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ABSTRACT 

This thesis, titled: ‘Phase I and II biotransformation in patients with chronic fatigue’, forms part of 

the research and development programme of the Centre for Human Metabolomics at the NWU. 

There is no consensus definition of fatigue, ranging from idiopathic chronic fatigue (CF) to the 

more severe chronic fatigue syndrome and myalgic encephalomyelitis (CFS/ME). Against these 

diverse clinical presentations of fatigue, the working hypothesis formulated for the present study 

is: ‘The wide occurrence of fatigue amongst individuals not suffering from a distinct clinical 

disorder may be due to an energy deprived state as a consequence of the individual’s response 

to undefined exposure to xenobiotics, and which should be measurable in the metabolite 

profiles of biofluids from the fatigue cases’.  

Here we present in a thesis, structured in four parts, the first comprehensive investigation on 

CF, using a battery of selected indicators for phase I and II biotransformation measured in 

biofluids from a cohort of 576 female patients, all diagnosed by physicians to suffer from CF. 

Part I includes two literature reviews. Chapter 1 deals with the mechanism of detoxification of 

xenobiotics by acyl-CoA synthetases, illustrated for benzoate and aspirin which highlights the 

complexity of multi-step detoxification. Chapter 2 presents a review on biotransformation and 

CF to further justify the working hypothesis. This review led to the proposal of a model for the 

combined influence of genome-based biotransformation and the exposome, leading to CF. A 

causal relationship is proposed for chronic xenobiotic exposure and the energy demand for the 

biotransformation responses, which may underlie idiopathic CF. 

Part II covers the methodological part of the study. Chapter 3 presents detail on selected 

methods and on patient selection through information gained from our biotransformation test 

manual. Chapter 4 focus on the analytical aspects with special emphasis on method validation 

for phase I and II biotransformation analysis. Chapter 5 gives the statistical rationale to enable 

differentiation between all patients, using the complete set of data. The Chi-square Automatic 

Interaction Detection (CHAID) decision tree proved to be the preferred method for classification 

of the patient cohort.  

Part III presents the results from the study. Chapter 6 is a contribution to improved 

understanding of the kinetic mechanism involved in human glycine-N-acyltransferase with high-

performance liquid chromatography–electrospray ionization tandem mass spectrometry (HPLC–

ESI-MS/MS). Chapter 7 represents the culmination of the study, describing the 

biotransformation profiles from the cohort of patients in response to a hepatic detoxification 

challenge, identification of a potential biosignature for CF and the classification of all patients 
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through the CHAID decision tree. Chapter 8 illustrates how untargeted 1H-NMR-metabolomics 

provided quantitative metabolite information on the detoxification challenge. 

Part IV is a general discussion leading to a synthesis, proposing that the new insights could 

contribute to an improved detection and a future treatment strategy on CF. As predicted, no 

single biomarker account for CF but the use of a biosignature holds promise as a diagnostic tool 

for a personalized characterization of CF. Part IV is concluded with a few proposals for future 

research.  

Keywords: Biotransformation; chronic fatigue; chronic fatigue syndrome/myalgic 

encephalomyelitis (CFS/ME); xenobiotics; acyl-CoA synthetases (ACSs); exposome; glycine 

acyl transferase (GLYAT); high-performance liquid chromatography–electrospray ionization 

tandem mass spectrometry (HPLC–ESI-MS/MS); Chi-square Automatic Interaction Detection 

(CHAID); proton nuclear magnetic resonance (1H-NMR); biosignature; personalized diagnostics. 

Format: This thesis is presented in article format and meets the requirements set out by North-

West University. Thus, the following six full papers and manuscripts form part of the thesis: 

Chapter 1:  

Van der Sluis, R. & Erasmus, E.  2016.  Xenobiotic / medium chain fatty acid: CoA ligase – a 

critical review on its role in fatty acid metabolism and the detoxification of benzoic acid and 

aspirin.  Expert Opinion on Drug Metabolism & Toxicology, 12(10):1169–1179.  

doi:10.1080/17425255.2016.1206888 

Chapter 2:  

Erasmus, E. Chronic fatigue, the exposome and biotransformation [Manuscript to be submitted 

in a revised form to Expert Opinion on Drug Metabolism & Toxicology].  

Chapter 5: 

Steffens, F.E., Erasmus, E. & Reinecke, C.J. A statistical approach for the classification of 

chronic fatigue cases, based on large and diverse data sets. [Manuscript to be submitted in an 

Afrikaans format to Suid Afrikaanse Tydskrif vir Natuurwetenskappe en Tegnologie].  
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Chapter 6: 

van der Sluis, R., Ungerer, V., Nortje, C., van Dijk, A. & Erasmus, E.  2017.  New insights into 

the catalytic mechanism of human glycine N-acyltransferase. Journal of Biochemical and 

Molecular Toxicology, 31(11):  doi:10.1002/jbt.21963 

Chapter 7: 

Erasmus, E., Steffens, F.E., Van Reenen, M., Vorster, B.C. & Reinecke, C.J. 2019.  

Biotransformation profiles from a cohort of chronic fatigue women in response to a hepatic 

detoxification challenge. PLoS ONE, 14(5):1–22.  doi:10.1371/journal.pone.0216298 

Chapter 8: 

Erasmus, E., Mason, S., van Reenen, M., Steffens, F.E., Vorster, B.C. & Reinecke C.J. A 

laboratory approach for characterizing chronic fatigue: what does metabolomics tell us? 

[Accepted for publication in Metabolomics manuscript number, MEBO-D-19-00082R1 22 Nov 

2019.  doi:10.1007/s11306-019-1620-4] 

Reference to the following paper is included in Chapter 9.7 as an example on future approaches 

on biotransformation and chronic fatigue research:  

Venter, M., Tomas, C., Pienaar, I.S., Strassheim, V., Erasmus, E., Ng, W.F., Howell, N., 

Newton, J.L., Van der Westhuizen, F.H. & Elson, J.L.  2019.  MtDNA population variation in 

Myalgic encephalomyelitis/Chronic fatigue syndrome in two populations: a study of mildly 

deleterious variants.  Scientific Reports, 9(1):1–8.  doi:10.1038/s41598-019-39060-1 
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IBS Irritable bowel syndrome 

IEM Inborn errors of metabolism 

IOM Institute of Medicine 

LC-MS/MS Liquid chromatography-tandem mass spectrometry 

LLOD Lower limit of detection 

LOAD Late-onset Alzheimer disease 

LOD Limit of detection 

LOQ Limit of quantification 

Max Maximum 

ME 

MF 

Myalgic encephalomyelitis or Maine; relating to a state in the US 

Matrix factor 

Min Minimum 

MPA Metaphosphoric acid 

Mr Molecular mass 

MRM Multiple reaction monitoring 

MS/MS Tandem mass spectrometry 

MSQ Medical symptoms questionnaire 

mtCK Mitochondrial creatine kinase 

MTE Mitochondrial thioesterase 

MZ Monozygotic 

NADPH Nicotinamide adenine dinucleotide phosphate 

NAPQI N-acetyl-p-benzoquinone imine 

NIEHS National Institute for Environmental Health Sciences 

NIH National Institutes of Health 

NINDS Neurological disorders and stroke 

NMR Nuclear magnetic resonance 

NRF National Research Foundation of South Africa 

Nrf2 Nuclear factor, erythroid 2-related factor 2 

Nrf2-ARE Nuclear factor, erythroid 2-related factor 2-antioxidant response elements 

NSAID Nonsteroidal anti-inflammatory drug 

NWU North-West University 

NYD Not yet diagnosed 

OATPs Organic anion transporting peptides 

ORF Open reading frame 

OXPHOS Oxidative phosphorylation 
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PABA P-aminobenzoic acid 

PBMCs Peripheral blood mononuclear cells 

PCA Principal component analysis 

PCr Phosphocreatine 

PFS
 

Piper Fatigue Scale 

PLS-DA Partial least squares discriminant analysis 

PU for CHE  Potchefstroom University for Christian Higher Education 

p-value Probability value; the probability of making a Type I error 

QC Quality control 

QOL Quality of life 

R
2
 Coefficient of determination 

RF Response factor 

ROS Reactive oxygen species 

RRF Relative response factor 

RSD Relative standard deviation 

RT Retention time 

S Salicylic acid 

SAU Salicyluric acid 

SD Standard deviation 

SLC25 Solute carrier family 25 

SNPs Single nucleotide polymorphisms 

SOP Standard operating procedure 

SPE Solid phase extraction 

SPECT Single-photon emission computed tomography 

SSIEM  Symposium of the Society for the Study of Inborn Errors of Metabolism 

TAG Triacylglycerol 

TCA Tricarboxylic acid 

T-GSH Total glutathione 

TIA Technology Innovation Agency 

TMAO Trimethylamine N-oxide 

TMCS Trimethylchlorosilane 

TMS Trimethylsilyl 

TNB 5-thio-2-nitrobenzoic acid 

TPTZ 2,4,6-tris-2-(pyridyl)-1,3,5-triazine 

TSP Trimethylsilyl-2,2,3,3-tetradeuteropropionic acid 

TXI Triple-resonance inverse 

UCP Uncoupling protein 

UK United Kingdom 

US United States of America 

UV Ultraviolet 

VDAC Voltage-dependent anion carrier 

VIP Variable importance in projection 

WHO World Health Organization 

X Xenobiotica 

X-OH Oxidized intermediate 

Latin terms  

De novo Anew; from the beginning 

In vivo In life; a process within a living organism 
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GLOSSARY OF TERMINOLOGY USED IN THIS THESIS 

1. Biotransformation According to the IUPAC vocabulary of terms used in medicinal 

chemistry, biotransformation is the modification of chemical 

compounds by living organisms or enzyme preparations. Generally 

this process is applicable to both xenobiotics and endogenous 

compounds, but medicinal chemistry usually concentrates on 

metabolic biotransformation of pharmaceutical agents (Borodina et 

al., 2003). 

2. Xenobiotics Xenobiotics have been defined as chemicals to which an organism is 

exposed that are extrinsic to the normal metabolism of that organism 

and without nutritional value (Hoensch et al., 1979). 

3. Detoxification The metabolic process by which toxins are changed into less toxic or 

more readily excreted substances. 

4. Personalized medicine The terms ‘stratified’, ‘personalised’ or ‘precision’ medicine all refer 

to the grouping of patients based on risk of disease, or response to 

therapy, using diagnostic tests or techniques (Academy of Medical 

Sciences, 2015). 

5. Alternative medicine The definition used by the National Center for Complementary and 

Alternative Medicine in the United States is “healthcare practices 

that are not an integral part of conventional medicine (NCCAM, 

2000). 

6. Translational research Translational research is the process of applying knowledge from 

basic biology and clinical trials to techniques and tools that address 

critical medical needs. Unlike applied sciences, translational 

research is specifically designed to improve health outcomes. It uses 

an integrated team of experts who are focused on translating useful 

information from laboratories to doctors’ offices and hospitals. It’s a 

“bench to bedside” bridge (UC Davis, 2016). 

7. Functional metabolism An adaptability necessary for conserving the stability of the 

intracellular environment (homeostasis), which is, in turn, essential 

for maintaining an efficient functional state (Storey, 2004). 

8. Exposome At its most complete, the exposome encompasses life-course 

environmental exposures (including lifestyle factors), from the 

prenatal period onwards (Wild, 2005).  
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PREFACE 

I formally joined the inborn error of metabolism group in Biochemistry at the PU for CHE in 

1986. At that stage the group had already established collaboration with South African 

physicians and paediatricians interested in metabolic disorders. In collaboration with Professor 

S.K. Wadman and his group at the clinical biochemistry division at Wilhelmina Kinderziekenhuis 

in Utrecht, the Netherlands, a severe case with a presumed metabolic disorder, diagnosed by a 

paediatrician, Dr. Celia Erasmus, turned out to be late-onset biotin-responsive multiple 

carboxylase deficiency (Erasmus et al., 1985). This was the first diagnosis of an inborn error of 

metabolism from the Potchefstroom group and was related to the first case of that disorder, only 

reported two years earlier (Wolf et al., 1983). As a young lecturer in biochemistry I clearly 

remember the interest in the diagnosis of a “new” metabolic disorder.  

Within the group, my own focus was on the analytical aspects to identify and quantify diagnostic 

metabolites in inborn errors of metabolism, described in my MSc-thesis: “Die gebruik van 

gaschromatografie, massaspektrometrie en rekenaartegnologie in die identifisering van 

organiese-suururië”, PU for CHE, 1987. Even more importantly to me, was the impact of 

treatment and the subsequent effect on the metabolic and clinical level. These early diagnoses 

included cases of isovaleric aciduria, propionic academia, 3-methylglutaconic aciduria and 

pyroglutamic aciduria.  In contrast to what we expected, treatment based on dietary intake 

corrections, cofactor supplementation and detoxification substrate supplementation did not 

always result in an improved clinical outcome. Treatment with cofactors and conjugation 

substrates worked well in isovaleric acidemia, but we achieved only limited success in propionic 

acidemia and dietary-based treatment in a patient with pyroglutamic aciduria failed to restore a 

normal health profile in the index case. This highlighted three very important facets in the 

treatment of metabolic disorders to us: (i) Early diagnosis. This point implies a close 

collaboration between the physicians and biochemists which specialize in the field of 

metabolism, including the analytical technology required for precision in diagnosis and 

monitoring of treatment; (ii) the success in treatment of these disorders was closely linked to the 

metabolic location of the defect. If the aberrant enzyme could benefit from dietary and/or 

coenzyme/cofactor treatment or if the conjugation moiety was a good substrate for a 

conjugation enzyme, then usually there was a marked improvement in the clinical features 

associated with the specific metabolic disorder. (iii) Even when there was an option for 

treatment based on improved detoxification of the accumulating metabolites, the clinical 

outcomes between individuals with the same defect still varied quite significantly, pointing to 

genetic heterogeneity and inter-individual variability in metabolic disorders. 
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Following our expanding competence with metabolic disorders in infants and children, we 

progressively experience physicians referring more and more adult patients for metabolic 

investigations. The reason for these referrals was often due to some idiopathic condition to 

which the physician could not link a specific diagnosis. In many of these cases, fatigue was one 

of the accompanying or even major clinical feature and mitochondrial energy abnormalities 

seemed to be the obvious source of fatigue. Metabolic investigations did, however, not reveal 

any undisputable metabolites to be biomarkers of perturbed energy metabolism in these adults. 

I began to suspect some sort of secondary influence on the mitochondria where accumulating 

endo- and exotoxins could perhaps inhibit the mitochondrial energy production system and 

thereby cause fatigue. The prominent role of fatigue in many of these idiopathic conditions was 

highlighted in a publication in the Canadian family physician journal in 2007, in which the 

authors stated that fatigue was amongst the top ten differential diagnoses in the family medicine 

practice. According to this publication fatigue was the main complaint in 45.80% of the patients 

under 45 years of age and in 36.60% of the patients 45 years and older (Ponka & Kirlew, 2007). 

 

 

 

 

 

 

 

Figure I:  Top ten differential diagnoses in the family practice. Adapted from David Ponka & 
Michael Kirlew, Canadian family physician, 2007. 

I became convinced that the involvement of the liver in the metabolism of potentially harmful 

compounds, defined as “biotransformation” and the potential link to fatigue should be 

investigated. The limitation of direct metabolic investigations into liver metabolism was however 

also clear to us, seeing that our institution was not directly linked to a clinical set-up. In addition, 

investigations on biotransformation at the time were hampered by the absence of well-

Fatigue NYD 

45.80% 

Viral Illness 

11.80% 

Anemia 3.3% 

Other 27.40% 

Influenza 1.00% 

Depression 2.1%  

Medication side-effect 0.4% 

Sinusitis 1.9%  

Anxiety / Stress 4.5% 
Mononucleosis 1.6% 
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established metabolites or biomarkers which indicates efficient biotransformation. In some way 

the functionality of the liver biotransformation had to be asserted however, and the potential that 

liver challenge tests held in this regard was convincingly argued for in the functional approach 

developed by Dr. DeAnn Liska (PhD) and clinical collaborators. In their publication 

“Detoxification and biotransformational imbalances” (Liska et al., 2006), they emphasized the 

utility of challenge tests to monitor liver biotransformation and the effect of impaired 

biotransformation on oxidative stress levels (Liska, 1998). Moreover, a similar view on the value 

of challenge tests is shared by nutritional scientists of repute (Pellis et al., 2012; Van Ommen et 

al., 2009). I also realized that the rationale behind challenge tests on biotransformation would 

not be practiced by most physicians, as the general contention is that all potentially harmful 

compounds are metabolized and excreted naturally. This general misconception is now 

becoming well-acknowledged (Reviewed by Sears and Genuis (2012) in “Environmental 

determinants of chronic disease and medical approaches: recognition, avoidance, supportive 

therapy, and detoxification”). The need for pathological tests to evaluate the individual’s health 

state with regard to exposure to endo- and exotoxins is now well-recognised, where the 

importance of biochemical marker testing to assess liver and kidney function is highlighted in 

what they referred to as a general approach to detoxification (Sears & Genius, 2012). To place 

the outcome of these biochemical tests into a useable clinical perspective it remains a 

prerequisite to obtain clinical data from these patients with regard to a wide range of clinical 

symptoms. 

 

Figure II:  The proposed funding model of the Technology and Innovation Agency (TIA) 
for the development of research activities to the commercial level which entails seed and 
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start-up support. The relative position of the biotransformation test development and 
implementation is reflected in shades of blue in the upper-half of Figure II. 

Against this background, my interest shifted towards research on biotransformation and 

importantly included a pilot programme on biotransformation tests in fatigue adults, initiated in 

2007. The pilot phase turned to the actual project with myself being the main investigator, 

providing outcomes which formed a major part of the present thesis. The experimental design of 

the comprehensive biotransformation study largely complied with the research and development 

requirements of the newly founded Technology and Innovation Agency (TIA) of South Africa. 

TIA was established as a developmental research initiative and provided seed funding and 

start-up support for innovative projects, as illustrated schematically in Figure II. As such, the 

present project was successfully registered as “The Technology Innovation Agency 

Biotransformation Project” (TIA-BOSS Project). The problem statement and aims of the 

research for the present thesis had, however, a wider scope than the TIA project. 

Functional metabolism is essential to maintain homeostasis, including the key aspect of efficient 

energy production to sustain metabolic and bodily functions. Lessons learned from our research 

in inborn errors of metabolism and later from preliminary biotransformation profile results on 

treatment of clinically cases from our referral clinicians, demonstrated that one of the most 

effective treatment methods was to focus on removal of potential toxic substances. Chronic 

metabolite exposure at toxic levels (like what would occur in a metabolic disorder) lead to a 

variety of clinical symptoms, with fatigue nearly always present, although often over-shadowed 

by other symptoms. Similarly, fatigue is a general observation seen in individuals with persistent 

exposure to environmental xenobiotics, with effective removal of the affectors often resulting in 

marked improvement of the clinical symptoms. Against this background I formulated the 

following working hypothesis for the present study on fatigue and biotransformation:  

“The wide occurrence of fatigue amongst individuals not suffering from a distinct clinical 

disorder may be due to an energy deprived state as a consequence of the individual’s 

response to undefined exposure to xenobiotics, and which should be measurable in the 

metabolite profiles of biofluids from the fatigue cases”  

This working hypothesis complied with the aims of TIA, expressed in their Strategic Objective 1: 

“to stimulate the development and commercialisation of technology-based services, processes 

and products”. Following application and consultation, the NWU received co-funding from TIA 

for the further development of the hypothesis towards practical implementation and included the 

co-operation of CareDoc (practice number 0346756), a private clinical trial facility in South 

Africa as well as co-operation from several referring physicians in private practice.  
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Finally, the thesis that emanated from my research is presented in article format according to 

the technical and academic requirements of the North-West University. The glossary provides a 

list of terms for the explanation of some key concepts or terms used in this thesis. 

Supplementary Information as well as a Google drive link with complex data are included in the 

final section of the thesis. The thesis itself is presented in four parts: 

Part I, “Biotransformation in context”, consists of two literature reviews. Chapter 1 deals with the 

role of medium chain fatty acid: CoA ligase in detoxification reactions, using benzoic acid and 

aspirin as model substances and Chapter 2 focuses on an exploration of the concept of 

“biotransformation”, from which a refined hypothesis was formulated. Part II focuses on 

methodological aspects. This includes, firstly, the experimental design and the 

Biotransformation and Oxidative Stress Status (BOSS) brochure, used to generate the clinical 

data and collection of the biofluid samples (Chapter 3). Secondly, the analytical aspects are 

described for standardizing the biochemical analysis, summarized in the Standard Operational 

Procedure for the BOSS project (Chapter 4) and thirdly the statistical method developed to 

analyse three unrelated data sets (clinical, fatigue and biochemical information (Chapter 5). 

Part III presents the main contributions that emanated from the study: (1) new insights into the 

catalytic mechanisms of GLYAT, an important biotransformation enzyme (Chapter 6); (2) the 

biotransformation profiles of a cohort of fatigue patients in response to a hepatic detoxification 

challenge (Chapter 7); and (3) an untargeted metabolomics approach to assess a laboratory 

method for characterizing chronic fatigue (Chapter 8). Finally, Part IV is a synthesis of current 

results and is presented with emphasis on future developments (Chapter 9). 

Based on our experience with IEM’s, it was clear that studies involving human subjects requires 

detailed clinical information about every patient, both to compare individuals with each other 

and for the clinician to evaluate treatment outcome. For this purpose, I compiled a set of 

validated fatigue and medical symptoms questionnaires that were incorporated into the 

biotransformation test kit. 
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1.1 Introduction 

Human health and the environment is a key international issue. On the global level, the World 

Health Organization (WHO) “aims to enhance capacity in countries through regional technical 

networks of experts, intercountry sharing of good practices, research, policies and action on 

environmental and occupational hazards to health and strengthening environmental surveillance 

and information systems. Emphasis is placed on enabling strengthened collaboration between 

health and environment sectors” (WHO, s.a.). Humans are constantly and extensively exposed 

to numerous fabricated products, some of which are useful and others hazardous. An important 

question on the molecular level is how individual cells and the microbiome within the human 

body protect themselves against the continuously changing environment. In this regard 

biotransformation functions in the centre stage. Biotransformation entails metabolic processes 

that occur mainly in the liver and are primarily described as the enzymatic conversion of 

potentially harmful substances which results in inactivation, detoxification and an enhanced 

likelihood of excretion in urine or bile (Van der Westhuizen et al., 2000; Zamek-Gliszczynski et 

al., 2006). 

Biotransformation of xenobiotics is an important biological defense mechanism against endo- 

and exotoxins and has been well reviewed (Arana et al., 2014; Fasinu et al., 2012; Park et al., 

2014). Many detailed aspects on the mechanism of biotransformation still remains unresolved, 

some of which are important for the present investigation. One of these is the biochemical link 

between processes within the intermediary metabolism and xenobiotic metabolism and 

detoxification. In this chapter a review is presented on the interphase between fatty acid 

metabolism and detoxification, taking benzoic acid and aspirin as model xenobiotics (Van der 

Sluis & Erasmus, 2016). This review paved the way towards our investigation on the catalytic 

mechanism of human glycine N-acyltransferase, described in Chapter 6.  

1.2 A literature review and expert opinion — Xenobiotic/medium chain fatty acid: 

CoA ligase — a critical review on its role in fatty acid metabolism and the 

detoxification of benzoic acid and aspirin (Van der Sluis et al., 2016 — 

publication I):  
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2.1 Introduction 

In the preface a working hypothesis for the present study was inductively formulated as: 

“The wide occurrence of fatigue amongst individuals not suffering from a distinct clinical disorder 

may be due to an energy deprived state as a consequence of the individual’s response to 

undefined exposure to xenobiotics, and which should be measurable in the metabolite profiles 

of biofluids from the fatigue cases” 

Chapter 2 provides a review of literature related to the working hypotheses. Together with the 

insights from Chapter 1, these two reviews serve the basis for defining the aims and objectives 

of the thesis (§2.9 p31).  

Chapter 2, firstly, focuses on the interrelation between fatigue, the environment and 

biotransformation — a metabolic response towards conserving homeostasis for maintaining an 

individual’s efficient functional physiological state. The concept of the exposome is then 

introduced as an important aspect related to the working hypothesis.  Secondly the review 

proposes an avenue for analytical measurements to assess the presumed relation between 

metabolic profiles of biofluids obtained from clinical cases with a defined chronic fatigue profile.  

The Chapter is presented in the form of a review paper according to the instructions of the 

Expert opinion journals of the Taylor and Francis Group. The intention is that the format of the 

Chapter will be extended and revised by including additional information on biotransformation 

and fatigue, coming from the papers presented in this thesis. Thus, Chapter two has a dual 

purpose: (1) it provides a literature review for assessment of the working hypothesis and 

formulation of the aims and objectives for the study and (2) the literature review forms the basis 

for a manuscript to be submitted to an appropriate journal after completion of the study. 

2.2 A literature review and expert opinion — Chronic fatigue, the exposome and 

biotransformation (Manuscript to be submitted I): 
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Abstract 

Introduction: Fatigue has a complex aetiology, ranging from mild situational presentations to 

severe chronic fatigue syndrome and myalgic encephalomyelitis (CFS/ME). For a deeper 

understanding of fatigue, the US National Institutes of Health (NIH) announced strategic 

initiatives which significantly increased funding allocations for CFS/ME research. The present 

review argues for the central role of biotransformation in the understanding of chronic fatigue 

(CF).  

Areas covered: CF is not a trivial condition but a situational presentation within the fatigue 

spectrum, reflected in the wide range of its effects. The relation between fatigue and the 

exposome is discussed through a review of factors affecting energy metabolism suspect in 

fatigue conditions followed by the four phases of biotransformation that are primarily involved in 

the enzymatic conversion of potentially harmful substances which results in their inactivation, 

detoxification and excretion. 

