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Introduction
Acquired drug resistance by Mycobacterium tuber-
culosis (MTB) may result in treatment failure and 
death. Bedaquiline was recently approved for the 
treatment of multidrug-resistant tuberculosis 
(MDR-TB). This report examines the available 
data on this novel drug for the treatment of 
MDR-TB. PubMed searches, last updated 18 
February 2015, using the terms bedaquiline, TMC 
207 and R207910 identified pertinent English 
citations. Citation reference lists were reviewed to 

identify other relevant reports. Pertinent MDR- 
TB treatment reports on the US Food and Drug 
Administration (FDA), Centers for Disease 
Control and Prevention (CDC), World Health 
Organization (WHO), and Cochrane websites 
were also evaluated.

Individuals infected with drug-sensitive (DS) 
MTB strains can expect excellent outcomes if they 
are treated according to WHO guidelines [WHO, 
2010b]. Treatment defaults occur for various 
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reasons: costs of health care and medications, 
adverse drug effects, the inconvenience of 6-month 
directly observed therapy (DOT) programs, and 
the natural tendency for patients to discontinue 
treatment when they feel better. Failure to com-
plete treatment may result in relapses, often with 
drug-resistant (DR) organisms [Burman et  al. 
1997]. MDR-TB strains, those resistant to 
rifampin and isoniazid and possibly to other 
medications, require extended treatment courses 
with less effective and harder to tolerate second-
line medications that are associated with fre-
quent side effects and poorer outcomes [Iseman, 
1993]. Globally, 3.5% [95% confidence interval 
(CI) 2.2–4.7%] of new and 20.5% (CI 13.6–
27.5%) of previously treated TB cases are MDR 
(Figures 1 and 2) [WHO, 2014a]. Rates of 
MDR-TB are considerably higher in countries 
with inadequate public health programs. In 
2013, Belarus was one of the countries with con-
cerning statistics; 35% of new and 55% of previ-
ously treated cases were due to MDR-TB [WHO, 
2014a]. Since only a minority of TB isolates 
undergo drug susceptibility testing (DST) in 
most high prevalence countries, it is likely that 
the rates of MDR-TB are higher than reported.

There were an estimated 480,000 (CI 350,000–
610,000) new MDR-TB cases worldwide and 
210,000 (CI 130,000–290,000) died with 

MDR-TB in 2013 (Figure 3) [WHO, 2014a]. 
More than half were in China, India or the Russian 
Federation. WHO recommends that patients with 
MDR-TB be treated with five drugs for a mini-
mum of 20 months [WHO, 2011]. These regi-
mens are difficult to tolerate since virtually all 
patients experience adverse effects. Cure rates are 
lower, mortality is higher and care is significantly 
more expensive [WHO, 2010a]. Management of 
MDR-TB is resource intensive since medication 
courses are longer, drugs are more expensive, and 
treatment requires considerably more health care 
visits. MDR-TB cases comprised only 2.2% of the 
total in South Africa in 2011, yet accounted for 
32% of the national TB management budget 
[Pooran et al. 2013]. Care costs per patient with 
MDR-TB are substantially more expensive in 
developed countries, estimated at $44,881 in the 
USA and 52,259 Є in Germany [Loddenkemper 
et al. 2012].

Globally, only 48% of patients with MDR-TB 
were successfully treated in 2009 [WHO, 2013a]. 
Fifteen percent died and 28% were lost to follow 
up. Many leave their treatment program prema-
turely because of intolerable adverse drug effects 
[WHO, 2011]. More effective and less toxic  
medications are desperately needed to improve 
treatment outcomes in patients with MDR-TB. 
New oxazolidinones and several new classes of 

Figure 1. Percentage of new tuberculosis cases with multidrug-resistant tuberculosis. Figures are based 
on the most recent year for which data have been reported, which varies among countries. Reproduced with 
permission from WHO [2013b, Figure 4.2, p. 47, chapter 4].
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medications including diarylquinolines, nitroimi-
dazopyrans, ethylenediamines and benzothi-
azinones are undergoing development and 
hopefully will provide more effective, better toler-
ated and shorter treatment regimens for DR-TB 
(Table 1) [Working Group on New TB Drugs, 
2014].

Bedaquiline (Sirturo; Janssen Therapeutics, a sub-
sidiary of Johnson & Johnson, New Brunswick, 
NJ), a diarylquinoline previously identified as 
R207910 and then TMC207, is the first drug in a 
novel class approved for the treatment of TB since 
rifampin was approved in 1971. Bedaquiline 
received accelerated approval by the FDA in 

Figure 2. Percentage of previously treated tuberculosis cases with multidrug-resistant tuberculosis. 
Figures are based on the most recent year for which data have been reported, which varies among countries. 
Reproduced with permission from WHO [2013b, Figure 4.3, p. 49, chapter 4].

Figure 3. Number of multidrug-resistant tuberculosis cases estimated to occur among notified pulmonary 
tuberculosis cases, 2012. Reproduced with permission from WHO [2013b] (Figure 4.6, p. 54, chapter 4).
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December 2012 [Avorn, 2013]. Despite the obvi-
ous advantages of a drug with activity against 
MDR-TB, challenges to its use exist: QTc interval 
prolongation, important drug interactions with 
cytochrome oxidase (CYP) 3A4 inducers and 
inhibitors, including rifamycins and some antiret-
rovirals, and the emergence of resistant MTB 
strains.

