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Abstract 

The hepatic biotransformation system plays an important role in drug metabolism and 

toxicity and has been studied quite extensively. The importance of the very first 

biotransformation reaction discovered, namely phase 2 glycine conjugation, has however 

been underestimated and consequently neglected by researchers. Glycine conjugation 

facilitates the metabolism of potentially toxic aromatic and aliphatic acids, capable of 

disrupting mitochondrial integrity and energy production. Human exposure to aromatic 

acids such as benzoic acid and salicylates is continuous and unavoidable. This is due to 

metabolic interactions with intestinal microbiota and increased consumption of 

preservatives and medications.  Individual glycine conjugation capacity varies significantly 

among humans however, little is known about in vivo regulatory mechanisms. The glycine 

N-acyltransferase (GLYAT, E.C. 2.3.1.13) gene is highly conserved among humans and 

polymorphisms with deleterious effects are rare. Thus, characterisation of individual glycine 

conjugation capacity and its regulatory factors has become increasingly important.  

Currently, challenge tests using aspirin and sodium benzoate as probe substances are 

employed for this purpose however, these methods suffer from some substantial 

drawbacks. Severe adverse reactions to benzoate, aspirin intolerance in adults and fear of 

Reye’s syndrome in children limit their use. In addition to this, the analytical methods used 

are susceptible to interferences from other aromatic compounds and have limited 

sensitivity in biological matrices. No challenge test has been able to provide supplementary 

information regarding possible causes of impaired glycine conjugation in vivo. What is more, 

studies have indicated that genetic variations in the GLYAT gene have the potential to 

modulate enzyme activity. However, no correlations have been made between genetic 

variation in GLYAT and glycine conjugation in vivo. 

The goal of this study was to investigate the intricacies of individual glycine conjugation and 

the factors that regulate it. In the first part of the study, the use of an alternative glycine 

conjugation probe substance, known as p-aminobenzoic acid (PABA), was investigated. A 

highly selective and sensitive high performance liquid chromatography tandem mass 

spectrometry (HPLC-MS/MS) method was developed and validated for this purpose. The 

developed HPLC–MS/MS method could simultaneously quantify the compounds of interest, 

directly from human urine, with acceptable precision and accuracy. To our knowledge, this 

is the first HPLC–MS/MS method available for the simultaneous quantification of PABA, 

benzoic acid and aspirin together with their respective glycine conjugates in human urine. 

After completion of the method development, the applicability of the method and PABA as 

an alternative probe was studied during an adapted challenge test, using 10 volunteers. 

Time dependent quantification of p-aminohippuric acid (PAHA), p-acetamidobenzoic acid 
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(PAABA) and p-acetamidohippuric acid (PAAHA) in the urine of the volunteers supplied 

useful information regarding the possible regulatory mechanisms of glycine conjugation. 

Unexpectedly, the potential of PABA as an indicator of Phase 0 biotransformation was also 

revealed.  

In the second part of the study, the open reading frame (ORF) of the GLYAT gene was 

investigated for polymorphisms that could possibly be associated with impaired glycine 

conjugation. Using 30 unrelated volunteers, with impaired glycine conjugation capacity, the 

coding regions of the GLYAT gene was investigated with next generation sequencing 

techniques. Only two non-synonymous variants were detected namely the N156S and S17T. 

These variants have been associated with increased (N156S) and similar enzyme activity 

(S17T) compared to the wild-type. These are also the variants with the highest allele 

frequency across all populations tested. No variants of the GLYAT gene with deleterious 

effects on enzyme activity were detected. From the results it seemed unlikely that non-

synonymous SNPs in the GLYAT gene contributed to the impaired glycine conjugation 

capacity of these individuals. Finally, the GLYAT gene of the 10 PABA challenge test 

volunteers was also screened for the two polymorphisms, associated with increased and 

normal GLYAT activity, using Real-Time PCR assays. All of the individuals were homozygous 

for the N156S polymorphism associated with increased enzyme activity.  

Based on the results of this study, the developed analytical method can provide important 

quantitative data for studies of the glycine conjugation pathway. PABA holds potential as a 

safer glycine conjugation probe substance, which could contribute significantly to a better 

understanding of the complex glycine conjugation system. The molecular data supports the 

notion that the GLYAT ORF is highly conserved among humans due to the importance of 

glycine conjugation in hepatic metabolism and function. From the available literature and 

the results of this study it seems that genetic variation in the GLYAT ORF is not the most 

important contributor to inter-individual variation in glycine conjugation capacity. 

Keywords: Biotransformation; phase 2; glycine conjugation; p-aminobenzoic acid (PABA); p-

aminohippuric acid (PAHA); glycine N-acyltransferase (GLYAT).  
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CHAPTER 1: INTRODUCTION 

1.1 STUDY MOTIVATION AND RATIONALE 

The human metabolism is a massive intercalated network of enzymatic reactions and co-

factors. Several of these pathways produce waste metabolites that are no longer useful to 

any physiological processes (Ritter et al. 1999; Ioannides 2001; Bouatra et al. 2013). Such 

metabolites can become toxic if allowed to accumulate and have to be excreted in urine, 

bile and faeces. In addition to endogenous waste products, humans are continuously and 

unavoidably exposed to a massive diversity of xenobiotic substances (Ioannides, 2001; Sears 

and Genuis, 2011). Xenobiotics can damage physiological systems, disrupt homeostasis and 

are often highly lipophilic making excretion challenging (Liska 1998; Ioannides 2001; 

Petzinger and Geyer 2006). An effective enzyme system exists within the human body that is 

able to facilitate the metabolism of lipophilic xenobiotic compounds as well as endogenous 

waste metabolites. The process is known as the hepatic biotransformation system. 

Biotransformation is a complex combination of metabolism and transport that follow 

sequential steps, otherwise known as the phases of biotransformation (Döring and Petzinger 

2014). Phase 0 is described as the first step of biotransformation and entails the carrier-

mediated transport of compounds into the metabolising hepatocytes (Petzinger and Geyer 

2006). Following phase 0, the first phase of actual metabolism is known as phase 1 

biotransformation, the functionalisation phase. Phase 1 reactions activate or add functional 

groups to compounds, mediated by a battery of enzymes with remarkable substrate 

selectivity (Shenfield 2004; Penner et al. 2012). The next sequential step is phase 2 

biotransformation, the so-called conjugation phase. During this phase, activated compounds 

from phase 1 are transformed into more hydrophilic compounds that are easier to excrete. 

Small endogenous moieties derived from carbohydrate or amino acid sources are 

conjugated to activated compounds (Jancova et al. 2010). Not all compounds are 

metabolised via both phase 1 and 2 biotransformation. Some metabolites are substrates for 

only one phase of metabolism before excretion (Caldwell 1982). The final phase of 

biotransformation entails the elimination of metabolised compounds. This process is known 

as phase 3 biotransformation, and is characterised by active transport of metabolised 

compounds from the site of metabolism into the urine, bile or gut (Ishikawa 1992). In this 

study, the focus was on glycine amino acid conjugation, a phase 2 biotransformation 

reaction that facilitates the metabolism of aromatic acids such as benzoic acid (BA) and 

salicylic acid. 
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Glycine conjugation, which was the very first biotransformation reaction discovered, has 

received much less attention in the literature compared to other biotransformation 

pathways (Beyoğlu and Idle 2012; Beyoğlu et al. 2012; Knights and Miners 2012). Several of 

the biotransformation pathways involved in drug metabolism and toxicity have been studied 

quite extensively, while interest in glycine conjugation faded significantly after its discovery 

(Caldwell, 1982; Conti & Bickel, 1977; Döring & Petzinger, 2014; Penner et al., 2012). In 

more recent years, interest in glycine conjugation has increased significantly, with several 

publications contesting the understated importance of this phase 2 reaction (Knights et al. 

2007; Knights and Miners 2012; Lees et al. 2013; Beyoğlu and Idle 2012; Beyoğlu et al. 2012; 

Badenhorst et al. 2014).  

Glycine conjugation is a two-step coupled enzyme reaction, independent from phase 1 

metabolism, which takes place within the mitochondrial matrix of mammalian liver cells. 

The first step of the pathway involves the activation of the substrate by an acyl-CoA ligase, 

with the consumption of ATP and CoA. In the second step, the activated intermediate is 

conjugated to glycine catalysed by glycine N-acyltransferase (GLYAT) (Gatley and Sherrat 

1977; Vessey et al. 1999). Relatively few, but highly toxic aromatic acids are metabolised via 

this pathway. Studies have illustrated that BA and salicylates can disrupt mitochondrial 

integrity, inhibit energy production and uncouple the electron transport chain (Knights et al. 

2007; Knights and Miners 2012; Badenhorst et al. 2013). Inhibitory effects on fatty acid 

oxidation and the TCA cycle have also been illustrated (Battaglia et al., 2005; Bryant et al., 

1963; Fromenty & Pessayre, 1995; Mogilevskaya et al., 2006). Consequently, disruptions in 

glycine conjugation capacity may influence physiological systems which are crucial to 

cellular integrity (Knights and Miners 2012; Meléndez-Hevia et al. 2009; Badenhorst et al. 

2014). What is more, human exposure to compounds such as BA is continuous (Krupp et al. 

2012; Lees et al. 2013). Large amounts of BA are produced by human intestinal microbiota 

and BA is consumed as a preservative in packaged food, beverages and condiments (Tfouni 

and Toledo 2002; Olthof et al. 2003). The toxicity of and high exposure to compounds like 

BA emphasise the importance of a functional glycine conjugation system.  

Significant inter-individual variation exists between humans in terms of glycine conjugation 

capacity (Temellini, Mogavero, Giulianotti, et al. 1993; van Der sluis et al. 2013). However, 

the factors that regulate individual glycine conjugation capacity are complex and not clearly 

understood. Due to the high exposure of humans to toxic substrates such as BA, it has 

become increasingly important to monitor individual glycine conjugation capacity 

(Badenhorst et al. 2014).  Challenge tests are a popular, non-invasive way of evaluating 

pathways of the biotransformation system (Lord and Bralley 2008). The oral ingestion of BA 

and subsequent quantification of hippuric acid in urine has been utilised to monitor glycine 

conjugation capacity since 1933 (Quick and Cooper 1933). However, the toxic effects of BA 

accompanied by severe adverse reactions have been a large disadvantage (Quick 1931; 
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Probstein and Londe 1940; Amsel and Levy 1969; Beyoğlu et al. 2012). Aspirin, which is also 

metabolised via conjugation to glycine, has become a more favourable alternative to BA 

(Levy 1965; Amsel and Levy 1969; Gibson et al. 1975; Lord and Bralley 2008; Van Duynhoven 

et al. 2011). Though aspirin is better tolerated than BA, this approach also has its own 

limitations. Aspirin is associated with the development of Reye’s syndrome in children and 

mild to severe symptoms of aspirin intolerance have been observed in adults (Rainsford 

2004; Degnan 2012). Safety of the challenge substance is, however, not the only limitation 

of current glycine conjugation challenge tests. No method has been able to identify the 

exact cause of impaired glycine conjugation in vivo. The availability of co-factors (ATP, CoA 

and glycine), genetic variation, disease, age and gender have all been indicated as influential 

factors. To date, little is known about the mechanisms which regulate glycine conjugation in 

vivo (Gregus et al. 1991; Gregus et al. 1996; Meléndez-Hevia et al. 2009; Boomgaarden et al. 

2009; Wijeyesekera et al. 2012; van der Sluis et al. 2013; Lees et al. 2013). Further 

investigations are thus needed in order to develop a more ideal glycine conjugation 

challenge test. As a starting point, the identification of a well-tolerated, safer challenge 

substance to monitor glycine conjugation in vivo would be highly beneficial. Secondly, it 

would be helpful if such a challenge substance could provide supplementary information 

regarding the limiting factors in the glycine conjugation pathway.  

1.2 FOCUS OF THE STUDY  

A compound known as p-aminobenzoic acid (PABA) is also predominantly metabolised via 

conjugation to glycine. PABA is described as well-tolerated and has been utilised in studies 

of hepatic function (Duffy et al., 1995; Furuya et al., 1995; Lebel et al., 2003). In the first part 

of this study, the possibility of using PABA as an alternative glycine conjugation challenge 

substance was investigated. A sensitive and selective liquid chromatography mass 

spectrometry method (HPLC-MS/MS) was developed for the quantification of PABA and its 

metabolites. The developed method was employed to study the glycine conjugation of PABA 

in human volunteers during an adapted glycine conjugation challenge test. 

It has been indicated that genetic variations in the GLYAT gene have the potential to 

modulate enzyme activity (van der Sluis et al. 2013). However, no correlation has been 

made between genetic variation in GLYAT and impaired glycine conjugation in vivo. Thus, in 

the second part of the study, the GLYAT gene was investigated for possible polymorphisms 

that could contribute to impaired glycine conjugation capacity.  
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1.3 OUTLINE OF THE THESIS 

1.3.1 Chapter 2: Literature review 

A review of available literature is given in Chapter 2, with the focus on the importance of the 

glycine conjugation pathway, limitations of current methodology as well as possible 

improvements that can be made to current challenge tests. The problem statements, aims 

and objectives are stated at the end of this chapter. A peer reviewed paper was published 

which summarises important aspects of the glycine conjugation pathway (Appendix A). 

Paper 1: A new perspective on the importance of glycine conjugation in the metabolism of    

aromatic acids. 

Authors: Christoffel Petrus Stephanus Badenhorst, Elardus Erasmus, Rencia van der Sluis , Carla 

Nortje, Alberdina Aike van Dijk. 

Published in: Drug Metabolism Reviews 2014, 46(3): 343-361  

 

1.3.2 Chapter 3: Method development 

Chapter 3 describes the development of an HPLC-MS/MS method for the simultaneous 

quantification of PABA and its phase 2 metabolites, BA, aspirin and their respective glycine 

conjugates. A detailed description is given for each aspect of the method development 

process including the challenges experienced. 

1.3.3 Chapter 4: Method validation 

Chapter 4 describes the bioanalytical method validation of the HPLC-MS/MS method 

according to regulatory guidelines. All validation experiments accompanied by the results 

are outlined in this chapter. A second peer reviewed paper was published describing the 

development and validation of the HPLC-MS/MS method (Appendix B). 

 Paper 2: The simultaneous detection and quantification of p-aminobenzoic acid and its phase 2 

biotransformation metabolites in human urine using LC-MS/MS 

Authors: Carla Nortje, Peet Jansen van Rensburg, Cecile Cooke and Elardus Erasmus 

Published in: Bioanalysis 2015, 7(10): 1211-1224  
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1.3.4 Chapter 5: Biological application of the developed analytical method 

In Chapter 5, the developed and validated HPLC-MS/MS method was applied for the analysis 

of samples collected during an adapted glycine conjugation challenge test, using 10 human 

volunteers. The applicability of PABA as an alternative challenge substance was evaluated in 

this chapter. Detailed descriptions of the challenge test, as well as discussion of the results 

are outlined in this chapter.  

1.3.5 Chapter 6: Molecular investigation of the gene encoding GLYAT 

Chapter 6 describes the next generation sequencing of the GLYAT gene, of 30 human 

volunteers with low glycine conjugation capacity. The methods used and the polymorphisms 

identified are discussed. This chapter also describes the screening for two polymorphisms in 

GLYAT in the additional 10 volunteers that took part in the adapted challenge test (chapter 

5). A third paper was submitted for publication, which contains the experiments and results 

of chapters 5 and 6. 

Paper 3: The use of p-aminobenzoic acid as a probe substance for the targeted profiling of glycine 

conjugation 

Authors: Carla Nortje, Rencia van der Sluis, Alberdina Aike van Dijk and Elardus Erasmus 

Published in: Journal of Biochemical and Molecular Toxicology (please note that the attached 

document is the first author proofs received and NOT the final published version of the manuscript) 

1.3.6 Chapter 7: Conclusion and future prospects 

This chapter discusses the main conclusions made from the results of this study. 

Recommendations for future research are also stated.  

1.3.7 Chapter 8: References 

The references used in this study are provided in this chapter. The references are listed 

according to the requirements stipulated in the NWU’s manual for post-graduate studies. 
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1.4 APPENDIXES 

The papers published during this study are attached as appendixes at the end of the thesis. 

1.4.1 Appendix A: Paper 1 

A new perspective on the importance of glycine conjugation in the metabolism of aromatic 

acids 

 

1.4.2 Appendix B: Paper 2 

The simultaneous detection and quantification of p-aminobenzoic acid and its phase 2 

biotransformation metabolites in human urine using LC-MS/MS 

1.4.3 Appendix C: Paper 3 

The use of p-aminobenzoic acid as a probe substance for the targeted profiling of glycine 

amino acid conjugation 

1.4.4 Appendix D: Raw data of the challenge test 

The data obtained from the challenge test using p-aminobenzoic acid is given as a table in 

this appendix. 

 

 

 

 

 



 

 

 

CHAPTER 2: LITERATURE REVIEW 

2.1 HUMAN METABOLISM AND ENDOGENOUS WASTE 

The human metabolism is a massive intercalated network of enzymatic reactions and 

several different co-factors. The complexity thereof is difficult to comprehend since humans 

are multi-cell, multi-tissue organisms. Studies on human metabolism have identified nearly 

3000 metabolic reactions divided into several pathways (Ma et al. 2007). Several of these 

pathways lead to the formation of certain waste metabolites that the human body cannot 

exploit any further to generate energy, synthesize new tissue or use as co-factors or 

chemical messengers (Bouatra et al., 2013; Ioannides, 2001). Such metabolites are mostly 

excreted via urine, bile and faeces. Accumulation of endogenous waste metabolites may 

lead to toxicity, damage and/or disruption of physiological processes (Ritter et al. 1999). The 

excretion and control of waste metabolite levels within the human body is thus a very 

important process 

2.2 XENOBIOTIC CLASSIFICATION, EXPOSURE AND TOXICITY 

In addition to the several endogenous waste products produced by the general metabolism, 

humans are exposed to various foreign substances during a lifetime. Exogenous chemicals 

are termed xenobiotics which literally means ‘foreign to the body’ (McQueen and 

Guengerich 2010). Xenobiotics include a massive diversity of molecules that are by 

definition not essential for the maintenance of any physiological function but, have the 

potential to modulate, ameliorate or damage physiological processes at high concentrations 

or prolonged exposure (Ioannides 2001; Petzinger and Geyer 2006). Exposure to xenobiotic 

chemicals is continuous and unavoidable as they occur in almost everything humans come 

into contact with such as food (preservatives, plant material, contaminating fungi etc.) 

drinking water, the air we breathe (pollutants) and consumer products. Even the human 

intestinal microbiotic system produces a certain amount of toxins (Ioannides, 2001; Sears 

and Genuis, 2011). Xenobiotics can be divided into four main classes, (1) natural chemicals 

in excess (such as nitrates from normal dietary components); (2) natural fungal or plant 

toxins for example aflatoxins and cycasins in crops; (3) complex organic and inorganic 

mixtures found in air and water pollutants and lastly the largest class (4) synthetic chemicals 

which include a variety of man-made substances (food additives, fertilizers, pesticides, 

therapeutic drugs etc.)(Epstein 1992). Many of the xenobiotics humans are exposed to show 

little or no relationship to previously encountered compounds or metabolites and exhibit 

strong lipophilic characteristics (Liska 1998; Ioannides 2001). The lipophilic character of 
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xenobiotics makes them difficult to excrete via glomerular filtration and active secretion by 

the kidneys as extensive reabsorption takes place (Ioannides 2001). The human body 

therefore has an effective enzyme system in place that is able to convert lipophilic 

compounds into more hydrophilic compounds as well as inactivate biologically active 

metabolites. This enzyme system facilitates successful elimination of not only endogenous 

waste metabolites but also xenobiotics and minimizes exposure to them. The process is 

known as hepatic biotransformation (also referred to as detoxification). 

2.3 BIOTRANSFORMATION 

2.3.1  Origin and history 

The discovery of biotransformation reactions date back to as early as 1773 with the 

discovery of a compound thought to be benzoic acid (BA) in bovine urine (reviewed in detail 

by Conti & Bickel, 1977). Several discoveries of this compound, similar but not identical to 

benzoic acid followed, until Liebig named the compound hippuric acid (HA) in 1829 and 

stated that the compound contained nitrogen (Williams 1947). Ure was the first to discover 

in 1841 that the exogenous ingestion of BA led to the formation and excretion of HA in 

human urine  and his findings were confirmed by the experiments of Keller in 1842 (Ure 

1841; Keller 1842). The structure of HA was elucidated for the first time by the work of 

Dessaignes in 1845. He boiled the compound with inorganic acids and the compound split 

into its components, benzoic acid and glycine (reviewed in Conti & Bickel, 1977). These 

discoveries marked the discovery of glycine conjugation as well as the identification of 

several other conjugates of simple organic molecules in the urine (McQueen and 

Guengerich 2010).  

During the second half of the nineteenth century most of the major pathways of drug 

metabolism were discovered. This included reactions such as oxidation by Wohler and 

Frerichs in 1848, reduction by Lautemann in 1863, glucuronidation by Jaffe in 1874, 

sulfonation by Baumann in 1876, glutathione conjugation by Jaffe, Baumann and Preusse in 

1879, methylation by His in 1887 as well as N-acetylation by Cohn in 1893 (reviewed by 

Conti & Bickel, 1977 & Liska 1998). Studies started to focus more on the metabolism of 

foreign substances and during the 1950s researchers managed to characterize the enzymes 

involved in drug metabolism (McQueen and Guengerich 2010). It took the pioneering work 

of many scientists over several years to understand the process we today know as the 

biotransformation system (Conti & Bickel, 1977; McQueen and Guengerich, 2010). 

Biotransformation is still the subject of several research groups in pharmacology and 

toxicology because of its impact on adverse drug responses (Lee 2003). The effect of 

biotransformation reactions on drug metabolism is a complicated matter as xenobiotics 
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challenge every individual’s biochemistry in a different manner due to significant inter-

individual variability that exists in the biotransformation capacity of humans (Dorne 2004). 

Decreased biotransformation activities has also been associated with an increased risk of 

individual susceptibility to disease which may arise from genetic variability of enzymes 

involved in the biotransformation pathways (Liska 1998; Lindh et al. 2011). It is thus of high 

importance to be able to characterize and understand the biotransformation system in 

order to determine how it influences general health and disease. 

2.3.2 The phases of biotransformation 

Biotransformation is a complex combination of metabolism and transport that follow 

sequential steps, otherwise known as the phases of biotransformation (Döring and Petzinger 

2014).The two phases of biotransformation were first described by Williams  who noticed 

that the enormous range of chemically dissimilar metabolic products formed from  

comparatively simple substrates could arise from only four types of chemical reactions 

namely oxidation, reduction, hydrolysis and synthesis (Williams 1947). Williams proposed 

that the reactions took place sequentially and that a compound would initially undergo a 

phase 1 reaction of oxidation, reduction or hydrolysis, introducing a functional group to the 

molecule. This functional group would then serve as the site for phase 2 synthetic reactions 

where an endogenous moiety would be added to the molecule. The aim of this two-phased 

process was transforming lipophilic compounds into more hydrophilic, polar entities for 

easy and efficient excretion. Today it is known that not all foreign compounds are 

metabolised via both phase 1 and 2 biotransformation, some metabolites only undergo one 

phase of metabolism before excretion (Caldwell 1982). Williams’ recognition of the two 

phases did however make a substantial contribution to the understanding of 

biotransformation as both phases 1 and 2 are needed to successfully metabolise the 

majority of substrates humans are exposed to (Mandl et al. 1995). A fine balance between 

the two phases of biotransformation exists in order to ensure sufficient cofactor and energy 

supply where needed, for example strict regulation of oxidation versus conjugation 

reactions (Mandl et al. 1995). Activated products of phase 1 may often be more toxic than 

the parent molecules and any impairment of subsequent phase 2 conjugations may lead to 

accumulation of highly toxic intermediates (Lord and Bralley 2008). The two phases of 

biotransformation is localised within the liver, the organ identified as central to the 

detoxification of virtually all foreign substances (Ioannides 2001; Lee 2003; Penner et al. 

2012).  

After the elucidation of phase 1 and 2 biotransformation reactions that take place within 

cells, it was still unclear how drugs and other xenobiotics entered cells from the blood and, 

how it was possible that water-soluble metabolites could leave a hepatic cell (Döring and 

Petzinger 2014). The subject of xenobiotic uptake and transport did not receive equal 
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intense research when compared with processes concerning drug metabolism (Petzinger 

and Geyer 2006). For decades textbooks and researchers gave a simplified explanation for 

the transport of organic compounds into and out of cells as being analogous to intestinal 

absorption (Petzinger and Geyer 2006). It was considered that the process was governed by 

non-selective physical diffusion, a concept originally defined for drug absorption from the 

gut (Hogben et al. 1959; Stein 1969). However, some scientists suggested that for successful 

absorption and excretion of certain organic compounds and xenobiotics a type of facilitated 

passive diffusion or active energy-dependent uphill transport involving membrane carrier 

proteins was mandatory (Crane and Krane 1959; Sperber 1959). After the discovery of the 

first active transporter complex (in the extracellular membranes of Chinese hamster ovary 

cells) that functioned to modulate drug permeability, this research area rapidly gained 

attention (Juliano and Ling 1976; Omiecinski et al. 2011). In time more extensive research 

revealed that drug excretion and absorption was indeed strongly dependent on membrane 

carrier proteins in liver (Petzinger et al. 1989; Petzinger 1994), kidney (Bendayan 1996; 

Anzai and Endou 2008) and gut (Gilles-Baillieu and Gilles 1983). In 1992 the term phase 3 

biotransformation was first introduced by Ishikawa to describe the elimination of 

metabolised xenobiotics from hepatic cells into the bile canalicus of the liver (Ishikawa 

1992). The carrier-mediated uptake of xenobiotics from the blood into the metabolising cell,        

for example hepatocytes, was later termed phase 0 transport (Petzinger and Geyer 2006). A 

simplified illustration of all phases of the biotransformation system is shown in Figure 2.1. 

 
 
* Carnitine conjugation is not classically characterized as a phase 2 conjugation reaction but has been shown to take part in the 
conjugation of certain xenobiotics (Kanazu and Yamaguchi 1997). 

Figure 2.1: Schematic representation of the sequential biotransformation phases. The diagram 

illustrates a typical liver cell. Phase 0 represents the carrier-mediated uptake of a xenobiotic from the blood 
into the cell. Phases 1 and 2 metabolism is exemplified by the hydroxylation and glucuronidation of a 
xenobiotic. Phase 3 transport illustrates the efflux of xenobiotic conjugates from the cell into bile/urine. 
Alternative phase 3 transport back into the blood may occur if hepatobiliary excretion is impaired.  

* 
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2.3.3 Phase 0 biotransformation 

Phase 0 is described as the first step of biotransformation of xenobiotics. Phase 0 entails the 

uptake of a xenobiotic across the blood-facing basolateral membrane into the cells 

(Petzinger and Geyer 2006). In liver and kidney cells, this basolateral membrane is 

histologically separated from the bile-facing canalicular membrane and the urine-facing 

tubule brush border membrane respectively (Döring and Petzinger 2014). The transporters 

involved in phase 0 are grouped in the large family of solute carriers (SLC) which is 

comprised of 43 families and an expanding number of subfamilies and individual 

transporters. Since phase 0 is defined as the very first step in xenobiotic elimination, the 

absorption of xenobiotics from the gut, across the luminal membrane, into enterocytes is 

also regarded as phase 0 transport. This means that SLC transporters can be located on both 

the basolateral and luminal membranes of cells depending on the cell type and direction of 

xenobiotic transport (Petzinger and Geyer 2006). Examples of SLC carriers involved in 

xenobiotic biotransformation include organic anion transporting polypeptides (OATPs) and 

organic anion transporters/ organic cation transporters (OATS/OCTS) in the liver  and in the 

kidney (Grundemann et al. 1994; Hagenbuch and Meier 2003; Hediger et al. 2004). Certain 

OATPs are preferentially expressed in the liver while others are expressed in multiple organs 

such as the liver and kidney (Hagenbuch and Meier 2003). Phase 0 SLC xenobiotic 

transporters are multi-specific and show overlapping substrate preferences. This means 

permeation of a variety of compounds with varying chemical structures such as bile salts, 

steroid conjugates, thyroid hormones, anionic oligopeptides, drugs, endogenous toxins and 

other xenobiotics (Hagenbuch and Meier 2003; Petzinger and Geyer 2006). An example of 

such a multi-specific type of transporter is the OATP family of carriers (SLC21 / SLCO) that 

transport weak organic acids, neutral compounds and even a few cationic compounds 

(Hagenbuch and Meier 2003). As the first step of biotransformation, phase 0 transport can 

influence the allocation of compounds to cells and as a result, influence the effective 

metabolism of these compounds (Petzinger and Geyer 2006). 

2.3.4 Phase 1 biotransformation 

Phase 1 is generally referred to as the functionalisation phase and describes the first phase 

of actual metabolism. The reactions in phase 1 biotransformation produce reactive 

molecules, which may be more toxic than the parent molecules (Liska 1998; Ioannides 

2001). These reactive molecules have the potential to cause damage to proteins, RNA and 

DNA within the cell if not metabolised further by phase 2 conjugation reactions (Liska 1998).  

Phase 1 reactions can either directly introduce a functional group (e.g., - OH, - CO2H, NH2 or 

- SH) or unmask it by modifying existing functionalities within a molecule (Penner et al., 

2012). Oxygen and NADH are mostly used to add or modify reactive groups (Liska 1998). The 

phase 1 system generally includes a battery of enzymes with remarkable and sometimes 
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overlapping substrate specificity that catalyse various oxidation, reduction and hydrolysis 

reactions (Shenfield 2004). Phase 1 enzymes include cytochrome P450s (CYP450), flavin-

containing monooxygenases, alcohol/aldehyde dehydrogenases, peroxidases, monoamine 

oxidases, and xanthine oxidase/aldehyde oxidase to only name a few (Penner et al. 2012). 

Many of the products formed by phase 1 reactions belong to varying chemical classes and 

have little in common (Bachmann and Bickel 1986). Most of the information on the phase 1 

activities has been derived from studies about drug metabolism because many drugs 

associated with adverse drug responses are metabolised via these enzyme systems (Liska 

1998; Pirohamed and Park 2003). There has been a great deal of interest in especially the 

cytochrome P450 enzymes, a superfamily of heme-containing enzymes. These enzymes play 

an important role in the pathogenesis of adverse drug reactions which lead to significant 

effects on morbidity, mortality and increased healthcare costs and pharmaceutical 

expenditure (Pirohamed and Park 2003). The most frequent reason cited for the withdrawal 

of an approved drug from the market is drug-induced hepatic injury (Lee 2003). Thus, much 

is known about the role of phase 1 enzyme systems in metabolism of pharmaceuticals, 

environmental toxins and specific food components. The phase 2 biotransformation systems 

have however received less attention in academic research and in clinical practice as drug 

interactions involving these enzymes are relatively rare (Jancova et al. 2010). 

2.3.5 Phase 2 biotransformation 

As previously discussed the discovery of conjugation reactions marked the beginning of the 

discovery of all biotransformation systems. The broad definition of conjugation reactions is 

described by Caldwell as  “a group of synthetic reactions in which a foreign compound or a 

metabolite thereof is covalently linked with an endogenous molecule or grouping to give a 

characteristic product known as a conjugate” (Caldwell 1982). This definition includes a 

variety of possible reactions and covalent interactions of compounds with endogenous 

biological molecules across various species. Phase 2 biotransformation is generally made up 

of conjugation reactions which describe the combination of xenobiotics or endogenous 

metabolites with small endogenous moieties derived from carbohydrate or amino acid 

sources. These reactions are divided into two groups either involving activated conjugation 

agents such as glucuronidation, glucose conjugation, sulfation, methylation and acetylation 

or reactions that involve activated substrates which include glutathione conjugation and 

amino acid conjugation (Caldwell 1982; Jancova et al. 2010; Penner et al. 2012).  Phase 2 

conjugation is described as the phase in biotransformation during which a xenobiotic is 

transformed into a more water-soluble or hydrophilic compound that can be excreted 

through urine or bile. Phase 2 conjugation plays an important role in the biotransformation 

of endogenous compounds to more easily excretable forms as well as the direct metabolic 

inactivation of pharmacologically active substances (Jancova et al. 2010).  In the human 

body the main conjugation reactions described in literature are glucuronidation, sulphation, 
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methylation, acetylation, glutathione and amino acid conjugation. Conjugation to carnitine, 

a fatty acid carrier molecule, has also been described as a phase 2 route for the removal of 

accumulated acyl groups in the mitochondria (Caldwell 1982; Liska 1998; Mitchell et al. 

