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Abstract 

PA-824, a novel 4-nitroimidazole prodrug, is currently in phase II clinical trial for 

tuberculosis (TB) therapy. It is bioactivated by the deazaflavin dependent 

nitroreductase (Ddn) from Mycobacterium tuberculosis to form a major des-nitro 

metabolite that releases toxic reactive nitrogen species responsible for the anti-

mycobacterial activity. However, there are no published reports regarding the 

metabolism of this prodrug by host (mammalian) enzymes or its cellular accumulation 

in phagocytes, where this mycobacterium can reside. Therefore, the aim of this thesis 

was to investigate the metabolism and disposition of PA-824 in mammals (mouse in 

vitro and in vivo plus human liver in vitro) as well as phagocytes compared with 

purified Ddn enzyme and mycobacteria (M. tuberculosis and Mycobacterium 

smegmatis).  

Purified Ddn enzyme and M. tuberculosis catalysed the formation of seven metabolites 

of PA-824, including the previously reported des-nitro metabolite. Six of these 

metabolites, but not the des-nitro metabolite, were observed with M. smegmatis. 

Mammalian liver S9 preparations (mouse and human) were able to form only four of 

these metabolites and did not catalyse the des-nitrification or nitroreduction of PA-824.  

Structure elucidation of the products led to the following proposed metabolic pathways 

of PA-824. Reductive metabolism by hepatic enzymes via imidazole ring reduction 

results in a C3-hydride metabolite that yields two additional unstable products. 

Oxidative cleavage of the benzyl linker chain of PA-824 form (6S)-2-nitro-6,7-dihydro-

5H-imidazo[2,1-b][1,3]oxazin-6-ol. Hydration of the imidazole ring at the C3 position 

appears to be a non-enzymatic reaction with ferrous ions.  

Following an oral dose of PA-824 to mouse, only four metabolites were observed in 

plasma and tissues: the C3-hydrate, (6S)-2-nitro-6,7-dihydro-5H-imidazo[2,1-

b][1,3]oxazin-6-ol, and the two unidentified metabolites. Hence, PA-824 appears to 

undergo both oxidative and reductive metabolism in vivo.  

High intracellular concentrations of PA-824 were achieved within the phagocytes via a 

passive mechanism. The drug concentrations in this sanctuary site of mycobacterial 

infection were at least 4,200-fold higher than the reported minimum inhibitory 

concentrations required for the activity of this drug. 

Thus, species selective activation and high concentrations of PA-824 at the site of 

infection may indicate a potential for PA-824 to be the first new drug for TB therapy in 

almost 50 years.  
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1.1 What is Tuberculosis? 

Tuberculosis (TB) is an infectious disease which, according to the latest reports by the 

World Health Organization, killed 1.7 million people in 2009 (WHO, 2010a). This 

disease primarily affects the lungs and the symptoms include a prolonged cough of 

more than three weeks, blood in the sputum, chest pain, prolonged fever, loss of 

appetite, loss of weight, night sweats and fatigue. TB can also affect other organs or 

tissues, such as the pleura, pericardium, lymph nodes, abdomen, genitourinary tract, 

skin, joints, bones and meninges and this is known as extrapulmonary TB. Although 

pleural, lymphatic, joint and bone TB are the most common, pericardial and meningeal 

forms can also be fatal (WHO, 2010b). Such extrapulmonary cases accounted for 14% 

of all the notified cases in 2007 (WHO, 2010b).  

TB has been present in mankind for millennia and has been found in Egyptian 

mummies dating back at least 5000 years (Davies, 2000; Morse et al., 1964). TB was 

also known as ‘consumption’, ‘phthisis’ (or wasting away), ‘scrofula’ (or swollen glands 

of the neck), ‘Pott’s disease’ or the ‘Great White Plague’ (Snider, 1994). This disease 

was common in the Europe from 17th to 19th century and was the major cause of death 

in the 19th century in the United States (Haas & Haas, 1996; Snider, 1994). Following 

the discovery of the causative agent by Robert Koch in 1882, Albert Calmette and 

Camille Guerin developed the Bacillus of Calmette and Guerin (BCG) vaccine 

containing the live attenuated strain of Mycobacterium bovis in 1906 (Haas & Haas, 

1996; Snider, 1994). Combined with the development of several antibiotics, use of the 

vaccine led to a decline in this disease (Haas & Haas, 1996; Snider, 1994). However, 

in the late 1980s TB re-emerged with incidences of drug-resistant strains and cases of 

Human Immunodeficiency Virus (HIV) co-infection.  

TB is still a major killer among the infectious diseases and is the second leading cause 

of deaths in adults subsequent to HIV infection. This disease is prevalent in several 

parts of the world. In 2009, an estimated 9.4 million new cases (137 per 100,000 

population) and 14 million prevalent cases (200 per 100,000 population) were reported 

(WHO, 2010a). Most of these incidences occurred in Asia (55%) and Africa (30%) with 

low proportions in the eastern Mediterranean region (7%), Europe (4%) and the 

Americas (3%) (WHO, 2010a). Due to the global presence and such high mortality 

(4700 deaths per day in 2009) (WHO, 2010a), this disease has become a major 

concern again.  
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1.2 What causes TB and how does it spread? 

Mycobacterium tuberculosis, the causative agent of TB, was discovered by Dr Robert 

Koch almost 125 years ago. M. tuberculosis are slow growing non-motile pleomorphic 

rods that divide every twenty four hours (Lemke, 2002). M. tuberculosis is a facultative 

intracellular pathogen that infects macrophages, the primary defence cells of the body. 

These gram-positive bacteria are obligate aerobes and grow in the well-aerated upper 

lobes of the lungs. 

The cell envelope of M. tuberculosis is composed of a plasma membrane, cell wall 

core and a ‘capsule-like’ outer layer. The cell wall core is comprised of a covalently 

linked mycolic acid-arabinogalactan-peptidoglycan complex and the outer layer 

contains non-covalently linked free lipids, including glycolipids, such as 

lipoarabinomannan; phospholipids, including phosphotidylinositol mannosides and 

waxes, such as pthiocerol dimycocerosates. In addition, polysaccharides including 

glucans, mannans and arabinans as well as cell wall proteins, including pore forming 

proteins, are also present (Barry & Mdluli, 1996; Barry et al., 2007; Kaur et al., 2009). 

These strongly hydrophobic molecules form a lipid shell around the organism (Crick et 

al., 2004). The cell wall provides resistance to the immune response and protects 

against attack by the phagocytic armoury, such as cationic proteins, lysozymal 

enzymes and oxygen radicals, thus enhancing survival of the organism inside the 

macrophages. The lipid rich cell wall also inhibits the migration of polymorphonuclear 

cells and protects extracellular M. tuberculosis from complement attack. Thus, the 

mycobacterial cell wall helps the organism evade the innate immune system. 

Moreover, the strongly hydrophobic molecules of the cell wall affect permeability 

properties at the cell surface (Crick et al., 2004) and provide a barrier to drug uptake 

which can make this pathogen difficult to treat (Jarlier & Nikaido, 1994). For example, 

the susceptibility of mycobacteria to aminoglycosides, peptide antibiotics and 

rifampicin was increased following the addition of a surfactant, such as Tween, to the 

culture media (Hui et al., 1977; Mizuguchi et al., 1983). Moreover, the activity of 

aminoglycosides on ribosomes was higher in cell extracts compared with intact cells 

indicating the plausible involvement of a surface barrier to drug uptake (Mizuguchi et 

al., 1983).  

TB is transmitted primarily via the respiratory route and spread by airborne droplet 

nuclei expelled in the air from an infected person with active disease (Sundaramurthy 

& Pieters, 2007). These droplets, containing the mycobacteria, can remain suspended 
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in the air and inhaled. The mycobacteria are subsequently entrapped in the distal 

airways and ingested by local alveolar macrophages. In a previously uninfected 

person, the mycobacteria multiply within these macrophages. This results in a small 

area of granulomatous inflammation that forms a lesion called the Ghon focus. The 

classical location for the primary infection is the upper part of the lower lobe or lower 

part of the upper lobe of the lung (McAdam & Sharpe, 2007). If the infection also 

involves the adjacent lymphatics and hilar lymph nodes, it is known as the Ghon's 

complex. In individuals with a functioning innate and acquired immune system, the 

primary infection can be completely eradicated. The initial inflammatory response 

decreases the number of mycobacteria, controls the infection and the Ghon focus may 

heal. However, in some individuals about four to six weeks after infection a delayed-

type inflammatory response occurs with the formation of a caseous granuloma. This 

results in latent asymptomatic TB infection as low numbers of mycobacteria persist in 

a non-replicating, dormant but viable, form within the granuloma.  

If the primary infection is not eradicated or controlled, it may progress to miliary 

tuberculosis. This is a disseminated form of the disease due to the 

lymphohematogenous spread of the bacteria. It is characterised by numerous small 

granulomatous lesions in the lung with the involvement of other organs such as the 

liver and spleen. Without treatment this disseminated form of the disease is fatal.  

Latent TB infection can become reactivated if an individual becomes immune-

compromised due to HIV infection, malnutrition, old age or diabetes (Daley, 2004; 

Sundaramurthy & Pieters, 2007). Reactivation results in an increased bacterial load 

and re-emergence of the clinical symptoms of disease.  

According to the World Health Organization, nearly one-third of the global population 

(two billion people) is currently infected with latent TB and 5-10% will develop an active 

disease during their lifespan (WHO, 2009). Amongst the 9.4 million new cases of TB in 

2009, approximately 1.1 million people (12%) were co-infected with HIV and about 0.4 

million of these people died. Thus, these two diseases make a lethal combination. The 

majority of the TB and TB-HIV co-infection cases occurred in the African and Asian 

regions with low socio-economic conditions of poverty, overcrowding and malnutrition 

(WHO, 2010a). Therefore, TB-HIV co-infection and poverty impose an increased risk 

of re-emergence of an active disease from a latent infection.  
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However, active disease and latent disease are relatively simple clinical definitions. 

The disease is better thought of as a spectrum of diverse events from complete 

sterilisation, through the formation of hypoxic caseous granulomas with a dormant and 

variable mycobacterial load, to aerobic lesions containing a high infectious load (Barry 

et al., 2009). As such latent TB could be described as a subclinical active disease 

(Barry et al., 2009). 

Current strategies for the control of TB rely on the identification and prompt treatment 

of the infectious (active) disease to decrease the transmission to other individuals. 

Following the initiation of treatment, the infection decreases rapidly. Some data 

suggest that the detection of the smear-positive cases along with a good cure rate will 

decrease the overall incidences of TB (Barry et al., 2009). In accordance with the 

United Nations Millennium Development Goals, the Global Plan to Stop TB partnership 

aims to halve the prevalence and mortality caused due to TB by 2015 (Anonymous, 

2010). A long term aim is to eliminate TB (an incidence of less than one per million of 

the global population) by 2050. This requires not only treatment of infectious cases but 

elimination of latent TB infection to prevent re-emergence of quiescent disease in 

previously exposed individuals (Barry et al., 2009).  

1.3 What is a granuloma? 

A granuloma is “an organized structure comprising lymphocytes, macrophages, 

neutrophils and sometimes fibroblasts that often has a necrotic centre, which arises in 

response to continued antigenic stimulation in the presence of macrophages, for 

example in response to M. tuberculosis infection” (Barry et al., 2009). 

Different types of granulomatous lesions can be observed at different stages of TB. 

These include (a) the initial granulomatous inflammation that occurs following a 

primary infection when the mycobacteria are engulfed by alveolar macrophages. 

These are non-necrotising lesions where the mycobacterial bacilli reside within the 

macrophages (Figure 1.1a) and replicate aerobically (Barry et al., 2009). (b) The 

classic tuberculous granuloma (Figure 1.1b) is the result of a delayed-type 

hypersensitivity reaction, where the macrophages and neutrophils attempt to destroy 

the pathogen but cause collateral damage to the lung tissue. This results in extensive 

tissue necrosis and destruction of the functional tissue. New macrophages are then 

recruited to the site that surround the pathogen as well as the necrotic tissue and 

transform into elongated epitheloid and multinucleated giant cells. These modified 
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macrophages are surrounded by a rim of lymphocytes and sometimes fibroblasts. The 

central core of the granuloma is typically comprised of caesous necrotic material. This 

necrosis is caseous due in part to the persistence of the waxy lipids from the 

mycobacterial cell wall as well as dead macrophages and tissue components. This 

central necrotic area is hypoxic. The mycobacterial bacilli are found within the hypoxic 

centre, within the macrophages and even on the fibrotic margin of the granuloma. 

Fibrotic granulomatous lesions are also sometimes observed (Figure 1.1c). Often 

these fibrotic and the caseous lesions are also calcified (Cotran et al., 1989; 

Dannenberg, 2006). In latent (subclinical) disease a continuum of healed and 

quiescent lesions would be expected.  

(a)  Non-necrotising granuloma (b)  Caseous granuloma (c)  Fibrotic granuloma 

B cell 

CD8+ T cell 

CD4+ T cell 

Neutrophil

Caseum

Fibroblast

M. tuberculosis

Macrophage

 
 
Figure 1.1 Tuberculous granulomas. Various granulomatous lesions can be observed at 
different stages of TB. (a) Non-necrotising granuloma observed in active disease comprises of 
macrophages and some lymphocytes (CD4+ and CD8+ cells along with B cells) where 
mycobacteria reside within the macrophages. (b) Caseous granuloma found in active and latent 
TB contains a hypoxic necrotic core surrounded by epithelial macrophages, neutrophils and 
lymphocytes. (c) Fibrotic granuloma, mainly observed in latent TB is also present in active 
disease. These lesions are composed of fibroblasts and very few macrophages. Reprinted with 
permission from Macmillan Publishers Ltd: Nature Reviews Microbiology (Barry et al., 2009), 
copyright (2009). 

These features of the granuloma microenvironment are important in the treatment of 

TB as they can limit drug delivery. For example, it is known that the anti-TB drugs 

rifampicin and isoniazid achieve low levels in the granulomatous lesions compared 

with the blood (Canetti et al., 1969; Kislitsyna, 1985; Kislitsyna & Kotova, 1980). Poor 

drug penetration into the granuloma, where the dormant bacilli remain, is likely to be 

http://www.nature.com/nrmicro/index.html
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due to a combination of the hypoxia (poor blood supply), calcification and fibrosis of 

these lesions (Barry et al., 2009). 

In summary, the consequences of a mycobacterial infection are dependent on two 

parameters: (1) the virulence of the infecting mycobacteria and (2) the resistance of 

the host. The outcome of infection can be either sterilisation of the infection or 

progression of the disease. Clinical symptoms of disease are due to either a primary 

infection (active disease) or reactivation of a latent infection. M. tuberculosis is an 

intracellular pathogen of macrophages and infection results in a granulomatous 

inflammatory response. During TB infection, heterogeneous populations of replicating 

and dormant M. tuberculosis can be found simultaneously in a spectrum of 

microenvironments ranging from macrophages and caseous (hypoxic), fibrotic or 

liquefied granulomas. Eradication of the disease requires not only treatment of active 

infections but also sterilisation of latent populations of mycobacteria. Hence, an 

effective anti-TB drug must be able to (i) concentrate in infected macrophages; (ii) 

penetrate the granuloma; and (iii) penetrate the lipid rich cell wall of the M. 

tuberculosis.   

1.4 What are the current drugs used to treat TB? 

There are several drugs currently on the market for the treatment of M. tuberculosis 

infections. These can be broadly categorized as first- and second-line drugs (Table 
1.1). First-line drugs are the most effective for the management of TB and include 

drugs such as isoniazid and rifampicin. However if the infection is due to a drug-

resistant strain, second-line drugs are indicated. In addition, some individuals are 

intolerant of first-line therapy drugs due to severe adverse effects. For example, both 

isoniazid and rifampicin cause hepatotoxic effects, with symptoms including nausea, 

vomiting, abdominal pain and weakness, that can aggravate to hepatitis with acute 

liver failure in cases of severe toxicity (Ellard et al., 1978; Girling, 1978; Senousy et al., 

2010; Steele et al., 1991; Timbrell et al., 1980).  
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     Table 1.1 Current drugs for the treatment of TB.  
 

Drug Adult Dose (mg/kg) Mechanism of action Adverse effects 

First line drugs    

Isoniazid 5, p.o.a Cell wall synthesis inhibitor Hepatic enzyme elevation, hepatitis, peripheral 
neuropathy, drug interactions 

Rifampicin 10, p.o. Nucleic acid synthesis inhibitor Gastrointestinal upset, drug interactions, hepatitis, 
bleeding problems, flu-like symptoms, rash 

Pyrazinamide 15-30, p.o. Membrane energy metabolism inhibitor Hepatitis, rash, gastrointestinal upset, joint aches, 
hyperuricemia 

Ethambutol 15-25, p.o. Cell wall synthesis inhibitor Optic neuritis 

Streptomycin 20-30, i.m.b/ i.v.c Protein synthesis inhibitor Ototoxicity, renal toxicity 

Second Line drugs    

Ethionamide 15-20, p.o. Cell wall synthesis inhibitor Gastrointestinal upset, hepatotoxicity, 
hypersensitivity, metallic taste, bloating 

para-aminosalicylic acid 150, p.o. Folate synthesis inhibitor Gastrointestinal upset, hypersensitivity, 
hepatotoxicity 

Cycloserine 15-20, p.o. Cell wall synthesis inhibitor Psychosis, convulsions, depression, headaches, 
drug interactions 

Capreomycin 15-30, i.m./ i.v. Protein synthesis inhibitor Auditory, renal and vestibular toxicity, hypokalemia, 
hypomagnesaemia 

Kanamycin/ Amikacin 15-30, i.m./ i.v. Protein synthesis inhibitor Auditory, renal and vestibular toxicity 

Fluoroquinolones/ Ciprofloxacin 750-1500d, p.o. DNA replication and transcription inhibitor Gastrointestinal upset, dizziness, hypersensitivity, 
drug interactions, headaches, restlessness Ofloxacin 600-800d, p.o. DNA replication and transcription inhibitor 

 

ap.o.: per oral; bi.m.: intramuscular; ci.v.: intravenous;  dmg/day. From (Check, 2007; Fujiwara et al., 2000; Lemke, 2002).  
. 
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The second-line drugs are often less potent, more toxic or more expensive compared 

with the first-line drugs. For instance, para-aminosalicylic acid has lower potency than 

the current first line drugs rifampicin or isoniazid. Cycloserine, another second line 

drug, has neuropsychiatric side effects including psychosis, seizures, depression and 

suicidal ideation (Coyne et al., 2009). Additionally, second-line drugs such as 

amikacin, capreomycin and para-aminosalicylic acid are expensive and increase the 

overall cost of the therapy (Espinal et al., 1999; White & Moore-Gillon, 2000). 

Anti-TB drugs can also be classified according to their features of early bactericidal 

activity, sterilising activity and ability to prevent drug resistance. Drugs with early 

bactericidal activity decrease the number of mycobacteria (replicating) during the initial 

part of the therapy, drugs with sterilising activity kill the last few viable or semi-dormant 

mycobacteria (non-replicating), while drugs active in the prevention of drug resistance 

control the growth of the whole mycobacterial population, and thus prevent the 

emergence of resistant mutants to another drug.  

1.4.1 First-line therapy 

Amongst the first-line drugs, isoniazid is the most potent bactericidal agent while 

rifampicin and pyrazinamide are the most potent sterilising agents (Fujiwara et al., 

2000). To ensure control of both active replicating mycobacteria and the dormant 

bacilli associated with the latent disease, multidrug therapy with both bactericidal and 

sterilising agents is used. Current standard multi-drug therapy comprises a ‘short 

course’ regimen of six to nine months. The regimen is a combination of rifampicin, 

isoniazid, pyrazinamide and ethambutol for two months (initial phase) followed by 

rifampicin and isoniazid for four to seven months (continuation phase) (WHO, 2010b). 

This regimen is currently the most effective treatment for active TB, including patients 

who have a HIV co-infection.  

For latent TB, the treatment comprises six to nine months of isoniazid. However, 

despite the effectiveness and advantages of this regimen, the major drawbacks are 

patient non-compliance due to the long length and complexity of the regimen along 

with the associated adverse effects of the drugs (Table 1.1). This poor compliance has 

led to the development of multi- and extensively drug resistant strains of TB (MDR-TB 

and XDR-TB, respectively) that increasingly challenge the treatment of the disease. In 

order to circumvent patient non-compliance, the World Health Organization introduced 



Chapter 1....General Introduction 
 

 10

a strategy called direct observed treatment short course (DOTS) in 1993 (WHO, 

1997). This approach ensures compliance by direct observation of the patients taking 

medications by trained public health workers (Spigelman, 2007).  

1.4.2 Multi- and extensively drug resistant strains of TB 

MDR-TB is characterised by resistance to two of the most effective first-line drugs, 

rifampicin and isoniazid. The current treatment for MDR-TB includes a combination of 

second-line drugs for two years (Table 1.1). However, this has led to further 

emergence of drug resistance and subsequent development of XDR-TB (Dorman & 

Chaisson, 2007; Goldman et al., 2007). In 2006, XDR-TB was classified as “M. 

tuberculosis bacilli resistant to the first-line drugs rifampicin and isoniazid, 

fluoroquinolones and to at least one of the three injectable second-line anti-TB drugs:- 

capreomycin, kanamycin and amikacin” (WHO, 2006). In 2008, nearly 440,000 cases 

of MDR-TB were reported in Africa, Asia and the Russian federation which resulted in 

150,000 deaths. Moreover, at least one case of XDR-TB has been reported in 58 

countries by 2010 (WHO, 2010a). Thus, outbreaks of multi- and extensive-drug 

resistant strains, as well as the consequences of HIV-TB co-infection, have made this 

disease an even bigger global health priority.  
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1.5 New drugs for TB therapy 

1.5.1 Historical development of TB therapy 

Streptomycin (Table 1.2) was discovered in 1943 (Jones et al., 1944) and first used for 

the treatment of TB in 1946 (Hinshaw et al., 1946). Although streptomycin was 

replaced as a drug of choice in the 1980s (Ma et al., 2010), it is still sometimes used in 

first-line therapy for the disease. Ten drugs were developed between 1948 and 1963 

(Table 1.2) and these include the drugs still in current use such as rifampicin, 

isoniazid, ethambutol and pyrazinamide. Many of these old drugs include the important 

second-line agents used in the treatment of MDR- and XDR-TB. The latest drug to be 

developed and used in second-line therapy is ofloxacin, which was introduced in 1982 

(Seibert et al., 1983; Tsukamura, 1985; Tsukamura et al., 1985).   

Table 1.2 Timeline of the discovery of anti-TB drugs. 
 

Drug Year discovered 

Streptomycin 1943 

para-aminosalicylic acid 1948 

Thiacetazone 1951 

Isoniazid 1952 

Pyrazinamide 1954 

Cycloserine 1955 

Kanamycin 1957 

Ethionamide 1960 

Ethambutol 1961 

Capreomycin 1963 

Rifampicin 1963 

Ofloxacin 1982 

Gatifloxacin 1992 

Moxifloxacin 1996 

PA-824 2000 

TMC-207 2005 

OPC-67683 2006 
 
Information from (Ma et al., 2010). 



Chapter 1....General Introduction 
 

 12

Over this period of time a number of regimens have been developed and include the 

first combination regimen comprising twenty four months treatment with streptomycin, 

para-aminosalicyclic acid and isoniazid in 1952 (Fox et al., 1999). In the 1960s, para-

aminosalicyclic acid was replaced with ethambutol and eighteen months of treatment 

was advocated. To overcome drug resistance in the 1970s, rifampicin was added to 

the regimen (Fox et al., 1999). By the 1980s, streptomycin resistance led to its 

replacement with pyrazinamide. The current recommended regimen is a combination 

of rifampicin, isoniazid, pyrazinamide and ethambutol for six to nine months (WHO, 

2010b). 

The newest drug in the current first-line therapy regimen, rifampicin, is nearly fifty 

years old (Table 1.2) and is ineffective against drug-resistant TB (MDR- and XDR-TB). 

Hence, it is clear that development of newer effective treatments of the disease is 

required. 

1.5.2 Development of new therapy 

Ideally, an effective treatment should be: i) a simple therapy that can cure active TB 

within a short time frame and ii) a potent agent active against latent infections as well 

as MDR- and XDR-TB.  

There are several challenges to the development of a new effective therapy. These 

include the complex biology of M. tuberculosis, as the mechanisms of persistence and 

latency of the mycobacteria are largely unknown. A long duration is required for clinical 

trials, due to the absence of efficacy predictors or biomarkers, the long doubling time 

of the mycobacteria, the lengthy treatment periods and patient follow-up times of up to 

two years. In addition, the lack of market incentives to develop new drugs is an 

additional problem, since this disease is prevalent mostly in the low-income countries 

(Ginsberg, 2010; Ginsberg & Spigelman, 2007; Kaufmann & Parida, 2007).  

In order to meet the above challenges, several organisations have come together to 

develop a new effective treatment for TB. These public-private partnerships have 

formed a non-profit organisation called the Stop TB partnership with an objective of 

achieving a world free of TB (Lee et al., 2002). The Global Alliance for TB drug 

development (TB Alliance) belongs to this organisation and is working towards 

developing fast acting low cost drugs for TB (Gardner et al., 2005; Ginsberg & 

Spigelman, 2007; Nwaka & Ridley, 2003; Spigelman & Gillespie, 2006). The main aim 
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of this alliance is to develop drugs which have:- novel mechanisms of action; potency 

against drug sensitive (active) and drug-resistant (latent, MDR and XDR) TB; less 

drug-drug interactions; improved safety and tolerability; acceptable pharmacokinetic 

and pharmacodynamic profiles; and low cost (Ma et al., 2010).  

The strategies that have been employed to achieve these goals include re-optimisation 

of the use of the current first- or second-line drugs and discovery of new drugs with 

novel mechanisms of action (Barry & Blanchard, 2010; Ginsberg, 2010; Nuermberger 

et al., 2010). A number of the drugs in discovery and development, such as 

rifapentine, gatifloxacin, moxifloxacin and linezolid, belong to old classes of drugs (eg 

rifamycins, fluoroquinolones and oxazolidinones).  

Rifapentine, a cyclopentyl analogue of rifampicin, belongs to the rifamycins class of 

first-line drugs that inhibit bacterial RNA polymerase, an important enzyme for DNA 

transcription. This analogue has a superior minimum inhibitory concentration (0.06 

versus 0.25 µg/ml) (Heifets et al., 1990) and longer half-life (11-18 versus 2-4 hours) 

(Keung et al., 1999; Langdon et al., 2004) in humans than rifampicin, and thus has a 

potential to shorten the current TB therapy. Therefore, rifapentine is currently being re-

evaluated for higher and/or frequent doses for the first-line treatment of TB (Lalloo & 

Ambaram, 2010; Ma & Lienhardt, 2009).  

Fluoroquinolones are broad spectrum anti-microbials that inhibit DNA gyrase, an 

essential enzyme for DNA transcription and replication (Showalter & Denny, 2008). 

Drugs belonging to this class are currently used as second-line drugs for the treatment 

of drug-resistant TB cases. New analogues such as gatifloxacin and moxifloxacin are 

more potent than the old analogues, ofloxacin and ciprofloxacin (Hu et al., 2003; 

Paramasivan et al., 2005; Rodriguez et al., 2001; Sulochana et al., 2005), and thus are 

being evaluated for first-line TB therapy.  

Linezolid belongs to the oxazolidinones class that inhibit protein synthesis by binding 

to ribosomal initiation complex (Shinabarger et al., 1997). This drug is currently used 

as a second-line agent against both MDR- and XDR-TB (Migliori et al., 2009; Schecter 

et al., 2010). However, linezolid causes hematologic and neurologic toxicity (Anger et 

al., 2010; Ntziora & Falagas, 2007); therefore, lower doses of this drug are being 

explored (Nuermberger et al., 2010). 
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New drugs in the discovery phase have diverse targets (Figure 1.2 and Table 1.3), 
including cell wall synthesis, adenosine triphosphate (ATP) synthase, DNA gyrase, 

RNA polymerase and the ribosome. A number of these mechanisms are similar to the 

current TB drugs, however, some are novel targets. For example, the ethylenediamine 

SQ-109, which is an ethambutol derivative, inhibits cell wall synthesis similar to 

isoniazid and ethambutol, whilst the linezolid derivatives, PNU-100480 and AZD5847, 

inhibit protein synthesis similar to their progenitor. However, the diarylquinoline TMC-

207 as well as the nitroimidazoles PA-824 and OPC-67683 are new chemical classes 

that display anti-TB activity by novel mechanisms of action (Table 1.3). While TMC-

207 inhibits ATP synthase enzyme of the mycobacteria, the nitroimidazoles act as 

prodrugs that are activated by the mycobacterial enzymes. The mechanism of action 

of the pyrrole LL-3858 is still not known. Other biological targets currently under the 

initial discovery phase include inhibitors of energy metabolism, fatty acid synthesis, 

folate synthesis, malate synthesis, menaquinone synthesis and protein synthesis 

(Table 1.3). 
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Figure 1.2 Mechanisms of action of the current and new anti-TB drugs. Modified from (Sassetti & Rubin, 2007). 
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Table 1.3 Anti-TB drugs currently under clinical development. 
 

Biological target Chemical class Compound ID Developed by References 
Discovery  
DNA replication and 
transcription - - GlaxoSmithKline/ TB Alliance; Rutgers, State 

University of New Jersey/ TB Alliance (Alliance, 2010b) 

Energy metabolism  - - University of Pennsylvania/ TB Alliance (Alliance, 2010b) 
Fatty acid synthesis  - - GlaxoSmithKline/ TB Alliance (Alliance, 2010b) 
Folate synthesis - - AstraZeneca/ TB Alliance (Alliance, 2010b) 

Malate synthase - - GlaxoSmithKline/ Texas A&M/ Rockfeller 
University/ TB Alliance (Alliance, 2010b; Check, 2007) 

Menaquinone synthesis  - - Colorado State University/ TB Alliance (Alliance, 2010b) 

Multiple targets 

Rifamycin-nitroimidazoles, 
Quinolone-nitroimidazoles, 
Nitroimidazole-
oxazolidinones  

- Cumbre Pharmaceuticals Inc/ TB Alliance (Alliance, 2010b) 

- Nitroimidazole derivatives - University of Auckland/ TB Alliance (Alliance, 2010b) 

- Proteases - Infectious Disease Research Institute, Seattle/ 
TB Alliance (Alliance, 2010b) 

Protein synthesis - - GlaxoSmithKline/ TB Alliance (Alliance, 2010b) 

- Quinolone derivatives - Korea Research Institute of Chemical 
Technology/ Yonsei University/ TB Alliance (Alliance, 2010b; Check, 2007) 

- Riminophenazines - Institute of Materia Medica/ TB Alliance (Alliance, 2010b) 
Phase I  

Cell wall synthesis Ethylenediamine SQ-109 Sequella (Anonymous, 2008i; Check, 2007; 
Spigelman, 2007) 

Protein synthesis Oxazolidinones PNU-100480; 
AZD5847 Pfizer; AstraZeneca (Lalloo & Ambaram, 2010) 

Unknown Pyrrole LL-3858 Lupin (Anonymous, 2008d; Ginsberg & 
Spigelman, 2007; Spigelman, 2007) 

Phase II  

ATP synthase Diarylquinoline TMC-207 Johnson & Johnson (Anonymous, 2008j; Check, 2007; Ginsberg 
& Spigelman, 2007) 

Cell wall synthesis, reactive 
species formation Nitroimidazoles PA-824; OPC-

67683 Chiron/ TB Alliance; Otsuka Pharmaceutical (Anonymous, 2008f; Anonymous, 2008g; 
Check, 2007; Spigelman, 2007) 

Protein synthesis Oxazolidinone Linezolid Pfizer (Anonymous, 2008c) 
DNA transcription Rifamycin Rifapentine  Sanofi-Aventis (Anonymous, 2008h) 
Phase III  
DNA transcription and 
replication Fluoroquinolones  Gatifloxacin; 

Moxifloxacin WHO, Lupin; Bayer HealthCare AG/ TB Alliance (Anonymous, 2008a; Anonymous, 2008e; 
Check, 2007; Ginsberg & Spigelman, 2007) 

- not known
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Thus, almost five decades after the development of rifampicin, there are at least 

eleven new compounds under clinical development (Table 1.3). A number of these are 

at an early stage of development (phase I or II) including SQ-109, PNU-100480, 

AZD5847, LL-3858, TMC-207, PA-824, OPC-67683, linezolid and rifapentine. 

However two of the drugs, gatifloxacin and moxifloxacin are in phase III clinical trial. 

These DNA gyrase inhibitors have potent bactericidal activity similar to isoniazid and 

have shown early bactericidal activity in the clinic. Studies using a mouse model of TB 

have suggested that substitution of these drugs for ethambutol or isoniazid has a 

potential to shorten the current TB treatment regimen (Nuermberger et al., 2004a; 

Nuermberger et al., 2004b). Phase II trials showed better rates of sputum culture 

conversion with regimens that were substituted with gatifloxacin or moxifloxacin 

instead of ethambutol or isoniazid (Burman et al., 2006; Conde et al., 2009; Dorman et 

al., 2009; Rustomjee et al., 2008). A further phase III trial is currently investigating the 

substitution of gatifloxacin for ethambutol and moxifloxacin for ethambutol or isoniazid 

in shortening the current first-line treatment (Ginsberg, 2010; Nuermberger et al., 

2010; Showalter & Denny, 2008). Thus, relatively good efficacy as well as safety and 

tolerability profiles render these drugs suitable candidates for TB therapy.  

Most recently (8th November 2010), the TB Alliance announced the commencement of 

a phase II clinical trial, called New Combination 1 or NC001, for testing a novel three-

drug regimen consisting of PA-824, moxifloxacin, and pyrazinamide (Alliance, 2010a). 

This combination may shorten the treatment duration for both drug-sensitive and 

MDR-TB, thus providing a single regimen for the treatment of both these forms of the 

disease. Other drug combinations comprising PA-824 and TMC-207 along with 

pyrazinamide are also being tested (Alliance, 2010a). 
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1.6 Nitroimidazoles – a class of new anti-TB drugs 

One interesting class, amongst the compounds currently under development, is the 

nitroimidazoles. Drugs related to this class of compounds have been used extensively 

against a wide variety of bacterial infections (Edwards, 1986). Metronidazole, a 5-

nitroimidazole (Figure 1.3), belongs to this class and was introduced for the treatment 

of Trichomonas vaginalis in the year 1959 (Finegold, 1980). This nitroimidazole was 

developed following structural modifications of the natural 2-nitroimidazole product 

azomycin, isolated from the Streptomycete 6670 (Roe, 1977). Metronidazole is a 

unique drug since it not only has activity against bacteria and protozoa but also 

against M. tuberculosis under anaerobic conditions (Wayne & Sramek, 1994). 

However, this compound was found to be a mutagen in Salmonella typhimurium (S. 

typhimurium) and mice (Legator et al., 1975). Further drug development led to the 

discovery of a 4-nitroimidazole, CGI-17341 (Figure 1.3), which had potent activity 

against M. tuberculosis (Ashtekar et al., 1993) but was mutagenic (Showalter & 

Denny, 2008). Substitutions of longer side chains to the 4-nitroimidazole moiety 

resulted in a substantial decrease in the mutagenic potential but retained anti-

mycobacterial activity. This led to the development of OPC-67683 and PA-824, 4-

nitroimidazoles fused with five- and six-membered rings, respectively (Figure 1.3). 
Both these compounds have excellent activity against M. tuberculosis and lack 

mutagenicity in vitro (Ma & Lienhardt, 2009; Matsumoto et al., 2006; Stover et al., 

2000). Newer analogues of PA-824 are currently being developed at the Auckland 

Cancer Society Research Centre, University of Auckland, New Zealand in 

collaboration with the TB Alliance (Table 1.2) (Denny & Palmer, 2010; Kmentova et 

al., 2010; Palmer et al., 2010; Sutherland et al., 2010; Thompson et al., 2009). 

Metronidazole Azomycin CGI-17341

OPC-67683 PA-824  
 
Figure 1.3 Chemical structures of nitroimidazoles. 
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1.7 PA-824 – one of the novel anti-TB agents 

PA-824, (6S)-2-nitro-6-{[4-(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2,1-

b][1,3]oxazine, a nitroimidazole developed by the TB Alliance, is currently in phase II 

clinical trial. This drug has potent bactericidal activity against both replicating and non-

replicating strains of M. tuberculosis (H37Rv) (Hu et al., 2008; Stover et al., 2000). 

While the replicating bacteria are usually present under normoxic conditions (active 

TB), M. tuberculosis adapts to a non-replicating state under hypoxic or microaerophilic 

conditions of the necrotic granulomatous lesions (latent TB). The minimum inhibitory 

concentration (MIC) of PA-824 against replicating (drug sensitive) bacteria is 

comparable to isoniazid (0.015 - 0.250 µg/ml versus 0.030 - 0.060 µg/ml respectively) 

(Lenaerts et al., 2005; Stover et al., 2000). Moreover, this nitroimidazole is also active 

against multi-drug resistant strains of M. tuberculosis (H37Rv) with a MIC of 0.063 - 

0.531 µg/ml (Lenaerts et al., 2005; Stover et al., 2000). The activity of PA-824 is highly 

specific since it is potent only against M. tuberculosis complex (M. tuberculosis, M. 

bovis, M. bovis BCG, M. africanum and M. microti) and exhibits poor or no activity 

against mycobacteria outside this complex (M. avium, M. smegmatis, M. chelonae, M. 

fortuitum, M. ulcerans and M. leprae (Ji et al., 2006; Manjunatha et al., 2006b; Stover 

et al., 2000). However, it also has activity against other microbes such as Helicobacter 

pylori and Clostridium difficile (Manjunatha et al., 2006b).  

PA-824 has shown both potent bactericidal activity against replicating bacteria and 

sterilising activity against semi-dormant or non-replicating bacteria in a mouse model 

of TB (Tyagi et al., 2005). Following a daily oral dose of PA-824 (25 mg/kg) for 10 days 

to mice infected with TB, a decrease in the mycobacterial burden in both lungs and 

spleen was observed. This activity was similar to isoniazid. In addition, there was a 

significant decrease in the TB burden at higher doses (50 or 100 mg/kg/day) 

compared with untreated controls (Stover et al., 2000). Similar results were obtained in 

a guinea pig model of infection treated with a daily dose of PA-824 (40 mg/kg) for 30 

days with an activity equivalent to that of isoniazid (Stover et al., 2000). PA-824 also 

showed significant dose-dependent bactericidal activity in a murine model of TB in the 

initial phase (against actively replicating bacteria) and continuation phase (against 

non-replicating bacteria and/ or persisters that survived the initial treatment) of the 

treatment with a minimum effective dose and minimum bactericidal doses of 12.5 

mg/kg and 100 mg/kg, respectively (Tyagi et al., 2005). In a mouse model of infection, 

the activity of PA-824 (100 mg/kg) was found to be similar to that of rifampicin (20 

mg/kg) and isoniazid (25 mg/kg) (Lenaerts et al., 2005). Substitution of rifampicin and 
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isoniazid with PA-824 in combination with pyrazinamide resulted in bactericidal activity 

equal to that obtained with the rifampicin, isoniazid and pyrazinamide regimen in a 

different mouse model of the disease (Tasneen et al., 2008). Thus, preclinical 

evaluations of this novel drug, either alone or in combination with the current drugs, 

have shown promising results for the treatment of drug sensitive (active) and drug 

resistant (latent and multi-drug resistant) TB.  

The early bactericidal activity of PA-824 has also been determined in TB patients with 

active disease. Following a once-daily oral dose of PA-824 (200 to 1200 mg) to smear-

positive pulmonary TB patients over 14 days, PA-824 showed bactericidal activity 

comparable to that of the current drugs (Diacon et al., 2010). However, unlike the 

preclinical studies, PA-824 did not show a dose-dependent response in this study. 

Recently, the main pharmacodynamic driver for the bactericidal activity of PA-824 

against actively replicating (active TB) and non-replicating bacteria (latent TB) has 

been demonstrated to be the time above MIC (Ahmad et al., 2010a; Ahmad et al., 

2010b). These results were further confirmed following a second 14 days bactericidal 

study in TB patients. In this study a dose-dependent activity was observed and the 

time above MIC was concluded to be the main pharmacodynamic parameter for the 

activity of PA-824 (Erondu, 2010; Erondu et al., 2010). Thus, the sterilising activity of 

PA-824 means that this drug has potential for shortening the duration of current 

therapy in the treatment of latent and multi-drug resistant TB infections. 

1.8 Mechanism of action of nitroimidazoles 

1.8.1 Nitroreduction 

Nitroaromatic compounds such as metronidazole are known to undergo reduction of 

the nitro group by bacterial nitroreductase enzymes such as pyruvate:ferredoxin 

oxidoreductase and pyruvate dehydrogenase (Samuelson, 1999). Several 

nitroaromatics including chloramphenicol (Isildar et al., 1988), nitrofurazone (McCalla 

et al., 1975) and furazolidone (Abraham et al., 1984) undergo such nitroreduction. 

During the process of nitroreduction, transfer of up to six-electrons to the aromatic 

nitro group occurs, resulting in numerous reduction products including the nitro radical 

anion, the nitroso, hydroxylamine and the amine products (Figure 1.4).  
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Figure 1.4 Mechanism of nitroreduction.  

The reduction of the nitro group via the transfer of up to six-electrons results in 

products that are highly reactive and can also generate reactive oxygen species. 

These reactive nitrogen and oxygen species can interact with biological 

macromolecules within the cell, including DNA (Edwards, 1993). An initial one-electron 

reduction by oxygen-sensitive reductases leads to the formation of an unstable radical 

anion (R-NO2
.-). This step is reversible in the presence of oxygen (normoxia) via futile 

cycling and results in the regeneration of the parent compound (R-NO2) and formation 

of a superoxide anion (O2
.-) (Edwards, 1993). This process of futile cycling depends on 

the concentration of oxygen and the relative stability or reactivity of the radical anion to 

oxygen (Edwards, 1986). Under low oxygen conditions (hypoxia), additional one-

electron reduction of the radical anion forms the stable nitroso (R-NO) intermediate. 

Further sequential two-electron reductions of the nitroso product lead to hydroxylamine 

(R-NHOH; four-electron reduction) and amine (R-NH2; six-electron reduction) 

(Boelsterli et al., 2006; Edwards, 1993). However, this six-electron nitroreduction can 

also be catalysed by oxygen-insensitive two-electron reductases which results in the 

amine product via stable nitroso and hydroxylamine intermediates without the 

formation of the unstable radical anion (Boelsterli et al., 2006; Edwards, 1993).  

Numerous bacterial enzymes capable of nitroreduction exist, such as Escherichia coli 

reductase, NAD(P)H nitroreductases, pyruvate:ferredoxin oxidoreductase, pyruvate 

dehydrogenase, NADPH:cytochrome P-450 reductase (Orna & Mason, 1989) and 

ferredoxin:NADP+ reductase (Roldan et al., 2008). These include both type I (oxygen 

insensitive) and type II (oxygen sensitive) enzymes. The type II reductase enzymes 

can function under anaerobic conditions. The enzymatic formation of both reactive 

nitrogen and reactive oxygen species is one mechanism by which nitroaromatic 

compounds can act as prodrugs with activity against infectious pathogens.  
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1.8.2 Reduction of nitroimidazoles in bacteria 

Nitroimidazoles such as metronidazole are prodrugs that are generally most effective 

under hypoxia and undergo reduction via a combination of one- and/or two-electron 

transfer to the nitro group (Figure 1.5) (Edwards, 1993). Additionally, the nitro radical 

anion formed via the initial one-electron reduction of the nitro group may also undergo 

decomposition to form a nitrite ion (NO2
-) and an imidazole radical (R.) (Edwards, 

1993). 

The rate of reduction of nitroimidazoles is relative to the reduction (or redox) potential 

of the compound (Edwards, 1993). In anaerobes, such as Clostridium perfringens, the 

process is catalysed by pyruvate dehydrogenase ferredoxin oxidoreductase (PFOR) 

and requires ferredoxin (Fd), an iron-sulphur cluster protein (Edwards et al., 1973). 

The nitroimidazole accepts electrons from reduced ferredoxin, thus interrupting the 

normal electron flow of the phosphoroclastic reaction leading to hydrogen gas 

formation in the anaerobes. Whilst the redox potential of these reactions in anaerobic 

organisms ranges from -430 to -460 mV, aerobes usually have a more positive redox 

potential (-320 to -324 mV) which is higher than the reduction potential of most 

nitroimidazoles (Edwards, 1993). Therefore, reduction of nitroimidazoles occurs more 

efficiently in anaerobes than aerobes.  

In addition to the PFOR/ ferrredoxin system, certain hydrogenase enzymes in bacteria 

can also reduce nitroimidazoles, and therefore can act as nitroreductases. For 

example, hydrogenase 1 of Clostridium pasteurianum catalyses the reduction of 2-, 4- 

or 5-nitroimidazoles including metronidazole (Church & Laishley, 1995; Church et al., 

1988; Church et al., 1990).  
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Figure 1.5 Mechanism of action of nitroimidazoles. Adapted from (Barry et al., 2004). 
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Metronidazole (Figure 1.3), a 5-nitroimidazole, has a one-electron reduction potential 

of -486 mV (Wardman & Clarke, 1976). This drug can efficiently accept electrons from 

reduced ferredoxin, which is generated by PFOR or hydrogenase enzyme under 

hypoxia (Samuelson, 1999). In addition, the reduction of metronidazole could be 

catalysed in a non-enzymatic manner in the presence of the chemically reduced 

electron donor ferredoxin or methyl viologen (Lindmark & Muller, 1976). Some 

evidence suggests that this 5-nitroimidazole also accepts up to four electrons resulting 

in the formation of a corresponding hydroxylamine and the six-electron reduction of 

this nitroimidazole has also been demonstrated previously (O'Brien & Morris, 1972). 

