (Fig. 1), a singlet at 6(H) = 10.28 for
two protons is ascribed to the equivalent N-H groups of the
imino units at position 5 of each 1,3,4-selenadiazole ring. The
high chemical shift and singlet of the above signal can be
ascribed to non-exchange broadened imino/amide-like protons
in the vicinity of the electron-withdrawing carbonyl groups and
heteroaryl moieties in a rigid environment. Two aromatic
doublets at 7.88 ppm (4H, J = 8.4 Hz) and 7.63 ppm (4H, ] = 8.5
Hz) arise from the para-disubstituted phenylene rings over the
sulfonyl bridge. The identical integration and similar coupling
constants underscore the symmetric AA'BB’ pattern on the 1,4-
disubstituted aromatic rings, in agreement with the sulfonyl-
bis(4,1-phenylene) core.” A singlet at 2.20 ppm with six
proton integration results was assigned to the two equivalent
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methyl groups of the ethanone (-CO-CH;) moieties in the
selenadiazole units. No further aliphatic resonances suggested
two chemically equivalent methyl sites, ruling out residual N-
alkylated side products or partially functionalized
intermediates.

The *C NMR spectrum (Fig. 2) displays a resonance at
25.12 ppm corresponding to the methyl carbons of acetyl group,
indicative of deshielded aliphatic carbons bearing a conjugated
carbonyl moiety. The multiplet at 191.82 ppm is characteristic
of a conjugated ketonic carbonyl, displaying two equivalent —
CO-CH; functionalities in the - m-extended heteroaryl-aryl
context. Several peaks in the range of 124.37-158.37 ppm are
assigned to aromatic and heteroaromatic carbons (phenylene
rings, 1,3,4 selenadiazole cores). The chemical shifts at 158.37
and 151.72 ppm are due to the C=N/C=NH type carbon,
whereas the resonances at 143.13 and 136.89 ppm can be
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attributed to ipso and quaternary aromatic carbon with sulfonyl
and heteroaryl substitutes.** The peaks at 128.49 and
124.37 ppm are the aromatic CH carbons of para-disubstituted
phenylene rings, suggesting that this molecule has high
molecular symmetry. The observation of only eight non-
equivalent carbon resonances, despite molecular complexity,
corresponds to two symmetric-related halves and equivalent
rings, which confirms the centrosymmetric bis selenadiazoli-
mine structure.

Overall, the 'H and >C NMR data collectively corroborate
a rigid, C,-symmetric bis-heteroaryl core in which two imino-
functionalized 1,3,4-selenadiazole rings are connected via
a sulfonyl-bridged para-phenylene linker and terminally func-
tionalized by acetyl substituents. The field N-H signal, conju-
gated carbonyl carbon, and de-shielding C=N/C=NH carbons
provide evidence of the strong electron-withdrawing power of
the sulfonyl and carbonyl groups, as well as the extended
conjugation along the aryl-selenadiazole-carbonyl axis.

3.4. Selenadiazole derivative BISDA cytotoxicity IC5, values
via MTT assay and trypan blue

To further assess the selectivity of BISDA toward malignant
cells, its cytotoxic effect was evaluated in parallel on the human
normal bronchial epithelial cell line BEAS-2B and the A549 lung
adenocarcinoma cell line under identical conditions (serial
concentrations over 24 or 48 h). Concentration-response anal-
ysis revealed that the ICs, for BISDA was significantly greater in
BEAS-2B cells (60.73 pg mL ™" after 24 h) than A549 cells, where
the ICs, values were lower at 15.62 g mL ™~ * and 2.609 ug mL "
after exposure to BISDA for 24 h or 48 h, respectively (Fig. 3A-C).
This differential suggests that normal bronchial epithelial cells
are tolerant to significantly higher concentrations of BISDA
than A549 cancer cells, which is conducive to a beneficial
therapeutic window. In line with these ICs, values, viability

