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ABSTRACT 

Hypoxia is a characteristic of tumours and an attractive therapeutic target. PR-104, a 

hypoxia-activated prodrug in clinical trial, is a phosphate ester which is rapidly 

converted to the alcohol PR-104A, and then activated by reduction to hydroxylamine 

(PR-104H) and amine (PR-104M) metabolites selectively in hypoxic cells. This thesis 

explores the pharmacology of PR-104. The primary objectives were to define 

relationships between metabolic transformation of PR-104, its toxicity to normal 

tissues, its clearance from the body, and its antitumour activity in preclinical models. 

DNA damage responsible for cytotoxicity of PR-104A was characterised by comparing 

sensitivity of repair-defective Chinese hamster ovary cell lines with their repair-

competent counterparts. The activated metabolites PR-104H and PR-104M showed a 

repair profile similar to typical DNA interstrand crosslinking agents, including 

dependence on the ERCC1-XPF endonuclease (implicated in unhooking DNA 

interstrand crosslinks at blocked replication forks) and Rad51D (required for 

homologous recombination repair). PR-104A cytotoxicity under hypoxia is accounted 

for by DNA crosslinking by these reduced metabolites. This study showed that 

hypoxia, reductase activity, and DNA interstrand crosslink repair proficiency are key 

variables that interact to determine PR-104A sensitivity. 

PR-104 was rapidly excreted in mice, with approximately equal excretion in urine and 

faeces. Investigation of pathways of biotransformation in mice, rats, dogs and humans 

identified major species difference in biotransformation of PR-104 in that N-

dealkylation and subsequent metabolites from the mercapturic acid pathway was major 

in rodents, while O-glucuronidation of PR-104A much more extensive in dogs and 

humans. The nitroreduction pathway was found in all species, with different patterns in 

that PR-104M was prominent in rodents but PR-104H was higher in humans. Overall, 

the results suggest that rodents may not be appropriate for modelling human 

biotransformation and toxicology of PR-104.  

A rapid and sensitive UHPLC-MS/MS method was developed for quantitation of the 

major metabolites of PR-104 in humans. Application to plasma samples from phase I 

clinical trials demonstrated approximately dose-linear pharmacokinetics but high 



variability between individuals in concentrations of the glucuronide. The species and 

individual difference in glucuronidation were further examined using a microsomal 

metabolism model. Glucuronidation was fastest in dog liver microsomes, followed by 

human then rodent microsomes. UGT2B7 appeared to be the only human isoform able 

to conjugate PR-104A, which was further confirmed by a strong correlation between 

UGT2B7 protein content and glucuronidation activity in microsomes from different 

individuals. The results suggest that differences in UGT2B7 activity may contribute to 

individual differences in PR-104A pharmacokinetics, and that the role of this enzyme in 

the toxicology of PR-104 warrants further investigation. 
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CCHHAAPPTTEERR  11  IInnttrroodduuccttiioonn  

1.1 THE TUMOUR MICROENVIRONMENT 

Solid tumours are organ-like entities comprised of neoplastic cells and stromal cells 

(e.g., fibroblasts and inflammatory cells) that are supported by a basement membrane, 

embedded in an extracellular matrix (ECM) and nourished by a vascular network 

(Tredan et al., 2007). The microenvironmental physiology of tumours is uniquely 

different from that of normal tissues in a number of aspects. One of the most significant 

characters is that as a solid tumour grows, the rate of cancer cell proliferation surpasses 

the ability of the existing vasculature to supply growth factors, nutrients, and oxygen 

and to remove the catabolites produced by the cells. As a consequence, this imbalance 

between supply and demand results in regions of hypoxia, low glucose levels and low 

pH, which are unevenly distributed within the tumour mass (Vaupel, 2004b).  

Tumour growth and progression occurs as a result of enhanced proliferation of 

neoplastic cells with genetic alterations. However, tumours cannot grow beyond 1 to 2 

millimeters diameter without a vascular supply, due to a lack of oxygen and nutrients. 

To overcome this, a tumour needs to recruit its own blood supply to delivery oxygen 

and nutrients (Hanahan and Folkman, 1996). It is a critical step in tumour progression 

to develop new blood vessels from pre-existing ones (Folkman, 2003; Carmeliet, 2003), 

the process known as “angiogenesis” and was firstly proposed by Judah Folkman in 

1971 (Folkman, 1971). It is now well established that angiogenesis is important for 

tumour growth and metastases. The initiation of angiogenesis in developing tumours is 

referred to as the process termed “angiogenic switch,” characterised by shifting in the 

balance from the anti- to the pro-angiogenic factors, causes a transition from the 

dormant to the angiogenic state (Hanahan and Folkman, 1996). Many molecular 

mediators and regulators of angiogenesis have been discovered. Transcription of the 

gene for the pro-angiogenic vascular endothelial growth factor (VEGF) is strongly 

induced by hypoxia forming within the tumour microenvironment (Ferrara and Kerbel, 

2005; Ferrara, 2005). The transcription factor hypoxia inducible factor (HIF) 1α plays a 

central role in the hypoxic regulation of VEGF (Semenza, 2002) which will be detailed 

in Section 1.2.1. 
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Figure 1.1 - Illustration of the principal differences between the vasculature of normal (left) 

and tumour (right) tissues. (a) Normal tissues have a relatively uniform and structurally ordered 

microvasculature with vessels sufficiently close to ensure adequate oxygen and nutrient supply 

to all cells, (b) Tumour blood vessels are dilated and tortuous, have arteriovenous (AV) shunts 

and blind ends. In addition, large intercapillary distances and irregular blood flow are 

characteristic features of solid tumours. From Brown and Wilson, 2004 

 

Unlike the microvascular network in normal tissues, tumour angiogenesis often results 

in the development of a disorganised vasculature that is markly abnormal both 

functionally and structurally (Figure 1.1). In normal tissues, blood vessels are organised 

in a hierarchical manner structurally ordered, uniformly distributed and sufficiently 

close to one another to ensure adequate delivery of oxygen and nutrients to all cells. In 

contrast, tumour vessels are often elongated, dilated and twisted blood vessels with 

excessive branching and shunts (Carmeliet, 2000). They can be alternately functional as 

they close and re-open leading to chaotic and fluctuating blood-flow (Folkman, 1971; 

Vaupel et al., 1989; Vaupel et al., 2001). They are also lacking in functional 

perivascular smooth muscle and frequently have incomplete endothelial lining (Jain, 

1988; Benjamin et al., 1999; Hashizume et al., 2000). The latter contributes to vessel 

leakiness, also caused by presence of endothelial cells that are abnormal in shape, 

resulting in a widened intercellular junctions (Dvorak et al., 1999; Hashizume et al., 

2000). These vascular abnormalities contribute further to hypoxia and acidosis in the 

tumour microenvironment. Furthermore, the hyperpermeable vessels combined with the 

poorly functional lymphatic drainage (Jain, 1990; Leu et al., 2000), lead to elevated 
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interstitial fluid pressure inside solid tumours (Boucher et al., 1990; Milosevic et al., 

1998; Heldin et al., 2004), which also indirectly contributes to the hypoxia and 

acidosis. 

 

 

           

 

 

 

 

 

 

 

Figure 1.2 - Diagrammatic representation of tumour cells and the extracellular matrix (ECM) 

surrounding a capillary showing that pO2 diffusion and cell proliferation rates decrease with 

increasing distances from a functional blood vessel. Modified from Tredan et al., 2007. 

The existence of a structurally abnormal vasculature, together with chaotic blood flow 

gives rise to gradients of pO2 and nutrient diffusion in solid tumours, leading to the 

development of regions of hypoxia (low oxygen concentration) and necrosis distant 

from the vasculature (Figure1.2). Decreased clearance of acidic metabolites (such as 

CO2 and carbonic acid) from tumour cells, which often use glycolysis as an energy 

resource for survival and proliferation, lead to acidic pH (Tannock and Rotin, 1989; 

Vander Heiden et al., 2009). In addition, nutrient deprivation induces cell cycle arrest, 

therefore reducing the rate of proliferation of tumour cells with increasing distance 

from tumour blood vessels (Tannock, 1968; Yonenaga et al., 2005). All of the above 

characteristics, as well as leakiness of tumour vessels and their variable permeability 

(Hashizume et al., 2000; Yonenaga et al., 2005), contribute to considerable 

heterogeneity within the tumour microenvironment. 
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1.2 TUMOUR HYPOXIA 

Hypoxic (or anoxic) areas arise as a result of imbalance between the supply and 

consumption of oxygen. The concept of a diffusion limit for oxygen of 100-200 µm in 

tissues was introduced by August Krogh, Nobel laureate, nearly a century ago based on 

the anatomy of the capillary bed and a mathematical model of oxygen diffusion and 

consumption (Krogh, 1922).The current unit of tissue, “Krogh cylinder”, in physiology 

refers to a single capillary surrounded by a 100-200 µm radius cylinder. The similar 

“cord” was found in lung cancer by Thomlinson and Gray in 1955, in which cells 

beyond 180 µm from blood vessels become necrotic, presumably due to lack of oxygen 

(Thomlinson and Gray, 1955). Since then, tumour hypoxia has become one of most 

studied physiological phenomena in cancer research due to its pervasiveness in solid 

tumours and biological importance. 

1.2.1 Biology of tumour hypoxia 

It has been long recognised that hypoxic regions exist in both animal and human 

tumours (Moulder and Rockwell, 1984; Vaupel and Hockel, 1995). Two types of 

hypoxia involved in solid tumours are chronic and acute. Chronic hypoxia (also known 

as diffusion-limited hypoxia) proposed by Thomlinson and Gray (Thomlinson and 

Gray, 1955) postulate that hypoxia occurs where tumour cells, because of their 

unrestrained growth, be forced away from vessels beyond the effective diffusion 

distance of oxygen (~ 150 µm) in respiring tissues. Studies suggested that tumour cells 

could remain viable in such prolonged and chronic hypoxia environments for hours to a 

few days (Franko and Sutherland, 1978; Durand and Raleigh, 1998). Several 

investigators have also clearly demonstrated the presence of chronically hypoxic cells 

in human tumours using hypoxia-activated markers (Raleigh et al., 1998). It was 

suggested later that acute (perfusion-limited) hypoxia, due to temporary obstruction or 

fluctuations in blood flow, might play an important role in solid tumours (Brown, 1979; 

Dewhirst, 1998). As discussed in Section 1.1, blood flow in tumour vessels is 

intermittent, and as a result some regions of a tumour lack oxygen periodically. A 

necessary consequence of intermittent blood flow is the resumption of blood flow after 

shutdown, and the resulting production of free radicals can lead to “reperfusion injury” 

or “reoxygenation injury”, applying additional selection pressure on cancer cells 

(Fukumura and Jain, 2007). Although acute hypoxia cannot be visualised directly in 
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human tumours, by use of laser Doppler microprobes, Hill et al. have shown that 

fluctuating blood flow occurs in both human and mouse tumours (Hill et al., 1996). 

Additional mechanism includes tumour-associated and / or therapy-induced anaemia 

leading to a reduced O2 transport capacity of the blood (anaemic hypoxia) (Vaupel, 

2004b). There is sufficient evidence for the existence of substantial heterogeneity in 

tumour hypoxia within the mass, predominantly related to the former two mechanisms. 

1.2.2 Molecular response of tumour hypoxia 

Although hypoxia has been known to be present within tumours for decades, it is only 

in recent years that the molecular pathways regulating oxygen homeostasis and the 

normal physiological response to the cellular stress of hypoxia have been elucidated. 

The key regulator of this pathway is hypoxia-inducible transcription factor 1 (HIF-1), a 

heterodimeric complex consisting of two basic helix-loop-helix subunits α and β (Wang 

et al., 1995; Semenza, 2003), which is known to regulate over one hundred genes 

including those involved in agiogenesis, invasion / metastasis, apoptosis and 

metabolism (Cardenas-Navia et al., 2007). The HIF-1β subunit is a constitutively 

produced nuclear protein that is not controlled by oxygen level (Wang and Semenza, 

1995). There are three oxygen-dependent HIF-α subunits: HIF-1α, HIF- 2α, and HIF-3α 

(Gruber and Simon, 2006), among which HIF1-α is the best characterised to date and 

specifically upregulated by hypoxic stress. This transcription factor is considered to be 

the master regulator of oxygen homeostasis in many cell types (Maxwell et al., 1997; 

Semenza, 2007) and also upregulated in a number of human tumours (Harris, 2002). 

Figure 1.3 shows how HIF1-α is regulated under aerobic and hypoxic conditions. Under 

conditions of normal oxygen, HIF-1α is continuously synthesised and degraded. HIF1-

α is hydroxylated at specific proline residues (Schofield and Ratcliffe, 2004) within the 

oxygen-dependent degradation domain by prolyl hydroxylases (PHDs), biochemical 

characteristics of which are 2-OG-dependent dioxygenases that require O2 for 

hydroxylation as well as Fe
2+

 and ascorbate as cofactors (Schofield and Zhang, 1999). 

This process is necessary for HIF- -Lindau tumour 

suppressor protein (pVHL), and in turn degrading through the ubiquitin–proteasome 

pathway (Salceda and Caro, 1997; Maxwell et al., 1999; Kamura et al., 2000). 

Recognition of HIF-1α by pVHL is further enhanced by acetylation of lysine-532 

through an N-acetyltransferase named ADP-ribosylation factor domain protein 1 
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(ARD1) (Jeong et al., 2002) though its impact on the HIF signaling pathway is limited 

(Arnesen et al., 2005; Bilton et al., 2005). In addition, hydroxylation of an asparagine 

residue on HIF-1α by asparaginyl hydroxylase FIH-1, a 2-OG-dependent dioxygenase 

similar to PHDs in the requirements of Fe
2+

 and ascorbate as cofactors (Lando et al., 

2002), blocks the interactions between p300/CBP transcriptional coactivator proteins 

and the α subunit, thereby preventing the transcription of several genes. However, 

under conditions of reduced O2 availability (hypoxia), prolyl hydroxylases are inactive, 

resulting in inhibition of HIF-1α degradation, then the protein accumulates, dimerises 

with HIF-1β, binds to cis-acting hypoxia response elements (HREs) in target genes 

such as vascular endothelial growth factor (VEGF), and recruits coactivator proteins, 

which leads to increased transcription. 

 

Figure 1.3 - Mechanisms of HIF-1α regulation under aerobic and hypoxic conditions. Under 

aerobic conditions, HIF-1α is hydroxylated on proline 402 and proline 564 prolyl hydroxylases 

(PHDs), which is necessary for binding to von Hippel-Lindau (VHL) and subsequent ubiquitin-

mediated degradation by proteosomes. In addition, asparagine hydroxylation blocks its binding 

to p300/CBP, thereby preventing the transcription of downstream genes. Under hypoxia, 

because proline hydroxylases are not active, HIF-1α dimerises with HIF-1β and translocate to 
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the nucleus to activate genes that possess hypoxia-response elements (HREs). From Giaccia et 

al., 2003. 

In addition to the oxygen-dependent regulation of HIF-1α, a variety of oncoproteins and 

cytokines can regulate HIF-1α protein levels in an oxygen-independent manner. For 

example, in certain contexts, HIF-1α protein induction is dependent on activation of the 

the phosphatidylinositol3-kinase (PI3K) or mitogen-activated protein kinase (MAPK) 

pathways. PI3K mediates its effects through its target Akt and the downstream kinase 

mTOR (mammalian target of rapamycin) (Laughner et al., 2001; Hudson et al., 2002) 

though mTOR-independent mechanism also exists (Pore et al., 2006). 

It has been 10 years since the first report of HIF-1α overexpression in primary human 

cancers and their metastases (Zhong et al., 1999). In some tumours the pattern of HIF-

1α expression is consistent with hypoxia being the major determinant (i.e. HIF-1 is 

mainly peri-necrotic), but in other tumours such as renal carcinomas, HIF-1α is 

upregulated throughout the tumour (Iliopoulos et al., 1996). 
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1.3 HYPOXIA IN CANCER THERAPY 

Over the past decades, tumour hypoxia has become one of the most studied 

physiological phenomena in cancer research because of emerging evidence that it is 

important in tumour progression and in particular, its prognostic role in therapeutics. It 

is now widely accepted that hypoxia is not only associated with radiotherapy and 

chemotherapy resistance, but also a key factor for tumour progression and metastasis 

resulting from molecular changes within the tumour mass.  

1.3.1 Tumour hypoxia and radiotherapy 

It has been long known that hypoxic cells are resistant to damage by ionising radiation 

(Gray et al., 1953). Typically, regions of pO2<10 mmHg are more radioresistant along 

with other significant changes in tumour celluar function and red cell fluidity, therefore 

is defined as hypoxia (Cardenas-Navia et al., 2007). Hypoxia-associated resistance to 

radiotherapy is multifactorial. Ionising radiation causes cell death due to its ability to 

form highly reactive free radicals (DNA

) in DNA. Once these free radicals are formed, 

oxygen rapidly reacts with the radicals and thereby “fixes” (or makes permanent) the 

radiation damage and results in cell death, particularly via DNA double strand breaks. 

However, cells with low a level of oxygen are more likely to have the radical restored 

to its undamaged form by donation of a hydrogen molecule from sulfhydryl-containing 

(-SH) compounds before the damage is “fixed”, thus avoiding cell death. Consequently 

a higher radiation dose is generally required to achieve equivalent cell killing under 

hypoxic conditions which is in particular seen after large single doses of radiation but 

also exists in normal fractionated radiotherapy. This difference is described by the 

oxygen enhancement ratio (OER), which is defined as the ratio of doses to produce the 

same level of cell kill under hypoxic to aerobic conditions. The ratio is usually in the 

range 2.5-3 for mammalian cells (Brown, 1999; Brown and Wilson, 2004). Hypoxia-

induced proteome and genome changes may also contribute to radioresistance through 

mechanisms such as induction of heat shock proteins (Heacock and Sutherland, 1986; 

Sutherland et al., 1986; Dachs and Stratford, 1996), elevated glutathione biosynthesis 

(Dietel, 1993; O'Dwyer et al., 1994), enhanced proliferation potential (Hockel and 

Vaupel, 2001) or diminished apoptotic potential (Hockel et al., 1999; Kinoshita et al., 

2001; Vaupel et al., 2001). However, the effects of hypoxia on radiosensitivity are 

complex, with the direct effects of oxygen as a radiosensitiser offset in some cases by 
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increased intrinsic radiosensitivity under chronic hypoxia (Shrieve and Harris, 1985), 

recently ascribed to the downregulation of homologous recombination repair under 

chronic hypoxia (Chan et al., 2008). Hypoxic cells are capable of causing tumour 

recurrence after radiotherapy treatment, as demonstrated by many clinical studies, 

particularly with head and neck cancers for which control of the primary tumour is the 

main problem (Nordsmark et al., 1996; Brizel et al., 1999). 

To overcome hypoxic radioresistance, several methods have been attempted in clinical 

trials. One is increasing delivery of oxygen through the blood. This may be achieved by 

hyperbaric oxygen (HBO) breathing typically conducted at a pressure of 3 atmospheres, 

which increases oxygen dissolved in blood plasma even though haemoglobin is 

essentially fully saturated at ambient pressure (Watson et al., 1978; Dische et al., 1983; 

Henk, 1986). The overall experience with HBO is quite positive though some 

shortcomings exist (i.e. cumbersome, expensive and dangerous to irradiate patients). 

Another reason to restrict the application of the strategy could be because it is only 

targeted toward reducing the chronic hypoxia and failed to change the proportion of 

acutely hypoxic cells (Brown, 1999). To overcome the defect, normobaric 

oxygen/carbogen has been applied combined with nicotinamide, the amide derivative of 

vitamin B3 that is known to counteract the acute hypoxia (Horsman, 1995). The 

combination is among other combinations known from the so-called ARCON 

(accelerated radiotherapy with carbogen and nicotinamide) strategy, in which carbogen 

(95% O2 + 5% CO2) is used to reduce chronic hypoxia with nicotinamide to reduce 

acute hypoxia resulting from intermittent vascular closure (Rojas, 1991; Hoskin et al., 

2009). The use of these agents simultaneously has indeed been shown to increase the 

radiation damaging effect in a variety of tumour xenograft models (Siemann et al., 

1994; Fenton, 1995; Rojas et al., 1996; Fenton et al., 2000) as well as increased 

oxygenation of tumours in patients (Laurence et al., 1995). Some promising results 

have also been obtained in clinical studies in conjunction with accelerated irradiation 

(Kaanders et al., 1998; Bussink et al., 1999; Hoskin et al., 1999; Hoskin et al., 2009). 

However, these positive findings were still awaiting further confirmation by ongoing 

clinical trials.  

The second method is the use of nitroimidazoles as hypoxia cell radiosensitisers, which 

relies on the ability of these compounds to mimic the effect of oxygen in the 

radiochemical process. The early development was focused on misonidazole and its 
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derivatives but the small effect and cumulative tolerance together with its delayed 

peripheral neuropathy prevented their routine clinical use (Overgaard, 2007). Later the 

5-nitroimidazole nimorazole received attention because of confirmed efficacy with less 

severe toxicity and it is routinely used in the treatment of head and neck cancer in 

Denmark (Overgaard et al., 1998). Investigations of other nitroimidazoles are also 

under way (Sugie et al., 2005; Nagasawa et al., 2006). It is now clear that better 

selection of patients for inclusion in trials for targeting hypoxic cells would be 

beneficial. For example, a relationship had been found between nimorazole response 

and high level of osteopontin which is regulated by HIF-1 (Overgaard et al., 2005). 

1.3.2 Tumour hypoxia and chemotherapy 

Multiple mechanisms are considered to confer hypoxic cell resistance to chemotherapy. 

Hypoxic cells in vitro are not commonly as resistant to anticancer drugs as they are to 

ionising radiation except radiomimetic antibiotics (i.e. bleomycin), which are free 

radical-based DNA damaging agents. They induce DNA radicals which then react with 

oxygen to form O2 radicals (Teicher et al., 1981; Povirk, 1996) and are thus more toxic 

toward oxygenated cells. However, in a solid tumour in vivo, a number of factors 

associated either directly or indirectly with tumour hypoxia contribute to the negative 

effect on chemotherapy. A major cause of resistance appears to be slow 

proliferation/non-cycling state of hypoxic cells (Tannock, 1978; Green and Giaccia, 

1998) and their inaccessibility to blood-borne drugs because of their location at large 

distances from blood vessels (Hicks et al., 2006; Minchinton and Tannock, 2006; Kyle 

et al., 2007). Chemoresistance can also result from transient drug resistance after 

exposure to hypoxic conditions. The temporary phenomenon has been reported for 

doxorubicin, methotrexate, 5-fluorouracil, actinomycin-D, etoposide, BCNU and 

cisplatin, in various murine and human cell line models (Wilson et al., 1989a; Sakata et 

al., 1991; Kalra et al., 1993; Sanna and Rofstad, 1994; Liang, 1996). Other mechanisms 

can include hypoxia selection of tumour cells with defects in p53-mediated apoptosis 

(Graeber et al., 1996; Kinoshita et al., 2001) and induction of proteins contributing to 

resistance including hypoxic stress proteins, the DNA repair enzyme HAP1 (also 

known as APE/Ref-1) (Walker et al., 1994) and MDR-associated p-glycoprotein 

(Sakata et al., 1991; Comerford et al., 2002). Chemoresistance can also arise through 

acidosis in hypoxic regions and consequently influence the cell uptake and cytotoxicity 
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of weakly basic agents, such as doxorubicin and adriamycin (Skovsgaard, 1977; Denny 

and Wilson, 1986; Gerweck et al., 2006). Interestingly, a recent study revealed that 

chronically hypoxic cells can downregulate homologous recombination repair proteins 

resulting in increased sensitivity to ionising radiation and DNA cross-linking agents 

(mitomycin C and cisplatin) (Chan et al., 2008). Nonetheless, the role of hypoxia in 

chemotherapy has not been investigated as intensively as it has in radiotherapy and 

definitive clinical evidence for an association between tumour hypoxia and 

chemotherapeutic resistance has yet to be demonstrated. 

1.3.3 Tumour hypoxia increases malignant progression and 

metastasis 

Over the last decade it has become clear that tumour hypoxia plays an important role in 

tumour progression and a more aggressive phenotype (Sullivan and Graham, 2007; 

Chan and Giaccia, 2007) in addition to conferring a direct resistance to radiation and 

chemotherapy. Association between tumour hypoxia and disease progression has been 

demonstrated in various human tumours including carcinomas of the cervix, prostate 

and the head and neck, as well as soft tissue sarcomas (Milosevic et al., 2004; Vaupel, 

2004a; Nordsmark et al., 2007) using the Eppendorf pO2 histograph technique. Studies 

in animal models also showed that enhancing hypoxia in tumours resulted in increased 

metastatic dissemination to the lungs (Cairns et al., 2001) and lymph nodes (Cairns and 

Hill, 2004). 

Hypoxia can induce apoptosis via p53 and HIF-1-dependent mechanisms (Carmeliet et 

al., 1998). However, changes in the proteome of tumour cells allow them adapt to the 

oxygen- and nutrient-deprived state and accordingly survive in their hostile 

environment (Shrieve et al., 1983; Durand and Raleigh, 1998). This is accomplished by 

HIF-mediated induction of genes for angiogenesis, vasodilation and glycolysis (Harris, 

2002). Most genes induced by hypoxia are regulated by the hypoxia-inducible 

transcription factor HIF-1, a protein that therefore plays a very important role in tumour 

development, which has been discussed in Section 1.2.2. HIF-1 was also known to 

contribute to a more malignant phenotype by inducing the expression of genes involved 

in angiogenesis (Carmeliet, 2005) and metastasis (Erler and Giaccia, 2006; O'Donnell 

et al., 2006). 
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The molecular mechanisms by which tumour hypoxia might increase malignant 

progression and metastatic potential are not fully known, but may include clonal 

selection, mutagenic events, genomic instability and changes in gene expression. 

Mutations in p53 make tumour cells resistant to apoptosis and more prone to further 

mutations. Furthermore, exposure to hypoxia alters tumour cells to be highly invasive 

and metastatic (Pennacchietti et al., 2003; Erler and Giaccia, 2006). Eventually, 

hypoxia might select for tumour cells that are more malignant, more aggressive, and 

genetically unstable, and less susceptible to apoptosis, thus rendering them resistant to 

various therapies. The importance of hypoxia-mediated clonal expansion of tumour 

cells with diminished apoptotic potential has been demonstrated both experimentally 

(Graeber et al., 1996) and clinically (Hockel et al., 1999). Hypoxic cells also display 

complex changes in gene expression, leading to secretion of factors which simulate the 

growth and spread of tumours (angiogenesis, invasion and metastasis) (Harris, 2002; 

Kunz and Ibrahim, 2003; Pennacchietti et al., 2003; Staller et al., 2003). Hypoxia not 

only induces these proteomic changes that influence tumour development but also 

drives malignant progression through genomic changes. Hypoxia is thus considered to 

increase the number of clonal variants by promoting genomic instability through gene 

amplification, DNA point mutations and chromosomal rearrangement (Young et al., 

1988; Young and Hill, 1990; Reynolds et al., 1996; Yuan et al., 2000). Tumour cells 

harbouring such (hypoxia-driven) genomic alterations (such as loss of apoptotic 

potential) become adapted to survival under the selection pressure of tumour 

microenvironment, producing new variants (through clonal expansion) that can drive 

malignant progression (Hockel and Vaupel, 2001). 

1.3.4 Clinical significance of hypoxia and measurement 

Tumour hypoxia has been shown to be prognostically significant in many clinical 

studies, independent of tumour types (Table 1.1). Patients with hypoxic tumours have 

lower overall survival, decreased response rates, higher rates of tumour reccurrence and 

metastases (Brizel et al., 1996; Vaupel and Mayer, 2007).  

Over the last decade, several methods have been used to determine the level of 

oxygenation in experimental and clinical tumours, including invasive intratumoural 

measurement with O2 electrodes (Vaupel et al., 1991), the immunohistochemical 

detection of markers of hypoxia in biopsy samples (Arteel et al., 1995) and noninvasive 
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imaging-based methods to display the distribution of such exogenous or endogenous 

markers of tumour oxygenation (Rasey et al., 1996). However, there is no clear „gold 

standard‟ for measuring hypoxia to date (Tatum et al., 2006). These approaches are 

detailed below and their advantages and disadvantages are summarised in Table 1.2 

Table 1.1 Oxygenation status in different solid tumour entities compared to their normal tissue 

origin determined by oxygen electrode measurement. The values shown are combined medians 

of individual median pO2 values in published series (summarised from Vaupel et al., 2007 and 

Brown and Wilson, 2004). 

Tumour Type
 

Median tumour 

pO2
† (number of 

patients) 

HF2.5†† 

(%)
 
 

Median normal pO2 

(number of patients) 

Head and neck carcinoma 10 (592) 21 40-51 (109) 

Cervical cancer 9  (730) 28 51 (8) 

Breast cancer 10 (212) 30 52 (89) 

Lung cancer 7.5 (17) ND 39 (17) 

Pancreatic cancer 2 (7) 59 52 (7) 

Prostate cancer 11 (10) 45 30 (59) 

Soft-tissue sarcoma 14 (283) 13 ND 

† 
Measured in mmHg. 

†† 
Fraction of pO2 values < 2.5 mmHg (HF2.5). These could be underestimated where the 

frequency of extreme hypoxic regions is low. 

DIRECT MEASUREMENT OF OXYGEN TENSION  

The direct and rapid real-time measurements of oxygen tension using microelectrodes, 

once considered the gold standard for measurement of oxygen levels, can be applied to 

tissues (i.e. tumours) (Kallinowski et al., 1990). In this procedure, a polarographic 

microelectrode probe (e.g. Eppendorf
®
), is used to generate a histogram of oxygen 

tensions (pO2) from multiple sampling points along different tracks. The method 

provided the first clinical evidence that hypoxia exists in human solid tumours and is 

predictive for poor prognosis in head and neck cancer (Gatenby et al., 1988) as well as 

other easily accessible tumours such as cervical cancer (Hockel et al., 1993) and soft 

tissue sarcoma (Brizel et al., 1996). Tumours in deeper-seated organs such as brain, 

lung, pancreas and prostate have also been assayed (Collingridge et al., 1999; Koong et 
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al., 2000; Movsas et al., 2001; Evans et al., 2004b). Alternatively, a probe-based 

oxygen measurement system has been developed based on oxygen-sensitive 

fluorophores „OxyLite‟ (Griffiths and Robinson, 1999). The OxyLite probe offers 

potential advantages over the Eppendorf oxygen electrode in that it does not show 

significant oxygen consumption during measurements and can be used to monitor 

temporal evolution of oxygen in a given micro-region (Brurberg et al., 2004). 

Furthermore, since pO2 micro-sensors are based on optical fibres therefore they are 

fundamentally compatible with imaging techniques such as MRI, CT and PET. Despite 

the proven application of oxygen electrodes in a number of preclinical and clinical 

studies, they have been restricted to relatively superficially lesions due to the invasive 

nature and inability to distinguish between hypoxic and necrotic tissue, and have 

limited spatial resolution (Milosevic et al., 2004; Tatum et al., 2006). 

In addition, some other techniques for direct measurement of absolute oxygen levels 

have been achieved using magnetic resonance imaging (MRI) based assays. One 

technique is 
19

F MRI, which employs injectable perfluorocarbons (PFC), whose 
19

F 

nuclear magnetic resonance (NMR) spin lattice relaxation rate is highly sensitive to 

oxygen, hence allowing measurement of vascular and tissue oxygenation (Padhani et 

al., 2007; Vikram et al., 2007). Another approach is blood oxygen level-dependent 

magnetic resonance imaging (BOLD MRI), whose image reflects the changes in the 

amount of oxygen bound to haemoglobin in blood, or the balance between 

paramagnetic deoxyhaemoglobin and diamagnetic oxyhaemoglobin (Padhani et al., 

2007; Vikram et al., 2007). Although BOLD MRI does not require injection of an 

exogenous contrast agent, its signal can be influenced by factors other than hypoxia 

including blood flow, hematocrit, pH and temperature, and because it measures the 

changes in blood oxygenation, thus does not provide quantitative blood oxygenation 

information (i.e. absolute oxygen concentration in tissue). 
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Table 1.2 Advantages and disadvantages of different approaches in assessing tumour 

hypoxia modified from Le and Courter, 2008 

Method  Examples  Measure 
Spatial 

resolution 
Advantages Disadvantages 

PO2 

Histography  

Eppendorf 

electrode 

OxyLite fiber 

optic probe 

pO2 

0.5 mm 

thousands 

cells 

Direct 

Rapid real-time 

measurements 

Validated in human 

tumours 

Invasive 

Tumour inaccessibility 

Pressure dependence 

Inter-observer variability 

Readings affected by 

necrosis 

Direct 

imaging 

oxygen 

19
F-MRI 

BOLD-MRI 

EPRI 

pO2 or 

deoxy-

Hb 

0.2-1mm 

Some approaches 

(BOLD-MRI) 

non invasive 

Spatial information 

Some approaches (
19

F-MRI 

or EPRI) require injection of 

contrast materials locally or 

systemically 

Exogenous 

Markers 

EF5 

PIMO 

pO2 + 1e 

reductase  

10 µm 

(single cell) 

Highly sensitive 

Reproducible 

Require drug injection 

Require extra biopsies 

Sampling bias 

Endogenous 

hypoxia 

marker 

HIF-1 

CA IX 

Glut-1 

Biologic 

hypoxia 

10 µm 

(single cell) 

Apply to archival 

tissues 

No drug injection 

No extra biopsies 

Less hypoxia specific 

Variability in staining and 

interpretation 

Sampling bias 

Antibody specificity 

Secreted 

maker 

OPN 

VEGF 

HIF 

activity 
N/A 

Non invasive 

Inexpensive 

No biopsy or 

drug injection 

Serial 

measurements 

Less hypoxia specific 

Less tumour specific 

Specimen processing critical 

Antibody specificity 

PET-based 

hypoxia 

imaging 

18
F-HX4 

18
F-MISO 

18
F-FAZA 

18
F-EF5 

18
FETNIM 

60
CuATSM 

24
I-IAZGP 

Chronic 

hypoxia 
2-10 mm 

Spatial resolution 

Serial 

measurements 

RT directed 

targeting 

Reproducible 

Requires dedicated 

equipments (tracer 

generation & imaging) 

Radiation exposure 

Tracer synthesis expertise 

Low sensitivity for certain 

tracers 

ENDOGENOUS CELL MARKERS OF HYPOXIA 

Genes and proteins whose expressions are induced by hypoxic exposure have been 

investigated as potential endogenous markers for tumour hypoxia. HIF-1 itself and 

several of its downstream targets such as carbonic anhydrase IX (CA-IX) and the 

facilitated glucose transporters 1 and 3 (GLUT1, GLUT3) have been widely 

investigated as candidate prognostic markers, several of which can be detected by 

immunohistochemistry. The obvious advantage of endogenous hypoxia-related markers 
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is that they can be analysed both in archival material and in prospective clinical studies 

(Bussink et al., 2003; Koukourakis et al., 2006). In addition, they require neither 

injection of foreign material nor any extra invasive procedure beyond that of a biopsy at 

diagnosis. However, the significant drawback is that these proteins can be regulated by 

factors other than hypoxia and thus lack specificity. For example, HIF-1α expression 

can be influenced by several oxygen-independent elements including oncogenes such 

as von Hippel Lindau (VHL) (Clifford et al., 2001), phosphatase and tensin homolog 

(PTEN) (Zundel et al., 2000), succinate dehydrogenase (SDH) (Esteban and Maxwell, 

2005) and promyelocytic leukaemia gene (PML) (Bernardi et al., 2006) as well as other 

factors like nitric oxide, cytokines (interleukin-1β and tumour necrosis factor- α) 

(Stroka et al., 2001), insulin and insulin-like growth factors through phosphoinositol 3-

kinase (PI3K) and mammalian target of rapamycin (mTOR) signalling pathways. This 

may underlie the poor correlations of HIF-1α with bioreductive hypoxic markers such 

as pimonidazole (Janssen et al., 2002) or tumour pO2 (Mayer et al., 2004). For the 

similar reason, weak correlations have been found between other endogenous markers 

such CA-IX or GLUT1 expression and pimonidazole or pO2 values in some studies 

(Airley et al., 2003; Mayer et al., 2005; Troost et al., 2005) though some agreement has 

been achieved (Jankovic et al., 2006). Despite continuing criticism of lacking direct 

association between their expression and the pO2 in human solid tumours, the 

established adverse effect of tumour hypoxia, the known hypoxia-dependent induction 

of these genes and proteins and their clinically relevant prognostic effect render these 

molecules useful to select patient subgroups for intensified treatment including specific 

targeting of hypoxia-related genes. However, the proper understanding of how the 

tumour microenvironment (i.e. differentiation, availability of glucose and pH) regulates 

the expression of these endogenous hypoxia cell markers as well as validation in larger 

independent trials are required before they can be used in routine clinical practice. 

Secreted markers of hypoxia can also be rapidly and inexpensively measured in the 

blood. Two HIF-1 target genes that have been tested clinically as hypoxia markers with 

mixed results are vascular endothelial growth factor (VEGF) and osteopontin (OPN). It 

was demonstrated by Le et al. that plasma osteopontin levels correlate with tumour pO2 

in head and neck carcinomas as well as lower disease-free survival and higher 

recurrence rates (Le et al., 2003). A similar correlation has been demonstrated in breast 

(Rudland et al., 2002), lung (Schneider et al., 2004) and colon (Agrawal et al., 2003) 
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cancers and a variety of tumour types (Hampel et al., 2003; Li et al., 2004). Despite 

correlations shown from some studies, the relationship between tumour levels and 

serum levels of OPN is unclear. Thus more research is needed before surrogate marker 

detection can become standard practice. Serum VEGF levels were also reported to 

correlate with the hypoxic tumour subvolumes in HNSCC patients (Dunst et al., 2001). 

Again, the relationship between tumour hypoxia and systemic VEGF levels is unclear 

which make it a questionable marker clinically. 

EXOGENOUS NITROIMADAZOLE-BASED ASSAYS 

The 2-nitroimidazoles, such as misonidazole, pimonidazole and EF5, are referred to as 

“exogenous hypoxia markers” because these compounds can yield reduced metabolites 

which covalently bind to intracellular macromolecules in hypoxic cells and this binding 

is inhibited at higher oxygen levels (Evans et al., 2000; Wijffels et al., 2000). Hypoxic 

cells can be detected using antibodies raised against reduced and bound bioreductive 

markers by different immunoassays: the enzyme-linked immunosorbent assay (ELISA), 

flow cytometry (FCM) or immunohistochemistry (IHC) of frozen or paraffin-embedded 

sections (Hodgkiss et al., 1991; Thrall et al., 1994; Arteel et al., 1995; Koch et al., 

1995; Kennedy et al., 1997). In general, 2-nitroimidazole markers stain for areas of 

chronic hypoxia, at pO2 levels below 10 mmHg and higher spatial resolution (when 

used for ICH) can be achieved compared to microelectrode (Raleigh et al., 1999; Evans 

and Koch, 2003). Hypoxic cells which do not metabolise the marker, e. g. necrotic 

cells, do not stain positive for this type of marker and staining is predominantly 

observed at a distance of >100 µm from blood vessels, suggesting that pimonidazole 

staining is more specific for chronic, diffusion-limited hypoxia (Rijken et al., 2000). 

Furthermore, 2-nitroimidazole binding depends on 1-electron oxidoreductase activity in 

addition to hypoxia (Evans et al., 2000). These could contribute to the lack of a 

relationship between pimonidazole binding and oxygen electrode data observed in 

several studies (Kavanagh et al., 1999; Nordsmark et al., 2001; Nordsmark et al., 2003; 

Evans et al., 2004b; Jankovic et al., 2006). Although all 2-nitroimidazoles have 

characteristic features of the ring structure and the nitro group, probably resulting in 

similar oxygen dependency, their pharmacokinetics, accumulation rates and tissue 

distributions differ due to unique properties of the side chains. For instance, EF5 is 

significantly more lipophilic than other 2-nitroimidazole markers, hence it distributes 
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more evenly in the body with slower whole body drug elimination (Koch et al., 2001). 

However, pimonidazole binds more extensively and rapidly and only 30 to 60 min is 

needed for distribution and binding to be visualised by immunohistochemistry. The 

accumulation rate of pimonidazole also showed more pH dependency, which explains 

its excess binding on the vessel side in chronic hypoxia, consistent with an increasing 

gradient between the intracellular and extracellular pH (Ljungkvist et al., 2007).  

A prognostic significance of 2-nitroimidazole markers has been reported on various 

tumour types including soft tissue sarcoma (Evans et al., 2006), brain tumours (Evans 

et al., 2004a) and head and neck cancer (Kaanders et al., 2002; Evans et al., 2007). 

These studies indicated that injectable markers are informative and possibly a 

promising selection tool for hypoxia modifying treatments. However its application is 

limited by the requirement for exogenous drug administration and additional tumour 

biopsies for staining. Another issue is that 2-nitroimidazoles can only detect viable 

hypoxic cells because reduction and subsequent binding of the nitroimidazole markers 

require not only hypoxia but also active nitroreductase enzymes (Rasey et al., 1987). 

Since nitroreductase activities may vary in different cell types, which can affect the 

intracellular concentration of reduced intermediates in hypoxic cells, it may contribute 

to discrepancies in the quantitative analysis of hypoxia, especially in tumours of 

different origins. The “cube reference binding assay” was used to correct for difference 

in nitroreductase activity by Koch‟s group, where anoxia between individual tumours 

was normalised by comparing each tumour with the maximum anoxic binding of EF3 

in vitro (Evans et al., 2000). However, this problem would become an advantage when 

bioreductive prodrug and nitroimidazole markers share the same reductase, in which 

case, the imaging agent is reporting on not only hypoxia but also reductase activity, 

which is the real target. Exogenous markers can systematically exclude areas of 

necrosis, though a methodological advantage in some case, consequently missed an 

important part of the tumour because necrotic areas are often infiltrated by tumour-

associated macrophages (TAM) and macrophage-derived (e.g., angiogenic) cytokines 

may actually be of high pathophysiological relevance (Leek et al., 1996; Leek et al., 

1999) and already shown to be important prognosis for breast cancer (Murdoch et al., 

2004). In addition, non-specific marker binding e.g. to keratinizing tissue areas, may 

also interfere with prognostic associations of 2-nitroimidazole staining (Janssen et al., 

2004). 
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The development of double hypoxia marker assays, in which consecutive injections of 

two different 2-nitroimidazole compounds were administered before and after 

treatment, allow visualisation of both spatial and temporal changes in hypoxia in 

relation to the vascular architecture and other cellular markers (van Laarhoven et al., 

2004; Ljungkvist et al., 2005) and this technique has been used to measure changes in 

hypoxia during carbogen breathing and hydralazine infusion (Ljungkvist et al., 2000; 

van Laarhoven et al., 2004). Different targets can be achieved by varying the sequence 

of injection. For example, using pimonidazole as the second marker, it is possible to 

detect rapid changes in hypoxia since the time between injection and tumour resection 

can be as short as 30 min (Ljungkvist et al., 2000). In contrast, when studying the 

dynamics of hypoxia over longer times, pimonidazole is preferred as the first marker 

due to its high intracellular stability. Double markers can also be used to study changes 

in both the proportion of hypoxic tumour cells and their lifespan at the same time. 

Ljungkvist et al have successfully shown that the turnover rates of hypoxic tumour cells 

can vary from 16 to 54 hours among different solid tumour lines using pimonidazole as 

first marker and CCI-103F as second marker (Ljungkvist et al., 2005). 

PET-BASED IMAGING 

Those above-mentioned 2-nitroimidazole compounds can also be labelled with 
18

F and 

employed as spatial tracers for hypoxia imaging using positron emission computed 

tomography (PET) or single photon emission computed tomography (SPECT) imaging 

approaches (Evans and Koch, 2003; Koch and Evans, 2003; Hicks et al., 2005; Rischin 

et al., 2006; Beck et al., 2007). Because of the non-invasive nature of the technique, the 

potential to perform repetitive measurements over time and the ability to visualise the 

tumour physiology in three dimensions, imaging of tumour hypoxia with PET has 

become attractive. The most widely used 2-nitroimidazole tracer is 
18

F-misonidazole 

(F-MISO). Typically, a tumour to blood ratio of ≥1.2 has been used as a reasonable cut-

off point between normoxia and hypoxia for F-MISO. The tumour to muscle ratio of F-

MISO has been shown to significantly correlate with tumour hypoxic fraction as 

measured by the oxygen electrode (Gagel et al., 2004). High values of pre-therapy F-

MISO uptake were shown to be associated with poorer overall survival in a study of 73 

head and neck cancer patients treated with different treatment protocols (Rajendran et 

al., 2006). Similar results were obtained in 21 head and neck cancer patients (Lehtio et 
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al., 2004) with other nitroimidazole compounds such as [
18

F]fluoroerythronitro-

imidazole ([
18

F]FETNIM). 

Other PET tracers that have been investigated in patients include 
18

F-EF5, 
18

F-FAZA 

and 
64

Cu-ATSM. Only pilot clinical data has been reported for the possibilities of using 

18
F-EF5 (Komar et al., 2008) or 

18
F-FAZA as PET tracers to image solid tumours 

(Tatum et al., 2006; Souvatzoglou et al., 2007; Minn et al., 2008). 
60

Cu- or 
64

Cu-

labelled diacetyl-bis (N
4
-methylthiosemicarbazone (Cu-ATSM) is activated under 

hypoxia by a different mechanism than the 2-nitroimidazole compounds. The strong 

correlation with oxygen electrode measurements have been reported in animal tumours 

and make it feasible to use for imaging tumour hypoxia in cancer patients (Chao et al., 

2001). In other studies, the prognostic significance of Cu-ATSM has been reported in 

tumours in cervical and non-small cell lung cancers (NSCLC) (Dehdashti et al., 2003; 

Grigsby et al., 2007). More recently, Siemens‟ 
18

F-HX4 has been reported as a better 

imaging tracer over F-MISO and 
18

F-FAZA because it displayed similar tumour/muscle 

ratios but more favourable biodistribution and pharmacokinetics (fast renal clearance) 

(Kolb, 2009). 

Long diffusion distances, lack of an active uptake mechanism and low clearance of 

unbound tracer are the major disadvantages which limit the clinical application of PET 

hypoxia imaging. However, current hypoxia PET tracers in preclinical development 

may help to improve the situation (Souvatzoglou et al., 2007; Yapp et al., 2007; Busk 

et al., 2008; Kolb, 2009). Another disadvantage in PET hypoxia imaging is its 

relatively low resolution which does not allow discrimination between microregional 

necrosis and viable non-hypoxic tumour cells. Nevertheless, the potential of PET-based 

hypoxia imaging for monitoring the effects of therapy and predicting tumour response 

has been demonstrated for various tumour sites (Eschmann et al., 2005; Hicks et al., 

2005; Krause et al., 2006). Therefore, PET-based hypoxia imaging has a great potential 

to become an important and useful tool for prognostic and predictive assays, and a 

promising method for patient selection in hypoxia-modifying treatment. 

At this time it is not certain which of the many techniques under development will be 

most widely adopted, but it is clear that monitoring hypoxia will become an important 

part of assessing prognosis and selecting therapy for individual patients in the near 

future. The ability to identify hypoxic tumours has a dramatic effect on the power of 
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clinical studies designed to overcome or exploit hypoxic cells and is expected to greatly 

expedite development of hypoxia-selective therapy and its appropriate clinical 

utilisation. 
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1.4 EXPLOITING HYPOXIA FOR THERAPEUTICS 

Tumour hypoxia, a ubiquitous feature of the tumour microenvironment, is of profound 

significance in cancer treatment. It provides a potential tumour-selective therapeutic 

target, especially when hypoxic cells are refractory to radiotherapy and many 

chemotherapy drugs through multiple mechanisms, and also contributes to tumour 

aggressiveness, invasiveness and metastasis. In the past decades, two fundamentally 

different approaches have been used to tackle the problems of hypoxia. The first is to 

improve or restore normal oxygenation to tumours, and the second is to exploit the 

characteristic property of tumour hypoxia for targeting treatment to the tumour. 

