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ABSTRACT

This thesis, titled: ‘Phase | and Il 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 | and Il biotransformation measured in

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

Part | 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 Il 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 | and Il 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 Il 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



through the CHAID decision tree. Chapter 8 illustrates how untargeted *H-NMR-metabolomics

provided guantitative 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 (*H-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:
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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
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Erasmus, E. Chronic fatigue, the exposome and biotransformation [Manuscript to be submitted
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Chapter 5:
Steffens, F.E., Erasmus, E. & Reinecke, C.J. A statistical approach for the classification of
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Chapter 6:
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GLOSSARY OF TERMINOLOGY USED IN THIS THESIS

1. Biotransformation

2. Xenobiotics

3. Detoxification

4. Personalized medicine

5. Alternative medicine

6. Translational research

7. Functional metabolism

8. Exposome

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).

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).

The metabolic process by which toxins are changed into less toxic or
more readily excreted substances.

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).

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).

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).

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).

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

| 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 | 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-suururi€”, 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.
| 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).

Anemia 3.3%

Depression 2.1%
Sinusitis 1.9%

Mononucleosis 1.6%
Influenza 1.00%

Anxiety / Stress 4.5%

Medication side-effect 0.4%

Viral lliness
11.80%

Fatigue NYD
45.80%

Other 27.40%

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

| 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-
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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). | 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.

Key ~ Phasel  phase2 Phase 3 \( Phase 4
E 5 P a %
E 5_ g z Busine;s Sustai:ability .
: = ‘@ © Growt
i :5 2 a b )
i o D ’
. 2 a

Parties
Involved

Department of Science
& Technology
Department of Higher
Education and Training
> B National Research
s B Foundation

ey I i TIA Support
>~ o B il B Industrial Development Corporation

Seed > Start-up > Growth > Expansion

Figure Il: 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 Il. 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 | 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 Il 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 Il 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, | 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 (WHQ) “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 Aliterature 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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ABSTRACT

Introduction: Activation of fatty acids by the acyl-CoA synthetases (ACSs) is the vital first step in fatty
acid metabolism. The enzymatic and physiological characterization of the human xenobiotic/medium
chain fatty acid: CoA ligases (ACSMs) has been severely neglected even though xenabiotics, such as
benzoate and salicylate, are detoxified through this pathway.

Areas covered: This review will focus on the nomenclature and substrate specificity of the human
ACSM ligases; the biochemical and enzymatic characterization of ACSM1 and ACSM2B; the high
sequence homology of the ACSM2 genes (ACSM2A and ACSM2B) as well as what is currently known
regarding disease association studies.

Expert opinion: Several discrepancies exist in the current literature that should be taken note of. For
example, the single nucleotide polymorphisms (SNPs) reported to be associated with aspirin metabo-
lism and multiple risk factors of metabolic syndrome are incorrect. Kinetic data on the substrate
specificity of the human ACSM ligases are non-existent and currently no data exist on the influence
of SNPs on the enzyme activity of these ligases. One of the biggest obstacles currently in the field is that
glycine conjugation is continuously studied as a one-step process, which means that key regulatory
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factors of the two individual steps remain unknown,

1. Introduction

Fatty acids serve many essential functions in living organisms.
They are the building blocks of lipids, including storage mole-
cules such as triacylglycerol and cholesteryl esters, structural
lipids such as phospholipids, plasmalogens, and sphingolipids,
and signalling molecules such as diacylglycerol. Fatty acids
can also be degraded for energy production, converted to
alcohols or aldehydes, remodeled by elongation and/or inser-
tion or removal of double bonds, or covalently bound to
proteins [1].

Acyl-coenzyme A (acyl-CoA) synthetases form a large family
of enzymes that catalyze the activation of fatty acids by CoA to
produce an acyl-CoA, the first step in fatty acid metabolism [1].
The focus of this review will be on medium chain fatty acid
and xenobiotic metabolism by the human xenobiotic/medium
chain fatty acid:CoA ligases (acyl-CoA synthetase medium-
chains [ACSMs]) (EC 6.2.1.2). We will review and discuss med-
ium chain fatty acid metabolism; nomenclature and substrate
specificity of the ACSM ligases; biochemical and enzymatic
characterization of ACSM1 and ACSM2B; the ACSM2 genes
(ACSM2A and ACSM2B) and genetic variation as well as what
is currently known regarding disease association studies. At
present, in depth research on the ACSM ligases is severely
lacking and we will, therefore, point out some inconsistencies
in the current literature, discuss the lack of knowledge, and
summarize some important future prospects regarding the
pharmacogenomics of aspirin.

2. Fatty acid metabolism and roles of activated fatty
acids

The diversity of fatty acids in nature is extensive. Fatty acids
can range widely in their chain lengths, from the 2 carbon
acid, acetate, to those containing >30 carbons in some waxes
and plant lipids. Furthermore, fatty acids can be found that are
totally saturated, that contain one (monounsaturated) or more
(polyunsaturated) double bonds, or that have methyl
branches. Thus, hundreds of naturally occurring fatty acid
species exist [2]. All of these fatty acids must be activated
prior to further metabolism by forming a thioester with CoA
and is closely associated with oxidative phosphorylation [3,4].
In the early 1950s, the first enzyme catalyzing the activation
process, named the fatty acid activating enzyme, was purified
from bovine liver and characterized using butyrate as sub-
strate [5]. Over the next three decades, various research
groups elucidated the nature of fatty acid activation by mem-
bers of the fatty acid ACS (fatty acid:CoA ligase) (ACSs; EC
6.2.1.x) family of enzymes [6,7]. Due to this great diversity in
fatty acids, it is, therefore, not surprising that higher organisms
contain multiple enzymes with ACS activity to facilitate both
anabolic and catabolic reactions of fatty acids [2].

2.1. Ligase activation of fatty acids

ACSs belong to a superfamily of adenylate-forming enzymes
[2]. Activation of fatty acids requires a two-step reaction
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2520, South Africa
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Article highlights

« The physiological role of the individual human ACSM ligases have not
been thoroughly clarified.

« CoA activation by ACSM2B is important for the detoxification of
benzoate and salicylate.

« The substrate specificity of ACSM2B for salicylate is very low when
compared to benzoate, which might contribute to aspirin sensitivity.

« The influence of genetic variation on the enzyme activity of the
individual ACSM ligases are unknown.

e The high exposure to xenobiotics in modern times might have a
detrimental effect on the CoA activation and subsequent glycine
conjugation of these compounds.

This box summarizes key points contained in the article

catalyzed by these enzymes [8]. In the first step, an acyl-
adenosine monophosphate intermediate is formed from ade-
nosine triphosphate (ATP). AMP is then exchanged with CoA
to produce the activated acyl-CoA. The release of AMP in this
reaction defines the superfamily of AMP-forming enzymes. The
length of the carbon chain of the fatty acid species defines the
substrate specificity for the different ACS [9]. Figure 1 repre-
sents a schematic outline of the mobilization and activation of
fatty acids.

Before the bioinformatics era, fatty acid activation activity was
often characterized biochemically by chain length preference.
These early investigations gave rise to the notion that there
was an ACS, a butyryl-CoA synthetase, an ACSM, and a long-
chain ACS (ACSL) [5,11-13]. However, there is significant overlap
in the chain length specificity of, for example, ACSMs and ACSLs,
and this may also vary depending on the degree of unsaturation
of the fatty acid substrate. Short-chain ACSs (ACSSs) typically
activate acetate, propionate, or butyrate. ACSMs are those that
activate C¢-C,, fatty acids. ACSLs are typically thought of as
those that activate palmitate (Ci¢) and oleate (Cyg), the most
common fatty acids found in nature [13,14].

Xenobiotic carboxylic acids (e.g. benzoic acid, salicylic acid,
and phenylacetic acid) that undergo glycine conjugation are
also activated by the mitochondrial ACSM ligases (Figure 1).
The acyl-CoA species increase the reactivity of the carboxylic
acid and therefore amino acid conjugation may be viewed as a
mechanism of cell protection. In humans, however, formation
of a xenobiotic-CoA does not necessarily result in subsequent
amino acid conjugation [15]. The xenobiotic-CoA can function
as an alternative substrate in pathways of intermediary meta-
bolism, such as lipid biosynthesis [16].

2.2. Biosynthesis of CoA

The activation of substrates by ligases is, apart from the energy
required in the form of ATP, also very dependent on the avail-
ability of CoA [17]. These molecules are truly endogenous as
they need to be synthesized from a precursor from the
B-vitamin group namely pantothenic acid or vitamin Bs [18]
(Figure 1). Animals and some microbes lack the capacity to
synthesize pantothenate and are totally dependent on the
uptake of exogenous pantothenate. The synthesis of CoA
takes place in the cytosol and is accomplished in a five-step
metabolic process during which the pantothenic acid is

Long chain fatty acids
Certain Xenobiotics

(Valproate & Pivaloate) Plasma membrane

Cytosol
/—— Fatty acid
ATP
m{‘g&?enale—— - — CoA D ACSL
/ AMP + PP;

TAB, ~-———Fatty acyl CoA

Acylcarnitine Carnitine
h! 7

CPT 2 S e

Acylcarnitine Carnitine

Acetyl CoA
Fatty acyl CoA |

;‘(—)
H,0 Fatty acid

B-Oxidation
CoA FA-

ACSM Benzoyl-CoA
Salicyl-CoA

Benzoate &
Salicylate

FADH,/NADH
CoA

Figure 1. lllustration of the metabolism involved in the mitochondrial uptake
and conjugation of fatty acids and specific xenobiotics. Long chain fatty acids
and certain xenobiotics (valproate and paviloate) are activated in the cytosol by
ACSL to the corresponding CoA derivative, This requires ATP and CoA. CoA is
synthesized from pantothenic acid (Vitamin Bs) in the cytosol. The activated
compounds are then transported into the mitochondria via the actions of
carnitine palmitoyltransferase 1 (CPT1), Carnitine-acylcarnitine translocase
(CACT)/CT and CPT2 in the carnitine shuttle. Mitochondrial thioseterase (MTE)
can cleave long-chain acyl CoA to fatty acid anions (FA™), which may leave the
mitochondrial matrix via the uncoupling protein (UCP). The xenobiotics benzo-
ate and salicylate are converted to CoA derivatives in the mitochondrial matrix
by ASCM. The CoA pool in the mitochondria is replenished from the cytosol via
the solute carrier family 25 transporter (SLC25). Benzoyl-CoA and Salicyl-CoA can
then be conjugated to glycine by glycine N-acyl transferase (GLYAT). TAG -
Triacylglycerol. Adapted with permission from [10].

converted to CoA [19]. These reactions are conserved and
absolutely essential for life. Any defects in this pathway could
potentially be life-threatening as CoA is, in contrast to pan-
tothenate, not readily available from dietary sources. Four of
the enzyme reactions involved in the synthesis of CoA require
ATP and the amino acid cysteine is also an essential cofactor in
the second reaction, providing the thiol moiety for the CoA
molecule [20]. Limited cysteine bioavailability could be detri-
mental to the synthesis of CoA [21]. The synthesized CoA is
transported over the mitochondrial membrane by SLC25A42, a
member of the solute carrier family 25 (SLC25) (Figure 1) [22].

2.3. Metabolic role of CoA and acyl-CoA

Acyl-CoA molecules have a variety of functions in the meta-
bolism. They are crucial in the production of energy in the
mitochondria via B-oxidation of activated fatty acids [23]
(Figure 1). Acyl-CoA can also be instrumental in the synthesis
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of triacylglycerols and phospholipids and esterification of cho-
lesterol and retinal. A less well-known function of acyl-CoA is
that of a cell signalling molecule. In this regard, it is involved
in the alteration of insulin secretion, glucose transport and
metabolism, and then also in apoptosis. In the case of some
medium and longer chain acyl-CoAs, transport into the mito-
chondrial matrix cannot proceed without the help of a carrier
molecule L-carnitine (Figure 1). This is accomplished with the
help of three enzymes carnitine palmitoyl transferase |, a
carnitine-acylcarnitine translocase, and carnitine palmitoyl-
transferase Il. With the release of the acyl-group in the mito-
chondrial matrix, there is recycling of CoA and carnitine [24].

In the case of fatty acids, which is more the focal point in
this review because of their association with the medium
chain acyl-CoA ligases, the activated acyl-CoA is pivotal in
the regulation of ion channel opening, the budding and fusion
of intracellular membranes [25], and protein transport. Acyl-
CoAs are also required for enzyme activation, protein acyla-
tion, cell signaling, and transcriptional control in addition to
serving as substrates for oxidation and phospholipid biosynth-
esis [26]. CoA plays an important role in regulating cardiac
energy metabolism. Accumulation of intracellular acyl-CoAs
can be toxic [27], stimulate mitochondrial stress and increase
the production of damaging free radicals. As already men-
tioned, xenobiotic carboxylic acids can also be activated to
CoA-thioesters and may contribute to the compound’s toxicity
[28]. These xenobiotic-CoAs may be poor substrates for further
metabolism, accumulation, and contribution to aberrant cellu-
lar processes. Several types of mechanisms may be involved in
this, including (1) inhibition of vital metabolic enzymes by the
acyl-CoA, (2) sequestration of the total cellular CoA pool as the
unusual acyl-CoA, (3) direct physical-chemical effects of the
acyl-CoA, and (4) sequestration and depletion of carnitine as
the acyl group is transformed from the acyl-CoA to form the
corresponding acylcarnitine.

Many of these toxicities are similar to sequelae observed in
the inherited organic acidurias in which endogenously gener-
ated acyl-CoAs accumulate secondary to an enzymopathy [29].
In this respect, it has been suggested that dysregulated lipid
metabolism, originating with the formation of acyl-CoAs, is the
basis of multiple diseases including obesity and diabetes [30].
It has also been proposed that because acyl-CoA formation is
a primary step in fatty acid metabolism, the activating enzyme
ACS and deactivating enzyme acyl-CoA thioesterases (ACOTs)
may have a direct influence on the metabolic fate of fatty
acids by pointing the substrate toward or away from

Table 1. The six ACSMs.
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downstream enzymes [31]. The ACS and ACOT enzymes may
also regulate fatty acid metabolism by controlling cellular
concentrations and compartmentalization of free fatty acid,
acyl-CoA, free CoA, and AMP/ATP.

3. Nomenclature and substrate specificity of ACSM

Mitochondria from liver contain various amounts of diverse
forms of ACSMs. Xenobiotic ACSM ligases are of particular
interest as these ligases have extremely broad substrate spe-
cificities. Not only do these ligases function as xenobiotic
carboxylic acid:CoA ligases (benzoic acid and aspirin), but
also as medium-chain fatty acid:CoA ligases (C4-C,, fatty
acids) [9]. Defining the substrate profile of the ACSM subgroup
of enzymes has, however, been challenging as overlapping
substrate and fatty acid specificity, along with the use of
crude tissue and subcellular preparations have made this a
complicated task [32]. Although much research has been done
on several mammalian CoA-ligases [5,32-36], there is limited
information in humans about the identity of individual xeno-
biotic CoA ligases responsible for the metabolism of a variety
of drugs and chemicals [32]. Unfortunately, the current litera-
ture on the ACSM enzymes also contains many inconsisten-
cies. This will be discussed in detail in Section 8.1.

Watkins et al. [2] used 2 conserved amino acid sequence
motifs to identify 26 distinct ACS genes in the human genome
[2]. Six of the 26 distinct human ACSs namely: ACSM1,
ACSM2A, ACSM2B, ACSM3, ACSM4, ACSM5, and ACSM6, form
part of the ACSMs (Table 1) [2,9,37,38].

The ACSM gene family consists of four members located on
chromosome 16 (ACSM1, 2, 3, 5) while the ACSM4 gene is
located on chromosome 12 and the ACSM6 gene on chromo-
some 10.

3.1. ACSM1 (HXM-B, MACS1)

The ACSM1 (75,658 base pairs) gene is located on chromo-
some 16 at position 16p12.2 (ENSG00000166743 [50]). ACSM1
encodes for a 577 amino acid protein expressed in the mito-
chondrial matrix that has medium-chain fatty acid:CoA ligase
activity with broad substrate specificity. ACSM1 acts on acids
from C, to Cy; and on the corresponding 3-hydroxy- and 2,3-,
or 34-unsaturated acids (in vitro) [9]. See Section 4 for a
detailed discussion on the substrate specificity of ACSM1
(HXM-B).

ACSM Synonyms Nucleotide reference sequence Protein reference sequence Transcript ID Chromosomal location  Strand
ACSM1  BUCS1; MACST; LAE; HXM-B NM_052956 NP_443188 ENST00000307493 16p12.2 Reverse
ACSM2A  LOC123876; A-923A4.1; MACS2 NM_001308172.1* NP_001295101.1* ENST00000573854 16p12.3 Forward
ACSM2B  HXMA; HYST1046 NM_182617 NP_872423 ENST00000567001 16p12.3 Reverse
ACSM3  SAH; SA NM_005622 NP_005613 ENST00000289416 16p13.1 Forward
ACSM4  LOC341392 NM_001080454 NP_001073923 ENST00000399422 12p13.31 Forward
ACSM5  FLJ20581; MACS3 NM_017888 NP_060358 ENST00000331849 16p12.3 Forward
ACSM6  C100rf129 NM_207321.2 NP_997204.2 ENST00000341686 10g23.33 Forward

ACSM: Acyl-CoA synthetase medium-chain.

*It should be noted that the reference sequences given in Watkins et al. [2] (NM_001010845 and NP_001010845) has since been removed from NCBI (http://www,
ncbi.nlm.nih.gov/nuccore/NM_001010845) because currently there is insufficient support for these transcripts. The correct reference sequences have been given

here.
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Several disease association studies have been performed
for ASCM1 and link ACSM1 to invasive apocrine carcinomas
[39], plasma high-density lipoprotein cholesterol levels [40],
schizophrenia [41], and major depressive disorder [42].

3.2, ACSM2

Due to a chromosomal duplication event of approximately
80 kb, two different loci of the ACSM2 gene exist, ACSM2A
and ACSM2B, located on chromosome 16 at position 16p12.3
[2,43,44]. The HXM-A form of XM-ligases was renamed by the
Human Genome Organization first to ACSM2 and, more
recently, to ACSM2B. Although the biological function of
ACSM2A has not been characterized in any species [2], the
crystal structure for ACSM2A has been elucidated for a series
of substrate/product/cofactor complexes [45]. ACSM28 is the
predominant transcript identified in human liver when com-
pared to ACSM1, 2A, 3, and 5 [38]. This should, however, be
reinvestigated as will be explained in Section 8.1.2. The bio-
chemical and enzymatic characteristics of ACSM2B (HXM-A)
will be discussed in more detail in Section 4.

3.3. ACSM3 (SAH)

The human SA (SAH, ACSM3) gene, approximately 33 kilo
bases, was mapped to human chromosome 16p13.11, consist-
ing of 14 exons and 13 introns [46] and encodes for a 586
amino acid protein expressed in human kidneys and liver.
Further studies suggested that the SAH protein is located in
the mitochondria and has ACS activity for medium-chain fatty
acids. Disease association studies have shown that polymorph-
isms of the SAH gene are associated with multiple risk factors,
including hypertriglyceridemia, hypercholesterolemia, obesity
[47] and hypertension [48], and non-high-density lipoprotein
cholesterol levels in postmenopausal women [49].

3.4. ACSM4

ACSM4 is located on chromosome 12, spans 24,441 bases and
encodes for a 580 amino acid protein [50 ENSG00000215009]
that is predominantly expressed in the testis. ACSM4 poly-
morphisms are associated with rapid AIDS progression in
HIV-infected patients [51,52].

3.5. ACSM5 (MACS3)

ACSM5 (31,817 bases) encodes for a 579 amino acid protein
that is expressed mainly in the kidney and liver [53]. Although
ACSM5 is homologous to ACSM1 and ACSM3, the biological
function of ASCM5 has not been characterized in any spe-
cies [2].

3.6. ACSM6 (C100rf129)

ACS5Mé6 is located on chromosome 10 at position 10923.33 and
spans 34,730 bases encoding for a 480 amino acid protein
[50]. Very little research has been done on ACSM6 with no
protein functionality studies being published thus far. One
disease association study was performed. To identify

susceptibility genes for developing late-onset Alzheimer dis-
ease (LOAD), the rs591157 single nucleotide polymorphism
(SNP) located in ACSM6 (C100rf129) was one of the 1412
gene-based SNPs used to perform a chromosome-10-specific
association study. No association between the ACSM6 SNP and
LOAD could be established [54].

4, Biochemical and enzymatic characterization of
the ACSM ligases

ACSM2B (HXM-A) and ACSM1 (HXM-B) were isolated from
human liver mitochondria and characterized. The designation
of these ligases was based on their order of elution from a
diethylaminoethyl-cellulose chromatography column. Kinetic
analysis was conducted on each of the XM-ligases using
seven different carboxylic acids, at a concentration of
100 uM in each case, to characterize the substrate specificity
(Table 2). ACSM2B and ACSM1 differed significantly in their
substrate specificities. ACSM2B had the highest affinity for
benzoate while ACSM1 had the highest affinity for hexanoate.
The two ligases were of different degrees of purity so values
are only referred to as relatively apparent and cannot be
compared between ACSM2B and ACSM1. There is evidence
of activation of valproate by ACSM2B [9], while salicylate can
be activated by both ACSM2B and ACSM1. The substrate
specificity for salicylate is, however, very low when compared
to benzoate and hexanoate. Neither enzyme was effective at
activating short-chain fatty acids as is shown by the very poor
affinity of the enzymes for butyrate [9].

A recombinant ACSM2B protein was subsequently
expressed in COS-7 cells and characterized [37]. The expressed
enzyme had greater activity toward benzoate than phenylace-
tate, which is comparable to the previously reported substrate
specificity of ACSM2B isolated from liver [9]. The phenylace-
tate activity was, however, greater than expected, but this was
attributed to the presence of the fused FLAG protein [37].

Expression of ACSM2B (HXM-A) ligase is inducible, although
the mechanisms involved are not well understood.
Pretreatment of rats with salicylate for 6 days increases the
capacity of liver and kidney homogenates for synthesis of
salicylylglycine, hippurate, and 4-aminohippurate [55].
Salicylate pretreatment also increases the rate of salicylylgly-
cine formation in humans [56].

Table 2. A summary of the properties and substrate specificities of ACSM2B and
ACSM1.

HXM-ligase ACSM2B (HXM-A) ACSM1 (HXM-B)
Molecular weight 48 kDa 49 kDa
Preferentially Preferentially activates
activates medium-chain fatty
Activation xenobiotics acids
Substrate Benzoate 7.92 043
specificity Hexanoate 1.19 347
(Vmax/Km) [9]  Phenylacetate 0.18 0.014
Decanoate 0.14 0.4
Salicylate 0.1 <0.004
Butyrate 0.033 0.042
Laurate 0.003 0.006

ACSM: Acyl-CoA synthetase medium-chain.
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4.1. ACSM activation of benzoate and salicylate

GLYAT (EC 2.3.1.13) is responsible for the glycine conjugation
of xenobiotics [57-59] such as benzoate and salicylate [60,61].
Xenobiotics that undergo glycine conjugation are activated to
an acyl-CoA by the mitochondrial ACSM ligases [15,34].

Nonsteroidal anti-inflammatory drugs (NSAIDs) are one of
the most widely used drugs worldwide [62-64]. Over 30 mil-
lion people receive NSAIDs daily [65], and nearly 25% of the
population have experienced aspirin-related side effects that
require medical care [66]. In a study involving 1225 patients
with adverse drug reactions carried out in the United
Kingdom, aspirin was involved in over 60% of the deaths
caused by adverse drug reactions [67].

An oral dose of aspirin (also known as acetylsalicylic acid
[ASA]) is first hydrolyzed to salicylate by ASA esterase [68].
Salicylate is eliminated in humans mainly by conjugation with
glycine to form salicyluric acid followed by glucuronidation
[69]. Roughly 10% of the dose is eliminated unchanged in
urine. The rest is converted to salicylic acid, most of which is
metabolized in liver. The recovery of salicylic acid in urine
accounts for about 7% of the dose, with high variability
(range 1-31%). The major metabolite of salicylic acid is the
glycine conjugate, salicyluric acid (2-[(2-hydroxybenzoyl)
amino] acetic acid), which accounts for approximately 63%
(range 20-75%) of the recovery in urine, with a large inter-
individual variability [70-74]. It has been proposed that the
acyl glucuronides formed from NSAIDs are the cause of
adverse drug reactions in humans, although convincing
mechanistic evidence of this link is yet to be presented. It
cannot be ruled out that CoA conjugates are responsible or
partly responsible for the hepatotoxicity observed in
humans [24].

The glycine conjugation pathway can be saturated and as a
result the rate of glycine conjugation influences the clearance
of xenobiotics and therefore also toxicity [75,76]. The half-life
of salicylate elimination increases with dose and can range
from 2.4 to 19 h in adults. Formation of salicyluric acid reaches
a maximum rate at higher doses of aspirin (1 g or more) [77].
The formation rate of hippuric acid by the conjugation of
benzoic acid with glycine also reaches a limiting value [78]
but the maximum rate of conjugation of benzoic acid with
glycine is about 20 times higher than the maximum rate of
conjugation of salicylic acid with glycine [77]. This is because
the limiting step in the pathway depends on the substrate:
hippurate formation for benzoate, and salicyl-CoA formation
for salicylate [79]. This is consistent with the observation that
the substrate specificity of ACSM2B (HXM-A) is much lower for
salicylate than benzoate [9] (Table 2). At high doses of salicy-
late (equivalent to 276 mg of salicylate or 360 mg of aspirin),
elimination occurs mainly by salicylate excretion and salicyl
glucuronide formation and increases the half-life to 22 h [77].

The appearance of salicyluric acid in the urine can be sig-
nificantly inhibited by the administration of benzoic acid. This
effect is not prevented by the coadministration of glycine [80]. It
has also been shown that repeated administration of small
doses of benzoate (0.5 g every 30 min) can inhibit salicyluric

EXPERT OPINION ON DRUG METABOLISM & TOXICOLOGY @ 1173

acid formation for extended periods of time [81], which means
that salicylate can readily accumulate in the body so that
chronic administration may result in toxicity and liver damage,
especially in young children [82,83]. On average, dietary intake
of benzoate together with benzoyl-CoA produced by gut micro-
bial metabolism can result in benzoate exposure to the equiva-
lent of 0.6-1.3 g/day, which is higher if foods preserved with
benzoate are consumed frequently [84]. Aspirin doses as low as
600 mg can also inhibit glucuronidation of salicylate [69]. This
can result in a situation where salicylate accumulates for long
periods because it can neither be conjugated to glycine (due to
inhibition by benzoate) or to glucuronic acid (due to inhibition
by high levels of aspirin).

Previous studies investigating the pharmacokinetics of
aspirin have measured the plasma levels of ASA and salicylate
[85,86] as well as the glycine conjugate [77], namely salicyluric
acid, thereby effectively treating the two-step glycine conjuga-
tion reaction as a single metabolic reaction. It is, therefore, very
difficult to infer the exact role of the ACSM ligases in the
elimination of salicylate. The consequence of the lack of knowl-
edge with regard to substrate specificity of the ACSM ligases will
be discussed in greater detail in Section 8.2. and 8.3.

5. The ACSM2A and ACSM2B genes and genetic
variation

The ACSM2A and ASCM2B genes are almost identical and there-
fore difficult to distinguish, the coding sequences of these genes
are 98.8% identical, and their amino acid sequences are 97.6%
identical, so it would be likely to assume that experimentally
determined differences were attributable to polymorphisms or
sequencing errors. Although the ACSM2A and ASCM2B genes are
nearly identical, there is sufficient evidence supporting the exis-
tence of both genes [2]. ACSM2A and ACSM2B both encode for
577 amino acid proteins [9].

5.1. Genetic polymorphisms of the ACSM2A gene

The ACSM2A gene (ENSG00000183747) is located on chromo-
some 16 at position 16p12 on the forward strand, spans over
36,000 base pairs and contains 14 exons, of which 13 are
coding exons (Table 1). Within the ACSM2A gene, there are
3158 known SNPs [50 March, 2016, ENST00000573854], of
which 344 are non-synonymous. Nothing is known regarding
the effect of SNPs on the enzyme activity of ACSM2A.

