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The limitations of currently existing medications in delaying or halting the development of Parkinson's
disease (PD) remain dramatically problematic, making it the second most prevalent neurodegenerative
disorder. Moreover, it is expected that the number of PD cases will double within the next 30 years.
Herein, to discover a novel neuroprotective therapeutic strategy, a series of multifunctional thiazole
sulfonamides underwent preliminary assessment owing to their neuroprotective capabilities against 6-
hydroxydopamine (6-OHDA)-induced damage in human neuronal SH-SY5Y cells. Pretreatment with
novel synthetic hybrids, including 1, 2, and 8, significantly improved cell viability, reduced lactate
dehydrogenase (LDH) leakage, prevented mitochondrial dysfunction, and mitigated intracellular oxidative
stress. Insight molecular mechanisms and potential targets of these compounds were elucidated
through their activation and binding interaction with sirtuin 1 (SIRT1), suggesting their influencing roles
on relevant downstream cascades of PD. Furthermore, in silico pharmacokinetic analysis revealed the
drug-likeness of these three hybrids, which are capable of being distributed into the central nervous
system (CNS) with slight toxicity. Therefore, these novel neuroprotective thiazole sulfonamides are
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Introduction

The entire aging population (over 65 years) has currently
exceeded that of the children under five years old and is fore-
casted to double in 2050 worldwide.* Accordingly, the gradually
increasing prevalence of age-related neurodegenerative disor-
ders (i.e., Alzheimer's disease (AD), PD, and moderate cognitive
impairment) significantly contributes to the national and
international socioeconomic impacts.> The World Health
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promising candidates for further development (i.e., in vivo and clinical trials) of effective PD therapy.

Organization (WHO) states that PD is an impaired neurological
condition with the second highest rate of global death cases. PD
can be caused by both hereditary and non-genetic factors
affecting uneven walking, tremors, muscular rigidity, and
imbalanced physical movements.>* Although the exact patho-
logical causes of PD are still unknown, the aggregation of alpha-
synuclein has been hypothesized as a major hallmark of PD,’
incorporated with external risk factors, including unhealthy
lifestyle habits and environmental pollutant exposure.®” To
date, levodopa, dopamine agonists, anticholinergics as well as
monoamine oxidase B (MAO B) and catechol-O-methyl trans-
ferase (COMT) inhibitors have been the only PD medications
approved by the Food and Drug Administration (FDA). These
medications are symptomatic agents, which are only capable of
relieving the symptoms but incapable of delaying the progres-
sion of the disease or its adverse effects.>® Hence, the discovery
of alternative neuroprotective agents that could slow down the
progression of PD in the early stages is an urgent issue.
Attention has been paid to sulfonamide as an initial core
scaffold in medicinal chemistry because of its pivotal therapeutic
applications, i.e., antibacterial,’® antiviral,"* antimalarial,"* and
anticancer activities. Owing to their broad-ranging bioactivities,
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the sulfonamides are current candidates for drug repurposing as
well as novel designs of multi-target-based drugs according to the
expanding discipline of polypharmacology.'®*> Several studies
have reported thiazole as another key pharmacophore for treat-
ing various disorders with strong therapeutic effects, including
antibacterial** and anti-inflammatory"® activities. Particularly,
both sulfonamide and thiazole derivatives exert antioxidant'*"’
and neuroprotective'® effects. Additionally, dopamine analogs
bearing sulfonamide acted as anti-AD agents by inhibiting
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE).*
Bis-sulfonamides are also highlighted as potential PD agents
through the activity of NAD-dependent deacetylase SIRT1.>° The
current representative of sulfonamide and thiazole moieties has
been illustrated in Scheme 1.

Specifically, drug development failures mostly occur in clin-
ical trials owing to unfavorable pharmacokinetics and toxicity,
leading to a low success rate for developing effective PD thera-
peutics.*** Therefore, computational (in silico) approaches have
been successfully proven in drug discovery and development to
increase the success rate as well as reduce the time, expenses,
and labor.*® Herein, a combination of in vitro and in silico
methodologies was employed to investigate the neuroprotective
effects and potential mechanisms of twelve thiazole sulfon-
amides against the 6-OHDA-induced human neuroblastoma SH-
SY5Y cell death by mimicking the Parkinsonian model. The
protective efficiency in terms of cell viability, morphological
changes, LDH leakage, intracellular reactive oxygen species (ROS)
generation, mitochondrial membrane potential (MMP), and
SIRT1 activation was explored. Molecular docking was further
conducted to clarify the possible binding modes and key inter-
actions against the SIRT1 target protein. In silico pharmacoki-
netics and target predictions were also performed to ensure their
promising prospects for further PD advancement.

Experimental

Chemicals and reagents
Human neuroblastoma (SH-SY5Y; ATCC CRL-2266) and normal

embryonic lung (MRC-5; ATCC CCL-171) were obtained from
the American Type Culture Collection (ATCC; Manassas, VA,
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USA). Dulbecco's Modified Eagle Medium (DMEM), fetal bovine
serum (FBS), 0.25% trypsin-ethylenediaminetetraacetic acid
(EDTA), and 1% penicillin-streptomycin were purchased from
Gibco BRL (Gaithersburg, MD, USA). 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) and 2’,7'-dichlor-
odihydrofluorescein diacetate (DCFDA) were obtained from
Molecular Probes (Eugene, OR, USA). A 10x RIPA buffer and
protease inhibitor cocktail were obtained from Merck Millipore
(Darmstadt, Germany). The Bradford protein assay was
purchased from Bio-Rad Laboratories (Hercules, CA, USA).
LDH-activity assay kit (cat. no. MAK066), SIRT1 activity assay kit
(cat. no. (CS1040), mitochondrial-specific  fluorescent
rhodamine-123 (cat. no. R8004), 6-OHDA (cat. no. H4381),
resveratrol (RSV), and reagent grade chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Chemistry