1.4.1 Improve oxygenation 

Attempts to increase or restore the oxygen supply to the hypoxic tumour cells have 

been a major goal of experimental and clinical research for decades. Among various 

strategies some success has been achieved including hyperbaric or increased oxygen 

(carbogen) breathing including the ARCON protocol (as discussed in section 1.3.1). 

Administration of agents such as erythropoietin (EPO), perfluorochemical emulsions 

(PFCE) or haemoglobin left shifters is another way to improve oxygenation. EPO is a 

glycoprotein hormone produced by the peritubular capillary endothelial cells in the 

kidney in response to tissue hypoxia that stimulates red blood cell production in the 

bone marrow (Tovari et al., 2008). Currently, there is active interest in using 

recombinant human EPO (r-HuEPO) in patients with low haemoglobin (Hb) levels in 

order to improve tumour oxygenation. r-HuEPO has been evaluated in normal subjects, 

as well as in cancer patients with various anaemic conditions (Abels, 1992; Lavey, 

1998; Cornes and Boiangiu, 2007; Fonseca et al., 2008; Gupta et al., 2009) with even 

improved overall survival (Baz et al., 2007). However, some other studies indicate no 

effect or even decreased survivals (Leyland-Jones, 2003; Henke et al., 2003; Leyland-

Jones et al., 2005; Grote et al., 2005; Aapro et al., 2008; Pirker et al., 2008), thus 

further investigations are required for expanded application of EPO. Another alternative 

approach is use of agents such as PFCEs that can increase the oxygen carrying capacity 

of normal blood. The effectiveness of PFCEs was demonstrated by oxygenation of 

tumours when combined with carbogen breathing (Teicher et al., 1994; Teicher et al., 

1995) as well as enhanced activity in combination with radiotherapy (Teicher and Rose, 
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1984a; Teicher and Rose, 1984b; Koch et al., 2002) or chemotherapy (Teicher, 1994). 

Haemoglobin left shifting agents (e.g. BM12C) can increase the affinity of 

haemoglobin for oxygen, resulting in a left-shift in the haemoglobin oxygen saturation 

curve, thereby increasing dissociation of oxyhaemoglobin in hypoxic vessels (Philip et 

al., 1993; Propper et al., 2000). 

1.4.2 Exploit the microenvironment 

The second approach to combat hypoxia is to exploit the tumour hypoxia as the basis 

for selectivity for targeted cancer treatment. Three primary means have been attempted 

including targeting tumour vasculature that are both responsible for and a consequence 

of tumour hypoxia, targeting hypoxia-associated molecules in which the expression of 

many genes were modulated to respond to hypoxia (e.g. HIF-1 and its downstream 

genes), and bioreductive drugs that are only toxic in the absence of oxygen (also known 

as hypoxic cytotoxins) which will be discussed in Section 1.5. 

EXPLOIT TUMOUR VASCULATURE 

As discussed in the beginning of this chapter, the growth of solid tumours requires an 

expansion of the blood supply to provide their oxygen and nutrition. This process of 

angiogenesis results in disorganised vascular architecture, with blood vessels 

structurally and functionally different from those in normal tissues. As a consequence, 

this abnormal intra-tumoural vascular network, and consequent high endothelial cell 

proliferation (Denekamp and Hobson, 1982), offers an ideal target for therapeutic 

strategies, generally categorised to angiogenesis inhibitors and vascular disrupting 

agents (VDAs) based on whether they interfere with new blood vessel development or 

damage established tumour vasculature (Siemann and Horsman, 2009). 

The initial step in the angiogenic process is the degradation of the basement membrane 

surrounding the endothelial cells (Hanahan and Folkman, 1996). Molecules that inhibit 

endothelial cell migration and proliferation include the endogenous molecules 

angiostatin and endostatin, as well as the potent teratogen thalidomide. Thalidomide has 

been shown to have anti-angiogenic properties and in vitro data suggest that it also 

inhibits endothelial cell and tumour cell proliferation (D'Amato et al., 1994; 

Minchinton et al., 1996). Recent reports from phase II clinical trials have shown 

encouraging results (Chuah et al., 2007; Lilienfeld-Toal et al., 2008; Vestermark et al., 



  Chapter 1   Introduction 

   - 24 - 

 

2008; Lee et al., 2008; Hussein et al., 2009). VEGF, its receptor and its signalling 

pathway are also attractive targets for anti-angiogenic strategies because VEGF is the 

key proangiogenic factor to promote the process of tumour angiogenesis. A series of 

compounds that target this pathway including VEGFR inhibitors (Fong et al., 1998; 

Laird et al., 2000), and antibodies directed against VEGF (Asano et al., 1998; 

Rubenstein et al., 2000) or VEGFR (Wood et al., 2000) have been developed. 

Bevacizumab, a humanised anti-VEGF antibody, is approved for the treatment of 

various solid cancers including colorectal, lung, and breast cancers as well as 

glioblastoma and renal cell carcinoma. Notably, it is regarded as first-line treatment for 

metastatic colorectal cancer in combination with 5- FU based chemotherapy (Grothey 

and Galanis, 2009). Another strategy to block VEGF signaling is inhibitiing VEGFR by 

small-molecule tyrosine kinases inhibitors. Sorafenib is licensed for the treatment of 

unresectable hepatocellular carcinoma and advanced renal-cell carcinoma, and sunitinib 

for first-line and second-line treatment of metastatic renal-cell carcinoma and for the 

treatment of gastrointestinal stromal tumours (Heath and Bicknell, 2009). 

The second category, known as VDAs, can damage the existing tumour endothelium 

resulting in a rapid and selective vascular shutdown and subsequent tumour cell death 

caused by ischemia (Thorpe, 2004; Chaplin et al., 2006; Heath and Bicknell, 2009; 

Siemann and Horsman, 2009). There are two types of VDAs. The first is ligand-

directed therapies, which deliver toxins, procoagulant, or pro-apoptotic effectors to 

disease-associated vessels. Preclinical investigations showed not only the localisation 

of the therapeutic moiety to tumour vessels but also the selective destruction of tumour 

vasculature (Thorpe, 2004). The second approach is small molecule VDAs, which 

selectively inhibit biological functions of tumor endothelial cells (Siemann and 

Horsman, 2008). Flavone acetic acid (FAA) has been shown to be active in a variety of 

murine tumours and its activity was accompanied by the induction of tumour necrosis 

factor α (TNFα), subsequent blood flow failure with acute haemorrhagic intra-tumoural 

necrosis as a major determinant (Zwi et al., 1989; Baguley et al., 1991; Hill et al., 

1993). This lead to the development of its analogue, the 5,6-dimethylxanthenone 4-

acetic acid (DMXAA) in the our centre. DMXAA appeared to induce TNFα more 

strongly in tumours than in normal tissues (Ching et al., 1994; Joseph et al., 1999) and 

showed striking activity in combination with taxanes and platins in preclinical models 

(Siim et al., 2003) which led to the further clinical development. DMXAA (ASA404) is 
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now in Phase III clinical trial. Various tubulin-binding agents have also been reported 

to provide anti-tumour activity by selectively disrupting the cytoskeleton of 

proliferating endothelial cells which result in prominent changes in endothelial cell 

morphology and secondary thrombus formation and vascular collapse (Siemann and 

Horsman, 2008; Schwartz, 2009). A lead agent in this strategy is combretastatin-A4 

phosphate (CA4P), the water-soluble prodrug of combretastatin A4, which is now in 

Phase II/III clinical trial. CA4P induces extensive necrosis in a wide variety of 

preclinical xenograft models and significant blood flow reductions in patient tumours. 

It showed marked activity as monotherapy and can also be effectively combined with 

chemotherapy or radiotherapy (Siemann et al., 2009). 

EXPLOIT THE BIOLOGICAL RESPONSES TO HYPOXIA 

Another strategy to target hypoxia is based on exploiting the recently understood 

biological responses to hypoxia. The major interest is in the HIF-1 transcription factor 

due to its central role as a hypoxia-responsive transcription factor, mediating the 

expression of down-stream genes with important roles e. g. in cell survival, 

proliferation and angiogenesis. One approach to target HIF-1 is direct inhibition by 

antisense techniques or RNA interference via small interfering RNA (siRNA) or hairpin 

RNA (hpRNA). These direct inhibitory approaches have been reported to successfully 

knock down the expression of HIF-1α in vitro and in vivo and had profound anti-

proliferative, anti-angiogenic and anti-metastatic effects in in vivo models (Sun et al., 

2003; Zhang et al., 2004; Sun et al., 2006; Shin et al., 2007). Alternatively, indirect 

inhibition of HIF-1 function can be achieved via targeting the interaction of HIF-1α 

with other proteins or pathways that regulate its function. For example, targeting of the 

PI3K/AKT/mTOR pathway (via wortmannin, rapamycin or CCI-779) (Zhong et al., 

2000; Laughner et al., 2001; Treins et al., 2002) or inhibiting heat shock protein 90 

(HSP90; via geldanamycin or radicicola) (Minet et al., 1999; Isaacs et al., 2002; 

Mabjeesh et al., 2002) have been successful in reducing HIF-1 function in vitro and in 

vivo. A small-molecule inhibitor, PX-478, has been found to be effective in reducing 

HIF-1 levels and inhibiting tumour growth in in vivo models and reported to enter a 

phase I clinical trial (Palayoor et al., 2008; Koh et al., 2008). 

Although it is known that the loss of HIF-1α in tumours leads to inhibition of tumour 

growth, it does not eliminate tumours. Some studies indicated that tumour growth can 
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eventually resume in a HIF-1 independent manner (Blouw et al., 2003; Leo et al., 

2004). Therefore, it would be therapeutically more beneficial to eliminate cells with 

elevated HIF (i.e. develop agents that show synthetic lethal interactions with HIF) than 

only to inhibit their growth (Sutphin et al., 2004). There are also other potential 

therapeutic targets important for hypoxic cell survival. For example, IRE1-XBP1 

pathway is essential for the unfolded protein response, an adaptive response that allows 

cells to survive prolonged hypoxic and endoplasmic reticulum stress within tumours. 

Inhibition of this pathway is a novel therapeutic strategy (Koong et al., 2006). A small 

molecue termed “irestatin” was identified to be able to block activation of XBP-1 

through specific inhibition of IRE1 endonuclease activity (Feldman and Koong, 2007). 
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1.5 EXPLOITING HYPOXIA WITH BIOREDUCTIVE DRUGS 

Bioreductive drugs are compounds that are reduced by enzymes to their toxic, active 

metabolites and this metabolism often occurs preferentially in the absence of oxygen. 

One origin of the concept was discovered during development of hypoxic cell 

radiosensitisers when many of the candidate compounds under investigation were also 

found to be capable of killing hypoxic cells because of their metabolism to toxic 

species under hypoxia, which is a more attractive strategy than re-sensitising hypoxic 

cells to radiation. Lin et al. also reasoned that compounds based on the quinone 

structure of mitomycin C (MMC) might be more active in hypoxic tumours (Lin et al., 

1972), and later these bioreductive prodrugs showed a greater degree of preferential 

toxicity toward hypoxic cells (Kennedy et al., 1980; Brown and Giaccia, 1998; 

Stratford and Workman, 1998; Denny, 2001; Wardman, 2001; Brown and Wilson, 

2004; McKeown et al., 2007; Chen and Hu, 2009). Several reviews have outlined the 

development of bioreductive drugs as hypoxic cytotoxins (Kennedy et al., 1980; Brown 

and Wilson, 2004). 

  

Figure 1.4 - Mechanism of bioreductive prodrug activation, in which toxicity against hypoxic 

cells is achieved upon reduction of the one-electron reduced intermediate. Hypoxia-selectivity 

results when this radical is back-oxidised to non-toxic parent prodrug by the presence of 

oxygen (O2) with the formation of superoxide anion (O2
•-
). However, bioreductive activation 

can also occur via a two-electron O2-independent pathway. Modified from Stratford and 

Workman, 1998 

Bioreductive prodrugs are designed to be non-toxic and their activation mechanism can 

be via one- or two-electron reduction steps. Typically, radical intermediates are formed 

via one-electron reduction under hypoxic conditions. The one-electron reduced 

intermediates may themselves be cytotoxic, or undergo subsequent reduction to 

produce toxic species (Figure 1.4). In the presence of oxygen (O2), the one-electron 



  Chapter 1   Introduction 

   - 28 - 

 

reduced intermediate can be back-oxidised to the non-toxic prodrug (Mason and 

Holtzman, 1975a; Mason and Holtzman, 1975b; Wardman et al., 1995; Wardman, 

2001). A by-product of this redox cycling is the cytotoxic superoxide anion (O2
•-
), 

which can be detoxified by superoxide dismutase and catalase (Biaglow et al., 1982). 

Hence, hypoxia-selectivity is achievable if prodrug reduction produces a one-electron 

intermediate that is more toxic than the O2
•-
 radical. Alternatively, some bioreductive 

compounds can be metabolised by enzymes which are independent of O2 concentration, 

where prodrug activation occurs via a two-electron reduction (Workman, 1994), as with 

reduction of quinones catalysed by DT-diaphorase which will be discussed in Section 

1.5.1. 

Generally, hypoxia-selective cytotoxicity is described by the Hypoxia Cytotoxicity 

Ratio (HCR), the ratio of drug concentrations under aerobic and hypoxic conditions to 

produce the same cell kill. Some compound-specific factors may affect the ease of 

reductive activation. For example, electron-affinic prodrugs with higher reduction 

potentials usually form one-electron radicals more efficiently; Nitro radicals have 

longer lifetimes than quinone radicals, which present a wider time „window‟ for drug 

design if being used as a „trigger‟ to release an „effector‟ on reduction provided 

elimination occurs in the radical-anion (Wardman, 2001). The classes of hypoxic 

cytotoxins that have been explored to date can be divided into five classes based on 

their chemistry: quinones, aliphatic N-oxides, heteroaromatic N-oxides, nitroaromatics 

and transition metal complexes. 

1.5.1 Quinones 

Quinone core structures are an important class of biologically active agents which can 

be easily reduced by various enzymes to hydroquinones. The bioreduction can be 

through a one-electron pathway to produce semiquinone radicals (SQ
•-
) by reductive 

enzymes like NADPH: cytochrome P 450 reductase (CYPOR), cytochrome b5 

reductase (CYB5R) and ubiquinone oxidoreductase or through a two-electron pathway 

to hydroquinones (HQ) by flavoenzymes like DT-diaphorase (DTD). A scheme for the 

reduction of quinone is illustrated in Figure 1.5. 
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Figure 1.5 - Scheme for Quinone redox cycling. Bioreductive activation of Quinone (Q) to the 

semiquinone (SQ
•-
) by a one-electron O2-sensitive step, and by a two-electron addition (O2-

independent) to the hydroquinone (HQ). Modified from Asche, 2005. 

Mitomycin C (MMC) is the earliest quinone-containing natural product identified as a 

prototype bioreductive prodrug in the 1970s (Lin et al., 1972; Fracasso and Sartorelli, 

1986; Rockwell, 1986), and showed moderate selectivity (HCR < 5-fold) for hypoxic 

cells. MMC is converted to its semiquinone radical (MMC
•-
) by a one-electron 

reduction that is catalysed by CYPOR and xanthine oxidase (Keyes et al., 1984; Pan et 

al., 1984). Under hypoxia, reduction of the MMC
•-
 results in the opening of the 

aziridine ring, thus allowing for initial covalent attachment to DNA (Pan et al., 1984). 

Subsequent reduction forms the hydroquinone, which upon loss of a carbamyl group, 

generates a bifunctional alkylating agent that crosslinks DNA via guanine–guanine in 

the major groove (Iyer and Szybalski, 1964; Tomasz and Palom, 1997; Volpato et al., 

2005). A scheme for the reduction of MMC is illustrated in Figure 1.6. The reductase 

enzyme NAD(P)H:quinone oxidoreductase (NQO1; DT-diaphorase) has also been 

reported to activate MMC directly to its hydroquinone, in a two-electron reduction 

which is independent of hypoxia (Workman et al., 1989; Siegel et al., 1990; Ross et al., 

1993; Joseph and Jaiswal, 2000; Gan et al., 2001; Seow et al., 2004; Begleiter et al., 

2004; Adikesavan et al., 2007). Although this two-electron reduction minimises 

hypoxia selectivity, it may turn into an advantage in tumours expressing high levels of 

these enzymes. For example, upregulation of NQO1 gene expression has been 

documented in some tumour cells compared to their normal cells of the same origin 

(Cresteil and Jaiswal, 1991). Elevated DTD activity has also been observed in tumours 

from the lung, liver, breast and colon (Schlager and Powis, 1990; Malkinson et al., 

1992). It suggested another useful mechanism for the activation of quinone prodrugs 

and led to the „enzyme-directed approach‟, in which bioreductive prodrug treatment is 
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directed by tumour enzymology (Workman et al., 1989; Workman, 1994; Beall and 

Winski, 2000). The quinone RH1 is such a compound which is a better substrate for 

DTD and is currently undergoing phase I/II clinical trials (Danson et al., 2008). 
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Figure 1.6 - Bioreductive activation of mitomycin C and porfiromycin lead to the formation of 

bifunctional alkylating agents. Modified from Chen and Hu, 2009. 

Because hypoxia-selective reduction of MMC appears not to be the basis for its clinical 

utility as a chemotherapeutic agent due to its marginal hypoxic selectivity, further 

development of its analogues have been made to improve specificity on hypoxic 

tumour regions. The N-methyl analogue, porfiromycin, showed enhanced in vitro 

hypoxia-selectivity (Fracasso and Sartorelli, 1986) due to preferential activation by 

one-electron reductases, improved uptake under hypoxia and reduced substrate 

specificity towards DTD (Keyes et al., 1987) and was evaluated clinically with 

radiation therapy in head and neck cancer (Haffty et al., 1997). However, porfiromycin 

presented no significant benefit over MMC as an adjunct to radiation therapy in patients 

with head and neck cancers in a Phase III randomized trial (Haffty et al., 2005), 

therefore further clinical development was discontinued. Several indoloquinone 

analogues of MMC were synthesised during the 1990s, among which EO9 was selected 

as a lead because of greater hypoxia selectivity (~30 fold) (Robertson et al., 1994; 

Saunders et al., 2000) and enhanced in vivo activity with radiotherapy (Stratford et al., 

2003). Nonetheless, it failed to show clinical activity as a single agent in phase II 

studies (Dirix et al., 1996; Pavlidis et al., 1996), and proteinuria and renal impairment 

were identified as the dose-limiting toxicity (DLT) (Verweij et al., 1994). The rapid 

systemic clearance (Schellens et al., 1994) and poor drug penetration in tumours 

(Phillips et al., 1998) may contribute to its treatment failure. The systemic 

pharmacology limitations of EO9 appear to have been circumvented by intravesical 

therapy of superficial bladder cancers (Puri et al., 2006; van der Heijden et al., 2006), 

in which effective anti-tumour activity was obtained leading to ongoing phase III 

clinical trials. 
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In addition to the facile two-electron reduction of quinones, which bypasses the O2-

sensitive semiquinone intermediate and leads to toxicity in oxygenated cells, there are 

other difficulties in targeting hypoxic cells with these agents. In particular, the high 

rates of metabolism of many quinones may limit their extravascular transport in tumour 

tissue. Notably, enzymatic activation of quinones by one-electron reductases is 

typically inhibited by very low concentrations of O2, leaving a major subpopulation of 

tumour cells which are too hypoxic to be fully radiosensitive but not hypoxic enough to 

activate the bioreductive drug (Marshall and Rauth, 1988). 

1.5.2 Aliphatic N-oxides 

The aliphatic N-oxides include prodrugs such as nitracrine-N-oxide and banoxantrone 

(AQ4N). They are tertiary amine N-oxides of DNA intercalators with alkylamino 

sidechains. These prodrugs are relatively non-toxic and can be activated by enzymatic 

reduction selectively under hypoxic conditions to the corresponding basic amines. 

However, unlike most bioreductive agents, the activation of these compounds is via an 

O2-dependent two-electron process instead of one-electron (Wilson et al., 1992; 

Patterson, 1993; Patterson et al., 1995). The lead compound, AQ4N, can undergo two-

electron reduction of the bis-N-oxide by cytochromes P450, in particular CYP3A4 

(Patterson et al., 1999), generating the corresponding tertiary amine (AQ4) via the 

AQ4M intermediate (Fig 1.7). This process is inhibited by oxygen because of 

competition between O2 and AQ4N for binding at the reduced haem group in the 

enzyme‟s active site (Patterson, 2002). AQ4 is a stable reduction product that 

intercalates into DNA and is an inhibitor of DNA topoisomerase II (Patterson, 1993; 

Patterson et al., 1994). Its tertiary amine side chain is critical for the electrostatic 

binding to DNA in addition to ensuring good uptake into cells as demonstrated for 

acridine N-oxides by Siim et al (Siim et al., 2000). AQ4N is selective for cycling cells, 

which is consistent with Topoisomerase II poisoning as its major mechanism of action 

(Wilson et al., 1996). Its stability and long-lived nature allow tumour sensitisation by 

reoxygenation and recruitment of hypoxic cells into the cell cycle which is critical in 

fractionated radiotherapy. This was demonstrated by further combination studies, where 

AQ4N enhanced the anti-tumour activities of radiotherapy (McKeown et al., 1995; 

Hejmadi et al., 1996). AQ4N showed favourable pharmacokinetics with negligible 

normal tissue toxicity (Loadman et al., 2001) in preclinical species and additional anti-
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tumour effects were observed in combination with cisplatin, cyclophosphamide and 

thiotepa (Friery et al., 2000; Patterson et al., 2000; Gallagher et al., 2001). 

 

Figure 1.7 - Bioreductive activation of AQ4N to the AQ4 DNA intercalator and topoisomerase 

II inhibitor by an O2-dependent two-electron process. From Patterson and McKeown, 2000. 

AQ4N was well-tolerated in patients without evidence of any major systemic toxicities 

at doses up to 447 mg/m
2
, in combination with radiation, in the first phase I clinical 

trial (Steward et al., 2007). Another phase I clinical study showed that AQ4 (not 

AQ4N) was detected at much higher concentrations than in normal tissues across a 

range of tumour types, and its localisation within hypoxic cells was further 

demonstrated by microscopic evaluation (Harris et al., 2006). Importantly, 

intratumoural concentrations of AQ4 exceeded those required for efficacy in animal 

models especially its selective release in hypoxic regions in human solid tumours, 

supporting the further evaluation of AQ4N in further clinical studies (Albertella et al., 

2008). However, it appears to no longer be in clinical development as a result of 

commercial decisions. 

1.5.3 Heteroaromatic N-oxides 

The lead compound of this class, tirapazamine (TPZ), is the most clinically advanced 

bioreductive prodrug and was discovered by Brown and colleagues over 20 years ago 

(Zeman et al., 1986). It shows selective toxicity towards hypoxic cells in cell culture 

and in preclinical tumour models. This benzotriazine di-N-oxide is reduced by 

endogenous enzymes (primarily cytochromes P450 and CYPOR (Patterson et al., 1998) 

as well as aldehyde oxidase, xanthine oxidase, and nitric oxide synthase to give an 

initial O2-sensitive reducing one-electron radical (TPZ 

) that is then converted to a 

toxic species that causes DNA breaks under hypoxia. This has been suggested to occur 

through the subsequent generation of hydroxyl radicals (OH 

) (Daniels and Gates, 

1996; Zagorevskii et al., 2003; Chowdhury et al., 2007) or the formation of an 
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oxidising benzotriazinyl radical (BTZ

) by the spontaneous loss of water (Anderson et 

al., 2003a; Anderson et al., 2003b; Anderson et al., 2006) which was regarded as the 

key cytotoxic species (Figure 1.8). DNA double-strand breaks (DSBs) were regarded as 

the major contributor to the cytotoxicity of TPZ under hypoxia and these lesions 

seemed to be formed by a mechanism related to the action of topoisomerase II (Peters 

and Brown, 2002). More recently, in a study to which we contributed, Brown and 

colleagues proposed a model of TPZ damage in which DNA single-strand breaks, base 

damage, and DNA-protein crosslinks (including topoisomerase I and II cleavable 

complexes) produce stalling and collapse of replication forks, the resolution of which 

result in double strand break intermediates that are repaired by homologous 

recombination repair (Evans et al., 2008). 

TPZ shows good hypoxia selectivity (50-100 fold) in cell culture partly because the 

aerobic two-electron reduction product is not toxic (Baker et al., 1988). However, the 

short-lived nature of the intermediate radicals means limited diffusion to surrounding 

tumour tissues after activation (also known as bystander effect) (Wilson et al., 2007). 

But this drawback is readily compensated for by its hypoxic cell killing extending over 

a much wider range of oxygen concentrations (as high as 2% O2) (Koch, 1993; Hicks et 

al., 2004) than for most bioreductive drugs. This complements the effects of 

fractionated radiation, the efficacy of which depends on killing cells at intermediate 

oxygen tensions (Wouters and Brown, 1997) in animal models. Nevertheless this 

relative insensitivity to oxygen may be a disadvantage in allowing some activation in 

normal tissues as illustrated by its irreversible toxicity in physiologically hypoxic 

tissue, such as in mouse retina (Lee and Wilson, 2000). More importantly, emerging 

evidence of hypoxia in bone marrow cells (Allalunis et al., 1983; Parmar et al., 2007) 

could be potentially responsible for the myelosuppression by TPZ observed in clinical 

trials (Hoff et al., 2001; Rischin et al., 2005). 
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Figure 1.8 - Mechanism of reductive activation of tirapazamine (TPZ) by one-electron 

reductases. The resulting free radical (TPZ
•
) undergoes spontaneous decay to an oxidizing 

hydroxyl radical (OH
•
) or benzotriazinyl radical (BTZ

•
). In the presence of oxygen, TPZ radical 

is back-oxidized to the parent compound, producing a superoxide radical (O2
– •

). Modified from 

Brown and Wilson, 2004. 

Since the first clinical trial of TPZ reported in 1994 (Doherty et al., 1994), there have 

been several Phase I and Phase II/III trials with variable success (McKeown et al., 

2007). Some promising results against various tumour types in Phase II/III trials, 

following TPZ combination with radiotherapy (Lee et al., 1998; Rischin et al., 2005) 

and chemotherapy (Miller et al., 1997; Treat et al., 1998; Bedikian et al., 1999; von 

Pawel et al., 2000; Reck et al., 2004; Gatineau et al., 2005; Maluf et al., 2006; Covens 

et al., 2006) warrant its further evaluation. Nevertheless, randomised phase II and III 

trials completed so far showed poor improvement in tumour control especially lack of 

additive efficacy over paclitaxel and carboplatin alone in patients with advanced non-

small-cell lung cancer (NSCLC) and substantially increased toxicity (Williamson et al., 

2005). An explanation for these disappointing results could be that patients with 

increased levels of tumour hypoxia were not identified (Rischin et al., 2007). To 

answer this question, hypoxia imaging has been incorporated into a TPZ trial where 

FMISO-PET was used to assess whether response was related to pre-treatment hypoxia 

in either cisplatin/5-FU or cisplatin/TPZ treated groups. In this study, TPZ showed 

substantial locoregional control in hypoxic tumours, with 0/26 recurrences in the 

cisplatin/TPZ arm, as compared to 8/18 in the cisplatin/5-FU arm. In contrast, TPZ did 

not improve outcome against non-hypoxic tumours, with 2/21 (cisplatin/5-FU) and 3/21 

(cisplatin/TPZ) recurrences (Rischin et al., 2006). This study illustrated that benefit 

from hypoxic cytotoxin included in the treatment regimen could be missed in trials of 

unselected patients and regained if the subgroup with hypoxia is identified prior to 
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treatment. This is further demonstrated by a recent Phase III (HeadStart) trial, in which 

no evidence of improved overall survival was shown after TPZ chemoradiation to head 

and neck cancer patients that were not selected for hypoxia. However, there was a 

strong trend in favour of the TPZ arm for locoregional control when these patients were 

excluded (Rischin et al., 2007). 

As the first bioreductive drug to show provisional clinical proof of principle (Rischin et 

al., 2006), TPZ is a milestone compound in the exploitation of tumour hypoxia. 

However, it suffers from some critical limitations. Despite excellent differential 

sensitivity of oxic and anoxic cells to TPZ in culture, the differential is much smaller in 

vivo and the therapeutic index is modest, both in preclinical models and humans. The 

limitations are considered to include inefficient penetration of TPZ from blood vessels 

to reach its target hypoxic cells, toxicity related to redox cycling of the drug in oxic 

cells, and incomplete suppression of activation of the drug at the O2 concentrations 

found in normal tissues. Development of TPZ analogues that could diffuse further and 

that have less toxicity is ongoing (Hay et al., 2003; Pruijn et al., 2005; Siim et al., 

2005). Through PK/PD-guided screening of a series of 1,2,4-benzotriazine 1,4-dioxide 

(BTO) analogues of TPZ (Hicks et al., 2006), several compounds with improved 

extravascular transport and in vivo antitumour activity have been identified (Siim et al., 

2005; Hay et al., 2007a; Hay et al., 2007b; Hay et al., 2008). 

1.5.4 Nitroaromatics 

Nitroaromatics are activated by a stepwise addition of up to six electrons (Rauth et al., 

1998), with reduction to the one-electron intermediate (Ar-NO2
•-
) reversible by O2, but 

further irreversible reduction to nitroso, hydroxylamine and amine species (Figure 1.9) 

which contributes to the selective toxicity toward hypoxic cells. Such two- and four-

electron derivatives may have different stabilities and reactivities depending on the 

aromatic ring, its substituents, and pH (McClelland et al., 1987). 
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Figure 1.9 - Reduction pathway for nitroaromatics illustrating radical intermediates and 

nitroso, hydroxylamine, and amine intermediates. Modified from Rauth et al., 1998. 
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The original concept to use nitroaromatics as hypoxic-selective drugs was initially 

made with nitroimidazole-based radiosensitisers. Early studies demonstrated that 

metronidazole (Mohindra and Rauth, 1976) and misonidazole (Hall and Roizin-Towle, 

1975; Moore et al., 1976; Taylor and Rauth, 1980; Sutherland et al., 1982) have 

differential toxicity towards hypoxic cells using both monolayer cultures and 

multicellular spheroids. However, these compounds are not potent enough as hypoxic 

cytotoxins in vivo. Soon after, 5-aziridinyl-2, 4-dinitrobenzamide, CB1954 (Figure 

1.10), was found to be selectively cytotoxic to hypoxic tumour cells (Stratford et al., 

1981; Workman et al., 1986; Chaplin, 1989).  

CB1954 was originally designed as a monofunctional alkylating agent in the late 1960s. 

It can be enzymatically activated to DNA alkylating agents by reduction to the potent 

cytotoxic metabolites, the 2- and 4-hydroxylamines and their corresponding amines. It 

first attracted attention due to the single agent cure of the Walker rat carcinoma 256 in 

vivo though this potent anti-tumour activity was not seen in other cell lines (Cobb et al., 

1969). Subsequently, Knox et al. demonstrated that this striking effect was due to the 

high DTD expression in Walker 256 cells (Knox et al., 1988a). This enzyme reduced 

the 4-nitro group of CB1954 to its corresponding 4-hydroxylamine by oxygen-

independent two-electron reduction. The 4-hydroxylamine can undergo further reaction 

with thioesters (i.e. acetyl coenzyme A) and produce a reactive species (6) capable of 

DNA cross-linking (Knox et al., 1988b; Knox et al., 1993). This acts as second site of 

alkylation in activated CB1954 in addition to the aziridine moiety. Unfortunately, 

CB1954 is not as good a substrate for human DTD isoform (NQO1) as it is for the rat 

enzyme and so its therapeutic efficacy is limited in human tumour cell lines (Boland et 

al., 1991). CB1954 is more efficiently activated by an oxygen-insensitive E. coli nfsB 

nitroreductase (NTR) enzyme, which can reduce either nitro group, and has undergone 

clinical trials (Chung-Faye et al., 2001) as a gene-directed enzyme prodrug therapy 

(GDEPT) agent, using a non-replicating adenoviral vector that expresses NTR (Searle 

et al., 2004). Recently, Knox et al reported that NAD(P)H Quinone Oxidoreductase 2 

(NQO2), an enzyme which requires dihydronicotinamide riboside (NRH) as a 

cosubstrate for activity and is present in some human tumours, is more effective than 

NQO1 in reduction of CB1954 (Knox et al., 2000). A clinical trial of a synthetic NQO2 

co-substrate, which activates this reaction, with CB 1954 in hepatocellular carcinoma is 

ongoing (Knox et al., 2003). However, despite its promise, gastrointestinal and hepatic 
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DLT have been reported to be dose limiting toxicities of CB1954 (Chung-Faye et al., 

2001) and endogenous reductases in the human liver possibly contribute to the latter 

(Tang et al., 2005). 

Because selectivity of CB 1954 against hypoxic cells is modest, further development of 

the 2-nitroimidazole aziridine derivatives identified RSU1069, which showed a 

remarkable enhancement in hypoxia selectivity (Stratford et al., 1986; Stratford et al., 

1989) as well as improved response with fractionated radiotherapy (Stratford et al., 

2003). Similar to CB1954, it is a “mixed function” compound with both an aromatic 

nitro group and an aziridine group enabling it to function as a bi-functional alkylating 

agent upon reduction by CYPOR (Stratford et al., 1986; O'Neill et al., 1987; Patterson 

et al., 1997). Despite substantial anti-tumour activity in preclinical models, clinical 

advancement of RSU1069 ceased owing to marked gastrointestinal toxicity (Horwich et 

al., 1986). Similarly, further development of a less toxic prodrug of RSU1069, RB 

6145 (Hill et al., 1986) and its R-enantiomer (CI-1010) (Cole et al., 1992; Sebolt-

Leopold et al., 1993), was discontinued due to irreversible retinal toxicity in preclinical 

models (Breider et al., 1998; Lee and Wilson, 2000). 

 

Figure 1.10 - Mechanism for the bioreductive activation of CB1954 by nitroreductase, DT 
diaphorase (DTD) and NAD(P)H quinone oxidoreductase 2 (NQO2). Two-electron reduction 
by DTD or NQO2 only leads to the 4-hydroxylamine (3), which can form a postulated reactive 
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thioester able to form adducts and crosslinks in DNA, while the nitroreductase generates both 

the 2- and 4-hydroxylamino forms (2 and 3). Scheme is modified from Knox et al., 1993. 

Development of new weak DNA-intercalating nitroimidazoles (such as NLA-1) as 

bioreductive prodrugs has been reported (Denny et al., 1992) with NLCQ-1 identified 

as a candidate for clinical assessment (Papadopoulou and Bloomer, 2003). NLCQ-1 is a 

member of the NLP-1/NLA-1/THNLA-1 series (Cowan et al., 1991; Cowan et al., 

1994; Papadopoulou et al., 1994; Papadopoulou et al., 1996) which is metabolised by 

cytochrome b5 reductase and CYPOR (Papadopoulou and Bloomer, 2003). Its low 

DNA affinity allows efficient diffusion and penetration to hypoxic tumour regions 

without compromising overall cytotoxicity. NLCQ-1 showed significant hypoxia 

selectivity in several rodent and human tumour cell lines (Papadopoulou et al., 2000), 

and enhanced the antitumour activity of 5-fluoro-uracil and paclitaxel in vivo without 

increasing bone marrow or hypoxia-dependent retinal toxicity (Papadopoulou and 

Bloomer, 2003). 

More recently, a new generation of nitroaromatic bioreductive prodrugs have entered 

preclinical or clinical development including PR-104, a dinitrobenzamide mustard 

(DNBM) (Patterson et al., 2007), TH-302, a 2-nitroimidazole-linked bromo analogue of 

isophosphoramide mustard (Hart et al., 2007), and VNP40541 (Song et al., 2006), the 

R-enantiomer of the sulfonylhydrazine DNA cross-linking prodrug, KS119W (Seow et 

al., 2005). The activation of these prodrugs requires the reduction of a nitro group 

which either acts as an electronic molecular switch to trigger a latent reactive moiety 

elsewhere in the molecule or as reductive fragmentation to release a reactive alkylating 

moiety. 

The dinitrobenzamide mustard (DNBM) prodrugs are a highly potent class of hypoxic 

cytotoxin. The pre-clinical development of the DNBMs, including the lead compound 

PR-104 which entered clinical trial in 2006, will be discussed in detail in SECTION 

1.6. TH-302 showed 400-fold selectivity towards the hypoxic H460 cell line in vitro 

and demonstrated high anti-tumour efficacy in vivo, both alone and in combination with 

chemotherapy (Duan et al., 2008). It entered into clinical development in 2007 and is 

currently in Phase I/II clinical trial. VNP40541 has been shown to be active against 

murine breast carcinoma (EMT-6) and human non-small cell lung carcinoma (H460) in 

mice (Song et al., 2006), but it has not yet entered clinical trial. 
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Figure 1.11 Activation mechanisms of TH-302 and VNP40541. Prodrugs were activated under 

hypoxia and fragmented to release DNA crosslinking agents, bromo-isophosphoramide mustard 

(Br-IPM) and 1,2-bis(methylsulfonyl)-1-(2-chloroethyl)hydrazine (90CE) respectively. 

1.5.5 Limitations of bioreductive prodrugs 

Most bioreductive drugs including those entering into clinical development suffer from 

extensive normal tissue toxicity. It is not fully understood if this is due to physiological 

hypoxia in some normal tissues or high levels of reductases responsible for activation. 

The existence of normal tissue hypoxia is a challenge for achieving useful tumour 

selectivity which is illustrated by the activation of the 2-nitroimidazole alkylating agent 

CI-1010 and tirapazamine (TPZ) in the mouse retina as a result of hypoxia (Lee and 

Wilson, 2000). Understanding of oxygen concentration gradients in normal tissues is 

surprisingly incomplete, but there is evidence for regions of moderate hypoxia in many 

normal tissues including liver, kidney, skin, cartilage, gut and bone marrow. Notably, 

the bone marrow stem cell niche appears to be significantly hypoxic resulting in 

sensitivity of hematopoietic stem cells to tirapazamine (Harrison et al., 2002; Ceradini 

et al., 2004; Parmar et al., 2007), which may underlie the dose-limiting 

myelosuppression found in TPZ clinical trials (Rischin et al., 2005). Normal tissue 

toxicity may also arise from activation by two-electron reductases such as DT 

diaphorase (DTD) which can bypass the O2-sensitive one-electron reduced 

intermediate. For example, proteinurea in patients treated with EO9 (Schellens et al., 

1994), a substrate for DTD, may result from the high activity of the two-electron 

reductase DTD in human kidney (Schlager and Powis, 1990), while the absence of 
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myelosuppression is consistent with the very low levels of this enzyme in the bone 

marrow (Lewis et al., 1993).  

Another potential weakness is knowledge of the type and levels of the reductase(s) in 

individual tumours responsible for reduction is yet to be developed, which would 

prospectively help in selecting patients who may benefit from therapies using 

bioreductive prodrugs (Workman, 1992). A possible solution may be to measure the 

cytotoxic lesion produced by bioreduction from a fine needle aspirate from individual 

tumours, as some attempts have been made for bioreductive drugs such as MMC 

(Volpato et al., 2005), TPZ (Olive et al., 1996; Dorie et al., 1999). 

The inhibition of bioreductive activation at “intermediate” oxygen concentrations (1-25 

µM O2) may also be a problem because this means acutely hypoxic cells will be spared. 

Modelling studies have demonstrated the importance of cells at intermediate O2 

concentrations as the key determinants of radiation response during fractionated 

radiotherapy (Wouters and Brown, 1997). The enzymatic activation of many 

bioreductive prodrugs occurs only at extremely low oxygen levels (<1µM O2) and 

should therefore actually be considered “anoxic” cytotoxins because they spare cells at 

these intermediate oxygen concentrations. The key question is then how best to exploit 

hypoxia in order to eliminate hypoxic cells at intermediate pO2. One way to overcome 

this limitation is to confine activation of the prodrug to essentially anoxic cells, but 

exploit the back-diffusion of the active cytotoxin to eliminate hypoxic cells at 

intermediate O2 concentrations, through a “bystander effect” (Denny and Wilson, 

1993). Lack of the necessary neighbouring areas of anoxia required for prodrug 

activation in normal tissues, extensive toxicities are minimised. 

The rate of cellular metabolism can also affect the efficacy of bioreductive prodrugs 

because they are consumed by metabolic reduction as they diffuse. The rapid 

metabolism of TPZ results in its inefficient penetration to target hypoxic cells (Hicks et 

al., 1998; Hicks et al., 2003). The physicochemical properties required for efficient 

tissue penetration are now important factors to be considered during design of 

bioreductive prodrugs, with lipophilicity being a major determinant (Pruijn et al., 2005; 

Pruijn et al., 2008). 
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1.6 DINITROBENZAMIDE MUSTARDS: PR-104 

There has been an attractive strategy to design a prodrug which is activated under 

hypoxia and capable of limited diffusion within the tumour, then killing surrounding 

oxygenated cells. The original concept was pioneered by Denny & Wilson in the 1980s 

(Denny and Wilson, 1986), in which they proposed that nitrobenzene directly attached 

with alkylating agents formed a potential group of bioreductively activated prodrugs. 

The nitro group is a strong electron-withdrawing group (σp=0.78) and is converted to an 

electron-donating hydroxylamine (σp=-0.34) or amine (σp=-0.66) upon nitroreduction 

(Denny and Wilson, 1986). This reduction of an aromatic nitro group to a 

hydroxylamine (or amine) results in a huge difference in electronic effect (σp=1.12 for 

hydroxylamine and 1.44 for amine) on the aromatic ring which can activate the latent 

alkylating species (nitrogen mustard moiety) directly attached on it. Nitroreduction is 

an appropriate triggering mechanism for hypoxia selectivity as one-electron reduction 

of nitro groups is readily suppressed by very low concentrations of oxygen, thereby 

confining activation to severely (pathologically) hypoxic cells. The resulting activated 

(reduced) nitrogen mustards are expected to have reactivity broadly similar to aromatic 

nitrogen mustards in clinical use, such as mephalan and chlorambucil, and thus to be 

stable enough to diffuse locally from the hypoxic zones in which they form, providing 

an efficient bystander effect (Helsby et al., 2004; Wilson et al., 2007). This has been 

the driving force behind the development of the dinitrobenzamide mustards (DNBMs) 

as bioreductive prodrugs. The concept was exemplified by the prototype compound of 

this class, SN 23862 (Figure 1.12), which showed superior hypoxia-selective 

cytotoxicity in the Chinese hamster cell line UV4 (HCR = 60-fold) relative to its 

aziridinylbenzamide analogue, CB1954 (HCR = 3.6-fold) (Palmer et al., 1992). 

SN23862 is a much less efficient substrate for DTD, thus lacking aerobic bioactivation, 

which was suggested as possibly responsible for its higher hypoxia selectivity than 

CB1954 (Siim et al., 1997). In addition, SN23862 is a better substrate for nfsB NTR 

(Anlezark et al., 1995; Friedlos et al., 1997) and showed a significant bystander effect 

in cell cultures (Friedlos et al., 1998; Wilson et al., 2002), hence it has also been 

suggested as a prodrug in the context of NTR-GDEPT. 
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Figure 1.12 - Chemical structures of the lead dinitrobenzamide mustard phosphate pre-

prodrugs; SN28343 and PR-104. 

SN23862 displayed promising features as a novel bioreductive prodrug lead, but its 

relatively modest hypoxia-selectivity and low aqueous solubility was a barrier to its 

clinical development (Palmer et al., 1994; Palmer et al., 1996). Therefore, a further 

program was started to optimise DNBMs as hypoxia-activated prodrugs. A series of 

analogues of SN23862 showed that alternative mustard leaving groups and 

modification of the carboxamide moiety can influence potency, in vitro hypoxic 

selectivity and solubility (Palmer et al., 1994; Palmer et al., 1996). Several structure-

activity relationship (SAR) studies implied that NTR selectivity was greatest for 

asymmetric chloro/mesylate and bromo/mesylate mustards and the majority of the 2,4-

dinitrobenzamide-5-mustards tested in multi-cellular layer (MCL) cultures showed 

equal or greater bystander efficiencies than CB 1954 (Atwell et al., 2007). The dibromo 

and bromomesylate mustards were well tolerated in mice and showed greatest potency 

again NTR
+ve

 tumours. Among them, bromo/mesylate mustard seems to be the best 

option because it also showed superior activity against WiDr tumours grown from 1:9 

mixtures of NTR
+ve

 and NTR
-ve

 cells, indicating a strong bystander effect in vivo. 

However, relatively low solubility of the preferred compounds was another challenging 

problem, which lead to the development of water-soluble phosphate ester „pre-

prodrugs‟ that are converted systemically to their corresponding much less soluble 

alcohol prodrugs (Wilson et al., 2004). As a result of their favourable formulation and 

PK properties of the DNBM phosphates as pre-prodrugs, and activity in human tumour 

xenografts, two lead compounds were chosen for further development; SN28343 

(Figure 1.12) was selected for NTR-GDEPT (Singleton et al., 2007) and PR-104 

(Figure 1.12) chosen as a hypoxia selective bioreductive prodrug (Patterson et al., 

2007). 
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Unlike SN 23862, PR-104 is a 3, 5-DNBM and contains more reactive asymmetrical 

nitrogen mustard bromo/mesylate groups. Its corresponding alcohol, PR-104A, showed 

strong selectivity against hypoxic cells as demonstrated by an HCR of 10- to 100-fold 

in anti-proliferative potency assays (IC50) across a panel of 10 human carcinoma cell 

lines (Patterson et al., 2007). In addition, PR-104 showed marked activity against 

multiple human tumour xenografts, both as monotherapy and combined with 

radiotherapy and chemotherapy compared to traditional nitrogen mustard therapeutic 

agents (e.g. melphalan, chlorambucil and cyclophosphamide). Furthermore, greater 

than additive antitumour activity was achieved when combined with drugs likely to 

spare hypoxic cells (e.g. gemcitabine or docetaxel). 

 

Figure 1.13 - Mechanism of action of the hypoxia-activated prodrug, PR-104A. The phosphate 

ester „pre-prodrug‟, PR-104 provides adequate aqueous solubility, and is systemically 

converted to the corresponding alcohol, PR-104A. The proposed mechanism of action of the 

prodrug PR-104A is nitroreduction in hypoxic cells, to a range of metabolites including 

hydroxylamine (PR-104H) and amine (PR-104M), which are presumed DNA cross-linking 

agents. The products shown were identified by on-line mass-spectrometry in stirred SiHa cell 

suspensions that were incubated with PR-104A under hypoxia. Scheme redrawn from Patterson 

et al., 2007. 

The metabolic activation of PR-104 is shown in Figure 1.13. The “pre-prodrug” PR-

104 is converted systemically to the prodrug PR-104A, which is then activated by 

reduction of the nitro group para to the 5-hydroxylamine (PR-104H) and several 

downstream products including its 5-amine (PR-104M) selectively in hypoxic cells by 
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endogenous enzymes. This reduction acts as an electronic switch to activate the pre-

positioned nitrogen mustard moiety resulting in hypoxia-selective cytotoxicity as well 

as potentially bystander effect (Patterson et al., 2007). PR-104H and those cytotoxic 

metabolites (e.g. 1, 3 and 7) derived from it are expected to give rise to DNA 

interstrand crosslinks (ICL), which are presumed to be responsible for cell killing. This 

mechanism of DNA ICL formation has been demonstrated for earlier DNBM analogues 

either using the alkaline elution assay (Palmer et al., 1994) or cell lines with 

hypersensitivity to DNA crosslinking agents (Palmer et al., 1996). However, at the 

commencement of this thesis, the ability of PR-104 metabolites to crosslink DNA and 

the role of DNA crosslinking in cytotoxicity had not been evaluated. 

