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Review

Special Focus: Neglected Diseases

Tuberculosis is the second leading cause of death 
resulting from an infectious agent worldwide, 
with nine million cases. A total of 1.8 million 
deaths are attributed annually to this debilitat-
ing disease  [1]. Calculations based on purified 
protein derivative skin test results, which mea-
sure infection of individuals by Mycobacterium 
tuberculosis (Mtb), have estimated that approxi-
mately a third of the world’s population is 
latently infected with Mtb. Such individuals 
have a 10% lifetime risk of developing active 
TB and this risk increases to a 10% annual risk 
in HIV infected individuals [1,2]. TB is the lead-
ing cause of death in HIV-infected individuals 
with the spread of HIV being a major factor in 
the inability to combat the global spread of Mtb. 
The current chemotherapy of drug-sensitive TB 
requires 6–9 months of multidrug treatment and 
under ideal situations can achieve a 95% cure 
rate. However, in the real world, the cure rates 
are much lower, with poor treatment and non-
compliance having given rise to selection and 
spread of multidrug-resistant (MDR) and exten-
sively drug-resistant (XDR) TB. The treatment 
options of MDR, and especially XDR-TB, are 
limited, and are generally longer than 24-month 
treatments, associated with much lower cure 
rates [3].

The WHO’s ‘Stop TB’ strategy aims to halve 
the incidence and number of deaths due to TB 
relative to their respective 1990 levels by 2015, 
and to reduce the incidence of new cases to one 
in a million by 2050. Achieving this goal will 
be extremely challenging and the development 
of new drugs that will effectively treat both 

drug-sensitive as well as drug-resistant TB and, 
ideally, also target latent TB, will be key to this 
success. This review will discuss the develop-
ment of a series of nitroimidazoles, which are 
currently one of the most promising series of 
new anti-tubercular drugs in the clinical drug 
development pipeline.

�� From anti-infectives to anti-tuberculars: 
history of nitroimidazole drugs
Metronidazole (1; Figure 1), the first class of 
nitroimidazoles, currently in the 16th edi-
tion of the WHO’s model lists of essential 
medicines  [301], was discovered in mid 1950s 
at Rhône-Poulenc during the search for a cure 
for the sexually transmitted disease tricho-
miniasis  [4], caused by Trichomonas vaginalis. 
Extracts from streptomycete 6670 were found 
to have potent activity against T. vaginalis and 
the purified active component was identified 
as azomycin (2) (chemically known as 2-nitro-
imidazole) [4,5]. Consequently, Rhône-Poulenc 
developed an array of azomycin derivatives to 
explore this trichomonacidal activity and came 
up with metronidazole (l-(b-hydroxyethyl)-2-
methyl-5-nitroimidazole), which is still used  
today for the treatment of trichominiasis  [6]. 
The antiprotozoan activity of the metronidazole 
was not restricted to T. vaginalis, since it was 
found to be effective against Giardia lamblia, 
the causative agent of giardiasis, [7], as well as 
Trypanosoma cruzi, which causes Chagas disease 
(trypanosomiasis) [8]. 5 years after its discovery, 
metronidazole was clinically demonstrated to 
cure amoebic dysentery caused by Entamoeba 
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histolytica [5]. Since its discovery, metronidazole 
has been used successfully for the treatment of 
diseases caused by anaerobic bacteria, such as 
the Gram-negative Bacteroides fragilis, which 
causes peritoneal infections, the Gram-positive 
bacteria Clostridium difficile, which causes 
pseudomembranous colitis [6] and Helicobacter 
pylori, which causes stomach ulcers [9]. It is used 
extensively for the treatment of abscesses (e.g., 
brain, pelvis, pulmonary and tubo-ovarian), 
septicemias, pneumonia, endodermitis and 
bacterial vaginosis, as well as anaerobic growth 
in the periodontal cavity [10]. In the mid-1990s, 
metronidazole was shown to have bactericidal 
activity against dormant Mtb. No activity 
was seen against aerobic actively replicating 
Mtb, underscoring its utility against anaero-
bically adapted bacteria  [11]. Granulomas in 
lungs infected with Mtb have been shown to 
become very hypoxic [12]. Restriction of oxygen 
is thought to be an important factor that main-
tains Mtb under a state of low metabolic activ-
ity in latently infected lungs [13]. Consequently, 
the ability of drugs to kill Mtb under hypoxia-
induced nonreplicating conditions is assumed 
to be critical in the development of drugs that 
will lead to shortening of chemotherapy [13,14]. 
Thus, the discovery that metronidazole has 
activity against anaerobic nonreplicating Mtb 
was significant as it raised the prospect of 
the use of combination drugs (metronidazole 
with rifampicin [RIF] and isoniazid [INH]) 
for treatment of both actively replicating and 
nonreplicating persistent Mtb. There is no 
standardized method for testing the activity of 
drugs under anaerobic conditions. Assays that 
report the minimum anaerobicidal concentra-
tion measure the concentration of drug that 

results in a tenfold drop in bacterial numbers 
in hypoxically adapted Mtb treated for a week 
under anaerobic conditions with the compound 
under investigation. INH is used as a negative 
control under these conditions since it has no 
activity against Mtb persisting under anaero-
bic conditions whereas metronidazole is used as 
positive control because it has exclusive activity 
under anaerobic conditions against this organ-
ism. In the low oxygen recovery assay, hypoxi-
cally adapted Mtb is treated for 1 week under 
anaerobic conditions with the compound under 
investigation, but in contrast to the previous 
assay, activity of the compounds is measured 
after an aerobic outgrowth period as a surrogate 
for anaerobic activity.

Prior to the establishment of the anti-tuber-
cular activity of metronidazole, which belongs 
to the class of 5-nitroimidazoles, 2-nitroimid-
azoles were the first in this class of compounds 
reported to have antimycobacterial activity in 
early 1970s  [15]. Derivatives of 2-nitroimid-
azoles substituted at the 1 and 5 positions were 
found not only to be moderately active against 
Mtb, but also showed activity against many 
other organisms  [16]. 2-nitroimidazoles have 
a reduction potential approximately 150 mV 
higher than the 5-nitroimidazoles and are, 
therefore, readily reduced relative to 5-nitro-
imidazoles. It is to be noted here that, in gen-
eral, the nitroimidazoles require bioreductive 
activation for their cidal activity (see section 
on ‘Mechanism of action’). Nitroimidazole 
derivatives with lower reduction potential can 
selectively tap into the redox system of the 
microbe (as opposed to mammals) and pro-
duce cidal activity specific to the microbe  [17]. 
Thus, it became increasingly difficult to exploit 
the structure–activity relationships (SARs) 
of the 2-nitro series, due to their reduction by 
mammalian enzymes, and interest in anti-infec-
tive research gradually shifted towards other 
4- and 5-nitroimidazole derivatives. 

In cancer drug development, the search for 
good radiosensitizers for improving the sen-
sitivity of tumor cells towards radiation ther-
apy led to efforts directed at incorporating an 
additional nitro group onto the 2-nitroimid-
azole scaffold to increase its electron affinity 
in order to further increase reduction potential 
and subsequently alkylate the 2, 4(5)-dinitro-
imidazole with a series of oxirane derivatives. 
In addition to obtaining the desired product 
(1-(2-hydroxyalkyl)-2,4-dinitroimidazole), 
nitroimidazo [2,1-b]oxazoles were unexpectedly 
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Figure 1. Anti-tubercular nitroimidazoles. The numbering of the atoms in the 
imidazole ring is shown in metronidazole (1).

Key Terms

Structure–activity 
relationship: The study of the 
relationship between the 
structural feature of a molecule 
and its biological activity. 
Structure–activity relationship 
studies in whole cells are 
difficult to rationalize due to 
multifactorial events that affect 
permeability, efflux, inactivation 
as well as binding of compounds 
to their target. Structure–
activity relationship studies 
between compounds and their 
‘cognate’ proteins provide a 
more direct readout of binding 
to the target. Such studies 
provide indispensable 
knowledge for rational 
drug design.

Radiosensitizers: Chemical 
compounds that selectively 
make tumor cells susceptible to 
radiation therapy. Cells within 
tumors are often hypoxic and 
the lack of oxygen minimizes the 
production of reactive oxygen 
intermediates that cause nucleic 
acid damage during radiation. In 
the presence of radio-
sensitizers these hypoxic 
radiation-resistant tumor cells 
become susceptible to radiation. 
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also produced, by intermolecular cyclization of 
the alcohol with the elimination of the 2-nitro 
group [18]. In 1989, Hindustan Ciba-Geigy dem-
onstrated the anti-tubercular activity of these 
bicyclic nitroimidazoles [19] with further opti-
mization of various structural analogs generat-
ing the lead compound CGI-17341 (3; Figure 1), 
which was found to be active against drug-
susceptible as well as MDR Mtb [20]. However, 
further development was abandoned due to 
its mutagenicity.

More than a decade later, Otsuka 
Pharmaceutical Co. Ltd, overcame the mutagen-
icity problem of the nitroimidazooxazole series 
of compounds by substituting the 2-position of 
the side chain with a heteroatom and developed 

a series of nitroimidazooxazoles, which led to 
the compound OPC-67683 (4; Figure  1)  [21], 
which is currently in Phase II clinical trials for 
the treatment of TB [302]. A few years prior to the 
discovery of OPC-67683, PathoGenesis (now 
Novartis) came out with their lead compound 
PA-824 (5; Figure 1), from a series of over 300 
nitroimidazooxazines, which showed increased 
activity against Mtb with potential to decrease 
the duration of therapy [22,23]. This compound 
is also currently in Phase II clinical trials [303]. 
The reason for choosing oxazines over oxa-
zoles for anti-tubercular drug development by 
PathoGenesis was probably driven by the need 
to patent compounds distinct from those made 
by Hindustan Ciba-Geigy [10].

Key Terms

Bicyclic nitroimidazole: 
Nitrogroup-containing 
imidazole ring fused to another 
ring system such as an oxazole 
ring (five-membered aromatic 
cyclic compound containing an 
oxygen and a nitrogen separated 
by one carbon atom) or an 
oxazine ring (six-membered 
cyclic compound containing an 
oxygen and a nitrogen). 
OPC-67683 and PA-824 are 
examples of bicyclic 
nitroimidazooxazole, and 
bicyclic nitroimidazooxazine, 
respectively.

Mutagenicity: The ability of 
an external agent (radiation or 
chemical compounds) to 
increase the mutation frequency 
of DNA above the background 
level of naturally occurring 
spontaneous mutations. This is 
generally tested through the 
Ames test where Salmonella 
typhimurium auxotrophic 
mutants in histidine biosynthesis 
are screened for reversion to 
histidine prototrophy in the 
absence or presence of the 
test agent.

Table 1. Minimum inhibitory concentration of 2- and 5-nitroimidazoles against 
aerobes and anaerobes†.

