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A novel series of isoniazid—rhodanine (INH-Rh) molecular hybrids (9a—t) was prepared and structurally
characterized using different spectroscopic techniques, including FTIR, NMR (*H, *C, HMBC, and HSQC),
and HRMS. All the hybrids (9a-t), including their precursors (3a—t and 8a-t), were assessed for their in
vitro anti-tubercular activity, alongside the standard anti-tubercular drug, INH. Among them, 9d (MIC =
1.56 pg ml™), 9j (MIC = 12.50 pg ml™), and 9n (MIC = 12.50 pg ml™) displayed the most potent activity
against M. tuberculosis (Mtb), with 9d emerging as the most active. However, limited efficacy was
observed for seven selected compounds (3h, 3i, 9d, 9j, 91, 9n, and 9p) against INH-resistant Mtb strains
harboring mutations in KatG. Moreover, the Mtb strain overexpressing the enoyl acyl carrier protein

reductase (InhA) exhibited significant resistance to 9d, 9j, and 9n, suggesting InhA as their likely target.
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Accepted 25th August 2025 Molecular docking studies revealed that the binding modes and key intermolecular interactions of the

selected compounds closely resembled those of INH, a known inhibitor of InhA. ADME/T analysis

DOI: 10.1039/d5ra03641k indicated favorable pharmacokinetic and safety profiles for the synthesized compounds, while DFT
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1. Introduction

Tuberculosis (TB), an airborne infectious disease,* is caused by
an obligate pathogen, Mycobacterium tuberculosis (Mtb), which
is responsible for ~1.4 million deaths every year.>* According to
the World Health Organization (WHO) report, in 2021, 10.6
million people were diagnosed with TB, resulting in approxi-
mately 1.6 million deaths, including 187 000 individuals living
with HIV.® The high prevalence of TB in immunocompromised
individuals, particularly those infected with HIV, underscores
its significant global health impact.®®

The current challenges for the treatment approach for TB
involve a combination therapy of four primary drugs: pyr-
azinamide, isoniazid (INH), rifampin, and ethambutol, which
are administered over 6 to 9 months.' The prolonged treatment
regimen often leads to adverse side effects and low patient
adherence, which contributes to the rise of multidrug-resistant
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calculations provided further insights into their global reactivity characteristics.

TB (MDR-TB) and extensively drug-resistant TB (XDR-TB)
strains.” ™ The emergence of these resistant strains, along
with the challenges posed by totally drug-resistant TB (TDR-TB)
and co-infection with HIV, has made the control, diagnosis,
treatment, and prevention of TB exceedingly lengthy and
complicated." The compounding of the various factors
mentioned previously has resulted in TB becoming a serious
global challenge that also imposes a significant economic
burden on the countries most heavily impacted by the disease."
Thus, the development of novel anti-TB agents with distinct
mechanisms of action and a low risk of cross-resistance with
existing drugs is imperative. Despite extensive ongoing
research, only a limited number of new anti-TB drugs have been
successfully developed to date.*®

The cell wall of Mtb is essential for its survival and patho-
genicity,"” as it provides structural support and protection.'® It is
composed of a complex, multi-layered network that includes
mycolic acids, a highly branched arabinogalactan, and a cross-
linked peptidoglycan matrix.'>** As the primary interface
between the host and the pathogen, the Mtb cell wall represents
a critical target for the design of new therapeutic inhibitors.**
This includes first-line drugs such as INH,** which targets
mycolic acid synthesis, and ethambutol,> which inhibits ara-
binogalactan biosynthesis in Mtbh. However, the current treat-
ment regimen faces several challenges, including drug toxicity,
drug-drug interactions, high costs, and prolonged treatment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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durations, all of which contribute to poor patient compliance.**
In response to the growing threat of MDR strains, medicinal
chemists must actively pursue the development of new and
more effective drug candidates.

Thiazolidine analogs, especially rhodanine (Rh), have
garnered considerable attention due to their diverse pharma-
cological activities, including anticancer,” anti-microbial,*®
anti-viral,”” anti-malarial,®® anti-diabetic,* and anti-TB proper-
ties.** Numerous Rh-based hybrids have been documented as
anti-TB agents in the literature, with several potent compounds
summarized along with their MIC or ICs, values in Fig. 1.%*%
These compounds have also been reported to act as inhibitors
of zinc metalloprotease 1 (Zmp1),*** including derivatives such
as ZTB19, ZTB20, and ZTB23 (ref. 40) and thyroid hormone
receptor.*** Furthermore, Rh-based derivatives have shown
inhibitory activity against various key enzymes and biological
targets, including 15-hydroxyprostaglandin dehydrogenase (15-
PGDH),* aldose reductase,* HIV-1,* tyrosine kinases,"” HCV
protease, B-lactamase, JNK-stimulating phosphatase-1 (JSP-1),
and PMT1 mannosyl transferase.*

On the other hand, INH is one of the best first-line prodrugs
for the treatment of TB, which acts by blocking the NADH-
dependent enoyl-acyl carrier protein reductase (InhA).** This
enzyme participates in mycolic acid production during the
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elongation of the fatty acid chains.* Cessation of mycolic acid
biogenesis brought on by InhA inhibition results in bacterial
death.”® INH is a prodrug that needs to be activated by the
catalase/peroxidase KatG.”* The prodrug's activation is
decreased by mutations in the katG gene, lowering INH's effi-
cacy.”* As a result, creating substances that block InhA without
requiring KatG activation may be an excellent way to create
novel anti-TB medications.>