CYPOR has been identified as a key one-electron reductase for the hypoxia-selective 

activation of PR-104A (Guise et al., 2007). This was demonstrated by increased 

hypoxic cytotoxicity of PR-104A, and its metabolism to PR-104H and PR-104M in 

SiHa cells overexpressing human CYPOR. More recently, PR-104A was shown to be 

activated in aerobic cells (Guise et al., 2010), catalysed by the two-electron aldo-keto 

reductase 1C3 (AKR1C3). This reductase was identified by overexpressing AKR1C3 in 

aerobic metabolism-null HCT116 cells and it is the first report that AKR1C3 is capable 

of nitroreduction. 

PR-104 entered into Phase I clinical trials in early 2006 as the first hypoxia-activated 

nitrogen mustard prodrug. The maximum tolerated dose (MTD) was defined at 1100 

mg/m2 with the dose limiting toxicity (DLT) of myelosuppression. In this study, PR-

104 was rapidly converted to PR-104A following administration by intravenous (i.v.) 

infusion, and the concentrations of PR-104A achieved in plasma in the initial phase I 

study were in a range associated with activity against hypoxic cells in xenografts, 

supporting the further evaluation of PR-104 in Phase II clinical studies (Jameson et al., 

2010).  
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1.7 AIMS OF THE THESIS 

At the outset of this thesis, studies in mice had demonstrated that PR-104, a phosphate 

ester, undergoes extensive biotransformation (Patel et al., 2007). It is rapidly converted 

to the corresponding alcohol, PR-104A, which is metabolised further by multiple 

pathways, provisionally identified as including oxidative dealkylation of the mustard 

moiety, glucuronidation of the alcohol sidechain and glutathione conjugation of the 

mustard leading to formation of mercapturic acid metabolites. We had also 

demonstrated selective metabolism of PR-104A to activated nitrogen mustard 

metabolites (PR-104H and PR-104M) in hypoxic tumour cells in vitro (Patterson et al., 

2007). These were presumed to give rise to DNA interstrand crosslinks responsible for 

the killing of hypoxic cells. However, this hypothesis had not been tested, and the 

major determinants of sensitivity to PR-104 were unknown. Furthermore, the roles of 

the metabolic pathways identified in mice in the antitumour activity and toxicology of 

PR-104 were poorly understood.  

The objective of this thesis is to define relationships between metabolic transformation 

of PR-104, its toxicity to normal tissues, its clearance from the body, and its antitumour 

activity in preclinical models. The achievement of this broad objective will lead to 

better understanding of the mechanism of PR-104 and will thus be beneficial to using it 

as either a single anti-tumour agent or in combination with other agents and 

radiotherapy. State-of-the-art bioanalytical techniques, especially tandem mass 

spectrometry, will be utilised to identify the metabolites of PR-104 in plasma, urine and 

in tissues (including tumours), and to complement this with in vitro studies to 

determine mechanisms of biotransformation and relationships to cytotoxicity. Within 

this broad context, the following specific questions stand out as having high academic 

interest and translational relevance: 

 What is the mechanism of cytotoxicity and key determinants of sensitivity of 

tumour cells to PR-104/PR-104A? 

 Does normal tissue toxicity (and antitumour activity) in mice result from 

reductive activation of PR-104A and is its reductive activation similar in mice and 

humans? 
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 Are there major species differences in metabolism and excretion of PR-104/PR-

104A, and do these identify the appropriate species to model human toxicology of 

PR-104? 

 What is responsible for differences in PR-104/PR-104A clearance between 

species, and between individuals? 

 Is it feasible to extend the bioanalytical methods for PR-104 and PR-104A to 

assay the major downstream metabolites simultaneously, and to use such a 

method to determine the metabolite profile in individual patients? 
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1.8 OUTLINE OF PRESENTED WORK 

In CHAPTER 2, the role of nitroreduction in the cytotoxicity of PR-104A is 

investigated, using CHO cell lines with well-characterised defects in DNA repair 

pathways. Rates of nitroreduction were modulated by transfection with the one-electron 

reductase NADPH:cytochrome P450 oxidoreductase (CYPOR). This showed that PR-

104A sensitivity is a function of hypoxia, repair phenotype and one-electron reductase 

activity, and that the repair profile is consistent with cytotoxicity resulting from ICL 

except under conditions when rates of PR-104A activation are very low. This study has 

been reported in Mol Cancer Ther (2009) 8: 1714-23.  

In CHAPTER 3, the metabolism and excretion features of PR-104 in preclinical species 

(mice, rats, dogs) and humans are characterised. Following intravenous administration 

of [
3
H]PR-104 to tumour-bearing mice, most of the dose was eliminated within 24 hrs 

with half in urine and half in faeces. Further study identified the major pathways of PR-

104 biotransformation (hydrolysis of the phosphate to PR-104A, and subsequent 

metabolism of PR-104A by thiol conjugation of the nitrogen mustard, glucuronidation 

of the alcohol side-chain, N-dealkylation of the nitrogen mustard, reduction of the nitro 

groups). This comparative pharmacology study demonstrated major differences 

between species, with glucuronidation dominant in dogs and oxidative metabolism of 

the mustard moiety much more prominent in rodents. The study has been reported in 

Drug Metab Dispos (2010) 38: 498-508. To characterise the nitroreduction pathway 

further, reduction in tumour and normal tissues in mice was assessed. Concentrations of 

reduced metabolites were highest in liver, intestine, kidney, bone marrow and tumour 

which was consistent with levels of residual radioactivity 48 hr after administration of 

[
3
H]PR-104, reflecting covalent binding. These results suggested that the major 

toxicities of PR-104 in mice (gastrointestinal, myelotoxicity, and possibly 

hepatotoxicity) may reflect reductive activation in normal tissues. Recent findings in 

this laboratory show that the major human enzyme responsible for aerobic reduction is 

AKR1C3. The AKR1C3 inhibitor naproxen in mice with H460 tumour xenografts was 

tested. Naproxen inhibited PR-104H/M formation in the xenografts, but not in mouse 

normal tissues. The reductive metabolism was also not affected by 1-

aminobenzotriazole (ABT), a pan P450 inhibitor which strongly inhibited oxidative 

metabolism of PR-104A, suggesting the P450 enzyme system is not involved in PR-
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104A reduction. Further studies using modulation of hypoxia with respiratory gases 

showed CYPOR, a major enzyme responsible for PR-104 activation in tumours, did not 

play a role either. The identity of the aerobic reductase(s) in murine tissue remains 

unknown. This study has been published in Cancer Chemother Pharmacol (In press, 

DOI: 10.1007/s00280-010-1354-5). 

A UPLC/MS/MS method was developed and validated for quantitation of PR-104 and 

all its major metabolites in human plasma, and has been reported in J Chromatogr B 

Analyt Technol Biomed Life Sci (2009) 877: 1381-6. The method was applied to 

samples from Phase I clinical trials (CHAPTER 4). Results demonstrate that the O-

glucuronide of PR-104A is the major metabolite in human plasma with similar terminal 

half life and AUC values to PR-104A, and that both O-glucuronide and reduced 

metabolites showed considerable inter-patient variability. 

To characterise the glucuronidation pathway (CHAPTER 5), a microsomal metabolism 

model to assay PR-104A conjugation by UDP glucuronosyltransferase (UGT) was 

developed. The results demonstrated UDPGA-dependent glucuronidation of PR-104A 

in all species but with large differences in rates (dog>human>mouse~rat), similar to the 

AUC ratios of O-glucuronide metabolite relative to PR-104A observed in plasma. 

Screening of recombinant human UGTs identified UGT2B7 as the only one of the 

12/18 commercially available isoforms able to conjugate PR-104A. Hepatic clearance 

CLH extrapolated from intrinsic clearance CLint is lower than observed clearance. The 

similar difference to other UGT2B7 substrates indicated that like these substrates, 

glucuronidation may also the major determinant for PR-104A clearance. The Km of 

UGT2B7 for PR-104A appeared to be lower than that for human liver microsomes, 

leading us to investigate the relationship between UGT 2B7 protein content and 

glucuronidation activity. The excellent correlation suggested that UGT2B7 is the only 

enzyme contributing to PR-104A glucuronidation in humans. 

CHAPTER 6 presents a concluding discussion in which the findings of each of these 

investigations are integrated and future directions are proposed.
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CCHHAAPPTTEERR  22  MMeecchhaanniissmm  ooff   PPRR--110044AA  CCyyttoottooxxiicciittyy::  

RRoolleess  ooff   DDNNAA  RReeppaaiirr  aanndd  RReedduuccttaassee  AAccttiivviittyy  

This chapter is adapted from: 

Gu Y, Patterson AV, Atwell GJ, Chernikova SB, Brown JM, Thompson LH and 

Wilson WR. “Roles of DNA repair and reductase activity in the cytotoxicity of the 

hypoxia-activated dinitrobenzamide mustard PR-104A” Mol Cancer Ther 8: 1714-23 

(2009). 

Evans JW, Chernikova SB, Kachnic LA, Banath JP, Sordet O, Delahoussaye YM, 

Treszezamsky A, Chon BH, Feng Z, Gu Y, Wilson WR, Pommier Y, Olive PL, Powell 

SN, Brown JM. “Homologous recombination is the principal pathway for the repair of 

DNA damage induced by tirapazamine in mammalian cells” Cancer Res 68: 257-65 

(2008). 

2.1 INTRODUCTION 

The beginnings of the modern era of cancer chemotherapy can be traced directly to the 

discovery of nitrogen mustard as early as 1940s when Goodman et al. observed a 

marked though temporary regression in the patient's tumour masses following iv 

administration of mechlorethamine (HN2), the prototype nitrogen mustard anticancer 

chemotherapeutic, into a patient with non-Hodgkin's lymphoma (Goodman et al., 

1946). Later, several such agents were developed. Today, DNA crosslinking agents 

such as the nitrogen mustards (melphalan, chlorambucil, cyclophosphamide, and 

ifosfamide), the platinum drugs (cisplatin and carboplatin), chloroethylnitrosoureas 

(carmustine and lomustine), the alkylalkanesuphonate busulfan, and the natural product 

mitomycin C are among the most widely used and effective anticancer agents, as both 

single agents and parts of combination chemotherapy regimens. In earlier studies, 

bifunctionality was shown to be an essential prerequisite for the potent cytotoxicity and 

antitumour activity of agents such as nitrogen mustard (Goldacre et al., 1949), and 

interstrand crosslinks (ICLs) were reported to be formed at the N7 position of guanine 

(Brookes and Lawley, 1961) though reactions with adenine had also been described 

(Balcome et al., 2004). By alkaline elution assay, Kohn et al. subsequently 
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demonstrated that the critical intracellular lesion resulting in cytotoxicity following 

treatment with most bifunctional drugs is the ICL (Kohn and Ewig, 1973; Kohn, 1996). 

A generic mode for the interaction of bifunctional alkylating agents with DNA was 

described (Figure 2.1) (Hopkins et al., 1991), in which alkylation with DNA proceeded 

via initial formation of a non-covalent complex which then reacted to form a covalently 

bound monoadduct. The resultant monoadduct can react with water to terminate the 

reaction, or there may be a second reaction with guanine (or adenine) either on the 

same DNA strand to give intrastrand crosslinks, on the opposite strand to form an 

interstrand crosslink, or with an external nucleophile (e.g. cysteines in chromosomal 

proteins), producing protein-DNA crosslinks. For many drugs the second reaction is 

slow, and only a fraction of monoadducts go on to form crosslinks. ICLs formed by 

these alkylating agents might also give rise to DNA double strand breaks (DSBs), 

which is demonstrated by the observation that DSBs are formed following treatment of 

mammalian cells with DNA ICL-inducing nitrogen mustard derivatives such as HN2 

(De Silva et al., 2000; McHugh et al., 2000) and melphalan (Vock et al., 1998). 

 

Figure 2.1 Scheme of DNA crosslinks formation by nitrogen mustards, via an aziridinium ion 

intermediate. Modified from Hopkins et al., 1991. 

2.1.1 DNA repair 

ICLs are highly cytotoxic because they block DNA replication and transcription 

(Niedernhofer et al., 2005). The ability to repair DNA is a critical cellular function 

RN

X

X

H-BONDED NUCLEOBASES

DOUBLE STRANDED 

DNA

N

X

R

HALF MUSTARD 

MONO ADDUCT

R

N+

X

N

OH

R

N

PROTEIN

R

HYDROXYETHYL 

MONOADDUCT

DNA-PROTEIN 

CROSS-LINK

N R N
R

INTRASTRAND              

DNA-DNA CROSS-LINK

INTERSTRAND              

DNA-DNA CROSS-LINK



Chapter 2   Mechanism of PR-104A cytotoxicity: Roles of DNA repair and reductase activity 

   - 51 - 

 

which protects the integrity of the genome (Jackson and Bartek, 2009). There are 

several distinct pathways by which mammalian cells can detect and repair DNA 

damage including direct reversal, mismatch repair (MMR), base excision repair (BER), 

nucleotide excision repair (NER), two main DSB repair pathways (non-homologous 

end joining (NHEJ) and homologous recombination (HR)), and translesion synthesis 

(TLS), which may be viewed as an adduct tolerance pathway (Muniandy et al., 2009). 

The various repair pathways are often interconnected and collaborative in that a repair 

process is capable of repairing multiple DNA lesions and a particular DNA 

lesion/unusual structure can be processed by multiple repair pathways (Altieri et al., 

2008). DNA damage corrected through direct reversal is probably the most 

straightforward method of repair, because the modified base is repaired by direct 

reversal of the alteration without removal of the damaged base itself. The main 

enzymes mediating direct repair of alkylation damage in human cells are the 

alkyltransferase O
6
-methylguanine methyltransferase (MGMT) and the AlkB 

homologues ABH2 and ABH3 which are dioxygenases that catalyse oxidative 

dealkylation of methylated bases (Hansen and Kelley, 2000). The MMR pathway 

primarily repairs base-base mismatches and insertion-deletion loops generated during 

DNA replication and recombination (Jiricny, 2006; Li, 2008). The MMR machinery 

recognises mismatches and excises the incorrectly paired nucleotides or loop in the 

daughter strand. It is a critical mechanism responsible for maintaining genetic integrity, 

thereby preventing mutations from becoming permanent in dividing cells (Altieri et al., 

2008). In BER, a damaged base is recognised by a DNA glycosylase enzyme that 

mediates base removal before nuclease, polymerase and ligase proteins complete the 

repair in processes, these later stages overlapping with those used in SSB repair 

(Jackson and Bartek, 2009). Poly(ADP-ribose) polymerase (PARP) is a key enzyme 

involved in the signalling of SSBs and the initiation of this pathway (Schreiber et al., 

2002). 

NER acts on variety of structurally unrelated DNA lesions, including UV-induced 

photoproducts, bulky and helix-distorting adducts, crosslinks, and oxidative damage not 

recognised by the BER DNA glycosylases. There are two subsets of the NER pathways 

that differ in the mechanism of lesion recognition: transcription-coupled NER, which 

specifically targets lesions that block transcription (Sarasin and Stary, 2007; Fousteri 

and Mullenders, 2008), and global-genome NER (Shuck et al., 2008). In common to 
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both, the damaged DNA segment is excised through the action of two structure-specific 

endonucleases, the ERCC1-XPF heterodimer (which cuts on the 5‟ side of the lesion) 

and the XPG nuclease (which cuts on the 3‟ side). Following repair synthesis, the final 

single strand break is closed by DNA ligase 1. 

For DSB repair, two principal mechanisms are used: nonhomologous end-joining 

(NHEJ) (Lieber, 2008) and homologous recombination (HR) (San Filippo et al., 2008). 

The NHEJ system ligates the two ends of a DSB directly without the requirement for 

extensive sequence homology between the DNA ends, which can result in the loss or 

insertion of nucleotides and translocations due to misrepair of clustered DSB, 

eventually leading to loss of genomic integrity. By contrast, HRR is relatively error-

free repair because it uses sister-chromatid sequences (or less commonly a homologous 

chromosome) as the template to mediate faithful repair. For the same reason, HRR is 

generally restricted to S and G2 phases while NHEJ can operate in any phase of the cell 

cycle. In NHEJ, DSBs are recognised by the Ku protein that then binds and activates 

the protein kinase DNA-PKcs, leading to recruitment and activation of end-processing 

enzymes, polymerases and DNA ligase IV. HRR is initiated by ssDNA generation, 

which is promoted by various proteins including the MRE11-RAD50-NBS1 (MRN) 

complex. In events facilitated by BCCIP/BRCA2 and RAD52, RAD51 is loaded onto 

ssDNA. Following the actions of polymerases, nucleases, helicases and other 

components, the RAD51-ssDNA filament invades the undamaged template and 

replication, DNA ligation and substrate resolution occur (Wray et al., 2008). HRR is 

also used to restart stalled replication forks and to repair interstrand DNA crosslinks, 

the repair of which also involves the Fanconi anaemia (FA) protein complex (Kennedy 

and D'Andrea, 2005). How a cell chooses between HR-dependent repair and NHEJ is 

influenced by the availability of repair templates, cell cycle phase, proliferation rate, 

and the functions of specific cell types (Shrivastav et al., 2008). For instance, a cell that 

is deficient in HRR may depend more on the error-prone repair NHEJ pathway for the 

repair of DSBs. 

Translesional DNA synthesis (TLS), a process involving replicative bypass of base 

damage in DNA, is a mechanism for relieving arrested DNA replication (Andersen et 

al., 2008). The TLS mechanism is orchestrated by specialised DNA polymerases which 

can be accurate (error free) or mutagenic (error prone) during TLS (Lehmann, 2006). 
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These polymerases allow replication to continue past the block allowing opportunity for 

repair pathways to subsequently remove the offending lesion. TLS likely helps prevent 

stalled replication forks from breaking, thereby maintaining chromosome continuity 

(Thompson and Hinz, 2009). 

2.1.2 ICL repair 

All of the pathways outlined above could contribute to the repair of ICLs. The current 

view is that ICL could be repaired by a combination of the NER, HR, and TLS 

pathways (Dronkert and Kanaar, 2001; Lehoczky et al., 2007). Nonetheless, other 

pathways could also be involved. Base excision repair can prevent the formation of 

ICLs by repair of precursor lesions (Wiencke and Wiemels, 1995; McHugh et al., 

1999). MMR sensitizes cells to ICL agents as it interferes with TLS past monoadducts 

and intrastrand cross-links (Durant et al., 1999). Recent evidence suggests that the 

MMR machinery might mediate crosslink unhooking and is proposed as one of the 

repair pathways for ICL (Bergstralh and Sekelsky, 2008). 

Although knowledge of the individual DNA repair pathways are relatively complete, 

detailed mechanisms by which ICLs are repaired in eukaryotes are less well 

understood, primarily because cells may use several repair pathways in concert to 

eliminate ICLs (McHugh et al., 2001) and these pathways appear to compete for ICL 

repair intermediates, and be regulated in the cell cycle. Furthermore, crosslinking 

agents do not produce only ICLs; actually these are usually a minor product (1-5%) 

(Lehoczky et al., 2007). The current understanding of crosslink repair is mainly derived 

from well-known “Cole” model in E. coli, which accounts for the sensitivity to 

crosslinking agents of strains deficient in NER and HR, and the extreme intolerance of 

strains with deficiencies in both pathways (Cole, 1973). However, mammalian DNA 

repair is considerably more complicated than in E. coli or yeast, which is reflected in 

the increase in the number of proteins involved (Lehoczky et al., 2007; McCabe et al., 

2009). Identifying mammalian genes involved in ICL repair by the analysis of mutant 

cell lines for their sensitivity to ICL agents has developed the model further, though in 

some cases, a moderate sensitivity to ICL agents may be due to a defect in the repair of 

other adducts induced by ICL agents (Dronkert and Kanaar, 2001). 
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A model for ICL repair in S phase has been proposed as follows (Figure 2.2) (Wang, 

2007): ICL repair is initiated when the replication fork (either single or dual fork) 

encounters a lesion and becomes stalled. This leads to activation of the ATR kinase, 

which recruits a number of proteins of the FA pathway and other proteins such as 

MUS81-EME1 and MRN. The FA core complex is a prerequisite to recruit the ID 

complex (composed of FA proteins D2 and I) which is modified via 

monoubiquitylation and phosphorylation. The crosslink is unhooked by incision, both 

3‟ and 5‟ of the lesion, by XPF-ERCC1 and MUS81-EME1 on the lagging strand, 

generating a DSB with a 3‟ tail at the fork. The unhooked crosslink swings away from 

the helix and the gap in the incised DNA strand is filled in, and strand integrity 

restored, by error-prone TLS. In addition to collision of a single replication fork with 

the lesion proposed above, convergence of two forks on the ICL was also observed 

(Raschle et al., 2008; Muniandy et al., 2009), in which case, a leading daughter strand 

is extended to bypass the lesion. The unhooked adduct on the other strand can then be 

removed by NER, the broken fork reconstructed by HRR and strand integrity restored 

by replicative DNA polymerases. The resolution of Holliday junctions, a recombination 

intermediate formed during HRR, is necessary for completion of the process. Holliday 

junctions can be „dissolved‟ by the Bloom‟s syndrome complex (Wu and Hickson, 

2003), or be cleaved asymmetrically by MUS81–EME1(Ciccia et al., 2003; Taylor and 

McGowan, 2008). A recent study identified that recombinant GEN1, a member of the 

Rad2/XPG family of nucleases, resolved Holliday junctions by the introduction of 

symmetrically related cuts across the junction point, to produce nicked duplex products 

in which the nicks can be readily ligated (Ip et al., 2008). Notably, FA proteins were 

suggested to coordinate several physiological events during ICL repair, not only 

assisting in unhooking but also are required for both TLS and HRR (Mirchandani and 

D'Andrea, 2006; Thompson and Hinz, 2009). 

The model is based on events in S-phase because ICL repair might not be efficient in 

non-replicating cells (McHugh et al., 2001) although initial recognition could also 

occur in the absence of replication (Muniandy et al., 2009). There are also some 

variants of the Wang model. For example, Bergstralh and Sekelsky argued that a role of 

XPF-ERCC1 in HRR, rather than its function in NER (mediating unhooking), defines 

its importance to ICL repair (Bergstralh and Sekelsky, 2008). This is also consistent 
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with the finding that cells deficient for NER factors other than XPF-ERCC1 are not 

particularly sensitive to ICL agents (Hoy et al., 1985; De Silva et al., 2000). 

 

Figure 2.2 A model of the DNA ICL repair as applied to S phase mammalian cells. ICL results 

in stalling of the replication fork, and is unhooked by XPF-ERCC1 and MUS81-EME1 

endonucleases, generating a monoadduct. TLS then bypasses the lesion and restore strand 

integrity. The resultant DSB is repaired via HR, accompanied by NER-mediated removal of the 

remaining adduct. DNA replication is thus resumed. The FA proteins may be important for the 

coordination of these repair processes. From Wang, 2007. 

2.1.3 Aims and approach 

Based on the design of PR-104, the molecular mechanism of the hypoxic cytotoxicity 

of PR-104A is expected to be formation of DNA ICLs upon activation under hypoxia. 

Hypoxia-selective DNA cross-linking by PR-104A has been shown in human tumour 

cells using the comet assay (Patterson et al., 2007). However, there are multiple 

mechanisms of cytotoxicity of nitroaromatic compounds that might contribute to cell 
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killing by PR-104A in certain contexts, including redox cycling of a nitro group to 

generate reactive oxygen species, formation of reactive nitroso or hydroxylamine 

moieties, or (in the case of the dinitrobenzamide mustards) the formation of DNA 

monoadducts by PR-104A itself or its reduction products. 

Table 2.1 AA8 and its mutants with defects in DNA repair 
  

Cell line Genotype Sensitivity Phenotype References 

AA8 Wild type Repair competent (Thompson et al., 1980a) 

UV4  ERCC1
-/-

 

Defective in XPF-ERCC1, extremely 

sensitivite to ICL, moderately to bulky 

monoadducts 

(Hoy et al., 1985) 

UV5 XPD/ERCC2
-/-

 
Moderate sensitivity to ICL and 

monoadducts 
(Busch et al., 1980) 

UV41 XPF/ERCC4
-/-

 

Defective in XPF-ERCC1, extremely 

sensitivite to ICL, moderately to bulky 

monoadducts 

(Thompson et al., 1980b) 

41cER40.1
†
 

XPF-restored 

UV41 
Repair competent (Brookman et al., 1996) 

V3 PRKDC
-/-

 Deficient in NHEJ, highly radiosensitive (Blunt et al., 1995) 

51D1
§
 Rad51D

-/-
 

Deficient in HR, extreme sensitivity to 

MMC. Sensitive to gamma radn, MMS
‡
  

(Hinz et al., 2006) 

51D1.3 
‡§

 
Rad51D-

restored 51D1 
Repair competent As above 

†
 human HeLa cell ERCC4 (XPF) gene restored;  

‡
 complete hamster Rad51D gene restored; 

§
 51D1 line is referred to as 51D

-/-
 and the 51D1.3 line as 51D

+/+
 in the present study; 

‡
 methyl methanesulphonate 

This suggested the need for a more critical evaluation of mechanism of action. An 

efficient way to identify mammalian genes involved in ICL repair is the analysis of 

mutant cell lines for their sensitivity to ICL agents. I undertake this here by examining 

a range of PR-104A analogues (including half mustards incapable of DNA cross-

linking by the mechanism proposed for PR-104A; Figure. 2.3) in a panel of repair-

defective cell lines. The repair-defective cells are all derived from the Chinese hamster 

ovary (CHO) fibroblast line AA8 and interrogate the roles of nucleotide excision repair 

(NER), nonhomologous end joining (NHEJ), and homologous recombination repair 

(HRR) in the aerobic and hypoxic cytotoxicity of PR-104A (see Table 2.1 for details of 

cell lines). I also examine the consequences of modulating the rate of nitroreduction of 

PR-104A by overexpressing human NADPH:cytochrome P450 oxidoreductase (P450R 
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or CYPOR; E.C.1.6.2.4), known to be a major PR-104A reductase in hypoxic cells 

(Guise et al., 2007) in HRR-defective and HRR-competent cell lines. Together, these 

approaches explore the interaction between reductase expression, hypoxia, and DNA 

repair pathways, which are expected to be key determinants of sensitivity of tumour 

cells to this novel prodrug. 
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2.2 MATERIALS AND METHODS 

2.2.1 Compounds 

All compounds were synthesised in the Auckland Cancer Society Research Centre 

(ACSRC) and had a purity of at least 95% by HPLC unless specified. All stock 

solutions were stored at -80ºC. 2-((2-bromoethyl)-2-{[(2-

hydroxyethyl)amino]carbonyl}-4,6-dinitroanilino) ethyl methanesulfonate (PR-104A) 

(Denny et al., 2005) was stored frozen in DMSO as 100 mM stock solutions. PR-104H 

(Patterson et al., 2007) and tetradeuterated PR-104H (PR-104H-d4) (Atwell and Denny, 

2007) were synthesised by Mr K. Patel, purified by HPLC and stored in acetonitrile. 

PR-104M was synthesised by Mr G. Atwell from PR-104A by regioselective reduction 

of the nitro group para to the mustard. He also synthesised the half mustard analogues 

of PR-104A (1 and 2), the corresponding diethyl compound (3) and other two 

analogues, SN28099 and SN29222. Tirapazamine (TPZ) was synthesised by A/Prof M. 

Hay, and stock solutions (200 mM in DMSO) were stored at -80ºC. Mitomycin C and 

chlorambucil were from Sigma-Aldrich and dissolved in ethanol (10 mM) and DMSO 

(10 mM) respectively. Chlorambucil half mustard (Ferguson et al., 1988) was dissolved 

in DMSO to 600 mM and nitracrine (Wilson et al., 1989b) was dissolved in ethanol to 

0.1 mM. 

2.2.2 Cell lines 

Cell lines were passaged in alpha minimal essential medium (αMEM) supplemented 

with 5% fetal bovine serum (FBS) without antibiotics for < 3 months from frozen 

stocks confirmed to be mycoplasma free by PCR-ELISA (Roche Diagnostics). The 

CHO cell lines, and their DNA repair genotypes and origins are shown in Table 2.1. In 

the present study the Rad51D knockout cell line 51D1 is referred to as 51D
-/-

 and the 

Rad51D restored 51D1.3 line as 51D
+/+

. SiHa cells were from Dr. David Cowan, 

Ontario Cancer Institute.  
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Figure 2.3 Structures of PR- 104, its metabolites, and related compounds. PR-104 is converted 

systemically by phosphatases to the corresponding alcohol, PR-104A, which is metabolised by 

reduction to the hydroxylamine PR-104H and amine PR-104M selectively under hypoxic 

conditions or oxidatively to the half mustards (1) and (2). The diethyl compound (3) was 

compared as a nonalkylating analogue and the half mustard of chlorambucil (4) as a reference 

monoalkylating agent. SN28099 and SN29222 are regioisomers of PR-104A. 

2.2.3 Cell transfection 

A full-length CYPOR expression plasmid (F527-HMWp450R) was transfected to the 

51D
-/-

 and 51D
+/+

 cell lines using FuGENE
®
-6 transfection reagent (Roche Diagnostics, 

Indianapolis, IN) essentially as described (Ahn et al., 2006). In brief, CYPOR (P450R) 

cDNA was introduced as a 2.3 kb EcoRI-XbaI restriction fragment into the bi-cistronic 

plasmid F527 (Figure 2.4), which has been shown to provide high-level stable gene 

expression in vitro (Hobbs et al., 1998), to create pEF-P450R
puro

 (prepared by Dan Li). 

Restriction mapping and partial sequence analysis confirmed the product and 

endotoxin-free DNA was prepared (Qiagen Inc, CA) (Patterson et al., 1997; Cowen et 

al., 2003). Resistance of 51D
-/-

 and 51D
+/+

 cell lines to puromycin was pre-tested over 
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range of concentrations (10-50 µM). Exponentially growing 51D
-/-

 or 51D
+/+

 cells were 

harvested by trypsinization and seeded at 2 × 10
5
 cells/ml with overnight recovery. One 

µg of the pEF–p450R
puro

 plasmid was mixed with 3 µl of FuGENE
®
-6 in 97 µl αMEM 

and allowed to stand (1 h) at room temperature. The DNA: liposome mix was added 

dropwise onto cells in αMEM (containing 5% FCS) and the following day cells were 

recovered as a single-cell suspension, counted and plated at various densities onto 10 

cm diameter tissue culture plates. Forty-eight hours later 20 µM puromycin was added 

to each plate and at 72 h intervals increased to 30 (51D
-/-

) and 40 µM (51D
+/+

) 

thereafter. Once no further cell death was observed, the puromycin concentration was 

escalated to 40 (51D
-/-

) and 50 µM (51D
+/+

). After 18-20 days large colonies had 

formed which were isolated using cloning rings, replated into 40 (51D
-/-

) and 50 µM 

(51D
+/+

) puromycin, and sub-cloned. Individual colonies were expanded and 

cryopreserved. Similarly, a soluble version of the human CYPOR gene (sCYPOR) 

lacking the first 180 base pairs, which encode the N-terminal reticular membrane 

anchor, was prepared and a sCYPOR expression plasmid (F527-LMWp450R) was used 

to transfect the 51D
-/-

 and 51D
+/+

 cell lines and cloned using the same manner. All the 

stable lines over-expressing CYPOR (clone#1) and sCYPOR (clones #1 and #2), were 

selected and maintained in 40 µM (for 51D
-/-

) and 50 µM (for 51D
+/+

) puromycin, 

respectively (See Figure 2.8 for puromycin selection results). Puromycin was 

withdrawn one day before cells were used in experiments. 

  

Figure 2.4 Map of F527 plasmid with CYPOR (P450R) genes inserted. Resistance to 

puromycin is conferred by the pac gene encoding puromycin N-acetyltransferase 

F527-p450R
6965 bp

p450R
pac

Puro(R)

Amp(R) IVS

SV40 pA

EF-1alpha promoter

IRES

BamHI(1442)

EcoRI(1424)

HindIII(6)

HindIII(3559)

NcoI(1437)

NcoI(1809)

NcoI(3216)

XbaI
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2.2.4 Cell lysates preparation 

A sample of each transfectant was grown in the absence of puromycin and S9 fractions 

(including parental 51D
-/-

, 51D
+/+

 and SiHa) were prepared as follows. Cells in 

exponential growth phase were washed twice with phosphate-buffered saline (PBS) and 

harvested by brief rinsing of 0.05% trypsin/EDTA (keeping trypsin exposure to a 

minimum as it may affect CYPOR enzyme activity). After centrifugation at 100 g for 

10 min at 4ºC, the PBS was discarded and the pellet resuspended in 200–500 µl of ice-

cold nuclear buffer A (10 mM HEPES, 1.5 mM magnesium chloride, 10 mM potassium 

chloride, 0.05 mM dithiothreitol, pH 7.4). After standing for 10 min in ice, the 

suspension was sonicated using an MSE Soniprep 150 ultrasonic disintegrator (3 × 5 

sec at a nominal frequency of 23 kHz and oscillation amplitude of 5-10 µm). Samples 

were placed on ice between each sonication. The suspension was allowed to stand on 

ice for a further 10 min, and then centrifuged at 7800 g for 15 min at 4°C. The resulting 

lysate was removed and stored at -80°C. The protein concentration was determined 

using the Pierce assay (Smith et al., 1985) with bovine serum albumin (BSA) as the 

standard for comparison. 

2.2.5 CYPOR enzyme activity 

The activity of CYPOR in the cell lines was measured by a spectrophotometric assay 

using an Agilent model 8463 diode array spectrophotometer, as the cyanide-resistant, 

NADPH-dependent reduction of cytochrome c in S9 fractions as described previously 

(Patterson et al., 1997) to select transfectants with highest enzyme activities. Each 

incubation comprised 400 µl of cytochrome c (final concentration 50 µM), 100 µl of 10 

mM potassium cyanide (final concentration 1 mM) and 10-300 µl of lysate made up to 

0.98 ml with 100 mM phosphate buffer, pH 7.6. The reaction was equilibrated at 37ºC 

using a circulating water bath and was initiated by the addition of 20 µl of 10 mM 

NADPH to the test cuvette (final concentration 200 µM). The rate of reduction of 

cytochrome c was monitored at 550 nm for 2 min against a blank without NADPH in 

same measurement. Initial rates of reaction were based on an extinction coefficient of 

21 mM
-1

 cm
-1

 calculated and expressed as nmol cytochrome c reduced per min per mg 

of lysate protein. 
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2.2.6 CYPOR western blot analysis 

Cells were harvested by trypsinization of sub-confluent monolayers from T-flasks with 

0.05% trypsin/EDTA followed by incubation at 37 ºC for 2 min, counted using an 

electronic particle counter (Z2 Coulter Particle Analyzer, Beckman Coulter, Florida, 

USA) and 10
6 

cells collected by centrifugation at 10,000 g for 15 sec. Pellets were lysed 

by adding 50 µl Laemmli sample buffer (Bio-Rad) containing 5% 2-mercaptoethanol, 

and lysates were boiled at 95°C for 5 min, centrifuged for 3 min and supernatants were 

loaded onto 4% to 10% SDS-polyacrylamide gels which were electrophoresed at 120 V 

for ~1.5 h until the dye front reached the bottom of the glass plate. Proteins were 

electrophoretically transferred onto 0.22 µm nitrocellulose (at 100 V for ~1 h) and 

blocked with 5% fat-free milk in PBS-0.05% Tween 20 at room temperature for 2 h and 

probed with primary antibodies (goat anti-rat CYPOR from Daiichi Pure Chemicals, or 

mouse anti-actin from Chemicon International as loading control, both 1:10,000) in 

PBS-Tween 20/5% fat-free milk overnight at 4°C. The blots were washed with PBS-

0.05% Tween 20 for 5 min three times, incubated with secondary antibodies (rabbit 

aniti-goat IgG-HRP and goat anti-mouse IgG-HRP from Santa Cruz Biotechnology, 

both at 1:10,000) at room temperature for 1 h, washed again in PBS-0.05% Tween 20 

for 5 min three times. Chemiluminescence substrate solutions (SuperSignal
®
 West Pico, 

Pierce) were used for band development and visualisation of the membrane was 

performed using an ImageReader LAS-3000 (Fujifilm). Band densities were 

determined using ImageJ software (version1.37). 

2.2.7 Inhibition of cell proliferation in vitro 

Cells were harvested as above, seeded into 96 well plates (typically 400 cells/0.1 ml), 

allowed to attach for 2 h, and exposed to compounds for 4 h under aerobic or anoxic 

conditions. Anoxia was created and maintained in a Bactron (Sheldon Manufacturing 

Inc) anaerobic chamber using a H2/Pd system, where oxygen was removed by Pd-

catalysed reduction by hydrogen from pre-mixed gas (90% nitrogen, 5% hydrogen and 

5% carbon dioxide). Trace levels of oxygen were checked by foil wrapped anaerobic 

indicator strips (OXOID Ltd.) and monitored by an oxygen/hydrogen analyser (COY 

Laboratory Products Inc.) during the experiments. Medium was supplemented with 

10% FCS, 10 mM glucose and 200µM 2‟deoxycytidine and equilibrated (along with 

the 96 well plates) in the chamber for at least 3 days to remove oxygen before seeding 
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cell cultures. The 4 hr drug exposure was in a 37
o
C incubator within the Bactron 

anaerobic chamber. Following either anoxic or aerobic drug exposure, cells were 

washed three times with fresh medium and then grown in an aerobic 5% CO2 incubator 

for 4-5 days before staining with sulphorhodamine B. The IC50 was determined by 

interpolation as the drug concentration reducing staining to 50% of controls on the 

same plate. The hypoxic cytotoxicity ratio (HCR) was determined as the intra-

experiment ratio (aerobic IC50)/(anoxic IC50), and the hypersensitivity factor (HF) was 

determined as the intra-experiment ratio (IC50 for repair competent line)/(IC50 for repair 

mutant). Differences between cell lines, and between aerobic and anoxic exposure, 

were tested for significance using Student‟s t-test. 

2.2.8 Clonogenic cell survival 

Cells were seeded into 96 well plates as for IC50 assays, except that each well received 

3 ×10
5
 cells in 150 µl medium, and were exposed to drugs for 4 h in the same manner. 

Cells were then rinsed with 100 µl PBS and harvested into microtubes (Titertube
®
, Bio-

Rad) using 100 µl trypsin followed by two rinses with 200 µl medium. One 3-fold and 

three 10-fold serial dilutions were made in microtubes using a 12-channel pipette, and 

transfer pipettes were used to plate 10
2
-10

5
 cells into 60 mm cell culture dishes 

containing 5 ml culture media (αMEM with 5% FBS). The dishes were incubated at 37 

ºC for 14 days, stained with methylene blue (2 g/L in 50% aqueous ethanol) and 

colonies with >50 cells were counted. Surviving fraction (SF) was calculated as the 

ratio of colonies from treated/control wells. 

2.2.9 LC-MS/MS assay of PR-104A metabolism 

Sub-confluent monolayers were harvested from T75 flasks, centrifuged and 

resuspended at 1.5 × 10
6
 cells/ml in 1.2 ml aliquots of oxic or anoxic medium, the latter 

in an anaerobic chamber as above. Cells were plated in 24-well plates to give 5 × 10
5
 

cells/ well in 0.35 ml, incubated for 2 h at 37 ºC before addition of 50 µl of the same 

medium containing PR-104A to give a final concentration of 100 µM and then returned 

to the incubator for 1 h. Samples were then processed rapidly on wet ice. Medium (400 

µl) was transferred into a microcentrifuge tube and the attached cells extracted with 800 

µl ice cold methanol containing PR-104H-d4 internal standard before combining with 

the extracellular medium and storing at -80ºC. PR-104H calibration curves were 

prepared at same time by extracting untreated cells with ice cold methanol containing 
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internal standard and different levels of PR-104H in the same manner to give final 

concentration range of 0.003-1 µM. Prior to LC/MS/MS, samples were centrifuged 

(13,000 × g, 5 min, 4 ºC) and 30 µl diluted with an equal volume of purified water. 

Samples (25 µl) were analysed using an Agilent 1200 HPLC (Agilent Technologies, 

Walbronn, Germany) interfaced with a triple quadrupole mass spectrometer 

(LC/MS/MS model 6410). Separation was performed on an Alltima C8 column (150  

2.1 mm I.D., 5 µm particle size; Alltech, Chicago, IL) with a flow rate of 0.4 ml/min at 

25 ºC. The mobile phase comprised a fast gradient of acetronitrile and water with 

17.5% acetonitrile initially for 1 min then increasing linearly to 100% over 1 min, held 

for a further 3.5 min and returned to initial condition over 0.5 min and equilibrated for 

1 min between injections. The eluent flow was led into the mass spectrometer starting 2 

min after injection by switching the MS inlet valve. The sample volume injected was 25 

µl and the autosampler was set at 4 ºC. The MS interface was a combined electrospray - 

atmospheric pressure chemical ionisation (multimode) source operated in positive mode 

with the following parameters: fragmentor 120 V; capillary voltage 3 kV; nebuliser 

pressure 60 psi; gas temperature 350 ºC; vaporizer temperature 225 ºC; auxiliary drying 

gas flow 5.5 L/min; corona current positive 3µA; collision energy 15V. Multiple 

reactions monitoring (MRM) was used to monitor the following ion transitions: PR-

104H (485 > 389), PR-104H-d4 (491 > 395), PR-104M (469 > 373). Data were 

collected and analysed using Masshunter software. PR-104H was quantified by 

integration of the peak area ratio PR-104H/PR-104H-d4 and PR-104M using a PR-

104H calibration curve after applying a correction factor of 1.73 for the higher 

detection efficiency of PR-104M than PR-104H under these conditions (Singleton et 

al., 2009). The lower limit of quantitation (LLOQ) for PR-104H is 3 nM.  



Chapter 2   Mechanism of PR-104A cytotoxicity: Roles of DNA repair and reductase activity 

   - 65 - 

 

2.3 RESULTS 

2.3.1 Aerobic and anoxic cytotoxicity of PR-104A 

The antiproliferative activity of PR-104A and related compounds was compared using 

the wild-type CHO line AA8 following 4 h drug exposure under aerobic or anoxic 

conditions (Figure 2.5). PR-104A itself showed modest but significant selectivity for 

anoxic cells (hypoxic cytotoxicity ratio HCR = 2.74 ± 0.23, mean and SEM), while its 

major reduced metabolite, the hydroxylamine PR-104H, was more potent than PR-

104A under aerobic conditions but with an HCR of unity (0.97 ± 0.09). This is 

consistent with hypoxic selectivity of PR-104A being due to its activation by 

nitroreduction under hypoxia (Patterson et al., 2007). In contrast the half mustard 

analogues (1 and 2) were less potent than PR-104A and showed higher activity against 

aerobic rather than anoxic cells (HCR < 1; p=0.001 for 1, p = 0.005 for 2). The non-

mustard diethyl analogue (3) also showed distinct selectivity for aerobic cells, although 

a ratio could not be established because of its lack of activity at the solubility limit 

under hypoxia. The oxic selectivity of compounds 1-3, each lacking a bifunctional 

nitrogen mustard moiety and therefore presumably incapable of DNA interstrand 

crosslinking, suggested the likely involvement of redox cycling of one of the nitro 

groups in their aerobic cytotoxicity. 
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Figure 2.5 IC50 values for inhibition of proliferation of AA8 cells by PR-104A, PR-104H, the 

half mustard metabolites 1 and 2, and the diethyl analogue 3 following 4-h exposure under 

aerobic or anoxic conditions. 
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2.3.2 XPF-/- CHO cells are surprisingly insensitive to PR-104A 

To clarify the role of DNA interstrand crosslinks (ICL) in the cytotoxicity of PR-104A, 

its antiproliferative activity was evaluated against UV41 cells (an AA8 subline with a 

loss of function mutation in XPF) and a stable transfectant (41cER40.1) in which XPF 

activity had been restored (Figure 2.6A). Under both aerobic and anoxic conditions the 

UV41 line showed significant hypersensitivity to PR-104A, but the hypersensitivity 

factors (HF) were only 4.4 ± 0.4 under aerobic conditions and 8.3 ± 1.1 under anoxia. 

These HF values were much less than for the reference DNA crosslinking agent 

chlorambucil in the same experiments (Figure 2.6A; oxic HF 29 ± 3, anoxic HF 51 ± 

15). Additional studies carried out by SB Chernikova (Stanford University) using 

clonogenic survival assays (Figure 2.6B) confirmed the lack of hypersensitivity of 

XPF-defective cells to PR-104A (HF = 4) relative to chlorambucil (HF = 25). 
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Figure 2.6 A, inhibition of proliferation of XPF-defective UV41cells, and their XPF-restored 

counterpart 41cER40.1, following 4-h exposure to PR-104A or chlorambucil under oxic or 

anoxic conditions. Points, mean of three experiments; bars, SE. B, clonogenic survival curves 

following 1-h exposure of the same cell lines under anoxic conditions. Points, geometric mean 

of four (PR-104A) or three (chlorambucil) pooled experiments; bars, SE (data for panel B from 

SB Chernikova). 

2.3.3 A panel of repair-defective CHO mutants shows an attenuated 

ICL-like pattern for PR-104A 

The relative insensitivity of XPF-defective cells to PR-104A raised the question as to 

whether ICL from PR-104A are processed in a different manner to ICL from 

chlorambucil, or whether PR-104A might also kill cells through other mechanisms. 

Therefore PR-104A, analogs and reference compounds were compared using a panel of 

repair defective mutants derived from AA8 cells; absolute IC50 values and HF ratios are 

tabulated for all compounds and cell lines in Tables 2.3-2.6, and key findings are 

illustrated in Figure 2.7. As expected chlorambucil showed equal activity against XPF 
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and ERCC1 null mutants (UV41 and UV4 respectively), but HF values of only ~2 

against the ERCC2/XPD mutant (UV5) and no increased activity against the NHEJ-

deficient DNA-PKCS mutant cell line V3 (Figure 2.7A). A Rad51D knockout from AA8 

cells has previously been shown to be defective in HRR and hypersensitive to the 

crosslinking agent mitomycin C (Hinz et al., 2006). We confirmed the hypersensitivity 

of this line to mitomycin C, which was similar to that for ERCC1
-/-

 UV4 cells (Table 

2.5) and showed that the Rad51D mutant had the same marked sensitivity to 

chlorambucil as the XPF and ERCC1 mutants (~30-fold, Figure 2.7A). Importantly, the 

PR-104A active metabolite PR-104H showed a very similar profile to chlorambucil 

across the panel, demonstrating that crosslinks arising from reduction of PR-104A are 

recognised and processed in a similar manner to chlorambucil crosslinks (Figure 2.7B). 

The repair profiles for chlorambucil and PR-104H were essentially unchanged whether 

exposure occurred under aerobic or anoxic conditions. PR-104A showed a qualitatively 

similar (but attenuated) pattern of HF values to chlorambucil and PR-104H under oxic 

conditions, and significantly higher HF values under anoxia (Figure 2.7C) although 

these were still less than for the reference crosslinking agents.  