© 2026 The Author(s). Published by the Royal Society of Chemistry

curves revealed a more pronounced and time-dependent
decrease in A549 cell survival within the tested concentration
range (0.01-100 pg mL™ ') but much higher viabilities of BEAS-
2B cells at respective doses. Collectively, these findings indicate
that BISDA specifically inhibits the growth of lung cancer cells
and has a lower toxicity towards normal bronchial epithelial
cells, supporting its further consideration as an anticancer drug
candidate. Cells treated with an ICs, concentration of 2.609 pg
mL~" for 48 h (treated group) were compared to cells treated
with 0.1% DMSO for 48 h (untreated group). The compound
exhibited a concentration-dependent impact on cell viability at
both intervals, with notable effects observed at 1 pg mL~" when
compared to the control group (p < 0.001 for 24 h and p < 0.0001
for 48 h) (Fig. 3D). In comparison to cisplatin, the novel
synthesized compound at 100 ug mL~" showed similar cell
toxicity to the positive control (11.5 pg mL ') after 24 h, with no
significant difference (p > 0.05; Fig. 3D) offering greater safety
than cisplatin at elevated concentrations. Comparing the time
intervals, the results showed that incubation time had no
significant effect (p > 0.05) on the cell viability percentage at all
concentrations, except at 1 pg mL™~" which was significantly
different between 24 and 48 h (p < 0.0001, Fig. 3D).

Furthermore, the trypan blue exclusion method revealed
a significant reduction in the percentage of viable cells in the
treated group compared to the untreated group (p < 0.0001,
Fig. 4A-C), demonstrating the potent cytotoxic effects of the
BISDA compound as an anticancer agent.

The results from the MTT and trypan blue assays demon-
strated the antiproliferative effects of the BISDA compound,
which contains a variety of bioactive components, including
sulfone, selenadiazole, imino, and ketone aromatic ring
compounds. These findings align with previous research indi-
cating that numerous sulfone derivatives exhibit significant
cytotoxic and antiproliferative effects on LUAD A549 cells,”
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leukemia cell lines," and head and neck squamous cell carci-
noma.'* Furthermore, selenadiazole, ketone aromatic ring
(chalcones), and imino derivatives displayed enhanced cyto-
toxicity in multiple cell lines, including LUAD PC9, gastric
cancer SGC7901,** liver cancer HCT116,"* breast cancer MCF7
(ref. 43) and colon cancer HT29.**

3.5. The activity of the BISDA compound on the antioxidant
system

Treatment of A549 LUAD cells with BISDA altered the antioxi-
dant profile. Glutathione peroxidase (GPx) activity decreased
from 22 U per mg protein to 12 U per mg protein with BISDA
treatment (p < 0.01). This reduction suggests elevated oxygen
free radicals (ROS) levels due to diminished hydroperoxide
reduction. This inhibition aligns with the pro-oxidant mecha-
nisms of organoselenium compounds in cancer cells.*’
Conversely, the levels of reduced glutathione (GSH) increased
from 13 nmol per mg protein in untreated cells to 25 nmol
per mg protein in treated cells (p < 0.01). This increase in GSH
levels indicates cellular adaptation to oxidative stress resulting
from reduced GPx function. This redox imbalance, with

19910 | RSC Adv, 2026, 16, 19903-19919

p < 0.0001 indicates differences between the two-time intervals ns: non-significant. Data are presented as the mean +

decreased GPx activity despite higher GSH levels (Fig. 5A and B),
led to peroxide accumulation and subsequent apoptosis of A549
cells (Fig. 4C and 6C). This disruption underlies the inhibition
of cell proliferation by the compound (Fig. 4C) and the modu-
lation of EGFR/AKT/mTOR/HSP networks, suggesting that
selenadiazole derivatives (BISDA) interacts with GPx to induce
ROS, whereas the selenium center offers partial compensation.
These findings demonstrate that BISDA disrupts redox
homeostasis by suppressing GPx activity and triggering GSH
upregulation, which is consistent with the prooxidant mecha-
nisms of selenadiazoles. This perturbation demonstrated the
inhibitory activity of the compound on cell proliferation
(Fig. 4C) and the modulation of EGFR/AKT/mTOR/HSP
networks.

