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Abstract

Tuberculosis (TB) remains a critical global health challenge with 10.6 million new cases and
1.3 million deaths reported in 2022. The emergence of multidrug-resistant (MDR-TB) and
extensively drug-resistant (XDR-TB) strains, affecting approximately 410,000 individuals with
only 41% receiving appropriate treatment, necessitates innovative therapeutic strategies. This
review evaluates chromone-based hybrid molecules as next-generation anti-tubercular agents,
analyzing design strategies, structure-activity relationships, and preclinical validation from
studies published between 2013-2023. The chromone (1,4-benzopyran-4-one) scaffold
demonstrates exceptional versatility through its rigid planar architecture, enabling multi-target
engagement against critical mycobacterial enzymes including InhA, DprE1, DNA gyrase, and
ATP synthase. Strategic hybridization utilizing triazole, amide, urea, and sulfonamide linkers
yielded compounds with minimum inhibitory concentrations of 0.08-0.50 ug/mL against drug-
sensitive and resistant Mycobacterium tuberculosis strains. Lead chromone-isoniazid
conjugates achieved MICs of 0.15-0.35 pg/mL with selectivity indices exceeding 60, while
chromone-triazole derivatives demonstrated dual InhA/DprE1 inhibition with ICso values of
0.08-0.25 uM. Optimized hybrids exhibited excellent oral bioavailability (45-82%),
appropriate elimination half-lives (6.9-11.2 hours), and exceptional lung targeting with lung-
to-plasma ratios of 8-15:1. In murine infection models, lead candidates achieved 1.8-2.5 logio
CFU reductions in lung tissue with minimal toxicity. Integration of computational
optimization, green synthesis methodologies, and advanced delivery systems positions
chromone hybrids as promising candidates for clinical development, offering multi-target
selectivity and reduced resistance potential critical for addressing the global tuberculosis crisis.
Keywords: chromone hybrids, multidrug-resistant tuberculosis, structure-activity
relationships, multi-target inhibition, drug design, preclinical evaluation

1. Introduction

1.1 Global Tuberculosis Burden and Drug Resistance Crisis

Tuberculosis persists as one of humanity's deadliest infectious diseases, with the WHO Global
Tuberculosis Report 2023 documenting 10.6 million incident cases and 1.3 million deaths in
2022, maintaining TB's position among leading infectious causes of mortality worldwide (1,2).
The disease disproportionately affects low- and middle-income countries, with eight nations—
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India (27%), Indonesia (10%), China (7.4%), Philippines (7.0%), Pakistan (5.8%), Nigeria
(4.4%), Bangladesh (3.6%), and Democratic Republic of Congo (2.9%)—accounting for two-
thirds of global cases (3). The TB-HIV syndemic compounds this crisis, with HIV-infected
individuals facing 18-fold increased TB risk and TB causing approximately one-third of AIDS-
related deaths globally (4).

Progress toward WHO's End TB Strategy targets remains inadequate. Global TB incidence
declined only 11% between 2015-2022, far below the 20% reduction required for 2025
milestones (5). The COVID-19 pandemic further disrupted tuberculosis control, with reported
cases dropping from 7.1 million (2019) to 5.8 million (2020), reflecting diagnostic disruption
rather than actual disease reduction (6).

Multidrug-resistant tuberculosis (MDR-TB), defined by resistance to isoniazid and rifampin,
affected approximately 410,000 individuals in 2022, representing 3.6% of new cases and 18%
of previously treated cases (7). Critically, only 41% received appropriate treatment.
Extensively drug-resistant tuberculosis (XDR-TB) has emerged in over 100 countries, with
some regions reporting rates exceeding 10% of MDR-TB cases (8). Resistance mechanisms
predominantly involve chromosomal mutations: katG alterations confer isoniazid resistance
through reduced prodrug activation, inh4A mutations affect enoyl-ACP reductase, rpoB
mutations account for >95% of rifampin resistance, and gyr4/gyrB alterations mediate
fluoroquinolone resistance (9,10). Additional mechanisms include efflux pump overexpression
and metabolic adaptations.

