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* Emerging Threat of Tuberculosis Drug Resistance
A comprehensive overview of the global challenge posed by multidrug-
resistant Mycobacterium tuberculosis (MDR-TB) and the rising incidence
of drug resistance in non-tuberculous mycobacteria (NTM).

e Efflux Pumps: A Key Mechanism Driving Resistance
In-depth exploration of efflux pump systems as critical contributors to intrin-
sic and acquired drug resistance in mycobacteria, with emphasis on the roles
in therapeutic failure and persistence.

e Natural Compounds as Promising Efflux Pump Inhibitors
Evaluation of naturally derived molecules with potential to inhibit mycobac-
terial efflux pumps, highlighting the role in restoring drug susceptibility and
enhancing existing tuberculosis treatments.
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In brief

This review highlights the critical role
of efflux pumps in mediating drug
resistance in Mycobacterium tuber-
culosis and non-tuberculous myco-
bacteria, and explores the promising
potential of natural products as efflux
pump inhibitors to restore antibi-
otic efficacy and combat multidrug
resistance.
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Abstract

Tuberculosis (TB) is caused by Mycobacterium tuberculosis (M.tb) complex (MTBC), which includes M.th
as one of the causative bacteria. In contrast, non-tuberculous mycobacteria (NTM) refers to Mycobacterium
spp. that do not cause TB or leprosy (MTBC spp., M. leprae, and M. lepromatosis). Mycobacterium spp.
are responsible for the deadliest infections and remain a significant challenge in diagnosis and treatment.
Mpycobacterium spp. have developed multiple complementary mechanisms to defend against antibiotics.
Specifically, the mechanisms include modifying the drug target sites, enzymatically inactivating the drugs,
and lowering intracellular antibiotic concentrations by overexpressing efflux pumps. These adaptations con-
tribute to the emergence of multi-drug resistant pathogens. This review provides an overview of antibiotic
resistance in Mycobacterium spp. with a focus on several key factors, such as enzyme-mediated antibiotic
deactivation, gene expression, biofilm formation, and the role of efflux pumps. A critical objective of this
review includes Mycobacterium efflux pumps, the significant role in antibiotic resistance, and compounds

that act against these efflux pumps.
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Introduction

Tuberculosis (TB) remains the deadliest
infection from single infectious organisms
and continues to hold centre stage among
bacterial infections and remains a signif-
icant challenge in terms of diagnosis and
treatment [1, 2]. The WHO Report 2023
stated that 7.5 million individuals were diag-
nosed with TB in 2022 and approximately
1.6 million people died from TB, including
187,000 co-infected with HIV and TB [3].
Macrophages phagocytose most internal-
ized Mycobacterium tuberculosis (M.th)
bacilli that reach the physiologic system
and eliminate significant bacilli popula-
tions. Some bacteria can escape the pha-
gosome compartment and remain inactive,
allowing patients to remain asymptomatic
[4, 5]. The M.tb bacilli subpopulation is
known as persisters, which are phenotypi-
cally tolerant to antibiotics. Also, persisters
remains metabolically inactive and do not
grow like resistant mutant M.tb bacilli
[6]. A schematic representation depicting
genetic and phenotypic resistance is shown
in Figure 1.

Non-tuberculous mycobacteria (NTM)
are species that belong to the same genus
(Mycobacterium) but refers to bacteria other
than the M.tb complex (MTBC) that do not
cause leprosy or TB. NTM are ubiquitous
and can survive in a wide range of envi-
ronmental conditions. Most likely, drink-
ing water or other materials are sources of
NTM. Moreover, NTM can survive chlo-
rine treatment and enter tap water [7-9].
NTM species are classified according to
the Runyon classification based on growth
rates in solid culture medium and pigment
formation. Notably, Runyon types I, II, and
III NTM are slow-growing Mycobacterium
spp. and are characterised based on pig-
ment formation or colour development.
Runyon type IV Mycobacterium spp. are
rapidly growing bacteria that can grow in
<7 d. Pigments are categorized as Runyon
type I and are considered photochromog-
ens when developed after exposure to light.
Mycobacteria classified as Runyon type 11
develop pigments, even in the dark; these
bacteria are known as scotochromogens.
Mycobacteria are categorized as Runyon
type III if the pigments are not intense and
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Schematic representation depicting antimicrobial resistance (phenotypic and genetic) is displayed above. Mycobacterium

persisters do not have the effects of antibiotics A and B. The genetically mutated Mycobacterium survives and multiplies in the proximity of

antibiotics A and B.

these mycobacteria are known as non-photochromogens
[10]. Runyon classification of NTM and their species are
given in Table 1.

NTM can infect humans and are responsible for severe
infections in immune-compromised and -competent indi-
viduals [11, 12]. NTM species, including M. kansasii, M.
simiae, M. gordonae, M. szulgai, M. scrofulaceum, M. avium
complex (MAC), and M. malmoense, are responsible for the
majority of pulmonary infections [13-23]. NTM species,
such as M. marinum, M. ulcerans, M. chelonae, M. fortui-
tum, and M. abscessus, are responsible for skin infections.
In addition, M. chimaera and M. abscessus are the most
common NTM species responsible for soft tissue infections
[24-26].

Because M.tb and NTM species react favourably to the
standard smear acid-fast staining process, clinical detection
of M.tb and NTM species poses a considerable problem and
frequently results in incorrect interpretations. As a result, the
frequency of NTM has been underestimated due to the prev-
alence of TB in several countries [27].

Treatment of TB includes a cocktail of first-line anti-TB
drugs, including isoniazid (INH), rifampicin (RIF), etham-
butol (EMB), and pyrazinamide (PZA) [28]. Second-line
anti-TB drugs (groups 2-4) are prescribed to treat drug-
resistant TB. Group 2 drugs include injectable aminoglyco-
sides (streptomycin [STR], kanamycin, and amikacin) and
polypeptides (capreomycin and viomycin). Group 3 drugs
include oral and injectable fluoroquinolones [FQs] (gati-
floxacin, moxifloxacin, and levofloxacin). Group 4 drugs
include the following oral medications: p-aminosalicylic
acid; cycloserine; teridazone; ethionamide; prothionamide;
thioacetazone; and linezolid [LZD] [28]. Third-line anti-TB
drugs (group 5) have unclear efficacy or an undefined role.
Group 5 drugs include clofazimine, linezolid, amoxicillin
plus clavulanate, imipenem plus cilastatin, and clarithro-
mycin [29]. In recent years, several compounds have been
identified as potential anti-TB agents and are summarised in
Table 2 [30-32].

Treatment regimens for fast-growing NTM include mac-
rolides, aminoglycosides, fluoroquinolones, oxazolidinones,

G. Kumar et al.: DOI: 10.15212/bi0i-2025-0034
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Table 1 Non-Tuberculous Mycobacteria (NTM) Runyon Classification and the Mycobacterium spp
Runyon Classification NTM Species Ref.
Runyon type | (photochromogens) M. kansasii [13, 14]
M. simiae [15]
M. marinum [16, 17]
Runyon type Il (scotochromogens) M. gordonae [18, 19]
M. szulgai [20]
M. scrofulaceum [21]
Runyon type Ill (non-photochromogens) M. avium complex [22]
(M. avium and M. intracellulare)
M. malmoense [23]
M. xenopi [23]
M. terrae complex [214]
M. genavense [23]
M. haemophilum [23]
M. ulcerans [23]
Rapid-growing Runyon type IV M. abscessus [23, 24]
M. chelonae [28, 215,
216]
M. smegmatis [217]
M. fortuitum [25]

tigecycline, carbapenems, and cephalosporins. In contrast,
RIF, macrolides, EMB, and amikacin are front-line agents
for slow-growing bacilli NTM species [12, 33]. The anti-
bacterial activity of macrolides, such as azithromycin and
clarithromycin, inhibits the 50S ribosomal subunit protein
synthesis. It possesses activity against MAC, M. kansasii,
M. malmoense, and M. abscessus [34, 35]. The antibacte-
rial activity of aminoglycosides, including streptomycin and
amikacin, inhibits protein synthesis by acting on the 30S
ribosomal subunit. Aminoglycosides efficiently cure patients
with cavitary MAC lung disease [36, 37]. The antibacterial
activity of oxazolidinone class antibiotics inhibits binding of
23S rRNA to the catalytic site of the 50S ribosome, which
in turn prevents the formation of a functional 70S initia-
tion complex. Delpazolid has antibacterial activity against
in vitro and in vivo models of macrophage and murine M.
abscessus infections [38]. Tedizolid exhibits antibacterial
activity against M. fortuitum, M. chelonae, and M. abscessus
subsp. massiliense, M. marinum, M. kansasii, MAC, and M.
simiae [38, 39]. Tetracycline, doxycycline, and tigecycline
effectively treat NTM infections. The tetracycline analog,
omadacycline, has inhibitory activity against M. abscessus
subsp. abscessus, M. abscessus subsp. massiliense, M. che-
lonae, M. immunogenum, M. fortuitum, and M. mucogeni-
cum, including resistant strains [40]. The fluoroquinolones,
such as ciprofloxacin and moxifloxacin, are active against
MAC and M. intracelluare [41, 42]. SPR719 is a gyrase B
inhibitor that effectively reduces the mycobacterial burden in
lungs of infected mice [43]. SPR719 is active against multi-
ple clinical strains of NTM, including MAC and M. absces-
sus [44]. SPR720 is a phosphate prodrug of SPR719 that
effectively treats human NTM and pulmonary TB infections
[45]. The antibacterial activity inhibits DNA-directed RNA
polymerase (RNAP). Rifabutin is an RIF derivative active
against M. abscessus subsp. abscessus. Rifabutin also inhib-
its other NTM, including MAC, M. kansasii, M. malmoense,
and M. xenopi [46, 47]. The anti-mycobacterial activity of

bedaquiline (BDQ) inhibits ATP synthesis and growth of
MAC, M. abscessus subsp. abscessus, M. abscessus subsp.
massiliense, and M. kansasii [48]. Clofazimine has been
reported to be potent in patients with pulmonary NTM, M.
abscessus group, and MAC infections [49]. Cell wall bio-
synthesis inhibitors disrupt the bacterial cells, leading to a
compromise in bacteria viability [50]. B-lactams, including
imipenem and cefoxitin, exhibit antibacterial activity against
M. abscessus. B-lactamase inhibitors, including clavulanate,
tazobactam, avibactam, relebactam, nacubactam, and zide-
bactam, in combination with other B-lactams have potential
inhibitory activity against NTM species [51-55]. The chem-
ical structures of compounds acting against NTM species are
shown in Figure 2. In this review the diverse mechanisms
underlying antibiotic resistance in Mycobacterium spp. are
discussed and effective solutions are explored, including nat-
ural and synthetic compounds, to tackle the pressing chal-
lenge of antibiotic resistance in these organisms.

Antibiotic resistance in
Mycobacterium spp.

Antibiotic resistance in pathogenic microorganisms poses a
global threat. Antibiotic resistance is a condition in which
conventional antibiotics cannot effectively cure a disease
[56]. In most cases, when patients do not recover from TB,
second-line anti-TB drugs are given in combination for
18-24 months to treat multidrug-resistant (MDR)-TB [28].
M.tb has demonstrated resistance to most first- and sec-
ond-line anti-TB drugs. Current research has documented
the development of drug-resistant TB (DR-TB), MDR-TB,
extensively drug-resistant TB (XDR-TB), and totally
drug-resistant TB (TDR-TB) over the past several decades
[57]. M.tb strains exhibit various levels of drug resistance.
The I-R strain is resistant to INH, while the R-R strain has
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Table 2 Anti-TB Agents or Drugs under Clinical Evaluation

Anti-TB Agents/Drugs Chemical Class Mode of Action Ref.
H Ethylenediamine MmpL3 transporter inhibition. Additionally, SQ109  [218-221]
W/NWN disrupts the proton motive force of the M.tb
. membrane.
SQ109
NO, (\} Benzothiazones Inhibition of membrane DprE1 enzyme [222]
S _N
|
FaC~ t /\,rN
(o]
Macozinone (PBTZ-169)
o{ Benzothiazones Inhibition of membrane DprE1 enzyme [223, 224]
e, i
S_N
e
FsC N
o}
BTZ-043
Ho oM Carbostyril Inhibition of membrane DprE1 enzyme [225, 226]
o«@ F
200
07N F cl
H
OPC-167832
Azaindole Inhibition of membrane DprE1 enzyme [227-230]
Diarylquinoline ATP synthesis inhibition [231, 232]
Diarylquinoline ATP synthesis inhibition [2383, 234]
Diarylquinoline ATP synthesis inhibition [2383, 234]
Riminophenazine Clofazimine is a competitive inhibitor of [235-240]
menagquinone (MK-4) and checks the point of
entry of electrons into the respiratory chain, which
leads to energy depletion.
Clofazimine
FaC.q &= Riminophenazine TBI-166 presumably competes with menaquinone  [241, 242]
(MK-4), an essential cofactor in the mycobacterial
ETC, and checks the electron’s entry point into
NN the respiratory chain
CLL N
H
o
TBI-166
Imidazopyridine Cytochrome bc1 complex inhibition [243-246]

A =N,
Y
CI\N{/

amide
o

7\
— N
Q203
O.
F
F
N OROS
NSO I |
OZN_&N\)& °©

Delamanid

Nitro-dihydro-
imidazooxazole

Delamanid exhibits anti-mycobacterial activity by
inhibiting methoxy-mycolic acid and ketomycolic
acid.

