Open Access Article. Published on 20 April 2026. Downloaded on 6/16/2026 11:16:47 AM.

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

(cc)

ROYAL SOCIETY
OF CHEMISTRY

(3

RSC Advances

View Article Online

View Journal | View Issue

Discovery of thieno[3,2-c]pyran-based leads for
liver, lung and glioma cancer: synthesis, docking-
guided optimization and apoptotic profiling

{ ") Check for updates ‘

Cite this: RSC Ad\v., 2026, 16, 20330

Abhishek Jauhari,? Pooja,? Lakshay Taneja,© Ajay Kumar Yadav,© Ismail Althagafi,®
Ramendra Pratap (2 *¢ and Dharmendra Kumar Yadav & *f

Thieno[3,2-clpyran is a versatile heterocyclic framework recognised as a core scaffold in numerous
synthetic anticancer agents and naturally occurring alkaloids exhibiting potent antitumor activity across
various malignancies, including lung, liver, breast, and prostate cancers. In this study, we report the
synthesis of a series of substituted thieno[3,2-c]pyran derivatives and their biological evaluation against
human hepatocellular carcinoma (HepG2) and lung adenocarcinoma (A549) cell lines. The in vitro
cytotoxicity assays revealed promising ICsq values: 5a exhibited 13.65 + 0.32 uM (HepG2) and 12.35 +
0.30 uM (A549), while 5n showed 13.26 + 0.32 uM (HepG2) and 12.36 + 0.30 uM (A549). Apoptosis-
induction studies confirmed the anticancer potential of these compounds. However, compound 5e
works well against Glioma cancer with a promising ICso value of 26 pM (LN229). We have also
performed the testing of selected compounds against the non-cancerous cell line HEK293 under the
same conditions and concentration, and no cytotoxicity. Among the synthesized compounds, 5a and 5n
demonstrated significant binding affinities in molecular docking studies, with docking scores of —8.834

and —8.994 kcal mol™ against liver cancer targets, and —7.925 and —7.871 kcal mol™ against lung
Received 3rd December 2025

Accepted 6th April 2026 cancer targets, respectively. To further confirm the EGFR inhibition, selected compounds were tested

agaist EGFR overexpressed glioma cell line, and good cytotoxicity confirms the proposed pathway.
DOI: 10.1035/d5ra09341d These findings suggest that compounds 5a, 5e and 5n warrant further investigation as lead molecules for

rsc.li/rsc-advances the development of targeted therapies for liver, glioma and lung cancers.

Lung cancer is one of the most prevalent cancers, with the
highest rates of morbidity and mortality globally. Despite
existing chemotherapeutic treatments, many are inadequate

1 Introduction

Cancer, characterized by the abnormal growth of cells in the

body, is a major global health concern. According to the
American Cancer Society (ACS), it is estimated that cancer
causes approximately 1700 deaths daily, contributing to around
15% of all human deaths worldwide. Cancer cells often evade
apoptosis, leading to unchecked growth and angiogenesis—
hallmarks of all cancer types."™ Apoptosis is essential for pre-
venting cancer, and targeting this process is a highly effective
cancer treatment strategy. Many anticancer drugs focus on
various stages of the intrinsic and extrinsic apoptotic
pathways.>*
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due to serious side effects and drug resistance.” Therefore,
developing safe and effective new treatments for lung cancer is
critical. According to global cancer statistics from 2018, lung
cancer accounts for 11.6% of all diagnosed cancer cases and is
the leading cause of cancer death, responsible for 18.4% of all
cancer-related deaths. Lung cancer is primarily classified into
two histological groups: Small Cell Lung Cancer (SCLC) and
Non-Small Cell Lung Cancer (NSCLC), with NSCLC accounting
for approximately 85% of lung cancers. NSCLC is further
divided into adenocarcinoma, squamous cell carcinoma, and
large cell carcinoma.