Expert opinion: A causal relationship between chronic xenobiotic exposure and the energy 

demand for biotransformation responses may underlie idiopathic chronic fatigue. This complex 

relationship is illustrated here by a representative model. Based on the model a novel laboratory 

approach is proposed by using an intervention study that would provide a knowledge-base to 

explore causality, offering an avenue for prevention, diagnosis and treatment of chronic fatigue 

and ultimately paving the way towards personalized medicine. 

mailto:Lardus.Erasmus@nwu.ac.za
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 Introduction 2.2.1

The US National Institutes of Health (NIH) recently announced that the agency would 

strengthen investigations on chronic fatigue syndrome and myalgic encephalomyelitis (CFS/ME) 

by increasing funding allocations to CFS/ME research from US$6 million in 2016 to $15 million 

in 2017 (Maxmen, 2018). A major incentive for the intensified research on CFS/ME came from 

the report of the US Institute of Medicine (IOM), estimating that 836,000 to 2.5 million 

Americans have the CFS/ME disorder (Clayton, 2015). A key finding from the survey was that 

CFS/ME is a “serious, chronic, complex and systemic disease.” It is envisaged that the negative 

past perceptions of fatigue, because of the field’s reputation for controversial research, will now 

be overcome, that the diverse presentations of severe fatigue will receive their rightful position 

amongst other research interests and that the millions of people who suffer from fatigue-related 

disorders globally will be the beneficiaries. 

Fatigue presents as disproportionate levels of physical and/or cognitive/mental exhaustion, a 

lack of energy following simple activities, and a condition that is not ameliorated with ordinary 

rest, and which is common in the general population. Although there is no consensus definition 

of fatigue (Jason et al., 2010), the current view in case definitions for CFS/ME is that it involves 

a multifactorial pathogenesis with varying predictions on prognosis. However, it is proposed that 

the strict dichotomy of an “organic” versus a “psychic” disorder, once held, should be 

abandoned (Brurberg et al., 2014). 

Until the mid-1980s, physicians often ascribed symptoms of fatigue to neuroses and 

depression, degraded to “yuppie flu” by the lay community. But things changed. Contemporary 

expertise in molecular biology and in the fields of genomics, proteomics and metabolomics 

provides powerful technologies that are expected to open up renewed research on associations 

between fatigue and several proposed underlying factors, including symptomatic viral infections 

(Magnus et al., 2015), the immune system (Maes et al., 2012), perturbed metabolism (Naviaux 

et al., 2016) and on a proposed link between fatigue and the microbiome (Giloteaux et al., 

2016). Regardless of this wide coverage, the cause of CFS/ME remains uncertain. However, 

the NIH initiative holds the promise to expand research on fatigue in general and specifically 

how to target the CFS/ME field (Maxmen, 2017). In line with this expectation, this review 

highlights the benefits of a holistic approach towards a deeper insight into various 

manifestations of chronic fatigue, as explained in what follows.  

First, it is progressively being realized that the risk of acquiring a chronic disease is not only 

influenced by a person’s genetic make-up, but also by the numerous exposures expressed in 

the concept of the exposome (Wild, 2005), covering all external and internal exposures of an 



CHAPTER       2 

18 
 

2 

individual’s experience during an entire lifetime (Wild, 2012). Apart from genetic predisposition, 

it has been shown that chronic diseases often develop from a combination of a diverse range of 

non-genetic influences (Rappaport, 2016), supporting the call for a holistic approach to 

understanding an individual’s ability to cope with fatigue-inducing influences.  

Second, xenobiotics are a major and an increasingly important component of the exposome. 

Xenobiotics, and their metabolites that result from biotransformation, play a pivotal role in health 

and disease, but this remains a largely unexplored territory (Koppel et al., 2017). Fortunately, 

the METLIN Exposome Database (Guijas et al., 2018) was recently expanded and presently 

provides data on more than 950,000 unique small molecules, including analytical information on 

intermediates and products from the biotransformation system. The expanded database covers 

abundant phase I biotransformation products and a significant number of phase II conjugation 

products, such as 726 glucuronides (654 with associated MS/MS information) and 1989 

sulphate-conjugates (366 containing MS/MS data), and hydroxylation and methylation products 

(Warth et al., 2017). 

Third, research in the 1990s proposed a link between CF and detoxification (Rigden et al., 

1998), but confirmation and follow-up studies are sparse or unconvincing (Dorne et al., 2005). 

However, human metabolism is well-recognized to serve as the mainline chemical defensive 

network against exogenous low-molecular-weight inorganic and organic substances through a 

biotransformation system; several studies have demonstrated that CF is entangled in genetic 

effects and environmental influences (Sullivan et al., 2005). In a review paper on mitochondrial 

dysfunction and fatigue, Filler et al. recently argued that, “Once the underlying mechanisms of 

fatigue are better understood, individualized and tailored therapies can be developed to improve 

quality of life of patients.” (Filler et al., 2014). Against this background, this review argues for a 

holistic view on CF, the impact of the exposome, and on the essential role of biotransformation 

in maintaining homeostasis. 

 Chronic fatigue 2.2.2

Fatigue is defined as a condition or phenomenon of decreased ability and reduced efficiency of 

mental and/or physical activities, caused by excessive mental or physical demands, diseases, 

or syndromes (Jason et al., 2010). The intensity of the fatigue experience differs significantly 

among individuals, ranging from very mild at the lower end to CF and ultimately CFS at the 

upper extreme of the fatigue scale (Nicolson, 2014). Complaints of fatigue seem to be more 

prevalent in women than in men (Bleijenberg, 2003). In a publication from Ottawa University’s 

Medical Faculty, it was stated that fatigue was the main complaint in 45.8% of patients under 45 

years of age and in 36.6% of patients over 45 (Ponka & Kirlew, 2007). CF, however, is not 
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regarded to be a normal physiological condition and was originally described as neurasthenia in 

the Norwegian medical literature in the early 1880s. The American neurologist, George M. 

Beard, made the first diagnosis of neurasthenia in 1869, which he explained as occurring in 

people with depleted nervous energy, causing the malfunction of organs, resulting in a number 

of symptoms, one of which was fatigue (Schuster, 2003). Fatigue is also associated with excess 

mortality in the general population. This has been confirmed by results from the EPIC-Norfolk 

study (Basu et al., 2016). 

Further research about fatigue and its causes remained complex. Scientists have difficulty in 

understanding the aetiology and classification of fatigue within different illness groups. This is 

further complicated by several "fatigue syndromes" that are occasionally described in the 

medical literature. Epstein-Barr chronic fatigue syndrome, post-viral infection fatigue syndrome, 

and adrenal fatigue syndrome are among the most commonly mentioned. Of special interest, 

however, are patients who apparently suffer from idiopathic chronic fatigue. In a study of 375 

patients with unexplained disabling fatigue, 70% showed objective signs of pathogen presence 

(Morris et al., 2016). An early question to asked is whether CF is “a symptom or a syndrome?” 

(Lewis & Wessely, 1992) or whether chronic fatigue and ME/CFS are variants of sickness 

behaviour (Morris et al., 2013). The search for a relation between ME/CFS and other conditions, 

like multiple sclerosis and major depression, through neuroimaging has recently shown that 

high-resolution SPECT imaging may have the capacity to differentiate CFS patients from those 

diagnosed with depression (Morris et al., 2018). However, many physicians do not recognize 

the above aetiologies as syndromes, as the criteria to define syndromes are too diffuse and 

many consider the associated fatigue (sometimes chronic fatigue) as either a symptom or 

complication of the underlying associated diseases (Davis et al., 2010). In the past this 

negatively affected patient–doctor interaction. This unfortunate patient–physician relationship 

was clearly illustrated in a recent Norwegian survey, in which the outcome of the treatment that 

patients who suffered from fatigue-related illnesses received was not very promising. In the 431 

cases, quality of care was rated poor by 60.6% in primary care, by 47.7% in specialist care, and 

by 71.2% regarding coordination of care (Hansen & Lian, 2016). Fortunately, surveys like this 

alerted the health authorities to the seriousness of the problem. In the UK, for instance, 

multidisciplinary teams have now been set up, consisting of a co-ordinator, rehabilitation 

consultant or GP specialist, physiotherapist and occupational therapist, and a psychologist (or 

access to psychological services), which has led to much improved treatment of fatigued 

patients (Horton et al., 2010). 

Researchers have attempted a more systematic approach to the complexity of fatigue rating by 

implementing fatigue-rating scales to define the intensity of fatigue experienced by individuals. 

https://www.emedicinehealth.com/chronic_fatigue_syndrome/article_em.htm
https://www.emedicinehealth.com/chronic_fatigue_syndrome/article_em.htm
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Dittner and co-workers reported the outcome of a comprehensive literature search for the period 

1966–2003, which included investigating several large databases (Dittner et al., 2004). In this 

search they have detected no fewer than 30 different fatigue-rating scales. In an evaluation 

study about reliability, validity and utility of fatigue-rating scales, the authors came to the 

conclusion that there was no ideal measure of fatigue (Whitehead, 2009). Nevertheless, a 

number of these measuring instruments were rated highly in terms of reliability, amongst them 

the revised Piper Fatigue Scale (PFS) with a Cronbach’s α value of 0.97 (Piper et al., 1998). 

The revised PFS was developed mainly to measure subjective fatigue and influencing factors in 

patients with breast cancer. The multidimensionality of the Piper Fatigue Scale, however, 

provides an opportunity for the applicability of the scale to other fatigue-related conditions. The 

original Piper Fatigue Scale contains 40 items whereas the revised one retained 22 variables 

with an intensity rating of 0–10. The final product was designed to measure four dimensions of 

subjective fatigue, namely, behavioural/severity; affective meaning; sensory and 

cognitive/mood. The confirmation of multidimensionality of the revised Piper Fatigue Scale by 

Piper and co-workers was an important outcome of their study as accurate assessment and 

measurement is paramount to advance the science of fatigue.  

Many of the scaling instruments that were developed specifically focused on diagnosing CFS, 

CFS/ME and ME (Jason et al., 2012) while chronic fatigue in all its degrees of severity received 

less attention. Only one in 7 patients with chronic disabling fatigue meets criteria for CFS (David 

L, 2001), which leaves a large number of undiagnosed cases with chronic fatigue. While not 

ignoring the seriousness of CFS, it should be emphasized that CF is not trivial, and it is 

associated with disability comparable to that found in other chronic illnesses. Chronic fatigue 

also has the potential to severely limit normal functioning and health-related quality of life 

(Lavergne et al., 2010). One prominent candidate in this respect is the effect of exposure on 

fatigue; fortunately promising new initiatives are under way such as the Exposure Science 

Ontology (ExO) proposed by Mattingly et al. (2012). 

 Human exposure 2.2.3

Exposure science focuses on understanding and characterizing receptor interactions with one 

or more environmental stressors of concern (Mattingly et al., 2012). Monitoring exposure is no 

trivial task and efforts have been made to develop and apply new and better monitoring tools 

(Niedzwiecki & Miller, 2016), for which the term biomonitoring has been coined. The use of 

biomonitoring in exposure science is important, because the results can identify highly exposed 

or unexposed individuals, including population profiles and comparison of different population 

groups (Lioy, 2010).  
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Biomonitoring, also referred to as biological monitoring, has been defined as the periodic 

measurement of exposure to a biomarker, which in turn has been defined as an exogenous 

substance or its metabolite or the product of an interaction between a xenobiotic agent and 

some target molecule or cell that is measured in a compartment within an organism (Committee 

on Biological Markers of the National Research Council, 1987). In this regard, it is important to 

note that biomonitoring does not provide a direct measure of environmental exposure, but is an 

important means to assess internal exposure to specific chemical(s), which indicates the 

cumulative effect of environmental exposures (sources and modes of exposure), as well as to 

the various mechanisms of biotransformation and clearance from the body (Clewell et al., 2008). 

The complexity of these analyses is further illustrated by the fact that information about the 

pharmacokinetics of the compound(s) involved in relation to the biological matrix, in which it is 

measured, is needed. In addition to this the exposure time (which includes variables such as 

geographical origin, duration, frequency and relative intensity) must also be considered (Clewell 

et al., 2008). The practical use of biomonitoring data to estimate the degree of environmental 

exposure is therefore complicated by these and other confounding factors.  

Against this background, various criteria have been defined to improve biomarker application. 

Amongst these are sensitivity, specificity and biological relevance (Silins & Högberg, 2011). The 

concentration of chemicals detected in human samples is normally very low, ranging from parts 

per billion to parts per trillion (Clewell et al., 2008). This may seem extremely low but information 

on persistent exposures at these levels — as in industrial settings — may be clinically important. 

Thus, the potential impacts of chronic exposure to xenobiotics have become realized, seen in 

new developments in the field of epigenetic research and their implications for future 

generations may be far-reaching (Wei et al., 2015). Adverse environmental exposures in early 

life and epigenetic variation and possible long-term health outcomes are just some of the 

emerging focal points in the field of clinical epigenetics (Vaiserman, 2015).  

Great improvement in analytical capabilities, such as increased sensitivity and specificity, have 

made it possible to quantify many of these compounds in human physiological samples (Zitka et 

al., 2012). This includes measurement of these toxins themselves, newly formed metabolites 

because of the presence of the toxins and biotransformation products of these metabolites with 

a combination of chromatographic separation techniques coupled to different ionization sources 

and mass analyzers (Roux et al., 2011). It is, however, also true that in general our ability to 

quantify exogeneous compounds in bodily fluids is far more advanced than being able to relate 

any of these compounds to human health risk (Hays et al., 2007). The strong point of 

biomonitoring tests is that they provide clear evidence of exposure, but they are of limited value 

regarding the source of exposure or the prediction of health outcome. This health issue is 
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highlighted by the following quote from De Luca et al.: “The lack of satisfactory reliability and 

specificity of the biomarkers presently measured in the clinical setting, and the almost absolute 

void of epidemiological data on treatment safety, efficacy and compliance assessment by the 

responsible clinicians, raise undeniable ethical concerns for public health operators.” (De Luca 

et al., 2011). Currently, chemical legislation is limited by being based on one-by-one 

assessments of single substances, and so does not reflect exposure in the real world 

(Holmberg, 2013).  

Combined exposures to chemicals are also thought to be involved in increased allergies and 

other environment-linked disabling conditions like multiple chemical sensitivity, chronic fatigue 

syndrome and fibromyalgia (De Luca et al., 2011). These cumulative chemical exposures on a 

chronic level may overload the capacity of the liver to achieve detoxification, especially evident 

in cases where inherited or acquired impaired metabolism of xenobiotics triggered negative 

responses at exposure levels far below toxic values. This is especially relevant to lifestyle 

exposures of modern man, who experiences a wide array of different synthetic chemicals, many 

of them used on a regular basis, for example as prescription medicines (Claus et al., 2016; 

Needham et al., 2007). 

The expanding contribution of the drug industry alone to adding new molecules to the number 

for combined chemical exposure is demonstrated in a publication in Future medicinal chemistry, 

titled “Medicinal Chemistry for 2020” (Satyanarayanajois & Hill, 2011). Herein reference is made 

to rational drug design in all its many manifestations, and that the “drug-discovery” process has 

become rather a “drug-creation” process, emphasizing the synthesis of new drug compounds 

(Aguzzi & Gitler, 2013). It could be argued that these chemicals are tested for their safety for 

human consumption, but their contribution to the overall exposure basket is largely ignored. In 

addition, pharmaceutically active substances are among the so-called “emerging” contaminants 

that have caused great concern in recent years due to the variety of drug-related hepatotoxic 

effects (Barceló, 2007). 

This is seen in the growing trend to move away from traditional biomonitoring to a combination 

of biomonitoring with broader exposomic approaches by which the benefits of both strategies 

can be fully exploited (Dennis et al., 2017). 

 The exposome 2.2.4

In a 2005 publication in Cancer epidemiology, biomarkers & prevention, the cancer researcher 

Christopher Wild suggested that the genome should be complemented with the “exposome” 

(Wild, 2005). Wild defined the exposome as the measure of all the exposures of an individual in 
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a lifetime and how those exposures relate to health. Later, Escher and co-workers added an 

elaboration on Wild’s definition, to include also endogenous chemicals that are produced or 

altered in response to external stressors (Escher et al., 2016). This expanded approach 

stresses the fact that including the exposome goes much further than the exposures that are 

quantitatively measured in daily environmental monitoring. The dramatic epidemiological 

difference of mainly infectious diseases in developing countries to increased chronic diseases in 

rich countries has led to reassessment of the health impact of environmental exposures (Bijlsma 

& Cohen, 2016) and to the implementation of new initiatives like the exposure biology 

programme funded by the National Institute for Environmental Health Sciences (NIEHS). Non-

communicable diseases are the cause of high mortality worldwide and these chronic conditions 

are mainly the result of the combined effects of the human genome (G) and exposure (E), 

reflected in the exposome. The attribution of risks to G and E and their interaction is problematic 

due to disparities in characterising genes and exposures (Rappaport & Smith, 2010). What, 

however, became clear from studies of G-related factors in monozygotic (MZ) twins is the 

surprisingly modest influence of G on the risks for chronic diseases. This points towards a 

dominant role of E as well as to genetic-exposure interactions (G  E) in disease risks and that 

any underestimated role of E may obscure important causal factors (Rappaport, 2016).  

Even though current evidence suggests that non-genetic factors may contribute as much as 

90% of the risks of chronic diseases, it is not explored here how most of the human exposures 

might initiate disease processes (Bijlsma & Cohen, 2016). According to Rappaport and co-

workers, one way of investigating and discovering E-related risks is to extend the data-driven 

approach embodied in Genome-Wide Association Studies (GWAS) and to conduct Exposome-

Wide Association Studies (EWAS) via untargeted analysis of chemicals in blood (Rappaport et 

al., 2014). Thus, from a focus on metabolic pathways which are under homeostatic control, 

systems biologists presume that clinical conditions reflect the cumulative effect of exposures or 

the metabolic consequences of exposures over time, including that on the sum total of the 

eukaryotic (human) and prokaryotic (microbiome) genomes required for human health 

(Nicholson et al., 2012). This exposure is reflected by the number and level of chemicals in the 

blood, which provide for an important way to characterize these chemicals and, even more 

crucially, to limit the potential damage due to the exposome. From the systems-biology 

perspective, the most meaningful metabolites are those that participate in, or affect the 

pathways and products of, energy metabolism — essential nutrients provide for that 

requirement, which calls for attention to the important role players in energy metabolism. 
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 Investigations linking chronic fatigue to metabolic abnormalities 2.2.5

Investigations in patients who suffered from severe chronic fatigue have revealed some relevant 

metabolic abnormalities. In the case of ME/CFS patients, their energy metabolism seems to be 

in an aberrant state with abnormalities detected in many metabolic pathways. One example of 

this is the high lactate levels which are often associated with ME/CFS, a condition normally 

associated with deficiencies in the glycolysis pathway and often also observed in mitochondrial 

defects. ME/CFS patients, subjected to physical exercise, displayed exercise-induced fatigue 

much earlier than healthy controls (Morris et al., 2013). Further distinguishing features in 

ME/CFS patients are diminished intracellular ATP levels upon exhaustion and an increase in 

the rate of glycolysis in the exercised striated muscles. Repletion of ATP is also markedly 

reduced after strenuous exercise and this is often accompanied by prolonged elevation of 

lactate and slow return to normal levels. A normal response from the metabolism in a 

hypoglycaemic state is to turn to fatty acid oxidation for energy, during which the long-chain 

fatty acids require transport across the mitochondrial membrane, a carnitine-dependent 

process. Carnitine has been called “an essential regulator of mitochondrial metabolism”; 

moreover, correlated findings of deficiencies in carnitine have also been associated with CFS 

(Kaufman & Goodnick, 2006). 

In addition, several metabolic perturbations have been shown to occur in ME/CFS. Armstrong et 

al. showed, in a group of 34 females with ME/CFS, elevated blood glucose levels whereas 

blood lactate, urinary lactate, pyruvate and alanine were reduced, indicating possible glycolysis 

inhibition. These authors proposed that in the case of ME/CFS, amino acids are increasingly 

used to provide intermediates for Krebs cycle metabolism. They further concluded that the 

dysfunctional energy metabolism appears to have influenced creatinine metabolism and that it 

is possibly used for anaerobic ATP production in the muscle, whilst excretion of urinary allantoin 

may signify elevated reactive oxygen species (ROS) in ME/CFS patients (Armstrong et al., 

2015). In another study seven key parameters of oxidative phosphorylation (OXPHOS) in 

peripheral blood mononuclear cells (PBMCs) were compared in CFS patients and healthy 

controls. Maximal respiration was shown to be the main mitochondrial function discriminator 

between the two groups (p ≤ 0.003), which indicated that CFS PMBCs are less able to elevate 

respiration rate to compensate for increase in energy demand under conditions of stress 

(Tomas et al., 2017). In further support of key metabolic processes being involved in CFS, a 

metabolomics-based investigation of 133 plasma samples from CFS patients by Yamano and 

co-workers revealed that ratios of glycolysis/tricarboxylic acid (TCA) cycle products (pyruvate/

isocitrate) and urea cycle intermediates (ornithine/citrulline) could distinguish CFS cases from 

healthy controls (Yamano et al., 2016). In yet another study, investigation into the urinary 

excretion parameters in a cohort of 100 patients with CFS and 82 non-fatigued controls, 

revealed 
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decreased excretion of asparagine (p < 0.0001), phenylalanine (p < 0.003), branched-chain 

amino acids (p < 0.005) and succinic acid (p < 0.0001) in the CFS cases. This was 

accompanied by increased excretion of 3-methylhistidine (p < 0.05) and tyrosine (p < 0.05) 

(Niblett et al., 2007). 

Due to its importance in energy production, the role that impaired mitochondrial function may 

play in chronic fatigue and the resulting oxidative stress is a main focal point in research on this 

topic. Much emphasis is placed on the apparent inability of mitochondria in CFS to produce 

sufficient energy for cellular functions (Myhill et al., 2009). Apart from its importance in energy 

production, mitochondria have been implicated in a number of physiological processes including 

production of ROS, pyrimidine and lipid biosynthesis, regulation of cellular levels of substrates, 

apoptosis, calcium homeostasis and flux, metal metabolism, neurotransmitter synthesis, heat 

production and insulin secretion (Filler et al., 2014). Investigation of the metabolic features of 

CFS using a broad metabolomics approach, in which 612 metabolites and 63 biochemical 

pathways were targeted, resulted in the identification of 20 metabolic pathways which were 

affected in CFS, whereas 80% of the diagnostic metabolites concentrations were reduced in 

CFS, interpreted to be consistent with a hypometabolic syndrome (Naviaux et al., 2016).  

In a recent publication by Blomberg and co-workers, an explanatory model was proposed that 

entailed infection-elicited autoimmunity and ME/CFS (Blomberg et al., 2018). The authors 

highlighted new dimensions about profound metabolic differences between ME/CFS patients 

and controls, where some of these differences were attributed to abnormal mitochondrial 

function. From their extensive review on ME/CFS, it is obvious that a number of important 

metabolic pathways are implicated in the aetiology of ME/CFS. What is also clear is that no 

single biomarker until now has been identified to be the golden key to unlock the causative 

defect in ME/CFS and will remain unlikely unless the essence of this disorder, its causes and 

pathophysiology becomes clearly delineated. This emphasized the fact that (1) ME/CFS is a 

polygenic/environmental condition and (2) research on causes of ME/CFS should take into 

account regulatory factors which may affect the large number of metabolic reactions and 

processes seen in these diseases. One possible avenue to explore here is the effect which 

exogenous and endogenous compounds may have on mitochondrial function and resulting 

energy output. Indications are that this effect may result from influences of chronic medication 

(Kim et al., 2017), environmental chemicals (Zeise et al., 2012), the food metabolome (Scalbert 

et al., 2014) and multiple combined chemical exposures (Rosofsky et al., 2017). This provides a 

rationale for further investigation of a possible metabolic influence into the E  G phenomenon 

as also indicated by the surprising analogy of acetylsalicylic acid (ASA) metabolism and that 

occurring in chronic fatigue: in certain individuals normal therapeutic dosages of ASA may 
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cause a significant inhibition of ATP production by a more pronounced uncoupling effect on the 

electron-transport chain (Szewczyk & Wojtczak, 2002). Even more unexpected is the urinary 

excretion of lactate, which correlates with the metabolite profile observed in many of the 

CFS/ME cases already described earlier in this section. The inhibitory effect of ASA on ATP 

production has also been linked to inhibition of β-oxidation (Mels et al., 2011) and some of the 

dehydrogenase enzymes in the TCA cycle. Further analogy with the CFS/ME metabolic profile 

is the production of free radicals via the electron transport chain Complex I as a result of the 

uncoupling effect of ASA (Szewczyk & Wojtczak, 2002).  

 Biotransformation 2.2.6

Biotransformation is the metabolic processes that occur mainly in the liver and are primarily 

described as the enzymatic conversion of potentially harmful substances which results in 

inactivation, detoxification and an enhanced likelihood of excretion in urine or bile (Van der 

Westhuizen et al., 2000; Zamek-Gliszczynski et al., 2006). Biotransformation of xenobiotics is 

an important biological defense mechanism against endo- and exotoxins (Park et al., 2014) and 

is an essential component in a holistic account on fatigue. Inefficient functioning of 

biotransformation may lead to secondary damage to specific tissues and organs, the effect of 

which may be further exacerbated by the formation of ROS (Mena et al., 2009) by the 

mitochondria of affected tissue.  The complete biotransformation process is now thought to 

consist of four phases (Döring & Petzinger, 2014), the first of which is denoted as phase 0, 

which refers to the physical uptake by an influx transporter-mediated process (Kalliokoski & 

Niemi, 2009); phase I refers to the activation of the xenobiotics (Omura, 1999); phase II involves 

a number of conjugation reactions (Taskinen et al., 2003); and phase III describes the excretion 

of the activated and conjugated xenobiotics (Chen-Hwei, 2013). Of these four groups of 

reactions, phases I and II have been studied the most, especially with regard to their relevance 

to the pharmaceutical industry in the development of new drugs (Guo et al., 2011). 
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Figure 2-1:  Schematic outline of the intricacies of phases 0, I, II and III xenobiotic 
biotransformation regulation. This demonstrates the initial role of the chemical character of 
the xenobiotica in phase 0 uptake (Xext–X), the role of negative feedback (red dashed line) in 
phase I by the xenobiotic itself, nuclear receptors such as AhR, CAR and PXR and phase I 
enzymes.  Phase II, which also involves negative feedback (green dashed line), is influenced by 
the activated xenobiotica, Nrf2 and phase II enzymes like SULT, GST and UGT. Feedforward 
control (yellow dashed line) is achieved through phase I to phase II cross induction by X, the 
nuclear receptors, Nrf2 and phase II enzymes. Reproduced with permission from Zhang et al. 
(2009). 

