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Introduction: Tuberculosis is a very complicated disease because of how the TB bacteria behaves in the human body. This makes it
hard to diagnose, treat, and control. Because of this, the World Health Organization’s latest reports show that there are still very few
good treatment options for drug-resistant TB.

Methods: A novel series of pyridine-derived compounds were rationally designed and synthesized to evaluate their potential as
antitubercular agents. These derivatives were specifically developed to target the enoyl acyl carrier protein reductase (InhA), and
molecular docking studies were performed to predict binding modes with InhA.

Results: All compounds exhibited notable antitubercular activity, with minimum inhibitory concentrations (MIC) ranging from 0.5 to
2.0 pg mL™! against Mycobacterium tuberculosis H3TRv.

Discussion: Derivative 6 was the most potent compound (MIC: 0.5 pg mL "), inhibiting intracellular bacteria, disrupting biofilms, and
potently targeting InhA (ICso: 0.36 uM). Its pyridine-thiazole scaffold was key for stable binding, as shown by molecular modeling.
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Introduction

Tuberculosis (TB) is a chronic airborne infectious disease caused by the acid-fast bacterium Mycobacterium tuberculosis
(Mtb). While the primary site of infection is the lungs, the pathogen can disseminate via the bloodstream or lymphatic system,
leading to extrapulmonary manifestations of TB. Consequently, the global burden of tuberculosis remains substantial, with
a high incidence of cases and mortality annually. The emergence of drug-resistant strains, such as multidrug-resistant TB
(MDR-TB) and extensively drug-resistant TB (XDR-TB), poses an increasingly severe threat, particularly in low- and middle-
income countries. In 2021, approximately 241,399 new cases of MDR-TB and 12,861 new cases of XDR-TB were reported
worldwide.'™ Although anti-TB drugs such as isoniazid (INH), rifampicin (RIF), ethambutol (EMB), and pyrazinamide
(PZA) are effective in treating TB infections, they do not achieve optimal outcomes due to several drawbacks. These include
lengthy treatment periods, the possibility of serious side effects, risks of drug interactions, and difficulties with patient
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compliance, all of which can contribute to the emergence of drug-resistant strains.'®!" Therefore, it is crucial to develop new
anti-TB medications that are well-tolerated, effective against both drug-sensitive and drug-resistant Mycobacterium tubercu-
losis strains, have low toxicity, and require shorter treatment durations.

Recent studies have concentrated on the enzyme an enoyl acyl carrier protein reductase (InhA) as a promising target
for novel anti-TB drug development.'>'? InhA, this enzyme from Mycobacterium tuberculosis, plays a central role in the
type II fatty acid synthesis (FAS II) pathway by catalyzing the Nicotinamide adenine dinucleotide (NADH)-dependent
reduction of 2-trans-enoyl-ACP (acyl carrier protein) to produce NAD" and the reduced enoyl thioester-ACP
substrate.'*'> This reaction is critical for the biosynthesis of mycolic acids, which are essential components of the
mycobacterial cell envelope. Importantly, InhA represents an excellent therapeutic target because the FAS II system is
absent in human cells, thereby minimizing potential off-target effects.'®"'® Thus, disrupting the synthesis of mycolic acid
is vital for eradicating these bacteria and ultimately overcoming TB.'*?® Furthermore, the clinical efficacy of isoniazid
(INH) I, (Figure 1) one of the most potent anti-TB drugs, is largely attributed to its inhibition of InhA. However,
resistance to isoniazid has emerged, primarily due to mutations in KatG, a catalase-peroxidase enzyme responsible for
activating isoniazid within the bacterium,?’** In response to this challenge, numerous efforts have been undertaken,
resulting in the synthesis and evaluation of various analogs based on the structures of isoniazid and pyridine as potential
antimycobacterial agents.”>** Pyridine represents a fundamental heterocyclic framework prevalent in various natural

compounds, including alkaloids, e.g trigonelline, vitamins like B3 and B6, and coenzymes exemplified by nicotinamide
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Figure | lllustrates previously reported antitubercular agents featuring bioactive cores such as pyridine derivatives (I-V), thiazole derivatives (VI-X), and hydrazone groups
(XI and XII), alongside the novel target compounds synthesized in this study, designated as 4-6 and 7a-f.
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adenine dinucleotide. Owing to its multifaceted properties-namely, water solubility, notable chemical stability, and the

26,27 and

capacity to form hydrogen bonds.?® Consequently, derivatives of pyridine display a range of biological activities
have been shown to possess significant antitubercular properties.”®*° For instance, lansoprazole II, (Figure 1) a drug
containing the pyridine moiety, inhibits gastric acid secretion through proton-pump receptor binding and exhibits
intracellular efficacy against Mycobacterium tuberculosis (Mtb).*® Similarly, pyridomycin III, (Figure 1) a naturally
derived antibiotic featuring a pyridine structure, shows strong activity against various Mycobacteria, including Mtb
through its inhibition of the InhA enzyme.’' In addition, Almasirad et al prepared a new series of 2-(phenylthio)
benzoylarylhydrazones and tested their antimycobacterial activity against Mycobacterium tuberculosis H37Rv. Among
the compounds, Compound IV (Figure 1) exhibited the highest activity with a minimum inhibitory concentration (MIC)
of 2.96 pg/M1.*? Likewise, Matsa et al described a 2-hydrazinylthiazole derivative built on a pyridine framework, which
showed strong antimycobacterial activity against the Mtb H37Rv strain, with MIC of 6.40 pM for compound V*
(Figure 1).

