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patient compliance. These drugs have demonstrated effectiveness in
bothMDR-TB and XDR-TB cases, particularly when used in combination
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linezolid and moxifloxacin).
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Zusammenfassung
Die arzneimittelresistente Tuberkulose (DR-TB) stellt eine erhebliche
globale Gesundheitsbedrohung dar, insbesondere in Ländern mit
niedrigem und mittlerem Einkommen, die begrenzten Zugang zu hoch-
wertiger Gesundheitsversorgung haben. Bis 2023 wurden 10% der
weltweiten Tuberkulosefälle als arzneimittelresistent eingestuft, wobei
die Prävalenz von multiresistenter (MDR-TB) und extensiv arzneimittel-
resistenter Tuberkulose (XDR-TB) zunimmt.
Die Behandlung der DR-TB wird durch langwierige Therapieschemata,
schwere Nebenwirkungen und hohe Gesamtkosten erschwert, was zu
mangelnder Therapieadhärenz und Behandlungsversagen führt. Neuar-
tige pharmakologischeWirkstoffe wie Bedaquilin, Linezolid, Meropenem
und andere haben vielversprechende Ergebnisse hinsichtlich der Ver-
besserung der Therapieergebnisse, der Verkürzung der Therapiedauer
und der Erhöhung der Patientenzufriedenheit gezeigt. Insbesondere in
Form von Kombinationstherapien wie BPaLM (die Kombination von
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Bedaquilin, Pretomanid, Linezolid und moxifloxacin) haben sich diese
Medikamente bei MDR-TB- und XDR-TB-Fällen als wirksam erwiesen.
Dennoch bestehenweiterhin Herausforderungen durch eingeschränkten
Zugang zuMedikamenten, Diagnosetools undmedizinischer Infrastruk-
tur, insbesondere in Regionen mit hoher Krankheitslast. Obwohl Thera-
pieschemata, die diese Wirkstoffe integrieren, höhere Erfolgsraten
bieten, erfordern sie eine sorgfältige Überwachung aufgrund potenzieller
Nebenwirkungen und des Risikos der Resistenzentwicklung. Zukünftige
Forschung sollte darauf abzielen, die Situation zu optimieren, den Ein-
satz vonMedikamenten in ressourcenarmenUmgebungen zu verbessern
und logistische sowie wirtschaftliche Barrieren anzugehen, um effekti-
vere und zugänglichere Behandlungen sicherzustellen. Das übergeord-
nete Ziel bleibt die Reduktion der globalen DR-TB-Belastung und die
Verbesserung der Behandlungsergebnisse für die betroffenen Bevölke-
rungsgruppen.

Schlüsselwörter: Arzneimittelresistente Tuberkulose (DR-TB),
multiresistente Tuberkulose (MDR-TB), extensiv arzneimittelresistente
Tuberkulose (XDR-TB), BPaLM, HO

Introduction
Drug-susceptible tuberculosis (DS-TB) refers to tubercu-
losis cases that are responsive to standard first-line
treatment, which typically involves a six-month regimen
of isoniazid, rifampicin, ethambutol, and pyrazinamide
[1], [2], [3]. In contrast, drug-resistant tuberculosis (DR-
TB) includes cases of tuberculosis that exhibit resistance
to one or more of these first-line drugs [1], [2], [4]. In
2023, approximately 10% of global tuberculosis cases
were classified as drug-resistant, with higher prevalence
rates observed in low- and middle-income countries,
where access to quality healthcare remains a significant
obstacle [1], [5],[6] .
By 2023, one in every ten newly diagnosed tuberculosis
cases worldwide were found to be resistant to at least
one drug, with an increasing proportion categorized as
multidrug-resistant tuberculosis (MDR-TB) and extensively
drug-resistant tuberculosis (XDR-TB). This growing trend
presents considerable challenges in the global effort to
treat tuberculosis [1], [6], [7]. MDR-TB is particularly
prevalent in low- and middle-income countries, including
India, China, and Russia, where healthcare access is
constrained, and treatment interruptions are more com-
mon [3].
Drugs recommended for use in standard and extended
MDR-TB treatment regimens are organized according to
their preferability:

• Group A: levofloxacin or moxifloxacin, bedaquiline and
linezolid;

• Group B: clofazimine, and cycloserine or terizidone;
• Group C: ethambutol, delamanid, pyrazinamide, imi-

penem-cilastatin ormeropenem, amikacin (or strepto-
mycin), ethionamide or prothionamide, and p-
aminosalicylic acid (Table 1).

