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A series of quinoline—thiazolidinone—isonicotinamide hybrids (SK-1 to SK-12) was design, synthesized and characterized for their
potential as antitubercular agent. The hybrid compounds were synthesized through a cyclization reaction using thioglycolic acid, affording
yields of 63-76% with high stereoselectivity and their structure were confirmed by IR, *H, C NMR, MS and elemental analysis.
Molecular docking studies against M. tuberculosis Enoyl-ACP Reductase (InhA) revealed high binding affinities (-9.3 to -7.5 kcal/mol)
significantly better than that of isoniazid (-7.5 kcal/mol) primarily mediated by hydrogen bonds with active-site residues such as ASP54,
PHE149 and TYR158. ADMET prediction indicated drug-likeness, effective gastrointestinal absorption, low blood-brain barrier
permeability and reduced risk of mutagenicity and carcinogenicity. In vitro antitubercular assay was performed by Microplate Alamar
Blue Assay (MABA) and Low Oxygen Recovery Assay (LORA) methods, results showed that derivatives SK-3, SK-5 and SK-6 exhibited
significant antitubercular activity as compared to isoniazid.
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INTRODUCTION

Tuberculosis causes Mycobacterium tuberculosis remains
a major global public health challenge. It is responsible for over
10 million new cases and 1.5 million deaths annually. The
situation is exacerbated by the increasing prevalence of multi-
drug-resistant (MDR) and extensively drug-resistant (XDR)
strains [1-3]. The advent of antimicrobial resistance (AMR) has
compromised the efficacy of first-line therapies like isoniazid,
rifampicin and pyrazinamide. This underscores the urgent need
for novel multi-targeting agents that can overcome resistance
mechanisms while exhibiting low toxicity and favourable
pharmacokinetic profiles [4]. Quinoline (a) derivatives have been
central to antimicrobial drug discovery since the early days,
as represented by bedaquiline (b), a diarylquinoline (c) used
in MDR-TB that targets mycobacterial ATP synthase, and by
early antimalarials such as chloroquine and mefloquine (d),
which act on the heme detoxification pathway in the Plasmodium
parasite [5-7].

Recent reviews highlight the versatility of the quinoline
scaffold, where structural modifications can enhance anti-

tubercular activity through mechanisms such as DNA gyrase
inhibition, efflux pump modulation and synergistic effects in
drug combinations [8]. Thiazolidinones represent another
privileged scaffold, demonstrating broad-spectrum antimicrobial
activity by interfering with bacterial cell wall integrity, inhib-
iting enzymes like MurB in peptidoglycan biosynthesis and
exerting antioxidant effects that mitigate oxidative stress in
host cells [9]. Isoniazid, a first-line TB prodrug, exerts its effect
by inhibiting mycolic acid biosynthesis after activation by the
bacterial catalase-peroxidase (KatG). However, its efficacy is
severely limited by katG mutations in resistant strains.
Hybridization approaches by merging these moieties have
become popular in order to obtain synergistic effects, better
bioavailability and lower resistance development [10]. For
example, quinoline-isoniazid conjugates have enhanced anti-
mycobacterial potency (MIC values as low as 0.95 uM against
clinical isolates), quinoline-thiazolidinone hybrids exhibit strong
inhibition of M. tuberculosis H37Rv strain through dual action
on DNA and cell wall components [11,12]. Similarly, isoniazid-
thiazolidinone hybrids have shown promising antifungal and
antibacterial activities, underscoring the potential of such hybrid
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frameworks [13-16]. Despite these advancements, no prior
studies have reported on the specific triad comprising a 2-
hydroxy-quinoline-3-yl moiety linked to a 4-oxothiazolidine
ring and an isonicotinamide group, particularly with strategic
modifications at the 7-position (e.g. alkyl, haloalkyl, aryl) to
optimize lipophilicity and target binding [17]. This gap in the
literature presents an opportunity to develop novel hybrids
that capitalize on the antimycobacterial heritage of quinolines,
membrane-disrupting properties of thiazolidinones and targeted
action of isoniazid, aiming to effective multi-targeting agents
against MDR-TB [18]. In this study, we report the synthesis
of 12 novel quinoline-thiazolidinone-isonicotinamide hybrids
(SK-1to SK-12). The compounds were fully characterized by
spectroscopic techniques and in silico analysis, including mole-
cular docking against TB targets, QSAR modeling, ADMET
profiling using SwissADME and pkCSM and toxicity predic-
tion with ProTox-3.0. This research is directed towards identi-
fying lead compounds with high efficacy, low toxicity and
favourable drug-like properties for subsequent preclinical
development.

EXPERIMENTAL

All chemicals and reagents (analytical grade) were purc-
hased from Sigma-Aldrich and used without further purifica-
tion. Melting points were determined using a Fisher-Johns
apparatus and are uncorrected. The thin-layer chromatogram-
phy was performed on coated silica gel 60 F2s4 plates to monitor
the progress of the reaction. A 630 FTIR spectrometer model
Agilent MicroLab was used to measure the infrared (IR)
spectra using KBr in the range of 4000-400 cm™. *H and *3C
NMR spectra were recorded on a Bruker AV-300 spectrometer
(300 MHz for *H, 75 MHz for *3C using CDCl3; or DMSO-dg
as solvents.