Another key scaffold is thiazole and its derivatives, which constitute a class of compounds with considerable potential
as antitubercular agents because of their target specificity.>* Beyond their role in tuberculosis treatment, thiazole-

» 1,¢ anti-

containing compounds have demonstrated diverse pharmacological effects, such as anticancer,” antimalaria
inflammatory,®” antimicrobial,>® and antihyperlipidemic activities.** Structurally, the thiazole moiety shares similarity
with thiolactomycin VI, (Figure 1) a naturally occurring antibiotic that poses synthetic challenges. It exerts its
antibacterial effect by inhibiting FAS-II B-ketoacyl-ACP synthase (KasA) Throughout the biosynthetic process of the
Mycobacterium tuberculosis (Mtb) cell wall, ultimately resulting in bacterial cell death.** Also, nitazoxanide (NTZ)
VII, (Figure 1) an orally administered, FDA-approved drug containing a thiazole ring, is used to treat protozoal
infections and has been shown to significantly inhibit intracellular Mtb growth.*'** Furthermore, tizoxanide VIII,
(Figure 1) a metabolite of NTZ has demonstrated inhibitory activity against both replicative and non-replicative Mtb
strains.*> Notably, Boraste et al demonstrated that derivatives of thiadiazole-linked thiazole have been synthesized and
characterized as effective anti-tubercular agents. Among these, compound IX (Figure 1) exhibited the potent activity,
with MIC of 7.81 pg/mL against Mycobacterium tuberculosis H37Ra.** Additionally, Makam and Kannan synthesized
a series of 2-aminothiazole connected to a pyridine framework using the Hantzsch thiazole synthesis method. The
inhibitory potential of these compounds was evaluated against Mycobacterium tuberculosis (Mtb), strain H37Rv. Among
them, compound X, (Figure 1) demonstrated strong antimycobacterial activity, with MIC of 6.25 uM.*’

The hydrazone functional group (R;R,C=NNH,) represents a significant and pharmacologically valuable scaffold in
drug design. The amine nitrogen’s lone pair electrons participate in conjugation with the adjacent imine moiety, a key
electronic feature of hydrazone derivatives that influences their reactivity and biological activity. Importantly, atom of
nitrogen in hydrazones acts as a nucleophilic center, while the carbon atom exhibits both electrophilic and nucleophilic
behavior.*® These unique functional characteristics make hydrazones versatile compounds with a diverse array of
biological activities has been observed, encompassing anti-HIV, antimicrobial, antifungal, anticancer, analgesic, antiox-
idant and anti-inflammatory effects.”®*"* Additionally, several well-known antitubercular agents, including rifampicin
XI and compound XII, (Figure 1) incorporate the hydrazone moiety within their molecular structures.''>° Because of
their distinctive hydrogen bond donor and acceptor capabilities, hydrazones have gained significant interest as effective
anti-tuberculosis (anti-TB) agents.”'~>
Building upon the previously reported data and our ongoing research on the synthesis of novel antituberculosis

11,12,51-54
agents,

the present study employed a hybrid pharmacophore strategy to design and synthesize thiazolidinone
and thiazole derivatives conjugated to a pyridine scaffold via a hydrazone linkage Figure 1. The objective was to develop
potent antituberculosis compounds exhibiting inhibitory activity against the InhA enzyme. Selected promising candidates
were further assessed for their antimycobacterial efficacy within human macrophages, as well as their impact on
mycobacterial biofilm formation. Among these, the most active compound, designated as compound 6, underwent
additional evaluation to assess the inhibitory efficacy of the compound against the Mycobacterium tuberculosis InhA
enzyme, comprehensive biochemical assays were conducted. Additionally, in silico analyses, including molecular dock-
ing and molecular dynamics (MD) simulations, were employed to characterize the binding modes and intermolecular

interactions of the bioactive analogues with the InhA active site.
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Materials and Methods
Chemistry

Melting points were measured using the Electrothermal 1A 9000 apparatus, and no corrections were applied to these
values. High-resolution mass spectrometry (HR-TOF-ESI-MS) data for all compounds were acquired utilizing the JEOL
JMS-700 instrument, based in Tokyo, Japan. Nuclear magnetic resonance (NMR) analysis, encompassing both 'H and
3C-NMR spectra, was conducted with Bruker 500 NMR spectrometers located at the Faculty of Pharmaceutical Science,
Tokushima Bunri University, Japan. Chemical shifts are reported in & (ppm), while coupling constants are expressed in
Hz. Thin-layer chromatography (TLC) was employed to monitor the reactions, utilizing silica gel on aluminum sheets
(60 F254, Merck) with a chloroform/methanol (9.8:0.2 v/v) eluent, which was subsequently visualized using iodine-
potassium spray. Compounds 3 and 6 was synthesized according to previously established methods.>>°
Methodology for the Synthesis of the Target Compound 4,5,6 and 7a-e

A solution containing equimolar amounts (0.001 mol each) of thiosemicarbazone 3 and selected a-halocarbonyl
compounds (chloroacetone, ethyl bromoacetate, ethyl-2-chloroacetoacetate, or phenacyl bromide derivatives) was pre-
pared in absolute ethanol (15 mL). The reaction mixture was then treated with a catalytic amount of anhydrous sodium
acetate (0.002 mol) and refluxed for 810 hours. After cooling, the precipitated product was isolated via filtration and
purified by recrystallization from ethanol, affording the desired derivatives 4, 5, 6, and 7a—f in pure form.

4-Methyl-2-(2-(1-(Pyridin-2-Yl)ethylidene)hydrazinyl)thiazole (4)

Brown powder, m.p. 267-268°C, yield (74%). '"H NMR (500 MHz, CD5Cl): & = 2.43 (CHj), 2.52 (CH;-thiazole), 6.80 (s,
1H, CH-thiazole), 8.00-8.02 (m, 1H, H-Ar), 8.38 (d, 1H, J= 8.0 Hz, H-Ar), 8.58-8.61 (m, 1H, H-Ar), 8.89 (dd, 1H, J =
0.5 and 5.5 Hz, H-Ar), 9.95 (s, 1H, NH). >*C-NMR (126 MHz, CDsCl) 8=12.01 (CHj3), 12.81 (CH3), 105.62 (C5-
thiazole), 125.13, 126.79, 138.99, 143.11, 145.00, 146.51, 147.13, 167.27 (C=N-thiazole). LREIMS: 232.0; HREIMS:
232.0781 (Calcd. for Cy;H,,N4S; 232.0783) (see Supplementary Figures 1-3).

