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Abstract:

Introduction: Tuberculosis (TB) remains a major global health challenge, further complicated by drug resistance
and comorbidities. This study investigates curcumin analogues, dibenzylidene-cyclohexanones, as potential

multitarget anti-TB agents.

Methods: Nine benzylidene cyclohexanone derivatives were synthesized using microwave-assisted techniques
(yields: 23-81%). Their potential activities were evaluated through molecular docking against key Mycobacterium

tuberculosis (Mtb) enzymes and supported by network pharmacology analysis focused on TB-related pathologies.

Results: The benzylidene cyclohexanone analogs A-135 (81%), A-144 (58%), and A-154 (30%), synthesized efficiently
via microwave-assisted green chemistry, exhibited superior multitarget binding affinities against key Mtb
enzymes—A-135 (MtFabH, pantothenate synthetase), A-144 (MurE, DprE1l, PTPs), and A-154 (Ddn, GlmU,
Pks13)—with halogen substituents enhancing interactions through halogen bonds and lipophilicity; network
pharmacology further revealed 294 overlapping TB-related targets and identified NF-kB1, STAT3, STAT1, and PTGS2

as key hubs mediating their multitarget therapeutic potential modulating TB clinical manifestation in human body.

Discussion: They exhibited superior multitarget binding affinities against key Mtb enzymes, A-135 (MtFabH,
pantothenate synthetase), A-144 (MurE, DprE1, PTPs), and A-154 (Ddn, GImU, Pks13)—with halogen substituents
enhancing interactions through halogen bonds and lipophilicity; network pharmacology further revealed 294
overlapping TB-related targets and identified NF-kB1, STAT3, STAT1, and PTGS2 as key hubs mediating their

multitarget therapeutic potential, modulating TB clinical manifestation in the human body.

Conclusion: A-135, A-144, and A-154 demonstrate promising multitarget anti-TB activity and potential as adjuvant

therapies to complement existing treatments, especially for managing drug resistance and related comorbidities.

Keywords: Anti-tuberculosis agents, Halogenated curcumin analogues, Microwave-assisted synthesis, Molecular
docking, Network pharmacology.
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1. INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium
tuberculosis (Mtb), is transmitted via inhalation of
aerosolized droplets and primarily infects alveolar
macrophages, where it evades immune responses by
inhibiting phagosome-lysosome fusion and neutralizing
reactive oxygen species. These mechanisms promote
intracellular survival, granuloma formation, and long-term
latency, with reactivation often occurring under immuno-
suppressive conditions, leading to pulmonary cavitation and
systemic spread [1-3]. Although initial infection is
frequently asymptomatic, active TB typically presents with
persistent cough, weight loss, fever, night sweats, and
fatigue [3, 4]. Despite global health efforts, TB remains a
major cause of mortality, with an estimated 1.25 million
deaths in 2023, including 161,000 among HIV co-infected
individuals. High-burden countries like India, Indonesia,
China, and the Philippines account for over two-thirds of
global cases, while diagnostic limitations and rising
multidrug-resistant TB (MDR-TB), for which only a small
fraction receive effective treatment, continue to undermine
disease control efforts [4].

The complex pathology and resistance potential of TB
necessitate multifaceted drug regimens targeting
heterogeneous bacterial populations. For drug-susceptible
TB, the World Health Organization recommends a six-month
combination therapy of isoniazid, rifampin, pyrazinamide,
and ethambutol, while multidrug-resistant TB (MDR-TB)
requires newer, all-oral regimens involving agents, such as
bedaquiline, pretomanid, linezolid, and moxifloxacin to
enhance adherence, shorten treatment duration, and
improve cure rates. However, prolonged use of multiple
antibiotics is often associated with adverse effects, such as
hepatotoxicity, peripheral neuropathy, and gastrointestinal
disturbances, which compromise patient adherence,
increase treatment discontinuation, and exacerbate the
emergence of resistance [5].

Persistent challenges in TB treatment, including lengthy
regimens, adverse drug reactions, and rising multidrug
resistance, have spurred interest in natural bioactive
compounds as adjunctive therapies. Curcumin, a polyphenol
from Curcuma longa, exhibits broad pharmacological
properties, such as antioxidant, anti-inflammatory, anti-
microbial, and hepatoprotective effects [6-9]. Its immuno-
modulatory activity, particularly in enhancing T-cell
responses, further supports its therapeutic relevance [10].
However, curcumin’s clinical utility has historically been

Ritmaleni et al.

@ CrossMark

Received: June 25, 2025
Revised: September 17, 2025
Accepted: October 08, 2025
Published: November 25, 2025

(@FIOH

Send Orders for Reprints to
reprints@benthamscience.net

limited by poor bioavailability, prompting the development
of nanoparticle-based formulations that significantly
enhance its solubility, stability, and systemic absorption
[11, 12]. Preclinical studies demonstrate that nano-
curcumin can enhance the efficacy of first-line anti-TB
drugs, reduce hepatotoxicity, and strengthen host immune
responses, indicating its potential to improve adherence,
shorten treatment duration, and mitigate relapse and
resistance, underscoring its promise as a multifunctional
adjuvant in TB therapy [6].

Recent advances in tuberculosis (TB) drug development
have increasingly emphasized curcumin analogs—
structurally modified derivatives aimed at enhancing
chemical stability, biological potency, and target specificity.
Among them, monocarbonyl curcumin analogs, in which the
native B-diketone moiety is replaced by a monoketone
group, have shown improved chemical robustness and
bioactivity, exhibiting significant anti-inflammatory, anti-
diabetic, and antitubercular properties in both in vitro and
in vivo studies [13]. Additional structural refinements,
including ring-closing modifications and heterocyclic
substitutions, have further broadened their therapeutic
potential. Concurrently, the strategic halogenation of
established anti-TB agents, such as fluorinated derivatives
of p-aminosalicylic acid and thioacetazone, has proven
effective in enhancing antimycobacterial activity. These
halogenated compounds are increasingly incorporated into
combination regimens, particularly for combating
multidrug-resistant TB strains. Fluorine substitution, in
particular, contributes to improved pharmacokinetic
profiles by enhancing molecular stability, cellular perme-
ability, and target-binding affinity, thereby increasing
overall antimicrobial efficacy [14, 15]. When co-
administered with novel therapeutics, such as bedaquiline,
delamanid, or pretomanid, these halogenated agents
demonstrate synergistic effects, contributing to reduced
treatment durations, delayed resistance onset, and
improved clinical outcomes in resistant TB cases.

In parallel with pharmacological innovation, there is a
growing emphasis on efficient and sustainable synthetic
approaches in drug development. While traditional
synthetic routes remain widely used, they are often limited
by prolonged reaction times, harsh conditions, and
suboptimal yields [16]. To overcome these limitations,
microwave-assisted synthesis has emerged as a promising
green chemistry alternative, utilizing electromagnetic
irradiation to generate rapid and uniform heating through
dipolar polarization and ionic conduction. This technique
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significantly accelerates reaction kinetics, offering reaction
rate enhancements by several orders of magnitude
compared to conventional methodologies. This approach
improves reaction efficiency, enhances product purity,
reduces side products and waste, and often operates under
solvent-free or environmentally friendly conditions. By
selectively heating reactants rather than the entire system,
microwave synthesis lowers energy consumption and
operational risks, establishing itself as a crucial tool for
sustainable, reproducible, and safe synthetic workflows
[17].

This study explored the therapeutic potential of
curcumin analogues as adjuncts in TB treatment using an
integrated approach involving chemical synthesis,
molecular docking, and network pharmacology analysis.
Nine novel analogues (A-125, A-128, A-135, A-137, A-143,
A-144, A-150, A-152, A-154) were synthesized and docked
against key Mtb protein targets involved in cell wall
biosynthesis, energy metabolism, and immune evasion.
These nine compounds represent variations in halogen
substitution patterns to probe differences in binding affinity
and biological relevance. While statistical power calcu-
lations are not applicable in this context, the compound
number was guided by prior exploratory docking studies of
a similar scale in early-stage drug discovery. Proteins, such
as MurE, Ddn, GlmU, Pks13, DprE1, MtFabH, PanC, and
PtpA were selected based on their critical roles in TB
pathogenesis as crucial targets for peptidoglycan bio-
synthesis and metabolism of Mth. Lead compounds with
strong binding affinities were further analyzed using
network pharmacology to predict their interactions with
host-pathogen pathways, supporting their potential as
immunomodulatory agents for enhancing TB therapy. To
ensure the alignment of research methods with the study
objectives, an exploratory, non-clinical in silico design was
employed, using a quantitative approach centered on
synthetic compound evaluation and bioinformatics analysis.
The literature supporting target selection and compound
validation was obtained through structured searches of
PubMed, Scopus, and Web of Science databases using
defined keywords and inclusion criteria focused on
curcumin derivatives and TB-related targets published
between 2015 and 2025. Protein and gene targets were
curated from UniProt, GeneCards, SwissTargetPrediction,
SuperPred Target Prediction, and NCBI. Interaction
networks and pathway enrichment analyses were conducted
using the STRING database and Cytoscape software, while
the WebGestalt server was used for gene ontology (GO)
analysis. This integrative strategy enabled the systematic
identification and evaluation of multitarget interactions and
host-modulatory potential of the analogues, contributing to
the rational design of next-generation anti-TB agents.

2. MATERIALS AND METHODS

2.1. Chemicals, Reagents, and Instrumentation

The series of curcumin analog compounds A-125, A-128,
A-135, A-137, A-143, A-144, A-150, A-152, and A-154 were
synthesized at the Curcumin Research Center (CRC), Prof.
Ritmaleni’s Laboratory, Faculty of Pharmacy, Universitas
Gadjah Mada, Indonesia. Microwave-assisted synthesis was

performed using a Monowave 400 microwave reactor
(Anton Paar, Austria). Aldehydes were obtained from Sigma
Aldrich (USA), while cyclohexanone, benzaldehydes, and
thin-layer chromatography (TLC) precoated silica gel plates
(GF256 type 60) were purchased from Merck (Germany).
Several organic solvents, including glacial acetic acid,
ethanol, acetone, and water, were procured from Sigma
Aldrich (USA). Characterization was conducted using Thin-
Layer Chromatography (TLC), Infrared (IR) Spectroscopy,
Nuclear Magnetic Resonance (NMR) Spectroscopy, and
High-Resolution Mass Spectrometry (HRMS). Detailed
synthetic procedures for each compound are provided in
the synthesis procedure section and Supplementary
Materials.