Under normoxia, the metronidazole radical anion undergoes futile cycling (Lloyd & 

Pedersen, 1985). 

It is believed that following diffusion of a nitroimidazole, such as metronidazole, into a 

pathogen, a concentration gradient across the cell membrane is maintained by a 

continuous reduction of the drug within the pathogen. This facilitates a steady influx of 

the drug. The reduction products formed (Figure 1.5) may then inhibit the synthesis 

and cause degradation of the DNA via strand breakage, thus, disrupting DNA 

replication and transcription in the pathogen. Increased damage is observed in DNA 

that contains a high content of adenine and thymine rather than guanine and cytosine 

bases (Edwards, 1993). Although the nitroso products are more toxic than the parent 

nitro compounds (Ehlhardt et al., 1988a; Ehlhardt et al., 1988b), the amine products do 

not show any anti-bacterial activity (Ehlhardt et al., 1987). Under normoxia, the 

superoxide generated via futile cycling may undergo dismutation catalysed by 

superoxide dismutase resulting in hydrogen peroxide formation. This hydrogen 

peroxide may then either be removed by catalase enzyme or form hydroxyl ions in the 

presence of metal ions which can then damage the DNA (Figure 1.5).   

The potential redox mechanisms for the activation of nitroimidazoles in the 

mycobacteria are unknown. M. tuberculosis does not have the PFOR enzyme, 

however two genes, Rv2454c and Rv2455c, that encode the subunits of a potential 

PFOR enzyme, have been identified in the M. tuberculosis genome (Barry et al., 2004; 

Baughn et al., 2009). Although metronidazole has potency against M. tuberculosis 

(Wayne & Sramek, 1994), the relatively weak bactericidal activity could be due to the 

high content of guanine and cytosine bases in this mycobacterium (Barry et al., 2004). 
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1.8.3 Reduction of 4-nitroimidazole compounds 

The 4-nitroimidazole compounds are generally biologically inactive compared with 5-

nitroimidazoles, hence there is limited information regarding these former compounds. 

For example, the 4-nitro analogues of megazol, a 5-nitroimidazole, did not show any 

activity against Trypanosoma species (Buschini et al., 2007; Chauviere et al., 2003). 

Some evidence suggests that reduction of these compounds differs from 5-nitro 

compounds with a lower one-electron redox potential than the 5-nitroimidazoles (≤ -

520 versus -480 mV, respectively) (Wardman & Clarke, 1976).  

Although the in vitro and in vivo activities of the 4-nitroimidazole CGI-17341, the 

precursor of PA-824, has been demonstrated in M. tuberculosis (Ashtekar et al., 

1993), there are currently no published reports regarding the reduction or mechanism 

of action of this compound. Additionally, there is limited information regarding the 

related compound OPC-67683. Some evidence suggests that this 4-nitroimidazole 

undergoes des-nitrification in M. bovis BCG (Matsumoto et al., 2006). This earlier 

report indicated a role of mycobacterial enzymes in the bioactivation of OPC-67683 

possibly via an Rv3547 enzyme (Matsumoto et al., 2006). Moreover, this compound 

inhibits the synthesis of mycolic acid, a major component of the mycobacterial cell wall 

(Matsumoto et al., 2006). 

1.8.4 Nitroreduction of PA-824 

PA-824, a bicyclic 4-nitroimidazole, has potent anti-bacterial activity against both 

replicating (normoxic) and non-replicating (hypoxic or microaerophilic) M. tuberculosis 

(Stover et al., 2000). As detailed above, it is usually considered that reduction of 

nitroimidazoles occurs more efficiently in anaerobes than aerobes due to the 

differences in redox potential (Edwards, 1993). The activity of PA-824 against both 

drug sensitive (replicating) and drug resistant or latent (non-replicating) strains of M. 

tuberculosis suggests that this drug acts by different mechanisms under normoxia and 

hypoxia.  

Some evidence suggests that PA-824 is activated in replicating strains of M. 

tuberculosis via a bacterial F420-dependent glucose-6-phosphate dehydrogenase 

(FGD1) (Figure 1.6) to form a series of polar metabolites (Manjunatha et al., 2006a; 

Stover et al., 2000). It has been suggested that these metabolites may then inhibit the 

synthesis of mycolic acid, the key constituent of the mycobacterial cell wall, by 
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inhibiting oxidation of hydroxymycolic acid to ketomycolate (Manjunatha et al., 2006a; 

Stover et al., 2000).  

Glucose-6-Phosphate 6-Phospho-Gluconolactone
FGD1

F420H2F420

Rv3547

PA-824Activated PA-824  
 
Figure 1.6 Proposed bioreductive activation of PA-824 by FGD1 and Rv3547. Modified from 
(Manjunatha et al., 2006a). 

More recently, it has been reported (Singh et al., 2008) that PA-824 is activated by a 

Deazaflavin (cofactor F420) dependent nitroreductase (Rv3547 or Ddn) enzyme. It was 

suggested that the Ddn enzyme, isolated from M. tuberculosis, reduced the imidazole 

ring of PA-824 via an initial hydride transfer (Singh et al., 2008). During the process of 

bioactivation several products were formed and the major product was identified as a 

des-nitro metabolite. Desnitrification of PA-824 is expected to release nitrogen 

species, including an unstable nitrous acid which can disproportionate to form nitric 

oxide (NO) (Singh et al., 2008). These reactive nitrogen species are believed to be 

responsible for the anti-mycobacterial activity of PA-824 (Singh et al., 2008).  

The release of NO following mycobacterial metabolism of PA-824 was confirmed in 

this previous study (Singh et al., 2008). A PA-824 dependent release of nitrous acid 

was detected using Griess reagent. The formation of NO was observed in both 

replicating (normoxia) and non-replicating (hypoxia) cells using a diaminofluorescein 

probe that fluoresces in the presence of NO (Singh et al., 2008). Moreover, presence 

of a NO scavenger (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide 

or C-PTIO) resulted in a dose-dependent decrease in the release of NO (Singh et al., 

2008). A correlation between the formation of the des-nitro metabolite and anaerobic 

killing activity of PA-824 and analogues was also demonstrated. However, des-nitro 

formation did not show any relationship to the aerobic activity of these drugs (Singh et 

al., 2008). Thus, the authors proposed that reactive nitrogen species formation is the 

predominant mechanism under hypoxia which is enhanced by other mechanisms 

under normoxia (Singh et al., 2008).  



Chapter 1....General Introduction 
 

 

27 
 

Subsequent studies using microarray analysis further demonstrated two different 

mechanisms of action of PA-824:- inhibition of cell wall synthesis and respiratory 

poisoning via NO release in a manner similar to cyanide treatment (Manjunatha et al., 

2009).  

The bioactivation of PA-824 and the resulting formation of NO are thought to be 

specific to microorganisms, such as methanogenic archea (Eirich et al., 1979), 

norcardia (Purwantini et al., 1997) and mycobacteria (Bair et al., 2001), which utilise 

cofactor F420 (Singh et al., 2008). It is currently not known whether this desnitrification 

process is catalysed by other mycobacteria outside the M. tuberculosis complex 

including M. smegmatis.  

Thus, the mechanism of action of the 4-nitroimidazole PA-824 is different from the 5-

nitroimidazoles, including metronidazole, since an initial hydride transfer via the Ddn 

enzyme occurs and no radical anion formation has been observed (Singh et al., 2008).  
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1.8.5 Mechanism of nitric oxide toxicity 

NO, the by-product of PA-824 metabolism in M. tuberculosis, is an important inter-

cellular messenger produced by mammalian cells. It is involved in the modulation of 

neural activity, blood flow and infections. It is produced in mammals by the enzyme 

nitric oxide synthase (NOS) from the amino acid L-arginine. Nitric oxide synthase has 

three isoforms: neuronal (nNOS), epithelial (eNOS) and inducible (iNOS). Whilst 

nNOS and eNOS are constitutive enzymes that are present in the body at all times, 

iNOS is produced when the immune system is activated such as in case of infections 

(Bogdan, 2001; Dweik, 2005). In response to infections including TB, the host 

macrophages produce NO by the upregulation of iNOS (Nathan & Shiloh, 2000; 

Nicholson et al., 1996; Wang et al., 1998). This reaction requires the presence of 

oxygen and the activity of iNOS is limited under low oxygen concentrations (hypoxia) 

(Dweik, 2005; Stuehr, 1999). The mycobacterial cell wall helps provide resistance to 

the macrophage armoury such as NO thereby facilitating the ability of the pathogen to 

avoid the immune system. It has been proposed (Nathan, 2008; Singh et al., 2008) 

that release of NO within M. tuberculosis from prodrugs such as PA-824 may enhance 

the sterilisation of the intracellular pathogen in macrophages, particularly the non-

replicating bacilli in hypoxic regions of the granuloma (Figure 1.7).  

Normoxia Hypoxia

Phagosome

Replicating M. tuberculosis 
(Active TB)

Non-replicating M. tuberculosis 
(Latent TB) 

iNOS
(Limited activity)

PA-824

NO

Mtb enzymes/ 
cofactors

Phagosome

iNOS
L-arginine

O2
NO

PA-824

NO

Mtb enzymes/ 
cofactors

 
 
Figure 1.7 Mechanism of mycobacterial killing by NO production. Host cells (macrophages) 
produce nitric oxide (NO) by the enzyme iNOS in the presence of oxygen (normoxia). NO then 
kills the actively replicating mycobacteria by various mechanisms. In the absence of oxygen 
(hypoxia) where the mycobacteria are not replicating, the production of NO is low due to a 
limited iNOS activity. Under such hypoxic conditions, a NO-releasing drug such as PA-824 may 
undergo activation by the mycobacterial enzymes resulting in the production of NO, thus, 
mimicking the host immunity. Such NO production by PA-824 may occur under both normoxia 
and hypoxia. 
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The activity of PA-824 under both normoxia and hypoxia is important since TB lesions 

are comprised of a heterogeneous mycobacterial population in different replicating 

states under varying physiological conditions of normoxia and hypoxia. 

1.8.6 Generation of reactive nitrogen species 

Whilst the toxicity of NO is only modest per se, it can react with reactive oxygen 

intermediates resulting in toxic products (Beckman & Koppenol, 1996; Nathan & 

Shiloh, 2000). The activity of NO is dependent on its concentration and diffusion rate. 

At low (nanomolar) concentrations, NO activates the enzyme guanylate cyclase for 

signal transduction or reacts with oxyhemoglobin following diffusion into the red blood 

cells (Beckman & Koppenol, 1996). However at higher (micromolar) concentrations 

produced under conditions such as infections, NO competes with the enzyme 

superoxide dismutase to react with the superoxide anion (O2
.-) generated by the 

macrophages or via mitochondrial respiratory metabolism resulting in the cytotoxic 

peroxynitrite (OONO-) (Figure 1.8) (Beckman & Koppenol, 1996; Nathan & Shiloh, 

2000). Conversion of PA-824 to the major des-nitro metabolite resulting in the 

formation of NO is another mechanism to form NO. Thus, toxic products may result 

from the reaction of NO generated by the host macrophages and/or PA-824 with 

reactive oxygen intermediates.  

O2 O2
.- H2O2 OH. H2O

Oxygen Superoxide Hydrogen peroxide Hydroxyl radical Water 

SOD

+1e- +1e- +1e-+1e-

L-arginine NO NO2
- NO2 NO3

-
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NOS

-1e--5e- -1e- -1e-

OONO-

peroxynitrite

OONOH
Peroxynitrous acid 

[NO2...OH.]
H+

Phagocyte 
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Figure 1.8 Formation of toxic products following the reaction of nitric oxide (NO) produced from 
the host macrophages or a NO-donor drug such as PA-824 with reactive oxygen intermediates. 
At high (micromolar) concentrations NO competes with superoxide dismutase (SOD) to react 
with superoxide anion resulting in toxic peroxynitrites. Modified from (Nathan & Shiloh, 2000).  
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Although NO is not very reactive at low concentrations, the resulting products such as 

nitrites and nitrates can form nitrous acid under the acidic conditions of phagosomes 

within the macrophages. The nitrous acid further breaks down to NO and nitrogen 

dioxide (NO2) which have been previously demonstrated to be toxic to M. tuberculosis 

(Yu et al., 1999). However, oxidative or nitrosylative effects of the other reactive 

nitrogen products, including peroxynitrite, on mycobacterial DNA, enzymes and iron-

sulphur centres may also contribute to the anti-mycobacterial activity of these reactive 

products (Beckman & Koppenol, 1996; Dweik, 2005; Halliwell et al., 1999; Yu et al., 

1999).  

1.9 Mammalian metabolism 

The reduction potential of mammalian redox systems is generally higher than many of 

the nitroimidazole compounds, since the electron acceptors NAD+ and NADP+ have a 

redox potential of -320 mV (Barry et al., 2004). However, certain enzymes can transfer 

electrons particularly under low oxygen conditions. Thus, as observed with anaerobic 

bacteria, nitroaromatic compounds, including nitroimidazoles, may also undergo 

nitroreduction in mammalian cells. 

Misonidazole, a 2-nitroimidazole, forms several products, including the corresponding 

amine as the major metabolite, following rat liver metabolism under hypoxia (Smith & 

Born, 1984). Additionally, this drug undergoes reductive metabolism of the nitro group 

following hypoxic incubation with rat micro-flora resulting in the amino product (Koch et 

al., 1980).   

The 5-nitroimidazole, metronidazole, is also metabolised to several products in 

mammals including a major hydroxy metabolite (Barry et al., 2004; Stambaugh et al., 

1968). Furthermore, it forms an acetamide metabolite following hypoxic incubation with 

rat micro-flora (caecal contents) (Koch et al., 1979). Formation of a nitro radical anion 

was also observed following incubation of metronidazole with rat liver microsomes 

(Perez-Reyes et al., 1980). However, no nitroreduction was observed in human liver 

microsomes (Loft et al., 1991).  

Similar to metronidazole, the 5-nitroimidazoles secnidazole and ornidazole undergo 

mammalian metabolism to form the corresponding hydroxy metabolites (Gillis & 

Wiseman, 1996; Jones & Cooper, 1997). Nimorazole, another 5-nitroimidazole, 

undergoes liver metabolism to form the corresponding N-oxide (Barry et al., 2004). 
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In mammals, enzymes such as xanthine oxidase, NADPH cytochrome P-450 

reductase, NADPH cytochrome c reductase, aldehyde oxidase, quinone reductase 

and NOS can catalyse nitroreduction (Boelsterli et al., 2006; Edwards, 1986). Indeed, 

a number of nitroaromatic compounds have demonstrated host tissue toxicity following 

sequential reduction (up to six-electron) of the nitro group (Tang et al., 2007). The 

nitroreduced metabolites formed are reactive products which cause toxicity via 

numerous mechanisms. For example, covalent binding to macromolecules occurs 

following nitroreduction of nitrofurantoin (Boyd et al., 1979; Minchin et al., 1986), 

misonidazole (McManus et al., 1982; Smith, 1984) and CB 1954 (Knox et al., 1991). 

Oxidative stress occurs following nitroreduction of nitrofurantoin (Suntres & Shek, 

1992; Youngman et al., 1982), misonidazole (Biaglow et al., 1986; Smith & Born, 

1984), nilutamide (Berson et al., 1991; Fau et al., 1992) and CB 1954 (Tang et al., 

2007); mitochondrial toxicity is observed following reduction of nimesulide (Mingatto et 

al., 2000). In addition, nitroreduction resulting in the formation of aromatic nitroso (R-

NO), hydroxylamine (R-NHOH) and amine (R-NH2) products may cause mutagenicity 

and carcinogenicity by DNA damage in the host cells (Boelsterli et al., 2006). 

The mammalian metabolism of the 4-nitroimidazole CGI-17431 has not been reported 

yet. However, the related compound OPC-67683 is relatively metabolically stable 

(Matsumoto et al., 2006). Following liver microsomal incubation of OPC-67683, no 

major metabolites were detected (Matsumoto et al., 2006). In addition, this drug did 

not have any stimulatory or inhibitory effects on a range of cytochrome P-450 enzymes 

(Matsumoto et al., 2006). 

1.9.1 Mammalian metabolism of PA-824 

Although PA-824 is currently in phase II clinical trial, there have been no published 

reports to date regarding the mammalian metabolism of this compound and how this 

may contribute to clearance and/or toxicity of the drug. A recent report has suggested 

that following a one hour incubation with human or mouse liver microsomes, there is 

up to 18% degradation of PA-824 (Palmer et al., 2010). However, the metabolites 

formed are not known. It has been reported that PA-824 is not mutagenic, with or 

without liver S9 activation, and that it does not have any significant cytochrome P-450 

interactions (Ma & Lienhardt, 2009).  

A number of pharmacokinetic studies have demonstrated that PA-824 is well-tolerated 

in mouse and humans. The toxic thresholds in mice were found to be 1000 mg/kg 
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(acute toxicity following a single dose) and 500 mg/kg (chronic toxicity after multiple 

doses for 28 days) (Stover et al., 2000). Pharmacokinetic studies of PA-824 in healthy 

volunteers (Ginsberg et al., 2009a; Ginsberg et al., 2009b) and TB patients (Diacon et 

al., 2010) at a range of doses (50 to 1200 mg/day) revealed no major adverse events. 

However, a transient elevation of the serum creatinine was observed, which subsided 

when the treatment was completed (Ginsberg et al., 2009b). This was later attributed 

to inhibition of the renal secretion of creatinine and the authors concluded this to be 

clinically insignificant (Ginsberg et al., 2009a). However, none of these studies have 

reported the mammalian metabolites of PA-824. 

1.10 Electrochemical reduction of nitroimidazoles  

Electrochemical reduction studies on nitroimidazoles such as metronidazole (Mandal, 

2004), secnidazole (Radi et al., 1997), ornidazole (Ozkan et al., 1997), misonidazole 

(Whillans & Whitmore, 1981) have demonstrated a stepwise reduction of the nitro 

group to the corresponding nitroso, hydroxylamine or amine products.  

Recent electrochemical studies of PA-824 have suggested that the nitro group of this 

compound is also a site for reduction (Yanez et al., 2001). However, in contrast to the 

5-nitroimidazole, metronidazole, the corresponding nitro radical anion of PA-824 

requires more energy for its formation and is less stable (Bollo et al., 2004). These 

studies have proposed a four-electron reduction of the nitro group of PA-824, similar to 

metronidazole, resulting in the corresponding hydroxylamine (Bollo et al., 2004; Yanez 

et al., 2001). However it has been demonstrated recently that following radiolysis, PA-

824 undergoes reduction of the imidazole ring in preference to the nitro group 

(Anderson et al., 2008). The one-electron reduction potential of PA-824 has been 

determined as -534 ± 7 mV, which is relatively low and may restrict the range of redox 

systems that reduce this compound (Anderson et al., 2008). In addition to imidazole 

ring reduction, four- and six-electron nitro reduction products of PA-824 were observed 

following radiolysis, resulting in the corresponding hydroxylamine and amine. 

In summary, after a prolonged period of lack of drug discovery a number of new drugs 

are in development for the treatment of TB. Of these drugs, a number have novel 

targets or mechanisms of action; an example being the 4-nitroimidazole compound, 

PA-824. PA-824, and the related 4-nitroimidazole OPC-67683, appear to undergo 

desnitrification within the mycobacteria. The formation of reactive nitrogen species 

from PA-824 within the bacilli is believed to be important in the biological activity of this 
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prodrug. The processes of nitroreduction of nitroaromatic compounds, including 5-

nitroimidazole compounds has been extensively studied in both bacterial and 

mammalian systems. The potential for nitroreduction to cause host toxicity and to 

damage DNA has previously been demonstrated for a number of nitroaromatic 

compounds. It has been suggested following radiolytic studies that PA-824 is unusual 

in that it is susceptible to both nitro group and imidazole ring reduction. Currently, 

relatively little is known about the routes and possible extent of reduction of PA-824 in 

mammalian systems. 

1.11 Objectives of the thesis 

During drug development understanding the human metabolism of a novel drug is 

important since degradation may lead to low levels of the drug reaching the target site 

and may influence host tissue toxicity. The target of the novel drug PA-824 is the M. 

tuberculosis bacilli. This mycobacterium is an intracellular pathogen that resides in 

macrophages. During TB infection, heterogeneous populations of replicating and 

dormant M. tuberculosis can be found simultaneously in a spectrum of 

microenvironments ranging from macrophages and caseous (hypoxic), fibrotic or 

liquefied granulomas. Eradication of the disease requires not only treatment of active 

infections but also sterilisation of the latent populations of mycobacteria. Thus, an 

effective anti-TB drug should (i) concentrate in infected macrophages; ii) penetrate the 

granuloma; and iii) penetrate the lipid rich cell wall of the M. tuberculosis.   

Therefore, the main objective of this thesis was to understand the metabolism and 

intracellular uptake of PA-824. To accomplish this objective following six specific aims 

were envisaged: 

1. To develop and validate a chromatographic method for the analysis and detection 

of PA-824 and its metabolites. 

2. To establish the metabolic profile of PA-824 in mycobacteria:- M. tuberculosis and 

M. smegmatis as well as in purified Ddn enzyme. 

3. To determine the mammalian metabolism of PA-824 using the mouse in vitro and in 

vivo. 
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4. To elucidate the structures and potential mechanisms for the formation of 

metabolites of PA-824. 

5. To determine the relationship between human liver metabolism of PA-824 and with 

that observed in the mouse. 

6. To study the accumulation and uptake of PA-824 in macrophages using in vitro 

cultures of THP-1 monocytes and macrophages. 

1.12 Thesis organisation 

Chapter 2 presents the development and optimisation of a chromatographic assay for 

the quantification of PA-824 in biological matrices. This was achieved with the aid of 

two analogues of PA-824 (SN 30866 and SN 30725) synthesized at the Auckland 

Cancer Society Research Centre, University of Auckland, New Zealand. Liquid 

chromatography mass spectrometry (LC/MS) methods to establish the metabolic 

profile of PA-824 and identification of metabolites were also developed. Whilst a single 

quadrupole LC/MS method was used for the routine analysis, an ion trap mass 

spectrometry (MSn) method was optimised for the structure elucidation of the 

metabolites. 

Chapter 3 explores and compares the metabolic profiles of PA-824 with purified Ddn 

enzyme or cultures of M. tuberculosis (H37Ra) and M. smegmatis (mc2 4517) using 

the LC/MS method described in chapter two. The metabolic profiles were further 

compared with previously published metabolic schemes. 

Chapter 4 deals with the investigation of the in vitro and in vivo mouse (CD-1) 

metabolism of PA-824. While the in vitro metabolism was studied using a sub-cellular 

S9 fraction of liver homogenates, in vivo metabolism was determined following an oral 

dose of PA-824 to mice. The rate of metabolic degradation of the drug and the relative 

levels of the in vitro and in vivo metabolites were determined using high performance 

liquid chromatography (HPLC) and LC/MS analysis. A number of in vitro and in vivo 

metabolites were observed. 

Chapter 5 attempts to elucidate the structures of the metabolites of PA-824 observed 

in chapter four. A number of PA-824 analogues (SN 30725, SN 30376 and SN 30385) 

were employed to facilitate these studies. Ion trap mass spectrometry and NMR 
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analysis were employed for the identification of metabolites. Studies to determine the 

mechanisms of formation were also undertaken. 

Chapter 6 aims to determine the human liver S9 metabolism of PA-824 and 

analogues (SN 30725, SN 30376 and SN 30385). The main goal was to determine the 

correlation between mouse and human metabolism of these drugs.  

Chapter 7 examines the accumulation of PA-824 in monocytes and macrophages. 

THP-1 cells (monocytes) were differentiated to macrophages following chemical 

activation. The uptake of PA-824 was subsequently studied in these cells using HPLC 

analysis. In order to understand the mechanism of drug uptake, intracellular 

accumulation was studied at different extracellular conditions. 

Chapter 8 presents general discussion and conclusions of the current study. 
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2.1 Introduction 

A validated analytical method is a prerequisite in order to study the disposition of any 

compound. At the beginning of this work, only Nuermberger and co-workers had 

reported the quantitation of the serum concentrations of PA-824 following an oral dose 

to mouse (Nuermberger et al., 2006). However, there was limited information 

regarding the specifications and reproducibility of this method. The main aim of this 

thesis was to establish the metabolic profile of PA-824. Such studies also utilised a 

number of analogues of PA-824 to further elucidate the metabolites of this drug. 

Therefore, it was important to a) develop and validate an analytical method for the 

quantification of the parent compounds and b) develop mass spectrometry based 

analytical methods to aid the identification of the metabolites of PA-824.  

The studies described in this chapter aim to develop and validate a suitable HPLC 

method for the quantification of PA-824 and an LC/MS method to establish the 

metabolic profile of PA-824 and analogues in biological matrices. Two analogues of 

PA-824 (SN 30866 and SN 30725) that were synthesized at the Auckland Cancer 

Society Research Centre, the University of Auckland, New Zealand were initially 

employed to aid the development of the chromatographic conditions. 

2.2 Materials and Methods 

2.2.1 Chemicals 

PA-824, (6S)-2-nitro-6-{[4-(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2,1-

b][1,3]oxazine; SN 30866, (6S)-2-nitro-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-yl 

methyl[4-(trifluoromethoxy)phenyl]carbamate; SN 30725, (6S)-2-nitro-6,7-dihydro-5H-

imidazo[2,1-b][1,3]oxazin-6-yl [4-(trifluoromethoxy) phenyl] carbamate and SN 31280, 

(6S)-6-[(3,5-dibromobenzyl)oxy]-2-nitro-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine that 

were synthesized using a previously published method (Baker et al., 2000) were kindly 

provided by Dr Brian D. Palmer (Auckland Cancer Society Research Centre, The 

University of Auckland, New Zealand). NADPH and NADH were obtained from 

Applichem GmbH (Darmstadt, Germany), Hydrochloric acid (HCl) from Biolab (Aust) 

Ltd (Clayton, Australia) and ammonium formate from Acros Organics, (New Jersey, 

USA). Dimethyl sulphoxide (DMSO) was procured from Analar, BDH (England, UK). 
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Acetonitrile, methanol and ethyl acetate were purchased from Scharlau Chemie (S.A., 

Spain). All other reagents and solutions used were of analytical grade.  

2.3 Results 

2.3.1 Development of chromatographic conditions 

Stock solutions (10 mM) of PA-824, SN 30866, SN 30725 and SN 31280 (Table 2.1) 
were prepared in DMSO which further diluted in acetonitrile to obtain working standard 

solutions (0.5 mM). Spectral analysis using an Agilent 1100 HPLC system interfaced 

with a diode array detector showed a distinct UV spectrum for these compounds 

(Table 2.1). Therefore, a wavelength of 330 nm was chosen to aid the selective 

detection of these compounds in biological matrices.  

Table 2.1 Structures and spectra of PA-824 and analogues. 
 

Compound Structure UV spectra 

PA-824 

 

 

Wavelength (nm)
240 280 320 360 400

Ab
so

rb
an

ce
 (m

AU
)

0

20

40

60

80

100

SN 30866 

 
Wavelength (nm)

240 280 320 360 400

Ab
so

rb
an

ce
 (m

AU
)

0

20

40

60

80

100

SN 30725 
N

N

O

O

N+

-O

O NH

O
OCF3

 
Wavelength (nm)

240 280 320 360 400

A
bs

or
ba

nc
e 

(m
AU

)

0

20

40

60

80

100

SN 31280 

 Wavelength (nm)
240 280 320 360 400

Ab
so

rb
an

ce
 (m

AU
)

0

20

40

60

80

100

Liquid chromatographic (LC) separation was initially undertaken on an Altima C8, 3.2 x 

150 mm, 5 µm column. The mobile phase comprised (A) 45 mM ammonium formate 

(pH 3.5) and (B) 80% v/v acetonitrile in water at a flow rate of 0.5 ml/ min. A number of 
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gradient conditions were investigated to optimise the resolution of the analytes SN 

30866 and SN 30725.  

The initial gradient conditions (method I) were: 40% B increasing to 95% B from 0-15 

minutes, followed by 95% B at 15-20 minutes then decreasing to 5% B between 20-25 

minutes. Using these conditions, the resolution of SN 30866 (Rt 10.9 min) and SN 

30725 (Rt 11.6 min) was low as these analytes eluted very close to each other (Figure 
2.1a). Therefore, the gradient conditions were modified to: 5% B increasing to 95% B 

from 0-20 minutes, then returning to 5% B from 20-25 minutes. Although there was an 

increase in the elution times of both SN 30866 and SN 30725, the analytes eluted 

close to each other (Rt 18.1 and 18.7 min, respectively) using these conditions 

(method II) (Figure 2.1b). Further modifications of the gradient conditions to (method 

III): 5% B increasing to 75% B between 0-15 minutes, followed by 75% B increasing to 

85% B from 15-25 minutes, then returning back to 5% B between 25-30 minutes, 

resulted in only slight changes in the retention times (Rt 17.6 and 18.2 min, 

respectively) (Figure 2.1c). Therefore, the gradient conditions were changed to 

(method IV): 5% B increasing to 75% B between 0-15 minutes, then increasing to 85% 

B from 15-30 minutes and returning back to 5% B between 30-35 minutes. However, 

these changes also did not have any significant effect on the retention times and 

resolution of the two analytes (Rt 17.5 and 18.1 min, respectively) (Figure 2.1d). 
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Figure 2.1 HPLC chromatograms showing the elution and resolution of SN 30866 and SN 
30725 using an Altima C8, 3.2 x 150 mm, 5 µm column and gradient conditions methods I to 
IV. The analytes eluted very close to each other using these conditions. 
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Since with the above conditions the compounds eluted very close to each other, the 

pH of the ammonium formate buffer was increased to either pH 4.5 or pH 6.0 using 

ammonia. However, only slight changes were observed in the retention times and 

resolution of these two compounds using the LC gradient conditions of method II 

above (Figure 2.2). 
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Figure 2.2 Effect of pH of the ammonium formate buffer (45 mM) on the resolution of SN 
30866 and SN 30725 using the gradient conditions of method II. No significant changes were 
observed in the elution times and resolution of the analytes following an increase in the pH 
from 3.0 to either 4.5 or 6.0. 
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Addition of methanol to mobile phase B (modified to 50% v/v methanol and 40% v/v 

acetonitrile in water) also resulted in minor changes in the retention times and 

resolution of SN 30866 (Rt 18.5 min) and SN 30725 (Rt 19.1 min) using the gradient 

conditions of method II (Figure 2.3). 
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Figure 2.3 Effect of addition of methanol to mobile phase B on the retention times and 
resolution of SN 30866 and SN 30725 using method II. No major changes were observed in the 
retention times of these two compounds following the addition of methanol. 

 

Therefore, an alternate LC column (Allsphere C18, 4.6 x 250 mm, 5 µm, Altima) was 

investigated using the following mobile phases: (A) 45 mM ammonium formate (pH 

3.5) and (B) 80% v/v acetonitrile in water at a flow rate of 0.5 ml/min. The LC gradient 

conditions of method II (5% B increasing to 95% B from 0-20 minutes, returning back 

to 5% B between 20-25 minutes) were used. The elution times of SN 30866 and SN 

30725 increased (Rt 22.4 and 23.1 min, respectively) (Figure 2.4a), however, the 

resolution was low as the two analytes eluted close to each other. Therefore, isocratic 

conditions of 50% B from 0-35 minutes were used (method V). High resolution and an 

increase in the retention times of SN 30866 (Rt 23.4 min) and SN 30725 (Rt 30.9 min) 

was achieved using this method (Figure 2.4b). 
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Figure 2.4 HPLC chromatograms showing the resolution of SN 30866 and SN 30725 using an 
Allsphere C18, 4.6 x 250 mm, 5 µm and gradient conditions methods II and V. Whilst no 
significant differences were observed in the resolution of the two analytes using the gradient 
conditions of method II, a high resolution was observed with the isocratic conditions of method 
V.  
 

2.3.2 Extraction method optimisation 

Using the LC conditions of method V, a preliminary study was carried out to determine 

the metabolism of SN 30866 and SN 30725 (250 µM) following incubation with S9 (4 

mg/ml), a post mitochondrial fraction of liver homogenate, fortified with cofactors 

NADPH and NADH (1 mM each). Following 0.5 hour incubation, the reactions (0.5 ml) 

were terminated by the addition of ice-cold ethyl acetate (0.5 ml). The samples were 

then kept at 4°C for 0.5 hour and centrifuged at 3,500 g for 10 minutes. The clear 

supernatant was then evaporated to dryness and the residue resuspended in 100 µl of 

mobile phase (10 mM ammonium formate pH 3.5 and 80% acetonitrile in water; 50:50 

v/v). An aliquot (80 µl) was injected onto the LC column for analysis.  

The major metabolite (~16%) formed from SN 30866 was SN 30725, based on the 

known retention times of these compounds (Figure 2.4b). However, a number of new 
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small peaks as well as endogenous peaks from the biological matrix were also 

observed. To ensure the chromatographic resolution of the endogenous peaks from 

the metabolic products, the LC conditions were further modified to: 5% B increasing to 

50% B over 0-10 minutes, 50% to 60% over 10-12 minutes followed by 60% B at 12-

40 minutes then decreasing back to 5% B at 40-45 minutes. Both SN 30866 and SN 

30725 were well resolved (Rt 26.0 and 29.1 min, respectively) using these conditions 

(Method VI) (Figure 2.5).  
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Figure 2.5 HPLC chromatograms showing the elution of SN 30866 and SN 30725 using the 
gradient conditions of method VI. 

 

Using these initial chromatographic conditions and the extraction method above, the 

analytical method was then used for PA-824, the main compound of interest in this 

thesis. SN 31280 (Table 2.1), an analogue of PA-824, was used as the internal 

standard for this assay. Both PA-824 and SN 31280 were well resolved (Rt 28.9 and 

33.8 min, respectively) using method VI (Figure 2.6a). Moreover, endogenous peaks 

did not interfere with these analytes.  

The extraction of PA-824 and SN 31280 from the biological matrix (liver S9) was then 

determined. Acceptable extraction efficiency (80.7 ± 2.0%) for PA-824 was achieved 

with ethyl acetate (1:1 v/v). A typical calibration curve of PA-824 extracted from 

denatured S9 preparations is shown (Figure 2.6b). Linearity was evaluated using 

linear regression analysis and calculated by the least square regression method. 

Quantification was linear over the range: 2.5-100.0 µM. Limits of detection and 

quantification were determined at a signal-to-noise ratio of 3:1 and 8:1 and were 0.1 

µM and 0.25 µM, respectively. Intra-day accuracy and precision were acceptable with 

relative recoveries and relative standard deviation between 101-106% and 3-7%, 

respectively (Table 2.2).  
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Figure 2.6 (a) A representative HPLC chromatogram showing the elution of PA-824 (Rt 28.9 
min) and internal standard (IS, SN 31280; Rt 33.8 min). Inset shows the UV spectra of PA-824 
and internal standard. (b) A typical calibration curve of PA-824 (2.5-100.0 µM; y = 0.1351x + 
0.0602, r2 = 0.999) in denatured S9 preparations. Values are the mean ± S.D. of triplicate 
samples (error bars for lower concentrations are smaller than the symbols). 
 
 
 
Table 2.2 Intraday accuracy and precision of the analytical method for the quantification of PA-
824 and SN 30725. 
  

Concentration 
(µM) 

Accuracy (%) Precision (%) 

PA-824 SN 30725 PA-824 SN 30725 

10.0 105.6 82.6 4.5 3.1 

25.0 101.7 96.0 7.3 2.6 

50.0 101.4 95.6 3.3 2.1 

Mean ± S.D. 102.9 ± 2.3 91.4 ± 7.6 5.0 ± 2.1 2.6 ± 0.5 
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Acceptable extraction efficiency (81.6%) for SN 30725 from denatured S9 was also 

achieved using ethyl acetate (1:1 v/v). The quantification of SN 30725 was also linear 

in the range of 2.5-100.0 µM (y = 0.1228x – 0.0842, r2 = 0.9997). The intra-day 

accuracy and precision were acceptable with relative recoveries and relative standard 

deviation of 83-96% and 2-3%, respectively (Table 2.2).  

Thus HPLC method VI was specific, linear and accurate for the quantitative analysis of 

PA-824 and SN 30725 using ethyl acetate extraction of the analytes from the S9 

preparations.  

Nitroaromatic compounds are known to undergo biological reduction of the nitro group 

by mammalian liver to form four- and six-electron reduction products (Helsby et al., 

2008; Helsby et al., 2003; Tang et al., 2005). It was postulated that if PA-824 was 

nitro-reduced this may result in the formation of the amino product of PA-824. The 

authentic six-electron reduction product, PA-824 amine, (6S)-6-{[4-

(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-2-amine, was 

kindly synthesized by Dr Brian D. Palmer (Auckland Cancer Society Research Centre, 

The University of Auckland, New Zealand). Briefly, catalytic hydrogenation of PA-824 

was carried out using 5% palladium on carbon at a pressure of 20 psi for 30 minutes in 

methanol containing 2N HCl. The solution was then evaporated to dryness to obtain 

the hydrochloride salt of the 4-amino compound. This synthetic standard was then 

used to optimise the analytical method for the detection of this potential product.  

PA-824 amine had a distinct UV spectrum (λmax 252 nm) and this wavelength was used 

for the detection of this compound (Figure 2.7). Using the LC method VI (above), PA-

824 amine had a retention time of 21.5 minutes and was well resolved from both PA-

824 (Rt 29.8 min) and the internal standard (Rt 34.8 min).  

Stability studies indicated some degradation of PA-824 amine at ambient temperature 

following 24 hours compared with samples stored at -80°C and 4°C, with complete 

degradation to a number of co-eluting peaks with different UV spectral characteristics 

at ambient temperature after 7 days (Figure 2.7). The effect of pH on the stability of 

PA-824 amine was also studied following pH adjustments using ammonia solution and 

confirmation by pH paper. Complete degradation of PA-824 amine (Figure 2.8) with 

the formation of several new peaks (Table 2.3) was observed at neutral or basic pH at 

ambient temperature following 24 hours compared with the control sample (no pH 

adjustment). 
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Figure 2.7 HPLC chromatograms showing the stability of PA-824 amine (Rt 21.5 min; 0.5 mM 
in acetonitrile) following 24 h at (a) -80°C (b) 4°C (c) ambient temperature and (d) after 7 days 
at ambient temperature. Minor impurities were observed in the sample. Some degradation of 
PA-824 amine was observed at ambient temperature after 24 h with complete loss after 7 days. 
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Figure 2.8 Effect of pH on the stability of PA-824 amine (Rt 21.5 min; 0.5 mM in acetonitrile) at 
ambient temperature following 24 h. (a) Control (no pH adjustment) (b) neutral pH or (c) basic 
pH. The HPLC chromatograms indicate complete loss of PA-824 amine at neutral or basic pH 
and formation of several new peaks (Rt 18.1, 18.7 and 31.5 min) compared with the control 
sample.   
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Table 2.3 Summary of PA-824 amine (0.5 mM solution in acetonitrile) stability studies at different pH and storage conditions. 

 

 
 
 
 
 
 
 
 
 

 observed, - not observed. +++ Major; ++ Intermediate; + Minor. PA-824 amine degraded to several new peaks at neutral or basic pH at ambient 
temperature following 24 h compared with the control sample (no pH adjustment). 

 

Peak 
Retention Time 

(min) 

No pH adjustment Neutral Basic 

- 80ºC ambient 
temperature - 80ºC ambient 

temperature - 80ºC ambient 
temperature 

24 h 7 days 24 h 7 days 24 h 7 days 24 h 7 days 24 h 7 days 24 h 7 days 

18.1 - - - -     -    - 

18.7 - - - - -     -    

19.3 - - - -  - - -  - - - 

31.5 - - - - - -    - -   

PA-824 amine +++ +++ ++ + ++ - - - ++ - - - 
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Following a 1 hour incubation of PA-824 amine (0.5 mM) in 67 mM phosphate buffer 

(pH 7.4), a direct injection of the sample showed about 24% degradation of this 

compound. However, incubation (1 h) with either bovine serum albumin or denatured 

S9 (4 mg/ml) followed by extraction with ethyl acetate (1:1 v/v) and reconstitution in 

100 µl of mobile phase (A:B, 50:50 v/v) resulted in a complete loss of this compound. 

To determine whether this was due to poor extraction efficiency into ethyl acetate, PA-

824 amine (62.5 µM) was added to denatured S9 and then extracted with ethyl acetate 

(1:1 v/v). Indeed, the six-electron reduction product did not extract well into this non-

polar solvent (Table 2.4). Hence, ethyl acetate was considered not suitable for the 

extraction of PA-824 amine and other polar metabolites.  

Table 2.4 Extraction of PA-824 and PA-824 amine (62.5 µM each) using various solvents.  
 

Solvent Extraction method 
(v/v) 

Extraction efficiency (%) 

PA-824 PA-824 amine 

Ethyl acetate 1:1 79.3 <6.0 

Acetonitrile 1:1 63.5 12.2 

Acidified acetonitrile 1:1 66.5 81.1 

Alternate extraction methods were then investigated and included the addition of 

acetonitrile (1:1 v/v) to precipitate the biological matrix proteins at -80°C for 15 minutes 

with centrifugation at 21,000 g for 5 minutes. The resulting supernatant was then 

evaporated to 100 µl prior to injection of an aliquot (80 µl) onto the HPLC column. PA-

824 amine was also poorly extracted (< 13%) into acetonitrile (Table 2.4). However 

this value could be influenced by the instability of PA-824 amine at basic or neutral pH. 

Therefore, the effect of addition of 10% v/v hydrochloric acid (1 M) to acetonitrile was 

determined. PA-824 amine extracted well (~ 80%) into acidified acetonitrile (Table 
2.4). Further slight modifications to this method included using a double volume (1:2 

v/v) of acetonitrile containing 10% v/v hydrochloride (1 M), followed by a 12 hour 

precipitation at -80°C and then centrifugation at 21,000 g for 20 minutes to achieve a 

more complete precipitation of the biological matrix proteins. This method was then 

used to extract the incubation samples in the subsequent experiments. 
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2.3.3 Mass spectrometry 

2.3.3.1 Metabolite profiling by single quadrupole spectrometer 

For the routine analysis of the metabolites of PA-824, an LC/MS analysis method was 

developed using a single quadrupole mass spectrometer (Agilent 1100 LC/MSD). 

Initial assay development utilised flow injection analysis of PA-824 and PA-824 amine, 

to optimise the mass spectrometry (MS) parameters. Positive mode electrospray 

ionisation with nitrogen as the drying gas (12 l/min) was used. The fragmentor voltage 

was increased from 0 to 150 V with 25 V increments at specified time-intervals. The 

voltage which resulted in a maximum abundance of the molecular ion peak was 

chosen for subsequent studies (Figure 2.9).  
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Figure 2.9 Flow injection analysis of (a) PA-824 and (b) PA-824 amine at various fragmentor 
voltages (0-150 V) for the optimisation of MS parameters. Insets show the mass spectra of the 
two analytes at the optimised fragmentor voltage of 125 V. 
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The optimised parameters were as follows: fragmentor voltage 125 V, nebuliser 

pressure 35 psi, gas temperature 350°C, capillary voltage 3000 V. The mass/charge 

(m/z) ratio was routinely scanned from between 100 to 800. 

Using these LC/MS conditions, the mass spectra of PA-824 amine and PA-824 were 

[M+H]+ 329.9 m/z and [M+H]+ 360.0 m/z with retention times of 26.5 minutes and 29.7 

minutes, respectively (Figure 2.10). These MS conditions were used in the 

subsequent experiments to establish the metabolic profiles of PA-824 and analogues. 
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Figure 2.10 HPLC chromatogram showing the elution of PA-824 amine (Rt 26.5 min) and PA-
824 (Rt 29.7 min) using the optimised chromatographic conditions illustrated above. Inset 
shows the UV spectra of PA-824 amine and PA-824.  

2.3.3.2 Structural elucidation by MSn analysis 

To aid in the identification of the potential metabolites of PA-824, a fragmentation 

analysis method was required. This used a Liquid Chromatography-Ion Trap mass 

spectrometer (LC-IT-MS) with capillary LC. The system consisted of an Agilent 1100 

system with a capillary pump, diode array detector and ion trap mass spectrometer 

with Agilent LC/MSD trap software. Separation was achieved on a 0.5 x 150 mm 

Zorbax C18, 5 µm column (Agilent Technologies, USA). The mobile phase comprised 

(A) 10 mM ammonium formate (pH 3.5) and (B) 80% (v/v) acetonitrile in water at 15 

µl/min.  

Due to the low flow constraints (15 µl/min) of the capillary LC, in order to reproduce the 

elution of PA-824 and internal standard SN 31280, the LC conditions (method VI) 

required modification using LC-IT-MS. Using method VI, the retention times of the two 

analytes decreased compared with those observed with single quadrupole LC/MS 

(Table 2.5). Therefore, a number of gradient conditions were studied for the elution of 
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these two analytes. Using the final conditions of method IX, the resolution and relative 

retention of PA-824 and SN 31280 was similar to that observed previously with single 

quadrupole LC/MS (Table 2.5). 

Table 2.5 Gradient conditions that were investigated for the LC separation of the analytes PA-
824 and SN 31280. 
 

