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ABSTRACT

Drug-Resistant Tuberculosis (DRTB) considerably adds to the worldwide cost of Antimicrobial Resistance
(AMR), frequently costing a substantial amount of healthcare budgets and associated assets in numerous
endemic nations. The swift onset of resistance to novel tuberculosis (TB) treatments underscores the
necessity for effective management of antibiotics, alongside a focused effort to create new regimes effective
against presently circulating drug-resistant forms. This document emphasizes that the present load of DRTB
is influenced by both persistent transmission and the intra-patient development of resistance via many
pathways. Worldwide TB control necessitates initiatives that proficiently tackle these and other factors.
Halting the spread of TB relies on the accessibility of innovative, quick diagnostics that yield precise results
that are as close to the patient's condition as feasible and accompanied by suitable care coordination.
Connection tracking, longitudinal symptoms monitoring, and active social interaction tracing are critical
components to mitigate the continued community-wide dissemination of Drug-Resistant Strains (DRS). It
is essential to implement suitable prophylaxis for connections of drug-resistant index patients to curtail
illness progression and prevent further spread. To avert the creation of DRS, it is necessary to devise
abbreviated treatment regimes that swiftly eradicate all mycobacterial populations while inhibiting
metabolic activities that foster tolerance to drugs, mutations, and the eventual development of resistance.
Drug discovery initiatives focusing on genetic factors linked to these pathways in bacteria will be crucial
for TB elimination. It is essential to establish suitable clinical outcomes that measure DRTB in vomit, such
as differently culturable or detectable tubercle bacilli, to reliably evaluate the efficacy of novel medicines
in reducing treatment time. This comprehensive strategy for tackling the significant issues related to
medication resistance would enhance the provision of excellent treatment for TB clients and strengthen
initiatives to eradicate the illness.
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INTRODUCTION

Tuberculosis (TB) [1], produced by the aerophilic internal obligate bacterium Mycobacterium TB, is a
worldwide endemic infection caused by bacteria that spread from person to person through the air [2].
While asthma is the predominant manifestation of TB, it impacts other organs, primarily lymph nodes, the
pleura, the brain, the musculoskeletal structure, and additional tissues [11]. TB treatment varies from a
minimum of four months to a maximum of twenty-four months of multi-antibiotic treatments, contingent
upon the drug resistance description, the first clinical presentation, and the progression throughout the
therapy period. The microbiological proof of disease is a crucial aspect of medication administration and
maintenance; it can be challenging due to the sluggish growth of TB and its demanding cultural
requirements. The difficulty is exacerbated by TB’s capacity to induce disease with a little bacterial burden
(paucibacillary illness), which is difficult to identify using existing technologies [4]. The interaction of anti-
TB medication exposure throughout treatment, interpersonal transmission, international travel, and
substandard TB care has resulted in the development and maintenance of many drug-resistant variants of
TB in physically diverse places worldwide. Drug-resistant TB (DRTB) [3] is categorized based on the
degree of resistance to essential medicines in anti-TB pharmacotherapy. The most significant of these
agents is rifampicin (Rif), an antibacterial and sterilizing medication that facilitates the reduction of
treatment periods. Multi-DRTB is characterized by Mycobacterium TB exhibiting resistance to both
rifampicin and isoniazid. Rif-resistant TB (RRTB) [12] is regarded as the gateway to second-line therapy,
as patients with RR-TB receive therapies analogous to those for multi-DRTB, irrespective of isoniazid
sensitivity. Nucleic acid amplification testing (NAATS) for Rifampicin resistance, particularly the prevalent
Xpert Rif assay, has facilitated enhanced detection and monitoring of Rifampicin-resistant TB (RRTB)
since the beginning of the 2010s [10].
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Fig. 2. TB treatment analysis

The TB cascades of care evaluate every stage of the disease [5], from detection to treatment results to
pinpoint stages where individuals cannot follow up or fail to achieve an acceptable outcome (Fig. 1). The
percentage of individuals with RRTB who commenced second-line therapy increased from 21% to 40% of
all projected RRTB cases between 2017 and 2022. This percentage decreased to 37% in 2022 due to
challenges in detecting and treating RRTB during the COVID-19 pandemic. In 2023, the decrease was
slightly mitigated, as 178k patients (42%, 91% UI 37-42%) out of an expected 415k (92% UI 375k - 455k)
with RRTB commenced second-line therapy (Fig. 2). Notwithstanding these advancements, merely 826k
patients with RRTB commenced treatment in 2019 and 2024, achieving 56% of the 1.6 million United
Nations therapy objective [8]. Following the commencement of therapy, merely 24% of the approximately
438k individuals with RRTB finished the course of treatment in 2023; the most recent year for therapy
success information was accessible. Worldwide, the efficacy rate for RRTB therapy has gradually risen to
around 62% of individuals initiating therapy, up from around fifty percent in 2014, a figure anticipated to
increase with the extensive adoption of newer, superior all-oral regiments [6].