Tested thiazole sulfonamides 1-12 were synthesized by N-sul-
fonylation of 2-aminothiazole A with the corresponding ben-
zenesulfonyl chloride B in the presence of sodium carbonate in
dichloromethane, as shown in Fig. 1. Their chemical structures
were confirmed by spectral data (‘H, *C, and mass spectra).*
Compound purities were determined by High Performance
Liquid Chromatography (HPLC). HPLC was carried out using
Waters; 600 pump and controller; 717 autosampler, equipped
with 996 PDA detector at 254 nm; column (Nova-Pak, C18, 4 um,
60 A, 150 mm x 3.9 mm); mobile phases: CH;CN (A) and H,O
(W); and condition: isocratic at 60% A and 40% W, flow rate 1
mL min ', running time 8 min, and injection volume 2 pL. Each
sample was prepared in acetonitrile/water (9/1). All biological
tested compounds (1-12) were >95% purity as determined by
HPLC and summarized in Table 1.

Cell culture

The SH-SY5Y and MRC-5 cells were grown in 75 ¢cm® culture
flasks containing DMEM supplemented with 10% heat-
inactivated FBS and 1% penicillin-streptomycin. The culti-
vated cells were maintained at a temperature of 37 °C in an
incubator filled with a humidified atmosphere consisting of

HN_s OCHV‘N CsﬂlN
U [ ©nN o N
P & HZN’\ [ X HNT I
SN H R =N :
I T TH s s h £ on Sulfonamide
i -
OH O N [ o fHoleny Sulfadiazine Sulfamethazine

Ho: 20 N Antibacterial Antibacterial
Sudoxicam Cefdinir / \ \ 7/ NH;
Anti-inflammatory Antibacterial O .‘ 3 |

S

P 0% e H
F l_ T I S NH, ~N -S - H
~N (L Thiazole
. . moiety
Riluzole Pramipexole
Treatment of Amyotrophic  Anti-Parkinson’s

Lateral Sclerosis Disease

Scheme 1 Representative of sulfonamide and thiazole moieties.
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Fig. 1 Chemical structures of thiazole sulfonamides (1-12), 2-aminothiazole (parent compound A), and RSV.

Table 1 Purity and cytotoxic activity of thiazole sulfonamides against
the MRC-5 cell line (1-12)

Cytotoxic activity

Compound Purity (%) (ICs0, M)

1 100.00 Non-cytotoxic
2 100.00 Non-cytotoxic
3 100.00 Non-cytotoxic
4 98.87 Non-cytotoxic
5 100.00 Non-cytotoxic
6 95.85 Non-cytotoxic
7 99.61 Non-cytotoxic
8 100.00 Non-cytotoxic
9 96.44 Non-cytotoxic
10 99.11 Non-cytotoxic
11 98.94 Non-cytotoxic
12 97.16 Non-cytotoxic
Doxorubicin — 2.43
hydrochloride®

“ Doxorubicin hydrochloride was used as a reference drug.

95% air and 5% CO,. Every three days, the medium used for
cultivation was replaced while passing the cells when they
approached an overall confluence of around 80%.

Measurement of cytotoxicity and cell viability by MTT assay

The MRC-5 cells suspended in the corresponding culture
medium were seeded in 96 well plates at a density of 1-2 x 10*
cells per well and were incubated for 24 h at 37 °C in the
abovementioned humidified atmosphere with 95% air and 5%
CO,. Serial dilutions of the thiazole sulfonamides (1-12), posi-
tive doxorubicin, or negative DMSO were added to the plates,
followed by an additional 48 h of incubation. The number of
surviving cells in each well was determined using an MTT assay.

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

Briefly, MTT solution was introduced to each well and incu-
bated for 2-4 h. Subsequently, DMSO was added to solubilize
the purple formazan crystals by sonication. The absorbance of
formazan was measured at a test wavelength of 550 nm and
a reference wavelength of 650 nm using a microplate reader
(Molecular Devices, CA, USA). The ICs, value is defined as the
concentration of a compound that inhibits cell growth by
50%.%57%7

The SH-SY5Y cell line was also grown in 96 well plates for
24 h before being pretreated with various doses of thiazole
sulfonamides (1-12) or RSV ranging from 0.1-100 pM for 3 h
and then exposed to 100 uM of 6-OHDA for an additional 24 h.
After treatment, MTT solution was applied to each well and
further incubated in the dark at 37 °C for 3 h. The formazan was
dissolved with 0.04 N HCI in isopropanol buffer, followed by
optical density quantification at 570 nm using a microplate
reader (Thermo Fisher Scientific, MA, USA).>

Assessment of cell morphology

The SH-SY5Y cells were cultured at a density of 1 x 10> cells
per mL in 6 well plates and allowed to adhere overnight. After
seeding, the cells were pretreated with thiazole sulfonamides
(1-12) for 3 h, followed by an additional 100 pM 6-OHDA
exposure for 24 h. Upon completion of the incubation period,
an inverted light microscope (Olympus Corporation, Tokyo,
Japan) was used to observe the morphology of the cells at
a magnification of 20x.>®

Measurement of LDH leakage

The neuroprotective effect of thiazole sulfonamides (1-12)
against 6-OHDA-induced cytotoxicity was evaluated by the
amount of LDH that leaked into the culture medium.*® Briefly, 1
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x 10° cells per mL of SH-SY5Y cells were grown in 6 well plates.
Following a 3 h pretreatment with 1 uM thiazole sulfonamides,
the pretreated cells were exposed to 100 uM 6-OHDA for
a further 24 h. After that, the culture media was removed, and
LDH activity was measured using the colorimetric LDH assay kit
in accordance with the manufacturer's instructions. The LDH
assay relies on the production of nicotinamide adenine dinu-
cleotide (NADH) by the conversion of lactate to pyruvate, which
can detect absorbance at 450 nm by applying a microplate
reader.