Method LC Conditions 
Retention time (min) 

PA-824  SN 31280 

VI 5 to 50% B from 0-10 minutes, then 60% B 12-40 
minutes, decreasing to 5% B from 40-45 minutes 22.35 25.02 

VII 
5 to 50% B from 0-15 minutes, then 60% B between 
12-40 minutes, returning to 5%B between 40-45 
minutes 

27.59 30.32 

VIII 
5 to 50% B from 0-15 minutes, followed by 60% B from 
20-30 minutes, then 50% B from 32-40 minutes, 
returning to 5% B between 40-45 minutes  

27.58 30.30 

IX 
5 to 50% B from 0-17 minutes, then 60% B between 
22-30 minutes, followed by 40% B from 32-40 minutes, 
returning to 5% B from 40-45 minutes 

29.59 32.58 

The MS parameters were optimised by direct infusion analysis of PA-824 using 

parameter ramping where the intensity of the molecular ion is monitored while one or 

more parameters are ramped. Using this technique a range of parameters including 

capillary voltage, drying gas flow and temperature, nebuliser pressure, skimmer 

voltage and capillary exit voltage were optimised.  

The final LC and MS conditions for the structural elucidation of the metabolites of PA-

824 were: 5% B increasing to 50% B at 0-17 minutes followed by 60% B at 22–30 

minutes then 40% B at 32-40 minutes then returning to 5% B between 40-45 minutes, 

electrospray ionisation source with nitrogen as the drying gas (4.4 l/min) set at 

negative mode with auto MS(n), nebuliser pressure 12 psi, gas temperature 325°C 

and capillary voltage 4500 V. The mass/charge (m/z) ratio was scanned from 100 to 

800 and the auto MS(n) option enabled isolation and fragmentation of the product 

mass ions. 

2.4 Discussion 

In order to establish the metabolic profile of PA-824, a sensitive method of analysis for 

the quantification of PA-824 as well as the detection and identification of the 

metabolites was an important prerequisite. A specific HPLC method for the analysis of 
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PA-824 in S9 preparations was developed. This method was further optimised for the 

detection of potential metabolic products using LC/MS analysis. The final method 

comprised of an Agilent 1100 HPLC system, interfaced either with a diode array 

detector or a single quadrupole mass spectrometer (Agilent 1100 LC/MSD). 

Separation was achieved on an Allsphere C18 4.6 x 250 mm, 5 µm column. The 

mobile phase comprised (A) 10 mM ammonium formate (pH 3.5) and (B) 80% v/v 

acetonitrile in water. The flow rate was 0.5 ml/min. The gradient conditions used were 

5% B increasing to 50% B over 0-10 minutes, 50% to 60% over 10-12 minutes 

followed by 60% B at 12-40 minutes then decreasing back to 5% B at 40-45 minutes. 

UV detection used 330 nm for quantification of PA-824, and the signal at 254 nm for 

interrogation of the chromatogram for potential metabolic products such as PA-824 

amine. The mass spectrometer parameters were optimised for PA-824. This system 

allows for the qualitative measurements of the potential metabolites of the drug using 

electrospray ionisation (both positive and negative ion mode).  

Following the commencement of this work, a number of studies have reported the 

pharmacokinetics of PA-824 in non-clinical species (Garcia-Contreras et al., 2010; 

Sung et al., 2009), healthy volunteers (Ginsberg et al., 2009a; Ginsberg et al., 2009b) 

and TB patients (Diacon et al., 2010) as well as the metabolic disposition in M. 

tuberculosis (Singh et al., 2008). Whilst some studies used similar assay conditions to 

those reported in this thesis, the gradient conditions were not clearly described and 

analyses utilised only positive ion mode mass spectrometry (Ginsberg et al., 2009a; 

Ginsberg et al., 2009b; Singh et al., 2008). In other studies, the analytical methods 

were either not reported (Diacon et al., 2010) or the analysis relied only on HPLC 

coupled with a diode array detection (Garcia-Contreras et al., 2010; Sung et al., 2009). 

An analytical method that utilises both diode array detection and mass spectrometry 

(both positive and negative ion mode) as developed in this chapter is potentially of 

more use to detect unknown metabolites.  

Extraction of PA-824 from the biological matrix was optimum using ethyl acetate 

solvent. A liquid-liquid extraction method using an unknown solvent was utilised by 

Ginsberg et al which was more sensitive than the ethyl acetate extraction method used 

in this study (limit of quantitation 0.03 versus 0.25 µM, respectively). However, the 

overall extraction efficiency of PA-824 was lower (71.7 versus 80.7% respectively) 

(Ginsberg et al., 2009a; Ginsberg et al., 2009b). Moreover, a method used by Sung et 

al showed good recovery efficiency (88.2%) compared with ethyl acetate extraction 

(Sung et al., 2009). However, the solvent used in these studies was not reported. The 
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current extraction method using ethyl acetate was also suitable for the analogue SN 

30725 with good extraction efficiency (~ 82%).  

Linear regression analysis of the calibration curves for both PA-824 and SN 30725 

indicated that the assay was linear between 2.5 to 100 µM with a good coefficient of 

correlation (>0.9) for both these drugs. The mass spectrometric method used by 

Ginsberg et al was linear between 0.03 to 30 µM (Ginsberg et al., 2009a; Ginsberg et 

al., 2009b). Moreover, the HPLC method employed by Sung et al showed linearity in 

the range of 0.6 to 139.3 µM (Sung et al., 2009). These methods utilised lower 

concentrations of PA-824 compared with the method used in this thesis and may be 

more suitable for the quantification of this drug at lower concentrations. However, the 

range of PA-824 concentrations used for the calibration curve in this thesis, along with 

the low limit of quantification (0.25 µM), were appropriate for the quantitative analysis 

of PA-824.  

The assay described in this thesis was accurate and precise for both PA-824 and SN 

30725. The intra-day accuracy of PA-824 was 101 - 106% at 10, 25 and 50 µM which 

was better than the method used by Ginsberg et al with an accuracy of 92.2 - 105.0% 

across 0.3 to 30 µM (Ginsberg et al., 2009a; Ginsberg et al., 2009b). Moreover, 

precision for PA-824 (3-7%) observed in this thesis was comparable to that observed 

by Sung et al (0.67 - 5.38% across 0.6 to 139.3 µM) (Sung et al., 2009). Therefore, the 

assay using ethyl acetate extraction was sensitive, linear and accurate for the 

quantitation of both PA-824 and SN 30725.  

The ethyl acetate solvent was, however, not suitable for the extraction of PA-824 

amine, a potential metabolic product of the drug. Therefore, an alternate system for 

the qualitative detection of this possible metabolic product was developed which 

utilised acidified acetonitrile solvent extraction. Compared with the ethyl acetate liquid-

liquid extraction, the use of water miscible acetonitrile system allowed detection of the 

total metabolites of PA-824. Indeed, the extraction efficiency of PA-824 amine was 

good (~ 81%) using this method.  

The amino product of PA-824 was unstable at ambient temperature as well as neutral 

or basic pH resulting in a complete degradation with time. This was consistent with the 

unstable nature of 4-aminoimidazoles reported previously (Kochergin et al., 1965; 

Weidenhagen & Herrmann, 1935). 
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In order to elucidate the structures of the metabolites, a separate LC-IT-MS (MSn) 

method of analysis was established. This method employed fragmentation of the 

acquired ions to deduce the structures of the unknown metabolites. Fragmentation 

analysis up to eleven cycles of ion isolation and fragmentation could be possible using 

MSn analysis, thus providing detailed structural information.  

Therefore, these analytical methods were utilised in the studies to determine a) the 

metabolic stability and b) metabolic disposition of PA-824 in mycobacteria, mouse and 

human liver S9 as described in the subsequent chapters. 
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3.1 Introduction 

PA-824 is a bicyclic 4-nitroimidazole prodrug that undergoes bioreductive activation in 

susceptible strains of M. tuberculosis to exert its anti-tubercular effect through a novel 

mechanism of action (Spigelman, 2007). Initial reports indicated that a F420-dependent 

glucose-6-phosphate dehydrogenase (FGD1) was important in its bioactivation 

(Manjunatha et al., 2006a; Stover et al., 2000). It was speculated that the polar 

metabolites formed may then inhibit bacterial mycolic acid and protein synthesis by 

inhibiting oxidation of hydroxymycolic acid to ketomycolate (Stover et al., 2000). 

However, more recently it has been demonstrated that PA-824 is activated by a 

deazaflavin (F420)-dependent nitroreductase (Ddn) enzyme in M. tuberculosis (Singh et 

al., 2008). During the process of bioactivation a des-nitro metabolite (1), (6S)-6-{[4-

(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine, is formed 

and reactive nitrogen species, including nitrous acid and nitric oxide, are released 

(Figure 3.1). These reactive nitrogen species, particularly nitric oxide, are thought to 

be responsible for the anti-mycobacterial activity (Singh et al., 2008). This bioactivation 

of PA-824 is believed to be specific to microorganisms which utilise cofactor F420 

(Singh et al., 2008).  

In this previous report, three metabolites of PA-824 were identified by Singh et al 

following incubation with the Ddn enzyme. These included the des-nitro metabolite (1), 

the (6S)-6-{[4-(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-

2(3H)-one (2) and the (6S)-5-{[4-(trifluoromethoxy)benzyl]oxy}-5,6-dihydro-4H-1,3-

oxazin-2-amine (3) (Figure 3.1). A number of unstable intermediates A, B and C were 

also proposed but no chemical identification of these intermediates was reported.  
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Figure 3.1 Deazaflavin dependent nitroreductase (Ddn) catalysed metabolism of PA-824. The metabolic products of PA-824 include a number of proposed 
intermediates which result from an initial hydride transfer to the imidazole ring prior to the formation of the major des-nitro metabolite. This reduction process 
is accompanied by a concomitant release of reactive nitrogen species which is responsible for the activity of PA-824. Adapted from (Singh et al., 2008).  
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The metabolism of [14C]-PA-824 following incubation with the whole cells of M. 

tuberculosis or purified Ddn enzyme was also studied using thin layer chromatography 

in this previous report (Singh et al., 2008). The numerous [14C]-labelled products 

formed during the activation of PA-824 by M. tuberculosis and purified Ddn included 

the des-nitro metabolite (1) and the other two stable products of metabolism, 2 and 3 
(Figure 3.2). However, up to nine [14C]-labelled spots were observed suggesting 

numerous additional unidentified metabolites (Figure 3.2).  

PA-824 M tb Ddn

1
3
2

 
 
Figure 3.2 Thin layer chromatography plate showing the metabolism of [14C] PA-824 by whole 
cells of M. tuberculosis and purified Ddn enzyme. While eight products were formed by M. 
tuberculosis, nine were observed in Ddn catalysed metabolism of PA-824. From (Singh et al., 
2008). Reprinted with permission from The American Association for the Advancement of 
Science. 

Electrochemical studies have suggested that the nitro group of PA-824 is a site for 

reduction (Yanez et al., 2001), although the nitro radical anion requires more energy 

for its formation and is less stable than is the case for metronidazole, a 5-

nitroimidazole (Bollo et al., 2004). However, radiolysis studies of PA-824 demonstrated 

that reduction occurs at the imidazole ring in preference to the nitro group with the 

formation of a number of products (Anderson et al., 2008). The determined products of 

PA-824 metabolism by M. tuberculosis also include a number of proposed 

intermediates which are believed to result from an initial hydride transfer to the 

imidazole ring prior to formation of the des-nitro metabolite (Singh et al., 2008).  

The studies described in this chapter investigate the metabolic profile of PA-824 

following incubation with purified Ddn enzyme, M. tuberculosis and M. smegmatis to 

further identify the products of metabolism in this species. 

 

http://www.sciencemag.org/content/322/5906/1392
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3.2 Materials and Methods 

3.2.1 Chemicals 

The des-nitro product of PA-824, (6S)-6-{[4-(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-

5H-imidazo[2,1-b][1,3]oxazine) was kindly synthesized by Dr Brian D. Palmer 

(Auckland Cancer Society Research Centre, The University of Auckland, New 

Zealand) following a previously published method (Singh et al., 2008). Glucose-6-

phosphate was obtained from Applichem GmbH (Darmstadt, Germany). All other 

drugs, chemicals and reagents used were of analytical grade and are detailed in 

section 2.2.1.  

3.2.2 Expression and purification of Ddn, FGD1 and F420 

Ddn enzyme, coenzyme FGD1 and cofactor F420 were expressed and purified by Dr 

Ghader Bashiri (Maurice Wilkins Centre for Molecular Biodiscovery, School of 

Biological Sciences, The University of Auckland, New Zealand) following previously 

published methods (Bashiri et al., 2007; Bashiri et al., 2008; Dogra et al., 2011).  

Briefly, the open reading frame encoding Ddn (Rv3547) was amplified from M. 

tuberculosis (H37Rv) genomic DNA. The product was purified and transferred into a 

range of vectors (pDEST17, pDEST15, pDEST566 and pDESTsmg) to produce N-

terminal His-, GST- and MBP-tagged proteins for expression in E. coli and M. 

smegmatis (mc24517) (Goldstone et al., 2008). The plasmids were transformed into E. 

coli and positive clones were selected. The His-(pDEST17), GST-(pDEST15) and 

MBP-Ddn (pDEST566) constructs were then expressed in E. coli using autoinduction 

protocols (Studier, 2005). A single transformed colony was selected to inoculate a 

starter culture that was then used to inoculate the expression cultures. Cells 

expressing the different Ddn constructs were harvested and lysed. The His-, GST- and 

MBP-Ddn fusion supernatants were then purified by affinity and gel filtration 

chromatography (Dogra et al., 2011). The MBP-Ddn construct expressed in E. coli was 

used for large-scale purification and was identified by matrix-assisted laser desorption/ 

ionisation reflection time-of-flight (MALDI-TOF) mass spectrometry. 

FGD1 was expressed in M. smegmatis (mc2 4517) using the expression vector 

pYUB1049. The open reading frame encoding FGD1 (Rv0407) was amplified from the 

M. tuberculosis (H37Rv) genomic DNA which was then purified and inserted into 

pYUB1049. This pYUB FGD1 construct was then transformed into M. smegmatis (mc2 
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4517) for expression. FGD1 was then purified by metal ion affinity and size exclusion 

chromatography and identified by MALDI-TOF mass spectrometry (Bashiri et al., 

2007).  

The purity of Ddn (61.5 kDa) and FGD1 (39.2 kDa) enzymes was determined by 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) using 

molecular weight markers (Figure 3.3).   
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Figure 3.3 SDS-PAGE gel showing the purity of Ddn and FGD1 enzymes. Molecular weight 
markers (denoted by ‘M’) were used for the estimation of molecular weights. Data from Dr 
Ghader Bashiri (Maurice Wilkins Centre for Molecular Biodiscovery, School of Biological 
Sciences, The University of Auckland, New Zealand). 

Protein concentration was measured by UV spectrometry using a NanoDrop 

spectrophotometer (NanoDrop Technologies) at a wavelength of 280 nm. The 

concentrations were then calculated using Beer-Lambert equation, C= (A x ɛ)/l, where 

C corresponds to the protein concentration, A is the absorbance, ɛ is the extinction 

coefficient and l is the pathlength. The extinction coefficient was determined from the 

protein sequence using a ProtParam program. 

Cofactor F420 was extracted and purified from M. smegmatis (mc2 4517) by solvent 

extraction followed by ion exchange and gel filtration chromatography using previously 

published methods (Isabelle et al., 2002). Purified F420 was identified by MALDI-TOF 

mass spectrometry as reported previously (Bashiri et al., 2008).  

3.2.3 M. tuberculosis and M. smegmatis 

The avirulent strain of M. tuberculosis (H37Ra) was kindly provided by Dr Ronan 

O’Toole (School of Biological Sciences, Victoria University of Wellington, New 

Zealand). M. smegmatis (mc2 4517) was supplied by Dr Ghader Bashiri (Maurice 

Wilkins Centre for Molecular Biodiscovery, School of Biological Sciences, The 

University of Auckland, New Zealand). The mycobacteria were grown in Middle Brook 
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7H9 broth supplemented with OADC (0.06% oleic acid, 5% bovine serum albumin, 2% 

dextrose and 0.85% sodium chloride) (10%), Tween 80 (0.05%) and glycerol (0.5%). 

3.2.4 Metabolism of PA-824 

Purified Ddn enzyme (0.6 µM) and the co-enzyme FGD1 (0.1 µM) were pre-incubated 

with the cofactor F420 (20 µM) and glucose-6-phosphate (100 µM) for 5 minutes in a 

final volume of 0.5 ml of 67 mM phosphate buffer (pH 7.4) at 37°C. The reaction was 

initiated by addition of PA-824 (250 µM) dissolved in DMSO (final volume ≤ 2.5% v/v) 

and incubations (n=3) were carried out for 3 hours.  

Early log phase cultures (A650 nm 0.2; 40 ml) of M. tuberculosis (H37Ra) and M. 

smegmatis (mc2 4517) were harvested by centrifugation (3,500 g for 15 min) and 

resuspended in fresh media (4 ml). Following a 3 minutes pre-incubation, the reaction 

(n=4) was initiated by addition of PA-824 (250 µM in DMSO) in a final incubation 

volume of 0.5 ml and incubations were carried out for 3 hours at 37°C.  

The reactions were terminated by addition of ice cold acetonitrile containing 1 M HCl 

(90:10 v/v; 1.0 ml). SN 31280 (final concentration 3.3 µM) was added as the internal 

standard for semi-quantitative analysis. The samples were then processed and 

analysed as described previously (section 2.3). 

3.2.5 Statistical analysis 

Statistical analysis was performed by Student’s t-test using SigmaStat v3.5 (Systat 

Software Inc, San Jose, CA, USA). The test was run at the 95 percent confidence 

interval and P values <0.05 were considered significant.  

3.3 Results 

Functional activity of the purified Ddn enzyme in the presence of the cofactor F420 and 

co-enzyme FGD1 was confirmed, since 25% of PA-824 was consumed after 3 hours 

incubation. Comparison of the total ion chromatogram of PA-824 incubated with 

purified Ddn enzyme and controls without drug indicated the formation of a number of 

products. Further interrogation of the chromatograms by extracting ions for each 

product mass ion enabled the qualitative comparison of the amounts of each product 

formed relative to an internal standard (SN 31280).  
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Following 3 hours incubation, seven products were detected by electrospray ionisation 

LC/MS analysis (Figure 3.4). Metabolite 1 (Rt 24.3 min) had a molecular ion of [M+H]+ 

315.0 m/z and was identified as the des-nitro product of PA-824 by co-elution with the 

authentic standard, (6S)-6-{[4-(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-

imidazo[2,1-b][1,3]oxazine. Two metabolites detected following Ddn incubations (2: Rt 

20.2 min, [M+H+] 331.0 m/z and 3: Rt 20.0 min, [M+H+] 291.0 m/z, Figure 3.4) had 

molecular masses consistent with the products reported previously following Ddn-

catalysed metabolism of PA-824 (Singh et al., 2008). These metabolites have been 

assigned numbers in this thesis according to this previous report for clarity. 
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Figure 3.4 Metabolic profile of PA-824 (250 µM) following incubation with purified deazaflavin 
(F420)-dependent nitroreductase (Ddn, 0.6 µM) in the presence of FGD1 (0.1 µM) and cofactor 
F420 (20 µM). Formation of seven metabolites (1-3, M1-M4) was observed after 3 h. Extracted 
ion chromatograms for (a) 1, 2, 3, M3 and PA-824 in positive mode and (b) M1, M2, M4 and 
PA-824 in negative mode.  

Four additional unknown products M1, M2, M3 and M4 (Rt 18.2, 18.5, 18.6 and 20.1 

min, respectively) were also detected in Ddn incubations. Whilst metabolite M3 was 

observed in positive mode ([M+H]+  362.0 m/z), M1, M2 and M4 could only be detected 

in negative mode ([M-H]- 363.0, 376.0 and 361.0 m/z, respectively).  
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Following a 3 hour incubation of PA-824 with M. tuberculosis, the same seven 

metabolites (1-3, M1-M4) were detected (Figure 3.5). The des-nitro product (1) was 

the major metabolite observed following incubation with purified Ddn enzyme and also 

following M. tuberculosis metabolism. In contrast, in M. smegmatis only six of these 

metabolites were observed, due to the lack of formation of the des-nitro product (1) 

(Figure 3.5).  
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Figure 3.5 Relative levels of metabolites formed following incubation of PA-824 with (a) purified 
Ddn enzyme fortified with cofactor F420 and FGD1 or (b) whole cells of M. tuberculosis and M. 
smegmatis. Values are the mean ± S.D. peak area ratio (relative to internal standard, SN 
31280) of n=3 or 4 incubations. 
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To confirm the enzyme catalysed formation of these metabolites, PA-824 (250 µM) 

was incubated with purified Ddn enzyme (0.6 µM) for up to 3 hours in a time course 

study. The levels of metabolites 1, 2 and M4 increased significantly (P<0.05) with time 

(Figure 3.6). In contrast, formation of 3, M1, M3 increased significantly (P<0.05) up to 

0.5 hour and then levels declined at 3 hours. Levels of M2 were very low and no 

change was observed with time.  
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Figure 3.6 Formation of metabolites following incubation of PA-824 with purified Ddn enzyme 
fortified with cofactor F420 and FGD1. Values are the mean ± S.D. peak area ratio (relative to 
internal standard, SN 31280) of triplicate incubations. Significantly (* P<0.05) higher levels of 
metabolites 1, 2, 3, M1, M3 and M4 were observed following 0.5 or 3 h compared with the 
levels at t=0. 

 

Comparison of the incubation chromatogram with that of authentic (6S)-6-{[4-

(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-2-amine 

indicated that six-electron reduction of PA-824 to the amino derivative was not 

catalysed by Ddn, M. tuberculosis or M. smegmatis as no apparent formation of PA-

824 amine was observed.  

To summarise, PA-824 underwent metabolism by purified Ddn enzyme and M. 

tuberculosis to form seven products (1-3, M1-M4). While three of these products (1-3) 

have been described previously (Singh et al., 2008), four new unknown products (M1-

M4) were observed. The major metabolite was identified as the des-nitro product (1) 

(Figure 3.1). Six of these products were also detected in M. smegmatis, however, the 

des-nitro product was not observed in this mycobacterium. 

*

*

*

* 

* 

* 
* 
*
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3.4 Discussion 

Des-nitrification of PA-824 by Ddn and M. tuberculosis has been reported previously 

(Singh et al., 2008). The concomitant formation of reactive nitrogen species is 

suggested to be responsible for the anti-mycobacterial activity of PA-824 (Singh et al., 

2008). However, it was not known whether other species of mycobacteria are also 

capable of this reductive metabolism of PA-824.  

Des-nitrification of PA-824 catalysed by either purified Ddn enzyme or M. tuberculosis 

was confirmed in the present study. In contrast, M. smegmatis did not catalyse this 

reaction. Importantly, a number of additional metabolic products were observed 

following metabolism by purified Ddn and both of the mycobacteria species. Indeed, 

thin layer chromatography of [14C]-PA-824 has previously demonstrated the presence 

of multiple metabolites following incubation with either Ddn or M. tuberculosis (Singh et 

al., 2008) (Figure 3.2). Similar to this previous report, Ddn and M. tuberculosis formed 

products of PA-824 which had molecular masses consistent with 2 and 3. Moreover, 

both these metabolites were detected following incubation with M. smegmatis. 

Formation of metabolite 2 is also a des-nitrification reaction and may also result in the 

formation of reactive nitrogen species (Singh et al., 2008). Hence, although M. 

smegmatis does not form the des-nitro metabolite (1), it may still produce reactive 

nitrogen species from PA-824. However, formation of 2 appears to be qualitatively 

minor compared with the formation of 1 in M. tuberculosis. This was consistent with 

the previous observation of the des-nitro metabolite (1) being the major product of PA-

824 metabolism by Ddn or M. tuberculosis (Singh et al., 2008). The correlation 

between des-nitro metabolite formation and anaerobic killing of M. tuberculosis has 

been demonstrated in this earlier report. Hence, the anti-tubercular activity of PA-824 

may be predominantly due to the metabolic pathway that generates the des-nitro 

metabolite. In support of this, previous reports indicate that PA-824 has poor activity 

against M. smegmatis (Stover et al., 2000) and the results of this thesis suggest that 

this may be due to the absence of des-nitrification of PA-824 by this mycobacterium. 

An additional four currently unidentified metabolites (M1-M4) were observed following 

in vitro metabolism of PA-824 in M. tuberculosis. The presence of these metabolites is 

consistent with the multiple thin layer chromatography spots observed previously 

(Singh et al., 2008).  
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The mechanism for the reduction of PA-824 has been previously proposed as either 

an enzyme-catalysed hydride transfer to the imidazole ring (Singh et al., 2008), 

formation of a radical anion intermediate in the imidazole ring (Anderson et al., 2008) 

or nitro radical formation (Bollo et al., 2004; Yanez et al., 2001). Radiolytic reduction is 

reported to result in the formation of the six-electron amine product of PA-824, as well 

as the imidazole ring hydride and hydrated reduction products (Anderson et al., 2008). 

Following interrogation of the LC/MS chromatogram for the expected molecular 

masses, no products of reduction of the nitro group were observed following 

mycobacterial metabolism of PA-824. Thus, enzyme catalysed reduction appears to 

occur preferentially at the imidazole ring rather than at the nitro group.   

A gene with 72% identity to M. tuberculosis Ddn (Rv3547) is present in M. smegmatis 

(Manjunatha et al., 2006a) and although M. smegmatis is capable of metabolising PA-

824 to form six metabolites that are identical to those observed in M. tuberculosis, this 

species does not form the des-nitro metabolite (1). M. smegmatis FGD, which 

facilitates the formation of reduced F420, has a higher Km for glucose-6-phosphate than 

the enzyme from M. tuberculosis (1.6 mM versus 0.1 mM, respectively) (Bashiri et al., 

2008). The combination of potential differences in the tertiary structure of Ddn and/or 

lower formation of reduced F420 may explain the lack of production of the des-nitro 

metabolite (1) in M. smegmatis, and hence, poor activity of PA-824 in this species. 

To conclude, it was confirmed that PA-824 undergoes des-nitrification by purified Ddn 

enzyme and M. tuberculosis. This may result in the release of nitric oxide within M. 

tuberculosis. Such des-nitrification was not observed in M. smegmatis, thus, 

accounting for the poor activity of PA-824 in this mycobacterium. A number of 

unknown metabolites (M1-M4) were also observed in both purified Ddn enzyme and 

mycobacterial incubations. It has not been reported whether mammalian enzymes are 

capable of producing any of these metabolites of PA-824, particularly the des-nitro 

product (1), and this is the subject of next chapter. 



Chapter 4 

In vitro versus In vivo Metabolism       
of PA-824 
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4.1 Introduction 

The anti-mycobacterial activity of the prodrug PA-824 involves the formation of the 

des-nitro product (1) and the concomitant release of reactive nitrogen species within 

the target organism (Singh et al., 2008). The studies outlined in chapter 3 

demonstrated the ability of both M. tuberculosis and the purified Ddn enzyme to 

catalyse the des-nitrification of PA-824 along with formation of a number of other 

metabolic products. PA-824 is currently in phase II clinical trial and the safety, 

tolerability as well as pharmacokinetics of this drug have been reported recently in 

healthy volunteers (Ginsberg et al., 2009a; Ginsberg et al., 2009b) and TB patients 

(Diacon et al., 2010). However, it is not known whether this drug undergoes 

bioactivation by mammalian enzymes. A number of nitro-aromatic compounds 

including nitrofurantoin (Carbonera et al., 1988), nilutamide (Berger et al., 1992; Fau et 

al., 1992), nimesulide (Mingatto et al., 2000) and CB 1954 (Tang et al., 2007; Tang et 

al., 2005) have demonstrated toxicity to normal tissue due to the generation of reactive 

intermediates during mammalian nitroreduction. There are currently no reports 

regarding the metabolic pathways of PA-824 in mammals. The studies outlined in this 

chapter investigate the metabolism of PA-824 both in vitro (liver S9 preparations) and 

in vivo in the mouse. This non-clinical species may serve as a model to predict the 

metabolism of this prodrug in humans.  

4.2 Materials and Methods 

4.2.1 Chemicals 

Glutathione (reduced form), carboxymethyl cellulose sodium salt and Tween 80 were 

purchased from Sigma-Aldrich Chemie GmbH (Germany). Ascorbic acid was obtained 

from J.T. Baker Chemical Co. (USA). Nitrogen gas was obtained from BOC Gases 

(New Zealand). Heparin sodium (Multiparin® 5000 I.U./ml) was procured from CP 

Pharmaceuticals Ltd (UK) and Microtainer® plasma separator tubes with lithium 

heparin from Becton Dickinson (USA). All other drugs, chemicals and reagents used 

were of analytical grade and their sources are as detailed previously in sections 2.2.1 

and 3.2.1.  
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4.2.2 In vitro metabolism of PA-824  

4.2.2.1 Metabolism of PA-824 in S9 preparations 

The mammalian metabolic profile of PA-824 was established using hepatic and lung 

sub-cellular S9 fractions, prepared from CD-1 male and female mouse livers or lungs 

as described previously (Gill et al., 1995). Briefly, tissues were homogenized in 67 mM 

phosphate buffer (pH 7.4) containing potassium chloride (1.15% w/v) to obtain a 25% 

homogenate. The homogenate was then centrifuged (10,000 g for 20 min, 4°C) to 

obtain the post-mitochondrial supernatant (S9). The protein concentration of the S9 

fraction was determined with a DC Protein Assay Kit (Bio-Rad, Hercules, CA, USA) 

using bovine serum albumin as a standard.  

S9 preparations (4 mg/ml) were incubated with cofactors (NADPH and NADH, 1 mM 

each) in a final volume of 0.5 ml of 67 mM phosphate buffer (pH 7.4) at 37°C for 3 

minutes prior to addition of the drug substrate (final concentration 5 µM for metabolic 

stability or 250 µM for metabolite identification) dissolved in DMSO (final volume ≤ 

2.5% v/v). The normoxic incubations were carried out with exposure to air. In order to 

investigate the influence of hypoxia, the incubation buffer was purged with 100% 

nitrogen for 45 minutes, with further 3 minutes purging of the reaction tubes before and 

after initiation of the reaction by drug addition. The incubations were then carried out 

with sealed lids. Incubations with denatured (boiled) S9 were performed as controls. 

The reactions were terminated by addition of ice cold ethyl acetate (0.5 ml) for the 

determination of metabolic stability of PA-824 or ice cold acetonitrile containing 1 M 

HCl (90:10 v/v; 1.0 ml) for metabolic profiling as described previously in section 2.3. 

SN 31280 (final concentration 5.0 or 3.3 µM, respectively) was added as the internal 

standard for semi-quantitative analysis. Calibration curves of PA-824 (1.0-10.0 µM) 

were prepared in denatured S9 for quantitative analysis of drug consumption. 

4.2.3 In vivo metabolism of PA-824 

4.2.3.1 Animals and drug administration 

Male CD-1 mice (25-35 g; 3-4 weeks old) were bred and housed under constant 

temperature and humidity at the University of Auckland. The animals had access to 

food and water ad libitum. Ethical approval for the studies was obtained from the 

University of Auckland Animal Ethics Committee. 
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The metabolic profile of PA-824 was determined following an oral gavage of PA-824 

(40 mg/kg) formulated as a suspension comprising carboxymethyl cellulose (0.5%) 

and Tween 80 (0.08%). Animals that received vehicle only were included as controls. 

Following drug administration mice (n=3 per time-point) were euthanized by carbon 

dioxide inhalation at 0.1, 0.5, 1, 4, 18 and 24 hours. Blood was collected by cutting the 

brachial artery or cardiac puncture. Tissues were excised, rinsed with 67 mM 

phosphate buffer (pH 7.4) and placed immediately in liquid nitrogen. Spot urine 

samples were collected onto filter paper upon relaxation of the sphincter under 

terminal anesthesia. Plasma was separated from the blood by centrifugation (2000 g; 

10 min). All the samples were then stored at -80°C until analysis.  

Prior to analysis the tissues were weighed, pooled (n=3 mice per time-point) and 

homogenized in 67 mM phosphate buffer (pH 7.4) to generate a 25% homogenate. 

Plasma and tissue homogenates were then divided into two aliquots (50 and 100 µl) 

and extracted with either ice-cold ethyl acetate (50 µl) or ice-cold acetonitrile (200 µl) 

containing 10% v/v 1 M hydrochloric acid, respectively. SN 31280 (final concentration 

5.0 or 3.3 µM, respectively) was added as the internal standard. For the qualitative 

analysis of spot urine, the filter papers were divided into two and each portion 

extracted separately using either 1.0 ml ice-cold acetonitrile or acidified acetonitrile as 

described above. The samples were then processed and analysed using the 

procedures described previously in section 2.3.  

In order to confirm and extend the findings of the initial experiment, a second group of 

animals, were administered PA-824 (40 mg/kg p.o.; 0.5% carboxymethyl cellulose/ 

0.08% Tween 80) and housed in metabolic cages. Blood, tissues and cumulative urine 

were collected at either 18 or 24 hours (n=4 mice per time point). Samples from 

individual animals were processed as described above and analysed for metabolites 

and PA-824 as illustrated earlier in section 2.3. 

The concentrations of PA-824 were determined using the equations obtained from the 

linear regression analysis for calibration samples. The levels of PA-824 and 

metabolites were normalised to per gram of tissue or per millilitre of plasma and urine.  
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4.2.4 Statistical analysis 

Statistical analysis was performed by Student’s t-test using SigmaStat v3.5 (Systat 

Software Inc, San Jose, CA, USA). The test was run at the 95 percent confidence 

interval and P values <0.05 were considered significant. 

4.3 Results 

4.3.1 In vitro metabolism of PA-824 

The metabolic stability of PA-824 (5 µM) was studied under normoxia (air) and hypoxia 

(nitrogen atmosphere) following incubation with either male or female mouse liver S9 

fortified with cofactors (NADPH and NADH, 1 mM each). Following a 1 hour 

incubation, PA-824 was metabolically consumed (<13%) by both male and female 

mouse liver S9 under both normoxia and hypoxia (Figure 4.1). Importantly, metabolic 

consumption did not appear to be oxygen sensitive, with no change in consumption 

following incubation under a nitrogen atmosphere. Based on these preliminary results, 

which indicated that some metabolic consumption occurred, further incubations were 

carried out to determine the metabolic profile of PA-824 in liver S9 preparations. 
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Figure 4.1 Metabolic consumption of PA-824 (5 µM) following incubation with (a) male and (b) 
female mouse liver S9 (4 mg/ml) fortified with cofactors (NADPH and NADH, 1 mM each) under 
normoxia (air) and hypoxia (nitrogen atmosphere). Values are the mean ± S.D. of triplicate 
incubations. 
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Comparison of the total ion chromatogram of the liver S9 incubation with control 

without drug indicated the presence of four metabolites following 0.5 hour incubation of 

PA-824 (250 µM) (Figure 4.2). These had the similar masses and retention times as 

metabolites M1, M2, M3 and M4 (Rt 18.2, 18.7, 19.1 and 20.7 min, respectively) 

observed previously in the mycobacterial metabolism of PA-824. As described 

previously (Figure 3.4), metabolites M1, M2 and M4 could only be detected in 

negative mode ([M-H]- 363.2, 376.3 and 361.3 m/z, respectively), while M3 was 

observed in positive mode ([M+H]+  362.1 m/z). Metabolite M2 also had a detectable 

UV spectrum (λmax 240 and 270 nm). Interrogation of the chromatograms by extracting 

the ions for these masses allowed semi-quantitative comparison of the relative levels 

of the metabolites formed. 
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Figure 4.2 Metabolic profile of PA-824 (250 µM) following normoxic incubation with mouse liver 
S9 (4 mg/ml) fortified with cofactors (NADPH and NADH, 1 mM each), formation of four 
metabolites (M1-M4) was observed after 0.5 h. Extracted ion chromatograms for (a) M1, M2, 
M4 and PA-824 in negative mode and (b) M3 and PA-824 in positive mode. Insets show mass 
spectra of the metabolites.  

 

The same four metabolites (M1-M4) were observed in both male and female mouse 

liver S9 under normoxia and hypoxia. The relative levels of these metabolites were 

also similar in male and female mouse liver S9 (Figure 4.3). However, significantly 

higher (P<0.05) levels of the metabolites M1 and M2 were observed in male compared 
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with female mouse liver S9. Although M3 was detected in mouse liver S9, the levels 

were 11-fold lower compared with those observed with Ddn (chapter 3). Importantly, 

as opposed to metabolism in M. tuberculosis, PA-824 did not undergo des-nitrification 

in either male or female mouse liver S9. Moreover, no product with a mass consistent 

with the six-electron nitroreduction product, PA-824 amine, was detected. 
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Figure 4.3 Relative levels of the metabolites following 0.5 h incubation of PA-824 (250 µM) with 
(a) male or (b) female mouse liver S9 (4 mg/ml) fortified with cofactors (NADPH and NADH, 1 
mM each) under normoxia and hypoxia. All the values are mean ± S.D. peak area ratio (relative 
to internal standard, SN 31280) of triplicate incubations. Significantly (* P<0.05) higher levels of 
metabolites M1 and M2 were observed under normoxia or hypoxia in male compared with 
female mouse liver S9. Metabolite M3 was observed at very low levels (peak area ratio ≤ 0.03). 
 

In order to confirm the enzyme catalysed formation of these metabolites, PA-824 (250 

µM) was incubated with a fixed concentration of mouse liver S9 (4 mg/ml) for up to 1 

hour or with increasing S9 concentrations (0-20 mg/ml) for a fixed time (0.5 h). The 

levels of M1 increased significantly (P<0.05) following a 1 hour incubation (Figure 
4.4). In contrast, metabolite M2 was detectable even at t=0 and the levels decreased 

by 31% after 1 hour. A small but significant (P<0.05) increase in the formation of the 

other minor metabolite, M4, was observed. Levels of M3 were very low (peak area 

ratio < 0.02) and no change was observed with time.  

* 

* 

* 
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Figure 4.4 Formation of metabolites following incubation of PA-824 (250 µM) with female 
mouse liver S9 (4 mg/ml) fortified with cofactors (NADPH and NADH, 1 mM each) under 
normoxia. Values are the mean ± S.D. peak area ratio (relative to internal standard, SN 31280) 
of triplicate incubations. A significant (* P<0.05) increase in the levels of M1 and the minor 
metabolite M4 was observed following 1 h incubation compared with the levels at t=0. Error 
bars are smaller than the symbols for M4. 

 

Following incubation of PA-824 with increasing S9 concentrations, the formation of M1 

was saturated above 4 mg/ml whilst formation of M2 and M4 increased over all the S9 

concentrations tested (Figure 4.5).  
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Figure 4.5 Formation of metabolites following 0.5 h incubation of PA-824 (250 µM) with 
increasing concentrations of female mouse liver S9 fortified with cofactors (NADPH and NADH, 
1 mM each) under normoxia. Values are the mean ± S.D. peak area ratio (relative to internal 
standard, SN 31280) of triplicate incubations.  

* 
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In order to stabilize any potentially reactive products of reductive metabolism, 

additional studies were undertaken to determine the effect of ascorbic acid or 

glutathione (1 mM) addition at the end of incubation. Addition of these reagents 

resulted in significantly higher (P<0.05) levels of metabolites M2 and M4. A new peak, 

A1 (Rt 17.5 min; [M-H]- 663.0 m/z) was also detected following addition of glutathione. 

Detailed reanalysis confirmed the presence of A1 in control incubations without these 

reagents or incubations fortified with ascorbic acid, albeit at lower levels (Figure 4.6). 
The pattern of the metabolites was similar under both normoxia and hypoxia in the 

presence or absence of these reagents and no new products were detected under 

these conditions.  
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Figure 4.6 Effect of ascorbic acid or glutathione addition on the detection of metabolites. PA-
824 (250 µM) was incubated with (a) male or (b) female liver S9 (4 mg/ml) fortified with 
cofactors (NADPH and NADH, 1 mM each) for 0.5 h under normoxia and hypoxia. Ascorbic 
acid or glutathione (1 mM) were added at the end of the incubation. Controls were not fortified 
with these reagents. Values are the mean ± S.D. peak area ratio (relative to internal standard, 
SN 31280) of triplicate incubations. A significant (* P<0.05) increase in the levels of metabolites 
was observed compared with controls. 
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Whilst post-mitochondrial S9 fractions were used in the above studies, to determine 

whether mitochondrial enzymes were capable of des-nitrification, PA-824 was 

incubated with rat liver mitochondria (16 mg/ml) fortified with cofactors (NADPH and 

NADH, 1 mM each). Following a 0.5 hour incubation, metabolites M1-M4 were 

detected (peak area ratio <0.8), however, the des-nitro product (1) was not observed. 

Since lungs are the primary site of infection in pulmonary TB, the metabolic profile of 

PA-824 was also determined in lung S9. In contrast to liver S9, no metabolism of PA-

824 was observed in lung S9 following 1 hour incubation under either normoxia or 

hypoxia. Levels of PA-824 were 112.9 ± 2.9 and 103.9 ± 5.5% of controls, 

respectively. Following incubation of a higher concentration of PA-824 (250 µM) with 

male or female mouse lung S9, negligible levels of metabolites (M1-M4) were 

observed (peak area ratio <0.05). Similar to liver S9, no des-nitro product (1) or PA-

824 amine was observed. 

The nitroreductase enzyme from E. coli, the nfsB/ nfnB gene product, has been 

implicated in the bioactivation of the nitro-aromatic compound CB 1954 (Chung-Faye 

et al., 2001; Denny, 2002; Helsby et al., 2004). In order to determine whether NfnB 

nitroreductase could catalyse metabolism of PA-824, E. coli nitroreductase (0.5 µg/ml) 

was incubated with PA-824 in the presence of cofactors (NADPH and NADH, 1 mM 

each). Following a 0.5 hour incubation, very low levels (peak area ratio <0.1) of 

metabolites (M1-M4) were observed while the des-nitro metabolite (1) or PA-824 

amine were not detected. 

The metabolites M1-M4 observed in mouse liver S9 were identical to four of the seven 

metabolites observed previously in M. tuberculosis (section 3.3). However, an 

additional polar metabolite (M5) was detected following interrogation of the total ion 

chromatogram. Since this metabolite eluted very close to the solvent front, the 

extraction procedure and chromatographic conditions were modified to allow further 

analysis of this product.  

The optimised extraction method was as follows: the reaction was terminated with 

acetonitrile (1.0 ml) and the supernatant was concentrated to a dried residue under 

vacuum. The residue was then resuspended in 0.5 ml ethyl acetate/ methanol (80:20 

v/v). This was then loaded onto a silica column (Biotage, Europe) pre-conditioned with 

the resuspension solvent (2 x 1.0 ml) and the analyte was eluted with 1.0 ml ethyl 

acetate/ methanol (80:20 v/v). The extract was dried, resuspended in 1% DMSO in 
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water (100 µl) and centrifuged (20,000 g; 10 min) prior to injecting an aliquot (80 µl) 

onto the LC column. The HPLC conditions were optimised as: 15% B at 0-14 minutes 

followed by 90% B at 16-35 minutes and 15% B at 37 minutes. The eluent was 

monitored at 330 nm with a reference wavelength of 550 nm and bandwidth of 5 nm.  

The metabolite M5 (Rt 7.2 min) had detectable UV absorption and the mass spectra 

indicated a molecular ion of [M+H]+ 186.1 m/z (Figure 4.7a). This suggested that M5 

was derived from cleavage of the benzyl linker chain of PA-824 ([M+H]+ 360.0 m/z). 

The putative structure, (6S)-2-nitro-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-ol) 
(Figure 4.7b), was confirmed by co-elution with a synthetic standard kindly 

synthesized by Dr Brian D. Palmer (Auckland Cancer Society Research Centre, The 

University of Auckland) using a previously published method (Thompson et al., 2009). 

For quantitative analysis, calibration curves (1.0-10.0 µM) of authentic M5 were 

prepared in denatured S9 using SN 30440, (2-nitro-6,7-dihydro-5H-imidazo[2,1-

b][1,3]oxazin-7-yl)methanol, (final concentration 3.3 µM) as the internal standard 

(Figure 4.7c). Intra-day accuracy and precision determined at three concentrations (1, 

5 and 10 µM) were acceptable with relative recoveries and relative standard deviation 

of 97-103% and 1-4%, respectively. Similar results were obtained for inter-day 

accuracy and precision with relative recoveries and relative standard deviation of 99-

100% and 6-8%, respectively, at these concentrations. 
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Figure 4.7 (a) A representative HPLC chromatogram showing the elution of M5 (Rt 7.2 min), 
internal standard (IS, SN 30440; Rt 9.0 min) and PA-824 (Rt 23.1 min). Insets show the UV and 
mass spectra of M5. (b) Chemical structure of M5. (c) A typical calibration curve of M5 (1.0-
10.0 µM; y = 0.0289x + 0.0092, r2 = 0.999) in denatured S9 preparations. Inset shows a typical 
calibration curve at lower concentrations of M5 (0.05-1.0 µM; y= 0.0273x + 0.0055, r2=0.989). 
Values are the mean ± S.D. of triplicate samples (error bars are smaller than the symbols). 

 

Low levels (<1 µM) of M5 were observed following incubation of PA-824 (250 µM) with 

either male or female mouse liver S9 (4 mg/ml) under normoxia and hypoxia. The 

levels of this metabolite increased significantly (P<0.05) with time in female mouse 

liver compared with lung S9 (Figure 4.8). Moreover, approximately 4-fold higher levels 

of M5 were observed following 0.5 hour incubation with mouse liver microsomes. 