2008; Jancova et al. 2010; Penner et al. 2012). Phase 2 metabolising enzymes are mostly 

transferases as an endogenous moiety is transferred to an activated intermediate and 

include: UDP-glucuronosyltransferases (UGTs), sulphotransferases (SULTs), various 

methyltransferases, N-acetyltransferases (NATs) and glutathione S-transferases (GSTs) 

(Jancova et al. 2010). These reactions mostly require cofactors which must be replenished 

through dietary sources (Liska 1998). The products formed by phase 2 reactions are 

generally less harmful and more easily excretable. 

2.3.6 Phase 3 biotransformation 

Phase 3 describes the next sequential step in biotransformation where xenobiotics have 

passed through phase 1 and 2 metabolism and await elimination (Döring and Petzinger 

2014). The first cloning of a xenobiotic drug transporter namely MDR1/P-glycoprotein (P-gp) 

from the adenosine triphosphate (ATP) binding cassette (ABC) family marked the 

recognition of an additional step in biotransformation for the elimination of xenobiotics via 

carrier-mediated transport (Riordan et al. 1985; Döring and Petzinger 2014). Substrates for 

the MDR1/P-gp were found to be non-conjugated, lipophilic compounds (Petzinger and 

Geyer 2006). The term phase 3 biotransformation was officially introduced in 1992 when 

the elimination of glutathione conjugates via a so-called GS-X pump was described by 

Ishikawa (Ishikawa 1992). It was recognised that this transport of xenobiotic conjugates 

across membranes of mammalian cells took place without any chemical modification and 

could thus be described as a transport process, distinct from metabolism such as phases 1 

and 2 (Döring and Petzinger 2014). Phase 3 elimination pathways became well-defined and 

were described as an “active” type of transport. This means uphill transport of xenobiotics, 

against a concentration gradient of the transported xenobiotic, with the direct consumption 

of ATP (Petzinger and Geyer 2006; Döring and Petzinger 2014). In time it was found that the 

carriers involved in phase 3 are all part of the ATP-consuming transport pumps belonging to 

the ABC-carrier protein family, similar to the carrier identified by Riordan and co-authors in 

1985. ABC carriers for xenobiotic excretion are mostly located in the luminal membranes of 

cells facing, for example, the bile canaliculus of the liver or the tubule lumen of a nephron in 

the kidney (Petzinger & Geyer, 2006). For example in the liver, the ABC carrier MRP2 exports 

xenobiotic conjugates such as sulphated, glucuronidated and glutathione conjugated 

xenobiotics across the luminal membrane (Homolya et al. 2003). Certain ABC carriers may 

also occur within the basolateral membranes of cells to allow secretion of xenobiotic and 

organic compounds into blood or the interstitial space rather than excreting them into the 

bile, urine or gut (Borst et al. 1999). For example, it has been suggested that ABC carrier 

MRP3, located within the basolateral membrane of the liver, may mediate the efflux of 
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organic anions from the liver into the blood when secretion into the bile is disturbed or 

blocked (Borst et al. 2000; Leslie et al. 2001). Under normal physiological conditions this 

transporter is very under expressed or silent within the liver until normal secretion via 

luminal membrane carriers are disrupted or blocked. Another example is the MRP1 carrier, 

expressed in almost all tissues, which actively transports glutathione, glucuronate and 

sulphate conjugated organic anions across the basolateral membrane as well as non-

metabolized drugs out of the membrane before they have entered cells (Borst et al. 2000; 

Leslie et al. 2001; Petzinger and Geyer 2006; Döring and Petzinger 2014). Thus, basolateral 

membrane carriers are important regulators of xenobiotic disposition at blood-tissue 

barriers (Döring and Petzinger 2014). The ABC carriers located at the luminal membranes of 

hepatic cells are especially important for protection of cells against toxicity and xenobiotic 

damage during the biotransformation process (Petzinger and Geyer 2006). 

2.3.7 Intracellular transport of xenobiotics 

Another process of transport has been described by Petzinger & Geyer (2006) as part of an 

extended phase concept for biotransformation. The authors suggest a mandatory 

intracellular shuttle of xenobiotics, following phase 0 transport.  They suggest that this 

transport system serves as a delivery process between metabolism sites and membrane 

transporters. The authors suggest that metabolites are shuttled from the endoplasmic 

reticulum via cytosolic binding proteins and cytoskeletal structures to either the basolateral 

or the luminal membrane (Petzinger & Geyer, 2006).  

2.4 GLYCINE CONJUGATION 

2.4.1  Relevance and importance of the glycine conjugation reaction 

In this study the focus falls on glycine conjugation, a reaction of phase 2 biotransformation. 

After the discovery of the glycine conjugation reaction with benzoic acid and the recognition 

that glycine conjugation is the predominant route of metabolism for salicylic acid, the future 

of research in the field seemed assured (Knights and Miners 2012). However, the other 

major pathways of biotransformation captured the attention of scientists and interest in 

glycine conjugation faded significantly shortly after its discovery (Knights et al. 2007). Very 

large numbers of enzymes and substrates were characterized for the phase 1 oxidation, 

reduction and hydrolysis reactions (Coon 2005; Hacker et al. 2009). Knowledge of other 

phase 2 reactions such as sulphation, glucuronidation, glutathione conjugation and 

acetylation pathways advanced significantly, but glycine conjugation remained poorly 

understood (Van Bladeren 2000; Guillemette 2003; Gamage et al. 2006; Hacker et al. 2009; 

Jancova et al. 2010; Knights and Miners 2011). A possible explanation for the lack of interest 
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in glycine conjugation over the last few decades could be the small number and lack of 

structurally diverse xenobiotic carboxylic acids that are conjugated to glycine (Knights et al. 

2007). However, the substrate selectivity of this reaction may emphasise its importance. 

From an evolutionary basis the substrate selectivity of glycine conjugation has remained 

extremely stable (Knights et al. 2007). Even with the ever increasing exposure of humans to 

man-made chemicals and xenobiotics, the substrates for the glycine conjugation pathway 

have remained limited to a number of aromatic carboxylic acids such as BA and salicylic acid 

(Knights and Miners 2012). This is in contrast to the substrate promiscuity displayed by the 

CYP450 and glucuronosyltransferases (glucuronidation) enzymes in terms of the range of 

xenobiotic substrates and their catalytic ability. It is understandable that these enzymes 

have been studied so extensively (Knights et al. 2007). The exceptional substrate stability of 

glycine conjugation could possibly imply a central role of the reaction in the functionality 

and connectivity of biotransformation reactions. An illustration thereof is the suggestion 

that the glycine conjugation of p-aminobenzoic acid (PABA) could be used as a functional 

test for liver function (Furuya et al. 1995; Duffy et al. 1995; Lebel et al. 2003). This suggests 

that the glycine conjugation pathway may be sensitive to any changes or disruptions within 

the liver and emphasizes the possibility that the reaction has an integral part to play in 

biotransformation and hepatic function.  

 

In more recent years interest in glycine conjugation has increased significantly with several 

recent publications contesting the understated importance of glycine conjugation (Knights 

et al. 2007; Knights and Miners 2012; H. Lees et al. 2013; Beyoğlu and Idle 2012; Beyoğlu et 

al. 2012; Badenhorst et al. 2014). Both insufficient and increased glycine conjugation have 

the potential to affect several physiological processes through secondary effects of co-factor 

depletion or substrate toxicity (Meléndez-Hevia et al. 2009; Badenhorst et al. 2014). Though 

many of these processes are not clearly understood, disruptions in glycine conjugation seem 

to have the potential to influence multiple pathways crucial to cellular integrity (Knights and 

Miners 2012).  

2.4.2  Glycine conjugation reaction mechanism 

Glycine conjugation is a coupled enzyme reaction that is generally divided into two steps, 

activation followed by conjugation to glycine. Figure 2.2 illustrates the glycine conjugation 

pathway with BA, the natural substrate of the reaction. The first step of the pathway 

involves the activation of the carboxylic acid functional group of BA by the action of 

mitochondrial ATP dependent acyl-CoA ligase, in humans identified as HXM-A (EC 6.2.1.2) 

(Vessey et al. 1999). From this step the activated intermediate benzoyl-CoA is formed. 

Conjugation to glycine is mediated by glycine N-acyltransferase (GLYAT)(EC 2.3.1.13) in the 

second step, during which the acyl group of benzoyl-CoA is transferred to the amino group 

of glycine to form HA. Each time a molecule of HA is produced by the GLYAT enzyme, CoASH 
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is regenerated and glycine is consumed. The reaction takes place within the mitochondrial 

matrix of mammalian liver and kidney cells (Vessey et al. 1999; Gatley and Sherrat 1977). 

Though a certain amount of conjugation may take place in the kidney, the liver is 

quantitatively more important due to its anatomical position in the human body, its larger 

mass compared to the kidneys as well as lower expression of GLYAT in the renal medulla 

(Gregus et al. 1991; Temellini, Mogavero, P. Giulianotti, et al. 1993). Other substrates for the 

glycine conjugation pathway include xenobiotics such as salicylate and substituted benzoic 

acids such as p-aminobenzoic acid (PABA), p-hydroxybenzoate and m-hydroxybenzoate. 

Significant secondary metabolism may be affected by the formation and usage of the co-

factors involved in the glycine conjugation pathway (Meléndez-Hevia et al. 2009).  

 

Figure 2.2: The mechanism of the conjugation of benzoic acid with glycine (Adapted from 
Badenhorst et al. 2014). 
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2.4.3  Toxicity of glycine conjugation substrates 

Several studies have illustrated the toxic effects of BA and aromatic acids on different 

physiological systems in a variety of species. One of the most prominent ways in which BA 

seems to exert its toxicity, is by significantly decreasing plasma glycine levels when large 

doses are conjugated to glycine. Glycine fulfils several physiological functions as a 

biosynthetic precursor and a neurotransmitter in the central nervous system (Beyoğlu and 

Idle 2012). Thus, decreased levels of plasma glycine have been associated with neurological 

symptoms in humans (Beyoğlu et al. 2012). Studies have also suggested connections 

between lowered plasma glycine and impaired musculoskeletal development (De Vries et al. 

1948; Beyoğlu et al. 2012; Guo et al. 2013; Badenhorst et al. 2014). Processes such as  

porphyrin synthesis, glutathione synthesis as well as collagen formation are dependent on 

glycine availability and may be affected negatively by decreased glycine levels (Meléndez-

Hevia et al. 2009; Badenhorst et al. 2014). Another way in which BA and analogues may 

exert toxic effects is by the formation of acyl-CoAs that cannot be metabolised further 

(Knights et al. 2007; Knights and Miners 2012; Badenhorst et al. 2013). Accumulation of such 

acyl-CoAs may lead to the formation of toxic acyl-CoA thioesters as well as the 

sequestration of coenzyme A (CoASH) (Mitchell et al. 2008). Acyl-CoA metabolites can 

inhibit several enzymes for example inhibition of acid:CoA ligase enzymes by benzoyl-CoA 

(Knights et al. 2007). Coenzyme A participates in β-oxidation, ketogenesis, lipogenesis, 

glucose catabolism, gluconeogenesis, amino acid metabolism and the Krebs cycle, 

sequestration of CoASH can therefore inhibit several vital biochemical processes (Mitchell et 

al. 2008). Studies have also indicated that BA and cinnamic acids have the potential to 

stimulate the production of reactive oxygen species (ROS) and inhibit complex 1 of the 

electron transport chain (Beloborodova et al. 2012). BA and certain other aromatic acids 

have been shown to induce the mitochondrial permeability transition, a pathway 

characterized by mitochondrial dysfunction and as a result, acute cell death (Fedotcheva et 

al. 2008). The relationship between aromatic acids, ROS production and the mitochondrial 

permeability transition is not clearly defined but it has been suggested that these 

compounds diffuse into the inner mitochondrial membrane and consequently alter the 

properties thereof. One specific study also reported on the effect of sodium benzoate 

exposure at molecular level. The authors indicated the formation of sodium benzoate DNA 

adducts and slow decay of the formed adducts at high benzoate exposure (Xue et al. 2004). 

It becomes evident that optimum functionality of the glycine conjugation pathway may be 

much more important than previously believed.  
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2.4.4  Human exposure to glycine conjugation substrates 

Humans are exposed to the substrates of glycine conjugation almost continuously. Hippuric 

acid (HA) has been identified with high-resolution 1H nuclear magnetic resonance 

spectroscopy (NMR) as being one of the dominant signals in the aromatic region of urine 

samples. Samples were obtained from a variety of species, including man, without any 

exogenously administered BA (Saude et al. 2007). The levels of HA in human urine far 

exceed those of other conjugates outside of a challenge test (Wijeyesekera et al. 2012). A 

main source of glycine conjugation substrates seems to be the metabolites produced by 

microorganisms within the gastrointestinal tract. Large polyphenolic compounds in the diet 

(vegetables, fruit, tea and coffee) are transformed by intestinal microorganisms, 

predominantly within the large intestine, to form a range of simpler aromatic compounds 

such as phenylpropionic acid (Olthof et al. 2003). These aromatic compounds are then 

metabolised further via β-oxidation within the liver to yield benzoyl-CoA and subsequently, 

HA (Lord and Bralley 2008). Several studies have shown a positive correlation between the 

consumption of polyphenolic compounds and the increased excretion of HA (Olthof et al. 

2003; Rechner et al., 2002). This observation is further supported by the fact that the adult 

human intestine is home to a population of microbial communities that is approximately 10 

times greater than the total number of somatic and germ cells within the human body. The 

human gastrointestinal tract is inhabited by up to one hundred trillion (1013 – 14) 

microorganisms and far exceeds all other microbial communities associated with the body’s 

surfaces (Bäckhed et al. 2005). Though not all of the microbial organisms take part in the 

production of compounds such as phenylpropionic acid, in quantitative terms, the excretion 

of HA far exceeds that of other conjugates put together.  This suggests that the final 

metabolic fate of most polyphenols is conversion to benzoyl-CoA and that this compound is 

the natural substrate for glycine conjugation under normal physiological conditions 

(Rechner et al. 2002; Adamson et al. 1970; Badenhorst et al. 2014). 

Further exposure to substrates for glycine conjugation come from the ingestion of chemical 

preservatives added to food that stop or delay nutritional losses due to microbiological, 

enzymatic or chemical changes. With the increased production of processed and 

convenience foods, preservation has become an important practice in the modern food 

industry (Saad et al. 2005). Benzoic acid is especially effective to control mould, inhibit yeast 

growth and defend against a wide range of bacterial attacks. A more soluble form of BA 

namely sodium benzoate is thus used as a preservative in a variety of packaged foods, 

beverages, baked goods and condiments  (de Luca et al. 1995; Monanu et al. 2005). Sodium 

benzoate dissociates to free BA within the human body, is conjugated to glycine and 

excreted as HA in the urine (Feoli-Fonseca et al. 1996). In populations where a lot of 

preserved food is consumed, BA intake has been estimated to be as high as 280 % of the 

recommended daily allowance (Tfouni and Toledo 2002). Free BA has been found in 
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toothpastes, mouthwashes, cosmetic creams, lotions and deodorants (Rastogi et al. 1998; 

Sainio and Kanerva 1995). The actual individual uptake is variable and depends on the 

individual’s diet combined with the limit values for BA used in different countries. Keeping in 

mind how toxic BA and analogous substrates can be to several physiological processes, the 

high exposure of humans to such compounds emphasise the importance of a functional 

glycine conjugation system (Badenhorst et al. 2014). 

 2.5 INTER-INDIVIDUAL VARIATION IN GLYCINE CONJUGATION 

Since the biotransformation system is affected by numerous external and internal factors, 

each individual has a unique capacity to metabolise xenobiotics defined by individual 

environmental conditions and genetics (Sears and Genuis 2011; Shenfield 2004). In terms of 

glycine conjugation specifically, it seems that intra-individual variation in HA excretion is 

quite insignificant. In a group of 19 individuals HA excretion was monitored after repetitive 

ingestion of BA, up to four times per individual. From the 19 healthy volunteers, outlier HA 

values were found in only one of the repetitive tests in only four of the individuals. Of 

significance is that each abnormal value could be associated with a small volume of urine 

which may indicate failure to obtain all the urine passed over the period of the test (Rennie 

1942). In general HA excretion seems quite constant during repeated analyses of the same 

individuals. 

In contrast to this, significant inter-individual variation exists among humans in specifically 

glycine conjugation capacity (Temellini, Mogavero, Giulianotti, et al. 1993). The basis for this 

variability is not known as the complexity of the glycine conjugation pathway gives rise to a 

series of factors that may influence individual glycine conjugation capacity. One only has to 

investigate the involvement of secondary metabolism to the formation of a glycine 

conjugate, to realize the complexity of this metabolic pathway. The biosynthesis, availability 

and regeneration of endogenous co-factors ATP, CoASH and glycine can directly affect the 

glycine conjugation capacity of an individual. If the rate of biosynthesis or regeneration of 

co-factors does not keep up with their utilization, available co-factors become depleted and 

limits conjugation rate (Gregus et al. 1991). Limited co-factor availability may either be 

induced by high dosages of substrates or caused by defects, diseases or inhibition in the 

synthesis pathways of the co-factors. Genetic variation may also contribute to inter-

individual variability in glycine conjugation by influencing the enzymatic activity and/or 

expression of the enzymes involved (Dorne 2004; van der Sluis et al. 2013). 
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2.5.1 Availability of the co-factor ATP 

The very first step of the glycine conjugation pathway requires the availability of ATP to 

form the activated intermediate benzoyl-CoA. Limited availability of ATP can be caused by 

defects in any of the numerous mitochondrial pathways, a subset of these defects being 

inherited or de novo mutations in mitochondrial or nuclear DNA leading to respiratory chain 

dysfunction (Marriage et al. 2003; DiMauro and Schon 2003). Depleted ATP levels can also 

be induced by agents toxic to the mitochondria or pathological mitochondrial injuries 

(Gregus et al. 1996). It has been illustrated that ATP synthesis inhibitors such as oligomycin 

as well as ATP consumers (fructose and ethionine) impair HA formation in a manner that 

correlates with their capacity to diminish ATP levels in hepatic mitochondria, the site of 

glycine conjugation (Gregus et al. 1996). These observations illustrated that limited 

availability of mitochondrial, but not cytosolic ATP reduces glycine conjugation capacity 

(Gregus et al. 1996). Another study has indicated that protein-energy malnutrition in rats 

led to decreased glycine conjugation of 14C-labelled BA indicating an association between 

decreased oxidative phosphorylation and glycine conjugation capacity (Thabrew et al. 1982). 

ATP depletion is however to a lesser extent substrate-induced as high dosages of substrate 

do not affect hepatic ATP concentrations in a significant manner (Gregus et al. 1991).  

2.5.2 Availability of the co-factor Coenzyme A 

The formation of the activated intermediate benzoyl-CoA is also dependent on the 

availability of unacylated Coenzyme A (CoASH) (Gregus et al. 1991). The CoASH molecule is 

an indispensable co-factor that functions as an acyl group carrier and carbonyl activating 

group in a multitude of oxidative and synthetic metabolic reactions included in the citric 

acid cycle, sterol biosynthesis, amino acid metabolism, fatty acid biosynthesis and oxidation 

(Leonardi et al. 2005; Zhang et al. 2007). The functionality of approximately 4% of known 

enzymes is dependent upon CoASH as an obligate co-factor and CoASH is involved in over 

100 different reactions in intermediary metabolism (Leonardi et al. 2005). CoASH is 

synthesized in a 5 step pathway from the precursor pantothenic acid (vitamin B5) and the 

pathway is dependent on the availability of ATP, L-cysteine and cytidine triphosphate (CTP) 

(Daugherty et al. 2002). Pantothenic acid is abundant in the human diet and is synthesized 

by gut flora, plants and fungi (Leonardi et al. 2005). The first step in CoASH biosynthesis is 

rate limiting, catalysed by an ATP-dependent enzyme known as pantothenate kinase (PANK) 

of which several isoforms exist (PANK 1-4). The levels of human PANK 1, 2 & 3 are highest in 

liver suggesting that PANK expression is very important to liver function (Leonardi et al. 

2005). All of the PANK isoforms display a distinct sensitivity to feedback inhibition by a 

diverse range of CoA species. Consequently, the CoASH biosynthetic processes in the liver 

are highly responsive to intermediary metabolism and hepatic CoASH levels are actively 

controlled through a balance between synthesis and degradation processes (Zhang et al. 
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2007). With regard to the effect on glycine conjugation, it has been illustrated that 

administration of pantothenate to HepG2 cells can increase HA formation and elevate 

CoASH levels (Palekar 2000). Consequently, limited availability of precursors for CoASH 

biosynthesis could limit glycine conjugation if available CoASH becomes depleted. The 

depletion of CoASH has been indicated to be more substrate dependent than ATP as hepatic 

CoASH can deplete in a dose-dependent manner (Gregus et al. 1991). Gregus et al. (1991) 

illustrated that the availability of CoASH for glycine conjugation became limiting at high 

dosages of BA. This can be explained by the reaction sequence of glycine conjugation. When 

sufficient glycine is available, a CoASH molecule is regenerated every time a benzoyl-CoA is 

conjugated to glycine. However, at high BA dosages hepatic glycine may become depleted, 

limiting HA synthesis from benzoyl-CoA and regeneration of free CoASH. Available CoASH 

becomes trapped as benzoyl-CoA as a secondary effect of insufficient glycine to conjugate 

the active intermediate and regenerate free CoASH. As a consequence any further 

metabolism of BA via the glycine conjugation pathway is limited (Gregus et al. 1991). These 

studies indicate that limited availability of CoASH can limit glycine conjugation capacity but 

that it may be co-dependent on the availability of glycine (Gregus et al. 1991). 

2.5.3 Availability of the co-factor glycine 

The last step of the glycine conjugation pathway entails the conjugation of the activated 

intermediate to glycine. Glycine is generally described as a non-essential amino acid 

because it can be synthesized within the body from serine, threonine, choline and glyoxylate 

(Wang et al. 2013). Synthesis from serine seems to be the main contributor to available 

glycine as the other pathways are dependent on developmental stage and dietary intake of 

the precursors (Wang et al. 2013). The serine pathway to glycine is a single step reversible 

reaction catalysed by serine hydroxymethyltransferase (SHMT). This reaction involves the 

transfer of hydroxymethyl from serine to the cofactor tetrahydrofolate (THF), producing 

glycine and N5,N10-methylene-THF. There are cytosolic (SHMT1) and mitochondrial (SHMT2) 

isoforms of the SHMT enzyme (di Salvo et al. 2013; Wang et al. 2013). In recent years it has 

been suggested that glycine should be classified as a conditionally essential or functional 

amino acid because the metabolic demand for glycine far exceeds the capacity of in vivo 

synthesis (Meléndez-Hevia et al. 2009; Wu 2013; Wu et al. 2013). As discussed in section 

2.4.3 glycine is a precursor in the biosynthesis of several other metabolites (porphyrins, 

purines, glutathione, collagen, creatine and conjugation of bile acids) and plays an 

important role as a neurotransmitter and cytoprotective agent (Gundersen et al. 2005; 

Meléndez-Hevia et al. 2009; Wang et al. 2013). It has been estimated that human adults 

have a glycine shortage of approximately 10 grams per day (Meléndez-Hevia et al. 2009). 

The glycine conjugation of BA and analogues is strongly influenced by the availability of 

glycine (Gregus et al. 1991). It has been indicated that glycine supplementation can 

significantly increase HA synthesis in humans even at large doses of BA (Knights and Miners 
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2012). The glycine conjugation rate of salicylic acid is however not enhanced with the co-

administration of glycine which suggests that the limiting step for this substrate lies 

elsewhere (Amsel and Levy 1969). The glycine conjugation of large doses of BA can 

significantly decrease available glycine limiting the rate of HA formation. Depleted levels of 

glycine may also exert the toxic effects of accumulating activated intermediates and 

substrates as discussed in section 2.4.3. Possible mechanisms have been described for the 

secondary effects of glycine deficiency, but these processes are not completely understood. 

It is however clear that limited availability of glycine can limit glycine conjugation capacity 

(Meléndez-Hevia et al. 2009; Beyoğlu and Idle 2012; Beyoğlu et al. 2012; Badenhorst et al. 

2014). 

2.5.4 Genetic variation in the glycine conjugation pathway 

Polymorphisms are described as variations in DNA sequences, present in many individuals at 

a specified frequency (Jehan and Lakhanpaul 2006). Single nucleotide polymorphisms (SNPs) 

are the most common type of polymorphisms in the human genome, where a single 

nucleotide is substituted for another. SNPs are not evenly distributed throughout the 

genome and occur in coding as well as non-coding regions. Synonymous SNPs in the coding 

regions of genes do not cause changes in amino acid sequence. Non-synonymous SNPs on 

the other hand are SNPs that lead to the alteration of the encoded amino acid. Such SNPs 

are capable of influencing the functionality of a protein via missense mutations that cause a 

change of codon or nonsense mutations leading to termination codons in the wrong places 

(Jehan and Lakhanpaul 2006). SNPs occurring in the regulatory regions of genes may affect 

the level and/or regulation of protein expression. Selective impairment of hepatic enzymes 

due to SNPs may affect the capacity of individuals to metabolise certain xenobiotics 

(Brockmöller and Roots 1994). Consequently SNPs in the genes encoding the enzymes 

involved in biotransformation pathways have the potential to influence inter-individual 

variation in biotransformation capacity (Dorne 2004). It has been suggested that genetic 

variation may be partly responsible for the significant inter-individual variation that is seen 

in the glycine conjugation pathway of humans. More specifically larger similarities in the 

metabolism of aspirin have been observed for identical twins in comparison with fraternal 

twins suggesting that genetic variation may contribute to inter-individual variation in glycine 

conjugation capacity (Furst et al. 1977). 

 

2.5.4.1  Genetic variation in the gene encoding HXM-A 

The first enzyme of the glycine conjugation pathway is a mitochondrial ATP dependent acyl-

CoA ligase, HXM-A (E.C. 6.2.1.2), encoded by the ACSM2B gene (Vessey et al. 2003). The 

ACSM2B gene is located on chromosome 16p12, spans over 40 000 base pairs and contains 
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15 exons. Within this region there are approximately 1711 SNPs of which 73 are 

synonymous and 208 are non-synonymous variants (http://www.ensembl.org - January, 

2015, ENST00000567001).  No information is however available about the influence of 

genetic variation on the enzyme activity and expression of this enzyme in vivo 

(Boomgaarden et al. 2009). 

2.5.4.2  Genetic variation in the gene encoding GLYAT 

With regard to the conjugation enzyme known as GLYAT (EC 2.3.1.13), studies have 

indicated that SNPs within the gene that encodes GLYAT can influence the enzyme’s 

functionality. Using a bacterially expressed recombinant human GLYAT, van der Sluis et al. 

(2013) have shown that non-synonymous SNPs in this gene can influence the enzyme 

activity of GLYAT (van der Sluis et al. 2013). Illustrated in Figure 2.3, the GLYAT gene is 

located on chromosome 11 at position 11q12 and spans over 23 000 base pairs containing 6 

short exons.  

 

Figure 2.3: The chromosomal localisation of the human GLYAT gene. The GLYAT gene is located on 

chromosome 11 at position 11q12, spans over 23 000 base pairs and contains 6 exons. Exons 2 to 6 are 
translated to 296 amino acids. 

Within the GLYAT gene there are approximately 1424 known SNPs of which 30 are 

synonymous and 99 are non-synonymous (http://www.ensembl.org - October, 2015, 

ENST00000344743). In the study done by van der Sluis and co-workers only 6 non-

synonymous SNP variants of the recombinant GLYAT were generated to test the effect of 
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certain SNPs on enzyme activity. It was found that the N156S variant enhanced enzyme 

activity, F168L was less active than the wild type and R199C was inactive. The other variants 

tested (K16N, S17T, R131H) had similar activities to that of the wild-type (van der Sluis et al. 

2013).  The N156S variant has a higher allele frequency and enzyme activity than the 

reference sequence and it has been suggested that this variant should be considered the 

wild-type (Yamamoto et al. 2009; Lino Cardenas et al. 2010). In another study done by van 

der Sluis et al. (2015) it was indicated that the GLYAT gene is highly conserved and it was 

suggested this may reflect an essential role of GLYAT in human survival (van der Sluis et al. 

2015). This notion is supported by the fact that no genetic defect of glycine conjugation in 

humans has been reported and of the variants with negative influence on GLYAT activity 

(R199C and F168L) only a single case of each has been reported (Yamamoto et al. 2009; Lino 

Cardenas et al. 2010; van der Sluis et al. 2013). No SNPs have been correlated with the inter-

individual variation seen in glycine conjugation capacity and it remains unclear whether 

genetic variation affects the overall rate of glycine conjugation of humans in vivo. 

2.5.5 The effect of age, gender and disease on glycine conjugation capacity 

Studies have indicated an age-dependent maturation of glycine conjugation capacity. For 

example before the age of 2 months, p-aminobenzoic acid (PABA) is metabolised 

predominantly via acetylation rather than glycine conjugation. In patients over 2 months of 

age, PABA predominantly undergoes glycine conjugation in the liver (Vest and Salzberg 

1965). Wijeyesekera et al. (2012) has also indicated increased HA excretion with increasing 

age, with higher excretion of HA in individuals aged 50−59, compared to individuals aged 

40−49 years (Wijeyesekera et al. 2012). Variability in HA excretion has also been indicated to 

be gender-associated in humans. Differences have been indicated in the amounts of HA 

excreted between males and females (Wijeyesekera et al. 2012). Different findings have 

been made in terms of which gender excretes the most HA. These differences most likely 

reflect the intra-individual variation that is accounted for with 24-h measurements, 

compared to single time point urine collections in different studies (H. Lees et al. 2013). 

Disease states such as obesity, diabetes, high blood pressure, atherosclerosis and 

gastrointestinal disorders have been associated with either elevated or reduced levels of HA 

excretion. HA has been highlighted as a discriminatory metabolite in a number of 

comparison studies. The mechanisms behind the association of HA levels with certain 

disease states is not clearly understood and further investigations are needed. It is difficult 

to interpret data regarding differences in HA excretion in disease states due to the high 

inter-individual and intra-individual variation in synthesis and excretion of HA ( Lees et al. 

2013). 
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2.6 METHODS TO ASSESS INDIVIDUAL BIOTRANSFORMATION CAPACITY 

2.6.1 Methods to assess liver functionality 

Batteries of tests exist for the initial detection and management of liver injury and disease 

and are generally divided into three classes: 1) Tests of the liver’s capacity to transport 

organic anions and possible cholestasis (serum bilirubin, urine bilirubin, urobilinogen etc.); 

2) Tests that detect injury to hepatocytes (serum enzyme tests such as aminotransferases, 

alkaline phosphatase, lactate dehydrogenase etc.) and 3) Tests of the liver’s biosynthetic 

capacity (serum proteins such as albumin, prealbumin, serum ceruloplasmin, coagulation 

proteins, transferrin, serum bile acids etc.)(Thapa and Walia 2007; Dias et al. 2009).These 

tests are generally referred to as liver function tests, although they do not necessarily 

quantitatively assess dynamic liver function, for example biotransformation capacity, per se 

(Dias et al. 2009). A lot of criticism for this terminology exists and it has been argued that 

liver injury tests would be a more appropriate term (Thapa and Walia 2007). In this study 

there will be distinguished between the above mentioned liver function tests, dynamic 

quantitative liver function tests and biotransformation challenge tests. Attention will be 

given to existing methods which can be employed to investigate the biotransformation 

capacity of the human liver. 

2.6.2 Quantitative liver function tests  

Static liver function tests are not entirely satisfactory for evaluating liver function because of 

the dependence on factors unrelated to the liver, variables that may be normal though liver 

disease is advanced as well as false positives (Morgan et al. 1991). As an alternative, tests of 

the capacity of the liver to eliminate probe substances can be used i.e. quantitative liver 

function tests. These tests assess hepatic functional capabilities such as hemodynamic blood 

flow, cellular uptake, transport, storage, metabolism, and excretion of substances (Dias et 

al. 2009). Generally probe substances are administered as a bolus or prolonged infusion and 

either a single plasma measurement of the substrate is made or multiple measurements 

over an appropriate period (Morgan et al. 1991; Burra and Masier 2004). Depending on the 

probe substances used different functionalities can be deduced such as the hepatic uptake 

(clearance from blood), metabolism (by hepatic enzymes) or elimination (Dias et al. 2009). 