Determination of intracellular ROS production by DCFDA
assay

Intracellular ROS generation was determined using the ROS-
sensitive fluorescent DCFDA probe.”® After the mentioned
treatment, the SH-SY5Y cells were incubated with a final
concentration of 10 pM of DCFDA for 30 min in the dark. A
microplate reader was used to measure the amounts of fluo-
rescent ROS at excitation and emission wavelengths of 495 and
527 nm, respectively.

Determination of catalase activity

Catalase antioxidant enzyme activity is traditionally quantified
by the decomposition of hydrogen peroxide (H,0,) with potas-
sium permanganate (KMnO,)-based catalysts.?>*® Briefly, the
mixture of the tested compound and 0.059 M H,O0, was pre-
incubated at room temperature for 30 min. Afterward, 0.2 M
sulfuric acid and 0.1 M KMnO, were added. The transition from
purple KMnO, to a colorless product was measured by absor-
bance at 525 nm to indicate the absence and presence of H,0,
quantity. Moreover, the cellular catalase was also determined
using the lysate cell as in the above treatment.

Assessment of MMP by rhodamine-123 staining

Fluorescent rhodamine-123 was used to measure the MMP.*
SH-SY5Y cells were seeded onto 96 well plates and treated as
described above. At the end of the treatment, the cells were
introduced to rhodamine-123 at a final concentration of 10 uM
for 30 min in the dark. After the incubation period, the super-
natant was removed, and the treated cells were cleaned twice
with phosphate buffered saline (PBS). A microplate reader was
employed to evaluate the MMP levels at excitation and emission
spectra of 488 and 525 nm, respectively.

Measurement of SIRT1 activity

Following the end of the treatment, the SH-SY5Y cells were
washed with ice-cold PBS and extracted using 1x RIPA buffer
containing protease inhibitors at 4 °C for 20 min. After col-
lecting the lysate, 12 000 x g centrifugation was performed for
20 min at 4 °C, followed by transferring the protein supernatant
into the microcentrifuge tubes. The Bradford protein assay was
performed to determine the protein content in the samples,
adhering to the manufacturer's instructions. SIRT1 deacetylase
activity was examined at an excitation wavelength of 340 nm
and an emission wavelength of 445 nm.*®
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Prediction of physicochemical and pharmacokinetic
properties

Physicochemical, pharmacokinetic (i.e., absorption, distribu-
tion, metabolism, and elimination; ADME), and toxicity char-
acteristics of the thiazole sulfonamides (1-12) and the parent 2-
aminothiazole (A) were predicted using web-based servers,
including ProTox-II (https://tox-new.charite.de/protox_II/),*
pkCSM (https://biosig.unimelb.edu.au/pkesm/),* and
SwissADME (https://www.swissadme.ch/).** To estimate the
above features, their chemical structures in Simplified
Molecular Input Line Entry System (SMILES) format were
submitted to the mentioned servers. Finally, Lipinski's,
Ghose's, Veber's, Egan's, and Muegge's rules were employed
to assess drug-likeness properties.*

Molecular docking

To investigate the molecular interaction of thiazole sulfon-
amides and the SIRT1 protein target of interest, a free accessible
SwissDock server (https://www.swissdock.ch/)*® was employed.
The 2-dimensional (2D) structure of the ligands was drawn
and converted to a 3D structure by applying ChemOffice 2018,
while the crystallized protein structure was retrieved from the
Protein Data Bank database (PDB 5BTR).”” Before the docking
process, the co-crystallized ligands, including 3 subunits of
RSV, were removed from the SIRT1 target protein, and only
chain A was chosen for the docking process through the server
with default parameters. The illustration of binding poses and
estimated binding energy was analyzed using Discovery Studio
Visualizer 2021 (BIOVIA, Dassault Systémes).

Target prediction

Possible protein target-related compounds were identified by
uploading the SMILES format of the compounds through
several web-based servers, ie., SwissTargetPrediction (https://
www.swisstargetprediction.ch/) with the inclusion of
a probability more than 0 score®*® and SuperPRED (https://
prediction.charite.de/subpages/target_prediction.php).*

Additionally, potential targets associated with PD were screened
using the keywords of human and Parkinson's diseases from
DisGeNET  (https://www.disgenet.org/)*® and GeneCards
database (https://www.genecards.org).”* The criterion for
screening target-related disease genes was selected as greater
than the average scores. After retrieving the target of interest,
the compounds and protein-associated diseases were
visualized as a Venn diagram by online Venny 2.1.0 (https://
bioinfogp.cnb.csic.es/tools/venny/).*> The overlapping target
proteins for thiazole sulfonamides and PD were carried out
from STRING database version 12.0 (https://string-db.org/),**
in which the highest confidence level of 0.9 was the minimum
required interaction score. Subsequently, compound-target-
disease (CTD) and protein-protein interaction (PPI) networks
were constructed using open-source Cytoscape software 3.10.1
(https://cytoscape.org/).** To comprehensively understand the
possible molecular mechanistic relevance, centralities of
degree (DC), closeness (CC), and betweenness (BC) were used

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as the reference standard to evaluate the essentiality of each
target and compound.