Figure 2-1 illustrates the complex regulatory mechanisms employed in the biotransformation of 

a xenobiotica, Xext. It illustrates how feedback regulation by factors like the xenobiotica itself, 

nuclear receptors like AhR, CAR and PXR (Handschin & Meyer, 2003), and cytochrome P450 

enzymes might serve to increase the metabolism of the absorbed xenobiotica X to minimize 

intracellular accumulation. Phase II feedback regulation by X’, Nrf2 (Klaassen & Reisman, 2010) 

and phase II enzymes acts to speed up the conjugation of the activated xenobiotica X’ and 

prevent its accumulation. The feed-forward control illustrated by the yellow dashed line is 

activated by the parent compound X to ensure sufficient capacity to prevent accumulation of 

reactive intermediates. 

It is known that the efficiency of the biotransformation system may be affected by single 

nucleotide polymorphisms (SNPs). However, it has now been established that genetic factors 

alone are not the main causes of chronic disease (Rappaport, 2016). Instead, environmental 

influences seem to be much more important with more than 80–90% of deaths in the developed 
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world attributed to environmental exposure (Smith & Rappaport, 2009). Biotransformation is the 

human’s main defense mechanism against chemical insults and is therefore pivotal in reducing 

the negative effects of the exposome. We therefore propose that there is an intricate 

relationship between biotransformation (B), the exposome (E + G) and chronic fatigue (CF) as 

discussed below and that a highly functional biotransformation process is essential and plays a 

crucial protective role against the insults from the individual’s exposome. 

The exposome functions as the encompassment of life-course environmental exposures 

(including lifestyle factors), emanating from the prenatal period (Wild, 2005). Environmental 

exposures may have a profound effect on the exposome (Rappaport et al., 2014) and 

biotransformation has the potential to significantly limit the impact of these exposures. 

Xenobiotica and endogenous toxins can be biotransformed in the liver (the main detoxification 

organ) via a series of enzyme-catalysed reactions that alter the parent compound’s polarity and 

render it excretable in the urine, bile and feces. Phase 0 describes the carrier-mediated 

absorption of the xenobiotica (X) in the liver and kidney by organic anion transporting peptides 

[OATPs] (Döring & Petzinger, 2014). Phase I activation, or functionalization, occurs mainly in 

the microsomes and may often involve oxidation by the cytochrome P450 enzyme system 

(Kirchheiner & Seeringer, 2007). The oxidized intermediate (X-OH) may now be conjugated in 

phase II biotransformation to a number of different conjugation substrates, depending on the 

chemical characteristics of the original compound (Wen et al., 2013). Phase II reactions are 

highly dependent on energy and require ATP and also, for some of the reactions, coenzyme A 

(CoA). Imbalances between phases I and II biotransformation may potentially cause the 

accumulation of electrophilic compounds or reactive intermediates, which may give rise to free 

radicals and reduce systemic antioxidant capacity (Ferrari, 2012). It is important to note that 

some of these products activated in phase I may be more harmful than the original chemical, 

giving rise to short-lived, unstable, highly reactive chemical species that may adversely interact 

with biomolecules and organelles such as the mitochondria (Gu & Manautou, 2012), 

emphasizing the importance of a highly active and functional phase II conjugation system. The 

phase II conjugates are now more hydrophilic in nature, which facilitates their excretion from the 

liver. Phase III is the final step in this sequence of four reactions, describing the ATP-dependent 

excretion of metabolites (X-Con) by carrier-mediated efflux transport into the bile or sinusoidal 

blood. These include the so-called SLC and ABS carrier families (MPR2; MDR1 and BCRPs 

and other MPRs). If, however, the capacity of the biotransformation system is exceeded or 

imbalances occur due to cofactor and conjugation substrate depletion, accumulating endo- and 

exotoxins may impact on mitochondrial function (Meyer et al., 2013), increase the production of 

free radicals (Armstrong et al., 2015) from the electron transport pathway and have an adverse 

effect on ATP production. L-Carnitine acts as a carrier for long-chain fatty acids across the 
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mitochondrial membrane. This is crucial for the β-oxidation of fatty acids and energy production. 

Depletion of carnitine stores may have a profound effect on the carnitine shuttle, mitochondrial 

function and consequently energy production (Liepinsh et al., 2015).  

Against this background, we firstly propose a comprehensive model of fatigue in relation to the 

exposome and biotransformation, followed by a proposal for the experimental assessment of 

the environmental impact on biotransformation and fatigue. 

 Model and expert opinion 2.2.7

Our model illustrates the effect of a compromised biotransformation system and the relationship 

between the exposome (E + G), biotransformation (B) and chronic fatigue (CF) as shown in 

Figure 2-2. The red lines point towards possible accumulation effects in one or more of the four 

phases. The red arrow (c) points towards possible inhibitory effects on ATP production in the 

electron transport chain, red arrow (b) towards the damaging effects on mitochondrial DNA, and 

red arrow (a) finally contributes to increased insult to the genome (G) and ultimately to the 

exposome (E + G). 

 

Figure 2-2:  Schematic outline to illustrate the relationship between the exposome (E + 
G), biotransformation (B) and chronic fatigue (CF). 

The significant increase in research funds allocated by the NIH for unravelling the aetiology of 

chronic fatigue syndrome emphasizes the realization about the scale of the effect this condition 
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has on the lives of many people worldwide. That lack of knowledge about the condition is still 

one of the principal obstacles that needs to be overcome, has recently been stressed by Walter 

Koroshetz, director of the NIH’s National Institute of Neurological Disorders and Stroke (NINDS) 

and chair of the Trans-NIH ME/CFS Working Group, when he advocated the use of this 

increased funding to promote innovative technologies and research methods to improve 

understanding of this serious condition (National Institutes of Health, 2017). There are, 

however, several challenges which should be addressed for meaningful progress with regard to 

the possible metabolic involvement in the aetiology of fatigue.  

First, in many of the published methods only a limited number of compounds are actively 

monitored and even less mention is made of all the possible metabolites and breakdown 

products which may ensue from exposure to specific chemicals.  

Second, research focused on the effect of combined chemical exposures is even more scant 

and represents a serious limitation in the available knowledge about the effect of exposure 

(Silins & Högberg, 2011).  

Third, seen against the background of increased use of prescription drugs the total xenobiotic 

load on liver metabolism remains largely undefined. To this end, it is clear that comprehensive 

profiling of an individual’s xenobiotic load and its metabolism is required, especially when taking 

into account how patient-specific factors like genetics, environmental factors and physiological 

condition may have a direct bearing on free radical production and ultimately on the insult 

intensity to the exposome. 

Based on these challenges, a novel approach is proposed to assess the causal relationship 

through experimental assessment of the biotransformation profiles of chronic fatigue patients, 

enabling the characterization of the detoxification phenotype in patients with chronic fatigue. 

Against this background, a key opinion expressed here is that the role and importance of an 

effective, functional biotransformation system in the protection of the exposome is often 

overlooked and downplayed as something inevitably associated with “the liver can handle that”. 

However, in reality, as demonstrated by our own research, the total xenobiotic load often 

exceeds the individual’s biotransformation capacity, whether induced by depletion of important 

conjugate substrates and cofactors or by a combination of these factors with specific genetic 

limitations. The result is invariably an increase in circulating metabolic xenobiotica, which may 

directly (by inhibition of essential energy-producing processes in the mitochondria) or indirectly 

(by sequestration of CoA) result in increased insult to the exposome. A real-life example of this 

is the variety of hepatotoxic effects exerted by drugs, causing (1) inhibition of the mitochondrial 
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respiratory chain; (2) oxidative phosphorylation uncoupling; (3) mitochondrial DNA damage or 

depletion; (4) mitochondrial permeability transition pore opening; and/or (5) inhibiting β-oxidation 

and/or depletion of carnitine and CoA (Lauschke & Ingelman-Sundberg, 2016). Similarly, many 

other chemical compounds could be classified as “toxic exposome”, which represents a 

collection of chronically or acutely toxic compounds to which humans are exposed and are now 

recognised as probably the leading cause of human morbidity and mortality (Wishart et al., 

2015). Combining chemical/xenobiotic exposure with an aberrant biotransformation metabolism, 

the prospect is high for causing epidemiology conditions due to exposure, like fatigue. 

In the final instance, an imbalance in biotransformation metabolism and the subsequent 

accumulation of xenobiotica may play a significant role in the aetiology of CF and CFS/ME. 

Given the multifactorial nature of chronic fatigue, it is unlikely that an objective measure, as a 

verified single biomarker will define fatigue conditions. However, biomarker discovery should be 

an essential element in characterizing health-impairing exposure and identification of a 

biomarker profile has been proposed for these conditions [‘biomarkers of exposure’] 

(Rappaport, 2012). A novel approach for the identification of fatigue related imbalances of 

biotransformation metabolism is offered here through an experimental intervention approach. 

The concept of perturbation of homeostasis through an experimental intervention to quantify 

health related conditions is well established for exogenous conditions affecting health (Bonassi 

et al., 2001; De Luca et al., 2011; Kitteringham et al., 2009; Nakatsuji et al., 2010; Pellis et al., 

2012). The response of the intervention, or challenge, reveals multiple aspects of metabolic 

health not apparent from studying biofluids obtained under homeostatic conditions (Nortje et al., 

2016).  

A novel laboratory approach to facilitate an objective evaluation of fatigue due to imbalances of 

biotransformation metabolism in chronic fatigue patients require three complementary 

approaches: (1) use of a standardized clinical scales to score the level of fatigue in each 

experimental subject (Dittner et al., 2004); (2) a detoxification challenge test/tests related to 

biotransformation (Cordts et al., 2001); and (3) appropriate analytical measures, like HPLC, GC- 

or LC-MS to monitor the impact of the perturbation in the cohort of patients. The underlying 

physiological assumption for this experimental approach is that fatigue is a symptom of energy 

depletion. From a presumed causal relationship between exogenous stimuli, biotransformation 

responses and fatigue, it is anticipated that the highly energy dependent challenge test (that is, 

ATP required for the in vivo synthesis of biotransformation products) should be more 

pronounced in controls than in fatigue patients supposed to suffer from energy depletion 

(suffering from ATP depletion). The proposed intervention approach provides a knowledge-base 

that can link a biomarker profile related to exposure, with a potential to explore causality, 
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offering a novel avenue for prevention, diagnosis and treatment of chronic fatigue, ultimately 

paving the way towards personalized medicine. 

2.3 Aims and objectives of the thesis  

From the overview of the literature on biotransformation (Chapter 1 and Chapter 2: §2.2.1 to 

2.2.7), we concur that the main lines of thought [Chronic fatigue may be due to an energy 

deprived state as a consequence of the biochemical response(s) to exposure to xenobiotics] are 

compatible with the expert opinion derived from the literature study [A causal relationship exists 

between chronic xenobiotic exposure and the energy demand for biotransformation responses 

seen in idiopathic chronic fatigue]. In addition, it is clear from the literature that information is 

scarce and unconvincing in supporting a causal link between “measurable metabolite profiles of 

biofluids” and chronic fatigue. Against this background a point of departure of the present study 

was to further investigate biochemical aspects of glycine N-acyltransferase (Chapter 6). 

Following this basic research, the focus moved to the main aim of the study as formulated in the 

TIA-BOSS (TIA-Biotransformation and Oxidative Stress Status) translational project (Chapter 3) 

and its subsequent experimental verifications (Chapters 7 to 8). The long-term strategy is the 

development of a practical biochemical evaluation protocol of important biofluid markers for 

metabolic reactions in the liver against xenobiotics, as observed in patients who suffer from 

idiopathic fatigue.  

For the phase of translational research, the following objectives were formulated: 

1. Compile a user-friendly guide for potential CF patients to give consent for participation in 

the project done in association with clinicians and the biochemical laboratory having the 

potential for further development towards a diagnostic tool.  

2. Development of a battery of biochemical tests for provocation testing with certain 

conjugation substrates. In the process the functionality of conjugation reactions will be 

evaluated, and antioxidant levels and the production of reactive oxygen species 

monitored.  

3. Obtain an objective profile on the level of fatigue for at least 750 idiopathic patients 

selected by the physicians, from which at least 500 cases should be selected — based 

on clear exclusion criteria — for the assessment of an experimental protocol on the 

proposed link between CF and biotransformation parameters. 

4. Perform a correlation of the clinical features of the selected patients with the 

biotransformation profiles to determine a possible metabolic link to fatigue symptoms, as 

proposed through the model for this link (Figure 2-2). 
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It should be noted that feed-back interaction between the biochemists and clinicians on 

selective cases was frequently done. Details on the physician-biochemist interactions on 

individual fatigue cases as well as the outcome of a feed-back assessment are important but 

were not pursued as an objective for the present study. It is envisaged to form part of a future 

project on diagnostics of fatigue and personalized medicine.
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3.1 Introduction 

Chapter 3 is the first of two chapters dealing in the methods used in this study (Part II). The focus 

of this chapter will be on the procedures followed to obtain samples for the analytical chemical 

methods used to obtain biochemical data on biotransformation and oxidative stress. Following 

the introductory background, the chapter is structured in three sections: (1) the rationale for the 

selection and development of investigative methods used for the measurement of the 

biotransformation profiles in the patient cohort; (2) the methodological approach developed for 

compiling a patient group, for the intervention and for collection of biofluid samples; and (3) the 

clinical report from the physician and the user manual which also contains the form for informed 

consent. 

3.2 Selection and development of investigative methods for biotransformation 

profiling 

The functions of the liver can be divided into a number of important areas of which the 

biotransformation and elimination of drugs and xenobiotics ranks high in terms of importance (De 

Luca et al., 2011). The use of challenge substances to monitor biotransformation, based either 

on the clearance of marker substances or the formation of probe substance conjugates are some 

of the possibilities that could be employed. The application of challenge substances to determine 

general and sometimes more specific liver functions is not a new concept. It is however 

important that selection of the challenge substance(s) is based on the focal point for the 

investigation with the aim of collecting as much as possible information about the reactions 

involved. A challenge substance can be defined as a generally safe chemical compound 

administered orally in specific doses to test the metabolic conversion of this compound to its 

product(s). According to Sear (2002), assessment of liver function requires the probe substance 

to display all or some of the following characteristics: 

(1) Non-toxic, without serious pharmacological effects. 

(2) Rapidly and completely absorbed after administration. 

(3) The rate-limiting step in the liver metabolism should reflect the possible abnormality 

in the biotransformation of the probe substance. 

(4) The parent compound, its metabolites and/or both should be readily measurable in 

biological fluids, saliva or breath. 

(5) The probe substance should not be highly bound to proteins in plasma or tissue, 

unless there is an accompanying high hepatic extraction ratio. 

(6) The probe substance(s) must be relatively inexpensive. 

(7) There must be reliable assays available for the probe substance and/or metabolites. 
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(8) The probe substance(s) must be readily available and licensed for human use. 

3.3 Selection of biotransformation challenge substances 

The use of model test-substances for providing general information about liver function has 

several limitations, but there are specific methods to quantify the activity of cytochrome P450 

enzymes and phase II enzymes in vivo (Brockmöller & Roots, 1994). 

 Phase I (CYP 1A2) 3.3.1

Caffeine was introduced as a model substance for determination of intrinsic hepatic 

clearance. It was shown that caffeine elimination was dose-dependent and therefore a specific 

and low dose was required. Caffeine as challenge substance has been extensively studied 

and has been used as an in vivo probe substance to determine CYP 1A2 activity in plasma 

saliva and urine (Perera et al., 2010; Perera et al., 2011). Saliva as a test matrix is low-cost 

and easy-to-collect and especially suitable for screening of large populations [Dobson et al., 

2016; Kaufman & Lamster 2002, reviewed in Esteban and Castaño (2009)].  Some of the 

guidelines proposed by Dorne and co-workers were followed. According to their review 

research, probe substances for each pathway of elimination should be selected on the basis 

that oral absorption was >95% and that the metabolic route was the primary route of 

elimination of the compound (60-100% of a dose). They also calculated the pathway-related 

uncertainty factors, and these were taken into consideration in the selection of the different 

probe substances in the current investigation ( Dorne et al., 2005) . Caffeine is also a 

European Federation of Pharmaceutical Sciences (EUFEPS) recommended probe for the 

phenotyping of phase I activity (Bachmann, 2009). 

 

Figure 3-1:  Chemical structure of caffeine. The phase I biotransformation challenge 
substance used in this study. 

 Phase II (glucuronidation, sulphation and glutathione conjugation) 3.3.2

Acetaminophen (paracetamol) has long been described as a good probe substance for the 

measurement of specific phase II conjugation reactions. Jackson and co-workers described 
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the metabolism of acetaminophen in a pharmacological review in which they highlighted the 

formation of specific metabolites from acetaminophen. According to this review 

acetaminophen is metabolized primarily in the liver and the proportions of excreted urinary 

metabolites are acetaminophen glucuronide (55%), acetaminophen sulfate (30%), the parent 

compound (4%) and the mercapturic acid conjugate of acetaminophen (4%) (Jackson et al., 

1984). 

 

Figure 3-2:  Chemical structure of acetaminophen. The first of the phase II 

biotransformation challenge substances used in this study. 

 Phase II (glycine conjugation) 3.3.3

Acetylsalicylic acid (aspirin) metabolism and pharmacokinetics also allows for this 

substance to be used as a probe for the amino acid glycine conjugation (reviewed by 

Badenhorst et al., 2013). The liver is the main site for acetylsalicylic acid metabolism and it is 

rapidly hydrolyzed to salicylic acid (Levy, 1980). Salicyluric acid, the glycine conjugate of 

salicylic acid was the main excretion product and elimination of this metabolite ranged from 

20 to 65% of the original dose and was related to the recovery of salicylate (Hutt et al., 1986). 

 

Figure 3-3:  Chemical structure of acetylsalicylic acid. The second of the phase II 

biotransformation challenge substances used in this study. 

In addition, salicylate has the potential to react with the highly reactive hydroxyl radical 

(•OH) to produce metabolic products like 2,3– and 2,5-dihydroxybenzoic acids (2,3-DHBA & 

2,5-DHBA) and catechol (Grootveld & Halliwell, 1988; Miyakawa et al., 2015). The free radical 

scavenging potency of the hydroxy benzoic acids have recently been characterized and 

confirmed by Milenković and co-workers (Milenković et al., 2017). 
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3.4 Biotransformation and Oxidative Stress Status (BOSS) analysis 

The Biotransformation and Oxidative Stress Status test is based on the analysis of the 

specific metabolites discussed in Section 3.3 as products of the challenge tests, which 

served as an indication of liver detoxification. In addition to these, certain free radical 

markers are measured as indicators of oxidative metabolic stress (De Zwart et al., 1999). 

Detailed information about the test protocol and analytical methodology will be given in 

Chapter 4. 

(1) All patients are clinically evaluated by a medical doctor in private practice. This 

included an evaluation of the complete medical history of their patients as wel l  as a 

clinical investigation. Section 3.5 shows an example of the clinical questionnaire, 

which is completed by the physician during the evaluation. Based on the outcome 

of this evaluation, a decision is made by the physician whether the patient may 

do the Biotransformation and Oxidative Stress Status test. All the referred case 

samples are sent to the Biotransformation and Oxidative Stress Status (BOSS) 

laboratory at the Center for Human Metabolomics via the participating pathology 

groups (AmPath, Lancet and PathCare). 

(2) In the Biotransformation section of the test, phase I activity may be affected by a 

number of factors and is measured with a challenge of a specific cytochrome 

P450 substrate, namely caffeine (Wittayalertpanya et al., 1996). Phase I activity 

measurement is crucial as this part of the biotransformation process represents 

activation of potential toxins before they are further metabolized in phase II. Up– or 

down regulated cytochrome P450 activities may contribute to biotransformation 

imbalances (Zhou et al., 2009). 

(3) Phase II conjugation activity is measured for a number of conjugation pathways: 

these pathways all utilize different conjugation substrates to effect the conversion of 

reactive phase I products to more polar, conjugation products (Liska et al., 2006). 

This is done by administering two different challenge substances, acetaminophen 

and acetylsalicylic acid. Urine samples are then collected over a specific period. 

These compounds are then metabolized and conjugated by the relevant 

conjugation enzymes of the detoxification pathways. Ratios of phase I to phase II 

biotransformation are used to determine whether there are imbalances between 

phase I  a n d  phase II reaction rates. Quantitatively, the conjugation ability of an 

individual is then expressed as percentages of the original amount of challenge 

substrate administered converted to specific conjugates. 
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(4) Urinary free carnitine and acylcarnitines are determined by analyzing the isolated and 

butylated carnitine derivatives with electrospray tandem mass spectrometry 

(Angelini et al., 1992). Carnitine profiles are used to determine mitochondrial 

metabolism abnormalities and the effect of certain exogenous compounds on the 

carnitine profile. 

(5) The antioxidant status of the patient is determined by measuring specific marker 

functions which give an indication of antioxidant status (Benzie & Strain, 1996). Levels 

of specific endogenous antioxidants are used to determine whether a state of 

antioxidant depletion exists in the patient (Pasupathi et al., 2009). 

(6) Products of oxygen metabolism are measured as an indicator of oxidative stress status 

(Cutler, 2005). The total pool of reactive metabolites is measured while individual 

markers are used to pinpoint the relative contribution of specific reactives t o  the pool 

of metabolites involved. 

(7) The additional information on the report is obtained from general pathology tests 

as well as from the clinical questionnaires, which form part of the test. Section 3.6 

shows an example of the BOSS test information booklet, which we defined as the 

user-friendly guideline. This booklet contains 75 questions regarding medical 

symptoms (Whitehead, 2009) and 24 regarding fatigue symptoms (Lukaczer, 2005). In 

addition to this there are also eleven lifestyle questions. The standard operating 

procedure (SOP) for the collection and handling of specimens for Biotransformation 

and Oxidative Stress Status assessments is shown in Annexure A. 

The results from the BOSS analysis are then used to determine whether there is any of the 

phase I and/or phase II reactions which are affected. Any imbalances between phase I and 

II are also detected and the magnitude of imbalances are often reflected in increased free 

radical production. The combined use and interpretation of the biochemical information with the 

medical symptoms and fatigue questionnaires ultimately provides the physician with a more 

holistic diagnostic profile (Marschall et al., 2007). 
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3.5 BOSS clinical questionnaire 
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3.6 BOSS test information booklet 
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4.1 Introduction 

The analyses of the biotransformation variables used in this study required the application of a 

number of diverse methods and techniques. This included the use of fluorescence microplate 

readers, high pressure liquid chromatography (HPLC), gas-liquid chromatography-mass 

spectrometry (GC-MS) and liquid chromatography tandem mass spectrometry (LC-MS-MS). 

Phase I and II biotransformation analyses were carried out using HPLC separation as these 

analyses were dependent on a two-time point measurement (in the case of caffeine) and the 

monitoring of the challenge substance induced conjugate formation (in the case of 

acetylsalicylic acid & acetaminophen). Both the phase I & II analytical methods were validated, 

and this is presented in §4.11.  The methodology sections described under §4.2-§4.10 refer to 

that described by Erasmus et al. (2019) [Chapter 7, p121]. 

4.2 Reagents 

Caffeine, allopurinol, paracetamol-glucuronide, paracetamol sulphate, high-purity trifluoroacetic 

acid, salicyluric acid, N,N-diethyl-paraphenylenediamine (DEPPD), sodium acetate, 

metaphosphoric acid (MPA) and hydrogen peroxide were supplied by Sigma Chemicals. 

Paracetamol-mercapturate was supplied by Toronto Research Chemicals. HPLC grade 

acetonitrile and water was supplied by Burdick & Jackson. Ferrous sulphate was supplied by 

Labchem. Acetamidophenol, phenylbutyric acid, 2,3- & 2,5-dihydroxy benzoic acid, NADPH, 

GSH, GSSG and catechol were all obtained from Sigma-Aldrich. Ethyl acetate and diethyl ether 

were purchased from Merck. N,O bis(trimethylsilyl)trifluoro acetamide (BSTFA) and 

trimethylchlorosilane (TMCS) were supplied by Sigma Aldrich. 2,4,6-tris-2-(pyridyl)-1,3,5-triazine 

(TPTZ) and Ferri Chloride (FeCl3.6H2O) were also supplied by Sigma Chemicals. Carnitine and 

acylcarnitine reference standards and deuterated analogues were obtained from Cambridge 

Isotope Laboratories. 

4.3 Phase I analysis 

Sample preparation: C18 solid phase extraction cartridges (HF Bond Elut C18–100 mg, Varian, 

Palo Alto, CA) were used for sample clean-up and extraction of caffeine; 200 µL internal 

standard 2-acetamidophenol (5 µg/mL) was added to 200 µL saliva sample prior to extraction. 

Conditioning of the SPE columns was performed with 1 mL methanol and 2 mL 18 mega ohm 

water (H2O). A 200 µL sample with 200 µL internal standard was added to the conditioned SPE 

column and washed with 1 mL water. Samples were eluted with 1 mL methanol acetate solution 

(pH 3.5) (50:50% v/v), dried under nitrogen and then lyophilized. Samples were reconstituted in 
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200 µL mobile phase (ddH2O:acetonitrile (95:5) solution containing 0.1% formic acid) after 

which 5 µL was injected into the HPLC. The Agilent 1200 HPLC system was equipped with a 

binary pump, inline degasser, auto sampler, heated column compartment and diode array 

detector. The analytical column was an Eclipse XDB C18, 5 µm, 4.6 x 150 mm reverse phase 

column. A flow of 1 mL/minute was used, column temperature 25°C and the UV detector set at 

273 nm. The initial conditions consisted of isocratic elution at a flow rate of 1 mL/minute with 

95% of mobile phase A (0.1% formic acid) and 5% of mobile phase B (acetonitrile) for 6 

minutes, followed by a gradient from 95% of A and 5% of B to 100% of B over 5 minutes. The 

gradient program was held at 100% B for 10 minutes before returning to initial program 

conditions.  