Mechanism of action
Diarylquinolines are closely related to quinolo-
nes but do not inhibit DNA gyrase [Andries 
et  al. 2005]. A series of molecules in this class 
were tested for their antimycobacterial activity 
against Mycobacterium smegmatis, a nonpatho-
genic surrogate for MTB, and bedaquiline was 
the most active compound [Andries et al. 2005]. 
It is an enantiomer with two chiral centers and 
has a molecular weight of 555.51 daltons 
[Andries et  al. 2005]. Its chemical name is 
1-(6-bromo-2methoxy-quinolin-3-yl)-4-dimeth-
ylamino-2-naphtalen-1-yl-1-phenyl-butan-2-ol.

Bedaquiline kills both dormant and actively repli-
cating mycobacteria by inhibiting mycobacterial 
adenosine triphosphate (ATP) synthase, an essen-
tial membrane-bound enzyme, interfering with 
energy production and disrupting intracellular 
metabolism [Andries et al. 2005; Haagsma et al. 
2011]. Evidence suggests that it acts by interfer-
ing with the proton transfer chain [de Jonge et al. 
2007]. Inhibition of ATP synthase by bedaquiline 
is specific for mycobacteria. It demonstrated  

considerably higher minimum inhibitory concen-
trations (MIC) against gram positive and gram 
negative bacteria [Andries et al. 2005]. Bedaquiline 
does not interfere with mammalian ATP synthase 
activity. Human mitochondrial ATP synthase 
sensitivity to bedaquiline was 20,000-fold less 
than the mycobacterial enzyme [Haagsma et  al. 
2009].

Antimicrobial spectrum
This novel action on mycobacterial ATP synthase 
conveys activity both against DS-TB and DR-TB 
[Andries et  al. 2005]. The MICs against DS 
strains ranged from 0.030 to 0.120 μg/ml, greater 
potency than either rifampin or isoniazid [Andries 
et  al. 2005]. Bedaquiline demonstrated similar 
activity against clinical isolates resistant to the 
first-line drugs, including isoniazid, rifampin, 
pyrazinamide, ethambutol and streptomycin, and 
against moxifloxacin [Andries et  al. 2005]. 
Bedaquiline showed similar activity against a 
number of MDR strains [Andries et  al. 2005]. 
The MICs of MDR-TB strains, including an 
extensively drug-resistant (XDR) MTB strain, a 
MDR strain also resistant to injectables and fluo-
roquinolones, ranged from 0.004 to 0.13 μg/ml 
[Huitric et al. 2007].

The majority of nontuberculous mycobacteria 
(NTM), both rapidly and slowly growing, were 
susceptible to bedaquiline in vitro [Ji et al. 2006b; 
Huitric et  al. 2007]. Phenotypic variations in 
ATP synthase provide some NTM with intrinsic 

Table 1. Tuberculosis drugs in development.

Drug class Drug name Clinical development Target

Diarylquinolines Bedaquiline Phase III ATP synthase inhibitor
Nitroimidazoles Delamanid Phase III Mycolic acid synthesis
 Pretonamid Phase III Mycolic acid synthesis
Ethylenediamines SQ-109 Phase II Unknown
Benzothiazinone BTZ 043 Early stage Decaprenyl-phosphoribose epimerase
 PBTZ169 Early stage Decaprenyl-phosphoribose epimerase
Oxazolidinone Linezolid Phase II Protein synthesis
 AZD5847 Phase II Protein synthesis
 Sutezolid Phase II Protein synthesis
Fluoroquinolone Moxifloxacin Phase III DNA gyrase, topoisomerase
 Gatifloxacin Phase III DNA gyrase, topoisomerase

Derived from ‘Global TB drug pipeline’ from the Working Group on New TB Drugs, last updated August 2014 (http://www.
newtbdrugs.org).
TB, tuberculosis.
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resistance to bedaquiline [Andries et  al. 2005]. 
In contrast to MTB, ATP synthase inhibition 
may be bacteriostatic rather than bactericidal 
against Mycobacterium avium [Lerat et al. 2014]. 
Bedaquiline was almost inactive against a murine 
model of Mycobacterium abscessus infection but 
was active against Mycobacterium leprae [Ji et al. 
2006a; Lounis et al. 2009; Gelber et al. 2009].

Mechanisms of resistance
Ineffective or incomplete treatment can select 
resistant MTB strain mutants [WHO, 2014b]. 
Inadequate treatment regimens will eradicate 
DS organisms allowing DR ones to become pre-
dominant [WHO, 2014b]. If a MTB strain is 
only sensitive to a single drug in a regimen, the 
small number of organisms resistant to that par-
ticular drug will selectively propagate, eventually 
resulting in treatment failure and relapse [WHO, 
2014b]. Spontaneous mutations with resistance 
to isoniazid and rifampin occur in 3.5 × 10−6 
and 3.1 × 10−8 organisms, respectively [Chan 
et al. 2013]. Bedaquiline-resistant mutants arise 
at a rate of one in 108 organisms [Andries et al. 
2005].

Resistance to ATP synthase is encoded by the 
atpE gene and mutations convey resistance by pre-
venting bedaquiline from binding to its target, 
subunit C [Petrella et al. 2006; Koul et al. 2007; 
Segala et  al. 2012]. Depletion of ATP kills both 
actively replicating and dormant MTB [Koul et al. 
2008]. The slow growing NTM, Mycobacterium 
xenopi and Mycobacterium shimoidei, and the rapid 
grower, Mycobacterium novocastrense, are naturally 
resistant to bedaquiline because of atpE gene vari-
ants [Petrella et al. 2006; Segala et al. 2012].