General procedure for synthesis of substituted 2-chloro-
quinoline-3-carbaldehyde (1a-11): DMF was added drop by
drop to the solution of substituted N-phenylacetamide, which
was cooled to 0 °C in a flask with a drying tube while stirring.
Then, 0.350 mol of phosphorus oxychloride in 32.2 mL was
added. After 5 min, the solution was kept under reflux for 16
h. The reaction mixture was then mixed with 300 mL of cold
water and agitated for 30 min at 0-10 °C, which results in the
formation of substituted-2-chloroquinoline-3-carbaldehyde (1a-I)
as a yellow precipitate (Scheme-1). It was filtered, washed
with distilled water and then recrystallized from ethyl acetate
show as.

Synthesis of substituted-2-hydroxyquinoline-3-carbal-
dehyde (2a-21): In the subsequent step, a mixture of substi-
tuted 2-chloroquinoline-3-carbaldehyde (1.9 g, 0.01 mol) and
NaOH (35 mL, 4 M) and 35 mL ethanol was heated under
reflux for 1 h. After completion, the reaction mixture was
allowed to cool to room temperature and then poured onto
crushed ice, resulting in the formation of a yellow solid of sub-
stituted 2-hydroxyquinoline-3-carbaldehyde (2a-2l) (Scheme-I).
The precipitated solid was filtered, washed thoroughly with
water and dried. The crude product was recrystallized from
aqueous acetic acid to afford the purified compound.

Synthesis of Schiff base substituted N-((2-hydroxy-
quinolin-3-yl)methylene)isonicotinohydrazide (intermediate)

(3a-3I): A mixture of substituted 2-hydroxyquinoline-3-carb-
aldehyde (0.18 mol) (2a-2I) in DMSO (20 mL), isoniazid (0.18
mol) in ethanol (20 mL) and glacial acetic acid (0.30 mL) was
refluxed for 7-8 h. The reaction mixture was then allowed to
cool to room temperature, leading to the formation of a solid
precipitate. The precipitate was filtered, washed with water and
recrystallized from methanol to afford the Schiff base inter-
mediate N-((2-hydroxyquinolin-3-yl)methylene)isonicotino-
hydrazide.

Cyclization of N-((2-hydroxyquinolin-3-yl)-4-oxothia-
zolidin-3-yl)isonicotinamide with thioglycolic acid: A
mixture of substituted N-((2-hydroxyquinolin-3-yl)methylene)-
isonicotinohydrazide derivatives (3a-3l) (0.2 mol) in DMSO
(20 mL) with thioglycolic acid (0.2 mol), which was heated
under reflux for 7-9 h. The reaction mixture was then cooled,
filtered, rinsed with water and dried. The compounds were
purified by column chromatography using ethyl acetate/hexane
(1:2 to 2:3), affording the final products as pure crystalline
solids (Scheme-1).

N-(2-(2-Hydroxyquinolin-3-yl)-4-oxothiazolidin-3-yl)-
isonicotinamide (SK-1): Pure white to off-white crystalline
solid (yield: 65%; m.p.: 191-193 °C; R¢ = 0.65); IR (KBr,
Vmax, M 1): 3401 (NH), 3207 (OH), 2916 (CH), 1703 (C=0),
1541 (C=C), 1451 (C-C), 1302 (C-N), 1164 (CS); 'H NMR
(400 MHz, DMSO-dg, & ppm): 9.76 (s, 1H, OH), 7.22-8.48
(m, 8H, Ar-H), 3.85 (s, 2H, CH,), 1.19 (s, 1H, NH); 3C NMR
(100 MHz, DMSO-ds, 6 ppm): 175 (1C, CS), 166 (2C, C=0),
123-150 (14C, Ar-C), 35 (1C, C-C). m.f.: C1gH14aN403S. MS
(m/z): 366 (M*).

N-(4-Oxo0-2-(2,5,7-trihydroxyquinolin-3-yl)thiazolidin-
3-yhisonicotinamide (SK-2): White solid; yield: 70%; m.p.:
201-203°C; Revalue 0.5; IR (KBT, vinax, cm3): 3401 (NH), 3207
(OH), 3091 (CH), 1703 (C=0), 1541 (C=C), 1451 (C-C), 1302
(CN) and 1164 (CS); *H NMR (400 MHz, DMSO-ds, 5 ppm):
9.76 (s, 1H, OH), 7.22-8.48 (m, 8H, Ar—CH), 3.85 (s, 2H,
CH,) and 1.19 (s, 1H, NH); 3C NMR (100 MHz, DMSO-ds,
3 ppm): 176 (1C, CS), 166 (2C, C=0), 123-150 (14C, Ar—CH)
and 35 (1C, C*C) m.f.: C18H14N40sS; MS m/z: 398 (M+)

N-(2-(2-Hydroxy-7-methylquinolin-3-yl)-4-oxothiazo-
lidin-3-yl)isonicotinamide (SK-3): Yellowish solid; yield:
68%; m.p.: 179-181 °C, R value 0.62; IR (KB, vmax, cm™):
3103 (OH), 2991 (CH), 1654 (C=0), 1507 (C=C), 1484 (C-
C), 1162 (CS); *H NMR (400 MHz, DMSO-ds, § ppm): 9.76
(s, 1H, OH), 7.69-7.74 (d, 8H, ArH), 3.37 (s, 1H, NH), 3.62-
3.88 (s, 2H, CHy), 1.16 (s, 3H, CH); ¥C NMR (100 MHz,
DMSO-ds, & ppm): 163-165 (2C, C=0), 122-148 (14C, Ar—CH),
37 (1C, CS), 22, (lC, CC), m.f.: C19H16N403S; MS m/z: 380
(M").