A. 

B. 

Figure 4-1 a & b:  Example of a phase I caffeine challenge test analysis. (a) This profile 
represents the first (4 hours) of the timed saliva samples, while (b) represents the second (8 
hours) timed saliva analysis. Acetamidophen (IS) eluted at retention time 6.075 while caffeine 
eluted at retention time 6.840 minutes. 

The column was equilibrated for 10 minutes between injections. From a caffeine stock solution 

(1 mg/100 mL), a six-point series dilution calibration range was made up ranging from 

min 

min 

1
1

.9
5

8
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0.156 µg/mL to 5 µg/mL for quantification and sample caffeine concentrations were determined 

by means of linear regression. 

4.4 Phase II analysis 

Aliquots of 500 µL from the 10 hour overnight collected urine samples were centrifuged and 

200 µL of each sample combined with 200 µL internal standard (Allopurinol 250 µg/mL) for the 

HPLC analysis. The sample and internal standard mixture were then lyophilised and the dry 

residue reconstituted in 400 µL of mobile phase consisting of a ddH2O:acetonitrile (95:5) 

solution containing 0.05% TFA. The analytical column was a Phenomenex (Torrance, CA, USA) 

Luna 3µ C18 (2) 100 A, 150 x 2.00 mm reverse phase column. Column temperature was held at 

35°C, flow rate 0.25 mL/minute and the UV detector was set at 254 nm for analyte detection. 

Mobile phase A was H2O with 0.05% TFA and mobile phase B was HPLC-grade methanol. 

Chromatographic separation of analytes was achieved with the following gradient mobile phase 

composition: 10% B from 0–2 minutes; an increase to 20% B to 16 minutes, from 16–19 

minutes to 90% B and from 19–24 minutes 90% A and 10% B.  

Figure 4-2:  Example of a reverse phase C18 separation profile of urinary metabolites 
detected after an acetaminophen and acetylsalicylic acid challenge test. Allopurinol (IS) 
eluted at retention time 3.212 minutes; Acetaminophen glucuronide at 3.802; acetaminophen 
sulphate at 5.198; Acetaminophen mercapturate at 9.815 and salicyluric acid at 12.345 minutes. 

To accommodate physiological concentrations for the different conjugates stock solutions a 9-

point series dilution calibration range were used for each conjugate, ranging from 3.905 µg/mL 

to 1000 µg/mL. 

min 
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4.5 Secondary products from the acetylsalicylic acid challenge 

The three secondary products from the acetylsalicylic acid challenge — catechol, 2,3-DHBA 

and 2,5-DHBA — were analysed using GC-MS. Creatinine-corrected urine volumes were 

subjected to organic solvent extraction after 3-phenyl butyric acid was added as internal 

standard and the pH adjusted to 1 with 5N HCl. Six mL HPLC grade ethyl acetate and 3 mL 

diethyl ether were used as extraction solvents. After roto-torque agitation for 10 minutes, the 

solvent layer was removed and dried under a stream of nitrogen. Derivatization was done with 

BSTFA and TMCS. An Agilent 7890A gas chromatograph connected to an Agilent 5975B MSD 

mass spectrometer was used for analysis. The analytical column used was a 30 m x 0.25 mm x 

0.25 mm DB1-MS JW Scientific column. High purity helium was used as carrier gas. A 1 µL 

sample was injected with a temperature programme starting at 100°C for 2 minutes, increased 

by 4°C to 120°C, then by 6°C to 215°C and finally by 20°C to 300°C. Post-run time was 1 

minute at 295°C. Selective ion monitoring was conducted for catechol (254.1 m/z), IS (221.1 

m/z), 2,3-DHBA (355.2 m/z) and 2,5-DHBA (355.2 m/z). An 8-point calibration range of the 

standards was used for final quantification.  

4.6 Ferric reducing antioxidant assay (FRAP assay) 

Measurement of the ferric reducing ability of plasma, known as the FRAP assay, provides a way 

for assessing ‘antioxidant power’ and which we used in the present study (Benzie & 

Strain,1996). FRAP assays were performed on a BIO-TEK FL600 fluorescence microplate 

reader. Amounts of 15 µL serum were added to 85 µL Milli-Q water in 96-well microplates. The 

sample plates were incubated for 10 minutes at 25°C. To this, 250 µL FRAP reagent (2.5 mL 

FRAP acetate buffer; 2.5 mL TPTZ reagent and 2.5 mL FeCl3 reagent) was added. FRAP 

acetate buffer: 1.55 g anhydrous sodium acetate in 500 mL Milli-Q water. TPTZ reagent: 312.4 

mg 2,4,6-tris-2-(pyridyl)-1,3,5-triazine in 100 mL 40mM HCl. FeCl3 reagent: 4.56 mg of 

FeCl3.6H2O was dissolved in 100 mL FRAP acetate buffer (300 mM). FRAP values were 

recorded as an end point analysis at 595 nm, 80 seconds after addition of the FRAP reagent. A 

6-point calibration range containing 0, 20, 40, 60, 80 and 100 µL of a FRAP standard (0.275 

FeSO4.7H2O in 100 mL milliQ H2O) was used as calibrator. 

4.7 Reactive oxygen species (ROS assay) 

The method described by Hayashi et al. (2007) with minor modifications was used to determine 

total ROS levels in serum samples. The ROS assays were also conducted on a BIO-TEK FL600 

fluoresence microplate reader; 140 µL sodium acetate (0.1M; pH 4.8) was added to the wells 
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used in the 96-well plate; 2.5 µL samples were added in triplicate; 100 µL of a 1:25 DEPPD 

(100 mM) and FeSO4 (43.7 µM) solution was added to the sample wells. Plates were incubated 

at room temperature for 1 minute; plates were read at 546 nm every minute for 10 minutes. A 

calibrator concentration range with 6 concentrations ranging from 0–300 mg/L hydrogen 

peroxide was used for quantification of samples. Serum ROS levels were calculated from the 

constructed calibration curve (R2 > 0.99) and are expressed as equivalent to levels of hydrogen 

peroxide (1 unit = 1.0 mg H2O2/L). The calculated coefficient of variation for the ROS assay was 

11%. 

4.8 Total glutathione (T-GSH) assay 

Total glutathione levels in blood samples were determined using the GSH/GSSG kit from Oxis 

International and the analyses were done with a BIO-TEK FL600 fluorescence microplate 

reader. Whole blood EDTA vacutainer samples were mixed and 350 µL metaphosphoric acid 

(MPA) mixed with 50 µL blood sample, centrifuged at 10 000 x g for 10 minutes; 12.5 µL of the 

MPA extract was then added to 750 µL assay buffer. A 50 µL sample was then added in 

triplicate to the microplate and mixed for 5 minutes; 50 µL NADPH was then added and the 

plates were read at 412 nm for 3 minutes at 1-minute intervals. GSH (0–3.0 µM) and GSSG (0–

0.15 µM) 6-point calibration ranges were used for quantification. 

4.9 Creatinine and uric acid 

Both creatinine and uric acid values in urine were determined using the Konelab T series 

analyser with the uric acid (AOX) and creatinine (enzymatic) kits. 

4.10 Carnitine and acylcarnitine analysis 

Carnitine and acylcarnitines were measured on the 10-hour urine samples with an adapted 

method by Chace et al. (2003). Urine (100 µL) was transferred to an Eppendorf tube and 

centrifuged at 1300 rpm for 20 minutes; 10 µL of the centrifuged urine was added to 410 µL of a 

deuterated carnitine/acylcarnitine stable-isotope solution in a new Eppendorf tube. The sample 

mixture was then dried under nitrogen at 65°C for 15 minutes; 100 µL 3N butanolic HCl was 

added to the dried sample and incubated at 65°C for another 15 minutes. Excess butanolic HCl 

was evaporated under nitrogen. The samples were then reconstituted in 100 µL acetonitrile: 

water (50:50) (v/v) with 0.1% formic acid. Samples were delivered to the electrospray mass 

spectrometer (Agilent 6410 Triple Quadrupole, Palo Alto, CA) via an Agilent 1200 series LC 

(Palo Alto, CA) and 96-well plate sampler. A 10 µL sample was injected per analysis at a 
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constant mobile phase (1% formic acid in water: acetonitrile (50:50) (v/v)), flow rate of 0.2 

mL/minute. The mass spectrometry analyses were carried out in positive ionization mode with 

controlled collisional induced decomposition (fragmentor voltage 135 V and collision energy 20 

V) and the precursor of 85 Da function used to selectively detect the different carnitine species. 

The deuterated analogues of the different carnitine and acylcarnitines (working solutions: free 

carnitine = 1.8815 µmol/L; acetylcarnitine = 0.6075 µmol/L; propionylcarnitine 0.1616 µmol/L; 

isovaleryl carnitine = 0.1400 µmol/L; octanoyl carnitine = 0.1233 µmol/L and palmitoyl carnitine 

= 0.3144 µmol/L) were used for the quantification of individual carnitine species. Linear 

regression calculations were used to determine the concentration of the carnitine/acylcarnitines 

by comparison of the signal intensity of carnitine/acylcarnitines against that of the corresponding 

deuterated stable isotopes. Concentrations of the analysed carnitine and acylcarnitines were 

expressed in mmol/mol creatinine. 

4.11 Phase I and II method validation  

The phase I and II biotransformation analytical methods were not part of the routine methods 

used in the Centre for Human Metabolomics at the North-West University and therefore it was 

decided to subject these methods to validation prior to implementation. Analytical method 

validation is a key process to demonstrate that the analytical procedures are suitable for their 

intended application (Tiwari & Tiwari, 2010).  In their description of validation of analytical test 

methods Bretnall & Clarke describe validation as follows: “More specifically, analytical method 

validation is a matter of establishing documented evidence that provides a high degree of 

assurance that the specified method will consistently provide accurate test results that evaluate 

an analysis against its defined specification and quality attributes” (Brentnall & Clarke, 2011). 

The importance of effective method validation is further highlighted in the context of quality 

management and accreditation (Tiwari & Tiwari, 2010). Validation of the bioanalytical method 

for phase I & II biotransformation in this study was conducted in accordance with the guidelines 

established by the FDA (Anon, 2018). According to Peters & Maurer, (2002), validation should 

include the following validation parameters: selectivity; accuracy (which also includes biasness; 

precision; repeatability; intermediate precision and reproducibility); linearity; limits of detection 

(LOD) and limits of quantification (LOQ) and matrix effects. 

 Selectivity  4.11.1

The term selectivity is prefered by IUPAC over specificity (Thompson et al., 2002). Selectivity is 

one of the important parameters which plays a role in the chromatographic resolution of 

compounds.  As a result, this parameter is high on the priority list of validation criteria (Maurer, 

2005). Selectivity is normally defined as the extend to which a method can detect a specific 
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analyte in a complex mixture without interference from other components in the mixture (Araujo, 

2009). A resolution value of at least 1.5 is acceptable for good selectivity. Kadian et al. (2016) 

describes selectivity as the ability of an bioanalytical method to produce a signal only for the 

analyte of interest and not for interfering compounds.  The retention time of the internal 

standard should not interfere with the retention time of the compound of interest (Anon, 2018). 

In this regard it is interresting that LC-MS/MS bioanalytical methods are considered as specific 

while HPLC methods with other detection techniques are considered selective (Kollipara et al., 

2011). 

 Limit of detection 4.11.2

The sensitivity or limit of detection (LOD) refers to “the lowest concentration of an analyte which 

the bioanalytical procedure can reliably differentiate from background noise” (Shah et al., 2000).  

Background noise in chromatographic separation is described as the oscillation of the baseline 

in the chromatogram when a blank sample was injected. The LOD is a statistical value which is 

indicative of the minimal concentration of a compound that will produce a signal which can be 

differentiated from background noise.  The significance level for this differentiation should be 

α=5% (Peris-Vincente et al.,2015).  The LOD value does not imply that it is possible to calculate 

the concentration of the relevant metabolite; it only refers to reliable detection of the compound. 

The LOD can be established from calculating the signal to noise ratio.  A signal to noise ratio of 

3:1 is acceptable for LOD or also referred to as LLOD. The calculation of the LLOD (Equation 4-

1), was done for relevant phase I & II metabolites where 𝑆𝑎 represents the standard deviation of 

the responses (calculated by standard deviations of y-intercepts and y-residuals of the 

regression line) and 𝑏 represents the slope of the calibration curve (Jacobs, 2017). 

  

 Lower Limit of quantification (LLOQ) 4.11.3

The term LLOQ is defined as the lowest concentration at which the instrument is able to detect 

and quantify a compound (Shrivasta & Gupta, 2011). The LLOQ value should have a signal to 

noise ratio of 10:1. The LLOQ can also be determined with linear regression (Pirker et al., 2004) 

and the application of Equation 4-2. In contrast to this, the upper limit of quantification is the 

𝐿𝐿𝑂𝐷 = 3 × 𝑆𝑎
𝑏⁄  

Equation 4-1:  The formula for the calculation of the lower limit of detection 

𝐿𝐿𝑂𝑄 = 10 × 𝑆𝑎
𝑏⁄  

Equation 4-2:  The formula for the calculation of the lower limit of quantification 
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highest concentration of an analyte in a biological sample that can be determined quantitatively 

with acceptable accuracy and precision.  This is normally represented by the highest 

concentration of an analyte that are detected within the linear range (González et al., 2014).  

 Precision  4.11.4

Precision has been referred to as “measurement of scattering for the concentrations obtained 

for the replicate sampling of a homogeneous sample.” It is normally calculated as coefficient of 

variation (%CV) (Araujo, 2009). The precision parameter is one of the important steps in 

achieving repeatability and reproducibility. Precision must be determined for low, medium and 

high QC samples from at least 3 repetitions.  The accuracy and precision values for the QC 

samples should be determined by the calculating the mean and CV values.  Precision can be 

determined with the mean observed concentration (should be within ± 15 % of nominal 

concentration) and the CV [less than 15 % at all concentrations except for LLOQ where 20 % is 

acceptable] (González et al, 2014). The use of QC samples also allows for the detection of 

assay biasness (Haines et al., 2017). 

 Accuracy  4.11.5

The accuracy of a method is affected by systematic (bias) as well as random (precision) error 

components (Peters & Maurer, 2002). Accuracy can be described as the ratio of the determined 

and real concentration of quality control (QC) samples (low, medium & high) on a single day 

and also between days (Equation 4-3).  A value close to one is an indication of closeness to the 

true value.  At least five determinations per concentration point should be done and the 

coefficient of variation for accuracy should not exceed 15% except for the lower QC sample 

where 20% is acceptable (Moein et al., 2017). Accuracy can be affected by factors such as 

sample preparation, matrix effect and calculation error.   

 

 

 

 

 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
Response relative to metabolite calculated

Response relative to substance in theory or in standard
 

Equation 4-3:  Equation for the calculation of accuracy 
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 Range 4.11.6

The range of concentration over which the analytical method is calculated with the linear 

correlation of the analyte concentration to instrument response.  The usable range is affected by 

factors like LOD, LLOQ and method precision and accuracy (Hartmann et al., 1998).  

 Stability 4.11.7

The chemical stability limit of an analyte in a biological sample can be defined as the time 

required until a measured property acquires a bias higher than a defined specification (Gómez 

Rioja et al., 2018). Time is the main variable affecting stability in medical laboratory samples 

and therefore it is necessary to test stability under a number of conditions. This may include 

stock solution stability, postpreparative stability, benchtop and freeze-thaw stability, freezer 

storage stability and post-validation long-term stability (Bansal & DeStefano, 2007).    

 Matrix effect 4.11.8

The matrix effect is notable when molecules which are present in the sample matrix coelute with 

the compound(s) of interest (Chambers et al., 2007; Van Eeckhaut et al., 2009).  Under these 

conditions the signal for the relevant sample compounds may be enhanced or suppressed. 

Sample preparation and optimization of chromatographic conditions can limit the matrix effect 

(Jacobs, 2017). The matrix effect can be measured by calculation of the matrix factor (MF), 

which is the ratio of the response of an analyte in a biological matrix to the response of the 

analyte in the absence of any matrix (Keevil, 2013). The matrix factor calculation is shown in 

Equation 4-4. At least 5 matrix values from different individuals are necessary for the 

determination of the relative matrix effect, to compensate for inter-individual variability between 

samples and their matrixes (Srinivas, 2009). 

 

 

 

𝑀𝐹 =  
Response of analyte in matrix

Response of analyte in standard or solution
 

Equation 4-4:  Equation for matrix factor calculation 
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 Preparation of standard stock solutions and calibration standards 4.11.9

The stock solutions of all the metabolites were prepared at concentrations of 100 µg/mL in 

methanol. The standards were then stored at -80˚C until used for method development.  

Working solutions of metabolite standards and calibration mixtures were prepared by dilution to 

the required concentrations.  Biological matrix samples (urine and saliva) were also spiked with 

known amounts of the analytes. An important factor in method development and validation is 

that the sample composition should be as near as possible to that of the biological samples that 

are going to be analysed (Srinivas, 2009). QC samples for the validation of the phase I 

challenge test were made up at concentrations of 0.35; 2.5 and 10mg/L, representing low, 

medium and high QC samples respectively. 

4.12 Phase I method validation 

Method validation was performed on standard samples, biological matrixes and spiked 

matrixes. Charcoal stripping on samples were not carried out as it has been shown to limit 

matrix effects that might affect the results of the biological samples (Jacobs, 2017). Saliva 

samples was used for the liver phase I caffeine challenge test.  This matrix has been evaluated 

for the measurement of xenobiotics because of certain distinct advantages that it offers in 

comparison to plasma and serum (Mullangi et al., 2008). The caffeine analyses were carried out 

according to the phase I method described under §4.3.    

 Calibration and linearity 4.12.1

Calibration samples for caffeine were prepared in a concentration range of 0.02-10 µg/mL and 

200 µL of a 5µg/mL of the internal standard mixture was added to each calibration sample. 

Calibration curves to determine linearity were constructed by using a total of 10 calibration 

standards.  All these sample were analysed in triplicate. The calibration curves were 

constructed by plotting the ratio (response/IS) against the ratio of analyte/ IS concentration.   

The concentration ranges evaluated for caffeine is shown in Table 4-1.  The linearity plot for 

caffeine is shown in Figure-4.3. 
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Table 4-1: Linear response concentrations for caffeine; R2 values and LOD and LLOQ. 
The results of the matrix spikes are reported below. 

Metabolite 
Concentration range 
evaluated (µg/mL) 

Concentration range 
linear (µg/mL) 

R
2
 

value 

LLOD 

(µg/mL) 

LLOQ 

(µg/mL) 

Caffeine 0.02-10.00 0.63-10.00 0.999 0.102 0.340 

 

Figure 4-3:  Calibration curve for caffeine. The ratio (response/IS response) on the y-axis 
was plotted against the ratio (concentration/IS concentration) on the x-axis. 

 Relative response factor 4.12.2

The relative response factor (RRF) is the ratio of the response factor (RF) [response of 

metabolite per unit weight] to that of the internal standard. The RRF is usually determined to 

improve quantification (Bartolomeo & Maisano, 2006). The RRF for a specific analyte can be 

calculated from the linearity curve slopes (Equation 4-5). The RRF value for caffeine is shown in 

Table 4-2. 

 

Equation 4-5:  Equation for the relative response factor calculation  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 response factor =  Slope of metabolite of interest calibration curve* 

*  Response/IS response vs concentration/IS concentration 
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Table 4-2: Relative response factor calculated for caffeine and the internal standard (IS). 

Metabolite 
Internal standard used for 
quantification 

Relative response factor of IS to the 
metabolite of interest 

Caffeine Acetamidophenol 2.5 

 Limit of detection & quantification 4.12.3

The calibration data of the calibration range were used to calculate the LOD and LLOQ with 

linear regression, which predicts the lowest concentration at which an analyte can be detected 

and quantified accurately. The regression calculation is done using deviations from the data-

points that best fit the linear line (Shrivastava & Gupta, 2011). The LLOD and LLOQ values for 

caffeine are shown in Table 4-1.  

 Accuracy 4.12.4

Interday and intraday accuracy of the caffeine validation were calculated for concentrations in 

the linear range for low, medium and high values. The accuracy analysis was also repeated on 

standard and matrix spiked samples, in triplicate, for five consecutive days. The accuracy can 

be expressed either as the percentage bias or as a percentage of the nominal concentration 

(Kollipara et al., 2011). In this study the relative accuracy was expressed as a percentage of the 

nominal concentration and the results are shown in Table 4-3.  

 Precision 4.12.5

Precision calculations were done on analyte concentrations in the linear range (low, medium, 

high) to determine inter- and intraday variation. The precision value was expressed as a 

percentage of the relative standard deviation (%RSD). The precision results for the matrix 

spiked samples are shown in Table 4-4. 

 Carryover 4.12.6

According to the new draft USFDA guidance, the carryover effect should be assessed and 

monitored during analysis and when detected the possible cause should be investigated and 

mitigated as it could seriously impact on the accuracy and precision of the validated method 

(Kadian et al., 2016). The carryover effect for caffeine was determined for all QC concentrations 
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with blank injections before and after the analysis of standard solutions and matrix spiked 

solution.  No detectable carryover for caffeine could be determined. 

 

Table 4-3: Inter and intraday accuracy values for caffeine for low, medium and high QC 
concentrations. 

Low QC Medium QC High QC 

Intraday 

% CV 

Interday 

% CV 

Intraday 

% CV 

Interday 

% CV 

Intraday 

% CV 

Interday 

% CV 

13.890 11.631 5.572 5.787 11.480 8.604 

 

Table 4-4: The average interday precision values for caffeine. 

Low Medium High 

RSD (%) RSD (%) RSD (%) 

84.835 98.743 102.211 

 

 Stability 4.12.7

The stability of caffeine was determined in triplicate on QC samples (low, medium and high) and 

standard samples. The stability conditions and stability values (expressed as a percentage of 

newly prepared samples) are indicated in Table 4-5.  Storage and handling methods that 

contributed to stability deviations larger than ±15 % were rejected. 

Table 4-5: Table to illustrate the average stability of samples under certain storage 
conditions.  

 

Storage method 
Low QC 

(% of the newly 
prepared sample) 

Medium QC 
(% of the newly 

prepared sample) 

High QC 
(% of the newly 

prepared sample) 

4°C for 7 days 33.77 94.29 102.40 

4°C for 5 days 73.53 61.19 91.06 

3 days in autosampler 101.30 100.94 114.20 

5 freeze-thaw cycles 29.39 136.25 143.00 

24h at room temperature 136.90 110.12 105.10 
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 Selectivity 4.12.8

The selectivity of the caffeine analytical method was determined by analysis of six blank human 

saliva samples which were pooled to test for matrix interferences.  The selectivity analyses were 

performed in triplicate on the pooled samples as well as on saliva samples spiked with caffeine 

concentrations representative of the LLOQ. No measurable interferences could be detected 

which is an indication of good selectivity. 

 Matrix effect 4.12.9

The matrix factor was calculated for caffeine in order to determine the matrix effect. Five 

different matrix samples analysed in triplicate were used for this purpose. The analyses were 

carried out on unspiked and spiked saliva samples which contained caffeine at high and low QC 

sample concentrations. Compensation calculations were done to eliminate the influence of 

caffeine present in the unspiked samples.  The matrix effects were calculated using Equation 4-

4. A matrix factor (MF) = 1 indicates no effect from the matrix.  Deviations from this unit value 

were expressed as a coefficient of variation (CV) and values ≤15% were acceptable (Van 

Eeckhaut et al., 2009). Calculated matrix factor values for caffeine is shown in table 4-6. 

Table 4-6: The matrix factor value of caffeine at low QC and high QC values.  

Metabolite Matrix factor 

 Low QC High QC 

Caffeine 0.97066 1.0963 

 

 

4.13 Phase II method validation  

 Calibration and linearity 4.13.1

The analytical method used for the analyses of the phase II liver conjugates in this study is 

described under §4.4. Calibration samples for the phase II liver conjugates, acetaminophen 

mercapturate; acetaminophen glucuronide; acetaminophen sulphate and salicyluric acid were 

prepared in a concentration range of 0.244  – 250 mg/L final concentration. 200 µL of a 

250 µg/mL of the internal standard mixture was added to each calibration sample. Calibration 

curves to determine linearity were constructed by using a total of 10 calibration standards.  All 

these samples were analysed in triplicate. The calibration curves were constructed by plotting 

the ratio (response/IS) against the ratio of analyte/IS concentration.   The concentration ranges 

evaluated for acetaminophen mercapturate; acetaminophen glucuronide; acetaminophen 
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sulphate and salicyluric acid is shown in Table 4-7.  The linearity plots for the conjugates are 

shown in Figure 4-4. 

 

Table 4-7:   Linear response concentrations for phase II conjugates; R2 values and LOD 
and LLOQ. The results of the matrix spikes are reported below. 
 

Metabolite 
Concentration 
range evaluated 
(µg/mL) 

Concentration 
range linear 
(µg/mL) 

R
2 

value 

LLOD 

(µg/mL) 

LLOQ 

(µg/mL) 

Acetaminophen 
glucuronide 

0.244-500 0.244-500 0.997 0.702 2.339 

Acetaminophen 
sulphate 

0.244-500 0.244-500 0.997 0.222 0.739 

Acetaminophen   
mercapturate 

0.244-500 0.98-500 0.998 2.755 9.185 

Salicyluric acid 0.244-500 0.98-500 0.997 1.277 4.259 
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Figure 4-4: Calibration curves for (a) acetaminophen mercapturate; (b) acetaminophen 
glucuronide; (c) acetaminophen sulphate and salicyluric acid. The ratio (response/IS 
response) on the y-axis was plotted against the ratio (concentration/IS concentration) on the x-
axis for the individual analytes. 

 Relative response factor  4.13.2

The RRF for acetaminophen mercapturate; acetaminophen glucuronide; acetaminophen 

sulphate and salicyluric acid was calculated from the linearity curve slopes (Equation 4-5). The 

RRF values for these conjugates are shown in Table 4-8. 
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Table 4-8:  Relative response factor of the Internal standard (IS) to the phase II analytes. 