There are other mechanisms that furnish myco-
bacterial resistance to bedaquiline. Fifteen of 53 
bedaquiline-resistant mutants had demonstrable 
point mutations of the atpE gene. Mutations of 
the atpE gene were absent in the 38 other 
bedaquiline-resistant mutants [Huitric et  al. 
2010]. Mutations of the F0 or F1 ATP synthase 
operons were not present either [Huitric et  al. 
2010]. To investigate possible mechanisms of 
acquired resistance, MTB isolates with increased 
MICs from bedaquiline-treated patients were 
identified [Andries et al. 2014]. Mutations in the 
transcriptional gene repressor, Rv0678, endowed 
resistance against bedaquiline and cross resist-
ance to clofazimine by enhancing drug efflux 
[Andries et al. 2014; Hartkoorn et al. 2014].

Pharmacokinetics
Orally administered bedaquiline is rapidly 
absorbed in mice [Andries et  al. 2005]. Plasma 
concentrations are proportional to the adminis-
tered dose between 8 and 64 mg/kg in a murine 
model of pulmonary TB [Rouan et al. 2012]. It is 
widely distributed throughout the tissues includ-
ing the lungs and spleen [Andries et al. 2005]. Its 
principle metabolite, N-desmethyl bedaquiline, 
exhibits approximately 20% of the parent com-
pound’s activity. Both bedaquiline and the 
N-desmethyl metabolite have half lives of 50–60 h 
in mice [Rouan et al. 2012]. Since the bactericidal 
activity of bedaquiline is concentration depend-
ent, the time product of drug concentration [area 
under the curve (AUC)] is the main determinant 
of its activity [Rouan et al. 2012].

Bedaquiline is well absorbed in man, reaching a 
peak concentration in 5 h, and subsequently the 
concentration declines in a triexponential fash-
ion [Andries et al. 2005; Diacon et al. 2013a]. In 
patients with MDR-TB, the peak, minimum 
and steady-state plasma concentrations were 
3270 ± 1144, 956 ± 557, 1770 ± 701 and 1659 
± 722 ng/ml, 620 ± 466 ng/ml, 902 ng/ml after 
2 weeks of 400 mg daily and after a further 6 
weeks of treatment with 200 mg three times 
weekly, respectively [Diacon et al. 2009]. These 
values were above 600 ng/ml, the targeted 
steady-state plasma concentration [Diacon et al. 
2009]. Administration with a meal containing 
22 g of fat doubled its bioavailability relative to 
its ingestion on an empty stomach [Rustomjee 
et  al. 2008; Janssen Therapeutics, 2012]. 
Bedaquiline is highly protein bound (>99.9%) 
[CDC, 2013]. It undergoes N-methylation pri-
marily via hepatic CYP3A4 with contributions 
from CYP2C8 and CYP2C19 and it is primarily 
excreted fecally [Liu et  al. 2014]. In another 
study, plasma concentrations of the parent drug 
and its N-monodesmethyl metabolite increased 
proportionately to the administered dose of 
bedaquiline [Rustomjee et al. 2008; Gupta et al. 
2014b]. Peak plasma concentration occurred 4 
hours after administration but steady state con-
ditions were still not achieved after 7 days of 
treatment [Rustomjee et al. 2008].

Bedaquiline has a long terminal half life in man, 
best explained by its redistribution from tissue 
compartments [McLeay et  al. 2014]. The mean 
terminal half lives for bedaquiline and its M2 
metabolite were 164 (range 62–408) days and 
159 (range 69–407) days, respectively [Diacon 
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et  al. 2012a]. Bedaquiline clearance was 52% 
greater in black patients than in other racial 
groups [CDC, 2013].

There were no significant pharmacokinetic inter-
actions with isoniazid, pyrazinamide, ethambutol, 
kanamycin, ofloxacin or cycloserine [CDC, 
2013]. Coadministration with nevirapine did not 
affect serum concentrations of bedaquiline or its 
M2 metabolite so dose adjustments will not be 
necessary when the drugs are dispensed together 
[Svensson et  al. 2014a]. Rifampin, rifapentine 
and other inducers of CYP3A4 reduce exposure 
to bedaquiline and CYPA34 inhibitors, such as 
ketoconazole, increase exposure to bedaquiline 
[Lounis et  al. 2008; Svensson et  al. 2014b]. 
Lopinavir/ritonavir reduced clearance of bedaqui-
line and its M2 metabolite by 35% and 58%, 
respectively [Svensson et al. 2014a]. Dosing will 
require adjustment and careful monitoring when 
they are coadministered [Svensson et al. 2014a]. 
In healthy adult volunteers, a single dose of efa-
virenz only minimally affected bedaquiline phar-
macokinetics [Dooley et  al. 2012]. However, 
steady-state concentrations of bedaquiline were 
reduced by 52% with chronic administration in 
normal adult volunteers, suggesting that a simple 
dose adjustment will be necessary [Svensson et al. 
2013].

Concomitant treatment with verapamil in vitro 
reduces the MIC of bedaquiline 8 to 16 fold by 
inhibiting mycobacterial efflux mechanisms 
[Gupta et al. 2014b; Adams et al. 2014; Andries 
et  al. 2014]. Subinhibitory doses of bedaquiline 
had the same bactericidal effect with verapamil 
coadministration as the human bioequivalent 
dose in a murine model of TB [Gupta et  al. 
2014a]. However, verapamil did not reduce the 
MIC of bedaquiline in mice or alter efflux-based 
resistance [Andries et al. 2014].