Since formation of M5 in S9 was very low (0.2% of the parent compound), it appears 

to be a relatively minor route of PA-824 metabolism in liver S9 in vitro. 
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Figure 4.8 Formation of M5 following incubation of PA-824 (250 µM) with female mouse liver 
and lung S9 (4 mg/ml) fortified with cofactors (NADPH and NADH, 1 mM each) under 
normoxia. Values are the mean ± S.D. of triplicate incubations.  
 

In summary, PA 824 was relatively metabolically stable in mouse liver S9 in vitro, with 

less than 13% consumption over 1 hour. A number of metabolites were detected and 

included M5, a very polar compound, which was confirmed as (6S)-2-nitro-6,7-dihydro-

5H-imidazo[2,1-b][1,3]oxazin-6-ol. The other products formed included the four 

metabolites previously observed in M. tuberculosis. Of these metabolites, M1 and M2 
were the major products with M3 and M4 formed at very low levels. Interestingly, M2 

was present even at t=0 and increasing formation was not observed with time. Lung 

S9 metabolism of PA-824 was negligible compared with liver S9. 

To determine whether any of these in vitro products were present in vivo, CD-1 male 

mice were then administered the drug and the qualitative plasma as well as tissue 

metabolic profiles were determined. 
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4.3.2 In vivo metabolism of PA-824 

Four metabolites, M1, M2, M4 and M5, (6S)-2-nitro-6,7-dihydro-5H-imidazo[2,1-

b][1,3]oxazin-6-ol, were detected in plasma and displayed a time profile similar to PA-

824 with peak plasma levels at 4 hours post dose (Figure 4.9).  
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Figure 4.9 Levels of metabolites and PA-824 in plasma following an oral dose of PA-824 (40 
mg/kg) to CD-1 male mice. Values are the peak area ratio/ml (relative to internal standard, SN 
31280) or µg/ml of a single determination of a pooled sample (n=3 animals) at each time-point. 
The limit of quantification of M5 is 0.02 µg/ml and PA-824 is 0.1 µg/ml. 

These metabolites (M1, M2, M4 and M5) were also detected in the liver tissue with 

M1, M4 and M5 detectable up to 24 hours post dose (Figure 4.10). However, PA-824 

and M2 were not detectable after 4 hours. 
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Figure 4.10 Levels of metabolites and PA-824 in the liver following an oral dose of PA-824 (40 
mg/kg) to CD-1 male mice. Samples from three animals were pooled and the levels of 
metabolites and PA-824 were determined. Values are the mean ± S.D. of triplicate samples. 
The limit of quantification of M5 is 0.02 µg/ml and PA-824 is 0.1 µg/ml. 

The same four metabolites were observed in lung tissue and M4 was detectable up to 

24 hours post dose. However, the levels of metabolites M1, M2 and M4 were 
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significantly lower (P<0.05) in the lungs compared with liver at 4 hours post dose 

(Table 4.1). M5 levels were comparable in liver and lungs. Similar to the metabolites, 

the concentrations of PA-824 were also higher in liver than lungs at 4 hours post dose 

(Table 4.1).  

 
Table 4.1 Levels of metabolites and PA-824 in tissues relative to the plasma following 4 h post 
oral dose of PA-824 (40 mg/kg) to CD-1 male mice.  
 

Metabolites Liver Lungs 

M1 17.3 ± 3.2 1.1 ± 0.2* 

M2 29.9 ± 19.7 3.0 ± 0.5* 

M4 17.2 ± 3.2 0.5 ± 0.1* 

M5 1.1 ± 0.7 0.7 ± 1.2 

PA-824 4.4 ± 0.2 1.7 ± 0.1* 

 
Tissues from three animals were pooled and the levels of metabolites and PA-824 were 
determined. Relative levels are calculated as a ratio of levels in the tissues versus plasma. 
Values are the mean ± S.D. of triplicate determinations. Significantly lower (* P<0.05) levels of 
metabolites were observed in the lungs compared with liver. 

 

Only metabolites M1, M4 and M5 were observed in spot urine samples and no new 

products were observed following treatment of urine samples with HCl (1 M) or β-

glucuronidase for 1 hour.  

No PA-824 amine, the des-nitro product (1) or the in vitro product A1 were observed in 

plasma, tissues or urine at any time-point. 

In summary, four metabolites (M1, M2, M4 and M5) were observed in plasma and 

tissues, with M1, M4 and M5 detectable up to 24 hours post dose. To confirm that 

these metabolites were cleared slowly, an additional group of animals were 

administered PA-824 and samples collected at 18 and 24 hours post dose. 

Metabolites M1 and M4 were again observed in plasma and all the tissues analysed. 

Plasma levels of M1, M2 and M4 were similar to that observed in the first experiment 

(Figure 4.9 and Table 4.2). Moreover, metabolites M1, M2 and M4 were observed at 

similar levels in the liver and lung to that observed in the first experiment and were 

also detectable in the kidney tissue (Table 4.2). Thus, it appears that once formed, M1 
and M4 are not cleared rapidly and remain at relatively high levels in plasma even at 

24 hours post dose. 



 
Chapter 4....In vitro versus In vivo Metabolism of PA-824 

84 
 

 
 
 
Table 4.2 Semi-quantitative analysis of metabolites in plasma and tissues following an oral 
dose of PA-824 (40 mg/kg) to male CD-1 mice.  
 

Time  Plasma Liver     Lungs   Kidneys 
(h) (PARa/ml) (PAR/g) (PAR/g) (PAR/g) 

M1 
18 0.10 ± 0.05 1.60 ± 0.78 0.22 ± 0.08 0.99 ± 0.54 

24 0.07 ± 0.04 1.21 ± 0.94 0.09 ± 0.08 0.40 ± 0.35 

M2 

18 N.D.b 0.60 ± 0.35 0.06 ± 0.06 0.18 ± 0.12 

24 N.D. 0.32 ± 0.94 0.01 ± 0.02 0.12 ± 0.19 

M4 

18 1.60 ± 0.64 3.05 ± 1.88 0.78 ± 0.24 1.16 ± 0.41 

24 1.44 ± 0.71 2.41 ± 2.41 0.46 ± 0.26 0.72 ± 0.36 

 
apeak area ratio; bnot detected. Values are the mean ± S.D. of four animals. 

 

The polar metabolite M5 and PA-824 were also observed in plasma and tissues at 18 

and 24 hours post-dose (Table 4.3). The levels of M5 were also similar to those 

observed in the first experiment (Figures 4.9 and 4.10). 

 
Table 4.3 Quantitative analysis of M5 and PA-824 in plasma and tissues following an oral dose 
of PA-824 (40 mg/kg).   
 

Time  Plasma Liver Lungs Kidneys 
(h) (µg/ml) (µg/g) (µg/g) (µg/g) 

M5 

18 0.19 ± 0.26 2.21 ± 2.40 0.70 ± 1.87 1.80 ± 2.06 

24 N.D.a 0.81 ± 0.20 0.10 ± 0.67 4.79 ± 9.87 

PA-824 

18 n.d.b 1.38 ± 0.68 1.28 ± 0.75 2.65 ± 1.71 

24 n.d. 0.42 ± 0.73 0.56 ± 1.01 1.88 ± 2.57 

 
anot detected, bnot determined due to unavailability of the sample. Data are presented as mean 
± S.D. of n=4 animals. 
 
 

Metabolites, M1, M4 and M5, were also observed in cumulative urine at 18 and 24 

hours (Table 4.4). However, cumulative excretion of M5, (6S)-2-nitro-6,7-dihydro-5H-
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imidazo[2,1-b][1,3]oxazin-6-ol), indicated low levels (approximately 0.8% of the 

administered drug) excreted via this route.  

Table 4.4 Levels of metabolites in cumulative urine following an oral dose of PA-824 (40 
mg/kg) to male CD-1 mice.  

 
Time M1 M2 M4 M5 PA-824 

(h) (PARa/ml) (PAR/ml) (PAR/ml) (µg/ml) (µg/ml) 

18 14.33 ± 10.84 N.D.b 13.36 ± 5.89 34.20 ± 5.59 0.43 ± 0.31 
24 14.12 ± 10.36 N.D. 9.78 ± 7.75 27.02 ± 10.31 0.27 ± 0.15 

 

apeak area ratio; bnot detected. Values are the mean ± S.D. of four animals. 
 

4.4 Discussion 

Several pharmacokinetics studies of PA-824 have been carried out, either alone or in 

combination with the current TB regimen, in various non-clinical species (Garcia-

Contreras et al., 2010; Nuermberger et al., 2006; Sung et al., 2009) and humans 

(Diacon et al., 2010; Ginsberg et al., 2009a; Ginsberg et al., 2009b). Whilst these in 

vivo studies had demonstrated the kinetics of the parent drug, there are currently no 

reports regarding the in vitro or in vivo mammalian metabolism of PA-824. Hence, the 

metabolism of PA-824 was investigated in liver S9 preparations (in vitro) and in the 

mouse (in vivo).  

A number of microsomal enzymes, including cytochrome P-450 (CYP) (Walton & 

Workman, 1987), CYP reductase (Walton & Workman, 1987) and cytochrome b5 

reductase (Papadopoulou et al., 2003), as well as cytosolic enzymes, such as 

NAD(P)H quinone oxidoreductase (Stiborova et al., 2003), nitric oxide synthase (Ask 

et al., 2003) and xanthine oxidoreductase (Alegria et al., 2004) are capable of 

catalysing the reduction of nitro-aromatics. Since the use of the microsomal (100,000 

g) sub-fraction may underestimate the potential role of reductive enzymes found in the 

cytosolic fraction of the hepatocytes, the post mitochondrial supernatant (S9) of liver 

homogenates was used in this study. Following a 1 hour incubation with liver S9 

preparations, less than 13% consumption of PA-824 was observed. The increased 

consumption of PA-824 observed with S9 compared with the reported 6% loss in 

microsomes (Palmer et al., 2010) is consistent with the possible involvement of both 

microsomal and cytosolic enzymes in the metabolism of this prodrug.  
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A number of in vitro metabolites, M1-M5, were observed. Four of these metabolites 

(M1-M4) were the same as observed earlier with M. tuberculosis (section 3.3). Most 

importantly, the des-nitro product resulting from the bioactivation of PA-824 and the 

six-electron reduction product, PA-824 amine, were not observed in mouse liver in 

vitro. Metabolites M1 and M2 were the major in vitro mouse liver products. Moreover, 

the metabolic process appeared to be oxygen insensitive, since these metabolites 

were observed under both normoxia and hypoxia. The enzymes that may be 

responsible for the formation of these metabolites are not known. Interestingly 

formation of M2 appeared to occur in a non-enzymatic manner since this metabolite 

was observed even at t=0. 

Addition of ascorbic acid and glutathione has been demonstrated previously to 

stabilize the reactive products of nitroreduction (Helsby et al., 2003; Knox et al., 1993).  

Addition of these reagents resulted in higher levels of metabolites M2 and M4 which 

allowed for increased detection. However, no new additional products were observed 

in the presence of ascorbic acid or glutathione.  

The post mitochondrial hepatic fractions (S9) were used in these studies, however, 

bioactivation of nitro-compounds by mitochondrial enzymes has been demonstrated 

previously (Moreno et al., 1984; Yung, 2010). Therefore, metabolism of PA-824 was 

also studied in rat liver mitochondria. Although metabolites M1-M4 were detected, the 

des-nitro product was not observed. Thus similar to liver S9, mitochondrial enzymes 

metabolise PA-824; however, bioactivation is not catalysed by these enzymes. 

A number of nitroimidazole compounds undergo reduction of the nitro group following 

incubation with gut micro-flora. For example, misonidazole, a 2-nitroimidazole, forms 

the corresponding amine product following hypoxic incubation with rat micro-flora 

(Koch et al., 1980). Moreover, the nitroreductase enzyme from E. coli, the nfsB/ nfnB 

gene product, can bioactivate the nitro-aromatic compound CB 1954, and thus, is 

employed in the gene-directed enzyme-prodrug therapy against cancer (Chung-Faye 

et al., 2001; Denny, 2002; Helsby et al., 2004). NfnB from M. smegmatis has also 

been recently shown to catalyse the reduction of an anti-TB nitro-compound BTZ043 

to its amino-derivative (Manina et al., 2010). Although the homologue of NfnB was not 

found in the M. tuberculosis genome, several putative nitroreductases have been 

identified. Amino-derivatives of BTZ043 were observed in the blood and urine of mice 

treated with this drug, suggesting the involvement of either mammalian or microbial 

nitroreductases from the intestinal microbial flora (Manina et al., 2010). This has also 
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been observed with other nitro-compounds (Roldan et al., 2008). Therefore, the ability 

of E. coli nitroreductase to metabolise PA-824 was determined. However, metabolism 

of PA-824 does not appear to be catalysed by E. coli nitroreductase, since negligible 

levels of metabolites were observed. Further experiments to determine the metabolism 

of PA-824 following incubation with intestinal micro-flora may be carried out. 

Very low formation (< 0.2% of the parent drug) of the polar metabolite, M5, indicated 

that this is likely to be a minor route of hepatic metabolism. Formation of M5 may be 

catalysed via CYP enzymes, since higher levels were observed with microsomes 

compared with S9 preparations.  

The lungs are the primary site of infection in pulmonary TB. However, in contrast to 

liver, metabolism in lung S9 was negligible since very low levels of metabolites were 

observed. Hence, this organ is unlikely to influence the metabolism of PA-824. 

Since variability in the metabolism of drugs between the genders has been 

demonstrated previously (Hoivik et al., 1995; Lofgren et al., 2004), both male and 

female mouse were investigated for the in vitro metabolism of PA-824. Relatively 

higher levels of metabolites were observed with male compared with female mouse 

liver S9. However, qualitatively the same metabolites were observed in both male and 

female mouse, and hence, metabolism was not gender specific.  

In order to confirm that the in vitro metabolites were also formed in vivo, PA-824 was 

administered as an oral dose to male CD-1 mice. The maximum plasma 

concentrations (Cmax) of PA-824 were similar to those reported previously in the 

preclinical (Sung et al., 2009) and clinical studies (Ginsberg et al., 2009b). Importantly, 

metabolites M1, M2, M4 and M5 were detected in vivo. M1, M4 and M5, were the 

major metabolites since these were observed up to 24 hours post dose in plasma, 

tissues and urine. Whilst M1 and M4 were the major products of in vivo metabolism of 

PA-824 in the liver tissue, M4 was only a minor in vitro metabolite in liver S9. Thus, 

although the in vitro and in vivo metabolites of PA-824 were qualitatively similar, the 

relative levels varied.  

The relatively low levels of metabolites in lungs compared with liver tissue at 4 hours 

post dose was consistent with the low metabolism observed in lung S9 compared with 

liver in vitro. Thus, PA-824 delivered via the pulmonary route may exhibit sustained 

levels in the lungs. This confirms recent report that following a dry powder aerosol 
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administration of PA-824 to guinea pigs sustained levels of PA-824 were observed up 

to 32 hours in the lungs (Sung et al., 2009).  

Urinary excretion of three metabolites was observed, with relatively high cumulative 

levels of M1, M4 and M5 observed in the urine up to 24 hours post dose. However, 

quantitative analysis of the polar metabolite M5 in urine confirmed this to be a minor 

route of PA-824 metabolism and excretion, since overall formation was less than 1% 

of the administered drug. The parent drug was not observed in urine.  

The polar metabolite M5 is structurally similar to CGI-17431, the progenitor compound 

of PA-824 (Figure 1.3), and thus may have a potential for mutagenicity. Therefore, 

although no acute toxicity of PA-824 has been observed in mice or humans, there may 

be a potential for genotoxicity. However, the overall levels of this polar metabolite were 

low (<1% of the administered drug in urine). Hence, this metabolite may not have any 

significant toxic effects. 

Although six-electron nitroreduction of PA-824 has been reported previously by both 

cyclic voltammetric and radiolytic reduction studies (Anderson et al., 2008; Bollo et al., 

2004), the amine metabolite was not observed either in vitro or in vivo. However, the 

authentic standard was unstable at physiological pH (7.4) (section 2.3). Hence, 

formation of amine followed by degradation at physiological pH cannot be discounted. 

Other nitroaromatic compounds can undergo nitroreduction resulting in toxicity (Berger 

et al., 1992; Carbonera et al., 1988; Mingatto et al., 2000; Tang et al., 2007). Thus, 

lack of six-electron nitroreduction may indicate relative lack of toxicity of this drug. 

Indeed, no adverse drug reactions or deaths were observed during the in vivo 

experiments in the mice. Moreover, recent clinical studies have demonstrated the 

safety of PA-824 in healthy volunteers (Ginsberg et al., 2009b) as well as in TB 

patients (Diacon et al., 2010).  

In conclusion, although PA-824 underwent metabolism both in vitro (S9 preparations) 

and in vivo in the mouse, the overall metabolism appeared to be relatively low. Whilst 

M1 was the major in vitro metabolite, M1 and M4 were the main in vivo metabolites. 

Low levels of a polar metabolite M5, identified as (6S)-2-nitro-6,7-dihydro-5H-

imidazo[2,1-b][1,3]oxazin-6-ol, were also observed both in vitro and in vivo. 

Importantly, des-nitrification, as observed previously with M. tuberculosis, was not 

observed in mouse either in vitro or in vivo. Thus, reactive nitrogen species may not be 
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formed by mammalian tissue and PA-824 is likely to show selective toxicity to M. 

tuberculosis and safety in mammals through species-selective bioactivation. The 

structure elucidation and mechanisms for the formation of the unknown metabolites 

are discussed in the subsequent chapter. 



Chapter 5 

Metabolite Identification 
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5.1 Introduction 

A number of metabolites (M1-M5) were observed following the metabolism of PA-824 

in mice both in vitro (S9 preparations) as well as in vivo (section 4.3) and in 

mycobacteria (section 3.3). While M5 was identified as (6S)-2-nitro-6,7-dihydro-5H-

imidazo[2,1-b][1,3]oxazin-6-ol, the identity of metabolites M1-M4 and the mechanisms 

for their formation are not known.  

A recent report on the radiolytic reduction of PA-824 demonstrated that reduction 

occured at the imidazole ring in preference to the nitro group. Formation of a number 

of products was proposed (Figure 5.1) (Anderson et al., 2008). The metabolic 

products of PA-824 previously observed in M. tuberculosis also include a number of 

proposed intermediates which result from an initial hydride transfer to the imidazole 

ring prior to formation of the des-nitro metabolite (Figure 3.1) (Singh et al., 2008). It is 

not known whether mammalian liver enzymes can also catalyse imidazole ring 

reduction of PA-824 and whether the metabolites formed in mouse include such 

products. 

The studies described in this chapter attempt to elucidate the structures and 

mechanisms for the formation of the metabolites observed in mice and mycobacteria. 

Three analogues of PA-824 (SN 30376, SN 30385 and SN 30725) that were 

developed at the Auckland Cancer Society Research Centre, the University of 

Auckland, New Zealand were also used to aid the identification of PA-824 metabolites.   
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Figure 5.1 Radiolytic reduction of PA-824 and proposed structures of the products formed. Modified from (Anderson et al., 2008).  
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5.2 Materials and Methods 

5.2.1 Chemicals 

The compounds: SN 30376, (6S)-7-methyl-2-nitro-6-{[4-(trifluoromethoxy)benzyl]oxy}-

6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine; SN 30385, (6S)-7,7-dimethyl-2-nitro-6-{[4-

(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine and SN 

30725,(6S)-2-nitro-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-yl[4-

(trifluoromethoxy)phenyl]carbamate were kindly synthesized by Dr Brian D. Palmer 

(Auckland Cancer Society Research Centre, The University of Auckland, New 

Zealand) using previously published methods (Baker et al., 2000; Li et al., 2008). 

Ferrous sulphate (FeSO4.7H2O) and desferoxamine mesylate were procured from May 

and Baker Ltd (Dagenham, UK) and Sigma-Aldrich Chemie GmbH (St Louis, USA), 

respectively. All other drugs, chemicals and reagents used were of analytical grade 

and their sources are as detailed in sections 2.2 and 3.2. 

5.2.2 Metabolites 

Metabolites for structural elucidation were obtained from the following sources: 

5.2.2.1 In vitro metabolism of PA-824 and analogues with mouse liver S9 

The metabolic profiles of PA-824 and analogues were established following incubation 

with hepatic sub-cellular S9 fractions prepared from CD-1 female mouse livers as 

described previously in section 4.2.2.1. S9 preparations (4 mg/ml) were incubated with 

cofactors (NADPH and NADH, 1 mM each) in a final volume of 0.5 ml of 67 mM 

phosphate buffer (pH 7.4) at 37°C. The reaction was initiated by addition of the drug 

substrate (final concentration 250 µM) dissolved in DMSO (final volume ≤ 2.5% v/v) 

following 3 minutes pre-incubation of the reaction mixture. The reactions were then 

carried out as described in section 4.2.2.1. The samples were analysed using the 

LC/MS conditions described previously in section 2.3.  

5.2.2.2 Extraction of metabolites from mouse urine  

High levels of metabolites M1 and M4 were observed in cumulative 18 and 24 hours 

urine following an oral dose of PA-824 to CD-1 male mice (section 4.3.2). These urine 

samples (0.5 ml) were extracted using ice cold acetonitrile containing 1 M HCl (90:10 
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v/v; 1.0 ml). The extracted samples were then evaporated to 100 µl and aliquots (80 

µl) were injected onto the LC/MS. The eluted fractions containing metabolites M1 and 

M4 were collected and evaporated to complete dryness prior to reconstitution in 

methanol for nuclear magnetic resonance (NMR) analysis. 

5.2.2.3 Radiolytic reduction of PA-824 

The two- (III or V) and four-electron radiolytic reduction (Figure 5.1) products were 

kindly prepared by Dr Sujata S. Shinde (Auckland Cancer Society Research Centre, 

The University of Auckland, New Zealand) as reported previously (Anderson et al., 

2008). Briefly, steady-state radiolysis was performed using a 60Co γ-source delivering 

a dose rate of 6.5 Gy/min. Solutions were prepared in water and purged with N2O gas 

prior to exposure to radiation for reduction. One electron reduction was carried out by 

electron transfer from the CO2
− species generated in the N2O saturated solutions. The 

G-value for the loss of PA-824 as a function of absorbed dose has been measured as 

0.30 ± 0.01 μM/Gy at pH 4.0 (Anderson et al., 2008). This value was used to 

determine the total time required to achieve two- and four-electron reduction. 

Formation of the products at the end of the reduction process was confirmed by 

comparing the UV spectra prior and subsequent to the irradiation process.  

5.2.2.4 Treatment of PA-824 with ferrous sulphate 

Extensive formation of M2 was observed following incubation of PA-824 with ferrous 

sulphate and glutathione (section 5.3.2). Therefore, metabolite M2 was generated 

following incubation of PA-824 (250 µM) with ferrous sulphate (1 M) in the presence of 

glutathione (1 mM) in a final volume of 10.0 ml of milli Q water. The incubation mixture 

was then extracted using 20.0 ml ice-cold acetonitrile containing 1 M HCl (90:10 v/v) 

and evaporated to 1.0 ml. Aliquots (80 µl) were injected onto HPLC and the eluted 

fractions of M2 were collected. The eluent was then evaporated to complete dryness 

for NMR analysis.  

In order to separate M2 from the formate ions (from mobile phase A: 10 mM 

ammonium formate, pH 3.5) present in the dried residue, an extraction method was 

established using PA-824 as the standard. A 100 µM (0.5 ml) solution of PA-824 was 

prepared in the mobile phase (10 mM ammonium formate, pH 3.5, and 80% 

acetonitrile in water; 9:91 v/v) and evaporated to dryness under vacuum. The dried 

product was then reconstituted in milli Q water (0.5 ml) and loaded onto a 
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preconditioned silica column. The analyte was then eluted with acetonitrile (1.0 ml) 

and the eluent was evaporated to dryness. To confirm whether PA-824 was indeed 

present in this dried residue, the product was reconstituted in 100 µl mobile phase (10 

mM ammonium formate, pH 3.5, and 80% acetonitrile in water; 50:50 v/v) and 

centrifuged (20,000 g; 5 min) prior to injecting an aliquot (40 µl) onto the LC column.  

5.2.2.5 Metabolism of the two-electron reduction product 

In order to study the metabolism of V, a 40 µM solution (50 ml) of the product of two-

electron reduction of PA-824 was concentrated by evaporation. The evaporated 

sample (final concentration 250 µM) was then incubated with purified Ddn enzyme (0.6 

µM) in the presence of glucose-6-phosphate (100 µM), cofactor F420 (20 µM) and co-

enzyme FGD1 (0.1 µM); or liver S9 (4 mg/ml) fortified with cofactors (NADPH and 

NADH, 1 mM each), in a final volume of 0.5 ml of 67 mM phosphate buffer, pH 7.4, at 

37°C. The incubations (n=3) were carried out as described in sections 3.2.4 and 

4.2.2.1. The samples were then analysed using the LC/MS conditions described in 

section 2.3.  

5.2.3 Structure elucidation 

5.2.3.1 MSn analysis 

Fragmentation analysis (MSn) was performed using Liquid Chromatography- Ion Trap 

mass spectrometer (LC-IT-MS) with capillary LC as described previously in section 

2.3.3.2. Briefly, separation was achieved on a Zorbax C18, 5 µm (0.5 x 150 mm) 

column using an Agilent 1100 system with a capillary pump, diode array detector and 

ion trap mass spectrometer. The mobile phase comprised (A) 10 mM ammonium 

formate (pH 3.5) and (B) 80% (v/v) acetonitrile in water. The chromatographic 

conditions were: 5% B increasing to 50% B at 0-17 minutes, followed by 60% B at 22–

30 minutes, then 40% B at 32-40 minutes and a further 5% B at 40-45 minutes at a 

flow rate of 15 µl/min. The metabolites were identified using an electrospray ionisation 

source with nitrogen as the drying gas (4.4 l/min) set at negative mode with auto 

MS(n). The following parameters were used: nebuliser pressure 12 psi, gas 

temperature 325°C, capillary voltage 4500 V and the mass/charge (m/z) ratio was 

scanned from 100 to 800. The auto MS(n) parameter enabled the ionisation and 

fragmentation of the metabolites. 
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5.2.3.2 NMR analysis 

NMR analysis was kindly provided by Dr Shannon Black (Auckland Cancer Society 

Research Centre, The University of Auckland, New Zealand). 1H NMR spectra were 

measured in CD3OD on a Bruker Avance 400 spectrometer at 400 MHz using 

tetramethylsilane (TMS) as the reference standard. Chemical shifts and coupling 

constants were recorded in units of parts per million (ppm) and Hertz (Hz), 

respectively.  

5.2.4 Statistical analysis 

Statistical analysis was performed using Student’s t-test using SigmaStat v3.5 (Systat 

Software Inc, San Jose, CA, USA). The test was run at the 95 percent confidence 

interval and P values <0.05 were considered significant. 

5.3 Results 

5.3.1 Mechanism for the formation of M5 

As previously described in chapter 4, a polar metabolite M5 (Rt 7.2 min, [M+H]+ 186.1 

m/z) was observed following incubation of PA-824 with liver S9. This metabolite was 

174 amu lower than the molecular mass of the parent compound which suggested loss 

of the trifluoromethoxy benzyl group as discussed in chapter 4. The proposed structure 

of M5 (Figure 5.2), was determined by co-elution with a synthetic standard ([M+H]+ 

186.0 m/z; λmax= 330 nm; section 4.3.1) containing a hydroxyl group at the C6 of the 

molecule. However, addition of hydroxyl group at C5 or C7 may also account for the 

same mass and potentially identical retention time.  

 
 
Figure 5.2 The proposed structure of metabolite M5. 
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In order to delineate the formation of M5, the metabolism of a number of PA-824 

analogues, kindly synthesized by Dr Brian D. Palmer, (Table 5.1) was studied.  

Table 5.1 Structures of PA-824 and analogues. 
 

Compound Structure Monoisotopic mass 
(amu) 

PA-824 

 

359.07 

SN 30376 

N

N

O

N
+

O

OCF3

O

O
- CH3

373.09 

SN 30385 387.10 

SN 30725 
 

388.06 

To discount hydroxylation at C7 position, the metabolic profiles of SN 30376 and 30385 

(Table 5.1), were determined. Following incubation with mouse liver S9, formation of 

polar metabolites with a loss of 174 amu compared with parent compounds were 

observed (7.43 ± 0.56 and 15.07 ± 0.65 x 106 peak area, respectively). These were 

assumed to be M5 analogues containing a mono- and di-methyl group, respectively 

(refer to Appendices I and II for details). Unfortunately, analogues containing 

substitutions at C5 could not be synthesized, and hence, hydroxylation at this position 

cannot be currently discounted.  

To determine the role of hydroxylation at the benzyl linker group, SN 30725, an 

analogue with a carbamate group replacing the benzyl linker side chain of PA-824 was 

studied. However, negligible amounts of M5 were observed. Moreover, incubation of 

SN 31432, an analogue of PA-824 which lacked the benzyl linker chain, did not form 

this metabolite (personal communication, Mr Vinod Kumar). Therefore, the probable 

site for the metabolic cleavage of PA-824 resulting in M5 is the benzyl linker side 

chain.  



Chapter 5....Metabolite Identification 
 

 98

5.3.2 Mechanism of M2 formation 

Metabolite M2, as described previously in chapter 4, had a distinctive UV spectrum 

(λmax 240 and 270 nm) and base peak of [M-H]- 376.3 m/z (Figure 4.2). Interestingly, 

formation of metabolite M2 was observed at t=0, prior to the initiation of incubation 

(Figure 4.4), as well as in the presence of denatured S9. To determine whether this 

was an iron-catalysed reaction due to the presence of liver haem, the ability of ferrous 

ions (Fe2+) to facilitate the formation of M2 was determined. Ferrous sulphate (1 M) 

was incubated with PA-824 (250 µM) at 37°C in the presence or absence of 

glutathione (1 mM). Extensive formation of metabolite M2 was observed (Figure 5.3a). 
This reaction required the presence of both Fe2+ and glutathione (Figure 5.3b). To 

confirm this mechanism, PA-824 (250 µM) was further incubated with denatured S9 (4 

mg/ml) in the presence of varying concentrations of an iron chelator, desferoxamine. 

Significantly lower levels (P<0.05) of M2 were observed following co-incubation with 

desferoxamine compared with the control sample (no desferoxamine) (Figure 5.3c). 
Hence, formation of M2 may continue to occur after termination of the incubation by a 

non-enzymatic iron (Fe2+) catalysed reaction due to liver haem. 

To determine whether ferrous ions in blood could also facilitate the formation of M2, 

PA-824 (250 µM) was incubated with whole blood in the presence or absence of 

desferoxamine. Again, formation of metabolite M2 was observed and the formation 

was significantly (P<0.05) decreased by co-incubation of increasing concentrations of 

desferoxamine (Figure 5.3d).  
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Figure 5.3 Formation of the metabolite M2. (a) Extracted ion chromatogram (negative mode) of 
M2 following 0.5 h incubation of PA-824 (250 µM) with ferrous sulphate (1 M) and glutathione 
(GSH, 1 mM). Insets show the UV and mass spectra of M2. (b) Proposed mechanism for the 
formation of M2. Relative levels of M2 following 0.5 h incubation of PA-824 (250 µM) with (c) 
mouse liver denatured S9 (4 mg/ml) and (d) rat blood in the presence of desferoxamine. 
Values are the mean ± S.D. peak area ratio (relative to internal standard, SN 31280) of 
triplicate incubations. A significant decrease (* P<0.05) in the levels of M2 was observed 
following co-incubation with desferoxamine compared with control without desferoxamine. 
 

M2 had a mass 18 amu higher than the parent compound. Addition of water (18 amu) 

to PA-824 may account for this increase in mass. The corresponding analogues of this 

metabolite (+18 amu) were also observed following incubation of SN 30376, SN 30385 

and SN 30725 with liver S9 (Table 5.2) (refer to Appendices I and II). 

Table 5.2 Formation of M2 (+18 amu) following incubation with mouse liver S9. 
 

Substrate 
M2 

 (peak area x106) 

PA-824 5.62 ± 1.19 

SN 30376 0.31 ± 0.06 

SN 30385 0.83 ± 0.07 

SN 30725 4.38 ± 0.43 

 
Values are the mean ± S.D. peak area of triplicate incubations.  
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Since addition of water to a saturated system is not possible, the oxazine ring and 

benzyl linker chain are unlikely sites for this hydration. Thus, addition of water must 

occur at either the imidazole moiety or the phenyl ring. Ion trap mass spectrometry 

was used to identify the possible site of water addition in metabolite M2. Using ion trap 

LC/MS (MSn) analysis in negative ion mode, metabolite M2 had a molecular ion of [M-

H]- 434.2 m/z, which is consistent with an adduct (+57.9) of the molecular ion [M-H]- 

376.3 m/z, previously observed by single quadrupole LC/MS (Figure 4.2). This +57.9 

amu adduct was only observed in negative mode and subsequent fragmentation of the 

adduct resulted in a MS2 at 376.1 m/z and a major fragment ion MS3 of 183.9 m/z 

(Figure 5.4). The mass of M2 was confirmed by the detection of a molecular ion peak 

of [M+H]+ 378.7 m/z in positive mode. Three additional ions were assigned as the 

NH4
+, Na+ and K+ adducts of M2. Subsequent fragmentations resulted in MS2 and MS3 

of 175.0 and 176.0 m/z, respectively. Addition of water at the phenyl ring would not be 

consistent with the masses of these fragments; therefore, hydration at the phenyl ring 

is unlikely. However, water addition at either C3 or C8a would account for both the 

observed mass and fragmentation pattern of M2 (Figure 5.4).  
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Figure 5.4 Elucidation of metabolite M2 using MSn analysis in (a) negative and (b) positive ion mode. 

(a) (b) 
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Further experiments were performed to isolate M2 for NMR analysis. However, the 

dried residue of the isolated product contained formate ions from the mobile phase (10 

mM ammonium formate, pH 3.5) which may interfere with NMR analysis. Therefore, 

an extraction method was developed to separate M2 from these ions (section 5.2.2.4). 

However, this approach was unsuccessful as this metabolite was unstable and 

degraded into two new unidentified peaks upon reconstitution with milli Q (Figure 5.5). 
Hence, NMR confirmation of this product could not be performed. 
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Figure 5.5 Chromatograms showing M2 after (a) fraction collection and (b) following 
evaporation and reconstitution in milli Q. M2 degraded to two unknown peaks (Rt 7.7 and 13.2 
min).  

 

5.3.3 Identification of M3  

In order to determine whether the proposed products of radiolytic reduction of PA-824 

(Figure 5.1) reported previously (Anderson et al., 2008) were similar to any of the 

uncharacterised metabolites observed both in vitro and in vivo, the metabolic profile of 

PA-824 was compared with the products of two- and four-electron reduction of this 

prodrug. 

The two-electron radiolytic reduction of PA-824 at pH 4.0 resulted in a major product 

(V) with a mass 2 amu higher than the parent compound (Table 5.3) with residual 

levels of PA-824 remaining in the solution. This was identical to the previously 

published data (Anderson et al., 2008). Using the conditions described in this previous 
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report, metabolite M3 formed in S9 incubations had an identical mass and co-eluted 

with this two-electron radiolytic reduction product (V) (Figure 5.6).  

Table 5.3 Products of radiolytic reduction of PA-824.  
 

Reduction PA-824 M1a (+5) M2 (+18) M3/ V (+2) M4 (+3) III 
pH 4.0 

2e- 7.2 0.0 0.0 76.0 0.0 0.0 

4e- 13.1 0.0 0.0 63.2 0.0 0.0 

pH 7.0 
2e- 16.5 0.2 0.4 5.8 0.4 5.1 

4e- 4.5 0.0 0.0 5.0 0.4 0.2 

pH 10.5 
2e- 34.2 2.8 3.6 12.0 0.2 10.8 

4e- 17.0 1.0 1.5 16.3 0.3 7.1 
 
Levels of products are shown as a percentage relative to the unirradiated PA-824 control 
sample. aThe mass difference (amu) between product and parent is shown in brackets. 
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Figure 5.6 Comparison of the M3 product formed by radiolysis with liver S9 incubation of PA-
824 using the HPLC conditions reported previously (Anderson et al., 2008). Extracted ion 
chromatograms of M1-M4 and PA-824 in positive and negative ion modes following (a) two-
electron radiolytic reduction of PA-824 at pH 10.5 and (b) incubation of PA-824 (250 µM) with 
liver S9 (4 mg/ml) fortified with cofactors (NADPH and NADH, 1 mM each). Insets show the UV 
and mass spectra of M3. As observed previously (Anderson et al., 2008), a minor peak (III; λmax 
241 and 308 nm) with a mass identical to PA-824 was detected following radiolytic reduction of 
PA-824, but not observed following liver S9 metabolism. 
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A minor product of radiolytic reduction, III (λmax 241 and 308 nm), with an identical 

mass to PA-824 was detected, as observed previously (Anderson et al., 2008). 

However, III was not observed following liver S9 metabolism. A small peak, X (Rt 10.9 

min), with the same mass as M3 ([M+H]+ 362.0 m/z) was observed in both liver S9 and 

radiolytically reduced PA-824 samples (Figure 5.6). Further radiolytic reduction did not 

result in the formation of any additional products, since M3 was also detected as the 

major product following four-electron reduction of PA-824. At pH 10.5, M1, M2 and M4 

were detected following both two- and four-electron radiolytic reduction of PA-824 
(Table 5.3). 

A product with a mass identical to M3 has also been proposed as a potential 

intermediate (A) in the Ddn-catalysed des-nitrification of PA-824 (Singh et al., 2008) 

(Figure 3.1). To determine whether M3 is indeed an intermediate in the des-

nitrification of PA-824, the two-electron radiolytic reduction (pH 4.0) product (V) of PA-

824 was incubated with either purified Ddn enzyme or liver S9 (section 5.2.2.5). The 

radiolytic sample used as substrate contained small amounts of PA-824 (Table 5.3). 
Formation of the des-nitro product (1) as well as M1 and M4 was observed following 

incubation with purified Ddn (Figure 5.7a). In contrast, incubation of the same material 

with liver S9 only resulted in the formation of M1 and M4 (Figure 5.7b). This suggests 

that Ddn may catalyse conversion of M3 to the des-nitro metabolite (1) but liver S9 

cannot undertake this reaction, since no des-nitro (1) is formed in liver with either PA-

824 or the two-electron radiolytic reduction product (containing V/ M3 and some PA-

824) as substrate. Interestingly, attempts to concentrate the radiolytic reduction 

product (M3) by evaporation led to degradation of M3 to M1 and M4 as well as an 

unknown product (Rt 21.9 min, [M-H]- 314.0 m/z) after 48 hours (Figure 5.8).  
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Figure 5.7 Extracted ion chromatograms showing the formation of metabolites 1 (des-nitro PA-
824), M1 and M4 following incubation of the two-electron radiolytic reduction product M3 (250 
µM) with either (a) purified Ddn enzyme (0.6 µM) or (b) liver S9 (4 mg/ml) fortified with 
appropriate cofactors/ coenzymes (Ddn: F420 and FGD1; Liver S9: NADPH and NADH). 
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Figure 5.8 Total ion chromatograms showing M3 formed following radiolytic reduction of PA-
824 at pH 4.0. (a) Unevaporated sample which contained small amounts of PA-824. (b) M3 
following evaporation. (c) Degradation of the evaporated M3 at ambient temperature after 48 h.  
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Following incubation of PA-824 analogues with liver S9, metabolites with the same 

characteristics as M1 and M4 were also formed (Table 5.4) (refer to Appendices I and 

II). A M3 derivative was the major product formed following metabolism of SN 30385, 

with levels approximately 10-fold higher than those observed with PA-824. In contrast, 

M3 was not detected with the carbamate analogue SN 30725. 

Table 5.4 Metabolic profiles of PA-824 and analogues following incubation with mouse liver S9. 
 

Conditions 
Metabolites (peak area x 106) 

M1a (+5) M3 (+2) M4 (+3) 

PA-824 

Normoxia 2.94 ± 2.23 1.86 ± 0.32 2.51 ± 0.33 

Hypoxia 1.83 ± 0.16 1.19 ± 0.11 1.09 ± 0.16 

SN 30376 

Normoxia 0.56 ± 0.02 1.82 ± 0.21 0.13 ± 0.00 

Hypoxia 0.35 ± 0.03 3.06 ± 0.31 0.16 ± 0.01 

SN 30385 

Normoxia 0.27 ± 0.01 21.42 ± 1.14 0.41 ± 0.01 

Hypoxia 0.17 ± 0.04 19.85 ± 0.96 0.48 ± 0.04 

SN 30725 

Normoxia 0.67 ± 0.04 N.D.b 3.96 ± 1.64 

Hypoxia 0.20 ± 0.02 N.D. 1.41 ± 0.71 

 
aThe mass difference (amu) between metabolite and parent substrate are shown in brackets. 
bnot detected. M1 and M4 were detected in the negative mode and M3 in positive ion mode. 
Values are the mean ± S.D. peak area of triplicate incubations.  

 

This high formation of a M3 analogue from SN 30385 allowed for its relatively easy 

detection using UV absorbance. The UV spectrum of this metabolite was identical to 

M3 (λmax 262 nm) formed from the radiolytic reduction of PA-824 (Figure 5.9). The 

proposed structure of M3 is shown (Figure 5.10), although hydride addition at C8a is 

also possible and cannot be discounted. 
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Figure 5.9 HPLC chromatogram showing the formation of M3 following incubation of SN 30385 
(250 µM) with liver S9 (4 mg/ml) fortified with cofactors (NADPH and NADH, 1 mM each). Inset 
shows the UV spectra of M3 and SN 30385.  
 
 

PA-824: X= CH2
SN 30385: X=C(CH3)2

M3

 
 
Figure 5.10 The proposed structure of M3.  
 

5.3.4 Identification of M1 and M4 

Metabolites M1 and M4 had masses 5 and 3 amu higher than the molecular mass of 

PA-824, respectively. These metabolites were observed at high levels in the 

cumulative 18 and 24 hours urine samples following an oral dose of PA-824 to CD-1 

mice. These urinary metabolites were separated by LC/MS and the eluted fractions 

containing these metabolites were collected. The fractions were then evaporated to 

dryness and resuspended in methanol for NMR analysis (section 5.2.3.2).  

The 1H NMR spectrum of M1 included peaks (c and d) associated with the 4-

(trifluoromethoxy)phenyl group (Figure 5.11). Moreover, doublets (f and f) associated 

with the loss of the nitro group were also observed for M1. However, four unknown 

peaks (g, h, i and j) were observed. These peaks were also observed in M4. However, 

no loss of the nitro group was observed with M4 as the doublets (f and f) were not 
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detected. Moreover, peak e resulting from the proton at the C3 position of the parent 

compound was not observed with M4, indicating possible substitution of the imidazole 

ring. One set of resonance peaks (c or d) corresponding to the 4-

(trifluoromethoxy)phenyl group also showed a significant downfield shift indicating a 

change in this group for M4. Importantly, the region between 1 and 4 ppm appeared to 

be similar for M1 and M4. The oxazine ring and benzyl linker side chain appeared to 

be changed in both these metabolites (Figure 5.11). 
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Figure 5.11 1H NMR spectra of authentic standards of (a) PA-824, (b) des-nitro PA-824 and 
metabolites (c) M1 and (d) M4. Chemical shifts (parts per million, ppm) are relative to 
tetramethylsilane (TMS) as the reference standard. The brackets [ ] indicate an unknown 
change in the structure and ? indicates an unknown group. The resonance peaks g, h, i and j 
are unassigned. Refer to Appendix I for details. 
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In order to confirm whether the metabolites M1 and M4 were stable following 

evaporation and resuspension in methanol for NMR analysis (section 5.2.3.2), the 

concentrated samples were reanalysed by LC/MS. Indeed, a number of new peaks 

were observed following evaporation of either M1 or M4 including two major unknown 

degradation products with retention times of 17.3 minutes for M1 and 19.7 minutes for 

M4 (Figures 5.12 and 5.13). Hence, the NMR analysis (Figure 5.11) was difficult to 

interpret as the spectra may result from a complex mixture and the structures of 

metabolites M1 and M4 could not be confirmed. 
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Figure 5.12 UV and mass chromatograms of M1 following (a) direct injection immediately after 
fraction collection and (b) resuspension in methanol following evaporation to dryness. 
Following evaporation, M1 degraded to several peaks including a major unknown product u/k 
(Rt 17.3 min) and also M4. Insets show the UV and mass spectra of the indicated peaks.  
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Figure 5.13 UV and mass chromatograms of M4 following (a) direct injection after fraction 
collection and (b) resuspension in methanol following evaporation to dryness. Following 
evaporation, M4 degraded to several peaks including a major product u/k (Rt 19.7 min) and 
minor amounts of M1. Insets show the UV and mass spectra of the indicated peaks.  
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5.3.5 Structure elucidation of A1 

Low levels of A1 (Rt 17.5 min; [M-H]- 663.0 m/z) were observed following incubation of 

PA-824 with liver S9 (Figure 4.6). Addition of glutathione at the end of the incubation 

increased the formation of A1. This metabolite had a mass 305 amu higher than PA-

824, indicating a possible glutathione adduct. MSn analysis was undertaken to confirm 

this. The MSn analysis of this adduct in negative mode indicated that the major 

fragment ions were 390.1 m/z and 272.0 m/z (Figure 5.14). The major fragment at 

390.1 m/z is likely to be derived from the cleavage of the sulfur-carbon bond of a 

glutathionyl moiety and the other fragment ion of 272.0 m/z is most likely derived from 

cleavage of the glutathionyl moiety and the parent compound (Figure 5.14). A small 

fragment ion at 534.0 m/z was also observed, corresponding to a loss of 129 amu and 

consistent with elimination of pyroglutamate. This fragmentation pattern has been 

previously reported to be characteristic of glutathione conjugates (Dieckhaus et al., 

2005). Therefore, the fragmentation pathway is consistent with A1 being a glutathione 

adduct of PA-824. Proposed adduct formation at the C3 position is shown (Figure 
5.14), however addition of glutathione at the oxazine ring, benzyl linker side chain or 

phenyl ring cannot be discounted.  

