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ABSTRACT: Mycobacterium tuberculosis, the bacterium respon-
sible for tuberculosis, is a global health concern, affecting millions
worldwide. This bacterium has earned a reputation as a formidable
adversary due to its multidrug-resistant nature, allowing it to
withstand many antibiotics. The development of this drug
resistance in Mycobacterium tuberculosis is attributed to innate
and acquired mechanisms. In the past, rifampin was considered a
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potent medication for treating tuberculosis infections. However,
the rapid development of resistance to this drug by the bacterium
underscores the pressing need for new therapeutic agents.
Fortunately, several other medications previously overlooked for
tuberculosis treatment are already available in the market.
Moreover, several innovative drugs are under clinical investigation,
offering hope for more effective treatments. To enhance the effectiveness of these drugs, it is recommended that researchers
concentrate on identifying unique target sites within the bacterium during the drug development process. This strategy could
potentially circumvent the issues presented by Mycobacterium drug resistance. This review primarily focuses on the characteristics of
novel drug resistance mechanisms in Mycobacterium tuberculosis. It also discusses potential medications being repositioned or
sourced from novel origins. The ultimate objective of this review is to discover efficacious treatments for tuberculosis that can
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successfully tackle the hurdles posed by Mycobacterium drug resistance.

1. INTRODUCTION

An evident increase in antimicrobial resistance over the past
few decades has significantly impacted the administration of
healthcare treatment. The early 1930s to 1960s were frequently
regarded as the golden age of medicine due to the rapid
discovery of new antibiotics. There have been no significant
new drug discoveries since then, and this is primarily due to
funding and ethical obstacles. According to the World Health
Organization (WHO), antimicrobial resistance to prevalent
antibiotics has been associated with lower respiratory and
diarrheal diseases, HIV/AIDS, and malaria, which have a
higher incidence of morbidity and mortality." Several factors
can cause drug resistance, but excessive or improper
medication use is the most common reason. The extensive
use of antibiotics for humans and animals, such as ruminants
and domestic pets, results in the release of residual or
nonmetabolized antibiotic substances into the environment
and causes environmental pollution.”’

Pathogens are subjected to high environmental and genetic
selection pressure, resulting in multidrug resistance strains over
time. Usually, the resistance developed by microbes is intrinsic,
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meaning that a specific trait in microbes is expressed before
exposure to a drug or antibiotic. Some microbes can acquire
resistance through horizontal gene transfer (HGT), which
includes conjugation, transformation, and transduction. Con-
jugation enables resistance transfer via a resistant plasmid.”*
The transformation acquires resistance due to the transfer of
purified DNA, which carries genes for resistance from microbes
exposed to antibiotics. This is a common mechanism as the
rate of DNA transfer is independent of the genetic relationship
between the microbes. Lastly, the third gene transfer method,
transduction, enables acquisition of phage-induced resistance.
Escherichia coli, Bacteroides, Listeria monocytogenes, Serratia
marcescens, and Pseudomonas aeruginosa are some examples that
have intrinsically acquired resistance to antibiotics (Table 1).
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Table 1. Different Kinds of Antibiotic-Resistant Microbes Associated with Threat Classes

classes of threat

critical threats monentus threats

Carbapenem-resistant Acinetobacter Campylobacter
Candida auris

Clostridioides difficile

Carbapenem-resistant Enterobacteriacea

Vancomycin-resistant Enterococci
Pseudomonas aeruginosa
nontyphoidal Salmonella
Salmonella typhi

Shigella

Drug-resistant Neisseria gonorrheae

Candida ESBL-producing Enterobacteriaceae

distress threats watch list

Erythromycin-resistant Group A Streptococcus  Azole-resistant

Clindamycin-resistant Group A Streptococcus  Aspergillus fumigatus
Mycoplasma genitalium

Bordetella pertussis

Methicillin-resistant Staphylococcus aureus

Streptococcus pneumonia

Tuberculosis

Alveolar macrophages

Mycobacterium inhalation :t; alf
+ bacterial cell phagocytosis IL-12
IL-18

Inflammatory cells

+ IL-12, IL-18 secreted by
Alveolar macrophages
bacterial eruption by INF

) @& 0+=0
+ granula formation and - TCD4+
bacterial growth control using INF-y \ f
TNF
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TNF-a

Bacterial growth control
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+ Immune failure causes "t
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Figure 1. Development of tuberculosis (IL-1: inter-leukinl, IL-6: inter-leukin, IL-12: inter-leukin12, IL-18: inter-leukin18, IFN-y: y-interferon,
TNF-alpha: tumor-necrosis-factor a).® Multiple immunological factors interact intricately to cause TB to develop. Interleukin-1 (IL-1), interleukin-
6 (IL-6), interleukin-12 (IL-12), interleukin-18 (IL-18), -interferon (IFN-), and tumor necrosis-factor (TNF-alpha) are among those that have
important functions. IL-1 functions as a proinflammatory cytokine that encourages the migration of immune cells to the site of infection and their
activation there. The acute-phase response and inflammation are both influenced by IL-6. Natural killer (NK) cell activation and IFN production,
both of which are crucial for the fight against tuberculosis by stimulating the immune system and activating macrophages, depend on IL-12. IFN-
production is increased by the IL-18 and IL-12 working together. IFN- is a crucial cytokine in regulating mycobacterial development and is
produced by T and NK cells. TNF-alpha, which is produced by activated macrophages, is essential for the development of granulomas and the

control of infection.

Unlike other ESKAPE pathogens, Mycobacterium tuberculosis
(Mtb) sets itself apart with its distinct features. Instead of
relying on extensive horizontal gene transfer (HGT) as its
counterparts, Mtb develops resistance primarily through point
mutations. It also exhibits limited genetic diversity and low
recombination rates, which curtail the exchange of genetic
material among the different strains. These attributes impede
the success of treatments and contribute to the persistence of
drug-resistant strains. Understanding these unique character-
istics of Mtb is crucial for effective tuberculosis management
and curbing of drug resistance.