2-(2-(1-(Pyridin-2-Yl)ethylidene)hydrazinyl)thiazol-4(5H)-One (5)

Yellowish brown powder, m.p. 177-179°C, yield (82%). '"H NMR (500 MHz, CD5Cl): 6 =2.42 (s, 3H, CH3), 4.50 (s, 2H,
CH,-thiazolidinone), 7.43-7.51 (m, 1H, H-Ar), 7.87-7.91 (m, 1H, H-Ar), 8.12 (d, 1H, J = 8.0 Hz, H-Ar), 8.89 (dd, 1H,
J=0.5 and 5.5 Hz, H-Ar), 10.02 (s, 1H, NH). '*C NMR (126 MHz, CD5Cl) § = 14.21 (CHs), 32.79 (CH,), 122.78,
125.46, 139.48, 146.64, 147.29, 153.81, 167.24 (C=N), 172.12 (C=0). LREIMS: 234.0; HREIMS: 234.0577 (Calcd. for
C10H10N4OS; 234.0575) (see Supplementary Figures 4-06).

Ethyl-4-Methyl-2-(2-(1-(Pyridin-2-Yl)ethylidene)hydrazinyl)thiazole-5-Carboxylate (6)

Off-white powder, m.p. 180-181°C, yield (87%). 'H NMR (500 MHz, DMSO): & = 1.21 (t, 3H, J = 7.5 Hz, CHs), 2.44
(s, 3H, CHy), 2.68 (s, 3H, CHs), 4.08 (q, 2H, J = 7.5 Hz, CH,), 7.35-7.37 (m, 1H, H-Ar), 7.77-7.80 (m, 1H, H-Ar), 8.13
(d, 1H, J = 8.0 Hz, H-Ar), 8.53 (d, 1H, J = 5.5 Hz, H-Ar), 11.19 (s, 1H, NH). '*C NMR (126 MHz, DMSO) § 12. 67
(CH3), 13.21 (CH3), 18.29 (CHs), 61.43 (CH,), 121.20, 122.66, 124.17, 136.46, 148.20, 151.49, 155.78, 162.02, 163.23
(C=0), 169.42 (C=N). LREIMS: 305 (M+H) (see Supplementary Figures 7-9).

4-Phenyl-2-(2-(I-(Pyridin-2-Yl)ethylidene)hydrazinyl)thiazole (7a)

Brown powder, m.p. 127-128°C, yield (76%). "H NMR (500 MHz, CD;Cl): § = 2.62 (s, 3H, CHs), 6.88 (s, 1H, CH-
thiazole), 7.33-7.35 (m, 1H, H-Ar), 7.40-7.43 (m, 1H, H-Ar), 7.46-7.48 (m, 2H, H-Ar), 7.78-7.80 (m, 3H, H-Ar), 8.09
(d, 1H, J = 8.0 Hz, H-Ar), 8.64 (d, 1H, J = 4.5 Hz, H-Ar), 11.85 (s, 1H, NH). >*C-NMR (126 MHz, CDCl;) & 12.97
(CH3), 102.31 (C5-thiazole), 120.94, 124.29, 125.83, 129.30, 129.61, 129.87, 136.83, 144.65, 148.53, 153.75, 169.56
(C=N). LREIMS: 294.0; HREIMS: 294.0942 (Calcd. for C;cH4N4S; 294.0939) (see Supplementary Figures 10-12).

2-(2-(1-(Pyridin-2-Yl)ethylidene)hydrazinyl)-4-(p-Tolyl)thiazole (7b)

Red powder, m.p. 289-290°C, yield (78%). "H NMR (500 MHz, CD;Cl): & = 2.39 (s, 3H, CHs), 2.63 (s, 3H, CHj), 6.75
(s, 1H, CH-thiazole), 7.31-7.35 (m, 2H, H-Ar), 7.64 (d, 2H, J = 7.5 Hz, H H-Ar), 7.75-7.82 (m, 1H, H-Ar), 8.08 (d, 1H,
J=8.0 Hz, H-Ar), 8.63 (d, 1H, J= 5.0 Hz, H-Ar), 11.04 (s, IH, NH). >*C-NMR (126 MHz, CDCl;) § 13.24 (CH;), 21.38
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(CH3), 101.13 (C5-thiazole), 120.91, 122.23, 124.30, 125.34, 125.74, 126.73, 129.91, 130.02, 131.23, 136.43, 140.01,
144.39, 145.32, 149.09, 169.75 (C=N). LREIMS: 308.0; HREIMS: 308.1094 (Calcd. for C;7H;cN4S; 308.1096) (see
Supplementary Figures 13—15).

4-(4-Fluorophenyl)-2-(2-(1-(Pyridin-2-Yl)ethylidene)hydrazinyl)thiazole (7c)

Yellow powder, m.p. 146-147°C, yield (88%). '"H NMR (500 MHz, CDsCl): & = 2.44 (s, 3H, CH3), 6.64 (s, 1H, CH-
thiazole), 7.06-7.11 (m, 2H, H-Ar), 7.28-7.35 (m, 1H, H-Ar), 7.73-7.77 (m, 3H, H-Ar), 8.13 (d, 1H, J = 8.0 Hz, H-Ar),
8.56 (d, 1H, J = 5.0 Hz, H-Ar), 10.98 (s, 1H, NH). '*C-NMR (126 MHz, CDCl;) & 11.55 (CH3), 103.76 (C5-thiazole),
115.60, 115.78, 120.90, 123.65, 127.74, 127.80, 130.72, 136.99, 147.05, 148.19, 154.97, 161.71, 163.68, 169.68 (C=N).
LREIMS: 312.0; HREIMS: 312.0845 (Calcd. for C,cH,3N4SF; 312.0845) (see Supplementary Figures 16-18).