Preclinical studies

Bedaquiline monotherapy
Bedaquiline MICs were superior to both those of 
rifampin and isoniazid when tested against a 
number of DS-MTB strains: 0.03–0.120 μg/ml 
versus 0.50 and 0.12 μg/ml, respectively [Andries 
et  al. 2005]. Bedaquiline monotherapy was also 
superior to all currently available first-line drugs 
in a murine model of pulmonary TB with a high 
initial bacillary load [Ibrahim et  al. 2007]. At 2 

months, 20% of the bedaquiline-treated mice had 
negative cultures, whereas none treated with 
rifampin, moxifloxacin, isoniazid or pyrazinamide 
monotherapy were culture negative [Ibrahim et al. 
2007]. Treatment with bedaquiline for 2 months 
was more effective than the combination of iso-
niazid, rifampin and pyrazinamide in mice 
infected with a DS-TB strain, H37Rv [Lounis 
et al. 2006]. Bedaquiline monotherapy for 8 weeks 
resulted in a greater bacillary load reduction than 
8 weeks of rifapentine [Veziris et al. 2009]. In a 
guinea pig model of TB, 8 weeks of bedaquiline 
reduced the bacterial load in the lungs to unde-
tectable levels [Shang et  al. 2011]. In a murine 
model, bedaquiline for 4 months was as effective 
as standard 6-month first-line therapy [Ibrahim 
et al. 2009].

Bedaquiline combined with first-line drugs
Bedaquiline combined with any two of isoniazid, 
rifampin or pyrazinamide for 2 months rendered 
mice with an initial bacillary load of 6 log10 col-
ony-forming units (CFUs) culture negative 
[Andries et al. 2005]. Bedaquiline, combined with 
pyrazinamide, pyrazinamide and isoniazid, pyrazi-
namide and rifampin, or pyrazinamide and moxi-
floxacin for 2 months resulted in 70–100% of 
mice infected with a high bacillary load convert-
ing to negative, whereas mice treated with isonia-
zid, rifampin and pyrazinamide or rifampin, 
pyrazinamide and moxifloxacin, remained culture 
positive [Ibrahim et  al. 2007]. The addition of 
pyrazinamide to bedaquiline had a synergistic 
effect on its bactericidal activity [Ibrahim et  al. 
2007; Veziris et al. 2009]. In a murine TB model, 
bedaquiline combined with pyrazinamide and 
rifapentine for 3 months, or 5 months of bedaqui-
line, pyrazinamide and moxifloxacin were as 
effective as 6 months of rifampin, isoniazid and 
pyrazinamide [Andries et al. 2010].

Despite better early bacterial activity (EBA), the 
sterilizing ability of some regimens may be infe-
rior to some with less robust EBA. Bedaquiline 
combined with pyrazinamide and rifapentine had 
a lower EBA but better and faster sterilizing 
activity than bedaquiline, pyrazinamide and 
moxifloxacin [Andries et al. 2010]. The steriliz-
ing effects of bedaquiline and pyrazinamide were 
superior to isoniazid, rifampin and pyrazinamide. 
Clofazimine was the best third drug in combina-
tion with bedaquiline and pyrazinamide [Tasneen 
et al. 2011].
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Bedaquiline and MDR-TB
Bedaquiline was active against MTB strains 
resistant to rifampin, isoniazid, streptomycin, eth-
ambutol and pyrazinamide [Andries et al. 2005]. 
Bedaquiline, alone or in combination with various 
second-line agents, was more active than second-
line regimens without it. Its addition to the WHO-
recommended regimen for MDR-TB (BR) 
reduces the time required to sterilize TB. The 
relapse rate in a murine TB model treated with 
the BR and bedaquiline for 6 months was similar 
to 12 months of BR without bedaquiline [Veziris 
et al. 2011].

Combinations with other new drugs
In combination with SQ 109, an ethylenediamine, 
the bactericidal rate of bedaquiline against the 
H37Rv MTB strain increased four to eight fold in 
vitro [Reddy et al. 2010]. The combination of SQ 
109 and bedaquiline was also effective when 
rifampin was included [Reddy et al. 2010].

Combining bedaquiline with sutezolid and SQ 
109 provided fully additive bactericidal activity in 
whole blood culture with comparable results to 
first-line therapy. Bedaquiline was evaluated in 
various three drug combinations with PA-824, a 
nitroimidazole recently renamed pretonamid, 
pyrazinamide, moxifloxacin and rifapentine. The 
combinations of bedaquiline, pyrazinamide and 
either moxifloxacin or rifapentine were the most 
effective [Tasneen et  al. 2011]. The addition of 
pretonamid to bedaquiline was less effective and 
possibly had an antagonistic effect on bactericidal 
activity in whole blood culture [Wallis et al. 2012].

The benzothiazinones act by inhibiting decapre-
nyl-phosphoribose epimerase, a heterodimeric 
enzyme essential for arabinan biosynthesis 
[Lechartier et  al. 2012; Makarov et  al. 2014]. 
Arabinans are mycobacterial cell wall polysaccha-
rides necessary to maintain cell wall integrity. 
The lead molecule of this new drug class, 
BTZ043, appears to act synergistically with 
bedaquiline. Bedaquiline also exhibited synergy 
when combined with another benzothiazinone, 
PBTZ169, in mouse and zebrafish TB models 
[Makarov et al. 2014].

The sterilizing potentials of bedaquiline, pretona-
mid, sutezolid, clofazimine and rifapentine were 
investigated in mice [Williams et  al. 2012]. 
Bedaquiline and sutezolid was the most effective 
pair in the two-drug study. The combination of 

bedaquiline and pyrazinamide was also studied in 
three- and four-drug regimens. The addition of 
rifapentine and clofazimine to the pair was the 
most effective regimen followed by clofazimine, 
rifapentine and sutezolid, in order of decreasing 
effectiveness.