Table 1: Based onWHO2022,medication used in standard;
longerMDR-TB (the slashmark indicates variables in choice)

Currently, the WHO recommends that clinicians prioritize
shorter, safer, and more effective treatment regimens
[7].

Risk factors for MDR-TB
Regions such as Eastern Europe, Southeast Asia, and
sub-Saharan Africa are heavily burdened by DR-TB. In
these areas, challenges such as limited diagnostic re-
sources, issues with treatment adherence, and con-
strained healthcare systems contribute significantly to
the spread and persistence of MDR-TB [4], [5]. Addition-
ally, HIV co-infection andmalnutrition are recognized risk
factors for the development of DR-TB. Both conditions
undermine immune function and treatment efficacy, thus
increasing the likelihood of drug resistance development
[7], [8], [9], [10], [11].
Diabetes mellitus (DM) is another key factor for the inci-
dence of DR-TB. Individuals with DM aremore vulnerable
to MDR-TB due to compromised immune responses,
leading to poorer treatment outcomes and an increased
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risk of drug resistance. Evidence indicate that these
factors correspond with an elevated risk of both MDR-TB
and treatment failure in aforementioned populations [12],
[13], [14], [15].
Previous TB infections or incomplete treatment, whether
resulting from patient non-compliance or treatment inter-
ruptions, are well-documented risk factors for the emer-
gence of drug-resistant tuberculosis strains [16], [17],
[18], [19], [20]. Furthermore, lifestyle factors such as
smoking and alcohol use can impair immune function,
further increasing the risk of developing DR-TB [16], [21],
[22].

Challenges in the treatment of
DR-TB
Themanagement of DR-TB, particularlyMDR-TB and XDR-
TB, presents substantial obstacles. MDR-TB is character-
ized by resistance to at least isoniazid and rifampicin, the
two most effective first-line drugs. XDR-TB is even more
concerning as it is resistant not only to isoniazid and ri-
fampicin, but also to at least one fluoroquinolone and
either bedaquiline or linezolid, two crucial second-line
agents [1], [2].
The presence of XDR-TB severely limits treatment options,
necessitating lengthy regimens with second-line drugs,
many of which are associated with rare, yet at times
severe side effects, some of which include gastrointestinal
disturbances, liver toxicity, hearing loss, and renal
impairment [23], [24], [25]. While treatment for drug-
susceptible tuberculosis (DS-TB) typically spans 6months,
therapy for MDR-TB and XDR-TB can last from 6 months
under novel shorter regimens to as long as 18 months
in traditional regimens, due to the complexity and exten-
ded duration of second-line drug use [2], [3].
The high cost of these medications, along with their side
effects and the problematic nature of the treatment regi-
mens, significantly contribute to non-adherence. Further-
more, diminished compliance, often resulting from
treatment fatigue and inadequate patient education,
compounds treatment failures and heightens the risk of
further resistance, given reports of WHO’s XDR-TB cases
underestimation [4], [26], [27], [28]. Socioeconomic
factors such as poverty, malnutrition, and weak health-
care infrastructures, alongside poor education, exacerbate
the difficulties in ensuring adherence, particularly in re-
gions with limited access to healthcare services [1], [27],
[28]. A lack of sufficient patient support, especially among
vulnerable populations, further deteriorates treatment
outcomes, fueling the loop that contributes to the in-
creaced risk of complications [1], [28].
Additionally, insufficient diagnostic capabilities, including
the slow rollout of rapid diagnostic tests, lead to delays
in treatment initiation, often allowing resistant strains to
spread undetected [1], [29]. Despite advancements in
treatment strategies, DR-TB continues to pose a signifi-
cant global health threat, with the global treatment suc-
cess rate still hovering around 44% – far below the target

of 75% [1], [30]. This underscores the critical need for
personalized treatment regimens that consider drug res-
istance patterns, comorbid conditions, and patient adher-
ence. The continued suboptimal treatment success rate
highlights the necessity for ongoing research and the
development of innovative therapies and carefully tailored
regimens to improve outcomes for DR-TB patients
worldwide [1], [12], [24], [26], [31].