N

N

O2N

OH
1

H
N

O

N

N

NO2

6

Organism MIC (µM) MIC (µM)

Aerobes

Pseudomonas aeruginosa ATTC 27853 >748.54 490.61
Staphylococcus aureus ATTC 25293 >748.54 245.30
Escherichia coli ATTC 25922 >748.54 >490.06
E. coli W3110 rec A‡ >748.54 >490.06
E. coli W3110 rec A 748.54 30.66
E. coli WP2 polA‡ uvrA‡ >748.54 245.30
E. coli WP67 polA uvrA 748.54 61.33
Salmonella typhimurium LT2 uvrB >748.54 >490.06
S. typhimurium LT2 uvrB NR >748.54 >490.06
S. typhimurium TA98 uvrB >748.54 490.61
S. typhimurium TA98 uvrB, NR >748.54 490.61
S. typhimurium TA1538 uvrB 748.54 490.61

Anaerobes

Bacteroides fragilis ATTC 25285 2.92 7.67
Bacteroides variabilis 5.85 15.33
Bacteroides distasonis 5.85 7.67
Clostridium perfringens 2.92 7.67
Clostridium bifermentans 2.92 15.33
Clostridium septicum 2.92 3.83
Clostridium sordelii 5.85 7.67
Clostridium tetani 2.92 7.67
Clostridium sporogenes 2.92 15.33
Peptostreptococcus sp. 5.85 7.67
Actinomyces sp. 46.78 30.66
†Data from [24].
‡uvr, recA and polA are the genes of the SOS DNA repair system. 
MIC: Minimum inhibitory concentration; NR: Nitroreductase deficient.
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Structure–activity relationships of 
anti-tubercular nitromidazoles
�� 5-nitroimidazoles

An important consideration in nitroimidazole 
drug development has been generating com-
pounds that are selectively reduced by microbes 
as opposed to their mammalian hosts. The 
5-nitroimidazoles have a lower reduction poten-
tial than the 2-nitroimidazoles and this lower 
reduction potential is beyond the reach of the 
aerobic, and specifically the mammalian, redox 
systems, thereby making them harder to reduce. 
This lower reduction potential therefore makes 
the 5-nitroimidazoles selective for anaerobic 
microorganisms, including anaerobically persist-
ing Mtb, where favorable, low reduction systems 
prevail. Thus, the 5-nitroimidazole, metronida-
zole, has better activity against anaerobes than 
the 2-nitroimidazole, benznidazole (6), whereas 
the latter, in turn, has better activity against aer-
obes (Table 1)  [24]. Thus, more elaborate SAR 
has been established for the 5-nitroimidazoles 
relative to the 2-nitroimidazoles. 

N1-substituted 5-nitroimidazoles were eval-
uated for activity against Bacteroides spp. and 
ranked according to their activity: tinidazole 
(7) > panidazole (8) > ornidazole (9) > metro-
nidazole ≥ secnidazole (10) > carnidazole (11) > 
dimetridazole (12; Table 2) [25]. Another 5-nitro-
imidazole GO-10213 (13) was found to be more 

active than metronidazole against aerobes, 
microaerophilic organisms and anaerobes but 
development halted due to the mutagenicity of 
the imidazolidinone ring [26]. 

�� 2-nitroimidazoles
2-nitroimidazoles were the first class of nitro-
imidazoles with reported anti-tubercular activ-
ity. A large array of compounds belonging to 
this class substituted at 1- and 5-positions was 
screened against Gram-positive and Gram-
negative bacteria, as well as fungi. The anti-
tubercular activity of a selected set of compounds 
defining the SAR of this series is represented in 
Table 3  [15]. Alkyl (14–17), halide (18–20) and 
amide (21 & 22) substitution at the 1- as well as 
5-position showed poor activity, whereas vinyl 
(25 & 26) substituents at the 5-position showed 
increased potency. The most active compound 
in the initial series ((26), minimum inhibitory 
concentration [MIC] = 29.93 µM) had an ethyl 
at N1 and an unsubstituted vinyl at the 5-posi-
tion [15]. Subsequently, further vinyl-substituted 
2-nitroimidazoles were made with only marginal 
improvement in antimycobacterial activity (e.g., 
1-methyl-2-nitro-5-(2-nitro-hex-1-enyl)-1H-im-
idazole (31)) [27]. Further probing of the substi-
tution at the 5-position with larger substituents 
yielded a marginal improvement in anti-tubercu-
lar activity with the most active compound being 

Table 2. Minimum inhibitory concentration of 5-nitroimidazoles 
against Bacteroides.

N

N

O2N R2

R1

Compound
number

Compound name R1 R2 MIC (µM)

Against Bacteroides fragilis ATCC 23745†

7 Tinidazole CH2CH2SO2CH2CH3 CH3 0.8
8 Panidazole CH2CH2-(4)-pyridyl CH3 2.2
9 Ornidazole CH2CH(OH)CH2Cl CH3 3.7
1 Metronidazole CH2CH2OH CH3 3.7
10 Secnidazole CH2CH(OH)CH3 CH3 3.7
11 Carnidazole CH2CH2NHC(S)OCH3 CH3 6.3
12 Dimetridazole CH3 CH3 10.0

Against Bacteroides spp.‡

1 Metronidazole CH2CH2OH CH3 2.92
13 GO-10213 CH3 N N

O

S

O
O

0.43

†Data from [25].
‡Data from [26].
MIC: Minimum inhibitory concentration.
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n-decyl-substituted oxime at the vinylic position 
(33)  [28,29]. It is notable that 2-amino imidaz-
oles [16], which are thought to be the end-product 
of intracellular nitroimidazole bioreduction, 
were also investigated for antimicrobial activity 
with similar substitutions at the 5-position yield-
ing compounds with moderate anti-tubercular 
as well as generalized antimicrobial activity. In 
general, increase in the lipophilicity at the 5- 
position of the 2-nitroimidazoles increased the 
antimicrobial activity of Gram-positive bacteria, 
including Mtb (Figure 2) [27].

�� Imidazo[2,1-b]oxazoles
Structure–activity relationships of imidazo[2,1-
b]oxazoles were explored on discovering that 
compound 35 (Table 4) exhibited anti-tubercu-
lar activity. Substitution of the 2-position of the 
oxazole ring with various alkyl and alkyl halides 
resulted in compounds with mostly improved 

in vitro anti-tubercular activity as represented 
in Table 4 [19]. Substitution of the methyl of 35 
with ethyl resulted in the lead compound in this 
study, CGI-17341 (3) with 35-fold increased 
activity above 35, while substitution with a 
phenyl group (37) only marginally improved 

Table 3. Minimum inhibitory concentrations of 2-nitroimidazoles against 
Mycobacterium tuberculosis H37Rv†.

N

N

NO2

R1

R2

Compound number R1 R2 MIC (µM)
14 H n-C3H7 >128.97
15 CH3 CH3 >1417.94

16 CH3 C2H5 >1289.74
17 CH3 CH2CH2OH >1169.18
18 CH3 CH2CH2Cl >1058.03
19 C2H5 CH2CH2Cl 98.50

20 CH2CH2Cl CH3 >1058.03
21 CH2CONH2 CH3 >543.30
22 CH2CONHCH3 CH3 >1009.69
23 CH3 CHO 64.50
24 CH3 COCH3 295.77
25 CH3 CH2=CH 130.68
26 C2H5 CH2=CH 29.93
27 CH3 C6H5CH=CH >87.30
28 C2H5 C6H5CH=CH 41.14

29 CH3 HC(NO2)=CH 25.25
30 CH3 CH3C(NO2)=CH 23.58
31 CH3 n-C4H9C(NO2)=CH 19.68
32 CH3 n-C5H11N(O)=CH 208.23

33 CH3 n-C10H21N(O)=CH 16.12
34 CH3 N N CH

210.86

†Data from [15,16,27–29].
MIC: Minimum inhibitory concentration.
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Bulky groups
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Figure 2. Structure–activity relationships 
of 2-nitroimidazoles. 
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activity. Alkyl mono halide substitutions 
36 and 38 had greatly improved activity, whereas 
the trichloromethyl group (39) resulted���������� in a ten-
fold decrease in activity. It is not clear if the com-
pounds that were tested were enantiomerically 
pure or not, since the R-enantiomer was later 
shown to be the active enantiomer for the 4-nitro 
imidazo[2,1-b]oxazole series, whereas the 
S-enantiomer was the active enantiomer in the 
4-nitro imidazo[2,1-b]oxazine series [10]. Thus, 
testing of racemic mixtures would have under-
estimated the true potency of these compounds. 
Dialkyl substitution at the 2-position resulted 
in the most active compounds (43 & 44) with 
activity proportional to the chain length. A spiro 
cyclopentyl (45) substitution at the 2-position 
resulted in an inactive compound, but the spiro 
cyclohexyl (46) and cycloheptyl (47) substituent 
resulted in improved activity. 

5-nitro analogs with a 2-methyl or 2-chlo-
romethyl substituent were 100- and 2000-fold 
less active than their 4-nitro counterparts, 
respectively, showing a clear preference for the 
position of the nitro group for anti-tubercular 
activity [18,19]. 

�� Nitroimidazo[2,1-b]oxazines
Initial SAR studies leading to the identification of 
PA-824 ((6S)-2-nitro-6-{[4-(trifluoromethoxy)
benzyl]oxy}-6,7-dihydro-5H-imidazo[2,1-b]

[1,3]oxazine) (5), the lead compound in 
the series of bicyclic compounds containing 
nitroimidazo [2,1-b]oxazines, have been pat-
ented  [201,202]. Most of the compounds were 
assayed for activity against Mycobacterium bovis 
strains while only a selected few were assayed 
against drug susceptible and drug resistant 
Mtb. Most of the compounds had a benzyloxy 
group attached to the oxazine ring (Table 5). 
Whereas the unsubstituted, the 2,4-disubsti-
tuted and 3-substituted benzyloxy analogs were 
inactive, 4-substituted benzyloxy groups were 
active with the 4-trifluoromethyl substituent (48) 
being less active than the 4-trifluoromethoxy 
group (PA-824)  [10]. The benzyloxybenzyloxy 
substituent (49) was the most active compound 
in vitro. For the nitroimidazo[2,1-b]oxazines, 
the S-isomers were 100-fold more active than 
the corresponding R form  [10,23]. Introduction 
of carbonate, carbamate (52 & 53) and urea (51) 
linkers in between the oxazine ring and the 
substituted benzyl ring led to compounds with 
equal or slightly better MICs against M. bovis 
strains with p-chlorophenyl urea (51) being the 
most potent compound in the series. Selected 
activity results are summarized in Table 5.

The SAR for the anti-tubercular nitroimid-
azoles have been established based on whole 
cell activity, yet the basis of this activity is not 
fully understood. Where metronidazole only 

Table 4. Anti-tubercular activity of 4-nitroimidazo[2,1-b]oxazoles†.

N

N O
O2N

R1

R2

Compound 
number

R1 R2 Anti-tubercular activity

In vitro MIC (µM) In vivo ED50
‡

(mg/kg) p.o.
35 CH3 H 11.54 25
3 C2H5 H 0.33 10
36 CH2Cl H 0.59 30–100
37 C6H5 H 4.11 >100
38 CH2Br H 0.97 30–100
39 CCl3 H 115.16 ND
40 CH2OiPr H 17.17 >200
41 CH2Oallyl H 17.33 >200
42 CH2OC6H5 H 0.92 >200
43 n-C4H9 CH3 0.07 ND
44 n-C7H15 CH3 0.01 ND
45            - (CH2)4- 149.23 ND
46            - (CH2)5- 0.03 0.13
47            - (CH2)6- 0.015 0.06
†Data from [19].
‡Drug dose that allowed the survival of 50% of mice, when all the untreated control groups died on day 23.
MIC: Minimum inhibitory concentration; ND: Not determined; p.o.: per os.
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kills anaerobically persisting Mtb, PA-824 kills 
both aerobically replicating as well as anaerobic 
nonreplicating Mtb. In order to understand the 
aerobic versus anaerobic activity of various nitro-
imidazoles, efforts were directed towards the elu-
cidation of the fundamental structure–function 
relationship of these compounds and how this 
is related to the aerobic as opposed to anaero-
bic activity of the analogs (Table 6). Des-nitro 
PA-824 (56) had neither aerobic nor anaerobic 
activity, thereby asserting the requirement of 
the nitro group for activity  [30]. The trifluoro-
methoxybenzyl ether side chain was critical for 
both aerobic and anaerobic activity where com-
plete replacement of the side chain to alcohol 
(57) or methyl ether (58) rendered the molecules 
inactive. The rigidity conferred by the oxazine 
ring is crucial since the ring opened form (59) 
had reduced aerobic activity and a dramatic 
decrease in anaerobic activity. Loss of oxygen 
from the 2-position (60) from compound 59 fur-
ther decreased the aerobic as well as anaerobic 

activity emphasizing the importance of oxygen 
at this position for both aerobic as well as anaero-
bic activity. Not surprisingly, removing the side 
chain from 60 resulting in 61 also resulted in an 
inactive compound with this compound being 
notable since it is the 4-nitro isomer of metroni-
dazole underscoring the importance of the posi-
tion of the nitro group for the anaerobic activity 
of metronidazole (Table 6) [30]. 