4-(4-Chlorophenyl)-2-(2-(I-(Pyridin-2-Yl)ethylidene)hydrazinyl)thiazole (7d)

Red powder, m.p. 237-238°C, yield (85%). "H NMR (500 MHz, CDsCl): & = 2.48 (s, 3H, CH3), 6.89 (s, 1H, CH-
thiazole), 7.35-7.38 (m, 3H, H-Ar), 8.68 (d, 2H, J = 8.5 Hz, H-Ar), 7.79-7.88 (m, 1H, H-Ar), 8.11 (d, 1H, J = 8.0 Hz,
H-Ar), 8.80 (d, 1H, J = 5.0 Hz, H-Ar), 11.12 (s, 1H, NH). >*C-NMR (126 MHz, CDCls) & 12.19 (CH3), 104.57 (C5-
thiazole), 121.48, 123.61, 124.01, 127.33, 129.07, 129.14, 131.79, 134.25, 138.36, 147.30, 153.80, 169.28 (C=N).
LREIMS: 328.0; HREIMS: 328.0548 (Calcd. for C,cH3N4SCI; 328.0549) (see Supplementary Figures 19-21).

4-(4-Bromophenyl)-2-(2-(I-(Pyridin-2-Yl)ethylidene)hydrazinyl)thiazole (7€)

Red powder, m.p. 202-204°C, yield (68%). 'H NMR (500 MHz, CDsCl): & = 2.44 (s, 3H, CH3), 6.92 (s, 1H, CH-
thiazole), 7.50-7.54 (m, 3H, H-Ar), 7.64-7.74 (m, 3H, H-Ar), 8.12 (d, 1H, J = 8.0 Hz, H-Ar), 8.54 (d, 1H, J = 5.0 Hz,
H-Ar), 11.02 (s, 1H, NH). "*C-NMR (126 MHz, CDCl;) & 11.05 (CH;), 104.47 (C5-thiazole), 121.91, 123.48, 127.45,
129.25, 131.83, 132.26, 136.26, 137.46, 147.56, 153.29, 154.79, 168.71 (C=N). LREIMS: 372.0; HREIMS: 372.0044
(Calcd. for C;sH;3N4SBr; 372.0044) (see Supplementary Figures 22-24).

4-(4-Nitrophenyl)-2-(2-(I-(Pyridin-2-Yl)ethylidene)hydrazinyl)thiazole (7f)

Yellow powder, m.p. > 300°C, yield (77%). '"H NMR (500 MHz, CD;Cl): 8 = 2.45 (s, 3H, CH;), 7.15 (s, 1H, CH-
thiazole), 7.71-7.76 (m, 1H, H-Ar), 7.96 (d, 2H, J = 9.0 Hz, H-Ar), 8.13 (d, 1H, J = 8.0 Hz, H-Ar), 8.24-8.27 (m, 3H,
H-Ar), 8.59 (d, 1H, J = 4.5 Hz, H-Ar), 10.89 (s, IH, NH). '>*C NMR (126 MHz, CDCl;) & 10.95 (CH;), 108.05 (C5-
thiazole), 120.35, 123.45, 123.56, 124.09, 124.17, 126.37, 136.29, 137.43, 140.61, 148.61, 154.75, 168.89 (C=N).
LREIMS: 339.0; HREIMS: 339.0797 (Caled. for C;cH3N50,S; 339.0790) (see Supplementary Figures 25-27).

Biological Activity
All the biological assessments of the tested compounds were evaluated in vitro approach with all the required ethical
tools and according to the techniques below.

Antitubercular Activity

MIC Determination

Minimum inhibitory concentration (MIC) evaluation against M. tuberculosis H37Rv and M. abscessus was performed
using liquid 7H9/OADC medium (Middlebrook, Difco, Baltimore, MD, United States) containing different concentra-
tions of the tested compounds. Test substances were dissolved in dimethyl sulfoxide (DMSO) before addition to the
culture medium. DMSO concentration in the final medium was kept at maximum 0.1% (vol/vol) to prevent any impact
on bacterial growth. MIC determination was carried out using the Micro-plate Alamar Blue Assay (MABA) method

described by Franzblau et al.”’

Bacterial susceptibility was assessed by monitoring the indicator color transition from
blue to pink through visual examination. Each experiment included suitable control wells with bacteria only, medium

only, or compound only, and the MABA procedure was independently repeated three times.

In vitro Cytotoxicity Assay
Cytotoxicity evaluation in vitro was performed following international guidelines (ISO 10993-5:2009(E)) using L929 cell
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lines and MTT assay protocols. Additionally, the toxic effects of the investigated compounds were assessed using human
monocyte-derived macrophages through 48-hour exposure studies.

Bactericidal Activity

The bactericidal activity of the investigated compounds was evaluated by monitoring optical density (OD600) changes and
enumerating colony-forming units (CFU) in M. tuberculosis H37Rv cultures treated with the test substances. M. tuberculosis
cultures were adjusted to an OD600 of 0.1 using liquid 7H9/OADC (Middlebrook, Difco, Baltimore, MD, United States)
medium containing 0.05% Tween 80. Test compounds were applied at various concentrations in duplicate, alongside untreated
control cultures. The bacterial cultures were incubated at 37°C, and optical density measurements were taken at 7 and 14 days
following treatment. For colony-forming unit (CFU) quantification, Middlebrook 7H10/OADC agar (Difco, Baltimore, MD,
USA) supplemented with 0.5% glycerol was used. Bacterial suspensions from culture bottles underwent serial dilution in 7H9/
OADC broth containing 0.05% Tween 80, followed by plating onto solid agar medium at days 1, 7, and 14 of the study. Colony
counts were determined following 3—5 weeks of incubation at 37°C to establish CFU values.