Statistical analysis

One-way analysis of variance (ANOVA) and a Tukey-Kramer post
hoc test were used to express statistical comparisons across
groups as mean = SEM of three independent experiments
(GraphPad Software Inc., CA, USA). A statistically significant
value of probability (P) was defined as one that was less than
0.05.

Results and discussion

Cytotoxicity and viability of cells affected by thiazole
sulfonamides (1-12)

Researchers all over the world have greatly attempted to
discover alternative therapeutics that significantly reduce motor
symptoms or prevent neuronal damage in PD patients. Despite
numerous potential therapeutics that have been shown in
preclinical trials, the complex destructive nature of the disease
along with the low success rate in drug discovery renders the
search for novel PD-modifying agents a great challenge.”>** 2-
Aminothiazole and sulfonamide derivatives exhibit broad bio-
logical activities and have been used as pharmaceutical cores to
develop therapeutic agents for treating various non-
communicable and infectious diseases.'>** Particularly, 2-ami-
nothiazole (parent A) is the sixth most known pharmacophore
frequently found in FDA-approved drugs with crossover in
multiple therapeutic indications. To enhance the synergistic
effects of both key therapeutic scaffolds, several synthesized
thiazole sulfonamides (1-12, Fig. 1) were explored. The
designed compounds (1-12) were achieved by N-sulfonylation of
the key compound A with benzene/aryl sulfonyl chlorides B
bearing electron withdrawing/donating/hydrophobic effects (R
substituent) at various positions, mostly at p-position, on the
phenyl ring. Such properties of R groups and substitution
patterns may provide an appropriate size/shape for interacting
with the target site of action. Previously, it was noted that
bioactivity can be increased by hydrogen bond donor substitu-
tion on the benzene ring at para substitution.*® Herein, the
chemical synthesis of hybrids (1-12) was favorably modified
relying on the efficacy of p-position with the satisfied purity as
the percentage, as illustrated in Table 1 and ESI.{

The cytotoxicity of such thiazole sulfonamides (1-12) against
the normal lung MRC-5 cell line showed that all of the synthetic
compounds had no cytotoxicity with ICs, > 50 pg mL ™" (non-
cytotoxic), as summarized in Table 1.

Pretreatment of the thiazole sulfonamides (1-12) on SH-
SY5Y cells at different doses (0.1-100 pM) was performed for
24 h. The results showed that no changes in cell viability were
observed. Moreover, derivatives 1, 4, and the reference RSV
significantly decreased cell viability at high concentrations of 10
and 100 uM, while the viability of parent compound A was
predominantly enhanced at concentrations of 5, 10, and 100 uM
compared with the untreated cells. To simulate the typical

dopaminergic event in PD, 6-OHDA is a selective

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catecholaminergic neurotoxin commonly employed in in vitro
and in vivo investigations to demonstrate preclinical PD
models. Various concentrations of neurotoxic 6-OHDA have
been applied to stimulate the SH-SY5Y cell line.*® At the
concentration of 100 uM 6-OHDA, it showed significantly lower
cell viability of the SH-SY5Y cells to 77% compared with the
untreated cells. Additionally, it was clear that pretreatment with
the most active derivatives 1, 2, and 8 (R =F, Br, and Cl) at 0.1-1
uM revealed a considerable recovery in cell viability against 100
UM 6-OHDA-mediated SH-SY5Y cell death in comparison to 6-
OHDA alone (Fig. 2), which supported the enhanced activity
resulting from the molecules with p-halogen substitutions. It
was observed that most electron-withdrawing groups (i.e., hal-
oalkyl (3), cyano (4), e~ donating (5), and acetyl (9)) at the p-
position on the benzene ring showed a decrease in activity. The
nitro electron-withdrawing group at meta position (10) was less
potent than p-position (6) at the highest dose. Interestingly,
pretreatment with 1 pM of the thiazole sulfonamides (1, 2, and
8) against 6-OHDA exposure enhanced neuronal survival rates
along with RSV pretreatment. The previous study demonstrates
that the structural features of RSV or isatin-linked halogenated
compounds enhance therapeutic efficacy compared with their
parent moieties, thereby contributing to their potential PD
treatments as MAO-A and MAO-B inhibitors.*”*® Therefore, the
neuroprotective thiazole sulfonamides bearing halogen
substituents at p-position (1, 2, and 8) exhibited protective
effects due to their electron-withdrawing/negative ionic effects
and were selected at the concentration of 1 pM for subsequent
investigation through several in vitro-based methodologies.

Impact of thiazole sulfonamides on biological cell alterations

The potential thiazole sulfonamide hybrids, including 1, 2, and
8, against 6-OHDA-treated SH-SY5Y cells were morphologically
observed using the light microscope at a magnification of 20x.
Comparing the pretreated cells to the control, the toxic 100 uM
6-OHDA treatment caused morphological changes, as observed
by a small amount of viable cells due to the shrinking cells into
spherical shapes and detaching, while none of the above-
mentioned was observed by the exposure of studied
compounds. Before being exposed to the 6-OHDA, the cells
pretreated with derivatives 1, 2, 8, or positive RSV at 1 uM
showed slight aberrant morphological changes, less destruc-
tion, and a more intact appearance of the cell growth with
sufficient confluence than that of the 6-OHDA-exposed cells.
This suggests that the aberrant morphological alterations in the
cells may be avoided by pretreating with the potential
compounds 1, 2, and 8 (Fig. 3A).