A significant challenge in treating NSCLC is that when one of
the targeted pathways in signal transduction is blocked, others
can serve as escape mechanisms for cancer cells.®™*

Thienopyran is a prominent heterocyclic structure that
serves as the foundation for many pharmacologically significant
compounds, particularly those with anticancer properties.™
Fused pyran®™® derivatives have shown promising results in
cancer treatment by targeting cellular pathways that inhibit
cancer cell growth, induce apoptosis, and disrupt vital
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Fig. 1 Structures of potential pyran-based anticancer agents.

processes necessary for tumour progression. These compounds
also exhibit a range of pharmacological activities, including
antimicrobial, antitubercular, antioxidant, analgesic, anti-
leishmanial, antiplatelet, FPR1 antagonist, and anticonvulsant
properties.”*** Among these, the chromene analogues EPC2407
(Crolibulin, I) stand out as a promising agent for disrupting
blood vessels in tumours and inducing apoptosis in advanced
solid tumours. It has shown effectiveness in phase I clinical
trials for patients with advanced thoracic and abdominal
tumours and is currently in phase I/II trials in combination with
cisplatin for anaplastic thyroid cancer (ATC). Similarly,
MX58151 (II) has been identified as a caspase activator and
tubulin inhibitor, while SP-6-27 (III) demonstrates high potency
against glioma, melanoma, and prostate cancer cell lines due to
its antiproliferative activity."*® Other chromene analogues,
such as LY290181 (IV), fluorine-containing pyrano-chromenes
(V) and (VI), and indole-substituted tetrahydro-chromene (VII)
[Fig. 1], have also been reported as potent anticancer agents.>”**
Despite progress in developing chemotherapeutic agents, the
development of new, target-specific anticancer drugs with
minimal side effects to address drug resistance is always
required.** Various thiophene-fused heterocycles are explored
for anticancer activity and show very good activity®* using
different targets® (Table 1). The thieno[3,2-c|pyran nucleus is
well explored for its photophysical properties, role as a metal
sensor, such turn on sensor for Zn>*.**¥ Additionally, this class
of compounds are also studied for their synergistic antibacterial
properties.’* The anticancer properties of this compound were
not explored, so we decided to explore the anticancer activity, as
it contains both thiophene and pyran rings fused in the same
nucleus.

The structural flexibility of fused pyran derivatives allows the
synthesis of compounds with customised properties, optimis-
ing their anticancer efficacy and minimising off-target
effects.?>*

Table 1 Biological activity of some of the thieno-fused molecules
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By introducing diverse functional groups and modifying
specific regions of the fused pyran scaffold, researchers have
improved potency and pharmacokinetics, resulting in better
bioavailability and target specificity. Consequently, a series of
functionalized thieno[3,2-c]pyran derivatives has been synthe-
sized to evaluate their anticancer efficacy against various cancer
cell lines, study their mechanisms of action, and conduct in
silico  ADMET predictions to assess their drug-likeness
properties.'®*

2 Result and discussion
2.1 Chemistry

2.1.1 Synthesis of various functionalized thieno[3,2-c]
pyran. To evaluate the anticancer activity, we designed various
multifunctional 6-aryl/5,6-diaryl-thieno[3,2-c]pyrans and 11-
0x0-5,11-dihydro-4H-benzo[]thieno[3,2-c|chromenes and their
synthesis was carried out by using the reported methodology.*
To obtain the desired compounds, various functionalized iso-
lated and fused 2H-pyran-2-ones 3 were used as precursors. The
reaction of methyl 2-cyano-3,3-dimethylthioacrylate 1 and
different aryl methyl ketones, deoxy-benzoin/anisoin, and 1-
tetralone in DMSO using potassium hydroxide as a base.>*

We used the precursor and synthesized the thieno[3,2-c]
pyran®**” using triethylamine as a base under a green approach.
We synthesized various 6-aryl/5,6-diaryl-thieno[3,2-c]pyrans 5a-
1, 6-aryl-5-methyl-thieno[3,2-c]pyrans 5m and methyl 1-amino-
11-0x0-5,11-dihydro-4H-benzo[#]thieno[3,2-c]chromene-2-
carboxylates 5n and 50 by treatment of synthesized precursor
with methyl thioglycolate. All reactions were carried out in water
using CTAB as surfactant and Et;N as a base at 85 °C. The
reaction was heated at the given temperature for 2-4 hours,
depending on the derivatives. After completion of the reaction,
the obtained precipitate was filtered and washed with water.
The compounds were dried and recrystallized from ethanol and
further tested.

Considering the structure-activity relationship (SAR), we
synthesized a series of thienopyran derivatives with various
substitutions on the thiophene and pyran rings. We have
incorporated different groups such as -NO,, alkyl, alkoxy,
esters, amines and halides to study their outcome on activity.