Metabolite 
Internal standard used for 
quantification 

Relative response factor of 
IS to the analyte of interest 

Acetaminophen glucuronide Allopurinol 0.541 

Acetaminophen sulphate Allopurinol 0.693 

Acetaminophen mercapturate Allopurinol 0.683 

Salicyluric acid Allopurinol 0.427 

 Limit of detection & quantification 4.13.3

The calibration data of the calibration range for acetaminophen glucuronide, acetaminophen 

sulphate, acetaminophen mercapturate and salicyluric acid were used to calculate the LOD and 

LLOQ with linear regression, which predicts the lowest concentration at which an analyte can be 

detected and quantified accurately. The regression calculation is done using deviations from the 

data-points that best fit the linear line (Shrivastava & Gupta, 2011). The LLOD and LLOQ values 

for the phase II liver conjugates are shown in Table 4-7.  

 Accuracy 4.13.4

Interday and intraday accuracy values of acetaminophen glucuronide, acetaminophen sulphate, 

acetaminophen mercapturate and salicyluric acid were calculated for concentrations in the 

linear range for low, medium and high values. The accuracy analyses were also repeated on 

standard and matrix spiked samples, in triplicate, for five consecutive days. In this study the 

accuracy was expressed as a percentage of the nominal concentration and the results are 

shown in Table 4-9. The acceptance criteria of the FDA required that the mean accuracy value 

should be within 15 % of the actual concentration except for LLOQ where it should not deviate 

more than 20% (Kollipara et al., 2011). 

 Precision 4.13.5

Precision calculations were done on analyte concentrations in the linear range (low, medium, 

high) to determine inter- and intraday variation. The precision value was expressed as a 

percentage of the relative standard deviation (%RSD). The precision results for the matrix 

spiked samples are shown in Table 4-10. 



CHAPTER       2 

85 
 

4 

 Carryover 4.13.6

The carryover effect for acetaminophen glucuronide, acetaminophen sulphate, acetaminophen 

mercapturate and salicyluric acid was determined for all QC concentrations with blank injections 

before and after the analysis of standard solutions and matrix spiked solution.  No detectable 

carryover for these phase II liver conjugates were found. 

Table 4-9: Intraday and interday accuracy values for acetaminophen glucuronide, 
acetaminophen sulphate, acetaminophen mercapturate and salicyluric acid for low, 
medium and high QC concentrations. 

Metabolite Low QC Medium QC High QC 

 
Intraday 

% CV 

Interday 

% CV 

Intraday 

% CV 

Interday 

% CV 

Intraday 

% CV 

Interday 

% CV 

Acetaminophen glucuronide 3.365 3.150 2.739 2.592 4.092 1.570 

Acetaminophen sulphate 3.692 3.609 3.634 3.420 4.677 2.169 

Acetaminophen mercapturate 6.040 7.512 3.346 2.425 1.276 4.241 

Salicyluric acid 3.202 2.640 2.626 2.442 4.478 1.367 

 

Table 4-10: Average precision values for acetaminophen glucuronide, acetaminophen 
sulphate, acetaminophen mercapturate and salicyluric acid for low, medium and high QC 
concentrations. 

Metabolite Low Medium High 

 RSD (%) RSD (%) RSD (%) 

Acetaminophen glucuronide 95.3513 98.042 104.947 

Acetaminophen sulphate 104.826 98.857 99.295 

Acetaminophen mercapturate 100.471 115.394 141.901 

Salicyluric acid 103.74 96.986 97.972 

 

 Stability 4.13.7

The stability of the four phase II liver conjugates was determined in triplicate on QC samples 

(low, medium and high) and standard samples. The stability conditions and stability values 

(expressed as a percentage of newly prepared samples) is shown in Table 4-11(a) and Table 4-

11(b).  Storage and handling methods that contributed to stability deviations larger than ±15 % 

were rejected. 
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Table 4-11(a): The average stability of samples under certain storage conditions. These 
include fridge storage of 5 or seven days, autosampler storage for three days, benchtop storage 
for one day and 5 freeze thaw cycles. 

 

Table 4-11(b): The average stability results of samples under certain storage conditions. 
These include fridge storage of 5 or seven days, autosampler storage for three days, benchtop 
storage for one day and 5 freeze thaw cycles for acetaminophen glucuronide, acetaminophen 
sulphate, and salicyluric acid for low, medium and high concentrations. 

*  Stability analyses for acetaminophen mercapturate could not be carried out due to limited available quantities of the 
standard compound. 

 Selectivity 4.13.8

The selectivity of the phase II conjugate analytical method was determined by analysis of six 

blank human urine samples which were pooled to test for matrix interferences.  The selectivity 

analyses were performed in triplicate on the pooled urine samples as well as on urine samples 

spiked with acetaminophen glucuronide, acetaminophen sulphate, acetaminophen 

mercapturate and salicyluric acid concentrations representative of the LLOQ. No measurable 

interferences could be detected which is an indication of good selectivity. 

Storage method 
Low QC  
(% of the freshly 
prepared sample) 

Medium QC  
(% of the freshly 
prepared sample) 

High QC  
(% of the freshly 
prepared sample) 

4°C for 7 days 95.767 96.174 99.447 

4°C for 5 days 102.54 102.907 107.216 

3 days in autosampler 99.853 99.370 107.674 

5 freeze-thaw cycles 111.06 113.538 130.557 

24h at room temperature 96.492 97.998 95.132 

Metabolite 
Concen-
tration  

3 days in 
autosampler 

4°C for 7 
days 

5 freeze-
thaw 
cycles 

24h at room 
temperature 

4°C for 5 
days 

Acetaminophen 
glucuronide 

LOW 99.957 99.322 121.816 96.412 98.340 

MED 99.636 99.765 123.543 97.666 97.957 

HIGH 99.912 99.211 118.360 95.788 100.075 

Acetaminophen 
sulphate 

LOW 100.482 99.120 97.305 91.413 84.645 

MED 99.577 99.634 100.519 93.261 90.294 

HIGH 100.073 99.248 96.564 90.942 95.954 

Salicyluric acid 

LOW 100.324 98.539 109.037 94.000 91.847 

MED 99.685 99.478 117.571 96.938 99.349 

HIGH 100.347 98.977 103.902 95.331 139.160 



CHAPTER       2 

87 
 

4 

 Matrix effect 4.13.9

The matrix factor was calculated for acetaminophen glucuronide, acetaminophen sulphate, 

acetaminophen mercapturate and salicyluric acid in order to determine the matrix effect. Five 

different matrix samples analysed in triplicate were used for this purpose. The analyses were 

carried out on unspiked and spiked urine samples which contained the phase II conjugates at 

high and low QC sample concentrations. Compensation calculations were done to eliminate the 

influence of conjugates present in the unspiked samples.  The matrix effects were again 

calculated using Equation 4-4. A matrix factor (MF) = 1 indicates no effect from the matrix.  

Deviations from this unit value were expressed as a coefficient of variation (CV) and values 

≤15% were acceptable (Van Eeckhaut et al., 2009). Calculated matrix factor values for the 

phase II conjugates are shown in table 4-12. 

Table 4-12: The matrix factor value for each phase II conjugate at low QC and high QC 
values.  

Metabolite Matrix factor 

 Low QC High QC 

Acetaminophen glucuronide 1.091 

0.9462 

 

1.075 

Acetaminophen sulphate 1.119 1.076 

Acetaminophen mercapturate 1.006 1.005 

Salicyluric acid 1.514 

 

1.078 

  



CHAPTER 5: SELECTION AND CLASSIFICATION OF A COHORT OF CHRONIC FATIGUE PATIENTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CHAPTER 
Selection and classification of a 

cohort of chronic fatigue patients 

 

5 



CHAPTER  2 

89 

5 

5.1 Introduction 

In this Chapter details on the BOSS data collection and statistical analysis are presented. The 

data from the total analytical procedures consisted of three distinct different data sets: (1) the 

questionnaire for the Piper Fatigue Scale (22 items), (2) the Medical Symptoms Questionnaire 

(75 items) and (3) biochemical data generated from different biofluids as well as through 

different analytical methods (17 items). These sets provided 28 050 data points for each of the 

selected 576 patients, i.e. 16 156 800 data points in total. Conventional biochemical studies are 

mostly performed on data of limited size, obtained from reductionist studies. However, the aim 

of modelling complex biological interactions by integrating information from interdisciplinary 

fields, as in the three data sets used in the present study, requires a holistic approach for such 

large and diverse data sets. For this purpose, we considered various approaches in consultation 

with our statistical consultant (F.E Steffens, MSc DSc (PU vir CHO), Professor emeritus from 

the University of Pretoria and the University of South Africa), and agreed on the statistical 

methods described in this Chapter. After comparing various alternative classification methods, 

the use of the method Chi-squared Automatic Interaction Detector (CHAID) proved to be the 

most promising. It is a well-established method, originally proposed by Kass (1980). The 

advantage of CHAID is two-fold: (1) CHAID "build" non-binary trees (i.e., trees where two or 

more branches can attach to a single root or node), based on a relatively simple algorithm; (2) 

CHAID is particularly well suited for the analysis of larger datasets. 

The comparative approach for the selection of the most suitable classification procedure for the 

present data set, as well as details on the underlying theory and mathematics of the CHAID 

method, are beyond the scope or the present thesis. The complete data set for the cohort of 

568 patients is, however, rather unique and is provided electronically in Google drive 

(https://drive.google.com/open?id=1J8WuZHT6uCcj-uONpr0mm7BoKVa1bXte) format as it may 

be of value for statisticians interested in alternative or novel ways of analyzing complex data 

sets. 

5.2 A statistical approach for the classification of chronic fatigue cases, based 

on large and diverse data sets (manuscript to be submitted II): 
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Abstract 

This study involved 576 female patients, aged between 18 and 82, who complained about 

chronic fatigue. The patients were evaluated by means of two questionnaires, a Medical 

Symptoms Questionnaire and the Piper Fatigue Scale; and subsequently by analysing saliva 

and urine samples, after the patients took certain medications, to measure the quantities of 

various metabolites present. These three data sets were analysed statistically to establish the 

links between fatigue, metabolism and medical symptoms. The Piper Fatigue Scale was used to 

define five groups, and Chi-square Automatic Interaction Detection (CHAID) provided insight 

into the links between these measurements. The simultaneous analysis of qualitative and 

quantitative data sets are known in the field of statistics but seldom applied to such data sets 

generated through biochemical research. The value of this approach is evident from the 

informative classification schemes produced. 

Keywords: Chronic Fatigue • CHAID • ANOVA • Factor Analysis • Principal Component 

Analysis • Medical Symptoms Score • Piper Fatigue Score 
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 Introduction 5.2.1

A total of 673 women with complaints of fatigue were assessed for study eligibility. Of these 

subjects, 576 were eligible, following exclusion criteria for all cases which were verified as 

indicating diabetes, chronic high blood pressure, asthma, cancer, arthritis and some minor 

clinical conditions. Patients suggestive of fibromyalgia, depression or other affect syndromes 

remained in the final data set. 

Three separate data sets were collected for each patient: a Piper Fatigue Score (PFS), from a 

questionnaire involving 22 items on a scale of 1–10. Second, a Medical Symptoms 

Questionnaire (MSQ) from the Departments of Medicine, Mercy Hospital and Maine Medical 

Center, Portland, ME, was completed with the assistance of a health consultant for each patient 

to supplement the information from the PFS and to gauge overall wellness (Jones & Quinn 

2010). The MSQ contains 19 domains, most with 4 items, totaling 75 indicators to each of which 

the patient assigned a Likert-scale numerical ranking (0 being “never” or “seldom” and 4 being 

“frequently with severe effect”). Finally, biochemical measurements, of which 17 metabolite 

concentrations were determined from saliva, blood and urine samples collected after taking 

certain medications. 

Traditional biochemical studies rely on reductionist data sets. However, the aim of modelling 

complex biological interactions by integrating information from interdisciplinary fields, as in the 

three data sets used in the present study, requires a holistic approach through the use of large 

data sets. For this purpose, we used the statistical methods as summarized below but without 

elaborating here on the underlying theory and mathematical details. The complete data set for 

the cohort of 576 patients is provided electronically in Google drive 

(https://drive.google.com/open?id=1J8WuZHT6uCcj-uONpr0mm7BoKVa1bXte). 

The biochemical data were log-transformed because they showed high skewness and kurtosis. 

The PFS scores were reduced to two factors by means of factor analysis: Energy Fatigue and 

Mental Fatigue. From these two factors five groups were defined, depending on the combination 

of energy and mental fatigue. The biochemical measurements were reduced to 8 factors by 

means of principal components analysis, and the MSQ was divided into 15 section scores. 

Using ANOVA, the means of the five fatigue groups were compared with respect to the MSQ 

scores and the biofactors. The five group means of the MSQ scores were highly significantly 

different, with p values mostly less than 0.01. In the case of the biofactors, only one of the group 

means differed significantly at a p value of less than 0.05 and one less than 0.10. 
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CHAID analysis produced models that used the overall MSQ score as a first source of 

differences, and additionally the metabolite information in refining the differences between the 

various fatigue groups. 

 Data collection 5.2.2

Patients suffering from low to high levels of chronic fatigue were referred by clinicians to the 

Centre for Human Metabolomics, North-West University (Potchefstroom campus) for evaluation. 

After signing an informed consent form, the patient was requested to complete two 

questionnaires, the Piper Fatigue Scale (PFS) Questionnaire (Piper et al., 1998) and a Medical 

Symptoms Questionnaire [MSQ] (Jones & Quinn 2010). In addition, saliva, urine and blood 

samples were collected as follows: a 150-mg caffeine tablet was taken before breakfast at 

08:00 in the morning, saliva samples were collected at 10:00 and 16:00; two aspirin (600 mg) 

and two paracetamol tablets (1000 mg) were taken at 21:00 in the evening and overnight and 

early morning (ending at 07:00); urine samples were collected in special containers provided in 

the test kit; blood samples were collected 24 hours later. The frozen blood, urine and saliva 

samples were handed in at a pathology depot for analysis to determine the concentrations of 

uric acid and creatinine.  

The PFS questionnaire includes 23 questions. The first question, about how long ago the 

symptoms had begun, was excluded from the analysis. The 22 other questions were grouped in 

four dimensions: behaviour/severity, affective meaning, sensory, and cognitive/mood. The scale 

in each case was 0–10, with 0 indicating no to low-level symptoms and 10 indicating very 

severe symptoms. A total PFS score was calculated as the mean of the 22 items. 

The MSQ includes 15 domains with 3 to 5 items per domain, a total of 75 items on a Likert scale 

of 0–4, (0 being “never” or “seldom” and 4 being “frequently with severe effect”). A total MSQ 

score was calculated as the mean. The domains were Head, Eyes, Ears, Skin, Nose, Heart, 

Emotions, Mind, Digestive tract, Mouth/Throat, Lungs, Energy/Activity, Weight and Joint/muscle, 

and Other (including frequent illness, frequent or urgent urination, genital itch or discharge, and 

painful lymph nodes).  

The biochemical analysis of the body fluids yielded concentrations of 15 metabolites, filtrate 

volume and 5 ratios of some of the metabolite concentrations, a total of 22 variables. 

Ultimately, the purpose is to find relationships or links between fatigue, as measured by the PFS 

on the one hand, and medical symptoms (derived from the MSQ) and the biochemical 

measurements on the other. The canonical correlation between the PFS variables and the 
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biochemical variables was 0.34, which is the maximum correlation between linear combinations 

of the two sets. The canonical correlation between the MSQ items PFS items was 0.798. 

 Data reduction 5.2.3

An attempt was made to reduce the number of variables in order to simplify the modelling. In the 

case of the PFS scores, factor analysis (Hair et al., 2010) with principal components and 

principal axis factoring as extraction methods, and Varimax and Direct Oblimin rotations, were 

used in various combinations. The outcome was that Items 2–16 seem to measure the first 

factor whereas Items 17–22 measure the second factor. The first factor was termed Energy 

Fatigue (that is, fatigue due to lack of energy). The second factor was classified as Mental 

Fatigue (that is, fatigue due to stress). The Cronbach’s alphas for the two groups of items were 

0.974 and 0.917, respectively. A factor score was computed for each factor as the mean of the 

items constituting that factor. Both scores and the overall fatigue score were categorised as 

follows: low-level fatigue (score < 4); medium level of fatigue (4 ≤ score < 7) and high level of 

fatigue (score ≥ 7). The frequencies are indicated in Table 5-1.  

Table 5-1:  Frequencies of the Energy, Mental and Total Energy classes   

 
Energy Fatigue Mental Fatigue Total Fatigue 

Category Frequency Percent Frequency Percent Frequency Percent 

Low Fatigue 144 25.0 176 30.6 139 24.1 

Medium Fatigue 195 33.9 244 42.4 221 38.4 

High Fatigue 237 41.1 156 27.1 216 37.5 

Total 576 100.0 576 100.0 576 100.0 

 

From these levels we defined five combined groupings: (1) Low Fatigue: Energy Fatigue score 

and Mental Fatigue score below 4; (2) Medium Fatigue: Energy Fatigue score and Mental 

Fatigue score below 7 and at least one of the scores equal to 4 or more; (3) Mainly Energy 

Fatigue: Energy Fatigue score 7 or more, Mental Fatigue score below 7; (4) Mainly Mental 

Fatigue: Mental Fatigue score 7 or more, Energy Fatigue score below 7; (5) Energy and Mental 

Fatigue: Energy Fatigue score and Mental Fatigue score both 7 or more. A scatter plot 

illustrates this (Figure 5-1). The frequencies of the 5 combined PFS groups are indicated in 

Table 5-2. 

Without knowledge of the PFS, MSQ and biofactor scores, one would judge that a randomly 

selected patient had a 20.3% chance of falling in the Low Fatigue group and a 22.6% chance of 
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falling in the High Energy and Mental Fatigue group. We shall try to improve on that by using 

the information in the MSQ and the biochemical analyses. 

Table 5-2:  Frequencies of the 5 PFS groups  

Category Frequency Percent 

Low Fatigue 117 20.3 

Mild Fatigue 196 34 

Mainly Energy Fatigue 107 18.6 

Mainly Mental Fatigue 26 4.5 

High Energy and Mental Fatigue 130 22.6 

Total 576 100 

 

 The MSQ scores 5.2.4

The overall MSQ score was calculated as the mean of 74 items. An attempt at a factor analysis 

of the 74 items failed to converge, and a PCA without rotation did not give useful results. It was 

therefore decided to maintain the original sections in the questionnaire. The Cronbach’s alpha 

for the groupings varied around 0.6, but no reverse coding was necessary. The score for each 

section was computed as the mean of the items in the section.  

 

Figure 5-1:  Distribution of all selected cases based on the individual’s scores on energy 
fatigue and mental fatigue derived from the PFS. The scores are categorized as low level 
fatigue (0 < score < 4), medium level of fatigue (4 ≤ score < 7) and high level of fatigue (score ≥ 
7). This distribution indicates the presence of five PFS groups: Low Fatigue (blue), Mild Fatigue 
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(green), Mainly Energy Fatigue (orange), Mainly Mental Fatigue (purple) and High Energy and 
Mental Fatigue (red) 

 The biochemical measurements 5.2.5

The biochemical variables showed relatively high skewness and kurtosis. This was improved by 

a log transformation. Factor analysis of the log-transformed variables was not possible because 

the covariance matrix is not positive definite. This is because five of the 22 variables are ratios 

of some of the other variables, and the log transformation turns a ratio into a difference, which 

means that some of the variables are linear combinations of other variables. Nevertheless, 

since the biochemical variables are precise measurements rather than opinions, PCA was 

performed, indicating the existence of 8 factors. The eight factor scores were computed and 

termed Biofactor1 to Biofactor8. 

5.2.5.1 Comparing MSQ and biofactor scores across the fatigue groups 

ANOVA tests were performed to compare the factor scores across the 5 fatigue groups. In the 

case of the MSQ scores, the p values were all less than 0.01 (except one of 0.014). In most 

cases the mean of the High Energy and Mental Fatigue group differed significantly from the 

means of the other groups. The differences were not sufficient to yield a successful discriminant 

analysis based on the MSQ subscores. In the case of the biofactors, only one (Biofactor 4) gave 

a p value less than 0.05 and one other less than 0.10. 

5.2.5.2 CHAID analysis  

In an attempt to find descriptive differences between the fatigue groups, Chi-square Automatic 

Interaction Detection (CHAID) analysis was selected and performed with the five PFS fatigue 

groups as response and the MSQ scores (total and individual sections) as well as the biofactor 

scores and individual measurements. CHAID is a decision tree technique that is based on 

adjusted significance testing. The technique was developed by Gordon V. Kass of the University 

of the Witwatersrand, Johannesburg, South Africa for his PhD degree (Kass, 1980). It was 

published in 1980 as an exploratory technique for investigating large quantities of categorical 

data and has since become a highly quoted paper (2902 citations). CHAID is a widely used 

technique within the field of consumer and medical sciences as well as in psychiatric research. 

CHAID is an unsupervised technique aimed at discovering relationships between a categorical 

variable (the dependent variable) and several independent variables which may be categorical 

or measured on a continuous scale. The purpose of the analysis as applied in our study was to 

create a descriptive rather than a predictive model. Unlike linear model techniques, such as 
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ANOVA, regression and discriminant analysis, CHAID does not fit linear models. It employs a 

tree growing algorithm to reveal relationships between the dependent variable and the 

independent variables in a stepwise fashion. 

The first parent node contains all the cases. If Y is the dependent variable with k categories, 

and X1, X2,..…,Xm are the independent variables, then the process of building a tree 

representation begins by evaluating each independent variable in turn. Each Xi is evaluated by 

splitting its range into mutually exclusive and exhaustive categories, and then constructing a 

contingency table1 with the k categories of Y in the columns and the Xi categories in the rows, 

with the frequencies (the number of cases) in the table. A chi-square test of independence is 

performed to test the independence of the rows and columns, and the significance (p value) 

corresponding to the chi-square test is obtained. A search algorithm is used to find the optimum 

split with the smallest p value (the p values are adjusted by a Bonferroni adjustment for multiple 

testing). The optimum split and corresponding p value is determined for each independent 

variable, and the independent variable corresponding to the smallest p value is selected to form 

child nodes. If this smallest p value is larger than 0.05, the process is stopped. If the smallest p 

value is 0.05 or less, the first child nodes are formed by the categories corresponding to the 

selected independent variable. 

In the next step each child node becomes a parent node, and all the independent variables are 

evaluated in a similar fashion, leading to the possibility of several child nodes emanating from 

each parent node, provided a suitable split is found with a p value less than 0.05. The process 

continues with each of the new child nodes being regarded as a parent node and evaluated for 

the existence of independent variables that could give rise to significant splits. 

Eventually, the performance of the model is evaluated in terms of the end nodes (nodes which 

are not split further). Each case is allocated to one end node, and the category with the highest 

frequency in the end node is used as a prediction of the category of all the cases in the end 

node. The user is able to control the process by specifying the significance level α, the minimum 

size for parent nodes to be split, the minimum size of child nodes and the maximum number of 

levels. 

                                                

1 Note: The following statistical terminology is used above: a contingency table is a cross-tabulation 
consisting of rows and columns with frequencies of occurrences of cases in each cell of the table. A 
chi-square test is performed to test the independence of the rows and columns. The null hypothesis 
states that the rows and columns are independent. The significance (p value) is used to judge the 
independence. If the p value is small (typically less than 0.05) it means that the rows in the table may 
be used to some extent to predict the columns or vice versa. If the p value is larger than 0.05, the 
interpretation is that the rows are not useful in predicting the columns. 
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The application of CHAID to produce classification trees using only partial data is illustrated in 

three examples as shown in Figures 5-2 to 5-4.  

 

Figure 5-2:  The branching of the control and High Fatigue groups based on the overall 
MSQ score. Total PFS and MSQ data: patient group: selected 576 cases. The “Yes” and “No” 
and the “Control” and “Fatigue” categories were defined as follows: PFS score ≥7; code =1 (Yes 
or Fatigue); PFS score < 7; code = 0 (No or Control).  

 

Figure 5-3:  The branching of the control and High Fatigue groups based on the overall 
biochemical scores. Total PFS and overall biochemical data: patient group; selected 576 
cases. The “Yes” and “No” and the “Control” and “Fatigue” categories were defined as above.  
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Figure 5-4:  The branching of the control and High Mental groups based on the overall 
biochemical scores. Total PFS and overall biochemical data: patient group; selected 576 
cases. The “Yes” and “No” and the “Control” and “Fatigue” categories for the Mental groups. 

Finally, the CHAID analysis was applied to the total data (PFS, MSQ and biochemical) for the 

selected group. This outcome is presented in Chapter 7 and illustrated in Figure 4 of Erasmus et 

al. (2019)2. Figure 4 shows potentially important metabolites for the Low and High Fatigue 

groups, selected according to the CHAID analysis. At low values of MSQ, the Low Fatigue 

group becomes predominant, at medium levels the Mild Fatigue group becomes predominant 

and at high levels of MSQ the High Energy and Mental Fatigue group becomes predominant. 

The CHAID analysis thus provided the first results of a successful classification of a cohort of 

chronic fatigue patients. The outcome for this cohort of patients provided a classification tree 

distinguishing between five groups of patients, ranging from low to high fatigue (for further detail 

see Erasmus et al., 2019). 

 Conclusions  5.2.6

The three data sets were analysed statistically with success to establish the links between 

fatigue, metabolism and medical symptoms for the patient groups of 576 cases under 

                                                

2 Note: This comment will be amended in the manuscript for submission to a journal. 
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investigation. The Piper Fatigue Scale was used to define the groups, and CHAID provided 

insight into the links between the MSQ and biochemical measurements. Although the model 

was intended as a descriptive rather than a predictive tool, prediction of low fatigue was 65.8% 

correct and in the case of high energy and mental fatigue it was 76.9% correct. 