The electron-donating potential at the 2-posi-
tion of the oxazine ring was found to be crucial 
for activity since the replacement of the oxygen 
with carbon in 62 dramatically affected both 
aerobic as well as anaerobic activity with some 
restoration of anaerobic activity seen with the 
unsaturated species (63) suggesting that SAR for 
aerobic and anaerobic activity are different and 
are determined by the electronics at this posi-
tion [30,31]. This notion was further supported by 
the observation that replacement of the 2-posi-
tion oxygen with electron-donating groups, such 
as nitrogen (64) or sulfur (65), had no effect on 

Table 5. Activity of compounds in the nitroimidazo [2,1-b]oxazine series that eventually led to PA-824 (5)†.

N

N O

RO2N

Compound  
number

R MIC (µM) against 
Mycobacterium bovis BCG

MIC (µM) against 
Mycobacterium tuberculosis H37Rv

5
O OCF3

0.17 0.36

48
O CF3

1.46 ND

49
O O

0.08 0.08

50

O

0.18 0.09

51
H
N

H
N

Cl
O

0.006 ND

52
O

H
N

Br
O

0.04 ND

53
O

H
N

CF3
O

0.67 ND

54
N
H

OCF3O

O 0.08 ND

55
O OCF3

N
H

O 0.04 ND

†Data from [10,23].
BCG: Bacille Calmette-Guerin; MIC: Minimum inhibitory concentration; ND: Not determined.
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Table 6. Structure–activity relationship of PA-824 (5) analogs leading to 
identification of key structural features required for aerobic and anaerobic activity 
against Mycobacterium tuberculosis H37Rv†.

Compound  
number

Structure MIC (µM) MAC‡ (µM)

5

N
N

O2N

O

O OCF3 

0.40 8–16

56

N
N

O

O OCF3

>160 >500

57

N

N O

OH
O2N

>100 250

58

N

N O

O
O2N

>125 250

59

N
N

O

O OCF3O2N

6.25 250–500

60

N
N

O OCF3O2N

>145 >500

61

N

N

OH
O2N

>300 >500

62

N
N

O OCF3O2N

25 250

63

N

N
O OCF3O2N

25 62.5

64

N
N

H
N

O OCF3O2N

0.8 125

65

N
N

S

O OCF3O2N

0.8 25

66

N

N
N

O OCF3O2N

O 3.2 25

67

N
N

N

O OCF3
O2N

O 6.25 31.25

68

N
N

S

O OCF3O2N

O O >100 25

†Data from [30,31].
‡Concentration of compound that results in a 90% reduction in bacterial count following 7 days drug exposure under 
anaerobic concentration. 
MAC: Minimum anaerobicidal concentration; MIC: Minimum inhibitory concentration.
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the aerobic activity but diminished anaerobic 
potency, whereas replacement with electron-
withdrawing groups (66–69) dramatically 
reduced or abrogated aerobic activity without 
much effect on anaerobic activity (Table 6) [31,32].

The fact that the benzyloxybenzyloxy substit-
uent on the oxazine ring generates a compound 
(49; Table 5) more active than PA-824 suggested 
the presence of a larger hydrophobic pocket near 
the active site of the enzyme that interacts with 
the drug  [301,302]. To explore the depth of this 
hydrophobic pocket, SAR of the tail of PA-824 
was investigated. The problem of solubility of 
these compounds with the additional hydro-
phobe was eliminated by substituting the ether 
analog with the corresponding amine analog 
where the amino-derivatives of PA-824 and 
49 yielded compounds 70 and 71 with slightly 
improved activity (Table 6) [31]. On increasing 
the linker size connecting the 6-position amine 
with the trifluoromethoxybenzene aromatic moi-
ety from two to four carbons (72–75), the aero-
bic activity was found to sequentially improve 
with aerobic activity reaching a maximum with 

the aminobutyl-824 (74), whereas the 5-carbon 
linker in aminopentyl-824 (75) had decreased 
activity. There was no significant improve-
ment of the anaerobic activity on changing the 
linker size, suggesting a different SAR for aero-
bic and anaerobic activity with respect to the 
hydrophobic tail region of the drug (Table 6) [31].

Further exploration of the hydrophobic bind-
ing pocket was undertaken with o-, m- and 
p-linked biphenyl analogs attached to the nitro-
imidazooxazine via ether linkage. The o-linked 
biphenyls (76–86) showed poorest activity, fol-
lowed by the m-linked analogs (87–97), while 
the p-linked biphenyl analogs (98–108) were 
the most active. The activity trend did not alter 
significantly with substitutions in the second 
aryl ring (Table  7). This suggested that the 
hydrophobic pocket is more or less linear with 
moderate tolerability around the terminus of the 
second aryl ring (86, 97 & 108). The difference 
in the MIC values between the aerobic (micro-
plate Alamar blue assay) and the low oxygen 
recovery assays for the o-linked compounds is 
smaller compared with the m- and p-linked 

Table 6. Structure–activity relationship of PA-824 (5) analogs leading to 
identification of key structural features required for aerobic and anaerobic activity 
against Mycobacterium tuberculosis H37Rv (cont.)†.

Compound 
number

Structure MIC (µM) MAC‡ (µM)

69

N
N

S

O OCF3O2N

O >100 50–100

70

N
N

O

N
H OCF3O2N

0.31 12.5

71

N

N
O

N
HO2N

O

0.15 6.25

72

N

N
O

N
H OCF3O2N

( )2

0.16 6.25

73

N
N

O

N
H OCF3O2N

( )3

0.08 3.125

74

N

N
O

N
H OCF3O2N

( )4

0.039 3.1–12.5

75

N
N

O

N
H OCF3O2N

( )5

0.078 6.25

†Data from [30,31].
‡Concentration of compound that results in a 90% reduction in bacterial count following 7 days drug exposure under 
anaerobic concentration. 
MAC: Minimum anaerobicidal concentration; MIC: Minimum inhibitory concentration.
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compounds attesting to the fact that the mecha-
nism of aerobic and anaerobic activities are sig-
nificantly distinct  [33]. These compounds had 
an ether linkage instead of the amino linkage 
and hence the addition of a second aryl moiety 
made them less soluble. The solubility problem 
was overcome by the attachment of amino (113) 
or alcohol (110) groups to the second aryl group, 
but this did not have any marked improvement 
on the aerobic activity. The p-linked biphenyl 
analogs were more active than PA-824 and SARs 
of these classes of analogs were further explored 
(Table 8), which showed that substitution at the 
4-position (104 & 105) of the distal aryl ring had 
marginal improvement in activity compared 
with substitutions at the 2- and 3-positions 
(100 & 101) with bisubstituted aryl rings showing 
similar or better potency (107 & 108). The SAR 
studies of the lipophilic tail in summary have 
shown a positive correlation between the aerobic 
activity and the lipophilicity of PA-824 analog 
as well as the electron-withdrawing potential of 
the substituent on the distal aryl group [33] (see 
Tables 8, 9 & 10 and the section regarding PA-824 
in preclinical testing of anti-TB nitroimidazoles 
for discussion of microsomal stability).

In an attempt to increase the solubility of 
the biphenyl analogs, the proximal phenyl ring 
was replaced with hydrophilic five-membered 
heterocycles (containing mono, mixed, di, tri 
and tetra heteroatoms) [34] all of which, except 
the thiophene and thiazole heterocycles, had 
improved solubility. Of the various hetero-
cycles tested, four series (3-aryl-1-methylpyr-
azole (123), 1-aryl-3-linked-pyrazole (124), 
2-aryl-4-linked-triazole (125) and 2-aryl-5-
linked-tetrazole (126) analogues) showed good 
aerobic as well as anaerobic anti-tubercular 
activity (Table 9). 

Further structure–function relationship 
studies were carried out with biaryl analogs of 
PA-824 with the replacement of proximal, distal 
as well as both aryl groups with six-membered 
nitrogen-containing heterocycles  [35]. This 
allowed the overall structure to be nearly linear 
and, hence, a better fit in the putative hydro-
phobic pocket of the enzyme  [33]. Solubility 
improved when one of the phenyl rings (distal 
or proximal) was replaced with pyridine and was 
further improved when both the phenyl rings 
changed to pyridine. Solubility at neutral pH 
was highest for mono pyridine analogs lacking 

Table 7. Structure–activity relationships of o-, m- and p-linked biphenyl analogs of PA-824 (5)†.

MIC (µM)

N

N

O2N

O

R

R – o-linked

O

X

R – m-linked

O

X

R – p-linked
X

O

Substituent X Compound
number

MABA LORA Compound
number

MABA LORA Compound
number

MABA LORA

H 76 0.64 2.5 87 0.095 2.1 98 0.045 3.9
2-OCF3

77 1.2 6.2 88 0.46 3.3 99 0.035 0.97
3-CN 78 0.8 8.2 89 0.17 3.7 100 0.12 1.3
3-F 79 0.62 3 90 0.18 2.7 101 0.045 2.2
3-OCF3

80 1.9 6.3 91 0.4 3.5 102 0.077 1.4
4-COMe 81 17 36 92 0.3 1.9 103 0.04 0.73
4-CN 82 8.4 19 93 0.23 4.8 104 0.025 0.58
4-F 83 1.2 3.4 94 0.077 3.8 105 0.015 1.4
4-OCF3

84 2.3 4.3 95 0.11 2.2 106 0.035 1.3
3-F, 4-OMe 85 1.8 3.8 96 0.19 2.2 107 0.04 1.9
3,4-benz 86 1.6 3.1 97 0.12 3.2 108 0.045 0.87
†Data from [33].
LORA: Low-oxygen recovery assay where hypoxically adapted cells are incubated with compound under anaerobic conditions followed by an aerobic recovery to 
measure luminescence as a surrogate readout of the number of cells prior to recovery; MABA: Microplate Alamar blue assay. Aerobic minimum inhibitory 
concentration as determined by Alamar Blue-based readout of redox activity in cells; MIC: Minimum inhibitory concentration. 
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a substituent at the o- to the nitrogen and the 
bipyridine analogs and improved for pyridyl-
pyrazine and pyridylpyrimidine analogs. The 
p-linked biaryls were less soluble than the o- and 
m-linked counterparts [35]. 

Replacement of the distal phenyl ring with 
substituted pyridine ring showed that the posi-
tion of the nitrogen in the terminal ring did not 
affect the activity significantly for these ana-
logs. In accordance with the previous studies, 
potencies ranked p- > m- > o-linked compounds. 
Despite the improved solubility of many of the 
p-linked substituted pyridine series (126–134), 
only the trifluoromethyl analogs (126, 127 & 130) 
had better aerobic and anaerobic activities than 
PA-824 but these had considerably lower solu-
bility than PA-824. In contrast, replacement of 
the proximal aryl with a pyridine did show that 
activity was dependent on the position of the 
pyridyl nitrogen (138 & 141) and in this series, 

only two compounds (135 & 139) had a some-
what improved solubility as well as improved 
aerobic and anaerobic activities, with the most 
potent compounds having much poorer solu-
bility than PA-824. As before, optimization of 
aerobic activity did not correlate with optimal 
anaerobic activity. Of the m-linked compounds, 
the most aerobically active compounds were 
those in which the 4 -́position was a nitrogen 
atom (136), yet compounds with a 2 -́aza showed 
better anaerobic activity. Of the p-linked com-
pounds, anaerobic activity was best with 3 -́aza 
groups (141) relative to the 2 -́aza groups (138). 
Disubstituted 3´-aza compounds (142  &  143) 
were in general the most potent of the hetero-
biaryl compounds but were up to 100-fold less 
soluble than PA-824 (Table 10) [35]. The poor 
solubility did not translate to poor in vivo effi-
cacy as seen by their substantially improved 
activity relative to PA-824 in the mouse model.