[102, 247, 248]
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Table 2 (continued)

Anti-TB Agents/Drugs Chemical Class Mode of Action Ref.
{\lﬁ/o Nitroimidazooxazine  Pretomanid inhibits cell wall lipids and proteins. [248-250]
ON— NJ_
0Ty F
ke
Pretomanid
(o] "f/\>. Nitrothiazolyl Nitzoxanide displays activity against M.tb [251-254]
N/ks IO salicylamide by disrupting membrane potential and pH
H homeostasis. Moreover, Nitzoxanide also targets
Ore human quinone oxidoreductase (NQO1)-mediated
Nitazoxanide mTORC1 signalling that promotes autophagy of
M.tb inside host cells.
Tricyclic B- lactam Cell wall inhibitors [255—258]
e =R 7C(CH3)HOCOO~<:>
. o o Fluoroquinolone Inhibition of DNA replication by binding to [259, 260]
7@ topoisomerase Il (DNA gyrase).
N N~
NS ol N
Levofloxacin
o o [259, 260]
H \
HN i N
&H ¢ A
Moxifloxacin
Aminobenzimidazole Inhibition of gyrase B [44, 96]
‘QNJ(O Y
HN—
N
SPR 720
Oxazolidinone Inhibition of protein synthesis by binding to the [261]
H 508 ribosome subunit
OYN
Linezolid
o] [262]
F
H 04 /\
YN\\«QN N s
/
0 Sutezolid
N~ [263—265]
;Y
N
/__(\N F
HO' oA
Delpazolid
0 [266]
. ol
AL 00
o F
TBI-223
NH, Benzoxaborole Leucyl-tRNA synthetase (LeuRS) [36]
o]
oA B-OH
‘\/ O/\/OH
GSK 3036656
i Pyrimidine-2,4-dione  Cholesterol catabolism [36]
N (0]
KI;( -
[o} NH
= o
A ’ GSK-286
3 Spiroisoxazoline Antagonizes the resistance mechanism of [267]

CF,
FsC. ‘<_/
I N

BVL-GSK098

ethionamide
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Table 2 (continued)

Anti-TB Agents/Drugs Chemical Class Mode of Action Ref.
: Macrolactum Inhibition of DNA-dependent RNA polymerase [268-271]
activity

H O H Aminoglycoside
_N_AZ OO
B R
\
(0] ZoH

Ribosome protein synthesis inhibition [272-275]

HO H™ o HN ~
OH 2 S
Azithromycin Clarithromycin Streptomycin Amikacin
o o
= Q H O oL 9 FMOH
N NH | T H s =
o o s O R
,{,\Nf \_/ \)\,OH I~ OH HNJ A N on

Tedizolid

s /Ojj
N__~ O.__NH,
o T
(o]

Cefoxitin

‘Omadacycline

Relebactam

Ciprofloxacin

"L e o i
N-¢ O OH HoN o]
S, N__o O. N
HJK( N-g %0 \( o HZN/\/ N \( ( Y o
. “-OH H N-Q HN N
N...S N
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SPR719

Imipenem
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Avibactam Nacubactam Zidebactam H

Figure 2 Chemical structures of compounds acting against NTM species.

Table 3 Major Drug-Resistant M.tb Strains

Type of Drug-resistant M.tb Strains

Resistant to Drug

I-R

RR
MDR
Pre-XDR
XDR
TDR

M.tb shows resistance to isoniazid (INH)

M.tb shows resistance to rifampicin (RIF)

M.tb shows resistance to INH + RIF

M.tb shows resistance to RIF + fluoroquinolone (a class of second-line anti-TB drugs)

M.tb shows resistance to RIF + any fluoroquinolone, + at least one of bedaquiline or linezolid
M.tb shows in vitro resistance to all first- and second-line drugs.

resistance to RIF. The MDR-TB strain is resistant to INH
and RIF. Pre-extensively drug-resistant (Pre-XDR) TB
strains are resistant to RIF and fluoroquinolones. XDR TB
strains are resistant to RIF, fluoroquinolones, and BDQ or
linezolid. Finally, TDR TB strains are resistant to all first-
and second-line anti-TB drugs [58]. MDR-TB poses a sig-
nificant challenge that has made conventional TB treatment
ineffective, which warrants immediate attention and innova-
tive solutions. A list of drug-resistant M.tb strains is given in
Table 3.

MDR in M.tb strains primarily evolved due to the ini-
tial ineffectiveness of TB treatments, including first- and
second-line antibiotics and exposure of bacilli to several

antibiotics [56]. Antibiotic resistance primarily arises from
factors, such as inadequate antibiotic concentration, extended
periods of monotherapy, poor prescribing practices, and var-
iations in the pharmacogenomics, pharmacodynamics, and
pharmacokinetics of the administered drugs [59, 60].
Antibiotic resistance in mycobacteria can be divided into
two categories: acquired resistance; and intrinsic resistance.
Intrinsic resistance refers to the natural ability of bacteria
to resist antibiotics, whereas acquired resistance develops
through specific chromosomal mutations or the horizontal
transfer of genes [61]. There are no reports of horizontal
gene transfer (HGT) of resistance genes through plasmids or
transposable elements in Mycobacterium spp. This indicates

G. Kumar et al.: DOI: 10.15212/bi0i-2025-0034
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Figure 3 A graphical representation depicting bacterial modes of resistance, including antibiotic degrading enzyme, antibiotic altering

enzyme, antibiotic decrease to permeability, and efflux pump.

that the acquired resistance results from chromosomal muta-
tions [61, 62]. Single-nucleotide polymorphisms (SNPs),
mutations involving changes in nucleotide sequences, inser-
tions of new genetic material, and deletions cause changes
in the genomic DNA of M.tb [12, 63, 64]. Mycobacterium
bacilli exhibit several modes of antibiotic resistance, includ-
ing low permeability of the cell wall, overactive efflux
pumps, enzymatic degradation of antibiotics, and modifica-
tions at the target site (Figure 3) [57, 65]. Recent data have
revealed that M.tb and NTM exhibit acquired resistance
against most antibiotics and develop complementary mech-
anisms to counteract their effects [66]. Therefore, there is
an urgent need to control MTBC and NTM infections and
address Mycobacterium resistance issues [28].

Genes-mediated antibiotic
resistance in Mycobacterium

spp.

MTBC acquires antibiotic resistance due to spontaneous
gene alterations. For example, the antibiotic-dependent
spontaneous mutation rate that leads to resistance varies, as

follows: RIF, approximately 1 in 10® bacilli; and INH, STR,
and EMB, approximately 1 in 10° bacilli [67]. Sequential
changes in additional genes make the strains unresponsive
to various targets [63, 68]. MspA, the M. smegmatis mem-
brane porin, transfers hydrophilic substances via the outer
membrane to the cytoplasm. Additionally, MspA is respon-
sible for introducing small hydrophilic antibiotics into
M. smegmatis. Studies have shown that deleting MspA porin
results in resistance to various hydrophilic antibiotics. The
porin mutant of M. smegmatis, ML10 (a deletion of MspA
and MspC) exhibits [-lactam antibiotic resistance [69].
Similarly, CpnT is an outer membrane protein in M. bovis
BCG and M.1b that is involved in food absorption. Strains
with a CpnT mutation are unresponsive to antibiotics, such
as RIF, EMB, clarithromycin, tetracycline, and ampicillin,
and to nitric oxide [70].

INH is a prodrug used in treating TB that requires met-
abolic activation by catalase-peroxidase. INH resistance
has been observed in M.th with katG and inhA gene muta-
tions. Mycobacterium strains with katG gene mutations have
decreased INH activation because there is a pronounced
decrease or loss in catalase-peroxidase activity. inhA gene
mutations may influence construction of the bacillus cell
wall. The minimum inhibitory concentration (MIC) of
INH is significantly higher than M.tb isolates with katG

8
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mutations. Moreover, structural alterations in the INH target
subsequently results in INH resistance [71].

Additional mutational genes in other clinical INH-
resistant isolates have been identified, which include furA,
ndh (encodes NADH dehydrogenase), ahpC, Rv0340-0343,
fadE24, efpA, and kasA [72,73]. M.tb exposed to INH shows
variance in ManLam-related gene expression. The hspX
gene in increased in RIF-resistant and MDR-TB strains in
response to INH, whereas tgs/ and sigE are strongly upreg-
ulated in MDR-TB and drug-sensitive TB strains, respec-
tively [74]. RIF exhibits anti-mycobacterial activity by act-
ing on the B-subunit of DNA-dependent RNA polymerase.
The Escherichia coli model was used to study RIF resist-
ance, which demonstrated that the rpoB gene mutations are
the primary cause of RIF resistance [75]. It has been shown
that rpoB gene mutations are responsible for cross-resist-
ance to several rifamycins. In addition, rpoB gene mutations
are present in the 81 bp RIF-resistance determining region
(RDDR), which affects the RNA polymerase p-subunit.
These modifications prevent rifamycins from binding to the
RNA polymerase 3-subunit, leading M.tb to be less suscep-
tible to the RIF, and ultimately RIF-resistant strains emerged
[76]. The most common mutated codons in the RDDR are
531, 526, and 516 [77]. Moreover, homoplastic SNP analy-
sis revealed that the compensatory effects of rpoC and rpoA
significantly contribute to RIF resistance [78].

PZA is a prodrug that requires pyrazinamidase for con-
version to the metabolically active form. A phylogenetic
analysis of the MTBC tree revealed that PZA resistance
could be attributed to the pncA H57D mutation [79]. Along
with pncA, other genes, such as rpsA and panD, contribute
significantly to PZA resistance in M.tb. Mutations, such as
NKI11K, P69T, and D126N, are present in the pncA gene.
According to a recent study, pncA gene mutations reduce
the active site volume, making it more difficult for PZA to
bind to the active site. Additionally, these modifications lead
to a low binding affinity for PZA [80, 81]. Interestingly, M.
bovis, which resists PZA therapy, carried the pncA H57D
mutation [79]. Notably, mutations in the pncA gene do not
always result in PZA resistance and PZAse critical failure.
Tt has been verified that pncA gene mutations lead to a lim-
ited degree of PZA resistance by partially decreasing PZAse
activity. In addition to the above-mentioned mutations other
mutations e.g. D12A, T135P, and D49N are implicated in
PZA resistance [82].

EMB exhibits anti-mycobacterial activity by acting on
the target Emb proteins responsible for cell wall biosynthe-
sis. The Emb proteins include EmbA, EmbB, and EmbC,
and EMB resistance mutations are mainly located near the
Emb binding site [83]. The mutations are primarily present
in the embCAB operon that encodes arabinosyl transferases,
which are responsible for EMB resistance. Among the ara-
binosyl transferases, alterations are most frequently noted
in the embB gene and less often in the embC, embA, embR,
and ubiA genes [84]. Moreover, ubiA gene mutations lead
to enhanced production of decaprenylphosphoryl-D-arab-
inose, which is the building block used in cell wall synthesis
and is the likely cause of EMB resistance [85]. Most muta-
tions have been noted in the 576 bp embB region, which is
known as the ETB resistance-determining region (ERDR).