 Author contributions: 5.2.7

All data were generated by EE through the BOSS procedure. FES did the initial data analysis: 

(1) it includes the conceptual view of a two-dimensional profile of patient distribution, based on 

the individual’s scores on energy fatigue and mental fatigue derived from the PFS, and (2) the 

assessment of skewness and kurtosis in die biochemical data — both characteristics of the data 

set which may influence the outcome of the analysis if not corrected for. The conceptual design 

of the manuscript was agreed upon by all three authors, the first concept was drafted by FES 

followed by successive refinements from EE and CJR. The final version was approved by all 

three authors.  
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6.1 Introduction 

This chapter is a further contribution to the description of the intricacies of the human glycine-N-

acyltransferase (GLYAT), a phase II conjugation enzyme system. Our research on glycine 

conjugation now spans the best part of two decades with some of the first contributions on 

amino acid substrate specificity of this enzyme system published by van der Westhuizen and 

co-workers at the turn of the century (Van der Westhuizen et al., 2000). 

Apart from the other phase II conjugation enzymes, GLYAT fulfils a very important task by 

removing specific acyl-compounds from the metabolism. In fact, GLYAT’s evolutionary 

conservation points to a system which is really essential for the maintenance of life (Van der 

Sluis et al., 2015). GLYAT is especially important for its role in the conjugation of products like 

benzoate which is an end-product of β-oxidation in human metabolism of flavonoids and other 

plant metabolites. Our research group has been active in further research about this conjugating 

enzyme to develop a more comprehensive understanding of the glycine conjugation pathway. 

More recently we have focused on the different pathways involved to ensure a functional 

GLYAT conjugation reaction (Badenhorst et al., 2014). Hepatic glycine conjugation is a two-step 

process that occurs in the mitochondria. The rate of glycine conjugation can be influenced by 

several factors, including the availability of ATP, CoASH, and glycine; genetic variation in the 

xenobiotic/medium chain fatty acid: CoA ligase (ACSM2B) and glycine N-acyltransferase 

(GLYAT) genes as well as variable expression levels of ACSM2B (E.C. 6.2.1.2) and GLYAT 

(E.C. 2.3.1.13) (Van der Sluis & Erasmus, 2016). Currently, the method used to study human 

GLYAT enzyme activity and kinetics relies on indirect colorimetric monitoring.  This method 

however suffers from poor selectivity and absolute concentrations of the reaction product, 

hippuric acid cannot be accurately determined. We have therefore developed a high-

performance liquid chromatography–electrospray ionization tandem mass spectrometry (HPLC–

ESI-MS/MS) method to enable us to characterize the kinetic parameters of a recombinant 

GLYAT for better understanding of the kinetic mechanism involved in human GLYAT. 

6.2 New insights into the catalytic mechanism of human glycine N-

acyltransferase (Van der Sluis et al., 2017 — publication II) 
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7.1 Introduction 

Chapter 7 address the fourth objective for the present study: “Perform a correlation of the 

clinical features of the selected patients with the biotransformation profiles to determine a 

possible metabolic link to fatigue symptoms, as proposed through the model for this link.” The 

outcome of this part of the study was submitted to PLOS ONE. The following comment was 

made by one of the reviewers: “The PLOS Data policy requires authors to make all data 

underlying the findings described in their manuscript fully available without restriction, with rare 

exception. The data should be provided as part of the manuscript or its supporting information 

or deposited to a public repository.” We complied to this requirement in the paper as published 

and include it to the thesis as well as a Google drive link 

(https://drive.google.com/open?id=1J8WuZHT6uCcj-uONpr0mm7BoKVa1bXte) containing all 

the data used for the analysis as described here. 

The data used for this part of the study was generated over a period of seven years, required to 

compose a cohort of 500+ selected patients for the study (Chapter 2, objective 3). The final 

cohort of 576 chronic fatigue patients presented with a complex profile of cases distributed from 

low to high energy and mental fatigue (Chapter 5, Figure 5-1), but provided for a detailed 

analysis of the biochemical data obtained from five clusters of patients with different 

energy/mental characteristics. The biochemical data was obtained from a selection of phase I 

and phase II detoxification reactions, covering the main biotransformation pathways known to 

be operative in maintaining homeostasis following a perturbation due to exogenous xenobiotics 

(Erasmus et al., 2019, Figure 1). 

Polymorphisms of genes for biotransformation enzymes are known to be associated with 

individuals’ detoxification status. This important issue was not addressed in the present study 

but formed part of some of other investigations done by our group. To address this issue, we 

included Table 2 in the discussion of the present PLOS ONE paper, indicating some of our 

observations made on polymorphisms associated with the GLYAT gene. 

7.2 Biotransformation profiles from a cohort of chronic fatigue women in 

response to a hepatic detoxification challenge (Erasmus et al., 2019 — 

publication III)  

https://drive.google.com/open?id=1J8WuZHT6uCcj-uONpr0mm7BoKVa1bXte
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7.3 Supplementary Information 

 Patient Selection 7.3.1

Female patients who were complaining about fatigue were selected during visits to clinicians.  

Selection was based mainly on fatigue assessment by the clinicians and the completion of a 

demographic profile, the revised version of the Piper Fatigue Scale and the Medical Symptoms 

questionnaire. The questionnaires were part of an information guide about the challenge tests. 

Note: The BOSS guide (Chapter 3) was included as supplementary information in the PLOS 

ONE paper (Erasmus et al., 2019). 

 Informed consent 7.3.2

Potential participating patients were also required to complete a section on informed consent 

which in essence contains information about the background and aim of the detoxification and 

oxidative stress evaluation, risks and possible discomforts, confidentiality, withdrawal, 

acknowledgement of explanation of the test procedure and finally the declaration of consent. 

 Statistics 7.3.3

Supplementary table 7-1 reports the correlations coefficients (r) and associated p-values, based 

on Spearman’s rho, between suspected confounders (age, height, weight and BMI) and 

variables used to group cases (MSQ Overall, PFS Energy and PFS Mental scores) as well as 

biochemistry variables. Confounders were confirmed if showing a practically significant 

correlation (|r|≥0.5). While p-values are reported, the level of significance was not considered as 

this metric is known to be affected by sample size. A sample size of 576, as used here, is likely 

to produce statistically significant effects of little practical importance. Given this criteria, no 

confounding effects could be detected. Note the non-parametric approach was used as some 

concerns about normality persisted, but more powerful parametric Pearson’s correlations were 

also performed. Pearson’s results were comparable, and the same conclusions could be drawn. 
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Table 7-1:  Correlation analysis with potential confounding effects. The table reports the 
Spearman’s Rho non-parametric correlation coefficients (r) and associated significance levels 
(p-value) between variables pairs indicated as row and column headers. Correlation coefficients 
marked with a single asterisk (*) indicate significance at a 5% level, while correlation coefficients 
marked with a double asterisk (**) indicate significance at a 1% level. 

 
Spearman's Rho Correlation r (p-value) 

 
Weight Height BMI Age 

MSQ 
.087* -0.01194 .102* 0.018704 

(0.038) (0.775) (0.014) (0.654) 

PFS_Energy 
.100* 0.021687 .104* -0.02876 

(0.016) (0.604) (0.013) (0.491) 

PFS_Mental 
0.041353 -0.01059 0.048559 -0.04974 

(0.322) (0.8) (0.245) (0.233) 

Creatinine 
.109** .118** 0.064068 -.391** 

(0.009) (0.005) (0.125) (<0.0001) 

Uric acid 
.115** 0.067687 .095* -.229** 

(0.006) (0.105) (0.023) (<0.0001) 

Uric acid: creatinine ratio 
0.011711 -0.06503 0.046541 .268** 

(0.779) (0.12) (0.265) (<0.0001) 

Phase1 
-.190** -0.05849 -.180** -0.03502 

(<0.0001) (0.162) (<0.0001) (0.401) 

Glucuronidation 
-0.04875 -0.02834 -0.03723 -.172** 

(0.243) (0.498) (0.372) (<0.0001) 

Sulphation 
-.130** -0.02934 -.125** -0.03816 

(0.002) (0.483) (0.003) (0.361) 

Mercapturation 
0.012653 0.034901 -0.0063 -.100* 

(0.762) (0.404) (0.88) (0.016) 

Salicyluric acid (SAU) 
0.005995 0.020809 0.008096 -.121** 

(0.886) (0.619) (0.846) (0.004) 

Catechol 
-.091* -0.05782 -0.0605 .120** 

(0.028) (0.167) (0.147) (0.004) 

2,3 DHBA 
-.229** -.146** -.166** 0.02523 

(<0.0001) (<0.0001) (<0.0001) (0.546) 

2,5 DHBA 
-.222** -.149** -.176** -0.01479 

(<0.0001) (<0.0001) (<0.0001) (0.723) 

ROS 
.153** -0.03165 .172** -.124** 

(<0.0001) (0.449) (<0.0001) (0.003) 

FRAP 
-0.02681 -0.02766 -0.02214 -0.03182 

(0.521) (0.508) (0.596) (0.446) 
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Spearman's Rho Correlation r (p-value) 

 
Weight Height BMI Age 

Total red blood cell glutathione 
0.042577 .110** 0.006483 -0.05794 

(0.308) (0.008) (0.877) (0.165) 

Total free carnitine 
.119** 0.004537 .120** .156** 

(0.004) (0.914) (0.004) (<0.0001) 

Total acyl carnitine 
0.027041 -0.05035 0.047406 0.061815 

(0.517) (0.228) (0.256) (0.138) 

Ratio total acyl carnitine: total free 
carnitine 

-.164** -.096* -.126** -.170** 

(<0.0001) (0.022) (0.003) (<0.0001) 

Phase1 sulfation 
-.127** -0.05512 -.111** -0.00755 

(0.002) (0.187) (0.008) (0.857) 

Phase1 glycination 
-.167** -0.06549 -.163** 0.030533 

(<0.0001) (0.117) (<0.0001) (0.465) 

Phase1 glucuronidation 
-.142** -0.06849 -.120** 0.04645 

(0.001) (0.101) (0.004) (0.266) 
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8.1 Introduction (with reference style according to Metabolomics) 

The biochemical data generated through the BOSS protocol was based on pre-defined 

biochemical parameters related to the selected intervention procedures. Untargeted or semi-

targeted metabolomics data opened an alternative route to gain information on metabolic 

perturbations. The study of the quantitative complement of metabolites in a biological system as 

generated through metabolomics approaches has been shown to reveal changes in metabolite 

concentrations or fluxes related to a wide variety of genetic or environmental determinants. 

Interestingly, the concept of ‘metabolomics’ first appeared in the journal Xenobiotica in 1999, 

there still defined as ‘metabonomics’: “Metabonomics is defined as the quantitative 

measurement of the dynamic multi-parametric metabolic response of living systems to 

pathophysiological stimuli or genetic modification’ (Nicholson et al. 1999).  

Our researchers of the Centre for Human Metabolomics has wide experience in applying 

untargeted proton magnetic resonance (1H NMR)-based metabolomics and chemometric 

methods of analysis in characterizing the metabolite profiles of biofluids from a variety of 

conditions (Tuberculosis meningitis: Mason et al. Metabolomics, 2015; HIV: Moutloatse et al. 

Metabolomics 2016; Fibromyalgia: Malatjie et al. BMC Neurology, 2017; Alcohol consumption: 

Irwin et al. PLOS ONE, 2018). We therefore explored the urinary metabolite profile in fatigue 

patients from metabolomics data, following a challenge test. The samples of the cases 

investigated were obtained from 39 cases with low and 31 subjects with high fatigue.  

The power of untargeted metabolomics lies in its potential to broaden our understanding of the 

intervention and the associated biotransformation and detoxification responses. Coming from a 

multifactorial-multigene origin, we predicted that the metabolite profiles would deepen our 

insights into the interplay of several biochemical pathways and the individual’s interaction with 

the challenge. We argued that a metabolomics approach may reveal additional differences 

and/or produce complementary information to the responses observed from the BOSS protocol. 

This study may even open a new toolbox of methods to chronic fatigue diagnostics in addition to 

the potential new insights into the biochemical mechanisms of xenobiotic metabolism. 

8.2 A laboratory approach for characterizing chronic fatigue: what does 

metabolomics tell us? (Accepted manuscript I) 
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Abstract 

Introduction 

Manifestations of fatigue range from chronic fatigue up to a severe syndrome and myalgic 

encephalomyelitis. Fatigue grossly affects the functional status and quality of life of affected 

individuals, prompting the World Health Organization to recognize it as a chronic non-

communicable condition. 

Objectives 

Here, we explore the potential of urinary metabolite information to complement clinical criteria of 

fatigue, providing an avenue towards an objective measure of fatigue in patients presenting with 

the full spectrum of fatigue levels. 

Methods 

The experimental group consisted of 576 chronic fatigue female patients. The measurement 

design was composed of (1) existing clinical fatigue scales, (2) a hepatic detoxification 

challenge test, and (3) untargeted proton nuclear magnetic resonance (1H-NMR) procedure to 

generate metabolomics data. Data analysed via an in-house Matlab script that combines 

functions from a Statistics and a PLS Toolbox. 

Results 

Multivariate analysis of the original 459 profiled 1H-NMR bins for the low (control) and high 

(patient) fatigue groups indicated complete separation following the detoxification experimental 

challenge. Important bins identified from the 1H-NMR spectra provided quantitative metabolite 

information on the detoxification challenge for the fatigue groups. 

mailto:Lardus.Erasmus@nwu.ac.za


CHAPTER  2 

151 

8 

Conclusions 

Untargeted 1H-NMR metabolomics proved its applicability as a global profiling tool to reveal the 

impact of toxicological interventions in chronic fatigue patients. No clear potential biomarker 

emerged from this study, but the quantitative profile of the phase II biotransformation products 

provides a practical visible effect directing to up-regulation of crucial phase II enzyme systems 

in the high fatigue group in response to a high xenobiotic-load. 

Keywords 

Chronic fatigue; Detoxification challenge test; Piper fatigue scale; 1H-NMR metabolomics; 

Phase II biotransformation.  

Concise and informative title: Metabolomics and chronic fatigue 

 Introduction 8.2.1

Fatigue is one of the most common conditions reported by patients in primary care practice. 

Fatigue frequently co-occurs with pain, sleep disturbances and depression prompting medical 

practitioners to use diverse definitions and diagnostic labels to describe possible underlying 

causes of these manifestations. Thus, fatigue appears as a symptom of idiopathic conditions, at 

the one end of the fatigue spectrum, towards chronic fatigue syndrome (CFS) and myalgic 

encephalomyelitis (ME), at the other end. In its more persistent form, fatigue is now recognized 

by the World Health Organization (WHO) as one of the chronic non-communicable conditions, 

which are rapidly becoming endemic worldwide, recognizing that fatigue is associated with a 

significant decline in the functional status and quality of life (QOL) of affected individuals. 

Although a diagnosis is essential for providing appropriate care, there is no established 

diagnostic test for any of the manifestations of fatigue. To this end, various wellness and health 

institutions in the United States (US) tasked the Institute of Medicine (IOM) to develop evidence-

based clinical diagnostic criteria at least for ME/CFS and to recommend whether new 

terminology for ME/CFS should be adopted (Clayton 2015). Following extensive research 

involving patients and clinicians, the IOM committee proposed redefined diagnostic criteria to 

facilitate timely diagnosis and to improve understanding of the illness among healthcare 

professionals and the public (Clayton 2015). The diagnostic criteria indicative of CFS/ME 

specify: (1) a substantial reduction or impairment in the ability to engage in pre-illness levels of 

activity (occupational, educational, social or personal life); (2) symptoms that present for more 

than six months; (3) episodes of profound fatigue; (4) symptoms of new onset and not resulting 

from on-going or unusual excessive exertion; and (5) symptoms that are nor substantially 

alleviated by rest. From this descriptive, it is clear that clinical criteria, though relatively 
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subjective, remain key in the diagnosis of chronic fatigue seen in CFS/ME and that no objective 

measure for fatigue in general has been proposed — the issue that is addressed in this paper. 

Seeing the multifactorial nature of chronic fatigue, it seems highly unlikely that an objective 

measure, as a verified single biomarker or biosignature comprised of a limited number of 

biomarkers, will be found for fatigue conditions, unless the essence of this disorder, its causes 

and pathophysiology becomes clearly delineated. However, it has recently been shown 

(Erasmus et al. 2019) that data from a battery of conventional tests provided some objective 

indicators to complement clinical and lifestyle data which enabled the classification of a cohort 

of patients into eleven subgroups, ranging from low to high fatigue. In addition, metabolomics 

research has provided insights into disorders of comparable complexity to chronic fatigue, like 

fibromyalgia syndrome (Hackshaw et al. 2018; Malatji et al. 2017), chronic widespread pain 

(Freidin et al. 2018; Hadrévi et al. 2015) and irritable bowel syndrome (Fourie et al. 2016; 

Ponnusamy et al. 2011). Likewise, metabolomics approaches using intervention studies proved 

to provide valuable insights into experimental studies on nutrition (Wittwer et al. 2011), 

detoxification (Irwin et al. 2016) and acute alcohol consumption (Irwin et al. 2018). Here we 

propose a laboratory approach to facilitate an objective evaluation of fatigue in a clinically 

selected group of chronic fatigue patients. The approach is compiled of: (1) existing clinical 

scales to score (Piper et al. 1998); (2) a known hepatic detoxification challenge test (Cordts et 

al. 2001) and (3) untargeted proton nuclear magnetic resonance (1H-NMR) procedure to 

generate metabolomics data. 

The selection of cases used for the laboratory assessment was made from 576 females 

identified by clinicians as suffering from chronic fatigue, supported by information from two 

known assessment scales. Based on exclusion criteria, the control (low fatigue) and patient 

(high fatigue) groups were selected from this cohort for the metabolomics study. Fatigue in our 

patient group was scored based on the Piper Fatigue Scale (PFS) (Piper et al. 1998) developed 

for fatigue prevailing in oncology patients. The information from the PFS was supplemented with 

that from a general Medical Symptoms Questionnaire (MSQ) used by the Departments of 

Medicine, Mercy Hospital and Maine Medical Center, Portland, for comprehensive profiling of 

patients with idiopathic conditions.  

The hepatic detoxification test probes the gut-liver function through a hepatic detoxification 

challenge with acetaminophen and acetylsalicylic acid (Cordts et al. 2001). The laboratory 

instrument used for the objective measurement of fatigue is based on the biotransformation 

profile derived from these hepatic challenge tests. The underlying physiological assumption is 

that fatigue is a symptom of energy depletion (e.g. as indicated by the PFS). Based on the 

presumed causal relationship between exogenous stimuli, biotransformation responses and 
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fatigue, we speculated that the response to the highly energy dependent hepatic challenge test 

(that is, ATP required for the in vivo synthesis of biotransformation products) should be more 

pronounced in controls than in fatigue patients supposed to suffer from energy depletion. 

In this exploratory study we followed a holistic approach to determine the response to an 

intervention by using metabolomics technology in the generation and analysis of untargeted 1H-

NMR spectral data, produced prior to and following the intervention. Important bins identified 

from the 1H-NMR spectra provided qualitative information to compare the effect of the challenge 

tests on control and fatigue cases and used to identify and quantify biotransformation markers 

associated with fatigue. 

The IOM’s report on fatigue emphasized the need for increased focus on the complex 

phenomenon of fatigue, paving the way to learn more on conditions covering the full spectrum 

of fatigue conditions and to diagnose and treat patients suffering from a disease that severely 

affects their QOL. The outcomes of the present metabolomics study suggest that the 

intervention used can provide an objective measure to distinguish the response of patients with 

low and high fatigue, and has the potential, given further refinement, to benefit patients suffering 

from fatigue conditions. 

 Materials and methods 8.2.2

8.2.2.1 Objective, ethical approval and case selection 

The primary objective of the study was to propose a laboratory-based procedure that could 

pave the way towards an objective indicator of fatigue in patients observed as such by 

physicians in general clinical practice. The point of departure for the design of the study was 

thus to enrol a large number of patients suffering from chronic fatigue. Next, all prospective 

participants were informed of the objective of the study, which complied with the requirements of 

the appropriate Ethics Committee of North-West University (reference no. NWU-00102-12-A1). 

All participants provided written consent (see Supplementary Information (SI) for Informed 

consent forms) to participate and for eventual publication of anonymized results in accordance 

with the ethical requirements of the university. 

Patients suffering from fatigue emanating from well-defined clinical conditions such as cancer 

and CFS/ME or other known conditions such as diabetes or hypertension were excluded from 

the study. Exclusions were based on the assessment of the physician and the outcome of the 

MSQ (see SI on Patient procedures and selection for full details). Next, participants were 

asked to complete a self-report questionnaire that included a demographic profile and an 

English version of the revised Piper Fatigue Scale (PFS). The PFS used consisted of 22 
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numerical items that assess fatigue experienced by the patients. All items were coded on a 0–

10 numeric scale and resolve into four dimensions of subjective fatigue: behavior/severity, 

affective meaning, sensory, and cognitive/mood. In total, 673 women with complaints of fatigue 

were assessed and of these 576 were found to be eligible for the study. The age, height, weight 

or BMI did not have a confounding effect on the biochemical data or on the classification of 

fatigue groups, indicated by a correlation analysis to indicate potential confounding effects 

(Erasmus et al. 2019). 

Having applied the PFS to a clinically different fatigue group than the instrument was designed 

for, required a re-evaluation of the fatigue dimension. To this end, various combinations of 

factor extraction methods (Principal Components and Principal Axis Factoring) and rotation 

methods (Varimax Rotation and Direct Oblimin rotation) were employed. The different 

approaches all indicated two underlying factors in our data set. The first factor was seen to load 

mainly on items 2–17 and was termed Energy Fatigue, whereas the second factor loaded 

mainly on items 18–23 and was termed Mental Fatigue. The factor scores were calculated as 

based on average scores with Energy Fatigue score the mean of items 2–17 (16 items) and 

Mental Fatigue score the mean of items 18–23 (6 items). The reliability of the measurement for 

the two factors was evaluated by means of Cronbach’s Alpha and proved to be high (0.974 and 

0.971 for the 16 and 6 energy and mental fatigue factors, respectively). 

The MSQ contains 19 domains, most with 4 items, totalling 75 indicators to each of which the 

patient assigns a Likert scale numerical ranking from 0 (“never” or “seldom”) to 4 (“frequently 

with severe effect”). Note that one question, found in the energy section about hyperactivity, 

was omitted to enhance the reliability (see SI for further details). For this data set, factor 

analysis rotation and extraction methods did not converge, while PCA did not provide useful 

outputs. It was therefore decided to calculate factor scores based on the sections and total 

since the MSQ was applied in a similar context to that in which it was developed. The MSQ 

domain scores were calculated as the mean of the items per domain, in addition the items were 

combined into an overall MSQ score. 

Two groups were selected for the hepatic challenge tests: (1) A low fatigue group consisted of 

39 cases (control group), scoring lower than 4.0 on energy as well as mental fatigue factors and 

an overall score from the MSQ not exceeding 28. (2) A high fatigue group also comprised 31 

subjects (patient group), scoring above 7.0 on energy as well as mental fatigue factors and an 

overall score from the MSQ exceeding 147. The distribution of these patients within their fatigue 

categories (low and high) is shown in Figure 8-1. 
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Figure 8-1:  Distribution of all selected cases based on the individual’s scores on energy 
fatigue and mental fatigue factors derived from the PFS. The scores are categorized as low 
level fatigue (0 < score < 4), medium level of fatigue (4 ≤ score < 7) and high level of fatigue 
(score ≥ 7). The distribution of all 576 cases is shown as blue, green or red dots. The green dots 
indicate the group of 39 cases with low fatigue (PFS Energy & Mental < 4.0 and Overall MSQ ≤ 
28). The red dots indicate the high fatigue group of also 31 subjects (PFS Energy & Mental > 
7.0 and Overall MSQ> 147). Box plots indicate the distribution of scores which each group as 
evident from the corresponding colours. 

8.2.2.2 Laboratory methods: the challenge tests and metabolomics data generation 

The two hepatic challenge tests were performed simultaneously. Prior to the challenge, a base 

urine sample was collected from each individual, and stored as -20oC until analyses (Pre-

sample). The first challenge involved two aspirin (600 mg) and two acetaminophen 

(paracetamol) tablets (1000 mg) taken at 21h00 in the evening and overnight and early morning 

(ending at 7h00) urine samples collected in a special container provided in the test kit and 

stored at -20oC as well (Post-sample). 

8.2.2.3 1H-NMR analysis 

A volume of 600 µL of urine was centrifuged at 12 000 g for 5 minutes. Of the supernatant, 540 

µL was collected in a microcentrifuge tube, with 60 µL NMR buffer solution (1.5 M potassium 

phosphate solution in deuterium oxide with internal standard TSP (trimethylsilyl-2,2,3,3-

tetradeuteropropionic acid); pH 7.4). Sample was mixed under vortex to ensure completely 
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homogenous and centrifuged again at 12 000 g for 5 minutes. A volume of 540 µL of 

supernatant was transferred to a 5mm NMR tube for analysis. 

Samples were measured, randomized, at 500MHz on a Bruker Avance III HD NMR 

spectrometer equipped with a triple-resonance inverse (TXI) 1H{15N, 13C} probe head and x, y, 

z gradient coils. 1H spectra were acquired as 128 transients in 32K data points with a spectral 

width of 12 000 Hz. The sample temperature was maintained at 300K and the H2O resonance 

was presaturated by single-frequency irradiation during a relaxation delay of 4s, with a 90° 

excitation pulse of 8μs. Shimming of the sample was performed automatically on the deuterium 

signal. The resonance line widths for TSP and metabolites were <1 Hz. Fourier transformation 

and phase and baseline correction were done automatically. Software used for NMR processing 

was Bruker Topspin (V3.5). Bruker AMIX (V3.9.14) was used for metabolite identification and 

quantification. Cases were quantified across 459 equally spaced bins. 

8.2.2.4 Statistical analysis 

To aid interpretation two-group comparisons were performed within high and low fatigue groups 

as pre vs post intervention pairs. The data were pre-processed in subsets associated with each 

two-group comparison. First, bins with 50% or more zero-valued observation in both groups 

were removed. Second, the remaining zero-valued observations were replaced by random 

numbers generated uniformly below the lowest non-zero observation. Finally, the data were 

scaled by first performing a log transformation to adjust for asymmetry in distribution, since 

metabolomics data are known to present with a positively skewed distribution. Following this 

transformation, the data were auto-scaled to adjust for the effect of differences in abundance, 

since bins in high abundance are not necessarily of greater importance. 