Additionally, this study represents the first exploration of
these compounds as potential anti-cancer agents. We intro-
duced substitutions at the 6th position of the pyran ring with an
aromatic group and at the 4th and 5th positions of the thio-
phene ring with -NH, and -COOMe, respectively (Fig. 2). It was
found that -NH, and -COOMe substitutions provided basic

No. Thieno-fused molecule® Biological target and/or activity

1 Thieno[3,2-d]pyrimidine CDK inhibition; apoptosis induction

2 Thieno[2,3-d|pyrimidine EGFR and DHEFR inhibition and anticancer cytotoxicity
3 Thieno([2,3-d][1,2,4]triazolo-pyrimidine hybrids Anticancer activity via kinase inhibition

4 Oxadiazole-incorporated thieno heterocycles Cytotoxic activity against A549 lung cancer cells

5 Thieno[3,2-e]pyrrolo[1,2-a]pyrimidine Antitumor activity in pulmonary metastatic models

6 Thieno[3,2-c]pyran Antibacterial activity, anticancer (this work)
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Fig. 2 Synthesis of different thieno[3,2-clpyran-2-ones [5a—50].
Reagents and conditions: all the reactions were performed by stirring 1
(1.0 mmol), 2 (1.5 mmol) and CTAB (0.25 mmol) + EtzN (30 mol%) in
15 mL of water at 85 °C.

binding sites that enhanced biological activity. Modifications to
the pyran ring revealed that compounds with an aromatic group
alone at the 6th position demonstrated effective ICs, values, as
illustrated by 5a and 5n.

2.2 Biological study

2.2.1 Cytotoxic activity of synthesized compounds. All
synthesized compounds (5a-0) were evaluated for their cyto-
toxic potential against two human cancer cell lines, hepatocel-
lular carcinoma (HepG2) and lung carcinoma (A549), using the
cell viability assay. Among the series, compounds 5a and 5n
exhibited the most potent cytotoxic effects. The ICs, values for
5a were 13.65 + 0.32 uM in HepG2 cells and 12.35 £ 0.30 uM in
A549 cells, while 5n displayed IC5, values of 13.26 £ 0.32 uM in
HepG2 and 12.36 =+ 0.30 uM in A549 cells (Fig. 3a and b). These
values were the lowest among all tested compounds, indicating
that 5a and 5n have superior antiproliferative activity in both
cell lines.

Cell viability was assessed after 48 h of treatment with the
indicated compounds at varying concentrations. The
percentage of viable cells was calculated relative to untreated
controls. ICs, values (concentration causing 50% inhibition of
cell viability) were determined. Data represent mean + SD of
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Fig. 3 (a) Cytotoxic effects of synthesized compounds (5a—0) on
HepG2; (b) cytotoxic effects of synthesized compounds (5a—o) on
A549 cells.

three independent experiments performed in triplicate.
Compounds 5a and 5n exhibited the highest cytotoxicity, with
the lowest IC5, values in both (a) HepG2 and (b) A549 cells.

2.2.2 Effect of compounds on cell cycle progression. To
further explore the mechanism of cytotoxicity, we assessed the
impact of 5a and 5n on cell cycle progression in HepG2 cells
using propidium iodide (PI) staining and flow cytometry.
Treatment with both compounds resulted in significant G1
phase arrest compared to untreated controls, suggesting that
the observed growth inhibition may be associated with the
interruption of cell cycle progression (Fig. 4a). These data
indicate that 5a and 5n can interfere with the normal cell cycle,
thereby reducing cellular proliferation.

2.2.3 Induction of apoptosis by 5a and 5n. The apoptotic
potential of 5a and 5n was evaluated at their respective ICs,
concentrations in HepG2 cells using Annexin V-FITC/PI stain-
ing. Flow cytometric analysis demonstrated that compound 5a
induced apoptosis in approximately 12-14% of cells, whereas
5n triggered apoptosis in only 6-7% of cells (Fig. 4b). These
results suggest that, although both compounds can arrest the
cell cycle at G1, 5a is more effective at promoting apoptotic cell
death compared to 5n under the tested conditions (Fig. 4b).

In summary, compounds 5a and 5n exhibited the strongest
cytotoxic effects among the synthesized compounds with low
micromolar ICs, values in both HepG2 and A549 cells. Cyto-
toxicity is likely mediated by G1 phase cell cycle arrest, with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Effects of compounds 5a (SNG 10) and 5n (SNG 12) on cell cycle
progression and apoptosis in A549 cells. (a) Cell cycle distribution was
analysed by flow cytometry using propidium iodide (Pl) staining after
48 h treatment with SNG-10 (5a) or SNG-12 (5n). Both compounds
induced significant G1 phase arrest compared to untreated controls.
(b) Apoptotic activity was measured using Annexin V-FITC/PI staining
following 48 h exposure to 5a or 5n. Compound 5a induced higher
apoptosis (~12-14%) compared to 5n (~6-7%). All values are pre-
sented as mean =+ SD of three independent experiments.

apoptosis contributing partially to the antiproliferative effect,
particularly for compound 5a. These findings identify 5a as
a promising lead for further mechanistic and therapeutic
studies.