The concept of molecular hybridization (MH) has garnered
significant global interest among synthetic and medicinal
chemists in the realms of drug design and drug discovery.**>°
This strategy involves the integration of two or more biologically
active pharmacophores in a single molecular architecture,
taking into account various chemical variables.®® The primary
goal of MH is to increase the efficacy, selectivity, and safety of
the resulting molecular conjugates by integrating the beneficial
properties of the parent molecules while simultaneously mini-
mizing their potential side effects.®**>

Accordingly, various INH hybrids have been prepared by
various researchers and assessed for their potency against Mth
and its drug-resistant strains (Fig. 1).*

In this work, we have developed a straightforward synthetic
protocol to prepare a new series of INH-Rh molecular hybrids
(9a-t) by coupling INH with rhodanine nuclei in a single unit.
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Fig.1 Design and rationalization of INH—Rh molecular hybrids derived from isoniazid (INH) and rhodanine analogs via a molecular hybridization
strategy.*-34¢¢ MIC refers to the lowest concentration of an antimicrobial agent that prevents visible growth of a microorganism in vitro after
a specified incubation period. ICsq refers to the concentration of a substance needed to inhibit a target by 50% in an in vitro assay.
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All synthesized compounds were structurally characterized
through various spectroscopic techniques and evaluated for
their activity against Mtb. The most potent compounds of the
series were further tested against three INH-resistant strains of
Mtb, followed by their cytotoxicity evaluation against the THP-1
cell line. Molecular docking studies were conducted to investi-
gate the binding orientation and interaction profiles of repre-
sentative compounds within the active site of InhA, a key
enzyme involved in mycolic acid biosynthesis in Mth. These
simulations helped elucidate the host-guest relationship by
identifying critical hydrogen bonding and hydrophobic inter-
actions responsible for ligand stabilization within the binding
pocket. Furthermore, in silico ADME/T (Absorption, Distribu-
tion, Metabolism, Excretion, and Toxicity) profiling revealed
that the designed compounds exhibit favorable pharmacoki-
netic properties and comply with Lipinski's rule of five, sug-
gesting good oral bioavailability and drug-likeness. To
complement the docking studies, Density Functional Theory
(DFT) calculations were performed to analyze the electronic
properties of the most active compounds. Specifically, the
energies of the frontier molecular orbitals (HOMO and LUMO),
energy gaps, and global reactivity descriptors were evaluated,
providing insights into the chemical stability and reactivity of
the molecules.

2. Result and discussion

2.1. Chemistry

The synthetic protocols for the preparation of Intermediates I,
11, I11, and the final target compounds are outlined in Schemes
1A and 1B, and 2. Initially, 5-benzylidene-2-thioxothiazolidin-4-
ones (3a-t) were prepared using a reported method,*” which
involves the condensation of substituted aromatic aldehydes
(1a-t, 1 eq.) with rhodanine (2, 1 eq.) in the presence of sodium
acetate (1 eq.) and acetic acid, as depicted in Scheme 1A. The
synthesis of the initially designed molecular hybrid (7) was
executed in two steps, as outlined in Scheme 1. In the first step,
compound 3a (1 eq.) was reacted with ethyl bromoacetate (1.5
eq.) (4) in the presence of K,CO; (2.5 eq.) and DMF to offer
intermediate 5, albeit in low yield. In the second step, this crude
product was refluxed with INH (6, 1 eq.) in ethanol to afford the
final compound (Scheme 1B). However, the absence of a char-
acteristic -CH, peak in the "H NMR spectrum suggested that
compound (9), and not the expected hybrid 7, was formed. This
observation further implied that compound 8, rather than 5,
was the actual intermediate generated in step 1. Subsequently,
nucleophilic attack by the amine group of INH amine likely
resulted in the elimination of the mercapto ethyl ester moiety,
leading to the formation of compound 9a (Scheme 1B).
Considering the slow reaction rate of step 1 coupled with the
low yield (34%) of intermediate 8, we decided to place a better
leaving group on 3 for S-alkylation before engaging it in
nucleophilic aromatic substitution reaction with INH. For this
purpose, first, we reacted 3a with methyl iodide using tri-
ethylamine as a base in DCM. The corresponding S-methylation
proceeded smoothly, offering the desired product 8a in a much
better yield (90%). Following the same protocol, other
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analogues (8b-t) were prepared in good yields (84-96%) before
subjecting them to their hybridization with INH in ethanol to
offer their INH-Rh molecular hybrids (9a-t) in good yields (86-
97%) (Scheme 2). All INH-Rh derivatives (9a-t) and their cor-
responding intermediates (8a-t) are structurally illustrated in
Schemes S1 and S2 of the Supplementary Information.

2.2. Structural elucidation

Different spectroscopic techniques, such as '"H-NMR, "*C-NMR,
infrared radiation (IR), and high-resolution mass spectrometry
(HRMS), were utilized to characterize the structures of all the
molecular hybrids (9a-t). The corresponding spectral data are
presented in the SI. Additionally, two-dimensional (2D) NMR
data (HSQC and HMBC) were used to facilitate complete
structural assignment of the representative compound 9b.