2.2. Synthesis of Curcumin Analogues via Microwave-
Assisted Method

Microwave irradiation utilizes electromagnetic waves to
uniformly and rapidly heat reactants, thereby enhancing
condensation reactions, such as the formation of
benzylidene-cyclohexanone, while reducing energy con-
sumption, reaction time, and the use of hazardous
chemicals, in line with green chemistry principles. The
synthesis of benzylidene-cyclohexanone compounds,
especially benzylidene-cyclohexanone derivatives, typically
follows a Claisen-Schmidt condensation strategy. This
involves the reaction of substituted benzaldehydes (2 molar
equivalents) with cyclohexanone (1 molar equivalent) in the
presence of an acid catalyst (HCl), sometimes combined
with glacial acetic acid, in a suitable organic solvent.
Reactions were carried out in a Monowave 400 microwave
synthesizer (Anton Paar), where the reaction mixtures were
stirred at 600 rpm and irradiated at 80°C for approximately
9 minutes. The crude products were then isolated by
washing with appropriate solvent systems (commonly
ethanol-water or acetone-water mixtures) and subsequently
purified through recrystallization to afford the final yellow
crystalline solids.

For each derivative, substituted benzaldehydes, such as
2-chlorobenzaldehyde, 2-bromobenzaldehyde, 3-bromo-
benzaldehyde, or 4-chlorobenzaldehyde, were employed,
tailoring the reaction to produce specific compounds like
2,6-bis(2’-chlorobenzylidene)cyclohexanone (A-125), 2,6-
bis(2’-bromobenzylidene)cyclohexanone (A-128), or 2,6-
bis(4’-chlorobenzylidene)cyclohexanone (A-144). After
microwave irradiation, products were extracted, washed,
and recrystallized using solvent combinations optimized for
each compound’s solubility and purity. The final products
were characterized using Thin-Layer Chromatography
(TLC), melting point determination, Infrared (IR) Spectro-
scopy, Nuclear Magnetic Resonance (NMR) Spectroscopy,
and High-Resolution Mass Spectrometry (HRMS),
confirming structural identity and purity (Scheme 1).

2.3. Molecular Docking Studies

Molecular docking analysis was performed using
Molecular Operating Environment (MOE) version 2015
(licensed by the Department of Pharmaceutical Chemistry,
Faculty of Pharmacy, Universitas Gadjah Mada) to
investigate interactions with several essential proteins of
Mtb.
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Scheme 1. Synthesis of benzylidene-cyclohexanone analogues by microwave irradiation.

The literature supporting docking target selection was
obtained through unsystematic exploration of relevant
articles across PubMed, Scopus, and Web of Science.
Keywords, such as “tuberculosis,” “curcumin analogues,”
“molecular docking,” “multitarget therapy,” and “network
pharmacology,” were used flexibly to identify studies of
interest. Articles were considered if they were published
between 2015 and 2025, written in English, and discussed
TB-related targets or curcumin-based compounds.
Preference was given to peer-reviewed articles containing
experimental or computational findings, while reviews
without supporting data, case reports, and non-indexed
sources were generally excluded. These targets, retrieved
from the Protein Data Bank (PDB) via the RCSB website
(https://www.rcsb.org), include MurE (PDB ID: 2WTZ), a
ligase involved in peptidoglycan synthesis; Ddn (PDB ID:
3R5L), a nitroreductase activating prodrugs; GImU
(4G87), a key enzyme in cell wall precursor biosynthesis;
Pks13 (PDB ID: 5V3Y), a polyketide synthase critical for
mycolic acid production; DprE1 (PDB ID: 6G83), essential
for arabinogalactan synthesis; MtFabH (PDB ID: 2QX1),
fatty acid synthase III; Pantothenate Synthetase, involved
in coenzyme A biosynthesis; and PTP A (PDB ID: 1U2Q), a
virulence factor modulating host immune responses.
Protein preparation involved the removal of water
molecules, solvents, and cholesterol, followed by the
addition of hydrogen atoms using the “Protonate 3D”
feature [18-20]. Energy minimization was then performed
using the MOE “Energy Minimization” tool with default
settings. The docking protocol was validated by locating
the binding site with the “Surface and Maps” tool and
conducting redocking, with results considered acceptable
if the root-mean-square deviation (RMSD) was below 2 A
The 2D structures of halogenated benzylidene curcumin
analogues, along with the reference drugs isoniazid
(isonicotinic acid hydrazide/H), pyrazinamide (Z), and
ethambutol (E), were converted to SMILES format and
subsequently transformed into 3D conformations using the
“Builder” function. These compounds were assembled into
an MOE database and prepared by assigning partial
charges and performing energy minimization. Docking
simulations were carried out with the binding site defined
as “Ligand Atoms,” placement using the “Triangle
Matcher” method, and refinement by “Induced Fit.” The
scoring functions applied were “London dG” as the
primary scoring parameter and “GBVI/WSA dG” as the
secondary. The conformation showing the lowest binding
affinity was selected for further analysis and visualized in
both 2D and 3D formats.

2.4. Network Pharmacology Analysis

A comprehensive bioinformatics strategy was applied in
this study to predict potential protein targets of the
combined halogenated compounds A-135, A-144, and A-154,
utilizing multiple publicly available target prediction
platforms. The network pharmacology approach used in this
work was adapted from previous studies, notably the
publication “Identification of potential targets of the
curcumin analog CCA-1.1 for glioblastoma treatment:
integrated computational analysis and in vitro study” [21].
That study successfully integrated network pharmacology
with experimental validation, demonstrating the utility of
this approach in early-stage drug discovery. Given the
favorable correlation between in silico predictions and
laboratory findings reported therein, the adopted
methodology is considered reliable for preliminary target
identification and hypothesis generation in this study.
Target prediction and target fishing were performed to map
genes associated not only with TB infection but also with its
key clinical manifestations, including malnutrition, anemia,
inflammatory responses linked to Mtb genes, and
multidrug-resistant tuberculosis (MDR-TB). These analyses
utilized databases, such as SwissTargetPrediction
(http://www.swisstargetprediction.ch), SuperPred Target
Prediction (https://prediction.charite.de/subpages/target
prediction.php), GeneCards (https://www.genecards.org/#),
and NCBI (https://www.ncbi.nlm.nih.gov/). Overlapping
gene targets were identified through InteractiVenn
(https://www.interactivenn.net) to determine potential
protein targets involved in TB modulation, referred to as
THTGTs (Tuberculosis & Halogenated-Benzylidene Target
Genes) [22-27]. Following target prediction, protein-protein
interaction (PPI) networks were generated using the
STRING database version 11.5 to explore functional
associations among the identified proteins. The resulting
network data were then analyzed in Cytoscape software
version 3.9.1, utilizing the CytoHubba plugin to determine
the top 10 hub genes based on the “Degree Score”
algorithm [28, 29].

To gain further insights into the biological relevance of
these hub genes, functional enrichment analysis was
conducted. Gene Ontology (GO) analysis was performed
through the WEB-based Gene Set Analysis Toolkit
(WebGestalt) (https://webgestalt.org/) using the Over-
Representation Analysis (ORA) strategy. The analysis was
set to Homo sapiens as the reference organism, and
results were filtered by applying a false discovery rate
(FDR) threshold (< 0.05) to maintain statistical validity
[30].
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3. RESULTS AND DISCUSSION

3.1. Chemical Synthesis

Previous studies have shown that halogenated
derivatives of anti-TB drugs can offer more effective
treatment against Mtb infections, enhancing therapeutic
potential compared to non-halogenated compounds.
Additionally, these derivatives tend to display lower
toxicity, reducing the likelihood of adverse effects
experienced by patients. This characteristic makes
halogenated derivatives attractive candidates for safer
treatment options. Furthermore, halogenated compounds
have been found to possess superior pharmacokinetic
properties, including improved bioavailability and longer
half-lives, which can further improve clinical outcomes.

In the synthetic work conducted, compound A-135
achieved the highest yield, as shown in Fig. (1) and Table
1, reaching 81%, while compound A-152 produced the
lowest yield at only 23%. An analysis of the substitution
patterns reveals several interesting trends regarding the
effect of halogen type and position on yield. Chlorine,
when positioned at the ortho site—as seen in entries 1 and
6—tended to generate higher yields compared to its
placement at the para position. Moreover, the presence of
chlorine in the ortho position (entries 1 and 2) produced a
larger yield than bromine positioned similarly, suggesting
the positional advantage of chlorine over bromine in this
context. However, bromine at the meta position, as
observed in entries 2 and 3, gave higher yields than when
placed at the ortho position, indicating that bromine
benefits from a meta placement. This pattern continued

when comparing bromine at the meta versus the para
position (entries 3 and 4), where the meta configuration
consistently yielded better results. Notably, bromine at the
para position performed better compared to chlorine at
the same site (entries 4 and 6), while chlorine at the para
position outperformed fluorine when both were positioned
similarly (entries 6 and 8). Interestingly, when both
chlorine and fluorine were present at the ortho position, as
seen in entries 5 and 7, the compound containing two
chlorine atoms resulted in yields similar to those of
compounds containing both halogens. Comparisons
between ortho and para substitutions further revealed that
chlorine in the ortho position, as in entries 1 and 5,
generally produced higher yields than in the para position.
However, the reverse was observed in entries 1 and 7,
where para-substituted chlorine resulted in better yields.
Finally, entries 7 and 9 demonstrated that chlorine in the
ortho and para positions yielded comparable results.