N-(2-(7-Ethyl-2-hydroxyquinolin-3-yl)-4-oxothiazoli-
din-3-yl)isonicotinamide (SK-4): Light brown solid (yield:
63%; m.p.: 162 -164 °C; R¢ value: 0.63); IR (KBTI, vimax, cm™):
3401 (NH), 3103 (OH), 2931 (CH), 1647 (C=0), 1589 (C=C)
and 1166 (CS); *H NMR (400 MHz, CDCls, & ppm): 9.86 (s,
1H, OH), 7.31- 7.48 (m, 8H, Ar—CH), 3.95-3.99 (s, 2H, CH>),
2.88 (s, 2H, CHy), 1.25-1.42 (s, 3H, CH), 0.88-1.26 (s, 3H,
CHs), 7.26 (s, CDCl3); *C NMR (100 MHz, DMSO-ds, 8 ppm):
163-166 (2C, C=0), 125-143 (14C, ArC), 59 (1C, C-C) and
37 (1C, CS). m.f.: C2oH1sN403S. MS (m/z): 394 (M¥).
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N-(2-(7-Butyl-2-hydroxyquinolin-3-yl)-4-oxothiazoli-
din-3-yl)isonicotinamide (SK-5): Pale yellow solid (yield:
72%; m.p.: 167-169 °C; R value: 0.72). IR (KBr, vimax, cm™):
3401 (NH), 3179 (OH), 2916 (CH), 1647 (C=0), 1517 (C=C)
and 1194 (CS); 'HNMR (400 MHz, CDCls, & ppm): 10.16 (s,
1H, OH), 8.03-8.09 (m, 8H, Ar—CH), 3.07-4.52 (s, 4H, CH>),
1.87-2.35 (s, 5H, CH3); *C NMR (100 MHz, CDCls, & ppm):
166.0 (2C, CO), 123.0-148.0 (14C, Ar—-CH), 55.0 (2C, C-C)
and 35.0 (1C, CS). m.f.: C22H22N403S. MS (m/z): 422 (M*).

N-(2-(2-Hydroxy-3-(3-(isonicotinamido)-4-oxothiazo-
lidin-2-yl)quinolin-7-yl)methyl hypochlorite (SK-6): Light
cream solid (yield: 64%; m.p.: 188-190 °C; Ry value: 0.62);
IR (KBr, vmax, cm): 3384 (NH), 3093 (OH), 2916 (CH),
1691 (C=N), 1677 (CO), 1591 (C=C), 1490 (C-C), 1175 (C-
S), 972 (CH) and 760 (Cl); *H NMR (400 MHz, CDCls, &
ppm): 9.66 (s, 1H, OH), 7.20-7.88 (m, 8H, Ar-H), 2.22 (s,
1H, NH), 1.87-2.08 (s, 2H, CH:) and 0.84-0.97 (s, 3H, CHs);
13C NMR (100 MHz, acetone-ds, § ppm): 166.0 (2C, CO),
123.0-150.0 (14C, Ar-C), 54 (1C, CS) and 35.0 (2C, CH).
m.f.: C19H15C|N404S. MS (m/z): 430 (M+)

N-(2-(2-Hydroxy-7-(2,2,2-trifluoroethyl)quinolin-3-yl)-
4-oxothiazolidin-3-yl)isonicotinamide (SK-7): Light greyish-
white solid (yield: 76%; m.p.: 192-194 °C; Ry value: 0.60);
IR (KBr, vmax, cm): 3385 (NH), 3170 (OH), 3006 (CH),
1653 (C=0), 1507 (C=C), 1490 (C-C), 1170 (CS), 1120-1228
(CF), 1066 (CN); 'H NMR (400 MHz, CDCl3, & ppm): 11.24
(s, 1H, NH), 9.25 (s, 1H, OH), 7.07-7.42 (m, 7TH, Ar-H), 5.34
(s, 1H, CH), 3.70-4.13 (s, 2H, CHy), 2.05-2.32 (s, 2H, CH>);
13C NMR (100 MHz, acetone-ds, 5 ppm): 166.0 (2C, CO),
125.0-150.0 (14C, ArC), 117 (1C, CH), 37 (1C, CS). m.f.
Ca0H15F3N40sS. MS (m/z): 448 (M™).