The canonical mutations of embB codons are 306, 406, and
497 [86, 87]. Interestingly, it has been shown that EMB
resistance in M.tb isolates have slight variations according
to geographic regions [86, 87]. STR hinders translational
proofreading and stops protein synthesis in Mycobacterium
spp. rrs, rpsL, and gidB gene mutations encode 16S rRNA,
protein S12, and 7-methylguanosine methyltransferase,
which are linked to STR resistance. gidB inactivation meth-
ylates 16S rRNA, resulting in the development of STR
resistance [88]. The three rpsL gene mutations are present in
Lys43Arg, Lys88Arg, and Lys88Thr residues, and two gidB
mutations are mainly observed in Trp45Ter and Gly69Asp
residues. The most frequent STR mutation among rpsL
gene mutations is Lys43Arg. Notably, Mycobacterium spp.
devoid of rpsL and rrs mutations do not exhibit whiB7-
mediated STR resistance [89]. Insignificant resistance to
kanamycin and STR has been reported to be due to eight
different mutations in the 5’ untranslated region of the
transcriptional activator whiB7 [90]. There is resistance to
kanamycin and STR due to acquisition of unlinked chromo-
somal mutations. Notably, mutations increased whiB7 tran-
scripts by a factor of 23—145, which enhances eis (Rv2416c)
and tap (Rvi258c) expression. Increased expression of rap
mediates STR resistance via overexpression of the efflux
pump and eis is responsible for kanamycin resistance in
mutated Mycobacterium spp. [90].

D-cycloserine exhibits anti-mycobacterial activity by act-
ing on the enzymes (D-alanine racemase and D-alanine:D-
alanine ligase), which are involved in peptidoglycan metab-
olism. Notably, overexpression of D-alanine racemase and
D-alanine:D-alanine ligase are responsible for D-cycloserine
resistance in M. smegmatis. A point mutation in the cycA
gene causes M. bovis BCG resistance to D-cycloserine [91].
A mutation in the alanine racemase-encoding gene (rv3423c)
is responsible for cycloserine resistance in M.tb [92].

FQs exhibit anti-mycobacterial action by acting on DNA
gyrase and topoisomerase IV [43]. Mutations causing resist-
ance to quinolone antibiotics occur in a specific segment of
gyrA known as the quinolone resistance-determining region
(QRDR). Codons 90 and 94 of gyrase A are referred to as
the QRDR [93]. Moreover, mutations in gyrA and gyrB
may cause the development of cross-resistance to many FQs
[94]. M.tb isolates exposed to ofloxacin had a primary tar-
get mutation in gyrA and a minor mutation in gyrB [94]. In
addition, the ESX-5 membrane complex secretion system
protein, Rv1783, exhibited a V762G mutation, which is
responsible for ofloxacin resistance [94]. This V762G muta-
tion increased the MIC of ofloxacin from 1 to 32 mg/L in the
M.tb strain. Notably, the MIC of ofloxacin in the M.tb strain
did not show any change in the use of efflux pump inhib-
itors (EPIs), carbonyl cyanide m-chlorophenylhydrazone
(CCCP), and reserpine. This finding implies that the gyrA
target mutation and the V762G mutation in Rv1783 reduced
the efficacy of ofloxacin against M.tb [94]. Other studies
have suggested that M. smegmatis, M.tb, and M. avium pos-
sess the mfpA gene responsible for quinolone resistance. The
mfpA gene encodes a pentapeptide repeated pentapeptide
protein. This peptide binds to DNA gyrase, preventing FQs
from reaching the target [94]. SPR719 belongs to an ami-
nobenzimidazole class, which exhibits anti-TB activity by
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blocking gyrase B enzyme activity [95]. SPR720, a prod-
rug of SPR719, demonstrates anti-mycobacterial activity
against MDR-TB, drug-susceptible M.tb, and MDR-TB
strains. Moreover, SPR720 is active against NTM, such as
MAC and M. abscessus [43, 44, 96]. A recent investigation
revealed that mutation in the gyrase B ATPase domain is
associated with low-frequency resistance in M. avium and
M. abscessus. Furthermore, frameshift mutations in the tran-
scriptional repressor, MAB_4384, a regulator of MmpS5/
MmpL5 expression, are responsible for SPR719 resistance
in M. abscessus [95].

M.tb uses proton motive force (PMF) generated across
the plasma membrane to synthesize ATP. Inhibiting ATP
synthesis results in an imbalance in cellular pH and PMF.
BDQ selectively inhibits M.tb ATP synthase [97]. The atpE
gene encodes ATP synthase, which is responsible for BDQ
resistance in M.tb strains. In addition, it has been shown
that the development of BDQ resistance in M.tb leads to
clofazimine cross-resistance. Rv0678 is a negative regula-
tor of mmpL5 and mmpS5. This mutation is also responsi-
ble for BDQ resistance. Significantly, there was a > 4-fold
increase in BDQ MIC due to this mutation. Verapamil and
reserpine are well-known EPIs that reduce the MIC of BDQ
and clofazimine against M.tb with the Rv0678 mutation.
Additionally, reserpine enhanced the bactericidal effects of
BDQ, whereas verapamil had no such effect on mice infected
with M.tb. Therefore, reserpine may inhibit the Rv0678 gene
mutation in vivo [98].

Another study showed that loss of mutations in pepQ
(Rv2535c), corresponding to the putative Xaa-Pro amino-
peptidase, is responsible for clofazimine cross-resistance
in M.tb. Further analysis of mice infected with M.tb H37Rv
(pepQ mutants) showed a 4-fold higher BDQ and clo-
fazimine MIC. The concomitant use of verapamil and reser-
pine reduces and restores the BDQ and clofazimine MIC
in mutant and parent M.tb strains. This result implies that
pepQ function loss decreases M.tb susceptibility to BDQ and
clofazimine [99]. The anti-TB program recently included
BDQ for treating MDR-TB. Involvement of the mutation
in Rv0678 and Rv2535¢ reduces the effectiveness of BDQ.
Therefore, adjuvant therapy may be required to treat TB.

Delamanid is a prodrug belonging to the nitro-dihydro-
imidazooxazole class used in treating MDR-TB [100, 101].
M.tb bacilli activate delamanid and catalyze reduction of
the nitro to the active form. Delamanid activation requires
reduced deazaflavin co-factor, F, ., F,_ -dependent glu-
cose-6-phosphate dehydrogenase, and the nitroreductase
gene product, Rv3547 [102]. Pretomanid is also a prodrug
belonging to the nitroimidazoles class. Mycobacterial glu-
cose-6-phosphate dehydrogenase converts pretomanid into
the metabolically active form. Delamanid and pretomanid
resistance have been linked to gene mutations (ddn, fgdl,
SbiA, fbiB, fbiC, and fbiD) involved in the F,, -dependent
bioactivation pathway [103, 104]. A structural investigation
showed that several point mutations in the gene encoding
the delamanid-activating enzyme impact the ability to bind
with delamanid [105]. The gene, Rv2983 (fbiD), is required
to synthesize the co-factor, F,, . Notably, fbiB and Rv2983
mutants have minor alterations in delamanid sensitivity but
substantial levels of pretomanid resistance. Additionally,

nitroimidazole-resistant, F, . H,-deficient M.rb mutants are
hypersensitive to malachite green [106].

DprEl is an enzyme crucial for the biosynthesis of decapre-
nylphosphoryl-D-arabinofuranose (DPA). D-arabinofuranose
(Araf) residues and arabinosyltransferase biosynthesis use
DPA as a substrate. D-arabinofuranose is the building block
for lipoarabinomannan and arabinogalactan [107]. Inhibition
of the DprE1l enzyme prevents DPA biosynthesis. Therefore,
the DprEl enzyme is an essential anti-TB target [108].
BTZ043 and PBTZ169 have anti-mycobacterial activity by
blocking the DprE1l enzyme, which causes arabinogalactan
depletion. These two drugs have undergone clinical evalu-
ation and completed phase II clinical studies. Interestingly,
mutations in Rv0678 exhibit negligible cross-resistance to
medicines of the benzothiazinones class, including BTZ043
and PBTZ169. Further studies are required to confirm that
Rv0678 mutations will impair the efficacy of BTZ043 and
PBTZ169 in treating TB in humans [109].

LZD belongs to the oxazolidinone class and demonstrates
antibacterial action by interfering with bacterial protein syn-
thesis in M. abscessus [38]. Earlier studies have confirmed
the involvement of efflux pumps, including drrABC, rv0987,
ImrS, acrAB, mmpL9, acrF, and optrA, in extrusion of LZD.
The molecular analysis of LZD-resistant M. abscessus har-
bors 23S rRNA mutations. Also, there are enhanced ImrS
and mmpL9 transcriptional levels in resistance strains com-
pared to LZD-susceptible strains [110]. The anti-TB drugs/
agents and the mutation-induced resistance is summarised
in Table 4.

Enzymes mediate antibiotic
resistance in Mycobacterium

spp.

Mycobacterial enzymes transform drugs, rendering drugs
inactive and unable to bind to targets. Mycobacterium spp.
synthesize several enzymes that can cleave and degrade
several classes of antibiotics, including [-lactams, amino-
glycosides, and macrolides [111]. Mycobacterium produces
ambler class-A B-lactamase, which is encoded by the blaC
gene and cleaves f-lactam antibiotics into an inactive form.
Mycobacterium spp., such as M. smegmatis and M. fortuitum,
have been reported to possess ambler class-A f-lactamase
[112]. Aminoglycosides, such as neomycin, kanamycin,
gentamycin, tobramycin, and ribostamycin, have amino
groups. The mycobacterial N-acetyltransferase enzyme car-
ries out acetylation to these amino groups and renders the
amino acid-containing antibiotics inactive. The M. abscessus
MAB_4395 gene encodes 2' N- acetyltransferase, which is
responsible for acetylating gentamicin C, dibekacin, tobra-
mycin, and kanamycin B, and rendering the antibiotics
inactive [111]. Notably, several Mycobacterium spp., such
as M.tb, M. kansasii, M. fortuitum, and M. smegmatis, have
been shown to produce N-acetyltransferase. In contrast, the
MAB_2385 gene encodes 3'-O-phosphotransferase, which
is responsible for inactivating STR and resistance in M.
abscessus. The binding sites for aminoglycoside antibiotics,
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Table 4 Anti-Tubercular Drugs/Agents and Mutation-Associated Resistant Mechanism

Drug/agent Mutation Ref.

Isoniazid Suppression of KatG leads to decreased activation of INH. [71, 72]

Rifampicin The rpoB mutation causes a conformational change in the -subunit of RNA polymerase, [75, 76]
leading to decreased binding affinity for rifampicin.

Pyrazinamide A mutation in the pncA gene prevents pyrazinamide from being converted into its active acid [79-81]
form.

Ethambutol Mutations in the embCAB operon encode arabinosyl transferases, which are responsible for [84, 86,
EMB resistance. 87]

Amikacin/Kanamycin Modulation of the 16S rRNA target site (1400 and 1401 rrs gene) and overexpression of [36, 37]
aminoglycoside acetyltransferase results in increased drug inactivation.

Capreomycin A mutation in the tlyA gene reduces the activity of rRNA methyltransferase and is associated [276]
with cross-resistance to aminoglycosides.

Streptomycin Mutations in the rrs, rpsL, and gidB genes encode 16S rRNA, protein S12, and [88]

7-methylguanosine methyltransferase, which are linked to STR resistance.

Fluoroquinolones
Ethionamide

Mutations in the gyrA and gyrB genes alter the binding of DNA gyrase A/B to fluoroquinolones. [94]
Mutations in the ethA and inhA genes result in reduced prodrug activation and overexpression  [277]

of InhA, which also contributes to cross-resistance with INH.

Cycloserine

The overexpression of alrA leads to a reduction in the effectiveness of cycloserine. A point [91]

mutation in a cycA gene causes resistance to D-cycloserine.

P-aminosalicyclic acid

thyA mutations reduce the activated concentrations of P-aminosalicylic acid, while fo/C [276]

mutations change the binding site of P-aminosalicylic acid.