One non-ICL contributor to PR-104A cytotoxicity could be monoalkylation by 

unreduced PR-104A itself. To test this, the repair profile of the monofunctional half 

mustard metabolites of PR-104A (1 and 2) were evaluated as models for 

monoalkylation by PR-104A. These showed HF values of unity against all cell line 

pairs evaluated (Table 2.3) including the ERCC2 mutant UV5 (Figure 2.7D) which is 

known to be moderately hypersensitive to bulky monoadducts repaired by nucleotide 

excision repair (Thompson et al., 1982). We confirmed the known (Wilson et al., 

1989c) hypersensitivity of UV5 cells to the hypoxia-activated monoalkylator nitracrine 

(Table 2.5), and showed the ability of these ERCC2
-/-

 cells to detect monoadducts from 

the half mustard analog of chlorambucil (4) which gave similar HF values (~5) against 

both ERCC1 and ERCC2 mutants (Figure 2.7D). These results suggest that the toxicity 

of the PR-104A half mustards is not due to monoalkylation, which also appears not to 

contribute to the toxicity of PR-104A given the lack of hypersensitivity of UV5 cells to 

this agent under aerobic conditions (Figure 2.7C). 
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Two regioisomers of PR-104A positioning of the nitro groups ortho and para to the 

mustard, SN28099 and SN29222, showed similar DNA repair phonotype as PR-104A 

but with less hypersensitivity (Table 2.6). 
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Figure 2.7 Hypersensitivity of repair-defective mutants (ratio IC50 repair competent/ 

repair-defective cell lines) to chlorambucil and PR-104 metabolites. The repair-competent lines 

were 41cER40.1 for UV41 (XPF defective), AA8 for UV4 (ERCC1 defective), AA8 for UV5 

(ERCC2 defective), AA8 for V3 (DNA-PKCS defective), and 51D
+/+

 for 51D
−/−

 (Rad51D 

defective). A, chlorambucil. B, PR-104H. C, PR-104A. D, half mustards of PR-104A (1 and 2) 

and chlorambucil (4). Values are means of the intra-experiment cell line ratios and error bars 

are SEM for at least three experiments E. All differences between repair-competent/repair-

defective cell line pairs were statistically significant (HF > 1; P < 0.05) unless otherwise 

indicated (ns, not significant). HF values were significantly higher (P < 0.05) under anoxia than 

oxia for PR-104A in all cell line pairs and for PR-104H in the ERCC2-deficient, DNA-PKCS–

deficient, and Rad51D-deficient cell lines. 
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2.3.4 Expression of truncated CYPOR increases anoxic metabolism 

of PR-104A 

The above results suggest that the lower-than-expected hypersensitivity to PR-104A of 

cell lines defective in ICL repair is due to inefficient metabolic reduction of the prodrug 

in AA8 cells, even under anoxic conditions, which would account for the low 

hypersensitivity factors if an ICL-independent mechanism of cytotoxicity then 

contributes. To test this, human NADPH: cytochrome P450 oxidoreductase (CYPOR, 

EC 1.1.2.4), a known PR-104A reductase (Guise et al., 2007), was expressed in the 

Rad51D knockout line (51D
-/-

) and its Rad51D restored counterpart (51D
+/+

). The 

transfected cell lines were selected in 40 µM (51D
-/-

) and 50 µM (51D
+/+

) puromycin 

respectively, in which the concentrations are higher enough to eliminate those cells not 

been transfected (See Figure 2.8). 

 

Figure 2.8 Puromycin selection on 51D
-/-

 (A) and 51D
+/+

 (B) cell lines. Concentrations of 

puromycin (µM) are shown in each well. 

Although human CYPOR has been expressed in CHO cells previously (Han et al., 

2006), transfection with a bicistronic plasmid used successfully with human cell lines 

(Guise et al., 2007) provided puromycin-resistant clones with unexpectedly low (~2-

fold) elevation in CYPOR enzyme activity as measured by cytochrome c reduction 

(Figure 2.9). The success of transfection was confirmed by immunoblot of selected 

clone pairs, which demonstrated a significant increase in CYPOR in the transfectants. It 

is not clear whether the apparent discrepancy between enzyme activity and protein 

levels reflects a difference in efficiency of detection of the Chinese hamster and human 

proteins by the antibody, or a problem with protein maturation in CHO cells. To 

obviate possible limitations of subcellular processing and membrane localisation, a 

truncated form of the gene (sCYPOR) was prepared, encoding a soluble polypeptide 

lacking the N-terminal hydrophobic tail (Δ aa 1-60), which harbours the endoplasmic 
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reticulum localisation signal sequence and transmembrane anchor. All eight stable 

sCYPOR transfectants selected from each parental line showed higher cytochrome c 

reductase activity than the full length CYPOR clones. Two sCYPOR clones in each 

background were selected based on similar high cytochrome c reductase activity and 

similar colony morphology and growth rate similar to the parental lines. The four 

clones showed similar high level expression of sCYPOR by immunoblotting, with no 

change in expression of the endogenous full length Chinese hamster CYPOR (Figure 

2.10A; actin-normalised band intensities are shown in Table 2.2). Expression of 

sCYPOR provided a ~5-fold increase in enzyme activity assessed as cytochome c 

reduction (Figure 2.10B).  

The sCYPOR-expressing clones showed little change in aerobic metabolism of PR-

104A to its reduced metabolites (Figure 2.10C), but a marked increase in PR-104A 

reductive metabolism under anoxia with levels of reduced metabolites in the sCYPOR 

clones similar to human SiHa cells (Figure 2.10D). Notably the steady state levels of 

the amine metabolite PR-104M were higher than the hydroxylamine PR-104H in all the 

CHO cell lines, in contrast to SiHa in which PR-104H levels were higher than PR-

104M as reported previously (Patterson et al., 2007) and confirmed recently with other 

human tumour cell lines (Singleton et al., 2009). Given that PR-104M is the major 

reduced metabolite in the AA8-derived cell lines, we compared its antiproliferative 

potency with that of PR-104H; PR-104M was slightly more potent than the 

hydroxylamine against AA8, UV4 and UV5 cells, but had HF ratios indistinguishable 

from PR-104H (Table 2.3). Thus both reduced metabolites appear to cause cell killing 

through DNA crosslinking. 
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Figure 2.9 Cytochrome c reductase activity screening of CYPOR transfected cell line pair 

Rad51D
-/-

 (51D
−/−

) and Rad51D
+/+

 (51D
+/+

). Columns, mean of 2-3 determinations; bars, SE. 

Eight clones of each cell line pairs transfected with full length CYPOR (left) and sCYPOR 

(right) were screened for enzyme activity. Arrows show clones evaluated for CYPOR 

expression by immunoblotting using GAPDH as loading control (top left); for immunoblotting 

of the sCYPOR clones see Fig 2.10. 
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Figure 2.10 CYPOR expression and PR-104A metabolism in the isogenic cell line pair 51D
−/−

 

and 51D
+/+

 and in stable transfectants expressing human CYPOR and its soluble form sCYPOR 

which lacks the endoplasmic reticulum insertion domain. A, immunoblots for CYPOR in two 

independent clones of 51D
−/−

 and 51D
+/+

 transfected with sCYPOR compared with the parental 

lines and with the human cervical carcinoma line SiHa. Actin was used as loading control. B, 

cytochrome c reductase activity in the same cell lines. Columns, mean of three determinations; 

bars, SE. C and D, levels of the reduced metabolites PR-104H and PR-104M in the same cell 
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lines after incubation with 100 μM PR-104A for 1 h under aerobic (E) or anoxic (F) conditions, 

as determined by LC/MS/MS. Columns, mean of three determinations; bars, SE. 

Table 2.2 Quantitation of immunoblot band intensities in Figure 2.10A. Values shown are band 

chemiluminent intensities calculated by ImageJ software. 

 51D
-/-

 51D
+/+

 51D
-/-

sCYPOR#1 

51D
-/-

sCYPOR#2 

51D
+/+

 

sCYPOR#1 

51D
+/+

 

sCYPOR#2 
SiHa 

Actin 4012 3049 2922 3236 2929 3385 3628 

sCYPOR   4923 5582 5634 4970  

CYPOR 699 509 345 397 427 535 1242 

sCYPOR/Actin   1.68 1.72 1.92 1.47  

CYPOR/Actin 0.17 0.17 0.12 0.12 0.15 0.16 0.34 

2.3.5 sCYPOR expression increases PR-104A anoxic cytotoxicity and 

its dependence on Rad51D 

Next the PR-104A sensitivity of the sCYPOR-expressing stable transfectants, and their 

51D
+/+

 and 51D
-/-

 parental lines, was evaluated in IC50 assays. First, the sCYPOR 

expressing clones in the HRR-defective and HRR-competent background were shown 

not to have altered sensitivity to PR-104H under either oxic (Figure 2.11A) or anoxic 

(Figure 2.11B) conditions. Expression of sCYPOR had only a minor sensitising effect 

to PR-104A under oxic conditions, and importantly the oxic HF values (IC50 for 

51D
+/+

/51D
-/-

) were not increased by sCYPOR expression (Figure 2.11C). In contrast, 

under anoxia the increased reductase activity selectively sensitised to PR-104A in the 

HRR-defective background, raising the HF from 8.7 ± 0.8 to 19.0 ± 1.1 (Figure 2.11D), 

a difference that was highly significant (p<0.001). As a reference compound, 

chlorambucil sensitivity was also unaffected by sCYPOR expression in these clones 

(Figure 2.11E and F). In these experiments, PR-104A was more potent under anoxia 

than PR-104H itself, presumably reflecting greater cytotoxicity when this relatively 

hydrophilic metabolite is generated intracellularly rather than added to the culture 

medium. 
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Figure 2.11 Antiproliferative potency (IC50) of Rad51D knockout (51D
−/−

) and restored 

(51D+/+) cell lines, and their sCYPOR transfectants, following 4-h exposure to PR-104H (A 

and B), PR-104A (C and D) or chlorambucil (E and F) under oxic (A, C and E) or anoxic (B, D 

and F) conditions. HFs were calculated by pooling the data for the two independent sCYPOR-

expressing clones in the Rad51D knockout and restored backgrounds.  

The increased HF in cell lines with high CYPOR activity was confirmed by clonogenic 

assay using one of each of the sCYPOR-expressing clones following 4 h anoxic 
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exposure to PR-104A (Figure 2.12). This demonstrated that both increased CYPOR 

activity or suppression of HRR individually increase anoxic sensitivity to PR-104A, but 

the HF ratio (calculated at a surviving fraction of 0.1) was significantly (p = 0.005) 

increased from 18.3 ± 1.4 in the low CYPOR cell line pair to 31.3 ± 1.4 in the high 

CYPOR cell line pair. Thus, the HRR repair phenotype had a larger impact on 

cytotoxicity when CYPOR activity was high. 

 

Figure 2.12 Clonogenic survival curves for 4-h exposure of HRR-defective (51D
−/−

) and HRR-

competent (51D+/+) cell lines, and their sCYPOR-expressing transfectants, to PR-104A under 

anoxia. Points, mean of four experiments; bars, SE. HF values are intraexperiment ratios 

calculated at a surviving fraction of 0.1. Control plating efficiencies were 46 ± 4% for 51D1
+/+

, 

37 ± 5% for 51D1
−/−

, 36 ± 3% for 51D1
+/+

sCYPOR#1, and 29 ± 4% for 51D1
−/−

sCYPOR#1. 
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Table 2.3 IC50 values of PR-104A and its metabolites 

PR-104A                       

Cell line
a
 

Oxic IC50 

(µM) 
 

Anoxic IC50 

(µM) 
HCR

b
 

Ref cell line 

HF
c
 

(Oxic) 
 

HF 

(Anoxic) 

Mean SEM n   Mean SEM n Mean SEM Mean SEM   Mean SEM 

AA8 153 4 11  60 5.2 9 2.74 0.23 - - -  - - 

41cER.40.1 160 26 2  43.5 1.3 2 3.69 0.70 - - -  - - 

51D
+/+

 181 6 8  60.4 3.8 8 3.03 0.12 - - -  - - 

51D
+/+

sCYPOR#1 83.3 2.8 2  4.81 0.37 2 17.4 0.7 - - -  - - 

51D
+/+

sCYPOR#2 66.7 12.3 3  4.31 0.55 3 16.5 4.4 - - -  - - 

UV41 39.3 4.5 3  5.38 0.58 3 7.29 0.08 41cER.40.1 4.43 0.4  8.26 1.17 

UV4 37.7 1.9 5  4.8 0.57 3 8.28 0.69 AA8 4.02 0.21  11.9 2.2 

UV5 148 2 5  35.4 2.10 3 4.25 0.27 AA8 1.02 0.04  1.53 0.09 

V3 144 6 3  35.3 3.0 3 4.18 0.54 AA8 1.1 0.04  1.55 0.14 

51D
-/-

 35.8 1.7 8   7.29 0.86 8 5.24 0.50 51D
+/+

 5.13 0.31   8.71 0.75 

51D
-/-

sCYPOR#1 22.4 0.7 2  0.24 0.003 2 94.9 1.7 51D
+/+

sCYPOR 3.71 0.02  20.3 1.30 

51D
-/-

sCYPOR#2 18.6 1.6 3  0.25 0.04 3 79.9 17.6 51D
+/+

sCYPOR 3.55 0.42  17.6 0.90 

PR-104H                               

AA8 46.3 3.4 16  49.5 6.2 9 0.97 0.09 - - -  - - 

41cER.40.1 18.6 1.5 5  13.8 2.5 2 1.15 0.12 - - -  - - 

51D
+/+

 51.7 2.5 11  52.5 3.6 8 1.04 0.09 - - -  - - 

51D
+/+

sCYPOR#1 48.5 3.2 2  49.8 17.0 2 1.08 0.30 - - -  - - 

51D
+/+

sCYPOR#2 35.4 6.5 3  32.1 4.0 3 1.12 0.22 - - -  - - 

UV41 1.00 0.12 5  0.52 0.10 2 1.51 0.15 41cER.40.1 19.7 2.9  28.2 10.2 

UV4 1.35 0.12 11  0.72 0.06 3 1.87 0.19 AA8 32.2 4.2  42.9 11.2 

UV5 23.5 3.5 10  14.8 1.1 3 2.08 0.53 AA8 2.47 0.32  4.57 0.37 

V3 47.4 6.4 8  35.6 1.9 3 1.33 0.04 AA8 1.27 0.19  1.89 0.07 

51D
-/-

 1.98 0.11 11   1.27 0.13 8 1.59 0.11 51D
+/+

 26.9 2.0   42.9 3.0 

51D
-/-

sCYPOR#1 1.69 0.01 2  1.47 0.59 2 1.36 0.53 51D
+/+

sCYPOR 28.7 1.7  34.7 2.3 

51D
-/-

sCYPOR#2 1.45 0.14 3  1.26 0.35 3 1.33 0.39 51D
+/+

sCYPOR 24.0 2.4  27.7 4.4 

PR-104M                               

AA8 28.4 5.5 2  - - - - - - - -  - - 

UV4 0.90 0.15 2  - - - - - AA8 31.3 0.9  - - 

UV5 17.2 0.4 2  - - - - - AA8 1.64 0.28  - - 

PR-104A Br half mustard (1)                         

AA8 248 9 11  358 31 9 0.75 0.06 - - -  - - 

41cER.40.1 288 2 2  319 32 2 0.91 0.10 - - -  - - 

51D
+/+

 261 9 3  391 64 3 0.70 0.10 - - -  - - 

UV41 286 8 2  339 61 2 0.88 0.18 41cER.40.1 1.01 0.03  0.99 0.27 

UV4 262 5 5  364 97 3 0.83 0.19 AA8 0.91 0.05  1.04 0.22 

UV5 240 14 5  291 21 3 0.84 0.09 AA8 1.04 0.05  1.08 0.15 

V3 258 9 3  167 21 3 1.59 0.20 AA8 1.04 0.12  1.96 0.38 

51D
-/-

 210 2 3   212 15 3 1.01 0.08 51D
+/+

 1.24 0.05   1.86 0.30 

PR-104A Mesylate half mustard (2)                     

AA8 2690 334 7  4810 557 5 0.64 0.09 - - -  - - 

51D
+/+

 3120 356 2  3950 298 2 0.8 0.15 - - -  - - 

UV4 2010 520 2  5960 - 1 0.43 - AA8 1.21 0.35  0.90 - 

UV5 2660 201 3  2550 156 3 1.05 0.07 AA8 0.99 0.06  1.91 0.65 

V3 3040 440 3  2900 657 3 1.15 0.25 AA8 0.90 0.15  1.79 0.08 

51D
-/-

 2320 262 2   2700 105 2 0.86 0.06 51D
+/+

 1.34 0   1.47 0.17 
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Table 2.4 IC50 values of chlorambucil and its half mustard 

Chlorambucil                       

Cell line
a
 

Oxic IC50 

(µM) 
 

Anoxic IC50 

(µM) 
HCR

b
 

Ref cell line 

HF
c
 

(Oxic) 
 

HF 

(Anoxic) 

Mean SEM n   Mean SEM n Mean SEM Mean SEM   Mean SEM 

AA8 14.0 1.0 17  17.5 2 9 0.95 0.14 - - -  - - 

41cER.40.1 4.84 0.33 7  10.6 1.7 2 0.55 0.05 - - -  - - 

51D
+/+

 14.5 0.7 13  14.1 2.8 8 - - - - -  - - 

51D
+/+

sCYPOR#1 9.30 0.60 2  12.7 2.7 2 0.77 0.21 - - -  - - 

51D
+/+

sCYPOR#2 7.37 0.79 3  10.8 1.6 3 0.73 0.16 - - -  - - 

UV41 0.21 0.57 6  0.22 0.03 2 1.15 - 41cER.40.1 29.3 2.8  51.1 15.6 

UV4 0.39 0.03 12  0.36 0.01 3 1.2 0.28 AA8 34.3 2.6  47.6 8.3 

UV5 7.21 1.08 11  8.11 0.75 3 1.54 0.23 AA8 2.18 0.22  1.67 0.16 

V3 9.67 1.59 8  17.7 1 3 0.92 0.02 AA8 1.44 0.24  0.78 0.16 

51D
-/-

 0.46 0.08 13   0.41 0.04 8 1.0 0.1 51D
+/+

 35.6 2.3   34 4.2 

51D
-/-

sCYPOR#1 0.38 0.01 2  0.39 0.05 2 0.98 0.10 51D
+/+

sCYPOR 24.5 2.3  32.2 2.8 

51D
-/-

sCYPOR#2 0.33 0.03 3  0.36 0.01 3 0.93 0.11 51D
+/+

sCYPOR 23.2 3.8  30.8 5.5 

Chlorambucil half mustard (4)  

AA8 376 60 4  - - - - - - - -   - 

UV4 80.3 7.0 4  - - - - - AA8 4.67 0.34  - - 

UV5 74.5 6.5 4  - - - - - AA8 5.01 0.22  - - 

Table 2.5 IC50 values of mitomycin C and nitracrine 

Mitomycin C                    

Cell line
a 

Oxic IC50 

(nM) 
 

Anoxic IC50 

(nM) 
HCR

b
 Ref cell 

line 

HF
c
  

(Oxic)  

HF  

(Anoxic) 

Mean SEM n  Mean SEM n Mean SEM Mean SEM   Mean SEM 

AA8 689 174 5  521 71 5 1.36 0.32 - - -  - - 

51D
+/+

 1270 194 4  411 38 4 3.05 0.27 - - -  - - 

UV4 7.43 0.15 2  9 0.41 2 0.83 0.05 AA8 65.2 17.4  71.1 19.1 

51D
-/-

 9.8 1.1 4  12.2 1.9 4 0.84 0.13 51D
+/+

 138 27   35.1 4.2 

Nitracrine                            

AA8 49.6 9.5 5  3.75 0.2 3 14.8 3.3 - - -  - - 

UV4 6.14 0.55 2  - - - - - AA8 6.37 0.76  - - 

UV5 7.27 0.87 5  0.227 0.02 3 35.4 6.6 AA8 6.70 0.63  16.8 1.9 

V3 48.8 10.9 3  2.27 0.31 3 23.3 7.4 AA8 1.17 0.16   1.73 0.3 
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Table 2.6 IC50 values of PR-104A regioisomers SN28099 and SN29222, and its diethyl 

analogue, SN29893 

SN28099                     

Cell line
a 

Oxic IC50 

(µM)  

Anoxic IC50 

(µM) 
HCR

b
 Ref cell 

line 

HF
c
 

(Oxic)  
HF (Anoxic) 

Mean SEM n   Mean SEM n Mean SEM Mean SEM   Mean SEM 

AA8 1550 131 8  1950 140 7 0.84 0.12 - - -  - - 

51D
+/+

 1600 663 2  1870 - 1 0.51 - - - -  - - 

UV4 915 155 2  129 44 2 7.53 1.36 AA8 1.79 0.27  6.88 - 

UV5 1880 146 3  802 44 3 2.39 0.32 AA8 0.75 0.13  2.55 0.20 

V3 1530 257 3  1050 164 3 1.46 0.08 AA8 0.99 0.29  2.03 0.32 

51D
-/-

 702 98 3  267 58 3 2.79 0.41 51D
+/+

 2.21 0.41  11.7 - 

SN29222 

AA8 739 64 8  1020 9 2 0.80 0.10 - - -  - - 

41cER.40.1 >600 - 1  >600 - 1 - - - - -  - - 

51D
+/+

 702 138 3  >600 - 1 - - - - -  - - 

UV41 348 30 2  68.7 12.4 2 5.15 0.49 41cER.40.1 >1.89 -  - - 

UV4 528 114 3  41.4 11.1 3 14.3 3.9 AA8 1.67 0.32  - - 

UV5 795 31 3  734 98 3 1.14 0.21 AA8 0.92 0.24  1.36 - 

V3 679 53 3  1030 - 1 0.67 - AA8 1.05 0.21  - - 

51D
-/-

 387 61 3  148 24 3 2.83 0.69 51D
+/+

 1.84 0.29  - - 

SN29893 (3) 

AA8 2941 - 1  >2000 - 1 <0.6 - - - -  - - 

41cER.40.1 2781 77 2  >2000 - 2 <1.0 - - - -  - - 

UV41 2672 107 2  >2000 - 2 <1.0 - 41cER.40.1 1.04 0.07  - - 

UV4 2500 - 1  2631 - 1 0.95 - AA8 1.18 -  >0.76 - 

a
 See Table 2.1 for the repair phenotype of each line. 

b 
Oxic IC50 / Anoxic IC50. Values are means of intra-experiment ratios. 

c
 IC50 mutant cell line / reference cell line. Values are means of intra-experiment ratios. 

2.3.6 Hypersensitivity to TPZ in RAD51D  

With the readily established model that cytotoxicity of PR-104A depends on 

interactions between hypoxia, CYPOR activity and DNA repair status, it was of interest 

to use these tools to test whether tirapazamine also shows differences in repair 

dependence under aerobic and hypoxic conditions. Increased sensitivity (~ 4-fold based 

on C10 values) to tirapazamine was observed in clonogenic assay for the Rad51D-

knockout cell line 51D
-/- 

compared to its restored counterpart (51D
+/+

) under hypoxia 

for 1 h (Figure 2.13). This hypersensitivity under hypoxia was confirmed by IC50 assay 

in same cell line pair (Figure 2.14). However, hypersensitivity to HRR was also 
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observed under oxia with similar HF values (~11) (Figure 2.14). This is different from 

its hypersensitivity to XPF-ERCC1 defective cell lines (Table 2.7), where 

hypersensitivity was only observed under hypoxia. 
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Figure 2.13 Survival of exponentially growing hamster Rad51D-mutant line 51D
-/-

, wild-type 

hamster AA8 cells, and wild-type Rad51D-corrected 51D1
+/+

 cells after 1-h exposure to 

tirapazamine. C10 values for 51D
-/-

, 51D
+/+

 and AA8 are 5.3, 19.5 and 21.3 µM respectively. 
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Figure 2.14 Antiproliferative potency (IC50) of Rad51D knockout (51D
−/−

) and restored 

(51D
+/+

) cell lines following 4-h exposure to tirapazamine under oxic or anoxic conditions. 
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Table 2.7 IC50 values of tirapazamine 

Cell line
a 

Oxic IC50 

(µM)  

Anoxic IC50 

(µM) 
HCR

b
 Ref cell 

line 

HF
c
  

(Oxic)  

HF 

(Anoxic) 

Mean SEM n   Mean SEM n Mean SEM Mean SEM   Mean SEM 

AA8 128 - 1  2.74 - 1 46.9 - - - -  - - 

41cER.40.1 75 0 2  1.91 0.16 2 39.5 3.3 - - -  - - 

51D
+/+

 114 17 5  1.68 0.34 5 71.9 9.1 - - -  - - 

UV41 50.8 2.6 2  0.33 0.10 2 168 42 41cER.40.1 1.48 0.08  6.24 1.37 

UV4 93.0 - 1  0.61 - 1 153 - AA8 1.38 -  4.51 - 

51D
-/-

 10.9 1.4 5  0.15 0.03 5 80.7 15.6 51D1.3 10.7 1.3  11.3 0.8 
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2.4 DISCUSSION 

This study demonstrates the interaction between three determinants of cellular 

sensitivity to the prodrug PR-104A (hypoxia, repair phenotype, and reductase 

expression), each of which is likely to play a key role in its therapeutic activity in 

humans. PR-104A was designed to be activated by selective reduction in the absence of 

oxygen, and shows significant selectivity for AA8 cells under anoxia although the HCR 

is only 2.7 (Figure 2.5). This is less than the HCR values for human tumour cell lines, 

which show a range of 6-200 using the same IC50 assay (Patterson et al., 2007). This 

low hypoxic selectivity reflects a lack of hypoxic PR-104A reductase activity (Figure 

2.10D), with steady-state levels of the reduced metabolites PR-104H and M ~36-fold 

and ~5-fold lower, respectively, in the AA8-derived cell lines (averaging 51D
-/- 

and 

51D
+/+

 values) than in human SiHa cells. This difference in PR-104A reductase activity 

was greater than that between CYPOR enzyme activity or protein levels (Figure 

2.10A,B), consistent with the previous demonstration that CYPOR is not the sole 

hypoxic PR-104A reductase in SiHa cells (Guise et al., 2007).  

Expression of a truncated human CYPOR gene (sCYPOR) raised PR-104A hypoxic 

reductase activity in CHO cells to levels similar to SiHa cells, and sensitised HRR-

competent 51D
+/+

 cells to PR-104A to a greater extent under anoxia than under aerobic 

conditions (as seen by comparison of Figure 2.11C and 2.11D). This increased 

reductase activity raised the HCR to 18 and 16 for the two 51D
+/+ 

sCYPOR clones, as 

measured in IC50 assays, which is similar to the ratio of 13-fold for SiHa using the same 

assay (Patterson et al., 2007). Notably the HCR was increased even further, to 54 and 

34, by sCYPOR expression in the isogenic HRR-defective 51D
-/-

 clones as seen in 

Figure 2.11C and 2.11D. The differential sensitization to hypoxic toxicity of PR-104A 

by sCYPOR is also demonstrated by the higher HF values for Rad51D
 
null than 

Rad51D
+/+

 cells under anoxia using either IC50 (Figure 2.11D) or clonogenic (Figure 

2.12) endpoints, again demonstrating the interaction between reductase expression and 

repair phenotype. Overall, the cells with high one-electron reductase expression and 

defective ICL repair (i.e. 51D
-/-

sCYPOR cells) under anoxia (mean IC50 values of 0.22 

and 0.25 µM ) showed a striking 790-fold higher PR-104A sensitivity than aerobic 

repair competent cells with low reductase expression (51D
+/+

 cells, mean IC50 185 µM). 
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The present study confirms DNA ICL as important in the cytotoxicity of PR-104A, 

especially under hypoxia. The hypersensitivity of cells with defective XPF, ERCC1 and 

Rad51D to PR-104A parallels that of chlorambucil, which showed the same repair 

profile as the PR-104A active metabolite PR-104H. PR-104M (the cytotoxicity of 

which is reported for the first time in this study) and mitomycin C showed a similar 

pattern in the more limited set of cell lines in which they were investigated (Table 2.4 

and 2.5). Quantitation of PR-104M is probably less reliable because the corresponding 

stable isotope internal standard was not available at the time of this study, but the 

correction factor applied (determined by comparing the mass spectrometry detection 

efficient of 
3
H-labelled PR-104A metabolites (Singleton et al., 2009)) gave an 

alternative way to determine its concentration. Even if less reliable, this is unlikely to 

have affected conclusions as the two compounds are qualitatively similar (as shown by 

the hypersensitivity of repair defective mutants in this study) and the key data are 

comparisons between cell lines, so absolute quantitation is less critical. ERCC1 and 

XPF mutants have previously been reported to be ~90-fold sensitive to mitomycin C 

(Hoy et al., 1985), which is very similar to the 80-fold sensitivity of the Rad51D 

mutant (Hinz et al., 2006). PR-104H also showed 30-40 fold sensitivity to XPF and 

ERCC1 mutants and ~40-fold to the Rad51D mutant. These observations support 

current crosslink repair models (Wang, 2007; Thompson and Hinz, 2009) in which 

unhooking of ICL by ERCC1-XPF and restarting of DNA synthesis at broken 

replication forks by HRR are sequential and essential steps in ICL repair. The initial 

XPF-ERCC1 endonuclease involved in unhooking will be more important than the 

subsequent NER repair steps to act on the unhooked (mono)adduct. Loss of the latter 

activity is not expected to interfere with restitution of chromosome structure (DSB 

repair and replication fork resolution) so would probably not be highly cytotoxic, which 

is demonstrated by the moderate sensitivity (~5-fold) of PR-104H to XPD mutant. The 

present study demonstrates that repair of PR-104A-induced ICL follows this same 

pathway; its lower-than-expected HF values are overcome by hypoxia and expression 

of sCYPOR, demonstrating that they reflect a lack of metabolic activation of the 

prodrug in CHO cell lines rather than formation of a DNA lesion that is processed 

differently from other ICL. No change in sensitivity on expression of sCYPOR was 

observed with PR-104H (Figure 2.11A,B) or chlorambucil (Figure 2.11E,F), 

confirming that the altered HF ratios for PR-104A in the sCYPOR expressing clones is 
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not a result of chance selection of a subline with altered intrinsic sensitivity to a 

nitrogen mustard, or to off-target effects of sCYPOR. The apparent potency of PR-

104A in the sCYPOR-expressing 51D
+/+

 and 51D
-/-

 lines under anoxic conditions is 5- 

to 10-fold higher than that of PR-104H (either in oxic or anoxic conditions). This may 

be because PR-104H is more hydrophilic than PR-104A (calculated logP value of 1.1 

(PR-104A) vs -0.15 (PR-104H) by ACDLabs with errors of 0.2 and 0.6 respectively), 

so diffusion through the plasma membrane is certainly expected to be slow enough to 

ensure that intracellular targets have greater exposure to PR-104H when it is generated 

intracellularly. In addition, the measurement of cyotoxicity of PR-104A, PR-104H and 

PR-104M in this study does not provide a good comparison of their potencies given 

that PR-104H and PR-104M are unstable during the 4 h exposure period. Thus much 

shorter exposure times may warrant a quantitative comparison of potency. 

An obvious corollary of low HF values in the AA8 cell line panel is that there is a 

separate ICL-unrelated mechanism of PR-104A cytotoxicity in cell lines with low 

reductase activity (i.e. aerobic cells and/or cells with low reductase expression). A 

similar conclusion has been reached from the recent demonstration that some human 

tumour cell lines do not form ICL, measured with the alkaline comet assay, following 

aerobic exposure to PR-104A at concentrations that cause clonogenic cell killing 

(Singleton et al., 2009). Several possibilities can be considered for this ICL-

independent mechanism of cytotoxicity. One is the oxidative metabolism of the 

nitrogen mustard moiety of PR-104A to the corresponding half mustards as reported in 

mice (Patel et al., 2007) (see also Chapter 4) and in liver S9 preparations (Helsby et al., 

2008). The resulting half mustards are less toxic than PR-104A itself (Figure 2.5), as 

expected given their inability to form ICL, but this oxidative dealkylation of mustards 

is known to release reactive and toxic acetaldehydes (Loqueviel et al., 1997) which 

could contribute to PR-104A cytotoxicity. Although a theoretical possibility, half 

mustard formation from PR-104A in AA8 cells has not been detected, which 

presumably reflects their low cytochrome P450 enzyme activity and/or low CYPOR 

activity. 

A second potential mechanism of cytotoxicity is DNA monoalkylation by unreduced 

PR-104A itself. The bromo and mesylate mustard leaving groups of PR-104A are 

displaced by chloride ion in physiological solutions, but at a very slow rate compared to 
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PR-104H (Patterson et al., 2007). This difference confirms the expected increase in 

nitrogen mustard reactivity on reduction of the para nitro group (Denny and Wilson, 

1986; Helsby et al., 2003), but also indicates that PR-104A itself does have weak 

residual alkylating activity. This might generate DNA monoadducts, while crosslinking 

by the second arm of the mustard monoadducts would be unlikely given the timescale 

imposed by competing nucleotide excision repair. 

The XPD/ERCC2-defective UV5 cell line is known to be as sensitive as XPF or 

ERCC1 mutants to bulky DNA monoadducts, with HF values in the order of 5- to 7-

fold (Thompson et al., 1980b; Thompson et al., 1982; Wilson et al., 1989c) as 

confirmed in the present study using nitracrine (Table 2.5) and the half mustard 

(monoalkylating) analogue of chlorambucil (Table 2.4). However UV5 cells did not 

show significant hypersensitivity to PR-104A, or indeed to its half mustard analogues 

which were used as model compounds for the non-crosslinking toxicity of PR-104A 

(Figure2.7). In addition, the cytotoxic potency of the half mustards was not greatly 

different from the diethyl analogue (3, Figure 2.3) which is incapable of 

monoalkylation.  

Taken together, these observations suggest that a non-alkylating (and possibly a non-

genotoxic) mechanism is likely to be responsible for the cytotoxicity of the 

dinitrobenzamide half mustards (1 and 2) and the ethyl analogue (3), and that this same 

mechanism might contribute to PR-104A cytotoxicity under non-bioreductive 

conditions. A plausible mechanism is redox cycling as a result of reoxidation of a PR-

104A nitro radical by oxygen. This would be consistent with the observed selectivity of 

the half mustard and diethyl analogues for oxic conditions (Figure 2.5). It is also 

consistent with the modestly increased aerobic cytotoxicity of PR-104A on transfection 

of 51D
+/+

 or 51D
-/-

 cells with sCYPOR (Figure 2.10C), which would increase the rate of 

any such futile redox cycling. However, we cannot exclude the possibility that this 

modest increase in aerobic cytotoxicity reflects the slight increase in PR-104H and M 

levels seen in the sCYPOR-transfected cells (Figure 2.10C). The lack of a “repair 

signature” for the dinitrobenzamide half mustards in the present cell line panel (which 

evaluates NER, NHEJ and HRR) underlies other non-ICL mechanism of PR-104A 

cytotoxicity. However, this mechanism is less likely to be important at 
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pharmacologically achievable PR-104A exposures, at least in the intended hypoxic 

target cells for PR-104. 

Although the present study has investigated only effects of acute hypoxia, chronic 

hypoxia is likely to additionally sensitise to PR-104A through the translational 

downregulation of HRR proteins such as Rad51 (Chan et al., 2008). Thus the 

determinants of bioreductive prodrug activation (hypoxia and reductase activity) and 

ICL repair phenotype (reflecting both genetic changes and environmental stresses in 

tumours) are expected to interact to determine cellular sensitivity to PR-104A. Each of 

these factors will need to be evaluated critically during the clinical development of PR-

104. 

Interestingly, hypersensitivity to TPZ under oxic conditions in Rad51D knockout cells 

is quite different from ERCC1/XPF mutants (Table 2.7) which suggests that hypoxic 

lesions are different from the aerobic lesions in that hypoxic lesions require both the 

ERCC1/XPF and Rad51D (Figure 2.13). These data form part of a larger investigation 

suggesting that repair of TPZ-induced DSB requires HRR (Evans et al., 2008). The 

basis for the different DNA repair profile under oxic conditions is not yet clear.
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CCHHAAPPTTEERR  33      BBiioottrraannssffoorrmmaattiioonn  ooff   PPRR--110044  iinn  

pprreecclliinniiccaall  ssppeecciieess  aanndd  hhuummaannss  

This chapter is adapted from: 

Gu Y, Atwell GJ and Wilson WR. “Metabolism and excretion of PR-104, a novel 

anticancer prodrug, in mice, rats, dogs and humans” Drug Metab Dispos 38: 498-508 

(2010). 

Gu Y, Guise CP, Patel K, Abbattista MR, Li J, Sun X, Atwell GJ, Boyd M, Patterson 

AV, Wilson WR. (2010). “Reductive metabolism of the dinitrobenzamide mustard 

anticancer prodrug PR-104 in mice” Cancer Chemother Pharmacol. In press (DOI: 

10.1007/s00280-010-1354-5). 

3.1 INTRODUCTION 

The characterisation of the metabolic fate of compounds is an important factor in drug 

development. It helps understanding of the clearance pathways and also provides 

information about active metabolites and reactive metabolic pathways and their 

potential impact on efficacy and safety (Nedderman, 2009). 

Animal models are widely used in preclinical development to predict the metabolic 

behaviour of new compounds in humans. However, humans often differ from animals 

with regards to isoform composition, expression and catalytic activities of drug-

metabolising enzymes (Martignoni et al., 2006). Differences in metabolism across 

species can either be quantitative (same metabolic pathway but different rates and 

amounts) or qualitative (different pathways), and these differences represent probably 

the most frequent explanation for the observed differences in toxic effects among 

animal species. Therefore, it is important to know the metabolism of the drug and the 

enzymes responsible for its biotransformation early during the drug development 

process. This would allow selection of relevant animal species with similar metabolic 

profiles to humans, thus providing more meaningful assessment of clinical safety 

through extrapolation of the data (Atrakchi, 2009). 

http://www.springerlink.com/content/tw7848g46735g565/?p=992cb53f47e14d47ba89f0995595416c&pi=0
http://www.springerlink.com/content/tw7848g46735g565/?p=992cb53f47e14d47ba89f0995595416c&pi=0
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Direct comparisons of the pathways of biotransformation in preclinical species and 

humans, especially the qualitative similarity of the metabolic profiles in plasma, 

address the question as whether important differences may exist between metabolites in 

humans and those in the preclinical species of interest, and whether human plasma 

contains any unique metabolites to which the toxicology species are not being exposed 

systemically. Demonstration of a similar metabolic profile between species adds 

assurance that exposure to drug-related materials in animals is meaningful in terms of 

clinical safety. In addition, observation of a major metabolite in preclinical species, but 

not in humans, can be a first step in understanding whether a preclinical toxicity may 

not be relevant for humans (Baillie et al., 2002). In February 2008, the US Food and 

Drug Administration issued a guidance that suggested major metabolites constituting 

>10% of circulating drug levels and either could not be detected in animals or, was 

present at much higher levels than in animals (disproportionate exposure), may need 

further toxicological evaluation (FDA, 2008). It also pointed out that if exposure in one 

of the toxicology species exceeds the human exposure for those metabolites judged to 

require qualification, then it can be assumed that the metabolite‟s contribution to the 

overall toxicity assessment has been established. 

It is known that PR-104, a water-soluble phosphate ester, is rapidly converted to the 

corresponding alcohol PR-104A in rodents (Patel et al., 2007) and humans (Jameson et 

al., 2010). The selective reduction of PR-104A to 5-hydroxylamine (PR-104H) and 

amine (PR-104M) species was confirmed in human tumour cell lines (Patterson et al., 

2007). In Chapter 2, reduced metabolites of PR-104A (PR-104H and PR-104M) were 

demonstrated to be responsible for its hypoxia-selective cytotoxicity via DNA 

crosslinking (Gu et al., 2009) and it was simultaneously confirmed by Singleton et al. 

in this lab by alkaline comet assay (Singleton et al., 2009; Gu et al., 2009). The one-

electron reductase NADPH:cytochrome P450 oxidoreductase (CYPOR, EC 1.6.2.4) 

was identified as a major enzyme to catalyse this reduction under hypoxia by 

overexpression and RNAi studies (Guise et al., 2007) and its activity as a hypoxic PR-

104A reductase was confirmed in Chapter 2. Reduction of the 5-nitro group of PR-

104A is also catalysed, under aerobic conditions, by human aldo-keto reductase 1C3 

(Guise et al., 2010), an enzyme that is highly expressed in some human tumours 

(Penning and Byrns, 2009). However, whether the reductive activation of PR-104A 

occurs in normal tissues is unclear. 
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Beyond this partial evaluation of PR-104 hydrolysis and PR-104A reduction, no 

systematic investigation of pathways of biotransformation of PR-104 has been reported. 

Expected routes of metabolism include oxidative N-dealkylation of the nitrogen 

mustard moiety of PR-104A, as reported for other nitrogen mustards (Kestell et al., 

2000; Zhang et al., 2005a), and phase II conjugation of the nitrogen mustard moiety by 

glutathione S-transferases as for other mustards (Dirven et al., 1996; Zhang et al., 

2005b) and the primary alcohol sidechain by UDP glucuronosyltransferases. Indeed, 

preliminary evidence for an N-dealkylated half-mustard, a cysteine conjugate and an O-

glucuronide of PR-104A have been reported in mice (Patel et al., 2007). 

3.1.1 Aims and approach 

Here, a comparative study of the pathways of biotransformation of PR-104 is 

undertaken in mice, rats, dogs and humans following intravenous administration. In 

addition, the mass balance for excretion of radiolabelled PR-104 in mice is reported, 

including comparison with urinary excretion in rats and humans. The primary 

objectives of the study were to identify metabolic pathways of potential toxicological 

significance, and to assess the suitability of non-human species as models for 

biotransformation of PR-104 in humans. 

The nitroreduction pathway is further explored using the mouse model because of its 

potential role in toxicity. The pharmacokinetics and tissue distribution of reduced 

metabolites in mice are determined, and their potential contributions to toxicity are 

discussed. A preliminary investigation of the mechanism of nitroreduction of PR-104 in 

normal tissues is also undertaken to assess whether the process of activation is hypoxia-

dependent and whether it differs from that in tumours. Naproxen, a potent AKR1C3 

inhibitor in vitro (Gobec et al., 2005; Byrns et al., 2008) with highest achievable Cmax 

in humans among several nonsteroidal anti-inflammatory drugs, was chosen for in vivo 

evaluation of PR-104A activation by AKR1C3 in tumour-bearing mice. 
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3.2 MATERIALS AND METHODS 

3.2.1 Chemicals 

PR-104, PR-104A (Denny et al., 2005), PR-104H (Patterson et al., 2007), PR-104S1 

(known as Compound 2 in Chapter 2) (Gu et al., 2009), the tetra-deuterated stable 

isotope internal standards of PR-104 (PR-104-d4) and PR-104A (PR-104A-d4), and 

PR-104 tritiated in the ethylcarboxamide side chain ([
3
H]PR-104; specific activity 28.5 

GBq/mmol, chemical purity 99%, radiochemical purity 94.4%) (Atwell and Denny, 

2007) were synthesised in ACSRC as reported. Tetradeuterated internal standards of 

PR-104H (PR-104H-d4), and PR-104M (PR-104M-d4) were prepared using the same 

methods as the non-labelled compounds. All compounds had a purity of at least 95% by 

HPLC and made freshly in each experiment except PR-104H and M, which were used 

as stock solutions in acetonitrile stored at -80°C. Naproxen (NAP) and 1-

aminobenzotriazole (ABT) were from Sigma-Aldrich (St. Louis, MO). Acetonitrile 

(HPLC grade) was obtained from Merck (Darmjstadt, Germany). Tissue solubiliser 

(Soluene-350) and liquid scintillants (Emulsifier-Safe™, Hionic-Fluor) were purchased 

from PerkinElmer, (Torrance, CA, USA). Other chemicals were all of analytical grade 

or higher purity. 

3.2.2 Subjects 

Specific pathogen-free homozygous nu/nu (CD1-Foxn1
nu

) mice and Sprague Dawley 

rats (Charles River Laboratories, Margate, Kent, UK) were bred in the University of 

Auckland. Mice were housed in Tecniplast microisolator cages in groups of 4-6 in a 

temperature-controlled room (20 ± 2°C) with a 12-hour light/dark cycle and were fed 

ad libitum UV-treated Milli-RO water and a sterilised rodent diet (Harlan Teklad diet 

2018s). For mouse xenografts, tumours were grown subcutaneously on the right flank 

by inoculation of ~ 10
7
 SiHa or H460 cells in 100 µl αMEM and dosed when tumours 

reached approximately 10 mm diameter. Rats were housed in groups of 4-6 under the 

same conditions but received filtered tap water and diet 2018. At the time of 

experiments animals weighed 25-30 g (mice) and 200-220 g (rats). The rodent studies 

were approved by the University of Auckland Animal Ethics Committee. Beagle dogs 

(7 - 8 month, 10-13kg) were from Kangda Laboratory Animals S & T Co., Ltd. 

(Gaoyao, China). The dog study was conducted at LAB Pre-Clinical Research 
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International Inc. (Laval, Quebec, Canada) and approved by the Institutional Animal 

Care and Use Committee. The dogs were individually housed in a room maintained at 

21  3°C and fed Teklad Certified Canine Diet (#8727C) with water ad libitum. A 12-

hour light/dark cycle was maintained. Human subjects, from two phase I trials, were 

patients with a pathologically confirmed solid malignancy not amenable to standard 

therapy, age ≥ 18 yrs, Karnovsky performance status ≥ 70%, adequate renal and liver 

function, and >4 weeks since prior surgery, radiotherapy or chemotherapy. Dog and 

human plasma samples were supplied by Proacta Inc; samples were shipped to 

Microconstants Inc (San Diego, CA) on dry ice for storage at -80 ºC. Consolidated 

batches were then shipped to the ACSRC on dry ice and again stored at -80 ºC until 

analysis. 

3.2.3 Dosing and sample collection 

PR-104 free acid was dissolved in PBS + 1 equivalent NaHCO3 and diluted in PBS 

(rodents and dogs) or the clinical formulation (PR-104 sodium salt lyophilised with 

mannitol) was reconstituted in 2 ml water and diluted in 5% dextrose (humans). The 

[
3
H]PR-104 (free acid) was similarly titrated with NaHCO3 and diluted to a specific 

activity of 2.85 GBq/mmol (or 77.0 mCi/mmol) with unlabelled PR-104. Naproxen and 

ABT were dissolved in 0.9% NaCl solution. Dosing solutions were prepared freshly, 

held at room temperature in amber vials, and used within 3h. Dosing of PR-104 was by 

the intravenous route in all cases, and NAP and ABT by intraperitoneal. All doses used 

were equal or close to MTD of same species. Mice were dosed with unlabelled PR-104 

at 326 mg/kg (975 mg/m
2
, 75% of MTD) via a lateral tail vein and sampled by cardiac 

puncture after cervical dislocation. Gallbladders were collected from 4 mice 30 min 

after dosing at 326 mg/kg. Rats were dosed at 244 mg/kg (1450 mg/m
2
, MTD) via a tail 

vein and bleed serially from the saphenous veins for up to 3 hr. Urine was collected at 

intervals of 1 hr for up to 3 hr from 4 rats. Dogs were dosed into the cephalic or 

saphenous vein as a slow bolus injection at 150 mg/kg (3000 mg/m
2
, MTD) and blood 

samples were collected from the jugular vein for up to 2 hr. Patients were dosed as a 1 

hr infusion, and plasma and urine samples collected following the first dose of a once 

every three week schedule. Urine samples were collected over 24 hr after a range of 

doses (135 to 1400 mg/m
2
, MTD is 1100 mg/m

2
) at a single clinical site (Hamilton, 

NZ), and blood samples were collected over 5 hr (from start of infusion) from 6 
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patients at the maximum tolerated dose (1100 mg/m
2
) (Jameson et al., 2010). In 

addition, blood was collected from 4 patients at the same dose level in a second phase I 

study following the first dose of a weekly dosing schedule. All blood samples were 

collected into tubes containing K2EDTA. These samples were placed on ice 

immediately after collection and centrifuged within 10 min to harvest plasma. 

3.2.4 Tissue distribution and excretion of radiolabelled PR-104 in 

mice 

Mice were transferred to glass metabolic cages (Minor Metabowl, Jencons UK; one 

animal per cage) 2 hr before treatment and had continuous access to food and water 

before and during experiments. [
3
H]PR-104 was administered i.v. via a lateral tail vein 

at 326 mg/kg. Urine was collected at 4, 8, 24 and 48 hrs. Metabolic cages were rinsed 

with 2 ml water into the urine sample to minimise carry-over between timepoints. 

Faeces were collected at 24 and 48 hr. After 48 h, tissues were collected and frozen in 

liquid nitrogen before storage at -80°C. 