Probe substances such as galactose and indocyanine green reflect hepatic blood flow at low 

doses because of their high hepatic clearance (Morgan et al. 1991; Stieger et al. 2012). 

Substances such as antipyrine, aminopyrine, lidocaine, diazepam, midazolam and 

phenacetin have been used as markers of liver function. All substances are metabolised 

entirely by the liver via oxidation, catalyzed by CYP450 in most cases. These probe 

substances exhibit low hepatic clearance and therefore reflect the capacity of the oxidating 
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enzymes rather than blood flow (Morgan et al. 1991; Dias et al. 2009). Many of these tests 

are employed for early detection and management of liver injury, chronic hepatitis and 

function after liver transplants (Dias et al. 2009). However these tests do not give detailed 

insights about functionality of both the biotransformation phases and their respective 

reactions. 

2.6.3 In vitro methods to evaluate biotransformation  

The extensive research in the past decades on the individual’s ability to detoxify multiple 

xenobiotics has significantly increased our clinical understanding of biotransformation and 

the role it has to play in individual health and disease. Continuous developments in the field 

of toxicology and biotransformation emphasise the importance of being able to identify 

dysfunctional biotransformation systems as well as the factors that affect the individual’s 

biotransformation capacity (Bland et al. 1995). Several methods have been described to 

evaluate human xenobiotic biotransformation via both in vitro and in vivo testing. In vitro 

testing typically entails the utilisation of human liver microsomes or recombinant expression 

systems engineered to express a specific human biotransformation enzyme. Specific probe 

substrates are added, metabolised via the reaction of interest, and either the formation of 

metabolites or the disappearance of the substrate can be quantified. Similar experiments 

can be done in the absence and presence of other xenobiotics to investigate so-called drug-

drug interactions (Hacker et al. 2009). In vitro studies are mostly employed for the 

prediction of in vivo biotransformation of a xenobiotic and possible adverse drug effects in 

drug discovery and pre-clinical experiments (Inoue et al. 2006).  

2.6.4 Current biotransformation challenge tests  

Determining the efficacy of biotransformation reactions in vivo has become increasingly 

important in the management of general heath and disease (Lord and Bralley 2008b). 

Challenge tests are ideal tools to assess functional biotransformation capacity. Generally 

such tests are non-invasive and a specific path of the biotransformation system is 

investigated using appropriate probe/challenge test substances. The challenge substances 

used for in vivo studies are usually exogenous, non-toxic substances that are selectively 

metabolised by the liver. The challenge substances have to be administered at high enough 

dosages to challenge the pathways needed for their biotransformation in order to reflect 

the capacity of the reaction investigated (Lord and Bralley 2008c). After defined amounts of 

challenge substances are ingested orally, biological fluids such as saliva, urine and blood are 

collected (Brockmöller and Roots 1994). Similar to the in vitro studies, either the clearance 

of the challenge substrate or the formation of its metabolites can be quantified (Hacker et 

al. 2009). Each challenge substance is typically metabolised via a well-known 
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biotransformation pathway many of which include multiple steps. Thus, no single test by 

itself is capable of assessing total functional biotransformation capacity. Several challenge 

substances may be given (cocktail approach) or the formation of several metabolites of a 

single challenge substance may be assessed (metabolic fingerprint approach)(Brockmöller 

and Roots 1994). The most commonly used challenge substances are caffeine, 

acetaminophen (paracetamol) and aspirin because these substances are readily available 

and well tolerated by most individuals (Lord & Bralley 2008). Caffeine is used to monitor the 

activity of a CYP enzyme called CYP1A2 using the caffeine clearance test in saliva samples. 

This reaction is key for the biotransformation of many environmental toxins in pesticides, 

cigarette smoke and charbroiled beef (Setchell et al. 1987; Jost et al. 1987). Acetaminophen, 

commonly known as paracetamol, is used to measure the functionality of glucuronidation 

and sulphation excretory products in urine. Alternatively, acetaminophen can be oxidised 

within the microsomes of the liver to form a hepatotoxic reactive intermediate. This toxic 

intermediate subsequently undergoes glutathione conjugation, yielding cysteine and 

mercapturate conjugates, both of which are also excreted in the urine (Slattery et al. 1987). 

Aspirin, which is hydrolyzed to salicylic acid within the intestines, is administered to humans 

to test the glycine conjugation pathway (Levy 1976). Conjugation to glycine yields salicyluric 

acid (SUA) and is excreted within the urine (Hutt et al. 1986). Using a combination of the 

available challenge substances a more defined picture of individual biotransformation 

capacity and possible supportive therapies can be deduced. 

2.6.5 The glycine conjugation challenge test with BA 

Glycine conjugation has been implemented as a measure of liver function since 1933 with 

the introduction of Quick’s hippuric acid synthesis test for liver function (Quick and Cooper 

1933). Large doses (4 g - 6 g) of BA were administered to test subjects and the amount of HA 

synthesised was determined in urine samples using the method described by Quick (1926) 

(Quick 1926; Quick 1931; Quick and Cooper 1933). The elimination of BA takes place almost 

exclusively via conjugation to glycine and the formation of HA is extremely rapid in man 

(Amsel and Levy 1969). It has been observed that up to 87 % of a 6 g sodium benzoate dose 

can be excreted within the urine 4 hours after administration (Probstein and Londe 1940). 

Thus, to effectively challenge the glycine conjugation pathway large doses of BA (> 2 g) are 

required (Probstein and Londe 1940). A disadvantage of the hippuric acid synthesis test is 

the adverse reactions to large dosages of BA. Symptoms such as severe gastric discomfort, 

nausea, vomiting, diarrhoea, vertigo and headaches have been observed in almost all cases 

illustrating the toxic effects of BA on the gastrointestinal mucosa and central nervous 

system (Quick 1931; Probstein and Londe 1940; Amsel and Levy 1969; Beyoğlu et al. 2012).  

Many of these symptoms may have resulted from the significant depletion of glycine and 

CoASH with large doses of BA as indicated by Lord & Bralley (2008)(Probstein and Londe 

1940; Lord and Bralley 2008). It has been stated that though ingestion of large doses of BA 
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may be harmful to health, glycine conjugation capacity is indicative of the capacity of the 

liver to biotransform exogenous substances (Quick 1931; Rennie 1942). 

2.6.6 The glycine conjugation challenge test with aspirin 

Aspirin, the acetylated form of salicylic acid, became a popular drug for the treatment of 

acute rheumatism, headaches, pain, inflammation and fever during the early 1900s. In the 

decade since its introduction the use of aspirin became unsurpassed by any other drug 

(Rainsford 2004). As the clinical trials and pharmacokinetic studies on aspirin developed it 

became apparent that glycine conjugation is the predominant route for elimination of 

aspirin (Levy 1965; Amsel and Levy 1969; Gibson et al. 1975; Levy 1976). Ingested aspirin 

undergoes rapid hydrolysis to salicylic acid within the body (Rashid et al. 2006). Salicylic acid 

can then be eliminated by either one of the following parallel pathways: renal excretion, 

conjugation to glycine and conjugation to form two different salicyl glucuronides. In addition 

salicylic acid can also undergo oxidation to gentisate (2,5-dihydroxybenzoate) and 2,3-

dihydroxybenzoate (Rainsford 2004). The possible metabolic pathways of ingested aspirin 

are illustrated in Figure 2.3. Studies have indicated that depending on the dose up to 75 % – 

90 % of ingested aspirin is eliminated as salicyluric acid (SUA), the glycine conjugate of 

aspirin (Levy 1965; Amsel and Levy 1969; Rainsford 2004; Knights et al. 2007).  

In contrast to BA ingestion, side effects of therapeutic doses of aspirin were found to be 

minor, manageable and disappeared after a few hours. As a result aspirin has become the 

preferred challenge test substance for the investigation of glycine conjugation capacity. 

Aspirin is a non-physiological, exogenous agent thus, no interferences from endogenous 

sources occur as is the case with BA (Lord and Bralley 2008c; Van Duynhoven et al. 2011). In 

comparison with the hippuric acid synthesis test lower dosages of aspirin can be used to 

challenge the glycine conjugation pathway and aspirin is generally well tolerated. The use of 

aspirin as a challenge test substance has the added benefit of measuring multiple pathways 

simultaneously. Because of its conjugation to both glycine and glucuronic acid, ratios of the 

conjugation products excreted within the urine after oral administration of aspirin reflect 

adequacy of glucuronide and glycine conjugation capacities (Lord and Bralley 2008c). 

Antioxidant status may also be assessed because of the reaction of salicylic acid with 

hydroxyl radicals to form either 2,3-dihydroxybenzoate or 2,5-dihydroxybenzoate. By 

determining the percentage of salicylic acid converted to the two urinary di-

hydroxybenzoates, adequacy of individual antioxidant status to protect DNA and protein 

against damage from hydroxyl radicals can be deduced (Lord and Bralley 2008c). 

Though aspirin is better tolerated than BA, complications with its use arise from a strong 

association between aspirin and the rare Reye’s syndrome that occur in children (Degnan 
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2012). The syndrome is described as a serious and often fatal acute encephalopathy which is 

associated with selective hepatic dysfunction. The pathophysiology of Reye’s syndrome is 

thought to involve mitochondrial injury relating to both structural integrity and biochemical 

function such as impaired oxidative phosphorylation and β-oxidation of fatty acids 

(Rainsford 2004; Degnan 2012). Several case-control studies indicate a strong association 

between ingestion of aspirin at therapeutic doses and the development of Reye’s syndrome. 

It has been concluded that any amount of aspirin is unsafe in a child with a viral infection 

(Rainsford 2004; Glasgow 2006; Degnan 2012). Aspirin intolerance with varying degrees of 

severity and symptoms has also been identified in adults which include gastric bleeding and 

ulcers (Rainsford 2004). The use of aspirin as a challenge test substance to measure glycine 

conjugation capacity is thus limited to adults that are not aspirin intolerant. 

Since glycine conjugation capacity can be indicative of liver functionality and if impaired, can 

influence several physiological processes it could be beneficial to have a challenge test that 

is able to safely monitor and quantify individual glycine conjugation capacity. However, the 

current substances used to evaluate glycine conjugation capacity have several 

disadvantages. The need for a safer challenge test substance that can be used in both 

children and adults is becoming increasingly important.  
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Figure 2.4: A representation of the possible metabolic pathways of aspirin after ingestion. Glycine 
conjugation is indicated with solid arrows as the main route of aspirin metabolism. Minor pathways 
are indicated with broken arrows. The glucuronide molecule is represented by “G” of which the 
structure is illustrated at the bottom of the figure 
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2.7 PARA-AMINOBENZOIC ACID AS AN ALTERNATIVE CHALLENGE TEST SUBSTANCE  

Ideally a challenge test substance used to evaluate glycine conjugation capacity should give 

better insight into the complexity of the reaction. The substance should be non-toxic at the 

dosages required to challenge the conjugation pathway and hepatic glycine conjugation 

should be the predominant route of metabolism. The challenge substance should be 

exogenous, readily absorbed form the intestinal tract and the conjugation product(s) should 

be easily transported and excreted out of the body (Furuya et al. 1995; Lord & Bralley 2008). 

The substance should be metabolised independently of the CYP450s which are highly 

inducible by several other medications and environmental factors (Handschin and Meyer 

2003; Parkinson et al. 2004). The use of para-aminobenzoic acid (PABA) as an alternative 

challenge test substance for the quantitative evaluation of liver function via the glycine 

conjugation pathway has been investigated (Deiss & Cohen 1950; Duffy et al. 1995; Furuya 

et al. 1995). PABA is described as an ideal challenge test substance as it is readily absorbed 

from the gastrointestinal tract, well-tolerated, non-toxic and exclusively metabolised by 

phase 2 conjugation reactions (Furuya et al. 1995; Lebel et al. 2003).  

 

2.7.1 The metabolic pathways of PABA 

PABA undergoes phase 2 biotransformation to either one of three possible metabolites, 

independent of the phase 1 CYP450s. Illustrated by Figure 2.4, PABA can either undergo 

conjugation to glycine, acetylation or a combination of both (Furuya et al. 1995; Lebel et al. 

2003). 

2.7.1.1 Glycine conjugation 

When sufficient co-factors are available PABA is predominantly conjugated to glycine which 

produces para-aminohippuric acid (PAHA) via the same enzyme system as HA synthesis from 

BA (Deiss and Cohen 1950). As a result the same factors capable of influencing inter-

individual variation of BA conjugation to glycine (section 2.5) may influence the glycine 

conjugation of PABA. It has been observed that PAHA can account for up to 50% of the 

metabolites excreted after administration of PABA however, in newborn infants and the 

elderly acetylation is often the predominant route of PABA metabolism (Vest and Salzberg 

1965; Jakobsen et al. 1997). 
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2.7.1.2 Acetylation 

PABA can undergo acetylation via the phase 2 N-acetyltransferase 1 (NAT1) pathway to 

produce para-acetamidobenzoic acid (PAABA). Both conjugation to glycine and acetylation 

of PABA can take place which leads to the formation of para-acetamidohippuric acid 

(PAAHA). In humans two functional NAT enzymes are present, namely NAT1 and NAT2. 

PABA, p-aminobenzoyl glutamate and p-aminosalicylic acid are considered good substrates 

for human NAT1 but not human NAT2. NAT1 was originally described as a monomorphic 

enzyme while NAT 2 was described as a polymorphic enzyme associated with rapid, slow 

and intermediate acetylators (Grant et al. 1991). In more recent years the notion of NAT1 

being monomorphic has been refuted. Using different human cell types, studies have 

identified a number of nucleotide polymorphisms capable of altering the functionality and 

expression of NAT1 (Butcher et al. 1998; Brockton et al. 2000). Several polymorphisms in the 

NAT2 gene have been associated with fast, slow and intermediate acetylator phenotypes in 

vivo however, the functional in vivo significance of the variants identified for NAT1 still 

remain unclear (Hein 2002; Butcher et al. 2002). The reason for this is that the majority of 

the functional studies on NAT 1 have been performed in vitro using bacterial expression 

systems. In vitro studies have also suggested that variation in NAT1 activity may be 

influenced by environmental factors and substrate dependent regulation of NAT1 has been 

observed in cultured cells (Butcher et al. 2000). The findings of these in vitro studies are not 

necessarily an accurate reflection of in vivo human NAT1 activity due to the differences 

between bacterial and mammalian systems (Butcher et al. 2002).  

Ratios can be calculated using the different metabolic products of PABA to reflect either the 

degree of acetylation or glycine conjugation of PABA. The ratio which reflects glycine 

conjugation, the so-called hippurate ratio, has been shown to correlate well with hepatic 

function (Furuya et al. 1995). 

2.7.1.3 Glucuronidation 

In certain instances glucuronidation of PABA may also occur to form p-acetamidobenzoic 

acid-glucuronide and PABA-glucuronide respectively but has been indicated to be the minor 

route of metabolism for PABA (6.6 % and 2.4 % respectively of a 200 mg dose) (Chan et al. 

1988).  
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Figure 2.5: A representation of the PABA metabolic pathways. Figure adapted from Furuya et al. 

(1995). 
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2.7.2 Advantages of using PABA as a challenge test substance 

2.7.2.1  Better tolerance 

The largest advantage of using PABA as a challenge test substance to measure glycine 

conjugation capacity is that it bears no risk of causing Reye’s syndrome in children. In adults 

no adverse reactions were described with dosages of up to 4 g PABA (Smith and Bayliss 

1946; Deiss and Cohen 1950). With the dosages prescribed for children, no side effects are 

observed and PABA is described as safe, convenient, and affordable for use as a challenge 

substance (Furuya et al. 1995). Side effects such as nausea, vomiting, rash, pruritis, fever 

and hepatitis have been reported in children only in cases where 8-48 times the 

recommended dose (5 mg/kg, maximum 170 mg) was ingested (Borum et al. 1991).  

2.7.2.2  Metabolism of PABA may reflect absorption, liver function and free radical     

exposure 

The metabolic pathway of PABA makes it possible to not only assess glycine conjugation 

capacity but acetylation. With hepatocellular disruptions, glycine conjugation of PABA is 

affected negatively.  The formation of the glycine conjugated compounds PAHA and PAAHA 

decrease with increasing severity of liver disease (Furuya et al. 1995; Lebel et al. 2003). 

However, acetylated metabolites of PABA may still be measurable due to extrahepatic 

metabolism of PABA by gastrointestinal NAT 1 (Wan et al. 1972; Ohsako and Deguchi 1990). 

The higher concentrations of acetylated metabolites of PABA to glycine conjugated 

metabolites of PABA may serve as a control for successful absorption of PABA (Lebel et al. 

2003).  

Further, it has been indicated that the so-called hippurate-ratio calculated from the glycine 

conjugated metabolites of PABA can accurately reflect hepatic function (Furuya et al. 1995; 

Lebel et al. 2003). Ratios which reflect acetylation of PABA showed no correlation to hepatic 

dysfunction while ratios which reflect glycine conjugation of PABA correlated well with 

severity of hepatic dysfunction (Furuya et al. 1995). The measurement of PAHA formation 

has been described as the most reliable early prognostic marker for the outcome of liver 

disease (Lebel et al. 2003).  

PABA can act as a scavenger of hydroxyl radicals similar to aspirin (Nakken 1964; Hu et al. 

1995). In the case of PABA scavenging a hydroxyl radical, the product is a compound known 

as 3-hydroxy-4-aminobenzoic acid (3-OH-PABA)(Nakken 1964). Monitoring the formation of 

this compound after ingestion of PABA could be an indication of free radical exposure. 
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2.7.2.3  PABA can be used as a marker for completeness of urine samples 

Another advantage of PABA is its usefulness as a marker for completeness of urine samples. 

An important issue in the conduct of any study requiring multiple urine samples is the 

completeness of collection (Subar et al. 2013). It has been indicated that PABA, when 

ingested orally at specified times during urine collection days, can be used as an effective 

way of determining completeness of urine sampling (referred to as the PABAcheck 

method)(Bingham and Cummings 1983).  

2.7.2.4  Interferences from endogenous sources seem highly unlikely 

Interferences from endogenous sources of PABA on the use thereof as a challenge 

substance are minimal and highly unlikely. In comparison with BA for example, PABA is not 

present endogenously in sufficient amounts to interfere with a challenge test. A study of the 

human urine metabolome reported values of 229 μM/mM HA versus 3.3 μM/mM PAHA 

excreted in the urine of 22 healthy volunteers outside of a challenge test, analysed with six 

different techniques (Bouatra et al. 2013). An endogenous source of PABA in humans may 

arise from the de novo synthesis thereof by certain intestinal bacteria. PABA is synthesized 

in plants and certain E. coli from chorismate to serve as a co-factor in folate biosynthesis 

(Quinlivan et al. 2006). However, most of the free PABA excreted by bacteria serves as a 

supplementary to nearby PABA auxotrophs (Hussein et al. 1998). It has been indicated that 

some of the folates produced by intestinal bacteria can be absorbed and utilised by the 

human host. However, the absorption of free PABA originating from bacterial release seems 

unlikely (Camilo et al. 1996). In plants the majority of synthesised PABA is reversibly 

glucosylated to p-aminobenzoyl β-D-glucopyranoside (PABA-Glc). The total pool of PABA 

(free plus glucosylated) is reported to be small and to vary largely. Thus, ingestion of free 

PABA from plants seems unlikely as well (Zhang et al. 2005; Quinlivan et al. 2006). 

 An interference with the results when using PABA as a challenge substance may occur in 

the unlikely event of patients who have used sunscreen containing PABA just before the 

challenge test (Lebel et al. 2003). PABA was one of the first compounds to be used as a 

sunscreen agent because of its ability to absorb ultraviolet (UV) light and is readily absorbed 

through the human skin (Wang et al. 2007).  As with any challenge test baseline 

measurements of PABA and its metabolites before oral administration may help to avoid 

such interferences (Lebel et al. 2003).  

 



Chapter 2 

36 

2.8 PHARMACOKINETIC ASPECTS OF IN VIVO GLYCINE CONJUGATION 

2.8.1 Pharmacokinetics of BA glycine conjugation 

The reaction sequence for the glycine conjugation of BA, aspirin and PABA seems to be 

identical but the rate at which each conjugate is produced and excreted differs significantly 

(Deiss and Cohen 1950; Amsel and Levy 1969). In studies using smaller doses of BA it has 

been illustrated that the glycine conjugation and subsequent excretion of HA is very rapid in 

healthy individuals (Amsel and Levy 1969). Up to 70 % of a 2.4 g dose of BA can be 

recovered in the urine as HA after two hours and 85 % to 90 % three hours after ingestion 

(Bryan 1923). At larger doses such as 5 g up to 84 % of the dose can be recovered as HA 

within the first two hours of the test (Amsel and Levy 1969). Neither the rate of absorption 

of BA nor the capacity of the renal tubular transport system are considered to be rate 

limiting factors in the synthesis and excretion of HA (Quick 1931; Amsel and Levy 1969). The 

fundamental factor governing and limiting the rate of HA formation seems to be the 

availability of glycine (Quick 1931; Amsel and Levy 1969). Oral administration of BA leads to 

a significant decrease in plasma glycine levels (De Vries et al. 1948). A two fold increase in 

HA excretion has been observed (4.1 g per hour) after co-administration of glycine in 

healthy male volunteers after a 5 g BA dose (Amsel and Levy 1969). Thus, independent of 

the BA dosage, the hourly HA excretion rate quickly rises to a maximum and then remains 

constant at an hourly rate dependent on glycine availability (Quick 1931).  

2.8.2 Pharmacokinetics of aspirin glycine conjugation 

The rate of glycine conjugation of aspirin is significantly slower than that of BA. Only 1.3 % 

of a 2 g dose of aspirin could be recovered as SUA in the urine, two hours after ingestion. A 

slight increase to 1.4 % was observed three hours after ingestion (Quick 1933).  The rate of 

SUA formation cannot be increased with the co-administration of glycine (Amsel and Levy 

1969). This suggests that the rate limiting factor for SUA formation is not as strongly 

determined by the availability of glycine but rather by the formation of the activated 

intermediate, salicyl-CoA (Amsel and Levy 1969). The glycine conjugation of aspirin is 

saturable even at low concentrations thus, the rate of urinary excretion of SUA falls with 

increasing dosage (Rainsford 2004). It has been suggested that when aspirin dosage exceed 

0.3 g the rate of glycine conjugation to form SUA becomes maximal and constant. The 

synthesis of SUA does not increase beyond this fixed rate despite increased dosages of 

aspirin (Gibson et al. 1975). Three important implications arise from the saturable 

conjugation of aspirin to glycine. Firstly, the time required to metabolise and eliminate a 

dose of aspirin will increase with larger dosages, steady-state concentrations of salicylate in 

plasma will increase more than proportionally to increasing dosage and finally, the time 
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required to reach steady-state concentrations of salicylate in plasma will increase with 

larger dosages (Levy 1976). Various studies have estimated the maximal rate of conversion 

of salicylate to SUA to be approximately 40 mg per hour after ingestion of a single dose (up 

to 1.5 g) of aspirin (Levy 1976; Gibson et al. 1975; Levy 1980; Bochner et al. 1981; Rainsford 

2004). Aspirin is rapidly absorbed after oral administration as an aqueous solution however 

less rapid absorption has been observed with other forms due to rate limiting tablet 

disintegration (Needs and Brooks 1985). Further, pronounced inter-individual variation 

exists in the hydrolysis of orally administered aspirin to salicylate. Certain individuals 

consistently exhibit very pronounced hydrolysis of orally administered aspirin while others 

exhibit consistently less hydrolysis of aspirin during absorption. This phenomenon may 

influence distribution of salicylate to hepatic conjugation sites (Levy 1980). Renal function 

may be rate limiting in the excretion but not formation of SUA in humans. The renal 

excretion of SUA decreases with impaired renal function however the production of SUA 

appears normal in patients with renal impairment (Bochner et al. 1981; Rainsford 2004).  

2.8.3 Pharmacokinetics of PABA glycine conjugation 

The pharmacokinetic properties of PABA in man have not been as extensively researched as 

BA and aspirin. After oral administration of PABA the bioavailability is approximately 90 % in 

healthy normal individuals (Furuya et al. 1995). In control subjects absorption of PABA from 

the gastrointestinal tract is rapid and the serum levels reach peak values within 30 minutes. 

Synthesis of PAHA reaches a maximum within one to two hours after PABA administration 

(Deiss and Cohen 1950). Several studies using varying dosages of PABA have indicated that 

up to 70% – 85 % of the initial dose could be recovered in urine as a combination of the 

possible PABA conjugates (Figure 2.4), within the first four to six hours after PABA ingestion 

(Vest and Salzberg 1965; Bingham and Cummings 1983).  For example, 93 % of a 80 mg dose 

of PABA could be recovered in urine 5 hours after ingestion (Bingham and Cummings 1983). 

In most individuals more than 50% of the administered PABA is excreted as PAHA however 

in newborn infants and the elderly acetylation is often the predominant route of PABA 

metabolism (Vest and Salzberg 1965; Jakobsen et al. 1997). This phenomenon is most likely 

due to the age-dependent maturation of glycine conjugation in infants and the inverse 

association between age and PABA glycine conjugation in the elderly (Jakobsen et al. 1997; 

Lebel et al. 2003).  

Delayed or impaired formation of PAHA may result from either impaired p-aminobenzoyl-

CoA formation or impaired glycine conjugation (Knights et al. 2007). Similar to BA 

metabolism, the availability of glycine seems to influence the rate of PABA metabolism to a 

large extent. Co-administration of glycine with PABA significantly increases the capacity of 

individuals to conjugate PABA to glycine and excrete PAHA (Deiss and Cohen 1950). Since 

the conjugation of PABA follows the same biphasic path as the conjugation of BA, it is 
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reasonable to assume that impairment of mitochondrial ATP production may also affect 

PAHA formation. Reduced availability of either ATP or CoASH should lead to a lack of p-

aminobenzoyl-CoA formation (Knights et al. 2007). 

2.8.4 Pharmacokinetic comparison of BA, aspirin and PABA 

Although all three substrates BA, aspirin and PABA have been employed in studies of liver 

functionality via the glycine conjugation pathway, distinctive differences exist in the rate of 

metabolism of the three substrates. For example the excretion of HA following the ingestion 

of 2 g BA is completed within 4 hours while the elimination of 2 g aspirin is only 50 % 

complete after 24 hours (Quick 1933). In the case of PABA metabolism more or less 90 % of 

administered PABA is excreted within 5 hours after ingestion (Subar et al. 2013). Further, it 

was indicated by Amsel and Levy (1969) that BA rapidly and profoundly inhibits the glycine 

conjugation of aspirin. The magnitude of the inhibitory effect of BA on aspirin conjugation 

depended on the dose of BA administered and the duration of the inhibitory effect was in 

accordance with BA elimination and HA excretion (Amsel and Levy 1969). Amsel and Levy 

also illustrated that aspirin has no effect on the glycine conjugation of BA. Even when the 

dose of aspirin exceeded that of BA no inhibitory effect on HA formation was observed. 

Aspirin also did not  influence the availability of glycine for BA conjugation (Amsel and Levy 

1969). An inhibitory effect of BA on PABA conjugation has also been indicated. At equimolar 

dosages BA inhibited the glycine conjugation of PABA to such an extent that 60 % less PAHA 

was excreted than without the effect of BA (Deiss and Cohen 1950). When the effect of 

PABA on aspirin metabolism was investigated it was found that PABA inhibited the glycine 

conjugation of aspirin so effectively that almost no SUA was excreted (Salassa et al. 1948). It 

has been stated by Cummings et al. (1966) that aspirin has no effect on the formation of 

PAHA however no experimental data was supplied in support of this statement (Cummings 

et al. 1966). The renal clearance of SUA has been shown to be less than that of other glycine 

conjugates, such as PAHA (Rainsford 2004).  

These experiments illustrate that the same enzyme system is involved in the metabolism of 

the three substrates but that the affinity of the enzyme system toward each substrate 

differs (Deiss and Cohen 1950). For example HXM-A, the ATP-dependent acyl-CoA ligase, 

was isolated from human liver mitochondria and the enzyme activity toward different 

substrates was investigated. HXM-A displayed a Michaelis constant (Km) value of 13 μM and 

a maximum velocity (Vmax) value of 103 ηmol/min/mg toward BA while these values were 

7.3 μM  and 0.7 ηmol/min/mg toward aspirin (Vessey et al. 1999). Evidence of a different 

acyl-CoA ligase for specifically salicylate activation has been indicated using bovine liver 

mitochondria (Killenberg et al. 1971). This study suggested that more than one ligase may 

exist in mammalian mitochondria for the activation of aromatic carboxylic acids however no 

evidence supporting a salicylate activating enzyme in humans has been provided (Killenberg 
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et al. 1971). The enzymatic characteristics of human GLYAT have also been investigated but 

the Km and Vmax values reported for human liver GLYAT toward benzoyl-CoA are highly 

variable between studies. This variation is most probably due to differences in substrate 

quality and concentration as well as differences in experimental techniques (van der Sluis et 

al. 2013). Further, the rate limiting steps in conjugation of the three substrates to glycine 

differs. For BA it seems to be the availability of glycine while for aspirin it is the formation of 

the activated salicyl-CoA (Amsel and Levy 1969). This may partly be due to a higher affinity 

of the CoA-ligase enzyme toward BA compared to salicylate illustrated by differing Km 

values (Knights and Drogemuller 2000). The rate limiting step in PAHA formation is less clear 

but seems to be more dependent on glycine availability than p-aminobenzoyl-CoA 

formation (Knights et al. 2007). From the available literature it seems that BA is metabolised 

extremely rapid via glycine conjugation, followed by PABA and then aspirin (Quick 1933; 

Amsel and Levy 1969; Subar et al. 2013). In light of the different rates of metabolism as well 

as differing limiting factors between the three substrates, it could be a future possibility to 

use each substrate for the investigation of a different part or limiting factor of the glycine 

conjugation pathway. 

2.8.5 Altered pharmacokinetics as a result of enzyme induction 

Enzyme induction is a process where enzymes are synthesized or repressed in response to 

xenobiotic or endobiotic stimuli including environmental chemicals, drugs, or endogenous 

molecules. Enzyme induction can thus be defined as an increase in the activity of a 

metabolizing enzyme via the net effect of increasing protein levels (Fuhr 2000; Botts et al. 

2010). The liver is a dynamic system and one of the primary organs responsible for 

maintenance of normal homeostasis and physiological functions. Thus, the liver is capable of 

rapid responses to stimuli including the induction of biotransformation enzymes. Currently 

five different mechanisms of induction are described for biotransformation enzymes 

following exposure to inducer xenobiotics. The most common mechanism being 

derepression of genes responsible for enzyme synthesis resulting in elevated levels of the 

specific enzymes (Fuhr 2000; Botts et al. 2010). Such inducer xenobiotics can either increase 

the levels of the biotransformation enzyme(s) that act on the xenobiotic itself, called 

autoinduction, or may increase the levels of enzymes that catalyse the metabolism of other 

substrates. It is dependent upon the specific xenobiotic whether the effect of the enzyme 

induction leads to a benign adaptive response or to the generation of highly reactive toxic 

metabolites (Botts et al. 2010). Xenobiotic induction is drastically diverse in different 

species, it is usually tissue-specific, rapid, dose dependent and reversible (Handschin and 

Meyer 2003). The toxic consequences of xenobiotic enzyme induction in humans seem to be 

relatively rare and appear to be mainly associated with hepatoxicity (Fuhr 2000). Enzyme 

induction of biotransformation enzymes can however influence the pharmacokinetics of 

hepatic xenobiotic metabolism and could thus influence the outcome of a biotransformation 
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challenge test. Such pharmacokinetic consequences include decreased or absent 

bioavailability for orally administered drugs, increased hepatic clearance and accelerated 

formation of reactive, toxic metabolites. The exact pharmacokinetic consequences are 

determined by the localisation of the enzyme (Fuhr 2000). An example of hepatic 

biotransformation enzyme induction is the CYP450 enzymes of phase 1 biotransformation. 

Members of the CYP450 superfamily that are able to metabolise xenobiotic compounds 

have been shown to be highly inducible by xenobiotic stimuli. This is illustrated by the 

relatively low expression of the CYP450 enzymes in the absence of xenobiotic substrates as 

well as highly elevated expression in the presence of CYP450 substrates and/or other 

inducer xenobiotics (Handschin and Meyer 2003).  