Clofazimine A mutation in Rv0678 leads to upregulation of MmpL5. [235, 236]
Clarithromycin Expression of emr37 leads to modulation of the 23S rRNA site. [111]
Bedaquiline atpE mutations cause modulation in the binding site for bedaquiline. [98]
Q203 Mutation in the b subunit of the cytochrome bc1 complex. [278]
Delamanid and pretomanid Gene mutations (ddn, fgd1, fbiA, fbiB, biC, and fbiD) are involved in the F,,-dependent [103, 104]

bioactivation pathway.

such as capreomycin and viomycin, are located within the
ribosomal subunit interface of 16S rRNA helix 44 and 23S
rRNA helix 69. Nucleotides, including C1409 of 16S rRNA
and C1920 of 23S rRNA, are methylated at the 2'-hydroxyl.
Methyltransferase tlyA deactivation leads to unmethyl-
ated ribosomes, inactivating capreomycin and viomycin
[113, 114].

Azithromycin and clarithromycin belong to the macrolide
chemical class and interfere with antibacterial protein syn-
thesis by inhibiting 50S ribosomal subunits [34, 35]. M.
chelonae, M. abscessus, and M. fortuitum exhibit methylase
gene resistance. The transcriptional regulator, WhiB7, regu-
lates expression of the erm (41) gene, which is responsible
for macrolide-induced resistance. Azithromycin exposure
is more accountable for rapid macrolide resistance in M.
abscessus than clarithromycin [115]. Also, the erm gene is
responsible for explicit methylation of the 23S rRNA A2058
nucleotide, which leads to reduced ribosome affinity to mac-
rolides and thus leads to macrolide resistance [111, 116].
Interestingly, deleting erm 41 genes in M. massiliense and M.
abscessus leads to increased susceptibility to the macrolide
and lowers the MIC [111]. In addition to the above-men-
tioned enzymes, Mycobacterium also biosynthesizes RIF
ADP-ribosyltransferase, which attaches an ADP-ribose unit
to a hydroxyl residue at position 23 of RIF, which leads to
rifamycin resistance in Mycobacterium spp. [117].

Mtb Rv1026 (ppx2) is a novel exopolyphosphatase
responsible for hydrolytic activity in the long-chain poly(P).
M.tb knockdown with Rv/026 expression displays slow
growth, poly(P) accumulation, and increased cell wall
thickness. These factors lead to decreased INH activity

and enhanced resilience towards heat and acidic pH, and
Mycobacterium spp. can increase intracellular macrophage
infection at a speedy rate [118].

Biofilm-mediated antibiotic
resistance in Mycobacterium

spp.

Biofilms are a three-dimensional extracellular matrix made
up of polymeric substances (EPSs) used to cover the micro-
organisms. This matrix is also known as a “safe haven” for
microorganisms because the matrix provides a biological
barrier against antimicrobial agents and hosts immune com-
ponent cells. Notably, under biofilm protection, the micro-
organism not only survives the effects of antibiotics but can
resume growth after withdrawal of antibiotics [119]. Several
studies have suggested that efflux pumps are critical in intrin-
sic drug resistance, acquired drug resistance, and biofilm
formation [120]. Also, efflux pump overexpression enhances
biofilm formation [121]. For example, Rv1877, a protein
belonging to M.tb major facilitator superfamily (MEFES).
Rv1877 expression in Escherichia coli results in an increase
in resistance to several classes of antibiotics. Additionally,
Rv1877 expression increases biofilm formation in E. coli.
The above finding suggests that EPIs, potentially inhibiting
biofilm formation and impairing the activity of the efflux
pump, can be a promising strategy to restore the activity of
existing antibiotics [121].

G. Kumar et al.: DOI: 10.15212/bi0i-2025-0034

11

d

M3IAD




BIOI 2025

Efflux pumps and gene
involvement in antibiotic
resistance among
Mycobacterium spp.

Efflux is a physiologic procedure that expels foreign sub-
stances and endogenous metabolic waste through an efflux
pump to maintain normal cell function [122]. The increased
bacterial resistance to several antibiotic classes is primarily
due to enhanced expression of multi-drug efflux mechanisms
[123]. Efflux can transport numerous substrates out of cells
or specific types of antibiotics [124].

The bacterial efflux pumps are classified into five dif-
ferent superfamilies of proteins, including ATP-binding
cassette (ABC), small multi-drug resistance (SMR), mul-
ti-drug and toxic compound extrusion (MATE), MFS, and
resistance-nodulation-division (RND) [66, 125, 126]. Efflux
pumps belonging to ABC, MFS, RND, and SMR families are
present in Mycobacterium [122]. Transporters require energy
to extrude the substrates outside cells. The ABC superfamily
uses ATP as an energy source and other transporters utilise
the transmembrane PMF or an Na*/H"* ion electrochemical
gradient to move substrates from the pumps [66, 125, 126].

A recent study conducted by Kanji et al. discovered SNPs
in efflux pump genes. According to a comparative analysis,
the detected alleles are either exclusive to DS-TB strains or
found in XDR strains. Importantly, XDR-TB expresses more
Rv2688 and drrB than DS-TB strains [127]. Another study
reported epistatic relations between the drug-resistance gene
in MDR and XDR-TB [128].

ABC transporters

Eukaryotes and prokaryotes have ABC protein transport-
ers. These transporters extrude substances across biological
membranes, including ions, antibiotics, polysaccharides,
peptides, amino acids, and proteins [129]. The ABC super-
family transporter-encoding genes are RvI456c, Rvi457c,
RvI458¢c, Rvi217c, RvI218c, and RvI473. M.tb clinical
isolates overexpressing RvI456c, Rvi457c, and RvI458c
are responsible for RIF, INH, STR, and EMB resistance.
In contrast, RvI473 is involved in M. smegmatis macrolide
resistance via efflux and the transcription factor, WhiB7,
positively regulates RvI473 on exposure to macrolides
[129]. MSMEG-3762 and Rvi687c are annotated as ATP-
binding proteins of the ABC efflux pump in M. smegmatis
and M.tb, respectively. De Siena et al. demonstrated that M.
smegmatis contains the MSMEG-3762/63 protein complex,
which acts as an efflux pump. This efflux pump has been
shown to be responsible for effluxing RIF and ciprofloxa-
cin, and biofilm development [130]. M.tb and M. smegmatis
with the Rv2686c¢-Rv2687c-Rv2688c locus are involved in
ciprofloxacin resistance, and to some extent, other FQs, such
as norfloxacin, moxifloxacin, and sparfloxacin. Notably, FQ
resistance can be decreased by reserpine, CCCP, and verapa-
mil. RvI217c and RvI1218c overexpression in M.th results
in higher RIF MICs, whereas overexpression of RvI218c

alone leads to a higher INH MIC in M.tb [131]. Rvi217¢ and
Rv1218c in M.tb are significantly upregulated during biofilm
formation. Compounds, such as piperine and 1-(1-naphth-
ylmethyl)-piperazine (NMP), inhibit the dose-dependent
expression of RvI217c and RvI218c genes. This finding
suggests that EPIs, such as piperine and NMP, can be used
as adjuvants to primary anti-TB drugs for biofilm inhibition
[132]. Liu et al. carried out point mutations in M.tb (V219A
and S292L) in RvI258c. Interestingly, mutated V219A and
S292L. are responsible for PZA, INH, and STR resistance
in M.tb. Notably, the V219A point mutation is responsible
for low PZA, INH, and STR resistance, whereas the S292L
mutation is associated with increased PZA, INH, and STR
resistance. Piperine reduces INH and PZA resistance in the
S292L mutant but not in the V219A mutant [133].

The RvI258c (TAP-2) efflux pump encodes tetracycline/
aminoglycosides resistance in M.tb and is implicated in drug
resistance to RIF, INH, FQs, and aminoglycosides [134].
EPIs, such as verapamil and piperine, inhibit RvI258c.
Cloete et al. performed molecular modeling and simula-
tion studies of RvI258c and reported the probable binding
sites of the substrate and inhibitors. The substrate, which
has similar binding, was effluxed by the Rv1258c pump and
inhibited efflux by piperine. The modeling studies revealed
that spectinamide binds differently than other substrates,
suggesting spectinamide can escape RvI258c¢ efflux pump
activity [134].

MFS transporters

MES proteins identified in bacteria include Rv2209, Rv3331,
Rv1902c, Rv1672c, Rv0191, Rv0849, Rv2456¢, Rv0037c,
Rv0842, Rv0876¢c, Rv1258c, Rv2508c, Rv0783c, Rv1250,
Rv1410c, Rv1634, Rv1877, Rv2333c, Rv2459, Rv2846c,
Rv3239c, Rv3728, Rv2265, Rv1200, Rv3476¢, Rv026lc,
Rv0267, Rv1737¢c, Rv2329c, and Rv2994 [121].

EfpA is part of the QacA transporter family, which
belongs to the MFS. Several studies have confirmed upreg-
ulation of EfpA in several clinical M.tb strains, including
the M.tb strains resistant to INH, RIF, OFX, or multidrug
treatments. BRD-8000.3 and BRD-9327 are potent inhib-
itors of EfpA [135, 136]. Recently, Wang et al. reported
that the cryo-EM structures of EfpA in an outward open
conformation bind to endogenous lipids or inhibitor BRD-
8000.3. Three lipids in EfpA extend from the inner to the
outer leaflet of the membrane. BRD-8000.3 occupies a
lipid site within the inner membrane leaflet, which compet-
itively inhibits lipid binding. Based on this study, Wang et
al. stated that the EfpA structure is similar to the lysophos-
pholipid transporter, MFSD2A, and the lipid-binding site
functions as lipid flippase. Notably, the inhibitor, BRD-
8000.3, prevents lipid entry into the pathway, while BRD-
9327 likely disrupts the lipid flipping process between
site A and site B [137].

Umar et al. evaluated the impact of anti-tubercular drugs
on the mRNA efflux pump gene, RvI250, in M.tb patients.
A polymerase chain reaction revealed that the susceptible
(n = 11) and resistant (n = 40) groups had different levels
of RvI250 mRNA expression (5.961 + 0.414 and 10.192 +
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1.978 fold changes; P < 0.05). The extent of RvI250 expres-
sion depends upon exposure to antimicrobial drug treatments
[138]. Chloramphenicol resistance is linked to RvO191 of the
MES transporter. Notably, Rv1353c controls RvO191 tran-
scription. Hence, when Rv1353c is overexpressed, transcrip-
tion of RvO191 is downregulated, making the strain more
susceptible to chloramphenicol [139]. The TetR-related
transcriptional repressor, LfrR, regulates the primary facil-
itator family gene LfrA expression, which actively extrudes
FQs, cationic dyes, and anthracyclines out of the cell and
promotes innate resistance to antibiotics. The increased
expression of LfrA has been shown to be responsible for FQ
resistance [139].

EfpA belongs to the MFS family and is highly conserved
in M.tb and slow- and fast-growing Mycobacterium spp.
M.th with EfpA overexpression is responsible for resist-
ance to FQs, INH, RIF, tetracycline, and clofazimine [140].
A recent study demonstrated that controlled expression of
the EfpA gene in M. smegmatis increases drug tolerance by
32-fold to RIF, INH, STR, and amikacin. At the same time,
M. smegmatis and M. bovis BCG overexpressing EfpA have
higher drug tolerance to moxifloxacin by >180- and 8-fold,
respectively [141].

There are 112 M. smegmatis mc?155 MFS members,
which typically include 6-15 conserved transmembrane
domains. The MSMEG 3705 gene of M. smegmatis
mc?155 encodes a transporter protein containing 12
alpha-helical transmembrane domains. Zhang et al. deleted
MSMEG_3705, which was designated as M. smegmatis
mc?155 AMSMEG_3705. Interestingly, the mutant strain,
M. smegmatis mc?155 AMSMEG 37035, is more sensitive
to capreomycin and accumulates more EtBr than the wild
strain. Deleting MSMEG_3705 also influences and affects
bacterial growth. Deleting MSMEG_3705 causes upregu-
lation of MSMEG_3706, a gene that encodes an isocitrate
lyase (ICL), and downstream MSMEG_3705, which might
be responsible for faster growth in the mutant strain (M.
smegmatis mc>155 AMSMEG_3705) [142].

Small multidrug resistance (SMR)
family

M.tb TBsmr (previously mmr [Rv3065]) of the SMR super-
family has approximately 43% sequence homology to E.
coli EmrE. Antibiotics and fluorescent dyes are among the
substances that TBsmr, a secondary active multi-drug trans-
porter, transports [143]. Rv3066 controls Mmr expression
[144]. Additionally, it has been shown that Mmr is sig-
nificantly overexpressed in M.tb strains exposed to INH.
Overexpressed mmr reduces sensitivity to safranin O, acri-
flavine, and EtBr in M.tb, and simultaneously verapamil and
CCCP restores responsiveness [145].