Table 8. Structure–activity relationships of p-linked biphenyl analogs of 
PA-824 (5)†.

XN

N

O2N

O

O

Compound
number

Substituent X MIC (µM) Microsomal 
stability after 1 h
(ratio remaining)

In vivo 
efficacy
(% relative to 
PA-824, (5))MABA LORA Human Mouse

5 0.5 2.6 0.82 0.94 100

109 2-OEt 0.03 0.82 0.5 0.002 15
110 2-O(CH2)3OH 0.34 2.7 0.59 0.21 <1
111 3-OCH2Ph 0.12 0.88 0.64 0.5 66
112 4-CF3 0.03 1.4 0.6 0.85 7200
113 4-CH2NHPh 0.06 0.63 0.12 0.52 3
104 4-CN 0.025 0.58 0.95 0.58 360
103 4-COMe 0.04 0.73 0.36 0.7 <1
105 4-F 0.015 1.4 0.75 0.55 300
114 4-OPh 0.04 2.7 0.22 0.48 <1
106 4-OCF3 0.035 1.3 0.97 0.96 >25000
115 2-Cl, 4-CF3 0.03 1.4 0.92 0.93 720
116 2-Cl, 4-OCF3 0.04 0.78 0.91 0.86 2300
117 2-F, 4-OCF3 0.045 0.72 0.88 0.89 4600
118 3-Cl, 4-OCF3 0.03 0.90 0.9 0.84 28100
119 3-OCF3, 4-Cl 0.04 0.95 0.95 0.92 970
120 3-CF3, 4-Cl 0.035 1.9 0.92 0.96 770
107 3-F, 4-OMe 0.04 1.9 0.8 0.5 2
121 3-F, 4-OCF3 0.03 0.34 0.93 0.86 41900
122 3-OCF2H, 4-Cl 0.03 1.1 0.83 0.86 1000
†Data from [33].
LORA: Low-oxygen recovery assay where hypoxically adapted cells are incubated with compound under anaerobic 
conditions followed by an aerobic recovery to measure luminescence as a surrogate readout of the number of cells prior to 
recovery; MABA: Microplate Alamar blue assay, aerobic minimum inhibitory concentration as determined by Alamar 
Blue-based readout of redox activity in cells; MIC: Minimum inhibitory concentration.
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p-linked bipyridine compounds with substitu-
ents were more soluble than the mono-pyridine 
counterparts, but showed decreased aerobic as 
well as anaerobic activity. Further SAR studies 
were performed with compounds in which the 
proximal pyridine ring was replaced with diaza 
substituent (pyridazine, pyrazine or pyrimidine). 
In this category the compounds belonging to 
the pyridazine class (144) were very hydro-
philic (based on CLogP values) with moderate 
potency; the pyrazine class (145) was more lipo-
philic with somewhat improved anaerobic activ-
ity while the pyrimidine class (146) had more 
solubility with activities less potent than some 
of the other heterobiaryl compounds yet better 
than that of PA-824.

The crystal structure of PA-824 revealed that 
the pseudoaxial orientation of the trifluorome-
thoxybenzyl ether contributed towards tight 
packing of this compound  [36]. In an effort to 
disrupt the pseudoaxial conformation of PA-824 
with the aim of improving solubility, 7-(S)- 
and 7-(R )-methyl-nitroimidazole-oxazines 
(148 & 149) were synthesized and the latter found 
to have pseudoequatorial geometry. However, 
although both isomers had similar activity, there 
was no improvement in the solubility, especially 

for the (R)-isomer, suggesting that the crystal 
packing of the compound did not contribute to 
solubility. It also indicated that the active site 
of the enzyme that recognizes PA-824 had a 
big enough pocket to fit both the 7-(S)- (148) 
and 7-(R)-methyl (149) groups, such that their 
activities were comparable (Table 11) [36]. 

In another study the SAR of substitution at 
the 5-position of the nitroimidazooxazine ring of 
PA-824 was explored [37]. It is the center where 
the enzymatic reductive activation of PA-824 
initiates with the transfer of hydride ion from 
F420 to PA-824 (see the subsection on PA-824 
in ‘Mechanism of action’)  [38]. Substitution of 
hydrogen at the 5-position of the nitroimida-
zooxazine ring with an electron-withdrawing 
nitrile group (150) and electron-donating amino 
group (151) generated inactive compounds sug-
gesting that gross changes in the electron distri-
bution of the nitroimidazole ring is not tolerated. 
However, substitution with a halogen resulted 
in compounds (152  &  153) with some, albeit 
poor, in vitro aerobic as well as anaerobic activ-
ity, suggesting toleration of small substituents 
at this position (Table 12). The halogen substi-
tuted compounds (152 & 153) not only showed 
in vitro activity against wild-type Mtb, but also 

Table 9. Structure–activity relationships of selected five-membered heterobiaryl 
analogs of PA-824 (5)†.

N
N

O2N

O

O X

OCF3

Compound
number

Substituent X MIC (µM) Microsomal 
stability after 1 h
(ratio remaining)

In vivo efficacy
(% relative to
 PA-824, (5))

MABA LORA Human Mouse
5 0.5 2.6 0.82 0.94 100
106 0.035 1.3 0.97 0.96 >25000

123

N N

0.06 0.58 0.86 0.81 1200

124
N

N 0.05 0.61 0.87 0.67 4100

125

N N
N

0.075 3.3 0.99 0.74 34

126

N N
N

N 0.035 1.3 0.97 0.81 4300

†Data from [34].
LORA: Low-oxygen recovery assay where hypoxically adapted cells are incubated with compound under anaerobic 
conditions followed by an aerobic recovery to measure luminescence as a surrogate readout of the number of cells prior to 
recovery; MABA: Microplate Alamar blue assay, aerobic MIC as determined by Alamar Blue-based readout of redox activity 
in cells; MIC: Minimum inhibitory concentration.
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Table 10. Structure–activity relationships of selected six-membered heterobiaryl analogs of PA-824 (5)†.

N
N

O2N

O

O

N X

N

2' 3'

4'
5'6'

2 3
4

5
6

Compound
number

Link Position
of the N

Substituent X Solubility 
(µg/ml)

MIC (µM) Microsomal 
stability after 1 h
(ratio remaining)

In vivo 
efficacy
(% relative to 
PA-824, (5))MABA LORA Human Mouse

5 19 0.50 2.6 0.82 0.94 100

106 1.2 0.035 1.30 0.97 0.96 >20500

126 para 2 4-CF3 0.2 0.06 1.0 0.93 0.9 3300
127 para 2 4-CF3, 6-Cl 3.3 0.025 1.0 0.86 0.8 510
128 para 2 4-F 67 0.035 1.3 0.83 0.61 65
129 para 2 4-OCF2H 2.9 0.08 1.5 0.98 0.8 330
130 para 3 4-CF3 1.0 0.03 2.1 0.86 0.91 1500
131 para 3 4-F 8.0 0.095 2.1 0.88 0.79 66
132 para 3 4-OCF2H 3.2 0.045 0.66 0.95 0.75 190
133 para 3 4-OCH3 4.4 0.045 0.61 0.4 0.61 26
134 para 4 3-F 14 0.23 1.4 0.93 0.86 95
135 meta 4´ 4-F 31 0.17 1.2 ND ND ND
136 meta 4´ 4-OCF3 3.9 0.035 2.4 0.54 0.31 12
137 meta 5´ 4-F 45 0.31 7.7 0.71 0.39 2
138 para 2´ 4-OCF3 2.5 0.065 3.7 0.97 0.97 2700
139 para 2´ 3-F, 4-OCF3 30 0.05 1.3 0.97 0.86 23300
140 para 3´ 4-F 3.8 0.06 2.9 0.88 0.8 780
141 para 3´ 4-OCF3 2.3 0.05 0.54 0.83 0.87 >8900
142 para 3´ 3-Cl, 4-OCF3 0.18 0.017 1.0 0.87 0.77 >93300
143 para 3´ 3-F, 4-OCF3 3.0 0.025 0.93 1 0.9 >84000
144 para 2 ,́3´ 4-OCF3 6.1 0.075 1.7 0.94 0.92 1100
145 para 2 ,́5´ 4-OCF3 2.6 0.023 1.0 0.98 0.91 16700
146 para 2 ,́6´ 4-OCF3 8.1 0.11 1.9 0.92 0.87 370
147 para 3 ,́5´ 4-OCF3 2.1 0.027 1.8 0.96 0.87 >11200
†Data from [35].
LORA: Low-oxygen recovery assay where hypoxically adapted cells are incubated with compound under anaerobic conditions followed by an aerobic recovery to 
measure luminescence as a surrogate readout of the number of cells prior to recovery; MABA: Microplate Alamar blue assay, aerobic MIC as determined by Alamar 
Blue-based readout of redox activity in cells; MIC: Minimum inhibitory concentration; ND: Not determined.

Table 11. Structure–activity relationship of 7-methyl analogs of PA-824 (5) against Mycobacterium 
tuberculosis H37Rv†.

Compound
number

Structure MIC (µM) MAC (µM) Solubility 
(µg/ml)

5

N
N

O2N

O

O OCF3

0.4 8–16 10.2

148

N

N

O2N

O

O OCF3

0.2–0.4 16 9.89

149

N

N

O2N

O

O OCF3

0.2 8 10.3

†Data from [36].
MAC: Minimum anaerobicidal concentration; MIC: Minimum inhibitory concentration.
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against mutants that were resistant to PA-824 
due to Rv3547 inactivation or inability to syn-
thesize F420 where both these components are 
required for PA-824 activation(see the subsec-
tion on PA-824 in ‘Mechanism of action’) [38]. 
This suggested the possibility of an alternate 
bioreductive activation pathway of certain other 
nitroimidazoles [37]. A summary of the SAR of 
PA-824 is represented in Figure 3.

�� Nitroimidazo[2,1-b]oxazoles
Otsuka Pharmaceuticals Co. Ltd., developed 
6-nitro-2,3-dihydroimidazo[2,1-b]oxazoles as 
potential anti-tubercular agents because these 
inhibited mycolic acid biosynthesis in Mtb [39]. 
These share a core structure with CGI-17341 (3), 
the lead compound from the series of bicyclic 
nitroimidazoles with promising anti-tubercular 

activity that could not be pursued because of its 
mutagenicity [19,20]. The mutagenicity of 6-nitro-
2,3-dihydroimidazo[2,1-b]oxazole was circum-
vented by incorporation of a heteroatom at the 
2-position of the oxazole ring [40]. Subsequently, 
various phenoxymethyl substituents were made 
and tested for aerobic growth inhibition, which 
showed that, in contrast to the nitroimidazo-
oxazines, the R-isomer (158) was the more active 
(Table 13) than the S-isomer (159) prompting 
further exploration of the R-isomer. Various 
analogs with substituents at the p-position of 
the phenyl ring of (158) were synthesized and 
tested for in vitro as well as in vivo efficacy (see 
the subsection on OPC-67683 in ‘Pre-clinical 
testing of anti-TB nitroimidazoles’). The results 
showed that in  vitro efficacy did not always 
match in  vivo efficacy (160–167), which may 
be related to pharmacokinetic parameters that 
are not reported. Even for compounds designed 
to improve bioavailability by incorporating a 
hydrophilic group at the 4-position of the ben-
zene ring (165–167), the in vivo efficacy did not 
match those of less soluble compounds such as 
161, 163 and 164. These compounds (165–167) 
had comparable in vitro activity, but the piperid-
ino substituent 165 was selected for further devel-
opment because of its significantly improved 
relative in vivo efficacy. An array of compounds 
with lipophilic phenoxy groups at the 4-posi-
tion of the piperidine ring were assayed for anti-
tubercular activity (168–173) with OPC-67683 
(4; Table 13) being selected above the rest due to 
its superior in vitro combined with in vivo effi-
cacy [40]. The nitroimidazooxazoles that led to 
the lead compound OPC-67683 had equipotent 
activity against INH- as well as RIF-resistant 
Mtb [40]. The SAR for this series is summarized 
in Figure 4 [41].