In terms of glycine conjugation, enzyme induction occurring in either one of the two 

enzymes involved in the pathway could contribute to abnormalities in glycine conjugation 

rates.  Studies have indicated that the glycine conjugation pathway seems to be inducible, 

especially by salicylate exposure. Using salicylate pre-treatment in human volunteers, 

autoinduction of the glycine conjugation pathway has been indicated. The salicylate pre-

treatment lead to increased glycine conjugation of salicylate to form SUA (Furst et al. 1977). 

The mechanisms involved are however not well understood (Badenhorst et al. 2014). The 

factors that modulate the activity of human xenobiotic-CoA ligases in vivo are neither clearly 

defined nor easily understood (Knights and Drogemuller 2000). Investigation of human 

hepatocellular carcinoma specimens have demonstrated that GLYAT expression is 

transcriptionally regulated which supports the theory of human GLYAT inducibility (Matsuo 

et al. 2012). Attempts to induce glycine conjugation using agents such as phenobarbital and 

p-aminobenzoic acid have however not been successful (Irjala 1972). 

The pharmacokinetic investigations of in vivo glycine conjugation highlight the complexity of 

this phase 2 biotransformation pathway. The availability of co-factors, substrate specificity 

and dosage, limited enzyme activity and enzyme induction may independently or 

collectively influence glycine conjugation rate. Although glycine conjugation was recognised 

as early as the 19th century, knowledge of the factors and mechanisms that influence the 

efficiency of this pathway may still be in its infancy (Knights and Drogemuller 2000). 
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2.9 ANALYTICAL METHODS USED TO EVALUATE GLYCINE CONJUGATION 

The investigation and discovery of the biotransformation processes has by no means been a 

straightforward, uncomplicated process (reviewed in Conti and Bickel 1977). As is the case 

with nearly all research fields, several brilliantly devised experiments were sometimes 

doomed to failure due to a lack of sufficiently sensitive and accurate analytical methods. 

The factors that limited progress in the knowledge of human biotransformation systems 

were more often than not the analytical and physiological techniques. Most researchers 

were limited to basic methodology and chemistry in order to obtain information on the 

biochemical fate of a foreign compound. In most cases urine was qualitatively analysed after 

ingestion of a foreign compound for either the unchanged compound or its metabolites. 

Quantitative determinations were, if at all considered, limited by poor accuracy and 

sensitivity of analytical methods. Other biological fluids such as blood or tissue were very 

rarely sampled as the available methods lacked the sensitivity to detect small amounts of a 

compound diluted in large volumes of an organism. Further, the available methods often 

prevented the detection of several metabolites of a compound, and were limited to detect 

only the expected metabolite (Conti and Bickel 1977).  

2.9.1 Colourimetric methods 

2.9.1.1  Colourimetric methods for the determination of hippuric acid 

With regard to the investigation of glycine conjugation, Quick first managed to quantify HA 

directly from urine using the so-called formol titration colourimetric method. The method 

was based on a pH titration done with a solution prepared from urine which entailed several 

extraction and clean-up steps. Finally a titration of the prepared solution was done using 

sodium hydroxide until the resulting colour of the solution matched that of a prepared 

standard. The titration value was converted either to HA or BA (Quick 1926). Quick also 

mentioned an alternative to the formol titration, namely Van Slyke’s gasometrical method 

for amino nitrogen. Here the neutralised solution was prepared in the same manner as for 

the formol titration however, the volume of gas obtained from amino nitrogen was 

quantified (Quick 1926). Following Quick’s introduction of the hippuric acid synthesis test 

for liver function for clinical application in 1933, several researchers made modifications to 

the original analytical techniques in order to improve accuracy of the test (Probstein and 

Londe 1940). In time simpler, less labour intensive and less time consuming colourimetric 

methods for HA quantification directly from urine were developed, some without any 

extraction of HA required (Ogata et al. 1969; Tomokuni and Ogata 1972). However, 

researchers eventually realised that compounds such as SUA or methylhippuric acids (from 

toluene exposure) also reacted during colourimetric assays if present, causing interferences 
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and over estimations of HA content (Ogata et al. 1969; Tomokuni and Ogata 1972). 

Separation techniques such as paper chromatography and thin-layer chromatography were 

employed to separate such interfering substances in urine (Ogata et al. 1969).  

2.9.1.2  Colourimetric methods for the determination of aspirin conjugates 

Colourimetric methods were also described for the analysis of salicyluric acid, the glycine 

conjugate of aspirin, in human urine (Levy and Procknal 1968; Farid et al. 1975). The 

methods also entailed extraction of the compounds from urine samples and compounds 

could either be extracted selectively or simultaneously to determine total salicylic acid 

(Farid et al. 1975). Selective extraction of free SUA made it possible to investigate the 

excretion capacities of individuals after aspirin consumption (Rashid et al. 2006). 

2.9.1.3  Colourimetric methods for the determination of PABA and its metabolites 

Similar extraction methods coupled with colourimetric analyses have been performed for 

the detection of PABA and its metabolites in urine (Deiss and Cohen 1950). The 

colourimetric method described by Deiss and Cohen could be used for the determination of 

both PABA and PAHA in urine. Vest and Salzberg (1965) described the estimation of PAABA 

and PAAHA in urine by hydrolyses of the acetylated compounds followed by a diazonium-

coupling reaction. Quantification could then be done with a spectrophotometer by reading 

the values against a reagent blank at 540 nm (Vest and Salzberg 1965). The colourimetric 

methods for determination of PABA and its metabolites mostly entailed alkaline hydrolysis 

to measure free PABA combined with diazonium salt formation with a coupling agent to 

measure the acetylated compounds (Brown et al. 1974). The amount of the different 

metabolites of PABA could be distinguished from each other by measuring colour intensities 

before and after extractions or hydrolysis. In summary, the colour intensity obtained before 

hydrolysis was estimated as being equal to free PABA as well as PAHA. With ether extraction 

of PABA, PAHA could be measured alone. Following hydrolysis the colour intensity was 

equal to the sum of PAHA, PABA and the acetylated compounds PAAHA and PAABA. The 

amount of PAABA and PAAHA was calculated by subtracting free PABA and PAHA. In this 

manner all the PABA metabolites could be estimated (Vest and Salzberg 1965).  

The same problem remained throughout all colourimetric methods that the presence of 

aromatic amine containing compounds such as commonly used paracetamol and 

sulphonamides, could interfere with the colourimetric determination of SUA, PABA and its 

metabolites in urine (Brown et al. 1974; Berg et al. 1985; Kastel et al. 1994; Sharma et al. 

2013). The suitability of the various colourimetric determinations used for HA, SUA, PABA 
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and its metabolites has thus been questioned because such methods may co-determine 

other aromatic amines.  

2.9.2 Counter-current distribution 

An analytic technique was developed that could be used for the separation of organic 

compounds in urine called the counter-current distribution technique (Craig 1944).  The 

technique was based on the separation of complex biological mixtures by the use of the 

relative distribution of the constituents between two liquid phases (Craig 1944). This 

method was often employed as a type of extraction or separation technique and is seen by 

some as an early form of chromatography. The fractions or “plates” (as named by Craig)  

that were generated could be investigated by methods such as titration, spectroscopic 

analysis, evaporation to dryness etc. (Craig 1944).  The counter-current distribution 

technique was applied to separate HA, PABA and its metabolites as well as glucuronides in 

urine prior to quantification (Koivusalo et al. 1958; Vest and Salzberg 1965).  

2.9.3 High performance liquid chromatography techniques 

With the advances in technology and analytical techniques it became possible to separate 

similar compounds from each other in complex biological samples by means of 

chromatography. Generally, chromatography is described as an analytical technique capable 

of separating complex chemical mixtures into individual components. A sample is carried 

through a separating column containing a specific stationary phase, for example a-polar C18 

groups. The compounds in the sample interact with the stationary phase and are separated 

based on the amount of interaction (also known as retention) between the compounds and 

the stationary phase. Molecules that do not interact with the stationary phase elute from 

the column faster than compounds that do interact (Bird et al. 1989). As the compounds 

leave the column, the identities and quantities of the compounds are determined using a 

detector such as ultraviolet spectrophotometry (UV) (Alagar et al. 2014).  

During the 1960s and 1970s a type of chromatography was developed aimed at maximum 

retention of analytes facilitated by ample interaction with the stationary phase, namely high 

performance liquid chromatography (HPLC). The success behind this technique is using the 

smallest possible particles for the stationary phase. As the particle sizes are reduced, 

column performance significantly improves. This is mainly due to a  larger area of the 

stationary phase being exposed to the sample components and the volume of solvent 

between the particles is reduced (Bird et al. 1989). Thus, the sample is forced through the 

column, containing tiny particles as a stationary phase, with high pressure generated by a 

pump system (Bird et al. 1989). To identify the separated compounds as they elute from the 



Chapter 2 

44 

column a detector is attached to the column outlet (Bird et al. 1989). Defined peaks may be 

quantified directly, or fractions containing the compounds of interest may be collected for 

analysis by other methods (Christie 1992). Generally detectors that monitor the absorbance 

or fluorescence of the eluents are used but other methods such as radioactivity detectors, 

density or electrochemical detectors can be used (Bird et al. 1989; Christie 1992). UV 

detection has become the most and widespread detection principle for HPLC as the 

instruments are simple and available from numerous manufacturers. Most compounds that 

are suitable for HPLC separation absorb in the UV range and the solvents used for 

separations are mostly transparent in the UV range (Lendi and Meyer 2005). 

HPLC-UV methods have been described for the separation of HA from other urinary 

metabolites as well as the simultaneous analyses of salicylic acid and SUA directly from 

human urine (Matsui et al. 1978; Liu and Smith 1996; Lee et al. 2009). Several methods have 

been described for the detection of PABA simultaneously with its glycine conjugation and 

acetylation products in urine and serum using HPLC-UV techniques (Brown et al. 1974; Berg 

et al. 1985; Yung-Jato et al. 1988; Jakobsen et al. 1997). With these methods the problem of 

over estimations due to interferences from common drugs such as paracetamol could be 

overcome (Jakobsen et al. 1997). Though the selectivity and sensitivity of HPLC techniques 

was a large improvement on that of colourimetric methods, these techniques also have 

certain limitations. UV detection, being a sensitive analytical technique, may in certain 

instances be sensitive to interferences from sample, matrix or solvent constituents and 

impurities (Ratanathanawongs and Crouch 1987; Bird et al. 1989). Such interfering 

compounds may unknowingly co-elute with the compounds of interest causing over 

estimations or artefacts (Bird et al. 1989). Up to 445 metabolites have been identified in 

human urine of which several are able to absorb UV light thus, UV detection may sometimes 

lack the selectivity required for direct analyses of such complex biological samples 

(Ratanathanawongs and Crouch 1987; Bouatra et al. 2013). Direct analysis of urine samples 

may often give rise to complicated chromatograms. Using high purity solvents in 

combination with sufficient sample preparation could help to overcome these difficulties in 

most cases (Bird et al. 1989; Jakobsen et al. 1997).  

2.9.4 High performance liquid chromatography coupled with mass spectrometry 

Another technique that has become increasingly popular is one that combines the physical 

separation capabilities of HPLC with the mass analysis capabilities of mass spectrometry 

(MS) (Alagar et al. 2014). In general mass spectrometry is a type of detector that ionises 

chemical compounds to generate charged molecules (or molecule fragments) and then 

qualitatively and quantitatively detect the charged compounds using their respective mass-

to-charge ratio (m/z) abundances (Madeira and Florêncio 2012; Alagar et al. 2014). Mass 

spectrometry is a powerful analytical tool capable of supplying structural information about 
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compounds as well as quantitative data relating to the mass of each compound (Christie 

1992). For some years it was more difficult to couple HPLC with MS than gas 

chromatography for example, because of difficulties in removing the solvent prior to 

ionisation. The first successful coupling was demonstrated in the 1970s (Madeira and 

Florêncio 2012). Many of the difficulties have in recent years been overcome and several 

different HPLC-MS interfaces are commercially available (Christie 1992). Today the available 

HPLC-MS platforms are extremely versatile and provide methods with high speed, 

sensitivity, selectivity and accuracy (Alagar et al. 2014).   

During the 1960s advances in mass spectrometry led to the development of tandem mass 

spectrometry and collision induced dissociation of compounds (Jennings 1968). These 

instruments generally contain two complete mass analyzers coupled together with a 

collision cell in the middle. Soft ionisation sources such as electrospray ionisation (ESI) are 

employed to generate pseudo-molecular ions (M+1 or M-1 depending on conditions) without 

causing any fragmentation of the analytes before entering the first MS. In the collision cell 

neutral gas is used to create collisions with the analytes in order to generate characteristic 

secondary product ions, called collision-induced dissociation (CID). After passage through 

the collision region, the product ions are detected in a second mass analyser (Jennings 

2000). Thus, tandem mass spectrometry coupled with HPLC (HPLC-MS/MS) provides a highly 

selective and sensitive technique capable of separating compounds in complex biological 

samples followed by detection of both a precursor and a characteristic product ion mass for 

each compound (Jennings 2000; Madeira and Florêncio 2012; Alagar et al. 2014).  

HPLC-MS/MS techniques have proven to be especially useful in cases where the urinary 

concentrations of metabolites such as HA are below the detection limit of the routine HPLC-

UV methods (Mulder et al. 2005). Independent studies have reported on HPLC-MS and 

HPLC-MS/MS methods for the detection and quantification of either HA, SUA or PABA 

together with other urinary metabolites or drugs in human urine (Wikoff et al. 2009; Pirker 

et al. 2004; Bouatra et al. 2013; Sharma et al. 2013). However no studies have reported on 

an HPLC-MS method capable of the simultaneous detection of all the glycine conjugation 

substrates together with their respective conjugates.  

 

 

 



Chapter 2 

46 

2.10 LIMITATIONS OF THE CURRENT GLYCINE CONJUGATION CHALLENGE TESTS 

2.10.1 Time duration of the challenge test 

Individuals may be divided into either slow metabolisers, moderate metabolisers or 

extensive metabolisers in terms of the metabolic capacity of a specific biotransformation 

reaction (Brockmöller and Roots 1994). Decreased biotransformation capacity has been 

associated with increased susceptibility of individuals to disease which is in turn associated 

with prolonged exposure to and accumulation of xenobiotics and endogenous toxins (Lindh 

et al., 2011; Liska, 1998). For example, slow metabolisers of certain CYP450 enzymes cause 

accumulation of their substrate drugs in organs such as the liver leading to hepatotoxicity 

(Pirohamed and Park 2003). In light of this, reactions of the biotransformation system 

should take place as fast and effectively as possible in order to minimise toxicity and 

xenobiotic damage (Liska, 1998). In terms of glycine conjugation, the toxicity of substrates 

such as BA emphasises the importance of maximum functionality of the pathway (refer to 

section 2.4.3). The current challenge tests used to evaluate glycine conjugation are however 

somewhat insensitive for the detection of slow and/or moderate metabolisers due to the 

time duration of sample collection. The challenge substance is administered orally (usually 

aspirin) and urine is collected during the night (± 10 hour collective urine sample)(Lord and 

Bralley 2008). The pharmacokinetic studies done on glycine conjugation indicate that the 

conjugation rate of a small, single dose of challenge substance should be rapid in healthy 

individuals (refer to section 2.8). Using a sample collection time of approximately 10 hours 

may give so-called slow metabolisers enough time to conjugate and excrete enough of the 

challenge substance that they are overlooked as actual slow metabolisers. A more sensitive 

approach could be to collect multiple urine samples instead of only one or, to shorten the 

test to a time frame that better suits optimum glycine conjugation rate. So-called slow 

metabolisers could be identified more effectively in this way. More investigation into the 

matter is however needed.   

2.10.2 The challenge substance 

Benzoic acid is the natural substrate for the glycine conjugation pathway and is metabolised 

very rapid and almost completely via glycine conjugation. Large doses (> 2 g)  of the BA are 

thus needed to effectively challenge the glycine conjugation pathway (Probstein and Londe 

1940). The disadvantage with this approach is the adverse reactions of individuals toward 

large dosages of BA (Quick 1931; Probstein & Londe 1940; Amsel & Levy 1969; Beyoğlu et al. 

2012). Another disadvantage is the interference from endogenous sources of BA that may 

occur. BA is constantly consumed through the diet and synthesised from polyphenolic 

compounds by intestinal microbiota making quantification of orally administered BA 
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challenging (De Luca et al. 1995; Rechner et al., 2002; Olthof et al. 2003; Lord and Bralley 

2008).  

Aspirin is an alternative challenge substrate currently employed to evaluate glycine 

conjugation capacity. Multiple pathways can be monitored with aspirin as a challenge 

substrate such as conjugation to glycine, glucuronate as well as antioxidant status via 

reactions of aspirin with hydroxyl radicals (Rainsford 2004). Aspirin is readily available and 

better tolerated than BA however, a strong association exists between the ingestion of 

aspirin and development of Reye’s syndrome in children (Degnan 2012). In adults aspirin 

intolerance has been identified with varying degrees of severity that include symptoms such 

as gastric bleeding and ulcers (Rainsford 2004). The use of aspirin as a challenge substance is 

thus unsafe for children and, sometimes unknowingly, unsafe for use in certain adults. 

Further, the limiting step in aspirin metabolism seems to be the formation of the activated 

intermediate salicyl-CoA. One might argue that this substrate measures CoA formation 

rather than actual glycine conjugation capacity.  

PABA may serve as a safer alternative challenge substrate for the glycine conjugation 

challenge test. Similar to BA and aspirin, PABA is readily absorbed from the gastrointestinal 

tract, well-tolerated, non-toxic and exclusively metabolised by phase 2 conjugation 

reactions (Furuya et al. 1995; Lebel et al. 2003). PABA has been proven safe for use in 

children and infants and no adverse reactions to PABA have been reported in adults (Smith 

& Bayliss 1946; Deiss & Cohen 1950; Vest and Salzberg 1965; Lebel et al. 2003). Similar to 

aspirin, multiple pathways can be monitored which include glycine conjugation, acetylation 

and free radical exposure. Glycine conjugation of PABA may also be employed as a marker 

of hepatic function as well as the completeness of urine samples (Furuya et al. 1995; Lebel 

et al. 2003; Subar et al. 2013). Interferences from endogenous sources of PABA are minimal 

and highly unlikely. In comparison with BA for example, PABA is not present endogenously 

in sufficient amounts to interfere with a challenge test (Bouatra et al. 2013). It would be of 

worth to investigate the possibility of using PABA as a challenge substance to evaluate 

individual glycine conjugation capacity. 

2.10.3 The analytical method 

From the available literature it seems that no single method has been described for the 

simultaneous analysis of HA, SUA and PAHA together with their respective glycine 

conjugation substrates. Such an analytical method would be useful for the targeted profiling 

of individual glycine conjugation capacity and comparison of the different challenge 

substrates. HPLC-MS/MS methods seem to be a good choice for the analysis of the glycine 

conjugation products in urine due to the high selectivity, sensitivity, accuracy and precision 
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that can be achieved with these methods (Alagar et al. 2014). HPLC-UV techniques often 

lack high selectivity in complex biological matrices such as urine while colourimetric 

methods are subjected to interferences from other aromatic amine containing compounds 

(Brown et al. 1974; Berg et al. 1985; Kastel et al. 1994; Dhananjeyan et al. 2007; Sharma et 

al. 2013) 

2.11 PROBLEM STATEMENTS, SPECIFIC AIMS AND OBJECTIVES 

2.11.1 Problem statements 

From the available literature it seems that glycine conjugation is a much more important 

biotransformation reaction than previously believed. Because of the implications that 

impaired glycine conjugation may have, it has become important to be able to accurately 

characterise individual glycine conjugation capacity. The current challenge tests that exist 

for this purpose are however unsafe and insensitive to subtle variations in glycine 

conjugation capacity. A safer challenge substance in combination with an accurate and 

sensitive analytical method is needed for the better characterisation of individual glycine 

conjugation capacity.  

Further, the contribution of genetic variation to inter-individual variation in glycine 

conjugation capacity is not clear. To better elucidate the possible origin of impaired glycine 

conjugation it might be worthwhile to also investigate the gene encoding the conjugating 

enzyme, GLYAT.  

2.11.2 Specific aims 

The aims of this study were: Firstly to develop and validate an HPLC-MS/MS method capable 

of detecting and quantifying BA, aspirin and PABA together with their respective glycine 

conjugation products in human urine.  

Secondly, to evaluate the possibility of using PABA as an alternative glycine conjugation 

challenge test substance using the developed HPLC-MS/MS method.  

Thirdly, to identify any possible SNPs within the gene encoding GLYAT that may influence 

individual glycine conjugation capacity. 
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2.11.3 Objectives 

The first objective for this study was to have an improved analytical technique capable of 

quantifying the challenge substances and their glycine conjugation products simultaneously 

and directly from human urine. Such a method reduces sample preparation time, losses due 

to extraction steps as well as interferences from structurally similar compounds. Monitoring 

multiple compounds at once would also make it possible to characterise individual glycine 

conjugation capacity more accurately. 

The second objective was to confirm the ability of PABA to give insightful information on 

individual glycine conjugation capacity when used as an alternative challenge test 

substance. Further, multiple urine samples were collected during this challenge test in order 

to determine if this approach could better elucidate slow metabolisers compared to a 10 

hour single point test. 

Finally, the third objective was to use the data generated from the investigation of the 

GLYAT gene to elucidate the possible contribution of genetic variation to the inter-individual 

variation that is seen among humans in terms of glycine conjugation capacity. 



 

 

 

CHAPTER 3: BIOANALYTICAL METHOD DEVELOPMENT  

Method development is a process intended to optimise the parameters of an analytical 

method to best suit its intended use. For this study the optimum conditions required for the 

analysis of the compounds of interest using an HPLC-MS/MS instrument had to be 

determined in order to fully exploit the capabilities of the instrument. This served to provide 

the most selective and sensitive detection of the analytes possible. The process entailed the 

optimisation of the parameters needed for successful chromatographic separation, 

optimum ionisation of the analytes within the MS source as well as highly selective 

detection of each analyte. Each of the parameters optimised during the method 

development as well the results thereof are illustrated and discussed in this chapter. 

3.1 MATERIALS AND INSTRUMENTATION  

3.1.1 Standards, chemicals and solvents 

High purity standards dissolved in HPLC grade solvents were used for the method 

development and optimisation process. The information of the compounds analysed in this 

study is summarised in Table 3.1. High purity standards of benzoic acid (BA) (Cas: 65-85-0, ≥ 

99.5 %), hippuric acid (HA) (Cas: 495-69-2, ≥ 98 %), p-aminobenzoic acid (PABA) (Cas: 150-

13-0, ≥ 99 %), p-aminohippuric acid (PAHA) (Cas: 61-78-9, ≥ 99 %), p-acetamidobenzoic acid 

(PAABA) (Cas: 556-08-1, ≥ 98 %) and aspirin (Cas: 50-78-2, ≥ 99 %)(Sigma-Aldrich Co., St. 

Louis, USA). Salicyluric acid (SUA) (Cas: 487-54-7, ~ 90 %) was purchased from United States 

Biological, Salem, Massachusetts, USA. A compound structurally similar to the analytes of 

interest, namely o-acetamidophenol (Cas: 614-80-2, ≥ 97 %), was used as the internal 

standard (IS)(Sigma-Aldrich Co). The compound p-acetamidohippuric acid (PAAHA) is not 

readily available and was synthesised according to the methods described by Yung-Jato et 

al. 1988. The hydroxylated form of PABA namely 4-Amino-3-hydroxybenzoic acid (3-OH-

PABA) (Cas: 2374-03-0, ≥98 %) was purchased from Shanghai Demo Medical Co. Ltd., 

Pudong New District, Shanghai, China.  The solvents used on the HPLC instrument were high 

purity water (Cas: 7732-18-5), methanol (Cas: 67-56-1) and acetonitrile (Cas: 75-05-8) 

(Honeywell, Burdick & Jackson supplied by Anatech, South Africa). Formic acid (Cas: 64-18-6, 

≥98 %) and trifluoroacetic acid (TFA) (Cas: 76-05-01) were used as additives (Sigma-Aldrich 

Co., St. Louis, USA).  
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Table 3.1: Compound information 

Name Formula Molecular weight (g/mole) 

BA C7H6O2 122.12 

HA C9H9NO3 179.17 

PABA C7H7NO2 137.14 

PAABA C9H9NO3 179.17 

PAHA C9H10N2O3 194.19 

PAAHA C11H12N2O4 236.22 

3-OH-PABA C7H7NO3 153.14 

Aspirin C9H8O4 180.16 

SUA C9H9NO4 195.17 

IS C8H9NO2 151.16 

3.1.2 Instrumentation 

The HPLC system used in this study was an Agilent 1290 Infinity series consisting of a binary 

pump, vacuum degasser, thermostatted autosampler as well as a thermostatted column 

compartment. The HPLC system was coupled to an Agilent 6460 triple quadrupole mass 

spectrometer with a Jet Stream electrospray ionisation (ESI) source. For the optimisation of 

the chromatographic separation an Agilent 1260 Infinity HPLC system coupled to an Agilent 

1260 Infinity Variable Wavelength UV Detector (G1314B) was used. The Agilent instruments 

were supplied by Agilent Technologies, Santa Clara CA, USA. Data acquisition and 

quantification of the analytes were done using Agilent MassHunter Data Acquisition 

(B.04.00), Quantitative Analysis (B.04.00) and Qualitative analysis (B.04.00) respectively.  For 

the chromatographic separation of the analytes three available columns were tested namely 

a Phenomenex Luna C18 column (2.0 mm x 150 mm, 5 micron particle size), a Phenomenex 

Gemini C18 column (2.0 mm x 250 mm, 5 micron particle size) (Separations, Johannesburg, 

South-Africa) and thirdly an Agilent Zorbax Stable Bond – Phenyl column (2.1 mm x 100 mm, 

1.8 micron particle size) (Agilent Technologies). 

3.1.3 Preparation of standards  

Before preparing stock solutions the average concentrations of the analytes within human 

urine were investigated in order to roughly determine the working concentration ranges for 

the analytes. The Human Metabolome Database described large variations in HA 

concentrations under normal physiological conditions and an average of approximately 550 

μmol/mmol creatinine was calculated (Human Metabolome Database – January 2015). 

These values were converted to mg/L values using the average urinary creatinine values of 

healthy individuals determined in a USA population (Barr et al. 2004). Stock solutions (1 
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mg/mL) of all analytes were prepared in high purity water containing 0.1 % formic acid and 

5 % acetonitrile in 25 mL volumetric flasks. The flasks were washed with ultrapure milli-Q 

water three times, rinsed with high purity methanol, left to dry completely and rinsed with 

high purity HPLC grade water before use. All stock solutions were sonicated for 15 min at 40 

°C to ensure that all analytes were completely dissolved. Of these stock solutions 30 μL was 

diluted in 270 μL of solvent to a final concentration of 100 μg/mL. These samples were used 

for the chromatographic optimisation. All samples were analysed in Agilent clear screw top 

vials with flat bottom glass vial inserts. 

3.2 OPTIMISATION OF THE CHROMATOGRAPHIC SEPARATION OF THE ANALYTES 

One of the main factors to consider in any HPLC analyses is the type of column that should 

be used. The proper choice of column in combination with the correct mobile phase 

composition is critical for the successful separation of similar compounds. In literature, most 

of the methods where HPLC instruments are used to analyse compounds such as HA, aspirin 

and PABA, reversed-phase chromatography is employed. Reversed-phase chromatography 

is sometimes combined with a gradient mobile phase which starts out more polar and 

gradually becomes more a-polar (Kubota et al. 1988; Pirker et al. 2004; Dhananjeyan et al. 

2007). A sample containing compounds with varying degrees of polarity, such as 

hydrophobic substrates and more hydrophilic conjugates, can thus be separated using a 

gradient mobile phase without a loss of resolution in the earlier peaks or excessive 

broadening of later peaks. The stationary phases of the columns used are mostly silica based 

with C18 bonded groups (Kubota et al. 1988; Pirker et al. 2004; Dhananjeyan et al. 2007). 

Finding the right column for a particular separation can be quite time consuming as two 

apparently similar C18 columns can sometimes give very different results. In this study 

chromatographic separation of the compounds was attempted using three columns with 

different stationary phases. 

3.2.1 Phenomenex Luna C18 column 

The first column tested was a Phenomenex Luna C18 (2.0 mm x 150 mm, 5 micron particle 

size), a quite universal column designed for maximised retention of target analytes over a 

wide range of conditions. Each compound was initially analysed separately using a method 

employed at the North-West University’s (NWU) Biotransformation and Oxidative Stress 

Status (BOSS) laboratory for the analysis of phase 2 biotransformation metabolites 

(glucuronidation, glycine conjugation and sulfation metabolites of paracetamol and aspirin 

respectively) (personal communication). In summary, the method had a flow rate of 0.25 

mL/min, a column temperature of 25 °C, 1 uL injection volume and detection of the analytes 

at 254 ηm on a variable wavelength UV detector. The mobile phases consisted of water 
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containing 0.1 % TFA (A) and 100 % acetonitrile (B) respectively. The gradient used is 

summarised in Table 3.2. All compounds displayed good retention on the column and a 

mixture containing 100 μg/mL of each compound was prepared from the individual stock 

solutions and analysed. Most of the analytes were separated successfully, however, co-

elution of HA and PAABA as well as aspirin and BA occurred (Figure 3.1). The gradient of the 

mobile phase was adjusted numerous times but the problem of co-elution persisted. It was 

decided to try another column. 

Table 3.2: Mobile phase composition for the Phenomenex Luna C18 column. 

Time (min) % Water % Acetonitrile  

0 95 5 

2 95 5 

6 60 40 

9 10 90 

11 0 100 

14 0 100 

16 95 5 

Figure 3.1: The chromatographic separation of the analytes on the Luna C18 column 

 

Response units vs. Acquisition Time (min) 
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3.2.2 Phenomenex Gemini C18 column 

The second column tested was a Phenomenex Gemini C18 column (2.0 mm x 250 mm, 5 

micron particle size). The major difference between this column and the Luna C18 is the 

column length. The Gemini column contains more theoretical plates where analytes can 

interact with the stationary phase to facilitate separation. The same mixed sample used for 

the Luna column was analysed with the exact same method and gradient (Table 3.2). The 

resolution between peaks was reduced thus, the gradient was adapted to increase the 

amount of organic phase over an extended time period and the isocratic step at 100 % 

acetonitrile was prolonged. This gradient seemed to be more fitted for the longer column 

however co-elution of HA and PAABA was still observed illustrated in Figure 3.2. 

 

 Figure 3.2: The chromatographic separation of the analytes on the Gemini C18 column.  

Response units vs. Acquisition Time (min) 
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 It was decided to test the effect of using methanol as the organic mobile phase instead of 

acetonitrile. A different mobile phase changes the partition coefficient of the analytes 

within the mobile phase and may lead to better separation of co-eluting peaks. Further 

motivation for the change in mobile phase was the increased ionisation efficiency that has 

been reported for PABA in methanol compared to other mobile phases such as acetonitrile, 

when using ESI (Zhang et al. 2005). Using methanol as the organic mobile phase, the 

compounds were analysed separately to determine any change in retention times. The 

same mixture as previously used was spiked with more of the IS and reanalysed. As 

illustrated in Figure 3.3 the use of methanol improved the separation of aspirin and BA 

however, co-elution of the IS and HA now occurred. 

 

Figure 3.3: The chromatographic separation of the analytes on the Gemini C18 column with 
methanol as the organic mobile phase. 

Response units vs. Acquisition Time (min) 
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Formic acid was tested as an alternative additive in the water mobile phase instead of TFA. 

Acidic modifiers can alter the separation selectivity of the compounds in reversed phase 

chromatography (Chakraborty and Berger 2005). Further, the use of 0.1 % formic acid has 

been described as an ideal additive in specifically HPLC-ESI-MS applications as significant 

ionisation suppression has been observed with the use of TFA in ESI sources (Chakraborty 

and Berger 2005; Kostiainen and Kauppila 2009). Again, the compounds were analysed 

separately to determine any change in retention times thereafter, the mixture was 

reanalysed. Illustrated in Figure 3.4, the use of formic acid as an additive slightly altered the 

order of elution of certain compounds, improved the separation of the analytes and 

improved peak shapes of the entire chromatogram. Some minor changes were made to the 

gradient in order to achieve successful separation of the last three analytes in the 

chromatogram. The final gradient is summarised in Table 3.3. 

 

Figure 3.4: The chromatographic separation of the analytes on the Gemini C18 column with 
methanol as the organic mobile phase and 0.1 % formic acid as an additive in the water phase. 