5.2. Genetic polymorphisms of the ACSM2B gene

HXM-A is encoded by the ACSM2B gene [2]. ACSM28B is located
on chromosome 16p12 on the reverse strand. It consists of just
over 40,000 base pairs and contains 15 exons of which 13 are
coding exons (Table 1). There are a total of 3428 SNPs located
in the ACSM2B gene of which 314 are missense variants [50
March 2016, ENST00000567001]. No information is available
on the influence of genetic variation on the enzyme activity of
ACSM2B.



CHAPTER Bk

1174 (@) R.VAN DER SLUIS AND E. ERASMUS

5.3. Distinguishing between the ACSM2A and ACSM2B
genes

ACSM2A and ACSM2B both contain the two highly conserved
amino acid sequence motifs found in proteins with ACS
activity from a diverse group of organisms (including mam-
mals, roundworms, fruit flies, bacteria, and yeast) (Figure 2)
[2,87]. Motif | is found within the 11 amino acid putative AMP
binding domain signature in the PROSITE database
(PDOC00427, PS00455) (http://expasy.org/prosite). Motif I
consists of 35 residues partially overlapping with a 25
amino acid signature motif (DGWLHTGDIGXW-XPXGXLK
IIDRKK). This sequence appeared to be common to all ACS
synthetases and signifies the ACS synthetase signature motif
(FACS signature motif) [88]. A highly conserved arginine
residue is found within both Motif 2 and the signature
motif [2].

The ACSM2A and ACSM2B genes have 21 nucleotide differ-
ences in the coding region of which 17 results in non-synon-
ymous substitutions. Only one of the amino acid differences
lies within a conserved motif. Residue 463, found in Motif Il, is
asparagine in ACSM2A and aspartic acid in ACSM2B
(Figure 2).

ACSM2A 10 20 30 40 50

6. Disease association studies

In terms of ACSM2A and ACSM2B, very little research has been
done regarding disease-association studies. It has been pro-
posed that due to the abundant transcript level of the ACSM2B
gene compared to transcript levels of the rest of the ACSM
family, ACSM2B is recommended to be the more promising
target for studies into the role of the ACSM family as disease
risk genes [38]. As mentioned previously, this should be rein-
vestigated as will be discussed in Section 8.1.2.

A whole exome sequencing study on melanoma samples
identified two missense SNPs (rs144594944 and rs148136861)
within the ACSM2B gene that were not present in normal
tissues. These two SNPs were, however, not recurrent muta-
tions identified in melanoma [89].

A few disease association studies reported in the literature
[53,90,91] contain several inconsistencies, which will be dis-
cussed in Section 8.1.1.

7. Summary

The existence of a wide range of ACSs suggests that each
plays a unique role, directing the acyl-CoA product to a

60 70 80 90 100 110 120

1 ATGCATTGGCTGCGAAAAGTTCAGGGACTTTGCACCCTGTGGGGTACTCAGATGTCCAGCCGCACTCTCTACATTAATAGTAGGCAACTGGTGTCCCTGCAGTGGGGCCACCAGGAAGTG

1

M HWULRIKVOQGLT CTTLWGT OQOMSSRTULYTINS SUR RO OQOLJVSILOQWSGHTOQEUV

ACSM2B ATGCATTGGCTGCGAAAAGTTCAGGGACTTTGCACCCTGTGGGGTACTCAGATGTCCAGCCGCACTCTCTACATTAATAGTAGGCAACTGGTGTCCCTGCAGTGGGGCCACCAGGAAGTG
ACSM2A 130 140 150 160 170 180 190 200 210 220 230 240
121 CCGGCCAAGTTTAACTTTGCTAGTGATGTGTTGGATCACTGGGCTGACATGGAGAAGGCTGGCAAGCGACTCCCAAGCCCAGCCCTGTGGTGGGTGAATGGGAAGGGGAAGGAATTAATG
41 PAKFNTFEASTDVILDHTUWATDMETZKA AGT K RTLTPSPALTEWTG®WVYVNSGZEKTGT KTETLM
ACSM2B  CCGGCCAAGTTTAACTTTGCTAGTGATGTGTTGGATCACTGGGCTGACATGGAGAAGGCTGGCAAGCGACTCCCAAGCCCAGCCCTGTGGTGGGTGAATGGGAAGGGGAAGGAATTAATG
ACSM2A 250 260 270 280 290 300 310 320 330 340 350 360
241 TGGAATTTCAGAGAACTGAGTGAAAACAGCCAGCAGGCAGCCAAC Il TCTCGGGAGCCTGTGGCCTGCAGCGTGGGGATCGTGTGGCAGTGIC TGCCCCGAGTGCCTGAGTGGTGE
81 W N F REULSENSOQOQA AA AN L S GACGLUG QR RGD RUVAUVEEL PRV P EWW
ACSM2B  TGGAATTTCAGAGAACTGAGTGAAAACAGCCAGCAGGCAGCCAACHEMCTCTCGGGAGCCTGTGGCCTGCAGCGTGGGGATCGTGTGGCAGTGIMMICTGCCCCGAGTGCCTGAGTGGTGG
ACSM2A 370 380 390 400 410 420 430 440 450 460 470 480
361 CTGGTGATCCTGGGCTGCATTCGAGCAGGTCTCATCTTTATGCCTGGAACCATCCAGATGARATCCACTGACATACTGTATAGGT TGCAGATGTCTAAGGCCAAGGCTATTGTTGCTGEG
121 L VILGC CTI RAGLTITV FMZPGTTIOQMIZKS ST DTIULY RIULAQMSI KA AIKA ATIUVASG
ACSM2B  CTGGTGATCCTGGGCTGCATTCGAGCAGGTCTCATCTTTATGCCTGGAACCATCCAGATGAAATCCACTGACATACTGTATAGGTTGCAGATGTCTAAGGCCAAGGCTATTGTTGCTGGG
ACSM2A 490 500 510 520 530 540 550 560 570 580 590 600
481 GATGAAGTCATCCAAGAAGTGGACACAGTGGCATCTGAATGTCCTTCTCTGAGAATTAAGCTACTGGTGTCTGAGAAAAGCTGTGATGGGTGGCTGAACTTCAAGARACTACTAAATGAG
161 DEVIQEYVDTVASETC®PSLRIKTLLTYSEKS SO CDGWILNTPFZXKTEKTELTLHNE
ACSM2B  GATGAAGTCATCCAAGAAGTGGACACAGTGGCATCTGAATGTCCTTCTCTGAGAATTAAGCTACTGGTGTCTGAGAAAAGCTGCGATGGGTGGCTGAACTTCAAGARACTACTAARATGAG
ACSM2A 610 620 630 640 650 660 670 680 690 700 710 720
601 GCATCCACCACTCATCACTGTGTGGAGACTGGAAGCCAGGAAGCATCTGCCATCTAC TGGCAGAACATTCCTACTCGAGCCTGGGCCTC
201 A S TTHHTCVETGS SO QEA AT SA ATI.]Y M AEHSZYSSLGL
ACSM2B GCATCCACCACTCATCACTGTGTGGAGACTGGAAGCCAGGAAGCATCTGCCATCTAC TGGCAGAACATTCCTACTCGAGCCTGGGCCTC
ACSM2A 730 740 750 760 770 780 790 820 830
721 AAGGCCAAGATGGATGCTGGTTGGACAGGCCTGCARGCCTC 1w\TATAATGTGG/\CCATATCAGALACAGGTTGGATACTGAACATCTT c;\c-r e TAGGA
241 K A KMDAGUWTGTLO QA ASTDTIMUW®WTTISTDTGTWI IIl
ACSM2B AAGGCCAAGI’\TGGI\TGCTGGTTGGAC}\GGCCTGCMGCCTCTG}\TATAATGTGGACCATRTCAGACT\C}\GGTTGGI\T}\C"‘GAACATCTTG ACACT TI\GGA
ACSM2A 850 860 870 880 890 900 910 940 95
841 GCATGCACAT'“"‘GTTCATCTCTTGCCAMGTTTGACCCACTGGTTATTCTAAAGACACTCTCCACTTATCCAATCMGAG’“ATGA1ubuxbu.u_u\x TGTTT nccccmm lbLAACAG
281 ACTTFVHLTLTPIEKTFTDTPLVTITLEKTTLSSTYTPTIZKSMMGATPTIVZYRMLTLDQ
ACSM2B GCATGCACATTTGTTCATCTCTTGCCAAAGTTTGACCCACTGGTTATTCTAAAGACACTCTCCAGTTATCCAATCAAGAGTATGATGGGTGCCCCTATTGTTTACCGGATGTTGCTACAG
ACSM2A 970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
961 CAGGATCTTTCCAGTTACAAGTTCCCCCATCTACAGAACTGC] GGGAGTCCCTTCTTCCAGAAACTCTGGAGAACTGGAGGGCCCAGACAGGACTGGACATCCGAGAATCC
321 @ pLss Yk P HLOQNTCHEMME:E s L LPETTLETNTUWE RATCQTTGTLTDTIT RTES
ACSM2B  CAGGATCTTTCCAGTTACAAGTTCCCCCATCTACAGAACTGC GGGGAGTCCCTTCTTCCAGAAACTCTGGAGAACTGGAGGGCCCAGACAGGACTGGACATCCGAGAATTC
ACSM2A 1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
1081 TATGGCCAGACAGAAACGGGATTAACTTGCATGGTTTCCAAGACAATGAAAATCARACCAGGATACATGGGAACGGCTGCTTCCTGTTATGATGTACAG] A TAGATGATAAGGGCAAC
361 ¥ G QTETGILTOCMV S KTMEKTITZEKTPG?YMGTAASCZYDUVQ I DDXKGN
ACSM2B  TATGGCCAGACAGAAACGGGATTAACTTGCATGGTTTCCAAGACAATGAAAATCARACCAGGATACATGGGAACGGCTGCTTCCTGTTATGATGTACAGRIMMATAGATGATAAGGGCAAC
ACSM2A 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
1201 GTCCTGCCCCCCGGCACAGAAGGAGACATTGGCATCAGGGTCAAACCCATCAGGCCTATAGGCATCTTCTCTGGCTATGT! AATCCCGACAAGACAGCAGCCAACATTCGAGGAGAC
401 VLPPGTEGDTIGTIRYTEKTPTIRTEPTIGTITFSGY VEENPDEKTAANTIRGD
ACSM2B  GTCCTGCCCCCCGGCACAGAAGGAGACATTGGCATCAGGGTCAAACCCATCAGGCCTATAGGCATCTTCTCTGGCTATGT AATCCCGACAAGACAGCAGCCAACATTCGAGGAGAC
ACSM2A 1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
1321 TTTTGGCTCCTTGGAGACCGGGGAATCARAGATGARGATGGGTATTTCCAGTTT, GC \TATCATTAACTCCAGCGGGTACCGGATTGGACCCTCGGAGGTAGAGAAT
441 FNLLGDRGIKDBDGYFQPHG DIINSSGYRIGPSEVBN
ACSM2B TTTTGGCTCCH CGGG \GATGAAGATGGGTATTTCCAGTTTA' AGCGGE! GAG
Conserved Arg Motif II
ACSM2A 1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
1441 GCACTGAT ACCCTGCTGTGGTTGAGACGGCTGTGATCAGCAGCCCAGACCCCGTCCGAGGAGAGGTGGTGAAGGCATTTGTCIIICTGGCCTCGCAGTTCCTGTCCCATGACCCA
481 A L M§/BH P AV V ETA AUV IS S PDUPVRGEUVV KA ATF VN L A S Q F L S H D P
ACSM2B  GCACTGATGEBBCACCCTGCTGTGGTTGAGACGGCTGTGATCAGCAGCCCAGACCCCGTCCGAGGAGAGGTGGTGAAGGCATTTGTGEMICTGGCCTCGCAGTTCCTATCCCATGACCCA
ACSM2A 1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
1561 GAACAGCTCACCAAGGAGCTGCAGCAGCATGTGAAGTCAGTGACAGCCCCATACAAGTACCCAAGAAAGATAGAGTTTGTCTTGAACCTGCCCAAGACTGTCACAGGGARAATTCAACGA
521 EQLTZKETLG OGO QIHVYVZ KSVTAPTYZEKTYTPRZEKTIETFTVTIELHNTLTEPTZ KTVTGE KTIRQR
ACSM2B  GAACAGCTCACCAAGGAGCTGCAGCAGCATGTGAAGTCAGTGACAGCCCCATACAAGTACCCAAGAAAGATAGAGTTTGTCTTGAACCTGCCCAAGACTGTCACAGGGAARATTCAACGA
ACSM2A 1690 1700 1710 1720 1730
1681 AAGCTTCGAGACARGGAGTGGAAGATGTCCGGAAAAGCCCGTGCGCAGTGA
561 /] Kk L R D KE W KMS G KARAQ *
ACSM2B AACTTCGAGACAAGGAGTGGAAGATGTCCGGAARAAGCCCGTGCGCAGTGA

Figure 2. Alignment of the nucleic acid sequences of ACSM2A (ENST00000573854) and ACSM2B (ENST00000567001) and the corresponding amino acid sequence.
The 17 non-synonymous SNPs are indicated by the purple highlight for ACSM2A and the green highlight for ACSM2B. The two conserved motifs are also indicated:
Motif | in turquoise and Motif Il in grey. The conserved Arganine residue found in Motif Il is shown in red. Full color available online.
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specific metabolic fate [2] (Figure 1). Catalytic data on the
ACSM family of proteins are still limited and the xenobiotic
substrate/inhibitor profiles are incomplete. There is limited
information in humans concerning the identity of individual
ACSM ligases responsible for the metabolism of a variety of
drugs and chemicals. Previous studies have only characterized
the substrate specificity of crude cell extracts of ACSM2B [37]
and ACSM1 [9]. At present, factors modulating activity of
human ACSM ligases in vivo remain unknown [32].
Characterization of the ACSM ligases in terms of substrate/
inhibitor profiles and regulation will allow a greater under-
standing of the role of these enzymes in the metabolism of
carboxylic acids [15] and xenobiotics such as salicylate.

Information on the influence of genetic variation on the
enzyme activity of the human ACSM ligases does not exist.
This could potentially be a key factor when investigating the
causes of aspirin sensitivity, especially when taking into
account the low substrate specificity of ACSM2B for salicylate
(Table 2). The high degree of nucleic acid and amino acid
identity between ACSM2A and ACSM2B (Figure 2) needs to
be taken note of when planning future genetic variation or
enzyme characterization studies. It is very important to clearly
indicate which gene is studied and to give the reference
sequence used for the study (Table 1). A great deal of work
still needs to be done on finding significant associations
between the ACSM ligases and diseases.

8. Expert opinion

8.1. ACSM nomenclature and discrepancies in the
current literature

In previous studies, different synonyms for each ACSM protein
are used (Table 1), which complicates literature searches and
may lead to confusion for new researchers in the field. For
example, the ACSM2B protein that was previously referred to
as HXM-A. Some mistakes with regards to nomenclature have
slipped into the literature. In a recent review, for example, it is
stated that HXM-A is encoded by the ACSM2A gene [92].
Studies also do not clearly differentiate between the ACSM2A
or ASM2B genes [90].

The high-sequence similarity between ACSM2A and
ACSM2B results in the identification of SNPs that are in fact
just nucleotide differences between the reference sequences
of ACSM2A (NM_001308172.1) and ACSM2B (NM_182617). To
prevent the incorrect reporting of SNP data on Ensembl [50], it
is important to use the reference transcripts (Table 1) for
future SNP identification and to always include both genes
in genetic variation studies.

8.1.1. Polymorphisms in the ACSM genes and disease
association

8.1.1.1. Aspirin metabolism and intolerance. A review ana-
lyzing the importance of genetic variations in enzymes
involved in aspirin metabolism, namely UGT1A6, ACSM2, and
CYP2C9, has some inconsistencies between the abstract and
the conclusion. In the abstract, it is stated that one of the
major polymorphisms related to aspirin bio-disposition is
rs1133607 in the ACSM2 gene [90]. It is not clearly stated
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whether the authors are referring to ACSM2A or ACSM2B. The
rs1133607 SNP is found in ACSM2A and it results in either one
of the two non-synonymous changes depending on the var-
iant allele, that is S513W (TCG — TGG) or S513L (TCG — TTG)
[50]. In the text, it is not discussed why the rs1133607 SNP is
considered to be one of the major polymorphisms related to
aspirin metabolism but only mentioned that this SNP has a
high population frequency and should therefore be consid-
ered for future investigation. According to the 1000 genome
Project [50], the wild-type allele (C) has an allele frequency of
86%. Future studies should rather investigate the effect of
haplotypes on aspirin metabolism rather than individual
SNPs. In a subsequent review, the rs1133607 SNP was also
mistakenly reported to be associated with aspirin intolerance
[92].

Variability exists in aspirin metabolism, with large differ-
ences between individuals participating in the same study
and between average values observed in different studies
[70-74]. In addition, gender-related differences [71,93] and
interethnic variability in aspirin metabolism have been
reported [70,94]. The fact that interethnic variability exists in
aspirin metabolism suggests the involvement of genetic fac-
tors in variability in aspirin metabolism, because interethnic
and even intraethnic variability have been described for genes
coding for drug metabolizing enzymes [95,96].

What is concerning is that even though the major pathway
for aspirin metabolism is the glycine conjugation pathway, no
data currently exist on the putative role of either ACSM2A,
ACSM2B, or GLYAT polymorphisms in aspirin metabolism or
hypersensitivity. Overall information indicates that pharmaco-
genomic knowledge in aspirin intolerance is presently in its
infancy [90].

8.1.1.2. Metabolic syndrome. Two studies found a signifi-
cant association between the L5135 polymorphism in MACS2
(ACSM2A) and multiple risk factors of metabolic syndrome in a
Japanese Suita [53] and Caucasian [91] cohort. The §513L SNP
has been identified in both the ACSM2A (rs1133607) and
ACSM2B (rs761288312) genes [50]. In the Iwai et al. study, it
is difficult to ascertain if the L5135 SNP referred to, is simply a
typing error as the rs number for the SNP is not given [53]. The
reference sequence (GenBank accession: AX451437) used to
identify SNPs in this study has a 99% nucleic acid identity to
the ACSM2B sequence (NM_182617). So, even though the
authors use the synonym for ACSM24, i.e. MACS2, the study
in fact identified SNPs in the ACSM2B gene. When the refer-
ence sequence used (AX451437) is translated, a serine residue
is identified at position 513. This is different from the amino
acid sequence given for MACS2 in Figure 1 of the study [53].
Here, the amino acid residue is indicated as a bold letter ‘L." Is
the S513L SNP in the ACSM2B gene, therefore, significantly
associated with triglyceride level? Some follow-up studies are
needed to clear up this confusion.

In the case of the Lindner et al. [91] study, the reference
sequence used as well as the unique ID number of the
TagMan assay used for genotyping of the L5135 polymorph-
ism was not given. It is, therefore, difficult to critically evaluate
the experimental protocol of this study. In Table 1 of the
study, the SNP is identified as rs16970281 (base change C/T),
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the record of which has been merged into the rs1133607
record. As previously mentioned, rs1133607 is a SNP located
in ACSM2A (TCG — TTG) that results in an amino acid change
S513L. According to the 1000 genome Project, allele frequen-
cies [50], the C allele (serine) is found in 86% of the worldwide
population. It is unlikely that an allele, which is significantly
associated with risk factors of the metabolic syndrome (as
stated by [91]), would be found at such a high frequency in
the general population.

8.1.2. Incorrect identification of ACSM2B as the
predominant ACSM transcript in human liver

A study performed a comparative analysis between disease
risk genes belonging to the ACSM family in human liver and
cell lines. The transcript levels of ACSM2A and ACSM2B in
human liver samples were quantified using a TagMan gPCR
assay. Assays were designed to detect ACSM2A/B total
(Hs00415261_m1) and an assay by design for ACSM2A (probe
in 5'-3' orientation: ACATCCTGAGAGGACTTG). It was found
that ACSM2A is one of the least expressed transcripts with
0.24% of ACSM2 total expression levels. The study concluded
that the results suggest that ACSM2B is the most abundant
transcript in human liver. Therefore, suggesting that genetic
variations of the ACSM2B gene might play an important role in
disease susceptibility [38].

When the probe designed to quantify ACSM2A
(ACATCCTGAGAGGACTTG) is aligned to the ACSMZA
(NM_001308172.1) and ACSM2B (NM_182617) references

sequences, it aligns with 100% homology to the 5'-untrans-
lated region of both reference sequences (Figure 3) and is not
found in any of the exons of either ACSM2A or ACSM2B.

This is a fatal design flaw in the study as primers/probes
must ideally span exon—-exon junctions in the target mRNA to
prevent amplification of the target from contaminating geno-
mic DNA. Thus, the low level of transcript (0.24%) detected in
this study for ACSM2A is probably due to contaminating geno-
mic DNA. It can, therefore, not be said that the ACSM2B gene
is the predominant transcript in human liver. It is suggested
that this study needs to be repeated with correctly designed
probes.

8.2. Substrate specificity of the ACSM ligases - is there
an ACSM variant that preferentially activates salicylate?

Kinetic data in terms of substrate/inhibitor profiles for any of
the human ACSM ligases are severely lacking. The only ACSM
ligases that have been characterized in terms of substrate
specificity is ACSM2B (HXM-A) [37] and ACSM1 (HXM-B) [9].
In the Vessey et al. [9] study, relative apparent kinetic para-
meters were determined because the ligases were of different
degrees of purities. This means that, unfortunately, substrate

specificities between ACSM2B and ACSM1 cannot be com-
pared. What is very clear though, is that both enzymes have
a very low substrate specificity for salicylate (Table 2). This
indicates that salicylate is not the preferred substrate for either
of these ligases.

In a subsequent study, a recombinant ACSM2B fusion pro-
tein was expressed and characterized in COS-7 cells [37]. Here,
the recombinant ACSM2B fusion protein was only assayed for
its activity toward benzoate and phenylacetate and as the
protein was not purified, kinetic parameters were not deter-
mined. Although analysis of the control cells showed consid-
erable hexanoate activity, this was not investigated further.

The amino acid sequence expressed in the Vessey et al. [37]
study was aligned to the reference amino acid sequences of
ACSM2A (NP_001295101.1) and ACSM2B (NP_872423). The
recombinant protein has 99% amino acid identity to the
ACSM2B reference sequence. There are five amino acid differ-
ences: F46L (novel), 196V (rs8056693), F133l (novel), G136E
(novel), and T143A (novel). It was, therefore, not the wild-
type reference sequence that was enzymatically characterized.
It has previously been shown that SNPs in the GLYAT gene can
affect the enzyme activity of GLYAT with the R199C SNP
reducing enzyme activity to 5% of that of the wild-type [97].
A similar SNP might exist within the ACSM2B ligase that affects
its substrate specificity toward either benzoate or salicylate.

More than a decade later, no follow-up work has been
done to characterize the enzyme activity of purified human
recombinant ACSM ligases. It is, therefore, imperative that the
substrate specificity of purified recombinant variants of the
ACSM proteins toward both benzoate and salicylate be thor-
oughly investigated to determine the effect of SNPs on
enzyme activity and substrate specificity.

8.3. The glycine conjugation pathway is not a one-step
process

One of the biggest challenges and gaps in the current litera-
ture is that studies continually focus on amino acid conjuga-
tion as a one-step process. This is especially true for
pharmacogenetic studies on salicylate metabolism. The rate
limiting step in salicylate metabolism is the formation of the
salicyl-CoA due to the low substrate specificity of the ACSM2B
ligase. Benzoate also very effectively competes with salicylate
for elimination, thereby, increasing the half-life of salicylate to
24 h. With this in mind, why has research on the ACSM ligases
been neglected for so many years? Why are these proteins not
pharmacogenetic targets in aspirin intolerance? While this
view persists, key regulatory features of the two individual
steps involved that is, initial conjugation with CoA then acyl-
transfer to the amino acid will, remain unknown [15,32].

LR R R e

ACSM2A-ENST00000573854 CGAAGCTCTCTCTAGARAGACATCCTGAGAGGACTTGGC]
ACSM2B_ENST00000567001 CGAAGCTCTCTCCAGAAAGACATCCTGAGAGGACTTGGC]

gPCR

- - -ACATCCTGAGAGGACTTG- - -
200 210 22¢

Figure 3. Alignment of the qPCR probe used for quantification of the ACSM2A transcript with the nucleic acid sequences of ACSM2A (ENST00000573854) and

ACSM2B (ENST00000567001).
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With the increase in exposure of modern humans to pre-
servatives such as benzoate and drugs such as aspirin, it is
vital to determine whether the glycine conjugation pathway is
not being overloaded and whether inefficient detoxification
by the glycine conjugation pathway leads to adverse health
consequences.

Funding

Research reported in this publication was supported by the South African
Medical Research Council under a Self-Initiated Research Grant. This work
is based on the research supported in part by the National Research
Foundation of South Africa for the grant, Unique Grant No 99323,

Declaration of interest

Any opinion, finding and conclusion or recommendation expressed in this
material is that of the authors and the NRF does not accept any liability in
this regard. The authors have no other relevant affiliations or financial
involvement with any organization or entity with a financial interest in or
financial conflict with the subject matter or materials discussed in the
manuscript apart from those disclosed.

References

Papers of special note have been highlighted as either of interest (+) or of

considerable interest (+) to readers.

1. Watkins PA. Fatty acid activation. Prog Lipid Res. 1997 Mar;36:55-

83,

2. Watkins PA, Maiguel D, Jia Z, et al. Evidence for 26 distinct acyl-
coenzyme A synthetase genes in the human genome. J Lipid Res.
2007;48:2736-2750.

Very useful summary on the identification and discussion of

distinct acyl-coenzyme A synthetase genes.

3. Grafflin AL, Green DE. Studies on the cyclophorase system; the
complete oxidation of fatty acids. J Biol Chem. 1948 Oct;176:95-115.

4. Knox WE, Noyce BN, Auerbach VH. Studies on the cyclophorase
system; obligatory sparking of fatty acid oxidation. J Biol Chem.
1948 Oct;176:117-122.

5. Mahler HR, Wakil SJ, Bock RM. Studies on fatty acid oxidation. I.
Enzymatic activation of fatty acids. J Biol Chem. 1953 Sep;204:453—
468.

6. Groot PH, Scholte HR, Hulsmann WC. Fatty acid activation: specifi-
city, localization, and function. Adv Lipid Res. 1976;14:75-126.

7. Waku K. Origins and fates of fatty acyl-CoA esters. Biochim Biophys
Acta. 1992 Mar 4;,1124:101-111.

8. Ellis JM, Frahm JL, Li LO, et al. Acyl-coenzyme A synthetases in
metabolic control. Curr Opin Lipidol. 2010;21:212-217.

9. Vessey DA, Kelley M, Warren RS. Characterization of the CoA ligases

of human liver mitochondria catalyzing the activation of short- and

medium-chain fatty acids and xenobiotic carboxylic acids. Biochim

Biophys Acta. 1999;1428:455-462.

First study to characterize the substrate specificity of ACSM2B

(HXM-B) and ACSM1 (HXM-A).

Lopaschuk GD, Ussher JR, Folmes CD, et al. Myocardial fatty acid

metabolism in health and disease. Physiol Rev. 2010;90:207-258.

Webster LT Jr. Studies of the acetyl coenzyme A synthetase reac-

tion. Il. Crystalline acetyl coenzyme A synthetase. J Biol Chem. 1965

Nov;240:4158-4163.

Webster LT Jr, Gerowin LD, Rakita L. Purification and characteristics

of a butyryl coenzyme a synthetase from bovine heart mitochon-

dria. J Biol Chem. 1965 Jan;240:29-33.

Kornberg A, Pricer WE Jr. Enzymatic synthesis of the coenzyme A

derivatives of long chain fatty acids. J Biol Chem. 1953

Sep;204:329-343.

10.

11.

12.

13.

12

14,

20.

21,

22.

23.

24,

25.

26.

27.

28,

29,

30.

31.

32

33.

34.

35.