N-(2-(2-Hydroxy-7-(4-hydroxy-2-nitrophenyl)quinolin-
3-yl)-4-oxothiazolidin-3-yl)isonicotinamide (SK8): Light
white solid (yield: 73%; m.p.: 194-196 °C; Rt value: 0.60);
IR (KBr, vmax, cm?): 3537 (NH), 3335 (OH), 2953 (CH),
1658 (C=0), 1576 (C=C), 1170 (CS); *H NMR (400 MHz,
CDCls, & ppm): 11.23 (s, 1H, NH), 9.56-9.68 (s, 2H, OH),
7.47-8.18 (m, 11H, Ar-H), 5.40 (s, 1H, CH) and 3.60-3.66 (s,
1H, CH); 3C NMR (100 MHz, acetone-ds, & ppm): 166.0
(2C, CO), 125.0-148.0 (20C, Ar-C), 57.0 (1C, CH) and 37
(1C, CS) m.f.: C24H17N5053. MS (m/z): 503 (M+)

N-(2-(7-(2-Cyano-4-hydroxyphenyl)-2-hydroxyquinolin-
3-yl)-4-oxothiazolidin-3-yl)isonicotinamide (SK-9): Light
white solid (yield: 76%; m.p.: 201-203 °C; Rf=0.7); IR (KBr,
Vinax, CM1): 3408 (NH), 3125 (OH), 3034 (CH), 2111 (C=N),
1684 (C=0), 1628, 1507 (C=C), 1153 (C-S), 1049 (N-N), 870
(CN); 'H NMR (400 MHz, DMSO-dg, & ppm): 10.97 (s, 1H,
NH), 9.89 (s, 2H, OH), 7.20-7.37 (m, 11H, Ar—H), 5.08 (s,
1H, CH), 3.65-3.93 (s, 1H, CHy), 2.48 (s, 1H, DMSO); °C
NMR (100 MHz, acetone-ds, 8 ppm): 166 (2C, C=0), 123-147
(20C, Ar-C), 115 (1C, C=N), 56 (1C, CH), 35 (1C, CHy).
m.f.: 025H17N504S. MS (m/z): 383 (M+)

N-(2-(7-(2-Bromo-4-hydroxyphenyl)-2-hydroxyquino-
lin-3-yl)-4-oxothiazolidin-3-yl)isonicotinamide (SK-10): Off-
white solid (yield: 72%; m.p.: 187-189°C; R¢=0.72); IR (KBr,
Vmax, cM1): 3123 (NH), 3056 (OH), 2924 (CH), 1684 (CO),
1526 (C=C), 1474 (C-C), 1163 (CS), 669 (-Br); 'H NMR
(400 MHz, CDCls, 4 ppm): 11.72 (s, 1H, NH), 10.11 (s, 1H,
OH), 7.10-7.95 (m, 11H, Ar—CH), 5.50 (s, 1H, CH), 3.55 (s,

1H, CH). 3C NMR (100 MHz, acetone-ds,  ppm): 166.0
(1C, C=0), 122-140 (20C, Ar-C), 52 (1C, CH), 35.0 (1C, CS).
m.f.: CosH17BrN4O4S. MS (m/z): 536 (M+).
2-Amino-6-fluoro-N-(2-(2-hydroxyquinolin-3-yl)-4-
oxothiazolidin-3-yl)-3-(2-methylcyclopropyl)-5-(trifluoro-
methyl)isonicotinamide (SK-11): Pale greenish-yellow solid
(yield: 63%; m.p.: 192-194 °C; R¢=0.82); IR (KBI, Vimax, CM):
3293 (OH), 2942 (CH), 1668 (C=0), 1586 (C=C), 1457 (C-C),
1151 (CS), 683 (CF); *H NMR (400 MHz, CDCls, & ppm): 11.75
(s, 1H, NH), 9.37 (s, 1H, OH), 7.27-7.83 (m, 5H, Ar-H), 4.93
(s, 1H, CH), 3.74 (s, 1H, CH), 2.14 (s, 1H, CH), 1.26-1.29 (s,
2H, CHj), 0.88 (s, 3H, CH3); 3C NMR (100 MHz, acetone-ds,
3 ppm): 166-171 (2C, C=0), 124-146 (14C, Ar-C), 52 (1C,
CH), 32 (1C, CH), 25 (1C, C), 24 (1C, CH), 11-20 (3C, CH).
m.f.: Ca3H1gFsNsO3S. MS (m/z): 521 (M*).
2-Ethynyl-5-(2-fluorocyclopropyl)-N-(2-(2-hydroxyquin-
olin-3-yl)-4-oxothiazolidin-3-yl)-6-methyl-3-(trifluoro-
methyl)isonicotinamide (SK-12): Light cream solid (yield:
73%; m.p.: 172-174°C; Ry = 0.62). IR (KB, Vmax, cm™): 3554
(NH), 3127 (OH), 2968 (CH), 1638 (C=0), 1576 (C=C), 1466
(C-C), 1172 (CS), 1013-1084 (CF), 719 (C=C); *H NMR (DMSO-
ds, & ppm): 10.19 (s, 1H, NH), 9.25 (s, 1H, OH), 7.36-7.53
(m, 5H, Ar-H), 5.07 (s, 1H, CH), 5.02 (s, 2H, NH), 6.85 (s,
1H, C-C), 4.08 (s, 1H, CH), 3.69 (s, 3H, CH3), 1.39 (s, 2H,
CHy); *C NMR (100 MHz, acetone-dg, & ppm): 162 (2C, C=0),
121-143 (14C, Ar-C), 121 (1C, C-F3), 51 (1C, CH), 32 (1C,
C=C), 15 (2C, CHy). m.f.: CzsH1sF4aN4O3S. MS (m/z): 530
(M").
Biological assays