Microwave irradiation provides highly efficient energy
transfer, promoting faster molecular activation and
improved reaction kinetics. This leads to reaction times
measured in minutes rather than hours, enhancing
laboratory throughput and minimizing solvent waste.
Moreover, the uniform heating reduces the formation of
byproducts typically associated with local overheating in
conventional setups. For benzylidene-cyclohexanone
synthesis, this method not only yields good-to-excellent
product recovery (23-81% yields) but also enables the
scalable preparation of a broad library of derivatives with
different aromatic substitutions, facilitating further
exploration of their chemical or biological properties.

Fig. (1). Main backbone chain of halogenated benzylidene cyclohexanone.

Table 1. Yield percentage of synthesized compounds.

Entry R-Benzaldehyde Code R, R, R, R, R; Yield (%)
1 2-Chlorobenzaldehyde A-125 Cl H H H H 67
2 2-Bromobenzaldehyde A-128 Br H H H H 56
3 3-Bromobenzaldehyde A-135 H Br H H H 81
4 Bromobenzaldehyde A-137 H H B H H 74
5 2-Chloro-6-fluorobenzaldehyde A-143 Cl H H H F 29
6 4-Chlorobenzaldehyde A-144 H H Cl H H 58
7 2,6-Dichlorobenzaldehyde A-150 Cl H H H Cl 29
8 4-Fluorobenzaldehyde A-152 H H F H H 23
9 2,6-Dichlorobenzaldehyde A-154 Cl H Cl H H 30
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3.2. Molecular Docking

Molecular docking multitarget assays on Mtb receptors
reveal that curcumin analogs, specifically benzylidene
cyclohexanone derivatives with halogen substituents, as
shown in Fig. (2) and Table 2, demonstrate promising
potential as novel anti-TB agents. Among these, compound
A-144 exhibited the highest binding affinity, marked by the
most negative docking scores toward MurE (-7.21 kJ/mol),
DprE1 (-7.6 kJ/mol), and phosphate acetyltransferase (PTP,
-5.68 kJ/mol). Compound A-154 emerged as the most
promising inhibitor of Ddn (-5.3 kJ/mol), GImU (-5.31
k]J/mol), and Pks13 (-6.65 kJ/mol), while compound A-128
showed the strongest interactions with MtFabH (-6.96
kJ/mol) and pantothenate synthetase (-5.68 KkJ/mol).
Notably, these binding affinities surpass those reported for
standard anti-TB drugs such as isoniazid, pyrazinamide, and
ethambutol, suggesting that a combination of A-135, A-144,
and A-154 could offer a potent multitarget approach to TB
therapy with superior antimicrobial effects.

Compound A-135 exerts its action by targeting
MtFabH and pantothenate synthetase, two enzymes that
play vital roles in the maintenance of Mth’s lipid
metabolism and energy production. MtFabH (B-ketoacyl-
ACP synthase III) is a key initiator of fatty acid elongation,
an essential step in the biosynthesis of mycolic acids,
which are critical lipid components of the Mtb cell wall
that provide structural rigidity and impermeability to host
defenses and antibiotics. Disrupting MtFabH activity
cripples the production of these protective lipids, making
the bacterium vulnerable to environmental stress.
Meanwhile, pantothenate synthetase catalyzes the
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condensation of pantoate and p-alanine to produce
pantothenate (vitamin B5), a precursor to coenzyme A
(CoA), which is indispensable for fatty acid synthesis,
energy metabolism, and numerous biosynthetic reactions.
By inhibiting both MtFabH and pantothenate synthetase,
A-128 simultaneously undermines the integrity of the
bacterial envelope and deprives the cell of the metabolic
fuel required for growth and survival, effectively blocking
Mtb’s ability to sustain itself [31, 32].

Compound A-144 acts through inhibition of MurE,
DprEl, and PTP, disrupting the construction and
maintenance of the Mtb cell wall and its core metabolic
processes. MurE is an essential ligase in the peptidoglycan
biosynthesis pathway, adding meso-diaminopimelic acid to
the growing stem peptide and ensuring the cross-linking
that gives bacterial cell walls their mechanical strength.
DprEl is a key epimerase in the synthesis of arabino-
galactan, a polysaccharide that bridges the peptidoglycan
layer to the mycolic acid-rich outer membrane, a defining
feature of the Mtb cell wall. PTPs (protein tyrosine
phosphatases) in Mtb are signaling enzymes that regulate
phosphorylation-based signaling networks controlling cell
division, stress responses, and virulence. Inhibiting PTPs
disrupts the bacterium’s ability to coordinate essential
cellular processes, impairing its adaptability and survival
under hostile conditions. By simultaneously impairing these
three targets, A-144 dismantles the bacterium’s ability to
synthesize a stable cell wall and generates a severe
metabolic bottleneck, causing failure of essential
biosynthetic and energetic pathways, ultimately leading to
bacterial death [33-35].

Table 2. The molecular docking results of halogenated benzylidene-cyclohexanone compounds against MtFabH,
pantothenate synthetase, MurE, DprE1, PTP, Ddn, GImU, and Pks1 in Mycobacterium tuberculosis (Mtb).

Mycobacterium Tuberculosis Targets A-125 | A-128 | A-135

A-137 | A-143 | A-144 | A-150 | A-152 | A-154 H Z E

Dock. Score -6.86 -6.69 -6.12

Mur E (2WTZ)

-6.84 -6.78 -7.21 -6.18 -6.57 -6.43 |-4.79 | -4.64|-5.77

Residues Ser 155, Gly 156, Lys 157, Thr 159, Glu 220, Arg 230, Arg 377, Asp 392, Tyr 393, Lys 396
Ddn Dock. Score | -4.53 | -4.80 | -5.04 | 513 | 450 | -4.86 | 463 | -4.68 | -5.30 |-3.91|-4.92|-4.00
(3R5L) Residues Tyr 65, Ser 78, Lys 79, Gly 89, Ser 132, Asp 135
Dock. Score | -5.13 | 461 | -4.96 | -5.00 | 471 | 479 | 431 | 438 | 5.31 |—6.33|-7.04|-5.29
GlmU (4G87)
Residues Arg 19, Thr 168, Gln 205, Glu 207
Dock. Score | -5.6 | 5.55 | 5,54 | 5.42 | 5.91 | 5.7 | 5.92 | 5.73 | 6.65 |—4.23|—4.48|-4.17
pks 13 (5V3Y)
Residues Tle 1507, Tyr 1582, Val 1614, Gln 1633, Thr 1645
Dock. Score | -7.55 | 7.37 | 7,54 | 7.3 | 6.8 | 7.6 | -6.55 | 7,52 | 751 |—5.05|—6.59| 45
DprE1 (6g83)
Residues Leu 56, Tyr 60, Thr 122, Gly 182, Ile 184
Dock. Score | -6.17 | -6.64 | -6.96 | 6.75 | 6.1 | 6.6 | -6.84 | 6.66 | 6.76 |-4.22|-5.12|-4.59
MtFabH (2qgx1)
Residues Asp 27, Trp 32, Arg 151, Gly 152, Gly 209, Asn 274, Tyr 304

Dock. Score | -7.38 | 7.01 | 8.17 | 723 | 6.6 | -7.66 | 491 | 7.68 | 6.75 |—4.81|—5.63|-4.08

Phantotenate Synthethase
Residues

Pro 38, His 44, Phe 156, Gly 158, Gln 164, Met 195

PTP (1u2q)

Dock. Score | -5.47 | 5.41 | 5.46 | 5.48 | 5.39 | 5.68 | 5.53 | 5.36 | 5.56 |-4.39|»5.61|-4.51

Residues

Thr 12, Ile 15, Arg 17, Trp 48, Asn 92
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Fig. (2). The molecular docking results of halogenated benzylidene-cyclohexanone compounds against Mycobacterium tuberculosis (Mtb)
receptors showed the highest affinities for compound A-135 with MtFabH and pantothenate synthetase; compound A-144 with MurE,

DprE1, and PTP; and compound A-155 with Ddn, GlmU, and Pks1.

Compound A-154, the most promising inhibitor for Ddn,
GImU, and Pks13, acts on multiple fronts essential to Mth’s
survival under stress and its envelope biosynthesis. Ddn
(deazaflavin-dependent nitroreductase) is crucial for
activating nitroimidazole prodrugs and managing
nitrosative stress, a defense mechanism Mtb relies on to
withstand the hostile environment within host macro-
phages. Inhibiting Ddn compromises the bacterium’s
resilience against oxidative and nitrosative stress,
rendering it more susceptible to immune clearance. GImU is
a bifunctional enzyme catalyzing the final steps of UDP-N-
acetylglucosamine synthesis, a fundamental building block
for peptidoglycan assembly. Pks13, on the other hand,
catalyzes the final condensation of fatty acyl chains to
produce mycolic acids, pivotal components of the
mycobacterial outer membrane. By targeting Ddn, GlmU,
and Pks13, A-154 simultaneously impairs the bacterium’s
stress response system, blocks the supply of cell wall
precursors, and halts mycolic acid biosynthesis, striking at
the heart of Mtb’s structural integrity and survival
machinery [36-38].

The chlorine (Cl) and bromine (Br) substituents on these
compounds play an important role in enhancing their
biological activity. The halogen atoms increase the

molecules’ lipophilicity, facilitating better membrane
permeability and stronger interactions within the
hydrophobic pockets of their target enzymes. The larger
atomic radius and polarizability of bromine in A-135 allow it
to establish more potent van der Waals and hydrophobic
interactions, whereas the chlorine atoms in A-144 and
A-154 contribute electron-withdrawing effects that stabilize
halogen bonding and strengthen electrostatic and dipole
interactions at the binding sites. Additionally, the presence
of two chlorine substituents in A-154 may confer enhanced
spatial fitting within the enzyme active sites, increasing its
affinity and specificity. Collectively, the incorporation of
these halogens fine-tunes the compounds’ binding profiles
and improves their overall potency as multitarget anti-TB
agents [39, 40]. Together, the superior binding affinities
observed for these curcumin analogs, compared to frontline
TB drugs (HZE), highlight their potential to serve as a new
generation of multitarget anti-TB agents. The combination
of A-128, A-144, and A-154, by collectively addressing
multiple indispensable enzymatic systems, holds promise
for enhanced antimicrobial potency and a reduced
likelihood of resistance development. The benzylidene
cyclohexanone compounds exhibiting the highest affinity
toward Mtb targets were those synthesized in high yields
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via the microwave-assisted, green chemistry-based
approach, namely A-135 (81%) and A-144 (58%). Although
A-154 was obtained in a relatively lower yield of 30%
compared to these two, this result still underscores the
effectiveness of the microwave-assisted synthesis method in
the context of novel drug discovery, particularly for
potential anti-TB agents, while simultaneously offering an
environmentally friendly synthetic route. Although other
analogs were not highlighted in detail, they nonetheless
demonstrated promising activity, with binding affinities
generally surpassing those of frontline anti-Mtb drugs
(HZE), thus warranting further investigation and
development.