Tanaka T, Hosaka K, Hoshimaru M, et al. Purification and properties
of long-chain acyl-coenzyme-A synthetase from rat liver. Eur J
Biochem/FEBS. 1979;98:165-172.

. Knights KM. Role of hepatic fatty acid: coenzymeA ligases in the

metabolism of xenobiotic carboxylic acids. Clininal Exp Pharmacol
Physiol. 1998;25:776-782.

. Fears R. Lipophilic xenobiotic conjugates: the pharmacological and

toxicological consequences of the participation of drugs and other
foreign compounds as substrates in lipid biosynthesis. Prog Lipid
Res. 1985;24:177-195.

. Gregus Z, Fekete T, Varga F, et al. Availability of glycine and

coenzyme A limits glycine conjugation in vivo. Drug Metab
Dispos. 1992;20:234-240.

. Daugherty M, Polanuyer B, Farrell M, et al. Complete reconstitution

of the human coenzyme A biosynthetic pathway via comparative
genomics. J Biol Chem, 2002 Jun 14,277:21431-21439.

. Depeint F, Bruce WR, Shangari N, et al. Mitochondrial function and

toxicity: role of the B vitamin family on mitochondrial energy
metabolism. Chem Biol Interact. 2006 Oct 27;163:94-112.

Kelly GS. Pantethine: A review of its biochemistry and therapeutic
applications. Altern Med RevJ Clin Ther. 1997;2:365-376.

Stipanuk MH, Dominy Jr JE, Lee J-, et al. Mammalian cysteine
metabolism: new insights into regulation of cysteine metabolism.
J Nutr. 2006:136(6):16525-16595.

Fiermonte G, Paradies E, Todisco S, et al. A novel member of solute
carrier family 25 (SLC25A42) is a transporter of coenzyme A and
adenosine 3',5'-diphosphate in human mitochondria. J Biol Chem.
2009 Jul 3;284:18152-18159.

A very good review on the metabolism of xenobiotic car-
boxylic acids.

Houten SM, Wanders RJ. A general introduction to the biochemis-
try of mitochondrial fatty acid beta-oxidation. J Inherit Metab Dis.
2010 Oct;33:469-477.

Darnell M, Weidolf L. Metabolism of xenobiotic carboxylic acids:
focus on coenzyme A conjugation, reactivity, and interference with
lipid metabolism. Chem Res Toxicol. 2013 Aug 19;26:1139-1155.
Kirkby B, Roman N, Kobe B, et al. Functional and structural proper-
ties of mammalian acyl-coenzyme A thioesterases. Prog Lipid Res.
2010;49:366-377.

Weimar JD, DiRusso CC, Delio R, et al. Functional role of fatty acyl-
coenzyme A synthetase in the transmembrane movement and
activation of exogenous long-chain fatty acids. Amino acid residues
within the ATP/AMP signature motif of Escherichia coli FadD are
required for enzyme activity and fatty acid transport. J Biol Chem.
2002 Aug 16;277:29369-29376.

Li LO, Klett EL, Coleman RA. Acyl-CoA synthesis, lipid metabolism
and lipotoxicity. Biochim Biophys Acta. 2010 Mar;1801:246-251.
Brass EP. Overview of coenzyme A metabolism and its role in
cellular toxicity. Chem Biol Interact. 1994 Mar;90:203-214.

Mitchell GA, Gauthier N, Lesimple A, et al. Hereditary and acquired
diseases of acyl-coenzyme A metabolism. Mol Genet Metab.
2008;94:4-15.

Ellis JM, Bowman CE, Wolfgang MJ. Metabolic and tissue-specific
regulation of acyl-CoA metabolism. Plos One. 2015;10:e0116587,
A very useful review of the acid:CoA ligases those are impor-
tant in xenobiotic metabolism,

Coleman RA, Lewin TM, Van Horn CG, et al. Do long-chain acyl-CoA
synthetases regulate fatty acid entry into synthetic versus degra-
dative pathways? J Nutr. 2002;132:2123-2126.

Knights KM, Drogemiller CJ. Xenobiotic-CoA ligases: kinetic and
molecular characterization. Curr Drug Metab. 2000;1:49-66.
Kasuya F, lgarashi K, Fukui M. Inhibition of a medium chain acyl-
CoA synthetase involved in glycine conjugation by carboxylic acids.
Biochem Pharmacol. 1996 Nov 22;52:1643-1646.

Killenberg PG, Davidson ED, Webster LT Jr. Evidence for a medium-
chain fatty acid: coenzyme A ligase (adenosine monophosphate)
that activates salicylate. Mol Pharmacol. 1971 May;7:260-268.
Schachter D, Taggart JV. Benzoyl coenzyme A and hippurate synth-
esis. J Biol Chem. 1953;203:925-934.



78.

79.

80.

81.

82,

83.

84,

85.

86.

87.

88.

CHAPTER

EXPERT OPINION ON DRUG METABOLISM & TOXICOLOGY @ 1179

Quick AJ. The conjugation of benzoic acid in man. J Biol Chem.
1931;92:65-85.

Nelson E, Hanano M, Levy G. Comparative pharmacokinetics of
salicylate elimination in man and rats. J Pharmacol Exp Ther.
1966 Jul;153:159-166.

Amsel LP, Levy G. Drug biotransformation interactions in man Il: A
pharmacokinetic study of the simultaneous conjugation of benzoic
and salicylic acids with glycine. J Pharm Sci. 1969;58:321-326.
Levy G, Amsel LP. Kinetics of competitive inhibition of salicylic acid
conjugation with glycine in man. Biochem Pharmacol. 1966
Aug;15:1033-1038.

Levy G, Yaffe SJ. Clinical implications of salicylate-induced liver
damage. Am J Dis Child. 1975 Dec;129:1385-1386.

Zimmerman HJ. Effects of aspirin and acetaminophen on the liver.
Arch Intern Med. 1981 Feb 23;141:333-342.

Beyoglu D, Idle JR. The glycine deportation system and its pharma-
cological consequences. Pharmacol Ther, 2012 Aug;135:151-167,
Miners JO, Grgurinovich N, Whitehead AG, et al. Influence of gen-
der and oral contraceptive steroids on the metabolism of salicylic
acid and acetylsalicylic acid. Br J Clin Pharmacol. 1986;22:135-142.
Ho PC, Triggs EJ, Bourne DW, et al. The effects of age and sex on
the disposition of acetylsalicylic acid and its metabolites. Br J Clin
Pharmacol. 1985;19:675-684.

Steinberg SJ, Wang SJ, Kim DG, et al. Human very-long-chain acyl-
CoA synthetase: cloning, topography, and relevance to branched-
chain fatty acid metabolism. Biochem Biophys Res Commun. 1999
Apr 13;257:615-621.

Black PN, Zhang Q, Weimar JD, et al. Mutational analysis of a fatty
acyl-coenzyme A synthetase signature motif identifies seven amino
acid residues that modulate fatty acid substrate specificity. J Biol
Chem. 1997 Feb 21;272:4896-4903.

13

89.

90.

91.

92.

93.

94,

95.

96.

97.

Wei X, Walia V, Lin JC, et al. Exome sequencing identifies GRIN2A as
frequently mutated in melanoma. Nat Genet. 2011;43:442-446.
The rs1133607 SNP was mistakenly identified as a major poly-
morphism related to aspirin metabolism.

Agundez JA, Martinez C, Perez-Sala D, et al. Pharmacogenomics in
aspirin intolerance. Curr Drug Metab. 2009;10:998-1008.

The association of the L5135 SNP with risk factors of metabolic
syndrome should be further clarified.

Lindner I, Rubin D, Helwig U, et al. The L5135 polymorphism in
medium-chain acyl-CoA synthetase 2 (MACS2) is associated with
risk factors of the metabolic syndrome in a Caucasian study popu-
lation. Mol Nutr Food Res. 2006;50:270-274.

The rs1133607 SNP was mistakenly identified as a major poly-
morphism related to aspirin metabolism.

Badenhorst CP, Erasmus E, Van Der Sluis R, et al. A new perspective
on the importance of glycine conjugation in the metabolism of
aromatic acids. Drug Metab Rev. 2014;46(3):343-361.

Menguy R, Desbaillets L, Masters YF, et al. Evidence for a sex-linked
difference in aspirin metabolism. Nature. 1972 Sep 8;239:102-103.
Kalow W. Interethnic variation of drug metabolism. Trends
Pharmacol Sci. 1991 Mar;12:102-107.

Garcia-Martin E, Martinez C, Ladero JM, et al. Interethnic and
intraethnic variability of CYP2C8 and CYP2C9 polymorphisms in
healthy individuals. Mol Diagn Ther. 2006;10:29-40.

Garcia-Martin E. Interethnic and intraethnic variability of NAT2
single nucleotide polymorphisms. Curr Drug Metab. 2008
Jul;9:487-497,

Van Der Sluis R, Badenhorst CPS, Van Der Westhuizen FH, et al.
Characterisation of the influence of genetic variations on the
enzyme  activity of a recombinant human  glycine
N-acyltransferase. Gene. 2013;515:447-453.



CHAPTER

Biotransformation and chronic
fatigue




CHAPTER

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 (82.9 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 Aliterature 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.
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2.2.1 Introduction

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
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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 | biotransformation products and a significant number of phase Il 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.

2.2.2  Chronic fatigue

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.
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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 a 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).

2.2.3 Human exposure

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 & Hogberg, 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 (Barceld, 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).

2.24 The exposome

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
gquantitatively 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 x 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 Assaciation 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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2.2.5 Investigations linking chronic fatigue to metabolic abnormalities

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 (OXPHQOS) 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 x 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 B-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 | as a result of the
uncoupling effect of ASA (Szewczyk & Wojtczak, 2002).

2.2.6 Biotransformation

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 (Doring & 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 | refers to the activation of the xenobiotics (Omura, 1999); phase Il involves
a number of conjugation reactions (Taskinen et al., 2003); and phase Il describes the excretion
of the activated and conjugated xenobiotics (Chen-Hwei, 2013). Of these four groups of
reactions, phases | and Il 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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(CYP) UGT, GLYAT) {MRP)

Figure 2-1: Schematic outline of the intricacies of phases O, I, Il and Ill 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 | by the xenobiotic itself, nuclear receptors such as AhR, CAR and PXR and phase |
enzymes. Phase Il, which also involves negative feedback (green dashed line), is influenced by
the activated xenobiotica, Nrf2 and phase Il enzymes like SULT, GST and UGT. Feedforward
control (yellow dashed line) is achieved through phase | to phase Il cross induction by X, the
nuclear receptors, Nrf2 and phase Il enzymes. Reproduced with permission from Zhang et al.
(2009).

Figure 2-1 illustrates the complex regulatory mechanisms employed in the biotransformation of
& Xxenobiotica, Xex. 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 xenaobiotica X to minimize
intracellular accumulation. Phase |l feedback regulation by X', Nrf2 (Klaassen & Reisman, 2010)
and phase |l 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] (Déring & Petzinger, 2014). Phase | 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 Il biotransformation to a number of different conjugation substrates, depending on the
chemical characteristics of the original compound (Wen et al., 2013). Phase Il reactions are
highly dependent on energy and require ATP and also, for some of the reactions, coenzyme A
(CoA). Imbalances between phases | and Il 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 | 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 Il conjugation system. The
phase Il conjugates are now more hydrophilic in nature, which facilitates their excretion from the
liver. Phase Il 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 B-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.

2.2.7 Model and expert opinion

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).
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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 & Hogberg, 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 B-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; Nakatsuiji 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 Il). 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.

48



CHAPTER

(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 Il enzymes in vivo (Brockmoller & Roots, 1994).

3.3.1 Phasel (CYP 1A2)

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 Castafio (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 | activity (Bachmann, 2009).

(0]
\NJIN>
O)\T N
Figure 3-1: Chemical structure of caffeine. The phase | biotransformation challenge

substance used in this study.

3.3.2 Phasell (glucuronidation, sulphation and glutathione conjugation)

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

measurement of specific phase Il conjugation reactions. Jackson and co-workers described

49



CHAPTER

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).

OH
O

A

H

Figure 3-2: Chemical structure of acetaminophen. The first of the phase Il
biotransformation challenge substances used in this study.

3.3.3 Phase ll (glycine conjugation)

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).

O

A

O OH

Figure 3-3: Chemical structure of acetylsalicylic acid. The second of the phase Il
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 Milenkovi¢ and co-workers (Milenkovi¢ 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)

)

®3)

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 well 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 patrticipating pathology

groups (AmPath, Lancet and PathCare).

In the Biotransformation section of the test, phase | 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 | activity
measurement is crucial as this part of the biotransformation process represents
activation of potential toxins before they are further metabolized in phase Il. Up— or
down regulated cytochrome P450 activities may contribute to biotransformation
imbalances (Zhou et al., 2009).

Phase Il conjugation activity is measured for a number of conjugation pathways:
these pathways all utilize different conjugation substrates to effect the conversion of
reactive phase | 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 | to phase II
biotransformation are used to determine whether there are imbalances between
phase | and phase Il 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 to the pool
of metabolites involved.

@) 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 | and/or phase Il reactions which are affected. Any imbalances between phase | and
Il 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

Biotransformation and Oxidative Stress Status

Centre for Human Metabolomics
Building F3, North-West University, Potchefstroom 2520, South Africa
Phone:+27 18 299 2042, Fax:+27 87 231 5527

e-mail: cecile.cooke@nwu.ac.za

MEDICALREPORT:BIOTRANSFORMATION

Must be completed and signed by a Medical Practitioner
PATIENT DETAILS

Name and Surname:

ID nr:

Address:

Tel nr:

HISTORY

1. List all current problems and diseases:

2. Any previous diseases and operations:

3. Current problems with any of the following (Timeframe and short description)
* Chronic fatigue

* Depression

* Allergies like hay fever, post nasal drip, rash
* Increase or decrease in weight
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* Poor memory

* Sleep disorders

* Increased Cholesterol

4. Any allergies for medication including aspirin, caffeine, paracetamol:

5. Previous or current heart arrhythmia or on medication for treatment of heart arrhythmia

6. Chronic medication

7. Current or previous hormone therapy, including birth control:

8. Porphyria

o

. Any supplements, vitamins etc:

10. Family history of:

* Hereditary diseases:

* Chronic Fatigue:

* Cancer in the family:

* Obesity:

* Fibromyalgia/ Yuppie flu:

11. Smoking: Number of cigarettes per day:

12. Alcohol:

13.Any contra-indication for use of caffeine, paracetamol and aspirin:
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Medical examination:
Weight: Height: BMI:

U-DDipstix: Dex: BP:

GENERAL EXAMINATION

Cardiovascular system:

Any signs of cardiovascular abnormalities:

Peripheral pulse: Speed: Rhythm:
Is peripheral pulse easily palpable:

Respiratory System:

Any abnormalities

Gastro Intestinal System:

Any abnormalities

Musculoskeletal System:

Any abnormalities

Genito Urinary System

Any abnormalities

Hereditary disorders, thyroid disorders, tumors:

Doctor’s details:

Name/Surname:

Tel nr:

Quialification:

Signature: Medical Practitioner
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3.6 BOSS test information booklet

BIOTRANSFORMATION

the key to a healthier life

USER MANUAL

3BO0SS

BIOTRANSFORMATIONAND OXIDATIVE
STRESS STATUS
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A. BIOTRANSFORMATION AND OXIDATIVE STRESS STATUS PROFILE
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Biotransformation and oxidative stress status profile

A. BIOTRANSFORMATION AND OXIDATIVE STRESS STATUS PROFILE

Background information

In today’s world of processed food and pollution,
toxic substances exist almost everywhere. They
are in the food we eat, the water we drink, and
the air we breathe. It is estimated that 60 to 80
percent of all cancers are a direct result of these
environmental toxins. Environmental toxins may
also play a role in the development of neurologi-
cal disorders such as Alzheimer’s and Parkinson’s
disease, and in mental or behavioural disorders
such as depression, anxiety, schizophrenia and at-
tention deficit disorder. Since the nervous
system is intricately connected to the immune
system, toxins also affect our immune function.
Thus, our very ability to think and feel normal can
be drastically affected by exposure to toxins.

The liver is a key organ in your body’s self-defense
system. Inside the liver cells there are sophisticated
mechanisms that have evolved over millions of
years to break down toxic substances into forms
which your body can safely eliminate. The liver
uses two mechanisms called Phase I and Phase II
biotransformation, designed to convert fat soluble
toxins into water soluble substances so that your
body can easily excrete these substances via watery
fluids such as bile and urine.

In Phase I, your body’s enzymes convert a toxin
into a substance which can be further metabo-
lised in Phase II. This is achieved by various chemi-
cal reactions and during this process, free radicals
are produced which can damage the liver cells.
Antioxidants (such as vitamin C and E) can reduce
the damage caused by free radicals, but if anti-
oxidants are low and toxin exposure high, these
toxins become more dangerous and cannot be
eliminated as rapidly or as completely. Slower bio-
transformation results in more toxic substances
circulating in the body which are eventually stored
for years in fatty body tissue, being released dur-
ing times of exercise, stress or fasting. During the
release of these toxins, symptoms such as head-

aches, poor memory, stomach pain, nausea, fa-
tigue, dizziness and palpitations may occur.

Phase II is also called the conjugation pathway
whereby other enzymes in liver cells add another
substance to metabolites from Phase I.

This makes the toxin water soluble and less harm-
ful, so it can then be excreted from the body via
watery fluids such as bile or urine. For efficient
Phase II biotransformation, the liver cells require
sulphur-containing amino acids such as taurine
and cysteine. The nutrients glycine, glutamine,
choline and inositol are also required for efficient
Phase II biotransformation. Major Phase II path-
ways include glutathione conjugation, sulphate
conjugation, glycine conjugation and glucuronide
conjugation.

A number of conditions affect how well the liver
performs its detoxifying duties. Repeated expo-
sure to toxins in food, water and the environment
increases the biotransformation burden and if
the Phase I and II biotransformation pathways
become overloaded, there will be a build-up of
toxins in the body.

Biotransformation and oxidative stress

status test

One method to assess the liver’s detoxifying ability
is to examine the overall state of your health. Toxic
substances are contributing factors in a wide range
of health problems.

There are also several different liver tests (such as
liver enzyme analysis) which look for clinical evi-
dence of existing liver damage. Unfortunately, by
the time these tests register abnormal, liver damage
is already present.

A test to assess the liver's biotransformation func-

tion can be done. During this test the liver is chal-
lenged by common substances such as caffeine,
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Biotransformation and oxidafive stress status profle _

aspirin and paracetamol in safe doses and samples  determined. The ratio between the activities of the
of blood, urine and saliva are collected. This test  two phases is also calculated to detect imbalances.
is unique because Phase I and II biotransformation  Blood samples are used to determine the oxidative
pathways as well as the oxidative stress status and  stress status and antioxidant capacity. This data can
antioxidant capacity are assessed. Phase I activityis  then be correlated with the results of the biotrans-
tested by means of the caffeine clearance test, and  formation capacity test.

in Phase II the production of four conjugates are

B. TESTPROCEDURE

It is very important that the test procedures are strictly followed. The documentation and all the sam-
ples (blood, saliva and urine) should be sent together, before the laboratory can analyse any samples.

About the test kit and procedure

Three compounds, caffeine, paracetamol and aspirin, are taken orally to challenge the liver's Phase I
and Phase II biotransformation capacity. Saliva and urine are analysed to determine how well the liver
can convert and clear toxins from the body.

The provided kit consists of the following:

Sample Amount Description
=
|
A EN 1 One 1 L urine container
B - 1 One small urine container
C+D ET e EI 2 Twosaliva collection tubes (salivettes)
E (=] 1 One 150 mg caffeine tablet
Ow 2 Two 300 mg aspirin tablets
F
o= 2 Two 500 mg paracetamol tablets
ED Labels for all containers are supplied and should be
G - 1 completed with the collection time, name and date
DD and applied to the correct containers.
y . | User manual containing important forms that must
W be completed and send back.
. Extra plastic bag with document pouch attached
to the outside
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Test procedure

Pre-test instructions

During this test a normal diet can be assumed except for the following dietary restrictions.

DO NOT consume the following during the test:

Alcohol, coffee, tea, cocoa, chocolate, cola soft drinks, rocibos tea, health teq;
Medicationcontaining caffeine, salicylates (aspirin) or paracetamol;

Stonefruits (eg. sultanas, currants, raisins etc);

Nuts and seeds, peppermint or liquorice (eg. sweets, lollies, gums, plants/tea);
Spices (eg. curry, dill, oregano, paprika etc);

Brassica vegetables like broccoli, cabbage, brussels sprouts, cauliflower and tomato.

INSTRUCTIONS

Time Use Steps to be taken
i Collect an early morning baseline urine sample in the small
1 | Early morning urine sample container. All urine samples must be frozen
o as soon as possible.
2 08:00 (= Take the caffeine tablet before breakfast.
3 10:00 BT _Collect ’Fhe 1st saliva sample. [Please read detailed
instructions on next page]
PLEASE SEE DIRECTIONS ON NEXT PAGE
4 16:00 EHL I » Collect the 2nd saliva sample (see above).
5 21:00 O Cease eating and drinking (except water). Empty bladder.
' ~O) Take the two aspirin and two paracetamol tablets.
foed Collect all overnight urine until 07:00 the next morning
6 Overnight (=3 ] in the 1 L container. All urine samples must be frozen
21:00 - 07:00 as soon as possible. Please note: bottle has a cap and
f aseal.
Collect blood sample in three tubes: two containing EDTA
7 Must be (purple top) and one clotted tube (yellow top). This will
done by Pathologists | be done at the pathology branch when the frozen saliva
and urine samples are brought back. Not necessary to fast.
8 Return all samples in the extra plastic bag. Place the blue booklet in the document pouch attached to
the plastic bag. Remove strip to seal the document pouch.

Before saliva collection make sure of the following directions:

1. Collectsaliva at the specific time(s) listed by your physician.

2. Do not eat or drink anything for at least 30 minutes before collecting saliva.
3. Avoidactivities that may cause your gums to bleed - do notbrush or floss.
4. Remove lipstick and lip balm before collection.

How to collect saliva using the salivettes

Saliva shouldbe collectedat the precise time(s) specified by your practitioner. The provided Salivette,
isa device made specifically for the purpose of collecting saliva. Please read the following directions carefully
before starting your collection.

PLEASE NOTE - SALIVETTES ARE NOT INTENDED FOR USE WITH CHILDREN UNDER THE AGE OF THREE.
CHILDREN UNDER THE AGE OF TEN SHOULD HAVE ADULT SUPERVISION.
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INSTRUCTIONS - Follow these steps to collect your saliva:

%
x STEP 1: Remove only the top cap of the tube to expose the round swab. Do not

remove the insert (smaller internal container) housing the cotton swab.

STEP 2: Hold the tube to yourlips and tip the tfube so that the swab slidesinto

P your mouth. Do not touch the cofton swabwith your fingers
STEP 3: Gently roll the swab around in your mouth for 5 minutes or until you can
-~ no longer prevent swallowing excess saliva (the cotton swab should be saturated).

STEP 4: Place the tube to your lips and allow the swab to slide back into the insert
(smallinternalvessel) and firmly close with the top cap/stopper. Do not touch the
) swab with your fingers. The salivette should now look exactly as it did when you
%\\r%\\ started, with the cap, insert, cotton swab and centrifuge tube.

2@;97 STEP 5: On the supplied labels, write your full name, date of birth, date of collec-
g tion and collection time and attach it to the correct containers.

STEP é: Freeze the salivette tubes and take it to the practitioner or
laboratory within 3 days.

C. IMPORTANT PAPERWORK TO BE COMPLETED

PATIENT INFORMATION
All information from p.4 - 9 must be completed including weight, height and referring doctor.

Tests requested Detoxification profile:

Monster info Blood: Saliva: Urine:

Name:

Surname:

Date of birth:

ID: Sex:
Cell: Weight:
Tel: Height:
Postaladdress:

Has anyoneinthe family beentested? If so, provide us with fullnames and family connection:

Referring doctor:

Medical aid information Name of medical aid:
Guarantor I.D. no
Medical aid number:
Name of main member:

Human Metabolomics, North-West University, Potchefstroom Campus.
Enquiries: Cecile Cooke , tel 018 299 2042, fax: 087 231 5527, email: cecile.cooke@nwu.ac.za
Postal address: Biochemistry, Private bag X6001, Potchefstroom, 2520
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Important paper work to be completed

LIFESTYLE QUESTIONNAIRE

1 | Doyou use tobacco products? No Yes
2 | Do youlive or work with someone who smokes in your presence 2 No Yes
3 How often do you eat fast foods Not Week- | Daily
often ly
4 | Howmanyalcoholicdrinksdoyouhave per week <1 1-5 |[>5
5 | Doyaever use toxic chemicals suchas insect sprays or herbicides? No Yes
6 | Have you taken any prescription medication two  or  more times in the past year? No Yes
, Do you take any chronic medication? Please specify if yes. No Yes
Please specify:
Do you take birth-confrol or hormone replacement medication? Please specify if yes. No Yes
’ Please specify:
9 | Doyousuffer fromgastrointestinal problems? No Yes
10 | Are you often tired fornoreason? Ifyes, please complete PiperFatfigue form p.7. No Yes
Diagnosed with medical condition? Plecse specify if yes. No Yes
" Please specify:

MEDICAL SYMPTOMS QUESTIONNARE

o o
2lele 2lele
[ ) [ [0] [} 0] 0] 0]
20 >| > | 5 b -
5882 IR
NB!: POINT SCALE: HOW OFTEN 5 g 2|5 @ | NB!: POINT SCALE: HOW OFTEN 5 g 215 o
ANDSEVERELY DO YOU EXPERIENCE 5 ks 8 £ <2 [ AND SEVERELY DO YOU EXPERI- 5 kS] 8 £ 2
THE FOLLOWING SYMPTOMS - IN S| 2| 5| Q| 8 |eNCETHEFOLLOWINGSYMPTOMS | € | 2| 5| B | 8
THE LAST 30 DAYS: 8| 2| | % | % |- INTHELAST30 DAYS: 8l 2l 25| %
ElT5|T| 2| = ElT5|T| = =
<| | || = <| | || =
o| 8| 38| 3| 2 | g| 38| 2| 2
¢ 38|88 ¢| 31888
z 8 Ol &| & z 8 Ol & | &
0(1|2|3|4 0(1|2|3|4
Headaches Watery or itchy eyes
Faintness Swollen, reddened or
sticky eyelids
HEAD | Dizziness EYES Bags or dark circles
undereyes
Insomnia Blurred or tunnel vision
(not including near- or
far-sightedness)
Itchy ears Acne
Ear aches, ear infections Hives, rashes, dry skin
Drainage from ear Hairloss
EARS SKIN -
Ringing in ears, hear- Flushing, hot flashes
ing loss
Excessive sweating
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3 |4
Stuffy nose Chronic coughing
Sinus problems Gagging, frequent
need to clear throat
Hayfever MOUTH/ Sore throat, hoarse-
NOSE THROAT _Ness, loss of voice
Sneezing attacks Swollen or discolored
tongue, gums, lips
Excessive mucus Cancer sores
formation
Irregular or skipped Chest congestion
heartbeat
Rapid or pounding Asthma, bronchitis
HEART | heartbeat LUNGS
Chest pain Shortness of breath
Excessive sweating Difficulty breathing
Mood swings Fatigue, sluggishness
Depression Apathy, lethargy
EMO- [ Anger, irritability Ny
TIONS | aggressiveness Hyperactivify
Anxiety, fear,
HervoLSness ENERGY, |Restlessness
Diffculty in making ":I?TTY' Fatigue worsens with
dedisions exertion (vigorous
Stuttering or action or effort), plus
stammering post-exertional ma-
Slurred speech laise (feeling ill after
exertion)
Learning disabilities
MIND | Poor memory Binge eating / drinking
Confusion, poor . .
comprehension Craving certain foods
Poor concentration WEIGHT Excessiveweight
Poor physical Compulsive eating
coordination Water retention
Underweight
Nausea, vomiting Pain or aches in joints
Diarrhea Arthritis
_— Stiffness or limitation
Constipation of movement
DIGES- . Pain or aches in
e Bloated feeling JOINT/ | uscles
TRACT |Belching, passing MUSCLE Feeling of weakness
excessive gas ortiredness
Heartburn Migratory arthralgia -
Intestinal / stomach pain Pain in different joints
at different times as if
pain is travelling
Frequentillness
Frequent or urgent
urination
OTHER |Genital itch or
discharge
Painfull lymph nodes
(cervical, axillary, ingui-
nal, or supraclavicular)
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PIPER FATIGUE SCALE

Please answer the questions below using Scale .
the scale measurement in the next colom measurement 22l S AR IELECELS
3 4|56 |78 10

How long have you been feeling fatigue? (Check one

1 |response only): 1 - not feeling fatigue, 2 - minutes, 3 -
hours, 4- days, 5 - weeks, 6 months, 7 - other (please
[0 =0 o= RSP

2 Towhat degree is the fatigue you are 1 No distress
feeling now causing you distressg| 10 A great deal
To what degree is the fatigue you

3 |are feeling now interfering with 1 Non
your ability to complete your work 10 A great deal
or school activities?
Towhat degree is the fatigue you 1 Non

4 | are feeling now interfering with your 10 A areat deal
ability to socialise with your fiends? 9
Towhat degree is the fatigue you 1- Non

5 | are feeling now interfering with your 10 A great deal
ability to engage in sexual activity?
Overall, how much is the fatigue which
you are now experiencing interfering 1 Non

6 with your ability to engage in the kind 10 A great deal
of activities you enjoy doing?
How would you describe the degree 1 Mild

7 | of intensity or severity of the fatigue 10Severe
which you are experiencing now?
To what degree would you 1 Pleasant

8 | describe the fatigue you are experi- 10 Unpleasant
encing now as being P
To what degree would you

9 | describe the fatigue you are experi- 101£§;§$:§£Ie
encing now as being
To what degree would you ;

10 | describe the fatigue you are experi- 1(1) g':stt?ﬁgse
encing now as being
To what degree would you -

11 | describe the fatigue you are experi- 1; ﬁgg;ﬁe
encing now as being
To what degree would you

12 | describe the fatigue you are experi- 101 #I\\Jbonrg:?;al
encing now as being

13 To what degree are you now 1 Strong
feeling 10 Weak

14 To what degree are you now 1 Awake
feeling 10 Sleepy

15 To what degree are you now 1 Lively
feeling 10 Listless

16 Towhat degree are you now 1 Refreshed
feeling 10 Tired

17 |To what degree are you now 1 Energetic
feeling 10 Unenergetic

18 To what degree are you now 1 Patient
feeling 10 Impatient
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PIPER FATIGUE SCALE

Please answer the questions below using Scale Please mark appropriate scale
the scale measurement in the next colom measurement
11213/ 4|56 |7 ]8]9]10
19 To what degree are you now 1 Relaxed
feeling 10 Stressed
20 To what degree are you now 1 Exhilarated
feeling 10 Depressed
1 Able to concen-
21 Towhat degree are you now trate
feeling 10 Unable to
concentrate
1 Able to
22 To what degree are you now remember
feeling 10 Unable to
remember
1 Able to think
23 Towhat degree are you now clearly
feeling 10 Unable to
think clearly
Overall, what do you believe is
24 | most directly contributing to or
causing your fatigue?
25 Overall, the best thing you have
found to relieve your fatigue is:
Is there anything else you would
26 | like to add that would describe
your fatigue betterto use
27 Are you experiencing any other
symptoms right now?