Table 12. Structure–activity relationships of 5-substituted analogs of PA-824 (5) 
against Mycobacterium tuberculosis H37Rv†. 

N

N

O2N

O

O OCF3

X

Compound
number

Substituent X MIC (µM) MAC (µM) 

5 H 0.4 8–16
150 CN >100 ND
151 NH2 >100 >500
152 Br 25 32.5
153 Cl 25 ND
†Data from [37].
MAC: Minimum anaerobicidal concentration; MIC: Minimum inhibitory concentration; ND: Not determined.

N

N

O2N

O

O

OCF3

5: PA-824

S isomer active

Active with urea,
carbamate or 
carbonate

N and S – active
N-acyl, S-oxide,
C – inactive

Rigid
conformation
required

Substituents
meta and ortho
decreases activity

Prefers larger lipophilic
groups, biaryls, small
slightly electronegative
groups retain activity

Can be substituted by
(CH2)n,n=1-5

O groups

and heterocycles

Essential 
for activity

Cannot tolerate strong
electron-withdrawing 
and -donating groups

S and R-CH3 tolerated

Figure 3. Summary of structure–activity relationships of bicyclic 
nitroimidazoles PA-824 (5). 

Key Term

Bioavailability: The fraction 
of the administered dose of a 
drug that reaches the blood. 



Nitroimidazoles for the treatment of TB | Review

www.future-science.com 1441future science group

Mechanism of action
�� Metronidazole

Nitroimidazoles are activated by bioreduction 
for which a low redox potential electron-transfer 
system is a prerequisite, and this activation is 
essential for their cidal activity. The single-elec-
tron redox potential for 2‑nitroimidazoles and 
5-nitroimidazoles are -0.27 to -0.44 V and -0.4 

to -0.5 V, respectively, and the latter is beyond 
the reduction capacity of mammalian redox sys-
tems. The redox potentials of the electron-trans-
port system in microbes, especially those under 
limiting-oxygen conditions, are in the range of 
-0.42 V or below and are thus capable of reduc-
ing nitroimidazoles. Single-electron reduction of 
5-nitroimidazoles produces a nitro radical anion, 

Table 13. Structure–activity relationships showing the development of the lead 
compound OPC-67683 (4)†.

N

N

O

R1O2N

R2

Compound number R1 R2 Configuration MIC (µM)
154 H OPh Racemic 2.98
155 H OCH2Ph Racemic 10.82
156 H O(CH2)2Ph Racemic 5.15
157 CH3 OPh Racemic 0.36
158 CH3 OPh (R) 0.18
159 CH3 OPh (S) 11.37

N

N
O O R3

O2N

Compound number R3 MIC (µM) In vivo efficacy
160 H 0.18 2.0
161 Cl 0.08 >3.1
162 CH3O 0.16 0.72
163 CF3 0.58 >4.4
164 OCF3 0.56 >3.6
165

N
2.18 1.9

166
N O

2.16 1.3

167
N S

2.07 0.0

N

N
O

O2N

O N
O R4

Compound number R4 MIC (µM) In vivo efficacy
168 H 0.87 2.8
169 p-Cl 0.10 2.2
170 p-F 0.83 2.2
171 p-CF3 0.02 2.2
4 p-OCF3 0.01 >3.8
172 o-OCF3 0.73 3.0
173 m-OCF3 0.04 >4.4
†MIC reported in this table was determined against drug-sensitive Mycobacterium tuberculosis strain (H37Rv). In vivo 
efficacy is measured as the reduction in viable bacterial counts (log CFU) in lungs of infected mice with respect to 
untreated controls with the compounds at a daily dose of 50 mg/kg for 10 days. Treatment was initiated a day 
after infection. 
MIC: Minimum inhibitory concentration.
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which is unstable and can decompose to form 
nitrite anion and imidazole radical  [42]. This 
pathway is particularly favored under anaero-
bic conditions. Alternatively, the nitro radical 
anion can be further reduced by single-electron 
reduction to the nitroso and hydroxylamine 
species and all these nitroimidazole species are 
capable of causing DNA damage and resultant 
cell death [43]. In a futile cycling reaction, under 
aerobic conditions the nitro radical anion can 
reduce oxygen in microaerophilic organisms to 
form superoxide [44,45], which can be inactivated 
by superoxide dismutase and catalase enzymes. 
However, in the presence of transition elements, 
such as iron or copper, which are present in the 
cell bound to a variety of proteins, superoxide 
reacts with hydrogen peroxide produced during 
oxidative metabolism to form hydroxyl radical 
by the Haber–Weiss reaction, which in turn is 
a potent agent of DNA damage causing DNA 
fragmentation thereby inhibiting DNA synthe-
sis. This process is thought to be responsible for 
the cidal activity of metronidazole [10,42,46] and, 
as a result, mutants in DNA repair pathways are 
hypersensitive to metronidazole [47,48]. 

Metronidazole sensitivity in eukaryotic para-
sites  [10,42,49–53] and anaerobic and microaero-
philic bacteria [10,54–62] has been studied exten-
sively and has been reviewed comprehensively 
in the literature. Mtb is moderately sensitive to 
metronidazole under anaerobic conditions with 
exposure to oxygen abrogating activity arguing 
that futile cycling unlikely plays a role in the cidal 

consequences of this compound. Mtb lacks the 
typical pyruvate:ferrodoxin oxidoreductase  [63] 
as well as pyruvate:flavodoxin oxidoreductase 
system, which is required for nitroimidazole 
activation in some eukaryotes [64,65] and micro-
aerophilic organisms, respectively [66]. Rv2454c 
and Rv2455c, encoding an anaerobic-type 
a-ketoglutarate ferredoxin oxidoreductase  [67], 
might substitute for the pyruvate:ferrodoxin 
oxidoreductase system for activation of metro-
nidazole  [10]. The low activity of this drug in 
Mtb is often attributed to low percentage of 
total adenine and thymine in mycobacterial 
DNA since organisms containing DNA with 
high percentage of total adenine and thymine 
are more susceptible to nitroimidazoles [10,49]. 

�� PA-824
PA-824 shows activity against both actively rep-
licating, as well as hypoxic nonreplicating Mtb. 
Under aerobic conditions, PA-824 was shown 
to inhibit biosynthesis of proteins and lipids in 
a dose-dependent manner without disrupting 
nucleic acid biosynthesis [23]. Disruption of lipid 
biosynthesis (the step involving the formation 
of ketomycolate from hydroxymycolic acid) was 
shown to be independent of the effect on pro-
tein synthesis. Transcriptional profiling studies 
of Mtb treated with PA-824 under aerobic condi-
tions suggested that inhibition of both respira-
tory processes, as well as cell wall biosynthesis, 
attributed towards aerobic activity as seen by 
the upregulation of respiratory genes, fatty acid 
biosynthetic genes and signature genes that char-
acterize inhibition of cell wall biosynthesis [68]. 
The disruption of the cell wall biosynthetic 
machinery is thought to be the main mecha-
nism of aerobic activity  [23]. This mechanism 
is, however, unlikely to play a role in the activ-
ity against hypoxically adapted nonreplicating 
cells since these bacilli do not undergo exten-
sive remodeling of mycolic acids under anaerobic 
conditions [69]. 

Three different components have been 
described to be essential for the intracellular 
activation of PA-824 in Mtb with mutations in 
any of these resulting in resistance to this com-
pound: Rv0407 encoding a nonessential F420-
dependent glucose-6-phosphate dehydrogenase, 
genes in the F420 biosynthetic pathway, as well 
as Rv3547 [23,70]. Rv3547, encoding a 151 amino 
acid protein with no similarity to any proteins 
with known function, was characterized as a 
F420-dependent nitroreductase  [38,70]. F420-
dependent glucose-6-phosphate dehydrogenase, 
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Figure 4. Summary of structure–activity relationships of bicyclic 
nitroimidazoles OPC-67683 (4).
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which catalyzes the oxidation of glucose-6-phos-
phate to 6-phosphogluconolactone, is required 
for the intracellular reduction of the deazaflavin 
cofactor F420, which serves as the hydride donor 
to PA-824 in the Rv3547-catalyzed reduction of 
this compound. In contrast to the reduction of 
metronidazole, PA-824 reduction occurs by a 
hydride (2-electron) addition to the 5-position 
of the nitroimidazooxazine ring with subsequent 
protonation at the 6-position, resulting in three 
major metabolites of which the predominant one 
corresponds to des-nitro-PA-824 (56), which 
is also the predominant intracellular metabo-
lite  [64]. The formation of these metabolites is 
associated with the formation of reactive nitro-
gen intermediates and it is specifically the forma-
tion of nitrous acid associated with des-nitro (56) 
formation that was correlated with the anaero-
bic cidal effect of this compound [64]. Thus, the 
anaerobic activity of PA-824 is attributed to 
the internal release of NO in Mtb, which could 
react with cytochromes/cytochrome oxidase to 
meddle with ATP homeostasis under hypoxic 
nonreplicating conditions [68,71,72]. In addition, 
NO could target 29 mycobacterial enzymes [73], 
DNA [74] as well as displace copper from metallo-
thioneins  [75]. There exists a poor correlation 
between NO release from PA-824 analogs and its 
aerobic activity [38], suggesting that the aerobic 
mechanism of action is distinct. This notion is 
also supported by the observation that the SAR 
for aerobic activity is distinct from the anaerobic 
whole cell activity of nitroimidazooxazines. It 
is hypothesized that under aerobic conditions, 
the inhibition of cytochrome c oxidase by NO 
is reversed by molecular oxygen [76,77]. 

�� OPC-67683
Like PA-824, OPC-67683 is also a prodrug 
that requires in vivo activation by Rv3547 in 
Mtb [21] with mutations conferring resistance to 
OPC-67683, mapping to Rv3547. In contrast to 
PA-824, the only metabolite that was detected 
when M.  bovis Bacille Calmette-Guerin was 
incubated with OPC-67683 was the des-nitro 
derivative of OPC-67683. 

Macromolecular incorporation assays using 
14C-acetate to label fatty acids, showed that 
OPC-67683 inhibits mycolic acid biosynthesis 
in M. bovis. Unlike INH, which inhibits total 
mycolic acid biosynthesis, OPC-67683 only 
inhibited the biosynthesis of methoxy- and keto-
mycolates, while the biosynthesis of a-mycolic 
acid was unaffected. The concentration of OPC-
67683 and INH resulting in 50% inhibition of 

mycolic acid synthesis in M. bovis clearly corre-
lated with their anti-tubercular activity reinforc-
ing the notion that mycolate biosynthesis was 
the primary target. The enzymatic target in fatty 
acid biosynthesis leading to the observed effects 
on mycolate profiles, has not been identified for 
either PA-824 or OPC-67683.

Preclinical testing of anti-
TB nitroimidazoles 
�� Metronidazole & other 5-nitroimidazoles

Metronidazole is only active against anaero-
bic Mtb cells [11] and its activity can be further 
enhanced in the presence of the transcriptional 
inhibitor RIF, which has moderate potency 
against anaerobic Mtb, whereas addition of 
INH, which has no effect against anaerobic per-
sisting Mtb, does not potentiate the cidal effect 
of this nitroimidazole [10,78]. This raised the pos-
sibility that TB chemotherapy could be signifi-
cantly shortened by a combination of INH, RIF 
and metronidazole based on the hypothesis that 
INH would target actively replicating popula-
tions; RIF would target both replicating as well 
as nonreplicating organisms, whereas metroni-
dazole would kill those populations persisting in 
hypoxic granulomas. 