The ability to rapidly kill actively replicating 
organisms is reflected by the EBA but dormant 
intracellular mycobacteria must also be eradi-
cated to cure TB [Mitchison, 2000]. Drug regi-
mens with good EBA are not necessarily effective 
at sterilization, that is, eradicating dormant or 
latent TB infection (LTBI) [Andries et al. 2010]. 
Although the EBA of isoniazid is superior, inclu-
sion of rifampin, with its greater activity against 
LTBI, reduces the required treatment duration 
[Mitchison, 2000]. Drugs that inhibit mycolic 
acid synthesis, including isoniazid, may not be 
active against LTBI whereas bedaquiline, which 
interferes with ATP synthase, is bactericidal even 
when bacilli are dormant [Zhang et al. 2012]. In a 
mouse model of LTBI, the sterilizing activity  
of bedaquiline was similar to rifampin with or  
without isoniazid but was inferior to rifapentine 
with or without isoniazid [Zhang et  al. 2011]. 
Moreover, the addition of bedaquiline to rifapen-
tine did not improve its sterilizing activity. In a 
paucibacillary model of LTBI, bedaquiline- and 
sutezolid-containing regimens were at least as 
effective as rifampin [Lanoix et al. 2014].

The bactericidal activity of bedaquiline is only 
evident 3–4 days after initial exposure to the drug. 
Inhibition of ATP synthase is bacteriostatic within 
hours but induction of the MTB dormancy regu-
lon maintains ATP synthesis by shifting to glyco-
lytic metabolism, temporarily prolonging bacterial 
survival, and reduces ATP requirements by down-
regulating protein, mycolic acid and nucleic acid 
synthesis [Koul et al. 2014]. In the extracellular 
milieu, bedaquiline is bacteriostatic during the 
first 7–14 days, and bactericidal activity only 
begins subsequently. Its bactericidal activity is 
evident earlier in murine peritoneal macrophages 
and accelerates over the first 5–7 days [Dhillon 
et al. 2010].

Clinical drug trials

Studies in patients with pulmonary DS-TB
To study the EBA of bedaquiline in man, 75 treat-
ment-naive patients with smear-positive pulmo-
nary TB were randomized to receive one of 25, 
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100 or 400 mg of bedaquiline, rifampin 600 mg 
or isoniazid 300 mg daily for 7 days [Rustomjee 
et al. 2008]. Mean decreases in log10 CFU counts 
were 0.04, 0.26 and 0.77 for 25, 100 and 400 mg 
of bedaquiline, respectively, compared with 1.70 
for rifampin and 1.88 for isoniazid. Similar to 
pyrazinamide, none of the bedaquiline doses 
demonstrated an obvious effect initially but after 
a delay of 4 days the EBA of bedaquiline, 400 mg 
daily, was similar to the EBA of isoniazid and 
rifampin over the same period [Zhang and 
Mitchison, 2003; Rustomjee et al. 2008]. Although 
ATP synthesis is disrupted by bedaquiline, the 
bactericidal effect is postponed until intracellular 
ATP stores are depleted.

In a 14-day, dose-ranging study in treatment-
naïve individuals with newly diagnosed smear-
positive pulmonary DS-TB, EBA increased 
linearly with increasing daily doses of bedaquiline 
between 100 and 400 mg [Diacon et al. 2013a]. 
Pyrazinamide enhances the bactericidal activity in 
man as well as in mice [Diacon et al. 2012a]. The 
protocol included loading doses of bedaquiline 
for the first 2 days to partially overcome the delay 
in EBA [Diacon et al. 2013b]. The 14-day bacte-
ricidal activity of combinations of pretonamid, 
bedaquiline, pyrazinamide and moxifloxacin were 
tested in hospitalized patients with pulmonary 
DS-TB [Diacon et al. 2012a]. The administered 
dose of bedaquiline was 700 mg on the first day, 
500 mg on the second day, and 400 mg daily for 
the rest of the trial. The 14-day EBA of the com-
bination of pretonamid, moxifloxacin and pyrazi-
namide was better than bedaquiline monotherapy, 
bedaquiline and pyrazinamide, or bedaquiline 
and pretonamid, but not better than the combina-
tion of pretonamid and pyrazinamide, and was 
comparable to standard first-line therapy. All 
treatment combinations were well tolerated and 
safe, although one patient treated with pretona-
mid, moxifloxacin and pyrazinamide was with-
drawn from the study because of QTc interval 
prolongation.

Studies in patients with pulmonary MDR-TB
In a phase II study, newly diagnosed patients with 
sputum-smear-positive MDR-TB, between the 
ages of 18 and 65 years, were treated with BR 
consisting of a standard five-drug, second-line 
MDR-TB regimen after a 1-week screening 
period during which treatment with first-line 
drugs was stopped. All subjects were randomized 
to receive bedaquiline 400 mg daily for 2 weeks, 

followed by 200 mg three times weekly for 6 
weeks or placebo [Diacon et al. 2009]. Following 
the 8-week trial period, patients continued their 
BR for a further 96 weeks. The preferred BR, 
which most received, was kanamycin, ofloxacin, 
ethionamide, pyrazinamide and either cycloserine 
or terizidone. Patients were stratified by the extent 
of lung cavitation. Patients were excluded if the 
infecting organism was resistant to aminoglyco-
sides or to fluoroquinolones, if they had previ-
ously been treated for MDR-TB, had severe 
extrapulmonary infection, were human immuno-
deficiency virus (HIV) positive with a CD4-
positive count less than 300/ml or had significant 
cardiac arrhythmias [Diacon et al. 2009].