Factors of DRTB

When the 6-month combo regimen for DRTB is administered correctly, patients attain cure rates above
92%, and the emergence of resistance due to concurrent alterations to several medications is exceedingly
uncommon [13]. The resistance exhibited by Mtb to any antibiotic arises not from a singular system but
from the interaction of natural, medical, and microbiological factors, such as:

1. Client nonadherence to their six-month treatment and/or physician mistakes with therapy
management, which elevate the likelihood of acquiring naturally drug-resistant bacteria.

2. The variety and inadequate vascularization of granulomatous tumors impede drug transport in
certain areas, resulting in insufficient drug concentrations and the emergence of morphological
and genetic resistance to drugs.

3. Innate elevated levels of resistance to antibiotics in bacterial tubercles (intrinsic sensitivity).

4. Development of Non-Replicating (NR) drug-tolerant bacilli [7] within the granulomas
(phenotypic resistant).

5. Generation of naturally resilient bacilli through chromosomal alterations (acquired tolerance).

2.1 Human Mistakes and Progress in Multi-DRTB Management
Human mistakes facilitate the emergence of drug resistance due to the inappropriate administration of anti-
TB medications. Two pathways contribute to the emergence of genetic opposition:

1) primary opposition occurs when an individual becomes infected with drug-resistant stress.
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2) developed resistance, arising when an individual infected with drug-susceptible stress
receives insufficient treatment, facilitating the generation of resistant mutations.
The initial case predominantly arises in densely populated settings (e.g., jails) or in nations with elevated
Multi DRTB incidence, where prompt diagnosis and treatment of patients are crucial to mitigate
dissemination. In the second scenario, it is imperative to properly adhere to the World Health Organisation
(WHO) guidelines [14] to treat TB patients with drug-susceptible strains. Physicians must ensure that
infection prevention strategies are implemented, especially when managing hospitalized drug-resistant
(DR) individuals [9].

To execute the Stop TB Planning, derived from the structure, the WHO identified several variables leading
to suboptimal results from therapy, notably the emergence of drug-resistant TB. The issues identified were:
(1) Poor care by medical professionals (deficient or nonexistent instructions, insufficient training of medical
professionals, insufficient patient awareness, ineffective handling of adverse drug reactions, absence of
treatment tracking, and inadequate or funded TB control initiatives). (2) Insufficient drug supply
(substandard medications, stock shortages, insufficient storage conditions, incorrect dosages or
combinations). (3) Inadequate drug intake or reaction to therapy by individuals (insufficient information
regarding compliance with therapy, adverse reactions, and absorption).

Frequent mistakes made in managing symptoms of DRTB, especially in developing nations, encompass the
incorporation of a solitary drug into a failing schedule, the inability to identify pre-existing drug
susceptibility, neglecting to administer therapy directly and address nonobservance, administering
suboptimal amounts of second-line medications to mitigate adverse events, and initiating drug treatment
according to clinical evidence while awaiting outcomes [ 15]. It is essential to recognize that only medication
mixtures reduce the risk of selecting resistant strains. Due to the complexity of managing DRTB instances,
the WHO has advised that the therapy be conducted by a team of specialists (TB Consilium) at local, state,
and/or national stages, comprising experts such as doctors, bacteriologists, and public health officials with
diverse professional expertise. In countries with high and moderate incidence rates, TB Consilia is crucial
for obtaining second-line medications and novel treatments.

A comparison examination of the TB Consilia for administering challenging DR infections with TB has
been documented. In November 2019, the Worldwide TB Networks established a Worldwide TB Consilium
to deliver responses to clinicians regarding challenging infections related to TB within 48 hours.

2.2 Intricacy of TB Granulomas

Prolonged therapy are due to the intricate pathophysiology of TB. In the respiratory system of individuals
with engaged and hidden TB, a variety of heterogencous granulomatous tumors coexist, including well -
vascularized cellular granules wrapped by lymphocytes surrounding phagocytes and neutrophils, to non-
vascular caseous granules distinguished by a dead center exhibiting a cheese-like appearance (caseum)
resulting from the lysis of cell hosts and microbes. In these tumors, the tubercle bacilli exhibit a spectrum
from Aggressively Reproducing (AR) phases, especially inside cellular granules, to latent, slowly-
replicating or Non-Replicating (NR) phases, characteristic of ischemic caseous granules. In infected foxes,
the uncontrolled part of a drug infiltrates the case via dispersion, and the affinity of medication correlates
with its hydrophobicity and the number of aromatic rings.