The imbalance in redox reactions hinders peroxide removal,
intensifying pro-oxidant conditions and leading to apoptosis.
This observation aligns with seleno compound research, where
increased glutathione (GSH) is an inadequate response to
oxidative stress.*® This is attributed to the GPx-mimetic prop-
erties of selenadiazole, which partially offsets endogenous GPx
loss. This behavior is typical of organoselenium compounds.”’
BISDA showed antiproliferative properties by inhibiting GPx

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and generating ROS while providing mimetic support through
its selenium component. This modulation disrupts antioxidant
defenses, targeting oncogenic pathways such as EGFR/AKT/
mTOR/HSP networks, making BISDA promising for redox-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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targeted strategies in non-small cell lung cancer (NSCLC)
models.*® Therefore, the observation that BISDA, a selenium-
containing compound, inhibits GPx - a selenoenzyme with
antioxidant function - exemplifies the “selenium paradox” in
cancer biology. Selenium exhibited a remarkable dose-
dependent duality.

Cancer cells exhibit alterations in thiol metabolism, partic-
ularly glutathione (GSH), the primary non-protein thiol antiox-
idant within cells. GSH maintains redox balance by neutralizing
reactive oxygen species (ROS) and mitigating oxidative stress,
which is exacerbated by rapid growth, altered metabolism, and
oncogenic signaling. Consequently, many cancer cells increase
GSH levels and associated pathways to counteract elevated ROS
production and reduce sensitivity to chemotherapy and radio-
therapy. This pattern is observed across diverse cancers,
including breast, colon, lung, melanoma, and others.*

In contrast, organoselenium compounds deplete glutathione
(GSH) more effectively in cancer cells, which rely on GSH for
redox balance.®® Furthermore, methylselenol increased GSH
levels in normal cells and decreased GSH levels in malignant
cells, resulting in cytotoxicity. This dual mechanism may
enhance the therapeutic window for selenium compounds.*

3.6. Effects of BISDA compound on cell apoptosis and cell
cycle progression

Flow cytometry was employed to examine Annexin V/PI staining
and assess the apoptotic effects of BISDA. Cells treated with
2.609 ug mL~ " of BISDA for 48 h exhibited significant apoptotic
effects. The compound increased early apoptosis to 51.7% =+ 0.2
and late apoptosis to 3.6% =+ 0.03, compared with 0.95% =+ 0.03
and 0.55% =+ 0.03 in the untreated group (p < 0.0001 for both
early and late apoptotic induction) (Fig. 6A-C).

Flow cytometry was also employed to identify potential arrest
phases induced by the BISDA compound. The results revealed
that in the untreated group, the percentages of cell populations
in the S phase and G2/M phase were 27.5% =+ 0.5 and 69.9% =+
0.7, respectively. Following treatment with 2.609 pg per mL
BISDA for 48 h, these percentages decreased to 5.8% + 0.2 (p <
0.0001) and 93.5% =+ 1.2 (p < 0.0001) in the S phase and G2/M
phase, respectively (Fig. 7A-C). Simultaneously, the increased
G2/M phase indicates that BISDA may trigger DNA damage,
leading to G2/M arrest for repair before mitosis, or cell accu-
mulation prior to apoptosis if repair is unsuccessful.”> Mean-
while, the increased G2/M phase confirms that the BISAD
compound may trigger DNA damage leading to G2/M arrest for
repair before mitosis or cell accumulation before apoptosis if
repair fails.*

The flow cytometry results demonstrated that BISDA
exhibited strong apoptotic effects (Fig. 6A-C) and inhibited cell
cycle progression in the cancerous A549 cell line by inducing
cell cycle arrest (Fig. 7A-C). Previously, sulfone, ketone aromatic
ring, and selenadiazole derivatives, three of the bioactive
components in our synthetic compound, were shown to induce
apoptosis in the lung,"** liver* and cervical® cancer cells by
increasing the production of reactive oxygen species (ROS),
inducing mitochondrial apoptosis via activation of three JAK2/