For example, the IR spectrum of 9b (Fig. S49) showed three
characteristic absorbances at » 1712 cm ' and 1650 cm ™’
accounting for the two carbonyl groups as well as a broad peak
at 1600 cm ™' representing benzylidene double bond (C=C). In
its '"H NMR spectrum (Fig. S50), the INH moiety displayed two
NH protons, NH-14 and NH-15, resonating as two broad singlet
peaks far downfield at 6y 11.42 and 12.60 ppm, respectively. A
characteristic singlet at 6y 7.63 ppm for the CH-6 proton
confirmed the condensation of rhodanine with the aldehyde
(C=C-H) moiety. Furthermore, as expected, the methyl group
(H-13) appeared as the most upfield resonance at dy; 2.33 ppm.
The rhodanine ring carbons C-3 and C-5 appeared at 167.99 and
150.77 ppm, respectively, in its "*C spectrum (Fig. $51), along
with the most upfield signal at 21.50 ppm corresponding to C-
13. The INH moiety's carbonyl carbon (C-16) displayed the
second most downfield resonance at 162.66 ppm. Finally, the
HRMS spectrum of compound 9b (Fig. S52) exhibited a molec-
ular ion peak of m/z 337.0759 and further confirmed the
assigned structure.

The necessary carbons of the representative compound (9b)
were successfully determined by heteronuclear multiple bond
coherence (HMBC) data. For example, the INH proton H-18 (6
8.77 ppm) showed HMBC correlations with C-16 (¢ 162.66), C-
17 (6¢ 140.62), C-19 (6¢ 121.92), and C-22 (6¢ 150.60) (Fig. 2).
Rhodanine proton H-6 (6y 7.21 ppm) showed HMBC correla-
tions with C-5 (6¢ 167.99), C-1 (6¢ 121.57), and C-7 (6¢ 130.92),
while the aldehyde ring proton H-11 (65 7.29 ppm) displayed
correlations with C-7 (6¢ 130.92), C-10 (6¢ 140.51), and C-13 (d¢
21.50). The proton H-13 showed HMBC correlation with carbon
C-9 (8¢ 130.31) and C-10 (5¢ 140.51).

2.3. Biological studies

2.3.1. Invitro activity against wild-type M. tuberculosis. All
INH-Rh molecular hybrids (9a-t), their precursors (3a-t and 8a-
t), and INH (as the control drug), were tested against Mth
mc>6230 to assess their anti-TB activity. The results are depicted
in Table 1. Experiments were conducted three times indepen-
dently with similar values.

The MIC values of the benzylidene series (3a-t) span between
25 to 200 pg ml~*. The two most active compounds (3h and 3i)
of this series displayed the lowest MIC value (25 pg ml™%),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Reaction conditions: (a) aldehyde 1a-t (1eq), rhodanine 2 (1eq), sodium acetate (1eq), acetic acid,
reflux at 120°C, 7 h;
(b) 3b 1eq), DMF, K,CO5 (2.5eq), ethylbromoacetate (1.5eq), rt, 1.5 h;
(c) 8 (1eq), Isoniazid 6 (1eq), Ethanal, rt, 20 h.
Scheme 1 (A) Illustrates the synthesis of 3a—t. (B) Illustrates the synthesis of 4,5-dihydrothiazole-2-thiol.

whereas the compound 3f (MIC = 200 ug ml ') exhibited the
least inhibitory activity. Most of the other tested compounds
(except 3h, 3i, and 3f) exhibited MIC values between 50 and 100
ug ml~', demonstrating low anti-TB activity of this series of
compounds.

The thiomethyl analogues (8a-t), used as intermediates in
the final step, generally displayed lower activity compared to
their precursors (3a-t), with most compounds showing MIC
values in the range of 100-200 pg ml~'. Notably, only
compound 8q showed moderate activity with an MIC of 50 pg

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

ml~'. These findings indicate a marked reduction in activity
following S-methylation of the thiocarbonyl group.

As anticipated, the INH-Rh molecular hybrids (9a-t)
exhibited relatively improved activity profiles than their
synthetic precursors (3a-t, 8a-t), with MIC values ranging from
1.56 to 100 pg ml~". The molecular hybrid 9d emerged as the
most active compound with an MIC of 1.56 pg ml~'. The
molecular hybrids 9j and 9n, which were the second most active
compounds in the series, inhibited the bacterial growth at
a concentration of 12.50 ug ml~". Other compounds, such as 9f,

RSC Adv, 2025, 15, 31272-31288 | 31275
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Scheme 2 Synthesis of final INH-Rh molecular hybrids.

Fig. 2 Schematic representation of key HMBC correlations in
compound 9b.

9k, 91, and 9p displayed moderate inhibition (MIC = 25 pug
ml ™). The remaining compounds of the series exhibited rela-
tively higher MIC values ranging from 50 to 100 pg ml ™.
2.3.2. Structure-activity relationship analysis. The struc-
ture-activity relationship (SAR) of the tested INH-Rh molecular
hybrids established in terms of different bioisosteres is
described in Table 1. For instance, compound 9a without any
substituent on the phenyl ring demonstrated moderate activity
(MIC = 50 pug ml™") against Mtb. The substitution of a methyl
group at the ortho position dramatically improved the activity of
9d (MIC = 1.56 pg ml~"). However, the placement of the same
methyl group at para (9b, MIC = 50 pg ml~") or meta (9¢, MIC =
50 pg ml ") positions reduced the activity by ~32-fold. A similar
trend was observed for the methoxy-substituted analogues,
where ortho-substitution (9f, MIC = 25 pg ml ') conferred
fourfold higher activity compared to para-substitution (9e, MIC
=100 ug ml~ ). The presence of multiple methoxy groups at (9g)