The existing four-drug treatment regimen effectively targets internal bacilli within biological granules. Still,
NR external bacilli in pH-neutral, caseous granules resist pharmacological intervention. The necrotic core
of caseous granulomas harbors NR bacilli that are phenotypically robust to many pharmaceuticals (drug-
tolerant persistent), except for rifamycins, which are recognized for their ability to kill case in ex-vivo
testing. Variations in the time and space distribution of medicines, along with the kinetics of drug deposition
in certain lesion sections, establish localized opportunities for treatment that heighten the potential of drug
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resistance development. This aligns with the understanding that susceptible variants arise during the long-
lasting stage of certain TB medications, attributable to oxygen radical-mediated genome-wide spontaneous
mutation. Drug combinations should consist of complimentary agents that selectively localize in lesions
with their most susceptible target populations.

Upon the growth of caseous granules, the necrosis centers amalgamate with the bronchial structures,
resulting in the formation of pulmonary canals that contain both external bacilli from the liquid case and
internal bacilli originating from the lysis of inflamed macrophages within the cavity sidewalls. Upon
exposure to ambient oxygen, these microbes swiftly multiply within the holes' core and manifest in the
sputum of those with TB. Excessive amounts of bacteria in lung holes lead to the emergence of resistance
to microbes with chromosomal alterations, significantly contributing to the evolution of tolerance.
Significantly, compared to paired sputum individuals, more opposition was identified in isolates obtained
from removed by surgery cavities of the same individual. A solitary parent strain experienced genetic
alterations during therapy, resulting in the development of enhanced resistance to drugs in several regions
of the lung of the same cautious, particularly in the cavity walls. Consistent with this finding, drug-specific
shifts within the walls of human lung decay have been linked to the emergence of developed resistance
among individuals with DRTB, attributed to the diminished concentration of certain drugs at the cores of
these cavities, where a substantial number of copying bacilli reside. These data suggest that developed
tolerance is associated with establishing drug-penetration slopes in TB lesions. This results in inadequate
medication levels in non-vascularized caseous granules and dissolved cases within cavity centers.

2.3 Intrinsic Drug Resistant of Mycobacterium TB
Throughout development, Mycobacterium (Mtb) has developed inherent antibiotic resistance pathways,
including the cell exterior, efflux structures, and additional strategies like drug breakdown, alterations, and
target alteration, enabling the organism to attain elevated levels of resistance to medications. The
subsequent sections present multiple instances of these processes.

e  Cellular Envelope
The components of the mycobacterial cell membrane include the cytoplasmic barrier, the periplasmic
cavity, a peptidoglycan system, arabinogalactan, long-chain lactic acids, and an interior capsule composed
of a disordered matrix of cellulose and protein secretions. The first-line TB treatments include the
antibacterial drug, which inhibits mycolic acid synthesizing, and the antibacterial, which inhibits
arabinogalactan production and enhances the efficacy of other medications against Mtb.
The inner hydrophilic phases are presumed to obstruct the infiltration of water-resistant molecules. The
exterior portion of the envelope connects the layers to the swampy layer, composed of long-chain lipids
that impede the infiltration of hydrophilic medicines. Higher-lipophilic medicines are administered via
passive passage into and via the lipid-rich cell membrane. Initial investigations utilized mutants impaired
in manufacturing cell wall constituents to elucidate the cell wall's function in innate drug susceptibility. A
mycolate-deficient Mtb mutant exhibited increased sensitivity to rifampicin, chloramphenicol, a drug called
no, and amoxicillin. Additions in genes associated with the mycolate production of Mtb TB demonstrated
increased chemical penetration and susceptibility to rifampicin, isoniazid, pyrazinamide, and
fluoroquinolone.

Smaller hydrophilic pharmaceuticals penetrate bacterial cell walls through water-filled pores without
expanding power. TB contains a minimum of two porin-like enzymes. The function of pores in Mtb drug
absorption and susceptibility requires additional examination. The ability to penetrate aqueous B-lactam
medicines via the mycobacterial membrane was approximately one hundred times less than the bacteria's
cell envelope. B-lactamases, likely in combination with delayed drug entry, were identified as significant
factors in Mtb developing resistance to B-lactams. In Mtb, the peptidoglycan is restructured by nonclassical
L and D-transpeptidases. The chemical foundation, deactivation process, and active function of ketones
were examined, establishing the framework for their prospective application in suppressing Mtb. Anti-TB

Genetics and Molecular Research 24 (4): gmr24124



6

medications are believed to possess greater lipophilicity than other antimicrobial substances, likely due to
enhanced penetration via the fatty mycobacterial cell membrane. The matter is expected to become more
intricate, as specific research indicates that lipophilicity is a significant, albeit not only, determinant of
chemical penetration.

e  Pharmaceutical Efflux
Efflux Pumps (EPs) are membrane-spanning proteins that confer tolerance by transporting medicines from
the interior to the outside of the nucleus. The carriers serve as primary carriers, whilst the remaining carriers
operate as secondary carriers powered by gradients of protons or sodium fluxes. The EP of Mtb is classified
among the constituting 2.5% of the complete Mtb chromosome, superfamilies, and the family. After
treatment of Mtb to sub-inhibitory concentrations, EP enzymes are elevated, leading to low-level tolerance
for an extended duration.