Biofilm Formation

M. tuberculosis biofilm formation was conducted according to established protocols with slight modifications.’®
M. tuberculosis cultures were grown to an OD600 of 1.0 in 7TH9/OADC medium containing 0.05% tyloxapol. The bacterial
suspension was then diluted 1:100 (v/v) in Sauton’s medium and dispensed into 24-well plates at 2.5 mL per well. The plates
were sealed using parafilm and incubated at 37°C under humid conditions for a duration of five weeks to facilitate biofilm
formation. After biofilm maturation, the culture medium was substituted with fresh medium supplemented with 0.1% casitone
and different concentrations of the test compounds, followed by 48-hour incubation at 37°C. Bacterial viability within biofilms
was determined using resazurin-based fluorescence assays, with 375 puL of 0.02% resazurin added per well and incubated for
90 minutes. The fluorescence intensity was quantified using a SpectraMax™ i3 multi-mode microplate reader (Syngen) with
excitation and emission wavelengths set at 550 nm and 590 nm, respectively. Data were normalized and reported as
a percentage of viability relative to untreated Mycobacterium tuberculosis biofilm controls.

Quantifying the Interaction Between Rifampicin (RMP) and 7a; 7¢; 7d Using a Two-Dimensional Dilution Matrix

Drug interaction studies were conducted using the checkerboard assay to evaluate potential interactions between
rifampicin (RMP) and the tested compounds. Serial dilutions of rifampicin were prepared along one axis of 96-well
plates, while the investigated compounds were serially diluted along the perpendicular axis, creating a two-dimensional
dilution matrix. Plates were inoculated with M. fuberculosis and incubated under standard conditions. Bacterial growth
was measured using resazurin detection methods. The Fractional Inhibitory Concentration Index (FICI) was calculated by
first determining individual minimum inhibitory concentrations (MICs) for each compound, then identifying the lowest
effective combination concentrations from the checkerboard assay. FICI values were calculated as the sum of FIC_A and
FIC B, where FIC_ A represents the concentration of rifampicin in the effective combination divided by its MIC when
used alone, and FIC B represents the concentration of the test compound in the effective combination divided by its
individual MIC. Interactions were categorized based on the fractional inhibitory concentration index (FICI) as follows:
synergistic when FICI was less than or equal to 0.5, additive when FICI ranged between 0.5 and 1, indifferent when FICI
was greater than 1 but less than or equal to 4, and antagonistic when FICI exceeded 4.

Isolation and Differentiation of Human Monocyte-Derived Macrophages (MDMs), Followed by Assessment of the
Bactericidal Activity of the Tested Compounds Against Intracellular Mycobacterium tuberculosis

Human monocyte-derived macrophage (MDM) were obtained from buffy coats of healthy blood donors (Regional Blood
Donation Station, Lodz, Poland) and isolated according to established procedures.*® Following extensive washing to eliminate
non-adherent cells, differentiated MDMs were allowed to rest overnight before treatment with varying concentrations of test
compounds. Macrophage viability was determined after 48-hour incubation using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay (Sigma, St. Louis, MO, United States). For intracellular infection studies, MDMs were
infected with M. tuberculosis at a multiplicity of infection (MOI) of 1:10 following the methodology of Korycka-Machala
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et al.®” Extracellular bacteria were eliminated by washing with culture medium two hours post-infection, followed by one-hour
treatment with gentamicin (1 g/L) (Sigma, St. Louis, MO, United States) and triple washing with Iscove’s medium containing
2% human AB serum (Sigma, St. Louis, MO, United States). Infected macrophages were then cultured in medium containing
test compounds at 1xBC concentrations or without compounds (control) for 48 hours at 37°C in a humidified atmosphere
(10% CO»—90% air). Macrophages were subsequently lysed using 0.1% SDS, and colony-forming unit (CFU) enumeration
was performed as previously described.®!

Assessment of InhA Inhibition

The assay is performed by preparing InhA (10 nM), NADH (200 uM), DD-CoA (100 uM), and inhibitor serial dilutions,
then assembling 50 pL reactions in a 96-well plate containing assay buffer, inhibitor/DMSO, NADH (final 40 uM), InhA
(2 nM), and DD-CoA (20 pM) added in that order to start the reaction, with positive controls lacking inhibitor and
negative controls lacking enzyme. Reactions are incubated at 37°C for 30 min, stopped by adding an equal volume
(50 pL) of NAD/NADH-Glo™ reagent, incubated 30 min at room temperature in the dark, and luminescence is recorded
(0.5-1 s integration). Data are normalized to positive (100%) and negative (0%) controls, ICs, values obtained from log-
dose response curves using a 4-parameter fit, and assay quality checked via Z' (>0.5), while ensuring <1% DMSO, fresh
NADH, and including a known inhibitor such as triclosan, following the protocol established in prior studies®® (see
Supplementary Figures 28 and 29).

Molecular Docking and Molecular Dynamics Simulation
The three-dimensional crystal structure of the Mycobacterium tuberculosis InhA protein was retrieved from the RCSB
Protein Data Bank (https://www.rcsb.org/structure/4TZK) in *.pdb format.®> Before docking, the structure was prepared

by eliminating all co-crystallized molecules except NAD, and then hydrogen atoms were added. The prepared structure
was then converted into *.pdbqt format using AutoDockTools for molecular docking. The 2D and 3D structures of
compound 6 and triclosan were generated according to previously established methodologies.®* Specifically, their
geometries were initially sketched in 2D using Marvin JS and then converted into 3D models within the same software.
Molecular docking simulations were conducted using AutoDock Vina version 1.2.3,°> with the exhaustiveness parameter
set to 400. The docking grid was defined as 25 x 25 x 25 A3, centered on the position of the co-crystallized ligand inside
the active site of the InhA protein (PDB ID: 4TZK), as also reported in previous studies.”* The docking poses and
interactions of the selected compound were analyzed and visualized using Discovery Studio Visualizer.