2.2.4 Effect of selected compounds on cell viability in
EGFR-expressing LN229 glioblastoma cells. To evaluate the
cytotoxic potential of the compounds 5a, 5d, 5e and 5n against
an EGFR-expressing glioblastoma cell line, the MTT cell
viability assay was performed in LN229 cells at a fixed concen-
tration of 26 uM. Both freshly dissolved (in media) and pre-
incubated (dissolved in PBS at 25 °C for 24 hours) formula-
tions of each compound were tested to assess the influence of
solubilization conditions on biological activity. DMSO was used
as the vehicle control, and all results were normalised to DMSO-
treated cells (100% viability) (Fig. 5).

Quantification of cell viability expressed as a percentage of
DMSO control is presented in Figure B. Treatment with all
compounds at 26 uM resulted in a significant reduction in cell
viability, with values ranging from approximately 40% to 60%
relative to the vehicle control. Statistical analysis confirmed that all
compound-treated groups showed highly significant reductions in
cell viability compared to DMSO (***p < 0.001), indicating potent
cytotoxic activity against LN229 cells at this concentration.
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Fig. 5 MTT %age cell viability assay of selected compounds in LN229
at 26 pM concentration for 48 h of treatment (p-value <0.05(%),
<0.01(**), <0.001(***)are considered significant; graph plotted + SEM).
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Among the PBS dissolved compounds, 5d and 5e (PBS pre-
incubated formulations) demonstrated the most pronounced
cytotoxicity, reducing cell viability to approximately 40-43%,
suggesting near-maximal growth inhibition at 26 puM. In
contrast, compounds 5a and 5n show relatively moderate cyto-
toxicity, with viability values in the range of 55-60%, though
still significantly different from the control.

2.2.5 Stability of compound 5a in LN229 glioma cells. The
stability of compound 5a was evaluated in the LN229 glioblas-
toma cell line, with endogenously amplified EGFR, using the
MTT cell viability assay at a concentration of 13 M. Treatment
of LN229 cells with compound 5a resulted in approximately
55% cytotoxicity, indicating antiproliferative activity at the
tested concentration. This reduction in cell viability was
statistically significant (p <0.001), as determined by comparison
with the DMSO control group. To assess the stability and
functional integrity of compound 5a under physiologically
relevant pre-incubation conditions, the compound was pre-
incubated in PBS at 26 °C for 48 and 72 hours before treat-
ment. Both PBS-pre-incubated formulations (PBS-48 and PBS-
72) retained substantial cytotoxic activity, with cell viability
values remaining statistically significantly reduced compared to
the DMSO control (p < 0.001). However, a reduction of approx-
imately 5-10% in cytotoxic potency was observed relative to
freshly prepared compound 5a, which is also possible due to
media compound interaction (Fig. 6).

A similar trend was observed when compound 5a was pre-
incubated in fetal calf serum (FCS)-containing media under
identical conditions (FCS-48 and FCS-72). The FCS-pre-
incubated samples likewise demonstrated statistically signifi-
cant cytotoxicity compared to the DMSO control (p < 0.001), with
a comparable 5-10% attenuation in antiproliferative activity
relative to the freshly dissolved compound. Collectively, these
results demonstrate that compound 5a exerts significant cyto-
toxic activity against EGFR-expressing LN229 glioblastoma cells
at 13 uM, and that this activity is largely preserved following pre-
incubation under both aqueous and serum-containing condi-
tions for up to 72 hours, supporting the stability and
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Fig.6 MTT cellviability assay in LN229 at 13 uM concentration for 48 h
of treatment to study the stability of compounds in; DMSO, compound
preincubated in PBS and FCS for 48 h and 72 h before treatment (p-
value <0.05(*), <0.01(**), <0.001(***)are considered significant; graph
plotted + SEM).
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Fig. 7 MTT cell viability assay in HEK293 treatment with compounds
(5a, 5d, 5e and 5n) at 13 uM and 6.5 uM concentration for 48 h
treatment (p-value <0.05(*), <0.01(**), <0.001(***) are considered
significant; graph plotted + SEM).

translational potential of the compound under physiological
conditions.