31276 | RSC Adv, 2025, 15, 31272-31288

or a bulkier isopropyl group at the para position (9h) was
detrimental to the activity (MIC = 100 ug ml~"). These results
indicate that the placement of electron-donating groups at the
ortho position of the phenyl ring is beneficial to the activity of
the hybrids. Their halogenated analogues, however, presented
the opposite trend, where the para-fluoro analogue (9j, MIC =
12.50 pg ml~ ") was found to be ~2-fold more active than its meta
(9k) and ortho (91) counterparts. Similarly, the chlorine, when
positioned at the para (9n, MIC = 12.50 pg ml~ ') position,
offered a more potent compound than its meta (90, MIC = 50 pg
ml ") or ortho (9p, MIC = 25 pg ml ) analogues. Like 9g, the
placement of multiple fluorine (9m) or chlorine (9q) atoms on
the phenyl ring decreased the activity (MIC = 100 ug ml~"). The
para and ortho bromo analogues (9r, MIC = 50 ug ml~" and 9t,
MIC = 50 pg ml~") presented superior activity to their meta-
substituted analogue (9s, MIC = 100 pg ml~'). However, all
compounds were less active than INH (MIC = 0.039 pg ml 1),
suggesting that further structural modifications are needed to
enhance their activity. A brief schematic illustration of SAR is
presented in Fig. 3.

2.3.3. In vitro activity against Mtb KatG mutants. We
selected seven active hybrid compounds (3h, 3i, 9d, 9j, 91, 9n,
and 9p) to evaluate them further against three INH-resistant
Mtb strains harboring mutations in the catalase-peroxidase
katG gene (mc’6230_R1, mc®6230_R2, mc®6230_R3), and the
results are presented in Table 2.

Like INH, all tested compounds (except for 3h and 3i) lost
their activity against the three KatG mutants. For instance, 9d's
MIC escalated from 1.56 pg ml~ " in the parental strain to 50 pg
ml~" (32-fold increase) in the mutated strains. Similarly,
compounds 9j (8-fold), 91 (4-fold), 9n (8-fold), and 9p (4-fold)
displayed significant loss of their activity against the mutants.
These results suggest that most of the hybrids require KatG-
dependent activation to exert their action.

To confirm that the compounds share the same mechanism
of action as INH by blocking InhA, we tested the three more
active compounds (9d, 9j, and 9n) against the Mth mc>6230

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Antitubercular evaluation of series 3a—t, 8a—t, and 9a—t against Mtb mc?6230

Product code

MIC? (ug ml ™)

Product code

MIC? (ug ml ™)

Product code

MIC? (ug ml ™)

3a 50 8a 100 9a 50
3b 50 8b 100 9b 50
3¢ 100 8¢ 100 9¢ 50
3d 50 8d 200 9d 1.56
3e 100 8e 100 9e 100
3f 200 8f 50 of 25
3g 50 8g 100 9g 100
3h 25 sh 100 9h 100
3i 25 8i 100 9 50
3j 50 8j 100 9 12.5
3k 50 sk 100 9k 25
31 100 8l 100 | 25
3m 50 Sm 100 9m 100
3n 50 8n 100 9n 12.5
30 50 80 200 90 50
3p 100 8p 100 9p 25
3q 100 8q 50 9q 100
3r 50 8r 100 9r 50
3s 50 8s 200 9s 100
3t 100 8t 100 9t 50
INH? 0.039

¢ MICgy = minimum inhibitory concentration that inhibits 99% of bacterial growth (ug ml~?). » INH = isoniazid (standard drug).

strain overexpressing InhA, under the strong constitutive Zsp60
promoter (Table 3).

The overexpression of InhA leads to high levels of resistance
to each inhibitor (4 to 16-fold) increase compared to the control
strain harboring the empty pMV261, similar to INH (16-fold
increase in MIC), which suggests that these hybrid compounds
inhibit InhA. As expected, the efficacy of RIF, an RNA poly-
merase inhibitor, was unaffected in the InhA-overexpressing
strain. Together, these results indicate that the hybrids
behave similarly to INH by requiring a bioactivation step

catalyzed by KatG, and inhibiting InhA activity, presumably by
forming adducts with NAD, as previously shown with INH.®®
2.3.4. In vitro cytotoxicity studies. Many anti-TB drugs
exhibit toxicity toward eukaryotic cells, prompting us to eval-
uate the potential cytotoxic effect of the molecular hybrids 9d,
9j, 3h, and 3i in human THP-1 cells. The cells were incubated at
37 °C and 5% CO, for either 24 h (D1, left panel) or 72 h (D3,
right panel) (Fig. 4). DMSO served as the negative control, while
10% SDS was used as the positive control (data not shown). INH
was included as an internal control. The results indicate that

-An ortho-methyl group on the phenyl ring (9d) showed
the highest activity (MIC = 156 pg/mL).
-Para-fluoro and para-chloro substitutions (9] and 9n)
significantly improved anti-TB activity.
-EWG substitution followed the activity trend: para>
ortho> meta.

Fig. 3 Brief SAR summary compounds 9a-t.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 MIC of the most potent hybrid compounds against Mtb strains with mutations in KatG. Experiments were conducted three times

independently with similar values

MIC (ug ml ™)

mc?6230
Product code (parental strain) mc?6230_R1 mc?6230_R2 mc?6230_R3
3h 25 25 25 25
3i 25 50 50 50
ad 1.56 50 50 50
9j 12.50 100 100 100
9l 25 100 100 100
9n 12.50 100 100 100
9p 25 100 100 100
INH 0.039 >10 >10 >10

Table 3 MICs of 9d, 9j and 9n against mc?6230 overexpressing InhA.
Experiments were conducted three times independently with similar
values

MIC (pg ml™ ")

Compound Wild-type pPMV261 PMV261_inhA
od 1.56 3.12 50 (16)°

9j 12.5 12.5 100 (8)

9n 12.5 25 100 (4)

RIF 0.039 0.039 0.039 (1)

INH 0.078 0.078 1.25 (16)

“ Indicates the fold change between the strain harboring the empty
plasmid pMV261 and the strain overexpressing InhA.

the compounds tested exhibited ICs, values >15 pg ml~* (Table
4), indicating cytotoxicity toward THP-1 cells at concentrations
close to the MIC values, except 9d, which displays a SI of 14,
while INH displays a SI >100 under the same experimental
conditions. Thus, the cytotoxicity profiles of the tested
compounds appear essentially non-favorable as compared to
INH.