 
 
Figure 5.14 Elucidation of the identity of adduct A1 using MSn analysis in negative mode. 
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5.4 Discussion 

Previous reports have proposed the mechanism of PA-824 reduction as either an 

enzyme-catalysed hydride transfer to the imidazole ring (Singh et al., 2008); formation 

of a radical anion intermediate in the imidazole ring (Anderson et al., 2008); nitro 

radical formation (Bollo et al., 2004; Yanez et al., 2001); or nitroreduction to form the 

amino derivative (Anderson et al., 2008). It has been reported that the highest 

occupied molecular orbital (HOMO) population of the radical anion is higher at C3 on 

the imidazole ring than the N and O atoms of the nitro group, and therefore, this may 

be a preferred site for protonation or electrophilic attack (Anderson et al., 2008).  

The proposed structures and the mechanisms for the formation of the metabolites 

observed in these studies are shown in Figure 5.15. Four of the metabolites (M1-M4) 

appear to be products formed via imidazole ring reduction. The proposed structure of 

metabolite M3 is consistent with formation via enzymatic hydride transfer to the 

imidazole ring. This metabolite was described as a stable intermediate (A) in the 

formation of des-nitro PA-824 (1) (Figure 3.1) (Singh et al., 2008) and as a product (V) 

of radiolytic reduction of PA-824 (Figure 5.1) (Anderson et al., 2008). Two-electron 

reduction is required for the formation of this metabolite via transfer of a hydride to the 

imidazole ring and further protonation of the resulting nitronic acid (Singh et al., 2008). 

Although, hydride addition at C3 or C8a of the imidazole ring may occur, metabolism at 

C3 is proposed since this position is prone to protonation or electrophilic attack 

(Anderson et al., 2008).  

Purified Ddn enzyme, but not liver S9, could catalyse the formation of the des-nitro 

product (1) from M3. Incubation of M3 with liver S9 only resulted in the formation of M1 

and M4. Formation of des-nitro PA-824 from M3 is assumed to be due to elimination of 

nitrous acid (Singh et al., 2008). Since neither liver S9 nor M. smegmatis support the 

formation of the des-nitro product (1), this second step is also likely to be enzymatic in 

purified Ddn enzyme or M. tuberculosis. M1 and M4 were 3 and 1 amu higher than M3 
(364.0 and 362.0 amu versus 361.0 amu, respectively) and these metabolites appear 

to be the downstream products of M3. Some evidence from NMR analysis suggests 

that M1 and M4 have a number of similar structural features and are unstable. M4 

appears to include a product with substitution at the C3 position and M1 appears to 

include a product which undergoes des-nitrification. Whilst it is difficult to assign 

structures to these metabolites due to their instability, this may indicate that these are 

intermediates in the formation of the final des-nitro product (1).   
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Figure 5.15 Proposed pathways and proposed structures of PA-824 metabolism. 
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Metabolite M2 has been previously proposed following the radiolytic reduction of PA-

824 (Anderson et al., 2008). The current study has demonstrated that this metabolite 

can be formed by ferrous ion-catalysed reduction of PA-824. A similar mechanism may 

be involved in the background formation of M2 in incubations with denatured S9. The 

ferrous ions present within haem proteins have been reported previously to 

catalytically reduce compounds even under denaturing conditions (Carr et al., 2006). 

The superoxide anion generated during the oxidation of ferrous ions may react with 

water molecules resulting in the formation of hydroxyl ions. Thus M2 may result by the 

transfer of hydroxyl ions to the C3 position of the imidazole ring, via a mechanism 

similar to enzymatic hydride transfer. Moreover, hydroxylation of aromatic compounds 

has been shown previously in a ferrous ion and ascorbic acid system (Axelrod et al., 

1954; Brodie et al., 1954; Udenfriend et al., 1954). 

The polar metabolite M5, (6S)-2-nitro-6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazin-6-ol, is 

thought to be formed via an oxidative metabolic pathway followed by cleavage of the 

parent compound. Oxidation at the benzyl linker chain is proposed since this route was 

either negligible following incubation of analogue with carbamate substitution replacing 

the benzyl linker side chain or not observed with analogue lacking this side chain. 

However, this has to be confirmed further. 

An adduct A1 could result following a chemical addition of glutathione on the parent 

substrate. Although addition may occur at any part of the molecule, adduct formation 

at C3 is most likely since this position is prone to chemical attack. 

In summary, a number of approaches were undertaken to attempt the structural 

elucidation of the metabolites of PA-824 observed in both mycobacteria and the 

mouse. These included ion trap mass spectrometry and NMR analyses as well as 

comparison with synthetic and radiolytically produced compounds.  

Structures could be proposed for M5, (6S)-2-nitro-6,7-dihydro-5H-imidazo[2,1-

b][1,3]oxazin-6-ol; M2, (6S)-2-nitro-6-{[4-(trifluoromethoxy)benzyl]oxy}-2,3,6,7-

tetrahydro-5H-imidazo[2,1-b][1,3]oxazin-3-ol; and M3, (6S)-2-nitro-6-{[4-

(trifluoromethoxy)benzyl]oxy}-2,3,6,7-tetrahydro-5H-imidazo[2,1-b][1,3]oxazine. 

However, M1 and M4 remained difficult to assign.  
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The pathways and mechanisms for their formation are proposed as:  

a) hydroxylation of the benzyl linker chain followed by cleavage for M5;  

b) non-enzymatic ferrous-catalysed hydration at C3 for M2;  

c) enzymatic hydride transfer at C3 for M3;  

d) M3 appears to be an intermediate for the formation of the des-nitro metabolite (1) 

in M. tuberculosis; and  

e) M1 and M4 may also be products of M3.  

Since PA-824 is currently in clinical development for use in humans for the treatment 

of M. tuberculosis infection, it is important to understand the human liver metabolism of 

this prodrug and this is the aim of the next chapter. 
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6.1 Introduction 

The studies described in chapters 3 and 4 have demonstrated that PA-824 undergoes 

metabolism in both M. tuberculosis and mouse, with clear differences in the formation 

of the des-nitro metabolite between these species. Importantly, the in vitro metabolism 

of PA-824 with either purified enzyme from M. tuberculosis or liver preparations from 

mouse predicted the respective in vivo metabolic profile in the whole organism (Figure 
6.1). Although the safety, tolerability and pharmacokinetics of PA-824 have been 

reported recently in healthy volunteers (Ginsberg et al., 2009a; Ginsberg et al., 2009b) 

and pulmonary TB patients (Diacon et al., 2010), there have been no reports of the 

human metabolic profile of PA-824 to date. Crucially, it is not known whether the major 

des-nitro product (1) observed in M. tuberculosis can also be formed by human liver 

enzymes. 
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Figure 6.1 Predictability of the metabolic disposition of PA-824 in various species.  
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The studies outlined in this chapter investigate the in vitro metabolism of PA-824 in 

human liver S9 preparations and compare the metabolic profile with that observed in 

mouse (chapter 4) or M. tuberculosis (chapter 3). Additional studies in this chapter 

describe the metabolic profile of PA-824 analogues (SN 30725, SN 30376 and SN 

30385) following human liver metabolism in vitro compared with mouse liver S9. The 

primary aim of these studies was to determine whether human liver S9 metabolises 

these prodrugs in a similar manner to mouse, so as to predict the likely metabolic fate 

following administration of this drug to humans.  

6.2 Materials and Methods 

6.2.1 Materials 

All the drugs, reagents and solutions used were of analytical grade and their sources 

are detailed in sections 2.2.1, 3.2.1, 4.2.1 and 5.2.1. 

6.2.2 Human liver S9 metabolism of PA-824 

Human liver samples (HL 13, 14 and 17) were donated by three Caucasian individuals 

(see Appendix III for details). Ethical approval (98/040) from the Northern New 

Zealand Research Ethics Committee and written informed consent for liver tissues to 

be used for research were obtained. Histological examination of the resected livers 

confirmed the use of healthy tissues. The livers were stored at -80°C until required. 

Hepatic sub-cellular S9 fractions (9000 g post-mitochondrial supernatant), were 

prepared from human liver tissue homogenate (25% w/w) by differential centrifugation 

as described previously (section 4.2.2.1). The preparations were then pooled and the 

protein concentration was determined as described in section 4.2.2.1. 

Human hepatic S9 preparations (4 mg/ml) were incubated with cofactors (NADPH and 

NADH, 1 mM each) in a final volume of 0.5 ml of 67 mM phosphate buffer (pH 7.4) at 

37°C. The reaction was initiated by addition of the drug substrate (final concentration 5 

µM for metabolic stability or 250 µM for metabolite identification) dissolved in DMSO 

(final volume ≤ 2.5% v/v) following 3 minutes pre-incubation of the reaction mixture. 

The incubations were then performed in air (normoxia). To determine the effect of 

hypoxia, the incubation buffer was purged with nitrogen for 45 minutes and incubations 

were subsequently performed with sealed lids.  
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The samples were then extracted using either ice cold ethyl acetate (0.5 ml) for the 

determination of metabolic stability of PA-824 or ice cold acetonitrile containing 1 M 

HCl (90:10 v/v; 1.0 ml) for metabolic profiling. SN 31280 (final concentration 5.0 or 3.3 

µM, respectively) was added as the internal standard. The samples were then 

analysed using the conditions described previously in section 2.3.  

6.2.3 Statistical analysis 

Statistical analysis was performed using Student’s t-test using SigmaStat v3.5 (Systat 

Software Inc, San Jose, CA, USA). The test was run at the 95 percent confidence 

interval and P values <0.05 were considered significant. 

6.3 Results 

6.3.1 Metabolism of PA-824 

The metabolic stability of PA-824 (5 µM) was determined following incubation with 

pooled human liver S9 fortified with cofactors (NADPH and NADH) under both 

normoxia (air) and hypoxia (nitrogen atmosphere). Following a 1 hour incubation, up to 

17% of the drug was consumed (Figure 6.2). The metabolic consumption of PA-824 

was significantly higher (P<0.05) in human liver compared with mouse under hypoxia, 

however, the overall consumption was comparable between these two species.   
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Figure 6.2 Metabolic consumption of PA-824 (5 µM) following 1 h incubation with human, male 
or female mouse liver S9 (4 mg/ml) fortified with cofactors (NADPH and NADH, 1 mM each) 
under normoxia (air) and hypoxia (nitrogen atmosphere). Values are the mean ± S.D. of 
triplicate incubations. 
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Following a 0.5 hour incubation of PA-824 (250 µM) with pooled human liver S9, four 

metabolites (M1-M4) were detected (Figure 6.3), which were identical to those 

observed previously in either male or female mouse liver S9. The relative levels of 

metabolites in human liver S9 were similar to those observed in male mouse liver S9. 

However, metabolites M1, M2 and M3 were formed at significantly (P<0.05) lower 

amounts (up to 6-fold) in female mouse liver S9 compared with human liver. 

Metabolites M1-M4 were observed at similar levels in human liver S9 under both 

normoxia and hypoxia (data not shown). Human liver S9, similar to mouse liver, did 

not support the formation of the des-nitro product (1) or PA-824-amine.  
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Figure 6.3 Relative levels of the metabolites formed following a 0.5 h incubation of PA-824 
(250 µM) with human, male or female mouse liver S9 (4 mg/ml) fortified with cofactors (NADPH 
and NADH, 1 mM each) under normoxia. All the values are mean ± S.D. peak area ratio 
(relative to internal standard, SN 31280) of triplicate incubations. Significantly lower (* P<0.05) 
levels of metabolites M1 and M2 were observed in female mouse liver S9 compared with 
human liver S9. 
 

To compare the formation of the metabolites (M1-M4) in human liver S9 with the levels 

observed following incubation of PA-824 with purified Ddn enzyme, a longer (3 h) 

incubation of PA-824 with human liver S9 was undertaken. The relative levels of the 

metabolites formed in human liver S9 and Ddn enzyme are shown (Figure 6.4). Whilst 

no significant differences were observed in the levels of M1 and M3 in these two 

species, significantly lower (P<0.05) levels of M4 were observed with human liver S9 

compared with Ddn. In contrast, the levels of M2 were significantly higher (P<0.05) in 

human liver S9 compared with Ddn. 

* * 

* 
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Figure 6.4 Formation of the metabolites following a 3 h incubation of PA-824 (250 µM) with 
pooled human liver S9 (4 mg/ml) or purified Ddn enzyme fortified with appropriate cofactors 
(human liver S9: NADPH and NADH; Ddn: F420) under normoxia. Values are the mean ± S.D. 
peak area ratio (relative to internal standard, SN 31280) of triplicate incubations. Significant 
differences (* P<0.05) were observed in the levels of metabolites M2 and M4 in human liver S9 
compared with Ddn enzyme. 

 

Metabolite M2 was observed at t=0 prior to the start of incubation, as noted previously 

in mouse liver S9 (section 4.3.1). Consistent with mouse S9 (section 5.3.2), the 

presence of desferoxamine (7.5 mM) significantly (P<0.05) decreased human liver S9 

and human blood-dependent formation of this metabolite by 21.6 ± 4.3% and 45.7 ± 

6.4%, respectively. 

In order to determine whether cofactors could facilitate des-nitrification, PA-824 was 

incubated with either reduced cofactor F420 (F420H2) or NAD(P)H. Following a 0.5 hour 

incubation, the des-nitro metabolite (1) was not observed with either of the cofactors. 

Additionally, longer incubation (3 hours) with F420H2 did not result in des-nitrification. 

Moreover, following 0.5 hour incubation of PA-824 with human liver S9 in the presence 

of F420H2, des-nitrification was not observed. 

Low levels (<1 µM) of the polar oxidative metabolite M5, (6S)-2-nitro-6,7-dihydro-5H-

imidazo[2,1-b][1,3]oxazin-6-ol, were also observed following incubation of PA-824 (250 

µM) with increasing S9 concentrations (0-12 mg/ml) (Figure 6.5). No significant 

differences were observed in the levels of M5 in human liver compared with mouse 

liver (0.45 ± 0.05 versus 0.50 ± 0.10 µM, respectively) at the same S9 concentrations 

* 

* 
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(4 mg/ml). Notably, this polar metabolite was not observed following incubation with 

purified Ddn enzyme or M. tuberculosis. 
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Figure 6.5 Formation of the polar metabolite M5 following incubation of PA-824 (250 µM) with 
pooled human liver S9 (4 mg/ml) fortified with cofactors (NADPH and NADH, 1 mM each) 
under normoxia. Values are the mean ± S.D. of triplicate incubations. 

6.3.2 Metabolism of PA-824 analogues 

In order to determine whether human liver S9 preparations were capable of 

metabolising the analogues of PA-824 (Table 5.1) in a similar manner to mouse liver 

S9, the metabolic profiles of SN 30725, SN 30376 and SN 30385 were established in 

human liver S9. 

Following a 1 hour incubation of SN 30725 (5 µM) with either human or mouse liver S9 

(4 mg/ml) fortified with cofactors (NADPH and NADH, 1 mM each), up to 9.2 ± 5.7 and 

13.9 ± 2.3%, respectively, of the parent drug was consumed.  

Metabolism of SN 30725 (250 µM) by human liver S9 resulted in the formation of three 

metabolites with masses 5, 18 and 3 amu higher than the parent substrate, 

respectively (Table 6.1). These were identical to the metabolites formed in mouse and 

were previously tentatively identified in section 5.3, as analogues of the metabolites 

M1, M2 and M4 observed with PA-824. No metabolite (M3) with a mass 2 amu higher 

than the parent was observed in human liver S9, as was also noted for mouse liver S9.  
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Table 6.1 Comparative metabolic profiles of PA-824 and analogues following incubation with either human or mouse liver S9. 
 

Species 

Metabolites (peak area x 106) 

M1a (+5) M2 (+18) M3 (+2) M4 (+3) 

u/kb 

N

N

O

N+

RO

O-

H
OH

N

N

O

N+

R
H H

O

O-

u/k 

PA-824 

Mouse 2.94 ± 2.23 5.62 ± 1.19 1.86 ± 0.32 2.51 ± 0.33 

Human 2.30 ± 0.06 2.84 ± 0.02 0.49 ± 0.01 0.52 ± 0.04 

SN 30725 

Mouse 0.67 ± 0.04 4.38 ± 0.43 N. D.c 3.96 ± 1.64 

Human 0.47 ± 0.04 2.33 ± 0.01 N. D. 0.48 ± 0.04 

SN 30376 

Mouse 0.56 ± 0.02 0.31 ± 0.06 1.82 ± 0.21 0.13 ± 0.00 

Human 1.78 ± 0.16 1.57 ± 0.12 5.12 ± 0.72 0.41 ± 0.03 

SN 30385 

Mouse 0.27 ± 0.01 0.83 ± 0.07 21.42 ± 1.14 0.41 ± 0.01 

Human 0.58 ± 0.03 2.19 ± 0.10 31.60 ± 1.48 1.36 ± 0.10 
 
aThe mass difference (amu) between metabolite and parent substrate are shown in brackets. bunknown, cnot detected. M1, M2 and M4 were detected in the 
negative mode and M3 in positive mode. Values are the mean ± S.D. peak area (relative mass abundance) of triplicate incubations. The UV and mass 
spectra of the parent drugs and metabolites are included in Appendices I and II. 



 
Chapter 6....Human Liver S9 Metabolism of PA-824 

125 
 

Metabolism of SN 30376 and SN 30385 by human liver S9 resulted in four metabolites 

which were identified as the analogous equivalents of the metabolites M1-M4 
observed with PA-824. High levels of the analogue of metabolite M3 was observed 

following incubation of SN 30385, as previously noted for mouse liver S9. 

Similar to mouse liver S9, the corresponding analogues of the polar metabolite M5, 

formed subsequent to a loss of 174 amu from the parent substrates, were also 

detected following human liver S9 incubation of SN 30376 and SN 30385. High levels 

of this metabolite were observed with SN 30385 (11.34 ± 0.37 x 106 peak area) in 

comparison to the other substrates (PA-824: 0.50 ± 0.01 x 106 peak area and SN 

30376: 4.71 ± 0.34 x 106 peak area). However, negligible levels of M5 were observed 

with SN 30725, as predicted from the mouse studies. 

6.4 Discussion 

The results presented in this chapter have demonstrated that, similar to M. 

tuberculosis and mouse, PA-824 underwent metabolism in human liver S9. The 

metabolites formed (M1-M4) were the same as observed previously with either male or 

female mouse liver S9. Moreover the relative levels appeared to be broadly similar to 

male mouse. Most importantly, the des-nitro product (1) observed with purified Ddn 

enzyme or M. tuberculosis was not detected in human liver S9. Lack of des-nitrification 

of PA-824 thus appears to be a feature of mammalian liver, since the des-nitro product 

(1) was also not formed by mouse liver metabolism of the drug.  

The Ddn enzyme and reduced cofactor F420H2 are important for the des-nitrification of 

PA-824 (Singh et al., 2008). The reduced cofactor F420 (F420H2) has also been 

implicated in the reduction of NO2 to NO which may be selective to this cofactor as 

NAD(P)H could not effect this reduction (Purwantini & Mukhopadhyay, 2009). The 

results of this chapter have further confirmed that both Ddn enzyme and reduced 

cofactor F420H2 are essential for the des-nitrification of PA-824 as neither F420H2 nor 

NAD(P)H could catalyse this reaction.  

Formation of low levels of the polar metabolite M5 from PA-824, confirmed this to be a 

minor pathway in human liver S9, as also appears to be the case in the mouse in vitro 

and in vivo. Moreover, formation of M5 appears to be catalysed specifically by 

mammalian enzymes, since this metabolite was not observed with M. tuberculosis or 

M. smegmatis. 
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Although there are no current data available regarding human plasma metabolites of 

PA-824, the comparable metabolic disposition in human liver S9 and mouse liver S9 

suggest that the mouse in vivo metabolic profile may predict the metabolic profile in 

humans.  

Indeed the mouse may be a good preclinical species model to predict the metabolism 

of this class of compound, as the analogues of PA-824 were also metabolised by 

human liver S9 in a manner similar to mouse liver S9. However, small differences in 

the relative levels of metabolites were observed between these two species. Although 

the enzyme(s) responsible for the metabolism of PA-824 have not been elucidated, 

there are well documented differences in the expression and activity of xenobiotic 

metabolising enzymes between species (Martignoni et al., 2006) which may influence 

the disposition of drug in the two species.  

Although investigation of the metabolic profiles of the drug analogues was not a major 

focus of this project, rational drug design to increase the formation of des-nitro PA-824 

(1) in M. tuberculosis may be possible. Increased formation of M3, a precursor to the 

des-nitro product, was observed with the di-methyl substituted analogue (SN 30385) in 

human liver S9 compared with PA-824. In contrast, the carbamate analogue (SN 

30725) did not undergo metabolism to M3. If this pattern was confirmed following Ddn 

or M. tuberculosis incubation, and the increased formation of M3 resulted in increased 

des-nitrification, this could indicate that substitution at C7 may lead to a potentially 

more active analogue of PA-824.  

In contrast, relatively high levels of the corresponding alcohol metabolites (M5) with 

analogues SN 30376 and SN 30385 may indicate these to be better substrates for the 

metabolic enzymes catalysing this reaction. This increased metabolism may result in 

lower levels of the prodrugs available for activation by the target mycobacteria. 

Moreover, M5 has demonstrated genotoxicity in Ames Salmonella tester strain (TA 

100) with or without liver S9 activation (personal communication, Prof William A. 

Denny, Auckland Cancer Society Research Centre, The University of Auckland, New 

Zealand). Hence, formation of this metabolite may be potentially toxic to the host. 

To conclude, human liver S9 metabolism of PA-824 and analogues occurs in a similar 

manner as in mouse liver preparations, since the same metabolites were observed in 

these two species. Importantly, des-nitrification of PA-824 was not catalysed by human 

liver enzymes. Since the metabolites observed in mouse were similar both in vitro and 
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in vivo, this species may serve as a good preclinical model to predict the in vivo 

metabolism of PA-824 and analogues in humans. This may be important, since new 

analogues of PA-824 are currently under preclinical development at the Auckland 

Cancer Society Research Centre, the University of Auckland, New Zealand.  

So far the studies in this thesis have demonstrated that PA-824 undergoes metabolism 

in M. tuberculosis, mouse (in vitro and in vivo) and human liver S9. However, M. 

tuberculosis is an intracellular pathogen that resides within macrophages, the primary 

defence cells of the body. Thus, it is also important to understand the uptake and 

accumulation of PA-824 within these cells and this is the aim of the studies described 

in the next chapter. 
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7.1 Introduction 

M. tuberculosis is an obligate aerobe that infects phagocytes, including monocytes, 

macrophages and polymorphonuclear cells (PMN), which are the primary defence 

cells of the body (Porcelli & Jacobs, 2008). Phagocytes such as circulating monocytes 

differentiate into macrophages at the site of infection and can fuse to form giant cells 

during a granulomatous reaction (Dale et al., 2008). These cells engulf the 

mycobacteria but often cannot sterilise the infection and thus act as a sanctuary site 

for the intracellular M. tuberculosis. Therefore for an anti-TB drug to be effective, it 

must penetrate through the phagocytic membrane and reach adequate concentrations 

within the macrophages to act on the bacterium. Accumulation of anti-mycobacterial 

agents within phagocytes is thus imperative for their clinical efficacy.  

The intracellular accumulation of the current anti-TB agents, including the first-line 

drugs rifampicin and isoniazid, has been studied extensively in phagocytes such as 

macrophages (THP-1 cells) and PMN (Table 7.1). The relative accumulation of these 

drugs into phagocytes compared with extracellular media is highly variable. The 

cellular uptake of fluoroquinolones has also been well studied. Newer agents such as 

moxifloxacin have very high intracellular accumulation, with up to 45-fold intracellular 

versus extracellular ratio (IC/EC) compared with 1-fold uptake of isoniazid. This may 

relate to the lipid solubility of these drugs. Lipid soluble drugs such as rifampicin and 

isoniazid achieve rapid intracellular accumulation in PMN mainly due to simple 

solubility partition via an energy independent process (Prokesch & Hand, 1982). 

Similarly, the intracellular accumulation of moxifloxacin is rapid and mainly via passive 

mechanism, although a partial active transport process may also be involved (Paillard 

et al., 2002; Pascual et al., 1999). In contrast, little is known about the levels of 

intracellular accumulation of PA-824. The effect of pulsed exposure of THP-1 

macrophages infected with M. tuberculosis to PA-824 on effectiveness has been 

reported recently (Matsumoto et al., 2006). However, the intracellular drug 

concentrations achieved, and hence any mechanism for PA-824 uptake, is unknown. 
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Table 7.1 Intracellular accumulation of anti-TB drugs.   
 

Drug 
Intracellular versus extracellular ratio (IC/EC)    

log Da 
 

References Monocytes      
(THP-1 cells) 

Macrophages 
(activated THP-1 cells) PMN 

Rifampicin 18 - 2-10 -0.3 ± 1.0 
(Barcia-Macay et al., 2006; Carryn et al., 2003; Hand & 
Hand, 2001; Hoger et al., 1985; Koga, 1987; Prokesch & 
Hand, 1982) 

Isoniazid - - 1 -0.8 ± 1.0 (Koga, 1987; Labro, 1993; Prokesch & Hand, 1982) 

Ethambutol - - 5 -2.9 ± 1.0 (Prokesch & Hand, 1982) 

Ciprofloxacin 5 7 5-6 -0.3 ± 1.0 
(Barcia-Macay et al., 2006; Garcia et al., 1996; Hara et 
al., 2000; Mandell & Coleman, 2001; Pascual et al., 
1991) 

Levofloxacin 2-9 9 5-6 -0.2 ± 1.0 
(Barcia-Macay et al., 2006; Garcia et al., 1996; Hara et 
al., 2000; Mandell & Coleman, 2001; Nguyen et al., 
2006; Van de Velde et al., 2008; Vazifeh et al., 1999) 

Moxifloxacin 5-16 45 11-12  0.3 ± 1.0 (Barcia-Macay et al., 2006; Mandell & Coleman, 2001; 
Paillard et al., 2002; Pascual et al., 1999) 

 
alog D7.0 -The predicted value of Log D was obtained using the ACD/I-Lab Web service (ACD/LogD 8.02), Advanced Chemistry Development Inc., Toronto, 
Canada.
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The accumulation and bioavailability of an anti-TB drug are dependent on several 

factors including influx, metabolism, protein binding and efflux (Figure 7.1). These 

factors may influence the intracellular activity of the drug by altering the local 

concentrations that act on the target. Moreover, a combination of complex variables 

such as sub-cellular compartmentalization of the bacteria and drug, local physiological 

conditions, along with microbial and host interactions may affect the activity of a drug. 
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Drug 
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Binding
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Figure 7.1 Factors affecting the intracellular accumulation of an anti-TB drug. Circulating drug 
may enter the monocytes/ macrophages via an active or passive mechanism. Circulating cells 
may transport the drug to the granuloma, which contain the mycobacteria. Accumulation of 
drug in the macrophage may be influenced by influx, intracellular drug metabolism, non-specific 
binding and efflux. The pH of the sub-cellular compartment, phagosome, where the 
mycobacteria reside is 6.0. Modified from (Carryn et al., 2003) and (Russell, 2007). 

Efflux pumps such as ABCB1 (also known as P-glycoprotein, P-gp or MDR1) are 

known to affect the intracellular accumulation of anti-TB drugs including rifampicin and 

ethambutol (Hartkoorn et al., 2007). Other anti-TB drugs such as levofloxacin (Ito et 

al., 1997) and moxifloxacin (Brillault et al., 2009) are also substrates of this efflux 

pump. ABCB1 belongs to the ATP-binding cassette (ABC) superfamily of proteins that 

protect the cells by actively pumping out substrates such as toxins and xenobiotics 

from the intracellular to extracellular compartment (Figure 7.2). This process requires 

energy derived from the hydrolysis of ATP to pump the substrates against a 

concentration gradient. ABCB1 is normally expressed in organs such as lungs, gut, 

liver, kidney, brain, testis as well as placenta (Fromm, 2002) and affects the 
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disposition of a number of drugs (Dietrich et al., 2003; Glavinas et al., 2004; Marzolini 

et al., 2004). In addition, ABCB1 is found in PMN (Baccarani et al., 1993; Klimecki et 

al., 1994) and THP-1 cells (Ichibangase et al., 1998; Lemaire et al., 2007), thus, is 

implicated in the intracellular accumulation and activity of several drugs.  
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Intracellular

Plasma 
membrane

In
flu

x

Ef
flu

x

In
flu

x

ATPATP

(a) (b)Substrate

ABCB1

Substrate

 
 
Figure 7.2 Structure and function of ABCB1 (P-gp or MDR1) efflux pump. ABCB1 comprises of 
two identical halves of six transmembrane domains with an ATP binding motif. Following influx, 
a substrate may get effluxed (a) from the intracellular compartment and/ or (b) across the 
plasma membrane into the extracellular region via the ABCB1 transporter protein by energy 
derived from ATP. Adapted from (Marzolini et al., 2004) and (Raub, 2006). 

Although most of the drug uptake studies (Table 7.1) have been performed in PMN, 

mycobacteria mainly infect monocytes and macrophages. Thus, it is important to 

determine the intracellular concentrations of an anti-TB drug in monocytes and/or 

macrophages. THP-1 is a human monocytic cell line originally isolated from a child 

with acute leukemia (Tsuchiya et al., 1980). These monocytes differentiate into 

macrophage-like cells following incubation with activators such as phorbol 12-

myristate 13-acetate (PMA) (Rovera et al., 1979; Tsuchiya et al., 1982); 1, 25-

dihydroxyvitamin D3 (Schwende et al., 1996); retinoic acid (Chen & Ross, 2004) and 

cytokines including tumor necrosis factor-α and interferon- γ (Chen et al., 1996; Uchide 

& Toyoda, 2007). THP-1 monocytes and macrophages have been used extensively to 

study the uptake of various antibiotics including fluoroquinolones (Hall et al., 2003; Hall 

et al., 2004; Hara et al., 2000; Van de Velde et al., 2008), macrolides (Bosnar et al., 

2005; Hall et al., 2002; Ives et al., 2001), β-lactams (Barcia-Macay et al., 2006; Carryn 

et al., 2002) and ansamycins (Barcia-Macay et al., 2006).  
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Therefore, the aim of this study was to determine the accumulation and associated 

uptake mechanism(s) of PA-824 in THP-1 monocytes and macrophages.  

7.2 Materials and Methods 

7.2.1 Materials 

The human monocytic cell line THP-1 was kindly provided by Dr Fiona Radcliff 

(Department of Molecular Medicine and Pathology, Faculty of Medical and Health 

Sciences, University of Auckland, Auckland, New Zealand). Roswell Park Memorial 

Institute (RPMI) 1640 medium and fetal calf serum were obtained from Gibco, 

Invitrogen Corporation (New Zealand). Penicillin-streptomycin-glutamine (100 x) was 

procured from Invitrogen Corporation (New Zealand). PMA was obtained from Sigma 

Chemicals (USA) and Trypsin-ethylene diamine tetra acetate (EDTA) from SAFC 

Biosciences (USA). Trypan blue was procured from Gibco Invitrogen Corporation 

(New Zealand) and Giemsa stain from Sigma Diagnostics (USA). All other chemicals 

and reagents used and their sources are as detailed in section 2.2.1. 

7.2.2 Analytical method  

The analytical method for the determination of PA-824 concentration, described 

previously in section 2.3, was re-evaluated for specificity, linearity, accuracy and 

precision in culture media. Stock solutions (10 mM) of PA-824 and internal standard 

(SN 31280) were prepared in DMSO. Working standard solutions (0.5 mM) were 

obtained by further diluting the stock solutions with acetonitrile.  

In order to determine the extraction efficiency of PA-824 (0.75 µM) in the culture 

media, extractions were carried out using varying volumes of ethyl acetate (1:1 and 

1:2 v/v) at different temperatures (4 and -80°C) for 0.5 hour. Samples were centrifuged 

at 3500 g for 15 minutes. The supernatant was then evaporated to dryness and the 

residue resuspended in 100 µl of mobile phase (10 mM ammonium formate, pH 3.5, 

and 80% acetonitrile in water; 50:50 v/v). An aliquot (80 µl) was injected onto the LC 

column and analysed using the conditions described previously in section 2.3. 

Calibration samples were prepared by spiking known volumes of working standard 

solutions of PA-824 to achieve final concentrations of 0.1, 0.25, 0.5, 1.0, 5.0 and 10.0 

µM, with 5.0 µM (final concentration) internal standard in the culture media (500 µl). A 

calibration curve was constructed as a linear plot of peak area ratio of PA-824 with 
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respect to internal standard against concentration. Linearity was evaluated using linear 

regression analysis, which was calculated by the least square regression method. 

Limits of detection and quantification were determined at a signal-to-noise ratio of 3:1 

and 8:1, respectively. Intra-day accuracy and precision was determined by analysis of 

three concentrations (0.25, 5.0 and 10.0 µM) in culture media on the same day, while 

inter-day accuracy and precision were determined by analysis of the same 

concentrations on different days. The overall precision was determined by measuring 

relative standard deviation. Accuracy was determined by comparing the measured 

concentrations to their true concentrations.  

7.2.3 Cell culture 

THP-1 cells were grown in RPMI 1640 medium supplemented with heat-inactivated 

fetal calf serum (10%) and penicillin-streptomycin-glutamine (1%). The cultures were 

maintained at 37°C in a humidified atmosphere (95% air/ 5% carbon dioxide) as 

continuous suspension cultures and were sub-cultured at 1:10 ratio when the cell 

concentrations were 6-8 x 105 cell/ml. Cell viability was determined by the trypan blue 

exclusion method (Bhuyan et al., 1976). Briefly, the cells (15 µl) were stained with an 

equal volume of trypan blue (0.4%) and the cell count was measured using a 

hemocytometer. This method is based on the principle that live cells possess intact 

membranes that exclude certain dyes including trypan blue while dead cells do not. 

Therefore, viable cells appear transparent while non-viable cells are stained blue. 

7.2.4 Activation of monocytes to macrophages 

Monocytes (1 x 106 cell/ml) were washed and resuspended in fresh RPMI 1640 media 

containing fetal calf serum (10%) and penicillin-streptomycin-glutamine (1%). Cells 

were then incubated with 100 nM phorbol 12-myristate 13-acetate (PMA) in 12-well 

tissue culture plates for 72 hours at 37°C in a humidified atmosphere (95% air/ 5% 

carbon dioxide) to induce differentiation (Stokes & Doxsee, 1999). Differentiated cells 

were identified by changes in cell morphology using phase contrast microscopy and 

Giemsa staining as well as cell adherence to the underlying plastic substrate. Control 

samples were incubated with DMSO. For Giemsa staining, the cells were allowed to 

differentiate on coverslips in the 12-well plates and were stained with May-Grunwald 

and Giemsa stain. Briefly, the cells were air-dried and stained with modified Giemsa 

stain (0.4% w/v in buffered methanol solution, pH 6.9) for 1-2 minutes followed by 
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rinsing with deionised water and air drying of the stained cells. Cell viability was 

determined by exclusion of trypan blue stained cells.  

7.2.5 Uptake of PA-824 into monocytes and macrophages 

In order to study the cellular accumulation of PA-824, the intracellular and extracellular 

drug concentrations were determined in the lysed cells and media, respectively.  

Monocytes (3-8 x 105 cell/ml) were washed with pre-warmed phosphate buffered 

saline (PBS, 0.5 ml) and resuspended in fresh RPMI 1640 media containing fetal calf 

serum (10%). Cells (0.5 ml) were incubated with PA-824 (10 µM) in 12-well tissue 

culture plates at 37°C in a humidified atmosphere (95% air/ 5% carbon dioxide). The 

cell suspension was removed from the plate at specific times (0.25, 0.5, 1.0, 3.0 and 

5.0 h) and centrifuged (1500 g; 5 min) to pellet the cells. The supernatant media was 

removed into a clean tube and cell pellet was resuspended in PBS (0.5 ml). The 

supernatant media (extracellular drug) and PBS fraction containing cells (intracellular 

drug) were then extracted using ice-cold ethyl acetate (0.5 ml) and stored at 4°C for 

0.5 hour to lyse the cells. Internal standard (SN 31280, 5 µM) was added for 

quantitative analysis. The mixture was centrifuged (3500 g for 15 min at room 

temperature). The organic solvent was then transferred to a clean microfuge tube and 

evaporated to dryness. The dried residue was resuspended in 100 µl of mobile phase 

(10 mM ammonium formate, pH 3.5, and 80% acetonitrile in water; 50:50 v/v) and an 

aliquot (80 µl) was injected onto the LC column.  

THP-1 cells were pretreated with PMA to activate the cells as described above 

(section 7.2.4). Macrophages were exposed to PA-824 (10 µM) for 0.25, 0.5, 1.0, 3.0 

and 5.0 hours. At these time points media was removed into a clean tube and the 

adherent cells were detached using trypsin-EDTA (0.25%, 0.5 ml). The cell 

suspension was then transferred to a clean tube. The extracellular media and cells 

were treated with ice-cold ethyl acetate and stored at 4°C for 0.5 hour to lyse cells and 

extract the drug. Internal standard (SN 31280, final concentration 5 µM) was added for 

quantitative analysis and the analytical procedure was same as described above for 

monocytes. 

Intracellular concentrations of PA-824 were calculated based on cell number and 

volume. 
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7.2.6 Mechanism of drug uptake 

The mechanism of PA-824 uptake into the cells was studied using different incubation 

conditions. THP-1 monocytes or macrophages (3-8 x 105 cell/ml; 0.5 ml) were washed 

with pre-warmed PBS (0.5 ml). The cells were then either treated with 10% formalin 

(30 min) or were exposed to media pre-adjusted to pH 5.0, 7.0 or 9.0 by the addition of 

1 M HCl or NaOH to determine the effect of cell viability and extracellular pH on the 

cellular accumulation of PA-824, respectively. The cells were then incubated with PA-

824 (10 µM) in 12-well tissue culture plates at 37°C in a humidified atmosphere (95% 

air/ 5% carbon dioxide). To establish the effect of temperature, fresh RPMI 1640 

media containing 10% fetal calf serum was added to the cells and incubations were 

then performed at 4°C or 37°C. In order to determine the role of ABCB1 efflux pump 

on the uptake of PA-824, verapamil (1 to 100 µM), a known inhibitor, was co-incubated 

with PA-824. The samples were then processed as described above.  

7.2.7 Metabolism of PA-824 by monocytes and macrophages 

In order to determine the ability of cells to metabolise PA-824, THP-1 monocytes or 

macrophages (3-8 x 105 cell/ml; 0.5 ml) were washed with pre-warmed PBS (0.5 ml) 

and then fresh RPMI 1640 media containing 10% fetal calf serum was added to the 

cells in 12-well tissue culture plates. The reaction was initiated by the addition of PA-

824 (500 µM) to the media containing cells and incubations were performed at 37°C in 

a humidified atmosphere (95% air/ 5% carbon dioxide). Following 1 hour incubation, 

the drug and metabolites were extracted from the media containing cells using 

acidified acetonitrile (1.0 ml). Internal standard (SN 31280, final concentration 3.3 µM) 

was added for semi-quantitative analysis. For the analysis of the polar metabolite, M5, 

the reaction was terminated with acetonitrile (1.0 ml), evaporated to dryness, 

resuspended in ethyl acetate/methanol (0.5 ml; 80:20 v/v) and extracted by normal 

phase solid phase extraction. Internal standard (SN 30440, final concentration 3.3 µM) 

was added for quantitative analysis. Control samples containing media only were also 

incubated with PA-824 (500 µM). The extractions and analyses were then carried out 

as described previously in chapter 2 (section 2.3).  

7.2.8 Statistical analysis 

Statistical analysis was performed by Student’s t-test using SigmaStat v3.5 (Systat 

Software Inc, San Jose, CA, USA). The test was run at the 95 percent confidence 

interval and P values <0.05 were considered significant. 
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7.2.9 Log D and pKa calculations 

Log D and pKa values were calculated using the ACD/I-Lab Web services ACD/logD 

8.02 and ACD/pKa 8.03, respectively, Advanced Chemistry Development Inc., 

Toronto, Canada. 

7.3 Results 

7.3.1 Analytical method validation 

PA-824 (Rt 29.0 min) and the internal standard (SN 31280; Rt 32.0 min) were well 

resolved from each other and endogenous media peaks did not interfere with these 

analytes. An acceptable extraction efficiency for PA-824 was achieved with all the 

methods with the highest efficiency (80.4%) with ethyl acetate (1:1 v/v, 4°C). A typical 

calibration curve is shown in Figure 7.3 and quantification was linear over the range of 

0.25-10.0 µM. The limits of detection and quantification were 0.1 µM and 0.25 µM, 

respectively.  
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Figure 7.3 A calibration curve of PA-824 (0.25-10.0 µM) in culture media. Values are the mean 
± S.D. of triplicate samples. (y = 0.1052x + 0.0354; r2 = 0.998) 
 

Intra-day accuracy and precision were acceptable with relative recoveries and relative 

standard deviation between 100-103% and 1-2%, respectively. Similar results were 

obtained for inter-day accuracy and precision with relative recoveries and relative 

standard deviation of 99-105% and 2-6%, respectively (Table 7.2). Thus, the HPLC 

method was specific, linear and accurate for the quantitative analysis of PA-824 in 

culture media. 
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Table 7.2 Accuracy and precision of the analytical method for the quantification of PA-824.   
  

Concentration 
(µM) 

Accuracy (%) Precision (%) 

Intra-day Inter-day Intra-day Inter-day 

0.25 102.1 103.6 1.1 2.0 

5.0 100.0 104.8 1.7 6.3 

10.0 103.3 99.3 1.2 4.9 

Mean ± S.D. 101.8 ± 1.7 102.6 ± 2.9 1.3 ± 0.3 4.4 ± 2.2 

7.3.2 Toxicity studies 

To determine the concentrations of drug solvent (acetonitrile) and PA-824 that were 

not toxic to the cells over the incubation period, acetonitrile (0.1-10.0% v/v) and PA-

824 (10-5000 µM in 1% DMSO) were incubated with THP-1 monocytes. The cell count 

was determined using a hemocytometer following trypan blue staining as described 

above. Acetonitrile (0.1-1.0% v/v) did not result in direct cytotoxicity compared with 

control samples (no acetonitrile) following 1 hour incubation. While precipitation of PA-

824 was observed at concentrations of 1000 and 5000 µM, cell death was observed 

only at 5000 µM (Figure 7.4). The maximum plasma concentration (Cmax) of PA-824 

following a single dose of PA-824 (1500 mg) in healthy human subjects has been 

reported as 2.9 ± 0.5 µg/ml (or 8.1 µM) (Ginsberg et al., 2009b). Thus, the cellular 

accumulation of PA-824 was studied at a concentration of 10 µM using 1% v/v 

acetonitrile as the drug solvent since these concentrations were non-toxic for up to 5 

hours. 

PA-824 (µM)
0 10 100 1000 5000

0.0

0.5

1.0

1.5

2.0

2.5

Acetontrile (% v/v)
0 0.1 0.2 1 2 10

N
um

be
r o

f c
el

ls
 (x

 1
06 

ce
ll/

m
l)

0.0

0.5

1.0

1.5

2.0

2.5

(a) (b)

 
 
Figure 7.4 The number of viable THP-1 monocytes following 1 h incubation with (a) acetonitrile 
and (b) PA-824 at 37°C. Values are mean ± S.D. of triplicate incubations.  
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7.3.3 Activation of monocytes to macrophages 

To confirm that incubation with PMA differentiated THP-1 monocytes into a 

macrophage-like phenotype, the morphological features of differentiated cells were 

characterised by phase contrast microscopy and Giemsa staining. Following 72 hours 

incubation with PMA (100 nM), the cells became enlarged, flat, elongated and 

adherent compared with untreated THP-1 monocytes (Figure 7.5a).  

In addition, Giemsa staining showed that the differentiated cells had cytoplasmic 

vacuoles and reniform nuclei with distinct nucleoli compared with control cells (Figure 
7.5b). To determine the extent of adherence, the supernatant was removed and 

unattached cells were counted using a hemocytometer following trypan blue staining. 

Approximately 83% of the cells adhered to the plastic substrate. These results 

indicated differentiation of THP-1 monocytes into macrophages.  
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Figure 7.5 Activation of monocytes following incubation with 100 nM phorbol myristate acetate 
(PMA). Morphological changes of cells were studied using (a) phase contrast microscopy and 
(b) Giemsa staining. Following 72 h incubation with PMA, the cells became large, irregular, 
elongated and substrate adherent indicating differentiation. Giemsa staining showed 
cytoplasmic vacuoles and reniform nuclei with distinct nucleoli in the activated monocytes.  
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The adherent macrophages were detached from the plastic substrate following 

treatment with trypsin (0.25%) and the number of viable cells was determined using 

trypan blue staining. Following 5 minutes treatment, approximately 20% (1.6 ± 0.1 

versus 8.2 ± 2.6 x 105 cell/ml) of the cells were found to be viable. Since trypsin acts 

by modifying the cell membrane properties during the detachment of the adhered cells 

(Furcht & Wendelschafer-Crabb, 1978), this may underestimate the number of viable 

cells as trypan blue stain may permeate through the altered cells membranes. 