Forty-seven patients were recruited and 23 were 
randomized to receive bedaquiline. Twenty of the 
23 who received bedaquiline plus BR and 21 of 
the 24 treated with placebo and BR completed 
the 8-week study. Two of the six withdrawals, one 
in each study arm, had XDR-TB and one was 
withdrawn because sputum remained culture 
negative throughout the study. Demographics of 
the two groups were similar: 55% were black race, 
74% were male, mean body mass index was 18.3, 
87% were HIV negative, median age was 33 years, 
85% had cavitary lung disease, and one third were 
infected with TB strains also resistant to pyrazina-
mide [Diacon et al. 2009].

At 4 weeks and at 8 weeks the proportions of sub-
jects with negative sputum smears were 77% and 
84% for the bedaquiline plus BR group and 57% 
and 68% for the placebo plus BR group, respec-
tively [Diacon et al. 2009]. Sputum culture CFUs 
declined more rapidly in the bedaquiline-treated 
group. Addition of bedaquiline to BR reduced the 
time to sputum culture conversion [hazard ratio 
(HR) 11.8; CI 2.3–61.3; p = 0.003] and increased 
the proportion of patients whose sputum cultures 
converted to negative, 48% (10 of 21) versus 9% 
(2 of 23) at 8 weeks, p = 0.003 [Diacon et  al. 
2009]. The time required for 50% of the patients 
to achieve sputum culture conversion was 78 days 
with bedaquiline versus 129 days in the placebo 
arm [Diacon et al. 2012b].

Two-year outcomes were reported separately 
[Diacon et al. 2012b]. Study withdrawal occurred 
in 54% of the placebo patients and 44% in the 
bedaquiline arm before completion of the 2-year 
follow up. The efficacy at 24 weeks, defined as the 
time to culture conversion, was significantly bet-
ter in the bedaquiline-treated patients (HR 2.25; 
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CI 1.08–4.71; p = 0.031). At 24 weeks, 81% in 
the bedaquiline arm and 65% receiving placebo 
were sputum culture negative. Treatment success 
rates were similar at 104 weeks, 52.4% and 47.8% 
in the bedaquiline and placebo arms, respectively. 
At study initiation, 70% of the 43 baseline isolates 
had a bedaquiline MIC of 0.03 μg/ml or less and 
the MIC was 0.12 or less in 95%. In the few sam-
ples obtained at 2 years, there were no significant 
changes in the bedaquiline MICs.

Nausea was the only adverse effect more common 
in the bedaquiline arm; 26% versus none in the 
placebo arm [Diacon et  al. 2012b]. Other com-
mon adverse effects were unilateral deafness, 
arthralgias, hemoptysis, hyperuricemia, rash, 
extremity and chest pain. Most adverse events 
were considered mild or moderate. Only one 
patient treated with bedaquiline acquired resist-
ance to a companion drug compared with five 
receiving placebo (p = 0.18). The QTc increased 
more in the bedaquiline patients, 10.8 versus 1.0 
ms (p = nonsignificant) [Diacon et al. 2009].

In another double-blind, placebo-controlled, phase 
IIb trial, 160 patients with newly diagnosed spu-
tum-smear-positive MDR-TB, treated with BR, 
were randomized to receive bedaquiline 400 mg 
daily for 2 weeks followed by 200 mg thrice weekly 
for 22 weeks, or placebo [Gras, 2013; Diacon et al. 
2014]. After completing the 24-week experimental 
period, patients were instructed to continue BR for 
a further 96 weeks. The primary objective of the 
trial was the time to sputum culture conversion, 
defined as two consecutive negative cultures in liq-
uid medium at least 25 days apart not followed by 
a positive sputum culture. Drug susceptibility test-
ing was done at 8, 24 and 72 weeks and in all 
patients who relapsed; that is, became culture posi-
tive after converting to negative.

Patients were stratified by study site and by sever-
ity of cavitation. The preferred five-drug BR was 
pyrazinamide, ethionamide, ofloxacin, kanamycin 
and cycloserine. The study was carried out in 
eight countries with relatively high burdens of 
MDR-TB. Inclusion criteria included being 
18–65 years with newly diagnosed, sputum-
smear-positive pulmonary MDR-TB. Important 
exclusion criteria were previous treatment for 
MDR-TB or previous treatment with bedaqui-
line, HIV positivity with a CD4-positive count 
less than 300/ml, complicated or severe extrapul-
monary disease, an electrocardiographic QTcF 
(QTc interval corrected with Fridericia’s formula, 

i.e. QTc interval divided by the cube root of the 
RR interval (RR is the time interval between the 
R waves, part of the electrocardiographic pattern, 
of two consecutive heart beats)) greater than 450 
ms, cardiac arrhythmias requiring medication, 
concomitant serious illness, pregnancy or lacta-
tion, or alcohol or drug abuse. Concomitant use 
of moxifloxacin, gatifloxacin, CYP3A4 inhibitors 
or enhancers was prohibited.

Separate analyses of the intent-to-treat (ITT) 
group, those receiving at least one dose of study 
medication (160 patients), and on the modified 
ITT group (132 patients, 66 in each group) 
excluding those with negative pretreatment spu-
tum cultures, those without documented resist-
ance to isoniazid and rifampin, those with 
pre-extensive drug resistance, that is MDR-TB 
and also resistance to any second-line injectable 
medication or to a fluoroquinolone (pre XDR), 
and those not assessed after baseline were cen-
sored at the last assessment and were considered 
to have not responded [Gras, 2013].