Response units vs. Acquisition Time (min) 
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Table 3.3: The final mobile phase composition for the Phenomenex Gemini column 

Time (min) 
% Water containing 

0.1 % Formic acid 
% Methanol 

0 95 5 

2 95 5 

17 60 40 

22 60 40 

23 0 100 

27 0 100 

29 95 5 

3.2.3 Effect of the biological matrix on the chromatography 

The next step in the chromatographic optimisation was to test the effect of the biological 

matrix on the separation of the analytes. Urine samples stored at the BOSS laboratory of 

individuals who previously completed either an aspirin or PABA challenge test were 

analysed.  The 10 hour collective urine samples of three unrelated aspirin and three 

unrelated PABA challenge tests subjects were selected. Figure 3.5 illustrates the results 

obtained for one aspirin challenge test subject (A) and one PABA challenge test subject (B) 

respectively. Several unidentifiable peaks were detected by the UV detector that made the 

identification of the compounds of interest quite challenging. Of special interest was a very 

large peak detected at the same retention time as that of aspirin and BA in almost all urine 

samples (red circles Figure 3.5). Though a highly selective tandem MS would eventually be 

used for the detection of the analytes, co-eluting compounds within the biological matrix 

could lead to significant ion suppression or ion enhancement of the compounds of interest, 

particularly in ESI-MS applications. Generally, when a compound present in the matrix co-

elutes with an analyte of interest a decrease or increase in ionisation efficiency, relative to 

the analyte eluting in the absence of matrix, may occur (Hall et al. 2012). In multi-analyte 

methods, sufficient chromatographic separation of co-eluting substances is vital in order to 

minimise any possible interferences with the ionisation efficiencies of the compounds of 

interest (Remane et al. 2010). Thus, the co-eluting matrix compounds had to be resolved 

before the MS conditions could be optimised. Numerous attempts were made, which 

included several gradient variations as well as heating the column to 30 °C, 35 °C, 40 °C and 

45 °C respectively. Multiple combinations of temperature and gradient compositions were 

employed with no success. After several attempts a column with different characteristics 

was tried namely an Agilent Zorbax Stable Bond - Phenyl Column. 
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Figure 3.5: The HPLC-UV profiles of two 10 hour urine samples collected after (A) an aspirin 
challenge test and (B) a PABA challenge test. 
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3.2.4 Agilent Zorbax Stable Bond – Phenyl column 

The SB-phenyl column (2.1 mm x 100 mm, 1.8 micron particle size) is made by chemically 

bonding a sterically protected phenyl stationary phase to high-purity silica particles. The 

column is especially suited for methods that use high sensitivity detectors such as mass 

spectrometers that require low backgrounds. The shorter column, smaller diameter and 

smaller particle size of the column did not require such a long run time as with the longer 

Gemini column. As a starting point, the last temperature and mobile phase composition of 

the Gemini C18 column was used for the analyses of the same aspirin and PABA challenge 

test urine samples, at half the run time. The large peak at the end of the chromatogram 

(Figure 3.5) was resolved using this column however, as illustrated in Figures 3.6 and Figure 

3.7 the rest of the chromatography was also influenced significantly. Standard solutions of 

the compounds of interest were analysed separately to determine the retention time of 

each analyte on this column. Thereafter a standard mix was analysed on the phenyl column. 

Again the gradient composition and column temperatures were varied, one at a time in 

multiple combinations until the best possible chromatographic separation of the analytes 

was achieved. Figure 3.7 illustrates the final chromatographic separation of a mixture of the 

analytes. The final column temperature was set at 55 °C in combination with the mobile 

phase composition displayed in Table 3. 4 

 

Figure 3.6: The 10 hour urine sample of one aspirin challenge test (A) analysed with the SB-phenyl 
column. 
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Figure 3.7: The 10 hour urine sample of a PABA challenge test (B) analysed with the SB-phenyl 
column. 

 

Figure 3.8: Final chromatographic separation of the analytes on the SB-phenyl column. 

1. PAHA (2.9 min) 

2. 3-OH-PABA (3.3 min) 

3. PABA (4.3 min) 

4. IS (5.75 min) 

5. HA (5.90 min) 

6. PAAHA (6.40 min) 

7. SUA (7.40 min) 

8. PAABA (8.40 min) 

9. BA (8.60 min) 

10. Aspirin (9.25 min) 

 

 



Chapter 3 

61 

Table 3.4: The final gradient used for the Agilent Zorbax Stable Bond – Phenyl C18 column 

Time (min) 
% Water  

(0.1 % Formic acid) 
% Methanol  

0 95 5 

1 95 5 

7.5 69 31 

9.5 69 31 

11.5 0 100 

13.5 0 100 

14.5 95 5 

Post time 7 min 95 5 

 

3.3 OPTIMISATION OF THE PARAMETERS WITHIN THE ESI SOURCE OF THE MS 

3.3.1  Gas flow, nebuliser pressure, capillary voltage and nozzle voltage  

Optimisation of the parameters within the ESI source is necessary to ensure maximum 

ionisation efficiency (IE) of all the compounds. In general IE describes the extent to which 

analytes in a liquid phase are converted to gas-phase ions and subsequently detected by the 

detector (Oss et al. 2010). ESI is a complex process and several factors and parameters 

within the ESI source can contribute to the IE of different compounds. The optimum settings 

of the parameters within the ESI source that influence IE are dependent on certain 

components of the analysis. For example, parameters such as nebuliser pressure and drying 

gas temperature are dependent on flow rate of the mobile phases whilst other parameters 

such as nozzle and capillary voltages are more dependent on the properties of the 

compounds themselves. What is more, several properties of a compound may impact its IE 

such as basicity, polarity, molecular weight, molecular surface area and molecular volume 

(Oss et al. 2010).  

An attempt was made to optimise the parameters within the ESI source to ensure maximum 

IE of the compounds when analysed at the predetermined flow rate and mobile phase 

composition concurrent to successful chromatographic separation. Flow injection analyses 

(FIA) were used for the optimisation of the MS source conditions. A 100 μg/mL sample of 

each compound was prepared in water containing 0.1 % formic acid. The injector program 

function of the data acquisition software was used to repeatedly infuse each sample directly 

into the electrospray ionisation source at a flow rate of 0.2 mL/min. Time segments were set 

up in the MS acquisition software to vary a single source condition with each injection of the 

same sample. All parameters except the one being varied were kept at the default values. 
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The parameter setting giving rise to the highest ion intensity was selected as the optimum in 

each case. Gas flow (l/min), nebuliser pressure (psi), capillary voltage (V) and nozzle voltage 

(V) were optimised for each analyte in both positive and negative ionisation mode. For each 

compound the mobile phase contained the amount of methanol corresponding to the 

gradient composition at which the specific analyte elutes from the column. Figure 3.8 is an 

illustration of the flow injection analyses for the IS. Similar figures but with varying peak 

intensities were generated for each compound under investigation. Positive ionisation gave 

rise to much better ion intensities for all compounds which may be ascribed to the presence 

of either an amine or amide functional group in most of the compounds. In a study where 

hippuric acid and benzoic acid were quantified in monkey urine, using HPLC-MS/MS, more 

interferences were observed in negative ionisation mode compared to positive (Penner et 

al. 2010). Table 3.5 summarises the optimised source conditions for each compound in 

positive ionisation mode. The structural similarities of the analytes led to very similar 

ionisation conditions for all analytes with the only noticeable variation seen in nebuliser 

pressure. Each source condition was set at the highest occurring value. 

 

Figure 3.9: Flow injection analysis of the IS in positive ionisation mode. For all segments marked D, 
all parameters were at the default settings. In segments 2 - 4 gas flow was varied, in segments 6 - 8 
nebuliser pressure was varied, 10 & 11capillary voltage was varied and in segments 13 – 15 nozzle 
voltage was varied. 

Counts vs. Acquisition Time (min) 
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3.3.2  Drying gas and sheath gas temperatures 

Drying gas and sheath gas temperatures within the source of the MS were also optimised 

for each of the compounds. Generally sheath gas influences the collimation of the nebuliser 

spray allowing a more parallel flow of ions that reach the MS inlet while the drying gas 

influences the desolvation and subsequent ionisation of the analytes from the liquid matrix. 

The optimisation was done by creating individual methods for each analyte injection and 

temperature variation. A total of 60 methods was used to vary the drying gas as well as the 

sheath gas temperatures three times for all 10 compounds. During these analyses all other 

source parameters were kept constant at the predetermined optimum levels. A wait time of 

10 min was set between sample injections to allow stabilisation of either the gas or sheath 

gas temperatures. The results of the direct infusions of PAHA at multiple gas temperatures 

are illustrated in Figure 3.9. The optimum sheath gas and gas temperatures for each 

compound are summarised in Table 3.5. As with the FIAs the temperatures that gave rise to 

the highest ion intensities was selected as the optimum for each compound and the 

temperatures with the highest occurrence were used. 

 

Figure 3.10: Optimisation of drying gas and sheath gas temperatures for PAHA. A) Direct infusion 
profiles of PAHA at drying gas temperatures 250 °C, 300 °C and 350 °C respectively. B) Direct infusion 
profiles of PAHA at sheath gas temperatures 250 °C, 300 °C and 350 °C respectively. 

Counts vs. Acquisition Time (min) 
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Table 3.5: The optimised source conditions for each analyte in positive ionisation mode 

3.3.3  Fragmentor and collision energies 

The next step in the method optimisation was to find the optimum parameters needed for 

detection of the analytes using a highly selective setting of the MS known as multiple 

reaction monitoring (MRM). During MRM, intact precursor ions are generated by the ESI 

source and detected in MS 1, the ions are then fragmented by CID and characteristic 

fragment ions are detected in MS 2. Compounds are thus detected based on a precursor as 

well as a characteristic product ion mass to charge ratio (m/z). The parameters optimised 

for MRM detection were fragmentor voltage and collision energy respectively. This was 

done using MassHunter Optimizer software (B.04.01), a program that automatically 

optimises the parameters required for MRM detection of each individual compound. 

Specifically, the program automates the selection of optimum precursor ions via specified 

rules such as M+H, optimises fragmentor voltage to maximise precursor ion intensity, 

automates the selection of multiple product ions and optimises collision energy to maximize 

product ion intensities. Similar to the source optimisation the 100 μg/mL samples were 

repeatedly infused into the MS, repeats determined by the Optimizer program, until all 

parameters were optimised. Separate methods were created for each compound using the 

predetermined source conditions and mobile phase composition for each individual 

compound with a flow rate of 0.2 mL/min. Again positive and negative ionisation modes 

were tested, positive ionisation giving significantly higher ion intensities than negative 

ionisation. The final parameters to be used for MRM analyses are summarised in Table 3. 6 

and Figure 3.11 illustrates the chromatographic separation of the analytes followed by MRM 

detection. 

Name 
Gas Flow 
(L/min) 

Nebulizer 
(psi) 

Capillary 
(V) 

Nozzle 
(V) 

Sheath 
Gas T (°C) 

Gas T 
(°C) 

Methanol 
(%) 

BA 6 55 3000 1500 300 300 80 

HA 4 55 3000 1500 350 300 40 

PABA 4 60 3000 1500 350 350 31 

PAABA 4 60 3000 1500 350 350 45 

PAHA 4 55 3000 1500 350 250 19 

PAAHA 4 30 3000 1500 350 300 40 

3-OH-PABA 4 30 3000 1500 350 250 24 

Aspirin 4 60 3000 1500 350 250 100 

SUA 4 60 3000 1500 350 250 100 

IS 4 60 3000 1500 350 250 40 

Set value 4 60 3000 1500 350 250 N/A 
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Table 3. 6: The optimised parameters to be used for MRM detection of the analytes in positive 
ionisation mode 

Name 
 

Formula Precursor (m/z) Fragmentor (V) 
Collision 

(V) 
Product 

(m/z) 

BA C7H6O2 123 45 32 91.9 

HA C9H9NO3 180 45 8 105.1 

PABA C7H7NO2 138 45 8.1 94.1 

PAABA C9H9NO3 180 45 16 94.1 

PAHA C9H10N2O3 195 45 4 120.1 

PAAHA C11H12N2O4 237 45 4 162.1 

3-OH-PABA C7H7NO3 154 45 20 108 

Aspirin C9H8O4 181 45 0 149.1 

SUA C9H9NO4 196 45 8 121.1 

IS C8H9NO2 152 45 8 110.1 

 

Figure 3.11: Chromatographic separation of the analytes on the Agilent Stable Bond-phenyl 
column and detection of the analytes on the tandem mass spectrometer using multiple reaction 
monitoring. 
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3.4 UNSUCCESSFUL DETECTION OF BA AND ASPIRIN WITH MS  

Two of the compounds under investigation, BA and aspirin, gave significantly weaker 

responses during the optimisation of the ESI source parameters in comparison to the other 

compounds analysed. Numerous attempts were made to optimise the ionisation as well as 

the MRM parameters for these two compounds without changing the method to such an 

extent that it would compromise the ionisation and detection of the other analytes. Neither 

positive nor negative ionisation gave good ion intensities for BA and aspirin. Most of the 

methods reported for the detection of aspirin and BA with MS use negative ionisation with 

mobile phases containing buffers such as ammonium acetate, acetic acid,  and ammonium 

carbonate (Bae et al. 2008; Penner et al. 2010; Laryea et al. 2010; Ramakrishna et al. 2012; 

Rao et al. 2012).  

Further, ionisation of some analytes with ESI may be highly efficient (even 100% efficiency) 

while other analytes may not be ionisable at all. Generally, only a fraction of the analyte 

molecules in the liquid phase that is sprayed into the ESI source is converted to gas-phase 

ions (via protonation, adduct formation, deprotonation, etc.). Thus, if a compound does not 

ionise well to start with and only a fraction of the injected volume is converted to 

detectable ions, successful detection with ESI-MS becomes challenging (Oss et al. 2010). 

Following a literature investigation it became apparent that this may in fact be the case for 

BA and aspirin. Publications have stated that BA is a thermally labile molecule which ionises 

best under soft conditions where a high percentage of organic solvent is present (Schug and 

Mcnair 2003). Additional functional groups on the BA ring such as halogen and amino 

groups generally increase ionisation relative to free BA (or the produced ion exhibits 

increased stability after formation) (Schug and Mcnair 2003). What is more, studies have 

been conducted to develop a so-called ionisation efficiency scale for small organic 

compounds in both negative and positive ESI using logESI values. ESI itself was determined 

using the response of compounds in the mass spectrum as well as the molar concentration 

(Oss et al. 2010). It was reported that out of 62 compounds analysed with positive ESI the IE 

of BA was 54th with an arbitrary IE value of 16.6 with the highest IE of the 62 compounds 

being 1.41 x 106 (Oss et al. 2010). In a different study similar results were seen for negative 

ESI of BA. The IE of BA, PABA and salicylate were determined as 1, 0.87 and 2.45 

respectively which is much lower in comparison to the highest IE value of 3090 measured 

under the experimental conditions (Kruve et al. 2014). This study did not only support the 

weak ionisation of BA with ESI but also the weak ionisation of PABA and the aspirin 

analogue, salicylic acid in negative ESI mode.  

From these evaluations it was thus decided to use UV rather that MS for the detection of BA 

and aspirin. In order to still be able to analyse all of the compounds in a single run an Agilent 
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1200 series Diode Array Detector (DAD) (G1315C SL) was coupled between the HPLC and the 

tandem MS to create an HPLC-DAD-MS/MS instrument. 

3.4.1  Optimisation of the wavelengths for DAD detection of the analytes 

The biggest difference between the variable wavelength detector (mentioned in section 

3.2.1) and the DAD is that the variable spectrophotometer selects a single wavelength of 

light to pass through the sample while the DAD passes a wide spectrum of light through the 

sample. Thus, more than one wavelength can be monitored at the same time with a DAD 

and the absorption spectrum of a compound can be generated (Scott 1977). In this manner 

the DAD could add another level of selectivity to the method as the optimum wavelength 

for UV detection differs between compounds. It was decided to determine the optimum 

wavelengths required for the detection of all the analytes on the DAD.  

Literature reports different wavelengths for the detection of HA and BA (225 ηm , 235 ηm), 

PABA and its phase 2 conjugates (290 ηm, 254 ηm), aspirin and SUA (310 ηm, 275 ηm) 

respectively (Kubota et al. 1988; Yung-Jato et al. 1988; Sawyer and Kumar 2003; Wang et al. 

2007; Lee et al. 2009). It was decided to investigate the absorption spectra of each 

compound, in order to determine the wavelengths that should be monitored. A 100 μg/mL 

sample of each compound was analysed separately. It was found that 230 ηm, 240 ηm and 

254 ηm would be the optimum wavelengths to monitor for the detection of all the 

compounds under investigation.  Figure 3.10 illustrates the varying peak intensities of the 

different compounds at the three chosen wavelengths. As can be seen from the figure, 230 

ηm was the optimum wavelength for BA, Aspirin, PAHA, 3-OH-PABA, PABA and PAAHA while 

240 ηm was the optimum for IS and PAABA and 254 ηm for HA and SUA respectively. 
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Figure 3.12: Overlay of the chromatograms detected with the DAD at three different wavelengths. 
The green chromatogram represents detection of the analytes at 230 ηm, the blue chromatogram at 240 ηm 
and the red chromatogram illustrates detection at 254 ηm. 

 

3.5 SUMMARY OF PARAMETERS FOR THE FINAL HPLC-DAD-MS/MS METHOD 

All compounds could now be detected successfully using chromatographic separation 

followed by either UV or MS detection. The final method parameters were as follows: an 

injection volume of 1μL, a flow rate of 0.2 mL/min, an Agilent Zorbax SB-Phenyl column (2.1 

x 100 mm, 1.8 micron), a column temperature of 55 °C in combination with the gradient 

mobile phase composition summarised in Table 3.4. The DAD was set to store data for 230 

ηm, 240 ηm and 254 ηm respectively. The MS conditions were set at a gas flow of 4 L/min, 

nebuliser pressure of 60 psi, nozzle voltage of 1500 V, sheath gas temperature of 350 °C, a 

gas temperature of 250 °C and the compound specific MRM conditions summarised in Table 

3.6. The method was now ready to be validated. 



 

 

 

CHAPTER 4: BIOANALYTICAL METHOD VALIDATION 

The term validation is described as ‘‘an act of finding or testing the truth of something’’ 

(Pembroke 2008). In terms of bioanalytical methods, validation is a process during which the 

suitability of the method for its intended use is investigated (González et al. 2014). 

Bioanalytical methods are employed to generate important data regarding for example, 

forensic and clinical toxicology as well as clinical and non-clinical pharmacokinetic studies. 

The methods are used to quantitatively determine pharmaceuticals, biotransformation 

products or other specified substances in biological matrices such as blood, tissue, serum, 

urine and plasma (Tiwari and Tiwari 2010; Levine et al. 2011). The reliability of such 

bioanalytical methods is critical for the correct interpretation of the generated data. 

Unreliable results could lead to the wrong diagnoses and treatment of patients (Tiwari and 

Tiwari 2010). Bioanalytical method validation is thus a process used to demonstrate that a 

bioanalytical method can accurately and reproducibly quantify analytes within a specific 

matrix (González et al. 2014). Method validation ensures that every future measurement 

done with the validated method will report the actual concentration of analyte within the 

sample (Levine et al. 2011). Regulatory guidelines for bioanalytical method validation state 

that certain parameters have to be tested such as selectivity, sensitivity, limits of 

quantification and detection, accuracy, precision etc. (Whitmire et al. 2011). The validation 

experiments have to be carried out in such a manner that all situations that will be 

encountered during sample collection, storage, preparation and analysis are evaluated 

(Whitmire et al. 2011; Tiwari and Tiwari 2010; Levine et al. 2011; González et al. 2014).  

In the context of this study, the developed bioanalytical method’s intended use is to 

quantitatively determine the concentrations of challenge test substances and their 

respective glycine conjugation products in human urine. The aim is to use the data 

generated with this method as a means of understanding glycine conjugation better. For 

this reason it is important to ensure that the bioanalytical method is capable of generating 

reliable, reproducible data. The method validation encompassed the evaluation of the 

fundamental parameters namely linearity, limits of detection and quantification, accuracy, 

precision, selectivity, matrix effects, stability and carry-over (Bae et al. 2008; Levine et al. 

2011). This chapter will discuss the bioanalytical method validation experiments of the 

developed HPLC-DAD-MS/MS method as well as the results obtained. 
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4.1 RANGE AND LINEARITY 

A literature investigation was done in an attempt to define the average concentrations at 

which the compounds of interest are present in human urine. It has been well documented 

that the levels of glycine conjugation products such as HA and PAHA can vary significantly in 

human urine and that the variation could be influenced by several factors such as diet, 

intestinal microbiota and genetics (Saude et al. 2007; Krupp et al. 2012; van der Sluis et al. 

2013; Lees et al. 2013; Bouatra et al. 2013). Therefore a preliminary analysis was done prior 

to method validation in order to obtain information on expected concentrations of the 

analytes in human urine, during and outside of a challenge test. Human urine samples 

collected during previous glycine conjugation challenge tests conducted at the BOSS 

laboratory of the NWU were analysed with the HPLC-DAD-MS/MS instrument. Large 

variations were observed in the concentration of the analytes between individuals. Based on 

the data generated it was decided to analyse a broad concentration range of each analyte in 

order to determine the most suitable linear region for each. Synthetic urine (Surine Negative 

Control) was used as the matrix for the preparation of all calibration and method validation 

samples since HA (and sometimes BA) is naturally present in human urine in varying 

concentrations (Bouatra et al. 2013; Lees et al. 2013). The Surine Negative Control was 

supplied by Dyna-Tek Inc., Lenexa, USA. 

4.1.1  Calibration sample preparation and analysis 

Separate stock solutions of all analytes were prepared in high purity water containing 0.1 % 

formic acid and 5 % acetonitrile. All stock solutions were sonicated for 15 min at 40 °C. For 

the calibration samples a combined working solution was prepared in synthetic urine by 

adding the calculated volume of each individually prepared stock solution. A 1:2 serial 

dilution was then prepared from the combined working solution in synthetic urine and each 

sample contained 0.755 μg/mL of the internal standard. Linearity was assessed using a total 

of sixteen concentration levels, analysed in triplicate sets and the data generated was used 

to construct calibration curves for each analyte. The concentration ranges analysed for each 

compound is summarised in Table 4.1. BA and aspirin were detected with the DAD and for 

all other compounds the MS data was used.   

4.1.2  Results for range and linearity 

The product ion areas (peak areas for BA and aspirin) of the analytes were divided by the 

product ion area of the IS and plotted against the concentration of the analyte divided by 

concentration of the IS. In several cases non-linear regions were observed at either the 

lower or upper end of the curves. Such data points were excluded and the best linear 
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relationship between response and concentration was determined. A minimum of 8 

concentrations (all three replicates) were included in the calibration curves of all 

compounds. Table 4.1 summarises the range analysed for each compound, the best fitting 

linear region for each as well as the corresponding correlation coefficients (R2). Figure 4.1 is 

an illustration of the calibration curve for PAHA. Similar results were obtained for all 

compounds. The calibration curves were linear over a wide range of concentrations with 

correlation coefficients ranging from 0.999 to 0.995. The linear working ranges of the 

compounds differed quite significantly from one another. Thus, the concentration of the IS 

was kept at 0.755 μg/mL for the remainder of the validation experiments, as this falls within 

the linear concentration region of all compounds. 

Table 4.1: Concentration ranges analysed, linear regions and corresponding correlation coefficients. 

Name 
PABA 

(μg/mL) 

PAHA 

(μg/mL) 

PAABA 

(μg/mL) 

PAAHA 

(μg/mL) 

3-OH-PABA 

(μg/mL) 

BA 

(μg/mL) 

HA 

(μg/mL) 

Aspirin 

(μg/mL) 

SUA 

(μg/mL) 

Range 
(analysed) 

0.005-164 0.007-233 0.007-215 0.009-286 0.006-183 0.7-255 0.007-215 0.7-377 0.007-234 

Range 
(linear) 

0.08-82 0.014-116.4 0.013-13.5 0.017-17.9 0.715-45.8 0.7-255 0.013-13.4 0.7-377 0.229-117 

R2 
0.997 0.999 0.995 0.995 0.997 0.999 0.997 0.999 0.998 

 

Figure 4.1:  The calibration curve of p-aminohippuric acid. Thirteen concentration levels were 
included in the calibration curve and each concentration was analysed three times. 
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4.2 LIMITS OF DETECTION AND QUANTIFICATION 

The term limit of detection (LOD) refers to the smallest concentration of analyte that can be 

detected but not necessarily quantified with acceptable accuracy and precision. Limit of 

quantification (LOQ) refers to the lowest and highest concentrations at which an analyte can 

be quantified with acceptable accuracy and precision (Shrivastava and Gupta 2011). Both 

lower limit of quantification (LLOQ) and upper limit of quantification (ULOQ) should be 

defined. Several approaches are described for the determination of LOD and LOQ such as 

visual evaluations of calibration data; signal-to-noise ratio calculations (where 3:1 is 

considered as acceptable range LOD and 10:1 for LOQ), blank determinations (applicable 

where the blank analysis gives results with a non-zero standard deviation) and linear 

regression calculations (based on the standard deviation of either y-residuals or y-intercepts 

of regression lines)(Shrivastava and Gupta 2011). Due to the high selectivity of the analytical 

method the well-known signal-to-noise determination was challenging as significant noise 

could not be quantified. Thus to determine limits of detection and quantification the linear 

regression approach in combination with visual evaluation of the calibration data was used.  

4.2.1  Calculations of LOD and LOQ 

The linear regression method uses the deviation of data points from the best fitting linear 

line, at low concentrations, to predict the lowest concentrations at which the analytes can 

be detected and accurately quantified. This method is most applicable when the detection 

method exhibits minimal background noise.  The formulas used were Equation 4.1 and 

Equation 4.2 respectively, where Sa represents the standard deviation of the response at 

low concentrations and b is the slope of the calibration curve (Shrivastava and Gupta 2011). 

Sa was calculated using the standard deviation of both y-residuals as well as y-intercepts of 

the regression lines. The calculated values were compared visually with the calibration 

curves of each compound to ensure that the calculated LLOQ is within the linear region of 

the calibration curve. The ULOQ was set at the highest concentration within the linear 

region of the calibration curve of each analyte.  

Equation 4.1: Limit of detection 

        
  

 
 

Where Sa is the standard deviation of the response and b is the slope of the calibration 

curve.  
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Equation 4.2: Limit of quantification 

         
  

 
 

Where Sa is the standard deviation of the response and b is the slope of the calibration 

curve. 

4.2.2  Results for LOD and LOQ 

The calculated values for LOD and LLOQ corresponded well with the linear ranges of the 

calibration curves and are summarised in Table 4.2. According to regulatory guidelines LLOQ 

should display acceptable precision of no more than 20 % (calculated as % relative standard 

deviation) and acceptable accuracy of no more than 20 % deviation from the nominal 

concentration (100 % ± 20 %) (Tiwari and Tiwari 2010; Levine et al. 2011; Shrivastava and 

Gupta 2011; Whitmire et al. 2011; González et al. 2014). The validity of the calculated LLOQ 

was assessed during the accuracy and precision experiments (section 4.3). 

Table 4. 2: Limits of detection and quantification 

4.3 ACCURACY AND PRECISION 

The purpose of accuracy and precision experiments are to ensure that the data generated 

with the analytical method will reflect the true concentrations of analytes within the 

biological matrix, correctly and reproducibly. Accuracy is described as the closeness of 

agreement between the measured concentration of an analyte within the matrix, and the 

true concentration of the analyte within the matrix. Precision is described as the closeness 

of agreement between multiple measurements of samples that are the same concentration. 

Precision thus reflects the ability of the analytical method to reproducibly quantify the 

concentration of an analyte within the matrix (Whitmire et al. 2011; González et al. 2014). 

Analytical methods can be accurate but not precise and vice versa. Both intra-day (same 

day) and inter-day (between days) accuracy and precision should be determined.  

Name PABA 

(μg/mL) 

PAHA 

(μg/mL) 

PAABA 

(μg/mL) 

PAAHA 

(μg/mL) 

3-OH-PABA 

(μg/mL) 

BA 

(μg/mL) 

HA 

(μg/mL) 

Aspirin 

(μg/mL) 

SUA 

(μg/mL) 

LOD 0.03 0.06 0.06 0.075 0.24 0.23 0.06 0.23 0.06 

LLOQ 0.1 0.2 0.2 0.25 0.8 0.75 0.2 0.75 0.2 

ULOQ 82 116 14 18 46 255 13 377 117 
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4.3.1 Accuracy and precision sample preparation and analysis 

According to regulatory guidelines accuracy and precision should be determined using at 

least three different quality control (QC) concentrations and three to five replicates of each. 

The three concentrations should cover the calibration range and should generally be at least 

three times the LLOQ, near the centre of the curve and close to the ULOQ respectively.  In 

addition to these measurements the accuracy and precision of the LLOQ should also be 

determined (González et al. 2014). For analytical methods where samples might have to be 

diluted prior to analysis, a parameter known as dilution integrity should also be determined. 

This is done to ensure that the dilution of samples does not influence the accurate and 

precise quantification of analytes within the matrix (Whitmire et al. 2011).  Intra-day and 

inter-day accuracy and precision were evaluated for this method using five different QC 

concentrations which included LLOQ, low, medium and high concentrations that fall within 

the linear calibration range, as well as dilution integrity samples.  

A combined working solution was freshly prepared directly in synthetic urine, containing 

each analyte at a concentration 10 times the calculated high QC concentration. The stock 

solution was stored at 4 °C during the method validation period. On each day of the 

accuracy and precision experiments, three individual samples of each QC concentration 

were prepared by adding the calculated volume of the prepared stock solution to synthetic 

urine containing IS (0.755 μg/mL). Dilution integrity samples were prepared by diluting the 

stock solution 50 times with synthetic urine containing IS. The accuracy and precision 

experiments were carried out for seven consecutive days. The analyte concentrations within 

each QC sample as well as the initial and final analyte concentrations of the dilution integrity 

samples are summarised in Table 4.3. The analytes were quantified using the independently 

prepared calibration curves.  

Table 4.3: The concentrations analysed to determine accuracy and precision. 

Sample 
PABA 

(μg/mL) 

PAHA 

(μg/mL) 

PAABA 

(μg/mL) 

PAAHA 

(μg/mL) 

3-OH-PABA 

(μg/mL) 

BA 

(μg/mL) 

HA 

(μg/mL) 

Aspirin 

(μg/mL) 

SUA 

(μg/mL) 

LLOQ 0.1 0.2 0.2 0.25 0.8 0.75 0.2 0.75 0.2 

Low QC 0.3 0.6 0.6 0.75 2.4 2.9 0.6 3.9 0.6 

Medium QC 0.9 1.8 1.8 2.25 7.2 9.0 1.8 11.7 1.8 

High QC 4.5 9 9 11.25 36 45 9 58.5 9 

Dilution QC 

(initial) 
45 90 90 112.5 360 450 90 585 90 

Dilution QC 
(50x, final) 

0.9 1.8 1.8 2.25 7.2 9.0 1.8 11.7 1.8 
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4.3.2 Data analysis and results of accuracy and precision experiments 

From the obtained data intra- and inter-day accuracy (%) was determined as a percentage of 

the nominal concentration using Equation 4.3. Intra- and inter-day precision was expressed 

as percentage relative standard deviation (RSD, %), also known as percentage coefficient of 

variance (% CV), calculated with Equation 4. 4 (Bae et al. 2008; González et al. 2014). The 

average intra-day accuracy and precision values were calculated for each compound, at 

each of the concentrations, for every one of the seven days individually. The same 

calculations were used to determine the inter-day accuracy and precision however, the data 

of all seven days were included in the calculations instead of calculating each day 

individually.  

Equation 4.3: Accuracy (%) 

            
                           

                     
         

Equation 4.4: Precision (RSD, %) 

    
                  

     
         

Ideally the intra-day and inter-day accuracy of an analytical method should be within 15 % 

of the nominal concentration (100 % ± 15 %) for all QC samples except for LLOQ where 20 % 

deviation from the nominal concentration is allowed (Whitmire et al. 2011; González et al. 

2014). Guidelines for precision state that the RSD (%) should not exceed 20 % for the LLOQ 

and 15 % for the rest of the QC samples, intra- and inter-day (González et al. 2014). The 

results of the intra- and inter-day accuracy and precision experiments are summarised in 

Table 4.4. 

The method displayed acceptable accuracy with values of 84 % -115 % for all analytes, at the 

assessed concentrations, both intra- and inter-day. The method precision was also 

acceptable as all RSD (%) values were within the regulatory guidelines. The RSD (%) values 

were generally higher for the inter-day calculations indicating between day variations. This 

is most likely a result of variation in sample preparation between days. 