32245

Nonetheless, some microbes can acquire resistance via
mutation during gene transfer.” During gene transfer, however,
the mutant gene is transferred to a microbe of the wild type,
mutating its genes. This results in the development of
antibiotic resistance. Therefore, this could explain why the
transferred mutant gene is more fit and stable than the
revertant before exposure to the selection force, namely
antibiotic exposure.”®

Similarly, the TB-causing agent Mycobacterium tuberculosis
has a particular shape and set of traits that cause AMR. It is a
rod-shaped bacterium generally between two and four
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Figure 2. Cell wall composition of Mycobacterium tuberculosis that provides a resistance ability. A complex cell wall structure made up of mycolic
acids, a peptidoglycan layer, particular lipids (lipomannan), proteins, and polysaccharides makes up the cell wall of Mycobacterium tuberculosis (TB).
It gives the cells a waxy appearance, increases the cell wall’s impermeability, and aids M. tuberculosis in evading the immune system. The cell wall
significantly influences the persistence and virulence of tuberculosis (TB) since it is essential for the survival, structural stability, and pathogenicity.

micrometers long. One of its distinguishing features is the cell
wall, which is thick and waxy and is mostly made of mycolic
acids. Its resistance to numerous antimicrobial treatments
results from the peculiar cell wall structure, making it
challenging to eradicate. M. tuberculosis develops slowly, with
a generation time of about 15—20 h. It is an obligate aerobe
that needs oxygen for growth. It is also an acid-fast bacterium,
which means that even after being exposed to acid, it retains
the stain, making it possible to identify it using these methods.
Additionally, M. tuberculosis is an intracellular pathogen with
the capacity to live and grow inside the macrophages of the
host, allowing it to escape the immune system and create long-
lasting infections. These physical and distinguishing character-
istics help M. tuberculosis to be harmful and resilient in
spreading the disease and producing antibiotic resistance.
Mycobacterium tuberculosis has demonstrated antibiotic resist-
ance to essential antituberculosis drugs, ie., isoniazid and
rifampin, through its peculiar intrinsic-mutational properties.
Infection with tuberculosis remains a global threat, with a high
mortality rate. Due to the chromosomal mutation of bacteria,
resistance to such drugs is observed.” This article reviews the
multidrug resistance of Mycobacterium tuberculosis and all
plausible mechanisms by which it acquires or employs its
innate resistance mechanisms. In addition to M. tuberculosis
resistance mechanisms, this review will discuss the strategies
used to produce novel drugs or reposition old ones to achieve
potent bacteriocidal or bacteriostatic effects against M.
tuberculosis infection.

Tuberculosis is a communicable disease spread from person
to person by transmitting infectious droplets from the
respiratory system. Active tuberculosis patients release these
droplets into the air when they cough, sneeze, or breathe,
which can infect those around them.* Several factors include
the number of bacteria in the infected person’s droplets, the
length of time an individual is exposed to the germs, and the
closeness of the individual to the source of the droplets,
affecting the transmission risk. When a person is exposed to
the germs that cause tuberculosis, their immune system
responds by forming tubercles or granulomas around the
bacteria. However, despite the immune system’s efforts to

encase the bacteria, about 5% of individuals infected with TB
will develop active tuberculosis within two years of the initial
ex];)osure.“’5

Additionally, another 10% of people with latent TB infection
experience reactivation of their dormant tubercles at some
point in their life. This makes it challenging to eliminate TB, as
an estimated one-third of the global population has latent TB
infection.’ The innate and adaptive-immune response, which
includes alveolar-macrophages and dendritic cells, plays a
significant role in determining an individual’s risk of
developing tuberculosis. These immune cells work together
to initiate a chain reaction of signaling pathways that activate
additional immune-molecules, like inflammatory cytokines,
heat shock proteins, and toll-like receptors.7 However,
Mycobacterium tuberculosis has been shown to evade elimi-
nation by macrophages. To combat TB infection, immune cells
like dendritic cells, neutrophils, monocytes, and lymphocytes
are mobilized to the infection-site and organized into a
granuloma around the infected macrophages (Figure 1).
Chemokines and cytokines released in response to the local
inflammatory environment facilitate this process. Researchers
have found that increasing tumor necrosis factor (TNF) alpha
levels can impede the spread of Mtb and the formation of
granulomas. The granuloma is a hallmark TB pathology that
traps the mycobacterium inside its walls, preventing it from
reproducing.® This structure is characterized by the presence of
foam cells, which are formed from permanently active
macrophages. In addition, the granuloma may develop a
necrotic zone in its center, which makes it easier for the
bacteria to disperse into the surrounding lung tissue via
aerosols. Individuals with impaired immune systems, such as
HIV infection, are at a higher risk of developing active TB.”*
Therefore, it is critical to maintain a healthy immune system
and take appropriate precautions to prevent the spread of TB,
such as wearing a mask, practicing good hygiene, and seeking
medical treatment if anyone experiences symptoms of
tuberculosis.
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Figure 3. Interactions between drug-resistant Mycobacterium tuberculosis and the host at various stages of infection in the pulmonary
microenvironment. Copyright [2021] [Allué-Guardia, Garcia and Torrelles)."' (A) Inhaling drug-resistant Mycobacterium tuberculosis-containing
droplets from a TB patient can cause infection. Drug-resistant Mycobacterium tuberculosis bacilli have altered cell envelope lipids. Drug-resistant
Mycobacterium tuberculosis will reach the alveoli after bypassing upper respiratory tract barriers. The alveolar space has resident phagocytes called
alveolar macrophages (AMs), while the interstitial space around the alveoli has IMs, DCs, neutrophils (N), and T cells. (B) Hydrolases
(represented as scissors) in the alveolar lining fluid (ALF) can cleave and modify the Mycobacterium tuberculosis cell envelope, releasing cell
envelope fragments into the alveolar space. This interaction occurs when drug-resistant Mycobacterium tuberculosis bacteria enter the alveolar space.
(C) ALF-modified Drug-resistant Mycobacterium TB bacilli then engage with AMs, ATs, and other host’s innate immune cells (e.g., neutrophils,
DCs). Drug-resistant Mycobacterium TB pieces are immunogenic and may draw neutrophils to the infection site, which may help resident resting
AMs eliminate the infection. (D) These initial interactions will result in ALF-exposed drug-resistant Mycobacterium tuberculosis clearance, a
successful infection driving primary active TB disease, or a latent infection defined by persisters in granulomas. This niche protects against anti-TB
drugs, increasing the phenotype. Surrounding mesenchymal stem cells (MSCs) can decrease immune responses and offer a protective intracellular
environment for M. tuberculosis B persistence. (E) Failure of granulomas to retain drug-resistant Mycobacterium tuberculosis can lead to reactivation
and progression to active TB disease, with the development of drug-resistant Mycobacterium tuberculosis occurring extracellularly and causing lung
tissue degradation and cavity formation. In this setting, an extracellular matrix (EM) composed of free fatty acids may be secreted by drug-resistant
Mycobacterium tuberculosis, providing additional protection from TB medications.