3.3. Network Pharmacology

This study employed a comprehensive bioinformatics
strategy utilizing network pharmacology to elucidate the
complex interactions between genes implicated in TB and
the therapeutic potential of halogenated benzylidene
curcumin analogues A-135, A-144, and A-154. Through this
approach, novel therapeutic targets, relevant biological
pathways, and putative hub genes were identified,
particularly those involved in key clinical manifestations of
TB, thereby offering valuable insights for future therapeutic
development. Among these manifestations, malnutrition,
anemia, and inflammatory responses were emphasized due
to their critical roles in disease progression, treatment
response, and clinical prognosis. Malnutrition compromises
host immunity and increases susceptibility to active TB by
impairing immune defense mechanisms [41]. Anemia is
commonly reported in TB patients and is linked to disease
severity, potentially driven by chronic inflammation and
disrupted iron homeostasis via the hepcidin pathway [42,
43]. Furthermore, inflammatory responses triggered by Mtb
can lead to extensive tissue damage and persistent immune
activation, exacerbating disease pathology [44]. The
inclusion of multidrug-resistant TB (MDR-TB) as a focal
concern is justified by its increasing prevalence and the
clinical challenges it presents, including limited treatment
options and higher mortality rates [45].

A-135, A-144
A-154

17
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Considering the clinical relevance of these
manifestations, they were incorporated into the network
pharmacology analysis as primary reference points for
target mapping and pathway enrichment. Target gene
prediction was performed using SwissTargetPrediction,
SuperPred, GeneCards, and NCBI databases to identify
genes associated not only with TB itself but also with its
associated comorbidities. This approach enabled the
identification of overlapping genes modulated by the
halogenated compounds, reinforcing their potential utility
in modulating multifaceted aspects of TB pathology.

Based on predictions from SwissTargetPrediction, the
combination of A-135, A-144, and A-154 was associated with
300 potential molecular targets (Supplementary Table 1).
In parallel, the SuperPred Target Prediction platform
identified 370 receptor-level targets for the same compound
set (Supplementary Tables 2 and 3). GeneCards and
NCBI further contributed a comprehensive list of 19,587
genes associated with key clinical manifestations of TBB,
including malnutrition, anemia, inflammatory responses
triggered by Mtb, and multidrug-resistant TB (MDR-TB)
(Supplementary Table 4). Integrative analysis using a
Venn diagram revealed 294 overlapping genes, referred to
as Tuberculosis and Halogenated-Benzylidene Target Genes
(THTGTs), which were selected for subsequent downstream
functional and network analyses (Fig. 3A-3D).

The PPI network illustrating the interconnections
among the proteins is shown in Fig. (3C) (Supplementary
Tables 5 and 6). The hub gene of this compound
compilated was identified, with the top 10 genes based on
degree score: EGFR, HSP90AA1, STAT3, PTGS?2,
HSP90AB1, NF-kB1, EP300, APP, STA1, and NR3C1 (Fig.
3D). Bioinformatic analysis shows that combination of these
three compounds holds significant potential in overcoming
TB and its clinical manifestation through 4 principal
proteins identified on high degree score: NF-kB1, STAT3,
STAT1, and PTGS2. These proteins play a significant role in
regulation and their relevance to TB-associated clinical
manifestations (Fig. 4).

TBC Clinical

Manifestation Genes

19293

Fig. 3 contd.....
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Fig. (3). (A) Venn diagram showing 294 predicted target genes identified as THTGTs. (B) GO enrichment analysis of PTPMs categorized
into Biological Process (BP), Cellular Component (CC), and Molecular Function (MF). (C) Protein-protein interaction (PPI) network of
THTGTs constructed using STRING, consisting of 293 nodes and 2,324 edges. The average local clustering coefficient is 0.405, indicating
a high level of interconnectivity among the targets. (D) Top 10 hub genes ranked by degree score, as determined using the CytoHubba
plugin in Cytoscape. Node color reflects the degree score, with red indicating the highest, followed by orange and yellow.

To better elucidate the potential mechanism of action
and therapeutic relevance of the curcumin analogues
identified in this study (A-135, A-144, and A-154), Gene
Ontology (GO) enrichment analysis was performed across
the domains of Biological Process (BP), Molecular
Function (MF), and Cellular Component (CC). GO analysis
serves as a critical bioinformatic tool to interpret the
functional landscape of target genes and their roles in
disease-relevant pathways, particularly in host-pathogen
interactions, such as in TB (Fig. 3B) [46, 47]

Gene Ontology (GO) enrichment analysis was conducted
to characterize the functional landscape of predicted target
genes modulated by halogenated curcumin analogs A-135,
A-144, and A-154. In WebGestalt, GO visualization is
typically presented as bar plots where the x-axis denotes
enriched GO terms, ranked by statistical significance, and
the y-axis represents the number of genes associated with
each term. A higher gene count indicates a stronger degree
of enrichment and reflects greater biological relevance of
the term within the dataset [30].

Under the Biological Process (BP) category, the most
significantly enriched terms included biological regulation
(265 genes), response to stimulus (257 genes), and
metabolic processes (248 genes). The high number of
genes involved in biological regulation suggests that these
compounds may influence core regulatory networks,
including transcriptional control, cytokine signaling, and
homeostatic adaptation—processes frequently hijacked
during Mtb infection. Similarly, enrichment in response to

stimulus indicates potential roles in modulating host
defense mechanisms and cellular stress pathways, while
the metabolic process enrichment suggests involvement in
altering bioenergetic and metabolic reprogramming, a key
survival strategy of intracellular pathogens. Within the
Molecular Function (MF) domain, top-enriched terms
included protein binding (256 genes), ion binding (163
genes), and molecular transducer activity (108 genes).
pattern implies that the target compounds may modulate
protein-protein interactions and receptor-mediated
signaling, consistent with their predicted engagement with
immune-regulatory proteins, such as STAT1 and PTGS2
(COX-2). These molecular functions are essential for
transmitting extracellular signals to intracellular
responses during infection and inflammation. The Cellular
Component (CC) analysis revealed that gene products
were predominantly localized to the membrane (219
genes), protein-containing complexes (130 genes), and the
nucleus (125 genes). This localization profile supports the
multi-compartmental mechanisms of action, including
membrane-bound receptor activation (e.g., toll-like
receptors), intracellular complex formation (e.g.,
inflammasomes), and nuclear transcriptional regulation.
The presence of PTGS2 and STAT1 in these compartments
further reinforces the mechanistic plausibility of their
roles as key molecular targets. Collectively, these GO
enrichment results underscore the dual antimicrobial and
immunomodulatory potential of the curcumin analogs in
host-pathogen interactions [48, 49].



Microwave-assisted Green Synthesis and Integrated Bioinformatics Study 11

— Pantothenate
synthetase
CoA €«——— a-ketoisovarelate + L-aspartate
i
! MtFabH
¢ i
Acyl-CoA + Malonyl-ACP
Cellular Processes Oxidative Burst Pks13 Fatty Acyl-CoA
Virulence Immune Responses Mycolate-Containing Comps €—— +
: 4 ﬁ I geromocyl-CoA
: - = UDP—GlcNAcm DPR
o 1L

Mthb. Cell Wall Integrity

overexpression

Glmu4 v . ppre1 )

2 3 -—
Peptidoglycan BB BEA
GlcN?c—l—P Biosynthesis \
VISV Y7
uUTP ’ T
MurA - MurB = MurC —» MurD — MurE

low expression

NF-kB1 pro-inflammatory
Rt
-a, IL-13, IL- Chronic
STAT3 and macrophage ~ Inflamation

functional
suppression

L— pTGS2
(COX-2)
STAT1

Fig. (4). Proposed mechanism of action of combined halogenated benzylidene-cyclohexanone analogs a-135, a-144, and a-154 in
counteracting Mycobacterium tuberculosis (Mtb) survivability and the chronic inflammatory manifestations of tuberculosis.

Nuclear Factor Kappa B Subunit 1 (NF-kB1), a key
transcription factor in the NF-kB family, plays a pivotal role
in host defense and the pathogenesis of TB. During Mtb
infection, alveolar macrophages detect pathogen-associated
molecular patterns (PAMPs) and secrete pro-inflammatory
cytokines, particularly TNF-a. The binding of TNF-a to
TNFR1 triggers a signaling cascade involving IkB kinase
(IKK), which phosphorylates and degrades IkB, enabling
NF-kB translocation into the nucleus. This activates
transcription of genes encoding pro-inflammatory cytokines
(e.g., IL-1B, IL-6, IL-12, TNF-a), chemokines, and macro-
phage-activating molecules. NF-kB-driven inflammation is
essential for granuloma formation, a hallmark of TB that
restricts Mtb spread, while also promoting M1 macrophage
polarization, Th1/Th17 responses, and inflammasome
activation. However, excessive NF-kB activation may lead to
pathological inflammation and clinical symptoms of active
TB, whereas insufficient signaling compromises granuloma
integrity and bacterial control [50, 51]. In this context,
curcumin analogues A-135, A-144, and A-154 tested in this
study exhibit inhibitory effects on NF-kB1, potentially by
targeting upstream events, such as IKK activation or IkB
degradation. These findings support their potential as
adjuvant candidates for TB therapy by modulating NF-kB-
mediated immunopathology without replacing standard
antimicrobial treatment.