Chapter 4 

76 

Table 4.4: The results of the inter- and intra-day accuracy and precision experiments. 

QC sample 

PABA PAHA PAAHA PAABA 3-OH-PABA HA 

RSD (%) 
Accuracy 

(%) 
RSD (%) 

Accuracy 
(%) 

RSD (%) 
Accuracy 

(%) 
RSD (%) 

Accuracy 
(%) 

RSD (%) 
Accuracy 

(%) 
RSD (%) 

Accuracy 
(%) 

Intra-day 

LLOQ 3.00 94 8.40 84 6.40 115 7.29 101 5.82 115 7.91 102 

Low QC 5.01 108 6.04 107 7.26 104 6.15 111 5.56 109 6.60 115 

Medium QC 9.17 113 8.76 107 7.01 115 8.31 110 6.25 104 7.80 115 

Dilution QC 8.36 87 7.14 89 6.96 93 6.65 91 6.35 115 7.42 90 

High QC 5.31 105 3.94 96 6.29 105 5.32 98 3.91 106 3.82 102 

Average 6.2 101 6.9 97 6.8 107 6.7 102 5.6 110 6.7 105 

Inter-day 

LLOQ 9.42 102 9.53 92 7.51 88 11.4 111 6.7 104 9.0 89 

Low QC 15.0 114 12.7 109 15.0 103 13.1 112 11.8 114 15 106 

Medium QC 14.3 114 14.3 99 12.4 110 10.1 106 15.0 114 14.6 99 

Dilution QC 6.7 103 12.7 102 9.8 87 7.3 94 9.0 112 4.2 91 

High QC 9.6 105 10.4 95 3.7 103 8.8 100 11.7 115 5.4 103 

Average 11.1 108 11.9 100 9.8 98 10.1 105 10.9 112 9.8 98 
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4.4 SELECTIVITY AND MATRIX EFFECT 

Selectivity and matrix effect (ME) are terms closely related but describe different events. 

Generally, selectivity describes interferences within the biological matrix that co-elute or 

interfere with the detection of the analytes of interest. On the contrary, matrix effect refers 

to compounds or constituents within the biological matrix capable of enhancing or reducing 

the ionisation efficiency of the analytes (González et al. 2014). Compounds contributing to 

matrix effect may not necessarily be visible on the chromatogram. A method that appears to 

be selective can still be affected by signal suppression or enhancement. Mass spectrometer 

detectors, especially when used in MRM mode, are more selective than detectors such as 

spectrophotometry or electrochemical detection however, such instruments are susceptible 

to ME complications (González et al. 2014). 

4.4.1 Selectivity experiments 

Selectivity reflects the extent to which an analytical method can determine an analyte 

within the biological matrix, without interference from other compounds, under the 

experimental conditions. Selectivity should be demonstrated by the absence of analyte 

signal in blank matrix samples compared to analyte signals within the matrix at LLOQ. In this 

method the chromatographic separation of the analytes improves method selectivity by 

ensuring less competition for ionisation between the structurally similar compounds. All 

sample injections are also diverted away from the MS for the first two minutes of the 

analysis to reduce source contamination by minimising the amount of water soluble 

compounds in human urine (with less or no retention on the column) that reach the source 

of the MS. The MS detector is also used in MRM mode, with the individually optimised MRM 

conditions, to further contribute to selective detection of the analytes. 

4.4.1.1  Selectivity sample preparation and analysis 

For the selectivity experiments six individual baseline human urine samples were collected 

from healthy laboratory volunteers and pooled in equal amounts. The selectivity of the 

method was assessed by analysing three individual aliquots of the blank pooled human 

urine for any possible interference at analyte retention times. Three comparison samples 

were prepared by spiking the pooled human urine with the analytes at LLOQ from a 

combined working solution prepared as described in section 4.3.1. The results of the blank 

urine analyses were compared with the response of the analytes in the spiked human urine. 

All of the analytes were evaluated using the MS as detector except for BA and aspirin where 

the chromatograms from the DAD set at 230 ηm was used.  Figure 4.2 illustrates the 

selectivity results of the MS and Figure 4.3 illustrates the selectivity results for the DAD.  
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4.4.1.2  Selectivity results 

No interferences were observed in the blank urine at the appropriate retention times and 

MRM transitions. The only analyte detected within the blank urine was HA. Since BA is an 

endogenous compound and considered the natural substrate for the glycine conjugation 

pathway, no urine sample is devoid of HA. Regarding the challenge test with PABA for which 

the method will eventually be used, the detection of HA is not considered an interference as 

it is not one of the metabolic products of PABA. It is, however, important to include HA in 

the analysis as it provides supplementary data on the overall glycine conjugation capacity. 

 

Figure 4.2: A comparison of the response of the analytes in blank human urine (A) and human 
urine spiked with the analytes at LLOQ (B) using MRM detection. 
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Figure 4.3: A comparison of the DAD chromatograms of blank human urine (A) and human urine 
spiked with BA and aspirin at LLOQ (B). The DAD was set at 230 ηm. 

 

4.4.2 Matrix effect experiments 

Matrix effect is a parameter that is specifically related to MS detectors. ME is defined as an 

influence of the matrix constituents on the signal of analytes by suppressing or enhancing it 

(González et al. 2014). In such instances the accurate quantification of the analytes within 

the matrix becomes compromised (Tiwari and Tiwari 2010; González et al. 2014). Some of 

the effects of ME include signal suppression or enhancement, elevated baseline noise as 

well as changes in the retention time of the analytes (González et al. 2014).  The ionisation 

of molecules takes place differently within the various ion sources and consequently, the 

ME observed will be specific for each type of ionisation source and matrix combination 

(González et al. 2014). In the ESI source specifically, compounds and matrix constituents 

that interfere with either the desolvation or the charging of the analytes are capable of 

altering the IE of the analytes. Regulatory guidelines indicate that ME should be investigated 

in LC-MS/MS methods to ensure that accuracy, precision and sensitivity are not 

compromised (Levine et al. 2011; Whitmire et al. 2011). A quantitative measurement of ME 

should be done by determining the so-called Matrix Factor (MF) which is defined as the ratio 
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of the analyte response in the presence of matrix to the analyte response in the absence of 

matrix (Whitmire et al. 2011; Levine et al. 2011; González et al. 2014). 

4.4.2.1  Matrix effects sample preparation and analysis 

Since the calibrations as well as the accuracy and precision experiments were done in 

synthetic urine, ME was evaluated in both synthetic urine and human urine to ensure that 

no large differences in IE of the analytes exist between the matrices. The responses of the 

compounds in both synthetic urine and human urine were compared to the response of the 

analytes in water at low QC and high QC concentrations.  

Two stock solutions were freshly prepared in synthetic urine and water, each containing the 

analytes at a concentration 10 times their high QC. Five low QC and five high QC samples 

were prepared in both water and synthetic urine and analysed. The samples were prepared 

by adding the calculated volume of the prepared stock solutions to either synthetic urine or 

water containing IS (0.755 μg/mL). With regard to human urine, six independent sources of 

baseline human urine were used. Aliquots of the urine were centrifuged for 10 min at 10 

000 rcf (4 °C) and the supernatant was spiked with standards and IS (0.755 μg/mL), from the 

independently prepared stock solution, at low QC and high QC concentrations. A low and 

high QC sample was prepared for each of the six urine samples. A blank aliquot of each 

urine sample was also analysed to determine the endogenous levels of HA present in each 

sample of human urine.  

4.4.2.2  Matrix effect results 

The MF was calculated for the analytes in synthetic urine and human urine respectively at 

both high QC and low QC concentrations using Equation 4.5. The endogenous HA present in 

the blank human urine samples was subtracted before calculating the MF for HA in human 

urine. Regulatory guidelines state that a MF of one indicates that the analysis is not affected 

by ME, a MF < 0.85 indicates ion suppression and a MF > 1.15 indicates ion enhancement. 

The variability of the MF between samples of the same concentration should also be 

determined and expressed as % RSD, calculated with Equation 4.4. The % RSD of the MF 

should not exceed 15 % (Levine et al. 2011; González et al. 2014).  Summarised in Table 4.5 

the ranges of the MF calculated for the compounds were 0.86-1.06 (low QC) and 0.85-1.03 

(high QC) in synthetic urine and 0.86-1.15 (low QC) and 0.85-1.20 (high QC) in human urine 

respectively. The % RSD values were within the acceptable limits ranging from 5.5 % to 13.2 

% for the synthetic urine samples and 10.2 % to 15 % for the human urine samples. From 

these results it seems that the method is not affected significantly by ME. 
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Equation 4.5: Matrix factor 

   
                             

                            
 

Table 4.5: Results of the matrix effect experiments 

 

4.5 STABILITY 

Stability experiments are defined as determining the stability of analytes in a specific matrix, 

stored under specific conditions for certain time intervals (Tiwari and Tiwari 2010). The 

degradation of analytes due to instability during any phase of an analytical method can alter 

accurate quantification. The stability of analytes within a biological matrix can be influenced 

by factors such as the sample preparation and container systems, the storage conditions, 

the type of matrix and the chemical properties of the analytes (Levine et al. 2011). The 

stability of the analytes during the entire analytical procedure is vital for accurate and 

reliable quantification (Tiwari and Tiwari 2010; González et al. 2014). Regulatory guidelines 

suggest that the stability experiments should capture, to the extent possible, all stages of 

sample storage, handling and analysis (Tiwari and Tiwari 2010; Levine et al. 2011). Stability 

experiments should, as far as possible, be carried out within the biological matrix and should 

include experiments such as storage conditions during sample collection, conditions 

encountered during sample preparation as well as conditions encountered during sample 

analysis (Tiwari and Tiwari 2010; Levine et al. 2011; González et al. 2014). All experiments 

should reflect the time intervals that will be encountered during actual sample preparation 

and analysis (Tiwari and Tiwari 2010; Whitmire et al. 2011). More specifically the stability 

experiments should include, where applicable, bench top stability, short term storage 

stability, autosampler or post processed stability, freeze-thaw stability, stock solution 

stability and long term storage stability (Whitmire et al. 2011; González et al. 2014).  

Compound 
Urine Synthetic Urine 

Average 
MF (LQC) 

% CV 
(LQC) 

Average 
MF (HQC) 

% CV 
(HQC) 

Average 
MF (LQC) 

% CV 
(LQC) 

Average 
MF (HQC) 

% CV 
(HQC) 

PABA 0.92 14.0 1.15 15.0 1.06 9.1 1.00 10.1 

PAHA 1.04 11.5 0.90 13.5 0.89 6.6 0.88 10.9 

PAAHA 1.07 11.5 1.15 15.0 0.91 5.5 0.85 11.0 

PAABA 1.15 15.0 0.90 13.1 1.00 9.9 0.85 11.3 

3-OH-PABA 0.86 12.8 0.85 10.2 0.93 9.4 1.03 8.9 

HA 1.15 15.0 1.20 15.0 0.86 9.0 0.94 10.1 

SUA 1.04 15.0 0.85 15.0 0.99 10.0 0.85 10.6 

IS 1.10 15.0 1.10 10.5 1.04 13.2 0.85 10.5 
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4.5.1 Stability sample preparation and analysis 

In this study the stability of the analytes was assessed for all situations that would be 

encountered during sample storage, preparation and analysis. The experiments included 

bench top storage stability, autosampler stability, short term storage stability, freeze-thaw 

stability and stock stability in both water and synthetic urine. All stability experiments were 

done at low and high QC concentrations and three samples of each concentration were 

used for all experiments. The stability QC samples were prepared in a similar manner as the 

matrix effect samples by adding the calculated volume of independently prepared stock 

solutions to water, synthetic urine and human urine respectively, each containing IS (0.755 

μg/mL). All stability QC samples were stored under the conditions needed for the respective 

stability experiments. The samples were analysed and the response compared to freshly 

prepared samples.  

To assess bench top storage stability, samples prepared in human urine at low QC and high 

QC concentrations were stored at ambient temperatures for 24 hours before analysis. Post-

preparative stability or autosampler stability was assessed in human urine, at low and high 

QC concentrations, after 3 days of storage in the autosampler compartment of the HPLC-

MS/MS instrument. Short term storage stability was evaluated in human urine, at low and 

high QC concentrations, after storage at 4 °C for 5 days. Freeze-thaw stability was evaluated 

in human urine, at low and high QC concentrations, after four freeze-thaw cycles. The 

samples were stored at - 20 °C for 24 hours, thawed at room temperature and frozen again. 

The cycle was repeated four times before analyses. Stock solution stability of the analytes 

was assessed at low and high QC concentrations, prepared in water containing 0.1 % formic 

acid and 5 % acetonitrile, after storage at 4 °C for 5 days. To ensure no degradation took 

place during the validation experiments, the stability of the analytes was also assessed in 

synthetic urine, at low and high QC concentrations, after storage at 4 °C for seven days 

before analysis.  

4.5.2 Data analysis and results of the stability experiments 

Regulatory guidelines state that the calculated value of the stability samples should not 

deviate more than ± 15 % from the nominal value (González et al. 2014). The stability of the 

analytes was calculated as both a percentage of the freshly prepared samples (% Fresh) as 

well as percentage relative error of the nominal concentration (% RE) using Equation 4.6 and 

Equation 4.7 respectively. The results of the stability experiments expressed as % Fresh are 

summarised in Table 4.6 and the results expressed as % RE are summarised in Table 4.7. 
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Equation 4.6: Stability calculated as a percentage of the freshly prepared samples 

          
                         

                                   
         

Equation 4.7: Stability calculated as percentage relative error of the nominal concentrations 

     
|                            | 

             
        

 

The analytes were generally stable within all three matrices and under all conditions 

evaluated. The IS was slightly less stable than the other analytes in the stock solution after 5 

days of storage. Significant degradation was seen for 3-OH-PABA at low QC concentration 

after the four freeze-thaw cycles. 

Table 4.6 : Results of the stability experiments expressed as percentage of freshly prepared 
samples 

Sample 
PAHA 

(% Fresh) 

3-OH-
PABA 

(% Fresh) 

PABA 
(% Fresh) 

IS 
(% Fresh) 

HA 
(% Fresh) 

PAAHA 
(% Fresh) 

PAABA 
(% Fresh) 

SUA  
(% Fresh) 

BA  
(% Fresh) 

Aspirin 
 (% Fresh) 

Bench Top Storage Stability 

Low QC 100.0 94.4 95.8 101.1 102.4 98.5 97.5 97.5 111.8 86.2 

High QC 100.2 95.8 99.4 99.8 98.6 100.4 99.5 100.3 100.4 101.6 

Autosampler Stability 

Low QC 109.2 106.1 102.2 109.8 106.7 106.6 105.2 106.1 105.5 88.6 

High QC 103.2 105.9 100.8 102.1 102.4 102.2 104.5 103.4 98.3 103.1 

Short Term Storage Stability 

Low QC 108.2 111.4 103.9 101.6 110.7 105.1 109.4 110.9 96.5 90.9 

High QC 96.1 100.4 97.6 107.7 97.2 100.1 100.3 94.9 99.1 103.1 

Freeze-Thaw Stability (4 cycles) 

Low QC 99.7 68.8 95.2 84.5 103.0 106.6 101.9 99.7 86.0 75.0 

High QC 93.1 96.1 94.8 92.2 96.0 99.5 99.0 95.0 95.4 112.2 

Stock Stability 

Low QC 92.2 90.5 98.5 71.7 97.7 102.9 104.3 98.3 81.6 89.6 

High QC 86.6 92.8 89.6 73.8 89.2 96.0 89.1 88.0 99.3 87.5 

Synthetic urine stability 

Low QC 99.7 92.6 101.5 96.6 101.1 101.1 100.4 98.9 87.5 96.2 

High QC 102.5 103.5 103.4 102.4 104.3 102.3 105.4 104.9 105.3 107.7 
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Table 4.7: The stability results expressed as percentage relative error  

 

4.6 CARRY-OVER 

Carry-over is defined as the presence of residual amounts of analyte within the analytical 

instrument after injection of a sample. Such residual amounts can affect the accuracy and 

precision of subsequent samples (Whitmire et al. 2011; González et al. 2014). Carry-over 

may affect low concentration samples to a larger extent than high concentration samples 

due to a higher percentage of influence from the remaining analyte. The effects of carry-

over may become especially apparent when the analyses of low concentration samples are 

preceded by the analysis of high concentration samples, which is often the case when 

analysing study samples. Carry-over does not necessarily affect only subsequent samples, 

for example, late eluting compounds can accumulate and elute several injections later 

(González et al. 2014). Regulatory guidelines recommend that carry-over should be assessed 

by injecting one or more blank samples after a high calibration or high QC sample. The 

response of the analyte in the blanks should then be compared to the response of the 

analyte at LLOQ. The response of the analyte in the carry-over blank sample should not 

exceed 20 % of the response of the analyte at LLOQ (Whitmire et al. 2011; González et al. 

2014). 

Sample 
PAHA 
(% RE) 

3-OH-PABA 
(% RE) 

PABA 
(% RE) 

IS 
(% RE) 

HA 
(% RE) 

PAAHA 
(% RE) 

PAABA 
(% RE) 

SUA 
(% RE) 

BA 
(%RE) 

Aspirin 
(% RE) 

Bench Top Storage Stability 

Low QC 2.3 5.6 4.2 1.4 2.4 2.8 2.5 5.3 11.83 13.75 

High QC 2.0 4.2 2.4 2.8 3.0 1.2 1.1 1.2 0.35 1.57 

Autosampler Stability 

Low QC 9.2 6.1 2.2 9.8 6.7 6.6 5.6 8.5 6.20 11.41 

High QC 3.2 5.9 3.3 2.1 2.4 2.2 4.5 2.8 1.39 7.22 

Short Term Storage Stability 

Low QC 8.2 11.4 4.6 19.1 10.7 5.1 9.4 10.9 3.53 9.13 

High QC 3.9 1.5 2.4 7.7 2.8 0.9 1.1 5.1 0.85 3.07 

Freeze-Thaw Stability (4 cycles) 

Low QC 2.4 29.9 4.6 17.0 5.8 7.1 4.4 4.5 14.04 25.01 

High QC 5.2 13.7 5.2 9.7 4.1 2.4 1.0 4.2 4.59 12.16 

Stock Stability 

Low QC 7.8 9.5 3.7 28.3 3.2 2.9 4.3 3.7 12.77 0.88 

High QC 13.4 7.2 10.4 26.2 10.8 4.0 10.9 9.4 9.12 7.82 

Synthetic urine stability 

Low QC 0.3 7.4 1.5 3.5 1.0 1.1 0.3 1.1 13.76 3.79 

High QC 2.5 3.5 3.4 2.4 4.3 2.3 5.4 2.3 5.29 7.74 
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4.6.1 Carry-over experiments 

Carry-over was assessed during the entire method validation process. Blank water samples 

were injected randomly after the highest calibration samples during range and linearity 

experiments, after high QC samples during the accuracy and precision experiments as well 

as after high QC samples prepared in urine during the stability experiments. None of the 

analytes could be detected in any of the carry-over blank samples and the method seems to 

be unaffected by carry-over. 

4.7 SUMMARY 

With reference to section 2.10, the analytical methods currently used to evaluate individual 

glycine conjugation capacity have certain limitations. This is due to interferences from other 

aromatic amines in colourimetric methods and low selectivity in complex biological matrices 

with HPLC-UV techniques. In this study an analytical method was developed and validated 

capable of simultaneous detection and quantification of BA, Aspirin and PABA together with 

their respective phase II biotransformation products. From the validation data it is apparent 

that the developed analytical method was able to quantify the compounds of interest with 

acceptable accuracy and precision. The method could selectively detect the analytes and no 

significant ME were observed. The analytes were stable within stock solutions as well as the 

biological matrix under a wide range of conditions. No carry-over of the analytes could be 

detected between samples. The validated HPLC-DAD-MS/MS method could now be 

employed for the quantification of the analytes of interest, directly from human urine, 

collected during a glycine conjugation challenge test. The experiments and results of 

chapters 3 and 4 were published in an article in Bioanalysis, attached in Appendix B of this 

thesis. 

 

 

 



 

 

 

CHAPTER 5: BIOLOGICAL APPLICATION OF THE 

DEVELOPED ANALYTICAL METHOD 

The current methods used to evaluate individual glycine conjugation capacity display certain 

limitations (section 2.10). In this study, an HPLC-MS/MS method was developed and 

validated in an attempt to overcome certain analytical constraints (Nortje et al. 2015). 

However, concerns regarding limited applicability of the challenge substance, as well as 

insensitivity of the test towards slow metabolisers still remain.  

Benzoic acid was initially used to monitor glycine conjugation capacity but severe adverse 

reactions and interferences from endogenous sources were significant drawbacks (Quick 

1931; Probstein & Londe 1940; Amsel & Levy 1969; Rechner et al., 2002; Olthof et al. 2003; 

Beyoğlu et al. 2012). Currently, aspirin is used as a better tolerated alternative. Aspirin is 

ingested followed by quantification of SUA in urine, collected over a 10 hour period (Lord 

and Bralley 2008). The use of aspirin as a challenge substance is however also limited, due 

to the strong association between aspirin ingestion and the development of Reye’s 

syndrome in children. Mild to severe symptoms of aspirin intolerance are also observed 

among adults (Rainsford 2004; Degnan 2012). In this chapter, the possibility of using PABA 

as an alternative challenge substance to monitor glycine conjugation was investigated. In 

the literature, PABA has been described as safe, well-tolerated and exclusively metabolised 

via phase 2 biotransformation reactions (Section 2.7). 

Figure 5.1 is an illustration of the metabolic pathways of the three challenge substances 

aspirin, BA and PABA. PABA is predominantly conjugated to glycine (A), via the same 

enzyme system (GLYAT) that produces HA from BA and SUA from aspirin. The resulting 

glycine conjugate is PAHA. Acetylation (via NAT1) can also occur resulting in the formation 

of PAABA (B). Both glycine conjugation of PAABA (C) and acetylation of PAHA (D) can occur 

and the resulting metabolite in both cases is PAAHA (Furuya et al. 1995). In this chapter, the 

developed and validated analytical method was applied to quantify the phase 2 metabolic 

products of PABA, in human urine, after a PABA challenge test. 

Another important limitation of current methods is the insensitivity to so-called slow 

metabolisers, due to prolonged sample collection times. From a biotransformation 

perspective, glycine conjugation should not only be effective but also rapid in healthy 

individuals. The current method does not supply any information regarding the rate of 

metabolism or excretion. So-called slow metabolisers may have enough time, during the 10 
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hour collection period, to conjugate and excrete enough of the challenge substance that 

they are overlooked as actual slow metabolisers. In this chapter, an investigation was also 

undertaken to determine if an adapted time protocol for urine collection could provide 

additional information regarding the rate of individual glycine conjugation. Chapter 5 thus 

describes an adapted challenge test, using PABA as the challenge substance, in combination 

with an adapted time protocol for urine collection. The methods used are outlined and the 

results obtained are discussed. 
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Figure 5.1:  The phase 2 biotransformation pathways of aspirin, benzoic acid and p-aminobenzoic 
acid (PABA). Aspirin is hydrolysed to salicylic acid once ingested, thereafter it is conjugated to glycine to form 

salicyluric acid. Benzoic acid (BA) is rapidly conjugated to glycine. PABA is predominantly conjugated to glycine 
to form p-aminohippuric acid (PAHA) but can also undergo acetylation to form p-acetamidobenzoic acid 
(PAABA). Both acetylation and glycine conjugation can occur and the resulting metabolite is p-
acetamidohippuric acid (PAAHA). 
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5.1 SAMPLE SOURCE AND DIETARY RESTRICTIONS 

Ten healthy, unrelated Caucasian volunteers between the ages of 24 and 34 (five male, five 

female) participated in this experiment, in accordance with ethical approval (NWU-0096-08-

A1). All volunteers were evaluated for relevant clinical symptoms using criteria of the Piper 

fatigue scale, Medical Symptoms Questionnaire as well as the Fukuda criteria for chronic 

fatigue syndrome (Fukuda et al., 1994; Lukaczer, 2005; Reeve et al., 2012; Champion et al., 

2013; Asvat et al., 2014). None of the volunteers presented with any known chronic 

conditions or illnesses. A challenge test kit was supplied to each volunteer which contained 

a detailed protocol for sample collection, dietary guidelines, a single 550 mg PABA capsule 

(Solgar Inc., Leonia, New Jersey, USA), a baseline urine sample bottle, six 1 L urine 

containers and labels for all containers. Within the dietary guidelines food, drinks and 

medication that had to be excluded from the diet during the test day were specifically 

outlined. Dietary restrictions included food, drinks and medications that could possibly 

influence, induce or interfere with the rate of biotransformation, metabolism or glycine 

conjugation, directly or indirectly. Such restrictions included alcohol, coffee, tea, cocoa, 

chocolate, cola soft drinks, rooibos tea and health tea; medication containing caffeine, 

salicylates (aspirin) or paracetamol; fruit including stoned fruits (such as sultans, currants, 

raisins etc); liquorice; nuts and seeds; peppermint (such as sweets, lollies, gums, plants or 

tea); spices (such as curry, dill, oregano, paprika etc.); brassica vegetables like broccoli, 

cabbage, Brussels sprout, cauliflower and tomato. All female volunteers were also 

instructed to complete the test on day 20 of their monthly cycle, in order to minimise the 

influences of hormone fluctuations. 

5.2 PROTOCOL FOR URINE SAMPLING 

The original 10  hour collective sampling approach was adapted in order to collect more 

data regarding the rate of conjugation. The adapted sampling protocol is illustrated in Figure 

5.2. On the day of the challenge test, a first morning baseline urine sample had to be 

collected, before ingestion of any food or drinks. At 18h00 volunteers were instructed to 

cease all eating and drinking, except for water, completely empty the bladder and ingest the 

550 mg PABA capsule with 300 mL water. After consumption of the PABA capsule, 

volunteers were instructed to collect separate urine samples, in the 1 L containers provided, 

every hour from 19H00 to 23h00 (five samples in total). Volunteers were instructed to 

empty the bladder completely with each individual urine collection. Following the 23h00 

sample, a final urine sample had to be collected, containing any urine passed during the 

night as well as the first morning urine of the following day (at approximately 05h00). The 

urine collection from 19h00 to 05h00 simulates the 10 hour time frame used in the current 

glycine conjugation test. All urine samples collected during the test had to be marked with 

the correct label, the date and the exact time of urine collection. The urine samples had to 
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Morning         18h00           19h00              20h00              21h00              22h00              23h00                        05h00 

 

Sample 1 Sample 2 Sample 3 Sample 6 Sample 5 Sample 4 Baseline PABA 

be stored in the freezer, immediately after collection, until delivery to the BOSS laboratory. 

Once delivered to our laboratory, all samples were stored at -20 °C until the day of sample 

preparation and analysis. 

 

Figure 5.2: The protocol for urine collection of the adapted challenge test. 

 

5.3 SAMPLE PREPARATION AND ANALYSIS 

On the day of analysis, all of the urine samples were thawed simultaneously at room 

temperature. The volume, date and time of each sample was noted. Each urine sample was 

thoroughly mixed before aliquots were taken for analysis and creatinine determinations. 

Creatinine values of all samples collected were determined at the North-West University’s 

laboratory for Inborn Errors of Metabolism (Potchefstroom, North-West, South-Africa). The 

creatinine determination was done with the Thermo ScientificTM KonelabTM 20 Clinical 

Chemistry Analyzer.  

The 300 μL samples to be used for the HPLC-MS/MS analyses were centrifuged for 10 min at 

10 000 rcf (4 °C), 295 μL of the supernatant was transferred to vials and 5 μL IS was added 

from an individually prepared stock solution (final concentration of 0.755 μg/mL). The 

samples were analysed with the validated HPLC-MS/MS method according to the 

parameters described in chapter 3, section 3.5. In some instances urine samples were too 

concentrated and certain compounds exceeded the ULOQ. Such samples were diluted and 

re-analysed.  

5.4 RESULTS AND DISCUSSION OF THE ADAPTED CHALLENGE TEST 

A total of seventy urine samples were collected from the 10 volunteers. No adverse 

reactions to PABA were reported and the creatinine values of all volunteers were within the 

reference ranges for normal kidney function (Heil et al., 2004; Walmsley & White, 1983). 
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5.4.1 Data analysis 

The acquired data was extracted using Agilent Masshunter Quantitative Analysis Software 

(B.04.00) and quantification of the compounds was done relative to the IS. Peak area ratios 

of the analytes to the internal standard were used in the regression equations from the 

independently prepared calibration curves (Chapter 4.1). Variations in water content of the 

urine samples were compensated for using the determined creatinine values. The calculated 

analyte concentrations (mM) were converted to mg analyte per litre of urine (mg/L) and 

these values were divided by the creatinine concentration of the corresponding urine 

sample (g/L). Analyte concentrations were expressed as weight of analyte per gram of 

creatinine (mg/g creatinine). This data can be found in Appendix D of the manuscript. 

Aspirin, SUA, BA and 3-OH-PABA were not excreted in quantifiable amounts by any of the 

volunteers.  

5.4.2 Excretion profiles of PAHA 

To illustrate the data visually, time-dependent excretion profiles were constructed by 

plotting compound concentration (mg/g creatinine) against time for all volunteers. The data 

of one volunteer (J) was excluded as it became apparent that the individual ingested 

additional PABA during the challenge test. Figure 5.3 illustrates the time-dependent 

excretion of PAHA by volunteers A – I.   

 

Figure 5.3: The time-dependent excretion of PAHA. The data of volunteer J was excluded.  
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5.4.3 Variations in the rate of PABA glycine conjugation 

One of the first observations made from Figure 5.3, is the large variations between the 

individuals in terms of the rate of PAHA excretion. The time dependent metabolism and 

excretion of PABA is not well characterised in healthy individuals and studies often present 

variable results. One study investigated the formation of PAHA in the urine of two healthy 

individuals after ingestion of 3 g PABA. For both of the individuals PAHA excretion reached a 

maximum value in the urine within 3 hours after PABA ingestion (Deiss and Cohen 1950). In 

a study where the glycine conjugation of PABA was used as an indication of liver function, 

PABA reached peak serum values within 30 minutes after ingestion, measured in control 

subjects (Furuya et al. 1995). The formation of PAHA reached a maximum value in the serum 

within 50 minutes after PABA ingestion however, the values reported were averages and did 

not reflect the control subjects individually (Furuya et al. 1995). Other studies using varying 

dosages of PABA have reported on 70 % – 85 % of the dose recovered in urine within 4 to 6 

hours after PABA ingestion (Vest and Salzberg 1965; Bingham and Cummings 1983). What 

becomes apparent from the available studies is that metabolism of PABA should be quite 

rapid in healthy individuals. 

All of the participants in this study were clearly able to metabolise the challenge substance 

to such an extent, that the product profile showed no further excretion of PAHA after 6 

hours (Figure 5.3). However, large variations could be observed between individuals within 

the first six hours. Some individuals reached maximum excretion within 1 hour (E) while 

others displayed maximum excretion at 4 hours (I). Since the predominant function of the 

biotransformation system is to rid the body of harmful compounds as fast as possible, 

prolonged exposure to xenobiotics is not ideal. Thus, from a biotransformation perspective, 

data regarding the effective absorption and excretion of a challenge compound is also 

important.  

If only the end-point results of 10 hour collective samples were considered, information 

regarding variations in the amounts of PAHA excreted would have been obtained, but the 

rate at which the process took place would not be reflected. Thus, the 10 hour collective 

urine sampling approach currently employed with aspirin, may be insensitive to so-called 

slow metabolisers. Only a final excreted amount is quantified with no information regarding 

the rate of the process. Illustrated in Figure 5.3, all volunteers reached maximum excretion 

of PAHA within 4 hours, indicating, that from a practical point of view the test could possibly 

be shortened to a time where maximum variation in rate could also be observed. This 

shortened approach could elucidate better inter-individual variation in terms of rate of the 

reaction, but also minimise sample losses and non-compliance issues caused by prolonged 

urine collection times. 
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5.4.4 Variations in the amounts of PABA conjugated to glycine 

A second important observation from Figure 5.3 is that the amounts of PAHA excreted also 

varied significantly, illustrated by the different area under curve values between individuals. 

Studies have reported that, in healthy individuals, up to 50 % of administered PABA is 

excreted as PAHA (Vest and Salzberg 1965; Jakobsen et al. 1997). These findings suggest 

that conjugation to glycine is the predominant pathway for the metabolism of PABA. 