To assess the stability and dynamic interactions of the docked complexes under biologically relevant conditions,
molecular dynamics (MD) simulations were conducted using GROMACS 2023.%° The AMBER99SB-ILDN force field
was utilized to generate the topology files for the InhA protein (PDB ID: 4TZK), while ligand parameters were derived
using ACPYPE and AmberTools 22, following established protocols.”*** The simulation setup involved embedding the
complexes (compound 6 and the co-crystallized ligand) in a triclinic box, solvated with TIP3P water molecules. The
system was neutralized by adding Na+/Cl ions as required. Energy minimization was performed using the steepest
descent algorithm, with a convergence threshold of 1000 kJsmol 'enm ™' for maximum force. Following minimization,
the system underwent equilibration in NVT and NPT ensembles (2 ns each) before a 200 ns production run. Temperature
was maintained at 300 K using the V-rescale thermostat, while pressure was controlled (where applicable) with the
C-rescale barostat. The LINCS algorithm was applied for bond constraints, and long-range electrostatics were handled
via the Particle Mesh Ewald (PME) method. Simulations employed a 2-fs time step and a 1.2 nm van der Waals cutoff.
Post-simulation analyses including RMSD (root-mean-square deviation), RMSF (root-mean-square fluctuation), and Rg
(radius of gyration) were processed and visualized using XMGRACE software.

Results and Discussion

Chemistry

The preparation of the target compounds 3, 4, 5, 6, and 7a—f was proceeded through the following steps. First,
thiosemicarbazone 3 was prepared through the reaction of 2-acetylpyridine (1) with thiosemicarbazide (2). Then,
heterocyclization of the synthesized thiosemicarbazone 3 with various a-halocarbonyl compounds produced the
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corresponding thiazole and thiazolidinone derivatives through an S-alkylation reaction subsequently accompanied by the
removal of a water or alcohol molecule. Specifically, the cyclocondensation of thiosemicarbazone 3 with chloroacetone,
ethyl-2-chloroacetoacetate, and/or phenacyl bromide derivatives in ethanol, using a catalytic amount of anhydrous
sodium acetate, resulted in the formation of the corresponding thiazole compounds: 4-methylthiazolines 4, 4-methylthia-
zolyl-5-carboxylates 6, and 4-(R)-phenylthiazoles 7a-f. Furthermore, Thiazolidinones 5 were synthesized via the con-
densation reaction of the corresponding thiosemicarbazones 3 with ethyl bromoacetate, employing anhydrous sodium
acetate and absolute ethanol as the reaction medium (Scheme 1). The chemical structures of the newly designed
compounds were determined and verified through comprehensive spectroscopic analysis proton nuclear magnetic
resonance ('H NMR), carbon-13 nuclear magnetic resonance ('*C NMR), and high-resolution time-of-flight electrospray
ionization mass spectrometry (HR-TOF-ESI-MS), as detailed in the experimental section.

Biological Activity

Antimycobacterial Screening

The synthesized compounds (3—6 and 7a—f) were evaluated for their antitubercular potential and cytotoxic effects against
Mycobacterium tuberculosis H37Rv, along with fast-growing, non-tuberculous mycobacterial species, including
Mycobacterium abscessus. Primary screening was performed at a standardized concentration of 125 pg/mL to determine
their inhibitory activity, and the tested compounds did not show any activity against M. abscessus.”” However, these
derivatives demonstrated inhibitory activity against M. tuberculosis (Table 1).

For the derivatives active against M. tuberculosis, MIC was assessed utilizing the microplate Alamar Blue assays
(MABA). The findings demonstrated that the synthesized compounds exhibited remarkable activity by inhibiting the
growth of M. tuberculosis at concentrations ranging from 0.5 to 2 pg/mL.

Following the initial screening, the chosen compounds underwent additional cytotoxicity assessment in accordance
with international guidelines (ISO 10993—5:2009(E)), employing L1929 fibroblast cells and the MTT assay.’® The ICs,
values of the compounds were found to be 1.3-39.4 times higher than their respective MIC values (Table 1).

The MIC value represents the lowest concentration of a compound that inhibits the metabolic activity of bacteria.
Therefore, to assess the ability of the tested derivatives to eliminate M. tuberculosis, the bactericidal value was
determined by evaluating the number of viable bacteria forming colonies on a plate after incubation with the tested
compounds. The compounds demonstrating bactericidal effects at the lowest concentrations were the synthesized
derivatives, for target compounds Figure 2.

Evaluation of the Antimycobacterial Efficacy of Selected Compounds in Human Macrophage Models
Tuberculosis (TB) is an airborne disease that begins when the pathogen enters the alveolar regions of the host’s lungs.
Following infection, M. tuberculosis is engulfed by alveolar macrophages, specialized cells responsible for the intracel-
lular destruction of bacteria. However, the tubercle bacilli have the ability to survive and replicate within human
macrophages by interfering with their infection response. Consequently, effective antituberculosis drugs must penetrate
human macrophages without damaging them to assess the efficacy of the tested compounds targeting intracellular
bacterial pathogens, we examined their cytotoxicity toward human macrophages at concentrations ranging from 2 to
10 times the minimum inhibitory concentration (MIC). Human macrophages (monocyte-derived macrophages, MDMs)
were produced by differentiating monocytes isolated from the buffy coats of healthy blood donors. Among the tested
compounds, only three (3, 5, and 6) exhibited low cytotoxicity against human macrophages at a level below 25%.
Therefore, these three compounds were selected for further investigation of their activity against M. tuberculosis residing
inside macrophages. All of these compounds, at a concentration of 10 x MIC, demonstrated the ability to kill intracellular
tubercle bacilli Figure 3.