Resistance-nodulation-division
(RND) Superfamily

The RND family efflux pumps, such as membrane proteins
large (MmpL) and mycobacterial small membrane protein

(MmpS), are present in M.tb. The genomic sequence of M.th
H37Rv reveals 14 types of mmpL genes. Different species
have different numbers of mmpL genes. For example, M. lep-
rae has 5 mmpL genes, whereas M. abscessus has 31 mmpL
genes. Specifically, MmpS5/MmpL5 is responsible for an
efflux of azoles, clofazimine, BDQ, and ionophores [125].
Notably, alteration in the Rv0678 gene is involved in upreg-
ulating the mmpS5-mmpL5 genes. Importantly, M.tb with
MmpS5-MmL5 overexpression shows resistance to INH,
RIF, and diarylquinolines [140]. M. smegmatis cell over-
expression of the mmpL7 gene leads to INH efflux and is
responsible for INH resistance. The level of INH resistance
is reduced in the presence of reserpine and CCCP [140].

Previous work has shown that the Mmr transporter is
overexpressed in strains exposed to INH and mmr knock-
out mutants have enhanced sensitivity to ethidium bromide,
tetraphenylphosphonium, and cetyltrimethylammonium
bromide (CTAB). Overexpressed mmr reduces sensitivity to
EtBr, acriflavine, and safranin O, and this effect is decreased
in the presence of verapamil and CCCP. Importantly, INH
susceptibility in M.tb is independent of mmr expression
[145].

The role of MmpL3, MmpL7, and critical genes, such as
katG, inhA, and nat, was studied to understand INH resist-
ance in M.tb. The investigation suggested that the katG gene
has a substitution mutation AGC-ACC at codon 315, the inhA
promoter expresses C replacement at nucleotide position 15,
and a silent mutation GGA to GGG at codon 207 in the nat
gene. Taken together, these mutations are thought to be the
factors responsible for INH resistance. Remarkably, no iso-
lates exhibited mutations in MmpL3 and MmpL7 [146]. The
TetR family transcription factor, MAB_2299c gene, which
codes for MmpS-MmpL efflux pumps, controls MAB_2300-
MAB_2301 and MAB_I1135¢c-MAB_1134¢c expression.
Deleting MAB_1135¢c-1134c¢ in M.tb increases susceptibil-
ity to clofazimine and BDQ. MAB_1135c¢-1134c encodes
MmpS-MmpL in M. abscessus. Interestingly, deletion of
MAB_2300-MAB_2301 and MAB_1135¢c- MAB_1134c
genes in a mutant lacking MAB_2299¢ and MAB_2300-
MAB_2301 exacerbate strain sensitivity to clofazimine and
BDQ [147].

Several studies have demonstrated that MmpS4/MmpL4
and MmpS5/MmpL5 constitute part of the siderophore
export system in M.th. The MmpS4/MmpL4 and MmpS5/
MmpLS5 systems export and recycle siderophores, includ-
ing mycobactins and carboxymycobactins, in M.tb [125]. A
study was conducted using green fluorescent protein (GFP),
which revealed that MmpL5 forms a homotrimeric func-
tional complex in the inner membrane in the presence of
MmpS5. MmpS5 expression facilitates assembly of mono-
meric MmpL5 into a homotrimer, which promotes extrusion
of several antimycobacterial drugs [148]. The intracellular
concentration of 3H-radiolabelled econazole was measured
in M. bovis. The MmpS5/MmpL5 system was responsible
for decreasing the concentration of econazole in the M.
bovis, and after the addition of CCCP, the concentration
was maintained inside M.bovis. This finding suggested that
econazole is a substrate for the MmpS5/MmpL5 system in
M. bovis [125]. Farina et al. studied the role of MmpS5/
MmpLS5 and its gene regulator (Rv0678) in MDR isolates.
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Genetic mutations in MmpL5 (Rv0676) due to insertion,
deletion, and substitution could change the functionality of
the efflux pump and cause a significant reduction in drug
susceptibility, thus developing drug resistance in M.tb strains
[149]. In another study, clofazimine-resistant M.tb strains
were isolated, unexpectedly showing cross-resistance to
BDQ. Furthermore, genomic analysis revealed that muta-
tions in the transcriptional regulator, Rv0678, were shown
to be responsible for the concomitant upregulation of the
efflux pump, MmpL5, and thus were responsible for BDQ
resistance [150]. Additionally, other studies have confirmed
the role of the MmpS5-MmpL5 efflux system thiacetazones,
azoles, and imidazo[1,2-b][1,2,4,5]tetrazines, and spiroketal
indolyl Mannich bases [151, 152].

Overexpression of genes and trans-
porters

The T28 erm(41) gene, positive regulatory gene, whiB7,
and efflux genes, including MAB_2355c¢, MAB_1409c,
and MAB_1846, are responsible for enhanced clarithromy-
cin resistance [153]. Notably, MAB_2355¢ belongs to the
ABC-F family protein and is involved in ribosome protec-
tion. MAB_2355c¢-deleted strains have increased sensitivity
to macrolide [154]. In addition, M. abscessus strains exposed
to clarithromycin had efflux pump gene (MAB_3142 and
MAB_1409) overexpression. However, verapamil increases
clarithromycin susceptibility to M. abscessus by 4- to 264-
fold. The above finding suggests that T28 erm(41) polymor-
phisms and overexpressed efflux genes are responsible for
macrolide resistance in M. abscessus subsp. abscessus and
bolletii [155].

Rodrigues et al. exposed M. bovis BCG to INH to
induce INH-resistant strains, which demonstrated an
increased extrusion activity and enhanced expression of
efpA, mmpL7, mmr, p55, and the Tap-like gene, RvI258c.
Notably, EPIs (chlorpromazine, thioridazine, and verapamil)
decreased INH resistance in INH-induced resistance [156].
Overexpression of jefA (Rv2459) in M.tb showed resistance
to INH and EMB [157].

Overexpression of genes in Mycobacterium, including
Rv0191, Rv3756¢, Rv3008, and Rvi667c, are responsible for
resistance to PZA and pyrazinoic acid. Notably, reserpine,
piperine, and verapamil increase M.tb strain susceptibility to
PZA, having overexpressed Rv0I191, Rv3756¢, Rv3008, and
Rv1667c [158]. Zimic et al. determined the vulnerability of
M.th and M. smegmatis based on the efflux of pyrazinoic
acid. Zimic et al. reported the efflux of pyrazinoic acid was
within the range and resistant M.zb strains exhibited below
this range. Also, pyrazinoic acid efflux was higher in M.
smegmatis than M.tb [159].

Caleffi-Ferracioli et al. exposed M.tb H37Rv to RIF, ver-
apamil, and RIF + verapamil for 16 h and 72 h. Expression
of efflux genes was determined after 72 h, which included
Rvi1456, Rv3065, Rvi458, Rvi457, Rv2846, Rvi258,
Rv2942, Rvi217, Rv2459 and RvIi410 for RIF, Rv3065,
Rv1457, and RvI410 for verapamil, and RvI457, Rv2846,
Rv1258 and Rv2942 for RIF + verapamil. Treatment with
RIF + verapamil lowered all the efflux pump genes, except

for Rv2846, compared to RIF. Additionally, combining these
drugs leads to cumulative morphologic changes (wrinkles
and rounding) to M.tb [160].

In another study, Narang et al. evaluated the role of MmpL2
(Rv0507), MmpL5 (Rv0676¢), Rv0194, and RvI250 in RIF-
resistant M.tb. The RIF-resistant strain had an Rv0194 induc-
tion of 50%, mmpL5 induction of 44%, RvI250 induction
of 25%, and mmpL2 induction of 12.5%. RIF-susceptible
isolates exhibited Rv0794 induction of 18%, mmpL5 induc-
tion of 9%, Rv1250 induction of 18%, and mmpL2 induction
of 9%. This study found There was no combination role for
Rv0194, MmpL2, MmpL5, and RvI250 genes in RIF resist-
ance. However, the RIF-resistant isolates had more Rv0194
and mmpL5 overexpression than RIF-susceptible isolates
[161].

THP-1 infected with M.tb H37Rv were treated with RIF
and verapamil alone and in combination. RIF exposure led
to enhanced expression of efflux pump genes in the SMR,
ABC, and MFS families. In association with verapamil, RIF
led to downregulation of eight efflux genes, which suggests
that verapamil exhibits efflux pump inhibitory activity inside
the macrophage and thus could be beneficial in treating TB
in humans [162].

Li et al. reported that RIF-monoresistant M.tb isolates had
mutations in rpoB overexpressed with one or two of efflux
pump genes, such as Rv2333, drrB, drrC, Rv0842, bacA,
and efpA. Notably, CCCP, VP, TZ, and CPZ modulated RIF
activity in clinical strains [163].

Machado et al. investigated the relationship between
mutations and the role of efflux pump genes in drug resist-
ance. After exposure of anti-TB drugs to M.tb isolates, the
efflux pump genes (mmr, mmpL7, Rvi258c, p55, and efpA)
were shown to be overexpressed. Additionally, these strains
had mutations, including C-15T (inhA prom), S94A (inhA
ORF), I194T (inhA ORF), S315T (katG), D735A (katG),
S315T (katG), S531L (rpoB RRDR), D516Y (rpoB RRDR),
A1401G (rrs 1400 region), wt/A1401G* (rrs 1400 region),
G-10A (eis prom), ins GT at POS 755/756 (tly), D94N (gyrA
QRDR), A90V (gyrA QRDR), and S91P (gyrA QRDR).
Efflux of the substrates was reduced using EPIs. However,
these EPIs were not able to reverse antibiotic resistance
[164]. Therefore, the level of drug resistance seen in these
strains resulted from efflux activity and a mutation in a
target gene for drug resistance [164]. Figure 4 depicts the
Mycobacterium membrane and efflux pumps. The efflux
pump superfamily and the efflux pumps with substrate and
inhibitors are listed in Table 5.

EPIs

EPIs target bacterial efflux proteins to prevent the extrusion
of substrates from the bacterial membrane. When used in
combination with antibiotics, EPIs offer a promising strategy
to combat efflux pump activity. The benefits of EPIs include
the following: (i) inhibiting the efflux of anti-TB drugs,
thereby reversing drug resistance in M.tb; (ii) producing syn-
ergistic effects with anti-TB medications; and (iii) reducing
the required dosage of the drugs [165, 166].
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Figure 4 A schematic representation depicting the Mycobacterium membrane and the efflux pump families.

Natural products and analogs
acting as Mycobacterium efflux
pump inhibitors

Piperine (1) is an alkaloid that exhibits moderate antimy-
cobacterial activity against M.tb H37Rv with an MIC value
of 128 pg/mL. Immunomodulatory activity, and in combi-
nation with rifampicin, improved efficacy and decreased
bacterial loads in the lungs of infected mice were shown
[167]. Moreover, piperine showed inhibitory activity against
Rv1258c, a putative multidrug efflux pump of M.tb. Piperine
reduced the MIC and the mutation prevention rifampicin con-
centration in M.tb H37Rv and MDR M.1b clinical isolates.
Furthermore, piperine enhanced the bactericidal activity of
rifampicin and significantly extended the post-antibiotic
effect [168]. In another study, piperine showed synergistic
activity with streptomycin against M.tb H37Rv [169].

Farnesol (2 [32 pg/mL]), in combination with ethidium
bromide (EtBr), modulates farnesol (2) activity, reduces the
MIC by 4-fold, and enhances the accumulation of EtBr in M.
smegmatis. Moreover, farnesol (2) exhibits synergism with
RIF against M. smegmatis [170].

Reserpine (3; Figure 5) has anti-mycobacterial activity
against M.tb H37Rv with an MIC value of 128 png/mL [171].
Reserpine inhibits the efflux pump of M.7b and increases the
intracellular concentration of the ciprofloxacin (MIC value
of 4 ng/mL against MDR M.tb) [171]. The reserpine mode

of action reduces drug excretion and decreases the energy
supply through ATP hydrolysis. Reserpine increases the
intracellular concentration of ciprofloxacin in M.tb and sus-
ceptibility to bacilli [172].