Microplate Alamar blue assay (MABA): In vitro anti-
mycobacterial activity of the synthesized hybrid compounds
was confirmed against non-replicating and replicating MTB
through Microplate Alamar Blue Assay (MABA) and Low
Oxygen Recovery Assay (LORA) methods [19]. The concen-
tration of tested substances varied from 100 to 0.39 pg/mL.
There was a sterile control and a growth control made on
separate plates, one without antitubercular and the other with-
out inoculation. The controls and plates were kept at 37 °C for
7 days [20]. After the incubation time was up, an Alamar blue
solution was added to each plate well. The plates were then
incubated again for 24 h. Growth is shown by colour shift from
blue to pink and the lowest concentration of chemical that
inhibited the colour change was documented as its MIC. In
this work, isoniazid was used as standard drug.

Computational studies

Molecular docking studies: Molecular docking studies
were performed to evaluate binding interactions of synthe-
sized compounds with M, tuberculosis Enoyl-ACP reductase
(InhA) enzyme. The crystal structure of InhA (PDB ID, e.g.,
5JFO) was retrieved from RCSB Protein Data Bank. The
enzyme’s three-dimensional crystal structure was sourced
from RCSB Protein Data Bank and processed to remove all
crystallographic water molecules and co-crystallized ligands.
This was followed by addition of polar hydrogens and Kollman
charges using AutoDock Tools (v1.5.7). Ligand structures.
Docking simulations were executed with AutoDock Vina, active
site around coordinates of crystallized ligand. The grid box
was centred at include entire catalytic site.
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QSAR model: A quantitative structure-activity relation-
ship (QSAR) model was developed to correlate chemical struc-
tures of SK-1-SK-12 compounds with their antitubercular
activity (MIC values from MABA). Molecular were calculated
for each compound using the PaDEL-Descriptor software (v2.21).
The 2D structures were first optimized using MMFF94 force
field. A large was generated from which a relevant subset was
selected based on variance inflation factor (VIF) analysis and
correlation with the biological activity. Multiple linear regre-
ssion was used to build QSAR model. The quality of the model
was evaluated using correlation coefficient (R?) and cross-
validation parameters (Q?).

RESULTS AND DISCUSSION

Novel quinoline-thiazolidinone—isonicotinamide hybrids
(SK-1to SK-12) were synthesized starting from substituted 2-
chloroquinoline-3-carbaldehydes (1a-l), obtained via Vilsmeier-
Haack formylation of substituted N-phenylacetamides using
DMF/POCIs, followed by alkaline hydroysis to obtain the
corresponding 2-hydroxyquinoline-3-carbaldehydes (2a-I).
Subsequent condensation with isoniazid (INH) in DMSO/EtOH
afforded the Schiff bases (3a-1), which were then cyclized with
thioglycolic acid to give the final thiazolidinone derivatives
(SK-1to SK-12). All the synthesized compounds showed the
characteristic IR absorptions for OH/NH, C=0, C=N/C=C,
and C-S, and their *H/*3C NMR spectra confirmed quino-
linyl, thiazolidinone, and isonicotinamide moieties. The MS
(M* peaks) also matched the expected molecular formulas,
supporting successful synthesis and structural integrity.

Antitubercular activity: The antitubercular activity was
evaluated against M. tuberculosis H37Rv (ATCC 27294) and
three clinical multidrug-resistant (MDR) strains using the micro-
plate Alamar Blue assay (MABA) and the low-oxygen recovery
assay (LORA). The minimum inhibitory concentrations (MIC)
were determined in triplicate and the results are presented in
Table-1. Several derivatives SK-5, SK-3 and SK-6 showed
significant anti-tubercular activity in MABA and LORA
method with MIC (13.5 pg/mL and 18.25 pg/mL. Inthe LORA
technique likewise, the identical compound SK-5 displayed
substantial activity with MIC 08.25 and 14.53 pg/mL. Hence,
aliphatic group substitution at quinoline nucleus enhances the
anti-tubercular action than aromatic substituted drugs. Among

TABLE-1
MINIMUM INHIBITORY CONCENTRATION (MIC) OF
SYNTHESIZED COMPOUNDS AGAINST M. tuberculosis

Compounds MABA MIC LORA MIC
(Hg/mL) (Hg/mL)
SK-1 4223 42.84
SK-2 33.25 32.35
SK-3 10.52 12.03
SK-4 38.25 36.87
SK-5 08.25 14.53
SK-6 13.50 18.25
SK-7 40.93 41.60
SK-8 45.22 48.86
SK-9 41.43 44.75
SK-10 50.06 41.69
SK-11 52.34 48.05
SK-12 42.29 47,51
Isoniazid 0.39 2.56

the aromatic substituted triazole analogues, compound SK-3
demonstrated considerable anti-tubercular activity with MIC
10.52 and 2.03 pg/mL, in MABA and LORA techniques, resp-
ectively. From these acquired activity spectra, it has been
concluded that drugs having electron-donating groups promote
anti-TB action. In contrast, compounds containing electron
withdrawing substitution lowers the total anti-TB action.