Assessing the Effectiveness of Compounds Against Mycobacterial Biofilms

Mycobacterial biofilms represent a defense mechanism that challenges therapeutic interventions, creating robust microbial
communities resistant to both pharmaceutical treatments and immune responses.”” We evaluated all selected compounds in
concern to their antimicrobial potential against M. tuberculosis biofilms. Using Sauthon’s medium, we cultivated bacterial
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Table 1 The Antimycobacterial Effect of Target Compound 3-7a-f

Compound | MIC pg/mL MIC [ug/mL] | 1Cso - L929 1C5o/MIC- BC [ug/mL]
M. tuberculosis | M. abscessus [mg/mL] Mtb

3 | >125 26.1 26.10 30
4 0.5 >125 1.5 3.00 |
5 2 >125 35.6 17.80 30
6 0.5 >125 19.7 39.40 40
7a 2 >125 63.7 31.85 5
7b 2 >125 4.7 2.35 5
7c | >125 9.8 9.80 2
7d | >125 23.1 23.10 5
Te 2 >125 13.1 6.55 5
7f 2 >125 40.6 20.30 30
INH 0.05 - - -
ETH 0.25-16 (ref. 49) - - - -

cultures for five weeks and exposed established biofilms to the compounds at bactericidal concentration. Cell survival assays
indicated a slight yet meaningful reduction in bacterial viability. The results indicate that 3 and 6 show modest potential in
disrupting bacterial biofilms, but struggles to comprehensively penetrate these complex microbial structures (Figure 4).
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Figure 2 Evaluation of the bactericidal activity of the tested compounds through CFU analysis. The Y-axis represents % survival, the X-axis shows the control strain M. tuberculosis
H37Rv cultured without compound (Rv_control), and in the presence of individual compounds indicating compound number_used concentration in pg/mL_incubation time in
hours. A one-way ANOVA followed by Dunnett’s post hoc test was used to compare the untreated M. tuberculosis control strain (Rv_control) with bacterial cultures treated with
the test compounds at specified concentrations and time points. The analysis revealed statistically significant differences, with adjusted *p*-values of **** <0.0001, * 0.0304, and
0.0128 for compounds 5 and 6, respectively. All statistical evaluations and data visualizations were performed using GraphPad Prism 9 (Version 10.4.1).
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Figure 3 Evaluation of Anti-Tubercular Activity in Human Monocyte-Derived Macrophages (MDMs) Human MDMs were infected with Mycobacterium tuberculosis and
subsequently treated with compounds 3, 5, and 6 at a concentration equivalent to 10X the minimum inhibitory concentration (MIC). To assess the efficacy of these
compounds, intracellular bacterial load was quantified and compared to untreated controls using a standard one-way analysis of variance (ANOVA). Statistical significance
was confirmed for all tested compounds (adjusted *p* < 0.0001, Dunnett’s multiple comparisons test). Data analysis and visualization were performed using GraphPad Prism
9 (version 9.3.1).
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Figure 4 The effects of selected compounds on pre-formed biofilms of M. tuberculosis were evaluated. Statistical analyses were performed using ordinary one-way analysis of
variance (ANOVA) to compare the quantity of bacilli in untreated M. tuberculosis biofilm with biofilms treated with compounds 3, 5, and 6. * and ** represent 0.0334 and
0.009 P value, respectively. Statistical analyses and graphical visualizations were conducted utilizing GraphPad Prism version 9.3.1.

Testing of Additive, Synergistic or Indifferent Interaction Between Selected Compounds and Rifampicin

Tuberculosis therapy is a multi-drug process; hence the assessment of interactions between potential new drugs and those
already used in therapy is extremely important. The most important anti-tuberculosis drug is rifampicin (RMP), therefore
we decided to check whether the simultaneous application of this drug with the tested compounds would have
a synergistic, additive, antagonistic effect, or whether no interactions would be observed. To evaluate these relationships,
the checkerboard assay was employed in this study. The analysis revealed different interaction patterns between
rifampicin and the tested compounds. Compounds 7d and 7¢ demonstrated additive effects when combined with
rifampicin, both showing FICI values of 0.75. In contrast, compounds 7a exhibited no significant interaction with
rifampicin, displaying FICI values of 1.25, indicating indifferent relationships. No synergistic or antagonistic interactions

were observed for any of the tested compound combinations with rifampicin.
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Inhibition of the Mtb InhA Enzyme

To evaluate the efficacy of the most promising candidate, derivative 6 was further investigated for its ability to inhibit the
InhA enzyme. The findings revealed that this compound exhibited significant InhA inhibition, demonstrating nearly
twofold greater potency than the standard inhibitor, triclosan. Specifically, the thiazole pyridine ester (compound 6)
displayed robust inhibitory activity, achieving an ICsq, value of 0.36 uM, which is notably lower than triclosan’s ICs, of
0.62 uM, indicating superior inhibitory performance Table 2.

Table 2 InhA Inhibition
Effect of the Most Active

Compound 6
Compound | IC5o (UM)
6 0.36+0.01
Triclosan 0.62+0.02

Molecular Docking and Dynamics Simulations

To enhance comprehension of the binding mechanism between compound 6 with Mycobacterium tuberculosis InhA
protein, molecular docking simulations were performed. The docking results revealed that the binding affinity of
compound 6 to M. tuberculosis InhA protein was —7.77 kcal/mol, while the reference compound triclosan displayed
a score of —7.26 kcal/mol. These values are highly comparable, indicating that compound 6 interacts with the InhA active
site with a binding strength similar to that of triclosan, which is consistent with the in vitro findings presented in Table 2.
Protein—ligand interaction analysis was conducted to provide insights into the affinity potential of the investigated
derivative with the target protein. The detailed interactions are illustrated in Figure 5. Compound 6 primarily formed
hydrophobic interactions, specifically m-alkyl and alkyl interactions with Met103, Phel49, Met161, Alal98, and Ile215.
Additionally, compound 6 established a m-anion interaction with Tyrl158 and a m-sulfur interaction with Met199.
Meanwhile, the reference compound triclosan also interacted with residues Ile215, Tyrl158, Met199, Metl61, and
Phe149, indicating that compound 6 exhibits a favorable binding capability to the InhA protein.