Signal Transducer and Activator of Transcription 3
(STATS3) is a central transcription factor that plays a crucial
role in modulating immune responses during Mtb infection.
STAT3 is activated by cytokines, such as IL-10 and IL-6,
secreted by immune cells during Mtb infection, and upon

activation, it translocates to the nucleus where it regulates
genes involved in cell proliferation, differentiation, and
immune regulation. In tuberculosis, STAT3 activation
occurs in both infected macrophages and bystander
immune cells, exerting complex immunomodulatory effects.
Specifically, activated STAT3 suppresses the expression of
key pro-inflammatory cytokines, including IL-6, TNF-a, IFN-
y, and MIP-1B, and inhibits nitric oxide (NO) production by
repressing inducible nitric oxide synthase (iNOS). This
suppression limits the microbicidal activity of macrophages,
facilitating intracellular survival of Mtb [52]. In this study,
based on in silico analyses, we evaluated a combination of
compounds, A-135, A-144, and A-154, that may inhibit
STAT3 activation by interfering with its phosphorylation
and nuclear translocation, potentially restoring pro-
inflammatory mediator expression and enhancing
macrophage antimicrobial functions. These findings suggest
that targeting STAT3 with this compound combination
could serve as a promising adjuvant therapeutic strategy in
tuberculosis, pending further experimental validation.

Signal Transducer and Activator of Transcription 1
(STAT1) plays a central role in host defense against Mtb by
mediating interferon-gamma (IFN-y) signaling. Upon IFN-y
stimulation, STAT1 undergoes phosphorylation, dimeri-
zation, and nuclear translocation to activate interferon-
stimulated genes (ISGs) via gamma-activated sequence
(GAS) elements. This cascade induces macrophage
activation, nitric oxide production, and apoptosis in infected
cells, thereby limiting Mtb replication. STAT1 also promotes
M1 macrophage polarization, enhancing bactericidal
activity. In early TB infection, phosphorylated STAT1 drives
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pro-apoptotic signaling, whereas later stages see an
accumulation of unphosphorylated STAT1, which disrupts
JAK1 phosphorylation and impairs apoptosis, facilitating
immune evasion. STAT1 deficiency is linked to increased TB
susceptibility, impaired granuloma formation, and higher
bacterial loads.

Additionally, STAT1-related molecules and regulatory
RNAs have emerged as potential biomarkers for active TB.
Despite its importance, Mtb can subvert STAT1 responses
by modulating transcriptional coactivators, such as
CBP/p300 and selectively suppressing IFN-y-responsive
genes [53, 54]. Interestingly, the combination of curcumin
analogues A-135, A-144, and A-154 tested in this study
demonstrates a potential to enhance STAT1 activity,
possibly by promoting its phosphorylation and nuclear
translocation, thereby counteracting Mtb's immune evasion
strategies. While the precise molecular mechanism remains
to be fully elucidated, this combination may act by
facilitating upstream kinase signaling or stabilizing
STAT1-DNA binding. These findings suggest a possible role
for these compounds as adjunctive therapeutic candidates,
aimed at reinforcing host immune responses in conjunction
with conventional anti-TB drugs.

Prostaglandin-endoperoxide synthase 2, commonly
known as cyclooxygenase-2 (COX-2), is a key enzyme in
the biosynthesis of prostanoids, notably prostaglandin E2
(PGE2), and plays a significant role in modulating the
immune response during Mtb infection. In tuberculosis,
COX-2 is upregulated in monocytes and macrophages
upon infection, leading to increased production of PGE2,
which acts as a potent immunomodulator [55, 56]. The
COX-2/PGE2 axis has complex and context-dependent
effects. In the early stages of infection, PGE2 may help
limit excessive inflammation and promote macrophage
apoptosis, which can be protective by preventing
excessive tissue damage and limiting bacterial spread.
However, in chronic or advanced TB, elevated PGE2 can
suppress Thl effector responses, dampen macrophage
activation, and promote the expansion of regulatory T cells
(Tregs), which may impair the host’s ability to control Mth
and contribute to disease progression. Studies have shown
that inhibition of COX-2 with drugs, such as indomethacin
or etoricoxib, can reduce the number of Mtb-specific Tregs
and modulate cytokine production, but may also impair the
macrophage’s ability to control mycobacterial infection,
suggesting that COX-2 activity is essential for optimal
immune function in certain contexts. Clinically,
dysregulated COX-2/PGE2 signaling is associated with
both protective and detrimental outcomes. At the same
time, it can limit harmful inflammation and tissue
destruction; excessive or prolonged activation may
contribute to immune evasion by Mtb, increased bacterial
burden, and more severe disease manifestations such as
persistent fever, weight loss, and impaired granuloma
formation [55-57]. Interestingly, our findings suggest that
curcumin analogues A-135, A-144, and A-154 may
attenuate PTGS2 expression, possibly by interfering with
upstream NF-kB and MAPK signaling pathways, thereby
reducing PGE2 production and restoring macrophage
immunocompetence. Although the precise mechanism
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remains to be fully elucidated, this potential mode of
action highlights the promise of these compounds as
adjunctive agents in host-directed TB therapy.

Table 3. The top ten potential gene targets of the
combined halogenated compounds A-135, A-144, and
A-154, associated with the clinical manifestations of
tuberculosis, were identified through protein-protein
interaction (PPI) network analysis. These targets
were ranked based on their degree scores, which
represent the number of direct interactions each
protein has within the network, with higher scores
indicating greater centrality and connectivity,
suggesting their critical roles in the biological
processes related to tuberculosis.

Gene Degree
Rank Syt Gene Name Score
1 EGFR Epidermal Growth Factor Receptor 90
Heat Shock Protein 90 Alpha Family
2 HSP90AAL Class A Member 1 86
3 STAT3 Signal Transduceli apd Activator of g4
Transcription 3
4 PTGS2 Prostaglandin-Endoperoxide Synthase 2 71
Heat Shock Protein 90 Alpha Family
5 HSP90ABL Class B Member 1 69
6 NF-kB1 Nuclear Factor Kappa B Subunit 1 65
EP300 E1A Binding Protein P300 58
8 APP Amyloid Beta Precursor Protein 51
9 STAT1 Signal Transducer Apd Activator Of 50
Transcription 1
10 NR3C1 Nuclear Receptor Subfamily 3 Group C 45
Member 1

In this study, we successfully synthesized novel
curcumin analogues using a microwave-assisted method
aligned with green chemistry principles, and systematically
profiled their potential anti-TB properties through an
integrative in silico approach. By targeting Mtb proteins via
molecular docking and evaluating interactions with host-
related targets through network pharmacology, we
identified three promising candidates — A-135, A-144, and
A-154 —that exhibit favorable binding profiles and
multitarget interactions relevant to TB pathogenesis and
clinical manifestations. These compounds hold potential as
adjunctive anti-TB agents, yet further validation through in
vitro and in vivo studies is essential to confirm their
biological efficacy and safety. Moreover, given the inherent
formulation challenges commonly associated with curcumin
and its derivatives, future efforts should also prioritize
optimizing delivery systems to enhance bioavailability and
therapeutic performance (Table 3).

CONCLUSION

This study demonstrates the efficient microwave-
assisted synthesis of halogenated benzylidene cyclo-
hexanone curcumin analogs, notably A-135 (yield: 81%),
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A-144 (yield: 58%), and A-154 (yield: 30%), which exhibited
strong binding affinities against key Mycobacterium
tuberculosis enzymes and disrupted critical pathways, such
as cell wall biosynthesis and lipid metabolism. Network
pharmacology analysis further indicated their potential to
modulate host immune responses via hub proteins NF-kB1,
STAT1, STAT3, and PTGS2, supporting a dual antimicrobial
and host-directed mechanism. While promising, this study is
limited by its in silico nature, which, while powerful for
early-stage screening, lacks experimental validation in
biological systems. The selection of targets relied on
available databases and known Mtb enzymes, which may
not capture emerging or less-characterized pathways. The
network pharmacology analysis, while comprehensive, is
based on predicted interactions, which may not reflect true
in vivo dynamics. Additionally, while nine analogs were
synthesized, only three were discussed in detail, leaving
potential unexplored insights into the structure-activity
relationship (SAR) of the remaining compounds. Future
work should include experimental assays for target
validation in cellular and animal models.

AUTHORS’ CONTRIBUTIONS

The authors confirm their contributions to the paper as
follows: R.R.: Study conception and design; I.R., M.R.L,,
M.T.A.: Data collection; H.G.: Validation; P.M.: Analysis
and interpretation of results; R.D.P.A.: Draft manuscript.
All authors reviewed the results and approved the final
version of the manuscript.

LIST OF ABBREVIATIONS

TB = Tuberculosis
MDR-TB = multidrug-resistant TB
GO = Gene Ontology
CRC = Curcumin Research Center
TLC = thin-layer chromatography
IR = Infrared
NMR = Nuclear Magnetic Resonance
HRMS = High-Resolution Mass Spectrometry
ETHICS APPROVAL AND CONSENT TO
PARTICIPATE
Not applicable.
HUMAN AND ANIMAL RIGHTS
Not Applicable.
CONSENT FOR PUBLICATION
Not applicable.

AVAILABILITY OF DATA AND MATERIALS

All data generated or analyzed during this study are
included in this published article.

FUNDING

This work was supported by a grant from the Program
of Post-Doctoral Batch II Research Grant 2022, Gadjah

Mada  University, Indonesia, Grant  Number:
13602/UN1.P.II/Dit-Lit/PT.01.04/2022, 2 December 2022
CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS
Declared none.

SUPPLEMENTARY MATERIAL

Supplementary material is available on the publisher's
website along with the published article.

REFERENCES

[1] Pai, M.; Behr, M.A; Dowdy, D.; Dheda, K.; Divangahi, M.;
Boehme, C.C.; Ginsberg, A.; Swaminathan, S.; Spigelman, M.;
Getahun, H.; Menzies, D.; Raviglione, M. Tuberculosis. Nat. Rev.
Dis. Primers, 2016, 2(1), 16076.
http://dx.doi.org/10.1038/nrdp.2016.76 PMID: 27784885

[2] Flynn, J.L.; Chan, J. Immunology of tuberculosis. Annu. Rev.
Immunol., 2001, 19(1), 93-129.
http://dx.doi.org/10.1146/annurev.immunol.19.1.93 PMID:
11244032

[3] Kumar, V.; Abbas, A.; Aster, J.C. Robbins Basic Pathology, 10th
Ed; Elsevier: Amsterdam, Netherlands, 2018.