2.4. Computational studies

2.4.1. Molecular docking. Molecular docking is a reliable
tool in biological research to identify ligand-protein interac-
tions. Here, in silico molecular docking was utilized to analyze
the binding interactions of the most potent compounds with
InhA from Mtb (PDB ID: 4QXM). We aimed to correlate the
experimental activity trend with the computed docking score
and explore their binding conformations. Based on the potency,
compounds 9d, 9j, 9n, and reference INH were chosen for
Induced Fit Docking (IFD) studies, and their docked complexes
showing different ligand-receptor interactions are presented in
Fig. 5, while the results are summarized in Table 5.

Compound 9d demonstrated the highest docking score of
—7.454 among all potent compounds, suggesting its strong
binding affinity to the target. It interacts with InhA through
both hydrogen bonding and hydrophobic interactions. For
instance, the N atom of the pyridine ring, the carbonyl oxygen of
the rhodanine moiety, and the NH group of the INH fragment
formed a network of hydrogen bonds with amino acid residues
Arg43 (d = 2.17 A), Met199 (d = 2.42 A), Ala198 (d = 2.31 A), and
Gly96 (d = 1.86 A), respectively. In addition, the aromatic ring
engaged in a -7t stacking interaction with the Phe149 (d = 4.79

D1

100 & -+ INH
= 9d
75 [ = 3h
- 3i
- 9

% THP-1 viability
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N
o
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o ~ 5
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Fig. 4 Cytotoxicity assay of 9d, 9j, 3h, and 3i in THP-1 cells. Cells were differentiated with PMA for 48 h and exposed to increasing concen-
trations of each compound (starting at 100 ug ml™2) for an additional 24 h (D1, left panel) or 72 h (D3, right panel) at 37 °C with 5% CO.. INH was
included as a reference drug. Data shown are the mean of two independent experiments completed in technical duplicates, with error bars
representing the standard deviations. Statistical analysis was performed using ordinary one-way ANOVA between the lowest and highest
concentrations used for all compounds. *: p < 0.05; ****: p < 0.0001.
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Table 4 Selectivity index determined from cytotoxicity studies

Product code MIC (ug ml™?) ICs0” (ng ml™") s’
3h 25 15 0.6
3i 25 22 0.9
ad 1.56 21 14
9j 12.50 18 1.4
INH 0.039 >100 >100

% ICs, represents the drug concentration that reduces the viability of
THP-1 cells by 50%, determined after 72 h of exposure to the
compounds (Fig. 4). ? SI, selectivity index (IC5o/MIC).

A) residue (Fig. 5). According to the reported documents, the
hydrophobic interaction of Gly96 and Phe149 amino residues
helps to enhance the stability of the ligand-enzyme complex,
which in turn is considered very important in InhA inhibi-
tion.**”® Compound 9j and 9n displayed comparable docking
scores of —6.681 and —6.661, respectively, suggesting similar
binding affinities towards the InhA enzyme. However, their
interaction modes differed notably. Compound 9j formed
hydrogen bonds with Gly96 (d = 2.24 A) and Thr196 (d = 2.28 A),
along with a - stacking interaction with Phe149 residue (d =
5.24 A) (Fig. S1). In contrast, 9n displayed a single hydrogen
bond interaction with Met98 (d = 2.47 A) through the carbonyl
group of the rhodanine ring (Fig. S2). The reference drug INH
showed the highest docking score of —7.772 and displayed two
hydrogen bond interactions with Thr162 (d = 2.03 A) and
a hydrophobic interaction with Phe149 (d = 4.13 A).

2.4.2. ADME/T analysis. In silico studies offer a means to
examine pharmacokinetic parameters such as Absorption,
Distribution, Metabolism, Excretion, and Toxicity (ADME/T).
The ADME studies on the most potent compounds, 9d, 9j,
and 9n, involved a comprehensive evaluation of various physi-
cochemical parameters essential for assessing drug-likeness
and pharmacokinetic properties.

View Article Online
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Table 5 The molecular docking results of potent compounds 9d, 9j,
and 9n, along with INH

Product MIC Docking Glide Glide
code (ng m1™") score Emodel energy
9d 1.56 —7.454 —92.144 —60.488
9j 12.50 —6.681 —83.662 —54.384
9n 12.50 —6.661 —69.308 —49.613
INH 0.039 —7.772 —50.685 —34.360
2.4.2.1. Lipinski’s rule and physicochemical properties. To

verify the drug similarity properties based on Lipinski's rule and
ADME-Tox characteristics, we utilized the QikProp and two
online tools, SwissADME and pkCSM, for each proposed
molecule. To enhance the readability of Fig. 6, the terms FLEX,
INSATU, INSOLU, POLAR, SIZE, and LIPO: FLEX stands for
flexibility (no more than nine rotatable bonds), INSATU
signifies saturation (the value should be at least 0.25), INSOLU
indicates solubility (log S should not exceed 6), POLAR repre-
sents polarity (topological polar surface area (TPSA) standard
range 20 A” to 140 A?), SIZE denotes molecular weight (standard
range 150 to 500 ¢ mol '), and LIPO refers to lipophilicity
(standard range —0.7 and 5).”* Accordingly, these compounds
(9d, 9j, and 9n) showed a good compliance with all these
parameters.