RSC Adv., 2026, 16, 19903-19919 | 19911
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STAT3 pathway, activating ferroptosis stimulating the pro-
apoptotic caspase pathway, and inhibiting the formation of
lactate in glucose metabolism. Thus, the elevated levels of
Annexin V/IP observed in the current study (Fig. 6A-C) could
also reflect the activation of mitochondrial apoptosis, con-
firming the apoptotic effect of BISDA.® Plano et al.,* Ji et al.,>
and Appalanaidu et al' reported that selenadiazole,

ketonerings, g, and imino derivatives inhibited cell cycle
progression by inducing G2/M cell cycle arrest in breast cancer,
bone cancer, and melanoma cell lines, respectively. In agree-
ment with previous studies, our results showed the same
observation of G2/M arrest (Fig. 7A-C) after treatment with
BISDA, which contains the same bioactive compounds.
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Fig. 7 Effects of BISDA compound on A549 cell line cell cycle progression after treatment with the determined ICso (2.609 pg mL™Y) for 48 h
using flow cytometry. Representative flow cytometry plots of Vybrant Violet Dye stain for the untreated (A) and treated (B) groups. (C) Percentage
of cell populations in cell cycle phases in the untreated and treated groups. ****p < 0.0001 indicates differences between the untreated and
treated groups. Data are presented as mean 4+ SEM, n = 3 in each condition.
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3.7. Effects of BISDA compound on cell migration

Cell migration is a prominent characteristic of cancer cells and is
indicative of cancer metastasis.>*® Transwell migration assay
showed that BISDA significantly inhibited the migration of
cancerous A549 cells, leading to a 50% reduction in relative
migration compared to controls (p < 0.001, Fig. 8A-C). Imino
derivatives can compete with enzymes crucial for cancer metastasis
(e.g, glycosidases) and inhibit their activity.'® This observation may
explain the reduction in relative migration observed following
BISDA treatment. The apoptotic and S phase-halting activities of
the synthesized compound are dependent on the sulfone group (R-
SO,-R’), which imparts unique properties to aromatic
compounds.” The electron-withdrawing effects of the sulfonyl
moiety alter the electron density of the aromatic system, influ-
encing interactions with nucleophilic sites on biological macro-
molecules, including cysteine residues and DNA nucleobases.®
Furthermore, the lipophilicity of sulfone-containing aromatics
facilitates hydrogen bond acceptance and enhances protein
binding. Selenadiazole groups exhibit antitumor potential against
cancers by inducing apoptosis, reducing cell viability, and modu-
lating ROS-mediated DNA damage and signaling pathways.**

According to Islam et al.,** the PI3K/AKT signaling pathway
plays a crucial role in promoting cancer cell migration and
invasion. This pathway has been targeted to inhibit various
forms of cancer metastasis.®* The reduction in AKT1 expression
(Fig. 10A) and decreased migration of A549 cells (Fig. 8A-C)
following BISDA treatment indicated the potential anti-
metastatic properties of the compound as an anticancer agent.
Additionally, transforming growth factor-B (TGF-B) cytokines,
which regulate cell cycle progression and differentiation,® were
significantly reduced in BISDA-treated A549 cells compared
with those in the untreated group, with a decrease of p < 0.0001
(Fig. 10A), thus supporting its antimetastatic properties.

3.8. Effects of BISDA compound on programmed cell death
protein 1 (PD1) and interferon-gamma (IFN-vy)

Programmed cell death protein 1 (PD-1) and interferon-gamma
(IFN-y) are crucial proteins involved in immunomodulatory
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pathways and serve as cancer biomarkers, reflecting the efficacy
of anticancer treatments.*"* Following treatment with 2.609 pg
per mL BISDA for 48 h, A549 cells exhibited significant upre-
gulation of PD-1 protein expression relative to the untreated
group (p < 0.0001, Fig. 9A and C). Conversely, treated A549 cells
demonstrated a significant decrease in IFN-y expression
compared to the untreated group (p < 0.0001, Fig. 9B and C).
IFN-y has been reported to play a crucial role in tumor
progression through anti-apoptotic and metastatic effects.**%
Consistent with our results, BISDA inhibited IFN-y in A549 cell
lines, suggesting its ability to repress tumor progression and
trigger apoptosis, as confirmed by a 50% reduction in relative
migration (Fig. 8A-C) and an increase in Annexin V/PI and
apoptotic cell populations (Fig. 6A-C) in the treated group
compared to the untreated group.