[4] Global Tuberculosis Report; World Health Organization: Geneva,
Switzerland, 2024.

[5] Motta, I.; Boeree, M.; Chesov, D.; Dheda, K. Giinther, G.;
Horsburgh, C.R., Jr; Kherabi, Y.; Lange, C.; Lienhardt, C.;
Mcllleron, H.M.; Paton, N.I.; Stagg, H.R.; Thwaites, G.; Udwadia,
Z.; Van Crevel, R.; Veldsquez, G.E.; Wilkinson, R.J.; Guglielmetti,
L.; Motta, I.; Kherabi, Y.; Van Crevel, R.; Guglielmetti, L. Recent
advances in the treatment of tuberculosis. Clin. Microbiol. Infect.,
2024, 30(9), 1107-1114.
http://dx.doi.org/10.1016/j.cmi.2023.07.013 PMID: 37482332

[6] Fatima, S.; Kumari, A.; Dwivedi, V.P. Advances in adjunct therapy
against tuberculosis: Deciphering the emerging role of
phytochemicals. MedComm, 2021, 2(4), 494-513.
http://dx.doi.org/10.1002/mco2.82 PMID: 34977867

[7]1 Aggarwal, B.B.; Harikumar, K.B. Potential therapeutic effects of
curcumin, the anti-inflammatory agent, against
neurodegenerative, cardiovascular, pulmonary, metabolic,
autoimmune and neoplastic diseases. Int. J. Biochem. Cell Biol.,
2009, 41(1), 40-59.
http://dx.doi.org/10.1016/j.biocel.2008.06.010 PMID: 18662800

[8] Divyashree, S.; Sharath, J.; Janhavi, P.; Deepashree, S.;
Muthukumar, S.P. Chapter 5 - curcumin and its derivatives as
nutraceuticals: An update. In: Studies in Natural Products
Chemistry; Atta-ur-Rahman, A, Ed.; Elsevier: Amsterdam,
Netherlands, 2023; 77, pp. 135-162.
http://dx.doi.org/10.1016/B978-0-323-91294-5.00005-1

[9] Joshi, P.; Bisht, A.; Paliwal, A.; Dwivedi, J.; Sharma, S. Recent
updates on clinical developments of curcumin and its derivatives.
Phytother. Res., 2023, 37(11), 5109-5158.
http://dx.doi.org/10.1002/ptr.7974 PMID: 37536946

[10] Yuandani, ; Jantan, I; Rohani, AS; Sumantri, IB
Immunomodulatory effects and mechanisms of curcuma species
and their bioactive compounds: A review. Front Pharmacol, 2021,
12,643119.
http://dx.doi.org/10.3389/fphar.2021.643119

[11] Bonferoni, M.C.; Rossi, S.; Sandri, G.; Ferrari, F. Nanoparticle
formulations to enhance tumor targeting of poorly soluble
polyphenols with potential anticancer properties. Semin. Cancer
Biol., 2017, 46, 205-214.
http://dx.doi.org/10.1016/j.semcancer.2017.06.010 PMID:


http://dx.doi.org/10.1038/nrdp.2016.76
http://www.ncbi.nlm.nih.gov/pubmed/27784885
http://dx.doi.org/10.1146/annurev.immunol.19.1.93
http://www.ncbi.nlm.nih.gov/pubmed/11244032
http://dx.doi.org/10.1016/j.cmi.2023.07.013
http://www.ncbi.nlm.nih.gov/pubmed/37482332
http://dx.doi.org/10.1002/mco2.82
http://www.ncbi.nlm.nih.gov/pubmed/34977867
http://dx.doi.org/10.1016/j.biocel.2008.06.010
http://www.ncbi.nlm.nih.gov/pubmed/18662800
http://dx.doi.org/10.1016/B978-0-323-91294-5.00005-1
http://dx.doi.org/10.1002/ptr.7974
http://www.ncbi.nlm.nih.gov/pubmed/37536946
http://dx.doi.org/10.3389/fphar.2021.643119
http://dx.doi.org/10.1016/j.semcancer.2017.06.010

14 The Open Medicinal Chemistry Journal, 2025, Vol. 19

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

28673607

Li, Z.; Peng, S.; Chen, X.; Zhu, Y.; Zou, L.; Liu, W.; Liu, C.
Pluronics modified liposomes for curcumin encapsulation:
Sustained release, stability and bioaccessibility. Food Res. Int.,
2018, 108, 246-253.
http://dx.doi.org/10.1016/j.foodres.2018.03.048 PMID: 29735054
Vieira, T.M.; Tanajura, L.S.; Heleno, V.C.G.; Magalhdes, L.G.;
Crotti, A.E.M. Monoketone curcuminoids: An updated review of
their synthesis and biological activities. Future Pharmacol., 2024,
4(1), 54-77.

http://dx.doi.org/10.3390/futurepharmacol4010006

Verbitskiy, E.V.; Baskakova, S.A.; Kravchenko, M.A.; Skornyakov,
S.N.; Rusinov, G.L.; Chupakhin, O.N.; Charushin, V.N. Synthesis
and evaluation of antitubercular activity of fluorinated 5-aryl-4-
(hetero)aryl substituted pyrimidines. Bioorg. Med. Chem., 2016,
24(16), 3771-3780.

http://dx.doi.org/10.1016/j.bmc.2016.06.020 PMID: 27338658
Ojima, I.; Awasthi, D.; Wei, L.; Haranahalli, K. Strategic
incorporation of fluorine in the drug discovery of new-generation
antitubercular agents targeting bacterial cell division protein
FtsZ. J. Fluor. Chem., 2017, 196, 44-56.
http://dx.doi.org/10.1016/j.jfluchem.2016.07.020 PMID: 28555087
Igbal, S.; Hussain, M.K,; Ansari, R.; Singh, B.; Farhanaz; Akbar, I.;
Zaheer, M.R.; Khan, M.F.; Gupta, A. Visible light-promoted,
catalyst-free synthesis of isoniazid azomethines: In vitro
antioxidant activity, molecular docking, ADME and toxicity
prediction. J. Mol. Struct., 2025, 1322, 140686.
http://dx.doi.org/10.1016/j.molstruc.2024.140686

Panda, J.; Kumar, A.; Patra, Ch.N.; Sahoo, B.M.; Banik, B.K.
Microwave-induced synthesis as a part of green chemistry
approach for novel antiinflammatory agents. In: Green
Approaches in Medicinal Chemistry for Sustainable Drug Design;
In: Studies in Natural Products Chemistry; Elsevier, 2020; pp.
861-918.

http://dx.doi.org/10.1016/B978-0-12-817592-7.00026-5

Burley, S.K.; Berman, H.M.; Bhikadiya, C.; Bi, C.; Chen, L.; Di
Costanzo, L.; Christie, C.; Dalenberg, K.; Duarte, J.M.; Dutta, S.;
Feng, Z.; Ghosh, S.; Goodsell, D.S.; Green, R.K.; Guranovi¢, V.;
Guzenko, D.; Hudson, B.P.; Kalro, T.; Liang, Y.; Lowe, R.;
Namkoong, H.; Peisach, E.; Periskova, I.; Prli¢, A.; Randle, C.;
Rose, A.; Rose, P.; Sala, R.; Sekharan, M.; Shao, C.; Tan, L.; Tao,
Y.P.; Valasatava, Y.; Voigt, M.; Westbrook, J.; Woo, J.; Yang, H.;
Young, J.; Zhuravleva, M.; Zardecki, C. RCSB protein data bank:
Biological macromolecular structures enabling research and
education in fundamental biology, biomedicine, biotechnology and
energy. Nucleic Acids Res., 2019, 47(D1), D464-D474.
http://dx.doi.org/10.1093/nar/gky1004 PMID: 30357411

Vilar, S.; Cozza, G.; Moro, S. Medicinal chemistry and the
molecular operating environment (MOE): Application of QSAR
and molecular docking to drug discovery. Curr. Top. Med. Chem.,
2008, 8(18), 1555-1572.
http://dx.doi.org/10.2174/156802608786786624 PMID: 19075767
Khedkar, P.; Ukhade, R.; Chaudhari, H.K. In silico assessments,
Design, synthesis, and biological evaluation of 5-
methylisoxazole-4-carboxamide derivatives. J. Indian Chem. Soc.,
2025, 102(3), 101616.
http://dx.doi.org/10.1016/j.jics.2025.101616

Hermawan, A.; Wulandari, F.; Hanif, N.; Utomo, R.Y.; Jenie, R.I.;
Tkawati, M.; Tafrihani, A.S. Identification of potential targets of
the curcumin analog CCA-1.1 for glioblastoma treatment :
Integrated computational analysis and in vitro study. Sci. Rep.,
2022, 12(1), 13928.
http://dx.doi.org/10.1038/s41598-022-18348-9 PMID: 35977996
Daina, A.; Michielin, O.; Zoete, V. SwissTargetPrediction: Updated
data and new features for efficient prediction of protein targets of
small molecules. Nucleic Acids Res., 2019, 47(W1), W357-W364.
http://dx.doi.org/10.1093/nar/gkz382 PMID: 31106366

Gallo, K.; Goede, A.; Preissner, R.; Gohlke, B.O. SuperPred 3.0:
Drug classification and target prediction—a machine learning

Iy}
i

[25

[28

IS
L

W
2

[32

Ritmaleni et al.

approach. Nucleic Acids Res., 2022, 50(W1), W726-W731.
http://dx.doi.org/10.1093/nar/gkac297 PMID: 35524552