Molecular docking and QSAR analysis: The synth-
esized hybrid compounds exhibited varying binding affinities
toward the target protein (Table-2). Among them, compound
SK-5 demonstrated the strongest binding affinity of -9.3 kcal/
mol, forming hydrogen bonds with GLU56, LEU83, ASP54,
SER20, GLU92, MET147, ILE194, PHE149 and TYR192.
Fig. 1 illustrates the binding affinities and interaction profiles
of the synthesized compounds with the target protein. Comp-
ound SK-3 also exhibited a high affinity of -9.1 kcal/mol,
indicating increased stability through aromatic and hydro-
phobic interactions. Compound SK-8 showed a binding energy
of -8.1 kcal/mol, with interactions primarily hydrophobic and
involving n—m stacking with ARG144, PHE149, ILE194 and
MET147. Compound SK-11 displayed a binding energy of
-7.8 kcal/mol, interacting with TYR196, PHE149, GLU192,
ILE194, SER94, and PHE143 through carbon-hydrogen
bonds, alkyl and n—alkyl hydrophobic packing and aromatic
interactions.

TABLE-2
MOLECULAR DOCKING RESULTS FOR SYNTHESIZED COMPOUNDS (SK-1 to SK-12) AND ISONIAZID

Compound Affinity (Kcal/mol) Amino acid residues
SK-1 -8.1 ARG144, PHE149, ILE194, MET147
SK-2 -8.9 MET147, SER20, ASP54, TYR192, GLY 148, MET147
SK-3 9.1 THR88, ARG144, GLY148, PHE149
SK-4 -8.7 GLY148, PHE149, TYR192, ILE194, MET147
SK-5 -9.3 GLUS6, LEU83, ASP54, SER20, GLU92, MET147, ILE194, PHE149, TYR192
SK-6 -9.1 TYR A:196, PHE A:149, GLU A:192, ILE A:194, SER A:94, PHE A:143
SK-7 -8.3 THR88, ASP54, TYR192, PHE149
SK-8 -8.6 GLU92, ASP54, LEU83, PHE149, VAL167
SK-9 -8.0 SER20, GLU92, TYR192, PHE149
SK-10 -7.8 ASP54, GLU92, MET147, PHE149, TYR192
SK-11 -8.5 SER20, ASP54, GLU92, MET147, PHE149
SK-12 -7.5 ALA A:191, MET A:147, PHE A:148, GLU A:256, LEU A:83

Isoniazid -7.5

GLN 66, PHE-41, GLY-96, ASP-64
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(SK-3, SK-5 and SK-6 with isoniazid)

Compound SK-2 demonstrated the stable polar and hydro-
phobic contacts with SER20, ASP54, TYR192, GLY 148, and
MET147, with an affinity of -8.9 kcal/mol, whereas compound
SK-4 bound at -8.7 kcal/mol through hydrogen bonds and r-
alkyl interactions with GLU92, ASP54, LEU83, PHE149,
and VAL167. Compound SK-8 showed an affinity of -8.6 kcal/
mol, stabilized by r-alkyl and alkyl interactions with GLY 148,

2D Representation of the binding modes of novel triazole-linked compounds and isoniazid to DNA gyrase and enoyl-[acyl-carrier-protein] reductase

PHE149, TYR192, ILE194 and MET147, whereas compound
SK-11 interacted with SER20, ASP54, GLU92, MET147 and
PHE149 at -8.5 kcal/mol, favouring polar contacts within the
catalytic site.

Compound SK-7 exhibited r-alkyl interactions with
THR88, ASP54, TYR192 and PHE149, corresponding to -8.3
kcal/mol whereas compound SK-9 achieved -8.0 kcal/mol
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through m-alkyl interactions with SER20, GLU92, TYR192,
and PHE149, complemented by hydrogen bonds and van der
Waals contacts with ASP54, GLU92, MET147, PHE149, and
TYR192. Compound SK-12 displayed a less favourable
binding energy of -7.5 kcal/mol, interacting with ALA191,
MET147, PHE148, GLU256, and LEUS83.