MDR-TB treatment requires 18-24 month regimens with second-line agents demonstrating
inferior efficacy (50-70% success rates), greater toxicity, and exponentially higher costs (11).
While newer agents including bedaquiline, delamanid, and pretomanid have improved
outcomes, concerns regarding cardiotoxicity, drug-drug interactions, high costs, and emerging
resistance persist (12,13).

1.2 Hybrid Drug Design Rationale

Hybrid drug design—combining two or more pharmacologically active moieties within single
molecular entities—offers strategic advantages for tuberculosis therapy: synergistic effects
through simultaneous pathway modulation, simplified pharmacokinetics with unified
absorption and distribution profiles, reduced pill burden improving adherence, and decreased
resistance likelihood through multi-target engagement requiring simultaneous mutations in
multiple genes (14,15). For tuberculosis, hybrids can simultaneously target cell wall
biosynthesis, DNA replication, protein synthesis, and energy metabolism, maximizing
bactericidal activity while minimizing resistance emergence (16,17).

Chromone (1,4-benzopyran-4-one) has emerged as a privileged scaffold for anti-tubercular
hybrid design due to: rigid planar structure facilitating n-n stacking interactions with enzyme
active sites, electrophilic C-4 carbonyl enabling hydrogen bonding, multiple substitutable
positions (C-2, C-3, C-5, C-6, C-7, C-8) for optimization, moderate lipophilicity (cLogP 1.8-
2.4) within drug-like parameters, favorable molecular weight (146 Da) allowing substantial
pharmacophore elaboration, intrinsic antimycobacterial activity (MICs 8-32 pug/mL) against M.
tuberculosis, and established synthetic accessibility through well-characterized methodologies
(18,19). This review synthesizes chromone hybrid research from 2013-2023, emphasizing
design strategies, structure-activity relationships, mechanistic insights, and translational
potential.
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2. Chromone Scaffold Architecture and Strategic Applications

2.1 Molecular Properties and Drug-Likeness

The chromone core comprises a benzene ring fused to a y-pyrone moiety, creating a planar
aromatic framework with distinctive electronic characteristics (20,21). Density functional
theory calculations reveal HOMO energies of -6.2 to -6.8 eV and LUMO energies of -1.4 to -
2.1 eV, correlating with biological activity profiles (22). The electron-deficient C-4 carbonyl
creates a potent hydrogen bond acceptor with calculated binding energies of -8.2 to -12.4
kcal/mol in enzyme active sites (23).

Table 1. Physicochemical Properties and Drug-Likeness Assessment

Propert Chromone Optimal Lipinski's Significance

y Value Range Rule

MW 146.14 150-500 <500 Allows substantial

(Da) elaboration

cLogP 1.8-2.4 1.5-4.0 <5 Favorable membrane
permeability

PSA () 355 40-90 <140 Acceptable for absorption

HBA 2 2-10 <10 Enables binding interactions

HBD 0 0-5 <5 Can be increased via
substitution

2.2 Strategic Roles in Hybrid Design

Chromone serves multiple functions in anti-tubercular hybrids. As a primary pharmacophore,
unsubstituted chromone exhibits intrinsic activity (MICs 8-32 pg/mL against M. tuberculosis
H37Rv) through InhA and DprEl interactions (24,25). The planar geometry enables m-m
stacking with Phel49, Tyr158, and Trp222 in the InhA active site, while C-4 carbonyl forms
hydrogen bonds with Lys165 and Tyrl58 (26). As a molecular linker, chromone's rigid
structure provides predictable conformational behavior. Molecular dynamics simulations
demonstrate stable conformations with root-mean-square deviations of 0.8-1.2 A over
nanosecond timescales (27,28). For prodrug applications, ester/amide conjugates at C-7
undergo mycobacterial esterase-mediated hydrolysis, achieving 3-5 fold enhanced cellular
uptake and 2-3 fold MIC reductions (29).

3. Hybridization Strategies and Linker Chemistry

3.1 Advanced Linker Design

Linker chemistry critically determines hybrid efficacy by governing molecular flexibility,
target accessibility, and pharmacokinetics (30,31). 1,2,3-Triazole linkages, generated through
copper-catalyzed azide-alkyne cycloaddition, represent gold-standard connectors due to
exceptional stability and participation in hydrogen bonding/n-n stacking (32,33). Chen et al.
demonstrated triazole-linked chromone-isoniazid hybrids exhibit 3-4 fold enhanced potency
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(MIC 0.08-0.15 pg/mL) versus amide analogs, attributed to complementary triazole binding
within InhA active sites (34,35).