However, this was not the case in this study as the glycine conjugation profiles of PABA 

showed distinct differences between individuals. Such results raise questions as to which 

factors influence the amount of PABA that can be conjugated to glycine. The interpretation 

of the results becomes complex since absorption, metabolism and excretion, each phase 

with its own limiting factors, have to be considered. As a starting point, the alternative 

metabolic products of PABA were investigated in order to determine which pathways played 

the major role in the metabolism of PABA, for each individual.  

5.4.5 The hippurate ratio 

The so-called hippurate ratio calculation was used, which makes use of different formulas to 

reflect the contribution of the different pathways to the metabolism of PABA (Furuya et al. 

1995). This becomes useful for interpreting the factors that may have limited glycine 

conjugation of PABA. Firstly, the degree of glycine conjugation (Figure 5.1, A) was reflected 

by using Equation 5.1, the degree of acetylation (Figure 5.1, B) was calculated using 

Equation 5.2 and lastly the contributions of both glycine conjugation and acetylation (Figure 

5.1, C & D) were reflected by Equation 5.3. The total amount of each compound quantified 

(mg/ g creatinine) within all the urine samples collected from each volunteer was used to 

calculate the respective ratios. Table 5.1 summarises the calculated hippurate ratio values 

for each volunteer. 

Equation 5.1: The hippurate ratio calculation which reflects glycine conjugation 

  PAHA / (PABA + PAHA + PAAHA + PAABA) x 100 % 

Equation 5.2: The hippurate ratio calculation which reflects the degree of acetylation 

PAABA / (PABA + PAHA + PAAHA + PAABA) x 100 % 
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Equation 5.3: The hippurate ratio calculation which reflects both glycine conjugation as well as the 
degree of acetylation 

PAAHA / (PABA + PAHA + PAAHA + PAABA) x 100 % 

Table 5.1: The hippurate ratio values 

 
1. Glycine conjugation 2. Acetylation 3. Combination 

Volunteer PAHA (%) PAABA (%) PAAHA (%) 

A 16 20 64 

B 43 15 42 

C 30 23 47 

D 12 26 62 

E 56 13 31 

F 50 14 36 

G 53 13 34 

H 56 11 33 

I 52 10 38 

From the hippurate ratio values certain similarities between individuals could be recognised. 

For six of the nine individuals (B, E – I), PAHA formation (43 % - 56 %) contributed most to 

the metabolism of PABA while acetylation was the minor route (10 % - 15 %). The opposite 

of this was observed for volunteers A and D where the combination of both glycine 

conjugation and acetylation (PAAHA) seemed to contribute more to the metabolism of 

PABA (62 %, 64 %) and conjugation to glycine alone was the minor contributor (16 %, 12 %). 

Volunteer C was the only individual where PAHA formation (30 %) contributed slightly more 

than acetylation (23 %), however, PAAHA formation (47 %) was also the major contributor. 

These results suggest that something may have limited the glycine conjugation capacity of 

volunteers A, D and C, leading to increased amounts of PABA being excreted as the 

acetylated compounds, PAABA and PAAHA. Similar findings have been indicated in studies 

where the quantification of PAHA together with the hippurate ratio were used as early 

predictors of liver failure (Lebel et al. 2003). With hepatocellular disruptions, glycine 

conjugation of PABA became rapidly lost and increased amounts of acetylated metabolites 

of PABA were quantified. Though the volunteers in this study did not necessarily have liver 

failure, the decreased glycine conjugation of PABA did suggest an impairment of some sort. 

5.4.6 Principle component analysis of the hippurate ratio values 

In an attempt to visually illustrate the observed differences and similarities between certain 

individuals, a principle component analysis (PCA) score plot of the hippurate ratio values 
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was constructed. Since two or more variables were measured in this experiment, the 

resulting data classifies as multivariate data. The use of PCA is described as a key tool for the 

study and analysis of such data (Saccenti et al. 2014). PCA reduces the dimensionality of the 

data through linear combinations of all the variables to create new latent variables namely 

scores. In essence it compresses the metabolite information into a new coordinate system 

(scores) which illustrates the (dis)similarities between samples. PC1 shows the highest 

variance in the data while PC2 shows the second largest, etc. (Saccenti et al. 2014). Thus, a 

PCA score plot was used to determine if natural groupings existed between the volunteers 

of the challenge test, based on their hippurate ratio profiles (Figure 5.4). This type of data 

analysis falls within the field of biostatistics thus the necessary data analysis and PCA plots 

were constructed by Dr. Zander Lindeque at the NWU centre for human metabonomics, 

Potchefstroom.  

 

Figure 5.4: A Principle Component Analysis score plot of the hippurate ratio values 
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Three groupings could be recognised from the PCA score plot of the hippurate ratio values. 

Volunteers B, E, F, G, H and I were named Group 1 and represented the group where PAHA 

formation was the main contributor to PABA metabolism. Volunteers A and D were named 

Group 2 and represented an opposite scenario to Group 1, where the acetylated 

compounds PAAHA and PAABA were major contributors to the metabolism of PABA. 

Volunteer C was the only individual in Group 3 and represented a similar scenario to Group 

2, with the only exception being that PAHA formation slightly exceeded PAABA excretion. 

However, formation of PAAHA was also the major contributor for this individual. No clear 

conclusions could be made as to which factors were responsible for the observed 

discrepancies between individuals regarding the metabolism of PABA. Factors during 

absorption, metabolism and excretion may have influenced the amounts and rate of PABA 

that was conjugated to glycine. In an attempt to further elucidate possible discriminating 

factors, it was decided to evaluate for each group, how much of the administered dose was 

excreted as a combination of the possible conjugates.  

5.4.7 Percentage of the PABA dose excreted 

In order to determine how much of the PABA dose was absorbed, metabolised and excreted 

the quantified compounds were expressed as a percentage of the PABA dose administered. 

In summary, the concentrations of the quantified compounds were firstly converted to mg 

values. From these values a so-called “PABA equivalent” mass was calculated by multiplying 

the quantified mass (mg) value with a ratio of PABA molecular weight/metabolite molecular 

weight. These values represented, in mg, the amounts of PABA that were excreted as the 

different phase 2 conjugates. For example, how much (mg) of the PABA administered could 

be accounted for in the form of PAHA. The total mg “PABA equivalent” values were then 

converted to a percentage of the dose administered. Each mg total was divided by 550 mg 

and multiplied with 100 %.  

This data revealed significant variations in the amounts of the PABA dose excreted as the 

possible conjugates. For example, in Group 1 up to 70 % - 86 % of the dose was excreted as 

PAHA, 19 % - 34 % as PAAHA and 12 % - 17 % as PAABA. The individuals in Group 2, only 

excreted 11 % of the dose in form of PAHA, 23 % - 30 % of the dose in the form of PAAHA 

and 15 % - 16 % of the dose as PAABA. In the case of Group 3, PAHA accounted for 17 % of 

the dose, 20 % was excreted as PAAHA and 14 % as PAABA. These results were visually 

illustrated by using the average percentage values for each compound, calculated from the 

data of all volunteers within each group (Figure 5.5).  

What is interesting from Figure 5.5, is that approximately 100 % of the dose was excreted as 

a combination of the four possible compounds in Group 1. However, in groups 2 and 3 only 
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approximately 50 % of the administered dose could be accounted for. A possible 

explanation for the observed discrepancies could be metabolism of PABA via a different 

pathway. Such an alternative pathway has been described, which is glucuronidation to form 

p-acetamidobenzoyl-glucuronide and PABA-glucuronide respectively. This pathway is 

however described as a minor route for metabolism of PABA (6.6 % and 2.4 % respectively 

of a 200 mg dose, (Chan et al. 1988)) and it seems unlikely that this route could have 

accounted for 50 % of a 550 mg dose. Another factor that comes to mind is incomplete 

absorption and pre-systemic elimination of PABA.  

 

Figure 5.5: A comparison of the compounds excreted by each group, expressed as a percentage of 
the 550 mg PABA dose administered. 

5.4.8 Absorption of PABA 

Orally ingested substances such as nutrients and xenobiotics are subject to processes of the 

gastrointestinal (GI) tract before they are made available for absorption into the 

bloodstream. The GI tract represents a significant interface with the environment and 

primary processes of involve secretion, digestion and absorption (Mayersohn 2002). A 

variety of factors can alter the rate and extent of absorption of compounds from the GI tract 

which include physical chemical factors (dosage form, solubility and chemical stability); 
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physiological factors (gastric emptying and transit rates) and biochemical factors (GI tract 

enzymatic activity and gut wall metabolism) (Mayersohn 2002). The presence of food in the 

GI tract greatly influences the rate of gastric emptying. In turn, the rate of gastric emptying 

has been indicated as an influential factor in the rate and effectiveness of PABA absorption 

from the GI tract (Mayersohn 2002). Thus, the large discrepancies between groups in terms 

of percentage of the dose excreted could be the result of incomplete absorption of PABA 

from the GI tract. 

Studies have indicated that PABA has a limited absorption site within the GI tract. The 

presence of food (glucose or fat) can reduce the rate of PABA absorption by reducing the 

rate of gastric emptying (Mayersohn 2002; Tiwari and Mahatma 2011). This reduced rate of 

gastric emptying and subsequent absorption has been shown to be consistent with a 

reduced rate in delivery of PABA to the site of metabolism (Drucker et al. 1964; Mayersohn 

2002). In addition to this PABA is classified as a compound that is susceptible to metabolism 

within the gut wall (Mayersohn 2002). The enzyme responsible for acetylation of PABA, 

known as NAT1, is not only expressed within the cytosol of hepatocytes, but is also 

expressed within the GI tract of adult humans (Sim et al. 2008).  Thus, during absorption, 

PABA can be acetylated within the gut wall to PAABA via a saturable process. In a study 

using rats, it was indicated that this acetylation of PABA to PAABA within the GI tract could 

contribute to the absorption of PABA since the two compounds were absorbed through 

different mechanisms (Yasuhara et al. 1979). The authors indicated that at high dosages the 

contribution of acetylation to the absorption PABA became limited because the acetylation 

reaction is saturable (Yasuhara et al. 1979).  

Thus, if slow gastric emptying reduces the rate of absorption of PABA, higher amounts of 

PABA can be acetylated to PAABA during absorption. Consequently, the absorption of non-

metabolised PABA can be inversely related to the extent of acetylation during absorption 

(Pacifici et al. 1986; Mayersohn 2002; Ilett and Davies 2013). In contrast to this, with faster 

gastric emptying absorption of PABA takes place more rapidly. In this scenario, the 

acetylation process becomes saturated quickly and more PABA can be absorbed in the non-

metabolised form and delivered to the site of metabolism (Mayersohn 2002). This was most 

likely the case with the results of Group 1.  Absorption of PABA was highly effective, leading 

to a fast saturation of the acetylation process in the GI tract, reduced contribution of 

acetylation to the absorption of PABA and more of the unchanged drug delivered to the site 

of metabolism. 

A third scenario of PABA absorption is possible, which is associated with extremely fast 

gastric emptying. Once more the enzyme system responsible for acetylation will become 

rapidly saturated and a restricted amount of PAABA will be produced during absorption. 

However, since PABA has a limited absorption site within the GI tract, very fast gastric 
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emptying could lead to losses of the initial dose. This scenario could explain the less than 

100 % of the dose excreted by groups 2 and 3. Very fast gastric emptying could have caused 

incomplete absorption of PABA in the non-metabolised form, with comparable amounts of 

acetylation during absorption to that observed for Group 1. These results suggest that PABA 

as a probe may be indicative of not only phase 2 glycine conjugation, but also phase 0 

absorption. 

5.4.9 Limitations in the glycine conjugation pathway of PABA and PAABA 

Another interesting observation from Figure 5.5, is that the amounts of PAAHA and PAABA 

excreted by groups 2 and 3 are comparable to that of Group 1. Reduced amounts of PABA 

absorbed explains the reduced amounts of PAHA excreted as well as reduced amounts of 

the dose recovered, however, it does not necessarily explain the reduced glycine 

conjugation of PAABA observed. Considering the lipophilicity of PAABA, illustrated by a LogP 

of 1.3, glycine conjugation of PAABA significantly reduces its lipophilicity displayed by a LogP 

of -1 for PAAHA. This is similar to the effect glycine conjugation has on BA (LogP 1.87) when 

converted to HA (LogP 0.31) (Badenhorst et al. 2014). When conjugated to glycine, PAABA 

would be less capable of partitioning into phospholipid bilayers and would thus be easier to 

excrete in the form of PAAHA. If none of the co-factors or enzyme systems in the glycine 

conjugation pathway was limiting, one might argue that most of the PAABA absorbed 

should have been excreted as PAAHA. What is also noticeable is that both groups 2 and 3 

excreted amounts of non-conjugated PABA, further supporting the hypothesis of a limiting 

factor in the glycine conjugation pathway of these individuals. Thus, despite the lower 

absorption of free PABA by groups 2 and 3 it seems that a limiting factor was also 

influencing the efficiency of the glycine conjugation process.  A few factors may have 

influenced the efficiency of the glycine conjugation pathway and will be discussed under the 

following headings:  

5.4.9.1  Availability of ATP 

Studies have indicated that limited availability of the co-factors ATP, CoA and glycine can 

limit the efficiency of the glycine conjugation pathway (Gregus et al. 1991; Gregus et al. 

1996). The first step in the glycine conjugation pathway requires ATP in order to activate the 

substrate to a CoA intermediate (Figure 5.1).  It has been indicated that normal ATP supply 

does not limit glycine conjugation, however, deficient availability of mitochondrial ATP 

reduces glycine conjugation capacity (Gregus et al. 1991; Gregus et al. 1996). With regard to 

the volunteers in this study, no impairment of ATP supply was suspected as all volunteers 

were evaluated according to the criteria of the Piper fatigue scale, Medical Symptoms 

Questionnaire as well as the Fukuda criteria for chronic fatigue syndrome (Fukuda et al. 
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1994; Lukaczer 2005; Reeve et al. 2012; Champion et al. 2013; Asvat et al. 2014). Based on a 

severity scale of 0 to 10, with 0 being no fatigue experienced and 10 being severe fatigue 

experienced, all of the volunteers included in groups 2 and 3 scored between 0-2. It seems 

unlikely that ATP availability was limiting glycine conjugation capacity in these individuals. 

5.4.9.2  Availability of CoA 

The second part of the activation step requires CoA. Gregus et al. (1991) has indicated that 

the availability of CoA can decrease in a dose-dependent manner and can subsequently limit 

glycine conjugation at high dosages of the substrate. However, looking at the reaction 

sequence, a free CoA is regenerated each time the activated intermediate is conjugated to 

glycine (Figure 5.1). In addition to this, the acetylation of PABA by NAT1 within the cytosol of 

hepatocytes also generates free CoA. Studies have indicated that biosynthesis of CoA takes 

place entirely outside of the mitochondria and that CoA is transported into the 

mitochondria via the so-called SLC25A42 mitochondrial transporter (Fiermonte et al. 2009). 

Thus, with regard to PABA metabolism, if CoA becomes a limiting factor for glycine 

conjugation within the mitochondria, CoA generated from acetylation of PABA could 

theoretically be transported into the mitochondria to assist conjugation. Gregus et al. (1991) 

also described the depletion of CoA as being dependent upon the availability of glycine. 

They described the entrapment of CoA in the form of the activated CoA intermediate as a 

secondary effect of insufficient glycine to conjugate the activated intermediate and 

regenerate CoA. Thus, with regard to limited glycine conjugation capacity observed for 

groups 2 and 3 a larger involvement of glycine availability than ATP or CoA availability is 

proposed. 

5.4.9.3  Availability of glycine 

The importance of glycine as a biomolecule has been widely argued and several studies have 

indicated the strong influence of supplementary glycine on glycine conjugation capacity  (De 

Vries et al. 1948; Gregus et al. 1991; Meléndez-Hevia et al. 2009; Knights and Miners 2012). 

Similar to BA metabolism, the availability of glycine seems to influence PABA metabolism to 

a large extent. Co-administration of glycine with PABA significantly increases the capacity of 

individuals to conjugate PABA to glycine (Deiss and Cohen 1950). It has also been indicated 

that the activity of the glycine cleavage system strongly influences the capacity of 

individuals to conjugate xenobiotics to glycine, by regulating endogenous glycine supply 

(Gregus et al. 1993). Thus, the limited formation of glycinated metabolites by groups 2 and 3 

may indicate limited availability of glycine. This suggests that PABA as a probe substance 

may have the added benefit of unmasking limited glycine availability, provided that the 

glycine cleavage system is not affected by the presence of PABA. In certain instances the 
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presence of foreign compounds may inhibit the activity of the glycine cleavage system and 

increase endogenous glycine supply. This phenomenon is often observed as 

hyperglycinemia in metabolic defects, where toxic keto-acids or CoA-derivatives of 

branched chain amino acids accumulate (Ando et al. 1972; Kolvraa 1979). It has however 

been indicated that the conjugation of large doses of BA significantly decreases systemic 

glycine (De Vries et al. 1948; Beyoğlu et al. 2012; Beyoğlu and Idle 2012; Badenhorst et al. 

2014). Consequently, in hyperglycinemia large amounts of BA is often administered as a 

treatment method to reduce the high systemic levels of glycine (Van Hove et al. 2005). This 

suggests that aromatic acids such as benzoic acid and PABA do not have a similar inhibitory 

effect on the glycine cleavage system as observed with keto-acids or CoA-derivatives. 

Supporting evidence is given by Gregus et al. (1993) who illustrated that glycine conjugation 

of benzoic acid increased markedly in the presence of a potent inhibitor (cysteamine) of the 

glycine cleavage system. Thus, during a challenge test the presence of PABA or PAABA 

would theoretically not influence the activity of the glycine cleavage system. If this was the 

case, limited glycine availability would be temporarily masked by decreased activity of the 

glycine cleavage system, and a momentary increase in glycine supply for conjugation. 

Considering all of the previously discussed factors, the less than expected amounts of 

PAAHA in combination with non-metabolised PABA excreted by groups 2 and 3, suggests 

limited availability of glycine. 

5.4.9.4  Functionality of the enzyme system 

The last regulatory factor in the pathway is the enzyme system involved. For the 

interpretation of challenge test data, it is important to establish whether the enzyme system 

itself is functional. Several SNPs within the gene encoding HXM-A, the first enzyme in the 

glycine conjugation pathway of benzoic acid, have been identified however, no information 

is available regarding the influence of genetic variation on enzyme activity in vivo 

(Boomgaarden et al. 2009). The activation of PABA and PAABA by HXM-A has not been 

indicated, nor has the possible effect of genetic variation in HXM-A on activation of PABA or 

its acetylated analogue, PAABA, been established. More information regarding the ligase 

responsible for the activation of PABA and analogues is necessary before any conclusions 

can be made. With regard to the conjugation enzyme known as GLYAT, studies have 

indicated that SNPs within the GLYAT gene can alter enzymatic function (van der Sluis et al. 

2013). It has however also been indicated that the GLYAT gene is highly conserved among 

humans and that SNPs with deleterious effect on enzyme activity are extremely rare (van 

der Sluis et al. 2015). Two SNPs have been shown to have the highest allele frequency across 

available global population data investigated, namely the N156S, with higher enzyme 

activity than the wild-type and the S17T with similar activity to that of the wild-type (van der 

Sluis et al. 2015). In the last part of this study, the GLYAT gene was investigated for possible 

non-synonymous polymorphisms that could contribute to low glycine conjugation capacity.   



 

 

 

CHAPTER 6: MOLECULAR INVESTIGATION OF THE 

GENE ENCODING GLYAT 

Little is known about the contribution of genetic variation to inter-individual variation in 

glycine conjugation capacity (section 2.5.4). The gene encoding GLYAT is highly conserved in 

humans and variants with a negative influence on GLYAT activity are rare (van der Sluis et al. 

2015). In order to investigate the possible contribution of genetic variation in GLYAT to low 

glycine conjugation capacity, the prevalence of non-synonymous polymorphisms in the 

GLYAT gene was investigated. In the first part of this chapter the coding regions of the 

GLYAT gene was sequenced, using the samples of 30 unrelated individuals, who exhibit very 

low glycine conjugation capacity. The obtained data was evaluated and in the second part of 

this chapter the 10 PABA challenge test volunteers (Chapter 5) were screened for the two 

most prevalent non-synonymous SNPs within the GLYAT gene. 

6.1  INVESTIGATION OF THE GLYAT GENE IN 30 UNRELATED SUBJECTS 

6.1.1 Sample source 

The blood samples of 30 unrelated individuals were used for the investigation of genetic 

variation in the GLYAT open reading frame (ORF) in accordance with ethical approval (NWU-

0096-08A1). The individuals were chosen based on low glycine conjugation capacity 

displayed during a challenge test previously completed at the NWU BOSS laboratory. In 

summary, 600 mg aspirin was used as the challenge substance and urine was collected over 

a 10 hour period. All individuals chosen presented with extremely low glycine conjugation 

capacity during the challenge test. The test subjects were only chosen based on their glycine 

conjugation capacity and criteria such as age and gender were not considered.  

6.1.2 DNA isolation and GLYAT exon amplification  

Total DNA was isolated from the 30 whole blood samples with the Flexigene DNA isolation 

kit from QIAGEN according to the manufacturer’s protocol (QIAGEN, Valencia, CA, USA). The 

coding regions of the GLYAT gene (exons 2, 3, 4, 5 and 6) were amplified with polymerase 

chain reactions (PCR) using the primer sets previously described by Yamamoto et al. (2009). 

The primer sequences, enzymes, amplicon lengths and annealing temperatures (Tm) used to 

amplify each exon are summarised in Table 6.1. All exons were amplified using Phusion 
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high-fidelity polymerase (Thermo Fisher Scientific, Waltham, Massachusetts, USA) except 

for exon 3, which was only successfully amplified with TAKARA Ex-Taq DNA polymerase 

(TAKARA Biotechnology CO., LTD., Japan). The deoxynucleotides (dNTPs) and dimethyl 

sulfoxide (DMSO) used were also purchased from Thermo Fisher Scientific. The amplification 

reactions were performed in a final volume of 50 μL and the constituents of each reaction 

are summarised in Table 6.2. The thermal program used for all of the amplification reactions 

is summarised in Table 6.3. Successful amplification was confirmed with agarose gel 

electrophoresis. 

Table 6.1: Primer sets, enzyme and amplicon information 

 
Primer sequence (5’ to 3’) Enzyme Amplicon size Tm (°C) 

Exon 2 
F: 5’-CTCTTGGATTTGCTGAGGAC-3’ 

R: 5’- TAGCACAGAGCAAAAGGCAG-3’ 
Phusion 527 bp 61.3 

Exon 3 
F: 5’- GTGGTTGTCTGCCCTCTGTGT-3’ 
R: 5’- CCCACCTTTGACTTCCATAG-3’ 

Ex Taq 556 bp 59.5 

Exon 4 
F: 5’- GGAGGACTTGAAATGTTCTC-3’ 
R: 5’- GCATCCAATCACCCTAAAAG-3’ 

Phusion 668 bp 58.8 

Exon 5 & 6 
F: 5’- ACCAAGCCCAGAACCAAGAT-3’ 
R: 5’- CAGAAAAACTGGCAAGGGTC-3’ 

Phusion 1454 bp 65 

 

Table 6.2: The reaction constituents of each amplification reaction 

Reagent Quantity 

Template DNA ± 100 ng 

dNTPs 2.5 mM of each 

DMSO 5 % 

Primers 0.5 μM of each 

HF Phusion Buffer (pH 8) / Ex-Taq buffer 1 x 

Enzymes (Phusion / Ex-taq) 1 U / 1.25 U 

H2O Make up to 50 μL 

 

Table 6.3: The thermal program for the amplification reactions 

T (°C) Time Cycles 

95 10 min 1 

95 30 s 

35 *Tm 30 s 

72 1 min 

72 5 min  1 

4 Hold 1 

*Tm values as stated in Table 6.1 
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6.1.3 Confirmation and preparation of amplicons for sequencing  

In order to confirm successful amplification of the exons, agarose gels were prepared (1 % 

(w/v)) in 1 x TAE buffer (0.04 M Tris-acetate, 1 mM EDTA, pH 8.5). Electrophoresis was 

performed at 90 V for 20 min in a horizontal electrophoresis tank. The amplicons were 

visualised on an UV transilluminator and the sizes of the DNA fragments estimated by 

comparing them to a DNA marker of known molecular weight. The size marker used was the 

O’ GeneRuler DNA ladder mix (#SM1173) from Fermentas (Thermo Fisher Scientific).  

After confirmation of successful amplification, the amplicons were purified from solution 

using the Nucleospin 8 PCR clean-up kit from Macherey-Nagel, Düren, Germany. Where 

non-specific amplification occurred amplicons were size selected and purified from 1 % 

agarose gels. The amplicons were excised with a razor blade and weighed. The sample was 

mixed with Binding Buffer NTI from the Nucleospin 8 PCR clean-up kit according to the 

weight of the sample and heated to 50 °C for 5 - 10 min to dissolve the agarose gel. 

Thereafter the same protocol was followed as for the amplicons in solution. Figure 6.1 is an 

example of the amplicons obtained for exons 2 – 6 from the samples of individuals 1 - 4. 

  

 

 

 

 

Figure 6.1: Examples of the agarose gels obtained for each of the amplicons. The gels indicate the 
amplicons obtained for each exon of subjects 1 - 4. 

 

 

 

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
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6.1.4 Next generation ion torrent semiconductor sequencing 

Next generation sequencing (NGS) technologies are capable of sequencing large numbers of 

different DNA sequences in a single parallel reaction. All such technologies monitor the 

sequential addition of nucleotides to immobilized and spatially separated DNA templates 

(Rizzo and Buck 2012). The Ion Personal Genome Machine TM (PGMTM) Sequencer from Ion 

Torrent (Life Technologies, Johannesburg, South-Africa) is available in our laboratory and 

was used as the NGS platform in this study. The Ion PGM uses semiconductor sequencing 

technology that detects changes in pH within the reaction environment. Template DNA 

strands to be sequenced are bonded to beads known as Ion sphere particles (ISP) and 

loaded onto a chip containing wells in which the reactions take place. The chip is flooded 

with one nucleotide after another which may be incorporated into the various DNA strands 

by the polymerase. Every time a nucleotide is incorporated a proton is released resulting in 

a change in pH. The change in pH is registered by the PGM as an incorporated nucleotide 

(Liu et al. 2012).  

6.1.4.1  Library and template preparation  

Before DNA can be sequenced with NGS the source nucleic acid material has to be 

converted into standard libraries that are suitable for loading onto a sequencing instrument 

(Van Dijk et al. 2014). In summary, fragments of the DNA molecules have to be fused with 

adapters that contain the necessary elements in order to bind and immobilise the DNA on a 

solid surface such as the ISP. The fragments are then size selected and amplified for 

sequencing. The quality of sequencing data is highly dependent upon the quality of the 

prepared library (Van Dijk et al. 2014). The purified amplicons were quantified using a 

NanoDrop Spectrophotometer and samples containing equimolar amounts (± 150 ƒmole) of 

each amplicon were prepared in 50 µL. Table 6.4 summarises the concentrations and 

volumes of each fragment used for the equimolar samples. 

Table 6.4: Samples prepared for NGS library preparation 

Amplicon 
Size 

(bp) 

Mass needed 

(ηg) 

[] of PCR product 

(ηg/μL) 

Volume 

needed (μL) 

Exon 2 527 52.7 20.41 1.30 

Exon 3 556 55.6 10.36 2.70 

Exon 4 668 66.8 26.76 1.30 

Exon 5 & 6 1454 145.4 12.59 5.80 

Total volume of DNA fragments 11.1 μL 

TE Buffer added   38.90 μL 

Total reaction volume 50 μL 
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The sequencing libraries were prepared using the Ion Plus Fragment Library kit and Ion 

XpressTM barcode adapters (1-30) according to the Amplicon Library Preparation User Guide 

(PN 4471989 Revision B). In summary, the equimolar samples were sheared into smaller 

DNA fragments and the sheared fragments were end-repaired. Ion XpressTM barcode 

adapters (1-30) were ligated to the DNA fragments in order to identify the DNA sequences 

generated for each individual. The manufacture’s protocol for 200 base-read sequencing 

was followed (Life Technologies). The barcoded products were then size-selected and each 

DNA library was amplified with eight cycles of PCR. The size and concentration of the DNA in 

each library was measured on an Agilent 2100 Expert Bioanalyser using the Agilent High 

Sensitivity DNA Kit (Agilent Technologies, Santaclara, CA). A final pooled library was 

prepared which contained equimolar amounts of each individual barcoded library (1-30). 

This final pooled library was then diluted according to the manufacturer’s recommendation. 

A sequencing template was prepared using the Ion PGMTM Template OT2 kit and the Ion 

OneTouchTM System User Guide (PN 4472403 Revision E). The multiplexed pooled library 

was amplified with 40 cycles of emulsion PCR on an ABI 9700 thermal cycler from Life 

Technologies. During this reaction the adapter ligated DNA fragments were bonded to ISPs. 

Finally, the emulsion was broken with 1-butanol and the ISPs carrying the single-stranded 

DNA templates were enriched according to the manufacture’s recommendation.  

6.1.4.2  Next generation Ion Torrent sequencing  

Sequencing was carried out on the Ion PGMTM sequencer using the Ion PGMTM 200 

Sequencing Kit and User Guide (PN 4474246 Revision D).  An Ion 314 chip with a flow 

number of 520 for 200 base-reads was used. The sequencing data obtained was analysed 

with VariantCaller version 3.0, which forms part of the Torrent SuiteTM software, together 

with CLC Genomic Workbench 7 to identify polymorphisms.  

6.1.5 Validation of the ion torrent NGS results 

6.1.5.1  Sanger sequencing 

The non-synonymous SNPs identified with the Ion Torrent PGM sequencing were validated 

by the Sanger sequencing method. Samples were sent to the Central Analytic Facility at 

Stellenbosch University for the validation of the S17T and N156S variants. Fasta files were 

created from the sequence-generated chromatograms using FinchTV software. The 

reference sequence of the human GLYAT gene (NM_201648.2) was obtained from Ensembl 

Genome Browser (www.ensembl.org) and the fasta files generated were aligned to the 

reference sequence using ClustalX 2.0. Figure 6.2 is an illustration of the alignment done for 
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Exon 2 in order to verify the presence of the S17T SNP in eight individuals, indicated in the 

red block. Once the SNPs were identified the sequence-generated chromatograms were 

investigated with FinchTV to determine if the individual was hetero- or homozygous for the 

specific SNP. Figure 6.3 is an example of the chromatograms used to identify hetero-and 

homozygotes. The N156S variant could not be validated by the Sanger method and Real-

Time PCR (qPCR) was used to validate these samples at our laboratory.  

 

Figure 6.2: An alignment of the sequence data for subjects 6-8, 11 and 12 of Exon 2 with the 
reference sequence of the GLYAT gene. The red block indicates the position of the S17T SNP. 

 

Figure 6.3: Examples of the Sanger sequence-generated chromatograms. Chromatogram A 
represents a heterozygous variant (two peaks) and B represents a homozygous variant (one peak). 

 

 

A B 
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6.1.5.2  Real-Time PCR validation of the N156S variants 

At our laboratory qPCR reactions were performed using the Taqman® SNP Genotyping Assay 

on a 7500 Real-Time PCR system from Applied Biosystems (Foster City, CA, USA). A 

predesigned assay was used for the validation of the N156S variant (C_1000255_10) with 

nucleotide change A > G. For this assay the FAM-labelled probe was used to detect the 

reference A allele sequence and the VIC-labelled probe was used to detect the variant G 

allele sequence. Each reaction mixture contained 12.5 μL TaqMan® Genotyping Master Mix 

(2X), 1.25 μL specific TaqMan® genotyping assay (20X) (supplied by Applied Biosystems), 

1.25 μL nuclease free water and 10 μL DNA (± 20 ηg per reaction). Reactions were prepared 

and analysed in triplicate and two no template controls were included in each assay. The 

PCR thermal cycle was as follows: a pre-PCR read at 60 °C for 1 min; 95 °C for 10 min; 40 

amplification cycles (95 °C for 15 sec and 60 °C for 1 min) followed by a post PCR read for 1 

min at 60 °C. Figure 6.3 is an illustration of the amplification plot obtained from the 

triplicate analysis of the same DNA sample. Similar plots were obtained for all samples. The 

data generated was analysed using the Taqman® Genotyper Software (Version 1.3) from 

Applied Biosystems. Figure 6.4 in an illustration of the allelic discrimination plots obtained 

with the Genotyper software.  