Despite in  vivo studies that have reported 
some additive effect of metronidazole in infected 
mice treated with INH or RIF [79], it is perhaps 
not surprising that at least two studies of metro-
nidazole efficacy in infected mice have reported 
no or poor efficacy of this drug [80,81] since TB 
lesions in mice are not hypoxic enough to allow 
reductive activation of metronidazole in Mtb 
cells [82,83]. Metronidazole has no activity in vitro 
against Mtb under microaerophilic conditions, 
which may explain why even in animals contain-
ing granulomas that are sufficiently hypoxic to 
be labeled with the hypoxic inducible marker 
pimonidazole, metronidazole did not show any 
anti-tubercular activity while activity with RIF 
was seen  [84]. The inactivity of metronidazole 
in this model can also be attributed, amongst 
others, to poor penetration in granulomatous 
lesions [84]. 

Pharmacokinetic studies in humans showed 
that various 5-nitroimidazoles had similar phar-
macokinetic parameters and were readily bio-
available when administered orally with moder-
ate to low protein binding  [85]. A 500-mg oral 
dose of metronidazole and 750-mg oral dose of 
ornidazole resulted in a highest concentration 
of a drug in serum (C

max
, time of residence of a 

therapeutic drug at its maximum concentration 
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in the serum) of 8–13 mg/l (0.25–4 h) [86] and 
9.1–14.8  mg/l (2–4  h)  [85], respectively. The 
C

max
 for tinidazole and secnidazole at a 2-g 

oral dose was found to be 58.0 mg/l  [87] and 
35.7–46.3 mg/l [88], respectively. Tissue penetra-
tion of 5-nitroimidazole class of compounds is 
good but is not specific. Thus, metronidazole 
was distributed in pelvic tissues, teeth, peritoneal 
fluid, pancreas, colorectal tissues as well as in 
the central nervous system [89]. In acute studies 
in rats, metronidazole was well tolerated (5 g/
kg) with no reported chronic toxicity problems 
up to 80 weeks at a dose of 150 mg/kg  [5,90]. 
Metronidazole is fairly well tolerated in humans 
as it is also one of the drugs that can be used 
during pregnancy, with very minimal reversible 
clinical side effects [91]. These considerations are 
critical for anti-tubercular drug development 
where chemotherapy is of extended duration 
and where noncompliance to treatment regi-
mens due to adverse effects is a major problem 
in disease management.

Metronidazole has been tested in a clinical 
study of its efficacy in the treatment of pulmo-
nary TB in patients. In this study, patients were 
treated with INH, RIF and streptomycin with 
or without metronidazole. It was found that 
patients receiving 400 mg of metronidazole three 
times daily showed clinical improvements as 
measured by radiographic improvement as well 
as overall well-being over patients receiving pla-
cebo. Both metronidazole- and placebo-treated 
patients showed similar sputum clearance rates, 
which measures reduction in the number of acid 
fast bacilli in the sputum during chemotherapy. 
This is not surprising since metronidazole is 
postulated to be ineffective against the bacte-
rial populations in cavities that have eroded into 
the airways since these are assumed to be aerobic 
or microaerophilic [92], although transcriptional 
profiling of sputum-derived mycobacteria has 
indicated that these may originate from hypoxic 
environments as evidenced by the upregula-
tion of the dormancy response regulon  [93]. 
Unfortunately, the relapse rates of the patients 
from this study are unknown so it will never be 
known whether the apparent clinical efficacy of 
metronidazole correlated with an effect on the 
recalcitrant populations of cells that persist in 
the face of INH and RIF treatment [10].

�� CGI-17341 (3)
In vivo studies with nitroimidazo[2,1-b]oxazoles 
series of compounds that were synthesized by 
Hindustan Ciba-Geigy Ltd were carried out in 

murine M. bovis infection. For many of the com-
pounds, the in vitro activity was not reflected 
in their in vivo potency, as seen, for example, 
with the spiro-cyclohexyl derivative 47, which 
showed promising in vitro activity (0.06 µM) 
but was inactive in vivo (even at 100 mg/kg). 
CGI-17341 (3), which had an in vitro MIC value 
of 0.32 µM and an in vivo ED

50
 of 7.7 mg/kg 

(effective dose of compound at which 50% of 
mice infected with Mtb survived) was found to 
be active against ten clinical isolates and sev-
eral drug resistant Mtb with MICs of 0.43–
1.6 µM  [20]. Treatment of mice infected with 
Mtb after 11 and 12 days post infection with 
CGI-17341 showed activity of this compound at 
a dose of 80 mg/kg for 2 months [20]. The muta-
tion frequency in Mtb to CGI-17341 resistance 
was low enough to allow the compound to be 
effective in vivo without major toxicity issues or 
causing rapid development of resistance of the 
pathogen even though it, along with many oth-
ers in this series of compounds, showed positive 
Ames test results.

�� PA-824
Nitroimidazo[2,1-b]oxazines were found to 
be superior to the CGI-17341 compounds due 
to their non-mutagenicity. Like CGI-17341, 
they were found to be highly specific for the 
Mtb complex (M.  bovis, Mycobacterium  afri-
canum, Mycobacte r ium  canet t i  and 
Mycobacterium  microti) and demonstrated 
little or no activity against other mycobacteria 
(Mycobacterium  avium, Mycobacterium  smeg-
matis ,  Mycobacterium  cheolonae  and 
Mycobacterium fortuitum)  [23] highlighting its 
potential utility for the treatment of disease 
caused by members of the Mtb complex but 
not nontuberculous mycobacterial disease. In 
addition, the activity of PA-824 against clinical 
isolates as well as MDR strains, with no cross 
resistance to current anti-tubercular drugs [94], 
as well as its efficacy against both replicating as 
well as nonreplicating Mtb further emphasized 
the importance of exploring the utility of this 
drug for TB chemotherapy (5). 

The very first studies on the in vivo efficacy 
of nitroimidazooxazines indicated that although 
PA-824 was not the most active compound 
against in vitro-grown Mtb from the first series 
under investigation, in  vivo studies showed 
that it is the most active compound in infected 
mice [23]. PA-824 only demonstrated toxicity in 
mice at very high doses (a single dose >1000 mg/
kg or daily dosing at >500 mg/kg for 28 days). 
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It was found that PA-824 demonstrated dose-
dependent activity against Mtb in infected mice 
and at a dose of >50 mg/kg was equipotent to 
INH at 25 mg/kg [23]. The drug even appeared 
to have a postantibiotic effect in infected mice as 
seen by apparent decreases in bacterial numbers 
for several weeks after cessation of treatment, 
but these studies probably overestimated the 
true killing of the pathogen since the readout 
was based on an unstable luciferase reporter that 
was likely lost during host pathogenesis in the 
absence of selection [10,23]. Importantly, PA-824 
was also found to be effective in guinea pigs, 
an animal model that recapitulates aspects of 
granuloma development typical of human dis-
ease [23]. In a patent published in the same year 
by PathoGenesis  [302], other nitroimidazooxa-
zines (52, 53 & 55) were found to be substantially 
more effective than PA-824 (Table 14) in vivo 
but were dropped from further development, 
presumably due to the poor chemical stability 
of carbonates and carbamates [95]. 

Further studies on the in  vivo efficacy of 
PA-824 have shown that a dose of 12.5 mg/kg 
was the minimal dose required for bacteriostasis 
in the lungs but that 100 mg/kg was required to 
reduce bacterial burdens 100-fold after 4 weeks 
of treatment [96]. The caveat of these studies is 
that treatment was initiated 1 day after infec-
tion, which bears no reflection on the established 
infections with which TB patients would pres-
ent. Subsequent studies in mice with established 
infection (3 weeks postinfection) have, however, 
confirmed that PA-824 at 100 mg/kg is equi-
potent to INH, gatifloxacin and moxifloxacin 
at 25, 100 and 100 mg/kg, respectively, during 
12 weeks of therapy [94].

The suitability of PA-824 in replacing stan-
dard anti-tubercular drugs in the initial or con-
tinuation phases of TB chemotherapy has been 
investigated in several studies in mice  [96–98] 
where standard therapy consists of an initial 
2  months of RIF/pyrazinamide (PZA)/INH 
followed by a continuation phase with RIF/
INH. It has been established that PA-824 is 
not additive or synergistic to INH in the initial 
intensive 2-month treatment phase, although, as 
expected, its combination with INH did prevent 
the emergence of INH resistance. The use of 
PA-824 alone in the continuation phase was not 
as effective as RIF/INH although better than 
monotherapy with moxifloxacin or INH  [96]. 
Follow-up studies to investigate the utility of 
PA-824 in replacing drugs in standard drug-
combination regimens, confirmed that PA-824 

could replace, and was somewhat better than, 
INH in the intensive as well as continuation 
phases of therapy. However, it was found that 
it could not replace PZA in the 2-month inten-
sive phase and that RIF was essential in all drug 
combinations with PA-824 in both the intensive 
as well as continuation phases of treatment [97]. 
There was no statistically significant difference, 
however, in the proportion of mice relapsing 
after 6 months of treatment in drug combina-
tions containing PA-824 preventing any con-
clusions to be made as to the utility of PA-824 
in shortening standard therapy, although, as 
acknowledged in this study, the difference 
between murine and human TB makes direct 
extrapolation of results from mouse studies to 
human treatment impossible  [97]. More exten-
sive studies showed that PA-824, in combination 
with PZA, demonstrated synergistic bactericidal 
activity in the murine model of TB with compa-
rable potency to the standard anti TB regimen of 
INH, RIF and PZA [98]. More importantly, this 
study demonstrated that replacement of INH in 
standard regimens with 100 mg/kg of PA-824 
led to apparent sterilization of organs after only 
2 months of treatment and with no evidence 
of relapse observed 4 months after cessation of 
therapy [98]. Nuermberger et al. also investigated 
novel drug combinations in the search of thera-
pies that would significantly reduce the duration 

Table 14. Efficacy of the first 
nitroimidazooxazines in infected mice.

Compound 
number

Dose 
(mg/kg)

Fold reduction in

Lung Spleen

Mice infected with 
Mycobacterium tuberculosis†

5 25 47 8
48 25 20 5
52 25 73 5
53 25 75 6
54 25 39 2
55 25 194 8

Mice inoculated with Mycobacterium 
bovis BCG‡

49 50 55 ND
50 50 5 ND
All readouts were based on reduction in luminescence in 
organ homogenates.
†Mice were intravenously infected with Mycobacterium 
tuberculosis expressing luciferase and treatment for 
10 days initiated 7 days after infection.
‡Mice were intravenously inoculated with Mycobacterium 
bovis BCG expressing luciferase and 10 days of treatment 
initiated 1 day after infection. 
BCG: Bacille Calmette-Guerin; ND: Not determined.
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of chemotherapy. They found that PA-824 in 
combination with moxifloxacin and PZA was 
able to cure mice faster than INH, RIF and PZA 
and that 2 months of PA-824/moxifloxacin/PZA 
followed by 2 months of PA-824/moxifloxacin 
led to apparent cure as seen by the absence of 
relapse 3 months after cessation of therapy [99]. 