Owing to its high binding affinity to the dopamine trans-
porter, the neurotoxicity of 6-OHDA disrupts the activities of
mitochondrial complexes I and IV by ROS oxidization, leading
to the sequelae of insufficient energy and finally neuronal
death.*” LDH is an enzymatic indicator elevated when the cell
membrane is ruptured. The effects of thiazole sulfonamides 1,
2, and 8 on LDH activity in the culture medium were then
assessed. As shown in Fig. 3B, there was no LDH change by 1, 2,
and 8 pretreatments. In contrast, the cells exposed to neurotoxic

RSC Adv, 2025, 15, 4281-4295 | 4285
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Fig. 2 Cell viability evaluation of thiazole sulfonamides (1-12), A, and RSV in 6-OHDA-induced SH-SY5Y cells by MTT assay. The data are
normalized to 100% cell viability of the untreated control and are presented as the mean + SEM. *P < 0.05 vs. control and #¥P < 0.05 vs. 6-OHDA.

6-OHDA significantly increased LDH leakage by 114%
compared with the control group. Interestingly, the pretreated
cells with the indicated sulfonamides and RSV at a concentra-
tion of 1 pM showed lower LDH leakage compared with the 6-
OHDA exposure, indicating the protective properties of
compounds 1, 2, and 8 in maintaining the viable status of the
SH-SY5Y cells against 6-OHDA-mediated cell death. These
results were concurrent with previous studies, including bis-

4286 | RSC Adv, 2025, 15, 4281-4295

sulfonamides.” Similarly, the thiazole-based scaffolds further
extended their intensive LDH inhibitory activity.>

Metabolic energy production depends heavily on the mito-
chondrial powerhouse, and the pathophysiology of PD has been
linked to the malfunction of mitochondria. As an indicator of
the early stage of apoptosis and mitochondrial malfunction,
MMP has been utilized to reflect the mitochondrial activities
using the fluorescent rhodamine-123 staining.*"** Herein, MMP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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< 0.05 vs. control and #P < 0.05 vs. 6-OHDA.

analysis was carried out to evaluate the neuroprotective effects
of hybrids 1, 2, and 8. Comparing the affected cells to the
control group, the hybrids did not influence MMP activity, while
the percentage of MMP was dramatically reduced to 75% for
those exposed to 100 uM of the toxic 6-OHDA. Conversely, the
cells were pretreated with 1 pM of the synthetic hybrids (1, 2,
and 8) or RSV, and an increased percentage of MMP was
observed against 6-OHDA-exposed cells. This suggests that
pretreatment with the investigated derivatives protected the
neurons against mitochondrial dysfunction using 6-ODHA
(Fig. 3C).

Impact of thiazole sulfonamides on antioxidant activity

Oxidative stress is one of the most common underlying
processes behind cellular dysfunction in neurodegenerative
diseases, particularly PD. Thus, the antioxidative strategy has
attracted considerable interest as a potential strategy for neu-
roprotection.**** To determine their antioxidant potentials, the
fluorescent DCFDA probe was used to examine the levels of
intracellular ROS production affected by hybrids 1, 2, and 8.
Following the treatment, the cells treated with 100 uM 6-OHDA
showed a notable increase in fluorescence intensity of up to
138.6%, while the hybrids-treated cells did not alter the
production of ROS compared with the control group (Fig. 4A).
Interestingly, intracellular ROS accumulation was significantly
reduced by pretreating the cells with 1 uM of the investigated
compounds or RSV, down to the range of 120.50-128.52%

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

compared with the 6-OHDA group, suggesting that the intra-
cellular ROS would be sustained after the pretreatment of these
novel candidates.

Catalase is one of the key antioxidant enzymes that respon-
sibly catalyzes non-radical H,0, to water and oxygen. This
decomposition of H,0, can neutralize intracellular ROS over-
accumulation and maintain the optimum level of antioxidant
defense-associated cellular signaling processes. By utilizing
H,0, reduction, the activity of catalase can be referred. It was
found that the pure synthetic thiazole sulfonamide substances
(1, 2, and 8) and parent A were responsible for reducing the
H,0, formation similar to the antioxidant RSV compared with
the H,0, control (Fig. 4B). As expected, thiazole sulfonamides-
pretreated neurons significantly reduced the presence of intra-
cellular H,0,, which was observed in the same level of RSV
treatment as in the 6-OHDA group (Fig. 4C). The reduction of
H,0, percentage could be due to their antioxidant properties,
particularly in catalase activation, indicating considerable
prevention of mitochondrial dysfunction in SH-SY5Y cells by
the antioxidant properties of thiazole sulfonamide hybrids.

Effects of thiazole sulfonamides on SIRT1 activation

Proteins of the SIRT family serve a dynamic role in cellular
processes to genomic, metabolic, inflammatory, and oxidative
stresses.” Because activation of SIRT1 by a well-known RSV
activator outstandingly represents a promise for slowing PD and
neurological progression, the involvement of SIRT1 pathways in

RSC Adv, 2025, 15, 4281-4295 | 4287
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Fig. 4 Antioxidant properties of thiazole sulfonamides on attenuating 6-OHDA-induced ROS formation in SH-SY5Y cells. (A) Intracellular ROS
production by DCFDA fluorescence staining, (B) direct catalase and (C) cellular catalase activities by H,O, reduction assay, and (D) SIRT1 activity.
The data are presented as the mean + SEM. *P < 0.05 vs. control and #P < 0.05 vs. 6-OHDA.