2. STRUCTURAL CHARACTERISTICS OF THE
Mycobacterium tuberculosis CELL WALL

sugar moiety (arabinogalactan: AG) that render the cell
impermeable to Gram-stain.” In addition to PG, the above
composition in the cell wall confers antimicrobial resistance to
the bacteria. In addition, various drug efflux proteins play a
crucial role in developing resistance.

In Figure 2, components above the peptidoglycan (PG)
layer are considered to be the outer membrane. Apart from the
components in the figure, various drug efflux pumps lay an
essential role in efluxing out the drug for treatment.' 76=78

Mycobacterium tuberculosis is a bacterium that is responsible for
tuberculosis in mammals.” It is also the primary agent
responsible for higher mortality rates associated with
respiratory disease. The impermeability nature of the TB
bacterial cell wall prevents Gram-staining reagents from
penetrating the bacterium cell wall and makes it difficult to
distinguish TB bacterium as Gram-positive or Gram-negative
bacteria. An acid-fast staining is recommended for identifying
bacteria. It has been well documented that the resistance to

3. ADAPTATION MECHANISMS OF DRUG-RESISTANT
Mycobacterium tuberculosis STRAINS TO THE

numerous effective drugs results from a unique cell wall
composition (cell walls that have mycolic acid). The cell wall is
the most critical factor in determining the shape of the
bacterial cells. The Gram-stain distinguishes bacteria based on
cell wall composition. The characteristics of peptidoglycan
(PG) highlight the nature of Gram-staining. However, in
Mycobacterial strains, the peptidoglycan (PG) is also
associated with an unusual acid (mycolic acid: MA) and

HOST LUNG ENVIRONMENT

Mpycobacterium tuberculosis descended from an ancestral
mycobacterium that could successfully infect humans and
remain dormant in their bodies. Aerosolization may have
played a significant role in the spread of the mycobacterial
species due to the species’ superior hydrophobicity compared
to its predecessors. Upon inhalation and infection, Mycobacte-

https://doi.org/10.1021/acsomega.3c02563
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Figure 4. Resistance toward drugs shown by Mpycobacterium tuberculosis. Mycobacterium tuberculosis (TB) bacteria have established different
medication resistance mechanisms. When bacteria create enzymes that alter or destroy drugs, they lose effectiveness. Drug modification entails
chemical changes to the drug’s molecule to prevent it from interacting with its target. Target modification describes genetic alterations that change
the medicine’s target location, rendering it less vulnerable to the effects of the treatment. When the bacterium alters the drug’s target metabolic
pathways or activities, it is said to have “targeted alteration.” Proteins known as drug efflux pumps actively pump medicines out of bacterial cells to
lower their intracellular concentration. The impenetrable cell wall of TB bacteria also increases medication resistance by preventing pharmaceuticals

from entering the cell.

rium tuberculosis encounters a variety of lung microenviron-
ments, both extracellular (becoming reactivated in cavities or
after escaping necrotic cells) and intracellular (within alveolar
phagocytes like alveolar macrophages), including those
encountered during the primary infection (Figure 3). The
tuberculosis bacterium, Mycobacterium tuberculosis, is highly
adaptable and can use the host’s energy supply and metabolic
processes to evade the immune system of the host, flourish,
and establish either an active or passive infection. These
adaptations allowed the bacteria to thrive in the various
habitats in which they have been found. The cell envelope of
Mycobacterium tuberculosis is responsible for providing
structural support and protecting the organism from osmotic
changes. Four primary layers make up the envelope of
Mycobacterium TB. These include a periplasmic-space and
inner plasma membrane, a cell-envelope core of mycolic acids
(MAs) and arabinogalactan (AG) covalently linked to
peptidoglycan (PG), a peripheral lipid layer, and the capsule.
Proteins are essential constituents of the Mycobacterium TB
envelope and are actively being studied as prospective
treatment targets, despite lipids and carbohydrates making up
nearly 80% of the cell wall. Several proteins have been
discovered that govern the permeability of the cell membrane
of Mycobacterium TB. This regulation has significant
implications for the development of treatment resistance.
The permeability of the cell wall of Mycobacterium
tuberculosis is regulated by the export and synthesis of several
proteins, including the mycobacterial membrane protein
decaprenylphosphoryl-n-ribose 2’-epimerase (DprE),
Rv3143/Rv1524 axis, and Large 3 (MmpL3). Other proteins
found in the cell wall of Mycobacterium tuberculosis function
directly, rendering the antibiotic ineffective. Isoniazid (INH) is
degraded into acetyl hydrazine and isonicotinic acid via the
putative acetyltransferase Rv2170. Through this mechanism,

some Mycobacterium tuberculosis strains can avoid the toxic
effects of INH. Mycobacterium TB infection hinges on the cell
envelope’s interaction with the host immune system. The
infectious process of Mycobacterium tuberculosis and the
development of treatment resistance require an understanding
of the roles played by distinct exterior components of the cell
envelope at different stages of infection. The mycobacterial cell
envelope is essential not only for structural support but also for
modifying the bacterium-host contact. Mycobacterium tuber-
culosis has a dynamic cell envelope because it is constantly
regulated and reconstructed in response to the host micro-
environment.