This observation distinguishes PD1 upregulation from IFN-y
signaling, suggesting a stress-responsive pathway independent
of cytokine-driven transcription.®*®” Cancer cell behavior may
induce increased PD1 expression in response to stress induced
by BISDA. These results support the combined use of BISDA
with PD1/PD-L 1 checkpoint inhibitors to enhance cytotoxic
effects and disrupt survival signals, potentially boosting anti-
tumor activity in A549 cells.

3.9. Effects of BISDA compound on different relative gene
expressions

The relative expression of EGFR and other genes related to its
downstream pathways, as well as other genes involved in tumor
progression, was investigated using quantitative PCR. The
results demonstrated that treatment of A549 cells with 2.609 pg
per mL BISDA for 48 h downregulated the relative expression of
all investigated genes compared to the untreated group;
however, only TGF-8 (p < 0.0001), AKT1 (p < 0.05), HSP60 (p <
0.001), HSP70 (p < 0.0001), and HSP90 (p < 0.0001) exhibited
statistically significant differences (Fig. 10A). Heat shock
proteins (HSPs) are a group of highly conserved molecular
chaperones that are essential for maintaining protein balance
and responding to cellular stress. The current use of BISDA in
LUAD demonstrates inhibitory effects on HSP60, HSP70, and
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Fig. 8 Cell migration of A549 cell line after treatment with the determined ICsq (2.609 pg mL™) for 48 h using Transwell migration assay.
Representative photomicrographs of untreated (A) and treated (B) groups stained with 0.1% crystal violet. Images were captured at 20x
magnification. Scale bars, 100 um. (C) Percentage (%) of relative migration in the untreated and treated groups. ***p < 0.001 indicates differences
between untreated and treated groups. Data are presented as mean + SEM, n = 3 in each condition.
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Fig.9 Effects of BISDA on the expression of programmed cell death protein 1 (PD1) and interferon-gamma (IFN-vy) in A549 cells after treatment
with the determined ICsq (2.609 pg mL™) for 48 h using immunofluorescence staining (IF). (A) Representative photomicrographs of untreated
and treated cells stained with PD-1 (red fluorescence) and DAPI (blue fluorescence). (B) Representative photomicrographs of untreated and
treated cells stained with IFN-v (green fluorescence) and DAPI (blue fluorescence). Overlay of DAPI with PD1 or IFN-y in the merged photo-
micrographs reveals colocalization. Images were captured at 20 x magnification. Scale bars, 100 um. (C) H-score protein expression of PD-1 and
IFN-v in the untreated and treated groups. ****p < 0.0001 indicates differences between untreated and treated groups. Data are presented as

mean + SEM, n = 3 per condition.

HSP90, leading to a significant reduction in tumor initiation,
progression, metastasis, and resistance to therapy.*®

The correlational heatmap of A549 cells treated with BISDA
(Fig. 10B) showed significant pathway reconfiguration,
revealing the potential mechanisms. This represents a current
limitation in our mechanistic understanding, warranting
further dedicated investigation, particularly given the observed
downregulation of TGF-B mRNA. TGFJ correlates positively with
AKT1 (r = 0.94) and MAPK3 (r = 0.73), forming an axis with
HSP90 (AKT1-HSP90 r = 0.97; MAPK3-HSP90 r = 0.99). TGFf
correlates positively with AKT1 (r = 0.94) and MAPK3 (r = 0.73),
forming an axis with HSP90 (AKT1-HSP90 r = 0.97; MAPK3-
HSP90 r = 0.99).°7° HSP70 correlated negatively with mTOR
(r = —0.88), indicating a trade-off between proliferation and
repair, whereas HSP60 was inversely related to MAPK3/AKT1.
HSP70 correlated with mTOR (r = —0.88), showing a trade-off
between proliferation and repair, whereas HSP60 was
inversely related to MAPK3/AKT1. This analysis showed that

BISDA targets EGFR, triggering TGFB/AKT survival

19914 | RSC Adv, 2026, 16, 19903-19919

mechanisms. The negative correlations between cluster 1
(EGFR-mTOR) and cluster 2 (TGFB-AKT1-MAPK3-HSP90)
suggest pathway decoupling, matching the effects of selena-
diazole on ROS-mediated damage.” HSP90 clustering with
AKT1 and MAPK3 showed its chaperone role; BISDA may target
HSP90, causing protein misfolding. HSP70's negative link
between mTOR can enhance growth suppression.”” These
correlations may affect the PD1/IFN-y pathways, as BISDA
disruption of EGFR-MAPK could reduce immune evasion and
amplify these effects.”®7*