Stelzer, G.; Rosen, N.; Plaschkes, I.; Zimmerman, S.; Twik, M.;
Fishilevich, S.; Stein, T.I.; Nudel, R.; Lieder, I.; Mazor, Y.; Kaplan,
S.; Dahary, D.; Warshawsky, D.; Guan-Golan, Y.; Kohn, A,;
Rappaport, N.; Safran, M.; Lancet, D. The GeneCards suite: From
gene data mining to disease genome sequence analyses. Curr.
Protoc. Bioinformatics, 2016, 54(1), 30.1-, 33.
http://dx.doi.org/10.1002/cpbi.5 PMID: 27322403

Heberle, H.; Meirelles, G.V.; da Silva, F.R.; Telles, G.P.; Minghim,
R. InteractiVenn: A web-based tool for the analysis of sets through
Venn diagrams. BMC Bioinformatics, 2015, 16(1), 169.
http://dx.doi.org/10.1186/s12859-015-0611-3 PMID: 25994840
Lin, Y.; Hu, Z. Bioinformatics analysis of candidate genes involved
in ethanol-induced microtia pathogenesis based on a human
genome database: GeneCards. Int. J. Pediatr. Otorhinolaryngol.,
2021, 142, 110595.

http://dx.doi.org/10.1016/j.ijporl.2020.110595 PMID: 33418206
Khan, U.; Habibur Rahman, M.; Salauddin Khan, M.; Hossain,
M.S.; Morsaline Billah, M. Bioinformatics and network-based
approaches for determining pathways, signature molecules, and
drug substances connected to genetic basis of schizophrenia
etiology. Brain Res., 2022, 1785, 147889.
http://dx.doi.org/10.1016/j.brainres.2022.147889 PMID: 35339428
Doncheva, N.T.; Morris, J.H.; Holze, H.; Kirsch, R.; Nastou, K.C.;
Cuesta-Astroz, Y.; Rattei, T.; Szklarczyk, D.; von Mering, C.;
Jensen, L.J. Cytoscape stringApp 2.0: Analysis and visualization of
heterogeneous biological networks. J. Proteome Res., 2023, 22(2),
637-646.

http://dx.doi.org/10.1021/acs.jproteome.2c00651 PMID: 36512705
Szklarczyk, D.; Kirsch, R.; Koutrouli, M.; Nastou, K.; Mehryary, F.;
Hachilif, R.; Gable, A.L.; Fang, T.; Doncheva, N.T.; Pyysalo, S.;
Bork, P.; Jensen, L.J.; von Mering, C. The STRING database in
2023: Protein-protein association networks and functional
enrichment analyses for any sequenced genome of interest.
Nucleic Acids Res., 2023, 51(D1), D638-D646.
http://dx.doi.org/10.1093/nar/gkac1000 PMID: 36370105
Elizarraras, J.M.; Liao, Y.; Shi, Z.; Zhu, Q.; Pico, A.R.; Zhang, B.
WebGestalt 2024: Faster gene set analysis and new support for
metabolomics and multi-omics. Nucleic Acids Res., 2024, 52(W1),
W415-W421.

http://dx.doi.org/10.1093/nar/gkae456 PMID: 38808672

Kumar, N.; Srivastava, R.; Mongre, R.K.; Mishra, C.B.; Kumar, A,;
Khatoon, R.; Banerjee, A.; Ashraf-Uz-Zaman, M.; Singh, H.; Lynn,
AM.; Lee, M.S.; Prakash, A. Identifying the novel inhibitors
against the mycolic acid biosynthesis pathway target “mtFabH” of
mycobacterium tuberculosis. Front. Microbiol., 2022, 13, 818714.
http://dx.doi.org/10.3389/fmich.2022.818714 PMID: 35602011

de Oliveira Viana, J.; Scotti, M.T.; Scotti, L. Molecular docking
studies in multitarget antitubercular drug discovery. In: Multi-
Target Drug Design Using Chem-Bioinformatic Approaches; Roy,
K, Ed.; Humana Press: New York, NY, 2018.
http://dx.doi.org/10.1007/7653 2018 28

Chatterjee, A. Mycobacterium tuberculosis and its secreted
tyrosine phosphatases. Biochimie, 2023, 212, 41-47.
http://dx.doi.org/10.1016/j.biochi.2023.04.007 PMID: 37059349
Amado, P.S.M.; Woodley, C.; Cristiano, M.L.S.; O’Neill, P.M.
Recent advances of DprEl inhibitors against mycobacterium
tuberculosis: Computational analysis of physicochemical and
ADMET properties. ACS Omega, 2022, 7(45), 40659-40681.
http://dx.doi.org/10.1021/acsomega.2c05307 PMID: 36406587
Mehta, K.; Khambete, M.; Abhyankar, A.; Omri, A. Anti-
tuberculosis Mur inhibitors: Structural insights and the way
ahead for development of novel agents. Pharmaceuticals, 2023,
16(3), 377.

http://dx.doi.org/10.3390/ph16030377 PMID: 36986477

Lun, S.; Xiao, S.; Zhang, W.; Wang, S.; Gunosewoyo, H.; Yu, L.F,;
Bishai, W.R. Therapeutic potential of coumestan Pks13 inhibitors
for tuberculosis. Antimicrob. Agents Chemother., 2021, 65(5),


http://www.ncbi.nlm.nih.gov/pubmed/28673607
http://dx.doi.org/10.1016/j.foodres.2018.03.048
http://www.ncbi.nlm.nih.gov/pubmed/29735054
http://dx.doi.org/10.3390/futurepharmacol4010006
http://dx.doi.org/10.1016/j.bmc.2016.06.020
http://www.ncbi.nlm.nih.gov/pubmed/27338658
http://dx.doi.org/10.1016/j.jfluchem.2016.07.020
http://www.ncbi.nlm.nih.gov/pubmed/28555087
http://dx.doi.org/10.1016/j.molstruc.2024.140686
http://dx.doi.org/10.1016/B978-0-12-817592-7.00026-5
http://dx.doi.org/10.1093/nar/gky1004
http://www.ncbi.nlm.nih.gov/pubmed/30357411
http://dx.doi.org/10.2174/156802608786786624
http://www.ncbi.nlm.nih.gov/pubmed/19075767
http://dx.doi.org/10.1016/j.jics.2025.101616
http://dx.doi.org/10.1038/s41598-022-18348-9
http://www.ncbi.nlm.nih.gov/pubmed/35977996
http://dx.doi.org/10.1093/nar/gkz382
http://www.ncbi.nlm.nih.gov/pubmed/31106366
http://dx.doi.org/10.1093/nar/gkac297
http://www.ncbi.nlm.nih.gov/pubmed/35524552
http://dx.doi.org/10.1002/cpbi.5
http://www.ncbi.nlm.nih.gov/pubmed/27322403
http://dx.doi.org/10.1186/s12859-015-0611-3
http://www.ncbi.nlm.nih.gov/pubmed/25994840
http://dx.doi.org/10.1016/j.ijporl.2020.110595
http://www.ncbi.nlm.nih.gov/pubmed/33418206
http://dx.doi.org/10.1016/j.brainres.2022.147889
http://www.ncbi.nlm.nih.gov/pubmed/35339428
http://dx.doi.org/10.1021/acs.jproteome.2c00651
http://www.ncbi.nlm.nih.gov/pubmed/36512705
http://dx.doi.org/10.1093/nar/gkac1000
http://www.ncbi.nlm.nih.gov/pubmed/36370105
http://dx.doi.org/10.1093/nar/gkae456
http://www.ncbi.nlm.nih.gov/pubmed/38808672
http://dx.doi.org/10.3389/fmicb.2022.818714
http://www.ncbi.nlm.nih.gov/pubmed/35602011
http://dx.doi.org/10.1007/7653_2018_28
http://dx.doi.org/10.1016/j.biochi.2023.04.007
http://www.ncbi.nlm.nih.gov/pubmed/37059349
http://dx.doi.org/10.1021/acsomega.2c05307
http://www.ncbi.nlm.nih.gov/pubmed/36406587
http://dx.doi.org/10.3390/ph16030377
http://www.ncbi.nlm.nih.gov/pubmed/36986477

Microwave-assisted Green Synthesis and Integrated Bioinformatics Study 15

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

€02190-20.

http://dx.doi.org/10.1128/AAC.02190-20 PMID: 33558290

Han, X.; Chen, C.; Yan, Q.; Jia, L.; Taj, A.; Ma, Y. Action of
dicumarol on glucosamine-1-phosphate acetyltransferase of GImU
and mycobacterium tuberculosis. Front. Microbiol., 2019, 10,
1799.

http://dx.doi.org/10.3389/fmich.2019.01799 PMID: 31481936
Paoli-Lombardo, R.; Primas, N.; Vanelle, P. DprE1 and Ddn as
promising therapeutic targets in the development of novel anti-
tuberculosis nitroaromatic drugs. Eur. J. Med. Chem., 2024, 274,
116559.

http://dx.doi.org/10.1016/j.ejmech.2024.116559 PMID: 38850856
Faleye, O.S.; Boya, B.R.; Lee, J.H.; Choi, I.; Lee, ]J. Halogenated
antimicrobial agents to combat drug-resistant pathogens.
Pharmacol. Rev., 2024, 76(1), 90-141.
http://dx.doi.org/10.1124/pharmrev.123.000863 PMID: 37845080
Nizi, M.G.; Desantis, J.; Nakatani, Y.; Massari, S.; Mazzarella,
M.A.; Shetye, G.; Sabatini, S.; Barreca, M.L.; Manfroni, G.;
Felicetti, T.; Rushton-Green, R.; Hards, K.; Latacz, G.; Satala, G.;
Bojarski, A.J.; Cecchetti, V.; Kolar, M.H.; Handzlik, J.; Cook, G.M.;
Franzblau, S.G.; Tabarrini, O. Antitubercular polyhalogenated
phenothiazines and phenoselenazine with reduced binding to CNS
receptors. Eur. J. Med. Chem., 2020, 201, 112420.
http://dx.doi.org/10.1016/j.ejmech.2020.112420 PMID: 32526553
Guo, X.; Yang, Y.; Zhang, B.; Cai, J.; Hu, Y.; Ma, A. Nutrition and
clinical manifestations of pulmonary tuberculosis: A cross-
sectional study in Shandong province, China. Asia Pac. J. Clin.
Nutr., 2022, 31(1), 41-48.
http://dx.doi.org/10.6133/apjcn.202203 31(1).0005
35357102