As a result of the infection, several different types of bacteria
show differences in their cell envelopes. These factors
contribute to the interaction between Mycobacterium tuber-
culosis and the host immune system and can also affect drug
susceptibility. However, little is known about how temporal
changes in the cell-wall of Mycobacterium tuberculosis are
influenced by local environmental signals, which might lead to
variable illness outcomes, especially in drug-resistant strains.
Most of the data from in vitro investigations or particular
disease periods failed to capture the entire temporal dynamics
of this intricate and varied structure. Mycobacterium tuber-
culosis’s metabolic and physiological conditions before or
during infection can also affect how it interacts with the host
and the course of the illness.

4. MECHANISM OF ANTIMICROBIAL RESISTANCE IN
Mycobacterium tuberculosis

Ethambutol, Pyrazinamide, Isoniazid, and Rifampicin are the
first-line drugs used to treat tuberculosis caused by
Mycobacterium tuberculosis." Ethambutol inhibits cell wall
synthesis by targeting arabinosyl transferase. Pyrazinamide
disrupts the energy metabolism and creates an acidic
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environment. Isoniazid inhibits mycolic acid synthesis by
targeting InhA. Rifampicin binds to the RNA polymerase,
inhibiting transcription. Using such combined therapies is
curative and reduces the risk of relapse but increases the
likelihood of drug-resistant strains.'”'*> As the health system’s
quality varies from person to person, the prevalence of drug-
resistant strains of Mycobacterium tuberculosis increases
globally, thereby increasing the difficulty of treating TB
(WHO, 2016)."" There are several different mechanisms that
Mycobacterium tuberculosis utilizes to develop drug resistance
such as cell-wall impermeability, efflux-pumps, drug-degrada-
tion and modification, target-alteration, and target-mimicry
(Figure 4). These mechanisms can be divided into two
categories, which are as follows: innate (intrinsic) resistance
mechanism and acquired (molecular) resistance mechanism.

4.1. Intrinsic or Innate Resistance mechanism. The
intrinsic drug resistance mechanism is responsible for the
ability of Mycobacterium tuberculosis to counteract the cytotoxic
effects of antibiotics. The inherent or innate drug resistance
mechanisms contributing to Mycobacterium tuberculosis resist-
ance are described below.

4.1.1. Impermeable Cell Wall. The cell wall of Mycobacte-
rium tuberculosis has an unusual lipid composition and
structure. It comprises three major components: mycolic
acid, wax D, and cord factor.'* The outer mycomembrane of
the cell wall contains arabinogalactan, and the inner one
contains peptidoglycan. The membrane comprises two leaflets:
lipids like phospholipid, trehalose mycolate, glycopeptidolipids,
and lipoglycans are present in the outer leaflet, while long-
chain mycolic acids are present in the inner leaflet."> The cell
wall is thicker and highly hydrophobic due to a large amount of
lipids that prevent the diffusion of some antibiotics like
rifampicin, macrolides, fluoroquinolones, and tetracycline.'®
The arabinogalactan forms a hydrophilic barrier and ensures
the impermeability of the hydrophilic compounds. This
impermeability results in the accumulation of antibiotics in
the surrounding the cell. The different cellular components,
such as enzymes like f lactamase, which degrade p-lactam
antibiotics, are released from the cell and detoxify or degrade
the antibiotics."”

Due to impermeable cell walls, drug resistance can be
overcome if enzyme and protein defects are present.
Mpycobacterium tuberculosis exhibits intrinsic resistance to
Fosfomycin, an inhibitor of murA,'® a critical biosynthetic
enzyme of peptidoglycan that covalently binds with a cysteine-
residue in the active-site and changes it into aspartic acid.
Trehalose dimycolate (TDM) plays a vital role in cell wall
impermeability in Mycobacterium tuberculosis and is synthesized
by proteins produced from the Antigen 85 (ag85 gene). So, the
inactivation of the ag8S gene makes Mycobacterium tuberculosis
susceptible to initial-line drugs and other major broad-
spectrum antibiotics, indicatin% TDM is essential for the
intrinsic resistance mechanism."

The outer cell wall layer contains porins, i.e., pore-forming
proteins,” which help hydrophilic compounds and antibiotics
enter the cell. So, if the number of porins is lower, along with
the lipid nature of the cell wall, the entry of such hydrophilic
compounds is prevented.'” The bacteria are susceptible to
antibacterial agents through a channel protein called CpnT,
which is present on the outer membrane. According to
Danilchanka et al,,'* the cpnT mutant strain of Mycobacterium
tuberculosis is more resistant.

32249

4.1.2. Slow Metabolism. Some genes permit Mycobacterium
tuberculosis to grow under microoxygen conditions; con-
sequently, most synthesize triglyceride directly from acetyl
CoA. Acetyl CoA is a necessary component of the tricitric acid
(TCA) cycle, which slows the metabolic process. Mycobacte-
rium tuberculosis has a slow generation rate, which contributes
to the prevalence of the disease. The strain’s resistance to most
antibiotics is due to its slow metabolism and lengthy
generation time.”"”” Baek et al*’ reported that unstable
antibiotics, such as Carbapenems, lose their activity faster than
the Mycobacterium tuberculosis growth rate, so they cannot
affect Mycobacterium tuberculosis.