3.2.5 Determination of total radioactivity and radioactivity profiles 

Radioactivity was determined using a liquid scintillation analyser (Tri-Carb® 1500, 

Packard), with samples counted for 10 min unless 2σ of 0.4% was reached. An external 

standard quench curve was used to correct for differences in counting efficiency. Urine 

samples for total radioactivity measurement were diluted into water-accepting 

scintillation cocktail (Emulsifier-Safe™, PerkinElmer, USA). Faeces were dried, 

powdered and rehydrated by addition of deionised water. 1 ml of Soluene-350 

(PerkinElmer, USA) was added and incubated at 37°C overnight, 0.5 ml of isopropyl 

alcohol was added and samples were incubated for 12 hr at 37°C. 0.2 ml of 30% H2O2 

was added dropwise with swirling to bleach. After standing for 10 min at ambient 

temperature samples were warmed to 37°C for 15 min to decompose peroxides and 

thus minimise chemiluminescence. 10-15 ml of scintillation fluid (Hionic-Fluor, 

PerkinElmer, USA) was added. 

Tissue samples were minced, weighed (100-150 mg) and digested in 1.5 ml of Soluene-

350 at 37°C overnight. Liver, spleen and lung digests were decolourised with 0.2-0.4 

ml 30% H2O2 then warmed to 37°C for 15 min to decompose peroxides. After standing 

at room temperature for 1 h, 10-15 ml of Hionic-Fluor scintillant was added. Plasma 
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samples (100 µl) were mixed with 10 ml Emulsifier-Safe scintillant and shaken 

vigorously. 

For quantification of radioactivity in HPLC eluents, fractions were collected at 0.1 min 

intervals using an Agilent 1100 auto fraction collector (Agilent Technologies, USA), 

transferred to scintillation vials, mixed with Emulsifier-Safe™ and counted for 

radioactivity. 

3.2.6 Modulation of hypoxia with respiratory gases 

Mice (4/group) were dosed i.v. with a mixture of PR-104 (326 mg/kg) and 

pimonidazole (60 mg/kg) in PBS, then placed in pre-equilibrated individual Techniplast 

microisolator cages flushed with carbogen (98% O2/2% CO2) or air or 10% O2/90% N2. 

Cages were flushed continuously with gases at 5L/min. Mice were killed and liver 

samples removed 30 min after dosing. 

3.2.7 Bioanalysis of PR-104 and metabolites 

Plasma (mouse and rat) and tissue samples were extracted with 3 vol of methanol as 

previously reported (Patel et al., 2007). Plasma samples from dogs and humans were 

prepared by precipitating proteins with acidified methanol as described in 4.2.4. The 

supernatant was diluted into water containing internal standards and aliquots were 

analysed by UHPLC-MS/MS using a Zorbax Eclipse XDB-C18 Rapid Resolution HT 

(50×2.1mm, 1.8 µ) column with a 0.2 µm in-line filter maintained at 35ºC and fast 

gradient of acetonitrile and 0.01% formic acid elution at a flow rate of 0.5 ml/min and 

run time of 6 min. 

Mouse tissues were pulverised at liquid nitrogen temperature using a BioPulverizerTM 

(BioSpec Products, USA). The resulting tissue powder was transferred to tared 1.5 ml 

microcentrifuge tubes and weighed. An equal volume of cold phosphate buffered saline 

(PBS) was added to each tube and vortex mixed to prepare tissue homogenates. 

Aliquots (100 µl) of each tissue homogenate or plasma (10 µl) were deproteinised with 

three volumes of cold methanol. Samples were then vortex mixed (1 min), stored at -

80°C (60 min), and centrifuged at 13,000 g (10 min, 4°C). A 25 µl aliquot of each 

precipitated supernatant was then diluted in an equal volume of water and analysed by 

an Agilent 1200 HPLC coupled with a triple quadrupole mass spectrometer (Model 
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6410, Agilent Technologies) using the method described in 2.2.9 with minor 

modifications, except for tissue PK samples (e.g. livers and tumours, Figure 3.6B and 

C) which were analysed by LC-MS as described in next paragraph. Separation was 

achieved using an acetonitrile/water gradient on an Alltima C8 column (150 × 2.1 mm, 

5 μ; Alltech) with a 6 min run time. The m/z transitions monitored were 499>403 (PR-

104A), 505>409 (PR-104A-d4), 485>389 (PR-104H), 491>395 (PR-104H-d4), 

469>373 (PR-104M), 475>379 (PR-104M-d4) and, in the experiment for Figure 3.12B, 

393>297 for PR-104S1 respectively. An external standard calibration curve was used 

for quantitation of PR-104S1. 

Tissue pharmacokinetic samples (Figure 3.7 B and C) were analysed using a LC-MS 

method reported previously (Patel et al., 2007). Separation was achieved using an 80% 

acetonitrile (A) / 45 mM formate buffer (B) gradient on an Alltima C8 column (150 × 

2.1 mm, 5 μ; Alltech) at a flow rate of 0.3 ml/min with 40 min run time. The gradient 

was: 20% of (A) initially (4 min), then increasing linearly to 90% (A) over 21 min, 

which was held for a further 1 min, with return to the initial conditions over 4 min. This 

was maintained for 10 min before the next injection. PR-104 (m/z 579), PR-104A (m/z 

499), PR-104-d4 (m/z 585) and PR-104A-d4 (m/z 505) were detected using 

electrospray ionisation (ESI) source operated at positive mode. The MS conditions 

were as follows: capillary voltage 3.5 kV, nebuliser pressure 45 psi, fragmentation 

voltage 100V, gas temperature 350°C, drying gas flow 12 l/min. PR-104H and PR-

104M were quantified by photodiode array detection at 254 nm (bandwidth 4 nm) in 

the same run (when the deuterated stable isotope internal standards for these two 

compounds were not available). Naproxen (in Figure 3.12A) was determined using an 

Agilent 1100 HPLC system with the same acetonitrile/formate buffer gradient and 

quantified by absorbance at 270 nm (bandwidth 4 nm) with a photodiode array detector. 

Samples from the liver hypoxia models (Figure 3.5) were analysed using an Agilent 

1200 Rapid Resolution system with a Zorbax SB-C18 (50×3.0 mm, 1.8 µm) column at 

35°C with absorbance detection at 254 nm (PR-104M) and 370 nm (PR-104A). The 

mobile phase consisted of an acetonitrile (A) /formate buffer (B) gradient at a flow rate 

of 1.0 ml/min and run time of 5 min. The mobile phase was a fast gradient of 

acetonitrile-water (80:20, v/v) (A) and 45mM ammonium formate buffer (pH 4.5). The 
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gradient elution, 0 to 2 min, 20% A to 35% A; 2 to 4 min, 35% A to 80% A; 4 to 4.2 

min, 80% A and 4.2 to 4.3 min, 80% A to 20% A. 

3.2.8 Metabolite profiling 

Urine samples were diluted 1:10 with water, filtered through 0.22 µm filters and 

analysed directly by HPLC with photodiode array (PDA) absorbance and MS detection 

(Agilent 1100 LC/MSD model A, Agilent Technologies, USA). Mouse bile samples 

(gallbladder) were precipitated with approximately 10 vol of methanol, centrifuged and 

diluted into formate buffer. The chromatographic separation was performed on an 

Alltima C8 analytical column (150 × 4.6 mm, 5 µ; Alltech Associates Inc., Chicago, 

IL) with a flow rate of 0.7 ml/min maintained at 25°C. The mobile phase was an 

acetonitrile gradient constructed using 80% acetonitrile/20% water v/v (A) and 45 mM 

ammonium formate buffer in water at pH 4.5 (B) with 20% of A for 2 min then 

increasing linearly to 80% A over 13 min, held for a further 5 min, returned to the 

initial composition over 2 min and maintained for 5 min before the next injection. 

Absorbance detection was at 370 nm (bandwidth 4 nm). An Agilent LC/MS/MS 

(Model 6410) equipped with ESI-APCI multi-mode source was used for further 

identification of some products in excretion samples. 

Mouse and rat plasma samples were prepared by precipitating proteins with 3 vol 

methanol, and for dog and human plasma with 9 vol acidified methanol (methanol: 

ammonium acetate: acetic acid, 1000:3.5:0.2, v/w/v) as described (Patel et al., 2007). 

Precipitated samples were diluted into 2 vol of purified water and analysed by the 

LC/MS method reported previously (Patel et al., 2007). Briefly, a 150 × 2.1 mm 

column with flow rate of 0.3 ml/min was used, with positive and negative mode 

atmospheric pressure electrospray ionisation. The mass/charge (m/z) ratio was scanned 

from 200 to 800 with fragmentor voltage of 100 v. An Agilent LC/MSD trap-SL ion 

trap mass spectrometer equipped with an Agilent capillary HPLC system was used for 

the further identification of some metabolites, using a Zorbax SB C18 capillary column 

(150  0.5 mm, 5 µ, Agilent Technologies) at a flow rate of 15 µl/ml (Patel et al., 

2007). The electrospray ionisation source was set at positive ionisation mode with auto 

MS(n). 
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3.2.9 Plasma and tissue pharmacokinetics in mice 

At various times after dosing, blood was collected into EDTA-coated tubes as described 

above, and tissue samples were collected within 3 min of termination. Plasma was 

immediately prepared by centrifugation (2500-3000×g for 3 min) of blood, and plasma 

and tissues were rapidly frozen in liquid nitrogen before storage at -80°C for 

subsequent bioanalysis. In experiments requiring multiple tissues, to minimise 

dissection times one set of animals was used to collect the liver, kidney, pancreas, 

spleen, small intestine and tumour, while separate animals were used to collect heart, 

lung, brain and skeletal muscle. Bone marrow was collected from a third set of animals 

by dissecting both femurs and tibias, then excising the ends to allow extrusion of the 

marrow using a syringe with 22-gauge needle. Pharmacokinetic parameters were 

computed using WinNonlin (version 5.0, Pharsight, Mountain View, CA) via non-

compartmental analysis. 

Mouse (tumour-bearing) plasma samples were analysed by LC-MS for concentrations 

of PR-104, PR-104A, as detailed in 3.2.7 and concentrations of PR-104S1 and PR-

104G were estimated from UV and MS respectively. Incorporate with the 

determination for reduced metabolites (PR-104H and PR-104M) in the LC-MS/MS 

system as described in Chapter 2 (Section 2.2.9). Plasma concentration versus time data 

for unchanged PR-104, and metabolites PR-104A, PR-104H, PR-104M, PR-104S1, and 

PR-104G were analysed noncompartmentally using WinNonlin (version 5.0, Pharsight, 

Mountain View, CA). 

3.2.10 Hepatic S9 metabolism of PR-104A 

In vitro hepatic metabolism of PR-104A was studied using liver S9 fractions prepared 

from pooled CD-1 nu/nu mice in-house and pooled human liver S9 purchased from 

CellzDirect (Durham, NC). Reactions (final volume 0.1 ml/well in 96 well plates) 

comprised hepatic S9 (2 mg of protein/ml), PR-104A (150 µM), cofactor (NADPH, 

NADH or both, 1 mM each) in sodium-potassium phosphate buffer (67 mM, pH 7.4) 

with 5 mM MgCl2 and 1 mM EDTA were incubated for 30 min at 37°C under air or in 

an anaerobic chamber (Sheldon Manufacturing, Cornelius, OR). Incubations with 

boiled S9 preparations were used as controls. All solutions for the anoxic experiment 

were equilibrated (along with the 96-well plates) in the chamber for at least 3 d to 

remove oxygen, and S9 was pre-gassed with nitrogen by flushing vigorously on ice for 
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3 min. The reaction was terminated and metabolites were extracted by addition of 0.1 

ml of ice-cold acidified methanol (methanol: ammonium acetate: acetic acid, 

1000:3.5:0.5, v/w/v), with centrifugation at 12,000g for 5 min. The supernatant was 

diluted into an equal volume of water and 25 µl was analysed by LC-MS/MS as 

described in 4.2.4. 
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3.3 RESULTS 

3.3.1 Excretion of radioactivity in mouse urine and faeces 

After a single i.v. dose of [
3
H]PR104, radioactivity was rapidly excreted in urine with 

90% of the urinary excretion occurring within 4 hr. Total radioactivity in excreta (urine 

plus faeces) by 24 hr after dosing accounted for 94.0 ± 1.6% of the administered dose, 

rising to 96 ± 0.8% by 48 hr (Figure 3.1A). By that time, excretion of total radioactivity 

was approximately equal for the two routes, with 46% in urine and 50% in faeces. 

3.3.2 Profiles of excreted metabolites 

Mice and Rats. A chromatographic method was developed to optimise separation of 

urinary metabolites from mice as illustrated in Figure 3.1B. Improved resolution of PR-

104 and its metabolites in mouse urine samples was achieved, relative to an earlier 

method (Patel et al., 2007) which failed to separate M2 from PR-104. This made it 

possible to quantify 8 major radioactive peaks (Figure 3.1C), all of which were 

subsequently identified as detailed below and summarised in Table 1. Metabolites were 

identified based on comparison of retention times, UV spectra and mass spectra with 

authentic standards, or structures were inferred from UV and mass spectra as described 

below (See Figure 3.5 for proposed structures). Unchanged PR-104 and its 

dephosphorylated alcohol metabolite, PR-104A, in urine accounted for 6.3% and 4.6% 

of the injected dose respectively (Figure 3.1C). The PR-104 radioactivity peak was 

incompletely resolved from metabolite M1 (identified as the O- β-glucuronide of PR-

104A, PR-104G). The cumulative urinary excretion of M1 (PR-104G) was calculated 

as 0.8% of the injected dose by using HPLC-PDA at 370 nm to estimate the 

contributions of PR-104 and M1 to the radioactivity peak. The major urinary 

metabolites were the “semi-mustard” product PR-104S1 (M8) resulting from oxidative 

N-dealkylation of the bromoethyl moiety of PR-104A, and its corresponding cysteinyl 

(M12) and N-acetylcysteinyl (M13) conjugates, which accounted for 5.3%, 6.6% and 

2.7% of injected dose respectively. A cysteine adduct of PR-104A (M3), resulting from 

displacement of the Br leaving group, was also a major urinary metabolite, accounting 

for 6.1% of the injected dose. Other major polar metabolites in urine include 

glutathionyl (M16; 1.2% of total dose), cysteinyl (M17; 7.0%) and N-actetylcysteinyl 

(M18; 1.3%) conjugates related to M14, an intra-molecular alkylation product detected 
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in plasma but not urine (Table 3.1). Another minor metabolite was the hydrolysis 

product M19, which represented <1% of total dose. 

Analysis of bile collected 30 min after dosing showed a different pattern from urine 

(Figure 3.1D), with both glutathione conjugates of PR-104A (M2 and M6) along with 

the N-acetylcysteinyl adduct (M5) derived from M2 and semi mustard M8, all at high 

concentrations, as well as its glutathionyl adduct (M11). 

 

Figure 3.1 Excretion of PR-104 in mice. (A) Total radioactivity in urine and faeces after an i.v. 

dose of [
3
H]PR-104 (326 mg/kg). Values are mean ± SEM for 3 mice. (B) A representative 

radioactivity (dashed line) and absorbance (254 nm, solid line) HPLC profile for urine collected 

in the same experiment (0-4 hr fraction). (C) Cumulative excretion of metabolites in urine (0-

8hr) from radioactivity determinations, as % of injected dose. (D) Metabolites in bile 0.5 h 

post-dose (326 mg/kg, pooled gallbladder samples from 4 mice). 

The metabolite profile in rat urine is illustrated in Fig 3.2. The profile was broadly 

similar to mice although the cysteinyl adducts M12 and M3 were not detected. The N-

acetylcysteinyl adduct (M5), a downstream product of M3, was present in the earlier (0-

1 h) urine (Figure 3.2A). In addition, a metabolite not observed in mice, M21, became 

more prominent between 2-3 h post-dose (Figure 3.2C). 
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Figure 3.2 Representative 

chromatograms of rat urine collected 

0-1 h (A), 1-2 h (B) and 2-3 h (C) after 

an i.v. dose of 244 mg/kg. 

 

Humans. After administration of PR-104 (135 mg/m
2
) to patients, metabolite M1 (PR-

104G) was identified as the main metabolite in urine (Figure 3.3A) and accounted for 

~12% of the injected dose (Figure 3.3B). A cysteinyl adduct of PR-104A (M3), was the 

second most prominent metabolite and accounted for 3% of total dose. PR-104A 

accounted for ~1%. Evaluation of a limited number of patients at higher doses 

confirmed the predominance of the glucuronide metabolite in urine and demonstrated 

an approximately linear increase in renal excretion of PR-104A and PR-104G with dose 

level (R
2
=0.9 for both) (Figure 3.3C). Including all 11 patients, 2% of the total dose 

was excreted as PR-104A and 13% at PR-104G. A number of minor metabolites were 
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detected as shown in Figure 3.3B. Surprisingly, PR-104 itself was not detected in urine. 

A more sensitive LC-MS/MS method for PR-104 (Patel et al., 2007) was therefore used 

to evaluate PR-104 in the same samples by MicroConstants Inc and confirmed these 

results. PR-104 was below the limit of quantitation of 10 nM in 2 of 4 patients dosed at 

135 mg/m
2
, and in the patient at 346 mg/m

2
, with very low levels in the other patients 

(<0.005% of total dose in all 11 patients). 

 
 

 

 

 

 

 

 

 

 

Figure 3.3 Excretion of PR-

104 and metabolites in human 

urine. (A) Representative 

chromatogram of human urine 

(90 min post infusion, dose 135 

mg/m2). (B) Metabolite 

profiles in human urine (135 

mg/m
2
, 4 subjects). “Others” 
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for which HPLC peaks could 

be integrated, assuming the 

same extinction coefficient at 

PR-104A at 370 nm. (C) Dose 

dependence of urinary 

excretion of PR-104A 

(R
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=0.90) and PR-104G 

(R
2
=0.91) in humans (11 

subjects). 
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3.3.3 Metabolite profiles in plasma 

Representative chromatograms for plasma from all four species (mouse, rat and dog 

and human) at early times after i.v. administration of PR-104 are shown in Figure 3.4. 

A full catalogue of plasma metabolites in the four species is provided in Table 3.1.The 

hydrolysis product, PR-104A, was a major metabolite in all species. Glucuronide PR-

104G (M1) was the main metabolite in both dogs and humans. The cysteinyl conjugate 

M8 was observed in all species along with its presumed precursor glutathionyl 

conjugate (M2) in mice, rats and dogs and its downstream N-acetylcysteinyl conjugate 

in mice and rats only. Both semi mustards of PR-104A (M8, M10) were observed in 

mice and rats, with M8 the more prominent of the two. The corresponding thiol 

conjugates M11 and M12 were also found in plasma of mice and rats. Some minor 

nucleophilic displacement products (M19 and M20) were also present in mice and rats. 

The amine PR-104M appeared to be the predominant reduced metabolite in mouse 

plasma while hydroxylamine PR-104H was the major reduced metabolite in humans 

Rats also showed PR-104M >> PR-104H, while in dog plasma concentrations of PR-

104H > PR-104M. 

 
Figure 3.4 Representative HPLC of PR-104 metabolites in mouse, rat, dog and human plasma 

at early times (15 min for mouse and dog, 20 min for rat and end of infusion for human) after 

dosing. 
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3.3.4 Metabolite identification 

Metabolites were characterised by LC-MS (including photodiode array detection) and 

LC-MS/MS in plasma and urine samples of all species, where possible including 

comparison of retention times and spectra with synthetic standards (PR-104A, PR-

104G, PR-104S1, PR-104S2, PR-104H and PR-104M). In general, the [M + H]
+
 ion 

was observed for all the metabolites, occasionally with appearance of [M + Na]
+
 and 

[M + K]
+
 ions, and the presence of characteristic Br and Cl isotope peaks provided 

guidance for the number of halides. The UV/visible absorbance spectra were also 

diagnostic. Thus all the metabolites retaining a full nitrogen mustard moiety showed 

absorption maxima (λmax) at 370 nm, as for PR-104 itself, and had a strictly symmetric 

spectral shape. The semi-mustard metabolites resulting from N-dealkylation of one arm 

of the mustard all showed a spectral shift to λmax ~ 360 nm and a broad shoulder at ~ 

420 nm. Products of intramolecular alkylation showed similar spectra to the semi-

mustards, but with a less pronounced shoulder, while the reduction products showed 

major spectral changes consistent with electronic perturbation of the chromophore. 

Spectral features are summarised in Table 3.1 with supporting absorbance and mass 

spectra in Appendix II. Inferred structures are shown in Figure 3.5. 

PR-104A. PR-104A showed a UV spectrum with λmax=370 nm and molecular ion [M + 

H]
+
 at m/z 499 with single bromine doublet pattern (m/z 501 at 98% abundance), and 

major fragment ions at m/z 403, 375, 297, 279 in LC/MS and MS/MS analysis 

corresponding to loss of -OSO2Me, (CH2)2OSO2Me and further -Br and -OH loss. 

These characteristic ions of the well-characterised primary metabolite were used as 

marker fragments to interpret the mass spectra of other metabolites. 

Metabolite M1. M1 exhibited an essentially identical UV spectrum to PR-104A and a 

molecular ion at m/z 675. Subsequent neutral loss of 176 amu from the ion yielded a 

fragment ion at m/z 499 which is a specific signature for glucuronide conjugates. In 

addition, a loss of glucuronic acid (GlcA) resulting in m/z 481 was also observed. 

Further loss of the mesylate group yielded another fragment ion at m/z 403 (Appendix 

II). To confirm the identity of M1, the O-β-glucuronide of PR-104A was synthesised by 

G. Atwell and fully characterised by 
1
H NMR, 

13
C NMR and high resolution mass 

spectroscopy. In particular, 
1
H NMR of intermediate 2 showed a doublet for the 

anomeric proton at δ = 4.95 ppm with J= 8.0 Hz, clearly indicating a β configuration. 
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For comparison, the corresponding α-glucuronide (prepared by inclusion of 2,4,6-

collidine in the glycosylation reaction; experimental not given) showed a doublet for 

the anomeric proton at δ = 5.94 ppm with J= 4.2 Hz. In addition, E. coli β-

glucuronidase was shown to hydrolyse the PR-104G reference standard (data not 

shown). Further comparison of the MS fragmentation patterns and retention time of M1 

with the PR-104G reference standard confirmed M1 as the O-β-glucuronide on the 

hydroxyethyl side chain of PR-104A. 

Metabolites M2 - M7. M2 and M3 showed similar UV spectra to PR-104A and [M + 

H]
+
 at m/z 726 and 540, respectively. Both showed MS fragment ion loss of 96 amu (-

OSO2Me), giving prominent MS
2
 m/z values of 630 and 444 in the ion trap. 

Particularly characteristic for protonated glutathione conjugates (Levsen et al., 2005), 

loss of glycine (75 amu) and anhydroglutamic acid (129 amu) were observed, resulting 

in m/z 651 and 597. Two other fragment ions from M2, at m/z 334 and 274, were 

consistent with the ethyl-glutathione moiety in the structure with cleavage at the amino- 

and mercapto- positions, respectively (Appendix II). Cleavage of the same amino- 

position in the M3 molecular ion resulted in fragments at m/z 148 and 393, 

corresponding to ethyl-cysteine and the residual semi mustard respectively. M4 showed 

a similar UV spectrum to PR-104A and a molecular ion of 716. The characteristic 

fragments of 120 and 148, corresponding to cysteine and ethyl-cysteine, indicated a 

conjugate of cysteine; a fragment ion at m/z 620 (corresponding to loss of a mesylate 

group) showed this to be due to displacement of the Br leaving group of PR-104A. In 

addition, neutral loss of 176 resulting in fragment ion of 540 demonstrated the presence 

of a glucuronyl moiety, demonstrating M4 to be the product of dual phase II 

conjugation of PR-104A. Metabolite M5, with a UV spectrum similar to M2 and M3 

and a molecular ion at m/z 582, was identified as the N-acetylcysteine adduct, the 

downstream product of M3 through the mercapturic acid route. Fragment ions of 130, 

162 and 190, consistent with thiol residues resulting from cleavage at S-CH2, NAC- and 

amino- positions, respectively, supported this assignment. Metabolites M6 and M7 

showed UV spectra similar to PR-104A and molecular ions [M + H]
+
 at m/z 710 and 

524. The presence of a bromine signature in the mass spectra of both identified them as 

the glutathione and cysteine conjugates from displacement of the mesylate group of 

PR-104A. 
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Metabolites M8 - M13. M8 and M10 exhibited distinctive UV spectra (λmax 355 nm) 

and molecular ions of m/z 393 and 377, respectively. M10 gave a doublet peak + 2 amu 

indicative of a single bromine. M8 had a MS product ion of m/z 297, similar to that of 

PR-104A. Further comparison of the UV spectra, MS fragmentation patterns and 

retention time of M8 and M10 with those of the reference standard confirmed that they 

were the mesylate and bromo semi mustards, respectively. M9 was identified as the O-

glucuronide of PR-104S1 (M8) based on its similar UV spectrum to the semi-mustards 

and molecular ion of 569, further supported by characteristic glucuronide neutral loss of 

176 and subsequent loss of the mesylate group resulting in fragment ions of 393 and 

297, respectively. In addition, loss of glucuronic acid (GlcA) resulting in m/z 375 was 

also observed. M11, M12 and M13 showed UV spectra (λmax 360 nm) similar to M8 

and M10, and had molecular ions of m/z 604, 418 and 460, consistent with the 

glutathionyl, cysteinyl and N-acetyl-cysteinyl adducts, respectively, arising from the 

metabolism of M8 or M10 via the mercapturic acid pathway. These assignments were 

confirmed by residual thiol fragment ions (120 and 148 for M12; 130, 162 and 190 for 

M13) resulting from cleavage at amino- and mecapto- positions. 

Metabolite M14 - M18. M14 gave a molecular ion of m/z 403 with a single bromine 

doublet peak. It was provisionally identified as a cyclised product arising via 

intramolecular alkylation of the side chain amide nitrogen by the mesylate moiety. M15 

showed a molecular ion of 297 and a distinct UV spectrum (λmax= 365 nm), with a 

fragmentation pattern in the MS
2
 spectrum consistent with the proposed structure 

(Figure S1P). M16, M17 and M18 all showed a distinctive UV spectrum with λmax=345 

nm. M16 gave a molecular ion of 630 and fragment ion of 274 and 145, corresponding 

to cleavage at the S-CH2 bond and further loss of anhydroglutamic acid resulting in a 

glycine residue, suggesting it to be the glutathionyl conjugate of M15. M17 showed a 

molecular ion of m/z 444 with a major fragment ion at 357, which corresponded to loss 

of 87 resulting from cleavage at the S-CH2 bond in the cysteinyl adduct of M15. M18 

showed a higher mass by 42 amu, consistent with the corresponding N-acetylcysteine 

adduct. 

Metabolites M19 and M20. M19 and M20 showed similar UV spectra to PR-104A and 

molecular ions of m/z 421 and 455. Because of the presence of single bromine and 

chloride doublet peaks (base peaks m/z 423 and 457), these two metabolites were 

assigned as the products of nucleophilic displacement of the mesylate moiety of PR-
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104A by the hydroxyl ion (M19) and bromo group by a chloride ion (M20) resulting in 

less lipophilic products with shorter retention times. 

Metabolite M21 was identified as a carboxylic acid derivative resulting from oxidation 

of the hydroxyethyl sidechain of PR-104A and hydrolysis of both mustard moieties. 

This assignment is based on its similar UV spectrum to PR-104A, molecular ion of m/z 

373 and lack of halide isotopes. Negative mode ionisation gave a base peak at m/z 371, 

corresponding to [M-H]
-
, supporting this assignment. This was further confirmed by the 

fragment ions of 355 and 377, corresponding loss of one or two hydroxyl groups, with 

further loss of a carboxyl group resulting in fragment ions of 297 and 279 respectively.  

Metabolites M22 and M23. Identification of the reduced metabolites PR-104H (M22) 

(Patterson et al., 2007) and PR-104M (M23) are supported by the comparisons with the 

authentic standards. 

3.3.5 Metabolic pathways for PR-104 

The biotransformation pathways inferred from the above structural assignments are 

shown in Figure 3.5. PR-104 is extensively and rapidly hydrolysed to the alcohol PR-

104A in all species; no metabolites retaining the phosphate ester moiety were detected. 

The identified downstream metabolites of PR-104A can be classified as arising from 

five types of biotransformation: (1) Reduction of the nitro group para to the mustard 

(PR-104H and PR-104M). (2) O-Glucuronidation, predominantly on the hydroxyethyl 

side chain (PR-104G, M1). A glucuronide of the semi-mustard PR-104S1 was also 

identified (M9), and a minor metabolite (M4) identified as a glucuronide of the cysteine 

conjugate M3 was also detected. (3) Nucleophilic displacement of the bromo or 

mesylate leaving groups of the nitrogen mustard moiety, most notably by glutathione 

(M2, M6) leading to the corresponding cysteinyl (M3, M7) and N-acetylcysteinyl 

adducts (M5) via the mercapturic acid pathway. Nucleophilic displacement of the 

mustard leaving groups by OH‾ (hydrolysis products M19 and M21) and Cl‾ (M20) 

were also seen as minor pathways. (4) Oxidative N-dealkylation of the mustard moiety 

to the semi-mustards M8 and M10, which in turn give rise to the corresponding thiol 

adducts (M11, M12, M13) and O-glucuronide (M9). (5) Intramolecular cyclisation 

through reaction of the mustard moiety with the carboxamide side chain, represented by 

M14 with further N-dealkylation (M15) and thiol conjugation (M16-M18). 
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Table 3.1 Metabolites identified in mouse, rat, dog and human samples collected after 

administration of a single iv dose of PR-104. For proposed structures, see Figure 3.5. Relative 

abundance (++: ≥ 10%; +: < 10%; - not detected) was estimated from absorbance at 370 nm, or 

for M22 and M23 from the MS signal. 

Met ID Name λmax
† 

m/z 
Halide 

isotope 
Biotransformation Mouse* Rat* Dog

‡
 Human* 

- PR-104 370 579 Br  ++/++ ++/++ ++ ++/- 

- PR-104A 370 499 Br Hydrolysis ++/++ ++/++ ++ ++/+ 

M1 PR-104G 370 675 Br O-glucuronidation +/+ +/- ++ ++/++ 

M2  376 726 - GSH conjugate (Br displacement) ++/+ ++/+ ++ -/- 

M3  376 540 - CySH conjugate (Br displacement) ++/++ ++/- ++ ++/++ 

M4  376 716 - CySH conjugate / O-glucuronidation -/- -/- - -/+ 

M5  376 582 - NAC conjugate (Br displacement) +/- +/- - -/- 

M6  380 710 Br GSH conjugate (OMs displacement) +/- +/- - -/- 

M7  380 524 Br CySH conjugate (OMs displacement) +/- +/- - -/- 

M8 PR-104S1 355 393 - Oxidative N-dealkylation ++/++ ++/++ - +/+ 

M9  355 569 - 
Oxidative N-dealkylation / 

 O-glucuronidation 
-/- -/- - -/+ 

M10 PR-104S2 355 377 Br Oxidative N-dealkylation +/- +/- - -/- 

M11  360 604 - 
Oxidative N-dealkylation / 

GSH conjugate 
++/- +/- - -/- 

M12  360 418 - 
Oxidative N-dealkylation / 

CySH conjugate 
++/++ +/- - -/- 

M13  360 460 - 
Oxidative N-dealkylation/ 

NAC conjugation 
-/++ -/++ - -/- 

M14  380 403 Br Intramolecular alkylation +/- +/- - - 

M15  365 297 - 
Intramolecular alkylation / 

Oxidative N-dealkylation 
-/+ -/+ - - 

M16  345 630 - 
Intramolecular alkylation / 

GSH conjugate  
-/+ - - - 

M17  345 444 - 
Intramolecular alkylation / 

CySH conjugate  
-/++ -/+ - -/++ 

M18  345 486 - 
Intramolecular alkylation / 

NAC conjugate 
-/+ -/+ - -/+ 

M19  380 421 Br Hydrolysis +/+ +/+ - -/- 

M20  370 455 Cl Nucleophilic displacement +/+ +/+ - -/- 

M21  370 373 - Oxidation/hydrolysis -/- -/++ - -/- 

M22 PR-104H 240 485 Br Nitroreduction +/- +/- + ++/- 

M23 PR-104M 240 469 Br Nitroreduction ++/- ++/- + +/- 

†
maximal UV absorbance   *plasma/urine  

‡
plasma only 
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Figure 3.5 Proposed metabolic pathways of PR-104 in mice, rats, dogs, and humans. GS = 

glutathione, CyS = cysteine, NAC = N-acetylcysteine, Gluc = glucuronic acid 

3.3.6 Reduced metabolites of PR-104 in plasma, liver and tumour 

To further characterise the nitroreduction pathway which is critical for cytotoxicity 

(Chapter 2), using synthetic PR-104M, PR-104H and PR-104A as standards for 

quantitation, and their tetradeuterated analogues as internal standards, a sensitive LC-

MS/MS method used for cell cultures (Chapter 2 and Gu et al., 2009) was adapted to 

assay all three species in mouse plasma. Tissues (liver and tumour) PK samples were 

analysed by the LC-MS system due to high levels of these metabolites presented. 

Representative chromatograms of plasma samples are shown in Figure 3.6A. Both PR-

104H and PR-104M are readily detected by LC-MS/MS. PR-104 was cleared rapidly 

from plasma and liver but slower elimination was observed in SiHa tumours (Figure 

3.7). Elimination of reduced metabolites (PR-104H and M) follows PR-104A with 
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terminal half lives of ~ 20 min, similar to PR-104A itself (Table 3.2), suggesting the 

elimination of PR-104H and M is rate-limited by their formation from PR-104A. The 

plasma AUC of PR-104M was ~ 20% of that for PR-104A, with lower concentrations 

of PR-104H. Concentrations of PR-104A and reduced metabolites were the same in 

mice with and without SiHa tumours (Figure 3.7A, Table 3.2) indicating that normal 

tissues provide the major source of reduced metabolites in plasma. 

 

Figure 3.6 Representative LC-MS/MS chromatograms of mouse plasma in PK study (A), SiHa 

tumour (B) and liver (C) in tissue distribution study 15 min after i.v. dosing of PR-104 at 326 

mg/kg. 
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Figure 3.7 Pharmacokinetics of PR-104 and its metabolites PR-104H and PR-104M in CD-1 

nude mice following a single i.v. dose of PR-104 (326 mg/kg). Points are means and bars are 

SEM for 3 mice/group. Open symbols are for mice without tumours, and filled symbols for 

mice with s.c. SiHa tumours (8-12 mm diameter). (A) Plasma. (B) Liver. (C) SiHa tumours. 

 

Consistent with this, concentrations of PR-104M were even higher in the liver than in 

the plasma of the same mice, and again showed PR-104M > PR-104H (Figure 3.6B). 

The high levels in liver are not an artefact of post mortem hypoxic metabolism during 

sampling; when sampling of the liver was delayed for up to 10 min following 

termination, no significant changes in PR-104A and PR-104H were observed and PR-

104M showed only a minor (<20%) increase (Figure 3.8). In contrast to liver, PR-104H 

rather than PR-104M was the major reduced metabolite in SiHa tumours (Figure 3.7C), 

with an AUC 20-fold higher than in liver and 7-fold higher than in plasma (Table 3.2). 

Table 3.2 Non-compartmental pharmacokinetic parameters for PR-104A and its reduced 

metabolites in mouse plasma, liver and SiHa tumours in CD-1 nude mice after i.v. dosing with 

PR-104 at 326 mg/kg. 

  Plasma Liver Tumour 

Tumour bearing No Yes Yes Yes 

AUC0-inf 

 

(µmol h L
-1

) 

PR-104 103 83.4 6.96 5.94 

PR-104A 78.8 81.6 140.6 69.0 

PR-104H 2.7 3.0 1.1 22.0 

PR-104M 14.3 10.2 22.3 9.2 

t1/2 

 

(min) 

PR-104 3.3 3.4 4 14.2 

PR-104A 16.3 16.8 19.0 19.1 

PR-104H 21.0 23.9 11.8 26.0 

PR-104M 14.8 20.5 11.4 38.6 
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3.3.7 Tissue distribution of PR-104A and its reduced metabolites 

The above pharmacokinetic studies indicated that reduced metabolites reach their 

maximum concentration in plasma within ~ 15 min (Figure 3.6). The same 

experimental design was used to evaluate concentrations of PR-104A, PR-104H and 

PR-104M in a wider range of tissues in mice with SiHa tumours, 15 min after i.v. PR-

104. The sensitive LC-MS/MS method used in plasma as described above (Section 

3.3.6) was adopted for assaying tissue samples here because low levels of reduced 

metabolites in some tissues would not be detectable by the LC-MS system. Similar to 

plasma, PR-104H and M in all tissue samples were readily detected by LC-MS/MS 

with representative chromatograms for tumour and liver samples illustrated in Figure 

3.6B and C. PR-104A concentrations were similar (100-400 µmol/kg) in most tissues 

(Fig 3.9A), with SiHa tumours at the low end of this range. The exception was brain, 

with concentrations at least 10-fold lower than any other tissue, suggesting lack of 

blood-brain barrier penetration. Reduced metabolites were detectable in all normal 

tissues, with PR-104M > PR-104H in all cases except in SiHa tumours where the 

hydroxylamine was the predominant metabolite, confirming the pattern seen in the time 

course studies. The total reduced metabolites (PR-104H plus PR-104M) varied widely 

between tissues, with highest levels in liver, followed by small intestine, then bone 

marrow, kidney and tumour. When normalised against PR-104A concentrations, levels 

of reduced metabolites were highest in tumour, followed by liver, kidney and bone 

marrow (Figure 3.9B). 

Residual radioactivity 48 h after dosing with [
3
H]PR-104, presumably reflecting 

alkylation of macromolecules or formation of other long-lived cell-entrapped 

metabolites, represented approximately 2.3% of the injected dose (estimated by taking 

the median tissue, cardiac muscle, as representative). The residual radioactivity was 

greatest in tumour and liver which were the only tissues with levels significantly higher 

than plasma (Figure 3.9C). Comparing the total concentration of reduced metabolites 

(PR-104H and M) at 15 min and residual radioactivity at 48 h for the 11 tissues 

evaluated in both assays (averaging duodenum and jejunum/ileum to compare with total 

small intestine) showed a highly significant correlation (p=0.01, correlation coefficient 

0.71) by Spearman correlation analysis. 
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Figure 3.8 Postmortem stability of reduced metabolites (PR-104H and M) in mouse liver 

(values are means and SEM for 3 mice). Liver portions were removed for analysis at specified 

times up to 10 min after termination of mice 
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Figure 3.9 Biodistribution of PR-104 metabolites in CD-1 nude mice with s.c. SiHa tumors 

following a single i.v. dose of PR-104 at 326 mg/kg. (A) PR-104A and its reduced metabolites 

PR-104H and PR-104M, determined by LC-MS/MS 15min after dosing. Values are means and 

SEM for 5 mice. (B) Data from panel A redrawn to show total reduced metabolites normalised 

against PR-104A. (C) Residual radioactivity in tissues and plasma 48 hr after dosing of 

[3H]PR-104. Values are means and SEM for 3 mice. ***, p<0.001 and *, p<0.05 vs plasma by 

one-way ANOVA with Dunnett‟s test. 
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3.3.8 Induction of hypoxia does not increase PR-104 reduction in 

mouse liver 

The high levels of reduced PR-104A metabolites in liver raised the question as to 

whether this reduction depends on pericentral hypoxia in the liver (Arteel et al., 1995), 

as would be expected if it is catalysed predominantly by oxygen-sensitive one-electron 

reductases such as CYPOR. To examine this, I compared mice that breathed 98%, 21% 

or 10% O2 for 30 min following i.v. dosing simultaneously with PR-104 and 

pimonidazole. Hypoxic gas breathing increased pimonidazole binding in the liver 

(Figure 3.10B), although no effect of 98% O2 on the weak binding in the air-breathing 

animals could be discerned. These conclusions were confirmed by image analysis (by 

M.R. Abbattista). There was no significant difference in PR-104M concentrations or 

PR-104M/PR-104A ratios between these three conditions (Figure 3.10A). The 

unchanged reduction of PR-104A in acute hypoxia-induced liver has been confirmed by 

another hepatic artery ligation model conducted by J. Li in this laboratory, where 

acutely increased liver hypoxia was achieved by hepatic artery ligation and PR-104 was 

administrated via the hepatic portal vein. Thus both models of acute liver hypoxia 

suggested that the predominant PR-104A oxidoreductase(s) in mouse liver may be 

oxygen-insensitive. 

 

Figure 3.10 Acute changes in liver hypoxia and effect on reductive metabolism of PR-104 

following modulation of respiratory gases. (A) Concentrations of PR-104A and PR-104M in 

liver, by HPLC, 30 min after i.v. administration of PR-104 (326 mg/kg) (B) 

Immunohistochemical staining (conducted by M.R. Abbattista) of pimonidazole adducts in 

liver from the same groups as A after holding mice in 98% O2/2% CO2 (top right), air (lower 

left) or 10% O2 (lower right) for 30 min after dosing with pimonidazole. The top left image 

shows autofluorescence in a sample from an air-breathing mouse stained without primary 

antibody. Each image is from the mouse showing the median staining intensity of the group. 
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3.3.9 Effects of naproxen and ABT on reductive activation of PR-104 

in mice 

Naproxen appeared to be the most promising AKR1C3 inhibitor in the initial screening 

for potential inhibitors of aerobic PR-104A oxidoreductases (by C.P. Guise). The 

plasma pharmacokinetics of naproxen in mice appears not to have been reported, but in 

a pilot study it was found that a single i.p. dose of 400 mg/kg provided plasma 

concentrations ≥ 2.5 mM between 15 and 120 min after dosing (Figure 3.11), which is 

~1000 fold than IC50 of rAKR1C3 in vitro (Gobec et al., 2005; Byrns et al., 2008). 

Although protein binding is expected to be greater in mouse plasma than in cell cultures 

(Davies and Anderson, 1997), this suggested use of naproxen to probe PR-104A 

metabolism in mice. Inhibition of PR-104 reductive metabolism in normal tissues and 

H460 tumours in mice was tested by dosing with naproxen (i.p., 100 mg/kg) 30 min 

prior to PR-104 (i.v., 326 mg/kg). Plasma and tissue samples were collected 15 min 

later, naproxen was assayed by HPLC, and PR-104A and its reduced metabolites by 

LC-MS/MS (Figure 3.12A). Mean naproxen concentrations were 560 µM in plasma 

and 165-195 µM in tumour, liver and bone marrow. Naproxen had no effect on PR-

104A levels, but significantly lowered concentrations of PR-104H and PR-104M in 

tumour with a 66% inhibition of total reduced metabolites. Consistent with this, in 

separate animals naproxen significantly inhibited the activity of PR-104 against H460 

tumours as assessed using an ex vivo clonogenic cell survival assay (M.R. Abbattista, 

unpublished data). In contrast to the suppression of reductive activation in H460 

tumours, naproxen had no effect on normal tissue levels of PR-104H or PR-104M 

(Figure 3.12A). It was also tested whether ABT, a pan CYP inhibitor (Ortiz de 

Montellano and Mathews, 1981), inhibits reductive metabolism of PR-104A in mice. 

Administration of ABT (100 mg/kg, i.p.) 4 h before PR-104, conditions that have been 

demonstrated to provide effective CYP inhibition in mice (Balani et al., 2004), had no 

effect on levels of PR-104H or PR-104M in liver or plasma (Figure 3.12B). As a 

positive control, oxidative N-dealkylation of PR-104A to the semi-mustard metabolite 

PR-104S1 was reduced by >99.8% in liver and 99.0% in plasma, confirming CYP 

inhibition in this model. Thus reductive metabolism of PR-104A in mouse liver appears 

not to be due to CYPs. 
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Figure 3.11 Pharmacokinetics of naproxen in CD-1 nude mice following a single i.p. dose of 

naproxen (400 mg/kg, 4×dose used in in vivo inhibition study). Points are means and bars are 

range for 2 mice 
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Figure 3.12 Pharmacological inhibition of aerobic reduction of PR-104A in mice. (A) Effect of 

pretreatment of mice with naproxen (NAP; 100 mg/kg, i.p.) 30 min before PR-104 (326 mg/kg, 

i.v.) on levels of PR-104A and its reduced metabolites in H460 tumours, plasma, liver and bone 

marrow assayed 15 min after PR-104. Values are means ± SEM for 5 mice. ***, p<0.001 and 

**, p<0.01 vs. PR-104-only group by Student‟s t-test. (B) Effect of pretreatment of mice with 

1-aminobenzotriazole (ABT; 100 mg/kg, i.p.) 4 h before PR-104 (326 mg/kg, i.v.) on levels of 

PR-104A, reduced metabolites and the oxidative dealkylation product PR-104S1, in plasma and 

liver assayed 15 min after PR-104. Values are means ± SEM for 5 mice 

3.3.10 Metabolism of PR-104A in mouse and human liver S9 

The differing profiles of the cytotoxic reduced metabolites of PR-104A (with PR-104H 

predominant in mice and PR-104M in humans), and the particularly surprising lack of 

oxygen-dependent enzyme involvement in this reduction in mouse liver (Section 3.3.8) 

led me to evaluate NAD(P)H-supported metabolism of PR-104A in liver S9 

preparations from mice and humans (Table 3.4). No reaction products were observed in 
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boiled S9 controls. Under aerobic conditions, PR-104S1 was the dominant metabolite, 

with intermediate concentrations of PR-104H and low concentrations of PR-104M, in 

both species. When the reaction was performed in an anaerobic chamber, oxidative 

metabolism to PR-104S1 was strongly inhibited, consistent with a requirement for O2 

as a co-substrate for the mixed function oxidase reaction. In turn, these results suggest 

that the oxygen concentration in the anaerobic chamber reactions were well below the 

Km for O2 for CYPs (~ 5 µM; Jones and Mason, 1978). Under these anoxic conditions, 

the reductive pathway was markedly increased relative to 21% O2. Notably, in anoxic 

human liver S9 concentrations of PR-104H were 5-6-fold higher than PR-104M but in 

murine S9 PR-104M concentrations were higher than PR-104H, broadly consistent with 

the metabolite profiles seen in plasma. The cofactor dependence for the in vitro 

metabolism showed a strong preference for NADPH for both reductive (PR-104H, PR-

104M) and oxidative (PR-104S1) pathways, under both aerobic and anoxic conditions, 

consistent with a major role of NADPH: cytochrome P450 oxidoreductase in both. 

Table 3.3 In vitro hepatic S9 metabolism of PR-104A. Values are mean ± SEM for triplicate 

samples. 

Species Oxygen Cofactor 
PR-104H 

(pmol/mim/mg) 

PR-104M 

(pmol/min/mg) 

PR-104S1 

(pmol/min/mg) 

Mouse 

Oxic 

NADH 1.61 ± 0.06 ND
†
 2.28 ± 0.11 

NADPH 4.85 ± 0.35 0.415 ± 0.037 12.7 ± 0.2 

Both 4.10 ± 0.05 0.616 ± 0.016 15.4 ± 0.2 

Anoxic 

NADH 21.8 ± 0.8 26.1 ± 1.3 0.218 ± 0.006 

NADPH 110 ± 15 142 ± 24 0.207 ± 0.002 

Both 102 ± 5 154 ± 8 0.208 ± 0.008 

Human 

Oxic 

NADH 2.99 ± 0.05 0.086 ± 0.013 8.17 ± 0.70 

NADPH 6.16 ± 0.12 0.922 ± 0.107 35.2 ± 2.4 

Both 6.15 ± 0.14 1.07 ± 0.12 37.4 ± 0.1 

Anoxic 

NADH 53.9 ± 1.4 11.2 ± 0.8 0.257 ± 0.009 

NADPH 284 ± 22 52.1 ± 0.9 0.257 ± 0.002 

Both 282 ± 27 54.8 ± 5.6 0.247 ± 0.004 

†
 Not detectable 
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3.4 DISCUSSION 

This study identifies the major biotransformations of PR-104 in humans and in the three 

non-clinical species (mice, rats and dogs) utilised during pre-clinical development of 

this bioreductive prodrug. It confirms the previously reported extensive and rapid 

hydrolysis of the phosphate “pre-prodrug” to PR-104A in rodents (Patel et al., 2007; 

Patterson et al., 2007) and recently in humans (Jameson et al., 2010), and extends this 

to dogs. The absence of other phosphorylated metabolites identifies this as the only 

significant biotransformation of PR-104 itself, which presumably reflects its exclusion 

from cells and therefore limited access to enzymes other than ectophosphatases. The 

reduced metabolites PR-104H (Patterson et al., 2007) and PR-104M have also been 

identified and demonstrated in plasma of mice (Figure 3.7A) and humans (see Figure 

4.5 in Chapter 4). 