Ashenafi, S.; Bekele, A.; Aseffa, G.; Amogne, W.; Kassa, E.;
Aderaye, G.; Worku, A.; Bergman, P.; Brighenti, S. Anemia is a
strong predictor of wasting, disease severity, and progression, in
clinical tuberculosis (TB). Nutrients, 2022, 14(16), 3318.
http://dx.doi.org/10.3390/nu14163318 PMID: 36014824

Chhabra, S.; Kashyap, A.; Bhagat, M.; Mahajan, R.; Sethi, S.
Anemia and nutritional status in tuberculosis patients. Int. J. Appl.
Basic Med. Res., 2021, 11(4), 226-230.
http://dx.doi.org/10.4103/ijjabmr.ijjabmr 76 21 PMID: 34912685
Gil-Santana, L.; Cruz, L.A.B.; Arriaga, M.B.; Miranda, P.F.C.;
Fukutani, K.F.; Silveira-Mattos, P.S.; Silva, E.C.; Oliveira, M.G.;
Mesquita, E.D.D.; Rauwerdink, A.; Cobelens, F.; Oliveira, M.M.;
Kritski, A.; Andrade, B.B. Tuberculosis-associated anemia is linked
to a distinct inflammatory profile that persists after initiation of
antitubercular therapy. Sci. Rep., 2019, 9(1), 1381.
http://dx.doi.org/10.1038/s41598-018-37860-5 PMID: 30718725
Tiberi, S.; Zumla, A.; Migliori, G.B. Multidrug and extensively
drug-resistant tuberculosis: Epidemiology, clinical features,
management and treatment. Infect. Dis. Clin. North Am., 2019,
33(4), 1063-1085.

http://dx.doi.org/10.1016/j.idc.2019.09.002 PMID: 31668191
Thomas, P.D. The gene ontology and the meaning of biological
function. Methods Mol Biol, 2017, 1446, 15-24.
http://dx.doi.org/10.1007/978-1-4939-3743-1 2

Zhao, Y.; Wang, J.; Chen, ]J.; Zhang, X.; Guo, M.; Yu, G. A literature

PMID:

[55]

[56]

review of gene function prediction by modeling gene ontology.
Front. Genet., 2020, 11, 400.
http://dx.doi.org/10.3389/fgene.2020.00400 PMID: 32391061

Li, L; Lv, J; He, Y.; Wang, Z. Gene network in pulmonary
tuberculosis based on bioinformatic analysis. BMC Infect. Dis.,
2020, 20(1), 612.

http://dx.doi.org/10.1186/s12879-020-05335-6 PMID: 32811479
Bo, H.; Moure, U.A.E.; Yang, Y.; Pan, J.; Li, L.; Wang, M.; Ke, X;
Cui, H. Mycobacterium tuberculosis-macrophage interaction:
Molecular updates. Front. Cell. Infect. Microbiol., 2023, 13,
1062963.

http://dx.doi.org/10.3389/fcimb.2023.1062963 PMID: 36936766
Fallahi-Sichani, M.; Kirschner, D.E.; Linderman, J.J. NF-«kB
signaling dynamics play a key role in infection control in
tuberculosis. Front. Physiol., 2012, 3, 170.
http://dx.doi.org/10.3389/fphys.2012.00170 PMID: 22685435
Poladian, N.; Orujyan, D.; Narinyan, W.; Oganyan, A.K;
Navasardyan, I.; Velpuri, P.; Chorbajian, A.; Venketaraman, V.
Role of NF-kB during Mycobacterium tuberculosis Infection. Int. J.
Mol. Sci., 2023, 24(2), 1772.
http://dx.doi.org/10.3390/ijms24021772 PMID: 36675296

Queval, C.J.; Song, O.R.; Debooseére, N.; Delorme, V.; Debrie, A.S.;
Iantomasi, R.; Veyron-Churlet, R.; Jouny, S.; Redhage, K;
Deloison, G.; Baulard, A.; Chamaillard, M.; Locht, C.; Brodin, P.
STAT3 represses nitric oxide synthesis in human macrophages
upon mycobacterium tuberculosis infection. Sci. Rep., 2016, 6(1),
29297.

http://dx.doi.org/10.1038/srep29297 PMID: 27384401

Ting, L.M.,; Kim, A.C.; Cattamanchi, A.; Ernst, J.D. Mycobacterium
tuberculosis inhibits IFN-y transcriptional responses without
inhibiting activation of STAT1. J. Immunol., 1999, 163(7),
3898-3906.

http://dx.doi.org/10.4049/jimmunol.163.7.3898 PMID: 10490990
Yi, X.; Zhang, B.; Fu, Y.; Yi, Z. STAT1 and its related molecules as
potential biomarkers in Mycobacterium tuberculosis infection. J.
Cell. Mol. Med., 2020, 24(5), 2866-2878.
http://dx.doi.org/10.1111/jcmm.14856 PMID: 32048448

Wang, W.; Ning, Y.; Wang, Y.; Deng, G.; Pace, S.; Barth, S.A;
Menge, C.; Zhang, K.; Dai, Y.; Cai, Y.; Chen, X.; Werz, O.
Mycobacterium tuberculosis-induced upregulation of the
COX-2/mPGES-1 pathway in human macrophages is abrogated by
sulfasalazine. Front. Immunol., 2022, 13, 849583.
http://dx.doi.org/10.3389/fimmu.2022.849583 PMID: 35663935
Tonby, K.; Wergeland, I.; Lieske, N.V.; Kvale, D.; Tasken, K,;
Dyrhol-Riise, A.M. The COX- inhibitor indomethacin reduces Th1
effector and T regulatory cells in vitro in Mycobacterium
tuberculosis infection. BMC Infect. Dis., 2016, 16(1), 599.
http://dx.doi.org/10.1186/s12879-016-1938-8 PMID: 27776487
Nore, K.G.; Louet, C.; Bugge, M.; Gidon, A.; Jergensen, M.J.;
Jenum, S.; Dyrhol-Riise, A.M.; Tonby, K.; Flo, T.H. The
cyclooxygenase 2 inhibitor etoricoxib as adjunctive therapy in
tuberculosis impairs macrophage control of mycobacterial
growth. J. Infect. Dis., 2024, 229(3), 888-897.
http://dx.doi.org/10.1093/infdis/jiad390 PMID: 37721470

DISCLAIMER: The above article has been published, as is, ahead-of-print, to provide early visibility but is not the final version.
Major publication processes like copyediting, proofing, typesetting and further review are still to be done and may lead to changes in
the final published version, if it is eventually published. All legal disclaimers that apply to the final published article also apply to this
ahead-of-print version.


http://dx.doi.org/10.1128/AAC.02190-20
http://www.ncbi.nlm.nih.gov/pubmed/33558290
http://dx.doi.org/10.3389/fmicb.2019.01799
http://www.ncbi.nlm.nih.gov/pubmed/31481936
http://dx.doi.org/10.1016/j.ejmech.2024.116559
http://www.ncbi.nlm.nih.gov/pubmed/38850856
http://dx.doi.org/10.1124/pharmrev.123.000863
http://www.ncbi.nlm.nih.gov/pubmed/37845080
http://dx.doi.org/10.1016/j.ejmech.2020.112420
http://www.ncbi.nlm.nih.gov/pubmed/32526553
http://dx.doi.org/10.6133/apjcn.202203_31(1).0005
http://www.ncbi.nlm.nih.gov/pubmed/35357102
http://dx.doi.org/10.3390/nu14163318
http://www.ncbi.nlm.nih.gov/pubmed/36014824
http://dx.doi.org/10.4103/ijabmr.ijabmr_76_21
http://www.ncbi.nlm.nih.gov/pubmed/34912685
http://dx.doi.org/10.1038/s41598-018-37860-5
http://www.ncbi.nlm.nih.gov/pubmed/30718725
http://dx.doi.org/10.1016/j.idc.2019.09.002
http://www.ncbi.nlm.nih.gov/pubmed/31668191
http://dx.doi.org/10.1007/978-1-4939-3743-1_2
http://dx.doi.org/10.3389/fgene.2020.00400
http://www.ncbi.nlm.nih.gov/pubmed/32391061
http://dx.doi.org/10.1186/s12879-020-05335-6
http://www.ncbi.nlm.nih.gov/pubmed/32811479
http://dx.doi.org/10.3389/fcimb.2023.1062963
http://www.ncbi.nlm.nih.gov/pubmed/36936766
http://dx.doi.org/10.3389/fphys.2012.00170
http://www.ncbi.nlm.nih.gov/pubmed/22685435
http://dx.doi.org/10.3390/ijms24021772
http://www.ncbi.nlm.nih.gov/pubmed/36675296
http://dx.doi.org/10.1038/srep29297
http://www.ncbi.nlm.nih.gov/pubmed/27384401
http://dx.doi.org/10.4049/jimmunol.163.7.3898
http://www.ncbi.nlm.nih.gov/pubmed/10490990
http://dx.doi.org/10.1111/jcmm.14856
http://www.ncbi.nlm.nih.gov/pubmed/32048448
http://dx.doi.org/10.3389/fimmu.2022.849583
http://www.ncbi.nlm.nih.gov/pubmed/35663935
http://dx.doi.org/10.1186/s12879-016-1938-8
http://www.ncbi.nlm.nih.gov/pubmed/27776487
http://dx.doi.org/10.1093/infdis/jiad390
http://www.ncbi.nlm.nih.gov/pubmed/37721470

	[1. INTRODUCTION]
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Chemicals, Reagents, and Instrumentation
	2.2. Synthesis of Curcumin Analogues via Microwave-Assisted Method
	2.3. Molecular Docking Studies
	2.4. Network Pharmacology Analysis

	3. RESULTS AND DISCUSSION
	3.1. Chemical Synthesis
	3.2. Molecular Docking
	3.3. Network Pharmacology

	CONCLUSION
	AUTHORS’ CONTRIBUTIONS
	LIST OF ABBREVIATIONS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	HUMAN AND ANIMAL RIGHTS
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