Groblacher et al. isolated diarylheptanoid scaffold
compounds, including trans,trans-1,7-diphenylhep-
ta-4,6-dien-3-one (4; Figure 5), (5R)-trans-1,7-diphenyl-5-
hydroxyhept-6-en-3-one (5; Figure 5), (3S,5S)-trans-1,7-
diphe-nylhept-1-ene-3,5-diol (6; Figure 5), and in the fla-
vonoid category, pinocembrin (7; Figure 5), from Alpinia
katsumadai belonging to family Zingiberaceae [173]. The
identified compoundsefflux pump inhibitory and anti-myco-
bacterial activities were assessed in M. smegmatis mc® 155.
Compounds (4-7) inhibited M. smegmatis mc> 155 with
MIC values of 2128, 64, 2128, and 128 mg/L, respectively.
Compound 4 (64 mg/L), 5 (32 mg/L), 6 (64 mg/L), and 7
(64 mg/L) modulated RIF activity by 4- to 8-, 4-, 4-, and
2-fold, EMB activity by 1-, 1-to 2-, 2-, and 2- to 4-fold, INH
by 1-, 1-, 2-, and 1-fold, ciprofloxacin activity by 1-, 2-, 2-,
and 1- to 2-fold, and EtBr activity by 4-, 8-, 8-, and 4-fold,
respectively [173]. Although diarylheptanoids and pinocem-
brin exhibited weak anti-mycobacterial activity, these com-
pounds accumulated EtBr and decreased the RIF MIC. Thus,
the diarylheptanoids class of compounds could be developed
to reverse anti-mycobacterial drug resistance. Furthermore,
compounds 4-7 should be evaluated in other Mycobacterium
spp- and in vivo models of TB infection. Also, the safety
should be considered in the cell model of TB infection [173].

G. Kumar et al.: DOI: 10.15212/bi0i-2025-0034

15




To)
S
AN [091] [lwedelsp uordweyy Zv6end
m [v82] auldiasal pue ‘auozelpAy |Ausydolojyo-w apiueho |Auoqien pizeluos| /7dwpy
m ‘uioidureis (8290MH)
[ge] seain |Ajuewepe pue ‘sddHl ‘sepiuexogqiesjopul ‘60L0S ‘2leINg pue ‘pizejuosi saioydouol ‘auljinbepaq ‘@uiwize}od ‘sajozy grdwpn/ssdwpy  Ajwepadns gnd
[S¥1] auozelpAy |Ausydoiojyo-w apiueko |Auogqieo pue |iwedelsp O UlUBIJES pUR ‘BUIAB|JLIOR ‘DpIWOoIg WNIPIYIT JWN
[ezl] auozelpAy |Ausydoiojyo-w apiueko |Auogqieo pue |iwedelsp apIWOoIq WNIPIYI® PUE ‘BUIABIO. ‘O UlUBljeS G908 HIAS
[esz] 21
[9G1] liwedesop vdi3
[1ei] 8cLend
[851] pioe olouizelAd pue spiweuizeild 800eAY
[Lei] ¥662nd
[1et] 291782nY
[09k 251 “tel] |iwedesap ‘pizeiuos| 6Gend
[1et] seaulfoens] ogeeeny
[1el] sauojouinbouiol4 €91AYH
44
791 ‘0G| ‘egt] jlwedesan pue auuadid upAweuey pue ‘pizeiuosi ‘uoidweyy 08G2IAY
[ege 291 ‘9G1] 61804
[291 ‘9G1] €8.20nd
[6eL] auuadid pue ‘lwedelan ‘euidiasey j0o1uaydwelojyd pue ‘pioe djouizelAd ‘epjweuizelfd 1610AY
6780/
[182] uoAwoiynzy 9071 AVIN  Ajwepadns SN
[ro1] [lwedeian pue suidiesey did ¥610AH
[6S1 ‘gS1] auniadid ue ‘lwedelan ‘euidiosay pioe olouizelAd pue spiweuizeild 29G/61H
[8G1] auuadid pue ‘lwedelan ‘auidiosay aplweuizelfd 09/99|AY
[8G1] auuadid pue ‘[lwedelan ‘euidiosay aplweuizelfd 1610AY
[18e] upAwolynzy 90€€ AVIN
[1el] suizeladid-(AylewiAyydeu-1)-| pue suniedid pizejuos| oglglAY
[1e1] auizeladid-(AylewiAyydeu-1)-| sue sunedid upidweyy o/12IAy
aulwWizejo| pue
[eell] auizeladid-(JAuawiAyiydeu-|)-L pue suuadid  ‘428-vd ‘eullinbepaq ‘pijozaul] ‘uloeXolIXOW ‘udiduiel ‘pIZeluos| 28lzlny
[621] Jlwedelan ue ‘euidiesal ‘euozelpAy |Ausydoiojyo-w apiuekd j[Auogien urpAwouyyze pue ‘uAwoiyihie ‘upAwoiylxoy [SYAANNT|
[ogz] Jlwedelan ‘pue uidiasey pizeluosi pue uidwejy qup/vp
[oel] uloexojjoidid pue uoldwey  §9/£9/29.8 HDINSW
(uroexoppeds
[622] nwedeian pue ‘auidiasal ‘suozelpAy |Ausydoiojyo-w spiueld |Auogie) PUE ‘UIoBXOjIXoW ‘UloeXojHou ‘uioexopoldio) sauojouinboiol4 088/0/8/29892Nd  Ajwepadns gy
Ajwey
Japodsuel)
‘Joy siouqiyu) dwind xniy3 (serensqgns) anoiquuy dwing xniy3 dwind xny3

M3IN3Y

SIONQIYU] UMOUY pue 8jensgng Jisyl yum sdwind xnjy3 pue Ajiwed Japodsuel] dund xnjiy3 G ajgel

DOI: 10.15212/bioi-2025-0034

G. Kumar et al.:

16



BIOI 2025

(0]
P
0]
o—/

Piperine (1) Farnesol (2)

] OH OH

(@)

T A e s

Carvacrol (8)

R-limonene (9) S-limonene (10)

OCHs O OCH,
H3CO O O| OCHj4
H3CO
HCO O
Nobiletin (15)
CHj

(6)
O X

HOAES’O CHs
/ﬁ_'

0.0

H
Wogonin (18) 19)

Figure 5 Chemical structures of natural products as EPls.

Nakamura de Vasconcelos et al. evaluated carvacrol (8;
Figure 5) and its derivatives for efflux pump inhibitory activ-
ity. Compound 8 promoted the accumulation of EtBr in M.tb
H37Rv, which exhibits a relative final fluorescence (RFF) of
0.38 (similar to verapamil with an RFF of 0.20). Carvacrol
displayed anti-mycobacterial activity against M.tb H37Rv
with an MIC value of 76 pg/mL. Carvacrol demonstrated
synergistic activity with RIF. However, carvacrol derivatives
showed no anti-mycobacterial activity [174]. Additionally,
compound 8 demonstrated EPI activity in several strains,
including Salmonella enteritidis 1129 strains, S. typhimu-
rium LT2 DT104, E. coli ATCCR 35218, and Staphylococcus
aureus ATCCR 25923 [175]. Sieniawska et al. evaluated nat-
ural terpenes (R-limonene [9; Figure 5]), S-limonene (10;
Figure 5), myrcene (11; Figure 5), sabinene (12; Figure
5), and B-elemene (13; Figure 5) in combination with first-
line anti-TB drugs [176]. compounds 9-13 showed anti-
mycobacterial activity against M.tb with MIC values of 64,
64, 32, 32, and 2 pg/mL. Of all the compounds examined,
compound 10 showed the most synergistic efficacy against
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M. tb with all first-line anti-TB drugs. Compound 10 modu-
lated the EMB MIC from 16 to 0.475 pg/mL, the RIF MIC
from 16 to 0.237 pg/mL, and the INH MIC from 32 to 0.475
pg/mL. Compounds 9 and 11-13, and 12, in association with
first-line antibiotics, modulated the antibiotic MIC in M.tb
(from 3.9 to 0.475 pg/mL for EMB, 15 to 0.475 pg/mL for
INH, and 0.475 to 0.237 pg/mL for RIF). However, a-pinene
in combination with EMB and INH showed the opposite
effect in M.tb and increased MIC values from 16 to 125 pg/
mL for EMB and from 32 to 125 pg/mL for INH [176].
Solnier et al. evaluated flavonoids (skullcapflavone II [14;
Figure 5], nobiletin [15; Figure 5], tangeretin [16; Figure
5], baicalein [17; Figure 5], and wogonin [18; Figure 5])
against M. smegmatis mc*> 155, M. aurum ATCC 23366,
and M. bovis BCG ATCC 35734 for anti-mycobacterial and
efflux pump inhibition activity [177]. The anti-mycobacte-
rial activity results indicated that compounds 15-18 had an
MIC,, value <31.25 mg/L. against M. aurum and compound
14 had an MIC,, value of 7.8 mg/L. Compounds14, 15, and
18 had anti-mycobacterial activity against M. smegmatis
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mc? 155 with an MIC,, value <128 mg/L and compound 17
inhibits M. smegmatis mc? 155 with an MIC,, value of 31.25
mg/L. Compounds 14-18 had activities against M. bovis
BCG ATCC 35734 with MIC,, values of 31.25, 62.5, 31.25,
250, and 500 mg/L, respectively. Among these flavonoids,
compounds 14 (32 mg/L), 15 (32 mg/L), 16 (32 mg/L), 17
(8 mg/L), and 18 (32 mg/L) modulated the activity of EtBr
and RIF in M. smegmatis mc? 155 with modulation factors
of 128 and 8, 2 and 32, 2 and 32, 8 and 32, and 4 and 16,
respectively. These results suggested that flavonoids could
be used as adjuvants in combination with RIF to reverse drug
resistance [177].

Seven carvotacetones were extracted from Sphaeranthus
africanus by Tran et al. and screened against the mycobac-
terial model strains Mycobacterium smegmatis mc* 155, M.
aurum ATCC 23366, and M. bovis BCG ATCC 35734 for
determination of anti-mycobacterial and EPI activities [178].
All carvotacetones exhibited moderate anti-mycobacterial
activity against M. smegmatis mc? 155, ranging between 32
and 128 pg/mL. Representative carvotacetones (compound
19; Figure 5) and (compound 20; Figure 5) strongly modu-
lated the activity of RIF and EtBr in M. smegmatis mc? 155.
Compound 19 (at 1 and 16 mg/L concentrations) modulated
EtBr activity by 8-fold and RIF activity by 2-fold in M.
smegmatis mc? 155. Compound 20 (1 mg/mL) was only able
to modulate EtBr activity 8-fold in M. smegmatis mc? 155.
Moreover, compounds 19 and 20 inhibited M. aurum ATCC
23366 with MIC values of 85.9 and 78.5 uM and M. bovis
BCG ATCC 35734 with MIC values of 42.9 and 78.5 pM,
respectively [178].

Stephania tetrandra S. Moore’s root contains tetrandrine
(compound 21; Figure 5). Tetrandrine is used in traditional
Chinese medicine to treat angina pectoris, cardiac arrhyth-
mia, and hypertension. Tetramdrome has calcium channel
antagonist properties and interacts with the slowly gated
K (Ca*?) channel and the voltage-activated L- and T-type
Ca*? channels with variable degrees of specificity and affin-
ity [179]. Zhang et al. evaluated compound 21 against 200
isolates resistant to isoniazid and ethambutol. Incubation of
compound 21 with M.rb strains (resistant to INH and EMB)
showed no activity against growth at 30 pg/mL. Compound
21, in association with EMB, modulated EMB activity and
reduced the MIC by > 64-fold from 80 pg/mL to 1.25 pg/
mL. Also, Compound 21reduced the MIC of INH by >
32-fold from 8 pg/mL to 0.25 pg/mL. Notably, compound
21 showed a reversal in MIC in 82% resistant M.tb strains,
which was more potent than verapamil. This finding sug-
gested that compound 21 could be developed as an adjuvant
in combination with first-line anti-TB drugs [180].