INFORMED CONSENT

Biotransformation and oxidative stress status evaluation

1 ’ Background and aim of the detoxification and oxidative stress evaluation

Detoxification of exogenous andendogenoustoxinsis anaturaland critical biological process consisting of sev-
eral biochemical pathways. The effectiveness of these pathways varies between individuals and can significantly
affect the health of an individual. Similarly, the steady state between the formation of free radicals and the anti-
oxidant defense system of the human body to cope with these free radicals, which may elevate under certain con-
ditions mostly as a result of endogenous factors, also varies between individuals and affects health and ageing.
When the antioxidant defense cannot keep the free radicals at a steady state, oxidative stress increases and incurs
damage to the body. These two processes, detoxification and oxidative stress, can be measured in biclogical ma-
terial using several tests and are useful to estimate the effectiveness of these health-related processes. It may also
help decide if lifestyle habits, such as nutrition, of an individual should be adapted to support these processes.
The combination of tests that is done on the material provided aims to evaluate these two processes.

2 Procedures
2.
2.

valuation of detoxification
Two saliva samples will be taken two and eight hours after caffeine loading respectively. These samples will be
used to assess Phase | of the detoxification profile.
2.1.2 One 10-hour urine sample will be taken after the aspirin and paracetamol loading. The urine sample will be
used to assess Phase |l of the detoxification profile.

1E
1.1
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Important paper work to be completed

2.2 Oxidative stress evaluation

2.2.1  Twoblood samples will be taken simultaneously to a total of 15 ml blood.

2.2.2  Theblood samples will be processed for an array of tests that measures markers of free radical damage and
antioxidant status.

2.3 Molecular genetic testing

231 DNA may be isolated from blood samples for research purposes only. This will help identify genetic and epige-
netic variations that play arole in biotransformation, oxidative stress and energy metabolism deficiencies.

3 | Risks and possible discomfort for the patient / individual

The usual risk and possible discomfort experienced when a blood sample is obtained.

4 | Declaration of confidentiality

Information provided will be treated as highly confidential. Only individuals of the research group and the refer-

ring practitionerwill have accessto infarmation. Data published in a scientific journal willinclude no information
that could identify a patient or his/her family.
5 | Withdrawal clause

I understand that I may request withdrawal of the evaluation at any time. My participation or that of my child is
therefore on a voluntary basis until I request otherwise.

The above-mentioned project was thoroughly explained and the following additional infor-

6 mation pointed out to me
6.1 Thattheblood, saliva andurine samples may be usedforallrelevant teststo evaluate detoxification
function and oxidative stress status and that no compensation for this material will be provided.
6.2 That the biological material provided willreside only at the Centre for Human Metabolomics, North-
West University, Potchefstroom, until I request (in writing) the destruction of this material at any time.
6.3 That the withdrawal clause was explained to me and that I understand its implications.
6.4 If you have any further enquiries, please refer to p.4 for our contact details.

7 Declaration of consent

I,

(print full name and sumame) hereby consent to:

7.1 participation in the above-mentioned evaluation of detoxification and oxidative stress. | also consent that the fol-
lowing samples may be used for these purposes and to storage thereof until such time as it is needed for further
relevanttests: (a) 1 5mivencusbloodsamplewhichwastakenfromme asspecified, (b) theurinesamplewhich
was taken as specified, and(c)the saliva samples which were taken as specified OR

7.2 participation of my child,

(print full name and sumame) in the above-mentioned evaluation of detoxification and
oxidative stress. I also consent that the following samples may be used for these purposes
and to storage thereof until such time as it is needed for further relevant tests:
la] 15mlvenous blood sample which wasidenfrom the child named above as specified,
(b) The urine sample which was taken as specified, and
[c) the saliva samples which were taken as specified

I understand that I or my child are participating in the evaluation. I hereby acknowledge that I understand and are fully
aware of the content of the forms and by signing this form I give the necessary permission.

Signed at, (place)on (date).

Signature,
(A parent/guardian must give consent in the case of minors.)

Signature of responsible individual:
Individual who explained the project and informed consent form to the participant)
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Biochemical materials and
methods




CHAPTER n

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 | and Il 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 | & Il analytical methods were validated,
and this is presented in 84.11. The methodology sections described under 84.2-84.10 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(trimethylsilyltrifluoro acetamide (BSTFA) and
trimethylchlorosilane (TMCS) were supplied by Sigma Aldrich. 2,4,6-tris-2-(pyridyl)-1,3,5-triazine
(TPTZ) and Ferri Chloride (FeCls;.6H,0) were also supplied by Sigma Chemicals. Carnitine and
acylcarnitine reference standards and deuterated analogues were obtained from Cambridge

Isotope Laboratories.

4.3 Phase |l 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 pL internal
standard 2-acetamidophenol (5 pug/mL) was added to 200 uL saliva sample prior to extraction.
Conditioning of the SPE columns was performed with 1 mL methanol and 2 mL 18 mega ohm
water (H,O). A 200 pL sample with 200 pL 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 pL mobile phase (ddH,O:acetonitrile (95:5) solution containing 0.1% formic acid) after
which 5 pL 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 um, 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.
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Figure 4-1 a & b: Example of a phase | 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
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0.156 pg/mL to 5 pg/mL for quantification and sample caffeine concentrations were determined

by means of linear regression.

4.4 Phase Il analysis

Aliquots of 500 pL from the 10 hour overnight collected urine samples were centrifuged and
200 pL of each sample combined with 200 pL internal standard (Allopurinol 250 pg/mL) for the
HPLC analysis. The sample and internal standard mixture were then lyophilised and the dry
residue reconstituted in 400 uL of mobile phase consisting of a ddH,O:acetonitrile (95:5)
solution containing 0.05% TFA. The analytical column was a Phenomenex (Torrance, CA, USA)
Luna 3 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 H,O 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.
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Figure 4-2: Example of a reverse phase C18 separation profile of urinary metabolites
detected after an acetaminophen and acetylsalicylic acid challenge test. Allopurinol (I1S)
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 pg/mL
to 1000 pg/mL.
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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 HCI. 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 uL
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 uL serum were added to 85 pL Milli-Q water in 96-well microplates. The
sample plates were incubated for 10 minutes at 25°C. To this, 250 uL FRAP reagent (2.5 mL
FRAP acetate buffer; 2.5 mL TPTZ reagent and 2.5 mL FeCl; 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 HCI. FeCl; reagent. 4.56 mg of
FeCl;.6H,O 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 pL of a FRAP standard (0.275
FeS0O,.7H,0 in 100 mL milliQ H,0O) 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 pL sodium acetate (0.1M; pH 4.8) was added to the wells
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used in the 96-well plate; 2.5 pL samples were added in triplicate; 100 pL of a 1:25 DEPPD
(200 mM) and FeSO, (43.7 pM) 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 (R? > 0.99) and are expressed as equivalent to levels of hydrogen
peroxide (1 unit = 1.0 mg H,O,/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 pL metaphosphoric acid
(MPA) mixed with 50 puL blood sample, centrifuged at 10 000 x g for 10 minutes; 12.5 pL of the
MPA extract was then added to 750 pL assay buffer. A 50 uL sample was then added in
triplicate to the microplate and mixed for 5 minutes; 50 uL NADPH was then added and the
plates were read at 412 nm for 3 minutes at 1-minute intervals. GSH (0-3.0 uM) and GSSG (0-
0.15 uM) 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 pL) was transferred to an Eppendorf tube and
centrifuged at 1300 rpm for 20 minutes; 10 uL of the centrifuged urine was added to 410 pL 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 uL 3N butanolic HCI was
added to the dried sample and incubated at 65°C for another 15 minutes. Excess butanolic HCI
was evaporated under nitrogen. The samples were then reconstituted in 100 pL 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 pL 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 umol/L; acetylcarnitine = 0.6075 pmol/L; propionylcarnitine 0.1616 pumol/L;
isovaleryl carnitine = 0.1400 umol/L; octanoyl carnitine = 0.1233 umol/L and palmitoyl carnitine
= 0.3144 pmol/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 | and Il method validation

The phase | and Il 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 | & Il 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.

4.11.1 Selectivity

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).

411.2 Limit of detection

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
a=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 | & Il 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).

Equation 4-1: The formula for the calculation of the lower limit of detection

LLOD =3 x 54/,

4.11.3 Lower Limit of quantification (LLOQ)

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

Equation 4-2: The formula for the calculation of the lower limit of quantification

LLOQ =10 x 5%/,
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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 (Gonzélez et al., 2014).

4.11.4 Precision

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] (Gonzalez et al, 2014). The use of QC samples also allows for the detection of

assay biasness (Haines et al., 2017).

4.11.5 Accuracy

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.

Equation 4-3: Equation for the calculation of accuracy

Response relative to metabolite calculated

Overall accuracy = , , .
y Response relative to substance in theory or in standard
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4.11.6 Range

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).

4.11.7 Stability

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 (Gémez
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).

411.8 Matrix effect

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).

Equation 4-4: Equation for matrix factor calculation

Response of analyte in matrix
MF =

Response of analyte in standard or solution
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4.11.9 Preparation of standard stock solutions and calibration standards

The stock solutions of all the metabolites were prepared at concentrations of 100 pg/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 |
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 | 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 | 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 | method described under §4.3.

4.12.1 Calibration and linearity

Calibration samples for caffeine were prepared in a concentration range of 0.02-10 pg/mL and
200 pL of a 5ug/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; R? values and LOD and LLOQ.
The results of the matrix spikes are reported below.

2
Concentration range Concentration range R LLOD LLOQ

Metabolite X
evaluated (ug/mL) linear (ug/mL) value (hg/mL) (Hg/mL)

Caffeine 0.02-10.00 0.63-10.00 0.999 0.102 0.340

3.0

R? = 0.999
2.5 =
2.0
1.5

1.0

Responce/ IS responce

0.5 o

0.0 o
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Concentration/ IS concentration

Figure 4-3: Calibration curve for caffeine. The ratio (response/lS response) on the y-axis
was plotted against the ratio (concentration/IS concentration) on the x-axis.
4.12.2 Relative response factor

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/lS response vs concentration/IS concentration
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Table 4-2: Relative response factor calculated for caffeine and the internal standard (IS).

. Internal standard used for Relative response factor of IS to the
Metabolite o . .
guantification metabolite of interest
Caffeine Acetamidophenol 25

4.12.3 Limit of detection & quantification

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.

4.12.4 Accuracy

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.

4.12.5 Precision

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.

4.12.6 Carryover

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 Interday Intraday Interday Intraday Interday
% CV % CV % CV % CV % CV % 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

4.12.7 Stability

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.

Low QC Medium QC High QC
Storage method (% of the newly (% of the newly (% of the newly
prepared sample) prepared sample) 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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4.12.8 Selectivity

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.

4129 Matrix effect

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 Il method validation

4.13.1 Calibration and linearity

The analytical method used for the analyses of the phase Il liver conjugates in this study is
described under 84.4. Calibration samples for the phase Il 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 pL of a
250 pg/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

Table 4-7: Linear response concentrations for phase Il conjugates; R? values and LOD
and LLOQ. The results of the matrix spikes are reported below.

Concentration Concentration R2 LLOD LLOQ
Metabolite range evaluated range linear

(ng/mL) (Mg/mL) value (Mg/mL) (ng/mL)
Acetaminophen 0.244-500 0.244-500 0.997 0.702 2.339
glucuronide
Acetaminophen 0.244-500 0.244-500 0.997 0.222 0.739
sulphate
Acetaminophen 0.244-500 0.98-500 0.998 2.755 9.185
mercaptu rate
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.

4.13.2

Relative response factor

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 Il analytes.

. Internal standard used for Relative response factor of
Metabolite e ;
guantification 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

4.13.3 Limit of detection & quantification

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 Il liver conjugates are shown in Table 4-7.

4.13.4 Accuracy

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).

4.13.5 Precision

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.
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4.13.6 Carryover

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 Il 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 Interday Intraday Interday Intraday Interday
% CV % CV % CV % CV % CV % 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

4.13.7 Stability

The stability of the four phase Il 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.

Low QC Medium QC High QC

Storage method (% of the freshly (% of the freshly (% of the freshly
prepared sample) prepared sample) 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

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.

5 freeze-

. Concen- 3 days in 4°C for 7 24h at room 4°C for 5

Metabolite . thaw

tration autosampler days temperature  days

cycles

LOW 99.957 99.322 121.816 96.412 98.340
Acetaminophen - 99.636 99.765 123.543 97.666 97.957
glucuronide

HIGH 99.912 99.211 118.360 95.788 100.075

LOW 100.482 99.120 97.305 91.413 84.645
Acetaminophen e 99.577 99.634 100.519 93.261 90.294
sulphate

HIGH 100.073 99.248 96.564 90.942 95.954

LOW 100.324 98.539 109.037 94.000 91.847
Salicyluric acid MED 99.685 99.478 117.571 96.938 99.349

HIGH 100.347 98.977 103.902 95.331 139.160

* Stability analyses for acetaminophen mercapturate could not be carried out due to limited available quantities of the
standard compound.

4.13.8 Selectivity

The selectivity of the phase Il 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.
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4.13.9 Matrix effect

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 Il 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 Il conjugates are shown in table 4-12.

Table 4-12: The matrix factor value for each phase Il conjugate at low QC and high QC
values.

Metabolite Matrix factor

Low QC High QC
Acetaminophen glucuronide 1.091 1.075
Acetaminophen sulphate 1.119 1.076
Acetaminophen mercapturate 1.006 1.005
Salicyluric acid 1.514 1.078
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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
guestionnaire 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-uONprOmm7BoKValbXte) 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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5.2.1 Introduction

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
guestionnaire 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-uONprOmm7BoKValbXte).

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.

5.2.2 Data collection

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
gquestionnaires, 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 O 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 iliness, 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.

5.2.3 Data reduction

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 30.6 139 241
Medium Fatigue 195 33.9 244 42.4 221 38.4
High Fatigue 237 41.1 156 27.1 216 375
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

5.2.4 The MSQ scores

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.
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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 2
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)

5.25 The biochemical measurements

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 Biofactorl 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 X, X,....,X, are the independent variables, then the process of building a tree
representation begins by evaluating each independent variable in turn. Each X; is evaluated by
splitting its range into mutually exclusive and exhaustive categories, and then constructing a
contingency table* with the k categories of Y in the columns and the X; 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 a, the minimum
size for parent nodes to be split, the minimum size of child nodes and the maximum number of

levels.

' 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.

Fatigue Groups

Mode
Categary % n

r———=--- | Control  GB2.8 362

1 Coptrol | B Fatigued 37.2 214

| [ Fatigued | Total 1000 575
M52 Enerngy

Adj. P-value=0000, Chi-
square=178.419, d=4

<= 0,750 (0,750, 1.250] (1.260, 2.000] (2.DDD.|2.T-'50] = 2750
MNode 1 Hode 2 Hode 2 MNode 4 MNode 5
Category % n Categony % n Categons % n Category % n Category % n
Contral 8946 152 Caontral 795 B2 Caontral G1.4 70 Contral 4549 50 Contral 204 22
B Fatigued 54 9 B Fatigued 205 16 B Fatigued 336 44 B Fatigued 541 59 B Fatigued 796 36
Total 29.0 167 Total 1348 78 Total 18.8 114 Total 1549 109 Total 188 108
MS0Q Skin MSQ Lungs
Adj. P-value=00007, Chi-square=11. Adj. P-value=00001, Chi-square=13.
162, d=1 243, df=1
<= 0.200 =0.800 Z=0.250 = 0250
Mode & Mode 7 Mode & Mode 9
Categons % n Categons % n Category % n Categons % n
Contral o232 117 Contral 254 M Contral 41.2 14 Contral oe g
M Fatigued 1.7 2 B Fatigued 146 7 B Fatigued 588 20 M Fatigued 222 66
Total 207 118 Total 23 48 Total 59 34 Total 128 74

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 27; code =1 (Yes
or Fatigue); PFS score < 7; code = 0 (No or Control).

Energy Groups

Mode O
Category % n

F===7=77 | Contral 529 329
| = Contral B Fatigued 41.1 237
| W Fatigued | Total 1000 576
Total-Free C
Adj. Povalue=0.025, Chi-square=58.
2456, d=1
2= G.120 =6.130
Mode 1 Mode 2
Category % n Category % n
Contral 55.8 256 Caontral Jogo g2
B Fatigued 442 203 B Fatigued 291 34
Total 79.7 459 Total 203 117

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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Mode O
Categony % n
| | Contral T2.9 4920
| W Contral B Fatigued 27.1 156
| ™ Fatigued | Total 1000 576
(=]
2 A5-DHEBA [] ubd
Adj. P-value=0.0092, Chi-square=20.
a9, df=3
== 3.0657 2.0687, 15.159] [15.159, 19.751] = 19.751
Haode 4 Hode 2 Hode 32 HNode 4
Categony % n Categony % n Categony % n Categony % n
Contral G268 95 Contral 6F.2 29 Contral a1.z2 52 Contral G766 2349
B Fatigued 17.4 20 B Fatigued 322 19 M F atigued [=R=] 5 B Fatigued 329 112
Total 20.0 115 Total 1001 52 Total a9 57 Total 0.1 246
(=]

Fhasel:Flucuronidation
Adj. P-value=0.002, Chi-square=10.

71, d=1
== 0.643 = 0693
HNode 5 MNode 6
Categony % n Categony % n
Contral 556 10 Contral 87656 B85
B Fatigued 444 = B Fatigued 129 A2
Total 21 18 Total 162 arF

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)’. 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).

5.2.6 Conclusions

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

> 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.

5.2.7 Author contributions:

All data were generated by EE through the BOSS procedure. FES did the initial data analysis:
(2) 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 Il 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 Il 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 B-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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Even though the glycine conjugation pathway was one of the first metabolic pathways to be dis-
covered, this pathway remains very poorly characterized. The bi-substrate kinetic parameters of
arecombinant human glycine N-acyltransferase (GLYAT, E.C. 2.3.1.13) were determined using the
traditional colorimetric method and a newly developed HPLC-ESI-MS/MS method. Previous stud-
ies analyzing the kinetic parameters of GLYAT, indicated a random Bi-Bi and/or ping-pong mech-
anism. In this study, the hippuric acid concentrations produced by the GLYAT enzyme reaction
were analyzed using the allosteric sigmoidal enzyme kinetic module. Analyses of the initial rate (v)
against substrate concentration plots, produced a sigmoidal curve (substrate activation) when the
benzoyl-CoA concentrations was kept constant, whereas the plot with glycine concentrations kept
constant, passed through a maximum (substrate inhibition). Thus, human GLYAT exhibits mecha-
nistic kinetic cooperativity as described by the Ferdinand enzyme mechanism rather than the pre-
viously assumed Michaelis-Menten reaction mechanism.

KEYWORDS

1 | INTRODUCTION

Thereis a growing realization that glycine conjugation is one of the fun-
damentally important homeostatic mechanisms in animal physiology.
The glycine conjugation pathway is important in preventing CoASH
sequestration, which would result from the accumulation of acyl-CoA
metabolites such as benzoyl-CoA. Glycine conjugation also decreases
the toxicity of benzoate and other aromatic acids by forming less
lipophilic conjugates rather than more water-soluble conjugates.!*~¢!
In addition to natural dietary sources of benzoate, humans are nowa-
days exposed to ever increasing amounts of this compound, since it is
used as a preservative in food and pharmaceuticals.!”!

Hepatic glycine conjugation is a two-step process that occurs in the
mitochondria and the overall rate of glycine conjugation can be influ-
enced 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)..8-11) Very little is currently known about the influence
of genetic variation in the human ACSM2B and GLYAT genes on the
in vivo glycine conjugation pathway. It has, however, previously been
shown that SNP variations in the human GLYAT gene influence the

glycine N-acyltransferase, human, HPLC-ESI-MS/MS, Hippuric acid, enzyme mechanism

kinetic properties of a recombinantly expressed enzyme.l12 Reports
on the in vivo interindividual variation in the glycine conjugation path-
way do not discriminate between variation in acyl-CoA formation (cat-
alyzed by ACSM2B) and variation in glycine conjugation (conjugated by
GLYAT).

The catalytic mechanism of human GLYAT has not been inves-
tigated thoroughly, largely due to the scarcity of human liver
samples and xenobiotic acyl-CoA substrates for research.!'! The
kinetic parameters reported in the literature for human GLYAT vary
substantially.!12-16] |t is difficult to explain the large variation in lit-
erature values, but it has been proposed that significant differences
in the reaction composition, substrate concentrations used, quality of
purified protein preparations used, and data analysis may be partly
responsible.12] It is also possible that the currently used colorimetric
assay introduces some variation.!'”] Genetic variation might also be
a contributing factor as previous studies did not specify the genetic
variant that was characterized. The biggest challenge regarding the
investigation of the glycine conjugation pathway remains the fact that
this pathway is still very poorly characterized when compared with the
cytochrome P450 (CYP450) phase | detoxification enzymes.

Currently, the method used to study human GLYAT enzyme activ-
ity and kinetics relies on indirect colorimetric monitoring of the color

J Biochem Mol Toxicol. 2017;31:€21963.
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change observed by the reaction of DTNB with the free sulfhydryl
group of the coenzyme A117] However, this method cannot determine
the absolute amounts of hippuric acid (HA) formed through glycine
conjugation.,

An high-performance liquid chromatography-electrospray ioniza-
tion tandem mass spectrometry (HPLC-ESI-MS/MS) method was thus
developed and implemented to selectively identify and accurately
quantify the amount of HA formed in the presence of varying sub-
strate concentrations. The single biggest advantage that ESI-MS/MS
offers is its very high level of selectivity. This is the first application of
an HPLC-ESI-MS-MS method to characterize the bi-substrate kinetic
parameters of arecombinant GLYAT to evaluate the kinetic mechanism
of human GLYAT.

2 | MATERIALS AND METHODS

2.1 | Materials, reagents, standards and solutions

The Sy54 GLYAT construct was available in our laboratory.12 Benzoyl
coenzyme A, formic acid, and HA were purchased from Sigma-Aldrich
(St. Louis, MO). Glycine was purchased from Melford Bio-laboratories
(Suffolk, UK). Honeywell Burdick & Jackson, spectrometry-grade ace-
tonitrile, methanol, and water were purchased from Anatech Instru-
ments Ltd (Gauteng, SA). The HA-d5 stable isotope was purchased
from Toronto Research Chemicals (Toronto, Canada). All chemicals,
reagents, and solvents were of analytical grade.

2.2 | Expression and nickel-affinity purification of the
recombinant human GLYAT

Bacterial expression and purification of the recombinant human GLYAT
was performed as previously reported!12! with 0.5% glycine added to
the expression medium in this study. For long-term storage of the puri-
fied enzyme preparations at -80°C, glycerol was added to the purified
proteins to a final concentration of 10% and then snap frozen in liquid
nitrogen. Protein concentrations were determined using the Qubit 2.0
Fluorometer and the Qubit Protein Assay Kit (Thermo Fisher Scientific
Inc., NYSE: TMO Paisley PA4 9RF, UK).

2.3 | Bi-substrate (benzoyl-CoA and glycine) kinetic
analysis of the recombinant human GLYAT using the
colorimetric assay

The V,,.x, apparent Ky (benzoyl-CoA) and Ky, (glycine) values were
determined using a colorimetric assay that measures glycine depen-
dent release of CoA at 412 nm, in the presence of 2,2-dinitro-5,5"-
dithiobenzoic acid (DTNB).I17] GLYAT catalyzes the reaction between
benzoyl-CoA and glycine to form HA, During the colorimetric DTNB
assay, the hydrolysis of the thioester of benzoyl-CoA results in the
formation of CoA with a thiol group (CoA-SH). The thiol reacts with
the DTNB in the reaction mixture to form 5-thio-2-nitrobenzoic acid
(TNB). This yellow product (TNB) is observed spectrophotometrically
by measuring absorbance at 412 nm.

To determine the bi-substrate kinetic parameters of human GLYAT,
an enzyme assay was performed where both substrate concentra-
tions were varied. The glycine concentrations were varied from 2.5 to
20 mM and the benzoyl-CoA concentrations from 20 to 80 xM. Each
200 ul reaction contained 1.2 ug of purified recombinant GLYAT and
was performed in triplicate. Initial velocities were calculated over the
first 6 min, where the reaction was linear. The data were processed
with SigmaPlot 12.0 (Systat software, Inc., San Jose, CA) software,
using the Enzyme Kinetics module, to plot the Lineweaver-Burk plots,
and to calculate the kinetic parameters using nonlinear regression.