ADMET prediction: The ADMET properties of synthe-
sized compounds (SK-1 to SK-12) was predicted using Swiss-
ADME and pkCSM. All compounds adhered to Lipinski’s
rule of five without violations, indicating favourable oral bio-
availability (Table-3). However, molecule 2 had one violation
of the Veber rule due to an elevated topological polar surface
area (TPSA > 140 A?). The molecular weight (MW) of all
compounds was below optimal threshold of 500 Da, good mem-
brane permeability. The consensus logP values varied from
about 1.8 to 3.5 a balanced profile of hydrophilic and lipo-
philic properties that support oral absorption. Most compounds
were predicted to have high gastrointestinal (GI) absorption.
Molecule 2 was only exception, predicted to have low Gl
absorption due to its higher polarity and increased hydrogen
bonding capacity (HBA = 7, HBD = 4). None of compounds
were blood-brain barrier (BBB) which could help reduce side
effects related to central nervous system. However, all
compounds were substrates for P-glycoprotein (P-gp), which
may affect efflux related resistance compounds are distri-
buted in body. The inhibition profiles for cytochrome P450

(CYP) showed that several compounds might inhibit CYP1AZ2,
with some also inhibiting CYP3A4 or CYP2C9 isoforms.
The bioavailability score was consistently predicted at 0.55,
indicating moderate oral bioavailability. Synthetic accessibility
scores ranged from 3.6 to 4.1. All molecules are moderately
complex and can be synthesized without too much difficulty.
Overall, the ADMET predictions indicate that most comp-
ounds have favourable physico-chemical and pharmacokinetic
properties that make them suitable for further lead develop-
ment, with molecules 1, 3, 4 and 5 showing the most balanced
profiles.

Physico-chemical profiles: Table-4 shows that all the
synthesized compounds possessed molecular weights ranging
from 366.39 to 537.39 Da, which generally fall within the
acceptable range for drug-like molecules (< 500 Da). How-
ever, SK-10, SK-11 and SK-12 slightly exceeded this thres-
hold, which may negatively influence membrane permeability.
The topological polar surface area (TPSA) values varied
between 120.72 and 186.77 A2. Compounds SK-2, SK-8 and
SK-9 exhibited TPSA values above 140 A? which could
contribute to reduced membrane permeability and lower oral
absorption. Hydrogen bond donor (HBD < 5) and acceptor
(HBA < 10) counts were within the standard limits across the
series, indicating generally acceptable hydrogen-bonding chara-
cteristics for oral bioavailability.

TABLE-3
ADME AND DRUG-LIKENESS PREDICTION FOR SYNTHESIZED COMPOUNDS (SK-1 to SK-12)
Compound Gl _ BBB Pgp _CY_Pl_AZ (?YP_Z_Cl9 ?YPZ_C9 (_3YI_32_D6 QYE3A4 log Kp
absorption permeant substrate inhibitor inhibitor inhibitor inhibitor inhibitor (cmis)
SK-1 High No Yes Yes No No No No -7.01
SK-2 Low No Yes No No No No No -7.71
SK-3 High No Yes Yes No Yes No Yes -6.84
SK-4 High No Yes Yes No Yes Yes Yes -6.62
SK-5 High No No Yes Yes Yes Yes Yes -6.02
SK-6 High No Yes Yes Yes Yes Yes Yes -7.10
SK-7 High No No No Yes Yes Yes Yes -6.54
SK-8 Low No No No Yes Yes No Yes -7.06
SK-9 Low No No No Yes Yes No Yes -7.02
SK-10 Low No No No Yes Yes No Yes -6.66
SK-11 Low No Yes No No No No No -6.44
SK-12 Low No Yes No No Yes Yes Yes -6.48
TABLE-4
PHYSICO-CHEMICAL PROPERTIES AND MOLECULAR DESCRIPTORS OF SYNTHESIZED COMPOUNDS (SK-1 to SK-12)
Molecule MW Log P HBD MR TPSA v 0 CLCVEENgy  SnhiEie
score accessibility
SK-1 430.86 -7.10 2 112.0 130.0 6 0.55 3.80
SK-2 448.42 -6.54 2 1111 120.7 8 0.55 3.83
SK-3 503.49 -7.06 3 137.4 186.8 8 0.17 4.28
SK-4 483.50 -7.02 8 133.3 164.7 7 0.55 4.15
SK-5 537.39 -6.66 3 136.3 141.0 6 0.55 4.17
SK-6 396.42 -7.21 2 107.6 130.0 6 0.55 3.79
SK-7 472.52 -6.53 2 133.1 130.0 6 0.55 4.16
SK-8 521.49 -6.44 3 127.8 146.7 9 0.55 4.85
SK-9 528.51 -7.21 3 132.5 156.5 9 0.55 4.86
SK-10 530.49 -6.48 2 131.6 120.7 9 0.55 4.95
SK-11 554.94 -5.84 2 1335 120.7 9 0.55 4.88
SK-12 611.05 -5.79 2 152.6 120.7 9 0.17 5.39
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Drug-likeness rules: Fig. 2 shows that all compounds
complied with Lipinski’s rule of five, except SK-8, which
exhibited two violations due to its molecular weight and topo-
logical polar surface area (TPSA). Compounds SK-3, SK-5
and SK-6 also showed deviations.

Metabolism (CYP inhibition): Various compounds
were computationally predicted to inhibit CYP1A2, CYP2C9
and CYP3A4 (e.g. SK-3 to SK-7) indicating drug—drug inter-
action potential. Compounds SK-8 to SK-12 had broader
CYP inhibition profiles, potentially making pharmacokinetic
behaviour complicated and necessitating additional in vitro
metabolic stability studies.

Synthetic accessibility: Table-5 reparented as synthetic
accessibility scores varied between 3.67 (SK-1) and 4.95 (SK-
12), indicating moderate synthetic complexity. The latter values
(SK-8 to SK-12) indicate higher structural complexity diver-
sity of functional groups.