Bedaquiline as a core component
of BPaLM strategies and novel
regimen patterns
Bedaquiline is a member of the diarylquinolone class, a
new generation of compounds that effectively target M.
tuberculosis by inhibiting the proton pump of the myco-
bacterial ATP-synthase. Its action is primarily channelled
through binding to the subunit encoded by the atpE gene
(subunit c) [32], [33]. As a novel agent, bedaquiline was
introduced to theWHO-endorsed first-line treatment regi-
men for DR-TB [34], following its approval by the FDA for
the treatment of M. tuberculosis after a decade of use
[35]. Its rapid incorporation into treatment protocols was
supported by numerous reports of culture conversion and
high treatment success rates in patients receiving beda-
quiline-containing regimens for DR-TB, including the sal-
vage therapies for patients with previous treatment fail-
ures, unfavorable resistance profiles, and/or toxicity his-
tory [23], [36], [37].
The side effects of bedaquiline, although relatively com-
mon, primarily include nausea, peripheral neuropathy,
kidney damage, and otovestibular toxicity [37], [38]. Re-
ports of elevated incidence of QT interval prolongation
call for caution regarding combination of bedaquiline with
other drugs known to prolong the QT interval – including
clofazimine used in some DR-TB regimens [39]. In some
cases, more than 20% of patients required complete
discontinuation of the drug due to adverse reactions [24].
The WHO’s consolidated guidelines from 2022 recom-
mend a 6-month treatment regimen comprising bedaqui-
line, pretomanid, linezolid (600 mg) as a core scheme
(BPaL) and moxifloxacin (BPaLM), as an alternative to
the longer 9–20 month regimens for MDR-TB. In cases
of documented fluoroquinolone resistance, the same re-
gimen is recommended without moxifloxacin (the BPaL
regimen) [7]. The longer duration of treatment is associ-
ated with increased non-compliance and patient drop-off,
which suggests that shorter, effective, and safe regimens
could significantly enhance the overall success rate of
DR-TB treatment [40].
The BPaLM regimen has demonstrated superior efficacy
and amore favorable safety profile compared to standard
treatment regimens, particularly in patients with rifampin-
resistant tuberculosis (RR-TB) [41]. Additionally, a con-
trolled trial of a 24-week, all-oral regimen combining
bedaquiline, pretomanid, and linezolid for DR-TB, specific-
ally RR-TB, showed that BPaLM not only proved more ef-
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fective but also resulted in fewer adverse events com-
pared to the standard 9–20month regimen [42]. Further-
more, reports indicate that this therapeutic approachmay
be more cost-effective long term [43], [44].
Practical challenges to the widespread adoption of bed-
aquiline-based regimens include limited access to the
drug in certain regions and insufficient availability of drug
susceptibility testing tools [45]. Moreover, the risk of ac-
quired resistance to bedaquiline – and subsequently to
regimens containing it – arises from its slow early bacte-
ricidal activity (EBA) [46] and its exceptionally long half-
life [47], both of which could potentially contribute to
resistance development due to accumulation over time.
Ongoing clinical trials, coupled with real-world applica-
tions, will be crucial in further refining these regimens to
optimize both their safety and efficacy.
Regarding the quinolone component of the BPaLM regi-
men, while moxifloxacin is used, levofloxacin is also con-
sidered a viable alternative, yielding similar efficacy in
treating DR-TB. From a safety perspective, levofloxacin
is preferred over moxifloxacin due to the latter’s higher
risk of cardiotoxicity, despite levofloxacin’s potential as-
sociationwithmusculoskeletal adverse events in pediatric
populations [48], [49]. Further research is needed to
evaluate whether the substitution of quinolones in the
BPaLM strategy proves to be both safe and effective.

Clofazimine Integration into
BPaL-based and standard DR-TB
treatment strategies
Clofazimine, a riminophenazine, is used alongside other
agents such as bedaquiline, linezolid, quinolones (levo-
floxacin/moxifloxacin), and pretomanid in the treatment
of MDR-TB and XDR-TB, providing a critical approach to
resistant TB strains [50], [51]. Prior to the WHO’s 2022
guidelines [7], one study suggested that MDR-TB patients
treated with clofazimine achieved comparable results to
standard therapy, with the added benefit of a faster
sputum conversion rate. The regimen in this study in-
volved substituting ethambutol with clofazimine, reducing
the duration of complete therapy from 18 to 12 months
[52], [53].
The incorporation of clofazimine into MDR-TB and XDR-
TB treatment regimens has been shown to improve
treatment outcomes, leading to higher treatment comple-
tion and cure rates [51], [54], [55]. The most common
adverse effect of clofazimine is skin discoloration [55],
[56], although dosage adjustments can mitigate the fre-
quency of these incidents [4]. Other adverse events, such
as QT interval prolongation, gastrointestinal discomfort,
liver damage, have been reported, although larger-scale
trials are needed to better understand the prevalence of
these effects [39], [50], [52], [54], [56], [57].
Currently, clofazimine is included as a variable in BPaL
therapies, forming the bedaquiline, pretomanid, linezolid,
clofazimine (BPaLC) regimen. Similarly to BPaLM, the