2.4 | Enzyme reactions and extractions for HPLC-
ESI-MS/MS detection and quantification of HA

For quantification of HA, enzyme reactions were set up containing
the purified recombinant human GLYAT, 25 mM Tris-HCI (pH 8.0),
20-80 uM benzoyl-CoA, 2.5-20 mM glycine, and water. The benzoyl-
CoA concentrations were 20, 40, 60, and 80 uM. The glycine concen-
trations used were 2.5, 5, 10, and 20 mM. The volume of the reac-
tion mixtures was 200 uL. The reactions were allowed to proceed for
20 min and then stopped by adding 20 ul concentrated formic acid.
Before further analysis, the samples were spiked with the HA-d5 sta-
ble isotope to a final concentration of 6.44 uM. The HA and HA-d5
were then extracted using the liquid-liquid extraction method pro-
posed in Ref. 15. The method involves the use of an organic solvent,
ethyl acetate, to achieve phase separations. The extraction method
used was optimized by testing its ability to extract the protein, and
the high amounts of glycine present in the enzyme reactions. Approx-
imately 2 mL ethyl acetate was added to the tubes, vortex-mixed for
1 min and then centrifuged (2800xg, 1 min, room temperature) to sep-
arate the phases. The top aqueous layer was then removed and trans-
ferred to a clean tube. This procedure was repeated three times, and
the aqueous layer, of each individual reaction, was transferred into the
same final tube. The samples were then dried in a nitrogen stream at
40°C for approximately 15 min. The residues were reconstituted with
200 uL water which served as the mobile phase. The samples were ana-
lyzed in triplicate with the HPLC-ESI-MS/MS method described in the
next section and the precision/repeatability was calculated in terms of
the coefficient of variation (%CV).

2.5 | Detection and quantification of HA using
HPLC-ESI-MS/MS

An Agilent 6460 Triple Quad series HPLC-ESI-MS/MS (Agilent Tech-
nologies, Inc. Santa Clara, CA) coupled with the Agilent Jet Stream
technology in positive ionization mode was used during this study. The
Agilent ZORBAX StableBond Phenyl 2.1 x 100 mm 1.8 micron column
was purchased from Agilent Technologies. The method used for HA
detection and quantification was adapted from the method described
by Nortje et al.l8 The source parameters of the MS were as follows:
The gas temperature was 280°C, a gas flow of é L/min, the nebulizer
set at 45 psi, sheath gas heater at 350°C, sheath gas flow of 7 L/min,
a capillary voltage of 3000 V, and a nozzle voltage of 1500 V. Mobile
phase A consisted of water with 0.1% formic acid, and mobile phase B
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consisted of 100% methanol. The mobile phase flow rate was
0.2 mL/min with the following gradient mobile phase composition:
5% B from O to 1 min; an increase to 31% B over 6.5 min; another
increase to 100% B from 7.5 to 9.5 min; isocratic at 100% B from 9.5
to 13.5 min and then back to 5% B over the last minute. The frag-
mentor voltage was set at 45 V and the collision energy at 8 V. The
Masshunter optimizer software from Agilent was employed to opti-
mize the data acquisition parameters for multiple reaction monitoring
(MRM) mode for HA and HA-d5. Mass spectrometric parameters for
HA (M, = 179.17) were as follows: using a fragmentor voltage of 60 V
and a collision energy of 8 V, the precursor ion was produced at 180.1
m/z and the most abundant production at 105.1 m/z. The mass spectro-
metric parameters for HA-d5 (M, = 184.17) were: using a fragmentor
voltage of 60V and a collision energy of 8 V, the precursor ion was pro-
duced at 185.1 m/z and the most abundant product ion at 110.1 m/z.

A calibration curve was set up for HA (1-128 uM HA) to investi-
gate the linearity of HA detection. The range was analyzed in tripli-
cate. A second calibration curve was set up for HA with the HA-d5
isotope to investigate the linearity of HA detection in the presence
of the isotope. The 1-128 yM HA sample concentrations were then
diluted by the addition of 5 ulL of the 650 yuM HA-d5 stock solution
to a final concentration of 6.44 M. The adjusted concentration range
was 0.99-126.733 uM HA, all containing 6.44 uM isotope. These sam-
ples were then also analyzed in triplicate. The coefficient of determina-
tion (R?) was used to evaluate the linearity of the calibration curves. To
test the recovery of HA after the extraction procedure, a known con-
centration level (16 uM) of HA (in water) was selected and placed in
separate tubes. One of the samples was then put through the entire
extraction procedure. Both samples were then injected into the HPLC-
ESI-MS/MS system. The responses obtained from the samples were
then compared to evaluate the recovery of the HA after the extraction.
The %CV was calculated to assess the precision of the triplicate sam-
ples.

The raw mass spectrometric data was acquired using the on-board
Agilent Masshunter B 05 software. The response data of each HA
level was plotted against its concentration to construct the calibration
curve. For the calibration curve including the HA-d5 stable isotope,
the HA responses of each concentration level was divided by those of
the HA-d5, these values were plotted on the y axis. The concentration
ratios of HA and HA-d5 were plotted on the x-axis. HA concentrations
were then calculated using the linear equation of the second calibra-
tion curve shown by Eq. (1). GraphPad Prism 7 was used for statistical
analyses and data representation.

Equation 1: Linear equation of calibration curve.

y = L1176x +0.0733

2.6 | Evaluation of the kinetic mechanism using the
bi-substrate (benzoyl-CoA and glycine) ESI-MS/MS
data

The bi-substrate (benzoyl-CoA and glycine) ESI-MS/MS data were
used to re-evaluate the kinetic mechanism employed by human GLYAT.
The HA concentrations determined for each endpoint enzyme reaction

were analyzed using the alternative allosteric sigmoidal enzyme kinetic
analyses function on GraphPad Prism 7.0 (GraphPad Software, Inc., CA
La Jolla, CA 92037 USA). The sigmoidal enzyme analyses curves were
fitted using the Hill equation!!?) to determine V,,,,, Kq 5 as well as the
Hill slope (h).

3 | RESULTS

The main aim of this study was to determine the bi-substrate enzyme
kinetic parameters of a recombinantly expressed human GLYAT and to
re-evaluate the catalytic mechanism. This was done using both the tra-
ditional colorimetric DTNB assay 17! to indirectly verify and measure
the enzyme activity as well as a newly developed HPLC-ESI-MS/MS
method to identify and quantify HA. The HA concentrations deter-
mined by the HPLC-ESI-MS/MS method were then used to re-evaluate
the enzyme kinetic mechanism employed by human GLYAT.

3.1 | Bi-substrate (benzoyl-CoA and glycine) kinetic
analysis of a recombinant human GLYAT using the
colorimetric DTNB assay

It was previously shown that the human Sy, GLYAT haplotype has the
highest relative enzyme activity [12] 35 well as the highest allele fre-
quency in world-wide population data analyzed.'?°! For this reason, the
human Sy5¢ GLYAT haplotype was chosen for enzymatic characteriza-
tion in this study, but for the sake of simplicity will only be referred to
throughout the study as a “recombinant human GLYAT.”

With the exception of one study!'® all of the previous
studies12-141¢l reported in the literature investigated GLYAT
enzyme kinetics using the colorimetric DTNB assay.'”! The same
method was, therefore, used in this study to enable comparison with
previous studies. Lineweaver-Burk (double reciprocal) plots were
generated with the SigmaPlot 12.0 software program using its enzyme
kinetics module. These plots were used to determine the Ky, and
Vimax Values for benzoyl-CoA and glycine for the purified recombinant
human GLYAT using nonlinear regression analysis. These values were
determined individually by plotting the constant glycine values with
the varying benzoyl-CoA values on a double reciprocal plot and
vice versa on a second double reciprocal plot. The data were fitted
using three different kinetic models, namely the random ordered
mechanism, the ordered mechanism, and the ping-pong mechanism.
The coefficient of determination (R?) values, the Akaike Information
Criterion (AIC), the relative likelihood as well as the kinetic parameters
for each kinetic model are given in Table 1.

According to the SigmaPlot enzyme analyses, the random Bi-Bi
and ping-pong Bi-Bi mechanism showed equal goodness of fit (R2 of
0.9747 and 0.9747, respectively), whereas the ordered Bi-Bi mecha-
nism showed convergence failure. The AIC analyses showed that the
random Bi-Bi sequential mechanism has a relative likelihood of 0.84,
whereas the ordered Bi-Bi sequential mechanism has a likelihood of
0.01. This indicated that the ping-pong model has the highest probabil-
ity to minimize the (estimated) information loss./ 211 A ping-pong kinetic
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TABLE 1 The coefficient of determination (R2) values, the Akaike Information Criterion (AIC), the relative likelihood for each model as well as
the kinetic parameters for each kinetic model for human GLYAT using benzoyl-CoA and glycine as substrates

Kinetic Model R? AlC

Random Bi-Bi (sequential) mechanism 0.9747  1178.50
Ping-pong Bi-Bi (non-sequential) mechanism 0.9747  1178.15
Ordered Bi-Bi (sequential) mechanism 0.9430 1186.70

mechanism for human GLYAT is, however, contradictory to what was
previously reported in the literature.['®! A sequential Bi-Bi reaction
mechanism was determined, with the acyl-CoA substrate binding first
to the enzyme, followed by the addition of glycine, before dissociation
of CoA, with the release of the peptide product occurring as the last
step. In this study the ordered Bi-Bi sequential mechanism was clearly
eliminated as a possible model (Table 1). This prompted further investi-
gation into the kinetic mechanism for human GLYAT.

The double reciprocal plots of both the benzoyl-CoA and glycine
values are shown in Figure 1. For the random Bi-Bi kinetic mechanism,
the Kiapp values determined for the recombinant human GLYAT for
benzoyl-CoA was 49 + 13 uM and for glycine 20 + 4 mM, whereas the
Vinax value was 157 + 22 nmol/min/mg. For the ping-pong Bi-Bi kinetic
mechanism, the Ky, values determined for the recombinant human
GLYAT for benzoyl-CoA and glycine were 53 + 8 uM and 21 + 2 mM,

respectively, whereas the V., value was 161 + 15 nmol/min/mg.

ax

The bi-substrate kinetic parameters determined in this study
(Table 1) were in the range of the kinetic parameters described in the
literature.12-151 Table 2 summarizes the Ky, values for benzoyl-CoA
and glycine as reported in the literature and the values determined in
this study (shaded in gray).

As can be seen from Table 2, the kinetic parameters reported in
the literature for human GLYAT vary substantially. The Ky, (benzoyl-
CoA) is reported to be between 13 yM and 57.9 mM, the Kyap,
(glycine) between 6.4 and 26.6 mM, and the V,,, value between
543 nmol/min/mg and 17,100 nmol/min/mg.*2-26 The K\, (benzoyl-
CoA) of 49 + 13 uM determined for the recombinant human GLYAT in
this study is within the range reported in the literature, whereas the
Kwapp (glycine) value of 20 + 4 mM is on the higher end of the range
in the literature. In three previous studies, the same recombinant Sq54
variant was characterised with Ky, ,, (benzoyl-CoA) (38 + 4 pMI2];
49 + 13 uM [this study] and 209 zMI18)) and Ky, (glycine) (20 + 4 mM
[this study] and 26.6 mMI1¢]) determined values. Therefore, even if
the same genetic variant is characterised, large variation in reported
kinetic parameters is still observed.

In 1959, Ellmanl?2) introduced DTNB as a versatile water-soluble
compound for quantitating free sulfhydryl groups in solution. The
DTNB colorimetric assay used to determine the enzyme kinetics of
human GLYAT is, therefore, an indirect measure of enzyme activity.
The DTNB assay has a number of problems, including pH-induced
disulfide disruptions, re-oxidation of the R-SH groups, and ther-
mochromic effects.?3] The DTNB assay cannot be used to determine
enzyme kinetics in crude enzyme preparations, which contain inter-
fering substances like thiols and acytyl-CoA hydrolyse, as a high blank

absorbency will be obtained. In cases where DTNB is an efficient

Relative Likelihood

[exp (—0.5* AAIC)]  Ky,pp Benzoyl-CoA (uM)  Kiy,p, Glycine (mM)
0.84 49 +13 20+4

1 53+8 21+2

0.01 60 + 16 5+1

inhibitor of the enzyme, it cannot be used for continuous enzyme
kinetic analysis.[24] Although it has been shown that DTNB does not
inhibit the bovine GLYAT enzyme activity,25! similar studies have not
been performed on the different human GLYAT variants.

It was subsequently proposed that the currently used DTNB colori-
metric assay might contribute to the observed variation. We, there-
fore, investigated the suitability of an HPLC-ESI-MS/MS method to
accurately detect and quantify HA formed by the recombinant glycine

conjugation reaction.

3.2 | Detection and quantification of HA using
HPLC-ESI-MS/MS

3.2.1 | Linearity

The linearity of HA detection was investigated both with and without
the HA-d5 stable isotope. The linearity was determined using a con-
centration range of 1-128 ;M HA as the benzoyl-CoA concentration
used ranged from 20 to 80 uM. The isotope was added to a final con-
centration of 6.44 ;M. The calibration curves were near linear within
the selected calibration ranges. The calibration curves for both HA and
HA with HA-d5 areillustrated in Figure 2.

3.2.2 | Organic solvent extraction

A simple extraction of HA from the enzyme reactions was performed,
followed by drying under a nitrogen stream and finally resuspension in
water. The recovery of HA by this method was evaluated and was found
to be extremely efficient, as nearly 100% of the HA was retrieved after
extraction (results not shown).

3.2.3 | Quantification of HA using the HPLC-ESI-MS/MS
method

The HPLC-ESI-MS/MS method with the parameters described previ-
ously was implemented for the quantification of HA formed from the
human GLYAT enzyme reactions that were set up, extracted, and spiked
with the isotope. The samples were analyzed in triplicate. In Figure 3,
arepresentative MRM chromatogram is shown. The final HA concen-
trations could be determined by substitution into the linear equation
of the calibration curve of the HA with HA-d5 shown by Eq. (2).
Equation 2: The linear equation with the substituted values for final

HA concentration determination.

Response HA
Response HA-d5

X

= 11176 ( HA-d5 concentration

) +0.0733
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FIGURE 1 Comparison of two kinetic enzyme models for human GLYAT: The random order Bi-Bi sequential mechanism and the Ping-pong mech-
anism. (A) Lineweaver-Burk plots of benzoyl-CoA with varying glycine concentrations (2.5, 5, 10, and 20 mM). (B) Lineweaver-Burk plots of glycine
with varying benzoyl-CoA (20, 40, 60, and 80 M) concentrations. The data points indicate average values + standard deviation, withn=3

The final HA concentrations formed from human GLYAT activity
were then calculated. The precision/repeatability was calculated in
terms of the %CV using Eq. (3).

Equation 3: Calculating coefficient of variation (% CV).

Standard deviation

Mean x 100

%CV =

The mean and standard deviation (SD) values for each triplicate
sample measurement were calculated using the concentrations calcu-
lated for each of the triplicates of each sample. The results are summa-
rized in Table 3.

The concentrations of HA determined in the enzyme reaction sam-
ples were found to be 9.68-66.84 uM for the benzoyl-CoA range
of 20-80 uM. The precision (%CV) of the triplicate measurements
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TABLE 2 Kinetic parameters of benzoyl-CoA and glycine for GLYAT as reported in the literature

Parameters
Ktapp (benzoyl-CoA) (M)

Kitapp (Elycine) (mM)

Vinax (nmol/min/mg)

Values
13
38+4
49+ 13
53+8
67 +5
209
57,900
6.4
65+1
20+4
2142
26.6

157 +22
161+ 15
543+21
807
1230
17,100

A Hippuric acid

Recombinant Variant/lIsolated from Liver
Purified GLYAT from human liver

Purified recombinant Sy, variant
Purified recombinant Sy, variant
Purified recombinant Sy, variant
Partially purified GLYAT from human liver
Purified recombinant Sy, variant
Purified GLYAT from human liver

Purified GLYAT from human liver
Partially purified GLYAT from human liver
Purified recombinant 5,5, variant
Purified recombinant S;54 variant
Purified recombinant 5,5, variant
Purified recombinant 5,5, variant
Purified recombinant S5, variant
Purified GLYAT from human liver
Recombinant S5, variant

Purified recombinant Sy, variant

Purified GLYAT from human liver

Reference
[15]

112]

This study (random Bi-Bi)

This study (ping-pong Bi-Bi)
[13]

[16]
[14]
[15]

113]

This study (random Bi-Bi)
This study (ping-pong Bi-Bi)
(18]

This study (random Bi-Bi)

This study (ping-pong Bi-Bi)
[15]

[16]
[12]

[14]

B Hippuric acid with stable isotope

I
10000000

H H y=1.1176x+0.0733
9000000 - R?=0.9987 Calibration Curve 09954
8000000 -+ 25
a
7000000 E‘ 20 //‘.
6000000 2 ~
< + Responses E 15 ~
5000000 ~
a — Linear (Responses) ? ~
& 4000000 i 10 /
™ -
3000000 -] -
=
5 - -
2000000 / B
1000000 0
0 4] 5 10 15 20 25
0 100 150 [HA]/[dsHA]

[HA]

FIGURE 2 Calibration curves for HA. (A) Calibration curve of HA. The calibration curve shows the linear range for HA in water. Linearity was
assessed using a concentration range of 1-128 M of HA. (B) Calibration curve of HA with HA-d5. The calibration curve shows the linear range for
HA with HA-d5 in water. Linearity was assessed using a concentration range of 0.99-126.733 uM of HA, spiked with 6.44 yM HA-d5 in each sample

were between 0.22% and 1.36% for all samples. These values showed
acceptable precision, as the criterion of acceptance is generally within
15% of the %CV.12¢) This demonstrated the repeatability and efficacy
of this analytical method.

3.3 | Evaluation of the kinetic mechanism using the
bi-substrate (benzoyl-CoA and glycine) ESI-MS/MS
data

The HA concentrations determined for each endpoint enzyme reac-
tion were converted to yM/min values. The velocity as a function
of substrate concentration (glycine or benzoyl-CoA) was analyzed
using the allosteric sigmoidal enzyme kinetic analyses function on

GraphPad Prism 7.0 (GraphPad Software, Inc.) (Tables 4 and 5 and
Figure 4).

Vmax is the maximum reaction rate that is observed at saturat-
ing substrate concentrations. For glycine the V., increased from
0.7825 + 0.004079 uM/min HA formed to 3.4 + 0.02365 uM/min
with varying benzoyl-CoA concentrations (Table 4 and Figure 4A). For
benzoyl-CoA, the Vi, increased from 1.511 + 0.087 uM/min HA
formed to 7.073 + 1.696 uM/min with varying glycine concentrations
(Table 5 and Figure 4B).

For glycine at varying benzoyl-CoA concentrations, a sigmoidal
curve and a Hill slope (h) > 3 were obtained (Table 4 and Figure 4A).
Thus, the binding of glycine facilitates an increased binding of
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TABLE 3 Final HA concentrations, average HA concentrations, and %CV values

[Benzoyl-CoA] (uM) [Glycine] (mM) Final [HA] (uM) Average [HA] (uM) %CV
20 25 9.8 9.6823994 0.91
9.7
9.6
20 5 15 14.900621 0.76
14.9
14.8
20 10 15.8 15818116 0.51
15.7
15.9
20 20 iz 15.456734 0.29
15.4
e
40 25 18.2 18.23393 0.37
18.2
18.3
40 5 294 29572761 0.39
29.7
29.6
40 10 318 32.311997 1.36
32.5
32.7
40 20 33 33.446127 hlg!
33.6
33.7
60 25 244 24.503901 0.42
24.6
245
60 5 46.3 46.168682 0.69
45.8
46.4
60 10 52.4 51.957595 0.98
52.1
51.4
60 20 50.5 50.104959 1.34
49.3
50.5
80 25 255 25.34193 0.43
253
253
80 5 56.3 56.704273 111
56.4
57.4
80 10 67.6 67.769724 0.22
67.8
67.9
80 20 66.7 66.849286 0.23
66.9

67
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Hippuric acid

D5-hippuric acid

455 46 485 47 475 48 485 49 45 5 505 51 515 52 525 53 535 54 545 55 555 56 565 57 575 58 585 53 535 6 605 6.1 615 62 6.5 6.3 635 64 645
Counts (%) vs. Acquisition Time (min)

FIGURE 3 Anexample of the product quantification results: a representative Multiple Reaction Monitoring (MRM) chromatogram showing the
transitions of Hippuric acid (180-105 amu) and Ds-Hippuric acid (185-110 amu)

TABLE 4 Hippuric acid formation (uM/min) as a function of glycine concentration (mM)

Benzoyl-CoA (20 uM)

Best-fit values

Benzoyl-CoA (40 uM)

Benzoyl-CoA (60 uM) Benzoyl-CoA (80 uM)

Vinax (#M/min) 0.7825 + 0.004079 1.666 +0.0098 2.56 +£0.02442 3.4 +0.02365
h 3.674+0.28 2.66 +0.1232 3.409 +0.2605 3.135+0.1188
Kos (mM) 2.189 +0.02706 2.326 +0.02599 2.566 +0.03814 2.956 +0.03449
Goodness of fit
R? 0.996 0.9971 0.9931 0.9976

TABLE 5 Hippuric acid formation (4M/min) as a function of benzoyl-CoA concentration (uM)

Glycine 2.5 mM Glycine 5 mM Glycine 10 mM Glycine 20 mM

Allosteric sigmoidal Ambiguous Ambiguous
Best-fit values
Vinax (#M/min) 1.511 + 0.087 7.073 + 1.696 17.48 + 8.346 ~19.08 + ~5.549
h 1.848 +0.203 1.289 +£0.1157 1.199 + 0.08332 1.157 + 0.04344
Kos (M) 30.42 +2.392 108.3 + 35.95 ~261.5+ ~149.6 ~305.5+~107.5
Goodness of fit
R? 0.9894 0.9968 0.9985 0.9996

benzoyl-CoA. The Kys values (2.189 + 002706 to 2.956 =+
0.03449 mM; Table 4) indicated a very high affinity of interaction
between human GLYAT and glycine. Therefore, it takes a very low
concentration of glycine to reach 50% of the saturating concentration.
Unlike the majority of metabolic pathways that follow first-order
kinetics in vivo, glycine conjugation is readily saturable. Previous
studies have shown that the formation of HA from benzoic acid in vivo
is limited by the availability of glycinel2”] and that the administration
of exogenous glycine to rats increased the amount of HA formed.[®]
This phenomenon can be observed in Figure 4A where the rate of HA
formation (¢M/min) increased as the glycine concentration increased

until alinear rate of product formation was observed.

The plot of velocity as a function of benzoyl-CoA concentration at
varying glycine concentrations (Table 5 and Figure 4B) showed that as
the glycine concentration increased, the K 5 (M) of benzoyl-CoA also
increased from 30.42 + 2.392 to 108.3 + 35.95 uM, which indicated
that the affinity of the enzyme for benzoyl-CoA decreased.

4 | DISCUSSION

The enzyme kinetic mechanism of human GLYAT has not been thor-
oughly investigated. The report that GLYAT follows a sequential two-
substrate mechanism,[15! contradicts our finding of equal goodness
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FIGURE 4 Hippuric acid formation (#M/min) as a function of substrate concentration for the human GLYAT reaction. (A) Plot of the initial rate
(v) against [glycine], with [benzoyl-CoA] kept constant, produces a sigmoidal curve (substrate activation). (B) Plot of v against [benzoyl-CoA], with
[glycine] constant, passes through a maximum (substrate inhibition). The data points indicate average values + standard deviation, withn =3

of fit for both the random Bi-Bi and ping-pong mechanism (Table 1),
whereas the AIC relative likelihood parameter identified the ping-pong
kinetic mechanism to be the best model. In previous studies, the kinetic
parameters were determined using either partially purified GLYAT or
mitochondrial lysate preparations from liver tissue, of which the vari-
ant analyzed was not determined. We present the first determination
of the bi-substrate kinetic parameters and kinetic mechanism of a puri-
fied recombinant human GLYAT.

Previous studies!12-1¢] assumed that human GLYAT would also fol-
low a sequential Bi-Bi mechanism as proposed for bovine GLYAT.!25.28]
This raised the question whether the Michaelis-Menten reaction
mechanism is the correct mechanism to apply to human GLYAT
reaction kinetics. Over a narrow range of substrate concentrations,
sulfotransferases, follow classic Michaelis-Menten kinetics, but when
studied over a wide range of substrate concentrations, some sulfo-
transferases exhibit positive or negative cooperativity, and the kinetics
fit the Hill plot (i.e., allosteric sigmoidal enzyme kinetics).12%!

We analyzed the HA concentrations produced by GLYAT using the
allosteric sigmoidal enzyme kinetic module. The Hill slope (h) > 3
and sigmoidal curve determined for glycine at varying benzoyl-
CoA concentrations (Table 4 and Figure 4A) clearly indicated a sig-
moidal enzyme mechanism with positive cooperativity. The Hill slope
(h) > 1 for benzoyl-CoA at varying glycine concentrations (Table 5 and
Figure 4B) indicated a sigmoidal enzyme mechanism at glycine concen-
trations < 5 mM. At glycine concentrations higher than 5 mM glycine,
the data no longer fitted the Hill equation (h = 1) and the Hill equa-
tion was reduced to its simpler form known as the Michaelis-Menten
equation.

Previous studies determined kinetic parameters using saturating
glycine concentrations of 50-200 mM,[13-15] whereas the kinetic
parameters of the recombinant Sy, variant!1¢! was determined using
very high benzoyl-CoA concentrations of 470-4700 uM.[16] This
explains the variation in the Ky, values in the literature for GLYAT,
as the K 5 value for sigmoidal enzymes varies at different substrate
concentrations.!3%)

We propose that human GLYAT exhibits mechanistic kinetic
cooperativity.3% Ferdinand!3! first showed that a random-order
ternary-complex mechanism for a bi-substrate monomeric enzyme-
catalyzed reaction can lead to sigmoidal kinetics in the absence of
cooperative binding as seen in Figure 4 where the plot of the initial

rate (v) against [glycine], with [benzoyl-CoA] kept constant, produces
a sigmoidal curve (substrate activation), whereas the plot of v against
[benzoyl-CoA], with [glycine] constant, passes through a maximum
(substrate inhibition). This is supported by observations in humans
that even if the amount of benzoic acid administered is increased, the
hourly excretion of HA rises to a maximum and remains constant until
all but a small portion is eliminated. However, when glycine is adminis-
tered the hourly excretion of HA rapidly increased.[32-34]

In summary, using a highly selective and specific HPLC-ESI-MS/MS
method to quantify HA indicated that human GLYAT exhibits mecha-
nistic kinetic cooperativity. Although it is very difficult to compare our
in vitro data to in vivo determined values, it is clear that the kinetic
mechanism of GLYAT is far more complex than previously thought and
needs to be further elucidated through the kinetic monitoring of enzy-
matic reactions in real time by quantitative HPLC-MS,[35.36]
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CHAPTER

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-uONpromm7BoKValbXte) 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 |
and phase Il 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 IlI)
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Abstract

Chronic fatigue, in its various manifestations, frequently co-occur with pain, sleep distur-
bances and depression and is a non-communicable condition which is rapidly becoming
endemic worldwide. However, it is handicapped by a lack of objective definitions and diag-
nostic measures. This has prompted the World Health Organization to develop an interna-
tional instrument whose intended purpose is to improve quality of life (QOL), with energy
and fatigue as one domain of focus. To complement this objective, the interface between
detoxification, the exposome, and xenobiotic-sensing by nuclear receptors that mediate
induction of biotransformation-linked genes, is stimulating renewed attention to a rational
development of strategies to identify the metabolic profiles in complex multifactorial condi-
tions like fatigue. Here we present results from a seven-year study of a cohort of 576 female
patients suffering from low to high levels of chronic fatigue, in which phase | and phase |l bio-
transformation was assessed. The biotransformation profiles used were based on hepatic
detoxification challenge tests through oral caffeine, acetaminophen and acetylsalicylic acid
ingestion coupled with oxidative stress analyses. The interventions indicated normal phase |
but increased phase Il glucuronidation and glycination conjugation. Complementarity was
indicated between a fatigue scale, medical symptoms and associated energy-related
parameters by application of Chi-square Automatic Interaction Detector (CHAID) analysis.
The presented study provides a cluster of data from which we propose that multidisciplinary
inputs from the combination of a fatigue scale, medical symptoms and biotransformation
profiles provide the rationale for the development of a comprehensive laboratory instrument
forimproved diagnostics and personalized interventions in patients with chronic fatigue with
a view to improving their QOL.