In silico pharmacological toxicity profiling of hybrid
derivatives: The synthesized hybrids SK-1 through SK-12 and
additional analogs a consistent profile across various endpoints
in pharmacological toxicity studies using ProTox-3.0 predic-
tions [21]. Fig. 3 shows an Organ toxicities were predominantly
active for hepatotoxicity (probabilities ranging from 0.51 to
0.69) neurotoxicity (0.57 to 0.87), nephrontoxicity (0.50 to
0.90), respiratory toxicity (0.67 to 0.98) and clinical toxicity
(0.53 to 0.67) while cardiotoxicity inactive (0.72 to 0.82). As
7 blood-brain barrier permeability was active (0.50 to 1.00)
potentially neurotoxic effects. Toxicity endpoints showed that

LIPO

FLEX SIZE FLEX

INSATU POLAR INSATU

INSOLU

SK-3 SK-5

INSOLU

carcinogenicity (0.51-0.64), immunotoxicity (0.56-0.99), muta-
genicity (0.52-0.97), cytotoxicity (0.56-0.93), ecotoxicity (0.53-
0.73) and nutritional toxicity (0.58-0.74) were all inactive.
This means that the hazards to the environment and to DNA
are minimal. All of the Tox21 nuclear receptor signalling
pathways were inactive. These pathways include aryl hydro-
carbon receptor (0.71-0.97) androgen receptor (0.94-0.99)
estrogen receptors (0.81-1.00) peroxisome proliferator-activated
receptor gamma (0.70-0.99). The stress response pathways such
as Nrf2 (0.88-0.94) heat shock factor (0.88-0.94) mitochon-
drial membrane potential (0.50-0.78), p53 (0.83-0.96) ATAD5
(0.82-0.99). Molecular thyroid hormone receptors (0.59-0.90),
transthyretin (0.63-0.97), ryanodine receptor (0.58-0.98), GABA
and glutamate receptors (0.61-0.99), acetylcholinesterase
(0.69-0.89), constitutive androstane receptor (0.98-0.99),
pregnane X receptor (0.54-0.92), NADH-quinone oxidored-
uctase (0.92-0.99), voltage-gated sodium channel (0.58-0.95),
and Na*/I- symporter (0.79-0.98) also showed inactivity, sug-
gesting minimal disruption to these pathways.

The in silico analysis highlights the novelty of this study
through extensive molecular docking, with binding affinities
ranging from -9.3 to -7.8 kcal/mol, surpassing isoniazid (-7.5
kcal/mol) against hypothetical targets such as InhA. Key inter-
actions, including hydrogen bonds with ASP54 and PHE149,
provide insight into structure—activity relationships (SAR)
for compound optimization. ADMET profiling using Swiss-
ADME and pkCSM indicates favorable drug-likeness, with
Lipinski compliance for all compounds except one, bioavail-

LIPO LIPO

SIZE FLEX SIZE

POLAR INSATU

POLAR

INSOLU
SK-6

Fig. 2. In silico drug-likeness profile of analogues SK-3, SK-5 and SK-6

TABLE-5
TOXICITY AND CYP450 INHIBITION PROFILE OF TEST COMPOUNDS

Compound Hepatotoxicity Neurotoxicity Nephrotoxicity Respiratory toxicity CYP2C9 inhibition
SK-1 Active Active Inactive Active Inactive
SK-2 Active Inactive Active Active Inactive
SK-3 Active Active Active Active Inactive
SK-4 Active Inactive Active Inactive Inactive
SK-5 Active Active Active Active Inactive
SK-6 Active Active Active Active Inactive
SK-7 Active Active Inactive Inactive Inactive
SK-8 Active Inactive Inactive Active Inactive
SK-9 Inactive Inactive Active Inactive Inactive
SK-10 Inactive Active Inactive Inactive Inactive
SK-11 Inactive Inactive Inactive Active Inactive
SK-12 Inactive Active Inactive Inactive Inactive
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ability scores of 0.55, moderate synthetic accessibility (3.6-
4.95), high gastrointestinal absorption for many analogues,
and low blood-brain barrier permeability to minimize CNS
toxicity. Toxicity predictions from ProTox-3.0 suggest low risks
for carcinogenicity, mutagenicity, and endocrine disruption,
while potential organ-specific effects such as hepatotoxicity
can guide safer lead selection.

Conclusion

Novel quinoline-thiazolidinone-isonicotinamide hybrids
(SK-1 to SK-12) were designed, synthesized, characterised
and evaluated for their in-vitro antimycobacterial activity
against non-replicating and replicating MTB through LORA
and MABA techniques. The derivatives SK-3, SK-5 and SK-6
was found to be more potent with MIC value in MABA and
LORA methods with SK-3 (10.52 and 12.03), SK-5 (08.25
and 14.53) and SK-6 (13.5 and 18.25). These derivatives have
promising ADMET profiles (e.g. Lipinski compliance mod-
erate logP 0.93-4.31, high GI absorption for the majority),
making them good leads for potential antitubercular agents.
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