Oxadiazole and thiadiazole bridges provide additional heteroatomic contacts with microsomal
half-lives exceeding 12 hours (36). Kumar et al. reported 1,3,4-oxadiazole-linked chromone-
quinoline hybrids achieved MICs of 0.12-0.25 pg/mL against MDR-TB with reduced
cytotoxicity (CCso >200 pg/mL) (37,38).

Table 2. Linker Chemistry Impact on Activity and Properties

Linker MIC ti/2 SI  Synthetic Key Advantages
(ng/mL) (h) Access

Triazole 0.08-0.15 >12 >8  Moderate Optimal stability, n-stacking
0

Amide 0.15-0.25 8-10 >6 High Simple, H-bonding
0

Sulfonamid 0.12-0.22 >10 >7  Moderate 2-fold solubility

e 0 improvement

Urea 0.10-0.20 6-8 >6  High Dual H-bond donor
5

Oxadiazole 0.12-0.25 >12 >7  Moderate Superior metabolic stability
5

3.2 Bioisosteric Replacements

Sulfonamide bridges provide enhanced hydrogen bonding and 2-fold improved water solubility
(180 vs 85 pg/mL) while maintaining bioactivity (39). Urea linkages introduce dual hydrogen
bond donor capability, with isothermal titration calorimetry revealing binding enthalpies of -
12.4 to -15.8 kcal/mol versus -8.2 to -10.6 kcal/mol for amides (40,41).

3.3 Green Synthesis Innovations

Microwave-assisted synthesis reduced reaction times from 8-12 hours to 15-20 minutes while
improving yields from 45-60% to 78-85% (42,43). Continuous flow chemistry enables yields
exceeding 90% with residence times of 10-15 minutes (44). Mechanochemical ball milling
achieves 65-80% yields within 30 minutes without organic solvents, representing 70%
environmental impact reduction (45,46).

4. Structure-Activity Relationships

4.1 Core Modifications

C-2 position electron-withdrawing substituents (F, Cl, Br) consistently enhanced potency 2-4
fold (47,48). Trifluoromethyl substitution yielded particularly potent analogs (MIC 0.04-0.12
pg/mL) but compromised solubility (49). C-3 nitro, cyano, or ester groups enhanced potency
(MIC 0.06-0.15 pg/mL) through nitroreductase-mediated bioactivation (50,51). Heteroatomic
substitution with pyrazine, pyrimidine, or triazole yielded enhanced metabolic stability and
reduced cytotoxicity (52).

4.2 Computational Analysis

High-resolution crystal structures enabled detailed molecular docking (53,54). Zhang et al.
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demonstrated lead chromone-isoniazid hybrids achieve binding scores of -11.2 to -13.8
kcal/mol with InhA, exceeding isoniazid alone (-8.4 kcal/mol) with strong correlation to ICso
values (r* = 0.82) (55,56). Machine learning models achieved correlation coefficients
exceeding 0.80 for MIC predictions (57,58).

5. Multi-Target Mechanisms and Biological Activity

5.1 Enzymatic Target Engagement

InhA Inhibition: Lead chromone-isoniazid hybrids exhibit Ki values of 0.08-0.25 puM,
representing 3-5 fold improvements over isoniazid (Ki = 0.75 uM) (59,60). Crystallography
confirmed unique binding simultaneously occupying NAD* cofactor and substrate sites.
DprE1 Targeting: Chromone hybrids containing nitro/quinone functionalities demonstrate
irreversible Cys387 covalent modification, with ICso values decreasing from 2-5 uM to 0.05-
0.15 uM after 60-minute preincubation (61,62).

DNA Gyrase Disruption: Chromone-quinolone hybrids achieved ICso values of 0.12-0.30 uM
against purified M. tuberculosis DNA gyrase—4-8 fold improvements over fluoroquinolones
(63,64).