Therefore, the viable cell count was also determined using microscopy and after 

scraping the cells from the plate using a rubber cell scraper. Microscopy indicated 

approximately 22% (1.4 ± 0.3 versus 6.5 ± 1.1 x 105 cell/ml) cell viability. A slightly 

higher viability, approximately 28% (1.8 ± 0.2 versus 6.5 ± 1.1 x 105 cell/ml), was 

observed following cell scraping method. These results showed that trypsin treatment 

indeed resulted in a small under-estimation of the number of viable cells, and 

therefore, the cell scraping method was used for the determination of viability in 

subsequent experiments.  

7.3.4 Cell size and volume determinations  

In order to calculate the intracellular drug concentrations, the cell size and volume 

were determined using a Coulter counter analyser and also by microscopy using a 

calibrated eye-piece. The sizes obtained with the two techniques were similar (Table 
7.3). The diameter of macrophages was found to be larger than monocytes as 

reported previously (Tsuchiya et al., 1982; Tsuchiya et al., 1980). Therefore, volumes 

of 1520.0 ± 502.2 fl and 2104.0 ± 844.4 fl, as determined by the Coulter counter 

analyser, were used for the calculation of intracellular drug concentrations within the 

monocytes and macrophages, respectively.  

 
Table 7.3 Cell size determinations of THP-1 monocytes and macrophages using microscopy 
and Coulter counter analysis.  
 

 Microscopy (µm) Coulter counter (µm) 

Monocytes 10.4 ± 2.4 13.9 ± 1.5 

Macrophages 15.6 ± 1.8 15.6 ± 2.2 
 
Cells were grown at 37˚C and 5% carbon dioxide. Data are the mean ± S.D. of the diameter of 
triplicate samples. 
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7.3.5 Accumulation of PA-824 in monocytes and macrophages 

Following a 1 hour exposure, the intracellular accumulation ratio of PA-824 was high in 

both monocytes and macrophages (Table 7.4). The accumulation was approximately 

3-fold higher in the macrophages compared with monocytes (67.0 ± 47.7 versus 23.7 

± 2.6, respectively).  

The kinetics of accumulation was studied over 5 hours (Table 7.4). There was an 

initial rapid uptake into the cells with approximately more than 60% of the drug uptake 

occurring in the first 15 minutes of exposure. High variability in the intracellular uptake 

of PA-824 occurred between independent experiments, particularly A and B versus C 

and D for macrophages. The extracellular medium entrapped in the cell pellet may 

influence the drug uptake (IC/EC ratio). 

Table 7.4 Kinetics of intracellular accumulation of PA-824 in cells.  
 

  IC/ EC ratio 

 Expa 0.25 hb 0.5 h 1.0 h 3.0 h 5.0 h 

Monocytes 

A - - 21.3 ± 3.8 34.7 ± 10.8 - 

B 40.6 ± 15.3 42.3 ± 9.3 23.8 ± 7.1 33.9 ± 8.6 75.6 ± 26.9 

C 18.5 ± 4.6 5.5 ± 0.5 22.5 ± 7.4 14.4 ± 3.4 32.3 ± 12.5 

D 27.6 ± 1.4 - 27.3 ± 2.2 - - 

 Mean ± SD 28.9 ± 11.1 23.9 ± 26.0 23.7 ± 2.6 27.7 ± 11.5 54.0 ± 30.6 

Macrophages 

A 73.2 ± 10.0 - 109.9 ± 7.6 87.8 ± 1.4 92.3 ± 6.5 

B 95.7 ± 6.1 99.2 ± 7.4 106.5 ± 7.7 106.3 ± 
14.2 95.3 ± 5.3 

C 11.4 ± 4.2 19.3 ± 9.8 23.4 ± 2.1 22.8 ± 10.3 34.9 ± 8.0 

D 38.6 ± 2.0 - 28.1 ± 2.3 - - 

 Mean ± SD 54.7 ± 37.2 59.3 ± 56.5 67.0 ± 47.7 72.3 ± 43.9 74.2 ± 34.0 

 
PA-824 (10 µM) was incubated with the cells at 37°C. The drug concentrations were calculated 
based on the cell numbers and volumes (1520 fl and 2104 fl for monocytes and macrophages, 
respectively). Data are presented as mean ± S.D. of four experiments (A to D) with n=3 
samples in each experiment. aExperiment, bTime in hours. 
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7.3.6 Mechanism of PA-824 uptake in monocytes and macrophages 

To elucidate the possible mechanism of PA-824 uptake into monocytes and 

macrophages, the effect of different incubation conditions was studied. The uptake of 

PA-824 in the cells was determined at different incubation temperatures (4°C and 

37°C). The effect of cell viability on uptake was also studied using cells pre-treated 

with 10% formalin for 30 minutes. There were no significant differences in the uptake 

of PA-824 at low temperature or dead cells compared with control samples at 37°C in 

either monocytes or macrophages (Figure 7.6).  
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Figure 7.6 Effect of temperature and cell viability on the intracellular accumulation of PA-824 
(10 µM) following a 1 h incubation at 37°C. The drug concentrations were calculated based on 
the cell numbers and volumes (1520 fl and 2104 fl for monocytes and macrophages, 
respectively). Data are presented as mean ± S.D. of triplicate samples. 

 

The effect of different extracellular pH (5.0, 7.0 and 9.0) on the cellular accumulation of 

PA-824 was also determined. No significant differences were observed in the uptake 

of drug into monocytes at different pH, however, a significantly higher (P<0.05) 

accumulation of PA-824 was observed in the macrophages at pH 7.0 compared with 

pH 5.0 and 9.0 (Figure 7.7). 
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Figure 7.7 Effect of pH on the accumulation of PA-824 (10 µM) into cells following a 1 h 
incubation at 37°C. The drug concentrations were calculated based on the cell numbers and 
volumes (1520 fl and 2104 fl for monocytes and macrophages, respectively). Data are 
presented as mean ± S.D. of triplicate samples. Cellular accumulation is significantly higher (* 
P<0.05) at pH 7.0 compared with pH 5.0 and 9.0 in macrophages. 
 

To determine whether the efflux pump ABCB1 (P-gp) plays a role in the intracellular 

accumulation of PA-824, verapamil was co-incubated with PA-824. Increasing 

concentrations of verapamil did not influence the intracellular accumulation of PA-824 

in either monocytes or macrophages (Figure 7.8). 
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Figure 7.8 Effect of the ABCB1 inhibitor verapamil on the intracellular accumulation of PA-824 
(10 µM) following a 1 h incubation at 37°C. The drug concentrations were calculated based on 
the cell numbers and volumes (1520 fl and 2104 fl for monocytes and macrophages, 
respectively). Data are presented as mean ± S.D. of triplicate samples. 

*
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7.3.7 Metabolism of PA-824 by monocytes and macrophages 

In order to determine the intracellular accumulation ratio of PA-824 in monocytes and 

macrophages, drug concentrations were determined in the cell lysate (intracellular 

concentration) as well as media (extracellular concentration). However, the combined 

(intra plus extracellular) drug concentrations did not account for the initial incubated 

concentration of PA-824 (10 µM). Approximately 27% and 7% could not be accounted 

for following 1 hour incubation with monocytes and macrophages, respectively (Table 
7.5).  

Table 7.5 Total PA-824 (intra plus extracellular concentrations) recovered following incubation 
with cells. 
 

   PA-824 (µM) 

 Expa 0.25 hb 0.5 h 1.0 h 3.0 h 5.0 h 

Monocytes 

A - - 7.4 ± 0.2 7.5 ± 0.2 - 

B 7.7 ± 0.2 7.9 ± 0.3 7.6 ± 0.1 7.6 ± 0.3 6.6 ± 1.0 

C 6.1 ± 0.3 6.0 ± 0.2 6.1 ± 0.2 6.0 ± 0.1 6.1 ± 0.1 

D 8.8 ± 0.4 - 8.2 ± 0.1 - - 

 Mean ± SD 7.5 ± 1.4 7.0 ± 1.3 7.3 ± 0.9 7.0 ± 0.9 6.4 ± 0.4 

Macrophages 

A 9.9 ± 0.6 - 9.3 ± 0.2 9.3 ± 0.2 9.4 ± 0.1 

B 10.3 ± 0.1 10.2 ± 0.1 10.1 ± 0.1 9.9 ± 0.4 10.2 ± 0.2 

C 8.8 ± 0.1 9.7 ± 0.4 8.9 ± 0.1 9.7 ± 0.2 9.5 ± 0.1 

D 9.2 ± 0.2 - 8.9 ± 0.4 - - 

 Mean ± SD 9.6 ± 0.7 10.0 ± 0.4 9.3 ± 0.6 9.6 ± 0.3 9.7 ± 0.4 
 
PA-824 (10 µM) was incubated with the cells at 37°C. The drug concentrations were calculated 
based on the cell numbers and volumes (1520 fl and 2104 fl for monocytes and macrophages, 
respectively). Data are presented as mean ± S.D. of four experiments (A to D) with n=3 
samples in each experiment. aExperiment, bTime in hours. 

 

To determine if the unaccounted mass balance of PA-824 was due to metabolic 

consumption, further experiments were carried out to determine possible metabolite 

formation in these cells. To determine the known products of PA-824 metabolism, the 

metabolic profile of PA-824 (500 µM) was determined in the media containing cells. 

Interrogation of the LC/MS chromatograms compared with control (media only) 

indicated that there was no formation of the known metabolites (M1-M5, 1-3 or amino 

metabolites).  
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7.4 Discussion 

The effectiveness of an anti-TB drug depends on its ability to penetrate into the 

phagocytes, where the causative pathogen, M. tuberculosis, can reside. Following a 

single dose of PA-824 in healthy subjects, plasma concentrations of the drug were up 

to 200-fold greater than the MIC for drug sensitive (0.015 - 0.25 µg/ml) and drug 

resistant (0.03 - 0.53 µg/ml) strains of M. tuberculosis (Ginsberg et al., 2009b). 

Moreover, pharmacokinetic studies following once daily oral dose of PA-824 for 14 

days in TB patients indicated plasma concentrations higher than the MIC were 

achieved for the entire dosing period (Diacon et al., 2010). Plasma concentrations of 

PA-824 higher than the MIC were also observed in a guinea pig model of TB following 

an inhalation dose for up to 24 hours post dose (Garcia-Contreras et al., 2010). In this 

thesis, it has been demonstrated that PA-824 also reaches high concentrations in 

mouse lung tissue (351-fold higher than MIC) as well as plasma (211-fold higher than 

MIC) (chapter 4). Collectively, these data indicate that such plasma and tissue 

concentrations may be more than adequate to control TB infection. However, 

macrophages are often a sanctuary site for M. tuberculosis bacilli and treatment of this 

disease requires an agent that achieves high concentrations within the phagocytic 

system. To determine whether PA-824 accumulates in phagocytes, the THP-1 

monocytic cell line was used. Intracellular concentrations of PA-824 were measured 

and potential mechanisms of uptake assessed.   

Initial experiments confirmed that THP-1 monocytes differentiated into macrophages 

following activation with PMA as described previously (Rovera et al., 1979; Tsuchiya et 

al., 1982). Although only 30% of the activated THP-1 cells were viable post 

differentiation, this was consistent with earlier observations that only 34% cells were 

viable after 72 hours of PMA treatment (Reyes et al., 1999). PMA differentiates THP-1 

cells by the induction of the protein kinase C (PKC) enzyme (Reyes et al., 1999) and 

PKC is known to arrest the cell cycle at G0/G1 and G2 phase, which induces apoptosis 

in a time- and dose-dependent manner (O'Sullivan et al., 2009). Hence, although THP-

1 cells are differentiated, the number of viable cells declines. Viable cell number was 

determined in each experiment in order to calculate the intracellular drug 

concentration. Moreover, cell volume differs between monocytes and macrophages, 

and thus measured cell volume was also accounted for in order to calculate the drug 

concentrations within the cells.   
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After 1 hour exposure to PA-824, higher drug concentrations were observed in the cell 

lysate compared with extracellular media, indicating that there was drug uptake. 

Accumulation was 67-fold higher in macrophages compared with extracellular media. 

Previous studies of anti-TB drug accumulation in phagocytes (Table 7.1) indicate that 

compared with the current first line drugs such as rifampicin and isoniazid, there was 

greater intracellular accumulation of PA-824. This may be a reflection of the 

lipophilicity of these compounds. Lipophilicity (log D7.0) calculations indicate that PA-

824 is much more lipophilic (log D7.0= 3.1 ± 1.0) than either rifampicin or isoniazid 

(Table 7.1). The new anti-TB drug, moxifloxacin, also has relatively high accumulation 

in phagocytes and is also more lipophilic than rifampicin and isoniazid (Table 7.1). 
However, it is difficult to compare the intracellular accumulation of many of these 

compounds directly as different phagocytic models have been used, i.e. PMN, THP-1 

monocytes and/ or THP-1 (PMA activated) macrophages. Even with this caveat, it 

appears that PA-824 has suitable macrophage accumulation characteristics and may 

be able to target the bacilli in this sanctuary site. Further studies to determine the 

accumulation of other anti-TB drugs in THP-1 cells could be of value, since data may 

vary due to differences in the experimental procedures from current literature. 

Interestingly, there was a 3-fold higher accumulation in macrophages compared with 

monocytes. Both cell number and volume have been accounted for in the calculation 

of the intracellular concentration in both types of cells. Similar observations have been 

reported with moxifloxacin (Van de Velde et al., 2008). The cause of this difference is 

not known, although differences in the expression of drug transporters between these 

cells may exist following differentiation of the monocytes by PMA via PKC enzyme 

induction, as has been proposed previously (Van de Velde et al., 2008). Moreover, 

differences in the phagosomal and lysosomal compartments (Hall et al., 2003) or 

membrane structure (Hara et al., 2000; Tsuchiya et al., 1982) may influence 

intracellular concentrations. The sub-cellular compartment where PA-824 may 

accumulate was not evaluated. Therefore, further studies using radiolabelled PA-824 

should be carried out to determine the sub-cellular distribution of this drug, particularly, 

in the lysosomal compartment where M. tuberculosis resides. 

To determine whether uptake of PA-824 into the cells was passive or involved an 

active transport mechanism, the effect of temperature, cell viability and pH were 

determined. Similar levels of intracellular accumulation of PA-824 occurred at either 

4°C or 37°C and in non-viable formalin-treated cells. This indicates that PA-824 uptake 

is not likely to involve an active transport mechanism. Interestingly, there was a small 
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but significant pH-dependent increase in uptake into macrophages at pH 7.0 

compared with low and high pH. This effect was not observed in monocytes, although 

uptake was more variable in these cells. Although ionisation can affect the passive 

cellular uptake of a drug, PA-824 has a low dissociation constant pKa (-0.67 ± 0.40, 

calculated using ACD/I-Lab Web service, ACD/pKa 8.03) and thus ionisation of this 

drug is unlikely to be influenced by pH.  

Drug accumulation into the cells can also be influenced by drug efflux pumps such as 

ABCB1 (MDR1 or P-gp). Activated THP-1 cells have been previously reported to 

express ABCB1 (Hartkoorn et al., 2007) and a number of anti-TB drugs in current use 

such as rifampicin and ethambutol are substrates for this efflux pump (Hartkoorn et al., 

2007). To determine whether PA-824 is a substrate for ABCB1 and whether this efflux 

pump influences the accumulation of this drug in phagocytes, the effect of verapamil 

an inhibitor of ABCB1 on intracellular accumulation of PA-824 was determined. 

Verapamil had no effect on PA-824 concentrations in monocytes or macrophages 

indicating that PA-824 is probably not a substrate for ABCB1.  

Apart from the ABCB1 efflux pump, other drug transporter proteins may also play a 

role in the efflux of drugs. For example, the intracellular concentrations of the 

fluoroquinolones, ciprofloxacin and grepafloxacin, into THP-1 cells were decreased in 

the presence of sodium cyanide, a metabolic inhibitor, and adenosine, a competitive 

transport inhibitor (Hara et al., 2000). This decrease was attributed to the active 

transport of these drugs via a nucleoside transporter system. It is currently not known 

whether transport systems other than ABCB1 influence the accumulation of PA-824. 

Therefore, further studies using metabolic or transport inhibitors may provide 

additional evidence regarding the disposition of PA-824. 

Uptake of PA-824 into cells was also relatively rapid with high levels achieved in less 

than 15 minutes. Collectively, these results indicate that uptake of PA-824 into 

phagocytes is a passive process probably driven by highly lipophilic nature of this drug 

(log D= 3.1 ± 1.0; calculated using ACD/I-Lab Web service, ACD/LogD 8.02). 

Following uptake the intracellular activity of a drug can be further influenced by several 

factors, including metabolism and protein binding, which may result in inadequate local 

concentrations to act on the target. Following a 1 hour exposure of PA-824 to the cells, 

the total drug recovered (cells plus media) did not account for the total drug added to 

the incubation. However, no products of metabolism of PA-824 were detected. Non-
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covalent and/ or irreversible covalent protein binding of the drug or products cannot be 

discounted due to the lack of radiolabelled PA-824 for such studies.  

Crucially, PA-824 accumulates into phagocytes, a sanctuary site for the M. 

tuberculosis bacilli. The drug concentrations used in this study were similar to the 

plasma Cmax achieved after a single oral dose of PA-824 in humans. Using this 

concentration (10 µM ≡ 3.59 µg/ml), the intracellular concentrations achieved in 

macrophages were at least 4,200-fold higher than the MIC of PA-824 against M. 

tuberculosis (0.015 µg/ml ≡ 0.042 µM). Uptake of PA-824 appears to be rapid (<15 

min) and involves a passive uptake process probably driven by the highly lipophilic 

nature of this drug which is likely to be relatively unionised at physiological pH. PA-824 

may also have additional advantages over the other agents as it does not appear to be 

influenced by the ABCB1 (P-gp) efflux pump in THP-1 cells. 

In conclusion, PA-824 penetrated into the monocytes and macrophages reaching 

higher intracellular than extracellular concentrations. Uptake of this drug appeared to 

be a passive process with intracellular levels several times higher than its reported 

MIC. Thus, high intracellular uptake may augment the transport of PA-824 to the site 

of infection. 
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8.1 General Discussion 

With the emergence of multi- and extensively-drug resistant strains of M. tuberculosis, 

new anti-TB drugs are needed to decrease the current six to nine months ‘short’ 

therapy for effective treatment. A new drug should be rapidly acting, potent against 

both drug sensitive (active TB) and drug resistant (latent, MDR- and XDR-TB) bacteria 

and have minimal adverse effects. Since M. tuberculosis is an intracellular pathogen, 

the drug must also penetrate through the granulomatous lesions to reach adequate 

levels within macrophages, the cells that are infected by this mycobacterium.  

Amongst the several classes of new anti-TB drugs under clinical development, PA-

824, a bicyclic 4-nitroimidazole, has shown promising results in preclinical and clinical 

studies. This prodrug has good efficacy against both drug-sensitive (active TB) and 

drug-resistant (latent TB) M. tuberculosis (Stover et al., 2000). Although PA-824 is 

currently under clinical development, there is a limited literature regarding the 

mammalian disposition of this drug.  

Previous data indicates that this prodrug is activated by a Ddn enzyme from M. 

tuberculosis. This results in the formation of a des-nitro metabolite (1) and the 

concomitant release of nitric oxide which is responsible for the anti-mycobacterial 

activity of this prodrug (Singh et al., 2008). Electrochemical and radiolytic reduction 

studies have indicated imidazole ring as well as nitro group reduction of this compound 

(Anderson et al., 2008; Bollo et al., 2004; Yanez et al., 2001). However, there are no 

published reports regarding the in vitro or in vivo metabolism of this prodrug by 

mammalian enzymes. This is important since metabolic degradation and/ or 

bioactivation of a prodrug by host tissues may result in a decrease in the amount of 

drug reaching the target and/or normal host tissue toxicity. This thesis has studied the 

metabolism and disposition of PA-824 in mycobacteria (M. tuberculosis and M. 

smegmatis), mammals (mouse, in vitro and in vivo and human liver, in vitro) as well as 

phagocytes (THP-1 cells). 

In order to study the metabolism of PA-824, analytical methods to detect the parent 

drug and any potential metabolites were required. Since the identity of the possible 

metabolic products was not known, analytical methods were firstly developed and 

validated for the detection of the prodrug PA-824. Potential metabolites, such as PA-

824 amine, kindly synthesized by Dr Brian D. Palmer, were also utilised in the 
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optimisation of extraction procedures and chromatography. The analytical method was 

then used to interrogate the LC/MS chromatograms for formation of new products of 

PA-824 after incubation with purified Ddn enzyme, mycobacteria or mammalian liver 

S9. The metabolism of PA-824 by purified Ddn enzyme and M. tuberculosis resulted in 

the formation of the des-nitro product (1) as the major metabolite. This was consistent 

with a previous report (Singh et al., 2008). Importantly, the work in this thesis has 

demonstrated that this des-nitro metabolite was not observed with M. smegmatis, 

mouse (in vitro and in vivo) or human liver S9 (Table 8.1). This is the first study that 

has demonstrated species selective bioactivation of PA-824 by the target 

mycobacteria and not in mammalian systems. This may be important for the selective 

mechanism of action of this prodrug. 

The metabolism of PA-824 by M. tuberculosis requires the Ddn enzyme, cofactor F420 

and FGD1 (Singh et al., 2008). FGD1 reduces the cofactor F420 to F420H2 which is 

required in the activation of PA-824. Mammals lack these three components (Ddn, F420 

and FGD1) and hence may not be expected to produce the same metabolites of PA-

824 as M. tuberculosis. Although no des-nitro metabolite was observed in mammalian 

systems, an imidazole ring-reduced hydride metabolite, M3, was observed. This C3-

hydride was previously proposed as an intermediate (A) in the des-nitrification of PA-

824 (Singh et al., 2008). The ability to detect this metabolite in both mycobacteria and 

mammalian liver incubations suggests that imidazole ring reduction can occur in both 

taxonomic kingdoms albeit by different enzyme systems. 

The one-electron reduction potential, E(1), of compounds is often considered to be a 

controlling factor for enzymatic reduction. The E(1) of PA-824 has been determined as 

-534 ± 7 mV, which is relatively low and was predicted to restrict the range of enzymes 

that may reduce this compound (Anderson et al., 2008). The cofactor for mammalian 

drug metabolising enzymes, NAD(P)+ has a redox potential (-320 mV) similar to F420 (-

380 mV), the cofactor for the mycobacterial enzyme, Ddn. Hence, although mammals 

do not possess the cofactor F420 or Ddn, other enzyme systems may still be able to 

catalyse the ring reduction of PA-824, albeit with decreased turnover rate. 

Metabolites 2 and 3 were also specific to M. tuberculosis and were not observed with 

either mouse or human liver S9. Formation of these metabolites by M. tuberculosis 

was consistent with the earlier report (Singh et al., 2008). Interestingly, metabolites 2 

and 3, but not the des-nitro metabolite (1), were also observed in M. smegmatis, a 

mycobacterium that does not belong to the M. tuberculosis complex. Formation of 2 by 
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M. smegmatis should also result in the release of reactive nitrogen species. However, 

this process may not contribute significantly towards the activity of PA-824 against M. 

smegmatis, since PA-824 does not have activity against this mycobacterium (Stover et 

al., 2000). 

M. smegmatis, the non-pathogenic counterpart of M. tuberculosis, is often employed 

as a model to study anti-TB drugs. For example, the new anti-TB agent TMC-207, 

currently in phase II trial, was initially identified following screening in M. smegmatis 

(Andries et al., 2005). Despite the advantages of non-pathogenicity, low doubling 

times and ease of access, this mycobacterium differs significantly from M. tuberculosis 

in several aspects. These differences have also been demonstrated recently where a 

series of compounds were screened for activity against M. tuberculosis, M. bovis BCG 

and M. smegmatis (Altaf et al., 2010). The activity of the compounds against M. 

tuberculosis was more closely related to M. bovis BCG than with M. smegmatis (Altaf 

et al., 2010). The observations in this thesis that des-nitrification of PA-824 is only 

supported by M. tuberculosis, further highlight the differences in the sensitivities of 

these mycobacteria to anti-TB drugs.  

Similarly, PA-824 has no activity against M. leprae, another mycobacterium outside 

the M. tuberculosis complex (Stover et al., 2000). It has been demonstrated recently 

that M. leprae lacks the Rv3547 protein (Ddn enzyme) (Manjunatha et al., 2006a; 

Manjunatha et al., 2006b) necessary for the des-nitrification process. Thus, des-

nitrification of PA-824 is also not expected to occur in this mycobacterium, explaining 

the lack of activity of PA-824. However, this needs further confirmation and the assays 

developed in this thesis may have use in such studies.   

The closely related 4-nitroimidazole drug, OPC-67683, has potentially similar 

mechanisms of action as PA-824, namely, inhibition of mycolic acid synthesis and 

formation of reactive metabolites (Matsumoto et al., 2006). OPC-67683 has been 

shown to undergo des-nitrification in M. bovis BCG, however, no major metabolites 

were detected following incubation with liver microsomes (Matsumoto et al., 2006). 

Similar to this 4-nitroimidazole compound, des-nitrification of PA-824 also occurs in M. 

tuberculosis. Thus, these preliminary results suggest that not only the mechanisms of 

action, but the metabolic dispositions of OPC-67683 and PA-824 may be comparable. 

However, further studies are required to confirm this and lack of des-nitrification of 

OPC-67683 by mammalian enzymes should be tested using S9 as well as microsomal 

preparations. 
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Bioactivation of PA-824 by the target organism M. tuberculosis leads to the release of 

reactive nitrogen species including nitric oxide (NO) (Singh et al., 2008). NO is an 

important intracellular messenger which is present at low (nanomolar) concentrations 

in mammals and is implicated in neural activity, regulation of blood flow and infections. 

During infections such as TB, high (micromolar) concentrations of NO are produced 

within the macrophages via iNOS (MacMicking et al., 1997; Nicholson et al., 1996; 

Rich et al., 1997; Wang et al., 1998). Reaction between reactive nitrogen and oxygen 

species results in toxic products such as peroxynitrite (Nathan & Shiloh, 2000) which 

can play an important role in the mycobacterial killing.  

The reduction of nitrogen dioxide (NO2) to NO by the reduced cofactor F420 (F420H2) 

has been demonstrated previously and is thought to be a potential defence 

mechanism of the mycobacteria against NO2 (Purwantini & Mukhopadhyay, 2009). 

Moreover, such reduction was specific to F420H2 since NAD(P)H could not effect this 

conversion (Purwantini & Mukhopadhyay, 2009). 

First-line anti-TB drugs, such as isoniazid and rifampicin, may also result in the 

generation of NO. Isoniazid, a prodrug that is activated by a mycobacterial enzyme, 

KatG, acts in part by inhibiting the mycolic acid synthesis in the mycobacteria 

(Anonymous, 2008b; Timmins & Deretic, 2006). This prodrug has been recently 

demonstrated to undergo KatG catalysed oxidative activation resulting in the 

generation of nitric oxide radicals (Timmins & Deretic, 2006; Timmins et al., 2004a; 

Timmins et al., 2004b). Interestingly, rifampicin and isoniazid induced mammalian 

hepatotoxicity has been attributed to the high levels of nitric oxide generated (Saad et 

al., 2010). Thus, lack of des-nitrification of PA-824 by mammalian enzymes and 

selective bioactivation by the target mycobacterium may indicate a potential for lower 

toxicity of this drug compared with the current first-line drugs.  
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Table 8.1 Comparison of PA-824 reduction in various species. 
 

Reduction 

Electro-chemical  Mycobacteria Mammals 

Radiolysisa M. tuberculosis M. smegmatis Mouse Human 

In vitro In vitrob In vivo In vivo In vitroc In vivo In vitroc 

Des-nitrification No Yes Yes No No No No 

Nitro group Yes No No No No No No 

Imidazole ring Yes Yes Yes Yes Yes No Yes 

 
aData from (Anderson et al., 2008). bMetabolism of PA-824 following incubation with the deazaflavin dependent nitroreductase (Ddn) enzyme in the presence 
of reduced cofactor F420. cMetabolism of PA-824 in liver S9 preparations fortified with cofactors NADPH and NADH. 
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A number of nitro-aromatic drugs are known to undergo sequential six-electron 

reduction of the nitro group resulting in potentially toxic metabolites (Gu et al., 2010; 

Helsby et al., 2008; Tang et al., 2007; Tang et al., 2005). The 2-nitroimidazole, 

misonidazole, is metabolised to the corresponding amine product following rat liver 

incubation (Smith & Born, 1984). In contrast, the 5-nitroimidazole compound, 

metronidazole, has not been demonstrated to undergo reduction of the nitro group in 

mammals. However, the nitroaromatic drug CB 1954 has been demonstrated to 

undergo two- and four-electron nitroreduction (Tang et al., 2007; Tang et al., 2005). 

Such nitroreduction resulted in host tissue toxicity including hepatotoxicity (Tang et al., 

2007). Therefore, it was important to determine whether PA-824 could also undergo 

nitroreduction by mammalian enzymes. The initial step of nitroreduction in 

nitroaromatic compounds can be catalysed by either two-electron oxygen insensitive 

(type I) reductases resulting in a nitroso derivative or one-electron reduction by oxygen 

sensitive (type II) reductases leading to an unstable radical anion (Figure 1.4). In the 

presence of oxygen, the radical anion may undergo futile cycling resulting in the 

regeneration of the parent drug and formation of reactive oxygen species such as 

superoxide anion. Interestingly, the progenitor compound metronidazole, a 5-

nitroimidazole, did not undergo nitroreduction following incubation with human liver 

microsomes (Loft et al., 1991), however, radical anion formation and superoxide 

formation were observed with rat liver microsomes (Perez-Reyes et al., 1980).  

There was no evidence of nitroreduction of PA-824 in the studies described within this 

thesis as there was no apparent formation of the six-electron reduction product, PA-

824 amine, in either mycobacterial or mammalian metabolism of PA-824 despite this 

being reported following electro-chemical and radiolytic reduction studies (Table 8.1) 
(Anderson et al., 2008; Bollo et al., 2004). However, this amine compound was found 

to be unstable at neutral or basic conditions. Hence, even if formed it may not be 

detectable at mammalian physiological conditions (pH 7.4). The relative instability of 

aminoimidazole compounds has been reported previously (Kochergin et al., 1965; 

Weidenhagen & Herrmann, 1935). This pH instability may account for the different 

profiles of PA-824 products observed between radiolytic reduction studies and 

biological systems. 

The potentially toxic reduction products of nitro-containing drugs may react with 

cellular thiol groups resulting in a depletion of non-protein thiols such as glutathione 

(Edwards, 1986). For example, the hydroxylamine derivative of the 2-nitroimidazole 

misonidazole forms a glutathione adduct (Varghese, 1983). The nitro-aromatic CB 
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1954 is also known to form thiol conjugates in vivo leading to depletion of the hepatic 

glutathione in mice (Tang et al., 2007). Additionally, redox cycling between the parent 

nitro compound and radical anion or hydroxylamine and nitroso derivatives may 

deplete the cellular thiols via superoxide generation leading to host tissue toxicity. 

Such glutathione conjugation may occur enzymatically via glutathione-S-transferase or 

non-enzymatically following reaction with reactive electrophiles (Dickinson & Forman, 

2002). Low levels of a glutathione adduct of the parent 4-nitroimidazole PA-824, A1, 

were observed with mouse liver S9 (in vitro). Whether this adduct was formed 

subsequent to nitro radical anion formation is unclear, although A1 was not observed 

in vivo and hence may have little biological importance. 

Apart from reduction of the nitro group, nitroimidazole compounds are also postulated 

to undergo reduction of the imidazole moiety resulting in the formation of an imidazole 

radical anion and nitrite (Edwards, 1993). Indeed, reduction of the imidazole ring in 

preference to the nitro group has been demonstrated following radiolytic reduction of 

PA-824 (Anderson et al., 2008) (Table 8.1). Such reduction of the imidazole moiety 

was also proposed in the mycobacterial metabolism of PA-824 (Singh et al., 2008). 

This has been confirmed further in this thesis in both mycobacteria and mammalian 

liver S9. Reduction may occur preferentially at C3 of the imidazole ring rather than the 

nitro group. Indeed, density functional theory calculations have demonstrated that the 

HOMO population on the one-electron reduced species is slightly higher on the C3 of 

the imidazole ring compared with N and O atoms of the nitro group (Anderson et al., 

2008). This high electron density makes C3 a likely site for protonation or electrophilic 

attack (Anderson et al., 2008). Formation of M3, (6S)-2-nitro-6-{[4-

(trifluoromethoxy)benzyl]oxy}-2,3,6,7-tetrahydro-5H-imidazo[2,1-b][1,3]oxazine, may 

occur via hydride transfer from F420H2 (Singh et al., 2008) or NAD(P)H (this thesis) to 

the C3 position of the imidazole ring followed by protonation. It is currently not known 

whether the nitro radical anion of this prodrug is formed by mammalian enzymes. This 

would require electron spin resonance measurements of PA-824 following incubation 

with liver preparations and could be the focus of further studies. 

The reduction of PA-824 may occur via an enzyme catalysed hydride transfer to C3 of 

the imidazole ring of the molecule resulting in M3. This intermediate product is 

presumed to then form the des-nitro product (1) via elimination of nitrous acid in M. 

tuberculosis (Singh et al., 2008). Although M3 is formed by M. smegmatis, mouse and 

human liver S9, these species do not support the formation of the des-nitro compound 
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(1). This suggests that this second step with elimination of nitrous acid may be 

enzymatic in M. tuberculosis.  

Incubations of M3 with purified Ddn or liver S9 resulted in the formation of two 

unidentified metabolites M1 and M4, suggesting that these are further metabolic 

products of M3. The former were also products of PA-824 metabolism in M. 

tuberculosis, M. smegmatis, mouse or human liver S9. However, M3 was not observed 

in mouse in vivo. Since very low levels of this metabolite were observed in vitro, a lack 

of formation in mouse in vivo may either indicate levels below the limit of detection or 

further metabolism to the proposed end-products M1 and M4. Indeed, high levels of 

metabolites M1 and M4 were observed in cumulative urine following an oral dose of 

PA-824 to mouse, indicating these to be major stable end-products of PA-824 in vivo 

metabolism. Whilst the structures of these metabolites could not be confirmed due to 

instability on purification, some evidence suggests that these may be intermediates in 

the formation of the des-nitro metabolite. Further structural elucidation using additional 

techniques such as LC/NMR may confirm this.  

The ferrous catalysed metabolism of PA-824 via a non-enzymatic reaction resulted in 

a C3-hydrated metabolite M2. Relatively higher levels of this metabolite were observed 

in mouse and human liver S9 compared with purified Ddn enzyme, M. tuberculosis or 

M. smegmatis. These differences could be due to the high levels of iron in liver S9 

preparations since excess body iron is stored in the liver (Bacon & Britton, 1989). 

Interestingly, levels of this metabolite decreased with time in human liver S9 as also 

observed with mouse liver compared with the 0 h controls. This could be due to the 

release of bound iron from the S9 preparations following termination of the 

incubations, resulting in higher levels of M2 at t=0 compared with later time-points. 

Since mycobacteria sequester iron for growth, it may be of interest to determine the 

formation of M2 under different iron levels in the mycobacterial cultures.  

Addition of ascorbic acid or glutathione to the incubation mixture resulted in increased 

detection of this hydrated compound in both mouse and human liver S9. The hydroxyl 

ions, from the superoxide ions, generated during the oxidation of ferrous to ferric ions 

are likely to result in the formation of M2. Both these reagents may reduce ferric ions 

(Fe3+) back to the ferrous (Fe2+) state, thus facilitating the cyclic oxidation-reduction 

process resulting in higher formation of M2. Indeed, certain aromatic compounds are 

known to undergo hydroxylation in the presence of ferrous ion and ascorbic acid 

(Axelrod et al., 1954; Brodie et al., 1954; Udenfriend et al., 1954). Importantly, 
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relatively low levels of M2 were observed in vivo, and hence, this metabolite may not 

be important in the in vivo disposition of PA-824.  

Since reduction potential is considered to be a controlling factor for enzymatic 

reduction of compounds, the relatively low reduction potential of PA-824 (E(1) -534 ± 7 

mV) was assumed to restrict the range of enzymes that could potentially reduce this 

compound (Anderson et al., 2008). However, it has been clearly demonstrated that 

PA-824 undergoes reduction to form a number of metabolites in mouse and human 

liver S9 using NAD(P)H as cofactor. It should be noted that the 9000 g supernatant 

(S9) of human liver homogenate (25%) was used in these studies. This sub-cellular 

fraction contains a number of reductive enzymes found in the cytosolic as well as the 

microsomal fraction of hepatocytes. Thus, the use of microsomal preparations rather 

than S9 may underestimate the ability of human liver to reduce this class of 

nitroimidazole compounds. Further studies to investigate this are warranted.  

The enzyme(s) responsible for the metabolism of PA-824 have not yet been identified, 

but as noted earlier the redox potential of NAD(P)+ is -320 mV, similar to that of F420 (-

380 mV), the cofactor for the mycobacterial Ddn enzyme. Although one-electron 

reduction of a 4-nitroimidazole compound by a partially purified oxygen sensitive 

hydrogenase 1 from Clostridium pasteurianum has been reported previously (Church 

et al., 1990), the author of this thesis could not find any published reports regarding 

the reduction of any 4-nitroimidazole compounds, including PA-824, by human liver. 

The analytical method employed in the mycobacterial metabolism studies of PA-824 

reported previously utilised only positive ion mode mass spectrometry (Singh et al., 

2008). However, several new products were observed in the negative ion mode 

following metabolism of this prodrug in mycobacteria as described in this thesis. Thus, 

these results highlight the role of using both positive and negative ion modes for the 

complete metabolite profiling of drugs.  

Apart from reductive metabolites, a polar oxidative metabolite M5 of PA-824 was also 

observed following cleavage of the benzyl linker side chain. This metabolite appears to 

be a minor product of PA-824 metabolism in mammals since low levels (<1% of the 

administered drug) were observed in urine. Importantly, formation of this metabolite is 

mammalian specific as M5 was not observed with either M. tuberculosis or M. 

smegmatis.  
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The 5-nitroimidazole, metronidazole, and its major hydroxy metabolite are mutagenic 

in bacterial systems, (Connor et al., 1977), and the acetamide product has also been 

shown to be a carcinogen in rats and mice (Fleischman et al., 1980). However, there is 

limited bioactivation of metronidazole in human liver microsomes and this may limit its 

potential to cause mutagenicity or carcinogenicity in humans. Whether this is the case 

is still unclear (Barry et al., 2004; Bendesky et al., 2002). Although the International 

Agency for Research on Cancer has declared metronidazole to be an animal 

carcinogen, it was concluded that there was not enough evidence to assign it to be a 

human carcinogen. Although the ability of gut micro-flora to activate metronidazole 

may lead to a potential for generation of a mutagen in humans, the widespread use of 

this drug in humans including pregnant women indicates that this drug is safe and 

well-tolerated.  

Although metronidazole (Legator et al., 1975) and CGI-17341 are mutagenic 

(Showalter & Denny, 2008), PA-824 is not a direct mutagen (Ma & Lienhardt, 2009). 

M5, the oxidative metabolite of PA-824, does not have any anti-mycobacterial activity 

(Kim et al., 2009), however, it has been demonstrated to be a genotoxin in Ames 

Salmonella strain (TA 100) with or without liver S9 activation (personal communication, 

Prof William A. Denny). Therefore, the in vivo formation of this metabolite (peak 

plasma concentrations of 0.33 µg/ml in CD-1 mouse following an oral dose of 40 

mg/kg PA-824) may indicate a potential for genotoxicity. This may be important since 

low levels of M5 have been observed in humans following an oral dose of PA-824 

(personal communication, Dr Ngozi Erondu, TB Alliance). However, the safety and 

tolerability of PA-824 in human volunteers (Ginsberg et al., 2009a; Ginsberg et al., 

2009b) and TB patients (Diacon et al., 2010) indicate that this potentially toxic 

metabolite may not have any immediate severe effects. It should, however, be noted 

that these studies were carried out for a relatively short period (up to 14 days). The 

current first-line TB regimen for the treatment of drug-sensitive strains comprising of 

rifampicin, isoniazid, pyrazinamide and ethambutol is for at least 6 months. If PA-824 

replaces any of these first-line drugs, a long-term dosing will be required. Therefore, 

long-term studies may be necessary to determine the genotoxic potential of PA-824 

and metabolite M5 in humans in vivo. Whether M5 is a substrate for E. coli 

nitroreductase and bioactivated to a mutagen in the gut is not known, and this could be 

the subject of further studies. In order to mitigate the formation of this metabolite, an 

analogue development programme is currently underway at the Auckland Cancer 

Society Research Centre, University of Auckland, New Zealand. 
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The pharmacokinetics of PA-824 have been previously studied in various uninfected 

and infected animal models as well as humans (Table 8.2). Whilst the maximum 

plasma concentrations (Cmax) varied with the dose administered, the time (tmax) to 

achieve maximum plasma concentrations was between 4 to 5 hours. In this thesis, the 

plasma concentrations of the parent drug at 4 hours following an oral dose of PA-824 

(40 mg/kg) to CD-1 male mouse were 3.2 ± 0.2 µg/ml. These concentrations were 

similar to those observed previously at the same dose (Table 8.2).  

Table 8.2 Peak plasma concentrations following administration of PA-824.  
 

Mammal Gender 
Dose 
(mg/kg) 

Cmax 
(µg/ml) 

Reference 

Uninfected 

CD-1 mouse female 40a 5.3 (personal communication, 
Prof William A. Denny) 

Guinea pig  male 40a ~4.3 (Sung et al., 2009) 

Guinea pig  male 40b ~3.5 (Sung et al., 2009) 

BALB/c 
mouse female 54a ~15.0 (Ahmad et al., 2010b) 

Humans male 50 to 1500 mga 0.3 ± 0.1 to 2.9 ± 0.5 (Ginsberg et al., 2009b) 

Infected 

BALB/c 
mouse female 100a 21.4 ± 5.7 (Nuermberger et al., 2006) 

Guinea pig  male 9.7b,c ~0.6 (Garcia-Contreras et al., 
2010) 

 
aoral administration; bpulmonary route; cdetermined by the ratio of AUC for pulmonary and 
intravenous administration (Garcia-Contreras et al., 2010).  

In this thesis, the concentrations of PA-824 in the lung tissue were found to be 5.3 ± 

0.3 µg/ml. Moreover, studies indicated a relatively low in vitro or in vivo metabolism of 

PA-824 in the lung compared with liver tissue. Since lungs are the primary site of 

pulmonary TB, PA-824 administered via the pulmonary route may result in constant 

levels at the site of action with little degradation, as also observed previously (Sung et 

al., 2009). The tissue levels of this prodrug following administration to humans have 

not been reported yet. Therefore, future studies to determine the relative levels of PA-

824, along with the metabolites, in various tissues may be useful in selecting and 

confirming suitable routes for the administration of PA-824. 

With the aim of developing better analogues with improved properties such as potent 

anti-mycobacterial activity, improved solubility, high metabolic stability and excellent 
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pharmacokinetics, second-generation analogues of PA-824 are currently being 

developed at the Auckland Cancer Society Research Centre, University of Auckland, 

New Zealand. Some of these analogues were employed in this thesis to aid the 

identification and determine the mechanisms for the formation of metabolites of PA-

824. These analogues had different patterns of metabolite formation. For example, 

increased levels of the analogous imidazole ring reduction product M3 and oxidative 

metabolite M5 were observed with the di-methyl analogue SN 30385 compared with 

PA-824. In contrast, the corresponding imidazole ring reduction product M3 was not 

observed with SN 30725, an analogue with a carbamate linker side chain. Formation 

of the imidazole ring reduced product has been demonstrated to be an indicator for the 

activity of these compounds against M. tuberculosis (Thompson et al., 2009). 

Therefore, an increased formation of M3 may result in a higher activity while low levels 

may indicate relative inactivity of these compounds. Additionally, high levels of the 

analogous oxidative metabolite M5 of SN 30385 may indicate an increased risk of 

genotoxicity. Further studies to confirm these observations as predictors of the 

structure activity relationship of these analogues would be of interest. Moreover, the 

assays used in this thesis can be further optimised to study the des-nitrification of PA-

824 analogues. 

Qualitatively, the metabolites of PA-824 (M1-M5) were similar across CD-1 mouse or 

pooled human liver S9 indicating that metabolism of PA-824 occurs in a similar 

manner across these species. The metabolism is not gender-specific, since the same 

metabolites were observed in both male and female mouse liver S9. Moreover, the 

levels of metabolites were similar under normoxia and hypoxia indicating that the 

mammalian enzymes responsible for the formation of these metabolites may be 

oxygen insensitive. A similar pattern of metabolite formation with mouse and human 

liver S9 following incubation with the PA-824 analogues was also consistent with the 

observation that metabolism of these compounds occurs in a similar manner across 

these two species. Therefore, the mouse may serve as a good preclinical model to 

predict the metabolism of PA-824 and newer analogues in humans in vivo.  