neurotoxin-regulated PD has been previously reported.***
Therefore, the cellular mechanisms of SIRT1 underlying the
neuroprotective actions of thiazole sulfonamides in SH-SY5Y
cells undergoing 6-OHDA-induced oxidative damage were
investigated. Following the exposure to 100 uM 6-OHDA, the
results revealed a considerable reduction in SIRT1 activity of the
6-OHDA-treated cells, which was 65% compared with the
untreated cells (Fig. 4D). In contrast, no SIRT1 change was
observed by the hybrid treatment, which further predominantly
maintained the SIRT1 activity within the high range of 99-111%
against 6-OHDA exposure. These were consistent with the
positive RSV-activated SIRT1 activity, exhibiting notable SIRT1
regulation by the neuroprotective effects of 1, 2, and 8.
Additionally, in silico molecular docking simulations are one
of the powerful computational methods to reveal the ligand
binding interactions and affinities against the target proteins of
interest,”® confirming the effectiveness of the investigated
compounds (i.e., 1, 2, and 8) as the SIRT1 activating agents.
Possible binding modes of the investigated ligands against the
SIRT1 target protein were exploited. The docking system was
ensured owing to its reliability and accuracy as shown by an
acceptable root mean square deviation (RMSD < 2.0) value ob-
tained from the redocking of co-crystallized RSV. The docking
simulations revealed that all studied compounds (1, 2, and 8)
could be occupied within the same binding region of the RSV

4288 | RSC Adv, 2025, 15, 4281-4295

activator on the SIRT1 protein (Fig. 5) and provided the esti-
mated lowest binding energies of —-7.35, —7.58, and
—7.83 kecal mol ™", respectively (Table 2). All three compounds
mimicked the ability of RSV binding to the SIRT1 active site
with a similar estimated binding energy, supported by shared
key residues, such as pi-alkyl/alkyl hydrophobic interactions
(i.e., ARG446, PRO447, and ILE223) and hydrogen bond inter-
actions (i.e., ASN226, LYS3, and HSD2), as summarized in Table
2. Considerably, the hybrids displayed a binding affinity
comparable to that of the RSV (—7.20 kcal mol™*). This could be
because the presence of the sulfonamide group of these hybrid
molecules played essential roles in hydrogen bonding forma-
tion with ASN226 via one of the sulfonyl oxygens. The terminal
benzene and thiazole rings of compounds (1, 2, and 8) can
mimic two terminal benzene rings of the RSV to form pi-alkyl/
alkyl hydrophobic interactions with ARG446 and PRO447 of
SIRT1. This is in concordance with a previous report, which
suggested that the sulfonamide moiety, particularly the sulfonyl
oxygen interacting with ASN226, played a crucial deacetylated
role under the RSV treatment, highlighting the significance of
this interaction in SIRT1 activation® and corresponding to the
abovementioned in vitro model. Additionally, substituted
halogen atoms (i.e., Cl and Br) at the p-position on the benzene
ring of compounds 2 and 8 could display hydrophobic inter-
actions with PRO212 and LEU215 residues, which may be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attributed to their better binding energies compared with the
compound 1. In summary, the neuroprotective effects of thia-
zole sulfonamides bearing halogen atoms (i.e., F, Br, and Cl)
may be partly attributed to their SIRT1 activations, enhancing
downstream pathways linked to cell longevity. Additionally,
aminothiazole analogues have been reported as selective SIRT2
inhibitors, making them potential therapeutic targets for PD via
the SIRT family.>*°

In silico pharmacokinetics and target prediction of thiazole
sulfonamides on PD

Finally, the majority of failures during the late phases of the
drug development pipeline are due to their undesirable phar-
macokinetic and toxicological characteristics®® resulting from
sulfonamide-based compounds concerning toxicities (espe-
cially hepatotoxicity) and drug allergy issues.’® Conventional
methods, such as in vitro high-throughput and in vivo models,
are available for screening pharmacokinetic profiles in the
early-stage processes of drug development. In silico approaches
have been developed to aid the design and structural optimi-
zation of lead compounds in the early stages of drug develop-
ment processes and have gained popularity owing to their low
cost and rapid prediction capabilities.” To avoid undesirable

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

ADMET properties and unattractive underlying targets, in silico
drug-likeness and target prediction of the three promising
hybrids (i.e., 1, 2, and 8) were carried out to ensure their
potentials for further successful development as anti-PD agents.

The in silico physicochemical and pharmacokinetic charac-
teristics of the candidates (i.e., 1, 2, 8, and parent A) were pre-
dicted using web-based tools, including SwissADME, pkCSM,
and ProTox-1I. All the investigated compounds meet the drug-
like criteria of Lipinski, Ghose, Veber, Egan, and Muegge,
which provide great drug-likeness over the parent A, showing
one violation of the mentioned Ghose's and Muegge's rules
(Table 3). According to the predicted pharmacokinetic profiles
of thiazole sulfonamides (Table 4), all selected compounds
display optimal lipophilicity, water solubility, and absorption-
related parameters (i.e., GI absorption, Caco2 permeability,
and skin permeation). Most of the investigated compounds (1
and 8) demonstrate moderate blood-brain barrier (BBB) and
CNS permeabilities, while 2 exhibited significant BBB perme-
ability in comparison to the parent A, suggesting its ability to
reach the target site in the brain. None of the studied
compounds are predicted to be non-acting substrates or
inhibitors of the main metabolizing enzymes, particularly
CYP2D6 and CYP3A4 isoforms. Moreover, hybrids 1, 2, and 8 are