4.1.3. Drug Efflux Pump. The efflux pump contains
membrane-spacing proteins essential for bacterial metabolism,
physiology, nutrient transport, toxin transport, and water or
signaling molecule transport through the cell envelope.””**
Nasiruddin et al.”* demonstrated the significance of efflux
pumps in Mycobacterium tuberculosis intracellular growth
within macrophages. Mycobacterial efflux pumps in Mycobac-
terium tuberculosis are closely associated with the expulsion of
all antituberculous drugs, including ethambutol, fluoroquino-
lones, bedaquiline, clofazimine, isoniazid, rifampicin, and
streptomycin.”> Upon macrophage infection, mycobacterial
efflux pumps are activated; these pumps continue to function
even after the infected cell has been released from the
macrophage and cause the cell to resist drugs.”®”’ Literature
review reveals that most drug-resistant Mycobacteria strains
have chromosomal mutations, resulting in the efflux pump’s
overexpression and the consequent expulsion of the drugs.
According to Milano et al,,”® a mutation in mmpR results in
efflux pump overexpression, making the strain resistant to
isoniazid.

Wang et al.”’ identified five superfamilies of drug efflux
pumps in Mycobacterium tuberculosis. The drug efflux pumps
are members of (i) the multidrug and toxic-compound
extrusion (MATE) superfamily, (ii) the resistance nodulation
cell-division (RND) superfamily, (iii) the small-multidrug
resistance (SMR) superfamily, (iv) the major-facilitator
superfamily (MFS), and (v) the ATP-binding-cassette (ABC)
superfamily. ABC pumps are primary transporter pumps that
require ATP, whereas the other pumps are secondary
transporter pumps that require proton motive forces. Anti-
biotic stress induces the expression of efflux pumps; for
instance, isoniazid and rifampicin stress induce the over-
expression of jefA, drrA, drrB, efpA, mmr, and Rv1217-Rv1218.
According to Wang et al,”” the overexpression of jefA confers
isoniazid, streptomycin, and ethambutol resistance. Table 2
provides examples of antibiotic-resistant efflux pumps found in
Mycobacterium tuberculosis. These findings demonstrate that

Table 2. List of Efflux Pumps in Mycobacterium tuberculosis
for Antibiotics Resistance

name of efflux pump

superfamily antibiotic resistance
MES: LfrA Tetracycline, fluoroquinolone™®
MES: PSS Streptomycin, tetracycline”’
MES: Tap Kanamycin®’
SMR: Mmr Acriﬂavinei erythromycin, ethidium
bromide™
RND: mmpL17 Isoniazid*
RND: mmpL5 Clofazimine™
ABC: PstB Fluoroquinolone®
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efflux pumps are a significant factor in developing drug
resistance in Mycobacterium tuberculosis.”

4.1.4. Degradation and Modification of Antitubercular
Drugs. Mycobacterium tuberculosis can produce several enzymes
that modify or degrade various antibiotic classes. Such enzyme
examples include aminoglycosides B-lactams and macrolides.
Antibiotics known as beta-lactams specifically target the
bacterial transpeptidase, which disrupts the cell wall and
ultimately causes cell death. Mpycobacterium tuberculosis
produces the Ambler class A f-lactamase (encoded by gene
blaC) that confers f-lactam resistance.'’

Antibiotics modified by methylation and acetylation cannot
bind to their specific target proteins and are inactive. Thus,
adding such chemical groups to specific sites of antibiotics
renders them inactive.”” Aminoglycoside-modifying enzymes,
such as acetyltransferase, are responsible for the acetylation of
all 2" amino groups in aminoglycosides. Antibiotics containing
aminoglycosides include neomycin, ribostamycin, kanamycin,
gentamycin, and tobramycin.’' eis gene product is an
intracellular protein that aids in the acetylation of drugs with
the chemical structure of aminoglycosides or cyclic peptides. It
is regarded as the most compelling example of drug
inactivation by Mycobacterium tuberculosis. This process is
known as an enzymatic modification. eis has been implicated in
the acetylation-mediated inactivation of second line amino-
glycoside antibiotics (such as Kanamycin A) and Cyclic
peptide antibiotics (such as Capreomycin). eis also protects
Mycobacterium tuberculosis from the human immune system by
promoting macrophage survival. Accordingly, eis is essential for
virulence and antibiotic resistance in Mycobacterium tuber-
culosis."

4.1.5. Target Modification. The drugs are selective in their
binding ability. Thus, target modification prevents the drug
from binding to a specific target site and confers resistance to
that drug. Target modification prevents the binding of
lincosamides, macrolides, streptomycin, and rifampin to
Mycobacterium tuberculosis. In addition to preventing the
translocation of peptidyl-t RNA and inhibiting protein
synthesis, these drugs inhibit Mycobacterial growth by
reversibly binding to a specific site on the S0S subunit of
rRNA. Table 3 provides examples of Mycobacterium tuberculosis
genes responsible for modifyin% antibiotic-specific targets and
conferring antibiotic resistance. ?

4.1.6. Target Mimicry. Mycobacterium tuberculosis possesses
many distinct mechanisms for resisting antibiotic treatment,
including molecular mimicry. The binding of fluoroquinolones

Table 3. Genes of Mycobacterium tuberculosis Showing
Antibiotic Resistance by Target Alteration

antibiotic

gene name mechanism of action resistance

erm37 (Erythromycin ~ Methylation at the specific site of Macrolides

resistance 23S rRNA and altering its
Methylase) structure
mfpA: encodes for DNA gyrase binding protein Quinolone
pentapeptide repeat
proteins
tlyA: encodes rRNA Unmethylated ribosome Capreomycin,
methyl transferase Viomycin
gidB Methylates 16S rRNA Streptomycin
rbpA: RNA Prevents binding of rifampicin to  Rifampicin

polymerase binding
protein

RNA Polymerase

to DNA gyrase or topoisomerase inhibits DNA replication,
transcription, repair, and degradation. Ultimately, it leads to
cell death. MfpA, a Mycobacterial fluoroquinolone resistance
protein A, is present in Mycobacterium tuberculosis and mimics
DNA B-form in size shape, allowing it to bind with DNA

gyrase and prevent fluoroquinolone from binding to DNA
32

gyrase.
4.2. Acquired Mechanism. The acquired drug resistance

mechanism in Mycobacterium tuberculosis is primarily the result
of chromosomal mutations. This mutation confers resistance in
Mycobacterium tuberculosis via diverse mechanisms, including
target alteration, elimination of the prodrug activation
necessity, and overexpression of drug-specific targets. Table 4
summarizes some of the targeted genes of antibiotic-associated
drug resistance according to the resistance mechanism.