The stability of compounds was also confirmed by mass
spectrometry. We have recoded the chromatogram of
compound 5a after treatment with PBS for 48 and 72 h at 26 °C.
Each chromatogram shows no decomposition of compounds
and suggests their stability during testing against the cell line
(see SI; Fig. S2-S4).

2.2.6 In vitro cytotoxicity of compounds in HEK293 cells.
To evaluate the biocompatibility of the synthesized compounds,
an MTT cell viability assay was performed on HEK293 cells
following 48 hours of treatment at two concentrations, 13 uM
and 6.5 pM. None of the tested compounds (5a, 5d, 5e, and 5n)
exhibited cytotoxic effects on the HEK293 cell line at the tested
concentrations. Instead, all treatment groups showed an
increase in absorbance values compared to the DMSO control
(Figure C). Compounds 5a, 5e, and 5n showed statistically
significant increases in metabolic activity/cell viability
compared to the control (p < 0.05 or p < 0.01) (Figure D). There
were no drastic differences in cell response between the 13 pM
and 6.5 pM doses across the tested compounds, suggesting
a plateau in the proliferative or metabolic response within this
concentration range (Fig. 7 and 8).
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Overall, the data indicate that compounds 5a, 5d, 5e, and 5n
are non-toxic to HEK293 cells under the specified conditions
and may promote cell proliferation or increased metabolic
activity.

2.2.7 Molecular docking analysis. Molecular docking
simulations were carried out using Maestro to evaluate the
binding affinities and interaction profiles of reference and test
compounds-specifically, compounds 5a and 5n against key
oncogenic targets: Epidermal Growth Factor Receptor (EGFR)
for lung cancer and Vascular Endothelial Growth Factor
Receptor 2 (VEGFR-2) for liver cancer. These simulations aimed
to correlate the in-silico binding behaviours with biological
assay data and to provide insight into the structural determi-
nants governing receptor-ligand interactions. The crystallo-
graphic structure of EGFR in complex with erlotinib (PDB ID:
4HJO) served as a reference for binding site validation. To
confirm docking reliability, erlotinib was redocked into the
EGFR active site, demonstrating accurate pose reproduction. A
comprehensive screening of the series of compounds was con-
ducted, and high-scoring candidates were shortlisted. Among
them, compounds 5a and 5n exhibited superior docking scores
and were selected for further investigation.

Compound 5a exhibited favourable binding to EGFR, with
a docking score of —7.925. A hydrogen bond (3.25 A) was
observed with Cys773, a polar residue. The binding pocket
consisted of hydrophobic residues (Ala719, Leu764, Leu820,
Leu834, and Val702), basic residues (Lys721, Gly772), acidic
residues (Asp86), and polar uncharged residues (Thr766). These
interactions indicate a stable and specific binding conforma-
tion, illustrated in Fig. 9(a) and (b).

Similarly, compound 5n demonstrated a high docking score
of —7.871 with EGFR. It formed a hydrogen bond (2.0 A) via
a bridging water molecule, enhancing binding specificity. The
residues surrounding the binding site included Asp831 (acidic),
Thr830 (polar), Lys721, Gly772 (basic), Val702, Leu794, Leu768,
Leu820 (hydrophobic), and Met769 (nonpolar). This configura-
tion supports a robust interaction profile, detailed in Fig. 10(c)
and (d).

Compound 5a displayed a strong binding affinity toward
VEGFR-2, yielding a Glide docking score of —8.834. It formed
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Fig. 8 HEK293 Cell images taken after incubation with MTT reagent at 565 nm, cell number is the same, but the intensity of crystal formation is

higher in cells treated with 5a.
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Fig. 9 |Illustrative depiction of the ligand—protein complexes. The
most favourable binding conformations of compounds 5a and 5n with
EGFR are shown, exhibiting high docking scores of (a)

—7.925 kcal mol™ and (b) —7.871 kcal mol™?, respectively. The inter-
action profiles of 5a (c) and 5n (d) are visualized through 2D molecular
interaction diagrams generated using LigPlot+ v.2.2.4. In these
diagrams, green dashed lines indicate hydrogen bonds along with their
bond distances, while red spiked arcs highlight the residues partici-
pating in hydrophobic.

a key hydrogen bond (2.84 A) with the thiol group of Cys919,
a polar uncharged residue. The residues within 3 A of the ligand
included a combination of aromatic (Phe918), hydrophobic
(Valol6, Val899, Valg4s, Alas866, Leu840, Leul035), basic
(Lys920, Lys868, Gly922), acidic (Glu917, Asp1046), and polar
amide residues (Cys1045). This network of hydrophobic and
polar interactions contributed to the stable binding conforma-
tion observed in Fig. 10 (a) and (b).