For good oral bioavailability, the MW, no. rot. Bond, HBD,
HBA, TPSA, and QPlog P, are the key parameters demon-
strating the oral bioavailability of molecules after administra-
tion and excretion through the kidney.”” TPSA indicates how
drug molecules are distributed throughout the body. Similarly,
higher values of QPlog P, indicate a greater affinity for lipo-
philic environments, influencing bioavailability and potential
for crossing biological membranes.” Table S1 illustrates that all
compounds followed these criteria.

2.4.2.2. In silico rules, bioavailability score, and synthetic
accessibility. Table S2 presents a comparative analysis of the

Fig. 5 3D representation of ligand—receptor interactions for compound 9d and standard INH. The yellow color represents hydrogen bonding,

and the blue color shows -1t interaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The Radar diagrams of compounds 9d, 9j, and 9n.

bioavailability and adherence to various in silico rules, such as
Muegge, Ghose, Veber, and Egan, for the most active
compounds 9d, 9j, and 9n, which showed good compliance. The
synthetic accessibility scores for all compounds were below 4,
indicating that they are readily synthesizable.

Table S3 explored the ADMET analysis using pkCSM,
demonstrating pharmacokinetic and toxicity profiles for
compounds 9d, 9j, and 9n. Water solubility indicates how easily
a compound dissolves in water, which is crucial for drug
absorption and formulation. Typically, compounds with
log mol 17" values closer to 0 are considered well-soluble.
Compounds 9d and 9n, with lower values, predicted their
high solubility. Human intestinal absorption (HIA) indicates
the percentage of the administered dose absorbed into the
bloodstream from the intestines after oral administration.” The
HIA percentage of more than 70% is considered a higher
absorption ability of the drugs.”® Results in Table S3 demon-
strate that all compounds with more than 90% HIA value are
generally preferred for better bioavailability. Compound 9d
demonstrates high intestinal absorption (94.19%), indicating
efficient uptake.

Parameters such as QPlogBB, VDss, and CNS were evaluated
computationally to analyze the distribution of compounds 9d,

31280 | RSC Adv, 2025, 15, 31272-31288

9j, and 9n in the body. QPlogBB, or Predicted Logarithm of the
Blood-Brain Barrier (BBB) Partition Coefficient, plays a crucial
role in drug development. For BBB permeability, the drug
molecules with a logBB value >0.3 easily cross the BBB, while
logBB value <—1 cannot cross the BBB. Table S3 demonstrates
that compounds 9d, 9j, and 9n were within the standard
range.”” VDss stands for volume distribution steady state;
a higher VDss value indicates that the drugs are more distrib-
uted in the tissue than in the plasma. The VDss value is good for
a drug if it is higher than 0.45.”® The prediction results
demonstrated that two compounds (9d and 9j) meet these
criteria. The central nervous system (CNS) permeability for the
drug molecule with a standard log PS value [—2 (inactive) to +2
(active)] suggests that they are unable to cross the CNS.”
Accordingly, 9d, 9j, and 9n showed no CNS permeability.
Regarding the toxicity of the potent compound, the AMES
and skin sensitization parameters were predicted. The AMES
toxicity has demonstrated that the compound exhibits muta-
genicity in the AMES test, which assesses the potential to cause
genetic mutations.®® Ideally, compounds should not exhibit
AMES toxicity. Table S3 suggests that all compounds do not
show any AMES toxicity. These individual evaluations empha-
size how crucial it is to consider each molecule's distinctive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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qualities during the drug development and assessment process
to ensure both safety and efficacy. Table S3 demonstrates that
the potent compounds did not show any toxicity to the skin.

2.4.3. DFT studies. The Density Functional Theory (DFT)
calculations were finally applied to explore the frontier molec-
ular orbitals, global reactivity properties, and molecular
potential energy®*-** of the compounds 9d, 9j, and 9n.

2.4.3.1. Structural optimization energy. First, the geometry of
compounds 9d, 9j, and 9n was optimized at the B3LYP level
using the 6-31++G (d, p) basis sets.*® The number and type of
atoms in each compound are illustrated in Fig. 7, while their
computed electronic energies and dipole moments are
summarized in Table 6. The low electronic energies of these
compounds indicate their strong tendency to form stable non-
covalent interactions with the target enzyme, which may
contribute to enhanced binding affinity and biological activity.

Similarly, compounds 9d, 9j, and 9n exhibited dipole
moments of 5.16, 4.60, and 4.62 Debye, respectively. These
values suggest high aqueous solubility and may enhance
membrane permeability, particularly in Mtb, which possesses
a lipid-rich cell wall.

2.4.3.2. Frontier molecular orbital (FMO) analysis. Frontier
Molecular Orbitals (FMO) studies were conducted to analyze
Enomos Erumo, and AEg,, (Table 7). The HOMO and LUMO
energies are crucial to determining the reactivity and kinetic
stability of the molecules,* with the negative values suggesting
more stability.** For 9d, 9j, and 9n, the respective computed
HOMO energies were —5.13, —4.94, and —4.96 eV, while for
LUMO energies for the same compounds were predicted to be
—2.21, —2.31, and —2.23 eV.