None of these previously characterised metabolites (PR-104A, PR-104H, PR-104M) 

represent major end products in mouse urine or bile. These two routes of excretion each 

account for approximately half of the elimination of [
3
H]PR-104 in mice (Figure 3.1A), 

with the dominant end metabolites arising through oxidative N-dealkylation of the 

mustard moiety of PR-104A (M8, M12, M13), intramolecular alkylation (M17) and the 

subsequent formation of thiol conjugates of these metabolites (as well as of PR-104A 

itself). The three most prominent urinary metabolites were all cysteine conjugates (M3, 

M12 and M17; Figure 3.1C). 

The cysteine conjugate M3 was also a major urinary metabolite in humans, but the O-

glucuronide (PR-104G) was more prominent. Although not all the human metabolites 

could be quantified with reference to authentic standards, assuming that extinction 

coefficients were similar to the quantified metabolites (PR-104A and PR-104G) the 

total cumulative urinary excretion is 25.4  2.5 % (Figure 3.2C). This is suggestive of 

substantial biliary excretion in humans, which would be consistent with the obvious 

prominence of the glucuronidation pathway. 

The plasma metabolite profiles were broadly consistent with those in urine. Combining 

the information from both, marked species differences in PR-104A biotransformation 

can be discerned. The oxidative N-dealkylation of the nitrogen mustard of PR-104A is 

conspicuously lacking in dogs, but the resulting semi-mustard metabolites are 
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prominent in rodents. This route appears to be minor in humans given that it is 

represented only by low concentrations of PR-104S1, although this difference could 

also reflect higher clearance of the N-dealkylation products in humans. Of the two 

semi-mustard metabolites, PR-104S1 is much more prominent than PR-104S2 in all 

three species where N-dealkylation is observed. Again, this could reflect either faster N-

dealkylation of the bromoethyl than ethylmesylate arm of the mustard or faster 

clearance of the PR-104S2 metabolite. An in vitro metabolism study of PR-104A 

analogues showed that kinetics of dealkylation of the diethylamino group (N(Et-X)(Et-

Y)) decreased the order X=Y=H > X=Y=Br > X= Br or Cl, Y = OMs (Helsby et al., 

2008) which suggests that the mesylate leaving group suppresses dealkylation. In the 

latter study neither of the semi-mustard metabolites of PR-104A were detected, but it 

suggests that the bromoethyl moiety may be selectively dealkylated. The enzymology 

and mechanism of this dealkylation is undetermined. In addition to the classical CYP-

mediated α-hydroxylation of tertiary amines, oxidation to the N-oxide of aromatic 

nitrogen mustards can lead to dealkylation (Tercel et al., 1995). While the semi-

mustard products of dealkyation are not themselves able to crosslink DNA and thus 

have low cytotoxic potency (Chapter 2 and Gu et al., 2009), the other dealkylation 

products are reactive aldehydes. Thus dealkylation of oxazaphophorine mustards forms 

chloroacetaldehyde which has been reported to crosslink DNA (Spengler and Singer, 

1988), induce DNA breaks and inhibit DNA synthesis (Bruggemann et al., 2006). 

Chloroacetaldehyde is a potent cytotoxin in vitro (Bruggemann et al., 1997), 

demonstrates antitumor activity in vivo (Borner et al., 2000), is neurotoxic (Goren et 

al., 1986; Lewis and Meanwell, 1990), nephrotoxic (Skinner et al., 1993) and is 

considered to contribute to the clinical toxicity of oxazaphosphorine mustards (Zhang et 

al., 2005a). The relative absence of dealkylated metabolites of PR-104 in humans 

suggests that formation of analogous reactive aldehydes is unlikely, and that the 

toxicity profile of PR-104 may therefore differ from the oxazaphosphorine TH-302 

which is also a hypoxia-activated nitrogen mustard prodrug (Duan et al., 2008). 

In addition to enzymatic N-dealkylation, a set of metabolites (M14-M18) arise via 

intramolecular alkylation of the carboxamide nitrogen. The presumed initial metabolite 

in this series (M14) is a semi-mustard, and the subsequent dealkylation (M15) and thiol 

conjugation products (M16-M18) lack alkylating potential and are thus not expected to 

be of toxicological significance. Similarly, hydrolysis of the mustard leaving groups 
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results in monoalkylating (M19) or non-alkylating (M21) metabolites that are not 

expected to contribute significant toxicity. 

Thiol conjugates were prominent in all species including humans, especially a 

conjugate of PR-104A in which cysteine has displaced the bromine. The cysteinyl and 

N-acetylcysteinyl adducts presumably arise from the processing of glutathionyl adducts 

(which were observed as M2 and M6 in rodents) via the mercapturic acid pathway. This 

was also a major pathway for detoxification of the semi-mustards and intermolecular 

cyclisation products in rodents as demonstrated by excretion studies. It is well-known 

that glutathione conjugation, catalysed by glutathione S-transferases, contributes to the 

detoxification of nitrogen mustards (Arrick and Nathan, 1984). Innate or acquired 

overexpression of this enzyme family is often observed in tumor cell lines, which in 

turn causes drug resistance (Colvin et al., 1993; Dirven et al., 1996). The abundant 

metabolites resulting from GSH conjugation in all species suggest that PR-104 will not 

be immune from this resistance mechanism, although local release of the active 

metabolites in tumors has the potentially to overwhelm local detoxification pathways. 

The O-β-glucuronide of PR-104A (PR-104G, M1) was found to be the major urinary 

metabolite in humans (10% of total dose) but this route was responsible for < 1% of 

urinary excretion in mice. This species difference was also seen in plasma, with PR-

104G the dominant metabolite in humans and dogs, and much lower levels in rodents 

(Table 3.1). A similar species difference in PR-104A glucuronidation was seen using 

liver microsomes in a preliminary in vitro study (Helsby et al., 2008). In addition, 

glucuronides of a semi-mustard (M9) and cysteine conjugate (M4) were found in 

human urine, emphasizing the importance of the glucuronidation pathway. The 

extensive glucuronidation of PR-104A in humans raises the possibility that this may be 

a significant determinant of clearance of PR-104A. In addition, biliary excretion of PR-

104G could result in regeneration of PR-104A by gut microflora and gastrointestinal 

toxicity analogous to that reported for the irinotecan metabolite SN-38 (Takasuna et al., 

1996). Although gastrointestinal toxicity has not been reported to date, further 

evaluation of PR-104A glucuronidation in humans is clearly warranted and is the 

subject of Chapter 5 in this thesis. 

The biodistribution of the nitroreduction products of PR-104A in mice has been 

evaluated, with amine PR-104M (M23) at higher concentrations than hydroxylamine 
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PR-104H (M22) in plasma and all normal tissues (Figure3.9). This pattern was 

confirmed in mouse plasma pharmacokinetics, with a 3-fold higher AUC of PR-104M 

than PR-104H (Table 3.2). The same pattern was seen in rats, but the converse (PR-

104H > PR-104M) in human plasma (Table 3.1); this difference is confirmed by 

quantitative analysis of PR-104H and PR-104M in human plasma in Chapter 4. In vitro 

metabolism of PR-104A also showed higher concentrations of PR-104H than PR-104M 

in human liver S9, but in anoxic mouse S9 concentrations of PR-104M were slightly 

higher than PR-104H (Table 3.3). Although this is broadly in agreement with the 

metabolite profile in plasma, the mouse S9 preparations did not support the extensive 

conversion of PR-104H to PR-104M inferred from the plasma metabolite profile and 

confirmed in mouse liver itself (Figure 3.7B). The total circulating reduced metabolites, 

normalised for PR-104A, is about 4 times higher in mice than humans (see Chapter 4). 

This could reflect a greater capacity for reductive activation of PR-104A in murine than 

human normal tissues, although the similarity of the total reductive metabolism of PR-

104A in murine and human liver S9 suggests the difference in vivo is more likely to 

reflect faster clearance of PR-104M in humans. The reduced metabolites were detected 

at very low concentrations in dog plasma (PR-104H > PR-104M, Cmax ~ 0.14 and 0.1 

µM respectively), although these samples were stored for longer periods than human 

and rodent samples before analysis so the possibility of loss during storage cannot be 

excluded. 

Because of the potential role of the nitroreduction pathway in toxicology, it received 

extensive evaluation using the mouse model. The biodistribution study (Figure 3.9) 

demonstrated relatively uniform tissue distribution of PR-104A 15 min after i.v. dosing 

(Figure 3.9A), except for brain where levels were very low suggesting exclusion by the 

blood-brain barrier. PR-104H and PR-104M appear to be similarly excluded. Tumour 

concentrations of PR-104A were also modestly below plasma (Figure 3.9A and Figure 

3.12A), presumably reflecting sparse vascularisation. There were marked tissue 

differences in concentrations of reduced metabolites, although it is not clear whether 

these reflect differences in formation, subsequent metabolism or partitioning/uptake 

from plasma. Regardless, the PK profiles (Figure 3.7) strongly suggest that liver is a 

major source of reduced metabolites in plasma. Thus concentrations of PR-104M reach 

a maximum at ~ 5 min in liver, well before than in plasma (Figure 3.7A and B), and a 

constant ratio of PR-104M/PR-104A is established earlier in liver than plasma. 
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The concentrations of PR-104H and PR-104M in SiHa tumours also reach their 

maxima later than in liver (Figure 3.7C), but this is also seen for PR-104A so likely 

reflects slow distribution of PR-104A into this poorly-perfused compartment rather 

than redistribution from liver. The different metabolite ratios for SiHa tumours (PR-

104H>M) than for the mouse normal tissues (PR-104M>H) also suggest that the PR-

104H in these tumours is primarily generated within the tumours themselves, although 

oxidation of PR-104M to PR-104H in tumours remains a theoretical possibility. These 

observations suggest that PR-104A is acting at least in part as a locally-activated 

prodrug within tumours, rather than only via hepatic activation which is considered the 

major route of activation of cyclophosphamide and related oxazaphosphorine nitrogen 

mustards (Zhang et al., 2005a). Again, systemic administration of the active PR-104H 

and PR-104M metabolites would help clarify to what extent the circulating reduced 

metabolites might contribute to cytotoxicity and whether they might themselves be 

differentially metabolised in tumours and normal tissues. 

Residual radioactivity in tissues 48 h after dosing with [
3
H]PR-104 showed a 

significant correlation with concentrations of total reduced metabolites 15 min after 

dosing, suggesting that the residual radioactivity may be partially due to covalent 

binding of the activated alkylating metabolites. However, in cell culture studies 

covalent binding of [
3
H]PR-104A by anoxic SiHa cells was inefficient (23 pmol/10

6
 

cells/hr at 10 µM PR-104A; A. Theil and W.R. Wilson, unpublished data) despite 

extensive reduction to PR-104H and PR-104M (~140 pmol/10
6
 cells at steady state) 

under these conditions (Singleton et al., 2009). Together with the observation that there 

is a much greater difference between tissues in PR-104H/M levels than in residual 

radioactivity, these observations suggest that much of the retained label is due to other 

metabolites. 

Both the initial reduced metabolite levels and residual radioactivity suggest greater 

reductive metabolism of PR-104A in SiHa tumours than mouse normal tissues (Figure 

3.9), although this was not the case for H460 tumours where concentrations of reduced 

metabolites are lower than in liver and bone marrow (Figure 3.12A). Notably, there is a 

suggestive link between high levels of PR-104H/M and toxicity; preclinical studies in 

mice demonstrate bone marrow, gastrointestinal and possibly liver toxicity, which are 

all tissues with relatively high concentrations of reduced metabolites. 
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The tissues with highest PR-104H&M/PR-104A ratios (tumour, liver, kidney, small 

intestine, bone marrow; Figure 3.9B) are likely to be those with the highest net PR-

104A reductase activity, but the extent to which this reflects differences in 

expression/activity of reductases or hypoxia is not clear. A role for hypoxia is possible 

given that there is evidence for physiological hypoxia in all these tissues (Arteel et al., 

1995; Koch et al., 1997; Parmar et al., 2007). Therefore oxygen concentrations in liver, 

during PR-104 exposure, were acutely modulated using two different models (hepatic 

artery ligation and intraportal administration conducted by J. Li, or modified respiratory 

gases with systemic administration). In both cases, induction of more severe hypoxia as 

demonstrated by pimonidazole binding had no effect on the metabolism of PR-104A to 

PR-104M. This finding is in marked contrast to the strong enhancement by anoxia of 

NADPH-dependent PR-104A reduction in mouse liver S9 preparations (Table 3.3), 

determined using mice of the same strain and colony. In the in vitro metabolism study, 

anoxia increased PR-104H formation by 22-fold and PR-104M formation by 340-fold 

relative to 21% O2. It is known from whole cell metabolism studies with SiHa cells that 

extreme hypoxia is required for efficient activation of PR-104A, with 50% inhibition of 

cytotoxic potency at only 0.13 µM O2 (0.1 mmHg) (Hicks et al., 2007). Thus the most 

likely reason for the lack of increased PR-104A reductive metabolism when liver 

hypoxia is enhanced is that the pO2 values are not low enough to activate the one-

electron reduction of PR-104A. As a corollary, it can be  inferred that the major PR-

104A reductase(s) in mouse liver, under physiological oxygen, are oxygen-insensitive 

two-electron reductases. However, the discrepancy between the inefficient productions 

of reduced metabolites (i.e. PR-104M) under oxic condition in in vitro S9 system and 

relatively high concentrations of PR-104M in mouse liver suggests the key enzyme 

responsible for O2-independent activation might reside in organelles other than cytosol 

or microsomes (e.g. mitochondria). 

The identity of the PR-104A reductase(s) in mice has proved elusive, as it has for other 

nitro compounds. CYP enzymes are unlikely to be involved given that marked 

inhibition of oxidative metabolism of PR-104A in liver by the pan-CYP inhibitor ABT 

had no effect on PR-104A reduction (Figure 3.12B). The possible role of aldo-keto 

reductases was evaluated by S.D. Holford via expression of candidate murine AKR1C3 

orthologs in HCT116 cells (Holford, 2008). However, the attempt was unsuccessful due 

to low levels of expression in some of the murine AKRs, and lack of confirmation of 
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functional expression. Given that there are greater sequence differences between human 

and murine AKRs than within the gene family in either species, and that these enzymes 

have overlapping specificies, orthologous relationships are difficult to define. Recent 

studies also pointed out lack of functional and expression homology between human 

and mouse aldo-keto reductase 1C enzymes (Velica et al., 2009), which supports the 

view that AKRs might not be responsible for aerobic reduction of PR-104 in mice. 

Another useful outcome of this study was the demonstration that naproxen is an 

effective inhibitor of PR-104A reduction by AKR1C3 in xenograft models (Figure 

3.12A). This provides further evidence for the importance of AKR1C3 in the 

monotherapy activity of PR-104 in xenografts (Guise et al., 2010). It further suggests 

the potential use of naproxen to moderate the toxicity of PR-104 in humans if this 

proves to be due to AKR1C3, although this would only be appropriate in patients with 

low AKR1C3 expression in tumours and for which the hypoxic activation of PR-104A 

is the intended therapeutic strategy. The demonstration that the PR-104A reductases in 

murine liver and bone marrow lack the naproxen sensitivity of AKR1C3 (Figure 3.12A) 

makes it likely that the murine and human PR-104A reductases are distinctly different, 

and calls into question the utility of mice as a model for this aspect of the human 

toxicology of PR-104. 

In conclusion, PR-104 is uniformly hydrolysed to PR-104A as the obligatory first 

metabolic step in all four species studies. However, the subsequent metabolism of PR-

104A shows marked species differences; although GSH conjugation is prominent in all 

species, glucuronidation is essentially restricted to humans and dogs while N-

dealkylation of the mustard moiety is more prominent in rodents. The results suggest 

that rodents may be less suitable than dogs as models for the human toxicology of PR-

104 in terms of similarity in metabolic pathways and mechanism of aerobic activation. 

Nonetheless, the exposure of reduced metabolites in mice exceeds that in humans, 

which, at least from a regulatory perspective, justifies the mouse as a valid toxicology 

species for safety assessment of toxicity resulted from reduced metabolites.
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CCHHAAPPTTEERR  44  PPllaassmmaa  pphhaarrmmaaccookkiinneettiiccss  ooff   PPRR--110044  

aanndd  iittss  mmaajjoorr  mmeettaabboolliitteess  iinn  hhuummaannss  

This chapter is adapted from: 

Gu Y and Wilson WR. “Rapid and sensitive ultra-high-pressure liquid 

chromatography-tandem mass spectrometry analysis of the novel anticancer agent PR-

104 and its major metabolites in human plasma: Application to a pharmacokinetic 

study” J Chromatogr B Analyt Technol Biomed Life Sci 877:3181-6 (2009). 

Gu Y, Atwell GJ and Wilson WR. “Metabolism and excretion of PR-104, a novel 

anticancer prodrug, in mice, rats, dogs and humans” Drug Metab Dispos 38: 498-508 

(2010). 

4.1 INTRODUCTION 

Profiling of PR-104 metabolites in Chapter 3 suggests that there are major differences 

between species, with glucuronidation more prominent in dogs and humans and 

oxidative dealkylation of the nitrogen mustard more prominent in rodents. Although 

this study identified the major metabolic pathways, it was only semi-quantitative. This 

chapter reports development of a validated quantitative assay for the major metabolites 

of PR-104A in human plasma, and applies it to a description of the plasma 

pharmacokinetics of PR-104 and its biotransformation products in phase I clinical 

studies. 

Validated analytical methods for quantifying PR-104 and PR-104A in plasma and 

tissue extracts by LC-MS and LC-MS/MS have been reported previously (Patel et al., 

2007), and have been used to evaluate the pharmacokinetics of PR-104 in preclinical 

and clinical studies (Patterson et al., 2007; Jameson et al., 2010). The LC-MS method 

was used in full scan mode to identify (but not quantify) metabolites of PR-104A in 

mice, including the O-glucuronide PR-104G and the semi-mustard PR-104S1 (resulting 

from oxidative debromoalkylation of the nitrogen mustard moiety) although these two 

metabolites were not chromatographically resolved. This LC-MS method also detected 

the active metabolites PR-104H and PR-104M in extracts from SiHa tumour 
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xenografts, but not in mouse plasma. Subsequently it has been shown that PR-104A is 

reduced to PR-104H not only by one-electron reductases such as NADPH:cytochrome 

P450 oxidoreductase under hypoxia (Guise et al., 2007; Gu et al., 2009), but also by 

aldo-keto reductase 1C3 (AKR1C3) in the presence of oxygen (Guise et al., 2010). 

AKR1C3 is highly expressed in some tumours, and appears to contribute to the 

antitumour activity of PR-104A (Guise et al., 2010), but its expression in normal 

tissues increases the importance of monitoring PR-104H in humans. The original LC-

MS/MS method (Patel et al., 2007) for PR-104 and PR-104A used a high pH mobile 

phase which is unsuitable for the unstable and reactive (Helsby et al., 2003; Patterson et 

al., 2007) reduced metabolites. Low pH LC-MS/MS methods have been used recently 

to quantify PR-104H and PR-104M in in vitro metabolism studies (Singleton et al., 

2009) and Chapter 2 of this thesis as also reported in Gu et al., 2009), but have not yet 

been validated for assay of plasma. 

4.1.1 Phase I clinical trial protocols 

Phase I and II clinical trials of PR104 have been or are currently being conducted, in 

which PR-104 is administrated intravenously as 1 h infusion. Phase I dose-escalation 

studies have explored administration of PR104 as a single agent (studies PR104-1001, -

1002 and -1004) and in combination with docetaxel ± G-CSF (granulocyte colony-

stimulating factor) or gemcitabine (PR104-1003) (see Table 4.1 for details). The result 

from the PR104-1001 study has been reported (Jameson et al., 2010), with only PR-104 

and PR-104A evaluated using the high pH LC-MS/MS method described previously 

(Patel et al., 2007). The MTD of PR-104 as a single-dose infusion every 3 weeks was 

established as 1,100 mg/m
2
 with dose-limiting toxicity (DLT) of neutropenia. The 

plasma PK of PR-104 demonstrated rapid conversion to PR-104A, with approximately 

dose-linear PK of both species. 

4.1.2 Aims and approach 

The main objectives of this Chapter are: 1) to develop / validate a sensitive and rapid 

ultra high pressure liquid chromatography (UHPLC) method for quantitation of PR-104 

and all of its key metabolites (PR-104A, PR-104H, PR-104M, PR-104G and PR-

104S1) in human plasma (Figure 4.1) in a single analytical run; 2) to apply this method 

to human plasma samples from phase I clinical trials (PR-104-1001, -1002, -1003 and -
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1004) in order to assess the plasma pharmacokinetics of PR-104 and its major 

metabolites in humans. 

Table 4.1 Overview of Phase I clinical trial 

Study 

protocol 
Design Population Dose strategy 

Dose range 

(mg/m
2
) 

PR104-1001  

US, NZ, AU 

Phase I, multi-centre, 

open-label, dose 

escalation 

Advanced or 

nonresponsive 

solid tumours  

Single dose, 

every 3 wk 
135-1400 

PR104-1002 

NZ 

Phase I, multi-centre, 

open-label, dose 

escalation 

Advanced solid 

tumours 

Single dose, 

Weekly 
135-900 

PR104-1003
†
 

US, NZ 

Phase I, 4 arms, multi-

centre, open-label, dose 

escalation 

Advanced solid 

tumours 

PR-104+gemcitabine  

every 3 wk 
140 and 275 

PR-104+docetaxel 

±G-CSF
‡
, every 3 wk 

200-1100 

PR104-1004  

US,NZ 

Phase I, multi-centre, 

open-label, dose 

escalation 

Advanced solid 

tumours 

PR-104+G-CSF
‡
, 

every 3 wk 
1400 only 

†
 PR-104 was administered prior to either docetaxel or gemcitabine. Docetaxel was give at 60 

or 75 mg/m
2
 and gemcitabine was given at 800 mg/m

2
 

‡
 G-CSF investigated as a strategy to decrease the incidence of neutropenia (DLT of PR-104), 

and allow dose escalation of PR-104 

 

Figure 4.1 Structures of PR-104 and metabolites in human plasma for determination by 

UHPLC-MS/MS. 
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4.2 MATERIALS AND METHODS 

4.2.1 Chemicals and materials 

PR-104, PR-104A (Denny et al., 2005), PR-104H (Patterson et al., 2007), PR-104M, 

PR-104S (Gu et al., 2009) and the tetra-deuterated stable isotope internal standards of 

PR-104 (PR-104-d4) and PR-104A (PR-104A-d4) (Atwell and Denny, 2007) were 

synthesised by Graham Atwell as previously described. Stable isotope standards of PR-

104H (PR-104H-d4), and PR-104M (PR-104M-d4) were prepared using the same 

methods as the d0 compounds. PR-104G was synthesised (by Graham Atwell) from 

PR-104A by reaction with methyl 2,3,4-tri-O-acetyl-1-bromo-1-deoxy-α-D-glucuronate 

in the presence of silver triflate and 4A molecular sieves, deblocking under basic 

conditions (LiOH/H2O/MeOH/THF) and treating with Amberlite IR-120(H
+
). All 

compounds had a purity of at least 95% by HPLC, and PR-104H and M (including d4 

internal standards) were stored in acetonitrile as stock solutions at -80ºC. Methanol 

(LC-MS grade), acetonitrile (HPLC grade), formic acid, were obtained from Merck 

(Darmstadt, Germany). Water was purified using a Milli-Q Water Purification System 

(Millipore, Bedford, MA, USA). Other chemicals were all of analytical grade. Drug-

free (blank) pooled human plasma from healthy donors originated from the Regional 

Blood Transfusion Centre, Auckland Healthcare, NZ.  

4.2.2 Liquid chromatography and mass spectrometric conditions 

The LC-MS/MS system was an Agilent 1200 Rapid Resolution HPLC and Agilent 

6410 triple quadrupole mass spectrometer equipped with a multimode ionisation source 

(Agilent Technologies, USA). Chromatographic separation was achieved on a Zorbax 

Eclipse XDB-C18 Rapid Resolution HT (50 ×2.1mm, 1.8µ, RRLC) column with a 0.2 

µm in-line filter and was maintained at 35ºC. The mobile phase consisted of acetonitrile 

(A) and 0.01% formic acid with fast gradient elution at a flow rate of 0.5 ml/min and 

run time of 6 min. The following gradient was applied: 0 min, 20% A; 3 min, 40% A; 

4.5 min, 80% A; 4.9 min, 80% A; and 5 min, 20% A. The column was equilibrated for 

1 min between injections. The eluent flow was led into the mass spectrometer starting 

0.6 min after injection by switching the MS inlet valve. The sample volume injected 

was 25 µl and the autosampler was set at 4°C. The mass spectrometer was run in 

positive ion ESI-APCI combined mode using multiple reaction monitoring (MRM) to 
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monitor the mass transitions. Compound dependent parameters are reported in Table 

4.2. The mass resolutions were set at 0.7 u FWHM (unit mass-resolution) for both 

quadrupoles. Other parameters of the mass spectrometer were: gas flow 5.5 L/min; gas 

temperature, 350°C; vaporizer temperature 225°C; nebuliser, 55 psi; capillary 3000 V, 

corona current positive 3µA, charging voltage 1500V. Data were acquired and analysed 

with Agilent MassHunter software. 

Table 4.2 Compound-dependent mass spectrometry parameters 

Compound
 Fragmentation 

voltage (V) 

Precursor 

ion m/z 

Collision energy 

(V) 

Product 

ion m/z 

PR-104H 120 487 15 391 

PR-104H-d4 120 491 15 395 

PR-104M 120 469 15 373 

PR-104M-d4 120 475 15 379 

PR-104 120 579 7 481 

PR-104-d4 120 585 7 487 

PR-104A 100 499 10 403 

PR-104A-d4 100 505 10 409 

PR-104-G 120 675 10 499 

PR-104S1 120 393 7 297 

4.2.3 Stock solutions, calibration curves and quality control samples 

Stock solutions were prepared in acetonitrile at the following concentrations: PR-104H 

(1 mM), PR-104M (1 mM), PR-104A (10 mM), PR-104G (10 mM), PR-104 (10 mM) 

and PR-104S1 (0.2mM),  PR-104H-d4 (30µM), PR-104M-d4 (30µM), PR-104A-d4 

(100µM) and PR-104A-d4 (100µM). All stock solutions were stored at -80ºC. A mixed 

(combined) working solution was prepared each time by appropriate dilution of stock 

solutions in acetonitrile to achieve the following concentrations: PR-104H (0.1 mM), 

PR-104M (0.05 mM), PR-104A (1 mM), PR-104G (1 mM), PR-104 (1 mM) and PR-

104S1 (0.02mM). The calibration curves of PR-104 and its metabolites were prepared 

at the concentration levels of 0.5, 1.5, 5, 15, 50 µM for PR-104, PR-104A and PR-

104G; 0.05, 0.15, 0.5, 1.5, 5 µM for PR-104H; 0.025, 0.075, 0.25, 0.75, 2.5 for PR-

104M; 0.01, 0.03, 0.1, 0.3, 1 3, 1 µM for PR-104S by spiking appropriate amount of the 

working solution in blank human plasma followed by serial dilution with blank plasma. 
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Quality control (QC) samples were prepared in blank human plasma so that each 

contained 1 µM PR-104H, 0.5 µM PR-104M, 10 µM PR-104, PR-104A and PR-104G, 

and 0.2 µM PR-104S, and a second set of QC samples were prepared by 10-fold 

dilution in plasma. All samples were stored at -80 ºC. 

4.2.4 Sample preparation 

Plasma samples (100 µl) were precipitated immediately on ice with 900 µl cold solvent 

comprising methanol: ammonium acetate: acetic acid (1000: 3.5: 0.2, v/w/v) at the 

clinical sites, and were shipped to Microconstants Inc (San Diego, CA) on dry ice for 

storage at -80 ºC. Consolidated batches were then shipped to the ACSRC on dry ice and 

again stored at -80 ºC until analysis. Total storage times before analysis ranged from 3-

29 months. Samples were then vortex mixed for 30 s, cooled on ice and centrifuged at 

13,000 g (5 min, 4 ºC). A 25 µl aliquot of each precipitated supernatant was then 

diluted in 25 µl of water containing each of the PR-104-d4 (0.5 µM), PR-104A-d4 (0.5 

µM), PR-104H-d4 (0.15 µM) and PR-104M-d4 (0.075 µM) internal standards for 

analysis. 

4.2.5 Method validation 

Assay selectivity was test by analysing six individual drug-free (pre-dose) human 

plasma samples from a PR-104 Phase I clinical trial to investigate potential 

interferences of endogenous compounds co-eluting with analytes and internal 

standards. The chromatogram of blank plasma samples were compared with those of 

plasma samples spiked with analytes at LLOQ and internal standards and plasma 

sample after intravenous infusion of PR-104. Chromatographic peaks of analytes and 

internal standards were identified on the basis of their retention times and MRM 

responses. Linearity of calibration curves based on peak area ratios (target/internal 

standard) were assessed by weighted (1/x) least squares regression analysis using tetra-

deuterated internal standards of PR-104, PR-104A, PR-104H and PR-104M. PR-104-d4 

was used as internal standard for PR-104G due to its partial co-elution. External 

standards were used for quantification of PR-104S1. Intra- and inter-day precision 

(expressed as relative standard deviation (RSD) and accuracy (expressed as percentage 

of the nominal value) were determined by analysis of replicates (n=6) of low and high 

QC samples on three different days. The lower limit of quantitation (LLOQ) was 

defined as the lowest concentration providing RSD and accuracy < 20%. Recovery 
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from plasma was tested at the two QC levels. The recoveries were evaluated by 

comparing extracted plasma samples with blank plasma extracted solution spiked with 

analytes. 

The matrix effect was defined as the change in response due to the presence of other 

substances in the samples. It was evaluated by comparing the analytes diluted into the 

blank plasma extracted solution with that of the same stock solutions diluted in water. 

Two different concentration levels (low and high QC) were evaluated by analysing 

three samples at each level. 

Although the stable isotope internal standards are expected to compensate, the 

instability of the reactive nitrogen mustards PR-104H and PR-104M could lead to 

significant loss of signal intensity. Therefore stability experiments were performed for 

those two analytes to evaluate post-preparative plasma extracts in the autosampler at 

4ºC. 20 µM of PR-104H and PR-104M were spiked into blank plasma extracted 

solution (without internal standards) and aliquoted. Samples were analysed using 

photodiode array detection at 254 nm with same HPLC conditions as described in 

Section 3.2.7. Both methanol and the acidified methanol solvent (above) were 

investigated. In addition, the stability of all analytes in human plasma was evaluated 

using QC samples under following conditions: short-term stability in protein 

precipitated plasma on ice for 1h, long-term stability in protein precipitated plasma 

stored at -80ºC for 30 days, and post-preparative stability in the autosampler up to 8 h 

at 4ºC. 

4.2.6 Application for pharmacokinetic study 

Samples from the clinical trial were analysed by LC-MS/MS with 4-5 patients‟ (11 

samples per patient) samples in a run, and low and high QCs were put in-between every 

two patients, which makes total run time of <7 hrs. Concentrations of PR-104 and PR-

104A were determined in stored plasma samples from PR-104 phase I clinical trials (96 

patients) using the present method (“New method”), enabling method comparison with 

previous determinations for the same samples (results of 50 patients available) using 

the high pH LC-MS/MS method of Patel et al., 2007 (“Old method) at Microconstants 

Inc, San Diego. Agreement between the two methods was evaluated by Bland-Altman 

analysis (Bland and Altman, 1986) using Prism v5.02 software (GraphPad Software 
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Inc). To achieve homoscedasticity, the difference between methods was normalised by 

dividing by the mean for both methods. Multiple linear regression was used to evaluate 

the effect of differences in storage time using SigmaStat v3.5 (Systat Software Inc), 

using log-transformed concentrations to achieve equal variance. 
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4.3 RESULTS 

A new UHPLC-MS/MS method was developed to provide quantitation of the major 

identified human plasma metabolites. The method is based on a low pH mobile phase 

LC-MS/MS method previously shown suitable for quantifying PR-104A, PR-104H and 

PR-104M in cell culture (Section 2.2.9 in Chapter 2) and mouse plasma (Section 3.2.7 

in Chapter 3), but using an ultra high pressure LC to shorten analysis time and with 

additional quantitation of PR-104, PR-104G and PR-104S1. 

4.3.1 Selectivity 

Assay selectivity tested the ability of the method to distinguish and determine the 

analytes in the presence of other endogenous compounds in the sample. Representative 

chromatograms of blank plasma, spiked plasma at LLOQ and plasma after 

administration of PR-104 are shown in Figure 4.2. The retention times were 1.79, 3.01, 

2.03, 1.87, 2.07 and 1.59 min for PR-104, PR-104A, PR-104G, PR-104H, PR-104M 

and PR-104S1, respectively. As shown in the figures, there was no significant 

endogenous substance interfering with the analytes and internal standards (peaks >20% 

of the LLOQ responses). No interference was seen from the internal standards, which 

was checked using the zero levels in the calibration curves in each run. 

4.3.2 Linearity, accuracy and precision 

The calibration curves obtained by plotting peak area ratios (d0/d4), or peak area in the 

case of PR-104S1, against nominal (spiked) concentrations were linear for human 

plasma over the range 0.1-50 µM for PR-104, PR-104A and PR-104G and 0.05-5µM 

for PR-104H, 0.025-2.5 µM for PR-104M and 0.01-1 µM for PR-104S1; R
2
 values 

were all >0.99. Mean accuracy and precision values at each concentration within these 

ranges gave RSD values and accuracies within 14.0% (Table 4.3). Representative 

chromatograms for spiked plasma at the LLOQ are shown in Figure 4.2B. 

4.3.3 Recovery and matrix effect 

To determine recovery, concentrations of PR-104 and its metabolites in extracted 

plasma QC samples were compared to standards prepared in blank matrix extract. 

Recoveries, evaluated at two different concentrations in triplicate, ranged from 87.6% 

to 99.6% (Table 4.3). Matrix effects on analyte quantification with respect to 
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consistency in signal suppression were tested by comparing standards in blank plasma 

extracts with that in extraction solvent. Three replicates each of two concentration 

levels (low and high QC) were prepared. The results for extracted plasma ranged from 

87.4 to 112.6% of the values in the extraction solvent. Thus there was no significant 

matrix effect for the target analytes. 

 

Figure 4.2 Typical chromatograms of (A) blank plasma; (B) PR-104 and its metabolites spiked 

into human plasma at LLOQ (0.5 µM for PR-104, PR-104A and PR-104G; 0.05 µM for 

PR-104H; 0.025 µM for PR-104M and 0.01 µM for PR-104S1; and (C) plasma from a patient 

10 min after the end of a 60min intravenous infusion of PR-104 at 770mg/m
2
 

4.3.4 Stability of analytes 

No significant degradation of any of the analytes in extracted human plasma occurred 

during holding on ice for 1 h or during storage at -80
o
C for at least 30 days, or on 

reinjection of samples after 8 h in the refrigerated autosampler, as demonstrated by 

<15% bias from the added concentrations (Table 4.4). In the latter case the expected 

chemical instability of PR-104H and PR-104M (Helsby et al., 2003; Patterson et al., 

2007) is presumably compensated by the deuterated internal standards, but if too severe 

would lead to loss of sensitivity. Therefore, a separate study was undertaken to assess 
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how quickly these metabolites are degraded in the autosampler by monitoring their 

decay by UV detection in the absence of internal standards (Figure 4.3). The data 

indicated that acidification of the methanol solvent improved the stability of PR-104H, 

and that in acidified methanol both PR-104H and PR-104M decreased by 

approximately 25% in 8 h at 4ºC. This minor loss of signal intensity is readily 

compensated by the stable isotope internal standard making it feasible to run 

autosampler batches of at least 80 samples (8 h) with little loss of sensitivity. 
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Figure 4.3 Stability of PR-104H and PR-104M in autosampler at 4 ºC. Human plasma 

was precipitated with 9 vol methanol or acidified methanol (methanol:ammonium 

acetate:acetic acid, 1000:3.5:0.5, v/w/v), diluted 1:1 with water, spiked with PR-104H or PR-

104M to 20 µM and aliquoted to HPLC vials. Samples were assayed using UHPLC with 

photodiode array detection at 254 nm, with a single injection per vial. 
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Table 4.3 Stability of PR-104 and its metabolites in extracted human plasma 

 PR-104 PR-104A PR-104H PR-104M PR-104G PR-104S1 

Concentration 

 (µM) 
1 10 1 10 0.1 1 0.05 0.5 1 10 0.02 0.2 

Short-tem stability (1 h on wet ice) 

Measured 

(µM) 
0.92 9.75 0.95 9.74 0.095 1.08 0.053 0.48 0.89 9.66 0.019 0.20 

RSD (%) 6.25 9.49 8.07 8.76 9.86 6.85 11.3 8.81 2.40 8.31 5.07 5.14 

Bias (%) -7.55 -2.45 -4.97 -2.60 -5.12 7.53 6.78 -3.48 -11.1 -3.39 -4.38 -2.48 

Long-term stability (30 days at -80°C) 

Measured 

(µM) 
0.97 10.5 0.99 9.38 0.093 0.97 0.044 0.49 0.92 10.5 0.018 0.19 

RSD (%) 5.42 6.06 6.69 9.10 12.21 9.36 11.5 5.92 4.16 5.54 10.6 5.03 

Bias (%) -3.24 4.64 -1.36 -6.21 -7.25 -2.97 -11.8 -1.68 -8.11 5.01 -9.29 -6.07 

Post-preparative stability (8 h in autosampler at 4°C) 

Measured 

(µM) 
0.94 10.2 0.99 9.51 0.091 1.03 0.052 0.49 0.93 10.48 0.019 0.19 

RSD (%) 3.91 1.32 7.54 9.78 8.88 7.58 11.9 6.83 3.99 6.39 6.23 5.70 

Bias (%) -5.55 1.85 -1.38 -4.94 -8.67 3.29 4.85 -1.82 -7.32 4.83 -6.47 -6.52 

4.3.5 Comparison of the method with previous LC-MS/MS assay for 

PR-104 and PR-104A 

The human plasma pharmacokinetics of PR-104 and PR-104A has been evaluated in a 

phase I clinical trial (Patterson et al., 2007), and in additional unpublished phase I 

studies, using the previous LC-MS/MS method (Patel et al., 2007), at Microconstants 

Inc, San Diego (“Old method”). I determined PR-104 and PR-104A concentrations in 

the same plasma samples using the present UHPLC-MS/MS method (“New method”). 

Using Bland-Altman analysis, the two methods showed excellent agreement, with a 

mean bias of only +1.6% for PR-104 and -3.3% for PR-104A (Figure 4.4). The 95% 

limits of agreement were – 44% and +48% for PR-104, and -39% and +33% for PR-

104A.The storage times for the new assay were 3-29 months longer than for the old 

assay, which exceeds the validated storage time of 95 days (Patel et al., 2007). 

However, multiple linear regression of the concentrations for the two methods, using 

storage time as a covariate, demonstrated there was no significant trend with storage 

time for either analyte (p = 0.807 for PR-104, p = 0.281 for PR-104A). 
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Figure 4.4 Comparison of the current UHPLC-MS/MS method (“New method”) with the 

previous LC-MS/MS method of (Patel et al., 2007) (“Old method”) for 184 measurements of 

PR-104 (A) and 450 measurements for PR-104A (B) from 50 patients in phase I trials. Solid 

lines are the mean bias, and dashed lines represent the 95% limits of agreement as determined 

using Bland-Altman analysis. 

4.3.6 Phase I clinical trial 

The PR104-1001 study has been completed and the MTD of PR-104 established as 

1,100 mg/m
2
 when administered as an IV infusion every 3 weeks (Jameson et al., 

2010). Despite substantial inter-patient variability, dose-linear pharmacokinetics was 

observed for both PR-104 and PR-104A (Jameson et al., 2010). The concentrations of 

PR-104 and metabolites (PR-104A, G, H, M, S1) in all available clinical samples 

(PR104-1001, -1002, -1003, and -1004) were measured using the present UHPLC-

MS/MS method. The concentration-time profiles for all 11 patients treated at a dose of 

1100mg/m
2
 is illustrated in Figure 4.5 and non-compartmental pharmacokinetic 

parameters at all dose levels are reported in Appendix III. Consistent with the major 

metabolic pathway identified in humans in Chapter 3, PR-104G is demonstrated here to 

be the major metabolite with even higher concentrations than PR-104A in the end of 

infusion (EOI) at a dose of 1,100 mg/m
2
 (Figure 4.5 and Table 4.4). Concentrations of 

PR-104H were much higher than PR-104M (~8 fold) and both reduced metabolites 

were eliminated following PR-104A with similar half lives (~ 40 min). The dose 

dependence of Cmax and AUC for PR-104 and each metabolite (PR-104A, PR-104G and 

PR-104H) in all phase I trials (1001 to 1004 studies) were combined (Figure 4.6) as no 

major difference between studies was observed. The dose-linear pharmacokinetics PR-

104 and PR-104A were confirmed with more patients (Figure 4.6A, B) similarly to 
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earlier results from the 1001 study (Jameson et al., 2010). PR-104G (Figure 4.6C) and 

PR-104H (Figure 4.6D) also showed statistically significant increases in Cmax and AUC 

with dose (p <0.001) but with lower correlation coefficients. The ratio PR-104H/PR-

104A decreased with dose, suggesting that reduction of PR-104A to PR-104H may 

saturate at high dose (Figure 4.7).  
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Figure 4.5 Plasma concentration-time profiles of PR-104 metabolites in humans dosed at 1100 

mg/m
2
, mean ± SEM for 11 subjects (combined 1001 and 1003 studies). 

Table 4.4 Pharmacokinetic parameters of PR-104 metabolites in human plasma after 60-min 

intravenous infusion at 1,100 mg/m
2
. Values are means with SEM in parentheses. 

 
AUC0-inf 

(µM h) 

Cmax 

(µM) 

Tmax 

(min from EOI) 

t1/2 

(min) 

PR-104 19.0 (1.6) 28.0 (2.7) -15 7.1 (1.0) 

PR-104A 34.9 (4.2) 23.9 (2.3) 0 39.7 (1.4) 

PR-104G 44.6 (16.2) 25.6 (6.8) 0 35.3 (2.1) 

PR-104H 1.75 (0.2) 0.94 (0.14) 0 41.5 (3.3) 

PR-104M 0.29 (0.04) 0.13 (0.02) 0 60.6 (5.5) 

PR-104S1 0.78 (0.17) 0.51 (0.13) 5 53.0 (4.5) 

 



Chapter 4   Plasma pharmacokinetics of PR-104 and its major metabolites in humans 

 

   - 139 - 

 

 

Figure 4.6 Dose dependence of PR-104 plasma pharmacokinetic parameters following a 1 h 

intravenous infusion. AUC and Cmax of (A) PR-104 (r=0.84 and 0.78), (B) PR-104A (r=0.87 

and 0.82), (C) PR-104G (r=0.61 and 0.68) and (D) PR-104H (r=0.44 and 0.17). Values are for 

individual patients, and lines are linear regressions through the origin. 
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Figure 4.7 Correlation analysis of dose and PR-104H/PR-104A in all Phase I trial samples (r = 

-0.64, p< 10
-10

)  
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4.4 DISCUSSION 

A fast, sensitive and selective UHPLC-MS/MS method for the detection of PR-104 and 

its metabolites in human plasma has been developed. This is the first reported method 

that quantifies all the major metabolites of PR-104, and represents the first use of ultra-

high pressure LC in this context. The method performs very well in terms of accuracy 

and within-laboratory reproducibility. It also provides results equivalent to the previous 

validated LC-MS/MS method for PR-104 and PR-104A (Patel et al., 2007), determined 

in a different laboratory (Microconstants Inc.). The results presented for patients in 

Phase I trials demonstrate that O-glucuronidation of PR-104A to PR-104G is a major 

metabolic route in humans, and that the reduced metabolites (especially PR-104H) are 

also present at relatively high concentrations. The reported method is suitable for 

monitoring PR-104H, PR-104M and PR-104G, in addition to PR-104 and PR-104A, 

routinely and for investigating relationships between these routes of biotransformation 

and the clearance and toxicity of PR-104A. 

Concentrations of all PR-104 metabolites in phase I trial samples were determined and 

non-compartmental parameters calculated. All metabolites showed similar terminal half 

lives to PR-104A, suggesting that they may be rate-limited by their formation from PR-

104A. This is consistent with very extensive metabolism of PR-104A (i.e. the rapid 

clearance of the metabolites may suppress their steady state concentrations, despite 

their rapid formation). Quantitative comparison of the pharmacokinetics of PR-104 and 

its metabolites in humans and mice dosed at similar body surface area scaled doses 

(1,100 and 975 mg/m
2
 respectively), showed longer terminal half lives for the 

metabolites in humans (~40 min) than mice (~20 min), with values similar to PR-104A 

itself in the respective species. A distinctly different PR-104A metabolite profile in 

these two species (as noted in Chapter 3) was also confirmed in this study; in humans 

PR-104H rather than PR-104M was the dominant reduced metabolite, PR-104G was 

much more prominent and the semi-mustard PR-104S1 was present at much lower 

levels. The plasma AUC of PR-104H in humans was ~ 5% of that for PR-104A while 

AUC of PR-104M was ~ 20% of that for PR-104A in mice, with lower concentrations 

of PR-104H. This may underlie different mechanisms of PR-104A activation between 

the two species. PR-104G showed equal or higher AUC than PR-104A in humans, 

justifying further study of this pathway (detailed in Chapter 5). 
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The reported dose-linear pharmacokinetics for PR-104 and PR-104A (Jameson et al., 

2010) were confirmed by these larger sample sets. The dose dependence of PR-104G 

was not clearly defined because of the large variation between individuals. PR-104H 

Cmax and AUC values were also highly variable, and the decreasing PR-104H/PR-

104A ratio with dose (Figure 4.7) suggests that PR-104A reduction may saturate at high 

dose. However the data do not exclude the possibility that PR-104H clearance may 

increase at high dose, which is theoretically possible if (for example) protein binding 

saturates. 

Readily available haematology results (supplied by Proacta Inc) for the PR104-1001 

study made it possible to test whether there is a correlation between myelotoxicity and 

PR-104 metabolite levels. However, a preliminary analysis (data not shown) did not 

suggest that AUCs of metabolites provide a significant better prediction of 

myelotoxicity than PR-104 dose (with the possible exception of platelet toxicity for 

which the correlation coefficient was ~0.6 for AUC of the total reduced metabolites vs 

~0.4 for PR-104 dose). This question can only be addressed in a phase II trial in which 

a larger patient population is exposed to the same PR-104 dose, although if the phase II 

dose is appropriately chosen than there may be insufficient toxicity to test such 

relationships. The relationship of reduced metabolites in plasma to normal tissue 

toxicity may therefore ultimately need to be addressed in preclinical species.
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CCHHAAPPTTEERR  55  GGlluuccuurroonniiddaattiioonn  ooff   PPRR--110044AA::  

SSppeecciieess  ddiiffffeerreenncceess  aanndd  iiddeennttiiffiiccaattiioonn  ooff   

hhuummaann  UUDDPP--gglluuccuurroonnoossyyllttrraannssffeerraasseess  

Aspects of the work in this chapter have been presented at the American Association of 

Pharmaceutical Scientists Annual Meeting, Los Angeles CA, 8-12 Nov 2009: The 

AAPS Journal. 2009; 11(S2): Abstract T3139. Available from: http://www.aapsj.org/ 

5.1 INTRODUCTION 

Glucuronidation, catalysed by microsomal uridine diphosphate (UDP)-

glucuronosyltransferases (UGTs, EC 2.4.1.17), is a major phase II drug-metabolising 

reaction that contributes to drug biotransformation and is an essential clearance 

mechanism for drugs from all kinds of therapeutic classes. UGTs, localised in 

endoplasmic reticulum (ER) and nuclear membrane, catalyse conjugation of glucuronic 

acid (as the sugar donor) to hydroxyl, carboxyl, or nitrogen groups of small 

hydrophobic molecules (aglycones) (Court, 2004), thus increasing water solubility and 

the ease of removal from the body (Fisher et al., 2001). In addition to facilitating the 

excretion of those compounds, some glucuronidated metabolites may have increased 

biological activity (Ritter, 2000), for example, the 6-O-glucuronide of morphine (M6G) 

(Paul et al., 1989), all-trans-retinol and all-trans-retinoic acid (biologically active 

metabolites of vitamin A) (Olson et al., 1992), and natural and synthetic estrogens (D-

ring glucuronides of the estrogens) (Vore et al., 1997). 