Table 4. List of the Targeted Gene of Antibiotic Conferring
Drug Resistance According to the Resistance Mechanism

resistance mechanism antibiotic target gene
Drug target alteration Rifampicin rp0335
Isoniazid inhA>®
Ethambutol embB®’
Ethionamide inhA>®
Fluoroquinolone  gyrA/B**
Streptomycin rrs®’
rpsL40
Amikacin rrs*°
Kanamycin rrs®
Capreomycin Rrs®
Cycloserine alr™*
Bedaquiline atpe™!
Linezolid rplc®?
rrl*
Abolition of prodrug activation Isoniazd katG**
Pyrazinamide pncA®
Ethionamide ethA*
p-amino salicylic  folC"
acid
Delamanide/ ddn*®
Pretomanid
Jedl
fibA/B/C
Abolition of drug target methylation Capremycin tlyA®
Overexpression of drug target Cycloserine alr
promotor‘z’4
Isoniazid inhA
Ethionamide promotor*®
Drug responsible for inactivating Kanamycin eis promotor™”

enzyme overexpression

Mmmpl$ efflux pump overexpression  Bedaquiline Promotor/
Clofazimine mmpR’
Bypassing of drugs p-amino salicylic ~ thyA"
acid
Drug target substrate overabundance =~ Cycloserine ald**

4.2.1. Target Alteration. Target modification is the most
prevalent mechanism of acquired resistance in Mycobacterium
tuberculosis. In such instances, the drug can bind to a specific
target site. Therefore, any change in target prevents the drug—
drug target interaction and confers drug resistance. Mycobacte-
rium tuberculosis frequently exhibits resistance to rifampicin,
isoniazid, fluoroquinolone, aminoglycosides, cyclic peptides,
para-aminosalicylic acid, and oxazolidinone due to mutations
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Table S. Antimicrobial Agents (Rifampin): Description and Standard Doses Used for Treatment of Mycobacterium Strains

antimicrobial
no. agent

1. Rifampin® ™%

description

standard dose

Rifampin act by inhibiting the /# subunit of RNA polymerase. Mutations in the rpoB gene cause resistance as 10 mg/kg

the gene encoding for a subunit is necessary for the RNA polymerase enzyme.

2. Rifapentine®

3. Rifabutin® ¢
infection treatment.

Cyclopentyl rifamycin drug resistance is due to an increased dose (15 mg/kg).

100 mg/kg (combination
with moxifloxacin)

The drug has been used for another Mycobacterial strain, i.e., Mycobacterium avium, and advanced HIV

in drug target encoding genes or nucleotide substitutions in the
operon that encodes the rRNA.>

4.2.2. Abolition of Prodrug Activation. Mycobacteria
exhibit drug resistance when the antimycobacterial medication
is in prodrug form and has not been activated. Examples of
such drugs are isoniazid, pyrazinamide, ethionamide, para-
aminosalicylic acid, delamanid, and pretomanid. Numerous
point mutations and insertions/deletions in the chromosome
may be responsible for prodrug inactivation.”*

4.2.3. Overexpression of Drug Target. A mutation in the
transcriptional repressor or promoter of the drug’s target site
may result in overexpression of the target. Due to the
inhibition of the drug’s effect, an excess of the target may result
in the development of antibiotic resistance. Desjardins et al.*®
cited isoniazid, ethambutol, and cycloserine as examples of
antibiotics against which mycobacterial strains develop
resistance due to drug target overexpression.

From all these studies, antibiotic resistance in Mycobacterium
tuberculosis is due to a single cause and frequent gene mutation
that encodes antibiotic resistance. Furthermore, chromosomal
mutation, efflux pumps, slow metabolism, cell impermeability,
antibiotic degradation or modification, and target modification
are also crucial for making the strain antibiotic-resistant.

4.2.4. Hotspot Mutation in Genes for Drug Resistance. A
mutation frequently found in a specific gene is known as a
hotspot mutation. In the case of TB infection, a more
significant occurrence of mutations in the gene is likely to
elevate the likelihood of developing multidrug-resistant TB.
Around 95% of mutations are associated with rifampicin drugs.
The mutation is commonly found within 81 bp of the RIF
resistance-determining region (RRDR) of the rpoB gene. This
RRDR is a mutation hotspot region. The underlying
mechanism is a nonsynonymous mutation that causes a
change of one amino acid out of 12 amino acids with a
compact side chain to an amino acid having a large side chain.
It causes the inactivation of the RNA polymerase active site to
bind and confer RIF resistance. The hotspot rpoB gene
mutation confirmation using multiplex allele-specific PCR
(MAS-PCR) proves that the mutation frequency was higher at
codons 531, 526, and 516.°>%

4.3. Metabolic Bypass. In tuberculosis (TB), the term
“metabolic bypass” refers to the ability of Mycobacterium
tuberculosis, the bacterium that causes TB, to avoid or bypass
metabolic pathways that are specifically targeted by antimicro-
bial medicines. These can be intrinsic and acquired processes
that are essential for the bacterium’s development and survival.
However, drug-resistant strains of M. tuberculosis may have
mutations or changes in particular enzymes or metabolic
pathways, which enable the bacteria to get around the
inhibition produced by antimicrobial medications. Alternative
routes or enzymes that make up for blocked or hindered
metabolic processes can be included in metabolic bypass
systems. By using these escape routes, the bacteria can

continue carrying out crucial metabolic processes, including
energy creation, biosynthesis, or uptake of nutrients, even
while antimicrobial medications are present. Due to the drug-
resistant strains’ metabolic adaptability, treatments often fail,
and the illness persists despite efforts to eradicate it.