View Article Online
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Table 6 The structural optimized energy and dipole moment using
DFT/B3LYP/6-31++G (d, p)

Dipole moment Electronic energy

Product code (Debye) (Hartree)
9d 5.16 —1424.48
9j 4.60 —1484.41
9n 4.62 —1844.76

The HOMO with higher energy indicates a better ability of
the compound to donate electrons (nucleophilic) to other
biomolecules that have lower energy. Whereas the higher
energy of LUMO indicates a better ability to accept electrons
(electrophilic).®®

The energy gap serves as a quantitative indicator of
a compound's stability and reactivity.***® A smaller energy gap
between HOMO and LUMO suggests that the compound is less
stable and more reactive, and vice versa.**®* Additionally,
a small energy gap often indicates that the molecule is of
significant biological potential.”> Table 7 shows that
compounds 9d (2.92 eV), 9j (2.62 eV), and 9n (2.73 eV) possess
a smaller energy gap, indicating higher reactivity and signifi-
cant biological potential. Moreover, it is noted that when the
frontier molecular orbitals (FMOs) are localized on the same
side with lobes of identical phase (same colour), the
compounds tend to display reduced biological activity.”® As
illustrated in Fig. 8, the FMOs of these compounds are
distributed on opposite sides, where the green orbital repre-
sents regions of low electron density and the red orbital corre-
sponds to regions of high electron density.** In addition, we
calculated the global reactivity properties (Table S4) such as
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Table 7 The FMOs analysis and calculated Enomo. ELumo, and AE
values for potent compounds®

S. no. Physical properties 9d 9j 9n

1 Enowmo (eV) —5.13 —4.94 —4.96
2 Erumo (V) —2.21 -2.31 —2.23
3 AE (eV) 2.92 2.62 2.73

% Enomo = energy of highest occupied molecular orbital; Epymo =
energy of lowest unoccupied molecular orbital; AE = energy band gap
between HOMO and LUMO.

ionization energy, electron affinity, electronegativity, chemical
potential, softness, and hardness, and the results are provided
in the SI along with their discussion. Moreover, molecular

View Article Online
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electrostatic potential surface analysis was also performed, and
the results are provided in Fig. S3.

3. Conclusion

In this study, we successfully synthesized and evaluated a novel
library of INH-Rh molecular hybrids (9a-t) for their anti-
tubercular activity. Among these, compound 9d demonstrated
the highest potency, with a MIC of 1.56 ug ml~", highlighting
the potential of INH-Rh hybridization in enhancing anti-TB
efficacy. This hypothesis was further supported by molecular
docking studies, which revealed that the active compounds
adopt favorable binding orientations and form key intermo-
lecular interactions within the InhA active site. While several
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Fig. 8 lllustration of the FMOs of compounds 9d, 9j, and 9n.
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INH-Rh hybrids displayed promising in vitro antitubercular
activity, none surpassed the potency of parent isoniazid (MIC =
0.039 ug ml™). Notably, compound 9d exhibited low cytotox-
icity against THP-1 macrophages, resulting in a favorable
selectivity index. The loss of activity of these compounds against
KatG-mutant strains and their reduced efficacy in InhA-
overexpressing Mth strains strongly suggest that their mecha-
nism of action involves InhA inhibition, similar to that of INH.
However, the KatG-dependency of the hybrids somehow
diminishes their interest, as they are unlikely to overcome
resistance in INH-resistant clinical strains carrying mutations
in KatG. In addition, DFT calculations provided valuable
insights into frontier molecular orbitals and global reactivity
parameters, aiding the interpretation of electronic properties
related to biological activity. Collectively, these findings
underscore the potential of INH-Rh hybrids, particularly
compound 9d, as promising leads for the development of new
anti-TB agents. Further structural optimization could lead to
the identification of potent lead compounds with improved
therapeutic profiles.

4. Materials and methods

4.1. Chemicals and reagents

The intermediates and INH-Rh molecular hybrids were
synthesized using chemicals purchased from Merck, CRD,
Sigma, and Aldrich without purification. To monitor the prog-
ress of the reaction a Thin Layer Chromatography (TLC 60 Fys,)
silica gel plates were used. The *H and **C NMR spectroscopy
were used to characterize precursor 8a-t. The final products
were elucidated using various spectroscopic techniques, viz., IR,
'H, "*C NMR, and HRMS. 2D NMR experiment heteronuclear
single quantum coherence spectroscopy (HSQC) and hetero-
nuclear multiple bond correlation (HMBC) were performed for
compound 8b. The NMRs were recorded on a Bruker Avance-III
spectrometer (600 and 150 MHz). In addition to chemical shifts
in ppm, coupling constants (/) in Hz are also reported. The
multiplicities are reported as follows: singlet (s), doublet (d),
doublet of doublets (dd), quartet (q), multiplet (m), triplet (t),
and broad singlet (brs). High-resolution mass spectra (HRMS)
were recorded on a micro-mass ESI TOF (time of flight) mass
spectrometer. The digital melting point apparatus was used to
record the melting point. Using the ATR technique, the Fourier
transform infrared (FTIR) spectra were recorded in the spectral
range of 400-4000 cm ™" on PerkinElmer (FTIR spectrum II).

4.2. General procedures for the synthesis of 3a-t

The intermediates I (3a-t) were prepared according to the re-
ported document.*”” In a round-bottom flask, a mixture of
aldehyde 1a-t (1.0 eq.), rhodanine 2 (1.0 eq.), and sodium
acetate (1 eq.) was stirred in the presence of acetic acid for 7 h
under reflux at 120 °C. Following the end of the reaction, the
resultant solution was allowed to cool, and the precipitates were
filtered out using a Buchner funnel. The product was purified in
ethanol by filtering out and recrystallizing the solid.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.3. General procedures for the synthesis of 8a-t

A mixture of benzylidene 3a-t (1.0 eq.) and trimethylamine (1.5
eq.) was stirred in DCM at room temperature for 10 min, before
adding methyl iodide (1.5 eq.) dropwise. Further, the mixture
was stirred for 2 h. After completion of the reaction (confirmed
by TLC), the solvent was evaporated using a rotor evaporator.
The solid product was quenched with water and filtered out
using a Buchner funnel. The compounds were purified by
recrystallization using ethanol.