BPaLC regimen, has a shortened duration of 24 weeks,
which has proven to be more compliance-friendly and
has outperformed the traditional 9–20 month regimen
in terms of quality of life and cost-effectiveness [7], [58].
While the overall efficacy of clofazimine is difficult to as-
sess due to its role as a supplement to MDR-TB and XDR-
TB treatment regimens, evidence suggests that its addi-
tion holds promise in managing M. tuberculosis strains
resistant to conventional therapies, whether as part of
the BPaLC regimen or in older standardized regimens
when the former is not available [7].

Novel oxazolidinones and linezolid
as a cornerstone in modern DR-TB
treatment
According to current WHO guidelines, the treatment of
DR-TB, including MDR-TB cases, requires a tailored ap-
proach, with the recommended use of shortened regi-
mens such as BPaL strategies [7]. Linezolid, originally
developed to treat Gram-positive bacterial infections, has
been repurposed as a key component inmodern regimens
targeting M. tuberculosis. Its mechanism of action in-
volves inhibiting bacterial protein synthesis by binding to
the 23S ribosomal RNA of the 50S subunit, thereby dis-
rupting bacterial growth [59]. However, the impact of
linezolid on ribosomal RNA is not limited to bacteria; it
also inhibits mitochondrial protein synthesis in human
cells, which can lead to adverse effects associated with
mitochondrial dysfunction [60]. These include and result
in lactic acidosis, myelosuppression, and peripheral
neuropathy. The severity of these side effects often ne-
cessitates discontinuation of the drug, resulting in treat-
ment interruptions that reduce the overall efficacy of
linezolid [59], [61].
Despite its proven effectiveness, the adverse events as-
sociated with linezolid have driven the search for newer,
safer alternatives with similar mechanisms of action and
efficacy [59]. Novel oxazolidinones, such as sutezolid,
tedizolid, delpazolid, and TBI-223, show promise as po-
tential replacements for linezolid in the treatment of
linezolid-resistant strains ofM. tuberculosis [62]. Although
most of these new oxazolidinones have yet to complete
clinical trials, initial studies on sutezolid have demon-
strated adequate bactericidal activity in both blood and
sputum, along with a more favorable safety profile [59],
[63]. A double-blind, randomized controlled trial on orally
administered sutezolid also indicated its safety in healthy
volunteers [64]. While these findings are promising, they
underscore the urgent need for further in vitro, in vivo
and, importantly, subsequent clinical trials to assess the
safety, efficacy, and optimal dosing of these drugs, as
the path to practical implementation is a time-consuming
process.
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Meropenemand clavulanate use in
DR-TB: prospects of new alternative
carbapenem drugs
Meropenem, a carbapenem antibiotic, in combination
with clavulanate, a β-lactamase inhibitor, has emerged
as a promising option for treating DR-TB, including XDR-
TB strains. This combination acts by inhibiting cell wall
synthesis inM. tuberculosis, effectively targeting resistant
strains that are otherwise unresponsive to first- and
second-line anti-TB drugs [65], [66], [67], [68].
Studies demonstrate that meropenem-clavulanate exhib-
its strong bactericidal activity against both replicating and
non-replicating M. tuberculosis, addressing a critical
challenge in treating persistent bacteria [69]. The com-
bination has shown efficacy, achieving reductions in
bacterial load and enhancing sputum conversion rates
[70]. The trial evaluating EBA reported that meropenem-
clavulanate, with or without rifampin, achieved measur-
able reductions inM. tuberculosis burden within the first
two weeks of treatment [65]. Additional in vitro studies
highlight the combination’s potent activity against a wide
range of DR-TB isolates, including strains with minimal
susceptibility to other carbapenems [71]. Despite its ef-
ficacy, the regimen has limitations, including the need
for intravenous administration, which may hinder its use
in resource-limited settings. Nevertheless, ongoing re-
search is exploring the development of oral carbapenems
and alternative β-lactamase inhibitors to improve access-
ibility and practicality [69]. Furthermore, the potential
limitation in establishingmeropenem-clavulanate therapy
would be lack of availability of sole clavulanate product
other than one fused with amoxicillin which deems it im-
practical to prescribe it for TB unless one wants to use
the combination with amoxicillin. Overall efficacy without
potential addition of amoxicillin and poor overall tolerance
of amoxicillin manifested with gastrointestinal adverse
effects appear to be main obstacles in establishing this
method as preferable. [72]
Meropenem-clavulanate unveils as a crucial addition to
the arsenal against DR-TB, particularly for patients with
limited treatment options. Its ability to target resistantM.
tuberculosis and support rapid bacterial clearance offers
hope for improving treatment outcomes in XDR-TB and
MDR-TB cases [68]. Future studies focusing on optimizing
dosing, exploring oral formulations, and integrating this
combination into standardized regimenswill further refine
its role in TB management.
Other, novel carbapenem antibiotics (ertapenem,
faropenem and tebipenem) were tested in vitro for their
efficacy against MDR-TB and XDR-TB, that also included
meropenem-resistant strains. The drugs’ efficacy was
deemed dose-dependent with tebipenem as the most
efficient one [73]. Further trials including possible future
ones in the clinical setup are necessary to evaluate op-
timal dosage, efficacy and safety.