In addition, in an effort to increase the effi-
cacy of PA-824, methods to allow pulmonary 
delivery were developed in order to release com-
pound at the site of infection [100]. A formulation 
of PA-824, l-leucine and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine in 70% ethanol was 
spray-dried to make porous particles suitable 
for aerosolization. The drug load in these dry 
powdered porous particles was 75% by weight 
and had long-term stability at room temperature. 
These particles were aerosolized into guinea pigs 
and compared with intravenous and pulmonary 
administration, with the guinea pig being the 
animal model of choice due to the higher simi-
larity in TB disease pathology to humans than 
mice [101,102]. It was established that even though 
the pulmonary aerosol administration of PA-824 
in guinea pigs gave comparable or lower systemic 
exposure of the drug relative to the oral route, 
this delivery route gave higher lung concentra-
tions of drug [100] with dose-dependent decreases 
in tissue damage and bacterial burdens in the 
lungs of infected animals  [103]. Direct delivery 
of drugs by aerosolization to the lungs, the pre-
dominant site of infection, may avert some of 
the toxicity issues that can accompany systemic 
administration such as elevated serum creati-
nine levels (see later discussion) although would 
substantially raise the costs of treatment [100,103].

Pharmacokinetic and efficacy studies have also 
been performed in mice on other nitroimidazo
oxazine derivatives in attempts to improve on 
the in vivo potency of PA-824 (Tables 8–10). In 
several cases the interpretation of these studies is 
limited by the fact that pharmacokinetic param-
eters in the mice were unknown or not reported. 
Microsome stability assays of biphenyl analogs of 
the nitroimidazooxazines with improved in vitro 
activity suggested that alkoxy (109 & 110), ketone 
(103), phenoxy (114) and the free amine (113) 
substituents had poor microsomal stability, 
whereas substituent with halogens (105) and/
or trifluoro methyl (112) or trifluormethoxy 
groups (106) showed greater microsomal stabil-
ity (Table 8). Mouse efficacy studies with these 
biphenyl analogs were performed (at a daily oral 
dose of 100 mg/kg for 5 days/week for 3 weeks) 
and the best leads, 106, 121 and 118, were found 

to be greater than 200-fold more efficacious than 
PA-824 despite their poor solubility although 
the blood serum and lung accumulation levels 
were unknown (Table 8). The five-membered 
heterobiaryl nitroimidazooxazine compounds 
were more soluble than PA-824 and had bet-
ter microsomal stability than PA-824. Of these, 
1-aryl-3-linked-pyrazole (124) and the 2-aryl-5-
linked-tetrazole (126) were much more effective 
in vivo (Table 9) [34]. Of the 6-membered hetero-
biaryl analogs of PA-824, microsomal stability 
and in vivo acute efficacy studies identified five 
compounds (139, 142, 143, 145 & 147), which were 
more than two logs-fold efficacious in infected 
mice compared with PA-824, with two of these 
(142 & 143) being more than threefold efficacious 
than OPC-67683 in the chronic infection mouse 
model (Table 10) [35].

The success of animal studies paved the way 
to testing in humans. Pharmacokinetic studies 
of PA-824 in healthy individuals in single as 
well as multiple-dose studies have shown that 
the drug is readily absorbed, orally bioavailable, 
safe and well tolerated, with no serious adverse 
effects  [104]. The pharmacokinetic parameters 
for single and multiple dose studies are repre-
sented in Supplementary Tables 1 & 2,��������  respec-
tively. Independent of the dose of PA-824, its 
maximal plasma concentration was reached in 4 
to 5 h. The average elimination half life was 16 
to 20 h with steady state reached in 5 to 6 days 
for multiple dosing. PA-824 was well tolerated at 
1000 mg once a day for 5 days and 600 mg once 
a day for a week  [104]. The pharmacokinetics 
parameters were consistent with once a day regi-
men. The adverse effects on administration of 
PA-824 to healthy volunteers were insignificant 
and the only one of note was the dose-depen-
dent reversible elevation of serum creatinine 
level [104,105]. Pharmacodynamic studies of renal 
function indicated that the increase in the serum 
creatinine levels could thus not be ascribed to 
pathological effects of the drug on renal func-
tions [105], but may be attributed to the inhibi-
tion of tubular secretion of creatinine, which is 
a clinically benign phenomenon also observed 
in marketed drugs such as pyrimethamine, 
cimetidine and trimethoprim [105–110].

In order to identify the lowest efficacious 
dose of PA-824 for the treatment of pulmonary 
TB, studies were carried out in drug-sensitive, 
smear-positive patients at a dose of 200, 600, 
1000 and 1200  mg/day of PA-824 for two 
weeks  [111], which showed that PA-824 had 
similar pharmacokinetics to healthy volunteers 

Key Term

Early bactericidal activity: 
Early bactericidal activity studies 
are often used in TB drug 
clinical trials and measure the 
rate at which the mycobacterial 
load in sputum samples of TB 
patients decreases upon 
administration of drug for the 
first 7–14 days. The drug under 
investigation is often 
administered as monotherapy in 
early bactericidal activity studies 
since the risk of emergence of 
drug resistance is extremely low 
in this short treatment period.
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and demonstrated substantial and linear early 
bactericidal activity (EBA) comparable to 
existing frontline drugs. The EBA was similar 
at all PA-824 doses probably because the plasma 
concentration of PA-824 was above the MIC 
even at the lowest dose, predicating the need 
for extended EBA studies at lower doses  [111]. 
Adverse effects were generally mild and dose-
dependent and arose at a frequency similar to 
the standard treatment regimen of INH, RIF, 
PZA and ethambutol (EMB) [111]. 

�� OPC-67683
OPC-67683 is non-mutagenic, more potent 
in vitro than clinically approved anti-tubercular 
drugs, bactericidal and has equipotent activities 
against drug-sensitive strains, as well as strains 
resistant to current anti-tubercular drugs  [21]. 
OPC-67683 was also found to superior to RIF, 
INH and PA-824 against Mtb growing in human 
macrophages even when the exposure was lim-
ited to 4 h [21]. In mice, OPC-67683 was found 
to have the longest half life (t

1/2
 = 7.6 h) and 

lowest plasma concentration (C
max

 = 0.56 µM), 
among all the front-line anti-tubercular drugs 
and found to exhibit the most potent anti-tuber-
cular activity amongst all the front line drugs 
as well as PA-824  [21]. Co-administration of 
OPC-67683 with RIF and PZA in infected mice 
led to a rapid reduction in bacterial burdens in 
the first three months of therapy and after four 
months the organs were sterilized in contrast to 
the standard regimen of RIF, INH, EMB and 
PZA, which does not cause complete steriliza-
tion even after 6 months of treatment. Thus the 
inclusion of OPC-67683 reduced the duration 
of treatment [21]. 

OPC-67683 is not metabolized by the cyto-
chrome P450 (CYP) enzymes of liver microsomes 
of both human and animals and no induction 
of these enzymes has been observed at concen-
trations up to 100 µM, which makes it suitable 
to be co-administered with CYP-metabolized 
drugs such as RIF as well as antiretrovirals that 
are inactivated by CYPs [21].

Clinical testing of nitroimidazoles
�� PA-824

PA-824, the lead compound in the nitroimida-
zooxazine series, is currently in Phase II clini-
cal trials in Cape Town (South Africa) and is 
sponsored by the Global Alliance for TB Drug 
Development. Two of the three clinical stud-
ies have already been completed. In the study 
‘PA-824-CL-007: Phase IIa Evaluation of Early 

Bactericidal Activity in Pulmonary Tuberculosis’, 
68 patients with newly diagnosed uncomplicated, 
smear-positive TB received PA-824 orally at a 
dose of 200, 600, 1000 and 2000 mg once daily 
for 2 weeks [303]. EBA, which measures the daily 
reduction in mycobacterial counts in sputum, 
was measured in these patients and compared 
with a control group receiving a combination 
of RIF (150 mg), INH (75 mg), PZA (400 mg) 
and EMB (275 mg), although the results of this 
study have not yet been reported (ClinicalTrials.
gov Identifier: NCT00567840) [303]. The utility 
of using EBA as a predictor of whether a drug 
will affect outcome of chemotherapy has not 
yet been demonstrated as evidenced by the poor 
EBA of highly effective drugs such as RIF and 
PZA in this test [112], thus poor performance of 
drugs in EBA studies needs to be interpreted 
with care. A similar Phase II study ‘Evaluation 
of Early Bactericidal Activity in Pulmonary 
Tuberculosis’ with lower dose of PA-824 (50, 
100, 150 and 200 mg once daily for 14 days) 
was also performed and completed in 2010 
(ClinicalTrials.gov Identifier: NCT00944021) 
with official results pending  [304]. Currently a 
third study ‘Evaluation of Early Bactericidal 
Activity in Pulmonary Tuberculosis With 
(J-M-Pa-Z)’ is ongoing with current recruit-
ment of patients with smear positive pulmo-
nary TB  [305]. In this study (ClinicalTrials.
gov Identifier: NCT01215851) the EBA will be 
evaluated for two weeks in 68 patients divided 
into four groups based on drug combination: 
PA-824 plus PZA; PA-824 plus PZA plus mox-
ifloxacin; TMC207 plus PZA; and TMC207 
only. A control group would be treated with 
standard RIF/INH/PZA/EMB combination 
therapy [305]. 

�� OPC-67683
OPC-67683 the lead compound from the nitro-
imidazooxazole series is currently in Phase II clin-
ical trials sponsored by Otsuka Pharmaceutical 
Development & Commercialization, Inc. 
and Otsuka Frankfurt Research Institute 
GmbH. In this study (‘Safety, Efficacy and 
Pharmacokinetics of OPC-67683 in Patients 
With Pulmonary Tuberculosis’), patients with 
uncomplicated, smear-positive pulmonary TB 
were administered different doses (100, 200, 300 
or 400 mg once daily) OPC-67683 for 14 con-
secutive days with the control group receiving 
standard combination therapy [306]. This study 
has been completed although the results have 
to date not yet been disclosed (ClinicalTrials.
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gov Identif ier: NCT00401271)  [306]. In a 
parallel study (‘A Placebo-controlled, Phase 
2 Trial to Evaluate OPC-67683 in Patients 
With Pulmonary Sputum Culture-positive, 
Multidrug-resistant Tuberculosis [TB]’), 
430  patients with culture-positive sputum 
resistant to INH and RIF or only to RIF (con-
formed by positive rapid test on direct sputum) 
and sputum smears positive for acid fast bacilli 
within 60 days before enrollment were treated 
with 100 mg or 200 mg of OPC-67683 (twice 
daily), in addition to the optimized background 
regimen whereas the placebo group received only 
the optimized background regimen for the same 
period of time  [307]. Pharmakokinetics, safety 
and efficacy of the drug OPC-67683 are to be 
evaluated during the study and post treatment 
with the study still in progress in nine differ-
ent geographical locations (ClinicalTrials.gov 
Identifier: NCT00685360)  [307]. In another 
study (‘Safety and Pharmacokinetics [PK] 
in Multidrug-Resistant [MDR] Refractive 
Tuberculosis’), which is currently recruit-
ing patients diagnosed as sputum positive for 
MDR-TB 2 months prior to enrollment and at 
least three times in the prior 9 months despite 
treatment with standard anti-tubercular regi-
mens will evaluate pharmacokinetics, metabo-
lite formation and the safety and tolerability of 
OPC-67683 administered twice a day at a dose 
of 100 mg in addition to the optimized back-
ground regimen (ClinicalTrials.gov Identifier: 
NCT01131351) [302].

What defines an optimal 
nitroimidazole for drug development?
New drugs are urgently required to combat TB, 
and to improve TB chemotherapy it is critical 
that: the current duration of chemotherapy is 
shortened, the regimen of drugs is simplified, 
new regimens are effective against MDR- and 
XDR-TB, therapies are compatible with anti-
retrovirals administered to HIV patients, and 
the regimens include drugs that eradicate the 
persistent bacteria thought to characterize 
latent disease. 