Rifampicin and isoniazid, the two most important first-line drugs, are known to cause 

host tissue toxicity including hepatotoxicity (Black et al., 1975). This toxicity has been 

attributed to the formation of reactive toxic intermediates. For example, 

acetylhydrazine and acetylisoniazid, produced from isoniazid, form products which 

may covalently bind to hepatocellular macromolecules (Lauterburg et al., 1985; 

Mitchell et al., 1975; Timbrell, 1979; Timbrell et al., 1980). Moreover, ethionamide, a 
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second-line drug often used in drug-resistant cases, undergoes mammalian liver 

metabolic bioactivation resulting in toxic metabolites (Henderson et al., 2008). Severe 

toxicity can result in the discontinuation of these drugs leading to the development of 

drug-resistant strains. New drugs that are relatively non-toxic will, therefore, be an 

important addition to the current TB therapeutic regimens. Since PA-824 does not 

undergo metabolic des-nitrification or metabolism via nitroreduction by mammalian 

enzymes, this drug may be relatively safe. Indeed, the clinical trials with human 

volunteers and TB patients suggest this is so. Although some metabolic degradation of 

this prodrug was observed in liver preparations in vitro, the overall metabolism was 

relatively low indicating the potential to obtain adequate plasma levels of PA-824 

without rapid metabolic clearance. 

Very recently, the data presented by Dr Ngozi Erondu (TB Alliance) at the 3rd 

International Workshop on Clinical Pharmacology of TB Drugs held on 11th September 

2010 at Boston, USA indicated that PA-824 undergoes extensive in vivo metabolism in 

humans with minimal excretion (<5%) of the unchanged drug (Erondu, 2010). This 

included products of oxidative as well as reductive metabolism. Whilst the oxidative 

metabolite, M5, observed in this thesis was also formed in humans (personal 

communication, Dr Ngozi Erondu), the identity of the other metabolites is not known. 

Therefore, there is very limited information regarding the in vivo human metabolites of 

PA-824.  

Since treatment of TB infection or TB-HIV co-infection requires multi-drug therapy, it is 

important to determine whether PA-824 is implicated in interactions with other anti-

tubercular or anti-retroviral drugs. Such interactions may affect the plasma levels of 

each drug available for activity. The related 4-nitroimidazole compound OPC-67683 

did not have any inhibitory or stimulatory effects on a range of drug-metabolising CYP 

enzymes, including CYP1A1/2, CYP2A6, CYP2B6, CYP2C8/9, CYP2C19, CYP2D6, 

CYP2E1 and CYP3A4 (Matsumoto et al., 2006). Thus, OPC-67683 is expected to 

have no significant interactions with drugs metabolised by these enzymes (Matsumoto 

et al., 2006). This is important since the first-line drug rifampicin induces the CYP3A4 

enzyme (Li et al., 1997), which can result in an increased metabolism and thus 

decreased levels or increased toxicity of substrate drugs including other anti-TB drugs. 

For example, rifampicin is implicated in the increased toxicity of isoniazid via increased 

metabolism to toxic metabolites (Ellard et al., 1978). Thus, further drug-drug 

interaction studies of PA-824 are an important requirement to preclude any of these 

effects. 
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It is also known that metabolic enzymes, such as nitric oxide synthase (Nicholson et 

al., 1996; Wang et al., 1998), are induced during TB infection therefore, it is imperative 

to study the metabolic degradation of drugs in animals infected with TB. Thus, further 

studies to investigate the metabolism of PA-824 in infected animals as well as studies 

in the presence or absence of other anti-TB drugs are required.  

There are currently no published reports regarding the accumulation of this prodrug in 

macrophages, where M. tuberculosis can reside. Cellular accumulation studies in this 

thesis indicated a high intracellular accumulation of PA-824 by a passive mechanism. 

This is likely to be due to the lipophilic nature of this compound (solubility = 19 µg/ml 

and ClogP = 2.7) (Sutherland et al., 2010). The concentrations within monocytes or 

macrophages were at least 4,200-fold higher than the reported MIC of PA-824 at all 

the time-points studied. Thus, high intracellular uptake may augment the transport of 

PA-824 to the site of infection. This assay could be further optimised to study the 

uptake of PA-824 as well as newer analogues in THP-1 cells infected with M. 

tuberculosis.  

It has been demonstrated very recently that PA-824 exhibits a dose- and time-

dependent activity with the time above MIC as the main pharmacodynamic factor in TB 

patients (Erondu, 2010; Erondu et al., 2010). Since the initial intracellular uptake of 

PA-824 was rapid and the levels were sustained over time (up to 5 hours), it is likely 

that cellular concentration of PA-824 within monocytes or macrophages will remain 

higher than the MIC over time. However, further animal experiments are needed to 

confirm this uptake into the macrophages in vivo. 

Uptake of PA-824 into the cells appears to be via a passive mechanism. PA-824 does 

not appear to be a substrate of the drug transporter ABCB1 (P-gp or MDR1), since 

there was no effect on the intracellular concentrations in the presence of verapamil, a 

well known inhibitor. This is particularly significant since rifampicin, an important first-

line drug, induces ABCB1 and thus can influence the intracellular accumulation of 

substrate drugs, but should not influence PA-824 accumulation in macrophages.  

The activity of an anti-TB drug depends on its ability to penetrate the mycobacteria. 

Subsequent metabolism within the bacilli may then maintain a concentration gradient 

for passive diffusion. The uptake studies of PA-824 in monocytes or macrophages 

indicated a passive mechanism for the accumulation of this compound into these cells. 

It is currently not known whether PA-824 also accumulates within M. tuberculosis. 
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Since this compound has good anti-mycobacterial activity, it has been speculated to 

have a good penetrability through the lipid-rich mycobacterial cell wall due to its 

lipophilic nature (Kmentova et al., 2010). In addition, ABC transporter proteins are 

expressed in M. tuberculosis (Braibant et al., 2000; Nguyen & Thompson, 2006) that 

may influence the accumulation of substrate drugs within this mycobacterium. Since 

studies with macrophages indicated that PA-824 may not be a substrate for this drug 

efflux pump, uptake of PA-824 within M. tuberculosis may not be influenced by 

ABCB1. However, this should be investigated further.  

Several enzymes are expressed in macrophages including nitric oxide synthase. This 

enzyme has been implicated in the metabolism of a number of drugs. For example, the 

nitroaromatic compound CB 1954 is bioactivated by nitric oxide synthase via 

nitroreduction (Chandor et al., 2008). Moreover, M. tuberculosis sequesters iron within 

the phagosomes of the otherwise relatively low iron containing phagosomes 

(Schnappinger et al., 2003). Thus, metabolic enzymes as well as the potentially high 

levels of iron present within the M. tuberculosis infected phagocytes may possibly 

result in the metabolic degradation of PA-824. In this thesis, the total intracellular and 

extracellular PA-824 recovered from the phagocytes did not account for the incubated 

drug. However, metabolism via bioactivation, nitroreduction, imidazole ring reduction, 

ferrous-catalysed imidazole ring hydration or oxidation of PA-824 was not observed. 

Further studies to determine the metabolism of PA-824 in phagocytes infected with M. 

tuberculosis may be pertinent. However, the drug loss could be due to binding with 

cellular proteins. The lack of radiolabelled PA-824 prevented further studies to 

determine if this was the case.  

TB infection is characterised by a range of microenvironments where the mycobacteria 

reside within granulomatous lesions (Barry et al., 2009). These lesions are necrotic 

and hypoxic, thus the distribution of anti-TB drugs may depend on their 

physicochemical properties. Whilst the penetration of PA-824 within these lesions is 

not known, there are several models that can be employed for such studies. For 

example, the guinea pig model of TB infection that is characterised by caseating 

granuloma closely resembles human infection (Nuermberger, 2008) and can be 

employed for such studies. Further work to analyse the distribution of PA-824 in such 

infected tissues would be of value. 
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8.2 Conclusions 

To conclude, the results described in this thesis confirmed that PA-824 undergoes 

des-nitrification by M. tuberculosis, the causative agent of TB. This may result in the 

selective release of nitric oxide within M. tuberculosis. M. smegmatis, mouse (in vitro 

or in vivo) and human liver (in vitro) were all incapable of forming the des-nitro 

metabolite. Thus, the results presented in this thesis provide evidence to support the 

claim that “cross-activation (of PA-824) by mammalian enzymes is highly unlikely” 

(Singh et al., 2008) and has indirectly answered the question raised by Nathan “does 

the host generate reactive nitrogen intermediates from nitroimidazoles?” (Nathan, 

2008) as a highly probable “No”. Additionally, reduction of the nitro group, leading to 

potentially toxic metabolites, was not observed with this 4-nitroimidazole in any of the 

species studied.  

A number of new metabolites (M1-M4), not reported previously, were also detected in 

all the species studied. These appeared to be products of reductive metabolism of PA-

824. M3 was identified as the imidazole ring reduction hydride which appeared to be 

further metabolised to the unidentified metabolites M1 and M4. In contrast, the 

hydrated product M2 was formed by a ferrous catalysed mechanism. In addition, low 

levels of an oxidative metabolite M5, (6S)-2-nitro-6,7-dihydro-5H-imidazo[2,1-

b][1,3]oxazin-6-ol), were also observed in the mammals. 

Cellular accumulation studies indicated a passive uptake of PA-824 into phagocytes, 

with high intracellular concentrations well above the MIC of PA-824.  

Thus, PA-824 may prove to be a good candidate for TB therapy. Indeed, a first clinical 

trial (phase II) to test a novel combination regimen containing PA-824, moxifloxacin 

and pyrazinamide has been initiated by the TB Alliance very recently (8th November 

2010) (Alliance, 2010a). If proven successful this will be the first new TB drug regimen 

for the treatment of this important disease in nearly 50 years. 
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Appendices 

Appendix I 

UV, mass and NMR spectra of PA-824 and metabolites 

The chemical structures, retention times, UV and mass spectra of PA-824, internal 

standard and metabolites are shown in this appendix. Parent drug and the metabolites 

were identified by mass spectrometry (positive or negative ion mode) and comparison 

with authentic standards, where possible. In order to identify the two unknown 

metabolites, the 1H NMR spectra were compared with the parent drug, PA-824 and a 

known metabolite, des-nitro PA-824. The NMR analysis was kindly provided by Dr 

Shannon Black (Auckland Cancer Society Research Centre, The University of 

Auckland, New Zealand). 
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Compound Rt (min) Structure UV spectrum Mass spectrum 

PA-824 29.7 
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Des-nitro (1) 24.3 
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M1 18.2 Unknown 
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M4 20.1 Unknown 
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Des-nitro PA-824
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Appendix II 

UV and mass spectra of SN 30376, SN 30385, SN 30725 and their metabolites  

The chemical structures, retention times, UV and mass spectra of the parent drugs 

and metabolites are shown in this appendix. The metabolites were identified by mass 

spectrometry (positive or negative ion mode).  
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Compound Rt (min) Structure UV spectrum Mass spectrum 

SN 30376 30.5 
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M3 20.1 
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SN 30385 34.7 
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M3 21.3 
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SN 30725 27.9 
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M4 20.2 Unknown not detected 
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Appendix III 

Details of the human livers used in the metabolism studies 

Livera  Age Gender Recent medications/ Recreational drugs 

HL 13 40 M Moderate alcohol 

HL 14 70 F None 

HL 17 64 M Little alcohol 

 
aAll the samples were obtained following resection for metastases from colorectal carcinoma. 
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Appendix IV 

Publication and Presentations 

Research paper 

Mridula Dogra, Brian D. Palmer, Ghader Bashiri, Malcolm D. Tingle, Sujata S. Shinde, 
Robert F. Anderson, Ronan O’Toole, Edward N. Baker, William A. Denny and Nuala A. 
Helsby. Comparative bioactivation of the novel anti-tuberculosis agent PA-824 in 
Mycobacteria and a subcellular fraction of human liver. 
British Journal of Pharmacology, 2011, 162, 226-236. 
 

Conference Presentations 

Mridula Dogra, Brian D. Palmer, Malcolm D. Tingle, William A. Denny and Nuala A. 
Helsby. Does bioactivation of the novel anti-Tuberculosis agent PA-824 occur in mice? 
Poster presentation at the 50th Interscience Conference on Antimicrobial Agents and 
Chemotherapy (ICAAC), 2010, 12-15 September, Boston, USA. 
 
Mridula Dogra, Nuala A. Helsby, Brian D. Palmer, Malcolm D. Tingle and William A. 
Denny. Liver S9 metabolism of novel 2-nitroimidazooxazine anti-tuberculosis agents 
(PA-824 and SN 30725). 
Poster presentation at the 60th Indian Pharmaceutical Congress (IPC), 2008, 12-14 
December, New Delhi, India. 
 
Mridula Dogra, Nuala A. Helsby, Brian D. Palmer and William A. Denny. Investigation 
of the metabolism of novel anti-Tuberculosis agents. 
Poster presentation at the 41st Annual scientific meeting of the Australasian Society of 
Clinical and Experimental Pharmacologists and Toxicologists (ASCEPT), 2007, 2-6 
December, Adelaide, Australia. 
 

Other Presentations 

Mridula Dogra, Brian D. Palmer,  Ghader Bashiri, Malcolm D. Tingle, Sujata Shinde, 
Robert F. Anderson, Ronan O’Toole, Edward N. Baker, William A. Denny and Nuala A. 
Helsby. Comparative bioactivation of the novel anti-tuberculosis agent PA-824 in 
Mycobacteria and human liver S9. 
Oral presentation at the University of Queensland Postgraduate Biomedical 
Conference, 2010, 2 July, Brisbane, Australia. 
 
Mridula Dogra, Robert F. Anderson, Edward N. Baker, Ghader Bashiri, William A. 
Denny, Brian D. Palmer, Sujata Shinde, Malcolm D. Tingle, Ronan O’Toole and Nuala 
A. Helsby. Comparative bioactivation of the novel anti-tuberculosis agent PA-824 in 
Mycobacteria and human liver. 
Poster presentation at the Maurice Wilkins Centre Meeting, 2010, 22 April, University 
of Auckland, Auckland, New Zealand. 
 
Mridula Dogra, Nuala A. Helsby, Brian D. Palmer, Malcolm D. Tingle and William A. 
Denny. Does reductive metabolism of PA-824, a novel anti-TB drug, occur in human 
liver S9?  
Oral presentation at the Webster Centre for Infectious Diseases Annual Symposium, 
2009, 23-24 April, University of Otago, Dunedin, New Zealand. 



 
References 

184 
 

References 

Abraham, R. T., Knapp, J. E., Minnigh, M. B., Wong, L. K., Zemaitis, M. A., & Alvin, J. 
D. (1984). Reductive metabolism of furazolidone by Escherichia coli and rat liver in 
vitro. Drug Metab Dispos, 12(6), 732-741. 

Ahmad, Z., Peloquin, C. A., Minkowski, A., Ginsberg, A., Grosset, J. H., & 
Nuermberger, E. L. (2010a). PA-824 exhibits time-dependent bactericidal activity 
against persisting Mycobacterium tuberculosis. Paper presented at the 3rd 
International Workshop on Clinical Pharmacology of Tuberculosis Drugs held on 11th 
September, Boston, MA. 

Ahmad, Z., Peloquin, C. A., Singh, R. P., Derendorf, H., Tyagi, S., Ginsberg, A., 
Grosset, J. H., & Nuermberger, E. L. (2010b). PA-824 exhibits time-dependent activity 
in a murine model of tuberculosis. Antimicrob Agents Chemother, doi: AAC.00849-10 
[pii] 10.1128/AAC.00849-10 (Epub ahead of print). 

Alegria, A. E., Flores, W., Cordones, E., Rivera, L., Sanchez-Cruz, P., Cordero, M., & 
Cox, O. (2004). Reductive activation and thiol reactivity of benzazolo[3,2-a]quinolinium 
salts. Toxicology, 199(2-3), 87-96. 

Alliance, T. B. (2010a). 2010 Annual report: More than ever it’s time for a faster cure. 
New York: TB Alliance. 

Alliance, T. B. (2010b). TB Alliance Portfolio.   Retrieved December, 2010, from 
http://www.tballiance.org/home/home.php 

Altaf, M., Miller, C. H., Bellows, D. S., & O'Toole, R. (2010). Evaluation of the 
Mycobacterium smegmatis and BCG models for the discovery of Mycobacterium 
tuberculosis inhibitors. Tuberculosis (Edinb), 90(6), 333-337. 

Anderson, R. F., Shinde, S. S., Maroz, A., Boyd, M., Palmer, B. D., & Denny, W. A. 
(2008). Intermediates in the reduction of the antituberculosis drug PA-824, (6S)-2-
nitro-6-{[4-(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2, 1-b][1,3]oxazine, in 
aqueous solution. Org. Biomol. Chem., 6(11), 1973-1980. 

Andries, K., Verhasselt, P., Guillemont, J., Gohlmann, H. W., Neefs, J. M., Winkler, H., 
Van Gestel, J., Timmerman, P., Zhu, M., Lee, E., Williams, P., de Chaffoy, D., Huitric, 
E., Hoffner, S., Cambau, E., Truffot-Pernot, C., Lounis, N., & Jarlier, V. (2005). A 
diarylquinoline drug active on the ATP synthase of Mycobacterium tuberculosis. 
Science, 307(5707), 223-227. 

Anger, H. A., Dworkin, F., Sharma, S., Munsiff, S. S., Nilsen, D. M., & Ahuja, S. D. 
(2010). Linezolid use for treatment of multidrug-resistant and extensively drug-
resistant tuberculosis, New York City, 2000-06. J Antimicrob Chemother, 65(4), 775-
783. 

Anonymous. (2008a). Gatifloxacin. Tuberculosis (Edinb), 88(2), 109-111. 



 
References 

185 
 

Anonymous. (2008b). Isoniazid. Tuberculosis (Edinb), 88(2), 112-116. 

Anonymous. (2008c). Linezolid. Tuberculosis (Edinb), 88(2), 122-125. 

Anonymous. (2008d). LL-3858. Tuberculosis (Edinb), 88(2), 126. 

Anonymous. (2008e). Moxifloxacin. Tuberculosis (Edinb), 88(2), 127-131. 

Anonymous. (2008f). OPC-67683. Tuberculosis (Edinb), 88(2), 132-133. 

Anonymous. (2008g). PA-824. Tuberculosis (Edinb), 88(2), 134-136. 

Anonymous. (2008h). Rifapentine. Tuberculosis (Edinb), 88(2), 155-158. 

Anonymous. (2008i). SQ109. Tuberculosis (Edinb), 88(2), 159-161. 

Anonymous. (2008j). TMC-207. Tuberculosis (Edinb), 88(2), 168-169. 

Anonymous. (2010). The Global Plan to Stop TB.   Retrieved December, 2010, from 
http://www.stoptb.org/global/plan/ 

Ashtekar, D. R., Costa-Perira, R., Nagrajan, K., Vishvanathan, N., Bhatt, A. D., & 
Rittel, W. (1993). In vitro and in vivo activities of the nitroimidazole CGI 17341 against 
Mycobacterium tuberculosis. Antimicrob Agents Chemother, 37(2), 183-186. 

Ask, K., Dijols, S., Giroud, C., Casse, L., Frapart, Y. M., Sari, M. A., Kim, K. S., Stuehr, 
D. J., Mansuy, D., Camus, P., & Boucher, J. L. (2003). Reduction of nilutamide by NO 
synthases: implications for the adverse effects of this nitroaromatic antiandrogen drug. 
Chem Res Toxicol, 16(12), 1547-1554. 

Axelrod, J., Udenfriend, S., & Brodie, B. B. (1954). Ascorbic acid in aromatic 
hydroxylation. III. Effect of ascorbic acid on hydroxylation of acetanilide, aniline and 
antipyrine in vivo. J Pharmacol Exp Ther, 111(2), 176-181. 

Baccarani, M., Damiani, D., Michelutti, A., & Michieli, M. (1993). Expression of 
multidrug resistance gene (MDR1) in normal hematopoietic cells. Blood, 81(12), 3480-
3481. 

Bacon, B. R., & Britton, R. S. (1989). Hepatic injury in chronic iron overload. Role of 
lipid peroxidation. Chem Biol Interact, 70(3-4), 183-226. 

Bair, T. B., Isabelle, D. W., & Daniels, L. (2001). Structures of coenzyme F(420) in 
Mycobacterium species. Arch Microbiol, 176(1-2), 37-43. 

Baker, W. R., Shaopei, C., & Keeler, E. L. (2000). U.S. Patent No. 6,087,358. 



 
References 

186 
 

Barcia-Macay, M., Seral, C., Mingeot-Leclercq, M. P., Tulkens, P. M., & Van Bambeke, 
F. (2006). Pharmacodynamic evaluation of the intracellular activities of antibiotics 
against Staphylococcus aureus in a model of THP-1 macrophages. Antimicrob Agents 
Chemother, 50(3), 841-851. 

Barry, C. E., 3rd, & Blanchard, J. S. (2010). The chemical biology of new drugs in the 
development for tuberculosis. Curr Opin Chem Biol, 14(4), 456-466. 

Barry, C. E., 3rd, Boshoff, H. I., Dartois, V., Dick, T., Ehrt, S., Flynn, J., Schnappinger, 
D., Wilkinson, R. J., & Young, D. (2009). The spectrum of latent tuberculosis: 
rethinking the biology and intervention strategies. Nat Rev Microbiol, 7(12), 845-855. 

Barry, C. E., 3rd, Boshoff, H. I., & Dowd, C. S. (2004). Prospects for clinical 
introduction of nitroimidazole antibiotics for the treatment of tuberculosis. Curr Pharm 
Des, 10(26), 3239-3262. 

Barry, C. E., 3rd, & Mdluli, K. (1996). Drug sensitivity and environmental adaptation of 
mycobacterial cell wall components. Trends Microbiol, 4(7), 275-281. 

Barry, C. E., Crick, D. C., & McNeil, M. R. (2007). Targeting the formation of the cell 
wall core of M. tuberculosis. Infect Disord Drug Targets, 7(2), 182-202. 

Bashiri, G., Squire, C. J., Baker, E. N., & Moreland, N. J. (2007). Expression, 
purification and crystallization of native and selenomethionine labeled Mycobacterium 
tuberculosis FGD1 (Rv0407) using a Mycobacterium smegmatis expression system. 
Protein Expr Purif, 54(1), 38-44. 

Bashiri, G., Squire, C. J., Moreland, N. J., & Baker, E. N. (2008). Crystal structures of 
F420-dependent glucose-6-phosphate dehydrogenase FGD1 involved in the activation 
of the anti-tuberculosis drug candidate PA-824 reveal the basis of coenzyme and 
substrate binding. J Biol Chem, 283(25), 17531-17541. 

Baughn, A. D., Garforth, S. J., Vilcheze, C., & Jacobs, W. R., Jr. (2009). An anaerobic-
type alpha-ketoglutarate ferredoxin oxidoreductase completes the oxidative 
tricarboxylic acid cycle of Mycobacterium tuberculosis. PLoS Pathog, 5(11), e1000662. 

Beckman, J. S., & Koppenol, W. H. (1996). Nitric oxide, superoxide, and peroxynitrite: 
the good, the bad, and ugly. Am J Physiol, 271(5 Pt 1), C1424-1437. 

Bendesky, A., Menendez, D., & Ostrosky-Wegman, P. (2002). Is metronidazole 
carcinogenic? Mutat Res, 511(2), 133-144. 

Berger, V., Berson, A., Wolf, C., Chachaty, C., Fau, D., Fromenty, B., & Pessayre, D. 
(1992). Generation of free radicals during the reductive metabolism of nilutamide by 
lung microsomes: possible role in the development of lung lesions in patients treated 
with this anti-androgen. Biochem Pharmacol, 43(3), 654-657. 

Berson, A., Wolf, C., Berger, V., Fau, D., Chachaty, C., Fromenty, B., & Pessayre, D. 
(1991). Generation of free radicals during the reductive metabolism of the 
nitroaromatic compound, nilutamide. J Pharmacol Exp Ther, 257(2), 714-719. 



 
References 

187 
 

Bhuyan, B. K., Loughman, B. E., Fraser, T. J., & Day, K. J. (1976). Comparison of 
different methods of determining cell viability after exposure to cytotoxic compounds. 
Exp Cell Res, 97(2), 275-280. 

Biaglow, J. E., Varnes, M. E., Roizen-Towle, L., Clark, E. P., Epp, E. R., Astor, M. B., 
& Hall, E. J. (1986). Biochemistry of reduction of nitro heterocycles. Biochem 
Pharmacol, 35(1), 77-90. 

Black, M., Mitchell, J. R., Zimmerman, H. J., Ishak, K. G., & Epler, G. R. (1975). 
Isoniazid-associated hepatitis in 114 patients. Gastroenterology, 69(2), 289-302. 

Boelsterli, U. A., Ho, H. K., Zhou, S., & Leow, K. Y. (2006). Bioactivation and 
hepatotoxicity of nitroaromatic drugs. Curr Drug Metab, 7(7), 715-727. 

Bogdan, C. (2001). Nitric oxide and the immune response. Nat Immunol, 2(10), 907-
916. 

Bollo, S., Nunez-Vergara, L. J., & Squella, J. A. (2004). Cyclic voltammetric 
determination of free radical species from nitroimidazopyran: a new antituberculosis 
agent. J. Electroanal. Chem., 562, 9-14. 

Bosnar, M., Kelneric, Z., Munic, V., Erakovic, V., & Parnham, M. J. (2005). Cellular 
uptake and efflux of azithromycin, erythromycin, clarithromycin, telithromycin, and 
cethromycin. Antimicrob Agents Chemother, 49(6), 2372-2377. 

Boyd, M. R., Stiko, A. W., & Sasame, H. A. (1979). Metabolic activation of 
nitrofurantoin--possible implications for carcinogenesis. Biochem Pharmacol, 28(5), 
601-606. 

Braibant, M., Gilot, P., & Content, J. (2000). The ATP binding cassette (ABC) transport 
systems of Mycobacterium tuberculosis. FEMS Microbiol Rev, 24(4), 449-467. 

Brillault, J., De Castro, W. V., Harnois, T., Kitzis, A., Olivier, J. C., & Couet, W. (2009). 
P-glycoprotein-mediated transport of moxifloxacin in a Calu-3 lung epithelial cell 
model. Antimicrob Agents Chemother, 53(4), 1457-1462. 

Brodie, B. B., Axelrod, J., Shore, P. A., & Udenfriend, S. (1954). Ascorbic acid in 
aromatic hydroxylation. II. Products formed by reaction of substrates with ascorbic 
acid, ferrous ion, and oxygen. J Biol Chem, 208(2), 741-750. 

Burman, W. J., Goldberg, S., Johnson, J. L., Muzanye, G., Engle, M., Mosher, A. W., 
Choudhri, S., Daley, C. L., Munsiff, S. S., Zhao, Z., Vernon, A., & Chaisson, R. E. 
(2006). Moxifloxacin versus ethambutol in the first 2 months of treatment for 
pulmonary tuberculosis. Am J Respir Crit Care Med, 174(3), 331-338. 

Buschini, A., Giordani, F., de Albuquerque, C. N., Pellacani, C., Pelosi, G., Rossi, C., 
Zucchi, T. M., & Poli, P. (2007). Trypanocidal nitroimidazole derivatives: relationships 
among chemical structure and genotoxic activity. Biochem Pharmacol, 73(10), 1537-
1547. 



 
References 

188 
 

Canetti, G., Parrot, R., Porven, G., & Le Lirzin, M. (1969). Rifamycin levels in the lung 
and tuberculous lesions in man. Acta Tuberc Pneumol Belg, 60(3), 315-322. 

Carbonera, D., Angrilli, A., & Azzone, G. F. (1988). Mechanism of nitrofurantoin toxicity 
and oxidative stress in mitochondria. Biochim Biophys Acta, 936(1), 139-147. 

Carr, J. L., Tingle, M. D., & McKeage, M. J. (2006). Satraplatin activation by 
haemoglobin, cytochrome C and liver microsomes in vitro. Cancer Chemother 
Pharmacol, 57(4), 483-490. 

Carryn, S., Chanteux, H., Seral, C., Mingeot-Leclercq, M. P., Van Bambeke, F., & 
Tulkens, P. M. (2003). Intracellular pharmacodynamics of antibiotics. Infect Dis Clin 
North Am, 17(3), 615-634. 

Carryn, S., Van Bambeke, F., Mingeot-Leclercq, M. P., & Tulkens, P. M. (2002). 
Comparative intracellular (THP-1 macrophage) and extracellular activities of beta-
lactams, azithromycin, gentamicin, and fluoroquinolones against Listeria 
monocytogenes at clinically relevant concentrations. Antimicrob Agents Chemother, 
46(7), 2095-2103. 

Chandor, A., Dijols, S., Ramassamy, B., Frapart, Y., Mansuy, D., Stuehr, D., Helsby, 
N., & Boucher, J. L. (2008). Metabolic activation of the antitumor drug 5-(Aziridin-1-yl)-
2,4-dinitrobenzamide (CB1954) by NO synthases. Chem Res Toxicol, 21(4), 836-843. 

Chauviere, G., Bouteille, B., Enanga, B., de Albuquerque, C., Croft, S. L., Dumas, M., 
& Perie, J. (2003). Synthesis and biological activity of nitro heterocycles analogous to 
megazol, a trypanocidal lead. J Med Chem, 46(3), 427-440. 

Check, E. (2007). After decades of drought, new drug possibilities flood TB pipeline. 
Nat Med, 13(3), 266. 

Chen, Q., DeFrances, M. C., & Zarnegar, R. (1996). Induction of met proto-oncogene 
(hepatocyte growth factor receptor) expression during human monocyte-macrophage 
differentiation. Cell Growth Differ, 7(6), 821-832. 

Chen, Q., & Ross, A. C. (2004). Retinoic acid regulates cell cycle progression and cell 
differentiation in human monocytic THP-1 cells. Exp Cell Res, 297(1), 68-81. 

Chung-Faye, G., Palmer, D., Anderson, D., Clark, J., Downes, M., Baddeley, J., 
Hussain, S., Murray, P. I., Searle, P., Seymour, L., Harris, P. A., Ferry, D., & Kerr, D. 
J. (2001). Virus-directed, enzyme prodrug therapy with nitroimidazole reductase: a 
phase I and pharmacokinetic study of its prodrug, CB1954. Clin Cancer Res, 7(9), 
2662-2668. 

Church, D. L., & Laishley, E. J. (1995). Reduction of metronidazole by hydrogenase 
from clostridia. Anaerobe, 1(2), 81-92. 

Church, D. L., Rabin, H. R., & Laishley, E. J. (1988). Role of hydrogenase 1 of 
Clostridium pasteurianum in the reduction of metronidazole. Biochem Pharmacol, 
37(8), 1525-1534. 



 
References 

189 
 

Church, D. L., Rabin, H. R., & Laishley, E. J. (1990). Reduction of 2-, 4- and 5-
nitroimidazole drugs by hydrogenase 1 in Clostridium pasteurianum. J Antimicrob 
Chemother, 25(1), 15-23. 

Conde, M. B., Efron, A., Loredo, C., De Souza, G. R., Graca, N. P., Cezar, M. C., 
Ram, M., Chaudhary, M. A., Bishai, W. R., Kritski, A. L., & Chaisson, R. E. (2009). 
Moxifloxacin versus ethambutol in the initial treatment of tuberculosis: a double-blind, 
randomised, controlled phase II trial. Lancet, 373(9670), 1183-1189. 

Connor, T. H., Stoeckel, M., Evrard, J., & Legator, M. S. (1977). The contribution of 
metronidazole and two metabolites to the mutagenic activity detected in urine of 
treated humans and mice. Cancer Res, 37(2), 629-633. 

Cotran, R. S., Kumar, V., & Robbins, S. L. (1989). Pathologic Basis of Disease. 
Saunders, Philadelphia: Company, W. B. S. 

Coyne, K. M., Pozniak, A. L., Lamorde, M., & Boffito, M. (2009). Pharmacology of 
second-line antituberculosis drugs and potential for interactions with antiretroviral 
agents. AIDS, 23(4), 437-446. 

Crick, D. C., Brennan, P. J., & McNeil, M. R. (2004). The cell wall of Mycobacterium 
tuberculosis. In W. N. Rom & S. M. Garay (Eds.), Tuberculosis (Second ed., pp. 115-
134). Philadelphia: Lippincott Williams & Wilkins. 

Dale, D. C., Boxer, L., & Liles, W. C. (2008). The phagocytes: neutrophils and 
monocytes. Blood, 112(4), 935-945. 

Daley, C. L. (2004). Tuberculosis latency in humans. In W. N. Rom & S. M. Garay 
(Eds.), Tuberculosis (Second ed., pp. 85-99). Philadelphia: Lippincott Williams & 
Wilkins. 

Dannenberg, A. M. J. (2006). Pathogenesis of Human Pulmonary Tuberculosis (pp. 
36-64). Washington, D. C.: ASM. 

Davies, A. L. (2000). A historical perspective on Tuberculosis and its control. In L. B. 
Reichman & E. S. Hershfield (Eds.), Tuberculosis: A Comprehensive International 
Approach (Second ed., Vol. 144, pp. 3-54). New York: Marcel Dekker, Inc. 

Denny, W. A. (2002). Nitroreductase-based GDEPT. Curr Pharm Des, 8(15), 1349-
1361. 

Denny, W. A., & Palmer, B. D. (2010). The nitroimidazooxazines (PA-824 and 
analogs): structure-activity relationship and mechanistic studies. Future Med Chem, 
2(8), 1295-1304. 

Diacon, A. H., Dawson, R., Hanekom, M., Narunsky, K., Maritz, S. J., Venter, A., 
Donald, P. R., van Niekerk, C., Whitney, K., Rouse, D. J., Laurenzi, M. W., Ginsberg, 
A. M., & Spigelman, M. K. (2010). Early bactericidal activity and pharmacokinetics of 
PA-824 in smear-positive tuberculosis patients. Antimicrob Agents Chemother, 54(8), 
3402-3407. 



 
References 

190 
 

Dickinson, D. A., & Forman, H. J. (2002). Cellular glutathione and thiols metabolism. 
Biochem Pharmacol, 64(5-6), 1019-1026. 

Dieckhaus, C. M., Fernandez-Metzler, C. L., King, R., Krolikowski, P. H., & Baillie, T. 
A. (2005). Negative ion tandem mass spectrometry for the detection of glutathione 
conjugates. Chem Res Toxicol, 18(4), 630-638. 

Dietrich, C. G., Geier, A., & Oude Elferink, R. P. (2003). ABC of oral bioavailability: 
transporters as gatekeepers in the gut. Gut, 52(12), 1788-1795. 

Dogra, M., Palmer, B. D., Bashiri, G., Tingle, M. D., Shinde, S., Anderson, R. F., 
O'Toole, R., Baker, E. N., Denny, W. A., & Helsby, N. A. (2011). Comparative 
bioactivation of the novel anti-tuberculosis agent PA-824 in Mycobacteria and a 
subcellular fraction of human liver. Br J Pharmacol, 162, 226-236. 

Dorman, S. E., & Chaisson, R. E. (2007). From magic bullets back to the magic 
mountain: the rise of extensively drug-resistant tuberculosis. Nat Med, 13(3), 295-298. 

Dorman, S. E., Johnson, J. L., Goldberg, S., Muzanye, G., Padayatchi, N., Bozeman, 
L., Heilig, C. M., Bernardo, J., Choudhri, S., Grosset, J. H., Guy, E., Guyadeen, P., 
Leus, M. C., Maltas, G., Menzies, D., Nuermberger, E. L., Villarino, M., Vernon, A., & 
Chaisson, R. E. (2009). Substitution of moxifloxacin for isoniazid during intensive 
phase treatment of pulmonary tuberculosis. Am J Respir Crit Care Med, 180(3), 273-
280. 

Dweik, R. A. (2005). Nitric oxide, hypoxia, and superoxide: the good, the bad, and the 
ugly! Thorax, 60(4), 265-267. 

Edwards, D. I. (1986). Reduction of nitroimidazoles in vitro and DNA damage. 
Biochem Pharmacol, 35(1), 53-58. 

Edwards, D. I. (1993). Nitroimidazole drugs--action and resistance mechanisms. I. 
Mechanisms of action. J Antimicrob Chemother, 31(1), 9-20. 

Edwards, D. I., Dye, M., & Carne, H. (1973). The selective toxicity of antimicrobial 
nitroheterocyclic drugs. J Gen Microbiol, 76(1), 135-145. 

Ehlhardt, W. J., Beaulieu, B. B., Jr., & Goldman, P. (1987). Formation of an amino 
reduction product of metronidazole in bacterial cultures: lack of bactericidal activity. 
Biochem Pharmacol, 36(2), 259-264. 

Ehlhardt, W. J., Beaulieu, B. B., Jr., & Goldman, P. (1988a). Mammalian cell toxicity 
and bacterial mutagenicity of nitrosoimidazoles. Biochem Pharmacol, 37(13), 2603-
2606. 

Ehlhardt, W. J., Beaulieu, B. B., Jr., & Goldman, P. (1988b). Nitrosoimidazoles: highly 
bactericidal analogues of 5-nitroimidazole drugs. J Med Chem, 31(2), 323-329. 



 
References 

191 
 

Eirich, L. D., Vogels, G. D., & Wolfe, R. S. (1979). Distribution of coenzyme F420 and 
properties of its hydrolytic fragments. J Bacteriol, 140(1), 20-27. 

Ellard, G. A., Mitchison, D. A., Girling, D. J., Nunn, A. J., & Fox, W. (1978). The 
hepatic toxicity of isoniazid among rapid and slow acetylators of the drug. Am Rev 
Respir Dis, 118(3), 628-629. 

Erondu, N. (2010). The place of clinical pharmacology in the decision process in early 
drug development - Case study on PA-824. Paper presented at the 3rd International 
Workshop on Clinical Pharmacology of Tuberculosis Drugs held on 11th September, 
Boston, MA. 

Erondu, N., Diacon, A., Dawson, R., Niekerk, C. V., Winter, H., Nuermberger, E., & 
Ginsberg, A. (2010). PA-824 exhibits dose-dependent bactericidal activity in a 14-day 
early bactericidal activity (EBA) study, consistent with time over MIC (T>MIC) as the 
PD driver. Paper presented at the Interscience Conference on Antimicrobial Agents 
and Chemotherapy held on 12-15 September, Boston, MA. 

Espinal, M. A., Dye, C., Raviglione, M., & Kochi, A. (1999). Rational 'DOTS plus' for 
the control of MDR-TB. Int J Tuberc Lung Dis, 3(7), 561-563. 

Fau, D., Berson, A., Eugene, D., Fromenty, B., Fisch, C., & Pessayre, D. (1992). 
Mechanism for the hepatotoxicity of the antiandrogen, nilutamide. Evidence 
suggesting that redox cycling of this nitroaromatic drug leads to oxidative stress in 
isolated hepatocytes. J Pharmacol Exp Ther, 263(1), 69-77. 

Finegold, S. M. (1980). Metronidazole. Ann Intern Med, 93(4), 585-587. 

Fleischman, R. W., Baker, J. R., Hagopian, M., Wade, G. G., Hayden, D. W., Smith, E. 
R., Weisburger, J. H., & Weisburger, E. K. (1980). Carcinogenesis bioassay of 
acetamide, hexanamide, adipamide, urea and P-tolylurea in mice and rats. J Environ 
Pathol Toxicol, 3(5-6), 149-170. 

Fox, W., Ellard, G. A., & Mitchison, D. A. (1999). Studies on the treatment of 
tuberculosis undertaken by the British Medical Research Council tuberculosis units, 
1946-1986, with relevant subsequent publications. Int J Tuberc Lung Dis, 3(10 Suppl 
2), S231-279. 

Fromm, M. F. (2002). The influence of MDR1 polymorphisms on P-glycoprotein 
expression and function in humans. Adv Drug Deliv Rev, 54(10), 1295-1310. 

Fujiwara, P. I., Simone, P. M., & Munsiff, S. S. (2000). Treatment of Tuberculosis. In L. 
B. Reichman & E. S. Hershfield (Eds.), Tuberculosis: A Comprehensive International 
Approach (Second ed., Vol. 144, pp. 401-446). New York: Marcel Dekker, Inc. 

Furcht, L. T., & Wendelschafer-Crabb, G. (1978). Trypsin-induced coordinate 
alterations in cell shape, cytoskeleton, and intrinsic membrane structure of contact-
inhibited cells. Exp Cell Res, 114(1), 1-14. 



 
References 

192 
 

Garcia-Contreras, L., Sung, J. C., Muttil, P., Padilla, D., Telko, M., Verberkmoes, J. L., 
Elbert, K. J., Hickey, A. J., & Edwards, D. A. (2010). Dry powder PA-824 aerosols for 
treatment of tuberculosis in guinea pigs. Antimicrob Agents Chemother, 54(4), 1436-
1442. 

Garcia, I., Pascual, A., Salvador, J., Conejo, M. C., & Perea, E. J. (1996). Effect of 
paclitaxel alone or in combination on the intracellular penetration and activity of 
quinolones in human neutrophils. J Antimicrob Chemother, 38(5), 859-863. 

Gardner, C. A., Acharya, T., & Pablos-Mendez, A. (2005). The global alliance for 
tuberculosis drug development--accomplishments and future directions. Clin Chest 
Med, 26(2), 341-347, vii. 

Gill, H. J., Tingle, M. D., & Park, B. K. (1995). N-Hydroxylation of dapsone by multiple 
enzymes of cytochrome P450: implications for inhibition of haemotoxicity. Br J Clin 
Pharmacol, 40(6), 531-538. 

Gillis, J. C., & Wiseman, L. R. (1996). Secnidazole. A review of its antimicrobial 
activity, pharmacokinetic properties and therapeutic use in the management of 
protozoal infections and bacterial vaginosis. Drugs, 51(4), 621-638. 

Ginsberg, A. M. (2010). Tuberculosis drug development: progress, challenges, and the 
road ahead. Tuberculosis (Edinb), 90(3), 162-167. 

Ginsberg, A. M., Laurenzi, M. W., Rouse, D. J., Whitney, K. D., & Spigelman, M. K. 
(2009a). Assessment of the effects of the nitroimidazo-oxazine PA-824 on renal 
function in healthy subjects. Antimicrob Agents Chemother, 53(9), 3726-3733. 

Ginsberg, A. M., Laurenzi, M. W., Rouse, D. J., Whitney, K. D., & Spigelman, M. K. 
(2009b). Safety, tolerability, and pharmacokinetics of PA-824 in healthy subjects. 
Antimicrob Agents Chemother, 53(9), 3720-3725. 

Ginsberg, A. M., & Spigelman, M. (2007). Challenges in tuberculosis drug research 
and development. Nat Med, 13(3), 290-294. 

Girling, D. J. (1978). The hepatic toxicity of antituberculosis regimens containing 
isoniazid, rifampicin and pyrazinamide. Tubercle, 59(1), 13-32. 

Glavinas, H., Krajcsi, P., Cserepes, J., & Sarkadi, B. (2004). The role of ABC 
transporters in drug resistance, metabolism and toxicity. Curr Drug Deliv, 1(1), 27-42. 

Goldman, R. C., Plumley, K. V., & Laughon, B. E. (2007). The evolution of extensively 
drug resistant tuberculosis (XDR-TB): history, status and issues for global control. 
Infect Disord Drug Targets, 7(2), 73-91. 

Goldstone, R. M., Moreland, N. J., Bashiri, G., Baker, E. N., & Shaun Lott, J. (2008). A 
new Gateway vector and expression protocol for fast and efficient recombinant protein 
expression in Mycobacterium smegmatis. Protein Expr Purif, 57(1), 81-87. 



 
References 

193 
 

Gu, Y., Guise, C. P., Patel, K., Abbattista, M. R., Lie, J., Sun, X., Atwell, G. J., Boyd, 
M., Patterson, A. V., & Wilson, W. R. (2010). Reductive metabolism of the 
dinitrobenzamide mustard anticancer prodrug PR-104 in mice. Cancer Chemother 
Pharmacol, doi: 10.1007/s00280-010-1354-5 (Epub ahead of print). 

Haas, F., & Haas, S. S. (1996). The origins of Mycobacterium tuberculosis and the 
notion of its contagiousness. In W. N. Rom & S. M. Garay (Eds.), Tuberculosis (pp. 3-
19). New York: Little Brown & Company. 

Hall, I. H., Schwab, U. E., Ward, E. S., Butts, J. D., Wolford, E. T., & Ives, T. J. (2002). 
Disposition and intracellular activity of azithromycin in human THP-1 acute monocytes. 
Int J Antimicrob Agents, 20(5), 348-360. 

Hall, I. H., Schwab, U. E., Ward, E. S., & Ives, T. (2003). Disposition and intracellular 
levels of moxifloxacin in human THP-1 monocytes in unstimulated and stimulated 
conditions. Int J Antimicrob Agents, 22(6), 579-587. 

Hall, I. H., Schwab, U. E., Ward, E. S., Rublein, J. C., Butts, J. D., & Ives, T. J. (2004). 
Human THP-1 monocyte uptake and cellular disposition of 14C-grepafloxacin. J Infect 
Chemother, 10(1), 11-18. 

Halliwell, B., Zhao, K., & Whiteman, M. (1999). Nitric oxide and peroxynitrite. The ugly, 
the uglier and the not so good: a personal view of recent controversies. Free Radic 
Res, 31(6), 651-669. 

Hand, W. L., & Hand, D. L. (2001). Characteristics and mechanisms of azithromycin 
accumulation and efflux in human polymorphonuclear leukocytes. Int J Antimicrob 
Agents, 18(5), 419-425. 