Following a few months, a significant degree of developed resistance emerges, attributable to chromosomal
changes in the genes that encode the target proteins. These data suggest that inadequate TB therapy creates
pressure through sub-inhibitory drug levels, which enhance drug efflux and facilitate the choice of mutants
exhibiting high-level tolerance. Numerous EPs are recognized as being linked to resistance—-contact with
results in MmpL7 and mmR EP protein expression. Several EPs contribute to resistance to multiple
pharmaceuticals. The EP Tap facilitates low-level resistance to ciprofloxacin and antibiotics. Modifications
in the gene resulted in increased expression of the protein transporter MmpL5, leading to EP-mediated
crossover resistance. This represents a possible perilous development of Mtb antibiotic resistance,
especially lately, have recently been incorporated into the updated WHO-recommended therapies for
DRTB.

An approach employed to impede efflux-mediated resistance to medications is the suppression of efflux
pumps by non-antibiotic compounds that obstruct the efflux process or inhibit the energy supplies of the
efflux pumps. This cooperation was validated in multiple trials; however, it was shown that the action was
not attributable to intra-mycobacterial medication buildup but to the impairment of membrane activities.
EP inhibitors are currently not utilized for the management of human TB, which has been given in
compassionate treatment for select instances of DRTB.
e  Alternative Approaches

The main pathways of innate resistance to drugs in Mtb are the lipid-rich cell membrane and the efflux
pump; other systems are recognized for neutralizing harmful substances and antimicrobial agents, such as
drug deactivation or alteration and target alteration. Mtb B-lactamases are less proficient than those of
different microbes in hydrolyzing B-lactams; however, their function, combined with sluggish cell wall
entry and low connection for penicillin-binding proteins, sufficiently contributes to Mtb's inherent
resistance to most 3-lactams. The principal Mtb B-lactamase is believed to reside in the periplasmic space
and has extensive substrate particularity, encompassing carbohydrates, which often evade the -lactamases
of other bacterial species.

TB turns off the drugs and Cyclic Peptides (CP) by acetyl mediated by the increased intracellular longevity
protein expressed by eis, which the transcription activator promotes. Founder mutations cause an
overproduction of eis, leading to low-level inhibition. TB exhibits inherent resistance to macrolides (e.g.,
clarithromycin and Zithromax) due to the stimulated erm, a translational RNA methyltransferase modifies
peptide rib by treating the 23S rRNA. Additional erm genes that give stimulated immunity to
fluoroquinolones were identified in non-tuberculous mycobacterium. Spontaneous immunity to
Fluoroquinolones (FQ) is ascribed to a pentapeptide-repeating protein known as MpA that emulates the
size, form, and charge distribution of fraternal DNA by imitating the three-dimensional architecture of a
DNA double helix.
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Conclusion
The persistent proliferation of resistant bacteria will erode advancements in contemporary medicine,
reverting health care to the pre-antibiotic epoch and fostering conditions conducive to developing new
global epidemics. Healthcare systems must urgently enhance measures that disrupt TB transmission in
groups, medical facilities, and other gathering places to eradicate fresh infections swiftly. Establishing
scalable and cost-effective genomic monitoring programs for drug-resistant TB in all nations will be crucial
for curbing the dissemination of new diseases. To avert the emergence of DRTB thoroughly, the
prophylaxis of at-risk contacts must be an immediate priority, aiming for broad coverage with minimized
adverse effects. Given the swift rise of resistant drugs, it is imperative that fresh study identifies susceptible
pharmacological targets and elucidates the mechanisms essential for regulating tolerance to medication,
tenacity, and ultimately opposition, making this an urgent worldwide priority. Mycobacterial metabolism
markedly differs from other extensively researched bacterial pathogens; thus, cultivating a comprehensive
understanding of basic metabolites to aid in novel medication development necessitates ongoing money
from funding organizations. Public-academic-private cooperation will effectively facilitate the
advancement of innovative compounds along the drug research pathway. Significant advancements in TB
programs are realized through this integrated strategy alone.
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