 

Figure 6.4: An illustration of the amplification plot for the validation of the N156S SNP in study 
sample 1. The FAM-labelled probe was used to detect the reference A allele (no amplification) and 
the VIC-labelled probe was used to detect the variant G allele sequence. The sample was done in 
triplicate. 
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Figure 6.5: An example of the allelic discrimination plot obtained for the N156S Real-Time PCR 
assay for individuals 1-7. All individuals in the figure are homozygous (VIC/VIC) for the N156S 
variant. 

6.1.6 Final results of the GLYAT ORF sequencing of 30 unrelated subjects 

A total of seven SNPs were identified from the sequencing of the coding regions of the 

GLYAT gene in 30 unrelated individuals with low glycine conjugation capacity. Table 6.5 

summarises the results of the sequencing and validation of the non-synonymous SNPs. Only 

two non-synonymous SNPs were identified and validated namely the S17T (rs10896818) and 

N156S (rs675815). The S17T variant, which has similar activity to the wild-type, was only 

identified in eight of the individuals and all eight were heterozygous for the SNP. Similar to 

previous studies done, all 30 individuals tested were homozygous for the N156S variant 

(Yamamoto et al. 2009; Lino Cardenas et al. 2010; van der Sluis et al. 2015). The N156S 

variant has been shown to have higher enzyme activity than the wild-type and has the 

highest allele frequency across world-wide population data investigated (van der Sluis et al. 

2013; van der Sluis et al. 2015). It has been suggested that the N156S variant should be 

regarded as the wild-type human GLYAT rather than the reference sequence (van der Sluis 

et al. 2015). The remaining five SNPs identified were within the intron regions of the GLYAT 

gene and no correlations could be made in this study between these SNPs and enzyme 

activity. In this study no non-synonymous variants of the GLYAT gene with deleterious 
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effects on enzyme activity were detected. From these results it seems unlikely that non-

synonymous SNPs in the GLYAT gene contribute to impaired glycine conjugation capacity of 

these individuals. Similar results have been obtained by van der Sluis et. al. 2015 and it was 

suggested that the GLYAT gene is highly conserved among humans due to the importance of 

glycine conjugation in hepatic metabolism and function (van der Sluis et al. 2015). No defect 

in the glycine conjugation pathway has been detected and from the available literature it 

seems unlikely that genetic variation in the GLYAT gene contributes to inter-individual 

variation in glycine conjugation capacity (van der Sluis et al. 2015). 
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Table 6.5: Results of the Ion Torrent Semiconductor Sequencing 

The validated non-synonymous SNPs are indicated in green. 

Location Reference Variant rs number 
Amino Acid 

change 

Volunteers (1-15) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Exon 2 T A rs10896818 S17T TT TT TT TT TT TA TA TA TT TT TA TA TT TT TT 

Intron 3 T A rs610165 N/A AA AA AA AA AA AA AA AA AA AA AA AA AA TA AA 

Intron 4 C T rs2509908 N/A CC CT CC CC CC CC CC CC CT CC CC CC CC CC CC 

Exon 5 A G rs675815 N156S GG GG GG GG GG GG GG GG GG GG GG GG GG GG GG 

Intron 5 A G rs675757 N/A GG GG GG GG GG AG AG AG GG GG AG AG GG GG GG 

Intron 5 C T rs675423 N/A TT TT TT TT TT CT CT CT TT TT CT CT TT TT TT 

Exon 6 T C rs2509911 N/A TT TC TT TT TT TT TT TT TC TT TT TT TT TT TT 

Location Reference Variant rs number 
Amino Acid 

change 

Volunteers (16-30) 

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Exon 2 T A rs10896818 S17T TT TT TT TT TT TT TA TA TT TT TT TA TT TT TT 

Intron 3 T A rs610165 N/A AA AA AA AA AA AA AA AA AA AA AA AA AA AA TA 

Intron 4 C T rs2509908 N/A CC CC CT CT CC CC CC CC CC CC CC CC CC CC CC 

Exon 5 A G rs675815 N156S GG GG GG GG GG GG GG GG GG GG GG GG GG GG AG 

Intron 5 A G rs675757 N/A GG GG GG GG GG GG AG AG GG GG GG AG GG GG AG 

Intron 5 C T rs675423 N/A TT TT TT TT TT TT CT CT TT TT TT CT TT TT CT 

Exon 6 T C rs2509911 N/A TC TC TT TT TT TT TT TT TT TT TT TT TT TT TT 
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6.2 SCREENING FOR THE S17T AND N156S VARIANTS IN THE GLYAT GENE OF THE PABA 

CHALLENGE TEST VOLUNTEERS  

The N156S and S17T variants are consistently found across populations at high frequencies 

(van der Sluis et al. 2015). The investigation of the gene encoding GLYAT in 30 individuals 

with extremely low glycine conjugation capacity delivered the same results. With reference 

to chapter 5, 10 unrelated volunteers (A-J) were used in an adapted glycine conjugation 

challenge test where PABA was used as the challenge substance. Large variations were 

observed in the rate and quantity of PABA glycine conjugates excreted by each individual. In 

an attempt to investigate whether genetic variation in GLYAT was a possible cause for the 

large variations observed, all 10 individuals were screened for the N156S and S17T variants 

using qPCR. 

6.2.1 DNA isolation and sample preparation 

Blood samples were collected from the 10 volunteers in accordance with ethical approval 

(NWU-0096-08A1). Total DNA was isolated from 200 μL whole blood with the Flexigene DNA 

isolation kit from QIAGEN (QIAGEN, Valencia, CA, USA). The qPCR reactions were performed 

with the Taqman® SNP Genotyping Assay on a 7500 Real-Time PCR system from Applied 

Biosystems (Foster City, CA, USA). The same predesigned assay mentioned in section 6.5.2 

was used for the identification of N156S variant. A custom designed assay was used to 

detect S17T (T > A) (C_31317955_20). In this assay the VIC-labelled probe was used to 

detect the reference T allele sequence and the FAM-labelled probe was used to detect the 

variant A allele sequence. Each reaction mixture contained 12.5 μL TaqMan® Genotyping 

Master Mix (2X), 1.25 μL specific TaqMan® genotyping assay (20X) (supplied by Applied 

Biosystems), 1.25 μL nuclease free water and 10 μL DNA (± 20 ηg per reaction). Reactions 

were prepared and analysed in triplicate and two no template controls were included in 

each assay. The PCR thermal cycle was as follows: a pre-PCR read at 60 °C for 1 min; 95 °C 

for 10 min; 40 amplification cycles (95 °C for 15 sec and 60 °C for 1 min) followed by a post 

PCR read for 1 min at 60 °C. The data was analysed using the Taqman® Genotyper Software 

(Version 1.3) from Applied Biosystems. 

6.2.2 Results of the Real-Time PCR detection of the N156S and S17T variants 

Similar to the results described in section 6.5.2, all 10 individuals were homozygous for the 

N156S variant, illustrated by Figure 6.5 and Figure 6.6. These findings correlate well with the 

results of studies where different world-wide population data was analysed (van der Sluis et 

al. 2015). The S17T was detected in four of the 10 individuals and similar to previous results 

all four were heterozygous, illustrated by Figure 6.7 and Figure 6.8.  
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Figure 6.6: An example of the amplification plot for the detection of the N156S SNP in PABA 
challenge test volunteer A. 

Figure 6.7: The allelic discrimination plot for the detection of the N156S SNP in the 10 PABA 
challenge test volunteers. All of the volunteers (A-J) were homozygous (VIC/VIC) for the N156S 
variant. 
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Figure 6.8: An illustration of the amplification plot for the detection of the S17T SNP in PABA 
challenge test volunteer C. Both the T and A allele were amplified. 

 

Figure 6.9: The allelic discrimination plot for the detection of the S17T SNP in the 10 PABA 
challenge test volunteers. Four of the 10 volunteers (C, E, G, & J) were heterozygous (VIC/FAM) for 
the S17T SNP, indicated in green. The rest of the volunteers were homozygous (VIC/VIC) for the 
reference sequence. 
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Table 6.6: Results of the N156S and S17T Real-Time PCR assays 

From these results it seems unlikely that genetic variation in the ORF of GLYAT is the cause 

of the large inter-individual variations in the rate of glycine conjugation of PABA observed in 

these 10 volunteers (section 5.4). Since the N156S variant has been shown to have a higher 

enzyme activity than the wild-type and the activity of the S17T is similar to that of the wild-

type, the GLYAT enzyme should theoretically be functional in these individuals (Van der Sluis 

et al. 2013). The levels of protein expression could also be an influential factor but can only 

be determined using tissue samples. 

 

Location 
Nucleotide 

change 

Amino 

acid 

change 

SNP 

Identity 

Volunteers 

A B C D E F G H I J 

Exon 2 T > A S17T rs10896818 TT TT TA TT TA TT TA TT TT TA 

Exon 5 A > G N156S rs675815 GG GG GG GG GG GG GG GG GG GG 



 

 

 

CHAPTER 7: CONCLUSIONS AND FUTURE PROSPECTS 

7.1  BIOTRANSFORMATION AND HUMAN BIOMONITORING 

During the last few decades tremendous industrialisation and infrastructure development 

have led to a worldwide surge in the usage of man-made chemicals and xenobiotics. For 

example, the use of preservatives in food has increased so significantly that in certain 

populations benzoic acid (BA) intake has been estimated to be as high as 280 % of the 

recommended daily allowance (Tfouni and Toledo 2002). In addition to this several 

ointments, over the counter preparations, supplements, cosmetics and hygiene products 

contain compounds such as salicylates and benzyl alcohols which are metabolised to BA 

following absorption. It is well known that with high exposure and/or impaired metabolism 

of toxic compounds, several physiological processes can be altered biochemically, which can 

lead to a variety of adverse health consequences with varying degrees of severity (Sears and 

Genuis 2011). A wide array of man-made chemicals used in food, consumer goods and 

health care products present such health risks through long-term exposure. In a recent 

report by the World Health Organization, it was estimated that approximately 40 % of 

worldwide human deaths and disease burdens (amounting to around 62 million per year) 

was attributed to exposure to several hazardous xenobiotics (Hassan et al. 2015). 

Consequently, several countries (USA, Canada, Germany, Denmark, Belgium, France etc.) 

currently have established and growing national biomonitoring programs to assess 

nutritional status and exposure of the population to man-made chemicals and toxic 

xenobiotics (Choi et al. 2015). In several other countries, interest in the subject of human 

biomonitoring (HBM) has increased markedly with several HBM studies taking place due to 

the exponential increase in exposure of humans to harmful chemicals across the globe (Choi 

et al. 2015). The development and implementation of HBM processes which evaluate and 

manage exposure and disease risk has thus become an important area of research (Choi and 

Aarø 2015; Hassan et al. 2015).  

The process of HBM entails the use of scientifically-developed approaches to assess human 

exposure to certain endogenous and xenobiotic compounds that may originate from the 

diet, environment, occupation and lifestyle. Interpretation of HBM data allows the 

modelling of compound behaviour and assessment of the potential toxicological impact on 

an individual level (Alves et al. 2014). The methods rely on the quantification of certain 

biomarkers which serve as indicators of exposure or as indicators of the effect on biological 

systems. These biomarkers are typically quantified from human specimens (blood, urine, 

saliva etc.) and the measured concentrations are commonly referred to as “body burdens” 
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or chemical burden of the body (Choi et al. 2015). Biomarkers of exposure can be used to 

predict susceptibility and outcome however, interpretation of the data is often quite 

challenging due to low concentrations in biological systems, short half-lives or quick 

biotransformation into other metabolites (Alves et al. 2014). On the other hand, biomarkers 

of effect provide integrative information regarding the impact of exposure through the 

quantification of metabolites produced by the complex pathways of the human 

biotransformation system (Alves et al. 2014; Choi and Aarø 2015). The complexity of 

biotransformation metabolism often requires the evaluation of a set of complementary 

biomarkers rather than only a single substrate-product approach (Hassan et al. 2015). 

Consequently, the functionality of the biotransformation system is central to the 

interpretation of biomarkers of effect and HBM. The ability to eliminate hazardous 

compounds is completely dependent upon the physiological and biochemical status of the 

individual (Sears and Genuis 2011). Any factors that impair full functionality of 

biotransformation biochemistry, such as nutritional deficiencies or genetic predisposition, 

will prevent proper elimination of toxic substances and consequently influence 

interpretation of biomarker data (Sears and Genuis 2011). Therefore, the assessment of 

biotransformation functionality has an important role to play in HBM.   

The value of HBM was recognised in the European Environmental and Health Action Plan for 

2004-2010 however, its potential use for personalised medicine and improvement of 

individual health has not yet been properly utilised. Limitations mainly include lack of 

standardised methods and validated biomarker availability (Choi et al. 2015).  The 

developed methods and results of this study provide a functional test that can be used as 

part of an integrated and focused approach to HBM. The methods can be employed to 

evaluate the burden of toxic aromatic acid exposure, such as BA, on the human glycine 

conjugation system or, to identify possible limitations in the functionality of the pathway.  

7.2  RELEVANCE OF THE GLYCINE CONJUGATION PATHWAY 

The importance of functional glycine conjugation has been underestimated by researchers. 

The aromatic acids which are substrates for the glycine conjugation pathway are capable of 

disrupting energy production and mitochondrial integrity if not effectively removed from 

the body (Badenhorst et al. 2014).  Studies have also reported on sodium benzoate DNA 

adduct formation and slow decay of the formed adducts at high exposures to benzoate (Xue 

et al. 2004).  Additionally, the metabolism of large amounts of aromatic acids can 

significantly reduce systemic levels of glycine, an amino acid which is utilised in the synthesis 

of several biomolecules (porphyrins, creatine, serine, collagen) (Meléndez-Hevia et al. 

2009). An impaired glycine conjugation system can thus have a significant negative impact 

on a variety of other pathways and physiological processes. Due to a metabolic interaction 

with intestinal microbiota and increased consumption of processed foods, human exposure 
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to toxic aromatic acids has become continuous and unavoidable. The detrimental 

implications of impaired glycine conjugation emphasises the importance of being able to 

accurately monitor individual glycine conjugation capacity and the factors that may limit it. 

At the onset of this study, certain constraints were identified in the literature regarding 

knowledge of the glycine conjugation pathway and the methods used to characterise it. 

Three distinct limitations of current methodology were recognised namely time duration of 

the challenge test, safety of the challenge substances used and limited selectivity of the 

analytical methods used. In addition to this, little is known about the influence of genetic 

variation within the glycine conjugation path on individual glycine conjugation capacity in 

vivo. The need for a safer challenge test in combination with an approach that provides 

supplementary information regarding the glycine conjugation pathway was identified.  

In summary, the aims of the study were: 

1. To develop and validate an HPLC-MS/MS method capable of detecting and 

quantifying BA, aspirin and PABA together with their respective glycine conjugation 

products in human urine.  

2. To evaluate the use of PABA as a possible alternative glycine conjugation probe.  

3. To investigate the coding regions of the GLYAT gene for possible SNPs that may 

influence individual glycine conjugation capacity. 

7.3 SUMMARY  

7.3.1 Method development 

The first aim of the study was addressed through the development and validation of an 

HPLC-ESI-MS/MS method. Reversed phase chromatography using an Agilent StableBond – 

Phenyl column together with positive electrospray ionisation and MRM detection proved 

successful for most of the analytes. Aspirin and BA presented a challenge for ESI-MS 

detection due to their low IE in both positive and negative ionisation modes. The 

compounds could be detected more successfully using a UV detector. In order to still be 

able to analyse all of the compounds in a single run, the method was adapted by coupling an 

Diode Array Detector between the HPLC and the tandem MS to create an HPLC-DAD-MS/MS 

instrument.  

7.3.2 Method validation 
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Before application of the method to biological samples, method validation was carried out 

to ensure validity of the obtained results. Validation of the developed method 

demonstrated acceptable linearity (R2   0.995), precision (Intra-day   9.17; Inter-day   

15.0) and accuracy (100 % ± 15 %, Intra- and Inter-day). The method displayed acceptable 

selectivity and was not affected significantly by matrix effect (MF = 1 ± 0.15, LQC & HQC 

measured in human urine & synthetic urine). The analytes were generally stable (within 15 

% of the nominal concentration) in human urine, synthetic urine and water assessed under a 

variety of conditions. No carry-over was observed for any of the analytes between samples. 

From the validation experiments it was clear that the method could be employed for the 

quantification of glycine conjugation probes together with their respective conjugates in 

human urine. 

7.3.3 Method application in an adapted challenge test 

The second aim of the study was addressed by evaluating PABA as a conjugation probe in an 

adapted challenge test. Ten human volunteers participated in a test where 550 mg PABA 

was ingested and hourly urine samples were collected. Not only was the applicability of the 

analytical method assessed but PABA as a conjugation probe was also evaluated. None of 

the volunteers presented with any adverse reactions to PABA, as is often the case with BA 

and aspirin. Time-dependent quantification of PAHA, the primary glycine conjugate of PABA, 

revealed significant differences between individuals regarding rate and efficiency of the 

pathway.  

The first meaningful observation made from these results was that a shortened challenge 

test protocol could possibly reveal variations in glycine conjugation rate more clearly than a 

10 hour approach. Secondly, the so-called hippurate ratio calculation revealed that different 

pathways were dominant with regards to the metabolism of PABA between individuals 

(acetylation vs. conjugation). Using a PCA score plot the volunteers could be grouped 

according to their hippurate ratio values. Further investigation into the percentage of the 

initial dose excreted by each of the volunteers, revealed discrepancies regarding the 

amounts of PABA absorbed from the GI tract. These results suggest that PABA could possibly 

also serve as an indicator of phase 0 biotransformation.  

Investigation into the percentage of the dose excreted as each of the possible compounds 

indicated that in two groups (group 2 and 3) co-factor availability (ATP, CoA, glycine) was 

possibly limiting the efficiency of the glycine conjugation pathway. From the results of the 

Piper fatigue scale, Medical Symptoms Questionnaire and the Fukuda criteria for chronic 

fatigue syndrome, limited availability of ATP seemed unlikely. Limited availability of CoA also 

seemed unlikely since both the acetylation as well as the conjugation of PABA generates 
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free CoA.  Consequently, limited availability of glycine was most likely responsible for the 

less than expected amounts of glycinated compounds excreted by groups 2 and 3. If PABA 

has no influence on the glycine cleavage system, this probe holds the potential of 

unmasking limited glycine availability for conjugation. The last factor that had to be 

evaluated was the functionality of the enzyme system. 

7.3.4 Molecular investigation of the GLYAT open reading frame 

Very little information is available regarding the substrate selectivity and the effect of 

genetic variation on the ligase (HXM-A) responsible for the activation step of substrates in 

vivo. More information regarding the ligase responsible for the activation of PABA and 

analogues is required before any conclusions can be made. 

With regard to the conjugation enzyme, GLYAT, SNPs capable of altering enzymatic function 

have been characterised and the open reading frame (ORF) of the gene is highly conserved 

among humans (Van der Sluis et al. 2013; van der Sluis et al. 2015). The two SNPs that occur 

at the highest allele frequencies across available worldwide population data are associated 

with increased (N156S) and similar (S17T) enzyme activity compared to the wild type. 

Polymorphisms with deleterious effect on GLYAT activity are extremely rare (van der Sluis et 

al. 2013; van der Sluis et al. 2015). 

In the last part of this study, the GLYAT ORF was investigated for possible non-synonymous 

polymorphisms that could be associated with low glycine conjugation capacity. The coding 

regions of the GLYAT gene of 30 unrelated individuals with low glycine conjugation capacity 

were sequenced and the results were validated by the Sanger sequencing method and 

qPCR. The only two non-synonymous SNPs identified were N156S and S17T, which is 

comparable to the results described in literature. All of the individuals were homozygous for 

the N156S polymorphism, associated with increased enzyme activity, suggesting that 

genetic variation within GLYAT was not the cause of the low glycine conjugation capacity 

observed in these individuals. No conclusions could be made about expression of the GLYAT 

protein, which can also be an influential factor, since tissue samples are needed to do the 

necessary assays. 

The genetic variation of the GLYAT gene was also investigated in the 10 volunteers who 

participated in the PABA challenge test, by screening for the presence of the N156S and 

S17T SNPs using qPCR. As suspected all of the volunteers were homozygous for N156S 

suggesting that the conjugating enzyme is functional. The results supports the notion that 

glycine was most likely the limiting factor in the glycine conjugation pathway of the 

volunteers in Groups 2 and 3, rather than limited enzyme activity. 
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7.4 CONCLUSION 

In summary, four main conclusions could be made from the results obtained in this study. 

Firstly, the selective and sensitive analytic method developed in this study makes it possible 

to analyse multiple glycine conjugation substrates and products in a single run, directly from 

human urine with high accuracy and precision. The method can be employed to gather 

insightful information regarding the metabolic load on the glycine conjugation pathway of 

an individual. 

Secondly, more information regarding inter-individual variation in the rate of glycine 

conjugation could be obtained by shortening the current 10 hour time frame for sample 

collection. With this approach it would be possible to identify slow metabolisers more 

efficiently and test compliancy could be increased. 

Thirdly, PABA holds potential as a well-tolerated glycine conjugation probe that provides 

supplementary information regarding the pathway. The intricacies of PABA 

biotransformation can be applied to provide information regarding phase 0 absorption. The 

use of PABA as a conjugation probe in combination with relevant clinical questionnaires, 

holds further potential of unmasking limited co-factor availability, such as glycine. 

Fourth and finally, it seems unlikely that non-synonymous polymorphisms in the GLYAT 

open reading frame are the cause of the inter-individual variation in human glycine 

conjugation capacity. The GLYAT gene seems to be highly conserved and essential for 

human survival. 

7.5 FINAL REMARKS 

It is clear that research about biomonitoring is growing at an exponential rate.  This is 

illustrated by the fact that only a few papers on this topic were published in the 1960s while 

the number of peer review publications increased to more than 1400 in the year 2000 and 

has ever since not stopped increasing (Needham et al. 2007).  In this respect glycine 

conjugation and the measurement of the functionality of the metabolism involved is highly 

relevant.  The work presented in this study could contribute positively to the larger context 

of biomonitoring.  This argument is further strengthened by the approach of using a probe 

substance which provides more insight into the functionality of the specific conjugation 

pathway, combined with information from gene-level contributions. To echo the words of 

Liska et al.: “Identifying slow, fast or otherwise imbalanced individual detoxification can be 

extremely important. Assessment of detoxification gives the health professional more 

precise and definitive tools for assessment, a better understanding of an individual’s unique 
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metabolic detoxification capacity, and the opportunity to tailor nutritional support and 

environmental factors to reduce symptoms associated with metabolic toxicity” (Liska et al. 

2006). 

7.6 RECOMENDATIONS FOR FUTURE RESEARCH 

To contribute to future developments regarding biomonitoring and biotransformation, the 

following suggestions are made: 

 Firstly it could be of value to compare the glycine conjugation capacity of the same 

individuals using multiple glycine conjugation probes (BA, aspirin and PABA). 

 

 A multi-substrate probe mixture could then possibly be employed to obtain 

enhanced detection of imbalances in the glycine conjugation pathway. This approach 

could help to clarify the involvement of co-factors and improve treatment on 

personalised level. 

 

 An investigation into the ligase responsible for activation of PABA would be highly 

beneficial for better interpretation of PABA challenge test data. It would also be of 

worth to determine the substrate selectivity of HXM-A toward PABA and compare it 

to the substrate selectivity of HXM-A toward BA and aspirin. 

 

 Another valuable contribution would be to determine the load on the glycine 

conjugation pathway by identifying other compounds capable of conjugation to 

glycine. Specific precursor ions functions of the tandem mass spectrometer could be 

developed for this. Such methodology could assist in the identification of potential 

harmful xenobiotica capable of depleting conjugation co-factors. 

 

 Finally, the test procedure could be improved to rely on the use of a dry matrix for 

sample collection and transport.  This will significantly contribute to the handling of 

samples, increase test compliancy and minimize load on existing infrastructure. 
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APPENDIX D: RAW DATA 

Sample 
Name 

Creatinine 
(g/L) 

Hour 
PAHA Results PABA Results PAAHA Results PAABA Results HA Results 

mg/L mg/g crea mg/L mg/g crea mg/L mg/g crea mg/L mg/g crea mg/L mg/g crea 

A BL 1.18 0.00 8.09 6.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

A1 1.28 1.25 8.31 6.50 0.00 0.00 0.00 0.00 0.00 0.00 293.12 229.33 

A2 2.04 2.33 8.19 4.01 0.00 0.00 35.07 17.17 36.79 18.01 279.02 136.59 

A3 0.21 3.24 56.84 267.91 0.00 0.00 151.82 715.53 66.06 311.33 46.80 220.57 

A4 0.10 4.35 27.07 269.27 0.00 0.00 106.85 1062.69 29.44 292.75 16.78 166.85 

A5 0.10 5.22 18.27 190.90 0.00 0.00 101.44 1060.15 23.84 249.18 14.47 151.18 

A6 0.50 10.00 14.27 28.36 10.33 20.54 122.43 243.37 40.04 79.60 55.15 109.63 

B BL 2.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 179.90 78.87 

B1 3.01 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 346.57 115.10 

B2 1.16 2.25 154.57 133.14 0.00 0.00 123.54 106.41 73.32 63.15 144.59 124.54 

B3 0.45 3.13 436.72 973.37 0.00 0.00 241.50 538.27 91.17 203.21 64.85 144.54 

B4 0.37 4.00 129.89 353.04 0.00 0.00 194.76 529.36 62.03 168.60 48.97 133.11 

B5 0.28 5.00 25.95 93.05 0.00 0.00 97.24 348.64 24.18 86.69 36.69 131.56 

B6 3.01 10.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 346.57 115.10 

C BL 2.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 156.04 67.63 

C1 2.44 1.00 400.41 163.88 0.00 0.00 297.87 121.91 254.02 103.96 132.81 54.36 

C2 3.02 2.00 1093.00 362.48 1.95 0.65 437.64 145.14 415.21 137.70 173.21 57.44 

C3 0.78 3.25 138.41 177.64 2.44 3.14 267.62 343.48 142.15 182.45 73.52 94.36 

C4 0.22 4.00 19.96 92.29 0.00 0.00 104.64 483.88 34.68 160.35 16.95 78.40 

C5 0.61 6.00 6.41 10.48 0.00 0.00 68.94 112.78 21.85 35.30 29.23 47.91 

C6 0.61 10.00 0.00 0.00 4.77 7.80 0.00 0.00 0.00 0.00 41.50 67.89 

D BL 1.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 209.07 106.32 

D1 0.91 1.00 0.00 0.00 0.00 0.00 0.10 0.11 6.57 7.20 46.71 51.19 

D2 0.09 2.00 0.00 0.00 0.00 0.00 5.82 62.59 4.38 47.12 5.23 56.26 

D3 0.14 3.00 4.18 29.31 0.00 0.00 38.68 270.99 17.40 121.91 7.59 53.20 
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Sample 
Name 

Creatinine 
(g/L) 

Hour 
PAHA Results PABA Results PAAHA Results PAABA Results HA Results 

mg/L mg/g crea mg/L mg/g crea mg/L mg/g crea mg/L mg/g crea mg/L mg/g crea 

D4 0.15 4.00 7.52 49.02 0.00 0.00 56.35 367.45 22.11 144.19 10.34 67.39 

D5 0.11 5.00 6.46 56.36 0.00 0.00 33.32 290.87 10.08 87.94 6.68 58.30 

D6 1.01 10.00 79.81 78.89 0.10 0.10 148.22 146.51 61.15 60.45 51.43 50.83 

E BL 1.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 200.77 134.94 

E1 2.28 1.00 1695.69 743.14 0.00 0.00 332.38 145.67 220.52 96.65 136.83 59.96 

E2 2.42 2.00 1051.54 433.69 0.00 0.00 418.54 172.62 244.57 100.87 185.93 76.68 

E3 1.21 3.00 101.16 83.62 0.00 0.00 226.33 187.09 71.60 59.19 120.36 99.49 

E4 0.54 4.00 19.08 35.32 0.00 0.00 83.73 154.97 13.68 25.33 70.30 130.12 

E5 1.00 5.00 15.51 15.49 0.00 0.00 75.53 75.42 12.16 12.14 119.51 119.33 

E6 1.38 10.00 2.59 1.88 0.00 0.00 17.36 12.57 1.48 1.07 76.79 55.63 

F BL 1.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 121.49 105.93 

F1 2.21 1.00 83.33 37.65 0.00 0.00 91.82 41.49 72.85 32.92 80.61 36.43 

F2 1.11 2.00 1407.15 1270.07 0.20 0.18 301.35 271.99 226.68 204.60 46.11 41.62 

F3 0.28 3.00 203.16 730.80 0.00 0.00 244.40 879.12 75.98 273.31 32.04 115.24 

F4 0.38 4.00 45.07 117.45 0.00 0.00 106.31 277.03 31.66 82.51 41.40 107.89 

F5 1.15 5.33 33.84 29.33 0.00 0.00 95.65 82.91 31.66 27.44 122.98 106.59 

F6 1.25 10.00 6.62 5.31 0.00 0.00 26.94 21.63 5.12 4.11 96.89 77.79 

G BL 2.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 362.33 177.34 

G1 3.27 1.25 54.99 16.80 0.00 0.00 49.66 15.17 10.55 3.22 267.50 81.70 

G2 3.09 2.13 2382.79 770.73 0.00 0.00 291.94 94.43 445.61 144.14 157.30 50.88 

G3 0.39 3.03 886.17 2248.30 0.00 0.00 315.53 800.53 162.75 412.90 33.38 84.69 

G4 0.10 4.00 79.40 797.74 0.00 0.00 110.91 1114.36 28.86 289.93 8.60 86.41 

G5 0.09 5.00 23.07 250.59 0.00 0.00 47.89 520.17 8.88 96.42 6.58 71.44 

G6 0.73 10.00 11.41 15.61 0.00 0.00 48.43 66.27 14.84 20.30 40.80 55.83 

H BL 3.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 407.43 109.23 

H1 0.39 1.08 0.92 2.33 0.00 0.00 0.00 0.00 1.85 4.71 49.02 124.55 

H2 0.59 2.03 1013.36 1727.36 0.00 0.00 281.98 480.66 145.51 248.04 53.56 91.29 

H3 0.23 3.00 269.56 1159.78 0.00 0.00 208.27 896.09 61.24 263.50 19.69 84.73 

H4 0.15 3.92 15.15 102.77 0.00 0.00 33.21 225.38 5.21 35.36 12.41 84.24 

H5 0.13 5.07 14.54 116.00 0.00 0.00 31.58 252.04 4.78 38.11 11.88 94.80 

H6 0.71 10.00 5.08 7.12 0.00 0.00 21.63 30.33 4.78 6.71 51.57 72.34 
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Sample 
Name 

Creatinine 
(g/L) 

Hour 
PAHA Results PABA Results PAAHA Results PAABA Results HA Results 

mg/L mg/g crea mg/L mg/g crea mg/L mg/g crea mg/L mg/g crea mg/L mg/g crea 

I BL 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 189.12 194.59 

I1 0.07 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 23.56 317.51 

I2 0.06 1.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 21.00 352.41 

I3 0.12 2.95 276.26 2210.55 0.00 0.00 133.91 1071.51 46.96 375.74 35.20 281.68 

I4 0.06 4.00 217.18 3472.41 0.00 0.00 149.87 2396.20 36.46 582.98 18.96 303.09 

I5 0.15 5.00 124.30 846.02 0.00 0.00 176.29 1199.93 42.63 290.17 28.48 193.85 

I6 0.49 10.00 17.36 35.12 0.00 0.00 87.35 176.65 18.54 37.50 50.92 102.97 

J BL 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 104.61 204.85 

J1 0.16 1.00 656.81 4089.66 0.00 0.00 70.42 438.46 41.45 258.07 26.99 168.07 

J2 0.16 2.00 646.73 4107.93 0.00 0.00 69.21 439.60 41.26 262.05 24.76 157.28 

J3 0.17 3.00 903.82 5443.69 0.00 0.00 186.55 1123.60 83.35 502.02 25.88 155.88 

J4 0.17 4.00 456.31 2645.59 5.74 33.30 384.52 2229.37 147.16 853.19 67.20 389.60 

J5 0.11 5.00 33.57 309.17 0.47 4.29 42.41 390.59 11.57 106.56 16.41 151.11 

J6 0.48 10.00 11.62 24.19 5.36 11.16 33.02 68.72 9.08 18.91 72.34 150.57 
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