Sixty of the 160 patients in the ITT group discon-
tinued the trial prematurely. Reasons for discon-
tinuation were similar in both study arms, mostly 
consent withdrawal or adverse events. In the 
modified ITT group the demographics of the 
bedaquiline and placebo groups were similar 
except that there were more with pyrazinamide 
resistance and pre-XDR-TB in the bedaquiline 
group and more HIV-positive patients and 
patients with low serum albumins in the placebo 
arm. The median overall treatment phase was 
longer in the placebo group. At least one more 
drug was added to the BR of 58% of the placebo 
patients and to 47% of the bedaquiline patients.

Bedaquiline reduced the median time to sputum 
culture conversion from 125 to 83 days in the 
modified ITT population. The HR adjusted for 
cavitation was 2.44 (CI 1.57–3.80, p < 0.001). 
The results were similar in the ITT cohort. The 
culture conversion rates were 79% versus 58%, p 
= 0.008, 71% versus 56%, p = 0.069, and 62% 
versus 44%, p = 0.04, at 24, 72 and 120 weeks, in 
the bedaquiline and placebo patients, respectively 
[Diacon et al. 2014]. There were no differences in 
the bedaquiline AUC curves between the patients 
who converted or did not convert to negative. 
Cure rates for MDR-TB, as defined by WHO, 
were 58% in the bedaquiline arm and 32% in the 
placebo arm at 120 weeks (p = 0.003). At 120 
weeks, sputum culture conversion occurred in 
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69% versus 43% and 60% versus 42% of the 
patients with resistance to isoniazid and rifampin 
only, and with pre-XDR-TB, respectively, favor-
ing bedaquiline.

New resistance to at least one TB drug developed 
in two subjects treated with bedaquiline and in 16 
of the placebo group. Treatment failure occurred 
in one of the two bedaquiline group patients and 
in 9 of the 16 placebo arm patients who developed 
additional drug resistance. In the ITT population 
there were as many adverse events, treatment-
related adverse events and adverse events leading 
to study discontinuation in the two study arms. In 
a pooled analysis of the data from the two phase 
IIb trials, 96.1% of the patients in the bedaquiline 
arms and 95.2% in the placebo arms experienced 
at least one adverse effect [WHO, 2013]. The 
most frequent adverse events were nausea (35%), 
arthralgias (29%), headache (24%), hyperurice-
mia (23%) and vomiting (21%) [Diacon et  al. 
2014]. Headache (24% versus 11%), nausea (35% 
versus 26%) and arthralgias (29% versus 20%) 
were more common in the bedaquiline-treated 
patients [Diacon et al. 2014]. In the pooled analy-
sis of the two phase IIb studies, there were 10 
(13%) deaths in the bedaquiline group, including 
5 from progressive TB, versus 2 (2%) in the pla-
cebo group [Gras, 2013]. One death in the 
bedaquiline arm was due to a motor vehicle acci-
dent 130 weeks after bedaquiline was discontin-
ued [Cox and Laessig, 2014]. Nine of 10 deaths in 
the bedaquiline arm occurred after 24 weeks and 
bedaquiline had already been discontinued for a 
median of 49 weeks at the time of death (range 
12.3–130.1 weeks). There was no common cause 
of death among the four other cases, making it dif-
ficult to attribute them to bedaquiline [Cox and 
Laessig, 2014]. Despite the concerns about excess 
deaths, the alternatives to bedaquiline are less 
effective, very difficult to tolerate and toxic medi-
cations. Moreover, its successful and reasonably 
safe use in MDR-TB and XDR-TB in a cohort 
treated on a compassionate basis is reassuring 
[Guglielmetti et al. 2015].

The QTcF increased a mean of 15.4 ms in the 
bedaquiline arm versus 3.3 ms in the control arm 
and the QTcF returned to normal after discon-
tinuation of bedaquiline. There was no associa-
tion between deaths and bedaquiline plasma 
levels or with QTcF prolongation.

An open-label, phase II, single-arm trial, C209, 
in patients with newly diagnosed MDR-TB or in 

those who previously failed treatment for 
MDR-TB to assess safety, tolerability and effi-
cacy of bedaquiline in combination with individ-
ualized regimens to treat sputum-smear-positive 
MDR-TB patients has been completed [US 
FDA, 2012]. HIV-positive patients could partici-
pate if their antiretroviral regimen could be 
switched to a triple nucleotide reverse tran-
scriptase inhibitor regimen, zidovudine/lamivu-
dine, epivir/abacavir, or if antiretroviral therapy 
could be discontinued. This trial included 
patients with additional drug resistance. Patient 
profiles were more like the typical patient with 
MDR-TB than the participants in the C208 tri-
als [Diacon et  al. 2009; Gras, 2013]. Patients 
with pre-XDR-TB or XDR-TB could participate 
provided that their regimen included at least 
three drugs that the TB isolate was likely to be 
susceptible to. Patients with sputum-smear-posi-
tive MDR-TB received bedaquiline for 24 weeks 
along with an individualized background regi-
men according to national TB program treatment 
guidelines [US FDA, 2012]. Bedaquiline treat-
ment consisted of 400 mg once daily for 2 weeks 
followed by 200 mg three times weekly for 22 
weeks. The 24-week bedaquiline treatment 
period had been completed but the 96-week fol-
low-up period was still ongoing at the time of the 
FDA report [UD FDA, 2012].