Univariate and multivariate methods were applied to allow for a comprehensive overview of 

results. The univariate method used to assess the statistical significance of differences between 

the dependent groups was the non-parametric Wilcoxon test. Effect sizes were used to assess 

the magnitude of significant differences or practical significance. Effect sizes were calculated as 

the respective test statistic scaled to the sample size. Scatter plots colour coded to show 

significance, often referred to as volcano plots, were used to summarize statistical and mean 

difference ratios or fold changes across bins. 

Unsupervised multivariate methods were used in support of supervised methods as a form of 

validation. Unsupervised PCA and cluster analysis were performed to project the data onto 

fewer more manageable dimensions and to show purely data driven associations between 

cases, respectively. Euclidean distance with Ward linkage was used to form hierarchical 

clusters. PCA scores plots were used to explore whether a large proportion of variation in the 
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data can be associated with the group structure by overlaying confidence intervals for groups. 

These methods serve to support or caution against the interpretation of similar scores plots 

derived using partial least squares discriminant analysis (PLS-DA), a supervised method used 

to emphasize any differences between groups. Again, confidence intervals were used to assess 

discriminatory ability. 

All pre-processing and statistical analysis were performed using an in-house Matlab script that 

serves to combine functions from the Statistics Toolbox [MATLAB with Statistics and Toolbox 

Release 2016b, The MathWorks, Inc., Natick, MA, USA)] and the PLS Toolbox as provided by 

EigenVector [PLS-Toolbox 8.2.1 (2016). Eigenvector Research. Software available at 

www.eigenvector.com.]. 

 Results 8.2.3

8.2.3.1 Qualitative metabolomics information following the hepatic challenges. 

The qualitative data was obtained from the original 459 1H-NMR profiled bins for the 

experimental groups before and after the intervention. Supposed changes in metabolite profiles 

from the two patient groups following the interventions were firstly established through two 

multivariate approaches. For the bin data, the group separations before and after the challenge 

were investigated using unsupervised PCA (Figure 8-2a and 8-2b), and supervised PLS-DA 

(Figure 8-2c and 8-2d). The PCA showed a virtual clear separation for the low fatigue group 

prior to and after the intervention. For the high fatigue group only a partial separation was 

detected. As expected, complete separation for both the low and high fatigue groups were 

detected through the PLS-DA. As this method of classification tends to overfits the data 

(Westerhuis et al., 2008), the PCA serves as some verification, but taken with the predictive 

accuracy R2(Y) of the PLS-DA models and its leave-one-out cross-validated counterparts Q2(Y), 

some surety can be attainted. The R2(Y) and Q2(Y) values were 90.1% and 79.8% for the high 

fatigue group model and 93.1% and 86.3% for the low, respectively. Interestingly, both the PCA 

and PLS-DA models appear to have a reduced ability to discriminate pre and post intervention 

measures in the high fatigue group, which may support the idea that fatigue hinders the ability 

to respond to a metabolic challenge. Similar findings were noted in the univariate analysis 

below. 

An incomplete group separation in the PLS-DA models was observed between low and high 

fatigue subjects following the hepatic detoxification test, as shown in Figure 8-2e. This 

observation suggests subtle differences in metabolite concentrations between low and high 

fatigue groups, following the intervention, which will be further investigated through a 
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quantitative comparison of the biotransformation products, as will be shown below. Figure 8-2f 

indicates the relative change before (pre) and after (post) exposure to the intervention stressors 

for the high and low fatigue groups.  Relative change was computed in a similar manner to a 

fold change but based on the two observations of each participant. The relative change values 

were compared across fatigue groups using a PLS-DA model. The resulting scores plots 

indicate a difference in response of the individuals representing the low and high fatigue groups 

Next, univariate analyses using Wilcoxon p-values and fold changes on the same bin data were 

determined and summarized in the volcano plots for the low (a) and high (b) fatigue groups 

(Figure 8-3). The outcome of these analyses of the bin data indicate large-magnitude changes 

(fold change: |log2 FC| ˃ 1.5) that are also statistically significant (Wilcoxon test: p ≤ 0.05), 

directing to several metabolites of importance that may cause the separation in both groups, 

following the challenge tests. Similar to the multivariate case, the number of perturbed bins was 

less in the high fatigue group, which may support the idea that fatigue hinders the ability to 

respond to a metabolic challenge, calling for a further comparison between the high and low 

group post-intervention bin values. For this, the perturbed bins, identified within the high and 

low fatigue groups when comparing profiles before and after the intervention, were identified, 

combined and quantified to understand if indicators of the challenge tests could also be 

associated with the severity of fatigue. Bins with PLS-DA VIP (variable importance in projection) 

scores exceeding 2, an absolute fold change exceeding 2 and p-values less than or equal to 

0.05 (after correcting for multiple testing by controlling the false discovery rate) were selected to 

be quantified relative to creatinine. 
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Figure 8-2:  Group separation between experimental groups through multivariate 
analysis based on equidistant binning data. PCA indicating a clear change between pre and 
post intervention profiles for low (a) and high (b) fatigue cases, similarly for PLS-DA models for 
low (c) and high (d) fatigue cases. (e) The PLS-DA models for the low and high fatigue groups 
for the post intervention data. (f) The PLS-DA models from each participant’s relative change 
before (pre) and after (post) the intervention, shown for the low and high fatigue groups. 
Coloured areas represent 90% confidence intervals (CI) for groups. 
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Figure 8-3:  Statistical assessments of spectral bins indicative of the response following 
the hepatic challenges. Volcano plot mapped by the scaled fold change and p-values for the 
1H-NMR bins observed for the low (a) and the high (b) fatigue groups. Bins with high FC and 
significant p-values among cases are indicated by red dots. 

 

 

Figure 8-4:  Representative 1H-NMR spectra from a single fatigue patient, prior to (black) 
and following the challenge test (blue), scaled according to the creatinine methyl peak at 
3.04 ppm. Expanded regions, framed in red in the spectra, are the bin regions where variables 
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important in projection (VIP) through the supervised PLS-DA are located. VIPs: A = 
acetaminophen; A-G = acetaminophen glucuronide; A-S = acetaminophen sulphate; S = 
salicylic acid; SAU = salicyluric acid 

8.2.3.2 Metabolite profiles from a representative case following the hepatic challenges 

Representative 1H-NMR spectra from a single fatigue patient, prior to (black) and following the 

challenge test (blue), is shown in Figure 8-4, scaled according to the creatinine methyl peak at 

3.04 ppm. Expanded regions, framed in red in the spectra, are the regions where variables 

associated with important bins are located. Also, indicated in Figure 8-4, are other endogenous 

urinary metabolites: lactic acid, alanine, citric acid, carnitine, TMAO, and hippuric acid. 

Regarding the acetaminophen challenge, both the challenging substance (acetaminophen) as 

well as two conjugation products, acetaminophen-sulphate and acetaminophen-glucuronide, 

were detected in the urine samples following the challenge. These results firstly indicate that 

two of the three major phase II conjugation reactions of acetaminophen were functional as 

detoxification reactions following the challenge: (1) conjugation of glucuronic acid to the 

hydroxyl group of acetaminophen; (2) sulphation of the phenolic hydroxyl group of 

acetaminophen. Apparently, the combination of phase I and phase II conjugation between 

acetaminophen and glutathione, producing N-acetyl-p-benzoquinone imine as final product, was 

not operative in the present experimental challenge. Secondly, no acetyl-salicylic acid was 

detected in the urine following the known high de-acylation following consumption of this 

challenge substance. This is related to the coupled de-acylation and glycination of the functional 

carboxylic group is catalysed by glycine-N-acyl transferase (GLYAT). Thus, two metabolites 

derived from the acetylsalicylic acid challenge could be detected: salicylic acid and salicyluric 

acid (2-hydroxyhippuric acid). 

8.2.3.3 Quantitative comparison of the two fatigue groups following the challenges 

As indicated in Figure 8-4, all substances observed following the challenge tests were detected 

in more than one region in the 1H-NMR spectra. A summary of these areas (ppm values) and 

detected substances is summarized in Table 8-1. Apart for these five substances, bins 

associated with endogenous metabolites, tyrosine, creatine and glucose, were also selected as 

significantly perturbed during the challenge. We therefore quantified these eight substances for 

all low and high fatigue cases, followed by statistical analysis of these data. 

The outcome of the univariate and multivariate analysis of the potential five diagnostic 

substances, derived from the challenge tests, are shown in Table 8-2. Firstly, the PLS-DA for 

the low and high fatigue groups when comparing substances before and after the challenge 

tests using the eight substances mentioned above, show complete separation, as expected 
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(Figure S1). An isolated peak for each identified VIP metabolite was selected, as indicated by 

the ‘reference bin’ in Table 8-2. Each selected peak was integrated and made relative to the 

creatinine methyl peak at 3.04 ppm, taking into account the number of protons representing 

each peak. The mean and standard deviations are given in Table 8-2 as mmol/mol creatinine 

concentrations. 

The effect of the challenge is thus confirmed in the quantified data. The difference between the 

mean values of the low and high fatigue groups for these indicators of a challenge were 

however not statistically significant. Comparing the effect sizes (ES), based on Cohen’s d 

values, indicate to deliver a practical visible effect (ES ≥ 0.5)(Ellis and Steyn, 2003) for 

glucuronide-acetaminophen (ES = 0.7) and acetaminophen (ES = 0.5). Neither of these 

correlations is of practical relevance (|r|<0.5) and point to no more than a slight but consistent 

association between variables and their ranks, respectively. No correlation was observed 

between the biotransformation parameters and the mental fatigue scores. This leads one to 

conclude that an effect is visible, but greater statistical power is required to detect it. 
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Table 8-1:  Chemical information and shifts for representative 1H-NMR spectra of CFS patients. Multiplicity: s − singlet; d − doublet; dd − double 
doublet; m – multiplet; bs –broad singlet. ND = not determined. 

Peak 
assignment 

Metabolite name Chemical structure HMDB ID Chemical 
formula 

δ (ppm), multiplicity 
(J coupling) 

Chemical 
group 

Atom(s) 

A Acetaminophen 

 

HMDB0001859 C8H9NO2 

2.17 s CH3 2 

7.25 d 
(J = ND) 

(CH)2 6,10 

A-G 
Acetaminophen- 

glucuronide 

 

HMDB0010316 C14H17NO8 

2.17 s CH3 21 

3.62–3.89 m (CH)4 2,3,4,5 

5.11 d 
(J = 7.2Hz) 

CH 6 

7.15 dd 
(J = 6.8, 9.1Hz) 

(CH)2 16,18 

7.36 dd 
(J = 6.8, 9.1Hz) 

(CH)2 15,19 

A-S 
Acetaminophen- 

sulphate 

 

HMDB0059911 C8H9NO5S 

2.18 s CH3 13 

7.31 dd 
(J = 6.7, 9.1Hz) 

(CH)2 8,10 

7.45 dd 
(J = 6.7, 9.1Hz) 

(CH)2 7,11 

S Salicylic acid 

 

HMDB0001895 C7H6O3 6.97 m (CH)2 4,6 

SAU Salicyluric acid 

 

HMDB0000840 C9H9NO4 

3.96 bs CH2 2 

7.01 dd 
(J = Hz) 

(CH)2 10,12 

7.49 m CH 11 

7.79 dd 
(J = Hz) 

CH 9 
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Table 8-2:  Univariate comparison between high and low fatigue groups. Table 8-2 reports 
the p-values obtained when comparing high and low fatigue groups across 9 compounds of 
interest, after exposure to the intervention. P-values were obtained using an independent 
samples t-test (not assuming equal variances) based on transformed data with no correction for 
multiple testing. Effect sizes were also calculated on untransformed data based on a variation of 
Cohen's d-value with the low fatigue group as a control. Also reported are means and standard 
deviations (SD) for each compound for each fatigue group prior to data transformation. 

 Metabolite name 

Reference bin 

(max bin VIP) 

p-value 

(effect size) 

Low 

Mean (SD) 

High 

Mean (SD) 

A
c
e
ta

m
in

o
p

h
e
n

 

c
h

a
ll
e
n

g
e

 

Acetaminophen 
2.15 0.08 83.02 100.15 

(7.1) (0.5) (34.4) (57.23) 

Acetaminophen- 

glucuronide 

2.19 0.08 465.18 573.63 

(7.4) (0.66) (163.87) (355.05) 

Acetaminophen- 

sulphate 

2.17 0.95 330.56 330.86 

(7.7) (≤0.001) (104.19) (117.66) 

A
c
e
ty

l-
s

a
li
c

y
li
c
 

a
c
id

 c
h

a
ll
e
n

g
e

 

Salicylic acid 
6.95 0.88 49.85 45.10 

(4.4) (0.12) (40.89) (25.44) 

SAU 
7.81 0.06 408.08 455.17 

(10.1) (0.28) (169.07) (108.31) 

E
n

d
o

g
e
n

o
u

s
 

Glucose 
5.19 0.06 22.53 25.41 

(2.4) (0.24) (12.15) (7.32) 

Creatine 
3.03 0.41 208.72 173.42 

(2.8) (0.22) (158.99) (142.63) 

Tyrosine 
7.23 0.78 83.86 80.69 

(3.2) (0.07) (44.59) (39.72) 

-Bold refers to compounds which were statistically significant at 10 % level (p≤0.1) and of practical relevance 
(ES≥0.5) 

 Discussion 8.2.4

Against the background of the results shown here, what did the metabolomics approach 

revealed on the applicability of a regimen of challenge tests to objectively assess fatigue? 

Firstly, untargeted 1H-NMR metabolomics proved its well-established ability as a global profiling 

tool to reveal the impact of toxicological interventions (Griffin 2003). However, one of the big 

hurdles in metabolomics studies is validation, specifically regarding sample size, as recently 

reviewed by Johnson et al. (2016). Notwithstanding the large cohort of 500+ fatigue patients 

from which the control (low) and patient (high) fatigue groups were selected, the exclusion 

criteria resulted in cases for both groups of only 30+ cases. For such a group, the model as 
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shown for example in Figure 8-2e and f did not validate well. Within the limitation of validation, 

here specifically applied on the biotransformation of challenge substances, using data from 

spectra (Figure 8-4) in conjunction with statistical pattern recognition technique (Figure 8-2 and 

8-3) did provide a usable tool for profiling of the successive biotransformation metabolites. 

Biotransformation remains one of the most important defence mechanisms against xenobiotic 

insult (Xu et al. 2005). Occurring mainly in the liver, it entails initials the absorption of the 

xenobiotic compound, followed by phase I functionalization and phase II conjugation. The 

products of these reactions are often more hydrophilic and their final excretion from within the 

cell is facilitated by phase III (transport mediated) biotransformation. 

The present results are the first of its kind on using two xenobiotics in combination in a 

challenge test on hepatic function in cases of fatigue. The metabolomics information on the 

acetaminophen challenge clearly supports the existing views on the biotransformation of both 

xenobiotics. Acetaminophen has a half-life of 1.5-3 hours after a therapeutic dose, while the 

major part of the acetaminophen probe is reportedly excreted as the acetaminophen-

glucuronide (50-70%) and sulphated-acetaminophen (25-35%). A small percentage (5-15%) of 

the administered acetaminophen is converted by a phase I enzyme (CYP2E1) to NAPQI, a very 

reactive quinone, which is normally conjugated to glutathione and ultimately excreted as a 

mercapturate conjugate. This conjugation product was not detected in any of the present cases 

studied, salicylic acid and salicyluric acid, derived from each of the acetaminophen and acetyl-

salicylic acid challenging substances respectively. The second xenobiotic used, acetylsalicylic 

acid, is rapidly deacetylated to salicylic acid. The conjugation product of salicylic acid with 

glycine produces salicyluric acid, the main phase II liver metabolite. The excretion of salicyluric 

acid normally ranges from 19.8-65% of the administered dose. The presence of the both 

conjugates in the urine of the patients who were subjected to the challenge tests corresponds 

with the expected metabolism of the administered of both challenge substances, confirming the 

value of metabolomics as a tool in the study of a xenobiotic challenges from more than one 

substance. Furthermore, the observations from the present untargeted metabolomics approach 

compare well to the complementary technique of targeted metabolomics that was previously 

described for a biotransformation, using p-aminobenzoic acid as exotoxin (Nortje et al. 2015). 

Secondly, the functionality of the biotransformation pathways may be affected by a number of 

factors: (1) Genetic diversity in the enzymes coding for biotransformation enzymes may affect 

the ability to up-regulate the production of the enzyme under inductive conditions (Van der Sluis 

2015, 2018). (2) Conjugation substrates and cofactors are needed for maintaining an effective 

rate of biotransformation. If depleted, it may negatively impact on biotransformation capacity of 

both phase I and phase II biotransformation. (3) All of the phase II reactions are heavily energy 
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dependent and requires ATP for activation of xenobiotica to the corresponding CoA derivative. 

Although we did not address these factors influencing biotransformation, we observed some 

qualitative differences between the pre and post-challenge profiles of the low versus high 

fatigue cases. Both the PCA (Figure 8-2a and b) and the PLS-DA (Figure 8-2c and d) suggest 

that the low fatigue group responded more to the challenge test than the high fatigue group. 

Likewise, the volcano plots (Figure 8-3) indicated that the number of 1H-NMR-spectral bins with 

significant fold-changes was less in the high than in the low fatigue group. These observations 

will be compatible with the view that the high fatigue group suffered from energy depletion due 

to up-regulated biotransformation related to endogenous or exogenous conditions causative for 

their symptoms of high fatigue. 

Thirdly, although no clear potential biomarker or biosignature for chronic fatigue emerged from 

this study, the quantitative profile of metabolites from the challenges hold distinct promise for 

follow-up studies. The phase II biotransformation of acetaminophen, as well as the urinary 

excretion of the parent substance proved to be a practical visible effect considering glucuronide-

acetaminophen (ES = 0.7) and acetaminophen (ES = 0.5). Likewise, a somewhat related 

observation was seen in the excretion of salicyluric acid (VIP = 1.5 p = 0.58) in the high fatigue 

group. This may be further supportive of the suggestion that the high fatigue group react to a 

higher xenobiotic-load by up-regulating of crucial phase II enzyme systems. 

These observations hold promise for further studies aimed at the development of an objective 

measurement of chronic fatigue. Directives for future research would be (1) the use of a control 

group without any signs of fatigue (PFS Energy & Mental ≤ 0.5, with no indications of any 

mental or clinical conditions), (2) doing a longitudinal analysis of urinary excretion of the 

diagnostic substances for optimizing an improved endpoint following the challenge and (3) 

eventually use an alternative experimental design and statistical approaches specifically 

directed to intervention studies, like ANOVA Simultaneous Component Analysis (or ASCA). 

 Conclusion 8.2.5

Our view still holds that it seems unlikely that an objective measure, as a verified single 

biomarker or biosignature, will be found for fatigue, given the multifactorial nature of these 

conditions. The renewed emphasis on fatigue conditions may reveal the causes and 

pathophysiology underlying fatigue. Meanwhile we believe that the outcomes of the present 

metabolomics study indicate that intervention studies clearly provide an avenue for an objective 

way for group differentiation towards a challenge provided for cases of low and high fatigue, 

which is a corner stone to pave the way towards an objective indicator or marker for fatigue. 
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the South African Guidelines for Good Clinical Practice Ethical Guidelines for Research, as well 

as the terms of the Declaration of Helsinki of 1975 (as revised in 2013) for investigation of 

human participants. Ethical approval was obtained from the Health Research Ethics Committee 

(HREC) of the North-West University (NWU-00102-12-A1). All written consent was obtained 

based upon informed decision from all participants. An example of the informed consent form 

can be found in the SI. 

8.2.7.2 Consent to publish 

All authors have given their approval of the version of the manuscript as submitted, their 

consent for publication and agreed to the accountability requirements. 

8.2.7.3 Availability of data and materials 
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with the physicians and for the collection of the samples and the biochemical analysis, as well 

as data collection from the questionnaires. SM did the 1H-NMR analysis and data generation 

and provided the quantitative metabolite information on the detoxification challenge in the 

selected cases. FES did the statistical analysis on the link between the medical and fatigue 
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scales. MvR did all pre-processing of the data and provided the univariate and multivariate 

analysis of all data. CV provided the input for the clinical aspects of the study. CJR participated 

in all areas of the research, data analysis and proposed the original outline of the manuscript, to 

which all authors provided their expert contributions. All authors have read and approved the 

final manuscript. 

8.3 Supplementary Information 

 Patient procedures and selection 8.3.1

Female patients who were complaining about fatigue were selected during visits to clinicians. 

Selection was based mainly on fatigue assessment by the clinicians and the completion of a 

demographic profile, the revised version of the Piper Fatigue Scale and the Medical Symptoms 

questionnaire. The questionnaires were part of an information guide about the challenge tests. 

Note: The BOSS guide (Chapter 3) was included as supplementary information in the 

Metabolomics submitted manuscript (Erasmus et al. 2019). 

 Informed consent 8.3.2

Potential participating patients were also required to complete a section on informed consent 

which in essence contains information about the background and aim of the detoxification and 

oxidative stress evaluation, risks and possible discomforts, confidentiality, withdrawal, 

acknowledgement of explanation of the test procedure and finally the declaration of consent. 

 PLS-DA of eight substances selected 8.3.3

The PLS-DA for the low and high fatigue groups when comparing substances before and after 

the challenge tests using the eight substances mentioned above, show complete separation, as 

expected The PLS-DA for the low and high fatigue groups when comparing substances before 

and after the challenge tests using the eight substances mentioned above, show complete 

separation, as expected (Figure S1). Neither PLS-DA models validated well with respect to 

predictive accuracy. Therefore, the findings should only be interpreted within the context of the 

current study and should not be generalized. 



CHAPTER      2 

172 
 

8 

A.

 

B. 

Figure S1:  Group separation between experimental groups through multivariate analysis 
based on eight substances, identified as important from the equidistant binning data. 
PLS-DA, indicating the separation between the low (a) and high (b) fatigue cases before and 
after the hepatic challenges. 

 Summary table of the clinical diagnosis  8.3.4

Summary table of the clinical diagnosis information of 39 patients in low fatigue group and 31 

patients in high fatigue group. 

Table S1: Summary table of the clinical diagnosis information of 39 patients in low 
fatigue group and 31 patients in high fatigue group 

  Mean SD ES 

Energy 
High 8.90 0.77 

9.49 
Low 1.61 0.75 

Mental 
High 8.44 0.90 

7.52 
Low 1.66 0.71 

 

 Table of a Pearson’s and a Spearman’s correlation test  8.3.5

Table of a Pearson’s and a Spearman’s correlation test between the energy and mental fatigue 

scores for four of the detoxification metabolites (acetaminophen glucuronide; acetaminophen 

sulfate; acetaminophen mercapturate and salicyluric acid). 
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Table S2:  A Pearson’s and a Spearman’s correlation test between the energy and mental 
fatigue scores for four of the detoxification metabolites (acetaminophen glucuronide; 
acetaminophen sulphate; acetaminophen mercapturate and salicyluric acid). The outcome is 
shown in the table below: 
 

Measure 

Pearson’s correlation 

coefficient 

Spearman’s rho correlation 

coefficient 

PFS Energy PFS Mental PFS Energy PFS Mental 

Acetaminophen glucuronide 0.112
** 

0.060 0.090
*
 0.035 

Acetaminophen sulphate -0.015 0.007 -0.033 -0.012 

Acetaminophen mercapturate 0.085
* 

0.017 0.034 0.019 

Salicyluric acid 0.053 0.023 0.015 0.004 

*
Correlation is significant at the 0.05 level (2-tailed). 

**
Correlation is significant at the 0.01 level (2-tailed). 
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9.1 Introduction 

The main purpose of this chapter is to provide a general discussion of the results obtained in 

this thesis leading to a synthesis on how this could contribute to an improved detection and 

future treatment strategy on CF. 

The working hypothesis as formulated in the preface was: 

“The wide occurrence of fatigue amongst individuals not suffering from a distinct clinical 

disorder may be due to an energy deprived state as a consequence of the individual’s 

response to undefined exposure to xenobiotics, and which should be measurable in the 

metabolite profiles of biofluids from the fatigue cases”  

Against the background of the working hypothesis, it was clear to us that our investigations 

should take a number of important points into account:  

 The diverse set of conditions that could contribute to the symptom of fatigue. 

 The biochemical complexity of biotransformation and secondary factors which could 

influence these reactions. 

 Biochemical investigations which could produce results regarding the functioning of 

specific biotransformation pathways 

 Analytical methods suitable to investigate specific biotransformation pathways 

 The largely absence of treatment protocols for aberrant biotransformation metabolism 

and associated fatigue. 

These points are covered in the various objectives, though not necessarily in the same order. 

9.2 New insights on biochemical diagnostics of multifactorial conditions 

 Introduction 9.2.1

The complexity of biotransformation metabolism poses special challenges to us. Normally 

metabolic investigations have very limited application in the detection of biotransformation 

imbalances and therefore we had to revert to special approaches to monitor biotransformation 

and possible related fatigue on individual basis. The first of these approaches included the 

completion of a medical examination by a medical practitioner [Part II, Chapter 5], and next 

evaluation of patients in terms of fatigue degree. For this an international acceptable fatigue-

measuring scale, the Piper Fatigue Scale was used. In addition to this a large number of 

medical symptoms were evaluated using a Medical Symptoms Questionnaire, seeing that 

clinical conditions may be confounding factors towards CF. All of this together with a number of 
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life-style questions was compiled into a user-friendly instruction guide [Part II, Chapter 5]. The 

relatively large number of questions in the questionnaires required self-completion by the 

patients which may raise queries about objective reporting. To investigate this, we have 

appointed a general practitioner to complete the questionnaires of 35 patients during individual 

consultations. These results were compared with the self-completed versions of the 

questionnaires and a high degree of correlation was found. This convinced us that the self-

completed data sets were indeed appropriate to use. This data, together with the clinical 

information gathered from the clinician’s medical reports, resulted in the availability of a large 

set of clinical information about individual patients which was stored in a computer database for 

use in combination with the biochemical data. 