Synthetic compounds as
Mycobacterium spp. efflux pump
modulators

Proton influx into the cytosol is induced by the protono-
phore, CCCP (22; Figure 6). Compound 22 controls proton
influx by generating electrochemical potentials from CCCP
and CCCP- anions. This process is not dependent on the

electrochemical H* gradient. Furthermore, this action leads
to disruption of energy sources in the membrane [181]. As
a result of the diminished F, F -ATP synthase activity, the
principal active ABC transporters are also affected. All trans-
port processes are hampered by a lack of energy, including
importing and exporting nutrients through the cell membrane
components. CCCP treatment decreases overexpression of
the mmpL7 gene and can reverse the resistance associated
with the mmpL7 gene [182].

Clinically, verapamil (23; Figure 6) alleviates heart con-
ditions. Verapamil moderately inhibits M.tb H37Rv with an
MIC value of 128 pg/mL. Verapamil enhances the effec-
tiveness of several anti-tubercular drugs in vivo and in vitro.
The cationic amphiphile nature disrupts the bacterial mem-
brane and creates a stress response in Mycobacterium spp.
[183]. The homo-tetrameric bacterial Ca** channel inhibits
ATP-binding cassette transporters and Ca”* selectivity filter
from the intracellular side [160, 184]. Moreover, verapamil
modulates the potency of anti-TB drugs. Moreover, in asso-
ciation with RIF, verapamil helps lower the fractional inhib-
itory concentration index (FICI), reduces viable cell counts,
and decrease efflux pump genes [160]. Verapamil also reg-
ulates downregulation of efflux pump genes in M.tb inside
the macrophages and enhances the accumulation of ethidium
bromide in the cells [162, 185]. The BDQ and clofazimine
MICs were lowered by verapamil against drug-susceptible
and -resistant M.tb strains [186]. Additionally, verapamil
increases systemic BDQ exposure, which boosts the effec-
tiveness of BDQ in treating murine TB infection. In con-
trast, verapamil does not influence the oral bioavailability
or effectiveness of clofazimine in mice [187]. Moreover,
verapamil increases Q203 activity against M.tb in vitro and
ex vivo in an unidentified overexpressed efflux pump [188,
189]. Verapamil and its analogues (compounds 24 and 25;
Figure 6) exhibit improved synergy with RIF and compara-
ble anti-TB activity [190, 191].

Two lines of evidence indicate that the M.tb drug efflux
pumps have a role in the drug tolerance induced by mac-
rophages. In a virulent laboratory strain (CDC1551), the
genetic knockdown of the MFS efflux pump Tap (Rv1258c)
leads to loss of RIF tolerance, which is usually observed when
M.tb infects macrophages. It has also been observed that
drug tolerance induced by macrophages is inhibited by var-
ious structurally distinct drugs that are known to block bac-
terial efflux pumps [192]. Lake et al. reported that verapamil
reduces M.tb RIF efflux and macrophage-induced RIF toler-
ance. Notably, verapamil and proton pump inhibitors (PPIs),
including omeprazole, pantoprazole, lansoprazole, and lan-
soprazole sulfide, decrease RIF efflux, intramacrophage pro-
liferation, and macrophage-induced tolerance. Most anti-TB
drugs have shown macrophage-induced tolerance. It will be
interesting to determine if anti-TB agents and PPIs reverse
drug resistance and tolerance. Further, in vivo studies should
be conducted to assess the translation value [193].

Initially, phenothiazines were identified as anti-psychotic,
but scientists were subsequently curious about potential
anti-mycobacterial effects [194]. According to the inves-
tigations, phenothiazines selectively block M.tb type II
NADH dehydrogenases. As a result, phenothiazines hin-
ders oxidative phosphorylation and the respiratory chain

18
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electron transfer from NADH to menaquinone. PMF and
ATP depletion are caused by respiratory chain disturbance.
Additionally, thioridazine enhances cell wall permeability
by changing plasma membrane composition [184]. Among
phenothiazines, chlorpromazine (26), trifluoperazine (27),
thioridazine (28), and methdilazine (29; Figure 6) were
shown to have anti-mycobacterial activity [195]. Kumar et
al. synthesised hybrid compounds (having verapamil and
tricyclic chemo-sensitizer core of phenothiazines), which
exhibited intrinsic anti-mycobacterial and intracellular activ-
ities in macrophages [196]. In free form, thioridazine (28)
is toxic to cells and zebrafish embryos. The encapsulation
of thioridazine in poly(lactic-co-glycolic) acid nanoparticles
results in no toxicity. Combined with RIF nanoparticles, the
encapsulated thioridazine showed a slight boost in the abil-
ity of macrophages to kill M. bovis BCG and M.tb [197].
Thioridazine exhibits bactericidal against M. avium by
inhibiting intracellular growth at 2X MIC by blocking EtBr
efflux [198].

A panel of drug-resistant M.th was used to assess the
mycobacterial potential of EPIs with ion channel blocking
capabilities, such as verapamil, thioridazine, chlorpromazine,
flupenthixol, and haloperidol. These compounds demonstrate
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synergistic activity with INH and RIF and inhibit efflux
pumps. In addition, these compounds in combination dis-
played activity against M.tb. The bactericidal action of com-
pounds was due to blocking of ion channels, which decreased
intracellular ATP levels. These substances also decreased the
intracellular mycobacterial burden by activating lysosomal
hydrolase and phagosome acidification. Therefore, ion chan-
nel inhibitors could be developed as adjuvants for treating TB
caused by susceptible and resistant isolates [199].

Furthermore, Pieroni et al. synthesized hybrid scaffolds
containing thioridazine, verapamil, and the representative
synthesized compounds (30-33; Figure 6), demonstrated
higher efflux inhibitory activity, less cytotoxicity, and a syn-
ergistic effect with anti-TB drugs in vitro and in intracellular
macrophages [200]. Timcodar (34; Figure 6) showed weak
inhibition against M.tb with an MIC value of 18.7 pg/mL.
Synergistic activity with RIF, BDQ, and clofazimine was
shown but not with other anti-TB agents. In addition, timco-
dar exhibited a 10-fold increase in growth inhibition against
M.tb cultured in host macrophages and demonstrated syn-
ergy with RIF, moxifloxacin, and BDQ [201]. Moreover, the
efficacy of RIF and INH was demonstrated in a mouse model
of M.tb infection than each drug alone [163].
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Li et al. reported lowering the RIF MIC in combination
with EPIs (carbonyl cyanide m-chlorophenyl hydrazine,
verapamil, thioridazine, and chlorpromazine) on RIF-
monoresistant isolates (rpoB) overexpressed with one or two
putative efflux pump genes (Rv2333, drrB, drrC, Rv0§842,
bacA, and efpA) [163].

M. abscessus subsp. abscessus was exposed to antibiot-
ics, such as amikacin, cefoxitin, clarithromycin, clofazimine,
and tigecycline, for 24 h in another study. RNA sequencing
was evaluated after antibiotic exposure. All five antibiotics
(amikacin, cefoxitin, clarithromycin, clofazimine, and tige-
cycline) induced expression of one or more genes responsible
for efflux transporter systems. In addition, antibiotics acting
through ribosomes exhibited the most pronounced effects in
expressing genes responsible for efflux pumps. A time-kill
kinetics study showed that amikacin, cefoxitin, clarithromy-
cin, clofazimine, and tigecycline in combination with EPIs
(thioridazine and verapamil) had synergistic activity. One
interesting observation from this study was that ribosome-tar-
geting antibiotics resulted in pronounced efflux transporter
expression. This finding suggested that antibiotics targeting
ribosomes could be explored for expression of efflux pumps
and possible efflux pump inhibition activity [202].

Thirty-one phenotypically and genotypically identified
M. abscessus subsp. abscessus, M. abscessus subsp. massil-
iense, and M. abscessus subsp. bolletii clinical isolates were
screened for BDQ activity in the presence and absence of
verapamil and reserpine. Interestingly, verapamil reduced
the BDQ MIC in all 100% isolates of M. abscessus subsp.
by modulating BDQ activity from 4- to 32-fold and achieved
maximum activity in M. abscessus subsp. bolletii. While
reserpine reduced the BDQ MIC in all 54.8% isolates of
M. abscessus subsp. and modulated the activity by 2- and
4-fold. This finding suggested that BDQ could be developed
as combination therapy with verapamil as an adjuvant for
treating M. abscessus-associated infections in humans [203].

Menichini et al. evaluated clarithromycin in combination
with berberine or CCCP, piperine, or tetrandrine in 12 MAC
clinical isolates. Mutations were present in domain V of the
23S RNA gene that affect the activity of EPIs on clarithro-
mycin-resistant strains of MAC. Specifically, it was observed
that the nucleotide change (A—C at position 2059) in strains,
such as MAH 2587, MAH 2854, and MAH 2915, maintains
a resistant phenotype despite a significant reduction in the
MIC of clarithromycin when EPIs (berberine, CCCP, and
piperine) are present. In contrast, strain MAH 1565 exhibited
a point mutation at position 2058, with a nucleotide change
from A—G, which restored sensitivity to clarithromycin in the
presence of tetrandrine. Additionally, strain MI 2895 exhibited
a nucleotide change (A—T), resulting in an intermediate phe-
notype when treated with berberine and tetrandrine. The over-
all finding suggested that on treatment with EPIs (berberine,
CCCP, piperine, or tetrandrinAC-resistant strain was made
susceptible to clarithromycin [204].

Disulfides are obtained from Allium Stipitatum and possess
antibacterial properties. Disulfide analogues (35-37; Figure
7) showed anti-mycobacterial effects by suppressing the
drug efflux pump and biofilm formation [205]. The category
of synthetic compounds included tetrahydropyridine deriv-
atives, which possess calcium channel regulators. With this

in view, Halicki et al. evaluated 2,2,2-trifluoro-1-(1,4,5,6-
tetrahydropyridin-3-yl) ethanone (NUNLO2) [compound
38; Figure 7] in combination with anti-TB drugs against
M.th-resistant strains. Compound 38 inhibited susceptible
M.tb H37Rv and FURG-2 (MDR) with MIC values of 25
and 12.5 pg/mL, respectively. Also, compound 38 (1.56 pg/
mL) in association with RIF reduced the RIF MIC by 16-fold
(from 256 to 16 pg/mL). Consequently, compound 38 makes
the MDR-TB strains more susceptible to RIF. Notably, com-
pound 38 increases EtBr accumulation in the FURG-2 strain
more than susceptible M.tb H37Rv and the RFF value was
4-fold higher than verapamil. Interestingly, compound 38
exhibited sterilizing activity against M.tb H37Rv and was
non-toxic to VERO cells. Furthermore, compound 38 should
be evaluated in combination with RIF and another first-line
anti-TB antibiotic in an animal model of TB to assess com-
pound 38 efficacy [206].

Biochanin A (39; Figure 7) belongs to isoflavone, which
shows promising efflux pump inhibition in M. smegmatis.
Cannalire et al. performed bioisosteric replacement by struc-
tural modification in biochanin A replacing oxygen with
nitrogen [207]. In addition, the phenolic group was removed
from the parent compound 39 and the 4'-methoxy group
was substituted by a propyloxy, which resulted in the for-
mation of a 2-phenylquinoline scaffold. Additionally, several
3-phenylquinoline derivatives were synthesized and evalu-
ated for the ability to block the efflux pump in M. smegmatis
mc? 155 and M. avium. The representative 3-phenyl quino-
line derivatives (40; Figure 7) and (41; Figure 7) displayed
the highest efflux pump activity. Compounds 40 and 41
modulated the activity of macrolides, including clarithromy-
cin, erythromycin, azithromycin, and fluoroquinolones, such
as ciprofloxacin and ofloxacin, and EtBr in M. avium strains.
Importantly, modulation activity was better than standard
verapamil, chlorpromazine, and thioridazine. Furthermore,
preclinical and clinical studies are required to evaluate the
safety and potency of 3-phenylquinoline to use as an adjuvant
with antibiotics to reverse drug resistance in M. avium. This
finding also suggested the combination of 3-phenylquinoline
and FQs for treating M.tb infections in humans [207].