Delamanid as a valid support in
MDR-TB and XDR-TB treatment
strategies
Delamanid is a novel drug developed for the treatment
of MDR-TB and XDR-TB, specifically targeting strains
resistant to first-line TB drugs [74]. It works by inhibiting
the synthesis of methoxy- and keto-mycolic acids, which
are essential components of theM. tuberculosis cell wall,
thereby effectively targeting resistant strains of M.
tuberculosis [74], [75].
Clinical studies have shown that delamanid significantly
improves treatment outcomes, particularly when com-
bined with bedaquiline [76]. This combination reduces
the risk of treatment failure [36], [77], offering the poten-
tial for a therapeutic approach that is both safe and of
shorter duration [76]. A minimum of six months of treat-
ment with delamanid, when combined with an optimized
background regimen, is associated with improved treat-
ment outcomes and reducedmortality rates in DR-TB and
XDR-TB cases [78], [79], [80]. In terms of efficacy,
delamanid, when used in the appropriate setup, yields
promising results [81]. However, side effects such as QT
interval prolongation and liver enzyme abnormalities,
while relatively rare even in salvage therapies involving
delamanid and bedaquiline, necessitate careful monitor-
ing during treatment [36], [74], [82]. There are also re-
ports indicating that adverse effect rates may be higher
when delamanid is used in combination therapy com-
pared tomonotherapy [83]. A range of trial results confirm
that incorporating delamanid into MDR-TB treatment re-
gimens enhances sputum conversion rates [74], [75],
[84], [85], reduces mortality rates, and significantly im-
proves overall treatment outcomes [36], [74], [80], [86].
Delamanid has become a critical drug in treating drug-
resistant TB, especially for patients with strains resistant
to most first- and second-line medications. As part of
combination regimens, delamanid demonstrates high
efficacy, particularly when used as the addition to other
second-line agents such as bedaquiline, linezolid, clofazi-
mine [74]. However, potential challenges to establishing
delamanid as a standard component of DR-TB and XDR-
TB therapies include reports of resistance mutations as-
sociated with delamanid-bedaquiline combinations [87],
even in countries where these drugs are not yet widely
used. These mutations could pose a threat to vulnerable
populations in such regions. Additionally, the lack of es-
tablished minimal inhibitory concentration (MIC)
guidelines for determining resistance presents a signifi-
cant concern and may necessitate further clinical trials
to address these issues [88], [89].
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Conclusions
The battle against DR-TB continues to represent a signi-
ficant global health challenge, due to the complexities
associated with prolonged treatment durations, potential
side effects and socio-economic factors that impact pa-
tient outcomes. Recent advancements in pharmacological
regimens, which either incorporate novel chemotherapeu-
tics or reintroduce previously used drugs, hold promise
for improving treatment effectiveness. Agents such as
bedaquiline, oxazolidinones, clofazimine, delamanid, and
carbapenems have laid the groundwork formore efficient,
shorter treatment protocols. These regimens have
demonstrated potential in shortening therapy durations,
enhancing bactericidal activity, improving treatment ad-
herence, and increasing patient compliance. Neverthe-
less, the widespread adoption of these treatments is im-
peded by inadequate healthcare infrastructure, particu-
larly in low- and middle-income countries where DR-TB
prevalence remains highest. To overcome these barriers,
a robust healthcare support system, along with a commit-
ment to optimizing these regimens for both efficacy and
accessibility, is essential. Ongoing research should focus
on refining these treatment strategies to ensure their ef-
fectiveness and adaptability in resource-constrained en-
vironments, with the ultimate goal of reducing the global
burden of drug-resistant tuberculosis and improving out-
comes for affected populations worldwide.
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