Principal component analysis (PCA) of signaling proteins
(EGFR, TGF-B, mTOR, and AKT1) in A549 LUAD cells was
assessed following 48 h of treatment with 2.609 pg mL " of the
BISDA compound compared to the untreated group. The first
principal component (PC1) accounted for 90.7% of the total
variance (Fig. 10C), which indicated treatment-linked vari-
ability. Untreated samples (red circles) were along the negative
PC1 axis, whereas treated samples (cyan triangles) were clus-
tered on the positive PC1 axis, indicating consistent signaling

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Effects of BISDA on relative gene expression in A549 cells after treatment with 1Csq (2.609 pg mL™Y) for 48 h. (A) Relative mRNA
expression (fold change) of EGFR, TGF-8, mTOR, AKT1, MAPK3, HSP60, HSP70, and HSP90. (B) Heat map of EGFR, TGF-8, mTOR, AKT1, MAPK3,
HSP60, HSP70, and HSP90 genes. Principal component analysis (PCA) for signalling proteins (EGFR, TGF-B, mTOR, and AKT1) (C) and HSP
proteins (D) in untreated (red circles) and treated (cyan triangles) groups. *p < 0.05, ***p < 0.001, ****p < 0.0001 indicate differences between
untreated and treated groups. Data are presented as mean + SEM, n = 3 in each condition. EGFR: epidermal growth factor receptor. TGF-8:
transforming growth factor-B. AKT1: protein kinase B. MAPK3: mitogen-activated protein kinase 3. mTOR: mechanistic target of rapamycin. HSP:

heat shock protein.

profiles. PC1 accounted for 90.4% of the variance (Fig. 10D),
while PC2 accounted for 5.2%. PC1 accounted for 90.4% of the
variance (Fig. 10D), while PC2 accounted for 5.2%. The bioactive
groups of BISDA exhibited anticancer potential through oxida-
tive stress and apoptosis (Fig. 6C) and HSP inhibition (Fig. 10A).
The bioactive groups of BISDA demonstrated anticancer
potential through oxidative stress and apoptosis (Fig. 6C) and
HSP inhibition (Fig. 10A). The transition to positive PC1 for
treated cells indicates that BISDA modifies HSP patterns,
involving HSP changes that cause cytotoxicity (Fig. 3D and 4C).
The bioactive groups of BISDA showed anticancer potential
through oxidative stress and apoptosis (Fig. 6C) and HSP inhi-
bition (Fig. 10A). The transition to positive PC1 for treated cells
indicates that BISDA modifies HSP patterns, involving HSP
changes that cause cytotoxicity (Fig. 3D and 4C). BISDA may
produce ROS, disrupt HSP-folding (Fig. 10A), or trigger HSP-
mediated apoptosis (Fig. 6C). The PCA separation shows treat-
ment alters HSP proteome from “protective” to “pro-apoptotic”
state.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.10. The physiochemical properties and absorption profile

To complement this in vitro cytotoxicity and mechanistic data,
an ADMET (Absorption Distribution Metabolism Excretion and
Toxicity) in silico prediction of BISDA properties was performed
using the pkCSM platform to gain initial insight into its solu-
bility and pharmacokinetic behaviour. As shown in Table 2, the
model predicted a water solubility of —3.497 log mol per L,
which is consistent with relatively low intrinsic aqueous solu-
bility in addition to moderate-to-high human intestinal
absorption (74.51%) and favorable Caco-2 permeability (0.776
log Papp (10°° ¢cm s ")) such that permeability represents
a partial compensation for the limited solubility at the intes-
tinal level. BISDA had a low predicted volume of distribution
(VDss = —0.232 log L per kg) and fraction unbound (Fu = 0.099),
consistent with high plasma protein binding and limited tissue
penetration, combined with negative values for both blood-
brain barrier permeability and central nervous system perme-
ability (—1.741 log BB to —4.07 log PS, respectively), indicating
little brain exposure as well as a high likelihood that there