5.2 Activity Against Clinical Isolates

Table 3. Clinical Isolate Susceptibility

Compound DS MICsi/so MDR MICs/so RF SI CFU Reduction

Series (ng/mL) (ng/mL) S (log1o)
Chromone-INH 0.12/0.25 0.25/0.50 2.1x >8§ 2.3-2.8
0
Chromone-RIF  0.15/0.30 0.30/0.60 20x >7 2.1-2.6
0
Chromone- 0.10/0.22 0.22/0.45 22x >6 2.0-2.5
FLQ 5

Lead candidates maintained activity against MDR-TB with modest 2-4 fold MIC increases
versus 8-32 fold for conventional agents (65,66). Time-kill studies revealed 2-3 logio CFU
reductions within 48-72 hours (67). Checkerboard assays demonstrated fractional inhibitory
concentration indices of 0.25-0.50 with standard agents, indicating synergistic interactions
(68,69).

6. Preclinical Validation

6.1 In Vivo Efficacy

In BALB/c mouse models, lead hybrids achieved 1.8-2.5 logio CFU reductions after 14 days at
20-25 mg/kg daily dosing (70,71). C3HeB/Fel necrotic granuloma models revealed lesion-to-
plasma ratios exceeding 3:1, versus <0.5:1 for conventional agents (72,73).

6.2 Pharmacokinetics

Table 4. Pharmacokinetic Parameters

Compound Cmax (ug/mL) Tmax (h) F (%) t/:(h) CL/F (L/h/kg) PB (%)
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CH-147 2.8+0.4 2.0 65 8.2 0.77 82
CH-289 4.1+0.6 1.5 72 9.1 0.44 78
CH-445 5.4+0.8 1.8 78 6.9 0.38 73
CH-667 6.2+0.9 1.2 82 7.4 0.34 76

Optimized hybrids achieved oral bioavailability of 45-82% with half-lives of 6.9-11.2 hours
supporting once-daily dosing (74,75). Tissue distribution revealed exceptional lung targeting
with lung-to-plasma ratios of 8-15:1 (76,77).

6.3 Safety Assessment

Acute toxicity studies revealed LDso values exceeding 500 mg/kg (78). Subchronic studies (28-
90 days) identified no treatment-related mortality at doses up to 100 mg/kg daily (79). hERG
inhibition ICso values exceeded 50 puM, representing significant advantages over bedaquiline
(80,81).

7. Future Perspectives

7.1 Next-Generation Designs

Proteolysis-targeting chimeras (PROTACS) incorporating chromone scaffolds offer potential
for irreversible target elimination (82,83). Preliminary investigations suggest chromone-
PROTAC conjugates could achieve enhanced potency by recruiting proteasome machinery to
degrade InhA and DprE1 (84). Covalent drug design principles are being integrated, exploiting
targeted modification with residence times exceeding 24 hours (85,86).

7.2 Advanced Delivery

Innovative pulmonary delivery systems with particle size control have achieved improved deep
lung deposition (87). Nanostructured lipid carriers demonstrate sustained release profiles
potentially extending dosing intervals (88,89).

7.3 Regulatory Considerations

Regulatory pathways require comprehensive documentation of pharmacophore activities and
synergistic interactions (90). Health economic analyses suggest treatment shortening to 2-4
months could generate substantial healthcare savings (91,92).

8. Conclusion

Chromone-based hybrid molecules represent a transformative approach to anti-tubercular drug
discovery. With 10.6 million new cases and only 41% of MDR-TB cases receiving treatment,
innovative strategies are critically needed. The chromone scaffold's unique structural properties
enable rational integration of multiple pharmacophores, fundamentally addressing single-target
therapy limitations through synergistic effects and reduced resistance potential. Systematic
SAR studies have elucidated design principles yielding compounds with exceptional activity
(MICs 0.08-0.50 pg/mL) against drug-sensitive and resistant strains. Comprehensive
preclinical validation demonstrates consistent bactericidal activity, excellent oral
bioavailability (45-82%), appropriate half-lives (6.9-11.2 hours), and favorable safety profiles.
Integration of computational approaches has accelerated discovery. Future developments
incorporating next-generation designs, advanced delivery systems, and precision medicine
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position chromone hybrids for clinical advancement. Continued multidisciplinary
collaboration remains essential to realize therapeutic potential and contribute to global
tuberculosis control.
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