4.4. General procedures for the synthesis of INH-Rh
molecular hybrids 9a-t

In a round-bottom flask of 50 ml, intermediate 8a-t (1.0 eq.) and
INH (1.0 eq.) were stirred at room temperature for 24 h. The
reaction was analyzed by TLC. After the completion of the
reaction, 10 ml of ethanol was added to the reaction mixture.
The solid formed was filtered using the Buchner funnel and
purified further by recrystallization using ethanol.

4.5. Analytical data

Provided in the SI.

4.6. Biological assays

4.6.1. Culture conditions. The pantothenate-auxotrophic
Mth mc®6230 strain and KatG mutants® were grown in Mid-
dlebrook 7H9 broth supplemented with 10% OADC, 0.025%
tyloxapol and 109 pM pantothenic (complete 7H9) at 37 °C
without agitation.”® The mc®6230 strain carrying the
pPMV261_inhA® or containing the empty plasmid pMV261 was
grown using the same medium supplemented with 50 pg per ml
kanamycin.

4.6.2. Drug susceptibility testing. The MIC was defined as
the lowest concentration of compound inhibiting 99% of
bacterial growth, at which no change in turbidity was observed,
and was performed in 7H9 broth supplemented with 10%
OADC, 0.025% tyloxapol, and 109 pM pantothenic acid at 37 °C
without agitation. For MIC determination, a log-phase culture
was diluted to an ODggo = 0.05 in complete 7H9 and deposited
in 96-well plates. Compounds were then directly added (2 ul per
well of a 20 mg ml~" or 10 mg per ml stock solution) to the first-
row wells containing 198 ul of bacteria. Serial 2-fold dilutions
were then completed, starting from the first row. Plates were
wrapped in parafilm and then placed in a 37 °C incubator and
observed after 6 days of incubation. Control wells included
DMSO as vehicle control, in which bacterial growth was not
inhibited (as for untreated wells). INH was included as a refer-
ence drug. Experiments were conducted three times in
duplicate.

4.6.3. Cytotoxicity assay. Human THP-1 monocytes, ob-
tained from ATCC: ATCC® TIB-202™, were grown in RPMI
medium supplemented with 10% Fetal Bovine Serum (Sigma-
Aldrich) and incubated at 37 °C with 5% CO,. Cells were
differentiated with 20 ng per ml phorbol myristate acetate in
a 96-well plate (2 x 10 cells per well) for 48 h and exposed to
decreasing concentrations (ranging from 100 ug ml~" to 0.78 pg

RSC Adv, 2025, 15, 31272-31288 | 31283
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ml ") of the tested compounds. Following incubation (24 or 72
h), 10% v/v resazurin was added to each well and left to incubate
for a few hours at 37 °C with 5% CO,. Data were measured using
a fluorescent plate reader (excitation 540 nm, emission 590 nm).
Results are the mean of two independent experiments done in
duplicate.

4.7. Computational studies

4.7.1. Molecular docking. Molecular docking was con-
ducted using the Schrodinger suite (2022-1 release) with
calculations based on the OPLS4 forcefield. Firstly, the structure
of Mtb enoyl-acyl carrier protein reductase (InhA; PDB ID:
4QXM) was obtained from the Protein Data Bank and corrected
by adding missing hydrogens, side chains, and loops using
Prime.”® Epik® was used to generate tautomers and hetero-
atomic states at pH 7.0 £ 2.0, and deleting water molecules that
are 5 A away from the binding cavity. The hydrogen network was
then optimized and minimized to an RMSD of 0.3 A. Subse-
quently, the binding site was minimized using Prime.
Compounds for docking were drawn, saved as ChemDraw files,
imported into the workspace, and prepared using the LigPrep
module to generate 3D models with the lowest energy confor-
mation. The Induced Fit Protocol (IFD) module was employed to
dock these compounds into the active site of InhA. This process
involved defining the ligand box by selecting a box using the
centroid of selected residues with dimensions under 20 A, and
performing conformational sampling within a 2.5 kcal mol™"
energy range. Ligands were docked with Glide, and poses were
refined by adjusting side chain conformations using Prime.
Poses with energies up to 30 kcal mol " were redocked, and the
top 10 poses were selected for evaluation. The best pose for each
protein-ligand complex was chosen based on docking scores,
IFD scores, Glide e-model, and Glide energy.

4.7.2. ADME/T. The SwissADME web tools https://
www.swissadme.ch/and QikPro were utilized in this study to
assess the absorption, distribution, metabolism, and excretion
characteristics of the drug candidates. Additionally, the
pkCSM online portal https://biosig.lab.uq.edu.au/pkesm/was
used for ADMET studies. This data is crucial to the drug
approval process as it provides insights into the drug-likeness
of the compounds tested. The default predictors provided by
the tool were used for analysis.

4.7.3. DFT studies. To optimize the energy of molecules 9d,
9j, 9n, and INH, the Gaussian 16W'* software was used. To
identify the optimal structural parameters, the B3LYP func-
tional along with the 6-31G++ (d, p) basis set was employed.
Gauss View 6.0 software was used to analyze the output files.
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