5.1.1 In vitro phenotyping and genotyping of UGTs 

In vitro reaction phenotyping used to identify cytochrome P450s (CYPs) responsible 

for oxidative metabolism has been proven to be extremely useful in predicting drug-

drug interactions as well as inter-individual variability in drug disposition resulting 

from genetic polymorphism (Court, 2004). However, phase II conjugating enzymes 

have received less attention, among which UGT-catalysed glucuronidation reactions are 

responsible for more than 35% of phase II metabolism of all drugs (Evans and Relling, 

1999). Therefore, it is important to understand the function and regulation of UGT 

enzymes and the role they play in individual variability and metabolic drug interactions. 

http://www.aapsj.org/


Chapter 5   Glucuronidation of PR-104A: Species differences and identification of human UGTs 

 

   - 143 - 

 

UGT exists as a superfamily of enzymes which have been classified into two families 

(UGT1 and UGT2) and 3 subfamilies (UGT1A, UGT2A, and UGT2B), based on amino 

acid sequence identity of the encoded proteins (Mackenzie et al., 2005). Enzymes in 

each family share at least 50% homology in their DNA sequences, whereas enzymes in 

each subfamily share at least 60% homology in their DNA sequences (Burchell, 2003). 

A total of 17 functional human UGT isoforms have been identified (UGT 1A1, 1A3, 

1A4, 1A5, 1A6, 1A7, 1A8, 1A9, 1A10, 2A1, 2B4, 2B7, 2B10, 2B11, 2B15, 2B17 and 

2B28) as shown in Table 5.1. Most of these enzymes are expressed in liver with 

exceptions of UGT1A7, 1A8 and 1A10, which are expressed only in the 

gastrointestinal tract. The kidney has fewer UGTs and preferentially expresses UG1A9 

and 2B7 (Knights and Miners, 2010). Some appear to exhibit low or negligible activity 

towards xenobiotics (i.e. UGT1A5, 2B4, 2B10, 2B11, 2B17 and 2B28), with only 

UGT1A1, 1A3, 1A4, 1A6, 1A9, 2B7 and 2B15 considered to be of major importance in 

hepatic drug elimination (Miners et al., 2006). 

Genetic polymorphism has been reported for 9 human UGT genes, namely UGT 1A1, 

1A6, 1A7, 1A8, 2B4, 2B7, 2B10, 2B15 and 2B17 (Miners et al., 2002; Burchell, 2003; 

Nagar and Remmel, 2006; Court, 2010). Genetic factors described for these genes were 

mainly focused on single-nucleotide polymorphism (SNP), insertions and deletions of 

nucleotides, and more recently on copy-number variation (for review see Guillemette et 

al., 2010). However, only a few studies have examined the impact of UGT 

polymorphism on pharmacokinetics in humans (Court, 2010). One of the successful 

examples is polymorphisms of the UGT1A1 gene (Nagar and Blanchard, 2006; 

O'Dwyer and Catalano, 2006). The most common UGT1A1 polymorphism causing a 

functional consequence in many populations is the UGT1A1*28 variant. This genotype 

is associated with Gilbert syndrome, a mild nonhemolytic, unconjugated 

hyperbilirubinemia. The polymorphism is a change in the promoter region of the gene 

leading to a seven TA repeats sequence compared with a six TA repeats in the wild-

type gene (Bosma et al., 1995). Various studies showed low activity UGT1A1*28 

variant was associated with increased irinotecan-related toxicity (Nagar and Blanchard, 

2006). Therefore, the FDA revised the label for irinotecan in 2005 to suggest 

UGT1A1*28 allele patients should be treated at a lower dose due to higher risk of 

neutropenia. 
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Table 5.1 Substrates and tissue distributions of isoforms in humans. Isoforms shown in bold 

are of greatest importance in hepatic drug elimination (summarised from Court, 

2004, Radominska-Pandya et al., 2001 and Miners et al., 2010) 

UGT Selective substrates 
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1A1
†
 

Bilirubin,  

estradiol 3-glucuronidation 
+ - - +       

1A3
†
 R-lorazepam + - - +       

1A4
†
 

1‟-Hydroxymidazolam, 

trifluoperazine 
+ - - - +      

1A5 - - - - -       

1A6
†
 Deferiprone, serotonin + + - + + +    + 

1A7
†
 - - + + - +      

1A8
†
 - - - + - + - - -  - 

1A9
†
 

Mycophenolic acid, propofol, 

phenylbutazone, sulfinpyrazone 
+ + + - +      

1A10
†
 - - - + + + - -   - 

2A1 - -     ±    ± 

2B4
†
 - + ± -   + + + +  

2B7
†
 

Denopamine; epirubicin, 

morphine, zidovudine, 

carbamazepine 

+ + + - + ± - - ± + 

2B10 - + + +   + + + +  

2B11 - + +    + + ± +  

2B15
†
 S-oxazepam, S-lorazepam + + + ± + + + + +  

2B17
†
 - + +    + + + +  

2B28 - + +  + + ± + + +  

†
 Recombinant UGTs commercially available at the time of the present study. 

5.1.2 Strategy to identify UGTs 

The strategy used for UGT phenotyping is based on well-established procedures for the 

CYPs (Rodrigues, 1999; Lu et al., 2003) with some modifications. Although the 

available tools for this process are less advanced, substantial progress has been made in 

recent years. Several approaches may be adopted for this process, including use of 

recombinant UGTs (rUGTs), correlation analysis of candidate drugs and selective 

substrates (or immunoreactive UGT protein content), and isoform-selective inhibition, 
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integration of which may allow identification of the UGTs responsible for the 

metabolism of a compound with certainty (Court, 2004; Miners et al., 2010). 

Currently, 12 rUGTs are available through commercial sources (BD Genetest), 

including the majority of isoforms expressed in hepatic tissues (Table 5.1). Some 

hepatic isoforms are still unavailable so far including UGT2B10 and UGT2B11, which 

appear to be somewhat restricted in substrate specificity to endogenous arachidonic 

acid metabolites (Turgeon et al., 2003), and UGT 2B28, which may be less important 

due to alternative mRNA splicing leading to deletion of putative substrate binding 

domain (Levesque et al., 2001). Initially, all available rUGTs should be screened for 

glucuronidation of potential substrates during drug development. In the case of more 

than one UGT showing activity, it is necessary to identify the major isoform 

responsible for activity. Unfortunately, direct comparisons of hepatic rUGT activities 

can be misleading because the relative abundance of hepatic UGTs in liver is not well 

defined although LC-MS/MS based quantification has been developed for a few 

isoforms recently (Fallon et al., 2008); thus the contribution of a highly abundant 

isoforms may be underpredicted by the recombinant system. Averaging results across 

several studies about UGT mRNA expression in liver banks indicate that the relative 

content of UGT mRNA is in the order 2B4>(1A4, 2B7, 2B15)> (1A1, 1A3, 1A6, 1A9, 

2B10)>(2B11, 2B17) (Court, 2010). However, there may be differences between 

isoforms in posttranscriptional processing, including translational efficiency, mRNA 

splicing, and post-translational modifications, and consequently contradictory results 

have often been reported (Izukawa et al., 2009; Court, 2010). It is also informative to 

compare enzyme kinetic parameters (e.g. Km) for rUGTs with that for human liver 

microsomes (HLMs) under identical experimental conditions; high-affinity isoforms 

(Km for rUGT < HLMs) are more likely to contribute significantly at clinically relevant 

substrate concentrations (Court, 2004). 

The second approach involves a bank of HLMs from different individuals with variable 

expression of different UGTs. Activities of isoform-selective substrate probes for 

hepatic UGT isoforms are measured using the HLM bank and then correlated to the 

glucuronidation activities for the candidate drug measured using same set of HLMs. 

The highest correlation should be with the probe activity for the relevant UGT 

isoforms. However, in contrast to CYP, only a limited number of isoform-selective 
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UGT substrates have been identified to date (shown in Table 5.1). Alternatively, 

quantitation of UGT enzyme protein by immunochemical techniques where available 

(UGT 1A1, 1A6 and 2B7), correlation between rate of glucuronidation and individual 

protein content can be regarded as supporting evidence. This has been successfully 

applied to several studies (Court MH et al., 2003; Kwara et al., 2009). To get 

reasonable variability of UGT enzyme activity, large size HLM banks are preferred 

unless a panel of HLMs with well-characterised activity for each UGT is available. 

Based on studies using UGT-isoform-selective probes, the rank order of activity 

variability in liver banks was described as UGT 1A1>1A6>2B15>1A4 = 1A9>2B7 

(Court, 2010). 

The final approach is to use UGT isoform-selective inhibitors or antibodies to inhibit 

HLM activity. However, no inhibitory antibodies has been reported so far and just two 

selective inhibitors been characterised, hecogenin and fluconazole, which inhibit 

UGT1A4 (Uchaipichat et al., 2006a) and UGT2B7 (Uchaipichat et al., 2006b), 

respectively. Because reasonably selective substrates are now available for a number of 

isoforms (Table 5.1), competitive inhibition of the glucuronidation of a UGT-enzyme-

selective substrate by candidate drug is also a possibility though some substrates may 

not be highly specific (Miners et al., 2010). 

5.1.3 Modulation and regulation of UGTs activities 

Rather than acting separately, UGT enzymes often interact with each other and 

cooperate to affect the properties of the partner enzyme(s) and modulate the function of 

drug-metabolising enzymes (for a review see Ishii et al., 2010). The protein-protein 

interactions can occur not only among UGT1A isoforms, e.g. UGT1A9 interacting with 

1A6 to form a hetero-oligomer (Fujiwara et al., 2007b), UGT1A1, 1A4, and 1A6 

forming homodimers and heterodimers (Fujiwara et al., 2007a), but also between 

UGT2B7 and 1A isoforms (Fujiwara et al., 2010). More importantly, these interactions 

are also functionally relevant. It has been suggested that the functional interaction 

between UGT1A6 and 2B7 enhances serotonin glucuronidation (Kurkela et al., 2007; 

Fujiwara et al., 2010). Additionally, interaction between UGTs and CYPs may take 

place in the form of many combinations. Protein-protein interactions between CYP3A4 

and human UGTs were demonstrated by Fremont et al. (Fremont et al., 2005). Takeda 

et al showed that coexpression of CYP3A4 with UGT2B7 in COS cells had little effect 
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on Vmax, but increased Km by about 10-fold compared to the UGT2B7 single-expression 

system in UGT2B7-catalysed glucuronidation of the morphine 3-hydroxyl group 

(Takeda et al., 2005). Importantly, CYP3A4 altered UGT2B7 regioselectivity in that 

the formation of 3-glucuronide morphine (M3G) was reduced while 6-glucuronide 

morphine (M6G), an active metabolite (Frances et al., 1992), was enhanced, which 

result in the increased ratio of activation/detoxication. 

Regulation of UGT gene expression is a major determinant of the different rates of 

glucuronidation between various tissues as well as same organs in different individuals 

(for review see Mackenzie et al., 2010). Thus, knowledge of how UGT genes are 

regulated could eventually be beneficial in therapeutics. The promoters for most human 

UGT genes have been studied and the liver-enriched transcription factors (LETFs) are 

considered to be important in controlling UGT expression in liver, a major site for the 

glucuronidation of lipophilic compounds. Among them, hepatocyte nuclear factor 

HNF-1α and HNF-4α are involved in the hepatic expression of UGT genes. Several 

UGT genes including UGT1A1 (Bernard et al., 1999), 1A3, 1A4 (Gardner-Stephen and 

Mackenzie, 2007), 1A8, 1A9, 1A10 (Gregory et al., 2004), UGT2B7 (Ishii et al., 2000) 

and UGT2B17 (Gregory et al., 2000) are reported to be primarily regulated by HNF-1α, 

though the degree of regulation varies. HNF-4α is a positive regulator of UGT 1A9 

(Barbier et al., 2005) and 1A6 (Aueviriyavit et al., 2007) but does not appear to affect 

transcription of UGT2B genes. In addition to LETFs, hepatic UGTs are also regulated 

by ligand-binding transcription factors, including nuclear receptors (NRs) (i.e. CAR, 

PXR, FXR, LXR, and PPAR), arylhydrocarbon receptor (AhR), and other factors 

involved in responses to stress (Nrf2, Maf). NR-mediated UGT regulation may 

contribute to the tissue-specific expression pattern of UGTs and the regulations can be 

receptor and UGT isoform-specific (Ou et al., 2010). Among them, PXR and CAR 

were shown to play an important role in the regulation of UGTs. UGT1A1 (Sugatani et 

al., 2001) and 1A6 (Bock and Kohle, 2005) gene expression was regulated by CAR and 

PXR regulated UGT 1A1, 1A3, 1A4, and 1A6 genes (Gardner-Stephen et al., 2004). 

Liganded FXR positively regulates UGT2B4 (Barbier et al., 2003b) and LXR may 

activate UGT1A3 transcription (Verreault et al., 2006). Studies in mice transgenic for 

the human UGT1A gene locus showed that UGT1A1, 1A3, 1A4, and 1A6 are under 

positive regulation by PPARα (Senekeo-Effenberger et al., 2007),which also appeared 

to upregulate UGT2B4 (Barbier et al., 2003a). Activation of AhR has been reported to 
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simultaneously induce both phase I and II enzymes. To date, human UGT1A1, 

UGT1A3, UGT1A4, UGT1A6, and UGT1A9 have been reported to be transcriptionally 

regulated by AhR (Sugatani et al., 2004; Lankisch et al., 2008). Nrf-2 is another 

important regulator of UGTs. It belongs to a family of basic leucine zipper transcription 

factors and retains in the cytoplasm by the Kelchlike ECH-associated protein 1 

(Keap1); this negative regulator of Nrf2 is inactivated by thiol oxidation, and thereby 

acts as sensor for oxidative stress (Nguyen et al., 2000). UGT1A1 gene expression was 

subjected to regulation by oxidants through the Nrf2-Keap1 pathway. Notably, it was 

reported that some tumour cells constitutively activate Nrf2 by a point mutation in the 

Keap1 gene (Singh et al., 2006). Nrf2 activation helps tumour cells survive against 

chemotherapeutic agents via expression of multidrug resistance proteins, many of 

which are Nrf2 targets (Wang et al., 2008). 

5.1.4 Roles of glucuronide PR-104A  

It has been long recognised that the existence of bacterial β-glucuronidase activity in 

the intestines could result in enterohepatic cycling and prolonged pharmacology. More 

importantly, aglycone released from the glucuronide conjugate could lead to localised 

gastrointestinal (GI) toxicity, which may be the main reason for GI toxicity from 

irinotecan. Similarly, GI toxicity may also potentially occur for PR-104 which results 

from biliary excretion of the PR-104A glucuronide (identified in Chapter 3) and 

reformation of PR-104A by β-glucuronidases in gut. Elevated β-glucuronidase activity 

is also known to occur in necrotic region of tumour (Boyer and Tannock, 1993). 

Therefore, glucuronide conjugates have potential therapeutic activity through tumour-

selective hydrolysis subsequently contribute to the antitumor activity of PR-104. Taken 

together, motivations for studying this pathway for PR-104 comprised of both 

toxicology and antitumour activity.  

5.1.5 Aims and approach 

In Chapter 4, the O-glucuronidation pathway was identified as the major 

biotransformation difference between humans and rodents. This suggested the need for 

an in-depth evaluation of O-glucuronidation of PR-104 which may help to better 

understand the excretion and toxicology of PR-104A. The objectives of this study were  
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 To investigate species (mouse, rat, dog and human) differences in glucuronidation 

of PR-104A in vivo. 

 To compare the formation of the O-glucuronide of PR-104A (PR-104G) in mouse, 

rat, dog and human using an in vitro liver microsomal system. 

 To identify human UGTs responsible for glucuronidation of PR-104A. 

In this study, the plasma pharmacokinetics of PR-104G in mouse, rat, dog and human 

are characterised following i.v. administration of PR-104 and non-compartmental 

model parameters calculated. Kinetics of formation of PR-104G is estimated using 

pooled liver microsomes from the same species. Twelve commercially available human 

rUGTs are screened for glucuronidation of PR-104A, identifying UGT2B7 as the only 

enzyme of these twelve able to catalyse this reaction. The kinetics of the reaction is 

then reported. Given the lack of a well-characterised selective inhibitor for UGT2B7, 

its role is further evaluated by correlating its expression (by immunoblotting) and PR-

104A glucuronidation in a panel of HLMs. 
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5.2 MATERIALS AND METHODS 

5.2.1 Chemicals and materials 

PR-104, PR-104A and PR-104G and were synthesised in ACSRC (See Chapter 3 and 

4). SN25378, 2-chloro-N-(2-chloropropyl)-N-methyl-N-(2-nitrobenzyl)propan-1-

aminium chloride, used as the internal standard for the quantification of PR-104G 

(Appendix I), was also synthesised in ACSRC. Uridine 5‟-diphosphoglucuronic acid 

(UDPGA) triammonium salt, magnesium chloride, alamethicin and D-saccharic acid 

1,4-lactone (D-SL, a specific β-glucuronidase inhibitor) were obtained from Sigma-

Aldrich (St. Louis, MO). Pooled CD-1 mouse (MLMs), SD rat (RLMs), beagle dog 

(DLMs), and human liver microsomes (HLMs) and 12 rUGT Supersomes (UGT1A1, -

1A3, -1A4, -1A6, -1A7, -1A8, -1A9, -1A10, -2B4, -2B7, -2B15, and -2B17 expressed 

in baculovirus-infected insect cells) were purchased from BD Gentest (Woburn, MA). 

A set of characterised HLMs from 23 individuals was purchased from XenoTech 

(Lenexa, KS). The protein contents were used as described in the data sheets provided 

by the manufacturers, except for HL-18 (prepared in-house), which were measured by a 

bicinchoninic acid protein assay kit from Pierce Chemical (Rockford, IL) using bovine 

serum albumin as a standard. Acetonitrile (MeCN, LC-MS grade) was from Merck and 

all other reagents were of analytical grade. 

5.2.2 Subjects 

Animals (CD1-Foxn1
nu

 mouse, Sprague-Dawley rat, beagle dog) used were the same as 

described in Chapter 4. Human subjects, from four Phase I trials (1001-1004 studies, 

for details see Chapter 6), were patients with a pathologically confirmed solid 

malignancy not amenable to standard therapy, age ≥18 years, Karnofsky performance 

status ≥ 70%, adequate renal and liver function, and > 4 weeks since previous surgery, 

radiotherapy, or chemotherapy. 

5.2.3 Species differences for the glucuronidation of PR-104 in vivo 

Mice (dosed at 326 mg/kg, iv), rat (244 mgl/kg, iv), dog (15, 50 and 150 mg/kg, four 

weekly doses on day1, 8, 15 and 22, iv) and human (range from 135 to 1400 mg/m
2
) 

plasma samples were collected and analysed as described in Chapter 3 (Section 3.2.8). 

The LC-MS assay described in Chapter 3 was used to determine concentrations in 
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mouse, rat and dog plasma samples. The UHPLC-MS/MS assay as detailed in Chapter 

4 was used for determination concentrations of PR-104G and PR-104A in human 

plasma samples. Non-compartmental pharmacokinetic parameters (AUC0-inf and 

terminal half life, t1/2) were calculated using WinNonlin software as described in 

Chapter 4 (version 5.0; Pharsight, Mountain View, CA). 

5.2.4 Glucuronidation of PR-104A 

In vitro glucuronidation of PR-104A was conducted in an incubation volume of 125 µl 

on 96-well plates. Incubation conditions were initially optimised using HLMs for linear 

product formation with respect to substrate concentrations (0-400 µM) to determine 

approximate Km range, microsomal protein concentrations (0.25, 0.5, 1, and 2 mg/ml), 

incubation time (0.5, 1, 2, and 3 h), and activation of microsomes by alamethicin (10, 

25 and 50 µg/mg of protein). 

An incubation mixture containing 0.5 mg of protein/ml of microsomes, 0.1 M Tris-HCl 

buffer, pH 7.4, and alamethicin at 25 µg/mg of protein in the final incubation was 

preincubated on ice for 10 min. After the addition of MgCl2 (5 mM), D-SL (5 mM), and 

substrate (PR-104A, 150 µM), the incubation mixture was preincubated at 37°C for 5 

min. PR-104A stock solution was prepared in DMSO and diluted in water (final DMSO 

concentration <0.5%). The reaction was initiated by the addition of UDPGA (5 mM) 

and incubated at 37°C in a Thermomixer comfort (Eppendorf, Hamburg, Germany) for 

30 min; then 100 µl aliquots of the incubation were withdrawn. The reaction was 

immediately terminated, and microsomal protein was precipitated by the addition of 

100 µl of ice-cold MeCN containing 0.1% formic acid to stabilise glucuronides) and 

internal standard (SN25378). After the removal of protein by centrifugation at 15,000g 

for 10 min at 4°C, samples were diluted to equal volume of water and stored at -80 °C 

until analysis. 

5.2.5 Analysis of PR-104G in vitro 

HPLC separation was carried out using an Agilent HP 1200 Rapid Resolution ultra-

high-pressure liquid chromatography (UHPLC) system with a photodiode array 

detector (Agilent Technologies). Samples were separated on a Zorbax SB-C18, 1.8 μ 

column (50 × 3.0 mm, RRLC) with a 0.2 µm in-line filter which was maintained at 30 
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ºC. The mobile phase consisted of MeCN (A) and 45 mM formate buffer (B) with fast 

gradient elution at flow rate of 0.8 ml/min and run time of 4.5 min. The gradient 

elution, 0 to 2 min, 20% B; 2 to 3.5 min, 20% B to 80% B; 3.5 to 3.8min, 80% B and 

3.8 to 4 min, 80% B to 20% B. The wavelength for PR104G and PR-104A is 370nm 

and internal standard (SN 25378) is 262 nm with reference of 550 nm (bandwidth 50 

nm). The injection volume was 75 μl and the autosampler was set at 4 °C. Calibration 

curves were prepared by spiking PR-104G into blank HLMs to give a final 

concentration range of 0.3-100 µM. Intra- and inter- assay precision (expressed as 

relative standard deviation (R.S.D.)) and accuracy (expressed as percentage of the 

nominal value) were determined by analysis of replicates (n=3) of spiked samples (1 

and 10 µM PR-104G) in three separate assays. Stabilities of PR-104G (10 µM) and PR-

104A (100 µM) under incubation conditions as described above but without UDPGA 

were tested in HLMs at 37ºC for up to 0.5 h. 

5.2.6 UGT reaction screening of PR-104A 

UGT reaction screening of PR-104A was performed with 12 commercially available 

rUGTs, insect cell control (negative control) microsomes, and pooled HLM using a 

constant amount of microsomal protein (0.5 mg/ml) and one concentration of PR-104A 

(150 µM). Incubation conditions were the same as in 5.2.4. Incubations without 

UDPGA or without substrate were also carried out. The incubation samples were 

extracted and analysed as described above. 

5.2.7 Enzyme kinetics for the glucuronidation of PR-104A 

Apparent enzyme kinetic parameters (Km and Vmax) for the glucuronidation of PR-104A 

were determined with liver microsomes from mouse, rat, dog, human and rUGT2B7 

using various concentration of PR-104A (0-400 µM) at fixed concentrations of 0.5 mg 

of protein/ml of microsomes, MgCl2 (5 mM), alamethicin (25 µg/mg of protein), D-SL 

(5 mM), and UDPGA (5 mM) in a 125 µl final incubation. Incubation conditions were 

similar to those for the glucuronidation of PR-104A in 5.2.4. After incubation, the 

samples were extracted by acidified acetonitrile containing internal standard as 

described above, and the concentrations of PR-104G were quantified by UHPLC. 

Apparent Km and Vmax were estimated by fitting the duplicate experimental data to a 

Michaelis-Menten equation using SigmaPlot (Systat Software Inc.): V = (Vmax × S)/ 
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(Km + S), where Km is the Michaelis-Menten constant, Vmax is the maximum velocity, 

and S is the substrate concentration, using a nonlinear least squares regression method. 

Incubations without UDPGA or without substrate or with boiled HLMs were also 

performed. 

5.2.8  Prediction of hepatic clearance by in vitro - in vivo 

extrapolation 

 Microsomal intrinsic clearance, CLint, was calculated as Vmax/Km and subsequently 

scaled to the whole liver using the reported scaling factors for microsomal protein per 

gram of liver (MPPGL) (Barter et al., 2007), liver weight and hepatic blood flow 

(Davies and Morris, 1993) for each species. In vivo hepatic clearance, CLH, was then 

predicted using expressions for the well-stirred, parallel-tube and dispersion models 

(Obach et al., 1997; Iwatsubo et al., 1997). 

Well stirred model: 
intuH

intuH

H
CLfQ

CLfQ
CL


  

where fu is fraction unbound in blood and QH is liver blood flow. 

Parallel-tube model: 

















H

uint

Q

fCL

HH e1QCL  

Dispersion model: 
]ea)(1[]ea)[(1

4a
F

NN 1)/2D(a21)/2D(a2H 


  

DN, the dispersion number, may be taken as 0.17 (Roberts and Rowland, 1986) and 

a = (1 + 4 RN DN)
1/2

; RN, the efficiency, is given by
H

intu

N
Q

CLf
R  . The fraction of drug 

unbound in blood may be evaluated as, fu = fup/RB, where RB is the blood to plasma 

concentration ratio (assuming a value of 1 for this study) and fup is the fraction 

unbound in plasma. 

5.2.9 Western blot analysis of UGT2B7 protein levels and 

correlation analysis 

An immunoblot analysis was conducted to compare the relative amount of UGT2B7 

present in HLMs. Laemmli sample buffer (Bio-Rad) containing 5% 2-mercaptoethanol 

was added to samples. Samples were heated at 95°C for 5 min to denature protein and 
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centrifuged for 3 min. An aliquot of supernatant containing 15 µg of microsomal 

protein equivalents from 24 individuals or 2 µg UGT2B7 microsomal standard (BD 

Gentest) were loaded onto NuPAGE
®
 4-12% Bis-Tris gels (1.5mm×15wells, 

Invitrogen) and electrophoresed at 150 V for 1h and transferred to nitrocellulose 

membrane as described in Chapter 2 (Section 2.2.6) except different antibodies were 

utilised, rabbit α-UGT2B7 polyclonal primary antibody (BD Gentest, 1:5,000) and 

horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (IgG-HRP 

from Santa Cruz Biotechnology, 1:10,000). Similarly, as described in Chapter 2, bands 

were visualised by enhanced chemiluminescence using an ImageReader LAS-3000 

(Fujifilm) and densities were determined using ImageJ software (version 1.37). Pearson 

product moment correlation (SigmaStat 3.5) was use to describe relations between 

glucuronidation activities and levels of UGT2B7 expressions in 24 individual HLMs. 
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5.3 RESULTS 

5.3.1 Species difference in pharmacokinetics of PR-104G 

The concentration-time profile of PR-104, PR-104A and PR-104G in rats following i.v. 

administration of PR-104 at 244 mg/kg, the maximal tolerated dose on a weekly × 4 

schedule, is shown in Figure 5.1. The AUC of PR-104G was approximately 0.5% of 

that for PR-104A (Table 5.2), which is consistent with earlier findings in Chapter 3 that 

O-glucuronidation is a minor metabolic pathway in rodents. 

The concentration-time profiles of PR-104G and PR-104A in dogs after i.v. doses of 

PR-104 at 15, 50 and 150 mg/kg are shown in Figure 5.2A. (The 150 mg/kg dose 

corresponded to the MTD in dogs, on a weekly × 4 schedule). Similar AUCs of PR-

104G and PR-104A were observed at low dose (15 mg/kg). However, the AUC ratio of 

PR-104G to PR-104A increased to ~2.5 at high dose (150 mg/mg) (See Table 5.2). 

Unlike PR-104A which exhibited linear pharmacokinetics, PR-104G showed non-linear 

pharmacokinetics with elevated AUC at high dose (Figure 5.2B), suggesting 

accumulation of PR-104G in plasma, possibly owing to saturated elimination. In 

addition, UGT enzyme activity appeared not to be induced by repeated doses, 

demonstrated by similar pharmacokinetics of PR-104A and PR-104G between the first 

(day 1) and last dose (day 22) of the weekly × 4 schedule (Figure 5.2A), although 

transient induction is not excluded by these findings. 

The non-compartmental pharmacokinetic parameters of PR-104G and PR-104A for rats 

and dogs are compared with the determinations in mice (Section 3.3.6) and humans 

(Section 4.3.6) at doses close to the MTD in Table 5.2. This shows that the AUC of PR-

104G decreases in the order dogs>humans>rodents. The Table also shows that 

clearance of PR-104A shows a similar trend, and that this species difference is still 

present after allometric scaling to accommodate body size effects. In Figure 5.3, the 

mean AUC of PR-104G and PR-104A in humans, and its variance, are shown at each 

dose level (replotting the data from Figure 4.6 in a different form). The AUC of PR-

104G in human seems to be more variable than for PR-104A (Figure 5.3). 
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Figure 5.1 Plasma concentration-time profiles of PR-104, PR-104A and PR-104G in mice (A) 

and rats (B) dosed with PR-104 at 326 and 244 mg/kg respectively. mean ± SEM for 3 mice 

(terminal bleeding) or 6 rats (data from 3 males and 3 females were combined because no sex 

difference was observed) 
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Figure 5.2 Plasma concentration-time profiles of PR-104A and PR-104G in dogs dosed with 

PR-104 at 15, 50 and 150 mg/mg day 1 and 150 mg/kg (day 22, weekly dose) (A) and dose-

dependent AUC of PR-104G and PR-104A (B). Data from 3 males and 3 females for each dose 

level were combined because no sex difference was observed 
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Table 5.2 Pharmacokinetic parameters of PR-104A and PR-104G in mice, rats, dogs and 

humans. Mean with SE in parentheses. 

 

 
Mouse Rat Dog Human 

Dose (µmol/kg) 
†
 562 421 259 51 

Dose (mg/m
2
) 

†
 977 1463 3000 1100 

AUCPR-104G(µM hr) 2.92 0.75 (0.08) 77.2 (0.2) 45.0 (14.7) 

AUCPR-104A(µM hr) 82.5 147 (5) 33.1 (1.16) 33.5 (4.1) 

104APR

104GPR

AUC

AUC



  (%) 3.33 0.51 (0.05) 233 (8) 127 (30) 

fu (20 µM PR-104A)
§
 0.67 0.60 0.64 0.40 

AUC (µM h) of  

unbound PR-104A 
55.1 88.3 21.3 13.5 

CL (ml/min/kg) of 

Unbound PR-104A
§
 

170 79.4 203 63.4 

†
 Doses for preclinical species were converted to mg/m

2
 or µmol/kg according to FDA, 2005 

§
 Unbound PR-104A fractions in plasma, values reported in Patel, 2010 

‡
 PR-104A input (dose) was assumed based on 100% conversion (from PR-104) for all species. 
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Figure 5.3 Mean AUCs (lower panel) of PR-104G (red dot) and PR-104A (blue dot) with their 

coefficients of variation (CV, upper panel) versus dose in 87 patients from phase I trial 

(replotted from the data in Figure 4.6B and C in Chapter 4). Dash lines represent mean of the 

coefficients of variation for each species. 
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5.3.2 Optimisation of liver microsome incubation conditions  

Incubation conditions were optimised for protein concentration and incubation time to 

define the linear range of PR-104G formation, and PR-104A concentration to make an 

initial estimate of Km. The activation by nonionic detergents (e.g. Brij-35) often 

exhibits a bell-shaped relationship and alters intrinsic UGT activity (Fisher et al., 2000) 

hence was not used in the experiment though it has been used in a preliminary report of 

in vitro glucuronidation of PR-104A and analogues (Helsby et al., 2008). The pore-

forming agent alamethicin is the preferred UGT activator, which acts by enhancing 

substrate access to the enzyme active site at the microsomal interior (Fisher et al., 

2001), and does not affect the cytochrome P450 activities of HLM (Miners et al., 

2010). Activation of microsomes by alamethicin was optimised to get maximal activity. 

D-SL is required for inhibition of endogenous β-glucuronidase activity. The results 

showed that the glucuronide formation of PR-104A was linear up to 1 h of incubation 

time and 1 mg/ml microsomal protein (Figure 5.4A and B). Alamethicin showed a 

linear increase of glucuronide formation up to 25 µg/mg of protein of alamethicin, 

thereafter reaching a plateau (Figure 5.4C). Based on this investigation, incubation 

conditions for further study were selected as follows: 0.5 mg/ml protein with 0.5 h 

incubation and 25 µg alamethicin/mg protein. A preliminary study was also carried out 

to determine Km of the reaction which is required for the rUGT screening experiment. 

The kinetics are shown in Figure 5.4D and fitted with the Michaelis-Menten equation 

(r=0.99), giving an apparent Km of 158 µM and Vm of 2.0 nmol/min/mg protein with 

95% confidence intervals (CI) of 131-185 µM and 1.9-2.2 nmol/min/mg respectively. 
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Figure 5.4 Optimisation of incubation conditions for glucuronidation of PR-104A, with respect 

to (A) protein concentration, (B) incubation time, (C) alamethicin concentration, and (D) PR-

104A concentration in HLM (HL-18). 100 µM PR-104A, 0.5 mg/ml protein, 50 µg/mg 

alamethicin with 1 h incubation were used for in A, B and C unless the condition is used as a 

variable. Incubation conditions for D are as described in section 5.2.4. Data are presented as 

individual values of duplicate incubations. 

5.3.3 Partial assay validation 

HPLC chromatograms of incubation mixture (blank HLM), overlaid with spiked 

sample at the lower limit of quantitation (LLOQ, 0.3 µM PR-104G) are shown in 

Figure 5.5A. PR-104G was well-resolved from PR-104A and IS, and was free of 

interference from endogenous peaks, with retention times of 1.86, 3.07 and 2.58 min 

for PR-104G, PR-104A and IS respectively. Intra- and inter- assay precision and 

accuracy were good (Table 5.3). PR-104G was the only major product formed in the 

HLM incubations (Figure 5.5B). PR-104G was stable (< 10% loss) in the incubation 

medium with liver microsomes in the presence of D-SL (a specific β-glucuronidase 

inhibitor) at 37ºC up to 0.5 h. PR-104A was also stable (<15% loss) under these 

conditions. 
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Figure 5.5 Representative HPLC chromatograms for the glucuronidation of PR-104A in vitro. 

(A) blank HLM overlaid with HLM spiked with 0.3 µM PR-104G (LLOQ) and 30 µM PR-

104A, and after incubation of 150 µM PR-104A with (B) pooled HLM, (C) insect cell control 

and (D) UGT2B7. Wavelength of 370 nm was used in A, C and D. 

Table 5.3 Intra- and inter-assay precision and accuracy for PR-104G in HLM incubation 

mixture 

Nominal 

(µM) 

Intra-assay  Inter-assay 

Measured 

(µM) 

Accuracy 

(%) 

Precision 

(%) 
 

Measured 

(µM) 

Accuracy 

(%) 

Precision 

(%) 

1 1.12 112 12.4  1.07 107 11.0 

10 9.38 93.8 8.90  9.95 101 9.57 
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5.3.4 Enzyme kinetics of in vitro glucuronidation in liver 

microsomes 

The enzyme kinetic parameters for the glucuronidation of PR-104A were evaluated 

with liver microsomes from mice, rats, dogs and humans. The kinetics of in vitro 

glucuronidation fitted the single-enzyme Michaelis-Menten equation for all species 

(Figure 5.7), with similar Km (~ 150 µM) but large differences in velocities in the order 

dog>>human>rat>mouse (Table 5.3). The apparent Km and Vmax values for the 

formation of PR-104G by pooled HLM were both greater than for rUGT2B7. Although 

this could be due to nonspecific binding differences caused by differing protein 

concentrations used in recombinant enzyme systems and liver microsomes, the 

possibility of involvement of other UGT isoforms which are not commercially available 

as rUGTs could not be excluded. 
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Figure 5.6 Enzyme kinetics of glucuronidation of PR-104A in microsomes from mouse, rat, 

dog and human livers. Individual values for duplicate incubations are shown. (A) MLMs, (B) 
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RLMs, (C) DLMs, (D) pooled HLM. Inserts: Eadie-Hofstee plots. Goodness of fits r>0.99 for 

all. 

5.3.5 Reaction phenotyping of PR-104A glucuronidation and 

kinetics 

The substrate concentration close to Km (~150µM) and optimised incubation conditions 

were employed for rUGT screening. Enzyme activities of 12 commercially available 

recombinant human UGTs and pooled HLM were measured by UHPLC-UV assays. 

Incubation of PR-104A (150 µM) with human rUGTs and HLM demonstrated that 

UGT2B7 and HLM catalysed the glucuronidation of PR-104A (Figure 5.5 and 5.6). No 

glucuronidation of PR-104A was observed in the presence of insect cell control 

microsome (Figure 5.5), or the other eleven UGT isoforms tested, or in incubations 

without UDPGA or with boiled HLM. The limit of detection for PR-104G was 0.1 µM, 

which is equivalent to a formation rate of 6.7 pmol/min/mg protein under these assay 

conditions. 
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Figure 5.7 Enzyme screening of glucuronidation of PR-104A with rUGTs, pooled HLM and 

insect control microsomes. The final concentration of PR-104A in the incubations is 150 µM. 

Data are expressed as the means and range of duplicate incubations. Values for samples in 

which PR-104G was not detected are plotted at the lower limit of detection (6.7 pmol/min/mg 

protein). 
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Figure 5.8 Enzyme kinetics 

of glucuronidation of PR-

104A in rUGT2B7. The 

formation rates (V) of PR-

104G were determined as 

described under Materials 

and Methods. Individual 

values for duplicate 

incubations are shown. 

Inserts: Eadie-Hofstee plot. 

Goodness of fits r>0.99. 

 

 

5.3.6  In vitro-in vivo correlations for PR-104A elimination by 

glucuronidation 

Microsomal CLint values determined for PR-104G formation by alamethicin-activated 

microsomal incubations were extrapolated to blood PR-104A glucuronidation hepatic 

clearances using the expressions for the well-stirred, parallel tube and dispersion 

models. In vivo hepatic clearance (CLH) values determined using these models are 

summarised in Table 5.4. The predicted CLH values for glucuronidation of PR-104A 

were similar for all three models in all four species. For mice, these predicted values 

were 30-fold lower than the measured PR-104A clearance (assuming PR-104 is 

quantitatively metabolised to PR-104A; i.e. PR-104A dose = PR-104 dose). For dogs 

and humans the predicted CLH was 10-fold and 20-fold lower than the measured 

clearances respectively. This is consistent with the evidence from plasma 

pharmacokinetic and urinary excretion studies above that PR-104A glucuronidation is 

more prominent in dogs and humans than rodents. The lack of quantitative agreement, 

even in dogs and humans for which glucuronidation appears to be the major PR-104A 

clearance mechanism, is consistent with other studies showing that in vitro UGT 

models underpredict in vivo glucuronidation, typically by an order of magnitude 

(Miners et al., 2006). 

PR-104A Concentration (µM)

0 100 200 300 400 500

V
 (

p
m

o
l/
m

in
/m

g
 p

ro
te

in
)

0

100

200

300

400

500

600

V/[S]
0.0 2.0 4.0 6.0 8.0

V

0

200

400

600



Chapter 5   Glucuronidation of PR-104A: Species differences and identification of human UGTs 

 

   - 164 - 

 

Table 5.4 In vitro enzyme kinetics (estimates ± SE with 95% of CI in parentheses) 

 

 
Mouse Rat Dog Human rUGT2B7 

In vitro microsomal metabolism 

Km (µM) 
155.4±13.7 97.4±6.2 157.1±7.6 178.2±11.9 63.4±3.4 

(126.6-184.2) (84.4-110.4) (141.1-173.1) (153.2-203.2) (56.3-70.5) 

Vmax(nmol/min/mg) 
0.24±0.01 0.61±0.01 7.87±0.17 1.47±0.05 0.58±0.01 

(0.22-0.26) (0.58-0.64) (7.51-8.23) (1.37-1.57) (0.56-0.60) 

CLint (µl/min/mg) 1.54 6.26 50.1 8.25  

In vitro-in vivo extrapolation 

MPPGL (mg/g liver)
 †
 49 49 60 41  

Liver weight (g/kg)
 
* 87.5 44.0 32.0 25.7  

QH (ml/min/kg)
 
* 90.0 55.2 30.9 20.7  

fu (20 µM PR-104A)
 §
 0.67 0.60 0.64 0.40  

CLH (ml/min/kg) 

(well stirred model) 
4.22 7.07 20.6 3.00  

CLH (ml/min/kg) 

(parallel tube model) 
4.32 7.55 26.7 3.22  

CLH (ml/min/kg) 

(dispersion model) 
4.29 7.41 24.8 3.16  

†
 Averaged values reported in Barter et al., 2007 

* Values from Davies and Morris, 1993 
§
 Unbound PR-104A fractions in plasma, values reported in Patel, 2010 

Given the poor predicability of microsomal CLint for estimating in vivo CLH here and 

with other compounds (Miners et al., 2006), a further approach was attempted by 

comparing the ratio of predicted CLH to observed CL in vivo for PR-104A and other 

well-known UGT2B7 substrates such as morphine and AZT, whose clearance are 

predominantly through glucuronidation. This may eliminate factors potentially causing 

artifacts in vitro (e.g. free fatty acid release in HLMs) which may be responsible for 

underprediction of clearance in vivo. The similar ratios of CLH to CL for PR-104A, 

morphine and AZT (Table 5.5) strongly suggest that the glucuronidation pathway 

significantly contributes to PR-104A clearance in humans. 
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Table 5.5 Comparison of PR-104A clearance in humans with other typical UGT2B7 substrates 

Drug 
In vivo clearance by 

glucuronidation (L/h) 

Predicted hepatic clearance 

from dispersion model (L/h) 
Ratio  

PR-104A
†
 266 13.3 0.05 

Morphine
‡
 44.4 4.92 0.11 

AZT 
‡
 12.5 82.0 0.15 

†
 In vivo clearance was calculated from 11 patients at dose of 1,100 mg/m

2
 (Chapter 4) 

assuming PR-104A was 100% excreted via glucuronidation. Values of both measured and 

predicted clearances of PR-104A were converted to L/h based on 70 kg human for 

comparison. 
‡
 Values from Boase and Miners, 2002. Morphine glucuronide was sum of M3G and M6G 

5.3.7 PR-104A glucuronidation in panel of individual HLMs 

Identification of UGT isoforms responsible for glucuronidation of PR-104A was further 

advanced by exploiting a panel of HLMs from a commercial resource, for which 

UGT2B7 activity had been characterised by the manufacturer using morphine as a 

probe (Table 5.6). The glucuronidation rate of PR-104A was determined as previously 

described at a substrate concentration of 150 µM (Table 5.6). Protein contents of 

UGT2B7 of the same set of HLMs were then semi-quantified by western blotting 

(Figure 5.9 and Table 5.6). Immunoblotting showed strong labelling of the rUGT2B7 

standard with an apparent molecular mass of ~55 kDa (Figure 5.9, lane 1), as expected 

for the UGT2B7 enzyme. A major band with same molecular mass was also detected in 

the microsomal preparations (lane 2-12). There was a significant correlation between 

morphine glucuronidation and UGT2B7 content across 24 individual HLMs (r=0.60, 

Figure 5.10A) similar to the previously reported correlation coefficient (r=0.5, 

P<0.001) between morphine glucuronidation (M3G) and immunoquantified UGT2B7 

protein content (Court MH et al., 2003). However, there was an even stronger 

correlation (r=0.93; P< 10
-10

) between PR-104A glucuronidation activity and UGT2B7 

content across 24 individual HLMs (Figure 5.10B). The higher correlation coefficient 

for PR-104A is consistent with evidence that morphine glucuronidation is not exclusive 

to UGT2B7 (Court  et al., 2003), and supports the hypothesis that UGT2B7 is the only 

enzyme capable of glucuronidating PR-104A significantly in humans. 
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Figure 5.9 Immunoblot analysis of UGT2B7 enzyme in a set of HLMs using anti-UGT2B7 

antibody recognising the 55-kDa form. Total protein/lane was 2 μg for the UGT2B7 standard 

and 15 μg for the HLMs. The sizes of the molecular mass markers, in kDa, are indicated on the 

left. (A) Gel 1 and (B) Gel 2 
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Table 5.6 Glucuronidation of morphine and PR-104A, and immuno-quantitation of UGT2B7, 

for HLMs from different donors 

HLM 

ID 
Morphine

†
 

pmol/mg/min 

PR-104A
‡
 

pmol/mg/min 

UGT2B7
§
 

(µg) 

HLM 

ID 
Morphine 

pmol/mg/min 

PR-104A 
pmol/mg/min 

UGT2B7 

(µg) 

H0422 3020 586.8 2.03 H0435 2640 476.9 1.80 

H0423 4120 609.8 2.23 H0436 2530 481.2 1.81 

H0424 2910 185.6 0.79 H0437 2440 471.6 1.55 

H0425 2110 377.7 1.32 H0438 5930 445.2 1.59 

H0427 1450 188.5 1.19 H0439 2600 392.0 1.34 

H0428 10700 703.8 2.20 H0440 1130 80.7 0.73 

H0429 3690 647.5 1.87 H0441 2900 370.6 1.35 

H0430 3220 413.5 1.58 H0442 3280 526.7 1.49 

H0431 2600 530.5 1.99 H0443 1490 246.8 0.98 

H0432 4250 492.3 1.82 H0444 3230 311.8 1.19 

H0433 8460 684.1 2.23 H0445 2800 513.8 1.68 

H0434 2480 371.4 1.72 HL-18 - 408.5 1.60 

†
 Morphine glucuronidation (as M3G) data is from XenoTech and the reactions were conducted 

at substrate concentration of 1 mM with 10 min incubation and 0.1 mg/ml protein 
‡
 PR-104A glucuronidation was determined as described in Section 5.2.4. 

§
UGT2B7 quantitation (relative to rUGT2B7) is based on band intensity (determined by 

ImageJ) calibrated by rUGT2B7 microsomal standard 
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Figure 5.10 Correlation of morphine (A) and PR-104A glucuronidation (B) with UGT2B7. 

Correlation coefficient are 0.60 (p<0.01) and 0.93 (p<10
-10

) for morphine and PR-104A, 

respectively. 
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5.4 DISCUSSION 

As demonstrated in Chapters 3, the O-glucuronide of PR-104A, PR-104G, was detected 

in all four species examined, with apparently higher levels in dogs and humans than in 

rodents. Quantitation of PR-104G and PR-104A in plasma in dogs and rodents 

described in this chapter, and comparison with similar pharmacokinetic studies in 

humans (Section 4.3.6 in Chapter 4) confirms that there are major species differences in 

the glucuronidation pathway (dog>human>>mouse>rat; Table 5.2). In vitro 

microsomal metabolism showed similar species differences to in vivo (Table 5.4), and 

were consistent with allometrically scaled PK parameters determined in this lab, where 

the unbound clearance of PR-104A was faster than humans (clearance of 290 L/h/70kg) 

in dogs (clearance of 586 L/h/70kg), and slower in rodents (clearance of ~100 

L/h/70kg) (Patel et al., 2009). The glucuronidation of PR-104A in dogs and humans 

may be responsible for its higher unbound clearance in these species than in rodents. 