Hara, T., Takemura, H., Kanemitsu, K., Yamamoto, H., & Shimada, J. (2000). 
Comparative uptake of grepafloxacin and ciprofloxacin by a human monocytic cell line, 
THP-1. J Infect Chemother, 6(3), 162-167. 

Hartkoorn, R. C., Chandler, B., Owen, A., Ward, S. A., Bertel Squire, S., Back, D. J., & 
Khoo, S. H. (2007). Differential drug susceptibility of intracellular and extracellular 
tuberculosis, and the impact of P-glycoprotein. Tuberculosis, 87(3), 248-255. 

Heifets, L. B., Lindholm-Levy, P. J., & Flory, M. A. (1990). Bactericidal activity in vitro 
of various rifamycins against Mycobacterium avium and Mycobacterium tuberculosis. 
Am Rev Respir Dis, 141(3), 626-630. 

Helsby, N. A., Atwell, G. J., Yang, S., Palmer, B. D., Anderson, R. F., Pullen, S. M., 
Ferry, D. M., Hogg, A., Wilson, W. R., & Denny, W. A. (2004). 
Aziridinyldinitrobenzamides: synthesis and structure-activity relationships for activation 
by E. coli nitroreductase. J Med Chem, 47(12), 3295-3307. 

Helsby, N. A., Goldthorpe, M. A., Tang, M. H., Atwell, G. J., Smith, E. M., Wilson, W. 
R., & Tingle, M. D. (2008). Influence of mustard group structure on pathways of in vitro 
metabolism of anticancer N-(2-hydroxyethyl)-3,5-dinitrobenzamide 2-mustard 
prodrugs. Drug Metab Dispos, 36(2), 353-360. 



 
References 

194 
 

Helsby, N. A., Wheeler, S. J., Pruijn, F. B., Palmer, B. D., Yang, S., Denny, W. A., & 
Wilson, W. R. (2003). Effect of nitroreduction on the alkylating reactivity and 
cytotoxicity of the 2,4-dinitrobenzamide-5-aziridine CB 1954 and the corresponding 
nitrogen mustard SN 23862: distinct mechanisms of bioreductive activation. Chem Res 
Toxicol, 16(4), 469-478. 

Henderson, M. C., Siddens, L. K., Morre, J. T., Krueger, S. K., & Williams, D. E. 
(2008). Metabolism of the anti-tuberculosis drug ethionamide by mouse and human 
FMO1, FMO2 and FMO3 and mouse and human lung microsomes. Toxicol Appl 
Pharmacol, 233(3), 420-427. 

Hinshaw, H. C., Feldman, W. H., & Pfuetze, K. H. (1946). Treatment of tuberculosis 
with streptomycin; a summary of observations on one hundred cases. J Am Med 
Assoc, 132(13), 778-782. 

Hoger, P. H., Vosbeck, K., Seger, R., & Hitzig, W. H. (1985). Uptake, intracellular 
activity, and influence of rifampin on normal function of polymorphonuclear leukocytes. 
Antimicrob Agents Chemother, 28(5), 667-674. 

Hoivik, D. J., Manautou, J. E., Tveit, A., Hart, S. G., Khairallah, E. A., & Cohen, S. D. 
(1995). Gender-related differences in susceptibility to acetaminophen-induced protein 
arylation and nephrotoxicity in the CD-1 mouse. Toxicol Appl Pharmacol, 130(2), 257-
271. 

Hu, Y., Coates, A. R., & Mitchison, D. A. (2003). Sterilizing activities of 
fluoroquinolones against rifampin-tolerant populations of Mycobacterium tuberculosis. 
Antimicrob Agents Chemother, 47(2), 653-657. 

Hu, Y., Coates, A. R., & Mitchison, D. A. (2008). Comparison of the sterilising activities 
of the nitroimidazopyran PA-824 and moxifloxacin against persisting Mycobacterium 
tuberculosis. Int J Tuberc Lung Dis, 12(1), 69-73. 

Hui, J., Gordon, N., & Kajioka, R. (1977). Permeability barrier to rifampin in 
mycobacteria. Antimicrob Agents Chemother, 11(5), 773-779. 

Ichibangase, Y., Yamamoto, M., Yasuda, M., Houki, N., & Nobunaga, M. (1998). 
Induction of drug resistance to gold sodium thiomalate in a monocyte cell line, THP-1. 
Clin Rheumatol, 17(3), 214-218. 

Isabelle, D., Simpson, D. R., & Daniels, L. (2002). Large-scale production of coenzyme 
F420-5,6 by using Mycobacterium smegmatis. Appl Environ Microbiol, 68(11), 5750-
5755. 

Isildar, M., Jimenez, J. J., Arimura, G. K., & Yunis, A. A. (1988). DNA damage in intact 
cells induced by bacterial metabolites of chloramphenicol. Am J Hematol, 28(1), 40-46. 

Ito, T., Yano, I., Tanaka, K., & Inui, K. I. (1997). Transport of quinolone antibacterial 
drugs by human P-glycoprotein expressed in a kidney epithelial cell line, LLC-PK1. J 
Pharmacol Exp Ther, 282(2), 955-960. 



 
References 

195 
 

Ives, T. J., Schwab, U. E., Ward, E. S., Butts, J. D., & Hall, I. H. (2001). Disposition 
and functions of clarithromycin in human THP-1 monocytes during stimulated and 
unstimulated conditions. Res Commun Mol Pathol Pharmacol, 110(3-4), 183-208. 

Jarlier, V., & Nikaido, H. (1994). Mycobacterial cell wall: structure and role in natural 
resistance to antibiotics. FEMS Microbiol Lett, 123(1-2), 11-18. 

Ji, B., Lefrancois, S., Robert, J., Chauffour, A., Truffot, C., & Jarlier, V. (2006). In vitro 
and in vivo activities of rifampin, streptomycin, amikacin, moxifloxacin, R207910, 
linezolid, and PA-824 against Mycobacterium ulcerans. Antimicrob Agents Chemother, 
50(6), 1921-1926. 

Jones, A. R., & Cooper, T. G. (1997). Metabolism of 36Cl-ornidazole after oral 
application to the male rat in relation to its antifertility activity. Xenobiotica, 27(7), 711-
721. 

Jones, D., Metzger, H. J., Schatz, A., & Waksman, S. A. (1944). Control of Gram-
Negative Bacteria in Experimental Animals by Streptomycin. Science, 100(2588), 103-
105. 

Kaufmann, S. H., & Parida, S. K. (2007). Changing funding patterns in tuberculosis. 
Nat Med, 13(3), 299-303. 

Kaur, D., Guerin, M. E., Skovierova, H., Brennan, P. J., & Jackson, M. (2009). Chapter 
2: Biogenesis of the cell wall and other glycoconjugates of Mycobacterium 
tuberculosis. Adv Appl Microbiol, 69, 23-78. 

Keung, A., Eller, M. G., McKenzie, K. A., & Weir, S. J. (1999). Single and multiple dose 
pharmacokinetics of rifapentine in man: part II. Int J Tuberc Lung Dis, 3(5), 437-444. 

Kim, P., Zhang, L., Manjunatha, U. H., Singh, R., Patel, S., Jiricek, J., Keller, T. H., 
Boshoff, H. I., Barry, C. E., 3rd, & Dowd, C. S. (2009). Structure-activity relationships 
of antitubercular nitroimidazoles. 1. Structural features associated with aerobic and 
anaerobic activities of 4- and 5-nitroimidazoles. J Med Chem, 52(5), 1317-1328. 

Kislitsyna, N. A. (1985). Comparative evaluation of rifampicin and isoniazid penetration 
into the pathological foci of the lungs in tuberculosis patients. Probl Tuberk(4), 55-57. 

Kislitsyna, N. A., & Kotova, N. I. (1980). Rifampicin and isoniazid concentration in the 
blood and resected lungs in tuberculosis with combined use of the preparations. Probl 
Tuberk(8), 63-65. 

Klimecki, W. T., Futscher, B. W., Grogan, T. M., & Dalton, W. S. (1994). P-glycoprotein 
expression and function in circulating blood cells from normal volunteers. Blood, 83(9), 
2451-2458. 

Kmentova, I., Sutherland, H. S., Palmer, B. D., Blaser, A., Franzblau, S. G., Wan, B., 
Wang, Y., Ma, Z., Denny, W. A., & Thompson, A. M. (2010). Synthesis and Structure-
Activity Relationships of Aza- and Diazabiphenyl Analogues of the Antitubercular Drug 



 
References 

196 
 

(6S)-2-Nitro-6-{[4-(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2, 1-
b][1,3]oxazine (PA-824). J Med Chem, doi: 10.1021/jm101288t (Epub ahead of print). 

Knox, R. J., Friedlos, F., Biggs, P. J., Flitter, W. D., Gaskell, M., Goddard, P., Davies, 
L., & Jarman, M. (1993). Identification, synthesis and properties of 5-(aziridin-1-yl)-2-
nitro-4-nitrosobenzamide, a novel DNA crosslinking agent derived from CB1954. 
Biochem Pharmacol, 46(5), 797-803. 

Knox, R. J., Friedlos, F., Marchbank, T., & Roberts, J. J. (1991). Bioactivation of CB 
1954: reaction of the active 4-hydroxylamino derivative with thioesters to form the 
ultimate DNA-DNA interstrand crosslinking species. Biochem Pharmacol, 42(9), 1691-
1697. 

Koch, R. L., Beaulieu, B. B., Jr., & Goldman, P. (1980). Role of the intestinal flora in 
the metabolism of misonidazole. Biochem Pharmacol, 29(24), 3281-3284. 

Koch, R. L., Chrystal, E. J., Beaulieu, B. B., Jr., & Goldman, P. (1979). Acetamide--a 
metabolite of metronidazole formed by the intestinal flora. Biochem Pharmacol, 28(24), 
3611-3615. 

Kochergin, P. M., Verenikina, S. G., & Bushueva, K. S. (1965). Researches on 
imidazoles XX. Aminonitroimidazoles and Diaminoimidazoles. Khimiya 
Geterotsiklicheskikh Soedinenit, 1(5), 765-769. 

Koga, H. (1987). High-performance liquid chromatography measurement of 
antimicrobial concentrations in polymorphonuclear leukocytes. Antimicrob Agents 
Chemother, 31(12), 1904-1908. 

Labro, M. T. (1993). Interactions between antimicrobial drugs and phagocytes: an 
overview. Int J Antimicrob Agents, 3(2), 73-87. 

Lalloo, U. G., & Ambaram, A. (2010). New antituberculous drugs in development. Curr 
HIV/AIDS Rep, 7(3), 143-151. 

Langdon, G., Wilkins, J. J., Smith, P. J., & McIlleron, H. (2004). Consecutive-dose 
pharmacokinetics of rifapentine in patients diagnosed with pulmonary tuberculosis. Int 
J Tuberc Lung Dis, 8(7), 862-867. 

Lauterburg, B. H., Smith, C. V., Todd, E. L., & Mitchell, J. R. (1985). Pharmacokinetics 
of the toxic hydrazino metabolites formed from isoniazid in humans. J Pharmacol Exp 
Ther, 235(3), 566-570. 

Lee, J. W., Loevinsohn, E., & Kumaresan, J. A. (2002). Response to a major disease 
of poverty: the Global Partnership to Stop TB. Bull World Health Organ, 80(6), 428. 

Legator, M. S., Connor, T. H., & Stoeckel, M. (1975). Detection of mutagenic activity of 
metronidazole and niridazole in body fluids of humans and mice. Science, 188(4193), 
1118-1119. 



 
References 

197 
 

Lemaire, S., Van Bambeke, F., Mingeot-Leclercq, M. P., & Tulkens, P. M. (2007). 
Modulation of the cellular accumulation and intracellular activity of daptomycin towards 
phagocytized Staphylococcus aureus by the P-glycoprotein (MDR1) efflux transporter 
in human THP-1 macrophages and madin-darby canine kidney cells. Antimicrob 
Agents Chemother, 51(8), 2748-2757. 

Lemke, T. L. (2002). Antimycobacterial agents. In D. A. Williams & T. L. Lemke (Eds.), 
Foye's Principles of Medicinal Chemistry (Fifth ed., pp. 904-923). Philadelphia: 
Lippincott Williams & Wilkins. 

Lenaerts, A. J., Gruppo, V., Marietta, K. S., Johnson, C. M., Driscoll, D. K., Tompkins, 
N. M., Rose, J. D., Reynolds, R. C., & Orme, I. M. (2005). Preclinical testing of the 
nitroimidazopyran PA-824 for activity against Mycobacterium tuberculosis in a series 
of in vitro and in vivo models. Antimicrob Agents Chemother, 49(6), 2294-2301. 

Li, A. P., Reith, M. K., Rasmussen, A., Gorski, J. C., Hall, S. D., Xu, L., Kaminski, D. 
L., & Cheng, L. K. (1997). Primary human hepatocytes as a tool for the evaluation of 
structure-activity relationship in cytochrome P450 induction potential of xenobiotics: 
evaluation of rifampin, rifapentine and rifabutin. Chem Biol Interact, 107(1-2), 17-30. 

Li, X., Manjunatha, U. H., Goodwin, M. B., Knox, J. E., Lipinski, C. A., Keller, T. H., 
Barry, C. E., 3rd, & Dowd, C. S. (2008). Synthesis and antitubercular activity of 7-(R)- 
and 7-(S)-methyl-2-nitro-6-(S)-(4-(trifluoromethoxy)benzyloxy)-6,7-dihydro-5H- 
imidazo[2,1-b][1,3]oxazines, analogues of PA-824. Bioorg Med Chem Lett, 18(7), 
2256-2262. 

Lindmark, D. G., & Muller, M. (1976). Antitrichomonad action, mutagenicity, and 
reduction of metronidazole and other nitroimidazoles. Antimicrob Agents Chemother, 
10(3), 476-482. 

Lloyd, D., & Pedersen, J. Z. (1985). Metronidazole radical anion generation in vivo in 
Trichomonas vaginalis: oxygen quenching is enhanced in a drug-resistant strain. J 
Gen Microbiol, 131(1), 87-92. 

Lofgren, S., Hagbjork, A. L., Ekman, S., Fransson-Steen, R., & Terelius, Y. (2004). 
Metabolism of human cytochrome P450 marker substrates in mouse: a strain and 
gender comparison. Xenobiotica, 34(9), 811-834. 

Loft, S., Otton, S. V., Lennard, M. S., Tucker, G. T., & Poulsen, H. E. (1991). 
Characterization of metronidazole metabolism by human liver microsomes. Biochem 
Pharmacol, 41(8), 1127-1134. 

Ma, Z., & Lienhardt, C. (2009). Toward an optimized therapy for tuberculosis? Drugs in 
clinical trials and in preclinical development. Clin Chest Med, 30(4), 755-768, ix. 

Ma, Z., Lienhardt, C., McIlleron, H., Nunn, A. J., & Wang, X. (2010). Global 
tuberculosis drug development pipeline: the need and the reality. Lancet, 375(9731), 
2100-2109. 



 
References 

198 
 

MacMicking, J. D., North, R. J., LaCourse, R., Mudgett, J. S., Shah, S. K., & Nathan, 
C. F. (1997). Identification of nitric oxide synthase as a protective locus against 
tuberculosis. Proc Natl Acad Sci U S A, 94(10), 5243-5248. 

Mandal, P. C. (2004). Reactions of the nitro radical anion of metronidazole in aqueous 
and mixed solvent: a cyclic voltammetric study. J Electroanal Chem, 570, 55-61. 

Mandell, G. L., & Coleman, E. (2001). Uptake, transport, and delivery of antimicrobial 
agents by human polymorphonuclear neutrophils. Antimicrob Agents Chemother, 
45(6), 1794-1798. 

Manina, G., Bellinzoni, M., Pasca, M. R., Neres, J., Milano, A., Ribeiro, A. L., Buroni, 
S., Skovierova, H., Dianiskova, P., Mikusova, K., Marak, J., Makarov, V., Giganti, D., 
Haouz, A., Lucarelli, A. P., Degiacomi, G., Piazza, A., Chiarelli, L. R., De Rossi, E., 
Salina, E., Cole, S. T., Alzari, P. M., & Riccardi, G. (2010). Biological and structural 
characterization of the Mycobacterium smegmatis nitroreductase NfnB, and its role in 
benzothiazinone resistance. Mol Microbiol, 77(5), 1172-1185. 

Manjunatha, U., Boshoff, H. I., & Barry, C. E. (2009). The mechanism of action of PA-
824: Novel insights from transcriptional profiling. Commun Integr Biol, 2(3), 215-218. 

Manjunatha, U. H., Boshoff, H., Dowd, C. S., Zhang, L., Albert, T. J., Norton, J. E., 
Daniels, L., Dick, T., Pang, S. S., & Barry, C. E., 3rd. (2006a). Identification of a 
nitroimidazo-oxazine-specific protein involved in PA-824 resistance in Mycobacterium 
tuberculosis. Proc Natl Acad Sci U S A, 103(2), 431-436. 

Manjunatha, U. H., Lahiri, R., Randhawa, B., Dowd, C. S., Krahenbuhl, J. L., & Barry, 
C. E., 3rd. (2006b). Mycobacterium leprae is naturally resistant to PA-824. Antimicrob 
Agents Chemother, 50(10), 3350-3354. 

Martignoni, M., Groothuis, G. M., & de Kanter, R. (2006). Species differences between 
mouse, rat, dog, monkey and human CYP-mediated drug metabolism, inhibition and 
induction. Expert Opin Drug Metab Toxicol, 2(6), 875-894. 

Marzolini, C., Paus, E., Buclin, T., & Kim, R. B. (2004). Polymorphisms in human 
MDR1 (P-glycoprotein): recent advances and clinical relevance. Clin Pharmacol Ther, 
75(1), 13-33. 

Matsumoto, M., Hashizume, H., Tomishige, T., Kawasaki, M., Tsubouchi, H., Sasaki, 
H., Shimokawa, Y., & Komatsu, M. (2006). OPC-67683, a nitro-dihydro-
imidazooxazole derivative with promising action against tuberculosis in vitro and in 
mice. PLoS Med, 3(11), e466. 

McAdam, A. J., & Sharpe, A. H. (2007). Infectious diseases. In V. Kumar, A. K. Abbas, 
N. Fausto & R. N. Mitchell (Eds.), Robbins Basic Pathology (8th ed., pp. 331-398): 
Saunders Elsevier. 

McCalla, D. R., Olive, P., Tu, Y., & Fan, M. L. (1975). Nitrofurazone-reducing enzymes 
in E. coli and their role in drug activation in vivo. Can J Microbiol, 21(10), 1484-1491. 



 
References 

199 
 

McManus, M. E., Lang, M. A., Stuart, K., & Strong, J. (1982). Activation of 
misonidazole by rat liver microsomes and purified NADPH-cytochrome c reductase. 
Biochem Pharmacol, 31(4), 547-552. 

Migliori, G. B., Eker, B., Richardson, M. D., Sotgiu, G., Zellweger, J. P., Skrahina, A., 
Ortmann, J., Girardi, E., Hoffmann, H., Besozzi, G., Bevilacqua, N., Kirsten, D., Centis, 
R., & Lange, C. (2009). A retrospective TBNET assessment of linezolid safety, 
tolerability and efficacy in multidrug-resistant tuberculosis. Eur Respir J, 34(2), 387-
393. 

Minchin, R. F., Ho, P. C., & Boyd, M. R. (1986). Reductive metabolism of nitrofurantoin 
by rat lung and liver in vitro. Biochem Pharmacol, 35(4), 575-580. 

Mingatto, F. E., dos Santos, A. C., Rodrigues, T., Pigoso, A. A., Uyemura, S. A., & 
Curti, C. (2000). Effects of nimesulide and its reduced metabolite on mitochondria. Br J 
Pharmacol, 131(6), 1154-1160. 

Mitchell, J. R., Thorgeirsson, U. P., Black, M., Timbrell, J. A., Snodgrass, W. R., 
Potter, W. Z., Jollow, H. R., & Keiser, H. R. (1975). Increased incidence of isoniazid 
hepatitis in rapid acetylators: possible relation to hydrazine metabolites. Clin 
Pharmacol Ther, 18(1), 70-79. 

Mizuguchi, Y., Udou, T., & Yamada, T. (1983). Mechanism of antibiotic resistance in 
Mycobacterium intracellulare. Microbiol Immunol, 27(5), 425-431. 

Moreno, S. N., Mason, R. P., & Docampo, R. (1984). Reduction of nifurtimox and 
nitrofurantoin to free radical metabolites by rat liver mitochondria. Evidence of an outer 
membrane-located nitroreductase. J Biol Chem, 259(10), 6298-6305. 

Morse, D., Brothwell, D. R., & Ucko, P. J. (1964). Tuberculosis in Ancient Egypt. Am 
Rev Respir Dis, 90, 524-541. 

Nathan, C. (2008). Microbiology. An antibiotic mimics immunity. Science, 322(5906), 
1337-1338. 

Nathan, C., & Shiloh, M. U. (2000). Reactive oxygen and nitrogen intermediates in the 
relationship between mammalian hosts and microbial pathogens. Proc Natl Acad Sci U 
S A, 97(16), 8841-8848. 

Nguyen, H. A., Grellet, J., Paillard, D., Dubois, V., Quentin, C., & Saux, M. C. (2006). 
Factors influencing the intracellular activity of fluoroquinolones: a study using 
levofloxacin in a Staphylococcus aureus THP-1 monocyte model. J Antimicrob 
Chemother, 57(5), 883-890. 

Nguyen, L., & Thompson, C. J. (2006). Foundations of antibiotic resistance in bacterial 
physiology: the mycobacterial paradigm. Trends Microbiol, 14(7), 304-312. 

Nicholson, S., Bonecini-Almeida Mda, G., Lapa e Silva, J. R., Nathan, C., Xie, Q. W., 
Mumford, R., Weidner, J. R., Calaycay, J., Geng, J., Boechat, N., Linhares, C., Rom, 



 
References 

200 
 

W., & Ho, J. L. (1996). Inducible nitric oxide synthase in pulmonary alveolar 
macrophages from patients with tuberculosis. J Exp Med, 183(5), 2293-2302. 

Ntziora, F., & Falagas, M. E. (2007). Linezolid for the treatment of patients with 
[corrected] mycobacterial infections [corrected] a systematic review. Int J Tuberc Lung 
Dis, 11(6), 606-611. 

Nuermberger, E. (2008). Using animal models to develop new treatments for 
tuberculosis. Semin Respir Crit Care Med, 29(5), 542-551. 

Nuermberger, E., Rosenthal, I., Tyagi, S., Williams, K. N., Almeida, D., Peloquin, C. A., 
Bishai, W. R., & Grosset, J. H. (2006). Combination chemotherapy with the 
nitroimidazopyran PA-824 and first-line drugs in a murine model of tuberculosis. 
Antimicrob Agents Chemother, 50(8), 2621-2625. 

Nuermberger, E. L., Spigelman, M. K., & Yew, W. W. (2010). Current development 
and future prospects in chemotherapy of tuberculosis. Respirology, 15(5), 764-778. 

Nuermberger, E. L., Yoshimatsu, T., Tyagi, S., O'Brien, R. J., Vernon, A. N., Chaisson, 
R. E., Bishai, W. R., & Grosset, J. H. (2004a). Moxifloxacin-containing regimen greatly 
reduces time to culture conversion in murine tuberculosis. Am J Respir Crit Care Med, 
169(3), 421-426. 

Nuermberger, E. L., Yoshimatsu, T., Tyagi, S., Williams, K., Rosenthal, I., O'Brien, R. 
J., Vernon, A. A., Chaisson, R. E., Bishai, W. R., & Grosset, J. H. (2004b). 
Moxifloxacin-containing regimens of reduced duration produce a stable cure in murine 
tuberculosis. Am J Respir Crit Care Med, 170(10), 1131-1134. 

Nwaka, S., & Ridley, R. G. (2003). Virtual drug discovery and development for 
neglected diseases through public-private partnerships. Nat Rev Drug Discov, 2(11), 
919-928. 

O'Brien, R. W., & Morris, J. G. (1972). Effect of metronidazole on hydrogen production 
by Clostridium acetobutylicum. Arch Mikrobiol, 84(3), 225-233. 

O'Sullivan, A. W., Wang, J. H., & Redmond, H. P. (2009). The role of P38 MAPK and 
PKC in BLP induced TNF-alpha release, apoptosis, and NFkappaB activation in THP-
1 monocyte cells. J Surg Res, 151(1), 138-144. 

Orna, M. V., & Mason, R. P. (1989). Correlation of kinetic parameters of nitroreductase 
enzymes with redox properties of nitroaromatic compounds. J Biol Chem, 264(21), 
12379-12384. 

Ozkan, S. A., Senturk, Z., & Biryol, I. I. (1997). Determination of ornidazole in 
pharmaceutical dosage forms based on reduction at an activated glassy carbon 
electrode. Int J Pharm, 157(2), 137-144. 

Paillard, D., Grellet, J., Dubois, V., Saux, M. C., & Quentin, C. (2002). Discrepancy 
between uptake and intracellular activity of moxifloxacin in a Staphylococcus aureus-
human THP-1 monocytic cell model. Antimicrob Agents Chemother, 46(2), 288-293. 



 
References 

201 
 

Palmer, B. D., Thompson, A. M., Sutherland, H. S., Blaser, A., Kmentova, I., 
Franzblau, S. G., Wan, B., Wang, Y., Ma, Z., & Denny, W. A. (2010). Synthesis and 
structure-activity studies of biphenyl analogues of the tuberculosis drug (6S)-2-nitro-6-
{[4-(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2, 1-b][1,3]oxazine (PA-824). 
J Med Chem, 53(1), 282-294. 

Papadopoulou, M. V., Ji, M., Rao, M. K., & Bloomer, W. D. (2003). Reductive 
metabolism of the nitroimidazole-based hypoxia-selective cytotoxin NLCQ-1 (NSC 
709257). Oncol Res, 14(1), 21-29. 

Paramasivan, C. N., Sulochana, S., Kubendiran, G., Venkatesan, P., & Mitchison, D. 
A. (2005). Bactericidal action of gatifloxacin, rifampin, and isoniazid on logarithmic- 
and stationary-phase cultures of Mycobacterium tuberculosis. Antimicrob Agents 
Chemother, 49(2), 627-631. 

Pascual, A., Garcia, I., Ballesta, S., & Perea, E. J. (1999). Uptake and intracellular 
activity of moxifloxacin in human neutrophils and tissue-cultured epithelial cells. 
Antimicrob Agents Chemother, 43(1), 12-15. 

Pascual, A., Garcia, I., Conejo, M. C., & Perea, E. J. (1991). Fluorometric and high-
performance liquid chromatographic measurement of quinolone uptake by human 
neutrophils. Eur J Clin Microbiol Infect Dis, 10(11), 969-971. 

Perez-Reyes, E., Kalyanaraman, B., & Mason, R. P. (1980). The reductive metabolism 
of metronidazole and ronidazole by aerobic liver microsomes. Mol Pharmacol, 17(2), 
239-244. 

Porcelli, S. A., & Jacobs, W. R., Jr. (2008). Tuberculosis: unsealing the apoptotic 
envelope. Nat Immunol, 9(10), 1101-1102. 

Prokesch, R. C., & Hand, W. L. (1982). Antibiotic entry into human polymorphonuclear 
leukocytes. Antimicrob Agents Chemother, 21(3), 373-380. 

Purwantini, E., Gillis, T. P., & Daniels, L. (1997). Presence of F420-dependent 
glucose-6-phosphate dehydrogenase in Mycobacterium and Nocardia species, but 
absence from Streptomyces and Corynebacterium species and methanogenic 
Archaea. FEMS Microbiol Lett, 146(1), 129-134. 

Purwantini, E., & Mukhopadhyay, B. (2009). Conversion of NO2 to NO by reduced 
coenzyme F420 protects mycobacteria from nitrosative damage. Proc Natl Acad Sci U 
S A, 106(15), 6333-6338. 

Radi, A., El-Luban, S., & El-Kourashy, A. (1997). Electrochemical reduction of 
secnidazole and its determination in tablets. Electroanal, 9(8), 625-628. 

Raub, T. J. (2006). P-glycoprotein recognition of substrates and circumvention through 
rational drug design. Mol Pharm, 3(1), 3-25. 



 
References 

202 
 

Reyes, L., Davidson, M. K., Thomas, L. C., & Davis, J. K. (1999). Effects of 
Mycoplasma fermentans incognitus on differentiation of THP-1 cells. Infect Immun, 
67(7), 3188-3192. 

Rich, E. A., Torres, M., Sada, E., Finegan, C. K., Hamilton, B. D., & Toossi, Z. (1997). 
Mycobacterium tuberculosis (MTB)-stimulated production of nitric oxide by human 
alveolar macrophages and relationship of nitric oxide production to growth inhibition of 
MTB. Tuber Lung Dis, 78(5-6), 247-255. 

Rodriguez, J. C., Ruiz, M., Climent, A., & Royo, G. (2001). In vitro activity of four 
fluoroquinolones against Mycobacterium tuberculosis. Int J Antimicrob Agents, 17(3), 
229-231. 

Roe, F. J. (1977). Metronidazole: review of uses and toxicity. J Antimicrob Chemother, 
3(3), 205-212. 

Roldan, M. D., Perez-Reinado, E., Castillo, F., & Moreno-Vivian, C. (2008). Reduction 
of polynitroaromatic compounds: the bacterial nitroreductases. FEMS Microbiol Rev, 
32(3), 474-500. 

Rovera, G., Santoli, D., & Damsky, C. (1979). Human promyelocytic leukemia cells in 
culture differentiate into macrophage-like cells when treated with a phorbol diester. 
Proc Natl Acad Sci U S A, 76(6), 2779-2783. 

Russell, D. G. (2007). Who puts the tubercle in tuberculosis? Nat Rev Microbiol, 5(1), 
39-47. 

Rustomjee, R., Lienhardt, C., Kanyok, T., Davies, G. R., Levin, J., Mthiyane, T., 
Reddy, C., Sturm, A. W., Sirgel, F. A., Allen, J., Coleman, D. J., Fourie, B., & 
Mitchison, D. A. (2008). A Phase II study of the sterilising activities of ofloxacin, 
gatifloxacin and moxifloxacin in pulmonary tuberculosis. Int J Tuberc Lung Dis, 12(2), 
128-138. 

Saad, E. I., El-Gowilly, S. M., Sherhaa, M. O., & Bistawroos, A. E. (2010). Role of 
oxidative stress and nitric oxide in the protective effects of alpha-lipoic acid and 
aminoguanidine against isoniazid-rifampicin-induced hepatotoxicity in rats. Food Chem 
Toxicol, 48(7), 1869-1875. 

Samuelson, J. (1999). Why metronidazole is active against both bacteria and 
parasites. Antimicrob Agents Chemother, 43(7), 1533-1541. 

Sassetti, C. M., & Rubin, E. J. (2007). The open book of infectious diseases. Nat Med, 
13(3), 279-280. 

Schecter, G. F., Scott, C., True, L., Raftery, A., Flood, J., & Mase, S. (2010). Linezolid 
in the treatment of multidrug-resistant tuberculosis. Clin Infect Dis, 50(1), 49-55. 

Schnappinger, D., Ehrt, S., Voskuil, M. I., Liu, Y., Mangan, J. A., Monahan, I. M., 
Dolganov, G., Efron, B., Butcher, P. D., Nathan, C., & Schoolnik, G. K. (2003). 



 
References 

203 
 

Transcriptional Adaptation of Mycobacterium tuberculosis within Macrophages: 
Insights into the Phagosomal Environment. J Exp Med, 198(5), 693-704. 

Schwende, H., Fitzke, E., Ambs, P., & Dieter, P. (1996). Differences in the state of 
differentiation of THP-1 cells induced by phorbol ester and 1,25-dihydroxyvitamin D3. J 
Leukoc Biol, 59(4), 555-561. 

Seibert, G., Limbert, M., & Klesel, N. (1983). Comparison of the antibacterial in vitro 
and in vivo activity of ofloxacin (HOE 280 DL 8280) and nalidixic acid analogues. Eur J 
Clin Microbiol, 2(6), 548-553. 

Senousy, B. E., Belal, S. I., & Draganov, P. V. (2010). Hepatotoxic effects of therapies 
for tuberculosis. Nat Rev Gastroenterol Hepatol, 7(10), 543-556. 

Shinabarger, D. L., Marotti, K. R., Murray, R. W., Lin, A. H., Melchior, E. P., Swaney, 
S. M., Dunyak, D. S., Demyan, W. F., & Buysse, J. M. (1997). Mechanism of action of 
oxazolidinones: effects of linezolid and eperezolid on translation reactions. Antimicrob 
Agents Chemother, 41(10), 2132-2136. 

Showalter, H. D., & Denny, W. A. (2008). A roadmap for drug discovery and its 
translation to small molecule agents in clinical development for tuberculosis treatment. 
Tuberculosis (Edinb), 88 Suppl 1, S3-17. 

Singh, R., Manjunatha, U., Boshoff, H. I., Ha, Y. H., Niyomrattanakit, P., Ledwidge, R., 
Dowd, C. S., Lee, I. Y., Kim, P., Zhang, L., Kang, S., Keller, T. H., Jiricek, J., & Barry, 
C. E., 3rd. (2008). PA-824 kills nonreplicating Mycobacterium tuberculosis by 
intracellular NO release. Science, 322(5906), 1392-1395. 

Smith, B. R. (1984). Hypoxia-enhanced reduction and covalent binding of [2-
3H]misonidazole in the perfused rat liver. Biochem Pharmacol, 33(8), 1379-1381. 

Smith, B. R., & Born, J. L. (1984). Metabolism and excretion of [3H]misonidazole by 
hypoxic rat liver. Int J Radiat Oncol Biol Phys, 10(8), 1365-1370. 

Snider, D. (1994). Tuberculosis: the world situation. History of the disease and efforts 
to combat it. In J. D. H. Porter & K. P. W. J. McAdam (Eds.), Tuberculosis: Back to 
future (pp. 13-31). Chichester, UK: John Wiley & Sons. 

Spigelman, M., & Gillespie, S. (2006). Tuberculosis drug development pipeline: 
progress and hope. Lancet, 367(9514), 945-947. 

Spigelman, M. K. (2007). New tuberculosis therapeutics: a growing pipeline. J Infect 
Dis, 196 Suppl 1, S28-34. 

Stambaugh, J. E., Feo, L. G., & Manthei, R. W. (1968). The isolation and identification 
of the urinary oxidative metabolites of metronidazole in man. J Pharmacol Exp Ther, 
161(2), 373-381. 



 
References 

204 
 

Steele, M. A., Burk, R. F., & DesPrez, R. M. (1991). Toxic hepatitis with isoniazid and 
rifampin. A meta-analysis. Chest, 99(2), 465-471. 

Stiborova, M., Frei, E., Sopko, B., Sopkova, K., Markova, V., Lankova, M., 
Kumstyrova, T., Wiessler, M., & Schmeiser, H. H. (2003). Human cytosolic enzymes 
involved in the metabolic activation of carcinogenic aristolochic acid: evidence for 
reductive activation by human NAD(P)H:quinone oxidoreductase. Carcinogenesis, 
24(10), 1695-1703. 

Stokes, R. W., & Doxsee, D. (1999). The receptor-mediated uptake, survival, 
replication, and drug sensitivity of Mycobacterium tuberculosis within the macrophage-
like cell line THP-1: a comparison with human monocyte-derived macrophages. Cell 
Immunol, 197(1), 1-9. 

Stover, C. K., Warrener, P., VanDevanter, D. R., Sherman, D. R., Arain, T. M., 
Langhorne, M. H., Anderson, S. W., Towell, J. A., Yuan, Y., McMurray, D. N., 
Kreiswirth, B. N., Barry, C. E., & Baker, W. R. (2000). A small-molecule 
nitroimidazopyran drug candidate for the treatment of tuberculosis. Nature, 405(6789), 
962-966. 

Studier, F. W. (2005). Protein production by auto-induction in high density shaking 
cultures. Protein Expr Purif, 41(1), 207-234. 

Stuehr, D. J. (1999). Mammalian nitric oxide synthases. Biochim Biophys Acta, 
1411(2-3), 217-230. 

Sulochana, S., Rahman, F., & Paramasivan, C. N. (2005). In vitro activity of 
fluoroquinolones against Mycobacterium tuberculosis. J Chemother, 17(2), 169-173. 

Sundaramurthy, V., & Pieters, J. (2007). Interactions of pathogenic mycobacteria with 
host macrophages. Microbes Infect, 9(14-15), 1671-1679. 

Sung, J. C., Garcia-Contreras, L., Verberkmoes, J. L., Peloquin, C. A., Elbert, K. J., 
Hickey, A. J., & Edwards, D. A. (2009). Dry powder nitroimidazopyran antibiotic PA-
824 aerosol for inhalation. Antimicrob Agents Chemother, 53(4), 1338-1343. 

Suntres, Z. E., & Shek, P. N. (1992). Nitrofurantoin-induced pulmonary toxicity. In vivo 
evidence for oxidative stress-mediated mechanisms. Biochem Pharmacol, 43(5), 
1127-1135. 

Sutherland, H. S., Blaser, A., Kmentova, I., Franzblau, S. G., Wan, B., Wang, Y., Ma, 
Z., Palmer, B. D., Denny, W. A., & Thompson, A. M. (2010). Synthesis and structure-
activity relationships of antitubercular 2-nitroimidazooxazines bearing heterocyclic side 
chains. J Med Chem, 53(2), 855-866. 

Tang, M. H., Helsby, N. A., Goldthorpe, M. A., Thompson, K. M., Al-Ali, S., & Tingle, 
M. D. (2007). Hepatic nitroreduction, toxicity and toxicokinetics of the anti-tumour 
prodrug CB 1954 in mouse and rat. Toxicology, 240(1-2), 70-85. 



 
References 

205 
 

Tang, M. H., Helsby, N. A., Wilson, W. R., & Tingle, M. D. (2005). Aerobic 2- and 4-
nitroreduction of CB 1954 by human liver. Toxicology, 216(2-3), 129-139. 

Tasneen, R., Tyagi, S., Williams, K., Grosset, J., & Nuermberger, E. (2008). Enhanced 
bactericidal activity of rifampin and/or pyrazinamide when combined with PA-824 in a 
murine model of tuberculosis. Antimicrob Agents Chemother, 52(10), 3664-3668. 

Thompson, A. M., Blaser, A., Anderson, R. F., Shinde, S. S., Franzblau, S. G., Ma, Z., 
Denny, W. A., & Palmer, B. D. (2009). Synthesis, reduction potentials, and 
antitubercular activity of ring A/B analogues of the bioreductive drug (6S)-2-nitro-6-{[4-
(trifluoromethoxy)benzyl]oxy}-6,7-dihydro-5H-imidazo[2, 1-b][1,3]oxazine (PA-824). J 
Med Chem, 52(3), 637-645. 

Timbrell, J. A. (1979). The role of metabolism in the hepatotoxicity of isoniazid and 
iproniazid. Drug Metab Rev, 10(1), 125-147. 

Timbrell, J. A., Mitchell, J. R., Snodgrass, W. R., & Nelson, S. D. (1980). Isoniazid 
hepatoxicity: the relationship between covalent binding and metabolism in vivo. J 
Pharmacol Exp Ther, 213(2), 364-369. 

Timmins, G. S., & Deretic, V. (2006). Mechanisms of action of isoniazid. Mol Microbiol, 
62(5), 1220-1227. 

Timmins, G. S., Master, S., Rusnak, F., & Deretic, V. (2004a). Nitric oxide generated 
from isoniazid activation by KatG: source of nitric oxide and activity against 
Mycobacterium tuberculosis. Antimicrob Agents Chemother, 48(8), 3006-3009. 

Timmins, G. S., Master, S., Rusnak, F., & Deretic, V. (2004b). Requirements for nitric 
oxide generation from isoniazid activation in vitro and inhibition of mycobacterial 
respiration in vivo. J Bacteriol, 186(16), 5427-5431. 

Tsuchiya, S., Kobayashi, Y., Goto, Y., Okumura, H., Nakae, S., Konno, T., & Tada, K. 
(1982). Induction of maturation in cultured human monocytic leukemia cells by a 
phorbol diester. Cancer Res, 42(4), 1530-1536. 

Tsuchiya, S., Yamabe, M., Yamaguchi, Y., Kobayashi, Y., Konno, T., & Tada, K. 
(1980). Establishment and characterization of a human acute monocytic leukemia cell 
line (THP-1). Int J Cancer, 26(2), 171-176. 

Tsukamura, M. (1985). Antituberculosis activity of ofloxacin (DL 8280) on experimental 
tuberculosis in mice. Am Rev Respir Dis, 132(4), 915. 

Tsukamura, M., Nakamura, E., Yoshii, S., & Amano, H. (1985). Therapeutic effect of a 
new antibacterial substance ofloxacin (DL8280) on pulmonary tuberculosis. Am Rev 
Respir Dis, 131(3), 352-356. 

Tyagi, S., Nuermberger, E., Yoshimatsu, T., Williams, K., Rosenthal, I., Lounis, N., 
Bishai, W., & Grosset, J. (2005). Bactericidal activity of the nitroimidazopyran PA-824 
in a murine model of tuberculosis. Antimicrob Agents Chemother, 49(6), 2289-2293. 



 
References 

206 
 

Uchide, N., & Toyoda, H. (2007). A new simple multi-well plate-based assay for 
monocyte differentiation using human monocytic leukemia THP-1 cells. J Immunol 
Methods, 328(1-2), 215-219. 

Udenfriend, S., Clark, C. T., Axelrod, J., & Brodie, B. B. (1954). Ascorbic acid in 
aromatic hydroxylation. I. A model system for aromatic hydroxylation. J Biol Chem, 
208(2), 731-739. 

Van de Velde, S., Nguyen, H. A., Van Bambeke, F., Tulkens, P. M., Grellet, J., Dubois, 
V., Quentin, C., & Saux, M. C. (2008). Contrasting effects of human THP-1 cell 
differentiation on levofloxacin and moxifloxacin intracellular accumulation and activity 
against Staphylococcus aureus and Listeria monocytogenes. J Antimicrob Chemother, 
62(3), 518-521. 

Varghese, A. J. (1983). Glutathione conjugates of misonidazole. Biochem Biophys Res 
Commun, 112(3), 1013-1020. 

Vazifeh, D., Bryskier, A., & Labro, M. T. (1999). Mechanism underlying levofloxacin 
uptake by human polymorphonuclear neutrophils. Antimicrob Agents Chemother, 
43(2), 246-252. 

Walton, M. I., & Workman, P. (1987). Nitroimidazole bioreductive metabolism. 
Quantitation and characterisation of mouse tissue benznidazole nitroreductases in vivo 
and in vitro. Biochem Pharmacol, 36(6), 887-896. 

Wang, C. H., Liu, C. Y., Lin, H. C., Yu, C. T., Chung, K. F., & Kuo, H. P. (1998). 
Increased exhaled nitric oxide in active pulmonary tuberculosis due to inducible NO 
synthase upregulation in alveolar macrophages. Eur Respir J, 11(4), 809-815. 

Wardman, P., & Clarke, E. D. (1976). One-electron reduction potentials of substituted 
nitroimidazoles measured by pulse radiolysis. J Chem Soc, Faraday Trans 1, 72, 
1377-1390. 

Wayne, L. G., & Sramek, H. A. (1994). Metronidazole is bactericidal to dormant cells of 
Mycobacterium tuberculosis. Antimicrob Agents Chemother, 38(9), 2054-2058. 

Weidenhagen, R., & Herrmann, R. (1935). 4(5)-Amino-5(4)-methylimidazole. Berichte 
der Deutschen Chemischen Gesellschaft [Abteilung] B: Abhandlungen, 68B, 2205-
2209. 

Whillans, D. W., & Whitmore, G. F. (1981). The radiation reduction in misonidazole. 
Radiat Res, 86(2), 311-324. 

White, V. L., & Moore-Gillon, J. (2000). Resource implications of patients with 
multidrug resistant tuberculosis. Thorax, 55(11), 962-963. 

WHO. (1997). Treatment of tuberculosis. Geneva, Switzerland. 



 
References 

207 
 

WHO. (2006). Extensively drug-resistant tuberculosis (XDR-TB): recommendations for 
prevention and control. Wkly Epidemiol Rec, 81(45), 430-432. 

WHO. (2009). World Health Organization Report 2009: Global Tuberculosis Control 
Epidemiology, Strategy, Financing. Geneva, Switzerland. 

WHO. (2010a). Global tuberculosis control: WHO report 2010. Geneva, Switzerland. 

WHO. (2010b). Treatment of tuberculosis: Guidelines for national programmes. 
Geneva, Switzerland. 

Yanez, C., Bollo, S., Nunez-Vergara, L. J., & Squella, J. A. (2001). Voltammetric 
determination of nitroimidazopyran candidate for the treatment of tuberculosis. Anal 
Lett, 34(13), 2335-2348. 

Youngman, R. J., Osswald, W. F., & Elstner, E. F. (1982). Mechanisms of oxygen 
activation by nitrofurantoin and relevance to its toxicity. Biochem Pharmacol, 31(23), 
3723-3729. 

Yu, K., Mitchell, C., Xing, Y., Magliozzo, R. S., Bloom, B. R., & Chan, J. (1999). 
Toxicity of nitrogen oxides and related oxidants on mycobacteria: M. tuberculosis is 
resistant to peroxynitrite anion. Tuber Lung Dis, 79(4), 191-198. 

Yung, R. (2010). The role of mitochondria in the hepatotoxicity of CB 1954. University 
of Auckland, Auckland. 

 

 