Thus, through the protocol to generate the data for the present study, including compliance with 

the Ethical Principles for such studies objective 1 of the study was achieved [objective 1 — 

Chapter 2, § 2.9 (1)]:  

“In association with clinicians a user-friendly guide for patients complaining on CF was 

compiled and implemented for the purpose of their informed cooperation in a project 

aiming towards development of a diagnostic biochemical tool to complement the clinical 

information.”  

The required generation of an informative biochemical data set for biotransformation as 

envisaged from objective 1, was characterised by unique challenges. The effectiveness of 

phase I & phase II biotransformation metabolism could only be assessed by implementing a 

functional challenge test. This was achieved by using caffeine as a phase I challenge substance 

while aspirin (acetyl salicylic acid) and paracetamol (acetaminophen) were the challenge 

substances for phase II. Phase I and II analytical methods were also validated to prove their 

applicability to routine laboratory analysis [Part II, Chapter 4].  

The complete biochemical evaluation included also measurements of carnitine and 

acylcarnitines, antioxidant status and oxidative status. In total, 20 variables were produced 

which also contained 5 ratio calculations. The global strategy behind the combination of these 

specific measurements were to assess the possible impact of xenobiotics on liver 

biotransformation reactions and the accompanying effect on carnitine metabolism, free radical 

production and antioxidant status. With the development of the biotransformation and 

associated tests the aim of objective 2 [Chapter 2, § 2.9(2)]) was met for application in the 

present investigation:  
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“A battery of biochemical tests for provocation testing with selected conjugation substrates 

was compiled and validated for evaluation of the functionality of conjugation reactions, 

antioxidant levels and the production of reactive oxygen species.” 

In retrospect, three aspects of biotransformation research became evident in the course of the 

present investigation. These are (1) modes of transformation of xenobiotics, (2) environmental 

influences, contributing to the indiviual’s exposome and (3) comorbidity with related affect 

conditions. These aspects will now be discussed (9.2.1. 9.2.2 and 9.2.3) before attention is 

given to the main aim of the present study — contributing to a diagnostic tool for CF (9.3). 

 Biotransformation of xenobiotics 9.2.2

A limitation of a biochemical profiling study as presented here, is that the battery of proposed 

analytical tests would cover only a subsection of the extensive phase I and II biotransformation 

reactions. A contribution to a perspective on this complexity is presented in the expert review 

presented in Part I, Chapter 1. [Xenobiotic/medium chain fatty acid: CoA ligase — a critical 

review on its role in fatty acid metabolism and the detoxification of benzoic acid and aspirin.] 

This paper highlighted the important role that the human xenobiotic/medium chain fatty acid: 

CoA ligases play in the activation of specific substrates to generate coenzyme A derivatives, a 

reaction without which the formation of glycine conjugates would not proceed.  Special 

reference is made of the fact the glycine conjugation is continuously studied as a one-step 

reaction and that important regulatory factors of the individual pathways (CoA synthesis, CoA 

activation and glycine conjugation) are ignored. Of special importance is the fact that one of the 

phase II challenge substances used in this study, aspirin would be activated to the 

corresponding salicyl-CoA by a specific ligase enzyme (ACSM2B) before conjugation with the 

amino acid glycine. We conclude that the expert opinion section in the ligase publication serves 

to motivate our argument about the complexity of phase II conjugation reactions with special 

reference to factors like substrate availability and polymorphisms which may affect the activation 

of xenobiotic substrates and contribute to large inter-individual variability. The following are 

some of the important focus points extracted from the expert opinion section: 

 Polymorphisms in the ACSM genes and disease association 

 Substrate specificity of the ACSM ligases- is there an ACSM variant that preferentially 

activates salicylate? 

 The glycine conjugation pathway is not a one-step process (Van der Sluis & Erasmus, 

2016). 
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 Chronic fatigue, the exposome and biotransformation 9.2.3

A next complex aspect of CF, is the contribution towards the individual case, associated with 

inherited (genomic) and acquired characteristics (the exposome), derived from the environment. 

The proposed interplay between chronic fatigue, the exposome and biotransformation is 

discussed in the literature review [Part I, Chapter 2]. From the material covered in this review, I 

formulated an expert opinion (Erasmus, E. Review paper to be submitted to Expert opinion in 

Drug Metabolism and Toxicology). In this review a model was constructed which displays the 

interplay between the above-mentioned concepts [Chapter 2, Figure 2-2]. An extension of this 

model, which is essentially a combination of Figure 2-2 and Figure 4, chapter 7, will be 

presented in Section 9.3. 

In this context, a key opinion expressed here is that the role and importance of an effective, 

functional biotransformation system in the protection of the exposome is often overlooked. 

However, in reality, results from our group demonstrates that the total xenobiotic load often 

exceeds the individual’s biotransformation capacity, whether induced by depletion of important 

amino acid conjugate substrates and cofactors or by a combination of these factors with specific 

genetic limitations (Gómez-Lechón et al., 2016). The result is invariably an increase in 

circulating metabolic xenobiotica, which may directly (by inhibition of essential energy-producing 

processes in the mitochondria) or indirectly (by sequestration of CoA) result in increased insult 

to the exposome (Morris et al., 2019; Zolkipli-Cunningham & Falk, 2017). Combining 

chemical/xenobiotic exposure with an aberrant biotransformation metabolism, the prospect is 

high for causing epidemiology conditions due to exposure, like fatigue.  

 Comorbid clinical conditions in Chronic Fatigue: 9.2.4

Prolonged fatigue is a common symptom in primary care and could be ascribed to a large 

number of different clinical conditions. The severe form of this, Chronic Fatigue Syndrome 

(CFS) is less prevalent but is characterised by debilitating persistent fatigue. Ickmans and 

coworkers underline disease heterogeneity in CFS by indicating that a measure of endogenous 

pain inhibition might be a significant predictor of cognitive functioning in CFS patients with FM 

(Ickmans et al., 2015). Some medical conditions like cancer, AIDS, multiple sclerosis, 

schizophrenia and bipolar disorder are exclusion factors for CFS. 

  



CHAPTER      2 

180 
 

9 

 

Figure 9-1:  Examples of overlapping systemic syndromes characterized by otherwise 
unexplained chronic pain and fatigue. Adapted from Clauw (2010). 

What is highly relevant to the present study is that patients with CF and CFS often present with 

comorbid medical and psychiatric illnesses which are normally not considered as part of the 

exclusion criteria (Figure 9-1) These may include exposure syndromes, somatoform disorders, 

multiple chemical sensitivity and fibromyalgia. In a Co-Twin control study, Aaron and co-workers 

reported on 127 twin pairs with some of the twins suffering from fibromyalgia, irritable bowel 

syndrome, multiple chemical sensitivities, temporomandibular disorder, interstitial cystitis, post-

concussion syndrome, tension headache, chronic low back pain, chronic pelvic pain (women), 

and chronic nonbacterial prostatitis (men). They concluded that the prevalence of these 

comorbid clinical conditions was significantly higher in the fatigued twins compared to their non-

fatigued co-twins (Aaron et al., 2001). It is therefore a prerequisite that comorbid conditions 

should be exclusion factors for any study about fatigue.  

The potential for comorbidity with CF was therefore taken into account, as formulated in 

objective 3. [Chapter 2, § 2.9 (3)]:  

“Obtain an objective profile on the level of fatigue in at least 750 idiopathic patients 

selected by the physicians, from which at least 500 cases should be selected — based on 

clear exclusion criteria — for the assessment of an experimental protocol on the proposed 

link between CF and biotransformation parameters.” 

Thus, in total, 673 women with complaints of fatigue were assessed for study eligibility. Of 

these, 576 were eligible, following application of the exclusion criteria; all cases with diabetes, 

chronic high blood pressure, asthma, cancer, arthritis and some other minor clinical conditions 

https://www.sciencedirect.com/topics/medicine-and-dentistry/chronic-pain
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were excluded, but retaining patients suggestive of fibromyalgia, depression or other affect 

syndromes or presumed comorbidity conditions. All eligible cases fully completed both the PFS 

and MSQ. Objective 3 was thus successfully accomplished within the time constrains for the 

study as well as limitations of the clinical guidelines and associated information. 

9.3 A biosignature for chronic fatigue 

Objective 4 aimed at a correlation between the levels of fatigue and the biochemical information 

[Chapter 2 § 9.4(4)]:  

“Perform a correlation of the clinical features of the selected patients with the 

biotransformation profiles to determine a possible metabolic link to fatigue symptoms, as 

proposed through the model for this link” 

Such a correlation was envisaged to pave the way towards a biomarker of biosignature for CF. 

Two statistical procedures (Pearson’s and Spearman’s correlation tests) were applied on the 

complete data set from the 576 selected cases. The essential findings from the correlation tests 

are summarized in Table 9-1. (Note: the complete results from this analysis are presented in the 

Supplementary Material — accepted manuscript to Metabolomics, Erasmus et al., 2019) 

Table 9-1:  Pearson’s and Spearman’s correlation tests results 

Measure 

Pearson’s Correlation 
Coefficient 

Spearman’s rho Correlation 
Coefficient 

PFS Energy PFS Mental PFS Energy PFS Mental 

Acetaminophen glucuronide 0.112
** 

0.060 0.090
*
 0.035 

Acetaminophen sulphate -0.015 0.007 -0.033 -0.012 

Acetaminophen mercapturate 0.085
* 

0.017 0.034 0.019 

Salicyluric acid 0.053 0.023 0.015 0.004 

*
Correlation is significant at the 0.05 level (2-tailed). 

**
Correlation is significant at the 0.01 level (2-tailed). 

 

Comparing the effect sizes (ES), based on Cohen’s d values, tends to deliver a practical visible 

effect (ES≥0.5) for acetaminophen glucuronide (ES=0.7) and acetaminophen (ES=0.5). Overall 

this leads one to conclude that an effect is visible, but greater statistical power is required to 

detect it. In addition a Pearson’s correlation was significant at the 0.01 level (2-tailed) between 

acetaminophen glucuronide and the energy fatigue score (coeff.r=0.112**), and significant for 

the Spearman’s correlation at the level of 0.05 (2-tailed) for the energy fatigue score as well 
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(coeff.r=0.09*). Thus, neither of these correlations are of practical relevance (|r|<0.5) and point 

to no more than a slight but consistent association between variables and their ranks in each 

case. No correlation was observed between the biotransformation parameters and the mental 

fatigue scores as well. 

The limited information from the correlation analysis prompted the attempt to classify all cases, 

based on the complete data set. Using CHAID analysis as the classification instrument of data 

derived from all three sets (MSQ, PFS and biochemical) provides a clear visual representation 

showing the advantage of the data from the MSQ used as a classification instrument and for 

detection of interaction between the three classes of variables [Chapter 7, Figure 4]. The 

observation that the 20 biochemical variables grouped into 8 biofactors, based on a PCA of the 

transformed data, emphasizes a strong underlying relationship among the biochemical variables 

which we developed as the biotransformation instrument and show that biotransformation and 

associated energy-derived parameters are indicative of undefined chronic fatigue observed in 

the patient group (Erasmus et al., 2019). This observation clearly demonstrates the possibilities 

in using a biosignature as a diagnostic tool generated via these routes.  

Objective 4 was, therefore, not successful through a correlation analysis, but was achieved 

through the classification analysis.  

9.4 A synthesis of the clinical and biochemical observations 

Given this observation, a link between the CHAID classification results and the model for 

biotransformation [Chapter 2, § 2.7 (Figure 2-2)] will now be presented in Figure 9-2. In this 

synthesis model, clinical classification of the 576 patients, based on the use of the Piper Fatigue 

scaling produced five subgroups of degrees of fatigue (see colour key in Figure 9-2). When the 

medical symptoms data was added to the Piper fatigue grouping, the next level CHAID 

classification resulted in five new nodes. The node with the lowest medical symptoms score 

(n=60) [MSQ ≤28.0] was marked as the control group (indicated with C in black circle). In this 

node the green section (low fatigue) also made up 70% of the 60 cases. It is important to revisit 

the definition of healthy controls in the context of this study as this was raised by a reviewer in 

our paper in Chapter 8:  

“While this is an interesting approach to identify/characterise patients with chronic fatigue 

the authors fail to compare the data to that of control subjects who does not suffer from 

chronic fatigue. They only show data from low and high fatigue patients.” 
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Figure 9-2:  A combination of the CHAID classification results of the 576 analysed cases 
and the model which incorporates the contributions of exposure (E), biotransformation 
(B) and genome (G) on chronic fatigue (CF).  

The first group of 60 cases [MSQ score<11] in the classification model may be considered as 

“control cases”, based on the study by Winblad & Lindberg (2019). The investigators used the 

Fatigue Impact Scale (FIS), (which compare favourable to the PFS (Whitehead, 2009)), to 

distinguish between healthy controls and patients with Myotonic Dystrophy type I (DMI) 

2 

Colour key: 

 Green –Low fatigue 

 Orange -Mild fatigue 

 Blue -Mainly energy 

fatigue 

 Open circle -Mainly 

mental fatigue 

 Red -High energy and 

mental fatigue 

C 

Biochemical key  

(C)  “Controls” 

 A subgroup of 114 cases in 
which creatinine results into 
further classification into two 
subgroups; 

 A subgroup of 169 cases in 
which total free carnitine 
contributed to further 
classification into three 
subgroups; 

 A subgroup of 176 cases in 
which 2,5 DHBA & SAU 
resulted in two consecutive 
classifications and 

 2,5 DHBA which on its own 
resulted in the further division 
of 57 cases into two new 
subgroups. 
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(Winblad & Lindberg, 2019). The patients classified as healthy controls showed a median score 

of 18 on the FIS scale. This further supports our position on the use of “low fatigue” cases as 

controls in the metabolomics study, and not opting for healthy individuals as controls. [Erasmus 

et al., Metabolomics — Chapter 8]. Although using different exclusion criteria, most of the “low 

fatigue” cases used in the metabolomics study, overlapped with the “controls” identified through 

the CHAID classification.  

As already indicated all further subdivisions of nodes 3-6 was produced by links to the 

metabolism. This is indicated by branch-links - in Figure 9-2. 

Branch-link : Illustrates how creatinine divided node 3 into two new nodes, node 7 (≤11.50 

mmol/L creatinine) (n=76) and node 8 (≥11.50 mmol/L creatinine) [n=38] and how these two 

nodes are linked to the ATP/ADP catalysed reactions in metabolism. Creatinine is produced 

from the breakdown of creatine and phosphocreatine (Price & Finney, 2000). The major part of 

creatinine is produced in the muscle. Elimination of creatinine in individuals with normal kidney 

function is through renal excretion, which has been shown to be fairly constant and equal to its 

production at steady state (Heymsfield et al., 1983). In a recent study by Lidbury et al. it was 

shown that 24-hour urinary excretion of creatinine in ME/CFS was statistically significant 

(p<0.05) lower (9.9 mmol/24h) [n=68] in comparison to healthy controls (13.1 mmol/24h) [n=13] 

(Lidbury et al., 2019). This represents total creatinine production per day, while the creatinine 

concentration in our study could however be influenced by fluid intake. To what extend this 

observation can be linked to the intricacies of the mitochondrial phosphocreatine shuttle is not 

clear, but the role of this system- the adenine nucleotide transporter (ANT) and the voltage-

dependent anion carrier (VDAC) in intracellular energy transport - is demonstrated in Figure 9-3. 

 

Figure 9-3:  Mitochondrial mtCK functions for high-energy metabolite channelling in 
mitochondria. In cells with oxidative metabolism, respiration (green arrow), ATP synthesis and 
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ATP export through the inner mitochondrial membrane via adenine nucleotide transporter (ANT) 
are tightly coupled to trans-phosphorylation of ATP to PCr by mtCK and export of PCr into the 
cytosol by the outer membrane voltage-dependent anion channel (VDAC) as indicated by black 
arrows. In turn, Cr stimulates respiration by favouring constant supply of ADP to the matrix 
(black arrows), which also lowers ROS/RNS production in the intra-mitochondrial space (red 
arrows) and inhibits mitochondrial permeability transition. The tight coupling of substrate and 
product fluxes (black arrows) allows a so-called channelling of “high-energy” metabolites, with 
PCr being the one released into the cytosol, and ATP/ADP being mainly recycled within the 
mitochondria (reproduced with permission from Wallimann et al., 2011). 

Branch-link : Illustrates how node 4 is further divided into 3 new nodes (9-11) (total free 

carnitine) and how these nodes link to mitochondrial function. The role of carnitine in 

mitochondrial fatty acid transport is well known. It is also known that when specific acyl-groups 

accumulate in the mitochondria they are excreted as acylcarnitine derivatives. Over-utilization of 

this detoxification pathway may lead to systemic carnitine depletion which is reflected in lower 

concentrations of total free and acylcarnitines in the urine (Jones et al., 2005). 

Branch-link : This link displays a very important connection between free radical metabolism, 

glycine conjugation and increased fatigue. Node 5 was divided into two new nodes (12 and 13) 

by 2,5 DHBA, an induced metabolite as result of the acetylsalicylic challenge. Node 13 was 

again divided into two nodes (16 and 17) by the glycine conjugate of acetylsalicylic acid, 

salicyluric acid (SAU). It is important that both these divisions (node 5 into 12 and 13) and (node 

13 into 16 and 17) generally occurs in patients suffering from significantly higher fatigue (red in 

pie chart). This we have linked to pathways which have to deal with higher xenobiotic load and 

where the availability of ATP and conjugation substrates may be a limiting factor. It is also true 

that accumulating xenobiotica may have a direct effect on mitochondrial energy production. 

Branch-link : The division of node 6 into two nodes (14 and 15) by 2,5 DHBA illustrates the 

effect of circulating free radicals (ROS) on the energy metabolism. Although not exclusively 

formed by interaction with hydroxyl radicals, 2,5 DHBA has been associated with free radical 

metabolism (Tai et al., 2004). These free radicals results in DNA damage as well as 

mitochondrial membrane disruption (Pizzino et al., 2017) Node 15 also displays the highest 

percentage of fatigued individuals. ROS are mainly produced by mitochondria and increased 

amounts of ROS are often associated with pathological conditions which impact on 

mitochondrial function. Therefore, we have linked these nodes to effects on energy production, 

impaired conjugation reactions, damage to the nucleus and DNA mutation and polymorphism 

formation. 

A biomarker is currently defined as an exogenous substance or its metabolite or the product of 

an interaction between a xenobiotic agent and some target molecule or cell that is measured in 
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a compartment within an organism (National Research Council. Committee on Biological 

Markers of the National Research Council, 1987).  

The relevance of a single biomarker for CF and ME/CFS has already been referred to in Part I, 

Chapter 2 §2.5: From my literature review it became clear that: 

“No single biomarker until now has been identified to be the golden key to unlock the 

causative defect in ME/CFS and will remain unlikely unless the essence of this disorder, 

its causes and pathophysiology becomes clearly delineated. This emphasized the fact that 

(1) ME/CFS is a polygenic/environmental condition and (2) research on causes of 

ME/CFS should take into account regulatory factors which may affect the large number of 

metabolic reactions and processes seen in these diseases.” 

The combination model presented in Figure 9-2 above shows however that a biosignature 

approach (a combination of metabolite indicators) may be more applicable in which detailed 

fatigue and medical symptoms classification combined with specific metabolic features could 

contribute to improved classification and treatment strategies for individuals suffering from 

fatigue. 

9.5 Towards the development of a practical evaluation and treatment tool 

The long-term strategy was to develop a practical biochemical evaluation protocol of important 

biofluid markers of metabolic reactions in the liver against xenobiotics, as observed in patients 

who suffer from idiopathic fatigue and to combine these results with that of clinical 

questionnaires to produce a combinatorial result which may contribute to improved diagnoses 

and ultimately treatment of CF. To illustrate the application of the PFS & MSQ questionnaires 

and the biotransformation and oxidative stress status analysis in practice, an example of the 

final report to the medical doctor is included in Annexure C: 

9.6 Limitations of the current study 

We have attempted to quantify individuals’ metabolic capacity for biotransformation by 

implementing specific challenge tests for phase I and phase II liver detoxification reactions as 

well monitoring carnitine metabolism, antioxidant status and oxidative status. However, during 

the course of the study, certain limitations about specific facets of the study became apparent.  

(1) The duration of the challenge test may allow slow metabolisers to be classified as falling 

within normal reference levels. This has become apparent in a study that we have done 

about the use of an alternative challenge substance, para amino benzoic acid, to monitor 
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glycine conjugation (Nortje et al., 2016).  A possible improvement over the current 

approach would be to monitor the conversion of the challenge substances over a shorter 

time period and thereby improve the sensitivity of the test  

 

Figure 9-4:  The time-dependent excretion by different individuals (A-I) of the glycine 
conjugate of para-amino benzoic acid. P-aminohippuric acid is an alternative probe to 
monitor glycine conjugation (Nortje et al., 2016).  

(2) The biochemical variables monitored in the current study were compiled according to 

literature sources which suggest that the combination of these variables may be ideal in 

liver biotransformation investigations. Zamek-Gliszczynski and co-workers for example 

highlighted the importance of sulphate, glucuronide and glutathione as the most 

prevalent classes of phase II metabolism (Zamek-Gliszczynski et al., 2006). The 

scientific correctness of using these specific variables should be further investigated 

using metabolomics. Untargeted metabolomic investigations of patient samples could 

confirm whether this range of targeted metabolites should be expanded (Roux et al., 

2011; Fang & Gonzalez, 2014; Warth et al., 2017). 

 

(3) The logistics involved in the transport of the large volumes urine samples on dry ice 

posed problematic. In this regard we have developed a dry test sample matrix which will 

allow transport of dried samples from anywhere in the country by courier service. This 

matrix can accommodate the equivalent of 2.8 mL wet sample and has been treated with 

an antioxidant to prevent oxidation of labile metabolites. The tested metabolite profile 

produced very promising results and further tests are underway. This will however 

require the further development of an analytical method specific for secondary ROS 

marker metabolites (Breitenbach et al., 2014; Jin & Zangar, 2009; Wang et al., 2016). 
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(4) The availability of single nucleotide polymorphism (SNP) information about phase I & II 

enzymes (De Vega et al., 2017). We recognise that correlation of functional enzyme 

data from challenge tests with information about SNP’s may further improve the 

interpretation of aberrant biotransformation data, and with combination of our 

classification model, may ultimately improve the global picture about impaired 

biotransformation and the impact thereof on CF. In this regard we have recently applied 

for a South African Medical Research Council Pharmacogenomics grant (Genetic and 

functional profiling of biotransformation in four South African cohorts). 

9.7 Future prospects 

We and others (Betts & Shelton-Davenport, 2016; Romieu et al., 2008) are of the opinion that 

biotransformation reactions in the liver will become increasingly under pressure due to the 

influence of exogenous factors from the environment. It is, therefore, vital that efficient methods 

for CF diagnosis, classification and treatment should be implemented on a practical level. The 

biosignature approach that we advocate as a result of this study could play an important role in 

this regard. There are, however, a number of factors which should be kept in mind for future 

expansion of this research: 

1) The role of mitochondrial DNA mutations in CF 

The key role that mitochondria play in energy production and possible links to CF has been 

highlighted in our biosignature model. A logical question to ask about mitochondrial energy 

production is what about the influence of mitochondrial DNA mutations on energy 

production? mtDNA mutations frequently cause multisystem disorders with fatigue being 

prevalent in these patient groups. We have been collaborating in two studies addressing this 

question and which have produced very interesting results. Schoeman et al. showed that 

clinically proven mtDNA mutations are not common in those with chronic fatigue syndrome 

(Schoeman et al., 2017). 
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In another study where two cohorts were analysed, one from the UK and the other from 

South Africa, we demonstrated that for both cohorts, ME/CFS patients had an excess of 

individuals without a mildly deleterious population variant (Venter et al., 2019). The role of 

mitochondrial DNA mutations in CF & ME/CFS should clearly be further investigated. 

2) Personalized and precision medicine   

Based on the outcome of our own experience with regard to biotransformation metabolism 

imbalances and patient specific treatment, it is one of the possibilities which should be 

pursued to improve the prognosis of individuals suffering from idiopathic fatigue. Although 

outside the scope of the current study, it is worthwhile to report on some of the diagnosed 

and treated cases. In a number of cases where perturbed biotransformation was indicated, 

a compounded treatment based on a specific biotransformation abnormality often led to 

notable improvement, especially with regard to fatigue ratings. In this regard it is important 

to realize that given the enormity of inter-individual variation in biotransformation (Betts & 

Shelton-Davenport, 2016), the concept of personalized and precision medicine may play an 

ever increasing role in the design of treatment for fatigue. Precision medicine is defined as 

“the emerging approach for disease treatment and prevention that takes into account 

individual variability in genes, environment, and lifestyle for each person”. In a 2011 US 

National Research Council report (NRC, 2011) it was stated: 

“Precision medicine refers to the tailoring of medical treatment to the individual 

characteristics of each patient. It does not literally mean the creation of drugs or medical 

devices that are unique to a patient, but rather the ability to classify individuals into 

subpopulations that differ in their susceptibility to a particular disease…or in their 

response to a specific treatment.  Although the term “personalized medicine” is also used 

to convey this meaning, that term is sometimes misinterpreted as implying that unique 

treatments can be designed for each individual. It should be emphasized that in “precision 

medicine,” the word “precision” is being used in a colloquial sense, to mean both 

“accurate” and “precise.”” 

However, in the context of treatment for biotransformation abnormalities, personalized medicine 

may be more applicable instead of patients being classified mainly on genetic information. The 

reason for this is that efficient biotransformation is not only affected by genetic influences but 

also by the availability of specific substrates, cofactors and coenzymes. This is mainly due to 

the fact that biotransformation reactions are unique in that they are most often multi-step 

reactions which produce excretion products which imply constant loss of vital conjugation 

factors. 
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Against this background, with the confidence gained from this study, we wish to advocate the 

use of our diagnostic model and a personalized approach to the treatment of chronic fatigue. 

Preliminary results obtained from the cases treated and analysed here (data not shown) 

strongly support the argument that personalized medicine as a potential treatment approach 

should be further investigated.  
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H.1.   License agreement for Figure 2-1:  Schematic outline of the intricacies of 

phases 0, I, II and III xenobiotic biotransformation regulation.  
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