In comparison, compound 5n showed an even higher affinity
with a docking score of —8.994. A notable ®-7 stacking inter-
action (2.7 A) was observed with Phe918, further stabilizing the
complex. The surrounding pocket was similarly composed of
hydrophobic (Val916, Val899, vVal848, Ala866, Leu840, Leu1035),
basic (Lys920, Gly922), acidic (Glu917), and polar (Cys919)
residues, facilitating strong hydrophobic interactions and
potential functional activity, as depicted in Fig. 10(c) and (d).

As reported, compounds 5a and 5n exhibited the most
potent antiproliferative effects among the tested series, with
very similar ICs, values in both HepG2 and A549 cell lines. In
HepG2 cells, compound 5a showed an ICs, of 13.65 £ 0.32 puM,
while 5n exhibited an IC5, of 13.26 + 0.32 uM. Likewise, in A549
cells, the ICs5, values were 12.35 + 0.30 uM for 5a and 12.36 +
0.30 uM for 5n. These differences are minimal and fall within
experimental variability, indicating that both compounds
possess comparable cytotoxic potency at the cellular level.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10
most favourable binding conformations of compounds 5a and 5n with

Ilustrative depiction of the ligand—protein complexes. The

VEGFR-2 are shown, exhibiting high docking scores of (a)
—8.834 kcal mol™ and (b) —8.994 kcal mol™?, respectively. The
interaction profiles of 5a (c) and 5n (d) are visualized through 2D
molecular interaction diagrams generated using LigPlot+ v.2.2.4. In
these diagrams, green dashed lines indicate hydrogen bonds along
with their bond distances, while red spiked arcs highlight the residues
participating in hydrophobic.

Although compound 5n demonstrated a slightly better
VEGFR-2 docking score, cytotoxic activity reflects an integrated
cellular response rather than binding affinity alone. The
comparable ICs, values suggest that both compounds achieve
similar levels of growth inhibition, while differences in
apoptotic induction may arise from factors beyond receptor
binding, such as intracellular uptake, metabolic stability, or
differential engagement of downstream signalling pathways.
Importantly, compound 5a showed consistent and robust
cytotoxicity across both cell lines, which may explain its rela-
tively stronger apoptotic response despite a marginally lower
docking score.

The standard drug Doxorubicin, used as a control, displayed
comparatively lower binding affinities with VEGFR-2 and EGFR,
scoring —7.157 and —5.252, respectively. These results under-
score the enhanced binding potential of the novel compounds
5a and 5n over the reference compound, reinforcing their
candidacy for further biological evaluation.

3 Experimental section
3.1 Materials

Commercially available reagents and solvents from TCI Chem-
icals, Sigma Aldrich, and Alfa Aesar were used without further
purification. Reactions were monitored by analytical thin-layer
chromatography (TLC) and were conducted in dry glassware.
Infrared (IR) spectra were recorded using a PerkinElmer AX-1
spectrophotometer, with stretching frequencies reported as
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wave numbers (cm ™ '). "H and "*C NMR spectra were acquired
on 400 MHz and 100 MHz NMR spectrometers, respectively.
CDCl; (from Eurisotop) was used as the solvent to obtain the
NMR data and chemical shifts reported in parts per million
(ppm) relative to CDCl;, where 6 7.26 ppm and 6 77.00 ppm
served as internal standards for "H and '*C NMR, respectively.
Additionally, DMSO-d¢ (from Eurisotop) was used as a solvent,
with chemical shifts referenced in ppm relative to DMSO-ds,
where 6 2.50 ppm and ¢ 39.52 ppm were used as internal
standards for 'H and *C NMR, respectively. NMR signal
patterns are designated as s (singlet), d (doublet), dd (doublet of
doublets), t (triplet), m (multiplet), and bs (broad singlet).
Extraction and chromatography were performed with reagent-
grade solvents, and yields are reported for chromatographi-
cally pure materials.