Interestingly, PR-104G in dogs showed non-linear pharmacokinetics with higher AUC 

at higher doses. Based on the pharmacological PR-104A levels in dog plasma (Figure 

5.2), the expected overall levels in liver, though not determined, are likely to be below 

the Km (~150 µM) for glucuronidation reaction of PR-104A, so saturation of PR-104A 

formation is not expected (which would not, anyway, account for higher PR-104G 

concentrations at high PR-104 dose). Thus it appears likely that clearance of PR-104G 

staturates at higher dose. It is not clear whether there is similar non-linear PK in 

humans. In this respect it would be of interest to evaluate intra-patient dose escalation, 

but this has not been undertaken. However, there does appear to be greater inter-

individual variation in the PR-104G AUC than the PR-104A AUC, at the same dose 

levels (Fig 5.3) suggesting that there may be differences in kinetics of PR-104G 

formation or elimination between patients. 

In vitro glucuronidation kinetics can be used to predict in vivo clearance (and drug-drug 

interactions). However, predicted clearance is almost always underestimated for the 

UGTs, and the main reason is probably competitive inhibition by free fatty acids in the 

in vitro reaction resulting in underestimation of in vitro and extrapolated in vivo CLint 

(Miners et al., 2010). There is also some concerns that in vitro glucuronidation rates 

determined in the presence of activity enhancers may not reflect in vivo activity (Lett et 
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al., 1992; Trapnell et al., 1998; Kilford et al., 2009). Furthermore, a full quantitative 

picture about the contribution of the glucuronidation pathway across species is required 

to get the glucuronide-related in vivo clearance for this comparison, which is not yet 

available. Since UGT substrates must be delivered to the luminal side of the 

endoplasmic reticulum (ER) to access the active site of UGT, uptake into the ER may 

be a limiting factor for in vivo glucuronidation (Miners et al., 2010). Other confounders 

may include nonspecific binding, scaling factors, inappropriate kinetic modelling, and 

failure to account for extrahepatic metabolism (Miners et al., 2006) which might be 

especially important for UGT2B7 given its renal expression (Knights and Miners, 

2010). Unfortunately, screening methods to model uptake into the ER are not yet 

available. As a consequence of these considerations, the extrapolation of in vitro UGT-

catalysed metabolic rates to in vivo clearance predictions is generally believed to be less 

robust. Here, another approach was made to eliminate some factors during 

extrapolation by comparing ratio of predicted CLH to observed clearance in PR-104A 

with some known selective UGT2B7 substrates whose excretion was establish as via 

glucuronidation pathway. The similar ratio indicated that glucuronidation pathway 

could be the major determinant in excretion of PR-104A in humans. 

UGT2B7 is one of the most important isoforms in drug glucuronidation, contributing to 

~ 40% of hepatic glucuronidation of drugs based on data reported by Williams et al., 

2004. There is a UGT2B7 ortholog in rat (UGT2B1) but no similarity-to-human data 

found for UGT2B7 in dog or mouse (Staines et al., 2004). However, glucuronidation of 

PR-104A in rat is a too minor metabolic pathway to justify any further study. UGT2B7 

appears to be the sole human rUGT responsible for PR-104A glucuronidation after 

screening 12 commercially available rUGTs. The correlation between PR-104A 

glucuronidation and immuno-quantified UGT2B7 protein content (correlation 

coefficient of 0.93) gave further supporting evidence. The use of fluconazole as a 

selective UGT2B7 inhibitor (Uchaipichat et al., 2006b) could be considered for studies 

of PR-104A glucuronidation in the future. This makes PR-104A arguably another 

selective known substrate for UGT2B7 in addition to carbamazepine, a anticonvulsant, 

the selectivity of which was demonstrated by screening of seven rUGTs of importance 

in hepatic glucuronidation and competitive inhibition by known UGT2B7 substrates 

(Staines et al., 2004). In addition to liver, UGT2B7 is a dominant UGT enzyme 

expressed in the human kidney (Knights and Miners, 2010). Thus, renal 
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glucuronidation may serve as a “local” clearance and detoxification mechanism for PR-

104A. Consistent with this, ~1% of total PR-104A was excreted in human urine in its 

original form (as reported in Chapter 4). 

The first partial crystal structure of UGT2B7 has been reported recently which will help 

to understand the molecular mechanisms governing their substrate specificity and 

catalytic activity (Miley et al., 2007; Radominska-Pandya et al., 2010). UGT2B4 has 

been regarded to have overlapping substrate specificity to UGT2B7 (Jin et al., 1993b; 

Jin et al., 1997), as demonstrated in several substrates (e.g. AZT and codeine) (Court et 

al., 2003) though an exception exists (i.e. carbamazepine) (Staines et al., 2004). In this 

study, PR-104A appeared not to be a substrate for UGT2B4 as demonstrated by the 

rUGTs screening (Figure 5.7), which makes PR-104A another selective UGT2B7 

probe. Importantly, it underlies a possibility to develop a less toxic UGT2B7 probe, the 

diethylamino analogue of PR-104A (no reactive leaving groups, Compound 3 in Figure 

2.3), which could be used clinically. Endogenous and exogenous substrates for 

UGT2B7 (reviewed in Radominska-Pandya et al., 2001) could potentially 

competitively inhibit PR-104A glucuronidation in vivo and thus affect its 

pharmacokinetics. Additionally, the known interaction between UGT2B7 and UGT1A 

families (Fujiwara et al., 2010) may complicate the situation further. Recent studies 

demonstrated that CYP3A4 was specifically associated with UGT2B7 and altered the 

regioselectivity of morphine glucuronidation, where formation of an active metabolite, 

6-glucuronide morphine, was enhanced and led to an increased ratio of 

activation/detoxication (Ishii et al., 2010). All of above factors may contribute to the 

complexity of inter-patient variance of PR-104A glucuronidation in humans. 

Genetic variation has been demonstrated for glucuronication of SN-38 (the active 

metabolite of irinotecan), a substrate for UGT1A1. The UGT1A1*28 variant, with 

reduced enzyme activity, was associated with increased irinotecan-related toxicity 

(Nagar and Blanchard, 2006), therefore lower dose should be assigned to those patients 

with UGT1A1*28 allele (TA7/TA7). There are also genetic polymorphisms of 

UGT2B7 and the variant studied most is 802T>C in exon 2 (H268Y) (UGT2B7*2) 

(Radominska-Pandya et al., 2001; Guillemette et al., 2010). However, this single amino 

acid change does not seem to have any functional significance for a number of 

substrates in HEK293 cell expressing the two variants (Jin et al., 1993a; Coffman et al., 
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1998; Innocenti et al., 2001). Furthermore, little influence of the UGT2B7*2 

polymorphism has been observed either on rates of microsomal glucuronidation of 

zidovudine (AZT) and morphine (Court et al., 2003), or their pharmacokinetics in vivo 

(Peterkin et al., 2007; Kwara et al., 2009; Court, 2010). A -161T>C variant in the 

UGT2B7 promoter [in complete linkage disequilibrium (LD) with 802T>C] was found 

to be associated with increased morphine-6-glucuronide/morphine plasma ratios 

(Sawyer et al., 2003). However, later studies demonstrated that neither morphine 

glucuronidation (Holthe et al., 2003) nor analgesic response (Ross et al., 2005) was 

associated with these two UGT2B7 variants. Interestingly, a recent study demonstrated 

that UGT2B7*1c (c.735A>G) was significantly associated with higher zidovudine 

glucuronidation activity as well as UGT2B7 protein content in a human liver bank 

(Kwara et al., 2009). In parallel, another study showed about 45% increase in the 

formation of morphine-3-glucuronide in human livers carrying the intron 1 SNP (IVS1 

+985A>G) (Innocenti et al., 2008), a SNP which is in significant linkage 

disequilibrium with c.735A>G as well as the exon 4 SNP (c.1062C>T). More recently, 

a study on epirubicin, another UGT2B7 substrate (Innocenti et al., 2001), showed that 

CC genotype (homozygotes for the -161C and 802C alleles) patients had decreased 

epirubicin clearance (88.9 L/hr) compared to CT/TT genotype patients (129 L/hr) 

(Sawyer et al., 2009), which is consistent with the earlier study on morphine 

glucuronidation from this group (Sawyer et al., 2003). 

In addition to polymorphism of enzyme itself, regulation of its expression was another 

major determinant responsible for its activity and variability. Nrf2 is known to be 

involved in the induction of Phase II drug conjugation enzymes (e.g. UGTs) and 

antioxidant enzymes such as NQO1 (Shen and Kong, 2009). In normal cells, Nrf2 is 

kept in the cytoplasm by Keap1 protein and degraded by the ubiquitination–proteasome 

system (Kobayashi et al., 2006). It was reported that Nrf2 was activated in some cancer 

cells by a point mutation in the KEAP1 gene (Singh et al., 2006), which helps cancer 

cells resist anti-cancer drugs via expression of multidrug resistance proteins (MRPs). 

Recent studies have confirmed that UGT2B7 is transcriptionally regulated by Nrf2 and 

in addition, the mechanism was hindered by polymorphisms in the promoter region of 

UGT2B7*2, which could cause variability of the glucuronidation in response to 

oxidative stress (Nakamura et al., 2008). Increased transcriptional activity has also been 

found in AKR families particularly AKR1C1 and 1C2 (MacLeod et al., 2009). Recent 
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work in our laboratory revealed that AKR1C3, a key oxygen-independent enzyme 

responsible for PR-104A reduction, was regulated in part by Nrf2 (Guise et al., 2010). 

Endogenous β-glucuronidases (E.C.3.2.1.31) were proposed as a target for prodrug 

activation by Connors and Whisson in 1966 (Connors and Whisson, 1966), where 

correlation between the β-glucuronidase activity and the response of tumours to aniline 

mustard was found in tumour-bearing mice. β-Glucuronidase is a lysosomal enzyme 

which plays a role in the degradation of glucuronic acid-containing 

glycosaminoglycans (Paigen, 1989). β-Glucuronidase may be an ideal target for tumour 

specific prodrug because it is restricted to intracellular vesicles under normal 

circumstances and not accessible to the hydrophilic glucuronide prodrugs. In contrast, 

most tumour cells and necrotic areas of tumours differ from normal tissues in that they 

show higher extracellular β-glucuronidase activity (Bosslet et al., 1998). In addition, 

the lower extracellular pH in tumours (as mentioned in Chapter 1) is preferable for 

better activity of β-glucuronidase, which has an optimal pH of 4-5 (Brot et al., 1978). 

Elevated activity of β-glucuronidase in tumour tissues comes primarily from invading 

macrophages and neutrophils in the necrotic area of tumours and is associated with 

tumour invasiveness and metastatic potential (Boyer and Tannock, 1993; Juan et al., 

2009), with marginal contribution from dying tumour cells (Bosslet et al., 1998). 

Therefore, the most aggressive forms of cancer, especially those with larger necrotic 

tumours are likely to be the best targets for glucuronide prodrugs. The main problem of 

glucuronide prodrugs for clinical use is likely to be their high clearance. In addition, 

necrotic areas with high amounts of extracellular β-glucuronidase are often less well-

vascularised, leading to insufficient prodrug supply(Chen et al., 2003; Brüsselbach, 

2004). Several glucuronide prodrugs under development showed promising activity 

selectively against tumours (Schumacher et al., 1996; Angenault et al., 2003; Juan et 

al., 2009). This also opens the door for PR-104G to be therapeutically active in human 

tumours with necrotic areas and high levels of tumour-infiltrating macrophages or 

tumour-infiltrating lymphocytes, arguably, tumours that confer poor prognosis (Figure 

5.11). PR-104G has a similar tissue diffusion coefficient to PR-104A as demonstrated 

by K. Patel in this laboratory using MCL models. The MCL model estimates the drug 

tissue diffusion coefficient (DMCL), which describes the rate of extravascular drug 

diffusion, with contributions from intracellular and extracellular compartments (Hicks 

et al., 1997). PR-104G gave DMCL of 3.65 ± 0.11 ×10
-7

 cm
2
s

-1
, with no PR-104A 
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detected in the medium, while averaged DMCL for PR-104A is 4.19 ± 0.10 × 10
-7

 cm
2
s

-1
. 

A preliminary in vivo study in mice confirmed its limited systemic activation as 

demonstrated by the detection of only trace levels of PR-104A (<0.2µM) in early 

plasma samples (5min) after i.v. administration of high dose of PR-104G (1000 

µmol/kg). However, high clearance (~300 µM at 5 min and ~5 µM at 30 min in 

plasma) may restrict its exposure time to target tumours. Though a disadvantage as a 

prodrug development strategy, if PR-104G also has a very short half-life in humans, 

then it implies that glucuronidation is an even more important route of metabolism of 

PR-104A in humans than if it had a half-life similar to PR-104A (i.e. the high AUC for 

PR-104G must reflect very rapid formation if it is also rapidly cleared). Although the 

reactivation of PR-104G from biliary excretion could potentially result in GI toxicity as 

seen in SN-38, this hasn‟t been found for PR-104 in any of the species evaluated, at 

least not the dose limiting toxicity. Nonetheless, in addition to detoxification, 

glucuronidation of PR-104A might also contribute to anti-tumour activity of PR-104A.
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CCHHAAPPTTEERR  66    CCoonncclluuddiinngg  DDiissccuussssiioonn  aanndd  

FFuuttuurree  DDiirreeccttiioonnss  

6.1 MAJOR FINDINGS AND CONCLUSIONS 

The objective of this thesis was to define relationships between metabolic 

transformation of PR-104, its toxicity to normal tissues, its clearance from the body, 

and its antitumour activity in preclinical models, which will lead to better 

understanding of the mechanism of PR-104 and will thus be beneficial to its clinical 

use. 

The original molecule design, proposed in CHAPTER 1, was that under hypoxic 

conditions PR-104A cytotoxicity results from reductive metabolism to the activated 

nitrogen mustards PR-104H and/or PR-104M which form DNA ICL. Upon start of the 

thesis, studies in this laboratory had shown the oxygen-dependent formation of reduced 

metabolites and cytotoxicity in tumour cell lines (Patterson et al., 2007). However, the 

detailed DNA repair phenotype and determinants for sensitivity to this new molecule 

were unclear. In CHAPTER 2,  DNA damage responsible for cytotoxicity of PR-104A 

was characterised by comparing sensitivity of repair-defective hamster CHO cell lines 

with their repair-competent counterparts. PR-104H showed a repair profile similar to 

the reference DNA crosslinking agents chlorambucil and mitomycin C, with marked 

hypersensitivity of XPF
-/-

 cells, ERCC1
-/-

 cells and Rad51D
-/-

 cells, but not of XPD
-/-

 or 

DNAPKCS
-/-

 cells. This pattern confirmed the expected dependence on the ERCC1-XPF 

endonuclease, implicated in unhooking DNA ICLs at blocked replication forks, and 

HRR in restarting collapsed forks. However, even under anoxia, the hypersensitivity of 

XPF
-/-

, ERCC1
-/-

 and Rad51D
-/-

 cells to PR-104A itself was lower than for 

chlorambucil. The main reason for that was subsequently proved to be inefficient PR-

104A reduction in CHO cell lines. The over-expression of CYPOR in Rad51D
-/-

 cells 

and their HRR-restored counterpart increased hypoxic metabolism of PR-104A to PR-

104H and PR-104M, as well as hypoxia-selective cytotoxicity of PR-104A and its 

dependence on HRR. This demonstrated PR-104A cytotoxicity is primarily due to 

DNA ICL by its reduced metabolites, although under conditions of inefficient PR-104A 

reduction (low reductase expression or aerobic cells) a second mechanism contributes 



Chapter 6   Concluding discussion and future directions 

 

   - 175 - 

 

to cell killing. A model was proposed that hypoxia, reductase activity and DNA ICL 

repair proficiency interact to determine PR-104A sensitivity. 

The characterisation of the metabolic fate of PR-104 and comparisons of the pathways 

of biotransformation in preclinical species and humans are important in understanding 

of the clearance pathways and also provides information about active metabolites and 

reactive metabolic pathways and their potential impact on efficacy and safety. A 

systematic investigation of pathways of biotransformation of PR-104 in mice, rats, dogs 

and humans was undertaken in CHAPTER 3. The excretion of PR-104 in mice and its 

metabolite profiles in mice, rats, dogs and humans following a single i.v. dose of 

tritiated or non-labelled PR-104 were evaluated. Total radioactivity was rapidly and 

quantitatively excreted in mice, with cumulative excretion approximately equal in urine 

and faeces. The major urinary metabolites in mice were products from oxidative N-

dealkylation and/or glutathione conjugation of the nitrogen mustard moiety, including 

subsequent mercapturic acid pathway metabolites. A similar metabolite profile was 

seen in mouse bile, mouse plasma, and rat urine and plasma. Dogs and humans also 

showed extensive thiol conjugation, but little evidence of N-dealkylation. Humans, like 

rodents, showed appreciable reduced metabolites in plasma, but concentrations of the 

cytotoxic amine metabolite (PR-104M) were higher in mice than humans. Consistent 

with this, extensive evaluation of nitroreduction pathway in mouse xenograft models 

identified the liver as a major source of reduced metabolites with similar pattern (PR-

104M>PR-104H) in plasma, but the high concentrations and distinct metabolite ratio 

(PR-104H>PR-104M) in SiHa tumours suggested intra-tumour activation is also 

significant. The tissue distribution of PR-104M/H was broadly consistent with the 

target organ toxicities of PR-104 (bone marrow, intestines and liver). Surprisingly, 

unchanged hepatic nitroreduction in a liver hypoxia model indicated that the source of 

reduced metabolites in liver is oxygen-independent. PR-104A reduction in mice is not 

sensitive to naproxen at concentrations that inhibit its reduction by AKR1C3 in human 

tumour xenografts (H460). Notably, the most conspicuous difference in metabolite 

profile was the much more extensive O-glucuronidation of PR-104A in dogs and 

humans than in rodents which warranted a more extensive investigation. Based on these 

metabolite profiles, biotransformation of PR-104 in rodents is markedly different from 

that in humans, suggesting that rodents may not be appropriate for modelling human 

biotransformation and toxicology of PR-104. However, from the regulatory point of 
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view, the exposure of reduced metabolites in mice exceeds that in humans, justifying 

the mouse as a valid toxicology species for safety assessment of toxicity resulted from 

reduced metabolites. 

The major reduced metabolites were also determined in human plasma samples from 

phase I trial (CHAPTER 4). However, whether these systemic circulating reduced 

metabolites can be used as biomarkers for toxicity remains unclear until more critical 

evaluation is available in phase II trials when a larger population of patients is exposed 

to the same dose. Results from extensive samples from phase I trial also confirmed that 

the O-glucuronide PR-104A (PR-104G) is the major metabolite in human plasma with 

similar terminal half life and AUC values to PR-104A, and that both the O-glucuronide 

and reduced metabolites showed considerable inter-patient variability. 

To characterise the glucuronidation pathway, a microsomal metabolism model to assay 

PR-104A conjugation by UDP glucuronosyltransferase (UGT) was developed in 

CHAPTER 5. The results demonstrated UDPGA-dependent glucuronidation of PR-

104A in all species but with large differences in rates (dog>human>mouse~rat), similar 

to the AUC ratios of O-glucuronide metabolite relative to PR-104A observed in plasma. 

Screening of recombinant human UGTs identified UGT2B7 as the only one of the 

12/18 commercially available isoforms able to conjugate PR-104A. Hepatic clearance 

CLH extrapolated from intrinsic clearance CLint was lower than observed clearance. The 

similar difference to other UGT2B7 substrates indicated that like those substrates, 

glucuronidation may also be the major determinant for PR-104A clearance in humans. 

The Km of UGT2B7 for PR-104A appeared to be lower than that for human liver 

microsomes, leading to investigation of the relationship between UGT 2B7 protein 

content and glucuronidation activity. The excellent correlation suggested that UGT2B7 

is the only isoenzyme contributing to PR-104A glucuronidation in humans. 
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6.2  FUTURE DIRECTIONS 

6.2.1 Interaction of reductive and glucuronidation pathways 

A model for Nrf2 co-regulating AKR and UGTs has been proposed for 9,10-

phenanthraquinone (PQ), where Nrf2 regulation was involved in reduction of PQ to 

PQH2 catalysed by NQO1 and AKR, followed by glucuronidation of PQH2 catalysed 

by UGTs, and expression of MRP (Taguchi et al., 2008). Similarly, Nrf2-driven 

expression of UGT2B7 in tumour cells could cause resistance by detoxifying PR-104A, 

opposing its activation by Nrf2-induced AKR1C3 (Figure 6.1). Expression of UGT2B7 

was reported to be reduced dramatically in invasive breast cancers but apparent 

increase in carcinomas in situ though mechanism is unclear (Gestl et al., 2002). 

However, the study suggested involvement of UGT2B7-catalysed reaction(s) in 

protection against invasion of surrounding tissue by cancer cells. Even if UGT2B7 is 

not typically expressed in tumours, their genetic instability and enormous genetic 

diversity means that mutants expressing UGT2B7 can be expected (even if at a low 

frequency) and would tend to be selected by PR-104 treatment. However, that selection 

will not be very strong unless the rate of glucuronidation is high enough to lower PR-

104A in steady state, and the intracellular glucuronide is inactive, though it might still 

be active if it is a substrate for AKR1C3 or CYPOR. Although glucuronidation of PR-

104H and reduction of PR-104G are yet to be confirmed, glucuronides of the reduced 

metabolites are likely to retain cytotoxicity, at least in the cell in which they are 

generated, because the reactivity of the nitrogen mustard will be little affected. (A 

minor decrease might be expected because a negatively charged PR-104G would be 

expected to interfere with interaction with DNA (poly anion) to some extent (Record et 

al., 1976). Further studies to address these questions would certainly help to elucidate 

the significance of the glucuronidation pathway. 
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Figure 6.1 Model proposed for the mechanism of PR-104A biotransformation via 

glucuronidation and reduction pathways regulated by Nrf2, and potential reactivation of PR-

104G in tumours and intestine by β-glucuronidase. 

In evaluating this model, further experiments are required to test: whether a) PR-

104H/M is a substrate for UGT2B7; and b) PR-104G is a substrate for AKR1C3 and 

anoxic PR-104A reductases using UDPGA and NADPH-supported S9 and microsomal 

preparations, or using both as cofactors to explore the interaction of the two pathways 

under anoxic and oxic conditions. Inhibition of PR-104A glucuronidation in HLMs by 

fluconazole, a selective UGT2B7 inhibitor (Uchaipichat et al., 2006b) may be 

considered for future study. Naproxen is being considered as an inhibitor of AKR1C3 

(Gobec et al., 2005), potentially to suppress myelotoxicity in patients. Based on 

suggestions (Birtwistle et al., 2009) that AKR1C3 may be highly expressed in myeloid 

progenitors, inhibition of AKR1C3 may be a promising strategy to reduce 

myelotoxicity. However, this strategy would only be attractive in patients with tumours 

having low AKR1C3 activity, in which case therapeutic activity depends on one-

electron reduction under hypoxia rather than by AKR1C3. However, naproxen is also a 

substrate of UGT2B7 (Bowalgaha et al., 2005), so competitive inhibition of 

glucuronidation by naproxen could increase toxicity by suppressing PR-104A clearance 

via UGT2B7. Hence, it would be useful to explore how naproxen interacts with the 

reductive and glucuronidation pathways. 
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6.2.2 Future research on the metabolism and clearance of PR-104A 

Compartmental population pharmacokinetic (PK) modelling is important in drug 

development (Williams and Ette, 2000). These models can be applied to identifying 

covariates and guiding individualised dosing strategies. A compartmental population 

PK model has been developed recently for PR-104 and PR-104A (Patel, 2010). A more 

sophisticated population PK model involving key PR-104A metabolites (i.e. PR-104G, 

H and M) is under development (S. Choy and N. Holford) to understand the major 

factors responsible for clearance of PR-104A as well as determinants for inter-patients 

variability. Clearances of these metabolites are important parameters in this model, 

which cannot currently be determined in the PR-104 model because both the rates of 

formation and loss of the metabolites are unknown. Information on the 

pharmacokinetics and biotransformation of these metabolites following systemic 

administration would greatly assist in specifying these models. Given that such 

investigations are difficult in humans, evaluation of the fate of key metabolites such as 

PR-104G, PR-104H and PR-104H in mice would be a valuable first step, supported by 

in vitro metabolism studies to identify species differences in their subsequent 

metabolism. In particular, determination of the volume of distribution at steady state in 

the mouse would be valuable as this parameter is generally assumed to be similar 

across species in compartmental models. In addition, metabolic fate of PR-104H /M in 

the mouse is unclear as to whether PR-104M is oxidised back to PR-104H or the 

opposite in tumours. Because of the potential role of glucuronide PR-104A in toxicity 

and antitumour activity via β-glucuronidase, it is also of interest to know whether it can 

regenerate PR-104A systemically, or in tumours, or in the gut following systemic 

administration of PR-104G. Verification that glucuronidation is indeed the major 

clearance pathway of PR-104A would seem a critical consideration. Only 

approximately 25% of the PR-104 dose can be accounted for in the urine of human 

subjects (Chapter 3), indicating that biliary elimination and subsequent excretion in 

faeces is the major route of PR-104A/metabolite excretion (equal excretion of 

metabolites in the urine and faeces of mice was demonstrated in Chapter 3). In this 

regard, knowledge of the uptake and efflux transporters involved in PR-104A 

disposition would also be of value. 
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In addition to factors identified in CHAPTER 2 (hypoxia, reductase activity and DNA 

repair phenotype), there will be other factors that may determine PR-104A sensitivity. 

For example, conjugation by GSH is a potential cause of resistance, as with other 

nitrogen mustards, and products from this pathway were found prominent in all species 

(CHAPTER 3). The significance of the GSH conjugation pathway for tumour 

resistance, probably a more plausible mechanism of resistance, has not yet been 

evaluated and deserves further investigation. 

Finally, because PR-104A is a selective substrate for UGT2B7, this also raised an 

interest of exploring a potential less toxic and more stable diethylamino analogue of 

PR-104A (no reactive leaving groups) as a UGT2B7-specific probe for in vitro and 

possibly for clinical use in the future. 

6.2.3 Further clinical development of PR-104 

It is too soon to assess whether PR-104 has a future in the clinic as no randomised 

clinical trial data have yet been reported. However, current studies have not selected 

patients based on the criteria identified in the present study (hypoxia, reductase 

expression and repair phenotype. Encouragingly, emerging techniques for assessing 

these might eventually make patient selection possible. Hypoxia measurement has been 

discussed in Chapter 1 (Section 1.3.4) and PET-based imaging has been used clinically 

in small studies with tirapazmine (Rischin et al., 2007). However, the reliability of PET 

imaging in this context will also depend on whether the PET tracers are activated by the 

same reductases as the bioreductive prodrugs, which is not currently known. Although 

overexpression of AKR1C3 has been reported in carcinomas of the breast and prostate 

(Penning and Byrns, 2009), reliable measurement of AKR1C3 expression is currently 

limited to immunohistochemical analysis (Guise et al., 2010), which restricts its clinical 

use. There is also an urgent need for functional assays of DNA repair pathways in 

human tumours, which is a very active area of investigation in part because of the 

importance of these pathways in determining sensitivity to PARP1 inhibitors (Jaspers et 

al., 2009). Rapidly developing DNA sequencing techniques are also providing 

approaches to assess DNA damage response and repair pathways in individual tumours 

(Stephens et al., 2009; Pleasance et al., 2010). Thus individualised medicine may 

ultimately find the most responsive patient population for PR-104 and benefit its 

clinical use.  
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6.2.4 Indications for future drug development 

Another approach may be to find analogues of which are not substrates for AKR1C3, 

therefore reduce the aerobic activation and minimise potential toxicity. However, a 

more radical redesign the molecule may also be considered. Avoiding a phosphate 

solubilising function might be a good option, as the resulting alcohol will almost 

inevitably be rapidly glucuronidated. For example, it might be preferable to take a less 

soluble lipophilic DNBM, without a solubilising sidechain, and develop a 

nanoformulation(Shi et al., 2009). In addition to hypoxia, reductase activity is another 

variable that determines PR-104 sensitivity. However, expression of nitroreductases 

may be lower in tumours than in some critical normal tissues which is another barrier to 

overcome for tumour selectivity. Thus redesign of molecule may also need to consider 

a readily reliable diagnostic reagent for reductase activity. Taken together, it may be 

worthwhile to reconsider earlier mononitro mustards like the nitroimidazole and 

nitrothiazole mustards (Siim et al., 1997). Although poor water solubility prevented 

further development at that time, there are obvious advantages of no side chain for 

phase II conjugation and no second nitro group to complicate the reduction chemistry 

(the unreduced second nitro group compromises the reactivity of the reduction 

products). Furthermore, having a 2-nitroimidazole based prodrug may mean that EF5 

and other 2-nitroimidazole PET tracers would be more reliable diagnostics for patient 

selection than for DNBMs. The physicochemical properties required for efficient 

extravascular penetration into hypoxic zones are also important factors to be considered 

during the design of bioreductive prodrugs, with lipophilicity and hydrogen bond 

donor/acceptors being major determinants (Pruijn et al., 2005; Pruijn et al., 2008). 

These requirements could probably be met with the above nitroheterocyclic mustards. 

As discussed in Chapter 1, the nitro group can also be used as an electronic switch in a 

prodrug strategy that relies on fragmenting the molecule to release a reactive alkylating 

moiety (Denny et al., 1996). One such example is TH-302 (Duan et al., 2008). Recent 

clinical trial results suggest that TH-302 may have promise as a new combination 

chemotherapeutic approach for the treatment of GI malignancies (Borad et al., 2010), 

although no randomised trials have yet been reported. Recent developments in our 

laboratory have also shown the success in this strategy with a series of hypoxia-

activated irreversible pan-HER inhibitors in preclinical models. These prodrugs 
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efficiently fragment following one-electron reduction under hypoxia conditions, with 

SN29966 reported to have good hypoxic selectivity and superior anti-tumour activity to 

conventional pan-HER inhibitors in xenograft models (Smaill et al., 2009; Patterson et 

al., 2009 and unpublished data).
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AAppppeennddiixx  II  CChheemmiiccaall  ssttrruuccttuurreess  ooff   ccoommppoouunnddss  

uusseedd  iinn  tthheessiiss  

Compound Name: Chlorambucil (CHL) 

N

Cl

HOOC

Cl  

Molecular formula: C13H17Cl2NO2 

Serial number: SN22741 

Exact Mass: 289.1 

MW: 290.2 

 

Compound Name: Chlorambucil half mustard 

NH

Cl

HOOC

 

Molecular formula: C11H14ClNO2 

Serial number: SN23665 

Exact Mass: 227.1 

MW: 227.7 

 

Compound Name: Mitomycin C (MMC) 

N
N

O

O

O

O
N

O

N

 

Molecular formula: C15H18N4O5 

Serial number: SN23355 

Exact Mass: 334.1 

MW: 334.3 

 

Compound Name: Nitracrine 

N+

N+
O-

O

N+

NCl-

Cl-  

Molecular formula: C18H22N4Cl2O2 

Serial number: SN22972 

Exact Mass: 396.1 

MW: 397.3 

 

Compound Name: PR-104 (d0, d4 and 
3
H) 

N

OSO2Me

O

OPO3
2-N

Br

H

NO2

O2N

T

D

D

 

Molecular formula: C14H20BrN4O12PS 

Serial number: SN29244 

Exact Mass: 578.0 

MW: 579.3 

D4 D: d4 position 

3
H T: tritiated position 
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Compound Name: PR-104A (d0 and d4) 

N

OSO2Me

O

OH
N

Br

H

NO2

O2N
D

D

 

Molecular formula: C14H19BrN4O9S 

Serial number: SN27858 

Exact Mass: 498.0 

MW: 499.3 

D4 D: d4 position 

 

Compound Name: PR-104G 

N

OSO2Me

O
O

N

Br

H

NO2

O2N
O

OH
HO

OH
COOH

 

Molecular formula: C20H27BrN4O15S 

Serial number: SN30930 

Exact Mass: 674.0 

MW: 675.4 

 

Compound Name: PR-104H (d0 and d4) 

N

OSO2Me

O

OH
N

Br

H

NHOH

O2N D

D

 

Molecular formula: C14H21BrN4O8S 

Serial number: SN29902 

Exact Mass: 484.0 

MW: 485.3 

D4 D: d4 position 

 

Compound Name: PR-104M (d0 and d4) 

N

OSO2Me

O

OH
N

Br

H

NH2

O2N D
D

 

Molecular formula: C14H21BrN4O7S 

Serial number: SN32326 

Exact Mass: 468.0 

MW: 469.3 

D4 D: d4 position 

 

Compound Name: PR-104S1 

NH

OSO2Me

O
OH

N

H

NO2

O2N

 

Molecular formula: C12H16N4O9S 

Serial number: SN29839 

Exact Mass: 392.1 

MW: 392.3 
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Compound Name: PR-104S2 

NH O

OH
N

Br

H

NO2

O2N

 

Molecular formula: C11H13BrN4O6 

Serial number: SN29838 

Exact Mass: 376.0 

MW: 377.2 

 

Compound Name: Tirapazamine (TPZ) 

N+

N+

N

O-

O-

N

 

Molecular formula: C7H6N4O2 

Serial number: SN24280 

Exact Mass: 178.1 

MW: 178.2 

 

Compound Name:  
N+

N+

O-O Cl-

Cl

Cl

 

Molecular formula: C14H21Cl3N2O2 

Serial number: SN25378 

Exact Mass: 354.1 

MW: 355.7 

 

Compound Name:  

N

OSO2Me

O
OH

N

Br

H

NO2

O2N

 

Molecular formula: C14H19BrN4O9S 

Serial number: SN28099 

Exact Mass: 498.0 

MW: 499.3 

 

Compound Name:  

N

OSO2Me

O
OH

N

Br

H

NO2

NO2

 

Molecular formula: C14H19BrN4O9S 

Serial number: SN29222 

Exact Mass: 498.0 

MW: 499.3 

 

Compound Name:  

N O

OH
N

H

NO2

O2N

 

Molecular formula: C13H18N4O6 

Serial number: SN29893 

Exact Mass: 326.1 

MW: 326.3 
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AAppppeennddiixx  IIII  UUVV  aanndd  mmaassss  ssppeeccttrraa  ooff   tthhee  

mmeettaabboolliitteess  ooff   PPRR--110044  

The chemical structure, UV and mass spectra of the metabolites of PR-104 are 

presented in this appendix. Parent drug and metabolites were identified by mass 

spectrometry and/or comparison with authentic standards. All mass spectra were 

obtained with positive mode API-ES unless stated otherwise on the mass spectrum. 
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1
9

3
.6

2
4

8
.7

2
6

0
.7

2
7

8
.7

2
9

6
.8

3
5

8
.7

3
7

4
.8

4
0

2
.7

4
8

0
.6

33. +MS2(499.0), 18.3-22.7min #(589-760)

0

1000

2000

3000

4000

5000

Intens.

200 300 400 500 600 700 m/z

+ MS2 (499.0)

1
9

3
.6

2
4

8
.7

2
6

0
.7

2
7

8
.7

2
9

6
.8

3
5

8
.7

3
7

4
.8

4
0

2
.7

4
8

0
.6

33. +MS2(499.0), 18.3-22.7min #(589-760)

0

1000

2000

3000

4000

5000

Intens.

200 300 400 500 600 700 m/z

+ MS2 (499.0)

N

OSO2Me

O
OH

N

Br

H

NO2

O2N

[M+H-H2O]+

[M+H-96]+

[M+H-124]+

[M+Na]+
[M+K]+



Appendix II   UV and mass spectra of the metabolites of PR-104 

 

   - 187 - 

 

B. PR-104G (M1) 

 

C. M2 

 

N

OSO2Me

O
O

N

Br

H

NO2

O2N O

OH
HO

OH
COOH

3
7

4
.7

4
0

2
.7

4
8

0
.7

4
9

8
.7

6
5

8
.6

82. +MS2(676.1), 14.3-14.3min #420-#423

0

1

2

3

4x10

Intens.

100 200 300 400 500 600 700 m/z

+MS2 (675.0)

3
7

4
.7

4
0

2
.7

4
8

0
.7

4
9

8
.7

6
5

8
.6

82. +MS2(676.1), 14.3-14.3min #420-#423

0

1

2

3

4x10

Intens.

100 200 300 400 500 600 700 m/z

+MS2 (675.0)

[M+H-C6H8O6]
+

[M+H-194]+

N

OSO2Me

O
OH

N
H

NO2

O2N

S

O

O O O

OHN
H

H
N

HO

NH2

334

274

2
7

3
.7

3
3

3
.8

5
0

0
.8

5
5

4
.9

5
9

6
.8

6
2

9
.8

6
5

0
.8

4. +MS2(726.0), 4.7-6.6min #(64-136)

0.0

0.2

0.4

0.6

0.8

1.0

4x10

Intens.

100 200 300 400 500 600 700 m/z

+MS2 (726.0)

2
7

3
.7

3
3

3
.8

5
0

0
.8

5
5

4
.9

5
9

6
.8

6
2

9
.8

6
5

0
.8

4. +MS2(726.0), 4.7-6.6min #(64-136)

0.0

0.2

0.4

0.6

0.8

1.0

4x10

Intens.

100 200 300 400 500 600 700 m/z

+MS2 (726.0)

[M+H-75]+

[M+H-129]+

[M+H-96]+



Appendix II   UV and mass spectra of the metabolites of PR-104 

 

   - 188 - 

 

D. M3 
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H. M7 

 

I. PR-104S1 (M8) 
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AAppppeennddiixx  IIIIII  NNoonn--ccoommppaarrttmmeennttaall  PPKK  ppaarraammeetteerrss  

ooff   PPRR--110044  aanndd  mmeettaabboolliitteess  iinn  pphhaassee  II  cclliinniiccaall  ttrriiaall  

PR104-1001 study 

Dose (mg/m
2
) 135 216 346 550 770 1100 1400 

Patient No. 6 4
†
 2 3

†
 3

†
 6 3 

Cmax 

(µM) 

PR-104 3.56 4.88 7.67 21.9 14.1 31.0 49.1 
(1.00) (1.59) (1.61) (6.2) (0.4) (3.2) (25.0) 

PR-104A 
3.79 7.14 7.50 18.4 17.2 30.8 52.9 

(0.13) (1.21) (1.54) (0.2) (1.7) (2.8) (14.2) 

PR-104G 
2.27 7.58 7.41 29.3 13.6 23.8 63.5 

(0.76) (6.03) (4.88) (18.3) (8.2) (4.7) (17.4) 

PR-104H 
0.62 (0.99 0.74 2.89 1.25 1.18 0.66 

(0.07) 0.30) (0.17) (1.53) (0.02) (0.21) (0.17) 

PR-104M 
0.048 0.12 0.072 0.34 0.14 0.17 0.20 

(0.009) (0.05) (0.004) (0.18) (0.01) (0.04) (0.04) 

PR-104S1 
0.039 0.30 0.14 0.68 0.76 0.49 0.41 

(0.012) (0.12) (0.08) (0.48) (0.13) (0.12) (0.40) 

AUC 

(µM-h) 

PR-104 
2.33 3.06 5.12 14.9 10.1 18.4 31.4 

(0.53) (1.30) (0.02) (2.4) (0.5) (1.1) (16.5) 

PR-104A 
3.84 6.87 8.13 17.3 16.8 39.1 59.8 

(0.29) (0.96) (1.16) (1.6) (1.8) (5.5) (14.0) 

PR-104G 
2.03 6.92 6.77 37.1 15.8 33.7 94.0 

(0.62) (5.24) (4.40) (25.3) (10.7) (9.0) (44.8) 

PR-104H 
0.67 1.18 0.81 2.82 1.26 1.88 1.15 

(0.08) (0.29) (0.43) (1.45) (0.11) (0.35) (0.15) 

PR-104M 
0.058 0.13 0.11 0.33 0.16 0.33 0.52 

(0.014) (0.06) (0.04) (0.14) (0.03) (0.06) (0.20) 

PR-104S1 
0.075 0.33 0.15 0.81 0.79 0.65 0.61 

(0.022) (0.16) (0.08) (0.61) (0.29) (0.22) (0.03) 

t1/2 

(min) 

PR-104 
2.3 3.6 6.0 11.3 9.3 8.2 6.6 

(0.2) (1.0) (1.7) (1.2) (2.3) (1.1) (0.7) 

PR-104A 
33.0 36.9 45.3 36.3 35.2 46.7 45.1 

(3.4) (11.3) (11.9) (12.9) (4.4) (1.9) (1.8) 

PR-104G 
17.9 19.3 11.6 30.0 14.6 29.7 36.0 

(1.1) (5.7) (2.1) (14.3) (1.6) (3.5) (2.3) 

PR-104H 
25.4 28.3 24.1 40.1 18.4 43.2 62.4 

(2.7) (1.5) (8.7) (5.6) (4.3) (4.8) (7.2) 

PR-104M 
32.6 26.2 35.8 42.1 29.6 59.9 53.0 

(6.5) (9.4) (27.9) (2.6) (11.7) (8.7) (13.8) 

PR-104S1 
71.8 40.2 25.2 37.5 30.7 54.8 57.9 

(13.0) (4.2) (3.7) (22.4) (6.5) (2.2) (7.1) 

†
 Results of a patient of these dose levels were excluded (as outliners) due to either dose 

mistake or sample contaminations
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PR104-1002 study 

Dose (mg/m
2
) 135 270 540 675 900 

Patient No. 2 6 6 5
†
 4 

Cmax 

(µM) 

PR-104 
4.78 7.70 13.8 22.2 23.2 

(2.74) (1.12) (2.6) (4.4) (3.1) 

PR-104A 
3.79 7.22 13.9 19.9 26.4 

(1.52) (1.28) (1.5) (2.3) (3.6) 

PR-104G 
1.66 3.02 11.3 9.75 7.81 

(0.16) (0.87) (3.3) (2.45) (1.96) 

PR-104H 
0.66 0.68 0.49 0.66 0.39 

(0.13) (0.12) (0.07) (0.12) (0.08) 

PR-104M 
0.053 0.055 0.071 0.11 0.071 

(0.023) (0.007) (0.010) (0.03) (0.013) 

PR-104S1 
0.065 0.14 0.20 0.42 0.31 

(0.006) (0.04) (0.03) (0.11) (0.07) 

AUC 

(µM-h) 

PR-104 
3.34 4.47 9.53 15.5 16.8 

(2.11) (0.88) (1.94) (2.8) (2.7) 

PR-104A 
3.84 7.73 15.9 22.2 35.0 

(1.44) (1.39) (1.9) (2.7) (5.2) 

PR-104G 
1.67 3.96 13.9 12.1 11.2 

(0.49) (1.56) (4.9) (3.5) (3.3) 

PR-104H 
0.79 0.81 0.63 0.92 0.69 

(0.14) (0.15) (0.11) (0.10) (0.13) 

PR-104M 
0.079 0.11 0.11 0.16 0.16 

(0.044) (0.02) (0.02) (0.03) (0.04) 

PR-104S1 
0.096 0.25 0.29 0.52 0.64 

(0.010) (0.07) (0.05) (0.25) (0.13) 

t1/2 

(min) 

PR-104 
3.4 4.3 6.1 7.0 7.9 

(2.6) (0.7) (1.0) (0.7) (1.2) 

PR-104A 
37.9 37.1 35.8 41.5 45.8 

(4.5) (3.4) (5.7) (1.8) (3.2) 

PR-104G 
15.2 24.3 23.1 24.9 40.5 

(7.4) (5.3) (3.4) (3.0) (5.4) 

PR-104H 
28.7 30.8 24.4 48.1 51.1 

(2.3) (3.0) (2.9) (13.1) (2.7) 

PR-104M 
31.8 52.9 33.4 41.2 52.6 

(7.6) (10.5) (3.6) (6.9) (3.4) 

PR-104S1 
45.5 65.5 35.2 42.5 47.6 

(7.4) (12.5) (5.6) (3.7) (4.6) 

†
 A patient was excluded due to sampling difficulty.



Appendix III   Non-compartmental PK parameters of PR-104 and metabolites in phase I clinical trial 

 

   - 200 - 

 

PR104-1003 and 1004 studies (1400 mg/m
2
 is PR104-1004 study) 

Dose (mg/m
2
) 140 200 275 400 550 770 1100 1400 

Patient No. 6 6 3 6 3 12
‡
 5 4

†
 

Cmax 

(µM) 

PR-104 
4.40 3.01 9.11 6.84 12.4 29.3 26.4 51.9 

(1.08) (0.46) (2.88) (0.69) (3.4) (5.6) (2.7) (12.1) 

PR-104A 
4.88 4.78 8.32 11.6 21.1 34.0 32.6 47.2 

(0.74) (0.61) (1.93) (2.4) (1.2) (4.5) (4.6) (2.8) 

PR-104G 
3.30 1.78 3.80 6.41 10.0 16.4 27.3 28.8 

(1.41) (0.42) (0.68) (1.41) (1.2) (2.9) (13.3) (4.6) 

PR-104H 
0.37 0.56 0.69 0.72 1.77 0.54 0.95 0.60 

(0.04) (0.15) (0.15) (0.10) (0.47) (0.08) (0.07) (0.04) 

PR-104M 
0.057 0.068 0.059 0.081 0.30 0.092 0.12 0.10 

(0.005) (0.009) (0.009) (0.011) (0.11) (0.014) (0.01) (0.01) 

PR-104S1 
0.058 0.067 0.087 0.21 0.50 0.67 0.67 1.34 

(0.019) (0.016) (0.039) (0.08) (0.05) (0.18) (0.21) (0.18) 

AUC 

(µM-h) 

PR-104 
2.78 1.82 5.67 4.20 6.60 20.0 17.9 31.0 

(0.82) (0.26) (1.79) (0.48) (1.47) (3.8) (2.0) (4.2) 

PR-104A 
4.81 4.99 9.11 12.8 19.6 36.1 37.8 62.9 

(0.53) (0.51) (1.94) (1.6) (3.9) (3.9) (5.7) (6.9) 

PR-104G 
3.13 1.98 4.80 10.0 12.7 21.2 50.6 46.4 

(1.31) (0.58) (1.21) (2.5) (3.1) (4.5) (32.9) (16.0) 

PR-104H 
0.36 0.56 0.90 0.91 1.79 0.80 1.47 1.09 

(0.07) (0.16) (0.17) (0.13) (0.48) (0.14) (0.11) (0.11) 

PR-104M 
0.066 0.079 0.089 0.12 0.29 0.17 0.23 0.26 

(0.005) (0.009) (0.011) (0.01) (0.08) (0.02) (0.02) (0.03) 

PR-104S1 
0.076 0.082 0.14 0.30 0.63 0.83 0.85 2.32 

(0.021) (0.019) (0.04) (0.12) (0.17) (0.22) (0.25) (0.45) 

t1/2 

(min) 

PR-104 
2.3 3.5 4.1 8.2 8.5 7.6 10.8 10.7 

(0.3) (1.0) (0.3) (1.6) (0.5) (0.9) (1.8) (1.0) 

PR-104A 
38.5 46.3 41.8 52.2 47.7 49.4 51.2 47.1 

(5.7) (8.2) (2.8) (4.2) (1.9) (4.0) (5.2) (3.9) 

PR-104G 
16.2 17.6 28.4 41.5 36.8 40.3 44.4 43.9 

(2.5) (3.9) (3.2) (2.4) (5.8) (2.5) (7.1) (8.9) 

PR-104H 
16.2 19.5 34.0 34.4 22.0 56.2 40.8 56.7 

(4.3) (4.4) (6.8) (5.1) (4.3) (2.8) (3.9) (7.1) 

PR-104M 
31.0 33.2 34.0 35.7 34.1 58.7 59.8 71.2 

(5.2) (5.5) (6.8) (2.0) (3.4) (4.2) (5.2) (1.6) 

PR-104S1 
41.4 32.2 69.1 45.9 44.2 42.4 48.4 57.3 

(4.9) (3.5) (12.4) (7.8) (5.1) (3.6) (3.7) (8.6) 

†
 A patient was excluded from this dose level due to dosing problem 

‡
 Three patients were excluded due to sample contaminations
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