5. EMERGING ANTIMICROBIAL AGENTS AGAINST
Mycobacterium tuberculosis INFECTION

Mpycobacterium tuberculosis infection has become more
prevalent due to increased resistance mechanisms of previously
discovered antimicrobial agents. This requires the development
of novel antimicrobial agents to combat Mycobacterium
tuberculosis infection. Several novel antimicrobial agents for
tuberculosis infection are “Under Development.” The anti-
tuberculosis pharmaceutical market has been primarily
associated with insufficient net profit opportunities and the
financial return required to motivate pharmaceutical compa-
nies to develop new drugs.”*>” In addition, new compounds
with antitubercular activity against Mycobacterium tuber-
culosis,>® clinical trials of the drug, and limited animal models
to predict accurate required treatment duration are significant
obstacles in new drug discovery.”””® The treatment process
must be made more effective in two ways: by modifying
existing drugs and by identifying new drugs.

5.1. Enhancing the Application of Existing Agent. In
the past, conventional antimicrobial agents for tuberculosis
were effective, but resistance to these drugs and lengthy
treatment duration are now their significant drawbacks. To
effectively treat Mpycobacterium tuberculosis infection, this
results in the modification and revised dosage of old and
existing medications. In clinical trials, higher doses of
Rifamycin are administered, and the effective doses of each
pre-existing agent are recorded,” as mentioned in Table 5. It
has been seen that increasing antitubercular medicine dosage is
essential for adequately treating TB infections; however, it is
not the case with all drugs. Increasing the dosage can lead to
toxicity.”> Healthcare professionals seek to reach ideal
therapeutic doses of antitubercular medications in the body
to ensure maximal effectiveness against the bacterium. This
method aids in overcoming potential drug resistance and
ensures that the concentration of the medication is sufficient to
stop bacterial development and eliminate the infection.
Increasing the dosage can also ensure consistent treatment
results by compensating for individual differences in
medication metabolism and absorption, and careful monitoring
is still required to analyze any toxic buildup in the body.
Hence, to successfully treat TB, careful monitoring and dosage
adjustments are essential to lowering the risk of treatment
failure and the emergence of bacterial strains resistant to
several drugs.

5.2. New Antimicrobial Agents for Tuberculosis.
Searching for novel drugs requires that they have specific
characteristics, such as the following: (i) should have a novel
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mechanism to neutralize cross-resistance; (ii) should have
optimized prc_)gerties of pharmacokinetic (PK)/pharmacody-
namic (PD);>” (iii) should be a potent bactericidal to cut
down the therapy duration; (iv) should not interfere with
another drug that would allow combination. Attaining these
characteristics as well as low production cost, drug stability,
narrow spectrum, high tolerability, and, most importantly, a
decreased rate of resistance re-emergence is the objective.”’
Table 6 lists novel antimicrobial agents and “Under Develop-
ment”/”Under Clinical Trial” drugs or groups of antimicrobial
agents for tuberculosis.

However, this antimicrobial treatment may later be
subjected to drug tolerance and the prevalence of TB.
Regarding tuberculosis (TB) infection, drug tolerance and
persistence are significant phenomena. The bacterium that
causes TB, Mycobacterium tuberculosis, can develop a drug
tolerance that makes it less sensitive to the actions of
antibiotics. This tolerance enables the bacteria to endure
drug exposure, which results in persistence of the infection. A
subpopulation of bacteria called persister cells, which M.
tuberculosis can produce, enter a latent or nonreplicating state
and become highly resistant to antibiotics. The recurrence of
TB and the failure of treatment are both believed to be
significantly influenced by these persister cells. Henceforth, it is
essential to understand the mechanisms behind drug tolerance
and persistence in TB to develop new therapeutic approaches
to target and eradicate these persistent bacterial populations,
improve patient outcomes, and lessen the burden of drug-
resistant TB.

5.3. Repositioning of Antitubercular Drugs. Using
previously approved treatments to treat other medical
conditions to treat tuberculosis (TB) is referred to as
“repositioning of antitubercular drugs.” This approach aims
to accelerate the discovery of new TB treatment alternatives by
utilizing existing drugs’ well-established safety and eflicacy
properties.”” A crucial element of the repositioning method is
finding drugs that have demonstrated antimycobacterial action
or the ability to target specific M. tuberculosis pathways or
mechanisms. By repurposing these pharmaceuticals, research-
ers and medical practitioners can circumvent some time-
consuming and expensive phases often required in drug
development such as preliminary clinical studies and safety
testing.

Many commercially marketed drugs initially developed for
other conditions have shown promise against TB. For instance,
some antibiotics, antifungals, and even drugs used to treat
other infectious diseases are proven to have antimycobacterial
activity. Researchers may be able to create brand-new drug-
resistant TB therapy regimens or discover other choices by
evaluating how well they operate against M. tuberculosis.*’
Numerous drug classes that exhibit antimycobacterial activity
or may be utilized to treat tuberculosis have been found
through scientific research. It has been proven that
fluoroquinolones and macrolides, including clarithromycin
and moxifloxacin, are effective against M. tuberculosis and are
routinely used to treat various infectious diseases.”’ These
drugs work against mycobacteria by preventing vital bacterial
functions, such as DNA replication and protein synthesis.