RSC Adv, 2026, 16, 19903-19919 | 19915
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Table 2 Physiochemical properties, absorption, and distribution profiles of BISDA
Physiochemical properties
Descriptor MW Log P Rotatable bonds H-bond acceptors H-bond donors tPSA
Value 594.37 0.37 6 10 2 199.13 A?
Absorption profile

Water Caco-2 Human intestinal Skin P-Glycoprotein P-Glycoprotein
Parameter solubility permeability absorption permeability substrate I/IT inhibitor
Predicted value —3.497 log mol per L 0.776 log Papp 74.51% —2.735log K, Yes Yes

(10 ®cms ™)
Distribution profile
Volume Fraction unbound BBB CNS

Parameter of distribution (VDss) (Fu) permeability permeability
Predicted value —0.232log L per kg 0.099 —1.741log BB —4.07 log PS

would be no CNS-related adverse effects from agents affecting
the central nervous system measured from the data collected
here for BISDA.”® Though experimental plasma solubility and
kinetic solubility are not yet available, these rich computational
descriptors afford a first guess at BISDA's physiological activity
profile and identify solubility and distribution as point of
emphasis for eventual optimization and formulation studies.

3.11. Possible mechanism of action of BISDA compound

EGFR activates downstream pathways, including PI3K/AKT/
mTOR and RAS/RAF/MAPK/ERK pathways.'® Several malignan-
cies, including LUAD, exhibit EGFR overexpression, which
activates pathways involved in cancer progression through
proliferation, migration, angiogenesis, and decreased
apoptosis.®*””’® = Selenadiazole imino sulfonylbis (BISDA)
contains bioactive compounds with anticancer activity that
inhibit EGFR and its downstream pathways. Our results
demonstrated that BISDA treatment of LUAD A549 cells down-
regulated EGFR gene expression and the downstream pathway
genes mTOR, AKT1, and MAPK3 (Fig. 10A). The PI3K/AKT/
mTOR pathway is crucial for cellular proliferation, growth,
migration, and metabolism.”* Downregulation of EGFR,
AKT1, and mTOR expression after BISDA treatment (Fig. 10A-C)
contributed to slower S-phase progression and G2/M phase
arrest (Fig. 7A-C) and reduced cell migration (Fig. 8A-C) that
induce cell proliferation. The MAPK/ERK pathway regulates cell
proliferation, apoptosis, differentiation, and stress response.*
The antiproliferative (Fig. 4A-C) and apoptotic (Fig. 6A-C)
activities of BISDA could be due to the reduced expression of
EGFR and MAPKS3 (Fig. 10A). TGF-B activates the EGFR pathway
through the Smad3 and ERK/Sp1 pathways to induce migration
in breast cancer cells.**® The reduced EGFR expression after
BISDA treatment could be due to decreased TGF-§ expression
(Fig. 10A and C), which inhibited cell migration (Fig. 8A-C).
Heat shock proteins regulate cancer migration, invasion,
proliferation, and drug resistance as cancer biomarkers.***

19916 | RSC Adv, 2026, 16, 19903-19919

EGFR activation induces HSP70 phosphorylation,*® whereas
suppressing HSP90 inhibits EGFR signalling.*” Decreased
expression of HSP60, HSP70, and HSP90 was accompanied by
reduced EGFR expression (Fig. 10A and D), indicating cell cycle
arrest (Fig. 7A-C).

Moreover, IFN-y can stimulate the activation of EGFR and its
downstream MAPK/ERK pathway in brain cancer and intestinal
epithelial cells.**® As there was a positive correlation between
IFN-v, EGFR, and MAPK, the decrease in the protein expression
of IFN-y (Fig. 9B and C) after treatment could explain the
downregulation of EGFR and MAPK gene expression (Fig. 10A).
Moreover, PD-1 upregulation and PI3K/AKT/mTOR Inhibition
has synergistic antitumor Action through the dual modulation
that is considered typical therapeutic. Inhibiting PI3K/AKT/
mTOR directly Kkills cancer cells or sensitizes them to
apoptosis/autophagy, while PD-1/PD-L1 axis tweaks boost
immune attack. Additionally, BISDA induced proliferation
inhibition and cell cycle arrest, induce apoptosis, and enhance
immunity (higher PD-1 but lower PD-L1, leading to net activa-
tion). This reduces tumor weight, migration, with no evidence
of promoting proliferation.*