To shorten therapy and, ideally, to eradicate 
persistent bacteria, it is essential to understand 
the metabolism of the pathogen in the human 
host, since the vulnerable drug targets or pro-
cesses in the microbe are ultimately a function 
of its metabolism. TB in humans presents with 
a variety of clinical manifestations ranging 
from various degrees of severity of lung disease 
to extra-pulmonary dissemination  [13]. Even 

within the same patient, there is considerable 
heterogeneity in the granulomas, the hallmark 
of this disease in humans, which by implication 
would be expected to harbor different micro
environments [13]. The metabolism of the patho-
gen is expected to be a function of its microenvi-
ronment as determined by factors such as oxygen 
availability, carbon-source availability, pH and 
the presence of reactive nitrogen intermediates. 
The extensive duration of chemotherapy required 
to significantly reduce relapse rates has been 
attributed to different populations of mycobac-
teria as defined by their metabolic status where 
rapidly growing bacilli are efficiently eliminated 
by drugs such as INH that target cell wall bio-
synthesis, the slowly or sporadically dividing cells 
being most effectively eradicated by RIF and the 
bacilli residing in acidified compartments being 
particularly susceptible to PZA  [13,113]. In this 
respect, the in vitro demonstration that nitro-
imidazooxazines, such as PA-824, kill both aero-
bically replicating as well as hypoxic nonreplicat-
ing bacteria has indicated that these compounds 
may target a variety of bacterial populations in 
the human host, which may lead to shortening 
of treatment duration and allow the elimina-
tion of drugs such as INH from combination 
treatments, which will, at the very least not add 
additional drugs to current regimens. 

In addition, the demonstration that the nitro-
imidazooxazines and nitroimidazooxazoles 
affect cellular processes distinct from current 
anti-tubercular drugs has meant that these com-
pounds remain effective against MDR and XDR 
strains of Mtb. However, these compounds are 
prodrugs that are activated by an enzyme and 
co-factors that are seemingly nonessential, and 
as a result, a variety of mutations can give rise to 
resistance. Thus, not surprisingly, the mutation 
frequency to PA-824 resistance is comparable to 
that of INH [70] and has similarly be found to 
be high in infected mice during PA-824 treat-
ment (Manjunatha et al., Unpublished Data). This is 
a significant drawback for the introduction of 
drugs that require bioactivation, such as nitro-
imidazoles, into anti-tubercular regimens since 
the emergence of resistance at a rate compa-
rable to INH resistance would not reduce the 
global emergence of drug resistance. In addi-
tion, it may suggest that PA-824 and related 
compounds, are less ideal for the treatment of 
MDR- and XDR-TB.

Another factor that has received little attention 
in terms of nitroimidazole drug development for 
TB is bioavailability. Comparative mouse studies 



Nitroimidazoles for the treatment of TB | Review

www.future-science.com 1449future science group

of highly insoluble nitroimidazooxazines and 
nitroimidazooxazoles (Tables 8–13) have dem-
onstrated that oral bioavailability and accumula-
tion in tissues were not addressed by the way in 
which these were tested at doses of 100 mg/kg 
in a formulation that may never have applicabil-
ity beyond clinical trial settings and that these 
studies may give inaccurate impressions about 
which nitroimidazoles should enter the drug-
development pipeline. The limited solubility of 
the nitroimidazoles PA-824 and OPC-67683, 
which are currently in clinical development, 
would imply that bioavailability after oral intake 
would be a function of intake of fatty foods. This 
would add complications to the administration 
of such drugs. Since TB patients in large parts of 
the developing world are often under-nourished, 
with HIV infection often further adding to mal-
absorption of drugs [2,114], nitroimidazole drug 
development may require significant more input 
to find oral formulations that increase their bio-
availability. Separate formulations of nitroimid-
azoles may thus not simplify current regimens. 
A more soluble nitromidazole may address these 
issues. On a positive note, the Global Alliance 
for TB drug development has demonstrated in 
healthy volunteers that at anticipated clinical 
doses there is no clinically significant effect of 
a high-fat, high-calorie meal on plasma levels 
of PA-824 relative to those seen in the fasted 
state [Ginsberg AM, Pers. Comm.]. Currently, the 
pharmacokinetics of many nitroimidazoles have 
been established  [21,35,100,104], but all of these 
studies have evaluated concentrations of drug 
in the blood. However, the site of infection in 
the human is the granuloma, thus the ability of 
the drug to penetrate into granulomas and the 
half-life of the drug in gramulomas may ulti-
mately determine the true efficacy of these drugs 
in humans. It has, for example, been established 
that moxifloxacin accumulates in granulomas 
with drug concentrations being dependent on 
granuloma type [115], which may be an important 
reason underlying the efficacy of moxifloxacin 
against TB. Such studies can of course only be 
done on animal models that generate granulomas 
comparable to human TB granulomas, which 
limits the large-scale applicability of lesion-
penetration determination to new compounds, 
but could ideally be applied to compounds that 
have been prioritized based on in vitro efficacy, 
absence of adverse metabolic profiles as well as 
pharmacokinetic properties. Similar studies on 
nitroimidazoles will prove invaluable in selecting 
an optimal compound for clinical development.

Although not discussed in this review, two 
other compound series (nitrofurans  [116] and 
1,4-di-N-oxide derivatives  [117]) that are acti-
vated by bioreduction are in preclinical devel-
opment. It has been proposed that co-admin-
istration of nitroimidazoles in combination 
with nitrofurans or quinoxaline-di-N-oxides 
may generate a chemotherapeutic cocktail with 
optimal killing of cells since these prodrugs 
exploit different bioreductive pathways  [118]. 
The assumption that cocktails of prodrugs that 
are activated by bioreduction and thus, due to 
the often nonessential nature of the activation 
mechanisms, are associated with high mutation 
frequencies, will lead to killing on a scale that 
warrants their development as drug candidates, 
currently has no basis.

Future perspective
Two nitroimidazole compounds are currently 
in clinical evaluation as anti-tubercular drugs. 
Current Phase  II clinical trials may provide 
some information about the clinical utility of 
PA-824 and OPC-67683. With limited in vivo 
information available on the efficacy of these 
compounds in an animal model that recapitu-
lates the important characteristics of human 
disease, as well as better knowledge about drug 
concentrations at the site of infection, we will 
have to wait for the results of these trials before 
we can assess whether these nitroimidazoles 
will address the critical issues in anti-tubercular 
drug development.

Based on published data, there is much more 
known about the SAR and microbiological 
effects of the nitroimidazooxazines compared 
with the nitroimidazooxazoles. Thus, PA-824 
and related compounds, have submicromolar 
MIC values against Mtb and, in addition, have 
been shown to be effective against anaerobically 
persisting Mtb (Table 6). In contrast, little is 
known about the anaerobic activity of OPC-
67683 although it can be predicted, based on 
the similar activation pathways of PA-824 and 
OPC-67683, that reactive nitrogen intermedi-
ates are also formed during formation of the des-
nitro product of the nitroimidazooxazole. It is 
the formation of the des-nitro end metabolite 
of PA-824 activation that is correlated with the 
anaerobic cidal activity of this compound  [38]. 
Mouse efficacy studies are often performed a 
day after infection of the animal with Mtb. 
However, the relevance of this could be a 
concern given that human TB patients gener-
ally present with established mycobacterial 
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infections. In this respect, numerous inde-
pendent studies have established that PA-824 
is efficacious in mice with established myco-
bacterial infection  [94,96–98], although OPC-
67683 at 50 mg/kg was reported to be more 
efficacious than PA-824 at a similar dose in 
chronically infected mice  [21]. Both PA-824 
and OPC-67683 have good microsomal sta-
bilities and the reported serum concentrations 
and half-lives are favorable relative to their 
in vitro MIC values. If insolubility is a concern 
in drug development, then the challenges facing 
an OPC-67683 formulation that would meet 
the economic and stability criteria for an anti-
tubercular drug would be more considerable 
than that of PA-824.

The cost of clinical trials to fully evaluate the 
efficacy of these compounds for anti-tubercular 
chemotherapy will likely require a choice to be 
made between these compounds unless highly 
compelling data are provided for the progression 
of one of the nitroimidazooxazines currently 

under investigation (Table 8). The evaluation 
of current clinical trial results in combination 
with the accumulated data reported for each 
of these will eventually determine which com-
pound will most likely proceed into the next 
phase of clinical testing.

Regardless of which compound proceeds 
further, the scientific benefit of having a new 
anti-tubercular agent progress through clini-
cal trials cannot be understated. We will learn 
valuable information about both in vivo treat-
ment and disease biology of the TB patient. 
Furthermore, a modern TB clinical trial will 
provide valuable data that will allow compari-
son with previous and current clinical trials of 
anti-tubercular agents, which will inform future 
trials using next-generation nitroimidazoles 
and/or anti-tubercular agents.
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Executive summary
�� The nitroimidazole class of compounds shows promise as new anti-tubercular agents. Two members of this class, PA-824 and 

OPC-67683, are undergoing Phase II clinical trials.

�� 2‑nitroimidazole derivatives modified at the 1- and 5-positions were among the first series of this class reported to display 
antimycobacterial activity. Metronidazole, which belongs to a class of 5-nitroimidazole is effective against hypoxically adapted 
nonreplicating Mycobacterium tuberculosis (Mtb). 

�� CGI-17341, the lead compound from a series of bicyclic 4- and 5-nitroimidazole[2,1-b]oxazoles, showed dose dependent activity 
against drug susceptible and MDR Mtb. The bicyclic 5-nitroimidazole[2,1-b]oxazole series showed much lower activity than its 4-nitro 
counterpart. CGI-17341 was discontinued because of its mutagenic properties.

�� PA-824, the lead compound from over 300 nitroimidazopyrans, and OPC-67683, the lead compound from the series of 6-nitro-2,3-
dihydroimidazo [2,1-b] oxazoles, were found to be non-mutagenic and showed activity against slow, rapidly replicating, drug-susceptible 
as well as resistant strains of Mtb, and showed no cross-resistance with current drugs and was compatible with antiretrovirals.

�� Structure–activity relationship (SAR) studies on PA-824 showed that the S-enantiomer was the active form and the presence of the nitro 
group at 4-position of the imidazole ring, lipophilic tail at 6-position of the oxazine ring and a rigid bicyclic system were crucial for its 
activity. Activity studies with the biaryl linker (activity: para>meta>ortho; most compounds have poor solubility) and heterobiaryl (with 
improved solubility) identified some candidates with >200 fold in-vivo efficacy compared with PA-824 as well as identified the presence 
of a large hydrophobic binding pocket in the active site of Rv3547. 

�� Rv3547 is a deazaflavin (F420 cofactor)-dependent nitroreductase that participates in bioreductive activation of the prodrug PA-824, 
releasing NO, among other reactive nitrogen species, the production of which correlates with anaerobic anti-tubercular activity.

�� Dose-dependent inhibition of cell wall and protein biosynthesis has been demonstrated for PA-824. There is poor correlation between 
aerobic and anaerobic activity, and transcriptional profile analysis indicates inhibition of both cell wall and respiratory genes. 

�� Pharmacokinetic studies of PA-824 in healthy volunteers showed that it was orally bioavailable, readily absorbed, had a substantial half 
life, and was safely tolerated without any serious adverse effects. Studies with drug-sensitive smear-positive patients demonstrated 
substantial and linear early bactericidal activity compared with current frontline drugs. 

�� The mutagenicity problem of CGI-17341 was overcome by incorporation of a heteroatom at the 2-position of the oxazole ring. SAR 
studies with derivatives of 6-nitro-2,3-dihydroimidazo [2,1-b] oxazole with various phenoxymethyl groups showed that the R- form as 
the active isomer. Further SAR studies in conjunction with in vivo efficacy studies identified the lead compound OPC-67683.

�� OPC-67683 has been shown to inhibit methoxy-mycolic and keto-mycolic acid synthesis, does not affect nor is affected by liver 
microsome enzyme. It is absorbed better in high-fat diets, without significant adverse side effects. However, it has a low early 
bactericidal activity in patients with pulmonary TB.

�� Both PA-824 and OPC-67683 are in Phase II clinical trials, the results of which are not yet available. 
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