The 3-phenylquinolone compound class showed anti-
bacterial activity against M. smegmatis and M. avium.
3-phenylquinolone also demonstrated activity against
S. aureus, which overexpresses the NorA pump. Felicetti et
al. modified the C6 and C7 positions of 3-phenylquinolone to
improve the toxicity profile of the EPIs [208]. Representative
compounds (42-44; Figure 7) showed synergistic activity
with clarithromycin, ciprofloxacin, and EtBr at low concen-
trations against M. avium. A substantial synergistic action
was demonstrated by compound 44 (4 pg/mL [1/32 MIC])
with clarithromycin, which also caused a 6-fold modulation
in the MIC. In an ex-vivo animal harbouring M. avium 104
infections compound 44 demonstrated an 80% reduction in
bacterial viability. Additionally, these compounds did not
display toxicity to human macrophages. This finding sug-
gested that these compounds can be developed as potential
EPIs against M. avium [208].

Sen et al. synthesized quinazolinone analogs and eval-
uated quinazolinone analogs for efflux pump modula-
tion activity in M. smegmatis. All quinazolinone analogs
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(45-50; Figure 7) had a higher MIC value (200 pg/mL)
against M. smegmatis [209]. Representative (compounds 45
[100 pg/mL] and 46 [100 pg/mL]) modulated EtBr activ-
ity in M. smegmatis by 16-fold. In contrast, compounds 47
(25 pg/mL), 48 (100 pg/mL), and 49 (25 pg/mL) modu-
lated norfloxacin activity in M. smegmatis by a modulation
factor of 8. In comparison, compound 50 (12.5 pg/mL)

Figure 7 Chemical structures of synthetic compounds acting as EPlIs.

showed the best modulation activity against M. smegmatis
and modulated norfloxacin activity by a modulation factor
of 16. Furthermore, these compounds exhibited the least
moderate toxicity in a hepatocyte cell line (CC-1) based on
a cell-based cytotoxicity assay [209]. Mycobactin analogs
with diaryl-substituted pyrazoline were synthesized. Under
iron-deprived conditions, compounds 51-54 (Figure 7)
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Table 6 Mycobacterium Species Efflux Pump Inhibitors

Compounds Modulation of antibiotic activity Strain Additional information Ref.
by efflux pump inhibition
Piperine Piperine modulated the activity of M.tb H37Rv Piperine demonstrated synergistic [167]
RIF. activity with RIF and STR.
Farnesol Farnesol modulated the activity of M. smegmatis Farnesol exhibited synergism with [170]
EtBr. RIF.
Reserpine Reserpine modulated the activity of M. tuberculosis Reserpine increases the [171,172]
ciprofloxacin. intracellular concentration of
ciprofloxacin in M.tb. and increases
susceptibility to antibiotics.
Compounds 4, 5,6, Compounds 4, 5,6, and 7 modulated M. smegmatis mc? [173]
and 7 the activity of RIF, EMB, and EtBr.
Carvacrol Carvacrol modulated the activity of M.tb H37Rv Carvacrol causes the accumulation  [174]
EtBr. activity of EtBr.
S-limonene S-limonene modulated the activity of M. tuberculosis [176]
EMB, RIF, and INH.
R-limonene, R-limonene, myrcene, sabinene, and M. tuberculosis [176]
myrcene, sabinene, B-elemene modulated the activity of
and p-elemene EMB, RIF, and INH.
Skullcapflavone Skullcapflavone Il, nobiletin, M. smegmatis mc? 155 [177]
I, nobiletin, tangeretin, baicalein, and wogonin
tangeretin, modulated the activity of EMB RIF.
baicalein, and
wogonin
Carvotacetone Carvotacetone modulated the activity M. smegmatis mc? 155  Carvotacetone significantly inhibits [177]
of EMB and RIF. M. aurum ATCC 23366 with an MIC
value of 85.9 uM.
Tetrandrine Tetrandrine modulated the activity of M. tuberculosis Tetrandrine has calcium channel [178]
EMB and INH. antagonist activity.
Verapamil Verapamil modulated the activity of M. tuberculosis In association with RIF, verapamil [182—-184]
EtBr. causes a decrease in the
overexpression of the efflux pump
gene in M.tb.
Verapamil modulated the activity of M. abscessus subsp. [186]
BDQ. bolletii
PPls (omeprazole, PPls modulated the activity of RIF. M. tuberculosis PPIs reduced the RIF efflux. [192]
pantoprazole,
lansoprazole,
and lansoprazole
sulphide)
Thioridazine Thioridazine modulated the activity M. avium Thioridazine blocks the efflux of [183]
of EtBr. EtBr.
Timcodar Timcodar modulated the activity of M. tuberculosis Timcodar showed synergistic [200]
RIF and INH. activity with RIF, moxifloxacin, and
BDQ in a mouse model of M.tb
infection.
2,2,2-trifluoro- It modulated the activity of RIF. M.tb H37Rv 2,2,2-trifluoro-1-(1,4,5,6- [205]
1-(1,4,5,6- tetrahydropyridin-30yl) also
tetrahydropyridin- increases the EtBr accumulation in
3-yl) the FURG-2 (MDR M.tb) strain.
Biochanin A and These compounds modulated the M.avium [206]
its derivatives 40 activity of macrolides (clarithromycin,
and 41. erythromycin, and azithromycin),
fluoroquinolones (ciprofloxacin and
ofloxacin), and EtBr.
3-phenylquinolone 44 modulated the activity of M. avium 104 [207]
derivative (44) clarithromycin.
Quinazolinone Quinazolinone analogs modulated M. smegmatis [208]
analogs (45-50) the activity of EtBr and norfloxacin
Phenyl quinoline Phenyl quinoline derivatives M. smegmatis mc2 155 54 showed synergistic activity [210, 211]
derivatives (54 and  modulated the activity of with clarithromycin in an ex vivo
55) clarithromycin. macrophage model infected with M.
avium 104.
Quinoxaline Quinoxaline derivatives modulated M. abscessus [212]

derivatives (59-62)

the activity of azithromycin.
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exhibited activity against M.tb but were inactive against M.
smegmatis. Notably, pyrazoline with diaryl acetyl failed to
show any activity against M.tb and M. smegmatis. Pyrazoline
(55 and 56; Figure 7) demonstrated activity in M. smegmatis
and M.tb without any substitution at the N1 position. The
mode of action for pyrazoline is MbtA inhibition and efflux
pump inhibition in M. smegmatis [210].

The 2-phenyl quinoline derivatives (57 and 58; Figure
7) have NorA efflux pump inhibition activity [211, 212].
Compounds 57 and 58 displayed anti-mycobacterial activity
against M. smegmatis mc? 155 and M. avium 104 with the same
MIC value (32 pg/mL). All compounds (at a concentration of
172 MIC) increased the accumulation of EtBr in M. smegmatis
and M. avium. The representative phenyl quinoline (57 and 58;
Figure 7) showed potent efflux pump activity with RFF values
of 5.91 and 5.84, respectively (P < 0.01). Compound 57 (1/2
MIC) modulates clarithromycin activity and decreases the MIC
from 8 pg/mL to < 0.125 pg/mL (> 64-fold reduction) and to
4 pg/mL (2-fold drop) at one-fourth the MIC against the M.
smegmatis mc? 155 strain. In contrast, compound 58 decreases
the half-MIC of CLA from 8 to 1 png/mL (8-fold reduction)
and alters clarithromycin activty. Furthermore, compound 57
shows potent EtBr efflux inhibitory activity against M. avium
104 (RFF of 1.23; P < 0.01) comparable to verapamil (RFF
of 1.77; P < 0.01) and better than thioridazine and chlorprom-
azine. Compound 57 exhibits superior EtBr efflux inhibitory
action compared to verapamil against the M. avium 104 .
strain with an RFF index of 2.11 (P < 0.05). Moreover, com-
pound 57 (1/4th MIC) lowers the clarithromycin MIC against
M. avium 104 by 8-fold. Simultaneously, MIC reductions of
32- and 16-fold were noted when erythromycin and azithro-
mycin were combined with compound 57. Additionally, com-
pound 57 has synergistic activity with clarithromycin in an ex
vivo macrophage model infected with M. avium 104 [212].

Quinoxaline derivatives exhibit a high MIC value
(> 256 pg/mL) against M. abscessus and M. simiae [213].
Furthermore, these derivatives were assessed for EPI activ-
ity against M. abscessus and M. simiae. Compounds 59-62
(Figure 7) modulate azithromycin activty in M. abscessus by
8-, 8-, 8-, and 2-fold, respectively. In addition, compounds 59
and 62 modulate amikacin activity at a similar 2-fold value.
Among these synthesized compounds, compound 59 was the
most potent and able to modulate azithromycin and amika-
cin activity against M. simiae. The SAR study suggested that
introducing the side chain and chlorine atoms to quinoxaline
did not improve EPI activity of the compound. Instead, qui-
noxaline had deleterious effects on the efflux pump inhibition
activity. The above finding is based on the in vitro studies.
Furthermore, in vivo studies are needed to determine efficacy
and safety [212]. The compounds with potential efflux pump
inhibition activity are summarised in Table 6.

Conclusions and future
perspective

The inappropriate use of antibiotics for non-microbial condi-
tions in humans, animals, and plants has led to the concerning

emergence of MDR strains. In light of this challenge, one
promising avenue to address antibiotic resistance is through
the inhibition of efflux pumps. The use of EPIs as adjuvants
alongside antibiotics has the potential to enhance effective-
ness and broaden the antimicrobial spectrum, thereby restor-
ing sensitivity and extending the duration of use. Moreover,
incorporating EPIs into treatment protocols may also con-
tribute to decelerating the development of antibiotic resist-
ance. EPIs, like verapamil, reserpine, CCCP, piperine, and
phenothiazines, have immense potential to be used as adju-
vants because EPIs have shown great promise as adjuvants
and exhibit potent activities in macrophages and in vivo
mouse models of MDR infection. The robust efficacy in mac-
rophages and in vivo mouse models of MDR Mycobacterium
spp. infection underscores the potential to significantly
enhance treatment strategies. Moreover, the use of adjuvants
has demonstrated the potential to reduce the dose of existing
antibiotics that are known to exhibit additional side effects,
cytotoxicity, and low efficacy. Furthermore, to use EPIs as an
adjuvant to existing antibiotics, in-depth biological studies
are needed to develop treating Mycobacterium spp. diseases.

There are several technical challenges associated with
the discovery of EPIs. One significant issue is the lack of
available crystal structures for Mycobacterium spp. efflux
pumps, as well as the absence of co-crystallized proteins
with ligands. This limits our ability to conduct a thorough
investigation of these proteins and the binding residues. To
accelerate the identification of EPIs, it is essential to screen
larger chemical libraries through high-throughput screening
methods. These screenings should utilize in silico technolo-
gies and complementary in vitro and in vivo biological stud-
ies to develop effective EPIs against MDR strains.
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cassette, AMI, amikacin; Araf, D-arabinofuranose; CAP,
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decaprenylphosphoryl-B-D-ribose 2'-epimerase 1; DNA,
deoxyribonucleic acid; EMB, ethambutol; EPIs, efflux pump
inhibitors; ETH, ethionamide; ERDR, ETB resistance-de-
termining region; FIC; fractional inhibitory concentration;
FQs, fluoroquinolones; HGT, horizontal gene transfer; ICL,
isocitrate lyase; INH, isoniazid; KAN, kanamycin; LAM,
lipoarabinomannan; LZD, linezolid; MABA, microplate
alamar blue assay; MAC, Mycobacterium avium complex;
MATE, multidrug and toxic compound extrusion; MDR-TB,
multidrug-resistant TB; MFS; major facilitator superfam-
ily; MmpL; membrane proteins large; MmpS, mycobac-
terial small membrane protein; mRNA, messenger RNA;
M.sm, Mycobacterium smegmatis; MTBC, Mycobacterium

tuberculosis complex; M.th, Mycobacterium tuberculo-
sis; MXF, moxifloxacin; NMP, 1-(1-naphthylmethyl)-
piperazine; NTM, non-tuberculous mycobacteria; OM,
outer membrane; PMF; proton-motive force; PPIs, proton
pump inhibitors; PZA, pyrazinamide; QRDR, quinolone
resistance determining region; RFF, relative final fluores-
cence; RIF, rifampicin; RDDR, RIF-resistance determin-
ing region; RNA, ribonucleic acid; RT-qPCR, quantitative
real-time PCR; SMR; small multidrug resistance; RND;
resistance-nodulation-division; SAR, structure-activity rela-
tionship; SNPs, single-nucleotide polymorphisms; STR,
streptomycin; TB, tuberculosis; XDR TB, extensively
drug-resistant
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