Introduction

Chronic fatigue is a condition commonly reported by patients in primary care practice, whose
medical practitioners use diverse definitions and diagnostic labels to describe their symptoms

PLOS ONE | https://doi.org/10.1371/journal.pone.0216298 May 10,2019
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[1]. The complaints expressed about fatigue in stressful and competitive societies range from
the condition being unexplained at the one end of the fatigue spectrum [2] but commonly co-
occurring with pain, sleep disturbances and depression. This cluster of symptoms associated
with fatigue is recognized in functional somatic syndromes such as fibromyalgia (FS) [3] and
irritable bowel syndrome (IBS) [4]; it is also common to oncology patients and is associated
with a significant decline in their functional status and quality of life (QOL) [5]. Chronic
fatigue syndrome (CFS) [6] and myalgic encephalomyelitis (ME) [7] occur at the other end of
the fatigue spectrum, with the latter condition characterized by consistent excessive fatigue
and fatigability. More broadly, fatigue appears to be one of the chronic non-communicable
conditions which are rapidly becoming endemic worldwide [8][9][10][11], prompting the
World Health Organization (WHO) to established a project on the development of an interna-
tional quality of life (QOL) assessment instrument[12].

There is no established biological marker for CES/ME, nor for chronic or periodic fatigue
so that the diagnosis is one of exclusion (DOE) [13] after reasonable effort has been taken to
eliminate at least some of the many aetiologies where fatigue is a presenting feature. The lack
of objective measures of fatigability is a well-founded frustration to clinicians [14]. However,
recent metabolomics studies include metabolic profiling of patients suffering from fatigue.
Moreover, they have proposed that broad metabolic perturbations prevail in CFS and/or ME
[15][16][17][18]. Although the compounds recorded in these studies are not all identical, the
major pathways determined to be affected by ME/CEFS relate to energy metabolism. These
findings are in accordance with the known link between energy deprivation and fatigue [19].
As the energy demands in biotransformation reactions are key features in pharmacological
and toxicological research [20][21][22][23], a link between consistent exposure to environ-
mental toxicants and chronic conditions such as fatigue seems evident. Likewise, interest in
the interface between detoxification and the impact of the exposome in health and disease is
growing [24][25][26]. Moreover, xenobiotic-sensing nuclear receptors that mediate induction
of biotransformation-linked cytochrome P450 (CYP450) genes are emerging as new regulators
of the hepatic energy metabolism that connects sensing of the chemical environment, detoxifi-
cation of xenobiotics and metabolic health [26][27]. These studies unequivocally established
that the human genome harbours an extensive number of genes encoding enzymes that pri-
marily metabolize endogenous and exogenous substances. Extensive genetic and functional
variation in these genes has complex consequences. Such variability affect enzyme expression
or structure and the toxicological level of induced or produced metabolites, the clinical mani-
festation in the patients and eventually also diagnostic and predictive strategies towards
fatigue, as will be discussed below. Apart from the molecular research, these developments
therefore also call for renewed attention to a rational basis for alternative strategies to identify
the metabolic differences that contribute to health and disease in complex multifactorial con-
ditions like fatigue.

A causal relationship between endogenous or exogenous stimuli, biotransformation
responses and fatigue is not unequivocally established. The need for further basic research
remains on the role of receptors, transcription factors and signalling cascades in the coordi-
nated regulation of phase I and phase IT metabolism, in addition to phase III transport of
endogenous as well as of exogenous agents, for modelling of diseases and toxicities induced by
xenobiotics. Furthermore, these developments also call for renewed attention to a rational
basis for alternative strategies to identify the metabolic differences that contribute to health
and disease in complex multifactorial conditions like fatigue. Against this background, this
paper addresses chronic fatigue with the focus on the role of biotransformation as an essential
metabolic process for maintaining energy homeostasis in patients suffering from the condi-
tion. The results presented here are the outcomes of a seven-year study and data collection
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from 576 female patients suffering from low to high levels of fatigue. They were referred by cli-
nicians to our research unit for assessment of their biochemical profiles of phase I and phase II
biotransformation. From assessments of this cohort of patients, we indicate a complementarity
between a fatigue scale, medical symptoms and their biotransformation profiles and associated
energy-related parameters [28][29][30].

In health research, the concept of perturbation of homeostasis through an experimental
challenge to quantify health related processes is well established [31][32][33][34]. The response
following a challenge reveals multiple aspects of metabolic health that would not be apparent
from studying homeostatic parameters. A perturbation from the homeostatic state formed the
conceptual basis of our approach and the laboratory instrument used for measuring the bio-
transformation profile was based on hepatic detoxification challenge tests through oral caf-
feine, acetaminophen and acetylsalicylic acid ingestion coupled with oxidative stress analyses
[35]. Taken together, the interventions with the xenobiotic substances test for the phase I and
four phase IT hepatic detoxification pathways and provided the scientific rationale for our pro-
posed biotransformation assessment method. In combination with the multidisciplinary con-
tributions from the clinicians, we propose that a novel combination of the three assessment
instruments (a fatigue scale, medical symptoms, and biotransformation profiles) provides
foundational knowledge for further development of a comprehensive laboratory instrument
for directed personal interventions that we believe can lead to improved QOL in patients
across a spectrum of chronic fatigue manifestations.

Materials and methods
Ethics statement

This study complied with all institutional guidelines of the North-West University as stipulated
by 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 Commit-
tee (HREC) of the North-West University, South Africa (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 S1 File under informed consent.

Patient procedures and selection

This study involved a prospective, observational and measurement design. Women visiting cli-
nicians with complaints of continuous fatigue of various degrees, and the clinical label given to
their fatigue condition (DOE) often reflected both the view of the patient and of the doctor
about their state because of the widely varying theories about the potential underlying pathol-
ogy of chronic fatigue. The clinicians informed the patients about the general intentions of the
prospective study and asked whether they would consider participation. Pending informed
consent, all cases were potentially eligible for the study, regardless of previous types of treat-
ment. Prior to starting the biochemical assessment measurements, the patients underwent
observations and fatigue assessment by the clinicians, and were asked to complete a self-report
questionnaire that included a demographic profile and an English version of the revised Piper
Fatigue Scale (PFS) [36]. The revised PFS used consisted of 22 numerical items which assessed
fatigue experienced by the patients. All items were coded on a 0-10 numeric scale. The revised
PFS measured four dimensions of subjective fatigue: behaviour/severity, affective meaning,
sensory, and cognitive/mood. To calculate a total fatigue score the cumulative sum of all was
divided by the total number of items. In addition, a generally accessible Medical Symptoms
Questionnaire (MSQ, included in the S1 File) from the Departments of Medicine, Mercy
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Hospital and Maine Medical Center, Portland [37] was completed with the assistance of a
health consultant for each patient to supplement the information from the PFS. The MSQ con-
tains 19 domains, most with 4 items, totaling 75 indicators to each of which the patient assigns
a Likert scale numerical ranking (0 being “never” or “seldom” and 4 being “frequently with
severe effect”). Finally, measurement of biochemical parameters from saliva, urine and blood
was conducted on samples from all participants who agreed to the investigation.

In total, 673 women with complaints of fatigue were assessed for study eligibility. Of these,
576 were eligible; exclusion criteria for all cases were verified indications of diabetes, chronic
high blood pressure, asthma, cancer, arthritis and some other minor clinical conditions, but
retaining patients suggestive of fibromyalgia, depression or other affect syndromes. All eligible
cases fully completed both questionnaires. The mean age of the participants was 43 years
(min.: 18; max.: 82; SD: 14.3), mean body weight 72.0 kg (min.: 40; max.: 150; SD: 17.9) with a
mean BMI of 26.3 (min.: 16; max.: 51; SD: 6.3).

Statistical analysis of the Piper Fatigue Scale

We analysed the data of the modified Piper Fatigue Scale (PFS) as a multidimensional model
for fatigue in our patient group (data included in the S1 File). Questions 2-23 (22 questions) of
the questionnaire were measured on a scale from 1 to 10. Missing values (meaning that a
respondent did not answer a particular question and that was applicable to the data from the
selected 576 cases) were replaced by 0. To reduce the dimensionality of the 22 items, factor
analysis was performed. The sample size was sufficient to allow for factor extraction and so did
not limit the factor possibilities to those outlined in the scoring instructions of the PES. The
PFS as developed for oncology patients measured four dimensions of subjective fatigue: beha-
vioural/severity (6 items: #2-7); affective meaning (5 items: #8-12); sensory (5 items: #13-17);
and cognitive/mood (6 items: #18-23) over the 22 items used to calculate the four sub-scale/
dimensional scores and the total fatigue scores. Having a clinically different fatigue group, we
compared various combinations of extraction methods (Principal Components and Principal
Axis Factoring) and rotation methods (Varimax Rotation and Direct Oblimin rotation), all of
which indicated that there were two underlying factors in our data set. The first factor was
seen to load mainly on items 2-17 and is termed Energy Fatigue, whereas the second factor
loads mainly on items 18-23 and is termed Mental Fatigue. The factor sores were calculated as
follows: Energy Fatigue score: the mean of items 2-17 (16 items); Mental Fatigue score: the
mean of items 18-23 (6 items). The reliability of the measurement for the two factors was eval-
uated 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).

Subsequently, the patients were categorized according to their fatigue scores. The mean
Energy Fatigue score for the group was 5.88 (min.: 0; max.: 10; SD 2.59) and 5.21 (min.: 0;
max.: 5.21; SD 2.37) for the Mental Fatigue score. Both scores were categorised as follows: Low
level fatigue (0 < score < 4); Medium level of fatigue (4 < score < 7) and High level of fatigue
(score >7). These thresholds are based on the severity codes included in the scoring instruc-
tions of the PFS, namely: None (0), Mild (1-3), Moderate (4-6), and Severe (7-10). 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: below 7; (5) Energy and Mental Fatigue:
Energy Fatigue score and Mental Fatigue score both 7 or more.
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Statistical analysis of the Medical Symptoms Questionnaire

This questionnaire has 75 questions divided into 15 main sections; one question in the energy
section (about hyperactivity) was omitted to enhance the reliability. The scores were calculated
as the mean of the items per section and the items were also combined in an overall MSQ
score. The reliability per section ranged from 0.582 for the 5 items defining MSQ related to
“Skin”, and 0.858 for the 6 items related to “Joint”. For this data set the Factor Analysis Rota-
tion and Extraction methods did not converge, and PCA did not provide useful outputs. We
therefore decided to calculate factor scores based on the sections and total.

Statistical profile of the biochemical data

The data consist of 15 chemical measurements to define the biochemical variables and an addi-
tional variable for measurement of the filtrate volume required for some calculations. In addi-
tion the complete data set also included five ratios which we considered to be informative as
well: (1) total acylcarnitine to free carnitine ratio; (2) uric acid to creatinine; (3) phase I to
phase II glucuronidation; (4) phase I to phase II sulphation; and (5) phase I to phase II glycina-
tion ratio. Statistical analysis of the biochemical variables and ratios revealed extensive skew-
ness and kurtosis of the original data that could be improved by log.-transformation of the
original data. In addition to analysis of the data for the individual biochemical variables, an
inherent underlying relationship among the measurements was apparent. Since the logarithm
of a ratio is equal to the difference between the logarithms, this meant that some of the trans-
formed variables are linear combinations of other variables; thus the covariance matrix was
singular and factor analysis was not possible; because the variables represent precise measure-
ments rather than opinions, principal components analysis (PCA) is considered to be a viable
option. PCA suggested that 8 factors (designated as BioF1 to BioF8) showed a strong underly-
ing relationship among the biochemical data. These factors constitute the underlying relations
among the components of the factors. “Furthermore, the human urine metabolome confirmed
variation in urine metabolites, based on the populations (age, gender) from which the concen-
trations of the metabolites were derived[38]. In our data set, confounders were confirmed if
showing a practically significant correlation (|r|>0.5). While we report on the p-values, 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 prac-
tical importance. Taken together, from the correlation analysis of our data it appeared that the
age, height, weight or BMI of the present experimental group did not have a confounding
effect on the biochemical data or on the classification of fatigue groups. (The correlation analy-
sis with potential confounding effects is shown in Table A in the S1 File).

Statistical methods used

The analysis of all data generated from the investigation was performed according to well-
described and validated methods[39] [40].

Biotransformation analysis

The measurement design for the biotransformation interventions is shown schematically in
Fig 1.

The first intervention is a caffeine clearance test, followed after a fixed period by acetamino-
phen and acetylsalicylic acid interventions. The biofluids used in the study consisted of saliva,
blood and urine. Samples were collected for analysis after challenge substances provided in the
test kit were taken by the participants. Phase I biotransformation was challenged with a 150
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Fig 1. Measurement design for the interventions to assess the biotransformation profiles for all fatigue patients. Caffeine clearance (Intervention 1) progresses
through CYP450-1A2, comprises only a phase 1 process and is measured as the residual substrate in saliva, expressed as a percentage of caffeine recovery. The
acetaminophen challenge involves three phase II conjugation reactions, evaluated through the products formed following biotransformation: (1) conjugation of
glucuronic acid to the hydroxyl group of acetaminophen; (2) sulphation of the phenolic hydroxyl group of acetaminophen; and (3) glutathione conjugation of N-acetyl-
p-benzoquinone imine, a phase 1 activated form of acetaminophen. In the simultaneous acetylsalicylic acid challenge, glycination of the functional carboxylic group is
catalysed by glycine-N-acyl transferase (GLYAT). All the substances mentioned are measured in urine samples, analysed by HPLC, as indicated. The acetaminophen
and salicylate ingestion detoxification are measured through the glucuronide, sulphate and mercapturate conjugates as well as for salicyluric acid, expressed as
percentage recovery, Three derivatives of salicylate may likewise be observed in this challenge (2,3-DHBA, 2,5-DHBA and catechol) and are measured by a GC-M$
method. Abbreviations: CYP450-1A2, -2E1 and -2CP: mixed function CYP450 oxidase system with isozymes as indicated; GLYAT: glycine-N-acetyltransferase; HPLC:
high-pressure liquid chromatography; GC-MS: gas chromatography-mass spectrometry; GSH: glutathione; 2,3-DHBA: 2,3-dihydroxy benzoic acid: 2,5-DHBA:

2,5-dihydroxybenzoic acid.

httpsz//col.org/10.1371/journal.pone.0216298.001

mg caffeine tablet before breakfast at 8h00 in the morning. Saliva samples were collected in sal-
ivettes at 10h00 and 16h00. The phase II biotransformation challenge involved two aspirin
(600 mg) and two 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. Blood samples (2 EDTA and 1 clotted tube) for additional biochemical analyses
were collected 24 hours later when the frozen urine and saliva samples were handed in at a
pathology depot for selective analyses as indicated. The methods used for the measurement of
phase I and 1I biotransformation are new and are described below with additional technical

information presented in the S1 File.
Phase I analysis. Sample preparation: C18 solid phase extraction cartridges (HF Bond
Elut C18-100 mg) were used for sample clean-up and extraction of caffeine; 200 pl internal
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standard 2-acetamidophenol (5 pg/ml) was added to 200 pl saliva sample prior to extraction.
Conditioning of the SPE columns was performed with 1 ml methanol and 2 ml water. A 200pl
sample with 200pl 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), dried
under nitrogen and then lyophilized. Samples were reconstituted in 200 pl after which 5 ul 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 ana-
lytical column was an Eclipse XDB C18, 5 pm, 4.6 x 150 mm reverse phase column. A flow of 1
ml/min was used, column temperature 25°C and the UV detector set at 273 nm. From a caf-
feine stock solution (1 mg/100 ml), a six-point series dilution calibration range was made up
ranging from 0.156 pg/ml to 5 pug/ml for quantification.

Phase Il analysis. Aliquots of 500 pl from the 10 hour overnight collected samples were
centrifuged and 200 pl of each sample combined with 200 pl internal standard (Allopurinol
250 pg/ml) for the HPLC analysis. The analytical column was a Phenomenex Luna 3p C18 (2)
100 A, 150 x 2.00 mm reverse phase column. Column temperature was 35°C, flow rate 0.25
ml/min and the UV detector was set at 254 nm for analyte detection. Mobile phase A was H,O
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 min; an increase to 20% B to 16 min, from 16-19 min to 90% B and from 19-24 min 90%
A and 10% B. 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 pg/ml to 1000 pg/ml.

Secondary products from the acetylsalicylic acid challenge. The three secondary prod-
ucts 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 extrac-
tion 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 sol-
vents. 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 Scien-
tific column. High purity helium was used as carrier gas. A 1 ul sample was injected with a
temperature programme starting at 100°C for 2 min, 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 min at 295°C. Selective ion moni-
toring 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.

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. FRAP assays were performed on a BIO-TEK FL600
fluoresence microplate reader. Amounts of 15 pl serum were added to 85 pl Milli-Q water in
96-well microplates. The sample plates were incubated for 10 min at 25°C. To this, 250 ul
FRAP reagent (2.5 ml FRAP acetate buffer; 2.5 ml TPTZ reagent and 2.5 ml FeCl; 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 HCI. FeCl; reagent:
4.56 mg of FeCl,.6H,0 was dissolved in 100 ml FRAP acetate buffer (300mM). FRAP values
were recorded 80 seconds after addition of the FRAP reagent. A 6-point calibration range con-
taining 0, 20, 40, 60, 80 and100 pul of a FRAP standard (0.275 FeSO47H,0 in 100 ml milliQ
H,0) was used as calibrator.
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Reactive oxygen species (ROS assay). ROS assays were also conducted on a BIO-TEK
FL600 fluoresence microplate reader; 140 pl sodium acetate (0.1M; pH 4.8) was added to the
wells used in the 96-well plate; 2.5 pl samples were added in triplicate; 100 pl of a 1:25 DEPPD
(100 mM) and FeSO, (43.7 uM) solution was added to the sample wells. Plates were incubated
at room temperature for 1 min; plates were read at 546 nm every minute for 10 min. A calibra-
tor concentration range with 6 concentrations ranging from 0-300 mg/l hydrogen peroxide
was used for quantification of samples.

Total glutathione (T-GSH) assay. Total glutathione levels in blood samples were deter-
mined using the GSH/GSSG kit from Oxis International. Whole blood EDTA vacutainer sam-
ples were mixed and 350 ul metaphosphoric acid (MPA) mixed with 50 pl blood sample,
centrifuged at 10 000 x g for 10 min; 12.5 pl of the MPA extract was then added to 750 ul assay
buffer. A 50 pl sample was then added in triplicate to the microplate and mixed for 5 min;

50 ul NADPH was then added and the plates were read at 412 nm for 3 min at 1-minute inter-
vals. GSH (0-3.0 uM) and GSSG (0-0.15 uM) 6-point calibration ranges were used for
quantification.

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.

Carnitine and acylcarnitine analysis. Carnitine and acylcarnitine were measured on the
10-hour urine samples. Urine (100 ul) was transferred to an Eppendorf tube and centrifuged at
1300 rpm for 20 min; 10 pl of the centrifuged urine was added to 410 pl of a deuterated carni-
tine/acylcarnitine stable-isotope solution in a new Eppendorf tube. The sample mixture was
then dried under nitrogen at 65°C for ~15 min; 100 pl 3N butanolic HCl was added to the
dried sample and incubated at 65°C for another 15 min. Excess butanolic HCI was evaporated
under nitrogen. The samples were then reconstituted in 100 pl 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 pl sample was injected per analysis at a constant mobile phase (1%
formic acid in water: acetonitrile (50:50) (v/v)), flow rate of 0.2 ml/min. The mass spectrome-
try analyses were carried out in positive ionization mode with controlled collisional induced
decomposition (fragmenter 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 pmol/l;
acetylcarnitine = 0.6075 pmol/l; propionylcarnitine 0.1616 pmol/l; isovaleryl carnitine =
0.1400 pmol/l; octanoyl carnitine = 0.1233 pmol/l and palmitoyl carnitine = 0.3144 pmol/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 sta-
ble isotopes. Concentrations of the analysed carnitine and acylcarnitines were expressed in
mmol/mol creatinine.

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)fluoro acetamide (BSTFA)
and trimethylchlorosilane (TMCS) were supplied by Sigma Aldrich. 2,4,6-tris-2-(pyridyl)-
1,3,5-triazine (TPTZ) and Ferri Chloride (FeCl;.6H,0) were also supplied by Sigma
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Chemicals. Carnitine and acylcarnitine reference standards and deuterated analogues were
obtained from Cambridge Isotope Laboratories.

Results

A flow diagram of clinical and biochemical data acquisition procedures, comprehensive
approaches of the statistical analyses and resulted outcomes is shown schematically in Fig 2.

The five categories of fatigue patients according to the PFS are shown in Fig 3. As reported
by the physicians, the level of fatigue experienced by these subjects ranged from low (indicated
by 117 blue dots in Fig 3; 20.3% of the group) to high (130 red dots in Fig 3; 22.6%). The analy-
sis of the PFS of the mild, energy only and mental only fatigue categories were 196 (corre-
sponding to 34.0% of the survey population), 107 (18.6%) and 26 (4.5%), respectively. These
results clearly indicate that a physical experience of energy depletion, rather than a psychologi-
cal mood of mental fatigue, dominates in the experimental group. The descriptive information
(mean values and standard deviations) on the 15 original biochemical measurements over the
five fatigue groups, as defined in Fig 3, are listed in Table 1.

SELECTED FATIGUE CASES
[N=576; Gender:Female; Mean age: 43 yr]

CLINICAL MEASUREMENTS BIOCHEMICAL MEASUREMENTS
1. Descriptive statistics: 1. Loading tests:
576 cases 5 primary and 3 secondary variables
2. Piper Fatigue Scale [PFS] 2. Additional urine/blood analyses:
Responses to 22 Questions 7 variables
3. Medical symptoms Questionnaire [MSQ] 3. Ratio's (derived parameters)
Responses to 15 scores, including 75 items 5 variables
GENERAL FATIGUE GENERAL BIOCHEMICAL
PROFILES PROFILES
Distribution of all cases based Biochemical measurements
on the individual's scores on applied to the total group of
low, medium or high energy 576 selected patients
fatigue and mental fatigue. compared to various fatigue
derived from the PFS. groups
(Figure 3) (Table 1 and 8 Biofactors)

CLASSIFICATION OF FATIGUE ALL CASES

Chaid analyses of the 576 selected cases over 5
fatigue groups and incorporating the MSQ Score and
biochemical data for each case
(Figure 4)

BIOTRANSFORMATION PROFILES

Univariate analysis of biochemical parameters for
selected low and high fatigue groups and graphical
representation of case distribution for selected
biochemical parameters
(Table 2 and Figure 5)

Fig 2. Schematic flow diagram for the analysis of clinical and biochemical data for exploratory biotransformation
profiling of samples from all fatigue patients.

https://doi.org/10.1371/journal.pone.0216298.g002
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Fig 3. Distribution of all selected cases based on the individual scores in terms of 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 (green), mild fatigue (orange), mainly energy fatigue (blue), mainly mental fatigue (open circles), and high
energy and mental fatigue (red).

https://doi.org/10.1371/journal.pone.0216298.g003

An explorative comparison of the original data for the low fatigue group with the four other
fatigue groups implies some trends based on the mean values, whereas the trends based on the
untransformed data from the 576 patients do not prove to be significant (p > 0.05). The main
trends observed are: (1) Somewhat lower phase I biotransformation (caffeine clearance) in
both the Mainly Energy Fatigue [0.61% (SD = 0.53)] and Mainly Mental Fatigue [0.56% (0.45)]
groups relative to the Low Fatigue [0.64% (0.59)] group. (2) This trend also seems to prevail
for phase II biotransformation. (3) The antioxidant capacity in the Mainly Mental Fatigue
[FRAP = 396 pmol/l (SD = 110); GSHt = 895 pmol/l (180)] group seems to be better than in
the Low Fatigue [FRAP = 351 umol/l (SD = 81); GSHt = 860 pmol/l (182)] group, which is
reflected in apparent less oxidative stress in the Mainly Mental Fatigue [ROS = 103 pmol/I
(SD = 38); catechol = 10 umol/l (7) ] than in the Mainly Energy Fatigue [ROS = 110 pmol/I
(SD = 39; catechol = 13 pmol/l (SD = 14)] groups.

To explore these trends further, statistical clusters from the data were formed to identify
potential associations between the biochemical measures and fatigue scores, for which two strat-
egies were considered: (1) using factor analysis to identify any underlying structure in the bio-
chemical measures observed, and (2) using a CHAID analysis to refine the 5 fatigue groups. The
factor analysis of the Z-scores of the log.-transformed data suggested that 8 factors showed a
strong underlying relationship among the biochemical data and some ratios between the
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Table 1. Descriptive statistics of the biochemical variables and their manifestation across the original data for the five fatigue groups.

Biochemical Measure Mean (SD)
Low Fatigue Mild Fatigue High Energy & Mental Fatigue Mainly Energy Fatigue Mainly Mental Fatigue
(N=117) (N =196) (N =130) (N =107) (N =26)
1. Caffeine Clearance Test
Phase [ 0.64 0.66 0.60 0.61 0.56
(0.59) (0.53) (0.53) (0.53) (0.45)
2,5-DHBA 28.02 25.51 29.37 31.20 32.94
(23.68) (22.62) (20.56) (63.41) (31.1)
2. Acetaminophen Challenge Test
Glucuronidation 27.89 29.95 30.53 31.22 26.15
(13.19) (15.91) (15.15) (15.44) (10.89)
Sulphation 17.35 17.32 17.51 15.82 15.44
(8.38) (8.13) (8.93) (7.65) (6.45)
Glutathione 1.56 1.73 1.74 2.50 1.48
Conjugation (0.86) (1.02) (1.27) (6.09) (0.82)
3. Acetylsalicylic Acid Challenge Test
Salicyluric acid 10.48 12.16 11.25 11.39 10.02
(5.37) (7.25) (5.51) (5.6) (5.06)
4. Variables Related to Oxidative Stress
Catechol 13.41 13.75 12.99 13.34 10.31
(14.37) (24.14) (12.12) (14.43) (7.98)
2,3-DHBA 4.27 5.17 4.31 3.61 4.24
(4.82) (5.59) (4.42) (3.02) (5.26)
FRAP* 351.48 353.47 353.23 332.09 396.78
(81.35) (67.96) (63.68) (70.66) (110.53)
GSHt™* 860.89 876.88 873.47 846.50 895.68
(182.95) (181.19) (197.39) (174.23) (180.09)
ROS™* 107.25 109.64 106.88 110.72 103.75
(33.37) (39.44) (34.89) (39.74) (38.93)
5. Other
Uric acid 1.60 1.83 1.55 1.83 1.26
(1.16) (1.49) (1.31) (1.42) (0.73)
Creatinine 8.59 10.01 8.81 9.47 9.63
(6.1) (6.24) (6.14) (6.36) (6.75)
Total Acylcarnitine 5.36 5.15 4.76 4.55 3.88
(3.88) (3.65) (3.48) (2.96) (2.52)
Total Free Carnitine 4.75 4.83 4.43 3.57 3.10
(3.58) (4.77) (4.23) (2.19) (2.3)

* FRAP- Ferri reducing ability of plasma
"*GSHt- total red blood cell glutathione
***ROS- Reactive Oxygen Species

https://doi.org/10.1371/journal.pone.0216298.1001

variables, with Biofactor 8 consisting of only the total acylcarnitine/total free carnitine ratio.
The approach used for the factor analysis was adopted as the various metabolites were measured
on different scales. This analysis indicates the underlying relation between the components of
the factors and supports the selection of variables which we used for our biotransformation
instrument, The 7 biofactors which consist of more than one indicator, including our broad
interpretation, are:
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Biofactor 1: (Phase 1; Phase 1/Phase 1I glucuronidation ratio); Phase 1/Phase Il sulphation
ratio; Phase I/Phase II glycination ratio). This biofactor refers to phase I activation in relation
to the measured phase II conjugation reactions.

Biofactor 2: (Phase II glucuronidation, sulphation, mercapturation and glycination). These
four variables indicate a strong underlying relationship between the four phase II conjugation
reactions.

Biofactor 3: (Creatinine and uric acid). The mean urinary creatinine and uric acid excre-
tions in the patients with gout were reported to be significantly increased as compared with
those of normal controls[40], but this link is unlikely to be associated with fatigue.