Additionally, M. tuberculosis has been successfully treated
with antifungal drugs such as Posaconazole and itraconazole.
These dru%s combat mycobacteria and fungi’s crucial cellular
processes.”” Research has shown that antifungal therapies can
decrease the spread of TB strains’ resistant to therapy and

improve the efficiency of other antitubercular drugs. Numerous
already on-the-market drugs with other uses, such as
antiretrovirals, have shown promise in treating TB. For
instance, due to its antimycobacterial effects, the protease
inhibitor lopinavir/ritonavir has been explored in conjunction
with traditional anti-TB drugs.*> M. tuberculosis has shown
preclinical research resistance to M. statins, calcium channel
blockers, and nonsteroidal anti-inflammatory drugs
(NSAIDs).**

In addition to these specific drug classes, large-scale
screening programs have been conducted to identify potential
antitubercular activity in various chemical libraries. High-
throughput screening and computational methods have been
used to identify compounds specifically targeting specific M.
tuberculosis pathways or processes. These techniques have led
to identifying novel antimycobacterial medicines, some of
which have reached the preclinical and clinical testing stages.
Here are a few examples of drugs that have been repositioned
for the treatment of tuberculosis (TB), together with relevant
scientific data:

e Bedaquiline: First developed as an antiarrhythmic drug
and afterward changed into a TB drug. It stops the
creation of energy and bacterial growth by focusing on
the mycobacterial ATP synthase. Clinical trials have
demonstrated its efficacy in treating multidrug-resistant
tuberculosis (MDR-TB). According to a Phase IIb study,
adding bedaquiline to a baseline regimen increased the
percentage of patients with positive results compared to
conventional treatment alone.*”

e Linezolid: Gram-positive infections are commonly
treated with the antibiotic linezolid. Studies show that
it also works against M. tuberculosis. In a clinical trial
investigating it extensively for treating drug-resistant TB
(XDR-TB), linezolid had a favorable therapeutic out-
come in many patients. However, careful supervision is
required because of the potential drawbacks associated
with its use.*®

e Clofazimine, a drug once developed to treat leprosy, has
shown antimycobacterial activity against M. tuberculosis.
It has been altered for the treatment of drug-resistant
TB. In preclinical and clinical trials, it has been shown
that adding clofazimine to treatment regimens for MDR-
TB and XDR-TB improves treatment outcomes and
decreases the time to culture conversion.””

e Nitazoxanide: An antiparasitic drug, nitazoxanide has
shown encouraging antimycobacterial activity against M.
tuberculosis. In vitro tests have demonstrated its ability to
stop the growth of mycobacteria and cooperate with
other anti-TB drugs. Preclinical studies in animal models
have shown its efficacy in reducing the bacterial burden
and increasing lung pathology in TB infection.*”

e Disulfiram: Originally used to treat alcoholism, disulfir-
am has been identified as a potential treatment for
tuberculosis. Studies have shown that disulfiram inhibits
the growth of mycobacteria by focusing on several
bioenergetic and redox homeostasis-related pathways.
Disulfiram was combined with traditional TB medi-
cation in the Phase II clinical trial, resulting in a
cons;glerably higher rate sputum culture conversion
rate.

The repositioning of drugs to treat tuberculosis offers the
potential to speed up the development of new therapeutic
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options by leveraging current knowledge and resources. Drug-
resistant tuberculosis can be treated, and efforts to identify and
evaluate repurposed drugs show promise for improving patient
outcomes.

6. CONCLUSION

Due to recent technological advancements and the overuse of
antibiotics, microorganisms are developing resistance to
various antimicrobial agents. We know that resistance
continues to spread globally; however, because no effective
treatment or prevention method is available, the mortality rate
may significantly increase over the next few years. As a result,
microbial disease prevention and treatment have become
problematic. Therefore, it will be essential to discover novel
chemotherapeutic agents to treat multidrug-resistant tuber-
culosis infections (MDR-TB). We have attempted to highlight
some of the most promising classes of novel or repositioned
antimicrobial agents for the infection caused by Mycobacterium
tuberculosis. There is a need for additional research to improve
drug development techniques, our understanding of myco-
bacterium biology and disease states, emerging technologies,
and the clinical trials paradigm. Efforts were made to describe
novel antimicrobial agents produced by diverse research
groups. Emerging antimicrobial agents for Mycobacterium
tuberculosis are categorized into two separate groups. One
consists of the enhanced application of conventional
medicines.

Investment in innovation and operational research is crucial
for developing new antimicrobial medicines, vaccines, and
diagnostic tools targeting critical microbes. Research funding
gaps could be addressed through initiatives such as the
Antimicrobial Resistance Multi-Partner Trust Fund (AMR
MPTF), the Global Antibiotic Research & Development
Partnership (GARDP), and the AMR Action Fund. While
some governments, including Sweden, Germany, the USA, and
the United Kingdom, are actively providing reimbursement,
more initiatives are needed to find permanent solutions. In
2015, the Global Action Plan (GAP)” on AMR was developed
and endorsed by the World Health Assembly, the Food and
Agriculture Organization of the United Nations (FAO), and
the World Organization for Animal Health. The plan requires
countries to develop and implement multisectorial national
action plans to create sustainable progress. Before the GAP,
global efforts to contain AMR were guided by the WHO global
strategy for containment of Antimicrobial Resistance, devel-
oped in 2001 and provides a framework of interventions to
slow the emergence and reduce the spread of AMR.””
Likewise, the Indian Ministry of Health formed a high-level
committee in 2013 to discuss the use of newer TB drugs in
India. WHO has also developed a Policy Implementation
Package (PIP) to safely and effectively uptake new drugs or
regimens. It provides a structure for introducing new TB drugs
and/or regimens, complementing existing and new policy
guidance on using new drugs for treating TB or MDR-TB
(WHO, 2014).”* There are emerging antimicrobial agents for
Mycobacterium tuberculosis agents, elaborated as two distinct
groups. One includes enhanced application of conventional
medicines, and the other includes new emerging antimicrobial
agents, either in the clinical trial of the “Underdevelopment”
pipeline or recently approved with defined doses.

In contrast, the other consists of new antimicrobial agents
undergoing clinical trials or recently approved with defined
doses. In light of what has been said about the research gap, it

should come as no surprise that the development of an
antituberculosis medication is the top priority for making
significant advances in the field of medicine in the years to
come. Researchers must cultivate the field to wage an effective
war against multidrug-resistant tuberculosis.
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