Bedaquiline was provided to 35 French patients 
with MDR-TB on a compassionate basis 
[Guglielmetti et al. 2015]. Nineteen had XDR-TB 
and 14 had pre-XDR-TB. They received a median 
of four (two to five) drugs, including linezolid in 
33 patients. After 6 months of bedaquiline, spu-
tum culture conversion occurred in 28 of 29 
patients who were culture positive initially and 
the median time to sputum culture conversion 
was 85 (8–235) days. The QTc interval increased 
by 60 ms or more in seven patients, requiring dis-
continuation in two. One death occurred but was 
not felt to be related to TB or to drug treatment.

Indications
Both WHO and CDC published provisional rec-
ommendations for the appropriate use of bedaqui-
line in the treatment of MDR-TB in 2013 [WHO, 
2013; CDC, 2013]. Bedaquiline should be 
reserved for patients with MDR-TB when an 
effective regimen with pyrazinamide and four sec-
ond-line drugs, as recommended by WHO, can-
not otherwise be designed. It is also recommended 
for the treatment of MDR-TB with documented 
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resistance to any fluoroquinolone. The recom-
mended dose is 400 mg daily for 2 weeks followed 
by 200 mg three times per week for a further 22 
weeks. It should be administered with food to 
maximize absorption. WHO recommended that it 
not be given for more than 6 months whereas the 
CDC suggested that treatment for longer than 24 
weeks could be considered on a case-by-case basis 
when an effective regimen cannot otherwise be 
provided.

Bedaquiline should be used in combination with 
a minimum of four drugs provided to adults 
closely supervised in a DOT program for patients 
with pulmonary MDR-TB. Bedaquiline should 
not be added as a single drug to companion drugs 
known or believed to be ineffective or to a failing 
regimen [WHO, 2013]. In the absence of a spe-
cific bedaquiline susceptibility test, resistance 
should be monitored by serial assessment of 
MICs [WHO, 2013]; a fourfold MIC increase 
suggests acquired resistance [CDC, 2013]. Since 
bedaquiline has a long terminal half life, it should 
be discontinued 4–5 months before other drugs 
are stopped to prevent extended exposure of 
MTB to low levels of bedaquiline monotherapy 
which could increase the risk of resistance [CDC, 
2013].

Both organizations emphasized that the current 
recommendations were limited to adults with pul-
monary MDR-TB between the ages of 18 and 65 
years. Caution should be exercised in the use of 
bedaquiline in older patients and in those living 
with HIV. WHO recommended against the use of 
bedaquiline in pregnant women and children less 
than 18 years of age, whereas the CDC recom-
mended that it could be considered in these popu-
lations and in patients with extrapulmonary 
disease on a case-by-case basis. It is considered a 
pregnancy category B drug by the FDA [CDC, 
2013]. It is not known whether bedaquiline and its 
metabolites are excreted in human breast milk, 
although it is concentrated in breast milk in rats 
[CDC, 2013]. Both organizations raised concerns 
and highlighted the need for monitoring in patients 
with certain comorbidities, including liver disease, 
cardiac disease, and alcohol and drug abuse.

The Republic of South Africa created a clinical 
access program for bedaquiline [Conradie et  al. 
2014]. Its goals are to provide it to patients with 
pre-XDR-TB or XDR-TB. Bedaquiline should 
never be added as a single drug to a failing drug 
regimen. It should be reserved for infections that 

can be treated with a BR that includes at least 
three drugs proven effective by DST within the 
previous 6 months. The recommended bedaqui-
line regimen is the same as that recommended by 
WHO and CDC; 400 mg daily for 2 weeks fol-
lowed by 200 mg three times per week for a fur-
ther 22 weeks. The BR should be continued after 
the course of bedaquiline is completed to reduce 
the risk of resistance to bedaquiline developing 
[Conradie et al. 2014].

The CDC, FDA and the South African program 
all raised concerns about QTcF prolongation 
and the higher mortality in the bedaquiline-
treated groups but endorsed its use when an 
MDR regimen with four second-line drugs could 
not otherwise be provided, particularly in cases 
with a fluoroquinolone-resistant TB strain. All 
three organizations raised concerns about its use 
with other medications known to prolong the 
QTcF, including moxifloxacin, macrolides and 
clofazimine.

Possible future roles for bedaquiline?
Bedaquiline should be reserved for patients with 
MDR-TB who cannot otherwise be successfully 
treated but it may have other indications in the 
future. There is no consensus about the treatment 
of LTBI in contacts of MDR-TB and XDR-TB 
cases [European Centre for Disease Prevention 
and Control, 2012]. The European Centre for 
Disease Prevention and Control suggests respira-
tory fluoroquinolones as a treatment option but 
clinical data are lacking. Bedaquiline could poten-
tially be an alternative for MDR-TB contacts.

A recent small case series explored the role of 
bedaquiline as salvage therapy in patients with 
macrolide-resistant M. avium and M. abscessus 
lung disease [Philley et al. 2015]. Side effects were 
common but six of the ten patients had a positive 
microbiological response.

Although the addition of bedaquiline to standard 
therapy shortened the time to sterilize murine 
DS-TB, careful consideration and appropriate 
trials to test efficacy and safety will be essential 
before endorsing its use to treat DS-TB. 
Bedaquiline and the other new drugs must be 
preserved for DR-TB that cannot otherwise be 
effectively treated. The very long half life of 
bedaquiline due to slow tissue release could 
expose MTB after other medications are stopped 
to the development of bedaquiline resistance 
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[Andries et  al. 2005]. Cost and adverse drug 
effects will obviously limit its widespread use.

The development of new drug classes directed at 
novel mycobacterial targets will provide effective 
treatments against MDR-TB and XDR-TB. 
Hopefully, trials of various combinations of new 
drugs, including bedaquiline, will be undertaken 
to identify the best way to treat these seriously ill 
patients.
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