Biofactor 4: (Total free carnitine and total acyl carnitine). These two variables are important
indicators of fatty acid metabolism and whether enough free carnitine is available to transport
long-chain fatty acids across the mitochondrial membrane. They may indicate a redox
imbalance.

Biofactor 5: (Catechol, 2,3-DBHA and 2,5-DBHA). These three metabolites are formed fol-
lowing the acetylsalicylic acid challenge, as indicated in Fig 1, with catechol and 2,3-DBHA
formed through free radical mechanisms (indications of oxidative stress) and 2,5-DHBA
through phase I, catalysed by a different CYP450 isozyme from in the caffeine challenge.

Biofactor 6: (Uric acid and uric acid: creatinine). Creatine phosphate is catabolized to creat-
inine in ATP depletion, which may cause accelerated urate synthesis.

Biofactor 7: (ROS; FRAP; GSHt). The combination of these three variables indicates an
obvious relation between antioxidant capacity (endogenous GSH and an experimental mea-
sure of antioxidant capacity through FRAP) and reactive oxygen species (ROS).

Studies on human liver microsomes indicated the formation of both 2,3- and 2,5-DHBA
from salicylic acid (Biofactor 5), but apparently only 2,5-DHBA is produced by the microsomal
fraction challenged through aspirin. Catechol, the third member of Biofactor 5, is a secondary
product likewise resulting from a free radical reaction. A comparison between the clinical and
biochemical data indicates that the canonical correlation between two sets of variables from
the clinical data was high for the 22 items from the PFS and from the MSQ (0.789 for 15 items
and 0.048 for the 75 sub-items), but not so for the correlations with the biochemical factor
data [PFS (22 items) and biochemical factors (8 items): 0.299; MSQ (15 scores) and biochemi-
cal factors (8 items): 0.598; MSQ (75 sub-items) and biochemical factors (8 items): 0.484].

Subsequently, the data were subjected to a CHAID analysis, used as a classification instru-
ment and for detection of interaction between the PFS grouping, on the one hand, and MSQ
and the biochemical variables, on the other hand. CHAID classification is based on Bonfer-
roni-adjusted significance testing and is a type of decision tree. Like other decision trees,
CHAID’s advantage is that its output is highly visual and easy to interpret. The visual model
(Fig 4) clearly highlights how the medical profiles and metabolic features correspond to spe-
cific fatigue states.

Node 0 in Fig 4 shows that the highest percentage of the 576 individuals (34%, 196 women)
experienced mild fatigue whereas (22.6%, 130) experienced high fatigue. Based on the MSQ
overall score, the CHAID analysis next subdivided the individuals into 5 nodes (nodes 1-5).
On the two extremes of the MSQ score (< = 28 and 147), 70% of the 60 cases in node 1 experi-
enced low fatigue whereas 61.4% of the 57 cases in node 5 experienced high energy and mental
fatigue. The next subdivision produced 9 nodes (nodes 6-14). The biochemical variables
assigned to this subdivision were creatinine (in the mild fatigue node 2; MSQ 28-55), total free
carnitine (in the mild fatigue node 3; MSQ 55-90) and 2,5-DHBA (in the energy and mental
fatigue nodes 4 and 5; MSQ 90-147 and MSQ >147). 2,5-DHBA is of special interest as a dis-
criminator between mild and high energy and mental fatigue. The high fatigued state is
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Fig 4. CHAID analysis of the 576 selected cases over 5 fatigue groups (colour code as in Fig 2), incorporating the data from the biochemical
and MSQ score analysis.

hitps://doi.org/10.1371/journal.pane.0216298.9004

associated with levels of 2,5-DHBA >3.067 (node 12). Node 12 is further subdivided into
nodes 15 and 16, where 81 of the 139 cases in node 12 displayed glycine conjugation values
>34.38.

Finally, we investigated the biochemical data of a low and high fatigue group, based on the
CHAID classification. The low fatigue group consisted of 37 cases, having PFS <4.0 for energy
as well as mental fatigue and a score from the MSQ < 28. The high fatigue group also com-
prised 37 subjects, having PFS >7.0 for energy as well as mental fatigue and a score from the
MSQ >147. We used the original data through a parametric analysis for determination of
mean group values and the fold changes (FC), and the transformed data for determination of
significance, expressed as p-values and effect sizes (ES), shown graphically for important vari-
ables in Fig 5.
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Fig 5. Graphs showing potentially important metabolites for the low and high fatigue groups, selected according
to the CHAID classification. Indicated in the figure are: Patients with low fatigue (graphs to the left) relative to those
with high fatigue (graphs to the right) in each panel. Values for all individual cases are shown as dots, whereas the
squared area represents the 95% confidence interval (orange) and one standard deviation (blue) about the mean (red
line). Fold change (FC) measures are indicated for the low relative to the high fatigue groups, and were determined
from the original experimental data. The statistical and practical significance of differences (p-values and ES) were
calculated from the transformed data. The respective p, ES and FC values shown in Fig 5 were calculated as mentioned
above, but all data points in these figures represent the original experimental values.

https://doi.org/10.1371/journal.pone.0216298.g005

The graphical data indicate that phase I biotransformation was comparable between the low
and high fatigue groups (Fig 5A and 5B). The mean percentage detoxification observed from
the three biotransformation modes following the acetoaminophen challenge (27.89:17.53:1.53%
recovery and 30.53:17.52:1.74% recovery for glucuronidation:sulphation:mercapturation for the
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low and high fatigue groups as shown in Table 1), resembles the detoxification profiles reported
in the literature (glucuronidation > sulphation > mercapturation) [35]. Moreover, the acetoa-
minophen challenge clearly indicated that phase II glucuronidation (Fig 5C) was significantly
increased in the high fatigue group (FC = +1.23; p = 0.02), with practical significance

(ES = 0.54). Phase II sulphation did not differ between the low and high fatigue groups (FC =
+1.01), but Phase Il mercapturation was somewhat increased (FC = +1.10) in the high fatigue
group (Fig 5D and 5E, respectively). Salicyluric acid excretion following the salicylic acid chal-
lenge was significantly higher (FC = +1.18; p = 0.00) in the high than in the low fatigue groups
(Fig 5F), which also appears to be practically significant (ES = 0.58). The statistical metrics
shown for FRAP (Fig 5E) and 2,3-DHBA (Fig 5F) resemble the trends observed for these values
as shown in Table 1. Taken together, these results support the factor analysis which indicated a
strong underlying relationship between phase I and II biotransformation (Biofactor 1), between
the four modes of phase II biotransformation (Biofactor 2) as well as on the relation between
high antioxidant capacity and low oxidative stress (biofactors 5 and 7).

With regard to the remaining supplementary biochemical measurements, we observed a
decrease in the total acylcarnitine within the high fatigue group (FC = -1.25; p = 0.06), which
may be interpreted as being practically significant (ES = 0.41). Likewise, the free carnitine also
appeared to be lower in the fatigue group, as suggested by the proposed relation between these
variables by the factor analysis (Biofactor 4). Finally, the proposed relation between uric acid
and creatinine (Biofactor 3) was not statistically informative (FC = +1.04; p = 0.97 and FC = -
1.05; p = 0.76), although biochemically relevant.

Discussion

In this cohort study, we used two qualitative instruments (MSQ and PFS) and quantitative
data (biochemical measurements) on 576 women found to suffer from periodic or chronic
fatigue with no definitive tests or findings to establish a clinical diagnosis. Although the revised
PFS that we used [36] was designed as a measure of fatigue in women with breast cancer, the
scale was previously reported to be successfully used for different population groups [41][42]
[43] and the results presented here indicate that the revised PFS also provide a measure of
fatigue. The state of fatigue in the patient group appeared to be highly diverse, but could be
divided into five well-defined categories based on the fatigue scores from low to high. The
structure of the measurements appeared to be represented by a bi-factor model (designated
Energy Fatigue and Mental Fatigue), for which the reliability derived from the statistical analy-
ses of the data proved to be high (Cronbach’s Alpha of 0.974 and 0.971 for the Energy and
Mental Fatigue factors, respectively). This provides evidence that the four subscales of the PFS
may represent distinct aspects of the fatigue experience as reported by patients with the condi-
tion, supported by the different trends in the biotransformation profiles observed for the
Mainly Energy Fatigue and the Mainly Mental Fatigue groups (Table 1). A comparison of the
clinical and biochemical data indicates that the canonical correlation between two sets of clini-
cal variables was high (Cronbach’s Alpha = 0.789 for 15 main items of the MSQ) with smaller
correlations with the original biochemical and factor data. Nevertheless, 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 vari-
ables (Fig 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
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Table 2. Selected studies on the association between biotransformation of xenobiotics and genetic polymorphisms in the GLYAT gene.

PUBLICATION"

Badenhorst et al.

[44)

Van der Sluis et al.
[45]

Van der Sluis et al.
[47]

Nortje et al.[48]

POLYMORPHIC VARIANT(S) AND RELEVANT INFORMATION
ABOUT GLYCINE N-ACYLTRANSFERASE (GLYAT, EC 2.3.1.13)

A review paper in which:

1. It is argued that the major role of glycine conjugation is to dispose of
the end products of phenylpropionate metabolism.

2. Genetic variation in the human GLYAT gene can influence the enzyme
activity of a bacterially expressed recombinant human GLYAT.

3 The effects of six SNPs on enzyme indicated that the variant with the
highest enzyme activity had the highest allele frequency, and that those
with negative effects on enzyme activity occur very rarely.

4, The primary purpose of glycine conjugation is the detoxification of gut
microbial benzoate and benzoyl-CoA, as illustrated through a schematic
representation of the glycine conjugation pathway.

Site-directed mutagenesis was used to generate six non-synonymous SNP
variants of the enzyme (K16N; S17T; R131H; N1568; F168L; R199C). The
enzyme activities of the K16N, S17T and R131H variants were similar to
that of the wild-type, whereas the N156S variant was more active, the
F168L variant less active, and the R199C variant was inactive. An E227Q
mutant, which lacks the catalytic residue proposed by Badenhorst et al.
[46] was also synthesized.

With the exception of the South African Afrikaner Caucasian population
(5156-86.9%; L615156-10.7%), only two haplotypes namely S156 and
T178156, were identified in all populations as having the highest haplo-
type frequencies (70% and 20% respectively).

A challenge test was done in the presence of two single nucleotide
polymorphisms (SNPs) of the GLYAT gene with the highest allele
frequencies across available global population data, namely theN156S
(rs675815) and S17T(rs10896818).

OBSERVATION / INTERPRETATION

1. In humans the glycine N-acyltransferase enzyme (GLYAT) is
important for biotransformation of xenobiotics which have a
carboxylic acid group

2. Benzoate is potentially much more toxic than initially anticipated.

1. The finding that SNP variations in the human GLYAT gene
influence the kinetic properties of the enzyme may explain some of
the inter-individual variation in glycine conjugation capacity.

1. This supports a previous suggestion that the S156 haplotype
should be considered as the wild-type sequence.

2. The results in this study indicate that the GLYAT-OREF is highly
conserved.

1. All individuals (n = 10) were homozygous in this polymorphic
region,

2. Haplotypes which may have a negative impact on enzyme activity
were present at very low frequencies.

"~ All of these listed publications came from our research group which has published a number of papers on glycine N-acyltransferase

Although these polymorphisms may contribute to inter-individual variation, the challenge tests incorporated variation coming from the availability of conjugation

substrate (glycine), Coenzyme A sequestration and Adenosine Triphosphate (ATP) for xenobiotic activation to the corresponding CoA-derivative.

Measuring the effect of known polymorphisms on Phase II biotransformation falls beyond the scope of this research but warrants further investigation.

https://doi.org/10.1371/journal.pone.0216298.t1002

that biotransformation and associated energy-derived parameters are indicative of undefined
chronic fatigue observed in the patient group.

However, some limitations by focusing primarily on the results of statistical analysis need
to be taken into account. Firstly, there is compelling evidence that the genes for glucuronidase
(EC 3.2.1.31), sulphotransferase (EC 2.8.2.1) and glutathione-S-transferase (EC 2.5.1.18) are
highly polymorphic. Likewise single nucleotide polymorphisms (SNPs) and copy number vari-
ations (CNVs) have been extensively reported for phase II genes. Each of these genetic aberra-
tions affects the individuals’ Phase II biotransformation status in general, and may specifically
be implicated in the acetoaminophen challenge used here, but this highly complex field was
taken into account in the current manuscript. By contrast, we have previously reported on the
genetic variation for the gene coding for glycine-N-acyl transferase (E.C. 2.3.1.13), involved in
biotransformation of acetylsalicylic acid. Our main previous observations in this regard, are

summarized in Table 2.

In our review [44] we argued that the major role of glycine conjugation is disposal of the
end products of the gut microbiome, like those derived from polyphenols and phenylpropio-
nate metabolism. Natural substrates for glycine conjugation would thus include benzoate,
4-hydroxybenzoate, 3-hydroxybenzoate, 4-aminobenzoate, and salicylate. Glucuronidation
would not be ideal for the detoxification of these substances, although glucuronidated salicy-
late conjugates were observed in urine following aspirin dosing [49]. These substances were
not detected in our analysis. However, significant inter-individual variation does exist in
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glycine conjugation capacity. To investigate the influence of SNPs in the GLYAT coding
sequence on enzyme activity, we expressed and characterized a recombinant human GLYAT
and introduced site-directed mutagenesis to generate six non-synonymous SNP variants of the
enzyme [45]. The enzyme activities of the three variants were similar to that of the wild-type,
one variant was more active, one less active, and one was inactive. Although these findings sug-
gest that SNP variations in the human GLYAT gene may influence the enzymatic kinetic prop-
erties to account for inter-individual variation, our subsequent study [47]indicated that the
GLYAT open reading frame (ORF) from a cohort of 1537 South African Afrikaner Caucasians
appeared to be highly conserved, supporting the hypothesis that the glycine conjugation path-
way is an essential detoxification pathway. It thus seems that genetic variability in the GLYAT
gene did not compromise the observed biotransformation profiles following the salicylate
intervention. Finally, we quantified the urinary excretion of p-aminohippuric acid over a
period of ten hours in ten human volunteers following a p-aminobenzoic acid (PABA) chal-
lenge test[48]. All of the participants were able to metabolize PABA to such an extent that the
product profile showed no further excretion of PAHA after 10 h, although considerable time
dependent inter-individuality occurred. It thus appears that variations in the amounts of
PABA conjugated to glycine may be attributed to factors like absorption (Phase 0), metabolism
(Phase II) and excretion (Phase III), each phase with its own limiting factors which were call
for a study in its own right for elucidation. Not-with-standing these limitations, the present
study show how the analysis and integration of a wide-range of parameters can lead to the
selection of both known and new indicators of biotansformation. Three observations emerged
from the fatigue and the biochemical measurements in our patient group.

First, both the original and the transformed data indicate no significant difference between
low and high fatigue groups for phase I transformation (Table 1 and Fig 5A and 5B). The ability
to clear caffeine following the challenge is an indicator of the detoxification capacity of the
hepatic Phase I pathway and is a recognized method to assess liver function and especially
Phase I biotransformation via the CYP1A2 isoenzyme [50][51]. CYP1A2 contributes to the
inactivation of several common drugs and dietary constituents, including acetaminophen([52].
The administration of a combination of challenge substances as used here, exclude measure-
ment of different Phase I cytochrome P450 enzyme reactions simultaneously. However, Phase 1
biotransformation chemically modifies exogenous substances (caffeine, acetoaminophen and
salicylic acid as used here) through the inducible CYP450 mixed function oxidase system, ren-
dering them with improved ability for excretion (caffeine derivatives) or for phase II transfor-
mation catalysed by conjugation enzymes (glucuronidase, glutathione-S-transferase and
sulphotransferase). The preferred detoxification modes in our patient group operated, however,
through phase II glucuronidation (Fig 5C: the acetoaminophen challenge) and phase II glycina-
tion (Fig 5F: the salicylic acid challenge). Glucuronidation is a fairly common mode of detoxifi-
cation, given the abundance of required co-factors and ubiquitous nature of these transferases
[53], whereas our recent kinetic study on human GLYAT indicated that glycination is observed
over a range of substrate concentrations as well as over a lengthy span of time to facilitates opti-
mal detoxification [54]. The kinetic study also supports the observation of elevated excretion of
salicyluric acid, the glycine conjugate of salicylic acid, in the high fatigue group, which points to
an upregulated GLYAT enzyme system and subsequent greater usage of ATP for substrate acti-
vation [41]. Taken together, we propose that these findings suggest a possible causal relationship
between high exposure to some xenobiotic substance(s) or environmental condition, upregu-
lated and chronic phase II detoxification, ATP consumption and fatigue.

Second, differences in the profiles of 2,3-DHBA and ROS appear to implicate oxidative
stress in patients who experience fatigue strongly with energy factors (the Mainly Energy
Fatigue group), whereas patients more inclined to mental fatigue (the Mainly Mental Fatigue
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group) appeared to possess better antioxidant protection (FRAP and GSHt). Although mito-
chondrial dysfunction is recognized as the immediate cause of CFS symptoms like severe
fatigue, a direct link to oxidative stress remains elusive [55], although increased oxidative stress
remains a regularly observed condition in fatigue patients.

Third, the statistical metrics of biotransformation parameters for idiomatic fatigue, as
shown here, do not comply with the requirements of diagnostic biomarkers [56] as defined for
monogenetic or clinically well-defined diseases (e.g. significance [low (<0.001) p values], mea-
sures of sensitivity and specificity with high confidence intervals and validation outcomes).
These biotransformation profiles underline the unique phenotypic/genetic response of indi-
vidual humans towards endogenous or exogenous stressors, like toxicants. Moreover, depend-
ing on their chemical nature, some toxicants tend to bioaccumulate in the body and become
stored in tissues or remain in serum [57], which most likely generates a polygenetic response
in these individuals. These perturbed health profiles suggest the basis for a personalized
approach to the treatment of fatigue patients, phrased as a “pragmatic clinical management”
[58] in subjects with toxicant-related conditions, such as general and persistent fatigue.

The nuclear factor, erythroid 2-related factor 2-antioxidant response elements (Nrf2-ARE) as
well as the androstane receptor (CAR) and pregnane receptor (PXR) are activated by a variety of
endogenous and exogenous ligands[59][60] and are major determinants of phase II gene induc-
tion, so that upregulated phase IT enzymes [61] may be promising targets for the treatment owing
to their potent ability to detoxify harmful compounds and to combat ROS and oxidative stress.
However, there is a dearth of clinical trials on inducers of Nrf2 and biotransformation through
phase II involvement, which may be attributed to several concerns that preclude their translation
to the clinic [62]. Nevertheless, an individualized approach implicating the application of biotrans-
formation has been proposed by Sears and Genius [58], which we here extend, based on our
observations made over several years of involvement with fatigue and biotransformation:

(a) Perform a comprehensive history to reasonably identify past and present xenobiotic
exposures, while including clinical information similar to the present MSQ and PFS;

(b) apply the present broad-based biochemical instrument as a first approximation on the
biotransformation status of the individual case;

(c) define a clinical approach to institute personal health-related treatment strategies
directed towards the individual case.

The approach proposed here is very similar to that suggested by Beger et al. [63], in which a
metabolite profile, clinical and lifestyle data were combined in a predictive patient profile,
resulting in better patient stratification which facilitates personalized treatment and minimize
the risk of the traditional treatment-failure approach. This precision medicine approach is fast
gaining ground and has been described in a number of recent publications [64][65][66][67]
[68]. Incorporation of genomic data is part of our research unit’s future planning involving
integration of genetic and metabolic profiles. According to Contrepois et al. [69], this
approach and metadata (such as nutritional background, exercise and medical records) will
allow the detection of early signs of aberrant biotransformation and will result in nutrition/life-
style recommendations and efficient drug treatments and complements. Finally, our results
have a direct bearing on the recent alert by the World Health Organization (WHO) regarding
chronic non-communicable diseases. We believe that our contribution could be an important
step towards unraveling a very complex syndromic phenomenon.
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7.3 Supplementary Information

7.3.1 Patient Selection

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).

7.3.2 Informed consent

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.

7.3.3 Statistics

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|20.5). 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
.087* -0.01194 .102* 0.018704
MSQ
(0.038) (0.775) (0.014) (0.654)
.100* 0.021687 .104* -0.02876
PFS_Energy
(0.016) (0.604) (0.013) (0.491)
0.041353 -0.01059 0.048559 -0.04974
PFS_Mental
(0.322) (0.8) (0.245) (0.233)
o .109** .118** 0.064068 -.391**
Creatinine
(0.009) (0.005) (0.125) (<0.0001)
) _ .115% 0.067687 .095* -.229**
Uric acid
(0.006) (0.105) (0.023) (<0.0001)
) _ o ) 0.011711 -0.06503 0.046541 .268**
Uric acid: creatinine ratio
(0.779) (0.12) (0.265) (<0.0001)
-.190** -0.05849 -.180** -0.03502
Phasel
(<0.0001) (0.162) (<0.0001) (0.401)
o -0.04875 -0.02834 -0.03723 =172
Glucuronidation
(0.243) (0.498) (0.372) (<0.0001)
) -.130** -0.02934 -.125** -0.03816
Sulphation
(0.002) (0.483) (0.003) (0.361)
] 0.012653 0.034901 -0.0063 -.100*
Mercapturation
(0.762) (0.404) (0.88) (0.016)
] ) ) 0.005995 0.020809 0.008096 -.121**
Salicyluric acid (SAU)
(0.886) (0.619) (0.846) (0.004)
-.091* -0.05782 -0.0605 .120**
Catechol
(0.028) (0.167) (0.147) (0.004)
-.229** -.146** -.166** 0.02523
2,3 DHBA
(<0.0001) (<0.0001) (<0.0001) (0.546)
-.222%* -.149** -.176** -0.01479
2,5 DHBA
(<0.0001) (<0.0001) (<0.0001) (0.723)
.153** -0.03165 172%* -.124**
ROS
(<0.0001) (0.449) (<0.0001) (0.003)
-0.02681 -0.02766 -0.02214 -0.03182
FRAP
(0.521) (0.508) (0.596) (0.446)
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Spearman's Rho Correlation r (p-value)

Weight Height BMI Age
) 0.042577 .110%* 0.006483 -0.05794
Total red blood cell glutathione
(0.308) (0.008) (0.877) (0.165)
N .119%* 0.004537 .120%* .156**
Total free carnitine
(0.004) (0.914) (0.004) (<0.0001)
N 0.027041 -0.05035 0.047406 0.061815
Total acyl carnitine
(0.517) (0.228) (0.256) (0.138)
Ratio total acyl carnitine: total free -.164* -.096* - 126 - 170™
carnitine (<0.0001) (0.022) (0.003) (<0.0001)
. -.127%* -0.05512 - 111** -0.00755
Phasel sulfation
(0.002) (0.187) (0.008) (0.857)
o -.167** -0.06549 -.163** 0.030533
Phasel glycination
(<0.0001) (0.117) (<0.0001) (0.465)
o -.142%* -0.06849 -.120** 0.04645
Phasel glucuronidation
(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 (*H 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 (*H-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 *H-NMR bins for the low (control) and high
(patient) fatigue groups indicated complete separation following the detoxification experimental
challenge. Important bins identified from the *H-NMR spectra provided quantitative metabolite

information on the detoxification challenge for the fatigue groups.
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Untargeted *H-NMR metabolomics proved its applicability as a global profiling tool to reveal the

Conclusions

impact of toxicological interventions in chronic fatigue patients. No clear potential biomarker
emerged from this study, but the quantitative profile of the phase Il biotransformation products
provides a practical visible effect directing to up-regulation of crucial phase Il enzyme systems
in the high fatigue group in response to a high xenobiotic-load.

Keywords
Chronic fatigue; Detoxification challenge test; Piper fatigue scale; 'H-NMR metabolomics;
Phase Il biotransformation.

Concise and informative title: Metabolomics and chronic fatigue

8.2.1 Introduction

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 hon-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-iliness 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
fiboromyalgia 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 (‘H-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 *H-
NMR spectral data, produced prior to and following the intervention. Important bins identified
from the *H-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.

8.2.2 Materials and methods

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-Al).
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 Sl 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 Sl 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 -20°C 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 -20°C as well (Post-sample).

8.2.2.3 'H-NMR analysis

A volume of 600 pL of urine was centrifuged at 12 000 g for 5 minutes. Of the supernatant, 540
pL was collected in a microcentrifuge tube, with 60 pL 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 pL of

supernatant was transferred to a 5mm NMR tube for analysis.

Samples were measured, randomized, at 500MHz on a Bruker Avance Il HD NMR
spectrometer equipped with a triple-resonance inverse (TXI) *H{15N, 13C} probe head and x, v,
z gradient coils. *H 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 H,O resonance
was presaturated by single-frequency irradiation during a relaxation delay of 4s, with a 90°
excitation pulse of 8us. 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
gquantification. 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.].

8.2.3 Results

8.2.3.1 CQualitative metabolomics information following the hepatic challenges.

The qualitative data was obtained from the original 459 'H-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 R?(Y) of the PLS-DA models and its leave-one-out cross-validated counterparts Q*(Y),
some surety can be attainted. The R*(Y) and Q?(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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gquantitative 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: |log, 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 (Cl) for groups.
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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 'H-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 Il 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 | and phase Il 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 *H-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 *H-NMR spectra of CFS patients. Multiplicity: s — singlet; d — doublet; dd — double
doublet; m — multiplet; bs —broad singlet. ND = not determined.

Peak Metabolite name Chemical structure HMDB ID Chemical ® (ppm), multiplicity Chemical Atom(s)
assignment formula (J coupling) group
5 A~ 217s CH, 2
o B
A Acetaminophen )J\ )@g/ HMDB0001859 CgHgNO, 7._25 d (CH), 6,10
? K 10 (J=ND)
217s CHs; 21
3.62-3.89m (CH), 2,3,4,5
?.11 d CH 6
Acetaminophen- () =7.2H2)
A-G P HMDB0010316 C1aH17NOg
glucuronide 7.15dd (CH) 16.18
(J=6.8,9.1Hz) 2 :
7.36 dd
(J =6.8,9.1Hz) (CH). 15,19
) : //02 2.18s CHs 13
. ) s 8 3 ~¢ 7.31dd
AS Acetsetlrlr;)lﬁgtpehen )L B S o, HMDB0059911 CsHoNOsS (J =6.7,9.1Hz) (CH), 8,10
N 12 N X 1 3 745 dd
i (J = 6.7, 9.1H2) (CH). 711
S
S Salicylic acid o 77 om, HMDB0001895 C;HgsO3 6.97 m (CH), 4.6
’ s OH 4,
0 oH ™ 3 3.96 bs CH, 2
el Z]'(ll:g (CH), 10,12
. . . 7 N
SAU Salicyluric acid iy s . 2 o, HMDB0000840 CygHgNO, 7.49 m CH 11
7.79 dd
5 (J = Ha) 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.

Reference bin p-value Low High

Metabolite name
(max bin VIP) (effect size) Mean (SD) Mean (SD)

2.15 0.08 83.02 100.15
Acetaminophen
5 (7.1) (0.5) (34.4) (57.23)
< o
S 2 Acetaminophen- 2.19 0.08 465.18 573.63
£ E glucuronide (7.4) (0.66) (163.87) (355.05)
D o
2 Acetaminophen_ 2.17 0.95 330.56 330.86
sulphate (7.7) (20.001) (104.19) (117.66)
29 6.95 0.88 49.85 45.10
B E Salicylic acid
= % (4.4) (0.12) (40.89) (25.44)
(7]
=5 7.81 0.06 408.08 455.17
[ SAU
28 (10.1) (0.28) (169.07) (108.31)
5.19 0.06 22.53 2541
Glucose
" (2.4) (0.24) (12.15) (7.32)
=}
2 3.03 0.41 208.72 173.42
> Creatine
& (2.8) (0.22) (158.99) (142.63)
=
w 7.23 0.78 83.86 80.69
Tyrosine
(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=20.5)

8.2.4 Discussion

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 *H-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 | functionalization and phase Il conjugation. The
products of these reactions are often more hydrophilic and their final excretion from within the
cell is facilitated by phase Il (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 | enzyme (CYP2EL1) 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 Il 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 | and phase Il biotransformation. (3) All of the phase Il 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 8-2¢ 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 *H-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 Il 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 Il 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).