3.2 Synthesis of compounds

3.2.1 General protocol for synthesis of methyl 3-amino-4-
oxo-6-aryl-4H-thieno[3,2-c]pyran-2-carboxylate. A mixture of 4-
(methylthio)-2-oxo-6-aryl-2 H-pyran-3-carbonitriles (1.0 mmol),
methyl thioglycolate (1.5 mmol) was dissolved in distilled water
(15 mL) followed by the addition of CTAB (0.25 mmol). Then
triethylamine (30 mol%) was added, and the mixture was stirred
for 2-3 h at 85 °C. After completion of the reaction, the mixture
was cooled down to room temperature. The obtained precipitate
was filtered and washed with hot distilled water. Finally, the
product was dried and recrystallized from hot ethanol. The
characterization data for the synthesized compounds are re-
ported earlier.>**

3.3 Cell line study

3.3.1 ICso and cell viability assay. A549, HepG2, LN229 and
HEK293 cells were procured from the National Centre for Cell
Science (NCCS), Pune, India. A549, HepG2, LN229 and HEK293
cells were maintained in DMEM (Gibco) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin at 37 °©
C in a humidified incubator with 5% CO,. Cells were lyophi-
lized, counted with a Countess cell counter (Invitrogen), and
seeded in clear-bottom 96-well plates at densities optimized to
remain in logarithmic growth over the assay period (A549: 5000
cells/well; HepG2: 8000 cells/well in 100 pL complete medium).
After allowing cells to attach for 16-18 h, the medium was
replaced with 100 pL fresh medium containing compounds.
Each concentration was tested in technical triplicate, and
experiments were repeated at least three times. After compound
exposure for the indicated time (24, 48, or 72 h, depending on
the experiment), cell viability was measured using the Pres-
toBlue™ Cell Viability Reagent (Thermo Fisher) according to
the manufacturer's instructions. Briefly, plates were equili-
brated to room temperature for 10 min, then 10 pL PrestoBlue
reagent (10% v/v final) was added directly to each well (final
volume 110 pL). Plates were protected from light and incubated
at 37 °C for 10-30 min (incubation time optimized per cell line
to ensure signal remained within the linear range). Fluores-
cence was measured on a plate reader using excitation at
560 nm and emission at 590 nm. For each plate, blank wells
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containing medium + PrestoBlue (no cells) and vehicle control
wells (cells + vehicle) were included. Raw fluorescence values
were background-subtracted (blank) and normalized to vehicle
control wells. Percentage viability was calculated as:

RFU treated — RFU blank

RFU vehicle — RFU blank © 0

% viability =

Dose-response curves and half-maximal cytotoxic concentra-
tion (ICs,) values were determined by nonlinear regression (log
[inhibitor] vs. response — variable slope) using GraphPad Prism.
Data are presented as + SEM from three independent experiments.

3.4 Cell cycle and apoptosis assays

3.4.1 Cell cycle assay. Cell cycle distribution was deter-
mined using the propidium iodide (PI) uptake method,
following previously described protocols.®® Briefly, cells treated
with the indicated compounds (e.g., SNG-10 (5a) and SNG-12
(5n)) were harvested, washed three times with phosphate-
buffered saline (PBS), and fixed in 70% ethanol at —20 °C for
30 minutes. Fixed cells were then centrifuged, washed three
times with PBS, and resuspended in a staining buffer contain-
ing RNase A (10 pg mL™") and propidium iodide (1 ug mL ™).
The mixture was incubated in the dark at room temperature for
30 minutes, allowing PI to intercalate with DNA. Cell cycle
phases (G0/G1, S, G2/M) were analysed using a BD FACS Influx
flow cytometer, and data were processed using Flow]Jo software.
Experiments were performed in triplicate, and the percentage of
cells in each phase was calculated relative to untreated controls.

3.4.2 Apoptosis assay. Apoptotic cell death was assessed
using FITC-labelled annexin V and propidium iodide (PI)
staining, as previously described.?** Cells treated with the active
compounds (5a or 5n) were detached using trypsin, washed
twice with PBS, and resuspended in 100 pL of annexin V binding
buffer. Annexin V-FITC (5 uL) was added to the cell suspension,
and cells were incubated in the dark at room temperature for 15
minutes. Subsequently, propidium iodide (5 pL) was added
immediately before analysis. Apoptotic cells were quantified
using a BD FACS Influx flow cytometer, distinguishing early
apoptotic (annexin V'/PI"), late apoptotic/necrotic (annexin V*/
PI'), and viable cells (annexin V/PI7). All experiments were
performed in triplicate, and data are presented as mean + SD.