While molecular docking provides an initial approximation of the binding affinity and interaction profile, it does not account
for the dynamic and flexible nature of biomolecular systems. To address this limitation and further confirm the stability of the
predicted binding poses under conditions that more closely resemble a biological environment, molecular dynamics (MD)
simulations were subsequently performed. This methodology enabled the assessment of the structural stability of the complexes
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ATYR:158 505 3700 220 561
500 DAGEESS
sz LY nf,xlsx 4.56 T A:ILE:215
45%.02 ¢ 4391
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A:MET:161 451 2.66 4.76
487 540
L0 Hmer109
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Tatere tunee Interectons
Compound 6 triclosan

Figure 5 2D representation of InhA residues interacting to compound 6 and reference triclosan (carbon hydrogen bonds: light blue; TT—anion interactions: dark Orange; -
sulfur: yellow-brown; Alkyl and Pi-alkyl: light purple, halogen interactions (Cl, Br): cyan; -1 T-shaped: pink-purple).
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as well as the durability of critical protein—ligand interactions throughout the duration of the study. The proteins within these
complexes demonstrated minimal fluctuations during the entire simulation, as illustrated by the RMSD plot in Figure 6a, for both
the reference complex and the compound 6 complex. The average RMSD values of InhA-6 and InhA-triclosan were 1.75 A and
2.17 A, respectively. As noted, both complexes maintained RMSD values below 3 A, with the InhA protein complex with
compound 6 showing lower fluctuations than the reference. The findings suggest that the interaction of compound 6 with the
protein did not induce any notable conformational alterations. Furthermore, the protein within these complexes demonstrated
greater stability in RMSD values relative to both the quinoline-isatin hybrid compound, 3-(2-(Quinolin-2-yl)hydrazono)-
5-(trifluvoromethoxy)indolin-2-one, and the co-crystallized ligand (PDB ID: 4TZK).>* Moreover, the stability of the ligands
within the active site throughout the simulation was assessed by analyzing RMSD plots of the ligands, as illustrated in Figure 6b.
The ligands in the InhA-6 complexes exhibited lower average RMSD values than that of InhA-triclosan, specifically 1.331 A and
1.747 A, respectively. In conclusion, both ligands demonstrated consistently stable RMSD values throughout their binding
interactions within the protein’s active site, providing additional evidence for the overall stability of these complexes. Throughout
the simulation, particular amino acid residues were examined, and RMSF plots were created to show the average fluctuations of
these residues over time, as shown in Figure 6c. The analysis of these plots demonstrated that the relative stability of all two
complexes was consistently preserved throughout the duration of the simulation, with the exception of a minor loop segment
spanning residues 100 to 120, which demonstrated marginally increased fluctuations in the triclosan-bound complex as well as in
the previously characterized apoprotein.>* This observation suggests that the reference compound and compound 6 exert
similarly stabilizing effects on this region of the protein. The radius of gyration (Rg) reflects the compactness of the protein
structure. A stable Rg value throughout the simulation suggests that the protein conformation tends to remain preserved. Notably,
Rg remained stable during the entire simulation for both complexes. The Rg values of InhA-6 and InhA-triclosan were 18.368 A
and 18.364 A, respectively, Figure 6d. The Rg plots displayed that InhA-6 maintained a similarly stable folded structure as the
apoprotein.”* Collectively, these findings demonstrate that compound 6 forms a stable complex with the InhA protein, with
favorable binding affinity and persistent interactions throughout the simulation period.

035 03
03 025
ok
Eoxs £ o2
= 02 -
a2 015
a 015 £ 01
E 0.1 E 0.
005 0.05
LU T T T J 04
(1} an 100 150 200 (i} a0 100 150 200
Time (ns) Time (ns)
—Compound & — Tnclosane —Compound & — Trclosane
(a) (b)
08 19
E 04 1.RR
‘5 E 1 .86
=04 ! - .84
= N il 2 |
%02 ‘ 1 " fik 2182
\ A Nt A A q o 18
04 - - - . - \ 178
0 50 00 150 200 250 300 " 0 .."" 100 150 ot
Time (ns - B
e (n5) Time (ns)
Compoumd 6 Triclosane . . ;
Compoumd 6 Triclosane
(c) (d)

Figure 6 (a) The RMSD plot for protein in complexes InhA-6 and InhA-triclosan; (b) The RMSD plot for ligands complexes with InhA; (c) RMSF plot for studied complexes;
(d) Radius of gyration of complex 6, and co-crystalized.
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Conclusion

This research outlines the design and synthesis of innovative pyridine-thiazolidinone/thiazole hybrid compounds as potential
InhA inhibitors for tuberculosis (TB) treatment. The synthesized derivatives demonstrated strong antimycobacterial activity,
with minimum inhibitory concentrations (MICs) between 0.5 and 2 pg/mL. Among these, compound 6 emerged as the most
potent candidate, exhibiting an MIC of 0.5 pg/mL against Mycobacterium tuberculosis while maintaining low cytotoxicity in
L1929 cell lines, indicating a favorable safety profile. Furthermore, compound 6 displayed significant anti-TB efficacy,
including antibiofilm activity, effectively penetrating and disrupting bacterial biofilms. The derivatives also exhibited strong
InhA inhibition, a critical enzyme for M. tuberculosis survival, with an ICs, value of 0.36 uM superior to the reference drug.
To further elucidate the mechanism of action, molecular docking studies were performed, revealing the binding interactions
of the most active compounds within InhA’s active site, providing valuable insights into their inhibitory potential. The
findings of this study establish a foundation for multiple promising avenues of research and optimization. Subsequent
investigations may concentrate on further structural modification of the most potent compound, molecule 6, to improve its
efficacy and selectivity against mycobacterial InhA. Furthermore, the exploration of combination therapy strategies could
facilitate the development of more effective treatment protocols by assessing potential synergistic interactions between these
compounds and currently available antituberculosis agents. Additionally, conducting in vivo studies using animal models
represents a critical next step to evaluate the safety profiles, pharmacokinetic characteristics, and therapeutic effectiveness of
the most promising molecules within relevant tuberculosis models. Collectively, these research directions hold considerable
potential to advance the treatment of mycobacterial infections significantly.
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