8.25 Conclusion

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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8.2.7 Declarations

8.2.7.1 Ethics approval and consent to participate

This study complied with all institutional guidelines of the North-West University as stipulated by
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
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(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.
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8.3 Supplementary Information

8.3.1 Patient procedures and selection

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

guestionnaire. 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).

8.3.2 Informed consent

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.

8.3.3  PLS-DA of eight substances selected

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.
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A. ‘ B.

PLSDA Pre vs Post Low (CI: 90%) PLSDA Pre vs Post High (Cl: 90%)

Pre
¢ Post

LV3 (X: 6% | Y: 1%)

5 4 LV2 (X: 14% | Y: 3%) 5 4 LV2 (X: 10% | Y: 2%)
LV1 (X: 58% | Y: 91%) LV1 (X: 60% | Y: 93%)

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.

8.3.4 Summary table of the clinical diagnosis
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
High 8.90 0.77
Energy 9.49
Low 1.61 0.75
High 8.44 0.90
Mental 7.52
Low 1.66 0.71

8.3.5 Table of a Pearson’s and a Spearman’s correlation test

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:

Pearson’s correlation Spearman’s rho correlation

coefficient coefficient
Measure

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
Sallicyluric 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:

e The diverse set of conditions that could contribute to the symptom of fatigue.

e 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

e 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

9.2.1 Introduction

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 1, 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 Il, 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 guestionnaires 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, 8 2.9 ()]:

“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 unigue challenges. The effectiveness of
phase | & phase Il biotransformation metabolism could only be assessed by implementing a
functional challenge test. This was achieved by using caffeine as a phase | challenge substance
while aspirin (acetyl salicylic acid) and paracetamol (acetaminophen) were the challenge
substances for phase Il. Phase | and Il analytical methods were also validated to prove their
applicability to routine laboratory analysis [Part Il, 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).

9.2.2 Biotransformation of xenobiotics

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 | and Il biotransformation
reactions. A contribution to a perspective on this complexity is presented in the expert review
presented in Part |, 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 Il 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 Il 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:

e Polymorphisms in the ACSM genes and disease association

e Substrate specificity of the ACSM ligases- is there an ACSM variant that preferentially
activates salicylate?

e The glycine conjugation pathway is not a one-step process (Van der Sluis & Erasmus,
2016).
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9.2.3  Chronic fatigue, the exposome and biotransformation

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, |
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 (Gémez-Lechén 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.

9.2.4  Comorbid clinical conditions in Chronic Fatigue:

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.
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Pain and/or
sensory

Chronic Fatigue Syndrome (CFS)
* 1% of population
« Fatigue and 4 of 8 “minor criteria”

Psychiatric Disorders
* Major depression

+ Irritable bowl (IBS) amplification + OCD

* Interstitial cystitis / Painful * Bipolar
bladder syndrome * PTSD

* TMJD * GAD

* |diopathic low back pain » Panic attack

* Tension HA

* Vulvodynia

Somatoform Disorders

* 4% of population

* Multiple unexplained
symptoms - no “organic”
findings

LBP = low back pain; TMD = temporomandibular disorders.
Clauw and Chorousos. Neuroimmunomodulation. 1997;4:134-53

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
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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

Pearson’s Correlation Spearman’s rho Correlation
Coefficient Coefficient
Measure
PFS Energy PFS Mental PES Energy PFS Mental
Acetaminophen glucuronide 0.1127 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, 8§ 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
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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 @: lllustrates how creatinine divided node 3 into two new nodes, node 7 (<11.50
mmol/L creatinine) (n=76) and node 8 (=211.50 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.
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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 @: lllustrates 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 (nhode 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 |,

Chapter 2 82.5: 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
guestionnaires 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 | and phase Il 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
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Figure 9-4: The time-dependent excretion by different individuals (A-1) 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 Il 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
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
guestion 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).

[ _www.nature.com/scientificreports ]

SCIENTIFIC REPg}RTS

MtDNA population variation

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

Marianne Venter', Cara Tomas?, lise S. Pienaar**, Victoria Strassheim**, Elardus Erasmus?,
Wan-Fai Ng%5, Neil Howellf, Julia L. Newton*?, Francois H.Van der Westhuizen® &
Joanna L. Elson*”
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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

79

“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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Biotransformation and Oxidative Stress Status SOP

laboratory Centre for Human Metabolomics No:BOSS-
001

COLLECTION AND HANDLING OF SPECIMENS FOR Edition 7

BIOTRANSFORMATION AND OXIDATIVE STATUS

ASSESSMENTS

1. Samples required for the biotransformation and oxidative stress status assessment

1.1 Baseline urine collection
1.2 Two timed saliva samples
1.3 Ten-hour urine collection
1.4 Blood samples:

. 1 x EDTA tubes (purple top)
. 1 x SST tube (yellow top)

Blood samples are collected, after collection of urine and saliva samples, on the day that
the samples are delivered to the lab.

2. Sample collection & handling

2.1 Baseline urine sample

The following urine collection container is needed for the collection of baseline urine
samples

* 1 X 30 ml urine containers (Included in test kit)

*  Collect early morning baseline urine sample. All urine samples must be frozen as
soon as possible and kept frozen for 24 hours before sending to the
biotransformation and oxidative stress status laboratory. Send on dry ice.

2.2 Saliva samples for caffeine clearance test:

Two salivettes (cotton swap tubes) is needed for the collection of saliva samples (Included
in test kit).

Ensure that the patients name, and the time and date of saliva collection are written on
the sample containers (2 saliva collection tubes/salivettes). Remove the top cap of the
collection tube to expose the swab. Place swab directly into the mouth by tipping the
container so that the swab falls into the mouth (DO NOT TOUCH THE SWAB WITH
FINGERS). Keep the swap in the mouth for at least
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Biotransformation and Oxidative Stress Status SOP

laboratory Centre for Human Metabolomics No:BOSS-
001

COLLECTION AND HANDLING OF SPECIMENS FOR Edition 7

BIOTRANSFORMATION AND OXIDATIVE STATUS

ASSESSMENTS

five minutes. Roll the swab in the mouth, do not chew the swab. Place the swap back
into its container without touching, and replace the cap. Record the collection time, name
and date on the salivette tube. During the collection it is very important that the patient do
not to cough or clear their throat into the collection container. Remember no
consumption of coffee, tea, coke or chocolate is allowed during the caffeine
clearance test. All saliva samples must be frozen ASAP and kept frozen for 24
hours before sending to the biotransformation and oxidative stress status
laboratory. Send on dry ice with "KEEP FROZEN" sticker on cool box.

2.3 Ten-hour urine samples:

The following urine collection container are needed for the collection of 10-hour urine
samples

1 x 1L urine container (Included in test kit)

Ensure that the patient's name, time and date of urine collection are written on the
sample container. All urine samples must be frozen ASAP and kept frozen for 24
hours before sending to the biotransformation and oxidative stress status
laboratory. Send on dry ice with "KEEP FROZEN" sticker on cool box.

*  For shipping purposes, the collecting lab may aliquot the urine into 2 x 50ml
urine containers, AFTER the total volume of the 10-hour samples were
measured and noted on the patients form.

24 Blood samples for oxidative stress status and nucleotide analysis:
The following tubes are needed for the collection of blood samples (Not included in test
kit).
* 1x5mlSST tube (yellow top) * 1 x5 ml EDTA tube (purple top)

Ensure that the patients name, and the time and date of sample collection are written on
the sample containers.
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Important paper work to be completed

Biotransformation and Oxidative Stress Status SOP
laboratory Centre for Human Metabolomics No:BOSS-
001
COLLECTION AND HANDLING OF SPECIMENS FOR Edition 7
BIOTRANSFORMATION AND OXIDATIVE STATUS
ASSESSMENTS
211 Serum for oxidative stress status analysis:

*  Allow SST tube to coagulate for 30 minutes at room temperature. *  Centrifuge
serum for 10 minutes.

* Freeze at -20 °C ASAP and keep frozen for 24 hours before sending to the
biotransformation and oxidative stress status laboratory. Send on dry ice with
“KEEP FROZEN" sticker on cool box.

212 EDTA blood for oxidative stress status analysis:

Freeze the 5 ml EDTA tube (purple top) at -20 °C. Do not transfer the blood to an
eppendorf tube. Freeze the entire 5 ml tube ASAP and keep frozen for 24 hours
before sending to the biotransformation and oxidative stress status laboratory.
Send on dry ice with "KEEP FROZEN" sticker on cool box.

3. Sending of samples to the biotransformation and oxidative stress status laboratory at
the NWU

on cool box,
3.1 Samples should be send to the biotransformation and oxidative stress status laboratory
at the NWU for analysis as soon as possible.

3.2 The samples should reach the biotransformation and oxidative stress status
laboratory in a frozen state. Please send the samples on DRY ICE with "KEEP
FROZEN" sticker on cool box in order to keep them frozen. The samples cannot be
used for any analysis if it is thawed during transport.
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BIOTRANSFORMATION AND OXIDATIVE STATUS
ASSESSMENTS

Biotransformation and Oxidative Stress Status SOP

laboratory Centre for Human Metabolomics No:BOSS-
001

COLLECTION AND HANDLING OF SPECIMENS FOR Edition 7

3.3 Samples should preferably be send before Wednesday of every week, as there are no

personnel available on weekends to receive samples.

4. Shipping addresses and contact details
4.1 Shipping address: ATT: Carien Jacobs

Biotransformation and oxidative stress status laboratory (BOSS) Biochemistry - Building F3

North-West University (Potchefstroom campus) Hoffman Street
Potchefstroom South-Africa

4.2 Contact details: Me. Carien Jacobs (018) 299 2042
mej.cljacobs@gmail.com
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ANNEXURE B

BOSS Quality Control (QC) Procedure
FREQUENCY AND SUMMARY OF INTERNAL QUALITY CONTROL (1QC) of the BOSS laboratory.

e For every test performed, there is a system of 1QC (internal quality control)

¢ Non-conformances and corrective actions are documented, checked and stored.

e The standard protocols for all BOSS tests include the use of at least two quality control (QC)
samples, validation of the test results are dependent on these control results being within a
defined range.

e During transition phases from an old to a new series of IQC, duplicate assays are performed
for the new QC lots. Acceptable ranges (mean 1, 2 and 3sd) are established for the IQC
material on a minimum of 20 different assays.

e Internal Quality Control samples are assayed in the beginning, middle and end position of

each batch depending on how many samples are analysed.

The results of both sets of controls are recorded electronically and assessed against the Westgard
rules.

202



ANNEXURE

Example of the BOSS report




ANNEXURE

Detoxification & Oxidative Status Profile
Refering Dr.: Dr. XXXXX

Patient name: XXXXX
Lab number: XXXXX

Caffeine clearance

Glutathionation
% Recovery

Glycination
% Recovery

Sulfation
% Recovery

Glucuronidation

% Recovery

Total free carnitine

Total acylcarnitine

Acylcarnitine : free
carnitine

Phase I : Sulfation

Phase I : Glycination

Phase I Detoxification (Oxidation)

Phase II Detoxification (Conjugation)
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D.0.B: XXXXX
Gender: Female

Reference range:
0.5 - 1.6 ml/min/kg

Reference range:
56-114 %

Reference range:
30-53%

Reference range:
16 -36 %

Reference range:
27 - 56 %

Reference range:
0.6 - 5.1 mmol/mol creatinine

Reference range:
0.8 - 9.8 mmol/mol creatinine

Reference range:
<19

Reference range:
3.5-13.0

Reference range:
1.3-35

Reference range:

1.9-4.2



ANNEXURE

Detoxification & Oxidative Status Profile

Patient name:
Lab number:

FRAP

Total GSH

ROS

Catechol

2.3-DHBA

Creatinine

Uric acid

Uric acid : Creatinine

BMI

Filtrate volume

Detoxification metabolism is the body's method of eliminating harmful compounds that could influence normal metabolic
functions. These compounds could originate from the environment or as a result of normal or affected cellular
metabolism. The organ that is primarily responsible for detoxification metabolism is the liver where two distinct phases,
Phase I and II are involved in detoxification. Phase I changes the chemical character of toxins to enable Phase II to
transport the chemicals out of the body. Both these phases are driven by a number of enzymes and the effectiveness of
these reactions are challenged in the tests that we carry out. Phase I and II must function within certain ranges under

the detoxification challenge to ensure that toxins are eliminated. Phase I and II must also be in balance to prevent the

Refering Dr.:  XXXXX
D.0.B: XXXXX
Gender: Female

XXXXX
XXXXX

Antioxidant Status
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Commentary

accumulation of Phase I metabolites which may be harmful to the body.
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Reference range:
355.4 - 448.0 M

Reference range:
874.9 - 1025.9 uM

Reference range:

52.4 - 107.3 Units

Reference range:
3.4-69.8 yM

Reference range:
0.2-25uM

Reference range:
2.65 - 11.05 mmol/I

“Reference range:

0.62 - 1.86 mmol/|

“Reference range:

0.2-0.8

“Reference range:

18.5 - 29.9 kg/m?

“Reference range:

333 - 833 ml/10hours

"Calculated for 10hour urine
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Commentary (Continued)
In your case the test for Phase I detoxification displayed normal values. Glutathione conjugation tested low. This should

be treated with precursor supplementation. This compound is very important in the body's own antioxidant system.
Glycine conjugation tested normal. Sulphate conjugation tested low. This should be treated with precursor
supplementation. Glucuronic acid conjugation tested normal. Systemic free carnitine levels tested normal. Total
acylcarnitine levels tested normal. The acylcarnitine to free carnitine ratio tested high, which is an indication of high
carnitine demand-carnitine should be supplemented. The Phase I:Phase II ratio for sulphate conjugation tested normal.
The Phase I:Phase II ratio for glycine conjugation tested normal. The Phase I:Phase II ratio for glucuronic acid
conjugation tested low. The FRAP test values were low, indicating low total reducing capacity. Total glutathione levels
tested low, indicating limited antioxidant capacity from this source. The reactive oxygen species (ROS) tested within
normal levels. The catechol levels were within normal range. The 2,3 DHBA levels tested increased, indicating higher

than normal hydroxyl radical concentrations.

Disclaimer:

Information on this report is provided for informational purposes and is not meant to substitute for the advice provided by your own physician or other medical
professional. You should read carefully all product packaging. If you have or suspect that you have a medical problem, promptly contact your health care provider.
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Example of the Clinical report
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|Patient Name/Surname: XXXXX |
BOSS Lab.# XXXXX
Are you often tired? YES |
Piper Fatigue Scoring
# Numbers Items Grouping Score
1 2,3,4,5,6,7 6 Behavioral/Severity 8
2 8,9,10,11,12 5 Affective Meaning 10
3 13,14,15,16,17 5 Sensory 9
4 18,19,20,21,22,23 6 Cognitive/Mood 5
5 2 upto 23 22 PFS Overall Score 8
PFS Severity Codes:
0 None
1-3 Mild
4-6 Moderate
7-10 Severe
MSQ Scoring
# Grouping Toti
1 Head 12
2 Ears 0
3 Eyes 6
4 Skin 2
5 Nose 9
6 Heart 1
7 Emotions 10
8 Mind 0
9 Digestive track 7
10 Other 1
11 Mouth/Throat 3
12 Lungs 1
13 Energy/Activity 8
14 Weight 6
15 Joints/Muscle 7
MSQ Overall Score 73
IMSQStage of Toxic Progression:
0-36 Maintain
37-55 Early Toxicity
56 - 75 Slipping
>75 Destructive
10 or more in any 1 section Slipping
Medication:
Birth Control or HR:
Medical Condition:
Pt Comment/Symptoms:
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NORTH-WEST UNIVERSITY
YUNIBESITI YA BOKONE-BOPHIRIMA
NOORDWES-UNIVERSITEIT

Private Bag X6001, Potchefstroom
South Africa 2520

Tel: (018)299-4900
Faks: (018) 299-4910
Web: hitp://iwww.nwu.ac.za

Ethics Committee

Tel  +27 18 299 4850
Fax +27 18293 5328
Email Ethics@nwu.ac.za

19 February 2012

ETHICS APPROVAL OF PROJECT

The North-West University Ethics Committee (NWU-EC) hereby approves your project as indicated below. This implies that the
NWU-EC grants its permission that, provided the special conditions specified below are met and pending any other
authorisation that may be necessary, the project may be initiated, using the ethics number below.

Project title Biotransformation metabolism and oxidative status assessment

Project Leader: Mr E Erasmus

Ethics (N[W]uJ-ToJof1]o]2]-T1[2[-TATT]
. Institution Project Number Year Status
number' Status: § = Submission; R = Re-Submission; P = Provisional Authorisation; A = Autharisation
Approval date: 2013/02/18 Expiry date: 2018/02/18

Special conditions of the approval (if any). None

General conditions:

While this ethics approval is subject to all declarations, undertakings and agreements incorporated and signed in the application form, please
note the following:
o The project leader (principle in vestigator) must report in the prescribed format to the NWU-EC:
- annually (or as otherwise requested) on the progress of the project,
- without any delay in case of any adverse event (or any matter that interrupts sound ethical principles) during the course of the project.
 The approval applies strictly to the protocol as stipulated in the application form. Would any changes to the protocol be deemed necessary
during the c ourse of the proje ct, the project leader must apply for approval of these changes at the NWU-EC. Would there be deviated from
the project protocol without the ne cessary approval of such changes, the ethics approval is immediately and automatically forfeited.
» The date of approv al indicates the first date that the project may be started. Would the projec t have to continue after the expiry date, a new
application must be made to the NWU-EC and new approval received before or on the expiry date.
« In the intere st of ethical responsibility the NWU-EC retains the right to:
- request access to any information or data at any time during the course or after completion of the project;
~ withdraw or postpone approv al if:
- any unethical principles or practices of the project are re vealed or suspected,
- it becomes apparent that any relevant information was withheld from the NWU-EC or that information has been false or
misrepresented, ‘
- the required annual report and rep orting of adverse events was not done timely and acc urately,
-_new institutional rule s, national legislation or international conventions deem it necessary.

The Ethics Committee would like to remain at your service as scientist and researcher, and wishes you well with your project.
Please do not hesitate to contact the Ethics Committee for any further enquiries or requests for assistance.

Yours singerely

Prof Amanda Lourens
(chair NWU Ethics Committee)
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F.1 Publication | (Chapter 1)

Author permissions: The co-author (Rencia van der Sluis) of the paper titled
“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” had no objection to the use of the
paper, as presented in Chapter 1, as part of the thesis of Elardus Erasmus submitted for the
degree, Doctor of Philosophy in Biochemistry.

Author contributions: EE, RvdS

Conceptualization: RvdS, EE. Writing original draft: RvdS, EE. Writing — review & editing:
RvdS, EE.

F.2 Publication Il (Chapter 6)

Author permissions: None of the co-authors (Rencia van der Sluis, Vida Ungerer, Carla Nortje
or Alberdina A. van Dijk) of the paper titled “New insights into the catalytic mechanism of human
glycine N-acyltransferase” had any objection to the use of the paper, as presented in Chapter 6,
as part of the thesis of Elardus Erasmus submitted for the degree, Doctor of Philosophy in

Biochemistry.
Author contributions: EE, RvdS, VU, CN, AAvD

Conceptualization: RvdS, EE. Data curation: RvdS, VU, CN. Formal analysis: VU, CN. Funding
acquisition: RvdS, EE. Investigation: RvdS, VU, EE. Methodology: EE, RvdS, VU, CN. Project
administration: RvdS. Software: RvdS, VU. Supervision: EE, RvdS, AAvD. Writing — original
draft: VU. Writing — review & editing: EE, RvdS, VU, CN, AAvD.

F.3 Publication Il (Chapter 7)

Author permissions: None of the co-authors (Francois E. Steffens, Mari van Reenen, B. Chris
Vorster or Carolus J. Reinecke) of the paper titled “Biotransformation profiles from a cohort of
chronic fatigue women in response to a hepatic detoxification challenge” had any objection to
the use of the paper, as presented in Chapter 7, as part of the thesis of Elardus Erasmus

submitted for the degree, Doctor of Philosophy in Biochemistry.

Author contributions: Conceptualization: EE, BCV, CJR. Data curation: EE, FES, MvR, CR.
Formal analysis: EE, CJR. Funding acquisition: CJR. Investigation: EE, BCV, CR. Methodology:
EE, CJR. Project administration: EE, CJR. Software: FES, MvR. Supervision: BCV, CJR.
Writing — original draft: EE, FES, MvR, BCV, CJR. Writing — review & editing: EE, FES, MVR,
BCV, CJR.
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F.4 Manuscript Il (Chapter 5)

Author permissions: None of the co-authors (Francois E. Steffens or Carolus J. Reinecke) of
the manuscript titled “A statistical approach for the classification of chronic fatigue cases, based
on large and diverse data sets” had any objection to the use of the paper, as presented in
Chapter 4, as part of the thesis of Elardus Erasmus submitted for the degree, Doctor of
Philosophy in Biochemistry.

Author contributions: EE interacted with the physicians, collected the clinical information and
compiled all data from the PFS and MSQ; EE collected all biofluid samples in collaboration with
pathology laboratories and generated the experimental biochemical data from these samples;
FES proposed the statistical methodology used, conducted all statistical analyses and wrote the
original version of this paper; CJR coordinated and supervised the process. All authors
contributed to the development of the paper and approved the final version.

F.5 Manuscript lll (Chapter 8)

Author permissions: None of the co-authors (Shayne Mason, Mari van Reenen, Francois E.
Steffens, B. Chris Vorster, Carolus J. Reinecke) of the manuscript titled “A laboratory approach
for characterizing chronic fatigue: What does metabolomics tell us?” had any objection to the
use of the paper, as presented in Chapter 8, as part of the thesis of Elardus Erasmus submitted

for the degree, Doctor of Philosophy in Biochemistry.
Author contributions: EE, SM, MVR, FES, BCV, CJR

EE was responsible for the experimental design on fatigue in the cohort of patients, interaction
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 *H-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
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.
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G.1. Public Library of Science since (PLOS) One

PLOS ONE is a open access, peer reviewed journal:

Scope of the journal: PLOS ONE is the journal of choice for authors who want their research to be
available to all, immediately and without restriction. Articles are highly discoverable and
accessible to researchers both in and outside of their discipline. Their active press program
places articles in high profile global media outlets such as the Huffington Post (67 mentions in
2018), National Geographic (87 mentions in 2018), and Scientific American (46 mentions in
2018).

Impact factor: 3.167

Additional information available at Springer website:

https://journals.plos.org/plosone/s/journal-information

G.2. Metabolomics

Metabolomics is a peer reviewed scientific journal:

Scope of the journal: Metabolomics is an indispensable platform for researchers using new post-
genomics approaches, to discover networks and interactions between metabolites,
pharmaceuticals, SNPs, proteins and more. Its articles go beyond the genome and metabolome,
by including original clinical study material together with big data from new emerging
technologies.

Impact factor: 3.167

Additional information available at Springer website:
https://link.springer.com/journal/11306

G.3. Journal of biochemical and molecular toxicology

The Journal of Biochemical and Molecular Toxicology is a peer reviewed journal:

Scope of the journal: The Journal of Biochemical and Molecular Toxicology is an international
journal that contains original research papers, rapid communications, mini-reviews, and book
reviews, all focusing on the molecular mechanisms of action and detoxication of exogenous and
endogenous chemicals and toxic agents. The scope includes effects on the organism at all stages
of development, on organ systems, tissues, and cells as well as on enzymes, receptors,
hormones, and genes. The biochemical and molecular aspects of uptake, transport, storage,

excretion, activation and detoxication of drugs, agricultural, industrial and environmental
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chemicals, natural products and food additives are all subjects suitable for publication. Of
particular interest are aspects of molecular biology related to biochemical toxicology. These
include studies of the expression of genes related to detoxication and activation enzymes,
toxicants with modes of action involving effects on nucleic acids, gene expression and protein

synthesis, and the toxicity of products derived from biotechnology.

Impact factor: 3.167

Additional information available at Wiley website:
https://onlinelibrary.wiley.com/page/ journal/10990461/homepage/forauthors.html

G.4. Expert opinion on drug metabolism & toxicology

Expert Opinion on Drug Metabolism & Toxicology is a MEDLINE-indexed, peer-reviewed,
international journal publishing review articles on all aspects of ADME-Tox. Each article is

structured to incorporate the author’s own expert opinion on the scope for future development.

Scope of the journal: The Editors welcome: Reviews covering metabolic, pharmacokinetic and
toxicological issues relating to specific drugs, drug-drug interactions, drug classes or their use in
specific populations; issues relating to enzymes involved in the metabolism, disposition and
excretion of drugs; techniques involved in the study of drug metabolism and toxicology; novel
technologies for obtaining ADME-Tox data. Drug Evaluations reviewing the clinical, toxicological
and pharmacokinetic data on a particular drug. The audience consists of scientists and managers

in the pharmaceutical industry, pharmacologists, clinical toxicologists and related professionals.

Impact factor: 3.487

Addisional information available at Taylor and Francis website:
https://onlinelibrary.wiley.com/page/ journal/10990461/homepage/forauthors.html
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H.1. License agreement for Figure 2-1. Schematic outline of the intricacies of
phases O, I, Il and Il xenobiotic biotransformation regulation.

ELSEVIER LICENSE
TERMS AND CONDITIONS

Jun 10, 2019

This Agreement between Elardus Erasmus ("You") and Elsevier ("Elsevier") consists of
your license details and the terms and conditions provided by Elsevier and Copyright
Clearance Center.

License Number 4605290956424
License date Jun 10, 2019
Licensed Content Publisher Elsevier
Licensed Content Publication Toxicology and Applied Pharmacology
Phase | to Il cross-induction of xenobiotic metabolizing
Licensed Content Title enzymes: A feedforward control mechanism for potential

hormetic responses

Licensed Content Author Qiang Zhang,Jingbo Pi,Courtney G. Woods,Melvin E.

Andersen
Licensed Content Date Jun 15, 2009
Licensed Content Volume 237
Licensed Content Issue 3
Licensed Content Pages 12
Start Page 345
End Page 356
Type of Use reuse in a thesis/dissertation
Portion figures/tables/illustrations
Number of 1
figures/tables/illustrations
Format both print and electronic

Are you the author of this
. . No
Elsevier article?

Will you be translating? No

Fig. 1. Schematic representation of the phase I, Il, and Il
xenobiotic control system.

Phase I and Il biotransformation in patients with chronic
fatigue

Expected completion date Sep 2019
Estimated size (number of pages) 180

Elardus Erasmus

Center for Human Metabolomics
North-West University

Building F3 Office 121

Original figure numbers

Title of your thesis/dissertation

Requestor Location
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Potchefstroom, 2520

South Africa

Attn: Elardus Erasmus
Publisher Tax ID ZA 4110266048
Total 0.00 USD

Terms and Conditions
INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at
http://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."”

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
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8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions. These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction. In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you. Notice of such denial will be made using the contact information provided by
you. Failure to receive such notice will not alter or invalidate the denial. In no event will
Elsevier or Copyright Clearance Center be responsible or liable for any costs, expenses or
damage incurred by you as a result of a denial of your permission request, other than a
refund of the amount(s) paid by you to Elsevier and/or Copyright Clearance Center for
denied permissions.

LIMITED LICENSE

The following terms and conditions apply only to specific license types:
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15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://wwwe.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:
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e immediately

o Viatheir non-commercial person homepage or blog

o by updating a preprint in arXiv or RePEc with the accepted manuscript

o Via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group

o directly by providing copies to their students or to research collaborators for
their personal use

o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

o After the embargo period
o Vvia non-commercial hosting platforms such as their institutional repository
o Vvia commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

 link to the formal publication via its DOI

e Dbeara CC-BY-NC-ND license - this is easy to do

« if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way
to appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the
above: Authors are permitted to place a brief summary of their work online only. You are
not allowed to download and post the published electronic version of your chapter, nor may
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you scan the printed edition to create an electronic version. Posting to a repository:
Authors are permitted to post a summary of their chapter only in their institution's
repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
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