3.5 MITT cell viability assay against LN229 and HEK293 cell
lines*’

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) colorimetric assay.
LN229 and HEK293 cells were harvested and seeded in 96-well
flat-bottom tissue culture plates at a density of 5 x 10° cells per
well in a final volume of 100 pL complete DMEM per well. Cells
were allowed to adhere and equilibrate overnight at 37 °C with
5% CO, before treatment. Following overnight incubation, the
culture medium was replaced with 100 pL of fresh serum-free
DMEM containing dilutions of the compounds at concentra-
tions 26 uM, 13 uM, 6.5 pM. Test compounds were prepared as
stock solutions in dimethyl sulfoxide (DMSO) and further

© 2026 The Author(s). Published by the Royal Society of Chemistry
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diluted in DMEM. After 48 hours, the medium was carefully
aspirated from each well without disturbing the cell monolayer.
Subsequently, 10 uL of the MTT stock solution (5 mg mL™") was
added to each well along with 90 pL of serum-free DMEM, to
a final MTT concentration of 1 mg mL ™" per well. Plates were
incubated at 37 °C for 4 hours in dark. The insoluble purple
formazan crystals formed in each well were dissolved by adding
200 pL of DMSO to each well. Plates were placed 37 °C for 20
minutes. The absorbance was measured at 565 nm in ELISA
plate reader (TECAN).

3.6 Molecular docking

The chemical structures of the lead compounds, 5a and 5n, were
initially constructed in ChemDraw (.cdx format) and subse-
quently converted to the Maestro-compatible .maegz format
using Maestro version 11.8 (Schrodinger, LLC). Molecular dock-
ing studies were conducted using the Glide module. High-
resolution crystal structures relevant to lung (PDB ID: 4HJO)****
and liver cancer (PDB ID: 4ASD)* were retrieved from the Protein
Data Bank. These protein models were pre-processed using the
Protein Preparation Wizard in Maestro, which included hydrogen
addition, assignment of appropriate protonation states, removal
of water molecules, and energy minimization utilizing the OPLS-
2005 force field. Ligand preparation was carried out using the
LigPrep tool, with Epik used to generate ionization states at
a physiological pH of 7.0, applying the same OPLS-2005 force
field. Docking simulations were executed using Glide in Extra
Precision (XP) mode to ensure accurate binding predictions. The
resulting docked complexes were visualized and analysed with
PyMOL version 2.5.*

4 Conclusions

In this study, we synthesized a series of compounds (5a-0) and
evaluated their cytotoxic potential against human hepatocel-
lular carcinoma (HepG2) and lung carcinoma (A549) cell lines.
Among all tested compounds, 5a and 5n exhibited the best
antiproliferative activity, with ICs, values in the low micromolar
range. The comparable activity in both HepG2 and A549 cells
suggests that these compounds possess broad cytotoxic effects
against distinct cancer types, highlighting their potential as
lead molecules for further anticancer development. Addition-
ally, compound 5e also exhibits good activity against Glioma
cancer with an ICs, of 26 uM. Further study of these compounds
is going on.

The mechanism underlying the observed cytotoxicity was
explored through cell cycle analysis. Both 5a and 5n induced
significant G1 phase arrest in HepG2 cells, indicating that these
compounds interfere with the normal progression of the cell
cycle. G1 arrest is often associated with inhibition of DNA
synthesis and the activation of cellular checkpoints, which can
slow proliferation and sensitize cells to apoptotic signals. Our
findings suggest that disruption of cell cycle machinery is a key
contributor to the growth-inhibitory effects of these compounds.

Further investigation into apoptosis induction revealed
a differential effect between the two compounds. While 5a

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

View Article Online

RSC Advances

induced apoptosis in approximately 12-14% of cells, 5n showed
a relatively modest apoptotic effect (6-7%). These results indicate
that, although both compounds can arrest the cell cycle,
compound 5a more effectively triggers programmed cell death,
which may explain its slightly superior antiproliferative activity.
The partial contribution of apoptosis to overall cytotoxicity
suggests that G1 arrest and apoptosis act in concert to inhibit cell
growth, with cell cycle arrest likely being the primary mechanism.

Further, the testing of selected compounds against the
normal cell line HEK293 under the same conditions and
concentration shows no cytotoxicity. We also confirmed the role
of EGFR inhibition in the proposed study. The selected
compounds were tested against the EGFR-expressing glioma
cell line, and good cytotoxicity confirms that the proposed
pathway is probable.

In conclusion, this study demonstrates that compounds 5a
and 5n are effective cytotoxic agents, with compound 5a
showing the most promising activity. The ability of these
compounds to inhibit proliferation through cell cycle arrest and
apoptosis provides a strong basis for further optimization and
development as potential anticancer therapeutics.
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