RSC Adv, 2025, 15, 4281-4295 | 4289
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Table 2 Comparative docking results of thiazole sulfonamides (1, 2, and 8) and RSV

Binding free energy

Interacting Bond distance

Ligand (keal mol ™) Interacting type Bonding interaction amino acids @A)
1 —7.35 Hydrogen bonding Conventional ASN226 2.31
LYS3 2.38
Carbon ILE223 2.84
HSD2 2.65
Hydrophobic bonding Pi-alkyl ILE223 4.10
ARG446 4.47
PRO447 5.03
2 —7.58 Hydrogen bonding Conventional ASN226 2.26
LYS3 2.41
Carbon ILE223 2.83
HSD2 2.61
Hydrophobic bonding Alkyl PRO212 4.74
LEU215 5.50
Pi-alkyl ILE223 4.10
ARG446 4.55
PRO447 5.07
8 —7.83 Hydrogen bonding Conventional ASN226 2.27
LYS3 2.40
Carbon ILE223 2.84
HSD2 2.64
Hydrophobic bonding Alkyl PRO212 4.81
LEU215 5.35
Pi-alkyl ILE223 4.08
ARG446 4.50
PRO447 5.04
RSV —7.20 Hydrogen bonding Conventional GLU230 1.81
LYS3 1.72
Carbon HSD2 2.40
Pi-donor ASN226 3.08
Hydrophobic bonding Pi-alkyl ARG446 4.05
PRO447 5.31
LEU206 5.47
ILE223 5.21

not likely to be inhibitors of CYP450 enzymes, suggesting their
low chances of inducing drug-drug or food-drug interactions.
The hybrids displayed total clearance ranging from —0.012 to
—0.03 log mL min~* kg™, while that of the parent A was higher
up to 0.235 log mL min~* kg~ . Additionally, all three thiazole
sulfonamides (1, 2, and 8) were not substrates for renal organic
cation transporter 2 (ROCT2). According to the Globally
Harmonized System of Classification and Labeling of

Chemicals (GHS), the LDs, values of hybrids 1, 2, and 8 were in
the range of 2000-5000 mg kg ', which is classified as slightly
hazardous, while parent A represents moderately hazardous in
the range of 50-2000 mg kg ". All selected hybrids are unlikely
to induce carcinogenicity, immunotoxicity, mutagenicity, and
cytotoxicity but potentially induce hepatotoxicity. However,
parent A could enhance carcinogenicity and mutagenicity.
Based on these predictions, the candidates (i.e., 1, 2, and 8)

Table 3 Physicochemical properties of thiazole sulfonamides (1, 2, and 8) and the parent 2-aminothiazole (A)

Compound 1 2 8 A
Formula CoH,FN,0,S, CoH,BIN,0,S, CyH,CIN,0,S, C;H,N,S
Molecular weight 258.29 319.20 274.75 100.14
Rotatable bonds 3 3 3 0
H-bond acceptors 4 4 4 3
H-bond donors 1 1 1 1
Polar surface area 95.68 95.68 95.68 67.15
Molar refractivity 59.19 66.93 64.24 26.52
Lipinski's rule Yes Yes Yes Yes
Ghose's rule Yes Yes Yes No
Veber's rule Yes Yes Yes Yes
Egan's rule Yes Yes Yes Yes
Muegge's rule Yes Yes Yes No

4290 | RSC Adv, 2025, 15, 4281-4295
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Table 4 Pharmacokinetic properties of thiazole sulfonamides (1, 2, and 8) and the parent 2-aminothiazole (A)

Compound 1 2 8 A
Absorption

Lipophilicity (ilog P) Soluble Soluble Soluble Soluble
Water solubility Soluble Soluble Soluble Soluble
GI absorption High High High High
Caco2 permeability High High High High
Skin permeation Yes Yes Yes Yes
Distribution

BBB permeability Adequate High Adequate Adequate
CNS permeability Adequate Adequate Adequate Adequate
Metabolism

CYP2D6 substrate No No No No
CYP3A4 substrate No No No No
CYP1A2 inhibitor No Yes Yes Yes
CYP2C19 inhibitor No Yes Yes No
CYP2C9 inhibitor No No No Yes
CYP2D6 inhibitor No No No No
CYP3A4 inhibitor No No No Yes
Excretion

Total clearance (log mL min ™" kg ™) —0.029 —0.03 —0.012 0.235
Renal OCT2 substrate No No No No
Toxicity

Predicted LDs, (mg kg ™) 4500 4500 4500 500
Predicted toxicity class 5 5 5 4
Hepatotoxicity Active Active Active Active
Carcinogenicity Inactive Inactive Inactive Active
Immunotoxicity Inactive Inactive Inactive Inactive
Mutagenicity Inactive Inactive Inactive Active
Cytotoxicity Inactive Inactive Inactive Inactive

showed good absorption ability, preferable lipophilicity, and
acceptable CNS penetration without inducing carcinogenicity,
immunotoxicity, mutagenicity, and cytotoxicity. This was
consistent with previously reported the halogenated isatin upon
binding to SIRT2 protein, which demonstrated that its high BBB
permeability could be particularly due to the presence of
a substituted Cl group.*® However, slight hepatotoxicity should
be carefully investigated for further appropriate usage in
subsequent clinical trials.