3.12. Position BISDA relative to existing selenium-based
structurally related drugs

To contextualize the impact of BISDA within organoselenium
therapeutics, comparison of its structure-activity relationship
to known selenium-based drugs in development (e.g:, ebselen,
ethaselen) is helpful. Ebselen, a single Se-N heterocycle con-
taining a benzisoselenazol3(2H)-one core, imitates the activity
of glutathione peroxidase and boasts an antioxidant and anti-
inflammatory action, with its pharmacology primarily deter-
mined through redox modulation at a relatively small number
of targets.” Ethaselen, a small-molecule organoselenium agent
derived from the simple Se-containing scaffold recently has
been developed as a redox-active anticancer compound target-
ing thiol-dependent enzymes (e.g., TrxR) to upregulate oxidative

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stress in tumor cells while retaining its selenium pharmaco-
phore mononuclearity.”> By contrast, BISDA is a sulfonyl-
bridged bis(1,3,4-selenadiazole) system that adopts a C,
symmetric architecture with m-extended framework in which
two selenium-containing heterocycles are connected by a para-
phenylene sulfone spacer and capped with acetylimino units.
This design has higher selenium center density, hydrogen-
bonding motifs, and conjugated aromatic surfaces than ebse-
len, ethaselen or ebselen-like molecules should allow such
multivalency to engage protein and nucleic acids. Mechanisti-
cally, BISDA disturbs redox homeostasis and in concert acti-
vates positive effects on EGFR/PI3K/AKT/mTOR and HSP-
associated signalling that cause apoptosis, G2/M arrest and
decreased migration of LUAD cells while current selenium
agents have mostly centred around ROS modulation or more
limited pathways. These features set BISDA apart from simpler
selenium pharmacophores by establishing it as a next-
generation organoselenium scaffold where bisselenadiazole
core, sulfonyl bridge and acetylimino termini work in concert to
synergize selenium-fuelled oxidative stress with multinode
inhibition of oncogenic signaling.

4 Conclusion

BISDA demonstrates anticancer efficacy against LUAD as
a chemotherapeutic agent by inhibiting proliferation, migra-
tion, and cell cycle progression, while inducing apoptosis
through downregulation of EGFR and the downstream PI3K/
AKT/mTOR and MAPK/ERK pathways, mediated by TGF-p and
IFN-v. Selenadiazole derivatives containing imino and sulfone
groups address LUAD by affecting pathways essential for cancer
cell survival. Selenium compounds exhibit anticancer proper-
ties by modulating redox processes and inducing ROS accu-
mulation in cancer cells, leading to damage of proteins, lipids,
and DNA, ultimately resulting in cell death. Heat shock proteins
(HSPs) are sensitive to oxidative stress, and selenium-induced
ROS accumulation can overwhelm HSP60, HSP70, and HSP90,
causing protein misfolding and activating apoptotic pathways.
Selenium compounds modulate heat shock factors (HSFs), di-
srupting HSP upregulation during therapeutic stress. The
incorporation of imino and sulfone groups into selenadiazole
scaffolds enhances these effects through selective tumor accu-
mulation. These molecules exploit differences between
cancerous and normal cells, including elevated oxidative stress
and heat shock protein-mediated protein homeostasis. This
study demonstrates BISDA's anticancer efficacy in LUAD;
however, it was limited to a single cell line model (A549),
potentially overlooking NSCLC subtype heterogeneity and
patient variability, thereby restricting generalizability. In vitro
assays cannot fully replicate the complex tumor microenviron-
ment, including immune cell interactions and systemic phar-
macokinetics, which are critical for assessing BISDA's
bioavailability and safety. Comparisons were restricted to
cisplatin and did not evaluate BISDA against modern targeted
therapies or immunotherapies, potentially hindering its

optimal positioning in combinatorial regimens. These

© 2026 The Author(s). Published by the Royal Society of Chemistry
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limitations underscore the need for expanded preclinical trials
to validate therapeutic efficacy and safety.
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