Therapeutic molecules can interact with several biological
targets to exhibit multiple pharmacological effects. The multi-
layer computational networks of CTD and PPI are well-known to
robustly offer data integration contributing to PD or several age-
associated neurological diseases.*** Herein, the PD-expressed
proteins possibly interacting with the thiazole sulfonamides
were predicted using in silico data resources. The Venn diagram
showed the overlap of differentially PD-expressed proteins
between the various thiazole sulfonamide hybrids (1, 2, and 8)
(Fig. 6A). A total of 4726 proteins were screened as predicted
targets for modulating PD. The hybrids (1, 2, and 8) have 100,
85, and 95 anticipated targets, respectively. The core relation-
ship between key active PD and key candidate targets was
identified as the CTD network (Fig. 6B). To better comprehend
the intricate interplay between thiazole sulfonamide protein
targets and PD, the 280 target genes of the overlapping targets

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

were employed to construct the PPI network by introducing
them into the STRING database. As shown in Fig. 6C, 122
targets of the effective proteins in PD based on a confidence
score above 0.9 were obtained, which included 126 nodes and
283 edges. Based on the degree value of the PPI network, the top
10 core target proteins were PRKACA, NFKB1, GSK3B, FYN,
PIK3CB, CDK2, PIK3CA, STAT3, SIRT1, and PPARG (Table 5).
The highest degree of thiazole sulfonamides in PD manage-
ment is related to PRKACA, which is downregulated in PD
patients compared to the normal healthy controls.** Following
the PRKACA connectivity, NFKB1 and GSK3B demonstrated in
the top 3 ranks of the network, mainly responding to inflam-
mation, cell growth, apoptosis, proliferation, and survival.®>*
Because PD is a devastating multifactorial disorder, several
cellular and molecular underlying mechanisms interplay in PD
initiation and progression. The key regulator such as SIRT1 is
also among the top 10 active target proteins of thiazole
sulfonamides (1, 2, and 8), supporting the roles of these
compounds in modulating the vital cellular processes
frequently disrupted in age-related disorders.’**”** SIRT1 and
other SIRT members could be involved in all downstream
signaling cascades, as shown by the connected possible node
and edge illustrations. These perspectives will be extensively
robust for further in vitro, in vivo experimental, and functional
validations in the clinical stages.
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Fig. 6 In silico screening of active protein targets of thiazole sulfonamides and PD. (A) Venn diagram illustrating the intersection between the
target proteins of the hybrids (1, 2, and 8) and PD. (B) CTD and (C) PPl networks constructed using Cytoscape. The nodes and edges represent the
proteins and relationships, respectively. The color shade and edge thickness reflect the important degree of the node and the combined score

between nodes, respectively.

Table 5 Top 10 active target proteins of thiazole sulfonamides (1, 2, and 8)-induced PD

Uniprot ID  Protein Gene Pathway DC CC BC Ref.
P17612 Catalytic subunit « of protein kinase A PRKACA  Differentiation, proliferation, and 11 776.33  0.04 61
apoptosis
P19838 Nuclear factor NF-kappa-B p105 subunit =~ NFKB1 Inflammation, differentiation, cell 6 715.67  0.04 63
growth, and apoptosis
P49841 Glycogen synthase kinase-3 beta GSK3B Cell division, proliferation, motility, and 6 157.67  0.03 62
survival
P06241 Tyrosine-protein kinase Fyn FYN Cell growth, survival, motility, and 4 140.00  0.03 65
immune response
P42338 Phosphatidylinositol 4,5-bisphosphate 3-  PIK3CB Cell growth, survival, proliferation, and 4 48.33  0.03 66
kinase catalytic subunit beta isoform motility
P24941 Cyclin-dependent kinase 2 CDK2 Cell cycle and apoptosis 4 266.00 0.03 67
P42336 Phosphatidylinositol 4,5-bisphosphate 3-  PIK3CA Cell growth, proliferation, metabolism, 4 48.33  0.03 68
kinase catalytic subunit alpha isoform and survival
P40763 Signal transducer and activator of STAT3 Cell growth, immune response, and 4 246.67  0.03 69
transcription 3 apoptosis
Q96EB6 NAD-dependent protein deacetylase SIRT1 Cell cycle, DNA regulation, metabolism, 4 101.67  0.03 57
sirtuin-1 apoptosis, and autophagy
P37231 Peroxisome proliferator-activated PPARG Redox balance, immune response, and 4 453.33  0.03 70

receptor gamma

4292 | RSC Adv, 2025, 15, 4281-4295

mitochondrial function
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Conclusions

The synergistic neuroprotective efficiency of twelve thiazole
sulfonamides against 6-OHDA-induced Parkinsonian charac-
teristics was highlighted to enlighten the success rate in drug
discovery and development. From this study, the substitution of
thiazole sulfonamides at the p-position of the benzene ring
enhanced the pharmaceutical properties with halogen atoms
(i.e, 1, 2, and 8) in human neuroblastoma SH-SY5Y cells,
exhibiting potent neuroprotective effects with promising
potential to regulate the common mechanisms underlying the
pathogenesis of PD by improving cell survival, intracellular
antioxidants, and mitochondrial function. Molecular docking
demonstrated that these hybrids acted as SIRT1 modulators
capable of mimicking the binding mode of the well-known
SIRT1 activator, RSV, with favorable binding energies. Thia-
zole ring, sulfonyl oxygen, and substituted halogen moieties
presented in the molecules were highlighted as key chemical
features essential for preferable ligand-protein binding inter-
actions with key amino acid residues. All the three candidates
display preferable drug-like properties with less toxicity and
moderate BBB and CNS permeabilities targeting the brain.
Additionally, the integrated CTD and PPI network-based
computational analyses pointed out the possible relationship
of these hybrids with PD-related pathways. In summary, these
thiazole sulfonamides are promising candidates that are
potentially further developed for all stages of PD management.
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